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Abstract Density functional theory (DFT) calculations are
performed to analyze curvature effects in the oxidative
longitudinal unzipping of carbon nanotubes (CNTs) of dif-
ferent diameters. The reactions considered involve the ad-
sorption of permanganate, followed by the oxidation of the
nanotube, which results in dione and hole formation. The
study was performed with armchair CNTs of different diam-
eters and with corrugated graphene layers, which emulate
the curvature of CNT of larger radii, with the finding that the
curvature and the pyramidalization angle of the these struc-
tures strongly affects the stability of the intermediate dione
structure formed during the unzipping process. Permanga-
nate adsorption energies increase for more curved surfaces
promoting the oxidation reaction in surfaces of small radius,
making this reaction spontaneous for small radius. The
second permanganate adsorbs on the parallel carbon–carbon
bond to first diona formation resulting the longitudinal
unzipping of the CNT.

Keywords Graphene nanoribbons . Carbon nanotube .

Unzipping . Density functional theory

Introduction

Since the finding that graphene can be mechanically sepa-
rated from graphite [1] to obtain 2D strips of carbonaceous
material of one layer thickness, where the sp2 bonded car-
bon atoms are arranged in a honeycomb lattice, theoretical

and experimental groups have researched this material inten-
sively. This is due to its unique electronic, mechanical, optical,
magnetic and biocompatible properties, which makes it a
promising material for several technological applications
in electronics, biosensor manufacturing [2–4], or for hydro-
gen storage [5–8], among others [9, 10]. This type of
materials receives considerable interest is the field of
electrochemistry [11], where graphene has been reported to
be beneficial in various applications ranging from sensing
through energy storage and generation and carbon based
molecular electronics [3].

The extension of graphene in one direction yields gra-
phene nanoribbons (GNRs) of rectangular shape, zig-zag or
armchair straight edges with a given width. These geometric
arrangements can be obtained from graphite oxide by means
of chemical or synthetic procedures [12–15]. Depending on
the width of the GNRs, their electrical properties change
from semimetallic to metallic ones, putting into evidence the
importance that edges have in the electrical properties of the
GNRs [16–18]. Nevertheless, it is difficult to obtain a com-
plete set of smooth edges and controllable widths. Recently,
Kosynkin et al. [19] and Higginbotham et al. [20] were able
to obtain GNRs of zigzag edges, opening longitudinally
multi-wall carbon nanotubes (CNTs) by a chemical treat-
ment with a solution of potassium permanganate in acid
medium. The widths of graphene ribbons that can be
obtained unzipping armchair (n,n) CNT are listed in Table 1.

The opening mechanism proposed was inspired in the
oxidation of alkenes by permanganate. These authors sug-
gested the formation of an ester of manganese on an unsat-
urated bond of the nanotube side wall as the first and rate-
determining step, followed by oxidation of the carbons to
produce a dione and producing a hole on the CNT. An
important feature of this procedure is that GNRs can be
obtained in a significant number, which is an important
factor for their application in different electrochemical
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devices. In this way Kosynkin et al. [19] and Higginbotham
et al. [20] obtained oxidized graphene nanoribbons
(oxGNRs) that have the unique ability to form stable aque-
ous dispersions and have high bio-compatibility, and pos-
sess good electrocatalytic properties [21]. Even more, the
reduction of this material produces graphene with potential
applications in diverse fields [2–10]. Recent studies [22]
have demonstrated the electrochemical Li intake capacity
of GNRs obtained by unzipping multiwall CNTs, making
these systems also attractive for energy storage in Li-ion
battery devices.

Recently, quantum mechanical calculations [23, 24]
were performed to study the opening mechanism of
armchair CNTs. It was suggested that the opening
begins with the breaking of a C–C bond placed in the
wall and goes on in the longitudinal direction of the
nanotube axis. Since some of these results suggested
that the size of the nanotubes may play a role in this
phenomenon, we decided to develop a model that
allows the first-principles systematic study of curvature
effects in nanotubes of arbitrary radius, with a modest

computational effort. With this tool, we present in this
work a study of the unzipping mechanism and the
kinetics of CNTs opening to give GNRs of zigzag
edges, as a function of curvature radius. We consider
a set of armchair CNTs of different radii, as well as
corrugated graphene sheets (CGS) which emulate the
curvature of CNT of larger radii [25]. This approach
was found useful to reduce the number of atoms and so
the computational cost. Thus, we could study a wide range
of nanotube radii involving only 80 carbon atoms in the
calculations.

Model and computations

Density functional theory (DFT) calculations were per-
formed employing the SIESTA computer code [26, 27]. A
localized basis set composed of double −ζ plus polarization
was used. The basic functions were numerical atomic orbi-
tals (NAOs), the solutions of the Kohn-Sham Hamiltonian
for the isolated pseudoatoms. Exchange and correlation
effects were described using a generalized gradient approx-
imation (GGA), within the Perdew–Burke–Ernzerhof (PBE)
functional [28]. The core electrons were replaced by norm
conserving pseudopotentials [29] in their fully separable
form [30]. In the pseudopotential description of the atoms,
only valence electronic states were considered. The value of
the confinement parameters were defined variationally ap-
plying the simplex method [31]. The cut-off of the grid for
real-space integrals [26] yielded converged results for all the
systems studied here using a value of 150 Ry. All the

Table 1 Radius of dif-
ferent CNT and the
corresponding width of
the related nanoribbons

System r[Å] 2πr[Å]

(4,4) 2.71 17.03

(6,6) 4.06 25.51

(8,8) 5.42 34.05

(10,10) 6.77 42.54

(12,12) 8.13 51.08

Fig. 1 Scheme devised to
represent carbon atoms in
nanotubes of different widths
using corrugated sheets. The
aim is to have carbon atoms
whose close environment is
chemically similar to that of
nanotubes with the same
curvature radius. Top: a the
entire nanotube and the position
of the planes used to select
atoms; bthe atoms belonging to
the two curved surfaces; c the
corrugated surface formed by
joining the two surfaces.
Bottom: corrugated sheet with
atoms of the unit cell
highlighted in blue
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calculations were performed with spin polarization (sp).
Since the SIESTA code uses periodic supercells to represent
the system, each of these units must be neutral to keep the
energy of the system finite. For this reason, in the case of the
permanganate adsorption, the reference system was an iso-
lated, neutral (radical) MnO4. The binding energy of the
permanganate ion could be recovered by considering the
electron affinity of MnO4 and the work function of the
carbonaceous nanostructure. Upon adsorption, Mulliken
analysis showed that the MnO4 unit properly acquired a
negative charge, as expected. Comparative calculations with
an extra negative charge on the electronic system, compen-
sated by a homogeneous positive background yielded ge-
ometries for the adsorbed permanganate species that were
indistinguishable from those obtained with neutral slabs.

The minimum energy configuration was obtained with
the conjugate gradient (CG) technique [31], minimizing the
energy of the system from an initial configuration with
respect to the atomic coordinates. The charges on the differ-
ent atoms were evaluated by means of the Mulliken popu-
lation analysis [32].

We perform calculation with a set of armchair CNTs
which have a curvature radius in the interval [2.7 Å;
8.1 Å]. The CNT studied comprised the set (4,4); (5,5);
(6,6); (8,8); (10,10); (12,12), which involve unit supercells
with 80, 100, 120, 160, 200, 240 atoms, respectively; with
periodic boundary conditions in x, y, z representing the
CNTs of infinite length.

In order to deal with the problem of calculating
systems with a larger number of atoms in the supercell,
we developed an approach to represent the CNTs by
means of corrugated sheets (named by CGS in figures),
where carbon atoms in the sheet have a close environ-
ment that emulates that present in the CNTs. Thus,
CGSs were designed using 80-carbon-atom basis for all
radii, where the carbon atoms are arranged in a honeycomb
pattern, as shown in Fig. 1.

The unit cell was tetragonal with periodic boundary con-
ditions in x, y, z directions imposed in order to represent an
infinite surface. The position of the vertical two planes
determines the length of the arc, which must be equal to
half of the length of the GNR of 80 atoms. In the case of
(4,4) CNT, we do not obtain any reduction in number of
atoms because the two halves are complete, only splitted to
give the corrugated sheet. However, this system provides a
benchmark to test the present approximation.

Results and discussion

In order to analyze the correlation between results obtained
with the model of CGSs and those obtained with CNTs, we
evaluated the nanostructure formation energy, which gives
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Fig. 2 a Formation energy of different carbon nanostructures as func-
tion of the reciprocal of the square of the curvature radius. b, c A (4,4)
corrugated sheet and a (4,4) nanotube, respectively. d Curvature energy
per carbon atom, Ec, as a function of curvature radius

Table 2 Parameters of the least-squares fitting of the results
corresponding to the CNTs systems and corrugated surfaces presented
in Fig. 2a

Parameters CNT Corrugated graphene

Slope [eV Å] −2.15 −2.00

Intercept [eV] −7.66 −7.66
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information about the stabilization of an atom in a given
lattice with respect to the isolated carbon in vacuum. The
formation energy was calculated according to:

Eformation ¼ Etotal

N
� Evacuum

C ð1Þ

where Etotal N= is energy per atom in the lattice, and
Evacuum
C is the energy of a non-interacting carbon atom

in vacuum. Figure 2a shows the formation energies
calculated for the CNTs (black) and corrugated graphene
(red) as function of the reciprocal of the square of the
curvature radius r. It is interesting to compare the result
obtained for the (4,4) corrugated sheet (Fig. 2b) with
that of the (4,4) CNT (Fig. 2c), since for these systems
the largest deviation is expected.

It is found that systems with the same index present an
excellent correlation (see Table 2), decreasing the differences
with the increase in the index number (greater systems).

It must be emphasized that the comparison of formation
energies (Eq. 1) between corrugated surfaces and nanotubes
is a very stringent test to the model, for the present calcula-
tion aims. In fact, we are pursuing the calculations of reac-
tion energies, which are rather sensitive to the local
chemical properties than to the whole geometry of the
system. Thus, we employed the corrugated slab approach
to represent the whole set of CNTs without a considerable
increase of computational cost, since the proposed model
simulates different CNTs with only 80 carbon atoms, inde-
pendent of their radii.

All the calculations employing corrugated sheets were
performed fixing the size of the simulation cell, because cell
relaxation would deliver a planar structure, which is that
of minimum energy, as it can be seen in the intercept
(0, −7.7 eV) of the straight line with the vertical axis in
Fig. 2a, at 1 r2

� ! 0.
In order to consider the effect of curvature on the ener-

getics of the different carbonaceous surfaces, we define a
curvature energy (Ec) as: Ec ¼ Eformation CNTðn;nÞð Þ �
EformationðSWCÞ , where EformationðSWCÞ is the formation
energy of the graphene layer. Ec is shown in Fig. 2d as a
function of the curvature radius, where it is found that this
quantity amounts up to 0.3 eV for the thinnest nanostruc-
tures. As expected from Fig. 2a, Ec is proportional to 1 r2

�
,

as shown by Robertson et al. [33] and Tibbets [34] using
classical elasticity arguments

Ec ¼ Yd3

24

Ω
r2

¼ a
r2

ð2Þ

where Y is Young's modulus, d is the interplanar space in
graphite and Ω is the surface occupied by a carbon atom.
The value ofα in Eq. 2 may be fitted by least squares obtaining

aCNTs ¼ 2:14 eV A2=atom in the case of CNTs, in good
agreement with the literature [35, 36]. In the case of the

corrugated layers, we obtainacorrugated ¼ 1:72 eV A2=atomÅ.
In general, the chemical reactivity of a CNT is main-

ly driven by the strain of the local atomic structure,
reflected in the pyramidalization angles [37, 38] of the
carbon atoms, which is a gauge of the local curvature.
In CNT or CGS, the p orbitals are not parallel to each
other and C atoms are not sp2 hybridized as those in
graphite. As the diameter of CNT increases, the hybrid-
ization will be close to sp2, the curvature induces pyr-
amidalization and misalignment of π-orbitals (being the
main source of strain in CNTs) producing a local strain,
delivering more reactive structures than a flat graphene
sheet. In order to analyze how strain force and hybrid-
ization of C atoms change with increasing diameter of
CNT, we performed π orbital axis vector (POAV) anal-
ysis with the program developed by Haddon [39]. The

Table 3 Hybridization of
σ-orbitals (spn), p content of
the σ-orbital (n=3m+2)

(4,4) (5,5) (6,6) (8,8) (10,10) (12,12) SWC

Radio (Å) 2.71 3.50 4.07 5.42 6.78 8.19 ∞

n of C of CGS 2.1 2.05 2.04 2.02 2.01 2.0

n of C of CNT 2.1 2.07 2.04 2.03 2.02 2.01

n of C of CGS-MnO4 3 2.6 2.48 2.44 2.43 2.43

n of C of CNT-MnO4 3 2.37 2.49 2.45 2.45
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Fig. 3 Curvature energy, Ec, per carbon atom versus pyramidal angle
for CNTs (black filled square) and corrugated surfaces (red filled
circle)
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pyramidalization angle for planar sp2 is 0° and 19.74° for a
tetrahedral sp3 hybridized carbon [40].

The hybridization is expressed as the p content of σ-
orbitals (spn) and the s content of the π-orbitals (smp)
[41, 42]. Haddon [37] and Niyogi et al. [37, 38] have
reported that pyramidalization and π-orbital misalign-
ment angles decrease as the radio increases, which is
here evident from the data presented in Table 3 and
Fig. 3. The curvature energy increases with pyramidal-
ization and π-orbital misalignment angles indicating that
there is more strain in smaller diameter CNT or corru-
gated graphene. It is the relief of this strain that drives the
chemistry of CNTs as stability increases with the increment of
the diameter [43]. As the CNT or corrugated graphene layer
radio increases, the sp2 character of the carbons increases as
can be seen in Table 3.

Curvature effect of the CNT oxidation reaction

Unzipping of CNTs by the chemical method proposed by
Kosynkin et al. [19] and Higginbotham et al. [20] is pro-
duced by an oxidation reaction (ORCNT), achieved using a
solution of potassium permanganate in acidic medium, yield-
ing MnO2 and the ORCNT according to:

MnO4
� þ CNT ! CNTO2 þMnO2 ð3Þ

Figure 4 shows the most simple two-step scheme that can
be proposed for the ORCNT, illustrated for a portion of a
graphenic surface. The first step consists in the formation of
a manganate ester (Fig. 4, S1). The following step, S2,
shown in Fig. 4, is the reaction of the adsorbed permanga-
nate to yield a diona adsorbed species.

The first step is claimed to be the rate-determining
step in the opening mechanism [19], while the second is
assumed to be fast. We will show that this may be true
for strongly curved surfaces, but will also demonstrate
that the second step may slow down the reaction and

even become energetically unfavourable for CNT with large
curvature radius.

According to the previous scheme, we started with the
final state of step S1, that is, the consideration of the struc-
tures of permanganate bonded to corrugated graphene and
CNTs of different diameters by means of CG minimizations
of the total energy.

Figure 5 shows the initial (left) and optimized geometries
(right) of permanganate bonded to a graphene layer (infinite
curvature radius) and to a (5,5) CNT (3.5 Å of radius).
While in the first case (Fig. 5b) the binding of the perman-
ganate ester does not produce the formation of the diona, in
the case of the (5,5) CNT (Fig. 5d) the oxidation of the
surface is produced along with diona formation and the
subsequent opening without any energy barrier.

This is a common feature for all nanostructures with
curvature radii smaller than 3.5 Å. For the smaller nano-
tubes, dione formation upon minimization was obtained

S1

S2

Mn

O

O
O

O

Fig. 4 Steps proposed for the
initiation of the unzipping of a
carbon nanotube, illustrated
for a portion of a graphenic
surface. S1: the reaction starts
with the adsorption of
permanganate forming an ester.
S2: oxidation takes place
yielding a dione and a hole
on the surface

Fig. 5 Initial and final states for the formation of a dione on different
graphenic systems starting from adsorbed permanganate. Initial (a) and
final (b) states for permanganate adsorption on a graphene layer; initial
(c) and final (d) states for permanganate adsorption on a (5,5) CNT
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choosing an initial configuration where the oxygen atoms
are located at 1.45 Å from the closest C atoms and these O
to 1.81 Å form manganese atom, in the carbonaceous nano-
structure. When the permanganate molecule was located
farther away from the closest C atoms than 1.48 Å, we
found a local minimum, without the spontaneous formation
of the dione, in agreement with literature results [23, 24].

It is illustrative to relate spontaneous dione formation to
previous knowledge gained on the effect that curvature
produces on the bonds and the energetics of the carbon
nanostructure. Sánchez-Portal et al. studied [36] the struc-
tural and elastic properties of CNTs of different radii and
chiralities, with two remarkable findings: first, an increase in
C–C bond lengths (as compared with graphene) with de-
creasing curvature radius; second, an increase in the differ-
ence between both types of C–C bonds, where the longer
bonds are those perpendicular to the tube axis. These results
indicate a rehybridization and weakening of the π bonds
induced by curvature as was previously discuss in the
changes observed in the pyramidalization angles whit cur-
vature, which is consistent with the increased reactivity that
we observed in the nanotubes with curvature radius smaller
than 3.5 Å. From an energetic viewpoint, this situation
correspond to curvature energies larger than 0.11 eV/atom.
Figure 5a and b shows how two C atoms of the graphene
layer change their hybridization from sp2 to sp3 upon man-
ganate ester formation. Concomitantly, the C–C distance of
the bond involved increases from 1.42 to 1.58 Å and the C–
C–C angles change from 120° to 110°. On the other hand,
Fig. 5c and d show that in the case of (5,5) CNT the C–C
distance increases from 1.43 to 2.72 Å due to the formation
of the diona.

Since the radius of the CNT or graphene layer plays a
very important role in the energetics of the system, we
studied the adsorption energies of permanganate on CNTs
and corrugated graphene of different curvature radii, with
the results presented in Fig. 6. It can be observed there that
the binding energy becomes larger in absolute value for the
more curved surfaces, presenting a linear relationship with

the reciprocal of the square of the curvature radius of the
graphenic surface and the square of pyramidalization angle.

In Fig. 6, we also present results for the (4,4) and (5,5)
CNTs, where the resulting structure upon permanganate
adsorption is not the ester but the diona. As pointed out
above, when the curvature radius of the CNT is smaller than
3.5 Å ((5,5) CNT) spontaneous opening with the consequent
diona formation occurs. This is due to the fact that these
structures present more strain energy in agreement with the
results of Sun et al. [42], showing that the instability of CNT
or corrugated graphene layer of smaller diameter is specially
due to the non-planar distortions. This is quantitatively
determined by POAV analysis (Fig. 6b). Even more, once
the surface reacts with MnO4, the carbon atom increases the
sp3 character, being this more important for surfaces of
smaller diameter that relieve strain upon reaction with per-
manganate, as can be seen in Table 3.

The remarkable effect found for the adsorption energy of
permanganate as a function of the curvature radius of the
carbon nanostructure led us to a systematic study for the
energy change of the system in the second step, S2, shown
in Fig. 4. Figure 7 shows the energy change for S2 in Fig. 4
as a function of the curvature radius of different CNTs,
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where it is found that this step becomes only energetically
favorable for radii smaller than 3.5 Å.

In the case of 1=r2 ¼ 0 that corresponds to graphene,
the ORCNT appears as the most thermodynamically un-
favorable case involving an energy change of 2.57 eV. It
is clear that the only physical parameter that changes the
thermodynamics of S2 is the curvature of the surface.
The initial and final states modify their energies with the
curvature, turning the reaction from unfavourable to
favourable for decreasing curvature radius. In order to
understand these changes we analyzed the different en-
ergetic contributions to S2 in terms of the thermodynam-
ic cycle shown in Fig. 8.

There, we decomposed the reaction corresponding to diona
formation into four steps: P1 Desorption of permanganate,
involving the permanganate desorption energy Edes

MnO�
4
; P2

Dissociation of permanganate into MnO2 and O2; P3 Disso-
ciation of O2 in vacuum into two O atoms; P4 Adsorption of
the O atoms onto the graphenic surface to yield the diona
species, involving the oxygen adsorption energy Eads

O . Col-
umns 1 and 2 in Tables 4 and 5 show the energy contributions
of steps P1 and P4 for corrugated graphene and CNTs, respec-
tively, which are the ones where the curvature of the surface
plays a role.

We also show there in columns 3 and 4 the energies
involved in steps P1 and P4 referred to the corresponding
energy values for the plane graphene surface. From
these values, we find that the energy changes involved
in step P4 are more dependent on the curvature of the
nanostructure than those of step P1, increasing their
absolute value considerably for the most curved ones.
The larger C–C distances observed between the carbon
atoms involved in the formation diona (column 6) with
respect to those of the carbon atoms bonded to perman-
ganate (column 5) is consistent with the formation of a
stronger C–O bond in the case of the former, as the
energy data point out. This strengthening in the C–O bond is
concomitant with an increase on the dione oxygen charge
(column 7).

Density of states (DOS) analysis

In order to see how curvature changes reactivity on the basis
of the results obtained for the different curved structures, the
Partial Density of States (PDOS) was analyzed as a function
of electronic energy [eV] referred to the Fermi level, for the
(4,4), (6,6) and (8,8) geometries. The curvatures were as-
sumed to be given in the y–z direction. As shown in the

P1
P2

P3

P4

Fig. 8 Decomposition of the
step S2 presented in Fig. 4 into
four steps: P1, desorption of
permanganante; P2,
dissociation of permanganate
into MnO2 and O2; P3,
dissociation of O2 in vacuum
into two O atoms; P4,
adsorption of the O atoms onto
the graphenic surface to yield
the diona species

Table 4 Some system properties associated with the cycle given in Fig. 8 for corrugated graphene layers

Corrugated
graphene

P1Edes
MnO�

4
eV½ � P4Eads

O eV½ � ΔEdes
MnO�

4
eV½ � ΔEads

O dMnO�
4

C�C
)
� �

ddione
C�C

)
� �

Qdione
O [a.u.]

(6,6) 1.75 −4.88 1.14 −1.76 1.64 2.68 −0.19

(8,8) 1.31 −4.14 0.70 −1.02 1.60 2.65 −0.18

(10,10) 1.08 −3.46 0.47 −0.60 1.59 2.62 −0.17

(12,12) 0.95 −3.12 0.34 −0.34 1.59 2.61 −0.10

SWC 0.61 −3.12 0 0 1.58 2.53 −0.15

Eads
MnO�

4
is the desorption energy of permanganate in step P1, Eads

O eV½ � is the energy formation of the diona starting from oxygen atoms in vacuum, step

P4,ΔEdes
MnO�

4
¼ Edes

MnO�
4
� Edes;SWC

MnO�
4

andΔEads
O ¼ Eads

O � Eads;SWC
O are relative energy changes referred to the graphene monolayer, QO is the charge on

the oxygen atom in the dione, dMnO�
4

C�C
and ddione

C�C
are C–C distances corresponding to atoms bonded to permanganate and the dione, respectively
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previous sections, the ORCNT is thermodynamically unfav-
ourable for flat surfaces but it becomes spontaneous for the
most curved ones. Here, we analyze how the curvature modi-
fies the DOS which are directly related with the reactivity of
the structure.

Figure 9 shows the PDOS for a C atom in the different
curved surfaces. The contribution to the DOS by the 2s empty
levels next to the Fermi level is found to increase with the
curvature, as can be observed in Fig. 9a. The contribution of
the 2px levels is roughly the same in all cases (see Fig. 9b). On
the other hand, the curvature changes the contribution by 2py
and 2pz empty and filled levels (Fig. 9c–d). While the 2pz
PDOS contribution is found to increase with curvature in
Fig. 9d, the 2py one is found to decrease (Fig. 9c). These trends
suggest that the progressive changes found with the curvature
are mainly due to the contribution of 2s and 2pz orbitals.

It is worth discussing on the relevance of the previously
shown DOS for an electrochemical reaction. In the case of
an oxidation reaction, involving electron transfer for exam-
ple from an analyte to the surface, the latter would receive

electrons via the 2s, 2py and 2pz levels. Thus, more curved
surfaces should present a larger electroactivity. A similar
consideration can be made for a reduction reaction, occur-
ring via 2py and 2pz filled levels which would supply the
electrons. The curvature also modifies the electric properties
of the surface via a decrease of the band gap found in the
DOS graph in Fig. 9f, improving the conductive properties
of the surface for smaller diameters.

Going back to the ORCNT, its first step occurs with the
C–C rupture and C=O formation. After this oxidation reac-
tion, two carbon atoms are functionalized with oxygen,
which is very electronegative. This originates a charge on
the surface, arising a net total spin momentum. In the case of
(4,4) and (8,8) surfaces the total spin momentum are equal
to −3.23μB and −2.38μB, respectively. The charges on the
oxygen atom increase with the curvature, as can be observed
in Tables 4 and 5. Charge population analysis shows that the
negative charge on the oxygen atom is not counterbalanced
by a positive charge on the neighboring C atom, but rather
spread on the nanotube.

Table 5 Some system properties associated with the cycle given in Fig. 8 for carbon nanotubes

CNT P1Eads
MnO�

4
eV½ � P4Eads

O eV½ � ΔEdes
MnO�

4
eV½ � ΔEads

O dMnO�
4

C�C
)
� �

ddione
C�C

)
� �

Qdione
O [a.u.]

(6,6) 1.95 −5.52 1.34 −2.40 1.63 2.72 −0.32

(8,8) 1.24 −4.30 0.63 −1.18 1.62 2.69 −0.18

SWC 0.61 −3.12 0 0 1.58 2.53 −0.15

Eads
MnO�

4
is the desorption energy of permanganate in step P1, Eads

O eV½ � is the energy formation of the diona starting from oxygen atoms in vacuum, step

P4,ΔEdes
MnO�

4
¼ Edes

MnO�
4
� Edes;SWC

MnO�
4

andΔEads
O ¼ Eads

O � Eads;SWC
O are relative energy changes referred to the graphene monolayer, QO is the charge on

the oxygen atom in the dione, dMnO�
4

C�C
and ddione

C�C
are C–C distances corresponding to atoms bonded to permanganate and the dione, respectively

Fig. 9 Partial density of states
versus energy referred to the
Fermi level for a C atom on
surfaces of different curvatures.
Black line (4,4); red line (6,6);
blue line (8,8) structures
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Figure 10a–f and g–l shows the changes in the PDOS for
the functionalized C atom in (4,4) and (8,8) structures before
and after the oxidation of the surface. The greater changes
are observed on the 2s, 2py and 2pz orbitals which partici-
pate in the σ–π hybridization and in the formation of the
new C=O bond.

The formation of the C–O bond, in the z direction, leads
to the rupture of the C–C bond between neighboring atoms
in the surface, giving place to a hole defect. All these
changes are evident in the 2py and 2pz PDOS (Fig. 10c–d
and i–j). The surface transfers charge to the adsorbed O

atom since it is more electronegative, and the magnitude
of this effect depends on the curvature of the surface. While
the (4,4) structure presents a huge decrease in the 2pz den-
sity (Fig. 10d), the (8,8) surface has the opposite behaviour
with an small increase in the PDOS (Fig. 10j).

Tables 4 and 5 show that the adsorption energy of oxygen
increases (in absolute value) with the curvature. The new
bond perturbs the DOS. The sum of the DOS (Fig. 10e)
shows for the (4,4) structure a significantly reduction due to
this carbon is charged positively while for the (8,8) one the
carbon atoms is not charged and the density only changes

Fig. 10 The effect of the
oxidation on the functionalized
carbon atom. a–f For (4,4)
surface: (black line) before and
(red line) after the oxidation
reaction. g–l For the (8,8)
surface (black line) before and
(blue line) after oxidation
reaction
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slightly (Fig. 10k). The DOS shows smaller changes in the
case of (8,8) than in the case of (4,4) because in the case of
(8,8) the interaction between permanganate and the graphene
surface is weaker.

Longitudinal preference for nanotube unzipping

Once the first C–C rupture has occurred, the second MnO�
4

can bind to different sites. To study which of these have an
increasing probability, we bind the second MnO�

4 at differ-
ent sites of the (5,5) CNT. Figure 11 shows the optimized
geometries obtained for different binding sites of the second
permanganate group and their respective schemes. When the
secondMnO�

4 is bound to a neighboring but non-parallel C–
C bond (Fig. 11a), the adsorption energy is smaller
(−2.64 eV) than that of an adjacent parallel C–C case
(−4.12 eV) (Fig. 11b).

The subsequent oxidation is facilitated, as stated before, by
the repulsion produced between the two opposite carbonyl
groups that produce additional strain to the adjacent C–C bond

stretching it from 1.42 to 1.49 Å and making it weaker and
prone to attack by permanganate. This effect is more impor-
tant with increasing curvature as can be seen in column 7 of
Table 5, since the charges on the O of the ketone groups are
greater on more curved surfaces. The cleavage of the next
C–C bond takes place to relieve strain until the CNT is fully
opened to give the GNRs. The hole produced by the first
rupture induce more strain and makes the adjacent bond more
reactive leading to a greater binding energy, −4.12 eV and
producing the rupture of this second C–C bond (it is important
to notice that this energy is even larger than the binding energy
of the first permanganate group, −2.38 eV, (see Table 6).

In the case of the neighboring but non-parallel C–C bond,
this bond stretches from 1.42 to 1.45 Å due to the first rupture,
but the next breakage does not take place. In either of these
two cases the bonding energy is greater than the case where
MnO�

4 is bound far from the first one (−1.78 eV) (Fig. 11c),
due to the strain produced by the first rupture. This results
demonstrates that the opening of the arm chair CNToccurs in
a linear longitudinal cut (as shown in Fig. 11b) and not

a b c 

Fig. 11 Optimized geometries obtained for different binding sites of the second permanganate group

Table 6 Binding energies for
the bonded SWC and (5,5) CNT
to MnO�

4 and the subsequent
binding sites

First MnO�
4

bound
to SWC

First MnO�
4

bound
to CNT (5,5)

Second MnO�
4

bounded
to an adjacent
C–C CNT (5,5)

Second MnO�
4

bounded to not an
adjacent C–C CNT
(5,5)

Binding energy of
MnO�

4 [eV]
−0.61 −2.38 −4.12 −2.64
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spiralwise (Fig. 11a) and that once the opening has begun, the
total opening yields GNRs of zig-zag edges in agreement with
Zhang et al. [23] and the experimental results [19].

Conclusions

The present DFT calculations where devoted to study the role
of curvature on the chemical unzipping of CNTs. From the
present studies, the following conclusions may be drawn:

& Initial conditions for geometry optimization can be
found that lead to spontaneous ester formation or dione
formation on all the carbon nanostructures considered.

& The curvature energy increases for smaller radii and
greater pyramidal angle values. The effect of curvature
is also evidenced in the sp2 character hybridization that
increases with the radio or pyramidal angle of the CNT
or corrugated graphene surface.

& Permanganate binding energies follow a linear relation-
ship with 1/r2, where r is the curvature radius of the
nanostructure.

& The binding energy of permanganate follows a linear
relationship with the square of the pyramidalization
angle due to the relief of strain experienced by more
curved surfaces upon reaction.

& Permanganate adsorption energies increase in absolute
value with the bent of the surface, favouring the oxida-
tive reaction for CNTs of small radius. The ORCNT
becomes spontaneous yielding diona formation for r≤
3.5 Å, producing a hole defect on the wall of the CNT
(first step in the unzipping process).

& Taking into account that the curvature is in the y–z
direction, the PDOS analysis show increase of the
DOS of 2pz and 2py levels which favours the reactivity
and for the ORCNT favours the spontaneous reaction.

& The unzipping process continues by the adsorption of a
second permanganate group in the following parallel C–
C bond, adjacent to the hole, delivering a longitudinal
unzipping and yielding nanoribbons of zigzag edge. The
driving force for this process is the stress generated by the
repulsion between oxygen atoms in the first dione.
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