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Abstract Chemical functionalization of graphene provides
a promising route to improve its solubility in water and
organic solvents as well as modify its electronic properties,
thus significantly expanding its potential applications. In
this article, by using density functional theory (DFT)
methods, we have studied the effects of the chemical
functionalization of graphenes via aryne cycloaddition on
its properties. We found that the adsorption of an isolated
aryne group on the graphene sheet is very weak with the
adsorption energy of —0.204 eV, even though two new
single C-C interactions are formed between the aryne group
and the graphene. However, the interaction of graphene
with the aryne group can be greatly strengthened by (i)
substituting the H-atoms in aryne group with F-; Cl-, -NO,
(electron-withdrawing capability), or CH3-group (electron-
donating capability), and (ii) increasing the coverage of the
adsorbed aryne groups on the graphene sheet. As expected,
the strongest bonding is found on the graphene edges, in
which the adsorbed aryne groups prefer to be far away from
each other. Interestingly, chemical functionalization with
aryne groups leads to an opening of the band gap of
graphene, which is dependent on the coverage of the
adsorbed aryne groups. The present work provides an
insight into the modifications of graphene with aryne
groups in experiment.
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Introduction

Since its discovery by Novoselov and co-workers in 2004
[1], free-standing graphene has attracted a great deal of
attention. This can be expected, because the remarkable
properties of graphene [2—12], such as atomically thin two-
dimensional planar structure that consists of sp>-hybridized
carbon atoms, high carrier mobility, high-integer quantum
Hall effect at room temperature, spin transport, high
elasticity, electromechanical modulation, and ferromagne-
tism, have made it a very promising candidate for use in
solid-state sensors, energy storage materials, fuel cells,
nanoelectronics, and spintronics.

However, two fundamental problems have imposed
greatly to the use of graphene: (1) just as other newly
discovered allotropes of carbon, such as fullerenes and
carbon nanotubes, pure graphene sheets are hydrophobic
and easily form irreversibly agglomerates due to their
strong 7-7t stacking tendency [13]. This tendency has
limited the further purification and processing of graphene
materials; (2) it is well known that graphene is a
semimetallic material and is absent of a band gap in its
band structure [2—12], which limits its applications in
electrical, optical, and magnetic areas. It is expected that
chemical modification of graphene could not only enhance
its solubility and processability in water and organic
solvents, but also change its electronic properties as well
as render many new properties to graphene, which greatly
widen its application scopes [2—12, 14]. Thus, developing
chemical methods to functionalize graphenes has become
one of the most critical issues in exploring graphene
technologies. For example, modifications in the electronic
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properties of graphene have been reported by adsorption of
a variety of functional groups, such as H [15], F [16], OH
[17], COOH [18], and O [19], in which the hybridization
state of carbon atoms is transformed from sp? into sp® and
opens the band gap of graphene, even up to several electron
volts [15]. On the other hand, attachment of nitrene [20],
diazonium [21], and 1,3 dipolar molecule [22, 23] to
graphene, is found to greatly improve its solubility in
organic solvents, such as CCly, CH,Cl,, and THF [2b].

Very recently, Ma et al. demonstrated in experiment a
simple and efficient approach to covalently functionalize
pristine graphene sheets under mild reaction conditions by
using aryne cycloaddition with easily accessible benzene
precursors [24]. The resulting highly functionalized and
thermally stable aryne-modified graphene sheets can be well
dispersed in various solvents. Moreover, the authors pointed
out that the electronic properties of graphene may be
changed due to the functionalization with aryne groups [24].

Compared with the experimental advances, to our
knowledge, no prior theoretical study has been reported
for the functionalization of graphenes with aryne groups. In
particular, the following questions are still unclear: (1) how
does the coverage of adsorbed aryne group affect its
interaction with graphene? (2) What are the effects of aryne
group adsorption on electronic properties of graphene? To
uncover the above questions, we report the first ab initio
density functional theory (DFT) study of graphenes
functionalized with aryne groups.

Methods and models

We carried out all-electron ab initio DFT calculations using
double numerical basis set with polarization function (the
DNP basis set), which are implemented in the DMol®
package [25, 26]. The generalized gradient approximation
(GGA) within the Perdew-Burke-Ernzerhof (PBE) func-
tional [27] was chosen for the spin-restricted DFT calcu-
lations. Test calculation with a spin-unrestricted method
gave the same results. The used GGA/PBE method has also
been successfully employed to study graphene systems in
previous theoretical studies, including their functionaliza-
tion with various functional groups [28-34]. A tetragonal
supercell with dimension 17.22x17.22x30 A® (7 periodic
lengths of graphene layer in both @ and b directions) was
chosen as the benchmark model system, which consists of
98 carbon atoms. The size of this employed supercell is
large enough to completely remove the image interactions.
For geometry optimizations, the Brillouin zone was
sampled by 3x3x1 special k-points using the Monkhorst-
Pack scheme [35], while a 15x15x1k-points was used for
calculating electronic properties. The adsorption energy
(E.qs) 1s defined as E,qs = [Eiow (graphene-naryne) -
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Eoi(graphene) — n E(aryne)]/n, where E is total
energy of the system in bracket, and n stands for the
number of adsorbed aryne groups. By this definition, E,4s<
0 corresponds to a stable adsorption configuration and
indicates bonding.

Results and discussion
Adsorption of aryne group on graphene at low coverage

We started with a low coverage of aryne group (C¢H4) on
graphene. Figure 1a shows the most stable configuration of
attaching a single C4H4 to graphene through [2+2]
cycloaddition. It is found that adsorption of an individual
CgH,4 on graphene sheet is very weak (E,4s=—0.204 eV),
suggesting that the functionalization of pristine graphene
with CgH4 group with a low coverage is difficult. This
weak interaction of one CgH, group with graphene is
further testified by calculated charge transfer with the
Hirshfeld method [36]: about 0.039 electrons are transferred
from graphene to CgHy. Furthermore, in the optimized
structure (Fig. la), the bond lengths of the formed C-C
bonds are ~1.546 A. In addition, C¢H,4 adsorption induces a
slight deformation to graphene: (1) the two adsorbed carbon
atoms by C¢H,4 group are pulled outward from graphene
sheet; (2) the C-C bond lengths in graphene involving the
Cg¢Hy-adsorbed carbon atoms (1.496, 1.496, and 1.594 A)
are longer than those in pristine graphene (1.420 A).
Clearly, these C-C bonds have been weakened, thus
rendering their chemical reactivity be enhanced.

To gain more insights into this process of an individual
CgH,4 adsorption on graphene, we further calculated the
minimum energy pathway (MEP) from separated C¢H4 and
graphene using the nudged elastic band (NEB) method [37,
38]. This method has been widely used to search for MEP
and transition state of reaction on graphene surface [28, 39—
43]. Here, physisorption of a C¢H4 on graphene sheet was
chosen as reactant state, while the most stable configuration
of C¢Hy on graphene (Fig. la) was product state. The
calculated MEP (Fig. 2) indicates that C¢H4 will overcome
an energy barrier of ~1.711 eV before being adsorbed on
graphene. Thus, sufficient initial energy is required to
overcome this large energy barrier. For the obtained
transition state, the nearest distance between adsorbed
C¢H, and graphene is ~2.101 A. Conversely, to remove
CgH, from graphene sheet, an energy barrier ~1.915 eV
should be overcome, that is, once formed, the functional-
ized grahene with a single C4H, is expected to be stable at
room temperature.

In the experimental study of Ma et al. [24], the authors
found that pristine graphene can be chemically modified
with other substituted CgH, functional groups, such as
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a

Eais=-0.391 eV

Fig. 1 The obtained stable adsorption configurations of the function-
alized graphene sheet by an isolated (a) C¢Hy, (b) CsHa(CHs),, (€)
CeH3(CHs), (d) CeHaFa, (e) CeHoCly, and (f) CeHa(NO,),. The

CeH,F,, C¢H3(CH3), and CgH,(CHs),. Thus, we studied
the adsorption of other aryne functional groups on
graphene, including CgH,F,, CgH,Cl,, C4¢H,(NO»),,

TS: L711 eV

Fig. 2 The minimum energy path (MEP) for the functionalization of
the graphene with a single C¢H,4 group (product state) from separated
CgHy group and graphene sheet (reactant state). The distances are in
angstroms

FEaa: =-0.960 eV

binding region between aryne functional groups and graphene is
highlighted in yellow. The bond distances are in angstroms

Ce¢H3(CH3), and C4H,(CH3),. The calculated adsorption
energies and the shortest distances between graphene and
these adsorbates are listed in Fig. 1b—f. It is found that all
C¢H, functional groups can be adsorbed on graphene via
[2+2] cycloaddition. The lengths of the newly formed C-
C bonds range from 1.542 to 1.547 A. The adsorption
energies of these substituted C¢Hy functional groups are
larger than that of C¢H, group. The trend of change of
adsorption energy can be understood on the basis of the
relative electron-withdrawing or -donating capability of
adsorbed molecular groups. Since about 0.039 electrons
are transferred from graphene to C¢Hy, the charge transfer
from graphene to adsorbates should be increased when H-
atoms in CgHy are replaced with -F, -Cl, or -NO, groups
with electron-withdrawing nature. Thus, the adsorption of
aryne functional group on graphene is strengthened. In
contrast, because CHs- has electron-donating capability, the
adsorption of C¢H3(CH;3) and C¢H,(CH3), on graphene is
weaker than that of C6H2F2, CéHzClz, C6H2(N02)2.

One of the most important purposes of the functionali-
zation of graphene is to modify its electronic properties.
Thus, we explored the effects of the adsorption of a single
CgH, group on electronic properties of graphene. In Fig. 3,
we depict the calculated electronic band structures for
functionalized graphene as well as pristine graphene for
comparison. It should be pointed out that GGA methods
tend to underestimate the band gap of semiconductors. But
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Fig. 3 Electronic band structure of a graphene sheet (a) before and (b)
after the adsorption of a single C¢H4 group. Red dashed lines denote the
Fermi level. G = (0, 0, 0), K = (—1/3, 2/3, 0), and M = (0, 1/2, 0) in the
Brillouin zone. G represents the I" point

this theoretical deficiency will not affect qualitative analysis of
the trend of the changes in electronic properties due to
functionalization. Our DFT calculation reproduces known
results that pristine graphene is semimetallic. Upon adsorption
of one CcH, group, the 7t and 7t* linear dispersion of pristine
graphene in the proximity of the Dirac point (K) largely
preserves, while there exists a band gap with ~0.299 eV
between 7t and 7t* states. Obviously, C¢H, group adsorption
leads to an opening of band gap of graphene, rendering it
semiconducting characteristic. Furthermore, we plot the
highest occupied state (HOS) and lowest unoccupied state
(LUS) at T' point of functionalized graphene (Fig. 4). The
results suggest that both the minimum of the conduction
band edge (CBM) and the maximum of the valence edge
(VBM) at the I" point are mainly contributed by graphene as
well as a few carbon atoms of C¢H, that form covalent
bonds with graphene.

Fig. 4 Profiles of (a) HOS and (b) LUS at the I' point for the
functionalized graphene by a single C¢H, group. The isosurface value
is 0.025 au
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Adsorption of aryne group on graphene at high coverage

In addition to CgH, attachment to graphene at a low
coverage, the high coverage of CgH, adsorption on
graphene sheet is also investigated to provide a further
comparison. First, we studied a second C4H,4 adsorption on
the basis of the results of a single C¢H,4 adsorption. Two
kinds of initial models were considered: the second CgHy is
on (1) the same or (2) the other side of the first adsorbed
CgHy on graphene.

After full structural optimization for these initial config-
urations, the most stable adsorption configuration for a second
CgH, is located on the para-site of the first CgHy, in which
the two adsorbed CgH, groups lie across graphene (Fig. 5a).
The adsorption energy of this configuration is —0.730 per
CgH, group, which is much larger than that of one C4Hy
group (—0.204 eV). About 0.045 electrons are transferred
from graphene to C¢Hy groups, which is slightly larger than
that of one C¢H4 group (0.039). Furthermore, a small energy
barrier of ~0.100 eV is encountered before the second CsHy
is adsorbed on graphene as shown in Fig. 6, which is much
smaller than that of the first C¢Hy (1.711 V). In light of the
large adsorption energy and the small energy barrier, we
expect that a second CgH,4 adsorption on graphene is easier
than that of the first C4Hy. This is understandable, because
these C-C bonds around the first C¢H,4 have been “activated”
and possess higher chemical reactivity toward adsorbates
than other C-C bonds in graphene. This fact can be testified
by calculated projected density of states (PDOSs) near the
Fermi level of CgHy-graphene complex (Fig. 7): the C-C
bonds at the para-site of the first C¢Hy have the sharpest

Fags =-0.360 eV

Fig. 5 The optimized structures of a second CcH4 group on the
graphene sheet. Various adsorption sites are examined. The bond
distances are in angstroms
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Fig. 6 The minimum energy
path (MEP) for the functionali-
zation of the graphene of a
second C¢Hy group. The distan-
ces are in angstroms

peak. In addition, the other metastable configuration is
also obtained as shown in Fig. 5b, whose adsorption
energy is —0.360 eV. For this metastable configuration, its
steric repulsion between adsorbed CgH, groups on the
same side of graphene, may be responsible for its
adsorption energy being lower than that of the double-
side adsorption (Fig. 5a).

The next question is: what will happen if more than CcH,
groups are attached to graphene? To answer this question, we

a
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Fig. 7 The projected PDOS of (a) the para-site carbon, (b) other site
carbon, and (¢) C¢Hy group. Red dashed lines denote the Fermi level

TS: 0.100 eV

-0.730 eV

performed further calculations to study the adsorption of four
and six CgH,4 groups on a graphene on the basis of two CgHy
groups adsorption. The most stable configurations for four
and six CgH, adsorptions are given in Fig. 8. The calculated
adsorption energies for four and six CgH4 groups are —0.834
and —0.881 eV, respectively, which are much larger than that
of at low coverage (—0.204 eV). This shows that pristine
graphene can be functionalized by C¢H,4 groups with a high
coverage. When more than six C¢Hy groups are bound with
graphene, the obtained complex is unstable due to the large
steric repulsion among these CgH, groups. Hence, up to six
CgH, groups can be adsorbed on a pristine graphene

Eags =-0.881 eV

Fig. 8 The optimized structures of (a) four and (b) six C¢H,4 groups
on the graphene sheet
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consisting of 98 carbon atoms. This is in good agreement
with Ma’s experimental study [24]: the degree of function-
alization is approximately one functional group per 16
carbon atoms.

Since the functionalization of C¢H, at a low coverage can
effectively open a band gap of graphene, how do electronic
properties of graphene modify upon adsorption of more
CgH,4 groups? As shown in Fig. 9, we found that 1) after the
covalent functionalization with two or four C¢H,4 groups, the
7t and 7* state dispersions of pristine graphene at the Dirac
point preserve, while there is a large perturbation upon six
CgH, groups adsorption on graphene sheet; 2) band gaps of
graphenes after adsorption of two, four, and six C¢H4 groups
are opened in various ways: the band gap is 0.327, 0.925,
and 0.190 eV for two, four, and six C¢H4 groups adsorption,
respectively. Obviously, the alteration of electronic properties
of functionalized graphene is determined by the coverage of
adsorbed C¢Hy4 groups.

Adsorption of aryne group on graphene nanoribbon

Due to the two-dimensional nature of graphene sheet, the
edge regions play an important role in electronic structures
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Fig. 9 Electronic band structure of the functionalized graphene sheet
by (a) two, (b) four, and (c) six CgH4 groups. Red dashed lines denote
the Fermi level
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of molecules. In this section, we studied C¢H, adsorption on a
graphene nanoribbon and was compared with that of on
graphene plane. A graphene nanoribbon with armchair edge,
which displays lower reactivity than zigzag edge [2 h], was
used. The edges of the armchair graphene nanoribbon were
saturated with hydrogen atoms. The C¢H4 group was initially
considered to be adsorbed on the top (Fig. 10a) or seat site

Eqaas=-4.263 eV

Fig. 10 The optimized structures of (a) an individual C¢H, group
adsorbed on the top site in the armchair graphene nanoribbon, in
which the number in red denotes the potential adsorption sites for a
second CgHy group, (b) an individual C¢Hy group adsorbed on the
seat site in the armchair graphene nanoribbon, and (¢) the most stable
configuration of two CgHy groups attached to the armchair graphene
nanoribbon. The distances are in angstroms



J Mol Model (2012) 18:2861-2868

2867

(Fig. 10b) in an armchair edge. The results indicate that the
former (E,4s=—6.237 eV) is more energetically favorable
than the latter (E,q4s=—5.864 ¢V), which are much larger than
that of graphene plane (£,43,=—0.204 eV). It is obvious that
the edges of graphene nanoribbon exhibit much higher
activity than graphene plane.

Attaching a second CgH, group to edge site of
graphene nanoribbon is also different from that to
graphene sheet. After the structural optimization for
different adsorption sites (Fig. 10a), the most stable
configuration is given in Fig. 10c. The second CgHy
group is shown to be far away from the first one and they
locate on the same side of graphene edge. The average
adsorption energy of this configuration is —4.263 eV,
being smaller than that of a single C¢H, group
(—6.237 eV). Given the tendency that zigzag edge displays
higher reactivity than armchair, it can be expected that
Ce¢H,4 attachments to zigzag edges are stronger those of
armchair edges. In addition, adsorption of C¢H,4 groups on
armchair graphene nanoribbon renders its band gap be
increased by 0.027 eV (for one CsH,4 group) and 0.190 eV
(for two CgH,4 group), respectively, as displayed in Fig. S1
of Supporting information.

Conclusions

By exploring the chemical functionalization of graphene
with aryne groups (C¢Hg) using DFT calculations, we
found that C¢H4 group with a low coverage is weakly
adsorbed on graphene sheet. However, the interaction of
graphene with CgH,4 group at high coverage is considerably
stronger because of the “activation” of some C-C bonds
near the adsorbed C¢H,4 group upon adsorption of one C¢Hy
group, i.e., these C-C bonds possess higher reactivity
toward incoming adsorabtes than other sites of graphene.
Furthermore, it was found that graphene nanoribbon has
much higher reactivity toward CgHy groups. The most
important is that the band structures of graphene systems
near the Fermi level are greatly disturbed after covalent
functionalization of C¢H, groups. This leads to an opening
of band gaps of graphenes to different degrees. Our
calculations offer a better understanding of the experimental
results that graphene sheets can be effectively functional-
ized with aryne groups at a high degree.
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