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Abstract In this paper first principles total energy calcula-
tions to study the adsorption of amine group (NH,) on
graphene (G) and boron nitride (hBN) nanosheets are
developed; the density functional theory, within the local
density approximation and Perdew-Wang functional was
employed. The sheets were modeled with a sufficiently
proved C,Hy-like cluster with armchair edge. The opti-
mized geometry was obtained following the minimum
energy criterion, searching on four positions for each nano-
sheet: perpendicular to the carbon atom, on the hexagon,
inside the hexagon and on the bridge C—C, for the G-amine
interaction; and, perpendicular to the B, perpendicular to the
N, on the hexagon, and inside the hexagon, for the hBN-
amine interaction. A physisorption, with amine parallel to
the C—C—C bond with a distance graphene-amine of 2.56 A,
was found. For the case of BN a B—-N bond, with bond
length equal to 1.56 A, was found; the amine lies perpen-
dicular to the nanosheet. When the graphene is doped with
B and Al atoms a chemisorption with B-N (1.57 A) and
ALI-N (1.78 A) bonds is observed; the bond angle in the
amine group is also incremented, 5.5° and 8.1°, respectively.
In the presence of point defects (monovacancies) of B in the
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hBN-amine and C in the G-amine, there exists chemisorp-
tion, increasing the reactivity of the sheets.
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Introduction

The isolation of the graphene (G) in 2004 [1] and the
hexagonal boron nitride (hBN) sheet in 2005 [2], have
motivated many theoretical as well as experimental studies
on these kind of structures, owing to their diversity of
applications on chips [3] and biosensors [4], respectively.
Main research has been directed to graphene, finding spec-
tacular applications; however, with respect to the applica-
tions on the two dimensional (2D) hBN there is scarce
knowledge. The similar atomic arrangement between these
two systems seems to be transcendental for the applications
of the 2D hBN. At the same time, the chemical modification
of these surfaces generated new two-dimensional systems
[5-12], which require investigations on their functionaliza-
tion in order to improve their capabilities, searching for new
applications. Recently, Zettl et al. [13] have reported
a convenient, highly efficient, radical-based chemi-
cal approach to functionalize boron nitrides nanotubes
(BNNTs) with amine groups via an aggressive non-
equilibrium ammonia glow plasma treatment. This renders
BNNTSs highly dispersible in the common organic solvent
chloroform. The efficient polymer functionalization of
BNNTs has been shown in order to develop new devices
like glucose biosensor [14] and white light emitters [15];
BNNTs based composite materials are now possible [16].
Experimentally speaking, it is easier to find 2D hBN than
BNNTs; then, applications for the first case would be more
direct than the second one. A specific usage of a system
requires the comprehension of the related properties; think-
ing the BN nanosheets as a biosensor, it would be necessary
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to know its structural parameters and properties like chemical
ones. Searching insights on the former, in this work, the
structural and electronic properties of the graphene and boron
nitride nanosheets functionalized with the amine group
(G—NH, and hBN-NH,, respectively), are reported. The study
has been done within the density functional theory using a
circular C H,,-like cluster as the model; this model has been
shown to be enough to study the graphene [17, 18] and boron
nitride sheets [19]. The main objective of the paper is to
analyze, theoretically, the adsorption process of the amine
group on the graphene and hexagonal boron nitride surfaces
looking for an increase on their reactivity; the intrinsic systems
and with point defects (monovacancies) were considered.

Methodological aspects

The clusters we used in the calculations contain 24 carbon and
12 hydrogen atoms for graphene, and a triad of 12-12-12 of
boron-nitrogen-hydrogen atoms was used for hexagonal
boron nitride. The following sites for the adsorption of NH,

molecule were considered: a) on top of boron (B) in a per-
pendicular way (Fig. 1a), b) on top of nitrogen (N) in a
perpendicular way (Fig. 1b), ¢) perpendicular to the sheet
and inside of the central hexagon (Fig. 1c), and d) lying
perpendicular to sheet and on top of central hexagon
(Fig. 1d), for the adsorption on the boron nitride sheet; a) on
top of carbon (C) in a perpendicular way (Fig. 2a), b) perpen-
dicularly to the C—C bond (Fig. 2b), ¢) perpendicular to the
sheet and inside of the central hexagon (Fig. 2¢), and d)
perpendicular to sheet and on top of the central hexagon
(Fig. 2d), when the adsorption on graphene is treated. For
the case of doping graphene with B (Fig. 2e) and Al (Fig. 21),
the amine group is perpendicular to the sheet. When the
monovacancies on the hBN sheet were considered, the amine
was placed 2 A away (Fig. 6a). The initial distance G-amine
and hBN-amine sheet was of 2.0 A for all selected config-
urations. For each system, bond lengths and bond angles,
dipole moments, and adiabatic adsorption energies were
determined for the configurations of lowest energy.

The obtainment of non-complex frequencies was the
criterion for the structural stability of the lowest energy

Initial geometry

Optimized geometry

Perpendicular to
the Boron atom

a)

Perpendicular to
the Nitrogen
atom

b)

Inside the
hexagon

c)

Perpendicular to
the hexagon

d)

Fig. 1 Initial and final geometric configurations BN-amine interaction. In blue: N; pink: B; white: H
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the carbon atom
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Perpendicular to
the C-C bond
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Inside the
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Perpendicular to
the hexagon
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Graphene doped
with B

e)

107.683

1.57A

Graphene doped
with Al

f)

110.225

Fig. 2 Initial and final configurations for the G-amine and G+X-amine interactions; (X = B, Al). In gray: C; blue: N; white: H; pink: Al and orange: B

states of the clusters, which were determined through a full
geometric optimization process, requiring that all atoms are
allowed to relax [20]. Calculations were done within the
DFT formalism, using the LDA approximation [21], as
implemented in the quantum chemistry DMOL? code [22];
if the inclusion of spin does not affect the properties of the

system, then it was not included in the calculations. The
orbital basis set we used includes a p orbital for hydrogen
atom, a d orbital for boron, carbon, nitrogen and aluminum
atoms; neutral charge was required in all cases. The limit for
orbitals was 0.41 nm and the convergence for the SCF
cycles was 10°® Ha. The cohesive energy for different

@ Springer



324

J Mol Model (2013) 19:321-328

graphene and boron nitride clusters, naphthalene and naph-
thalene like (BsNsHg), phirene and phirene like (BgNgH ),
coronene and coronene like (B1,N,H;,), and Cs4H;g and
B,7N,7H g were calculated, obtaining the value of 3.82 [17]
and 1.66 a.u./atom [23] for all of the systems, respectively,
justifying from the energetic point of view the use of the
armchair cluster as a model for these systems.

Results and discussion

Adsorption of NH, on boron nitride

The NH, radical on top of N provided the most stable
configuration site, preserving its original orientation (per-

pendicular to the sheet), as confirmed by the total energy
calculations (Fig. 1b). A Hirshfeld population analysis [24]

shows a final positive charge for the amine, with a binding
energy of —1.05 eV [25] which corresponds to a chemisorp-
tion like process; the new strong B-N bond (N of the amine
group) formed has a bond length of 1.57 A, a little bigger
than that in reference [26], the B atom is attracted to the
sheet inducing a protuberance which favors the adsorption.
A similar value has been reported when the amine group is
chemisorbed on BN nanotubes with different chiralities
[27]. This originates different values on the B-N bond
length on the sheet around the protuberance, 1.51, 1.51
and 1.54 A. Something similar happens when chitosan is
adsorbed on the (5,5) BN nanotubes, where a bond length of
1.69 A was obtained [28]. The BN bond length depends on
the kind of structures which belong. The angle bond of the
amine group when adsorbed on the sheet has a value of
9.54°, larger than that of the isolated molecule (102.15°,
Table 1). The N-H bond length is reduced by 14 mA of its

Table 1 Bond distance, bond angles and adsorption energy for the optimal geometries

Bond distance (A)

Angle NH; (degree)  Adsorption energy (eV)

N-H B-N C-C CN B-N* AN B-C ALC
NH, 1.04 102.15
BN 1.44
G 1.42
G+B 1.41 1.52
1.49
G+Al 1.41 1.78
1.81
1.03 143" 1.565 111.69 -1.05
151"
“BN-NH, 151"
1.54"
1.03 140 108.67 -3.68
1.42
“BN-NH, vacancy of B 1.43
1.44
1.46
1.04 141 2.68 102.29 -0.32
“G-NH,
1.02 136 133 116.87 -5.19
1.39
“G-NH, vacancy of C 1.41
1.42
1.44
1.52
1.03 1.42 1.573 1.56  107.69 -2.49
1.56
“G+B-NH, 1.54
1.02  1.36-1.43 1.778 1.94  110.23 —4.46
*G+Al-NH, 1.93
2.06

+Average value; ++ Value of the B-N bond when the amine is adsorbed;* New B—N bond; C using the stable configuration
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original value (1.04 A); this means that the BN sheet indu-
ces a structural distortion on the amine group, larger than
that observed on the adsorption of ozone and water on the
same sheet [26, 27]. These changes originate a shift on the
vibrational frequencies of the NH, group, which may be
experimentally determined by infra-red photodissociation
(IRPD), recently implemented [29]; it is important to note
that a modification on the vibrational spectrum would be
useful for sensing applications [18].

The dipole moment of the BN sheet (0 D) is incremented to
2.22 D when the NH, is adsorbed, a change from covalent to
ionic character occurs; the vector is directed to the amine,
something similar happens when the water molecule is
adsorbed (2.47 D) [28]. The ozone molecule does not produce
a significant change (0.79 D) on the hBN sheet [25]. The
energy gap, defined as the difference of HOMO-LUMO,
decreases from 5.17 eV to 0.58 eV, isolating system to semi-
metal one. The chemical reactivity, obtained with the equation
p=(HOMO + LUMO)/2, decreases from —3.8 eV for the BN
to —5.6 eV when the sheet is functionalized with the amine,
which may be due to the planar geometry of the sheet, the
contrary happens in the case of a tubular BN structure.

Figure 3 shows the molecular orbitals of the amine, the
hBN sheet, and the hBN-amine systems. In the case of the
hBN sheet the isosurfaces indicate that HOMO is mainly
due to the p, atomic orbitals of the nitrogen atom and to the
p- for the LUMO (Fig. 3b), in opposite direction. For the
hBN-amine system, the p, nitrogen orbitals of the sheet and
the p,, nitrogen orbital of the amine contribute to the HOMO
(Fig. 3c), as in the amine. The LUMO is mainly due to the
orbital of the amine with a little presence of the p, orbital of
the sheet (Fig. 3a and c), which means that charge is mainly
concentrated on the amine. An exothermic process occurs

when a C replaces a B in the adsorption site, giving rise to
an unstable system.

Adsorption of NH, on graphene

The lowest energy site happens when the amine group (with
final negative charge) is in the C—C bond, the molecule is
parallel to the graphene to a distance of 2.68 A (Fig. 2b).
The adsorption energy is of —0.32 eV, which corresponds to
a physisorption process (Table 1), similar to the physisorbed
ozone on graphene [25]; this value is lowest than the
adsorption energy on the hBN-sheet, and to the water
(directed to the sheet) on the same sheet [28]. The amine
preserves its planar geometry.

The electronegativity of N motivated new research in order
to functionalize graphene, both, experimentally and theoreti-
cally [30-35]. Moreover, Chi et al. [36] have shown that
formaldehyde can be adsorbed on intrinsic and Al-doped
graphene. Binding energies in the former case are of the order
of meV, while in the latter case the energies are of the order of
eV. It is evident that the adsorption energy is favored by the
doping of the graphene layer. It seems that the functionaliza-
tion of graphene with NH, would have better effects when it is
doped with B and Al. Graphene remains planar when it is
doped with a B atom on the minimum energy site, generating
a little irregularity in the B—C bond lengths with values 1.56,
1.56 and 1.54 A, on average; the B is immersed in the site
where the amine is adsorbed inducing the chemisorption of
this group (with positive final charge, Fig. 2¢) with an adsorp-
tion energy of —2.49 eV (Table 1). The resulting B-N bond
length is 1.573 A, a little larger than that in the case when the
amine is adsorbed on the hBN sheet. The doping also affects
the angle formed in the amine, increased by 5.54°, with a N-H

Orbital HOMO Orbital LUMO

Fig. 3 HOMO and LUMO
molecular orbitals for the NH,,
BN and BN-amine system. In Amine
blue the positive lobe and
yellow the negative lobe
a)
BN sheet
b)
BN-amine
)
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Dipole
moment

vector

Fig. 4 Dipole moment vector for the system G+B-amine generated
using the Gaussian package [49] and visualized by Molekel [50]

bond length of 1.04 A. The Al atom is also chemisorbed on the
optimized geometric position (the final charge of amine is
negative, Fig. 2d), with an energy of —4.46 eV, generating a
protuberance around the Al-N bond which has a bond length
of 1.78 A; different values for the AI-C are found, 1.94,1.93 y
2.06 A, similarly to the aluminum nitride sheet [37]. The angle
in the amine is incremented by 8.1°.

The polarity of graphene is incremented from 0 D
(covalent) to 0.56 and 0.84 D (a little ionic), when it is
doped with B and Al, respectively. The dipole moment is
a little augmented if the NH, is adsorbed, 0.84 D with B and
0.92 D with Al; the vector is pointing to the center of the
hexagon (Fig. 4). The chemical potential of graphene
(u=-3.92 eV) increases when it is doped with B
to —3.84 eV, and when it is doped with Al increases
to —3.82 eV; when the amine is adsorbed, this quantity
decreases to —4.53 eV, and to —4.54 in the presence of B
and Al, respectively. The reactivity is also incremented
when amine is adsorbed on the hBN sheet. The energy gap
of the graphene has a value of 2.92 eV and when it is doped
with B and Al, decreases to 2.54 eV and 1.85 eV, respec-
tively; the presence of amine reduces the gap to 1.10 eV and
0.93 eV for B and Al, respectively.

The isosurfaces of the molecular orbitals show that for
graphene the HOMO and the LUMO are mainly due to the

Fig. 5 HOMO and LUMO

Orbital HOMO Orbital LUMO

isosurfaces for G, G+B, G+Al,
G-amine, G+B- amine

and G+Al-amine Graphene

sheet

a)

Graphene+B

b)

B

Graphene+Al

)

Graphene-
Amine

d)

Graphene+B-
Amine

e)

Graphene+Al-
Amine

f)

¢
(%
<
Al
<

Al
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Fig. 6 Final geometries of BN- Optimized Geometry Optimized geometry
amine (a) and graphene-amine
(b) systems with monovacan-
cies of B and C, respectively 133 A
116.873
a) (J b)

p- with opposite direction, forming 7t molecular orbitals for
the HOMO (Fig. 5a); when the amine is adsorbed p,, orbitals
of the carbon (with 7t bonds) and p,, of the nitrogen conform
the HOMO (Fig. 5d), such as in the isolated amine. The p, of
the B and C contributes to the HOMO when the graphene is
doped with B and to the LUMO the p. of the carbon and
nitrogen (Fig. 5e). In the case of the doping with Al and the
amine included, the p,, (7t bonds formed) of C and the p, of the
amine constitute the HOMO and the LUMO, with the charge
mainly distributed around the doping site (Fig. 5f). There
exists a hybridization of the p, of the B and the C (7t bond)
to form the HOMO (Fig. 5b) and the LUMO (Fig. 5b) is
formed with p, of the C for the system graphene-B. Something

similar is found when the graphene is doped with Al (Fig. 5¢).

Effects of vacancies on the adsorption of the amine group

The generation of point defects is an option to enhance the
functionality of a surface; this has been done on graphene
[38—43] and on hBN [44, 45]. We think, a monovacancy of C
on graphene and monovacancies of B and N on hBN may
change the adsorption capacity of these systems, we do that in
this work. With the absence of a B atom in the sheet a new N—
N bond is formed in the network (Fig. 6a) with a bond length
of 1.41 A with a hybridization sp®; the angle in the amine is
incremented from 102.15° to 108.67° and the N-H bond
length is reduced only 0.011 A. The stress on the bonds
originates a reconstruction on the sheet forming a nonagon
and a pentagon around the monovacancy forming a N-N bond
with a bond length of 1.456 A. The B-N bond length in the
sheet is in the range 1.40 (pentagon) —1.46 A (hexagon) due to
the torsion suffered by the sheet. The adsorption energy of the
amine is —3.68 eV, even lower compared with the intrinsic
hBN (—1.05 eV); the same tendency is observed when chito-
san is adsorbed on this sheet [46]. The energy gap reduces its
value to 4.13 eV and the polarity has a value of 1.85 D, which
means that the system remains as a semiconductor. The chem-
ical reactivity increases (—3.37 eV), with respect to the BN
sheet. The molecular orbitals show contribution of the p,
orbital of the amine and of the p. of the nitrogen of the sheet
to the HOMO; the LUMO has contribution of the p. of the B
and of the N of the sheet.

The vacancy generated in the graphene-amine system indu-
ces a reconstruction on the optimized geometry giving rise to a
pentagon and a nonagon around the monovacancy (Fig. 6b).
A new C-N bond is generated (1.33 A) with hybridization sp.
The C—C bond length has values from 1.36 to 1.52 A, due to
the curvature of the mesh. The bond angle in the amine (which
is quimisorbed with energy —5.19 e¢V) is of 116.87° and the
N-H bond length of 1.022 A. The energy gap has the value
1.94 eV and the chemical reactivity is —3.29 eV, which means
that the vacancy change graphene from conductor to a semi-
conductor and increases the reactivity. The dipole moment is
1.40 D. The atomic orbitals that mainly contribute to the
HOMO are the p, of the amine and the p. of the carbon
forming 7t bonds; the LUMO is formed with the p, of the
carbon and with the p, of the amine.

Finally, when graphene is doped with N including the
monovacancy, the amine is bonded to the nearest carbon with
abond length of 1.443 A (Fig. 7) inducing a protuberance; the
H-N-H angle increases by 9.32°, and the N-H bond length
decreases by 0.018 A. The dipole moment (0.74 D) is outward
to the center of the hexagon and the chemical potential
(3.5 eV) indicates a reduction on the chemical reactivity.

Conclusions

The circular cluster model C,H,, has permitted us to analyze
the structural and electronic properties of the graphene and
the two dimensional BN in the presence of the triatomic

11.468

1.44 A

Fig. 7 Final configuration of interaction for G+N-amine. In gray:C; in
white:H and in blue:N
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amine group; the effect of the doping with B and Al was
also studied. Results show that the adsorption mechanism is
similar to that of the adsorption of water and ozone mole-
cules on these systems, and that the angle in the amine
increases with respect to the isolated one. At the same time,
the capacity of the graphene to adsorb molecules of biolog-
ical and industrial interest is clear. It is important to mention
the little change in the polarity of the graphene when it is
doped, but the big increase of this property on the BN. A
considerable reduction of the gap is found, from semicon-
ductor to a semimetal one; the chemical reactivity is also
reduced, contrary to the tubular structures. The vacancies on
the sheets increase the chemical reactivity, which may be
useful in the design of electronic devices, and those in-
volved in catalytic reactions free of metals, as proposed for
N doped nanotubes [47] and nanosheets [48].
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