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The thermodynamics of adsorption of light alkanes and alkenes �CH4, C2H6, C2H4, C3H8, and C3H6� in
single-walled carbon nanotube bundles is studied by configurational-bias grand canonical Monte Carlo simu-
lation. The bundles consist of uniform nanotubes with diameters in the range 11.0 Å�D�18.1 Å, arranged
in the usual close-packed hexagonal lattice. The phase space is systematically analyzed with calculations for
adsorption at room temperature and reduced pressure range of 8.7�10−9� p / p0�0.9. The simulation results
are interpreted in terms of the molecular nature of the adsorbate and the corresponding solid-fluid interactions.
It is shown that confinement in the internal volume of the bundle �interstitial and intratubular� is energetically
more favorable than physisorption on the external surface �grooves and exposed surfaces of peripheral tubes�,
as indicated by the curves of isosteric heat as a function of reduced pressure. However, the zero-loading
properties suggest a crossover point to this behavior for D�18–19 Å. When interstitial confinement is not
inhibited by geometrical considerations, it is possible to establish the following ordering of the zero-loading
isosteric heat by type of adsorption site: �qst

0 �interstitial� �qst
0 �intratubular� �qst

0 �grooves� �qst
0 �surface.
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I. INTRODUCTION

Molecular confinement in nanoscale pores is of funda-
mental and applied importance for a wide range of physical,
chemical, and biological processes.1–7 As model nanopores
of cylindrical geometry, single-walled carbon nanotubes
�SWCNTs� �Refs. 8 and 9� have been receiving considerable
attention due to their unique and exciting features, such as
optical10 and electronic properties.11 Among several
applications,12 SWCNTs have been proposed as building
blocks for composites,13 chemical sensors,14 separating
agents of organic vapors,15 and as storage nanomaterials for
hydrogen16 and methane.17,18 In many cases the application
of SWCNTs involves the interaction of organic fluids with
their solid lattice by means of physisorption confinement.
Similarly to a graphene sheet, SWCNTs exhibit a �-electron
cloud around their walls, arising from the sp2 hybridization
of the carbons atoms. Due to strong van der Waals
interactions1 resulting from this charge distribution, SWCNT
samples are usually obtained as a collection of individual
tubes aggregated in the form of heterogeneous spaghettilike
structures called bundles.19

As depicted in Fig. 1, for the usual hexagonal lattice20–22

the available adsorption sites are distributed over the internal
porous volume of the bundle �intratubular void space and
interstices� but also over its external surface �grooves and
exposed surfaces of the peripheral tubes�. The existence of
distinct types of adsorption sites is a fundamental difference
between SWCNTs and other carbon materials, such as acti-
vated carbon, that needs to be addressed in any accurate
study of the adsorptive properties of these structured nano-
materials. For example, both the interstices and grooves can
be interpreted as quasilinear arrays for the physical realiza-
tion of matter in one dimension.23,24 However, interstitial ad-
sorption is only possible if the individual nanotube diameter
is large enough.25 Moreover, both the internal volume of a

nanotube and the exposed surface of the outermost nano-
tubes of a bundle can physisorb a molecule in a variety of
different adsorbate configurations, resulting in two- or even
three-dimensional adsorption. Because these sites are intrin-
sically different, their force fields exhibit differences in the
energetic landscape that can be ultimately related to measur-
able properties such as individual tube diameter, bulk fluid
pressure �or chemical potential�, and temperature. We shall
address this interesting issue in the present study.

Due to its spherical geometry and well characterized
physical properties, methane is one of the most commonly
used probe molecules to study the thermodynamics of ad-
sorption in SWCNT bundles.18,20,23–31 Properties such as the
isosteric heat of adsorption, qst, have been used as effective
parameters to monitor the mechanism of physisorption con-
finement. Kowalczyk et al.18 have performed grand canoni-
cal Monte Carlo �GCMC� simulations of CH4 adsorbed onto
an homogenous �10,10� SWCNT bundle at 293 K, consider-
ing only interstitial and intratubular adsorption. They con-
cluded that qst increases nonlinearly with adsorbate loading
up to a total maximum of 20.5 kJ/mol, and decreases hence-
forward. A similar bundle was employed by Jiang et al.32 to
study the adsorption of linear alkanes Cn �n�5� at 300 K;
these authors reported zero-loading isosteric heats in the
range 18.3–53.4 kJ/mol.

Recently, LaBrosse et al.25 addressed the adsorption of
CH4 on heterogeneous and homogeneous bundles, using
simulation techniques and low-temperature �77 K� measure-
ments. The isotherms and isosteric heats for the groove sites
and outside surface of heterogeneous bundles were found to
be very close to those for the homogeneous bundles, indicat-
ing that bundle heterogeneity is of little consequence to ex-
ternal adsorption. This is not surprising if one takes into
account that, for a small molecule such as methane, the ex-
ternal surface of the bundle can behave similarly to a planar
graphene sheet, depending on the spacing between adjacent
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tubes. A similar premise was postulated by Shi et al.28 who
observed that groove sites located in either homogeneous or
heterogeneous closed-ended bundles are indeed very similar.
An interesting experimental study was conducted by Bienfait
et al.29 on homogeneous bundles of closed-ended SWCNTs
with 17�1 Å tube diameters. Although the intratubular vol-
ume was neglected, their study clearly showed two preferen-
tial adsorptive sites on the sample, as evidenced by two pla-
teaus in the curve of qst against coverage. The grooves and
interstitial sites exhibited roughly 62% higher values of qst
than the exposed surface of the peripheral tubes. The adsorp-
tion simulations and neutron diffraction experiments with
closed-ended homogeneous SWCNT bundles of Johnson et
al.24 seem to corroborate the idea that interstitial and groove
sites are energetically more favorable for adsorption than
surface sites, and therefore are the ones being initially popu-
lated by adsorbed CH4 molecules.

The aforementioned studies are prominent examples of
starting contributions to the effort of building up a
molecular-level picture of the phenomena governing adsorp-
tion onto structured, multisite nanoporous materials. How-
ever, an unabridged understanding of the microscopic details
involved is still incomplete, particularly in the case of in-
tratubular adsorption, whose mechanism is known to play a
predominant role in the low-pressure limit.33 Among other
issues that also need careful investigation is the choice of the
probe molecule itself, which can be either spherical or linear,
as well as its spatial orientation.34 Two of the simplest ex-
amples of linear probe molecules are ethane �C2H6� and eth-
ylene �C2H4�, whose main difference between them is the
existence of an unsaturated � bond in ethylene; this type of
unsaturated chemical bond introduces a certain degree of ri-
gidity into the molecule and at the same time makes it
smaller compared with the saturated analog. How do the
structure and chemical nature of the probe molecule influ-
ence the thermodynamic properties of adsorption? What is
the relationship between qst and molecular length, expressed
in terms of the number of carbon atoms of the molecular

skeleton? Because of geometric impediment it is expected
that some interstitial channels will not be physically avail-
able to all adsorbate molecules; this sieving effect is essen-
tially governed by two parameters: �i� the individual tube
diameter of the three confining SWCNTs, and �ii� the mo-
lecular diameter of the adsorptive fluid.

We have already presented a detailed structural analysis
of commercially available SWCNT bundles,19,35 which was
validated by comparison with Raman scattering and experi-
mental adsorption data of several organic fluids,36,37

nitrogen,19 and water.38 In the present work, we address the
particular case of an ideal sample comprising homogeneous,
open-ended SWCNT bundles. Experimentally, samples are
usually prepared as heterogeneous bundles, with some nano-
tube ends blocked, possessing a distribution of individual
tube diameters35 in the range 11.0 Å�D�18.1 Å. How-
ever, it is possible to sort out the individual tubes according
to their diameter as well as to treat the sample with physico-
chemical processes to unblock the closed ends.39–42

In the present work we report a systematic GCMC �Refs.
43–45� simulation study of adsorption, at room temperature,
of CH4, C2H6, C2H4, C3H8, and C3H6, onto the different
sites of ideal SWCNT homogeneous bundles �both inter- and
intratubular volume, grooves, and external rounded surface�.
The pressures explored in the simulations �10−7 bar� p
�105 bar� span a relative pressure range of 8.7�10−9

� p / p0�0.9, where p0 is the saturation pressure of the vapor
adsorptive. By eliminating impurities, polydispersity in
nanotube diameter, and pore blockage, we are addressing the
most favorable bundle structure for application of SWCNTs
as membranes, molecular sieves, and gas storage media.

The remaining of the paper is organized as follows. In
Sec. II, the force field and simulation methodology are de-
scribed along with the model employed for the bundle geom-
etry. In Sec. III, the calculated isosteric heats of adsorption
and molecular density curves are discussed and interpreted in
terms of the chemical nature of the probe molecules and of
the structural characteristics of the bundle. The extrapolation
of data toward the limit of very low pressure allows the
determination of the isosteric heat of adsorption at zero load-
ing, and the corresponding study of the solid-fluid interac-
tions. Comparisons are drawn with experimental data when-
ever these are available. Finally, the work is summarized and
conclusions drawn.

II. MOLECULAR MODELS AND SIMULATION DETAILS

The force field adopted for the five adsorbates, methane
�CH4�sp3��, ethane �CH3�sp3�−CH3�sp3��, ethylene
�CH2�sp2�=CH2�sp2��, propane �CH3�sp3�−CH2�sp3�
−CH3�sp3��, and propylene �CH2�sp2�=CH�sp2�
−CH3�sp3��, is the transferable potential for phase equilibria
�TraPPE�.46,47 This force field is based on an united-atom
�UA� model where the CH4�sp3�, CH3�sp3�, CH2�sp3�,
CH2�sp2�, and CH�sp2� groups are treated as single interac-
tion sites. The nonbonded interactions between pseudoatoms
on different adsorbate molecules, as well as the interactions
between carbon atoms of a nanotube48–50 and pseudoatoms
of adsorbate molecules, are governed by the Lennard-Jones
�LJ� 12–6 potential,

(1)
2

(3)

(4)

D

FIG. 1. Different adsorption sites in an homogeneous bundle of
SWCNTs with individual tube diameter D: �1� intratubular, �2� in-
terstitial channel, �3� external groove, �4� external rounded surface.
Sites 1 and 2 comprise the internal pore volume of the bundle,
whereas sites 3 and 4 are both located on the external surface of the
bundle.

FERNANDO J. A. L. CRUZ AND JOSÉ P. B. MOTA PHYSICAL REVIEW B 79, 165426 �2009�

165426-2



u�rij� = 4�ij���ij/rij�12 − ��ij/rij�12� , �1�

where rij is the intermolecular distance between sites i and j.
The potential well depths, �i /kB �kB is the Boltzmann con-
stant�, and collision diameters, �i, are listed in Table I. The
cross terms are obtained using the classical Lorenz-Berthelot
combining rules,44,51 �ij = ��i� j�1/2 and �ij = ��i+� j� /2. A
spherical potential truncation for pairs of pseudoatoms sepa-
rated by more than 14 Å is enforced,46 and analytical tail
corrections are not applied.

In the TraPPE-UA force field all bond lengths are fixed;
the length of the CHx-CHy bond is 1.54 Å, whereas that of
the CHx=CHy is 1.33 Å. The harmonic bond-bending poten-
tial, ubend�	�, along the three pseudoatoms of either propane
or propylene is given by ubend�	�=k	�	−	0�2 /2. For propane,
the force constant is k	 /kB=62500 K / rad2 and the equilib-
rium bending angle is 	0=114.0°; the corresponding values
for propylene are k	 /kB=70420 K / rad2 and 	0=119.7°.

At ambient temperature the SWCNTs can be reasonably
approximated as smooth structureless nanocylinders. For a
pseudoatom of an adsorbate molecule located at a nearest
distance 
 from the central axis of a nanotube, an effective
potential, Usf�
�, is developed by integrating the LJ solid-
fluid potential, usf�r�, over the positions of all wall atoms of
the nanotube �whose length is assumed to be infinite�,

Usf�
� = 4�sR�
0

�

usf�r�d	dz, r2 = R2 + 
2 − 2
R cos 	 .

�2�

Here, R=D /2 is the pore radius, z is the distance along the
cylinder axis, 	 is the radial angle, and �s=0.382 Å2 is the
atomic surface density of the SWCNT wall. By integrating
over z and 	, Eq. �2� is reduced to a one-dimensional �1D�
potential that is a function of 
 only,

Usf�
� = �2�s�sf�sf
2�63��9,
/R�

32
10 −
3��3,
/R�


4 � , �3a�


 =
R − 


�sf
	1 +




R

 , �3b�

���,�� = F	−
�

2
,−

�

2
,1;�2
 , �3c�

where F�� ,� ,
 ;
� is the hypergeometric function. To
speedup the calculation of Usf�
�, Eq. �3a� is tabulated on a
grid with 31 kn equally spaced in 
2. During the simulations
Usf�
� is reconstructed from the tabulated information using
cubic Hermite polynomial interpolation.

Figure 2 shows the cross sections of the unit cells for
building the simulation boxes to study adsorption in the in-
ternal pore volume of the bundle and onto its external sur-
face. The unit cells depicted in Figs. 2�a� and 2�b� are for
intrabundle adsorption, whereas that shown in Fig. 2�c� is for
adsorption on the external surface of the bundle. It is worth
noting that only the gray areas represent effective volume
probed during the simulation; thus, the unit cell of Fig. 2�a�
comprises the internal volume of a cylinder, that in Fig. 2�b�
is a parallelepiped, and the one in Fig. 2�c� is obtained by
subtracting one-quarter of a cylinder from the two bottom
edges of a parallelepiped. The nanotubes in Fig. 2�b� are
arranged in the usual close-packed hexagonal lattice. The
intertubular distance for all simulations is kept fixed at 3.4 Å
to mimic SWCNTs adhering to each other via van der Waals
forces forming bundles.

The actual length of each simulation box is a function of
the imposed adsorptive pressure, to sample at least 20 mol-
ecules on average, but always larger than twice the spherical
potential truncation of 14 Å. The size of the simulation box
for intratubular adsorption is adjusted by changing the length
of the cylinder in Fig. 2�a� along the z coordinate. To adjust
the size of the simulation box for combined intratubular and
interstitial adsorption, the unit cell of Fig. 2�b� is replicated
along the x and y coordinates, as many times as necessary.
The size of the simulation box for external adsorption is
adjusted by replicating the unit cell of Fig. 2�c� along the x
coordinate. The faces of each simulation box implement pe-
riodic boundary conditions, except for the top face of the box
in Fig. 2�c�, which is a reflecting wall, and the bottom face of
the same box, which is blocked by the outermost shell of
nanotubes in the bundle.

To calculate the solid-fluid interaction potential of a
pseudoatom located inside a nanotube of the bundle, it suf-
fices to sum the interactions of the pseudoatom with the con-
fining tube and with the its six nearest neighbors. The corru-
gation effect of the neighboring tubes is very small and, for
practical purposes, does not affect the cylindrical symmetry
of the total interaction potential. Therefore, when only in-
tratubular adsorption is of interest it is computationally more
efficient to employ the cylindrical simulation box shown in
Fig. 2�a�, which consists of the intratubular volume of a
single nanotube under a force field that includes the addi-
tional contribution from the six nearest-neighboring tubes.

The simulation box shown in Fig. 2�b� is employed to
study the combined effect of intratubular adsorption and ad-
sorption in the interstitial channels �where three tubes meet�.
An interstitial region can be divided into three symmetric
volumes with pentagonal-like cross sections �some of the
edges are denoted by the dotted lines�. The solid-fluid poten-
tial for a pseudoatom in one of those volumes is calculated

TABLE I. Lennard-Jones parameters for the TraPPE-UA force
field �Refs. 46 and 47� and for the SWCNT atoms �Refs. 48–50�.

Pseudoatom �i /kB �K�
�i

�Å�

C �SWCNT� 28.0 3.400

CH4 �methane� 148.0 3.730

CH3 �sp3� 98.0 3.750

CH2 �sp3� 46.0 3.950

CH2 �sp2� 85.0 3.675

CH �sp2� 47.0 3.730
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by summing the interactions of the pseudoatom and the four
nearest tubes, as indicated in Fig. 2�b� by the dark arrows.
We have observed that including farther nanotubes does not
significantly change the interaction potential.52

Figure 2�c� shows the cross section of the unit simulation
box for GCMC study of adsorption onto the exterior volume
of a bundle. It has been shown previously52 that to determine
the overall interaction potential between a pseudoatom of a

sorbate molecule and the peripheral surface of the bundle it
suffices to consider the interactions between the pseudoatom
and its five nearest nanotubes �three on the outermost shell
and two on the second shell�. Including farther nanotubes has
a minimum impact on the total solid-fluid interaction poten-
tial. Notice that the nanotubes are not part of the simulation
box itself and, therefore, molecules are not allowed to adsorb
inside of them.

To enhance the sampling of configurational space and in-
crease the acceptance rate of the molecule insertion or re-
moval step for the largest adsorbates �propane and propy-
lene�, we resort to configurational-bias sampling
techniques.53–56 In the configurational-bias method a flexible
molecule is grown atom-by-atom toward energetically favor-
able conformations, leading to a scheme which is orders of
magnitude more efficient than the traditional method of ran-
dom growth.

For the placement of the first pseudoatom of an adsorbate
molecule, k1=10 random positions in the simulation box are
generated, and one is selected with a probability exp�
−�U1,i

ext� /� jexp�−�U1,j
ext�, where �=1 /kBT and U1,j

ext is the ex-
ternal energy of the pseudoatom at the jth trial position in-
teracting with the nanotubes and with the pseudoatoms of the
other adsorbate molecules. For each of the remaining two
pseudoatoms �m=2,3� of the molecule, km=5 trial positions
are generated with a probability proportional to Um,i

ext. These
positions are distributed on the surface of a sphere centered
on the previously inserted pseudoatom of the molecule and
whose radius is equal to the bond length. Each set of km trial
orientations is generated using the internal part of the poten-
tial Um,j

int , whose probability depends on which type of
pseudoatom is being inserted; for the second atom �m=2� the
internal potential energy is zero and, as a result, the trial
positions are randomly distributed on a sphere; for the third
pseudoatom �m=3� the internal potential energy includes
bond bending. For m=3 the trial positions are distributed on
the edge of the disk which forms the base of a cone with
apex at the center of the previously inserted bead and slant
height equal to the bond length. For each trial position j
�j=1, . . . ,km� the external energy Um,j

ext is calculated for inter-
action with the nanotubes, with the pseudoatoms of the other
adsorbate molecules. From among the km trial positions, one
is selected with a probability exp�−�Um,i

ext� /� jexp�−�Um,j
ext �.

During this growth process a bias is introduced, but is re-
moved by adjusting the acceptance rules.

Besides the usual trial step of molecule insertion-deletion,
where the acceptance rate is enhanced by resorting to
configurational-bias techniques, three additional types of
Monte Carlo �MC� move involving only individual mol-
ecules are necessary to sample the internal configuration of
the simulation box: translation, rotation about the center of
mass, and configurational-bias partial regrowth to change the
internal conformation of a molecule.

Each run is equilibrated for at least 2�104 Monte Carlo
cycles followed by at least an equal number of cycles for the
production period. Each cycle consists of 0.8N attempts to
translate a randomly selected molecule, 0.2N trial rotations,
0.2N attempts to change the conformation of a molecule us-
ing configurational-bias partial regrowth, and max�20,0.2N�
molecule insertion-deletion steps. Here, N is the number of

(a)

(b)

(c) x
y
z

FIG. 2. Cross sections of the unit simulation cells for GCMC
simulation of fluid adsorption onto different adsorption sites of an
homogeneous bundle of open-ended SWCNTs: �a� intratubular vol-
ume; �b� intratubular and interstitial channels; �c� external surface
�grooves and exposed surface of the peripheral tubes�. The gray
area represents the effective volume probed during the simulations.
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molecules in the simulation box at the beginning of each
cycle. The maximum displacement for translation and angle
for rotation are adjusted during the equilibration phase to
give a 50% acceptance rate. Standard deviations of the en-
semble averages are computed by breaking the production
run into five blocks. The imposed fugacity of the coexisting
bulk fluid is converted into pressure by the Peng-Robinson
equation of state with parameters taken from Ref. 57.

III. RESULTS AND DISCUSSION

The GCMC simulations are carried out for room tempera-
ture �298.15 K� and reduced pressures in the range 8.7
�10−7� p / p0�0.9, where p0 is the saturation pressure of
the fluid58 at the simulation temperature. For C3H8 and C3H6
the lower limit of p / p0 is decreased to 8.7�10−9. The isos-
teric heat of adsorption, qst, is directly related to the amount
of heat released when a molecule adsorbs on a solid sub-
strate. This quantity can be calculated from statistical-
mechanical considerations43 as

qst =
�U
�N
 − �UN

�N2
 − �N
�N


+ kBT , �4�

where � 
 denotes the ensemble average, N is the number of
molecules in the simulation box, U is the configurational
energy of the system, kB is the Boltzmann constant, and T is
the imposed temperature.

During the course of a simulation of intratubular or inter-
stitial adsorption, every fluid molecule present in one of the
simulation boxes shown in Figs. 2�a� and 2�b� is clearly in an
adsorbed state and is an effective probe molecule for the
configurational space of the adsorbed phase. On the other
hand, the fluid molecules located in the upper region of the
simulation box for studying external adsorption �Fig. 2�c��
are part of the coexisting bulk fluid and not of the adsorbed
phase. This problem is always present when studying adsorp-
tion onto open surfaces. In order to avoid any ambiguity, it is
best to work with an excess quantity which is determined by
subtracting the contribution from the coexisting bulk phase.
To do this, we compute the bulk isosteric heat, qst

G, and en-
semble average number of molecules, �Ng
, when the solid-
fluid interaction potential is zero, Usf=0. The excess isosteric
heat, �qst�ex, for adsorption on the external surface of the
bundle is then determined as

�qst�ex =
�qst��N
 − qst

G�Ng

�N
 − �Ng


. �5�

The values of qst obtained from the simulations are plotted
in Fig. 3 as a function of p / p0 and D for the various adsor-
bates. The dispersion in the external adsorption data for
methane is statistical and does not influence the general
trends of the qst curves. Note that the upper and lower sets of
curves represent the distinct contributions from internal �in-
tratubular and interstitial� and external �grooves and exposed
surfaces of the peripheral tubes� adsorption, respectively.

To determine the distribution of molecules between the
four different adsorption sites �cf. Fig. 1�, we calculate the
fractional contribution of the groove sites to external adsorp-

tion, as well as the fractional contribution of the intratubular
volume to internal adsorption. For this purpose, we define a
fractional loading for groove sites as N�g,s� /N�s�, where N�g,s�

is the number of molecules in the grooves and N�s� is the total
number of adsorbed molecules in the external sites �grooves
and exposed surfaces of the peripheral tubes�. Similarly, the
fractional loading for intratubular adsorption is defined as
N�i,v� /N�v�, where N�i,v� is the number of molecules inside the
nanotubes, and N�v� is the total number of adsorbed mol-
ecules in the internal volume of the bundle �tubes and
interstices�.

Before proceeding with a detailed analysis of the results,
some general trends can already be established. The value of
qst for internal adsorption is always larger than for external
adsorption, and this difference becomes particularly relevant
in the medium-to high-pressure region; for p / p0�10−2 the
difference increases from 5–10 to 10–25 kJ/mol as p / p0
→1 and the molecular weight increases. It is clear from Fig.
3 that the value of qst for external adsorption is quite inde-
pendent of D; by contrast, the value of qst for the adsorptive
contribution of the internal volume of the bundle varies
markedly with diameter. The latter trend is less clear as the
fluid approaches saturation and the diameter becomes a less
relevant factor. At high-pressure entropy is the dominant
thermodynamical variable, as opposed to energy under
vacuum or very low pressure.

A. Internal adsorption: Intratubular space
and interstitial channels

As shown in Fig. 3, after an initial flat plateau qst in-
creases nonlinearly with pressure up to a maximum value,
qst

max. Our value of qst
max for CH4 in 13.8 Å nanotubes,

21.5�0.3 kJ /mol, is in very good agreement with the pre-
viously reported value of 20.5 kJ/mol for an homogeneous
�10,10� bundle �D=13.56 Å�.18 This maximum results from
the optimum interplay between the solid-fluid and fluid-fluid
interaction energies. At higher adsorbate loadings �relative
pressure� the fluid-fluid interactions become more and more
intense, caused by the condensation of fluid due to the im-
posed chemical potential, and therefore the isosteric heat ex-
hibits a decreasing trend with pressure.

The calculated values of qst
max are listed in Table II for all

diameters studied in this work. The results show two general
trends: �i� qst

max increases with the decrease in D, reflecting
the enhanced solid-fluid interaction in smaller nanotubes,
and �ii� qst

max increases with the number of carbon atoms on
the probe adsorptive, essentially due to the increase in the
number of interaction sites per adsorbate molecule. More-
over, it is evident from Table II that the saturated molecules
exhibit larger isosteric heats than their corresponding unsat-
urated analogs, although those differences are relatively
minor �1–3.9 kJ/mol�.

We can postulate a threshold of N�i,v� /N�v�=0.995, above
which it can be considered that, within the statistical error of
the calculations, all adsorbed molecules are confined inside
the tubes and thus interstitial adsorption can be safely ne-
glected. By inspection of Fig. 4 it is concluded that intersti-
tial adsorption is always inhibited for the smaller nanotube
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diameters, 11.0 Å�D�14.7 Å. This has to do with geo-
metrical impediments of the interstitial channels themselves,
which are too narrow to physically accommodate fluid mol-
ecules. A different situation is observed for larger diameter
tubes �15.8 and 16.6 Å�, which form interstices wide enough
to adsorb particles, at least under medium- to high-pressure
conditions. The largest diameter studied, 18.1 Å, exhibits an
extreme case, where significant interstitial adsorption can oc-
cur even in the low-pressure limit �p / p0�10−3�. It now be-
comes clear that the initial plateau in Fig. 3 corresponds
mainly to intratubular adsorption; the plateau remains hori-
zontal while molecules are being adsorbed into the annular
layer around the inner nanotube wall.

A very interesting case happens for 11.0 Å, whose pla-
teau is markedly further away from the main group of

curves. For this narrow diameter, not only molecules are not
interstitially adsorbed, but they also fit tightly into the nano-
tubes, lying with an orientation parallel to the central tube
axis. As previously mentioned, the exception is the case for
D=18.1 Å, where molecules are initially adsorbed both in
the interstitial and intratubular sites, and whose correspond-
ing qst curves are above the lines for D=16.6 Å. This phe-
nomenon is observed for CH4, C2H6, and C2H4, but not for
C3H8 or C3H6 because of their larger molecular sizes.

To illustrate these adsorption mechanisms, we have pro-
duced contour plots of the adsorbate concentration field in-
side equilibrated simulation boxes, and represented them on
the xy plane perpendicular to the central axis z of the nano-
tubes. For conciseness, we only show contour plots for meth-
ane, at two different diameters and reduced pressures; these
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FIG. 3. Isosteric heat of adsorption, qst, as a function of reduced pressure, p / p0, and tube diameter, D, for the internal volume of the
bundle �upper curves�, comprising intratubular and interstitial sites, and for the external surface �lower curves�, comprising grooves and
exposed surfaces of the peripheral tubes. Note that for C3H8 and C3H6, p / p0 is extended down to 8.7�10−9 to validate the general trends
for internal adsorption. Solid lines are guides to the eyes. � 11.0 Å, � 12.9 Å, � 13.8 Å, � 14.7 Å, � 15.8 Å, � 16.6 Å, � 18.1 Å.
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plots are, nevertheless, representative of the main cases oc-
curring in the whole phase and fluid space �Fig. 5�. Starting
with the lowest diameter �Fig. 5�a��, it is evident that inter-
stitial adsorption is totally absent and that intratubular con-
finement is the only relevant adsorption mechanism. If we
now move to the highest tube diameter, equilibrated at a low
reduced pressure �Fig. 5�b��, it is observed that the molecules
are confined both in the interstices and in the intratubular
volume. As pressure increases, the intratubular monolayer
approaches completion and qst approaches its maximum
value. Upon reaching the maximum, qst starts to decrease
due to the formation of an intratubular condensed phase ori-
ented parallel to the central tube axis �Fig. 5�c��.

The contour plot of intratubular molecular density dis-
played in Fig. 5�c� represents a typical case where two
phases coexist inside the nanotube: one corresponding to a
monolayer of molecules adsorbed close to the cylindrical
wall, and the other to a second condensed phase in the cen-
tral intratubular core. This type of radial density distribution
has been observed in the largest tubes for all fluids studied.

We can define a radial density profile for the molecular
center of mass, ��r�, where r is the radial distance to the
nanotube central axis. The plots of ��r� are reproduced in
Fig. 6 for the smallest �11.0 Å� and largest �18.1 Å� nano-
tube diameters. The results for C2H4 and C3H6 in 11.0 Å
nanotubes are very similar to their saturated analogs; for
clarity sake they are not explicitly shown in the graph. The
intensity of each peak is proportional to the number density
of molecules that can be accommodated in a differential an-
nular volume whose cross-sectional area is proportional to
rdr; as expected it decreases from smaller to larger mol-
ecules. Also, because unsaturated molecules are slightly
smaller, the peak intensity also increases slightly with respect
to that of the corresponding saturated analog by less than
5%.

It is worth noting that very different fluid structures are
observed in the two limiting cases of molecular confinement.
While for D=11.0 Å the molecules form only one annular
adsorbed layer, arranged around the wall �Figs. 5�a� and 6�,
for D=18.1 Å the intratubular volume is large enough to
accommodate a second concentric layer of fluid, whose
structure is dependent on the carbon skeleton of the mol-
ecule. For the temperature explored here, methane and eth-

ylene are supercritical fluids, so one cannot objectively dis-
cuss the existence of a liquid phase. However, all fluids
exhibit an annular layer of adsorbed molecules adjacent to
the inner wall, with density that decreases with the number
of carbon atoms, as evidenced by the two highest peaks
shown in Fig. 6 for both D=11.0 Å and D=18.1 Å. In this
layer, the molecular center of mass has mobility along the
axial coordinate z and angular coordinate 	, but is strongly
constrained in the radial coordinate r. In the inner core, fluids
can also form a second intratubular phase, located around the
nanotube center �r=0�, whose structure is dependent on the
molecular identity. For methane and ethylene, which are the
smallest adsorbates, the shape of the inner layer is a smeared
annular cylinder; for the other adsorbates, however, the inner
layer comprises a single row of molecules with decreasing
lateral mobility as their molecular size increases.

The densities plotted in Fig. 6 are based on a nanotube
volume defined by the skeletal diameter D of the tube �Fig.
1�, as measured by the distance between centers of opposite
carbon atoms on the wall. From the point of view of molecu-
lar simulation this definition is very convenient, but it is
inconsistent with the accurate thermodynamic setting of the
solid-fluid boundary as already pointed out elsewhere.59,60

Inspection of Fig. 6 clearly shows the existence of a non-
negligible annular space adjacent to the wall that is not ac-
cessible to fluid molecules; this exclusion volume arises
from the strong short-ranged repulsive interactions between
fluid and nanotube. A physically realistic definition for the
thickness 
 of that repulsive annular layer is the largest dis-
tance from the solid wall over which the radial profile of
molecular center of mass density is zero; using this definition
we obtain 
�2.80 �CH4�, 2.95 �C2H6�, 2.95 �C2H4�, 3.30
�C3H8�, and 3.35 Å �C3H6�. Previous calculations at lower
temperatures �210–240 K� have determined 
�3.15 Å for
C3H8,61 in very good agreement with our present result.

B. External adsorption: Grooves and exposed surface
of peripheral tubes

Similarly to what is observed for molecular confinement
in the internal volume of the bundle, the curve of qst against
p / p0 for external adsorption also starts as an horizontal pla-
teau �Fig. 3�, persistent until p / p0�10−3. It then decreases

TABLE II. Maximum value of the isosteric heat of adsorption, qst
max, for the internal pore volume of the

bundle, for each individual tube diameter studied. Subscripts give the uncertainty in the last digit.

D
�Å�

qst
max

�kJ/mol�

CH4 C2H6 C2H4 C3H8 C3H6

11.0 23.91 39.82 35.91 52.44 51.76

12.9 22.63 37.04 33.43 50.81 48.21

13.8 21.53 35.54 32.15 48.24 45.51

14.7 20.34 33.82 30.43 46.11 43.33

15.8 19.34 33.86 29.63 44.71 43.83

16.6 19.64 31.72 29.86 44.54 42.42

18.1 18.54 31.85 28.63 42.04 41.07
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toward a second �smaller� plateau, after which it keeps de-
creasing until there is complete condensation of the fluid.
The general decreasing behavior of qst with coverage is in
agreement with what has been previously observed in experi-
mental adsorption measurements of ethane onto bundles of
closed-ended SWCNTs.62 Representative contour plots of the
adsorbate concentration field for the second plateau of the qst
curve and for near condensation conditions are shown in Fig.
7 for propane adsorption onto the external surface of bundles
with 14.7 Å nanotubes. The contour plots of molecular den-
sity for the first plateau are similar to that of Fig. 7�a� but
without visual traces of adsorbate over the exposed surfaces
of the peripheral tubes.

Closed-end nanotubes with small diameters do not exhibit
interstitial adsorption, so they essentially possess external
surface and groove sites available to physisorb molecules.
Our qst curves highlight the existence of two different types
of external adsorption sites available for fluid molecules, as
evidenced by the two distinct plateaus mentioned above.
Calbi et al.23 performed detailed energy calculations for the
external surface of an homogeneous bundle, and concluded
that groove sites are energetically more favorable for meth-
ane adsorption than surface sites. A similar conclusion was
reached by Johnson et al.,24 who have shown that groove
sites exhibit larger binding energies63 than surface sites. The
first plateau in our qst curves is therefore attributed to mo-
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FIG. 4. Number ratios of adsorbed molecules, N�i,v� /N�v� and N�g,s� /N�s�, for endohedral and external adsorption, respectively; N�i,v� is the
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lecular adsorption into the groove sites, whereas the second
one is due to monolayer completion on the exposed surface
of the peripheral nanotubes.

In Fig. 4 we plot the ratio of the number of molecules in
groove sites, N�g,s�, to the number N�s� of molecules in all
external adsorption sites �grooves and curved surfaces�; by
definition, when N�g,s� /N�s��0.5 there will be more exter-
nally adsorbed molecules in the groove sites than on the
peripheral surfaces. A closer inspection of Fig. 4 shows that
in the low-pressure region the predominance of groove ad-
sorption increases with nanotube diameter, and that there is a
threshold at D�13.8 Å above which the groove sites are
more populated with molecules than the exposed surface of
the peripheral tubes. For propane in bundles of 18.1 Å nano-
tubes, N�g,s� /N�s��0.89. Once the grooves become filled, ad-
sorption proceeds onto the exposed surface of the peripheral
tubes as pressure increases and thus N�g,s� /N�s� starts decreas-
ing. Cruz et al.33 have observed that propane and propylene
adsorption onto an homogenous bundle of 18.1 Å diameter
nanotubes, occurs initially in groove sites between two adja-
cent tubes. Above the threshold of 13.8 Å while groove oc-
cupation is weakly dependent on D, adsorption of molecules
onto surface sites is rather independent of that geometric
constraint. This is not surprising if one bears in mind that the
dimensions of a groove site are more diameter dependent
than those of the adjacent curved surfaces. In fact, previous
calculations of methane adsorption onto surface sites have

FIG. 5. �Color online� Contour plots of molecular density,
��x ,y�, for adsorbed CH4, on the x�y plane perpendicular to the
central axis of the nanotubes. Data plotted for �a� D=11.0 Å and
p / p0=0.9, �b� D=18.1 Å and p / p0=0.01, �c� D=18.1 Å and
p / p0=0.9. The molecular density increases from dark blue to red.
The solid black lines locate the centers of the carbon atoms on the
nanotube walls. In the central graph �b� the color scale for intersti-
tial adsorption is 17 times larger than for intratubular adsorption; in
the bottom graph �c� it is 12 times larger. Note the absence of
interstitial adsorption for D=11.0 Å �a�, and the low-density cen-
tral core for D=18.1 Å under low-pressure conditions �b�.
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FIG. 6. Radial profiles of adsorbate density, ��r�, in the intratu-
bular volume of a bundle for p / p0=0.9 and two different tube di-
ameters �11.0 Å and 18.1 Å�; r=0 denotes the central tube axis.
For simplicity, the results for C2H4 and C3H6 in 11.0 Å nanotubes
are not plotted, they are analogous to those for C2H6 and C3H8 �see
the text for details�. � CH4, � C2H6, � C2H4, � C3H8, � C3H6.
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shown that for a small molecule as methane, the binding
energy for external adsorption is independent of D.24 In the
present study this finding is corroborated for methane but
also verified for the other chain molecules.

The second plateau of the qst curves for external adsorp-
tion is more pronounced for propane and propylene than for
the other adsorbates, because of their longer molecular chain
and their ability to bend their carbon skeleton, thus enhanc-
ing the solid-fluid interaction along the rounded outer surface
of a nanotube. From the second plateau of the qst curves
plotted in Fig. 3 we have determined average values of the
isosteric heat, qst

s , for adsorption onto the exposed surface of
the peripheral tubes. The calculated values are plotted in Fig.
8, which shows that qst

s is independent of the tube diameter.
The values of qst

s averaged over all tube diameters are
12.48�0.05 �CH4�, 16.45�0.05 �C2H6�, 15.13�0.05
�C2H4�, 21.27�0.14 �C3H8�, and 20.59�0.02 kJ /mol
�C3H6�.

For the subcritical fluids �ethane, propane and propylene�
at the temperature studied here, the value of qst

s can be ex-
trapolated to the limit p / p0=1 in order to estimate their en-
thalpy of vaporization, �Hvap. The extrapolation for all tube
diameters of a least-squares fitting of the qst

s data for p / p0
�0.5 produced the following estimates of �Hvap: 13.4�0.1
�C2H6�, 16.3�0.1 �C3H8�, and 16.0�0.1 kJ /mol �C3H6�.

The small standard deviations for the estimated values of
�Hvap show that they are rather independent of the tube di-
ameter, as it should be for any bulk property. The obtained

values of �Hvap, 9.76 �C2H6�, 16.25 �C3H8�, and 16.04 kJ/
mol �C3H6�, are consistent with experimental data.64

C. Isosteric heat of adsorption at zero-loading

Under high-vacuum conditions, near the zero-loading re-
gion, the fluid-fluid contribution to the isosteric heat of ad-
sorption can be safely neglected, thus allowing one to get
further insight into the nature of the solid-fluid interactions.
To estimate the isosteric heat at zero loading, qst

0 , the data
plotted in Fig. 3 were extrapolated to the limit p→0. The
individual values of qst

0 for the internal volume and for the
external surface of the bundle are plotted in Fig. 9.

As discussed above, the lighter fluids �methane, ethane
and ethylene� can be adsorbed into the interstitial channels,
even at low pressure, if D is larger than given threshold
values, ca. 15.8 �CH4�, 16.6 �C2H4�, and 18.1 Å �C2H6�.
This is particularly relevant for the larger diameters studied
here, where interstitial adsorption at low pressure can ac-
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FIG. 7. �Color online� Contour plots of molecular density on the
x�y plane, ��x ,y�, for propane adsorbed onto the external sites of
bundles with 14.7 Å nanotubes. Data plotted for �a� p / p0=0.08
�second horizontal plateau of the qst curve in Fig. 4� and �b� p / p0

=0.9 �near condensation conditions�. The molecular density in-
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of the carbon atoms on the nanotube walls.
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count for 14–29 % of the total internal adsorption, but rather
unimportant for the smaller diameters where its contribution
never exceeds 1–5 %. Keeping this in mind, it is worth not-
ing that we have excluded the contribution of interstitial ad-
sorption from the values of qst

0 plotted in Fig. 9 for D
=18.1 Å, in order to keep them in line with the qst

0 values for
the other tube diameters. We have calculated the values of qst

0

for D=18.1 Å, taking interstitial adsorption into account;
they deviate ca. 18% �CH4�, 8% �C2H4�, and 13% �C2H4�
from their purely intratubular counterparts.

From Fig. 9 a general trend can be established, namely,
that qst

0 scales with the molecular weight. As molecular
weight increases from C1 to C3, so does the number of inter-
action sites on the molecule �pseudoatoms�, thus enhancing
the fluid interactions with the solid wall. The open symbols
in Fig. 9 show that for external adsorption qst

0 increases lin-
early with D,

�qst
0 ��s� = � + �D , �6�

with increasing, but gentle slope �. When internal adsorption
is considered, qst

0 is seen to decrease with D according to a
first-order exponential decay �closed symbols in Fig. 9�,

�qst
0 ��v� = � + � exp�− D/
� . �7�

The data plotted in Fig. 9 suggest that there is a value of
D above which qst

0 is larger for external adsorption than that
for adsorption in the internal volume of the bundle, when the
former replaces the latter as the region of the bundle with the
most energetically favorable adsorption sites. The crossover
seems to be somewhere within the range D=18–19 Å. This
observation is particularly interesting and has been previ-
ously overlooked. For D�19 Å, two things are expected to
occur: �i� the tube diameter is so large that the peripheral
surface of the bundle looses its corrugation effect, and be-
haves instead as a periodic sequence of rounded surfaces and
low valleys �grooves�; �ii� the intratubular cross section be-
comes so large that molecules no longer feel the attraction of
the curved wall at the opposite side of the tube where they
adsorb, thus behaving as if they were attracted by a single
graphite sheet.

We have performed a least-squares fitting of the depen-
dency of qst

0 on D for the internal volume of the bundle and
for its external surface; the regressed values are listed in
Table III. For comparison purposes, we have also calculated
the value of qst

0 for adsorption on a single graphene layer and
for adsorption on an infinite number of stacked layers. The
interaction potential between a Lennard-Jones site of an ad-
sorbate molecule and a single graphene sheet is given by
Steele’s 10–4 potential,48

Usf�z� = 2��s�sf�sf
2�2

5
	�sf

z

−10

− 	�sf

z

−4� , �8�

where z is the shortest distance between the adsorbate site
and the graphene layer, �s=0.382 Å2 is the atomic surface
density of graphite, and �sf and �sf are the solid-fluid cross-
term parameters. If the adsorbate interacts with an infinite
number of stacked graphene sheets, with interlayer spacing

�s=3.4 Å, then the interaction energy can be calculated ac-
cording to a 10–4-3 potential,48

Usf�z� = 2��s�sf�sf
2

��2
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−
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4

3�s�0.61�s + z�3� .

�9�

The asymptotic value of qst
0 for intratubular adsorption in

the limit of a very large tube diameter can be estimated from
the value of � in Eq. �7�. For methane, �=13.5 kJ /mol is
close to the experimental value of 14.9 kJ/mol for methane
adsorption onto the basal plane of graphite,29 confirming our
previous arguments that there is a finite and limiting diam-
eter above which intratubularly confined molecules behave
as if they were adsorbed onto a planar surface. A similar
observation holds for external adsorption when the tube di-
ameter is so narrow that the grooves loose their corrugation
effect and the external surface of the bundle behaves as a
stack of planar graphene sheets. For this limiting case we
obtained the value of 13.1 kJ/mol for methane, which is also
in reasonable agreement with the experimental value for ad-
sorption onto the basal plane of graphite and with our own
calculated value of 10.85 kJ/mol for adsorption onto an infi-
nite number of stacked graphene layers.

Comparison of our results for internal and external ad-
sorption of C2H6 and C3H8 indicates that for both cases our
calculated data are in satisfactory agreement with experimen-
tal measurements.65 Jiang et al.32 have calculated the values
of qst

0 for methane, ethane, and propane adsorption on homo-
geneous, open-ended bundles with D=13.56 Å. Since inter-
stitial adsorption is inhibited for this tube diameter, the re-
ported qst

0 values, 18.27 �CH4�, 27.71 �C2H6�, and 35.86 kJ/
mol �C3H8�, can be considered as resulting from intratubular
confinement only. These data compare remarkably well with

TABLE III. Isosteric heat of adsorption at zero loading, qst
0

�kJ/mol�, for different adsorption sites of a SWCNT bundle and
limiting values of D: internal volume �v, D→�, � in Eq. �7��,
intratubular space �i, D=18.1 Å�, interstitial channels �ic, D
=18.1 Å�, and external sites �s, D→0, � in Eq. �6��. For com-
parison purposes, experimental �GX� and calculated values �single
layer, G1; infinite number of stacked layers, G�� of qst

0 for graphite
are also included. Subscripts give the uncertainty in the last digit.

qst
0 CH4 C2H6 C2H4 C3H8 C3H6

v 13.54 21.10 19.32 27.93 26.63

ia 14.70 22.60 20.60

ica 24.10 35.21 33.13

s 13.14 18.12 16.33 22.92 22.02

GX 14.9b 16.0 24.8

19.7c 27.3c

G1 9.137 14.649 13.235 19.209 18.397

G� 10.859 17.379 15.707 22.748 21.686

aData for D=18.1 Å in the range 8�10−7� p / p0�9�10−3.
bDetermined at 77 K �Ref. 29�.
cDetermined at 300 K �Ref. 65�.
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our values calculated for D=13.8 Å: 17.49 �CH4�, 26.66
�C2H6�, and 35.25 kJ/mol �C3H8�.

For D=18.1 Å we have separated the individual contri-
butions to qst

0 of intratubular and interstitial adsorption. The
value of qst

0 for interstitial adsorption is larger than the value
for intratubular confinement by ca. 60%, and this difference
is quite independent from molecular length or chemical na-
ture �Table III�. For such large tube diameters, molecules in
the interstitial channels experience adsorption in a nanovol-
ume with enhanced solid-fluid interaction resulting from the
confinement between three different nanotube walls. On the
other hand, the molecules inside a large tube behave as if
they were confined in a slit-pore geometry, of large spacing,
and thus subject to weaker solid-fluid interactions. Therefore,
due to energetic considerations, the latter is expected to be
less favorable for adsorption than the former.

It is known that at low pressure, adsorption onto the ex-
ternal surface of the bundle starts in the groove sites, and
proceeds to the surface sites as the chemical potential is
increased.23,29 Therefore, the values of limD→� qst

0 listed in
Table III for external adsorption are a good measure of the
zero-loading isosteric heats for the groove sites. As expected,
interstitial sites exhibit larger isosteric heats than the groove
sites located in the bundle with largest tube diameter �cf.
Table III�. Indeed, energy calculations of methane adsorption
onto closed-ended heterogeneous bundles, point out to the
fact that for large D the interstitial sites have equal or higher
isosteric heats than the groove sites.23,28

The values of qst
0 listed in Table III are plotted in Fig. 10

as a function of the number of carbon atoms, Nc, of the
adsorbate molecule. The linear trends obtained for both in-
ternal and external adsorption are not unexpected. For inter-
nal adsorption �intratubular and interstitial�, the linear depen-
dence of qst

0 with the number of carbon atoms has been
observed before for a bundle with D=13.56 Å.32 The

present results not only corroborate these findings, but also
extend the same conclusions to external adsorption and to
unsaturated molecules. From the inspection of Fig. 10, it can
be observed that qst

0 for CH4 is rather insensitive to either
internal or external adsorption, but this similarity does not
hold for longer molecules since the two values of qst

0 start to
diverge from each other, as the number of carbon atoms in-
creases. The curve of qst

0 against Nc for internal adsorption
indicates a stronger dependence of the isosteric heat on the
number of carbon atoms of the adsorbate molecule, as evi-
denced by the larger slope of the linear trend.

IV. CONCLUSIONS

Using an idealized geometrical model of a SWCNT
bundle, as an approximation to those found in real samples,
we have studied the local adsorption potential for the four
different adsorptive sites of the bundle, and established gen-
eral trends in the isosteric heat against relative pressure and
tube diameter. From the plots of the intratubular radial con-
centration profiles, it was possible to estimate a physically
realistic distance, 
, of closest approach of a fluid molecule
to the nanotube wall; this distance decreases with the number
of carbon atoms on the fluid molecule. The results obtained
for the isosteric heat at zero loading provide valuable infor-
mation on the nature of the solid-fluid interactions.

External adsorption was found to be rather independent of
the individual tube diameter �cf. Fig. 7�, and in the low-
pressure region adsorption into the grooves prevails over the
other external surface sites. On the other hand, the calculated
qst

0 values for intrabundle confinement are very dependent on
D, but its dependency tends to smear out and reach an
asymptotic behavior as D increases. Confinement in the in-
ternal volume of the bundle is always energetically more
favorable than external adsorption, over the whole pressure
range, and that difference increases with pressure and mo-
lecular weight. Interstitial adsorption is only significant for
the largest diameter studied �18.1 Å�, but for that diameter it
is energetically more favorable than intratubular confine-
ment. However, a previously unaccounted threshold seems to
exist at D�18–19 Å, above which external adsorption
dominates over intrabundle confinement. In the present
study, low-pressure interstitial adsorption is only relevant for
methane and the C2 adsorbates for D=18.1 Å. For these
cases, it is possible to establish the following ordering for the
zero-loading isosteric heat of adsorption: �qst

0 �interstitial

� �qst
0 �intratubular� �qst

0 �grooves� �qst
0 �surface.
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