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ABSTRACT: The atomic and electronic structure of narrow zigzag nanoribbons with ﬁnite
length, consisting of graphene terminated by ﬂuorine on one side, hexagonal (h) h-BN, and hSiC were studied with density functional theory. It is found that the asymmetry of
nanoribbon edges causes a uniform curvature of the ribbons due to structural stress in the
aromatic ring plane. Narrow graphene nanoribbons terminated with ﬂuorine on one side
demonstrate a considerable out-of-plane bend, suggesting that the nanoribbon is a fraction of
a conical surface. It is shown that the intrinsic curvature of the narrow nanoribbons destroys
the periodicity and results in a systematic cancellation of the dipole moment. The in- and outof-plane curvature of thin arcs allows their closure in nanorings or cone fragments of giant
diameter. Using the fragment molecular orbital method, we optimized the structure of a
planar giant arc and a closed ring of h-BN with a diameter of 105 nm.
SECTION: Molecular Structure, Quantum Chemistry, and General Theory

T

he hexagonal atomic lattices of single graphene,1
hexagonal BN,2 and SiC3 layers with one type of
interatomic bond consist of two nonequivalent sublattices
with one carbon, boron, nitrogen, or silicon atom in a subunit
cell. Three major types of nanoribbons can be cut out from the
hexagonal (h) lattices:4 armchair (ANR), zigzag (ZNR) and
chiral.5,6 The graphene, h-BN, and h-SiC ANRs with hydrogensaturated dangling bonds on the edges have a singlet closedshell ground state, but the open-shell electronic structure of
ZNRs is metastable,5,7,8 and high spin states can compete with
the spin-polarized singlet state. It is shown in Figure 1 that the
two kinds of edges in BN are made of the same (zigzag) and
diﬀerent (armchair) types of atoms.
Previously,9,10 using the elastic plate theory, it has been
shown that the edge stress caused by local atomic structure
distortions introduce edge-localized intrinsic ripples in freestanding graphene sheets with unsaturated edge dangling
bonds. A compressive stress along the zigzag and armchair
edges results in an out-of-plane warping and several degenerate
mode shapes. The edge stress also leads to twisting and
scrolling of nanoribbons as seen in the experiments.
Spontaneous twist and intrinsic instabilities of pristine graphene
nanoribbons have also been studied in atomic simulations.10
The graphene and BN nanoribbons have received very
considerable attention recently.11−23
© 2012 American Chemical Society

Figure 1. Atomic structure of a fragment of the h-BN lattice. A unit
cell is made of one B−N group (two equivalent cells are shown in
boxes). The armchair edges consist of atoms of both types (B and N),
whereas the zigzag edges are made of either B or N atoms.

The stress24,17,25 and energetic stability26 of zigzag edges of
BN, SiC, and MoS2 hexagonal planar lattices have been studied
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Table 1. Properties of Nanoribbons: The Number of Aromatic Rings in Terms of Width m and Length n, Spin S, Eﬀective Radii
Reff (Å) of Arcs, HOMO−LUMO Gaps (eV), and Zero Point Corrections (ZPE) in kcal/mol
(m,n)

system

S

DFT functional

basis set

(1,17)

B35N35H38

(1,35)

B71N71H74

0
1
2
0
1
0
0
0
0
0
0
0
0
0
0
0
0
0

HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
B3LYP
B3LYP
HSE
HSE
HSE
HSE
B3LYP
HSE
HSE

6-21G*
6-21G*
6-21G*
6-21G*
6-21G*
6-31G
6-31G*
6-311G*
cc-PVDZ
6-21G*
6-311G*
6-21G*
6-31G
6-31*G
6-311G*
6-31G
6-21G*
6-311G*

0
1
0
1
0
0
0
0
0
0
0
0
0

HSE
HSE
HSE
HSE
HSE
HSE
HSE
B3LYP
HSE
HSE
HSE
HSE
HSE

0
1
0

HSE
HSE
HSE

Reff, Å

HOMO−LUMO gap, for α/β spin, eV

247.4
544.2
429.7
322.8
311.1
351.7
334.1
367.2
375.5
365.4
422.9
275.9
281.5
270.3
292.5
525.8
785.3
828.9

6.056
0.596/0.497
0.600/0.508
6.047
2.208/1.906
6.095
6.154
6.142
6.062
6.340
6.446
6.053
6.101
6.159
6.150
6.401
5.758
5.846

ZPE,a kcal/mol

h-BN

a

(1,62)

B125N125H128

(3,36)

B146N146H80

(1,17)

Si35C35H38

(1,35)

Si71C71H74

(1,60)

Si121C121H80

(3,23)

Si92C92H52

(3,38)
(5,15)
(5,23)

Si152C152H82
Si93C93H42
Si141C141H58

(1,35)

C142H37F37

h-SiC
6-21G*
175.8
6-21G*
323.5
6-21G*
155.8
6-21G*
189.7
6-31G*
155.0
6-21G
158.7
6-21G*
152.3
6-21G
169.6
6-21G
2518.5
6-21G*
2846.3
6-21G
1916.7
6-21G*
1657.2
6-21G*
2349.8
One-Side FTG
6-31G*
363.5
6-31G*
183.3
6-311G*
237.3

1.365
0.226/0.205
1.344
0.183/0.162
1.415
0.860
1.336
1.198
0.021
0.030
0.017
0.005
0.003
0.160
0.836/0.812
0.152

1065.4

1078.7

1863.2
1730.2
1752.0

1415.7
1456.8
1409.6
828.0
1345.0

939.4
942.9

Hessians were computed for some representative structures, all of which were found to be true minima.

atoms from one side and ﬂuorine ones from the other). For
narrow ZNRs with heteroatomic hexagonal lattices of h-BN, hSiC and one-side ﬂuorine-terminated graphene (FTG) the edge
stretching forces do not compensate each other. The narrower
the width, the more the plane stretching, because the Young
modulus of a nanoribbon is much greater for the bending than
for the stretching. Finally, there is a possibility of a subtle bend
in the out-of-plane bending resulting in a conical ribbon.
The main goal of this Letter is to study the structure and
electronic properties of narrow h-BN, h-SiC, and FTG ZNRs
by means of DFT in the cluster model. Electronic structure
calculations of zigzag narrow nanoribbons of diﬀerent widths
(1, 3, and 5 aromatic rings) and lengths (up to 156 Å, Table 1)
were carried out using Gaussian.27 The optimized geometries of
each ribbon were obtained using the 6-21G*, 6-31G*, and in
some cases other Gaussian basis sets and two diﬀerent
functionals, B3LYP and the long-corrected screened exchange
hybrid density functional, HSE.28,29 The latter functional has
been tested in a wide set of materials and shown to accurately
reproduce experimental band gaps.30,31 Furthermore, HSE has

using density functional theory (DFT) and model potentials.
Most of these simulations have been performed for bare
monatomic (B, N, Si, and C atoms) edges of BN and SiC
triangles or triangular holes in the corresponding lattices.
Dangling bonds at a zigzag edge aﬀect the nature of the
chemical bonding in the edge hexagonal rings and cause their
visible distortion. It was found that the zigzag edges of h-SiC
and h-BN 2D monolayers display visible edge rippling
patterns.17 Termination of the dangling bonds by hydrogen
atoms signiﬁcantly reduces the edge stress.25
The electronic structure calculations of the nanoribbons have
been reported using the periodic boundary approach (PBC)5,7,8
and DFT. The structural nonequivalence of both edges of h-BN
and h-SiC ZNRs causes a structural tension and a consequent
bending of the nanoribbons and a loss of the periodicity.
Because of that, the commonly used PBC model is not suitable
for a realistic description of the atomic and electronic structure
of h-BN and h-SiC ZNRs. For graphene ZNRs, the structural
nonequivalence of the edges can be introduced by saturation of
the edge dangling bonds by diﬀerent types of atoms (hydrogen
2004

dx.doi.org/10.1021/jz300625t | J. Phys. Chem. Lett. 2012, 3, 2003−2008

The Journal of Physical Chemistry Letters

Letter

also been demonstrated to deliver accurate ﬁrst and second
optical excitation energies in metallic and semiconducting
SWNTs.32,33 HSE/PBC with Gaussian-type basis sets has
yielded very accurate atomic structure of multilayered
graphenes.23
The reason for using several basis sets and functionals is to
show beyond doubt that the observed eﬀects are real and not
caused by a deﬁciency in the level of calculations. We
conducted the Hessian calculations for a number of
representative structures and veriﬁed that the structures in
this work are indeed true minima. For open-shell electronic
structure calculations, we used spin-unrestricted DFT, which
results in a diﬀerent highest occupied molecular orbital to
lowest unoccupied molecular orbital (HOMO−LUMO) gap
for α and β spin.
The atomic structure of partially open and closed h-BN
zigzag nanorings was optimized at the B3LYP/6-31G level
using the fragment molecular orbital (FMO) method34
implemented35 in GAMESS.36 FMO37 was applied to zeolites38
and yielded accurate atomic structure of a silicon nanowire.39 In
this work, the nanorings were divided into fragments of three
aromatic rings each. The optimization of the h-BN nanoring
containing 8484 atoms was performed using the generalized
distributed data interface40 on the PC cluster Soroban
containing three nodes equipped with dual hexa-core Xeon
CPUs and 2 GB RAM per core, connected by Gigabit Ethernet.
In all geometry optimizations, the threshold of 10−4 a.u./bohr
was used.
The results of electronic structure calculations are presented
in Table 1. The larger the total spin of h-BN B35N35H38 ZNR,
the higher the total energy. In B35N35H38, the singlet state (S =
0) has the lowest total energy, and the energy of B35N35H38
with S = 1 (triplet) is equal to 5.751 eV relative to the singlet;
for S = 2, the relative energy is equal to 11.305 eV. A similar
(5.378 eV) energy diﬀerence for the singlet and triplet states of
h-BN B71N71H74 ZNR is also observed. For h-SiC ZNRs
(Si35C35H38 and Si71C71H74), the ground state is a singlet: for
both the relative energies of the triplet states are equal to 1.197
eV. On the contrary, at the HSE 6-31G* level of theory, the
FTG ZNR C142H37F37 is more stable in the triplet state: the
relative energy of the singlet state is 0.061 eV.
According to HSE and B3LYP calculations, all narrow h-BN,
h-SiC, and FTG ZNRs in diﬀerent spin states show a curvature
(Figure 2, Table 1). Since the bending eﬀect of ZNRs is subtle,
the values of the eﬀective radii depend upon the basis sets and
DFT functional. n and m values, used to mark the clusters,
show their width and length (in terms of the number of
aromatic rings), respectively. For example, (1,17) B35N35H38
means that B35N35H38 has the smallest (just one aromatic ring)
width and is 17 aromatic rings long.
The singlet states (1,17) B35N35H38, (1,35) B71N71H74 and
(1,62) B125N125H128 have the eﬀective radii of 247.4, 322.8, and
275.9 Å, respectively (HSE/6-21G*, see Table 1). The radius
of h-SiC rings monotonically decreases: it is 175.8, 155.8, and
152.3 Å for 17, 35, and 60 rings, respectively. The curvature
tends to converge to some value as the length increases, as
veriﬁed for large arcs (see below). Visible distortions at both
terminal points of each nanoribbon are observed and
interpreted in terms of terminal eﬀect. It is necessary to note
that the arc of ﬂuorinated graphene is not ﬂat, resembling a
conical section bent at the edges (Figure 2).
Increasing the width of ZNRs makes the eﬀective radii larger
(i.e., it makes the curvature smaller). For example, (3,36)

Figure 2. Curved arcs of ﬂuorinated graphene, boron nitride and
silicon carbide, along with their side views. All structures are optimized
with HSE and 6-31G*. The arc of ﬂuorinated graphene is not ﬂat,
resembling a conical section bent at the edges, whereas the other two
are nearly planar. Fluorine (light blue), boron (pink), and silicon
(blue) atoms face the circle center in each arc.

B146N146H80 (S = 0, HSE/6-21G*) has an eﬀective radius
(785.3 Å) 2.4 times larger than that for (1,35) B71N71H74.
Calculations of h-SiC (Table 1, Figure 3) reveal a strong

Figure 3. Arcs of silicon carbide with diﬀerent widths. The arcs of the
same length are taken from slightly larger structures optimized with
HSE and 6-21G*. Silicon atoms are shown in blue. It is clear that the
curvature disappears with increased width; for three layers the
curvature is barely seen, and for ﬁve layers it is nearly zero.

dependence of the radii upon the width of ZNR: from 200 up
to 3000 Å. The strength of the stretching forces is quenched at
the width of ﬁve rings for h-SiC (see Figure 3), and the
curvature is barely visible.
It is clear that the curvature destroys the periodicity, and thus
the electronic levels of nanoribbons (possibly closed in rings)
are quantized rather than continuous. The electronic states of a
fully closed ring should resemble the standing waves for a
particle in the box.
Increasing the width of h-BN and h-SiC ZNRs decreases the
HOMO−LUMO gap (Table 1). The widest (5,15) Si93C93H42
and (5,23) Si141C141H58 h-SiC ZNRs display almost zero
HOMO−LUMO gaps (0.005 and 0.003 eV, respectively)
2005
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BN. A B3N3H6 molecule (one ring terminated with hydrogen)
has no dipole moment by symmetry. The dipole moment arises
when a ribbon is formed, because the asymmetry is introduced
in the chain of rings forming an arc because of the zigzag
pattern (Figure 1).
In order to understand the calculated dipole moments, we
introduce the following conceptual model, which makes it
easier to understand the ring-opening eﬀect. The dipole
moment di⃗ of an aromatic ring (essentially, |d⃗i| = d) is oriented
perpendicularly to the arc, and their vector addition yields the
total momentum D⃗ in the conceptual model:

approaching the results of PBC electronic structure calculations
of wide h-SiC ZNRs.7 On the other hand, for h-BN, the change
in the HOMO−LUMO gap with the width is small: the
HOMO−LUMO gaps are 6.047 and 5.758 eV for one and
three-ring wide ribbons, respectively (HSE/6-21G*).
The band gap of many linear nanosystems follows the
quantum conﬁnement eﬀect,41,42 that is, the band gap decreases
with the size, which is explained in terms of the molecular
orbital interactions.41 This eﬀect is also aﬀected by curvature.
At the HSE/6-21G* level of theory, the HOMO−LUMO gaps
of (1,17), (1,35) and (1,62) h-BN arches are 6.056, 6.047, and
6.053 eV, respectively, which does not show a monotonic
decrease (this can be related to the maximum in the eﬀective
radius for 35 aromatic rings). On the other hand, the HOMO−
LUMO gaps of (1,17), (1,35) and (1,60) h-SiC are monotonic:
1.365, 1.344, and 1.336 eV, respectively, at the HSE/6-21G*
level.
Next, we extend the arcs long enough to accomplish their
closure. Using the FMO-B3LYP/6-31G approach, the atomic
structure was optimized for the singlet spin state of a set of
open (B 1751 N 1751 H 1754 ) and closed (B 2622 N 2622 H 2622 ,
B2624N2624H2624, and B2626N2626H2626,) h-BN rings with 875,
1311, 1312, and 1313 aromatic rings, respectively. In Figure 4, a

D⃗ =

n

n

i=1

i=1

⎡ cos(φ )⎤
i
⎥
⎥
φ
sin(
)
⎣
i ⎦

∑ di⃗ = d ∑ ⎢⎢

(1)

where angle φi is the polar angle in the plane of the ring. Note
that in the actual calculations, the dipole moment in FMO is
computed following the two-body expansion of the dipole
moments of fragments D⃗ I and fragment pairs D⃗ IJ:
N

D⃗ =

I

N

∑ D⃗ +

∑ (D⃗

I=1

I>J

IJ

I

J

− D⃗ − D⃗ )
(2)

where N is the number of fragments.
It is clear from symmetry consideration that a closed ring
(the radial angle α = 2π) should have a zero dipole moment
(see eq 1), whereas the maximum of the dipole moment should
be for a half-open ring α = π, and the dipole moments of large
arcs are correspondingly large. This is exactly what we observe
in the actual calculations of the nanorings. For the open ring (α
≈ 4π/3, n = 875, Figure 5), we got the dipole moment for
FMO-B3LYP/6-31G of 442.2 and 218.8 D for the two
directions in the plane. On the other hand, a fully closed
ring, α = 2π, n = 1311 had almost zero dipole moment (0.1 and
0.3 D for two directions in the plane). The existence of the
dipole moment in the nanoribbons determines their electrostatic interaction and the aggregation properties (it can be

Figure 4. Natural curvature of arcs allows their closure in nanorings.
The nanoring of white graphene, boron nitride, is shown. It is fully
optimized with FMO-B3LYP/6-31G, and the structure is ﬂat. The
chemical formula is B2622N2622H2622, and the diameter is 105.0 or 105.6
nm, measured for the inner or outer sets of atoms, respectively. The
structure of atoms in the small cut of the nanoring is shown magniﬁed.

typical structure of B2626N2626H2626 h-BN ring with a detailed
structure of a ring fragment is presented. The eﬀective radius of
the partially open (approximately 2/3 of the closed rings)
B1751N1751H1754 ring is equal to 524.9 Å. The atomic structure
calculations of the closed rings B2622N2622H2622, B2624N2624H2624
and B2626N2626H2626 revealed that they have typical B−N bond
lengths and angles as in other h-BN ZNRs, and eﬀective radii of
524.3, 524.8, and 526.2 Å, respectively. This full optimization of
the open and closed ZNRs rings shows a good correspondence
of the radii of the rings and the arc of h-BN ZNR (Table 1): the
eﬀective radius of a short (1,62) B125N125H128 arc is equal to
525.8 Å.
A very interesting eﬀect of the curvature is the accumulation
of the dipole moment, which we discuss on the example of h-

Figure 5. Open BN ring. The red line shows the bisection of the arc
dividing it into two equal halves. The calculated total dipole moment
(493.4 D) almost coincides with the bisection line. The presence of
the ring-opening results in the large dipole moment.
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expected that during a production of nanoribbons many of
them are made, which interact with each other). The ring
closure completely quenches the dipole moment.
Next, we estimate the bending energy of nanoribbons, by
doing HSE/6-21G* calculations of a perfectly linear h-BN
(1,17) B35N35H38 ZNR while ﬁxing the linear structure using
symmetry restrictions during optimization. The result is that it
takes 0.018 eV to unbend the curved ribbon into a perfectly
linear one. Taking into account the length of h-BN (1,17)
B35N35H38 ZNR (4.275 nm), the eﬀect of the curvature for
(1,n) h-BN ZNRs is an energy beneﬁt of 0.004 eV/nm. The
HOMO−LUMO gap width of the linear h-BN (1,17)
B35N35H38 ZNR is equal to 6.025 eV, slightly less (by 0.031
eV) than the HOMO−LUMO gap of curved h-BN (1,17)
B35N35H38 ZNR, the latter of which is a true minimum.
The DFT electronic structure calculations of narrow zigzag
h-BN, h-SiC and one-side FTG nanoribbons reveal a subtle
universal curvature of the ribbons caused by the structural
nonequivalence of the edges. This is a nano eﬀect substantial
only for very narrow nanoribbons. Depending on the width and
composition of ZNRs, the nanoribbon eﬀective curvature radius
varies from 150 up to several thousand angstroms. Narrow
nanoribbons of one aromatic ring width have unique electronic
properties very diﬀerent from their sheets, especially for h-SiC.
The FMO-B3LYP calculations of opened and closed h-BN
rings allowed us to obtain fully relaxed structures of the open
and closed nanorings. By tuning the size and composition of
nanoribbons, one can control their band gaps and thus
conductance properties, making them an interesting type of
material for future applications in nanoelectronics.
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