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Adsorption isotherms, isosteric heats of adsorption, and neutron diffraction measurements of hydrogen,
methane, argon, oxygen, and carbon dioxide adsorbed on single-wall carbon nanotube bundles show that all
species, except CO2, condense first on high-energy binding sites, such as the grooves and the widest interstitial
channels, and then on the outer rounded surface of the bundles. As for CO2, only one set of adsorption sites is
observed, which is attributed mainly to the grooves. The diffraction results further reveal that the average
packing of the bundles is not changed upon adsorption and that no significant overall bundle dilation is
observed on our sample. Molecular dynamic simulations confirm and complete our interpretation.
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I. INTRODUCTION

Much attention has been focused in the last five years on
the exciting possibilities for one-dimensional(1D) and two-
dimensional(2D) adsorption of many substances on closed-
end single-wall carbon nanotube bundles(SWNTBs).1–26

Carbon nanotubes are made of graphene sheets wrapped
around themselves into tubes with a diameter of 1–2 nm and
a length of a fewmm. For our study and in this paper, we
consider only tubes that are capped at both ends and are
hexagonally packed in bundles with a typical diameter of
about 10 nm. SWNTBs exhibit linear arrays of adsorption
sites, thus providing a substrate for the physical realization
of 1D matter of physisorbed atoms or molecules. The 1D
adsorption sites are located in the interstitial channels(IC)
between the tubes within a bundle and in the grooves(G)
separating two adjacent tubes on the outer surface of a
bundle. In addition, 2D-like sites are located on the graphene
outer surface(S). The questions that have been addressed to
date are:(i) Where and in what quantities do the gases ad-
sorb on the SWNTBs?(ii ) What are the thermodynamic and
structural properties of the adsorbates?(iii ) How does the
adsorption modify the structure of the bundles?

Partial answer to these questions have been given in the
literature7–13,15,16,20and previous work of our group.2,6,14,26

Based on the results of these studies the following adsorption
scenario has been proposed: adsorption starts as linear chains
at the strongest binding energy sites, namely the grooves
between adjacent nanotubes on the outside surface of the
bundles and some larger, accessible interstitial channels in
the interior of the bundles. After these sites are filled, adsorp-
tion proceeds on the external surface of the nanotube
bundles. It has been predicted theoretically,18 and inferred
from adsorption isotherms,15 that the 2D adsorbate structure
on the external bundle surface initially builds up adjacent to
the occupied grooves until the entire external surface is cov-

ered by a single monolayer. The binding energies measured
for this later stage of adsorption are comparable but some-
what smaller than for adsorption on the basal plane of graph-
ite, whereas the binding energy is considerably larger on the
preferential adsorption sites(G, IC) populated during the ini-
tial stage of adsorption.

The aim of this paper is to check whether the above sce-
nario is generally valid for the many gases studied so far and
to establish characteristic trends. To this end, we combine
thermodynamic data with neutron diffraction results. We
have selected several molecular and atomic species(hydro-
gen, methane, argon, oxygen, and carbon dioxide) for tech-
nical and practical reasons. In particular, these substances
have isotopes with large neutron coherent cross sections. In
addition, they were chosen because certain specific proper-
ties or applications could be anticipated. For instance, hydro-
gen adsorption on SWNTBs was thought to have potential
application in gas storage21,22 or could be used for quantum
sieving.23,24 Furthermore, a 1D liquid-solid transition was
predicted to occur at very high linear densities.25 The ther-
modynamics of methane adsorption has been studied
extensively.2,11,14,16 It was tempting to complement these
studies by neutron diffraction measurements using the deu-
terated methane molecule CD4 to obtain structural informa-
tion for this adsorbate. Recent calculations17 predict that if
rare gas atoms like Ar can enter the interstitial channels sepa-
rating perfect monodisperse nanotubes, then they will
slightly dilate the bundle lattice by about 0.33 Å, which cor-
responds to 2% of the average distance of 17 Å between
adjacent nanotubes in the bundle. Antiferromagnetic order of
O2 adsorbed as a 2D overlayer on graphite was observed
several years ago.27–32It is interesting to explore whether this
order persists on the external surface of the bundles or even
along the chains adsorbed in the grooves or inside the inter-
stitial channels. In addition, it was suggested that SWNTBs
could be used as a highly susceptible oxygen sensor.33,34 Fi-
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nally, CO2 is an elongated molecule exhibiting a sizeable
quadrupolar moment. It has been shown that CO2 does not
adsorb on graphite below 104 K35 and that, above this tem-
perature, only a single layer is stable. Further adsorption
leads to the formation of 3D clusters. The question is
whether this nonwetting behavior is also reflected in the ad-
sorption properties of CO2 on SWNTBs.

Several preliminary reports combining thermodynamic
and neutron diffraction data for methane,5,36 hydrogen,5,6 and
Ar26 have been published. Here we want to compare all the
results obtained so far by our group and answer, at least
partly, the questions raised in this introduction. The paper is
organized as follows. First the thermodynamic measurements
are reported and analyzed. Then, the neutron diffraction data
are described and compared to computer simulations.

II. EXPERIMENTAL

Our adsorption cells were made of aluminum(neutron
diffraction) and glass or silica(adsorption isotherms) con-
taining a powder of SWNTB provided by the GDPC Labo-
ratory of the University of Montpellier.37,38 The nanotubes
were prepared by an yttrium-nickel catalyzed electric arc dis-
charge in a helium atmosphere. This method produces nano-
tubes closed at both ends. Amorphous and graphitized carbon
and metal particles embedded in carbon are also present in
the sample and can be easily identified in the neutron diffrac-
tion spectra. A few nanotubes are isolated, but most are as-
sociated in bundles comprising 30–50 individual tubes par-
allel to each other in a hexagonal arrangement. The distance
between two adjacent tubes in a bundle is 17 Å on average,
with a slight dispersion of the tube diameters of the order of
±1 Å.38,39 This dispersion likely produces a distribution in
width and shape of the interstitial channels, as indicated
schematically in Fig. 1.

A. Thermodynamics

Two kinds of thermodynamic measurements were per-
formed. Adsorption isotherms were recorded by the volumet-
ric method2,14 after outgasing the sample at 200 °C(glass
cell) or 600 °C (silica cell) for several hours. Isothermal
calorimetry at 77.4 K was carried out after outgasing at
400 °C.2 Here we do not want to duplicate the adsorption
isotherms published previously,2,14 but rather give a concise
presentation(Fig. 2) of the adsorbed amount(coverage) of
H2, D2, CH4, Ar, O2, and CO2 as a function of the chemical
potentialDm=RT lnsp/p0d wherep is the equilibrium pres-
sure of the gas surrounding the SWNTBs, andp0 is the bulk
vapor pressure at the temperature at which the measurement
was taken. In addition, we report results of the isosteric heats
of adsorptionqst for the same gases as a function of the
adsorbed amount(Fig. 3). qst was obtained from either of the
two types of thermodynamic measurements mentioned
above. In the first case, a series of adsorption isotherms was
recorded at different temperatures, andqst
=−Rdsln pd /ds1/Td was determined from the slope of the
Clausius-Clapeyron plot. Alternatively, isothermal calorim-
etry directly yields the differential heat of adsorptionqdif f as
a function of coverage.40 The two heats of adsorption are
related by a simple relation:41 qst=qdif f −RT. A summary of
the various heats of adsorption and vaporization of the dif-
ferent gases is given in Table I.

FIG. 1. Schematic section of a nanotube bundle containing 37
nanotubes with a diameter ofs17±1dÅ. The dispersion of the nano-
tube diameter gives rise to an imperfect lateral ordering and hetero-
geneous interstitial channels(IC) providing possible adsorption
sites for atoms and small molecules(black dots drawn to the size of
a particle with 4 Å diameter). Other adsorption sites are the grooves
(G) and the rounded outer surface of the bundle(S).

FIG. 2. Adsorbed amounts of H2, D2, O2, Ar, CH4, and CO2 on
SWNTBs, normalized to the respective monolayer density on
graphite and to 1 g of the SWNTB sample, as a function of the
chemical potential relative to the bulk chemical potential at the
same temperature. Two risers are observed for all gases except for
CO2. The first riser corresponds to high energy adsorption sites
(grooves and the widest interstitial channels, see Fig. 1). The second
riser (lower binding energy) is assigned to adsorption on the curved
graphene sheets forming the outer surface of the bundles.
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Figure 2 exhibits two risers of the adsorbed amount for
H2, D2, O2, Ar, and CH4, but only a single one for CO2. This
last molecule clearly can bind in fewer adsorption sites than
the other molecules, indicating that the adsorption mecha-
nism is, indeed, different for CO2. Note that the amounts in
Fig. 2 are normalized to the monolayer density of the respec-
tive species adsorbed on the basal plane of graphite, namely:
0.094 Å−2 for H2,

42,43 0.099 Å−2 for D2,
42,43 0.085 Å−2 for

O2,
27 0.080 Å−2 for Ar,44 0.066 Å−2 for CH4,

45 and
0.064 Å−2 for CO2.

35 The total amounts condensed when the
major part of the adsorption sites are coveredsDm
,−2 J/mmold scale with the molecular area at monolayer

completion on graphite except for the case of CO2. For the
former species, the normalized amount corresponds to an
“effective” covered area(assuming the monolayer density on
graphite) of the order of 250 m2 per 1 g of the SWNTB
sample. In the case of CO2, the normalized amount is only
about 60% of this value, which is again indicative of a dif-
ferent adsorption behavior for CO2.

The first riser in Fig. 2(corresponding to the first plateau
in Fig. 3) occurs at relatively small chemical potential(rang-
ing between −8.8 J/mmol for Ar and −4.8 J/mmol for H2).
The position of these first risers reflects the adsorption en-
ergy of the most strongly binding sites on the SWNTBs in
relation to those in the 3D bulk. These sites are mainly lo-
cated in the grooves on the external surface of the bundles(G
in Fig. 1).8,12,14,16,19However, their relative abundance is not
large enough to account for the quantities adsorbed across
the first riser. In fact, the ratio of the amounts adsorbed dur-
ing the first and second riser, respectively, can be extracted
from Fig. 2 and is found to be of the order of 1:1 to 1:2. This
value should be compared to the relative number of sites in
the grooves and those on the remaining rounded parts of the
outer surface. For a hexagonal arrangement of 17 Å diameter
tubes this ratio is 1:5 to 1:6, depending on the molecule
size19 and, hence, clearly smaller than the experimental
value. This suggests that there are more “strongly binding
sites” than just the central grooves and that other adsorption
sites, some of them probably located in the widest interstitial
channels(IC in Fig. 1), must be populated during the initial
adsorption stage(first riser in Fig. 2). Indeed, adsorption en-
ergy calculations show that in real bundles exhibiting a dis-
tribution of interstitial channel widths, the widest channels
have binding energies equal or larger than the groove
sites.36,46

The second riser for H2, D2, O2, Ar, and CH4 occurs at
about the same reduced chemical potentialDm. This corre-
sponds to adsorption energies(see Table I) smaller by about
20%–30% as compared to the respective monolayers ad-
sorbed on graphite. These lower binding sites are located on
the rounded part of the outer bundle surfaces. There is a
general agreement on this point2,16,20because the adsorption
energy on a single, graphite plane(graphene sheet) is cer-
tainly smaller than on a graphite semi-infinite crystal. Fur-
thermore, the convex curvature of the outer surface also
tends to reduce the adsorption energy.47 The isosteric heat of
adsorptionqst as a function of the adsorbed amount repre-
sented in Fig. 3 exhibits the same behavior for H2, D2, O2,
Ar, and CH4, namely a high-energy plateau corresponding to
adsorption in the grooves, the widest interstitial channels,
and some other high-binding energy sites, followed by a sec-
ond plateau corresponding to adsorption on the outer
graphene surfaces, and a final decrease at large coverage to
reach the value of the heat of vaporization(multilayer con-
densation) indicated in Table I. Note that our results are in
agreement with the isosteric heatsqst reported for a limited
number of coverages by others groups for CH4 (Ref. 16) and
O2.

50 They are also in fairly good agreement with calcula-
tions for CH4

36,46 and Ar.46 In addition, the measured values
of the chemical potential and of the isosteric heat of adsorp-
tion for H2 and D2 are quite consistent with the quantum
sieving predicted for hydrogen isotopes.23,24 For instance, at

FIG. 3. Isosteric heat of adsorptionqst as a function of coverage
(total adsorbed amount). The data for CH4 and O2 were obtained by
isothermal calorimetry and for the other adsorbates by adsorption
isotherm measurements. Solid lines are guides to the eye. The two
plateaus for H2, D2, O2, Ar, and CH4 correspond to the two risers in
Fig. 2. For large dosesqst tends towards the latent heat of vaporiza-
tion q3D (see Table I).

TABLE I. Isosteric heats of adsorptionskJ/mold for various
gases adsorbed on SWNTBs in highly binding sites(q1, first plateau
in Fig. 3) and on the external surface of the bundle(q2, second
plateau in Fig. 3). For comparison, the isosteric heat for monolayer
adsorption on the basal plane of graphite,qGr, and the 3D heats of
vaporization,q3D, are also given.

q1 q2 qGr q3D

H2 ,7.56 3.36 4.248 0.951

D2 ,9.46 4.06 4.448 1.351

CH4 ,18.3 11.3 14.92 8.2

Ar ,156 10.06 10–1240 6.5

O2 ,16 10.0 10–1349, 1250 6.9

CO2 ,22.5 25.3–22.735 26.735
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35 K for our real heterogeneous SWNTB sample, the vapor
pressure of D2 is about one order of magnitude smaller than
for H2, a value to be compared to the factor of 20 between
HT and H2 calculated for the same temperature and homo-
geneous SWNTBs of the same diameter.

The adsorption behavior of the CO2 molecule is quite
different because only a small initial plateau is observed in
Fig. 3. Note that the corresponding values forqst are smaller
than the heat of vaporization of bulk CO2. This shows that
the adsorbate is stabilized by entropic effects.35 As already
recalled in the Introduction, CO2 is not strongly attracted by
the graphite surface(the adsorbed layer is unstable below
104 K), and it should be even less attracted by a single
graphene sheet. We propose to assign the initial plateau in
Fig. 3 to adsorption in the grooves and in some of the inter-
stitial channels, but the thermodynamic data by themselves
do not allow to be conclusive on this point.

The next section deals with neutron diffraction experi-
ments after adsorption of the various gases on our SWNTB
sample. These studies are intended to provide structural in-
formation on the adsorbed species. They should also answer
the remaining questions left open by the thermodynamic ex-
periments.

B. Neutron diffraction

1. Diffraction patterns

The diffraction experiments were performed on the 660-
mg SWNTB sample used previously for inelastic neutron
scattering studies of CH4

3,4 and neutron diffraction mea-
surements on CD4, D2,

5 and Ar.26 The sample was out-
gassed at 150 °C for one day prior to the experiments.
Several dosesscoveragesd as listed in Table II were inves-
tigated, in order to explore the whole range of adsorption
energies of the different gases. The adsorbates were
slowly introduced into the sample cell over a time period
of about one hour at temperatures for which the pressure
could be controlled during the major part of the adsorp-
tion. The introduction temperatures are indicated in Table
II and were usually different for low and high coverages.
The temperature was then slowly adjusted to the measure-

ment temperature also reported in Table II. The recording
of the neutron diffraction patterns was started when equi-
librium was reached—typically after one hour—and the
total measuring time was of the order of 10hours percov-
erage. Most of the experiments were performed on the
D20 diffractometer at the Institut Laue LangevinsILL d in
Grenoble, using a wavelengthl=2.414 Å and ascattering
vector range 0.2 Å−1,Q,5 Å−1. A few experiments were
also performed on the D1B diffractometer at the ILL, with
l=2.527 Å−1. The results obtained on both instruments
were similar and reproducible, with higher quality data
and largerQ-range obtained on D20. Neutron diffraction
spectra were recorded from the bare SWNTB sample and
after adsorption of the different doses listed in Table II. A
typical example is represented in Fig. 4sad for 2.7 mmol/g
of adsorbed36Ar. The patterns reveal the diffraction lines
of the SWNTBs, the cell, the cryostat, and the changes
induced upon adsorption. The features at wave vector
transferQ=0.42, 0.73, 0.85, and 1.1 Å−1 result from the
hexagonal medium-range order of the tubes within the
bundles with a periodicity of about 17 Åssee Fig. 1d and
correspond to thes10d, s11d, s20d, and s21d Bragg reflec-
tions from the bundle lattice, respectivelyfdotted lines in
Fig. 4sadg. Some of the structures at about 3 Å−1 arise
from the long-range order along the nanotubes in the

TABLE II. Total adsorbed amounts(in mmol/g) of the various
gases for which diffraction spectra have been recorded. Also given
are the temperatureTintro at which the gas was introduced into the
cell and the temperatureTmeas, at which the diffraction spectra were
recorded.

Coverage
mmol/g

Tintro

K
Tmeas

K

CD2 0.9, 1.4, 2.4, 2.9 70 70

D2 0.2, 0.4, 0.9, 1.4, 2.2, 3, 3.9 60a, 40b 10

At 0.3, 0.7, 2.7 100a, 70b 40

O2 0.8, 1.7, 4.7 70a, 60b 2, 18, 30, 40

CO2 0.8 130 130

aLow coverage.
bHigh coverage.

FIG. 4. (a) Neutron diffraction spectra of the bare SWNTB
sample(broken line) and upon adsorption of 2.7 mmol/g(solid
line) of 36Ar. The dotted lines indicate the positions of the Bragg
diffraction peaks expected for a hexagonal packing of the tubes
within the bundles with a lattice spacing of about 17 Å.(b) Differ-
ence between the diffraction spectra in(a), revealing the changes
induced upon adsorption. The vertical lines indicate the peak posi-
tions expected for Ar condensed in linear chains(dashed lines) and
in 2D hexagonal arrays(dotted lines).
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bundles.38 In addition, many extra peaks are due to impu-
rities in the substrate, e.g., those between 1.8 and 1.9 Å−1

from graphitized carbon, those at 3.1 and 3.6 Å−1 from Ni,
at 2.7 and 3.1 Å−1 from the aluminum container, and the
4.45 Å−1 line from Al2O3. The changes upon adsorption
are most evident in the difference spectrums36Ar on
bundles minus bare bundlesd shown in Fig. 4sbd: sid An
increase of the intensity of the0.42 Å−1 peak can be ob-
served. A detailed analysis shows that its position also
shifts towards lowerQ-values for large coverages. This
will be discussed in Sec. II B 2.sii d A marked decrease of
the intensity is observed between 0.5 and 1.2 Å−1. This
drop arises from a cross-interference between the nano-
tubes and the atoms or molecules adsorbed in the intersti-
tial channels as already outlined in Ref. 13 and between
the nanotubes and the adsorbed species on the outer sur-
face of the bundlesgroove sites and graphene surfaced as
shown in recent simulations.36 siii d Finally, two broad
peaks associated with the diffraction from the adsorbate
seither 1D chains or 2D patchesd can be seen, one between
1.5 and 2.4 Å−1 and the other between 3 and 4.5 Å−1.

The same general trend is observed for different doses of
the other adsorbed gases as shown in Figs. 5(a)–5(e) for Ar,
CD4, D2, O2, and CO2, respectively. In all cases, the inten-
sity of the broad diffraction feature centered around 2 Å−1

increases with the adsorbed amount, except for CO2 for
which only one dose has been studied. At the same time, the
peak position shifts upward by about 10% from low to high
coverages, indicating that theaveragelattice spacing of the
adsorbate decreases with coverage by the same amount. This
apparent compression is considerably larger than expected
for these gases(except D2) and contrasts the much weaker
compression observed upon adsorption of the same species
on the basal plane of graphite. We will see below that we can
interpret these data by considering two contributions[cen-
tered at the positions indicated by the vertical lines in Fig.
4(b)] to each of the broad diffraction features: one from lin-
ear chains with an average periodicitya (reciprocal lattice
spacing Q1=2p /a), the other from pseudo-hexagonal
patches giving rise to reciprocal lattice spacingQ2
=4p / sÎ3ad. Then, the relative weight of the hexagonal
patches atQ2 (,1.95 Å−1 for Ar) simply increases compared
to the linear chains atQ1 (,1.7 Å−1 for Ar) with increasing
coverage. This is consistent with the filling, first, of the
grooves and of the widest interstitial channels(1D adsorbate
chains) and, second, of the curved outer bundle surfaces(2D
hexagonal patches). A detailed peak shape analysis is pre-
sented in Sec. II C.

Two adsorbates D2 and O2 merit special attention. As
mentioned in the Introduction, a one-dimensional liquid-
solid transition was predicted(at T=0 K) for H2 at very high
linear densities.25 No indication of such a transition was
found for D2 in the large range of coverages(from
0.2 to 3.9 mmol/g) studied in this work. This may be due to
the presence of a finite size distribution of nanotube diam-
eters in our sample as opposed to the idealized situation as-
sumed in the calculations. As for O2, the run with
4.7 mmol/g was studied carefully as the temperature was
raised. At this coverage the external bundle surface is cov-
ered by a complete monolayer plus a few more mmol/g

FIG. 5. Diffraction difference spectra(after subtraction of the
bare SWNTB spectrum) for several doses(as given in mmol/g in
the legends) for Ar (a), CD4 (b), D2 (c), O2 (d), and CO2 (e). Sharp
double-spiked features, particularly apparent in(e), arise from the
contributions of catalyst, cell, and amorphous carbon. Dotted lines
indicate the positions where spurious peaks arising from a poor
background subtraction of these contributions have been removed
from the spectra in(a)–(d).
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which should allow to compress it into the 2D magnetic
phase. We found that the adlayer melted between 30 and
40 K, as expected for O2 on graphite.27,31,32At low tempera-
ture, however, we only observed a broad diffraction peak
consistent with the two 2D peaks at 2.18 and 2.32 Å−1

known from adsorption on graphite.30,31 There was no sign
of magnetism, such as a superstructure peak at 1.2 Å−1 char-
acteristic of the antiferromagnetically ordered phase.30,31The
diffraction patterns recorded at 2 K for lower O2 coverages
did not show any sign of magnetic ordering either. The dif-
fraction pattern of CO2 [Fig. 5(e)] is poorly defined and does
not bring enough structural information to confirm the loca-
tion of the molecules in the grooves. This issues can be
solved with the help of molecular dynamics calculations
along the same lines as described in Ref. 36. Indeed, the
adsorption energy of CO2 is found to be 27.7 kJ/mol in the
grooves and 14.0 kJ/mol on the graphene surface, hence fa-
voring molecules mainly in the groove sites.

2. Apparent bundle dilation

As recalled in the Introduction, a dilation of the bundle
lattice section was expected if molecules adsorb inside the
interstitial channels. On the other hand, previous theoretical
calculations by Stanet al. predict stronger binding to G sites
than to IC sites, even if dilation of the bundles is allowed.17

For the case of Ar, we performed a contrast neutron diffrac-
tion experiment by using two Ar isotopes, namely36Ar with
a large coherent cross sectionss=77.9 barnd versus40Ar,
which is almost invisible for neutronsss=0.42 barnd. If the
SWNTB skeleton is dilated upon40Ar adsorption it should
be seen on the bundle diffraction peaks, especially on the
0.42 Å−1 line resulting from the lateral packing of the nano-
tubes with a periodicity of,17 Å. No peaks due to40Ar are
expected given its smalls.

The experimental results have recently been reported in
Ref. 26. In summary, the 0.42 Å−1 diffraction peak was sepa-
rated from the steep background by subtracting a polynomial
of order three[see Fig. 6(a)] and fitted with a Gaussian func-
tion as shown in Fig. 6(b). No measurable modification of
the diffraction peak is observed upon40Ar adsorption for all
doses(0.7 and 2.7 mmol/g). However, a slight increase of
the intensity and a shift towards smallerQ is observed upon
adsorption of 0.7 mmol/g of36Ar and, more importantly, a
large increase of the intensity and a sizeable shift by
0.015 Å−1 is obtained for the largest doses2.7 mmol/gd of
36Ar. This would correspond to an “effective” increase of
about 3% of the bundle lattice parameter, which is not seen
upon 40Ar adsorption for the same dose.

Note that the two doses correspond to the filling of the
grooves and the widest interstitial channelss0.7 mmol/gd
and to the completion of the rounded outer parts of the
bundless2.7 mmol/gd, respectively. The conclusion of this
experimental study is straightforward. The apparent dilation
comes mainly from the adsorbates located on the outer sur-
face of the bundles. Hence, the overall hexagonal arrange-
ment of the nanotubes into bundles is preserved during ad-
sorption, with no appreciable modification of its lattice
parameter. Figure 6(c) shows the results of calculations for
two doses, grooves filled and grooves and surface loaded

with 36Ar, without any modification of the nanotube sub-
strate (bundle lattice spacing).26 The experimentally ob-
served peak shift and intensity increase is reproduced. More
sophisticated nanotube bundle models with different diam-
eter tubes36 (to be discussed in the next section) show that
populating the interstitial channels causes a local deforma-

FIG. 6. (a) Neutron diffraction spectrum of the bare SWNTB
sample in the vicinity of the(10) bundle lattice peak fitted by the
sum of a polynomial of order three(background) and a Gaussian
peak (solid lines). (b) Diffraction spectra(after background re-
moval) of the bare SWNTB sample(open circles) and after adsorp-
tion of 0.7 and 2.7 mmol/g(squares and upper triangles, respec-
tively) of 36Ar (filled symbols) and40Ar (open symbols). The solid
lines are Gaussian fits to the data. Note that a major shift and a
concomitant intensity increase is observed only for the highest dose
of 36Ar. (c) (10) diffraction peak obtained from a simulation of a
bare seven(10,10)-SWNT bundle(open circles) and after36Ar ad-
sorption. The two36Ar coverages correspond to the filling of the
grooves(solid squares) and the complete coverage of the outer sur-
face layer(solid triangles) and can thus be compared to the spectra
(same symbols) in (b). Solid lines are guides to the eye. Again, an
important shift is only observed for the largest dose, i.e., after com-
plete coverage of the outer surface of the bundle.
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tion of the nanotubes around the adsorbates without signifi-
cant expansion of the bundle.

A similar apparentshift of the 0.42 Å−1 peak to lower
Q-values is also observed by neutron diffraction for CD4

5,36

and for O2, but, again, mainly upon adsorption on the exter-
nal bundle surface at higher coverages(Fig. 7). For D2 we
observe no sizeable shift of the 0.42 Å−1 peak at all. Indeed,
computer simulations similar to those described in Ref. 36,
reveal that the shift is much smaller and close to the experi-
mental resolution. This is related to the smaller size of the D2
molecule as compared to Ar and CD4. A shift of the (1,0)
bundle lattice peak has previously been measured by X-ray

diffraction for O2 and N2
13 and has been attributed to areal

dilation of the nanotube bundles induced upon adsorption
into the interstitial channels. Our results show that theappar-
ent dilation is due mainly to the diffraction arising from ad-
sorbates located on the outer part of the surface at a finite
binding distance away from the nanotube skeleton, thus
forming an expanded envelope around the hexagonal bundle
lattice. This, together with the cross interference between the
adsorbates and the nanotube lattice gives rise to a shift of the
bundle lattice Bragg peaks towards lowerQ-values.

The absence of a peak shift to withinDQ&0.002 Å−1 for
40Ar doses sets an upper limit for the overall bundle swelling
of &0.5%. This value is much smaller than the 2% predicted
to be required for stable adsorption into the interstitial chan-
nels(IC) in a homogeneousbundle.17 In reality, however, the
bundles are not homogeneous and will contain a certain frac-
tion of “wide” ICs (see Fig. 1) which may still be populated
by Ar or other species without leading to a sizeableoverall
swelling of the bundle.36 Therefore, our results are not in
contradiction with the thermodynamic data(Sec. II A),
which indicate that some of the widest interstitial channels
must be occupied during the initial stage of adsorption.

C. Computer simulation

To guide the interpretation of the experimental data, we
have calculated the equilibrium configurations and the corre-
sponding diffraction patterns, as described in detail in Ref.
36, for several doses of adsorbates on a heterogeneous hex-
agonal bundle composed of 19 nanotubes. These calculations
are based on empirical force-fields and can reproduce semi-
quantitatively the thermodynamic data as well as the diffrac-
tion patterns. Theheterogeneousbundle used in the simula-
tion was constructed from 19 nanotubes ofsn,nd armchair
configuration withn varying between 8 and 12 according to
a Gaussian distribution of nanotube diameters with standard
deviation s=1.06 Å. The adsorption of both methane and
argon proceeds first in the groove sites(G) and in some of
the widest interstitial channels(IC) and then on the curved
outer surface(S) of the bundles(see Fig. 1). The binding
energies of CD4 adsorbed on the heterogeneous 19-tube
bundle have already been reported in Ref. 36 and are not
duplicated here. They are in good agreement with the experi-
mental values summarized in Table I.

From the stable configuration of the adsorbed molecules,
the adsorption energy, the pair correlation functiongsrd and
the corresponding diffraction pattern can be calculated. As an
example, two coverages of Ar adsorbed on the above model
bundle have been studied. They correspond to the top of the
first and second steps in the adsorption isotherm shown in
Fig. 2. At the lower coverage, only the G and some of the IC
sites are filled, whereas at the higher coverage all of the S
sites are also occupied. The calculatedgsrd and the diffrac-
tion patterns are represented in Figs. 8 and 9, respectively.
The Ar-Ar correlation functions exhibit a well-defined first-
neighbor distance of 3.9 Å and the corresponding second-
neighbor distance of 7.8 Å[Fig. 8(a)] for adsorption in the
form of linear chains in the IC and G sites. The small peak at
6 Å corresponds to the closest Ar-Ar distance between inter-

FIG. 7. Diffraction spectra(after polynomial background re-
moval) in the vicinity of the(10) bundle lattice peak for the bare
SWNTB sample(filled squares) and after adsorption of the several
doses given in Table II(open symbols) of CD4 (a), O2 (b), and CO2

(c). The solid lines are Gaussian fits to the data. With increasing
adsorbed amount the peak intensity increases, whereas a noticeable
peak shift is only observed for the highest doses in(a) and (b),
corresponding to the complete coverage of the outer surface of the
bundles.
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stitial chains and longer interchain separations are found
above 7 Å. In Fig. 8(b), populating the surface sites gives
rise to a hexagonal adsorbate structure(one side of each
hexagon being an Ar-Ar vector in a groove) and a shorter
second-neighbor distance ofÎ333.9 Å. Similar results are
obtained for methane, although the adsorbate structures ex-
hibit disorder due to the rotational motion of the methane
molecules(as can be seen in the snapshots of the simulated
structures as shown, e.g., in Fig. 3 of Ref. 36) and the peaks
in the pair correlation functions are broader than for Ar.

Strictly speaking, the first maximum in thegsrd function
provides information on the nearest-neighbor distance within
the adsorbate, but not on the medium- or long-range order.
The latter can be better judged from the calculated diffrac-
tion patterns. We focus here on the scattering vector range
between 1.5 and 2.2 Å−1 where the adsorbate packing in ei-
ther linear chains or quasi-hexagonal arrays can be detected.
To this end, the diffraction spectra(structure factors) were
calculated on the basis of the simulated structures also used
to extract the pair correlation functions in Fig. 8. The clearest
diffraction signature of linear and hexagonal packing is seen
in the diffraction patterns calculated for the adsorbate[Fig.
9(a)]. The dashed curve corresponds to a low coverage of Ar,
for which only linear chains are present, and a pronounced
rise in the diffracted intensity is seen at 1.7 Å−1. The solid

curve corresponds to a higher coverage of Ar, with hexago-
nal packing on the nanotube surfaces, and, accordingly, a
well-defined maximum is observed at 2.0 Å−1. Figure 9(b)
shows thedifferencebetween the calculated spectra includ-
ing the adsorbed Ar atoms and the raw SWNTB diffraction
spectra obtained without Ar. Results for the same two Ar
coverages considered in Fig. 9(a) are shown. The signatures
of 1D and 2D packing(diffraction features at 1.7 and
2.0 Å−1, respectively) are less clear due to the C-Ar cross-
terms in the total diffracted intensity, which are not removed
on subtracting the background(see below). For a straightfor-
ward comparison with the data in Fig. 5, Fig. 9(c) shows the
curves of Fig. 9(b) after convolution with a Gaussian func-
tion with FWHM=0.1 Å−1. This resolution or transfer func-
tion describes the imperfect ordering and bundle size distri-
bution; its width corresponds to the experimentally observed
broadening of the diffraction features observed on the bare
SWNTB sample.

FIG. 8. Pair correlation functions for Ar on SWNTBs(a) for
some IC and all G sites populated with linear chains and(b) for IC,
G, and S sites populated. The peak at 6.7 Å in(b) is characteristic
of hexagonal Ar packing on the outer bundle surface(S sites).

FIG. 9. Calculated diffraction patterns for Ar adsorbed on
SWNTBs at two doses: some IC and all G sites populated(broken
lines) and some IC, all G and S sites populated(solid lines). (a)
Diffraction from the adsorbed Ar atoms, only(no C skeleton). The
spectrum reveals a pronounced rise at 1.7 Å−1 caused by the linear
chains formed on the G and IC sites, whereas the hexagonal pack-
ing on S sites gives a well-defined peak at 2.0 Å−1. (b) Difference
diffraction patterns obtained by subtracting the bare SWNTB spec-
trum from the total diffraction spectrumsAr+SWNTBd. (c) Addi-
tional smoothing of the spectrum in(b) with a Gaussian function for
comparison with the experimental data shown in Fig. 5(a).
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The adsorption of the Ar molecules results in a strong
modification of the diffracted intensities, namely a drop be-
tween 0.5 and 1.5 Å−1 and an increase between 1.5 and
2.5 Å−1. Several oscillations can be seen. They arise from the
finite size of the single bundle used in the simulation and are
also present in the calculated diffraction spectrum of the bare
bundle(not shown here). In addition, an important part of the
diffracted intensity comes from cross-interference effects be-
tween the adsorbed atoms and the carbon skeleton as already
pointed out in Ref. 36 and Sec. II B 1. The overall increase
of the intensity in theQ-range between 1.5 and 2.5 Å−1

stems from the medium-range order of the Ar atoms. The
absence of narrow diffraction peaks in Fig. 9 shows that
there is no true long-range order among the adsorbates. We
observe an upward shift inQ of the intensity maximum when
the coverage increases from the first to the second riser. This
shift in Q of about 10% is consistent with the initial conden-
sation of linear chains in the G and IC sites, followed at
higher coverage by the formation of pseudo-hexagonal
patches on the outer bundle surface. Indeed, the first order
Bragg peak of a 2D hexagonal lattice is located at a 2/Î3
times higherQ value than that of a 1D chain with the same
nearest-neighbor spacing.

While adsorption in G and S sites does not induce any
deformation of the nanotube bundle, simulations show that
adsorption in the larger, energetically favorable IC sites
causes a local deformation of the nanotubes without, how-
ever, inducing a significant overall expansion of the bundle.
The amplitude of this deformation depends on the size of the
adsorbate. For methane, the largest adsorbate, the bundle de-
formation gives rise to a small shift of 0.006 Å−1 of the
hexagonal bundle lattice peak. For argon, the shift is half as
big and therefore experimentally unobservable(as was found
with 40Ar), and for D2, the smallest adsorbate, the calculated
peak shift is zero for all doses of D2.

The simulation results are in semi-quantitative agreement
with the trend observed in the experimental diffraction pat-
terns for Ar, D2, and CD4 presented in Fig. 5. Note that the
same kind of calculated diffraction patterns have been re-
ported in Ref. 36 for the adsorption of various doses of CD4
on homogeneousand heterogeneousSWNTB samples. The
new results reported here show that the simulation yields the

same qualitative trends in the case of Ar(mainly), D2, and
CO2 on a heterogeneousbundle. This demonstrates the ro-
bustness of the conclusions drawn here. However, we cannot
rule out the existence of rather wide ICs permitting in our
bundle the adsorption of zig-zag chains as proposed in Ref.
5. In addition, the experimental SWNTB diffraction pattern
might exhibit diffraction signatures due to the presence of
graphitized carbon impurities, on which molecules can ad-
sorb in small pseudo-hexagonal patches. Such contributions
are not taken into account in the present simulation, but
could give rise to a non-negligible signal in the diffraction
spectra.

III. CONCLUSIONS

Although our SWNTB sample is heterogeneous and ill-
crystallized, the combination of thermodynamic, neutron dif-
fraction, and computer simulation studies allows a good de-
scription of the adsorption phenomena on this sample. We
were able to localize the adsorption sites and estimate the
amount adsorbed on the different sites. We have shown that
the adsorption scenario is the same, on our sample, for the
different gases reported here—except for CO2. The variation
of the adsorption energy is measured as a function of cover-
age and the various energies are qualitatively assigned to the
different sites: the more strongly binding sites being the
grooves(G) and some of the interstitial channels(IC) and the
less strongly binding sites being those on the curved outer
surfaces(S). The linear chains in the G and IC sites as well
as the pseudo-hexagonal patches on the S sites are poorly
organized and the adsorbates exhibit only a medium-range
order. Finally, in our case, the adsorption does not modify the
average hexagonal arrangement of the nanotubes within each
bundle nor does it result in a sizeable overall swelling of
these bundles.
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