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Phenol,  phenyl  azide,  and  phenylnitrene  are  hazardous  organic  molecules;  therefore,  the  fabrication
of  sensors  or  filters  with  high  sorption  capabilities  for the  chemicals  is necessary.  Considering  van  der
vailable online 4 November 2014
Waals  interaction,  we perform  first-principles  density  functional  theory  calculations  to  investigate  the
adsorption  properties  of  the  hazardous  molecules  on graphene.  For  parallel  stacking  configurations,  AB
stacking is  slightly  more  favorable  than  AA stacking  for all the  adsorbates  that  we  considered.  We  find
that  phenyl  azide  has  a  higher  adsorption  energy  than  phenol.  Phenylnitrene  forms  covalent  bonds  with
graphene  in  oblique  stacking  structures,  resulting  in  a  bandgap  opening  in  graphene.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Graphene has attracted much attention because it has unique
roperties [1–8]. Its very large surface area is an important prop-
rty, and has enabled the development of various applications,
ncluding filters for removing toxic compounds, and chemical sen-
ors for detecting molecules at small concentrations. The binding
roperties of hazardous molecules on graphene have been exam-

ned theoretically and experimentally for potential applications to
lters and sensors [9,10].

Phenol has an aromatic ring structure with a hydroxyl group
 OH) [11], and forms a colorless-to-white solid when it is pure.
t becomes reddish when exposed to air. Phenol is produced from
oal tar or petroleum, and used as a precursor in the manufacture
f plastics and numerous pharmaceutical drugs. The substance is

 well-known toxic water pollutant. Prolonged contact with phe-
ol vapor is harmful to the skin (dermatitis and skin burns), and
epeated exposure to phenol may  damage the heart, lung, liver,
rain, and kidneys [12,13].

Phenyl azide, which is a prototypical organic azide, has an
romatic phenyl group. It consists of a linear azide group ( N3)
onnected to a phenyl group. Phenyl azide is explosive, and
herefore extra care must be taken during purification and

andling. Phenylnitrene can be generated by thermolysis or pho-
olysis of phenyl azide, with expulsion of nitrogen gas [14,15].
itrenes are generally reactive intermediates and are involved
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E-mail address: gunnkim@sejong.ac.kr (G. Kim).
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009-2614/© 2014 Elsevier B.V. All rights reserved.
in many chemical reactions. Phenylnitrene has a very short
lifetime: ∼1 ns.

In this letter, we report the results of an ab initio investiga-
tion of adsorption of phenol, phenyl azide, and phenylnitrene on
a graphene monolayer. For comparison with the adsorption prop-
erties of the hazardous organic molecules and radical, we also
investigate the atomic and electronic structures of benzene on a
graphene monolayer. For parallel stacking configurations, we  focus
on AA and AB stacking between the benzene derivative and the
graphene hexagons, and the adsorption energies between them. In
addition, we consider the oblique stacking structures of phenylni-
trene, and show that it bonds covalently with graphene, because
of the dangling bond of the nitrogen atom in the radical in oblique
stacking. We  also investigate the electronic properties of benzene,
phenol, phenyl azide, and phenylnitrene on graphene.

2. Computational details

We studied the structural and electronic properties of the
adsorbates on graphene using density functional theory [16]. We
utilized a plane-wave basis set and the projector augmented
wave [17], implemented using the Vienna ab initio simulation
package (VASP) [18]. The cutoff energy for the kinetic energy was
500 eV, and the generalized gradient approximation (GGA) was
used to describe the exchange-correlation energy functional of
the Perdew–Burke–Ernzerhof (PBE) form [19]. In general, chem-

ical bonding and electron transfer can be described well within
the GGA. However, dispersion and van der Waals (vdW) forces
are not represented well by the GGA functional, because quan-
tum electronic interactions in the regions of low electron densities

dx.doi.org/10.1016/j.cplett.2014.10.064
http://www.sciencedirect.com/science/journal/00092614
www.elsevier.com/locate/cplett
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ol, phenyl azide, and phenylnitrene from left to right, respectively.
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Figure 2. Model structures for adsorption of phenylnitrene on graphene monolayer.
In  AA stacking, the aromatic ring of the adsorbate faces the graphene hexagons
directly. In AB stacking, similar to Bernal stacking of graphite, the center of the aro-
matic ring of the molecule is on top of a graphene carbon atom. Here, d represents
Figure 1. (a) Model structures and (b) DOSs of benzene, phen

re not correctly expressed. In the calculations, we considered
dW interaction between the adsorbates and graphene, using
rimme’s DFT-D2 [30], Tkatchenko–Scheffler (TS) [20] and optB86b

21,22] methods within the PBE-type functional. Adsorption of
rganic molecules on graphene has been widely studied using the
ispersion-corrected DFT calculations with various vdW function-
ls [23–27]. It is also very important to consider the vdW correction
n layered structure such as graphite and black phosphorus [28,29].

e used the Quantum ESPRESSO package to plot the wavefunc-
ions for phase information. The cutoff energy for the kinetic energy
as 408 eV (30 Ry). As in the calculations using the VASP code, we

dopted a PBE-type exchange-correlation energy functional.
A 6 × 6 unit cell was chosen for graphene, and the C C bond

ength was 1.42 Å. In the relaxation of all model systems, 4 × 4 ×1
onkhorst–Pack sampling [31] was used for the Brillouin-zone

ntegrations. We used 25 × 25 × 1 k points to compute the densities
f states (DOSs) of the model systems. For the isolated molecules
phenol, phenyl azide, and phenylnitrene), shown in Figure 1, only
ne k point at the � point was used for the unit cell calculation.
he DOS of each molecule was plotted for comparison (Figure 1).
e obtained the adsorption energy for each configuration, (Ead),

efined by

ad = E[graphene] + E[molecule] − E[graphene + molecule],

here E[graphene + molecule] and E[graphene] are the total ener-
ies of the graphene sheet with and without an adsorbate molecule,
espectively, and E[molecule] represents the energy of an isolated
olecule.
Among many parallel stacking configurations, we  concentrated

n AA and AB stacking types, as shown in Figure 2. In AA stacking,
he aromatic ring of the adsorbate faces the graphene hexagons,
nd the oxygen (or nitrogen) atom binding to the phenyl group is
n top of a graphene carbon atom. In AB stacking, in contrast, the
enter of the aromatic ring of the molecule is on top of a graphene

arbon atom; this is similar to the Bernal stacking of graphite.

e consider two different configurations (AB1 and AB2) for the
B stacking, according to the relative position of the side group
ound to the phenyl group. The difference between AB1 and AB2

the  distance between the adsorbate and the graphene layer. AB1 and AB2 are dis-
tinguished by the relative positions of the side groups bound to the phenyl groups.
Phenylnitrene has other configurations (oblique 1 and 2 stacking), arising from the
dangling bond in the radical. After geometry optimization using the DFT-D2 method,
the tilting angles are 43.8◦ and 55.6◦ for the oblique stacking structures.
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Table  1
Bond lengths (Å) and angles (◦) in benzene, phenol, phenyl azide, and phenylnitrene
in  the gas phase. The labels for bonds (a, b, c, d, and e) and angles (A, B, and C) are
explained in Figure 1.

Benzene Phenol Phenyl azide Phenylnitrene

a 1.40 1.40 1.40 1.46
b  1.09 1.09 1.09 1.09
c  – 1.38 1.42 1.29
d  – 0.97 1.23 –
e  – – 1.15 –

A  120.0 120.2 120.3 116.8
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B  – 108.9 119.2 121.6
C  – – 173.0 –

s whether the oxygen (or nitrogen) atom binding to the phenyl
roup is on top of a graphene carbon atom or on top of the cen-
er of a graphene hexagon. The oblique stacking configurations of
henylnitrene were also taken into account, because the nitrogen
tom connected to the phenyl group has broken bonds. For oblique

 stacking of phenylnitrene, the broken bond disappears and the
itrogen atom of phenylnitrene is bonded to two  carbon atoms

n graphene, i.e., it has a bridge-site configuration. In the case of
blique 2 stacking of phenylnitrene, the nitrogen atom is bonded
o one carbon atom at the top of graphene.

. Results and discussion

First, we examine the structural and electronic properties of
he individual molecules in the gas phase. Figure 1(a) shows
he optimized geometries of benzene, phenol, phenyl azide, and
henylnitrene. Table 1 summarizes the bond lengths and bond
ngles of the molecules. In phenyl azide and phenylnitrene, the C N
ond becomes stronger when a N2 molecule is removed by photoly-
is. The data in Table 1 show that the bond angles in phenylnitrene
vidently differ from those in the other molecules.

Figure 1 shows the DOSs of all the molecules and radical that we
onsidered. The highest occupied molecular orbital–lowest unoc-
upied molecular orbital (HOMO–LUMO) gaps are 5.12, 4.25, and
.54 eV for benzene, phenol, and phenyl azide, respectively. This

s because the HOMOs and LUMOs for benzene and phenol are
ainly in the aromatic ring (phenyl group), and have almost the

ame wavefunctions. For benzene, the HOMO and LUMO are both
oubly degenerate. In contrast, for phenyl azide, the electron den-
ity of the LUMO is distributed on the N3 side group, and the
UMO+1 of phenyl azide is very similar to that of the LUMO of
enzene. The energy spacing between LUMO and LUMO+1 is small
∼0.3 eV) in this case. The wavefunctions are presented in Figure 3.
he HOMO–LUMO gap of phenylnitrene is only 0.05 eV, because its
OMO and LUMO originate mainly from a nitrogen atom with a
angling bond. The HOMO-2 and LUMO+1 of phenylnitrene have
imilar wavefunctions to the HOMO and LUMO of benzene, respec-
ively, and the energy spacing between the two levels is 5.35 eV, as
hown in Figure 1. The partial charge densities (the absolute square
f the wavefunctions) of phenylnitrene are shown in Figure 4.

Table 2 summarizes the adsorption energies (Ead) and separa-
ion (d) for all the adsorption configurations. In this calculation, we
onsidered three vdW functionals (i.e., DFT-D2, TS, and optB86b-
dW). Among the three method for the vdW scheme, optB86b-vdW
roduces highest adsorption energy (Ead), whereas DFT+D2 has
he lowest adsorption energy for the same stacking configura-
ion. For all molecules, AB stacking is slightly more stable than AA
tacking, regardless of vdW functionals. The adsorption energies

f the AA and AB configurations of benzene are higher than the
esults (∼0.3 eV) obtained using the local density approximation
32,33]. An experimental study using thermal desorption spec-
roscopy demonstrated that the desorption kinetics of benzene at
etters 618 (2015) 57–62 59

submonolayer coverage yields an activation energy of 0.5 ± 0.08 eV
[34]. In a previous dispersion-corrected DFT study with the DFT-
D method, they obtained an adsorption energy of ∼0.49 eV, which
agrees with the experimental value in the case of benzene AB [35].
According to Berland and Hyldgaard, the adsorption separation and
energy are sensitive to the exchange variant used in vdW correction
[36]. Earlier theoretical studies also showed that the AB (hollow
site) configuration is more stable. The atom-resolved projected
density of states (PDOS) can account for the stacking-dependent
adsorption properties of the organic molecules on graphene. As
shown in Supplementary data, the adsorption energy increases
as pz orbital hybridization between the molecule and graphene
becomes stronger, which can explain the fact that AB1 has the larger
binding energy than that of AB2 for benzene, phenol, and phenyl
azide. In contrast, AB2 is more stable than AB1 in phenylnitrene
because of the dangling bond of the N atom.

In vdW-DF calculations for phenol-adsorbed graphite,
Chakarova-Käck et al. showed that the adsorption energies are 0.56
and 0.55 eV for the AB1 and AB2 configurations, respectively [37].
Similar to the phenol case, the AB1 configuration is slightly more
favorable than AB2 for the considered vdW schemes. Interestingly,
phenyl azide has a higher adsorption energy than phenol. In
contrast, for phenylnitrene, the AB2 configuration is slightly more
favorable than AB1 for � stacking. This can be ascribed to the
dangling bond of the nitrogen atom in phenylnitrene (Figure 2).

We also consider two  types of oblique stacking structures, as
shown in Figure 2. In oblique 1 stacking, with a tilting angle of 43.8◦

obtained by the DFT-D2 method, the C N bond length between the
carbon atom in graphene and the nitrogen atom in phenylnitrene is
1.49 Å, and the C C bond lengths for the two carbon atoms bonded
to the nitrogen atom in phenylnitrene are 1.55 Å (a single bond).
In this case, covalent functionalization occurs, resulting in a much
higher adsorption energy of 1.48 eV than � stacking. K. Suggs et al.
considered only oblique 1 stacking of perfluorophenylazide (PFPA)
[38]. In their model, PFPA forms an aziridine adduct [39] by cycload-
dition with carbon-carbon bonds in graphene. However, they did
not give careful consideration to an atop-site oblique stacking like
our oblique 2 stacking. In our study, oblique 2 stacking, with a tilting
angle of 55.6◦ obtained by the DFT-D2 method, has an adsorption
energy of 1.71 eV, as shown in Table 2. It means that oblique 2 stack-
ing has the lower total energy than oblique 1 stacking by 0.23 eV,
although a broken bond is present. For oblique 1 stacking, the N
atom is bonded to two C atoms in graphene, and the ∠CNC bond
angle is ∼60◦, which is much smaller than the ∠HNH angle (∼120◦)
in the gas-phase aniline (C6H5NH2) molecule. In oblique 2 stacking,
the C N bond length between the carbon atom in graphene and the
nitrogen atom in phenylnitrene is 1.49 Å, which is the same as in
oblique 1 stacking, as shown by the data in Table 2. In Table 2, we
also obtain the adsorption energies and separation for phenylni-
trene with the TS, optB86b method and without vdW (w/o vdW)
corrections. The general trend is practically the same, regardless of
the vdW scheme, as shown in Table 2.

In a benzene-adsorbed graphene layer, the AA and AB stack-
ing configurations have very similar electronic structures, because
both are weak � stacking. The DOS of the AB-type case is shown in
Figure 3(a). The Dirac point coincides with the Fermi level, which
means that no significant charge donation takes place between ben-
zene and graphene. Furthermore, we find no bandgap opening as
a result of adsorption of benzene on graphene. These observations
are in good agreement with previous reports [32,33]. States A and
B (C and D) are nearly degenerate at around −2 eV (+3 eV), and
they originate from the doubly degenerate HOMO (LUMO) of the

benzene molecule. We  can determine the mirror (reflection) sym-
metry of benzene from its energy eigenfunctions. States A and B
have a nodal plane, parallel to the yz and zx planes, respectively,
as shown in Figure 3. In the cases of states C and D, two  nodal
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igure 3. DOS plots and molecular orbitals (from HOMO-2 to LUMO+2) of (a) ben
raphene. Black and red curves denote the DOSs of bare graphene and graphene wi
gure  legend, the reader is referred to the web  version of this article.)

lanes are present. For the LUMO+2 of the benzene molecule on
raphene, shown in Figure 3(a), there are nodes between the carbon
nd hydrogen atoms, and this means that the C H bond exhibits

ntibonding characteristics.

In a phenol-adsorbed graphene layer, states E, F, G, H, and I are
elocalized states on the phenyl group, and they are almost the

able 2
dsorption energies (Ead) and separations (d) of benzene, phenol, phenyl azide, and ph
ptB86b. For oblique stacking of phenylnitrene, we  also obtained Ead and d without vdW
etween the aromatic molecule and graphene in the z direction. For oblique stacking of p

DFT-D2 TS optB86b

Benzene AA 

Ead (eV) 0.38 0.55 0.56 

d  (Å) 3.35 3.37 3.35 

Phenol  AA 

Ead (eV) 0.42 0.61 0.63 

d  (Å) 3.35 3.39 3.40 

Phenol  AB2 

Ead (eV) 0.46 0.66 0.67 

d  (Å) 3.25 3.33 3.31 

Phenyl  azide AB1 

Ead (eV) 0.56 0.77 0.80 

d  (Å) 3.23 3.33 3.30 

Phenylnitrene AA 

Ead (eV) 0.53 0.70 0.75 

d  (Å) 3.29 3.35 3.33 

Phenylnitrene AB2
Ead (eV) 0.59 0.75 0.80 

d  (Å) 3.19 3.29 3.22 

DFT-D2 TS optB86b w/o vdW

Phenylnitrene oblique 1 

Ead (eV) 1.48 1.45 1.58 0.94 

d  (Å) 1.49 1.49 1.49 1.48 

tilting  angle (◦) 43.8 43.7 43.3 46.2 

∠  CNC angle (◦) 62.8 62.5 62.4 63.3 
dsorbed graphene, (b) phenol-adsorbed graphene, and (c) phenyl azide-adsorbed
orbate molecules, respectively. (For interpretation of the references to color in this

same as the states in benzene. In contrast, the LUMO+2 for phenol
is a localized state on the hydroxyl ( OH) group, which is out of
the range in Figure 3. The phenyl azide-adsorbed graphene layer

has six localized states, in the energy range −4 eV to +4 eV. The
electron densities of states J and M are mainly localized on the azide
( N3) group. State L is the HOMO of phenyl azide and is similar

enylnitrene on a graphene monolayer with three vdW schemes: DFT-D2, TS and
 (w/o vdW). For parallel stacking, the adsorption separation is the average distance
henylnitrene, the adsorption separation represents the C N bond length.

 DFT-D2 TS optB86b

Benzene AB
0.42 0.59 0.60
3.22 3.31 3.30
Phenol AB1
0.49 0.68 0.69
3.23 3.32 3.29
Phenyl azide AA
0.50 0.71 0.75
3.36 3.41 3.36
Phenyl azide AB2
0.54 0.75 0.78
3.26 3.33 3.32
Phenylnitrene AB1
0.55 0.73 0.76
3.23 3.30 3.28

– – –
– – –

 DFT-D2 TS optB86b w/o  vdW

Phenylnitrene oblique 2
1.71 1.70 1.82 1.26
1.49 1.49 1.49 1.49

55.6 55.5 55.5 55.5
– – – –
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Figure 4. Band structures and PDOSs of phenylnitrene-adsorbed graphene with (a) oblique 1 stacking and (b) oblique 2 stacking. (c) Partial charge densities of molecular
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rbitals  of phenylnitrene (from HOMO-2 to LUMO+2). Partial charge densities of st
lue  curves denote the PDOSs of the phenylnitrene radical, phenylnitrene-adsorbed
eferences to color in this figure legend, the reader is referred to the web  version of

o the HOMO of benzene. In this case, the nitrogen atom at the
enter of the azide group has no electron density. State M is the
UMO of phenyl azide, and exhibits antibonding characteristics for
he nitrogen atoms, which have alternating signs in the molecular
rbitals. State N is similar to the LUMO of benzene. The nitrogen
tom bonded to the aromatic ring has no electron density for state
.

Finally, we study a graphene monolayer with phenylnitrene.
itrenes can functionalize graphene [39,40], because they are
ighly reactive intermediates, by thermal or photochemical activa-
ion of organic azides. Many researchers have already used nitrene
hemistry for the chemical modification of carbon nanotubes and
ullerenes [41,42]. As phenylnitrene has a broken bond, vertical
tacking as well as parallel stacking is considered. Our results show
hat such chemical functionalization of phenylnitrene gives rise to

 bandgap opening in graphene, and the graphene monolayer is
eakly p-doped for oblique 2 stacking. A bandgap of ≈ 60 meV  (≈

00 meV) occurs in graphene with oblique 1 (oblique 2) stacking
ith phenylnitrene, as shown by the band structures (Figure 4(a)

nd (b)). In a higher coverage, the highly p-doped graphene sheet
ould be produced with a larger bandgap. Figure 4(a) and (b) also

hows the PDOSs of the phenylnitrene-adsorbed graphene mono-
ayers with oblique 1 and oblique 2 stackings, respectively. The

eaks in the DOS correspond to the molecular orbitals in Figure 4(c).
e failed to obtain the wavefunctions with phase information

or the molecular orbitals of phenylnitrene using the Quantum
spresso code. This may  be because the two states, HOMO and
 and S for oblique 1 stacking are shown in (d) and (e), respectively. Black, red, and
ene with oblique 1 and oblique 2 stackings, respectively. (For interpretation of the
rticle.)

LUMO, are very close. However, we obtained partial charge density
without phase information using the VASP code. The HOMO and
LUMO are strongly localized states, and they correspond to states R
and S in the DOS. The HOMO is around −1.3 eV for state R (−1.3 eV
for state R1 and −0.3 eV for state R2), and the LUMO is around
+1.3 eV (+0.2 eV) for oblique 1 (oblique 2) stacking. In oblique 2
stacking, one dangling bond remains, and hence the energy levels
of the HOMO and LUMO are near the Fermi level. In the case of paral-
lel stacking (� stacking) of phenylnitrene, the broken bond survives
and the localized states (R and S) originating from phenylnitrene
are at the Fermi level (not shown in the DOSs).

4. Conclusion

Considering vdW interaction, we have investigated the adsorp-
tion of benzene, phenol, phenyl azide, and phenylnitrene on
graphene using the DFT method. In parallel (�) stacking, all the
molecules adsorbed on graphene have weak vdW interactions with
graphene for both AA and AB stacking structures. Phenyl azide
binds to graphene more strongly than phenol. In particular, phenyl-
nitrene, which has an oblique stacking structure, has stronger
interactions with graphene, representing covalent bonding with
a bandgap opening in graphene. Consequently, our theoretical

study demonstrates that the chemical doping of phenylnitrene can
tailor the band structure of graphene. Besides, an oblique stack-
ing structure where the N atom in phenylnitrene is bonded to
one C atom in the graphene (an atop site) is energetically more
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table than another oblique stacking structure where the N atom
s bonded to two C atoms in graphene (a bridge site). In the appli-
ation of graphene-based sensors to detect the hazardous organic
olecules, significant charge transfer or chemical doping should

ccur between graphene and adsorbates. Since no remarkable
harge donation and band structure change are shown in our cal-
ulation, it is difficult to use graphene for sensing benzene, phenol,
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ng the compounds. In contrast, phenylnitrene can give rise to the
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