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We present a grand canonical Monte Carlo simulation study of carbon adsorption in AlPO4-5 �AFI� zeolite.
An order N simplified tight binding model is used for carbon-carbon interactions, and the carbon-matrix
interaction is assumed to be weak in the physisorption range. Comparing the almost perfect tubes formed in
smooth cylindrical channels and those numerically grown in AFI, we can assess the role of the carbon-wall
interaction. In AFI, we obtain defective single-wall nanotubes with a diameter of �4 Å, in good agreement
with experiments. The tube is thermally stable and presents a mixture of different chiral patterns. The energy
cost associated with the defects is about 0.15 eV/atom, indicating that the probability of obtaining defective
tubes, with portions of different chiralities along the same zeolite channel, is large.
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Classically, zeolites are used in heterogeneous catalysis
and gas separation. They are now used as a template for
preparing metallic or semiconducting nanostructures �clus-
ters, nanowires, and nanotubes�.1 After removal of the zeolite
matrix �using acid leaching for instance�, these nanostruc-
tures are expected to display interesting electronic, optical,
or gas storage properties. Among all available zeolite struc-
tures, those with a neutral framework are of particular inter-
est since the adsorbed species interact only weakly with the
matrix and the electronic structure of the guest can reason-
ably be assumed to be unaffected by the neighboring host
atoms and then results from the geometry of the guest
structure only. Two leading examples of such structures are
silicalite, a purely siliceous structure, and AlPO4-5. In
the case of silicalite, the porous network is made of
�5 Å straight pores that run in one direction, interconnected
perpendicularly with sinusoidal �5 Å pores. In contrast,
AlPO4-5 presents only parallel channels of �7 Å in diam-
eter. Extensive selenium adsorption simulations were per-
formed in the porosity of silicalite and AlPO4-5 �Refs. 2–5�
in relation to experimental work,6–9 paving the way for the
simulations described here. AlPO4-5 zeolite, also denoted
AFI, was used to produce ultrasmall single-wall carbon
nanotubes �SWCNTs� with a diameter of �4 Å,10 which
were extensively characterized using high resolution trans-
mission electron microscopy,11 x-ray scattering,12,13 micro-
Raman measurements,14,15 polarized absorption spectra,16–20

photoluminescence spectroscopy,21 or superconductivity
measurements.22 Once the stability of individual or bundled
tubes after matrix removal has been demonstrated, a contro-
versy has appeared concerning the size and chirality of the
tubes. Experimental measurements performed on confined
tubes exhibit a mixture of the characteristic signatures of
tubes of �4 Å diameter of different chiralities: armchair �3,
3�, chiral �4, 2�, and zigzag �5, 0� or �6, 0�. This mixture can
result either from an averaging over individual perfect tubes
in each channel, but different from one channel to the other,
or from intrinsically defective tubes. In this paper, we present
computer simulations showing that tubes grown in AFI are
intrinsically defective, thus helping to solve the controversy.

Up to now, atomistic simulation studies considered only
perfect SWCNT’s geometrically obtained by rolling up a
graphene sheet, freestanding or inside the zeolite porosity. A

large amount of work has been devoted to the calculation of
their electronic23–25 or optical properties.26,27 The relative
stability of perfect small diameter SWCNT’s was also
discussed,28,29 leading to the conclusion that the total energy
differences between the tubes of diameter close to 4 Å are
quite small, ruling out a possible selectivity based on the
total energy of isolated tubes. In this work, we take the more
realistic approach to simulate directly the formation of car-
bon structures inside the porous matrix. We present a series
of grand canonical Monte Carlo �GCMC� simulation results
of carbon adsorption in perfectly smooth hollow cylinders
with hard repulsive wall and in AlPO4-5. We address both
the structure �defects and chirality� and stability of carbon
nanostructures in such confining environments. In agreement
with the first principles calculations of Dubay and Kresse,29

the interaction of carbon with the atoms of the zeolite frame-
work is assumed to remain weak in the physisorption energy
range. To calculate it, we used a two-body form of the origi-
nal PN-type potential function.30 It is based on the usual
partition of the adsorption intermolecular energy restricted to
two-body terms only: it includes a dispersion interaction
term, an induction term, and an empirical repulsive short
range contribution. The dispersion term was shown31 to de-
pend on the atomic polarizabilities and on an effective num-
ber of polarizable electrons of all interacting species. The
induction term arises from the coupling of the polarizable
electronic cloud of the adsorbate, with the electric field in-
duced by the charges carried by the framework species that
result from the ionocovalent nature of the matrix itself. The
carbon-carbon interaction is described in a tight binding ap-
proximation. The total energy is a sum of local �atomic�
terms. These include a quantum based attractive band struc-
ture term and an empirical repulsive term. We use a minimal
s, px, py, and pz atomic orbital basis set and a Slater-Koster
parametrization to build the Hamiltonian matrix describing
the interaction. To describe the total energy as a sum of local
terms and to avoid the time consuming diagonalization of the
Hamiltonian matrix, which are necessary conditions for an
efficient implementation in a Monte Carlo code, we use the
recursion method to calculate the local density of electronic
states on each atom. We restrict the continued fraction ex-
pansion at the fourth moment’s level, which means that only
first and second neighbors of each site �defined by a cutoff
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distance at 2.7 Å� are taken into account to calculate the
band energy term. This approximation captures both the
quantum nature and the directionality of the bonding. The
parameters of the band structure term are those of Xu et al.,32

and the remaining parameters �repulsive term� were fitted
against experimental and ab initio data.33 The different hy-
bridization states of C, the elastic constants of the corre-
sponding crystalline phases, and the energy barriers corre-
sponding to the rhombohedral graphite to diamond and to a
Stone-Wales transformation are well reproduced.

To check the validity of our approach and to search for
optimal conditions to grow tubes, GCMC calculations were
first performed in perfect cylinders with hard repulsive walls
and dimensions corresponding to the perfect tubes we
wished to produce. A minimum of 5�105 Monte Carlo mac-
rosteps were performed for each value of the chemical po-
tential, each macrostep consisting of randomly performing
1000 attempted displacements and 100 attempted C insertion
and C removals. Starting with a C2 dimer, we gradually
raised the chemical potential of carbon ��C�, monitored the
number of adsorbed C atoms, and analyzed the structures
obtained. As soon as the chemical potential of C was large
enough, but lower than −5.0 eV/atom, we systematically ob-
tained hollow, more or less defective, carbon structures. The
values of �C that lead to the best tubes, minimizing the num-
ber of defects, vary between −7.5 and −6.0 eV/atom, de-
pending on the temperature. These values are referred to a
fictitious monatomic ideal carbon gas and are, therefore, of
the same order of magnitude as the energy of formation of
the tubes. Low temperatures, below 1500 K, generally led to
defective structures, while at higher temperatures �3000 K�,
perfect structures containing only hexagons were obtained.
As expected, the smooth cylinder with a diameter D
=4.15 Å and a length L=22.56 Å led to a �4, 2� nanotube,
that with D=3.92 Å and L=25.56 Å led to a �5, 0� tube, and
that with D=4.07 Å and L=24.60 Å led to a �3, 3� tube. This
indicates that our approach is valid, but shows that the finite
time of the computer simulation does not always enable one
to reach an equilibrium at low temperature. We will, there-
fore, have to synthesize numerically the tubes at tempera-
tures higher than the experimental ones to obtain realistic
structures. The reason for this is that, although Monte Carlo
simulations are not bound to follow the real physical time
and growth mode, the energy barriers that have to be over-
come to heal the defects created during the growth of the
samples are of the same order of magnitude as the real ones.
Let us recall that, in real life, the graphitization of amor-
phous carbon takes place at temperatures above 2800 K.

We then tackled the more realistic case of the tube syn-
thesis inside AFI. Switching on the zeolite wall interaction
term, we performed GCMC simulations using a periodic box
containing five AlPO4-5 orthorhombic unit cells stacked
along the pore axis �total length of 42 Å�. At
�C=−6.00 eV/atom and 1000 K, highly defective tubular
structures were formed. This temperature corresponds to the
actual experimental temperature.34 Neither amorphous C nor
capped tube structures were ever formed. In the experiments
of Wang et al.,10 the system was heated for 3 h at various
temperatures ranging from 613 to 1073 K, and amorphous
carbon structures were obtained for temperature below

773 K. This difference between simulation and experiment
can be easily explained considering that, in our simulation,
the carbon tube is built atom by atom and that the diffusion
of atomic species is not an issue since C atoms are created in
the structure, while experiments are done by calcination of
complex organic species. Although the GCMC simulations
tend to produce a set of configurations at �or close to� ther-
modynamic equilibrium, we emphasize the fact that we do
not mimic the experimental chemical cracking because many
aspects of the process �chemical decomposition reaction, ki-
netics, diffusion, etc.� are bypassed. However, the time scale
spanned by the computer simulation is orders of magnitude
smaller than the actual time of the experiments. Therefore, in
order to heal the defects by overcoming the energy barriers
associated with this process, we heated the sample under the
same chemical potential conditions up to 3000 K for another
complete GCMC run. The resulting structure, denoted as
sample 1 in the following, was then fully relaxed.

We first compare the energy of the in-AFI-grown tube
�sample 1� and the energies of perfect �m ,n� tubes with di-
ameters close to 4 Å �armchair �3, 3�, zigzag �5, 0� or �6, 0�,
and chiral �4, 2��. These latter tubes have been set inside the
AFI by hand and the carbon structure has been relaxed. We
also calculated the energies of these tubes after relaxation out
of the zeolite. The energies were calculated using the same
interaction model and the results are shown in Table I. Let us
recall that within our carbon model, the energy of an infinite
graphene layer is −7.42 eV/atom.

From Table I, one can see that sample 1 is slightly less
stable than �4, 2�, �3, 3�, and �5, 0� perfect tubes confined in
AFI. The largest energy difference is 0.13 eV/atom �about
1500 K, in temperature units�. We also note that, contrary to
the density functional theory �DFT� calculations of Dubay
and Kresse,29 the �6, 0� tube is significantly less stable than
others because the tube zeolite energy is positive �
+0.83 eV/atom�, meaning that the tube diameter is too large
for the space available in the zeolite channel. These DFT
results, using either local density approximation or general-
ized gradient approximation, should certainly be more accu-
rate than the model we use, but seem somewhat surprising
since they assign almost the same stability to �5, 0� and �8, 0�
tubes inside the zeolite. We can assume that the smaller di-
ameter of the former, resulting in an easier fit in the pore, is
compensated by the larger energy cost of its extreme curva-
ture, but it is more difficult to assume that an �8, 0� tube of
6.27 Å diameter can fit inside a pore of 7.3 Å diameter �from
one oxygen atom center to the opposite one� without gener-
ating a strong repulsive energy. Because of its defective
structure, the tube grown by GCMC calculations �sample 1�
is less stable than the perfect tubes: its carbon-carbon energy
contribution is −6.99, about 0.15 eV/atom less stable than
the other, perfect tubes. However, sample 1 finds a slightly
better configuration as far as the interaction with the wall is
concerned �energy gain �0.03eV/atom�. This stability analy-
sis indicates that only tubes with a diameter around 4 Å are
stable in the channels of the AFI zeolite. This is in agreement
with the Raman scattering results in which the radial breath-
ing modes were assigned to tubular structures with this
diameter.14,15

In order to assess the effect of the corrugation of the
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zeolite-wall interaction potential, we did the same calcula-
tions as for sample 1 in smooth hard-walled tubes of the
same length �42 Å�, with diameters of 4.2 and 4.0 Å. This
produced contrasted results in the smooth channels and in the
AFI. As shown in Fig. 1, the 4.0 Å diameter tube �denoted
sample 3� was almost perfect, the 4.2 Å diameter tube �de-
noted sample 2� presented a small number of defects, and the
in-AFI-grown tube �sample 1� presented a larger number of
defects. The number of C atoms per tube for samples 1, 2,
and 3 are respectively 180, 176, and 172. All carbon atoms
have three neighbors, except for six atoms in sample 1 and
one atom in sample 2 that are twofold coordinated. To ana-
lyze the structures formed in a quantitative way, we count the
numbers of edges of the carbon rings forming the tubes of
samples 1–3. The results are summarized in Table II.

In spite of the care we took in obtaining the most ordered
structure, sample 1 is clearly defective, with only 70% of the
rings being hexagons. Sample 3 is perfect, formed only of

hexagons. It displays a �4, 2� chirality and is constrained by
the 4 Å diameter and the 42 Å period along its axis. Because
of these constraints, the C-C bonds are slightly elongated, by
about 1.4%. This is the reason why the number of atoms is
smaller than the expected �200 atoms for a �4, 2� tube of
this length. It also explains why it is 0.15 eV/atom less stable
than the perfect �4, 2� tube obtained when the smooth cylin-
der length perfectly matches the period of the tube. Quite
interestingly, sample 2, which has been grown in the same
way as sample 3, is defective with 86% hexagons only. We
can identify different chiralities on different parts of the tube:
�4, 2�, �4, 1�, and �5, 0� sections are present. These defects
could only be removed by running another complete GCMC
run at 4000 K.

The radius distribution of tubes 1–3, calculated by aver-
aging 100 stable configurations at 300 K, is shown in Fig. 2.
It first shows that no tube with a diameter significantly
smaller than 4.0 Å �e.g., 3.0 Å as proposed by Zhao et al.35�
was ever formed. While the radius distribution of tube 3,
which is almost perfect, is sharply peaked around 1.83 Å,
that of tube 2 tends to be slightly bimodal with peaks at 1.85
and 2.00 Å, and that of sample 1 spreads over the �1.50–
2.50� radius range.

These results can be interpreted as follows. The structure
of the tubes grown using our GCMC calculations results
from two conflicting requirements. First, during their growth,
the carbon structures tend to minimize the energy cost of the
curvature by occupying as much space as possible. The en-
ergy difference between a flat graphene layer and the tubes

TABLE I. Diameter and energies �confined and freestanding� of selected perfect tubes and the GCMC
grown tube. All energies are in eV/atom.

Tube type

�4, 2� �3, 3� �5, 0� �6, 0� Sample 1

Diameter �Å� 4.15 4.07 3.92 4.70 �4.0

Energy
confined

−7.17 −7.18 −7.17 −6.14 −7.05

C-C energy −7.14 −7.14 −7.12 −5.32 −6.99

C-zeolite
energy

−0.03 −0.04 −0.05 +0.83 −0.07

Energy
freestanding

−7.15 −7.15 −7.12 −7.20 −6.99

FIG. 1. �Color online� Tubes grown in AFI �left, sample 1�, in
4.2 Å �center, sample 2�, and in 4 Å �right, sample 3� smooth cy-
lindrical channels.

TABLE II. Distribution of carbon ring types and carbon-carbon
interaction energy of the tubes grown in AFI �sample 1�, in 4.2 Å
�sample 2�, and in 4.0 Å �sample 3� smooth cylindrical channels.

Sample 1 Sample 2 Sample 3

Number of C 180 176 172

Pentagons 12 5 0

Hexagons 58 74 86

Heptagons 11 7 0

Octagons 5 1 0

Energy �eV/atom� −6.99 −7.06 −7.03
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compatible with the pores of AFI ranges from 0.27 eV/atom
�for a �3, 3� tube� to 0.43 eV/atom �for sample 1�. This is the
reason why no regular tube with a diameter significantly
smaller than 3.60 Å was ever obtained in the simulations.
Similar calculations performed in the smaller pores of sili-
calite never led to any tubular structure. This sets a lower
pore diameter limit for the tube formation at �5 Å. Second,
it appears that the tubes are strongly constrained by the
boundary conditions. If these conditions �i.e., the available
length and diameter� are compatible with a perfect tube, as in
our preliminary tests of the method, defectless tubes are
grown. If they are not, as in the case of the in-AFI-grown
tube �sample 1� and of sample 3, defective structures are
formed. In the strongly optimized structures that were pro-
duced, most carbon atoms have three neighbors and bond
angles close to 120°. The defects that are formed consist of
five-, seven-, and eight-membered rings and the associated
energy cost is typically in the 0.15 eV/atom energy range.
When the temperature of the computer simulations is lower
than 1500 K, the defects that are created during the growth
are never healed because the system is trapped in a local
energy minimum. At 3000 K, the system has access to a
larger portion of the configurational space, and defects can
be healed more efficiently, giving rise to perfect structures
when possible. Our simulations show that this healing pro-
cedure is never effective in the case of sample 1, which is
grown in the corrugated energy landscape of the carbon-
zeolite interaction. Defects are, therefore, intrinsically
present in the form of nonhexagonal rings. The number and
arrangement of these defects result from a global �free� en-
ergy minimization. In the strongly radially constrained tubes,
as, e.g., sample 3, the degeneracy is small and a perfect tube
is grown. This example shows that the radial constraint is

dominant since sample 3 is perfect in spite of a significant
mismatch between the period of a perfect �4, 2� tube �unit
cell z axis 11.2 Å� and the available 42 Å z axis in the simu-
lation. When the available diameter is larger, as in samples 1
and 2, the degeneracy is larger and defects are present. This
is shown in Fig. 3, where small portions of perfect tubes �in
red and blue� are linked by defective portions.

The electronic structure of the defective tube obtained in
AFI has been calculated using the tight binding model of Xu
et al.32 and also using the same orthogonal tight binding
model as used by Popov and Henrard36 to calculate the elec-
tronic structure and optical properties of �5, 0�, �4, 2�, and �3,
3� tubes. Both calculations show a tendency to narrowing or
closing the band gap at the Fermi level. However, a full
investigation of the electronic properties of the obtained de-
fective tube is difficult because of the large number of atoms
in the unit cell and of the lack of symmetries due to the
defects. It is beyond the scope of this paper.

This study can be summarized as follows. We have pre-
sented a GCMC simulation study of carbon adsorption in the
porosity of AlPO4-5 and silicalite zeolites based on a tight
binding model for carbon-carbon interactions and a phys-
isorption potential for carbon-zeolite. We found that single-
wall nanotubes with a diameter close to 4.0 Å can be grown
inside the channels of AlPO4-5 in agreement with experi-
ment. The extreme curvature does not impede carbon atoms
to fit the shape of AlPO4-5 channels and form hollow tubular
sp2 nanostructures. Comparing with tubes formed in smooth
hard-walled pores of comparable diameters, we found evi-
dence that in-AlPO4-5-grown tubes can be defective with a
small energy cost, and demonstrated the crucial role of the
corrugation of the carbon-zeolite potential energy surface in
the formation of these defects. We further show that inside a
single AlPO4-5 pore, patterns with different chiralities can
coexist: we present an in-AFI-grown SWCNT that exhibits a
mixture of armchair and chiral patterns. Because of the finite
simulation time, the number of defects obtained is probably
too large. However, our demonstration that tubes with differ-
ent chiralities can coexist inside one pore of AlPO4-5 sheds a
different light on the interpretation of the experimental data.
Finally, in the case of silicalite that has smaller pores than
AlPO4-5, we obtained a mesh of intercrossing chains show-
ing a lower pore size limit to produce sp2 carbon nanostruc-
tures. This numerical approach to carbon nanocasting by po-
rous materials can be easily transferred to other zeolites such
as the three-dimensional interconnected faujasite that should
exhibit interesting mechanical or gas storage properties.
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FIG. 3. �Color online� A relaxed in-AlPO4-5-grown tube.
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