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Doping graphene with electron donating or accepting molecules is an interesting approach to introduce
carriers into it, analogous to electrochemical doping accomplished in graphene when used in a field-effect
transistor. Here, we use first-principles density-functional theory to determine changes in the electronic-
structure and vibrational properties of graphene that arise from the adsorption of aromatic molecules such as
aniline and nitrobenzene. Identifying the roles of various mechanisms of chemical interaction between
graphene and a molecule, we bring out the contrast between electrochemical and molecular doping of
graphene. Our estimates of various contributions to shifts in the Raman-active modes of graphene with mo-
lecular doping are fundamental to the possible use of Raman spectroscopy in �a� characterization of the nature
and concentration of carriers in graphene with molecular doping, and �b� graphene-based chemical sensors.
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I. INTRODUCTION

A variety of exotic properties and potential applications of
graphene, a two-dimensional honeycomb lattice of carbon,
have triggered an intense research activity since its experi-
mental realization.1 Analogous to semiconductors, the possi-
bility to dope graphene heavily either by gate voltage or
molecular adsorption is of particular interest to applications
in electronics and chemical sensors based on graphene. It has
been shown recently that the phonons of graphene are altered
interestingly by tuning the applied gate voltage2,3 and that
Raman spectroscopy can be used to measure the nature and
level of doping-induced carriers. Molecular doping and the
related chemical sensor properties of graphene have also
been studied both experimentally and theoretically.4,5 A re-
cent experiment4 has demonstrated graphene’s potential for
solid-state gas sensors with an ultimate sensitivity that per-
mits detection of even an individual molecule.

The interaction of a single-wall carbon nanotube
�SWCNT� with molecules6 and metal nanoparticles7 is
known to result in significant changes in the electronic prop-
erties of the SWCNT. It is of fundamental interest to ask
whether interactions with adsorbed molecules would simi-
larly affect the electronic properties of graphene, in particu-
lar, its linear electronic dispersion at the Fermi energy,
known as the Dirac cone and responsible for its exotic prop-
erties. The Dirac cone in graphene is also responsible for the
strong sensitivity of its vibrations to small changes in its
electronic structure. Hence, Raman spectra of molecular-
doped graphene could show characteristic features corre-
sponding to various aspects of the interaction of the adsorbed
molecules with graphene and is expected to be a valuable
tool in its investigation.

As mentioned above, molecular doping of graphene is
usually achieved by adsorbing molecules onto the host
graphene lattice. The adsorbate molecules either release elec-
trons to the graphene �n-type doping� or remove them from
the graphene �p-type doping�, depending on their electron
donating or accepting ability. This charge transfer and asso-

ciated shift in the Fermi level influence the transport proper-
ties of graphene. While the gate voltage controls the level of
electrochemical doping in graphene, the concentration of car-
riers introduced in molecular doping is controlled by chang-
ing the coverage of adsorbate molecules. If charge transfer is
the only dominant feature resulting from adsorption, then the
dependence of the Fermi energy �F on the adsorbate cover-
age can be determined, assuming the linear dispersion near
Dirac point, via8,9

�F = sgn����vF
����� = sgn�f��vF

��ns�f � , �1�

where � is the layer charge concentration, f is the amount of
charge transferred per molecule, and ns is the coverage—the
number of molecules adsrobed per unit area and
�vF=5.53 eV Å �from density-functional theory �DFT�
calculation10�. However, many other effects such as
adsorbate-adsorbate interaction, adsorbate-graphene interac-
tion, thermally excited �even at room temperature� site pro-
motion �surface diffusion�, unintentional doping, etc., can in-
fluence the vibrational and transport properties of graphene
as well. Vibrational properties as measured with Raman or
other spectroscopies can be used to characterize these
mechanisms.

Motivated by these considerations, we study here the in-
terplay between electronic-structure and vibrational proper-
ties of molecular-doped graphene, particularly by aromatic
organic molecules such as aniline �C6H5NH2� and nitroben-
zene �C6H5NO2�, using first-principles calculations based on
DFT.

The paper is organized as follows. In Sec. II, we briefly
describe the technical aspects of our first-principles calcula-
tions. Section III presents our results together with the dis-
cussion of the underlying physics. Finally, Sec. IV contains
some concluding remarks.

II. METHODOLOGY

We use the PWSCF �Ref. 11� implementation of DFT, with
a plane-wave basis set and ultrasoft pseudopotentials.12 We
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adopt the exchange-correlation functional of
Perdew-Zunger13 for the local-density approximation �LDA�
and that of Perdew-Burke-Ernzerhof14 for the generalized
gradient approximation �GGA�. A supercell geometry with a
vacuum larger than 16 Å in the z direction is used to ensure
negligible interaction between one graphene layer and its
periodic images. Molecules are placed on one side of the
graphene surface. Kohn-Sham wave functions are repre-
sented using a plane-wave basis truncated at an energy cutoff
of 40 Ry. Such a high cutoff15 is used to include a large
number of plane waves in the calculation as some of our
results are quite sensitive to the energy cutoff, generally ex-
pected when relatively long-ranged forces play a significant
role in the adsorption. The Brillouin-zone integration is
sampled on uniform Monkhorst-Pack16 grids, of sizes
12�12�1 and 6�6�1 k points, respectively, for 3�3 and
5�5 supercells of graphene. Such dense grids are essential
to produce accurate descriptions of phonons exhibiting a
large Kohn anomaly as in graphene. For occupation of states,
we use the Fermi-Dirac distribution with a smearing of 0.01
Ry.17 Structural relaxation is carried out in each case to mini-
mize energy using the Broyden-Flecher-Goldfarb-Shanno-
based method.18 Phonon frequencies are calculated using the
density-functional perturbation theory19 within the standard
Born-Oppenheimer �BO� approximation, and then time-
dependent perturbation theory is used to estimate the effect
of dynamic corrections beyond the BO approximation.

III. RESULTS AND DISCUSSION

For sparsely layered systems such as graphite, with pre-
dominantly van-der-Waals interlayer interactions, standard
DFT-based approaches such as LDA and GGA are known to
yield poor predictions for interlayer spacings.20,21 However,
in case of graphite, LDA fortuitously gives reasonable inter-
layer spacing while GGA shows negligible binding at the
measured spacing.22–24 Our LDA estimates of the equilib-
rium in-plane lattice spacing �a0

LDA=2.4394 Å� and inter-
layer distance �d0

LDA=3.2932 Å� of AB-stacked graphite are
close to the respective experimental25 values a0

expt=2.46 Å
and d0

expt=3.35 Å. While the GGA can reproduce the experi-
mental a0, it gives a too large d0 �4.2415 Å�. In this work,
we use both LDA and GGA to obtain upper and lower
bounds for adsorption energies and related properties.

We investigate the interaction of aniline �electron donor�
and nitrobenzene �electron acceptor� with graphene for two
different coverages—a high-density phase �3�3 supercell�
with one molecule per 18 carbon atoms and a low-density
phase �5�5 supercell� with one molecule per 50 carbon at-
oms. Since both adsorbates have closed valence shells, we
perform nonspin-polarized calculations. The adsorption en-
ergy Eads is obtained �by definition� as

Eads = Egra + Emol − Egra+mol, �2�

where Egra, Emol, and Egra+mol are the relaxed energy, respec-
tively, for graphene, the molecule, and the combined system.
We consider various possible sites of adsorption and orien-
tations of the phenyl ring with respect to the hexagonal rings
of graphene; configurations with their molecular planes par-

allel and perpendicular to the graphene surface are also con-
sidered. We find �see Fig. 1� that the lowest-energy configu-
rations in case of aniline correspond to “atop site” adsorption
at high coverage and “bridge site” adsorption at low cover-
age whereas in case of nitrobenzene they correspond to “hol-
low site” adsorption for both high and low coverage. Inter-
estingly, in all these lowest-energy configurations, the plane
of aniline or nitrobenzene is not exactly parallel to graphene
layer but is tilted slightly. The adsorption energies,
adsorbate-graphene distances, and angles of tilting are listed
in Table I. The distance �tilt angle� between the planes of
graphene and a molecule depends on the chemistry as well as
the coverage, and is somewhat overestimated �underesti-
mated� in GGA relative to LDA.

For all of the perpendicular configurations considered, we
find that the adsorption energies are much smaller �by atleast
0.1 eV/molecule �in LDA�� than for any configuration where
the phenyl ring is almost parallel to the graphene plane �i.e.,
parallel configuration is energetically more favorable�. This
suggests that the �-� stacking is an important ingredient in
the stability and adsorption of these aromatic molecules. It is
also found that the adsorption energies of each molecule in
the atop-, hollow-, and bridge-site configurations, with ori-
entation parallel to graphene, are quite close to each other �in
some cases the difference is less than 0.04 eV/molecule�.
Such small differences in energy may lead to site migration
even at room temperature. In each of the above cases, the
molecule was initially placed about 2.5 Å away from the

(a) Aniline on graphene (b) Nitrobenzene on graphene

atop site, 3x3 supercell hollow site, 3x3 supercell

bridge site, 5x5 supercell hollow site, 5x5 supercell

FIG. 1. �Color online� Top view of the lowest-energy configu-
rations of the molecules adsorbed on graphene.
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graphene surface and the whole system was then allowed to
relax. During relaxation the molecules moved away from the
surface, which clearly shows that only weak bonds are
formed between graphene and molecules �i.e., both mol-
ecules physisorb on graphene�. At both coverages, the amino
group of aniline moves further away from the graphene sur-
face than its phenyl ring, indicating a weaker interaction of
the surface with the amino group than with the phenyl ring.
In contrast, in case of nitrobenzene, the tilting of its nitro
group toward the graphene surface indicates that the nitro
group-surface interaction is relatively stronger. Accordingly,
the adsorption energy for nitrobenzene is larger than that for
aniline. It is thus evident that the type of functional group
crucially affects the adsorption process. Since the tilting of
the molecules occurs at both high and low coverages, we
conclude that it results primarily from the adsorbate-surface
interaction rather than the coverage-dependent interadsorbate
interaction or steric hindrance.

For both choices of DFT functionals �LDA and GGA�, we
find that the overall physical pictures are similar but the ef-
fects in GGA are weaker than LDA. When compared with
LDA, GGA yields much lower adsorption energies �1

6 − 1
9 th

of the LDA values� as the adsorbate molecules get placed
0.8–1.7 Å further away from the graphene sheet, quite ex-
pected as GGA is known22–24 to give embarassingly small
off-plane binding in graphetic materials. As GGA leads to
much weaker interaction between molecules and graphene,
we use LDA in our analysis of phonons.

NH2 being an electropositive group, aniline is expected to
be a charge donor. If charge donation is the only dominant
process during adsorption, the graphene lattice should ex-
pand with the extra electrons. We find a small charge transfer
toward graphene surface, but no discernible lattice expan-
sion, because the charge-transfer-induced stress gets largely
compensated by the aniline-graphene interaction, with the
NH2 group moving away from the graphene surface. This
cancellation is found at both the low and high coverages. The
electronic density of states �see Fig. 3� shows that the
highest-occupied molecular orbital �HOMO� of aniline is in-
side the graphene’s valence band and completely filled while
its lowest-unoccupied molecular orbital �LUMO� is high in
the conduction band and completely empty, and no discern-
ible upshift in the Fermi energy is found �see Figs. 3 and 4�,
in spite of a small charge transfer �Fig. 2�a��.

Similarly, nitrobenzene is expected to be a charge accep-
tor owing to its electronegative NO2 group, causing the
graphene lattice to shrink due to the resulting hole doping.

However, we do not find any discernible charge transfer at
either high or low coverages �Fig. 2�b��. Furthermore, a sig-
nificant lattice expansion is found at high coverage because
of strong interadsorbate repulsion and this decreases with
decreasing coverage. At the coverage corresponding to
3�3 supercell, we find a lattice expansion of 0.14% and a
downshift of 0.25 eV in the Fermi energy. The HOMO of
nitrobenzene is deep inside the graphene valence band while
its LUMO in the conduction band is relatively closer to the
Fermi level, resulting in a relatively larger hybridization and
the Fermi energy shift of 0.25 eV into the valence band �see
Figs. 3 and 4� However, this downshift does not arise from
the charge-transfer-induced hole doping but mainly arises
from the lattice expansion associated with adsorbate-
adsorbate interaction and adsorbate-graphene �in particular,
simple electrostatic� interaction.

Table II shows our estimates for the shifts in frequency of
the Raman G band, calculated within the adiabatic BO
�static� approximation. These do not agree with the experi-
mental results26 �also listed in Table II� even as regards the
trends with increasing coverage �the values of the coverage
in the experiments are not clearly known�. However, due to
the strong electron-phonon coupling in graphene, the adia-
batic approximation has been demonstrated to be inadequate
in describing the doping dependence of Raman G band in
graphene, both theoretically and experimentally.2,9 Physi-
cally, the electron dynamics and the vibrational motion of

TABLE I. Distance and angle of tilting between the planes of molecule and graphene, and associated adsorption energies for the
coverages of one molecule per 3�3 and 5�5 supercell of graphene.

Aniline Nitrobenzene

LDA
�3�3�

GGA
�3�3�

LDA
�5�5�

GGA
�5�5�

LDA
�3�3�

GGA
�3�3�

LDA
�5�5�

GGA
�5�5�

Adsorption energy �eV/molecule� 0.413 0.052 0.341 0.041 0.516 0.072 0.412 0.051

Adsorbate-sheet distance �Å� 3.3–4.7 4.1–5.8 3.5–4.9 4.3–6.0 3.0–4.1 3.9–5.3 3.2–4.3 4.1–5.5

Angle of tilting �deg� 5.3 2.3 3.0 1.4 10.0 4.5 5.8 2.7

FIG. 2. �Color online� The transfer of charge �blue in color�
between the molecule and graphene as evident in the difference in
charge density between molecule-graphene complex and graphene
and molecule: ��graphene+molecule�−�graphene−�molecule.
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nuclei occur at comparable time scales and cannot be decou-
pled. We treat dynamical effects arising at small doping
within the time-dependent perturbation theory.9 We note that
the electron dispersion around the Dirac point continues to
be linear in molecularly doped graphene, up to half an eV of
the Fermi energy �see Fig. 4�. Hence, the change in the Ra-
man G-band phonon energy at zero temperature is given
by8,9

��	�
dynamic = 
���F� +


��	�
static�0�
4

ln� 2��F� − �	�
static�0�

2��F� + �	�
static�0�

� ,

�3�

where 
�=
2A0�g�

2 	F

��2vF
2 =36.0 cm−1 /eV �our DFT value, in excel-

lent agreement with Ref. 9� and A0 is the equilibrium unit-

cell area. In this case, the frequency shift diverges logarith-
mically in the limit when the magnitude of the shift in the
Fermi energy is half of the phonon energy and increases in
proportion to the shift in Fermi energy for ��F���	0

static /2 as
long as the effect of the charge doping can be considered as
a perturbation. Consistent with the results shown in Fig. 4
and emphasized earlier, we take the Fermi velocity and the
value of 
� to be the same as for pristine graphene. It is clear
from Table II that with the inclusion of the dynamic correc-
tions, the trends in our estimated phonon frequencies with
coverage agrees dramatically better with experimental
measurements.26 We note that dynamic effects are stronger in

TABLE II. Phonon frequency of the Raman G band of graphene when aniline and nitrobenzene are
adsorbed on it with coverages of 1 molecule per 3�3 �high coverage� and 5�5 �low coverage� supercells.
Our LDA frequencies are slightly and systematically higher than the experimental values, consistent with the
LDA’s general tendency to overestimate the phonon frequencies owing to its well-known overbinding nature.
Here we also attach the experimental results �Ref. 26� to show the qualitative trend. Note that a direct
comparison is not possible as the estimates of the coverage corresponding to experimental results �Ref. 26�
are not available.

System

LDA Phonon frequency �cm−1� Experimental results �from Ref. 26�

Constant
lattice

Optimized
lattice

After adding
dynamic effect

Hammet �
substituent constant

Frequency
�cm−1�

Nitrobenzene on graphene

High coverage 1603 1596 1605 0.80 1587

Low coverage 1602 1599 1603 0.30 1580

Pristine graphene

1602 1602 1602 0.00 1573

Aniline on graphene

Low coverage 1602 1602 1601 −0.27 1569

High coverage 1602 1602 1600 −0.67 1566
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FIG. 3. �Color online� Electronic density of states of pristine
graphene, aniline-adsorbed grapheme, and nitrobenzene-adsorbed
graphene, for the high coverage of one molecule per 3�3 supercell.

0 0.5 1
−3

−2

−1

0

1

2

3

(a)

E
ne

rg
y

(e
V

)

0 0.5 1
−3

−2

−1

0

1

2

3

(b)

0 0.5 1
−3

−2

−1

0

1

2

3

(c)

k (π /a
s
)

FIG. 4. �Color online� Electronic structure of the �a� pristine
single-layer graphene, �b� aniline-adsorbed graphene, and �c�
nitrobenzene-adsorbed graphene �for 3�3 supercell�. The Dirac
cone at the K point of one unit cell maps onto that at the � point of
3�3 supercell configuration. In both of these adsorption cases, the
band structure is not much affected �i.e., the mixing between
graphene band and molecular level is small� and hence the rigid-
band theory is applicable, as has been discussed before in the con-
text of graphite intercalation compounds �Ref. 27�.
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the case of nitrobenzene, owing to the greater shift in the
Fermi energy with its adsorption.

Finally, we note that the changes due to molecular doping
in the frequency of the Raman 2D band, determined by
phonons at K+�K, can be inferred from our results for the
�-point phonons for the low-coverage 5�5 supercell �be-
cause of zone folding�. We find that graphene’s 2D band gets
upshifted by 1.5 and 8.8 cm−1 upon adsorption of aniline
and nitrobenzene, respectively. These trends are in agree-
ment with the experimental observation.26 Furthermore, the
spectrum of �-point phonons of the 3�3 supercell gives us
a direct access to the K-point phonon. At this coverage,
graphene’s K-point phonon �1336.6 cm−1� shifts to 1338.3
and 1345.2 cm−1, respectively, with the adsorption of aniline
and nitrobenzene. Interestingly, frequencies of certain opti-
cally active molecular vibrations also change significantly
upon adsorption on graphene �see Table III�. While going
from isolated molecule to 5�5 coverage to 3�3 coverage,
most of the listed vibrational modes exhibit a noticeable
downward trend in their frequency shifts both for aniline and
nitrobenzene but only in the case of nitrobenezene, as we go
from 5�5 to 3�3 coverage, CH stretch modes show up-
ward frequency shifts. The obtained shifts in the vibrational
frequencies can mainly be attributed to the way vibrational
motion of a particular mode gets modified with coverage,
depending on the interplay of different repulsive and attrac-
tive forces. More interestingly, for both molecules, an
infrared-active vibrational mode which involves the asym-
metric stretching of functional group exhibits large fre-
quency shifts in common �see Table III and Fig. 5�. This
could also be exploited in applications of graphene in mo-
lecular sensors.

IV. CONCLUSIONS

In conclusion, we have uncovered various facets of the
interaction of aniline and nitrobenzene with graphene, iden-
tifying their signatures in electronic-structure and vibrational
spectra. We have shown that the linear dispersion in the
Dirac-cone electronic structure of graphene is preserved
upon molecular adsorption. At a fundamental level, we have
shown that the resulting changes in the vibrational spectra of
graphene arise from various competing mechanisms such as
charge-transfer adsorption-induced expansion of the
graphene lattice, intermolecular interactions, and

TABLE III. Frequencies of molecular vibrations for aniline and nitrobenzene that change noticeably when
adsorbed on graphene with coverages of one molecule per 3�3 and 5�5 supercells. Experimental data are
taken from Ref. 28 �Aniline� and from Ref. 29 �Nitrobenzene�. Considering the facts that the experimental
values are not corrected for anharmonic effects, and that the LDA has a general tendency to overbind, our
calculated static frequencies of both isolated molecules are in good agreement with experiments.

Isolated molecule 5�5 supercell 3�3 supercell

Assignment

Experimental
frequency

�cm−1�

Static LDA
frequency

�cm−1�

Static LDA
frequency

�cm−1�

Static LDA
frequency

�cm−1�

Aniline NH2 asymmetric stretching 3500 3666 3665 3621

NH2 symmetric stretching 3418 3543 3540 3499

CH stretching 3089 3109 3099 3076

CH stretching 3074 3093 3080 3065

CH stretching 3053 3083 3075 3061

CH stretching 3041 3061 3057 3050

CH stretching 3025 3061 3057 3043

Nitrobenzene NO2 asymmetric stretching 1548 1598 1579 1553

CH stretching 3050 3088 3078 3086

CH stretching 3080 3100 3092 3104

CH stretching 3080 3106 3097 3106

CH stretching 3080 3119 3110 3115

CH stretching 3080 3121 3111 3117

−1

(a)

−1

(b)

1553 cm

3621 cm

FIG. 5. �Color online� Atomic displacements in the normal
modes of �a� aniline-adsorbed and �b� nitrobenzene-adsorbed
graphene �for coverage of one molecule per 3�3 supercell�.
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dynamic response, and that dynamic corrections beyond
Born-Oppenheimer approximation are essential to under-
stand the observed26 vibrational spectra of molecularly
doped graphene. This work shows the importance of dy-
namic corrections to the phonon frequencies of molecular-
doped graphene—which we have previously shown to be
crucial for electrochemical doping3 and substitutional
doping30 by boron or nitrogen as well; and brings out the
underlying contrast between the electrochemical and the mo-
lecular doping of graphene. Our results will be useful in

characterization of doping in graphene achieved with mo-
lecular adsorption.
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