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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 CQcondense 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 joo@al 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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[. INTRODUCTION ered by a single monolayer. The binding energies measured
for this later stage of adsorption are comparable but some-
Much attention has been focused in the last five years owhat smaller than for adsorption on the basal plane of graph-
the exciting possibilities for one-dimensiondD) and two- ite, whereas the binding energy is considerably larger on the
dimensionak2D) adsorption of many substances on closed-preferential adsorption sité&, IC) populated during the ini-
end single-wall carbon nanotube bundlESWNTBS.1?6 tial stage of adsorption.
Carbon nanotubes are made of graphene sheets wrappedThe aim of this paper is to check whether the above sce-
around themselves into tubes with a diameter of 1—2 nm andario is generally valid for the many gases studied so far and
a length of a fewum. For our study and in this paper, we to establish characteristic trends. To this end, we combine
consider only tubes that are capped at both ends and ateermodynamic data with neutron diffraction results. We
hexagonally packed in bundles with a typical diameter ofhave selected several molecular and atomic spebigsro-
about 10 nm. SWNTBs exhibit linear arrays of adsorptiongen, methane, argon, oxygen, and carbon digxidetech-
sites, thus providing a substrate for the physical realizatiomical and practical reasons. In particular, these substances
of 1D matter of physisorbed atoms or molecules. The 1Dhave isotopes with large neutron coherent cross sections. In
adsorption sites are located in the interstitial chaniielg  addition, they were chosen because certain specific proper-
between the tubes within a bundle and in the groo@®s ties or applications could be anticipated. For instance, hydro-
separating two adjacent tubes on the outer surface of gen adsorption on SWNTBs was thought to have potential
bundle. In addition, 2D-like sites are located on the graphenapplication in gas storage?? or could be used for quantum
outer surfacéS). The questions that have been addressed tsieving?324 Furthermore, a 1D liquid-solid transition was
date areii) Where and in what quantities do the gases adpredicted to occur at very high linear densitféghe ther-
sorb on the SWNTBs#i) What are the thermodynamic and modynamics of methane adsorption has been studied
structural properties of the adsorbatg&?) How does the extensively>'%1416 |t was tempting to complement these
adsorption modify the structure of the bundles? studies by neutron diffraction measurements using the deu-
Partial answer to these questions have been given in thierated methane molecule Gib obtain structural informa-
literaturd—131516.20gnd previous work of our groug?1426  tion for this adsorbate. Recent calculatibhpredict that if
Based on the results of these studies the following adsorptiorare gas atoms like Ar can enter the interstitial channels sepa-
scenario has been proposed: adsorption starts as linear chaiasing perfect monodisperse nanotubes, then they will
at the strongest binding energy sites, namely the grooveslightly dilate the bundle lattice by about 0.33 A, which cor-
between adjacent nanotubes on the outside surface of thesponds to 2% of the average distance of 17 A between
bundles and some larger, accessible interstitial channels mdjacent nanotubes in the bundle. Antiferromagnetic order of
the interior of the bundles. After these sites are filled, adsorp©, adsorbed as a 2D overlayer on graphite was observed
tion proceeds on the external surface of the nanotubseeveral years agd-3?It is interesting to explore whether this
bundles. It has been predicted theoreticHlland inferred  order persists on the external surface of the bundles or even
from adsorption isothern$,that the 2D adsorbate structure along the chains adsorbed in the grooves or inside the inter-
on the external bundle surface initially builds up adjacent tostitial channels. In addition, it was suggested that SWNTBs
the occupied grooves until the entire external surface is coveould be used as a highly susceptible oxygen seNsSOFi-
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FIG. 1. Schematic section of a nanotube bundle containing 37 I
nanotubes with a diameter ¢E7+1)A. The dispersion of the nano- 10 50
tube diameter gives rise to an imperfect lateral ordering and hetero-
geneous interstitial channeldC) providing possible adsorption 0 0
sites for atoms and small molecul@dack dots drawn to the size of -| | | | | ]

a particle with 4 A diameter Other adsorption sites are the grooves
(G) and the rounded outer surface of the bun@g
Ap (J/mmol)

nally, CG, is an elongated molecule exhibiting a sizeable

quadrupolar moment. It has been shown that,@des not FIG. 2. Adsorbed amounts 6f41D,, O,, Ar, CH,, and CG on

: 3 : _ SWNTBs, normalized to the respective monolayer density on
adsorb on graphite below 104*Kand that, above this tem rg?raphite and to 1 g of the SWNTB sample, as a function of the

perature, only a single layer is stable. Further adsorptio chemical potential relative to the bulk chemical potential at the

leads to the formation of 3D clusters. The question 'Ssame temperature. Two risers are observed for all gases except for

Whether this nor)wettlng behavior is also reflected in the adCOZ. The first riser corresponds to high energy adsorption sites
sorption properties of COon SWNTBs.

o _ . (grooves and the widest interstitial channels, see Bigl'ie second
Several preliminary reports combining thermof‘iwn""m'Criser(lower binding energyis assigned to adsorption on the curved
and neutron diffraction data for methah® hydrogert;® and graphene sheets forming the outer surface of the bundles.

Ar?6 have been published. Here we want to compare all the

results obtained so far by our group and answer, at least A. Thermodynamics

partly, the questions raised in this introduction. The paper is Two kinds of thermodynamic measurements were per-
organized as follows. First the thermodynamic measurementermed. Adsorption isotherms were recorded by the volumet-
are reported and analyzed. Then, the neutron diffraction datac method-** after outgasing the sample at 200 {@ass

are described and compared to computer simulations. cell) or 600 °C (silica cell) for several hours. Isothermal
calorimetry at 77.4 K was carried out after outgasing at

400 °C? Here we do not want to duplicate the adsorption
Il EXPERIMENTAL isotherms published previousiy; but rather give a concise
presentation(Fig. 2) of the adsorbed amouritoverage of
Our adsorption cells were made of aluminymeutron H,, D,, CHy, Ar, O,, and CQ as a function of the chemical
diffraction) and glass or silicgadsorption isothermscon-  potentialAu=RTIn(p/p,) wherep is the equilibrium pres-
taining a powder of SWNTB provided by the GDPC Labo- sure of the gas surrounding the SWNTBs, gigds the bulk
ratory of the University of Montpelliet”38 The nanotubes vapor pressure at the temperature at which the measurement
were prepared by an yttrium-nickel catalyzed electric arc diswas taken. In addition, we report results of the isosteric heats
charge in a helium atmosphere. This method produces nanof adsorptiongg; for the same gases as a function of the
tubes closed at both ends. Amorphous and graphitized carb@dsorbed amouriFig. 3). g5, was obtained from either of the
and metal particles embedded in carbon are also present iwo types of thermodynamic measurements mentioned
the sample and can be easily identified in the neutron diffracabove. In the first case, a series of adsorption isotherms was
tion spectra. A few nanotubes are isolated, but most are asecorded  at  different  temperatures,  andqg
sociated in bundles comprising 30-50 individual tubes par=-Rd(In p)/d(1/T) was determined from the slope of the
allel to each other in a hexagonal arrangement. The distand@lausius-Clapeyron plot. Alternatively, isothermal calorim-
between two adjacent tubes in a bundle is 17 A on averagetry directly yields the differential heat of adsorptiqg; as
with a slight dispersion of the tube diameters of the order ofa function of coveragé The two heats of adsorption are
+1 A 3839 This dispersion likely produces a distribution in related by a simple relatiof: =it~ RT. A summary of
width and shape of the interstitial channels, as indicatedhe various heats of adsorption and vaporization of the dif-
schematically in Fig. 1. ferent gases is given in Table I.
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30 y T y T y T y completion on graphite except for the case of LBor the
former species, the normalized amount corresponds to an
“effective” covered areg@assuming the monolayer density on

o5 L < - graphitg of the order of 250 rh per 1 g of the SWNTB
< ——H, sample. In the case of GOthe normalized amount is only
< —0—D, 1 about 60% of this value, which is again indicative of a dif-
= ook ——0 i ferent adsorption behavior for GO
g i The first riser in Fig. Zcorresponding to the first plateau
3 v A ] in Fig. 3) occurs at relatively small chemical potentigdng-
o —C— CH, ing between —8.8 J/mmol for Ar and —4.8 J/mmol fop)H
= 15 —— CO, . The position of these first risers reflects the adsorption en-
5 i A ergy of the most strongly binding sites on the SWNTBs in
5 O e relation to those in the 3D bulk. These sites are mainly lo-
§ 10 - “4‘1"_,“.“’&«' _ cated in the grooves on the external surface of the buri@es

in Fig. 1).81214.16.1%0wever, 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
0 ' L — : ' the grooves and those on the remaining rounded parts of the
0 1 2 3 4 outer surface. For a hexagonal arrangement of 17 A diameter
Adsorbed amount (mmol/g) tubes this ratio is 1:5 to 1:6, depending on the molecule
FIG. 3. Isosteric heat of adsorptigg, as a function of coverage size!? a”‘?" hence, clearly smaller than t?e experlmen_tal
(total adsorbed amounfThe data for CHand O, were obtained by ~V@lUe. This suggests that there are more “strongly binding
isothermal calorimetry and for the other adsorbates by adsorptiofit€S” than just the central grooves and that other adsorption
isotherm measurements. Solid lines are guides to the eye. The tw&jtes, some of them probably located in the widest interstitial
plateaus for H, D,, O,, Ar, and CH, correspond to the two risers in  channelg(IC in Fig. 1), must be populated during the initial
Fig. 2. For large doseg, tends towards the latent heat of vaporiza- adsorption stag€first riser in Fig. 3. Indeed, adsorption en-
tion gsp (see Table)l ergy calculations show that in real bundles exhibiting a dis-
tribution of interstitial channel widths, the widest channels

Figure 2 exhibits two risers of the adsorbed amount fohave binding energies equal or larger than the groove
H,, Dy, O,, Ar, and CH,, but only a single one for COThis sites30:46
last molecule clearly can bind in fewer adsorption sites than The second riser for | D,, O,, Ar, and CH, occurs at
the other molecules, indicating that the adsorption mechaabout the same reduced chemical potential This corre-
nism is, indeed, different for CONote that the amounts in Sponds to adsorption energige Table )l smaller by about
Fig. 2 are normalized to the monolayer density of the respec20%—30% as compared to the respective monolayers ad-

tive species adsorbed on the basal plane of graphite, namel§@rbed on graphite. These lower binding sites are located on
0.094 A2 for H,,42430.099 A2 for D,,42430.085 A2 for  the rounded part of the outer bundle surfaces. There is a

0,27 0.080 A2 for Ar* 0.066 A2 for CH,* and general agreement on this p&ift?°because the adsorption
0.064 A2 for CO,.3° The total amounts condensed when the€nergy on a single, graphite plagraphene shegts cer-

major part of the adsorption sites are coverédy  tainly smaller than on a graphite semi-infinite crystal. Fur-
~=2 J/mmo} scale with the molecular area at mono'ayerthermore, the convex curvature of the outer surface also

tends to reduce the adsorption enetg¥he isosteric heat of

TABLE . Isosteric heats of adsorptiotkd/mo) for various  adsorptionds as a function of the adsorbed amount repre-
gases adsorbed on SWNTBs in highly binding sitgsfirst plateau ~ Sented in Fig. 3 exhibits the same behavior fgr By, O,,
in Fig. 3 and on the external surface of the bundig, second Ar, and CH, namely a high-energy plateau corresponding to
plateau in Fig. ® For comparison, the isosteric heat for monolayeradsorption in the grooves, the widest interstitial channels,
adsorption on the basal plane of graphiig,, and the 3D heats of and some other high-binding energy sites, followed by a sec-

vaporization,gsp, are also given. ond plateau corresponding to adsorption on the outer
graphene surfaces, and a final decrease at large coverage to
o g, dor J3p reach the value of the heat of vaporizatignultilayer con-

densation indicated in Table I. Note that our results are in

Hz ~7.8 3F 4.2 0.9 agreement with the isosteric heatg reported for a limited

D2 ~9.4 4.0° 4.48 1.3t number of coverages by others groups for GRef. 16 and

CH, ~18.3 11.3 149 8.2 0,.°° They are also in fairly good agreement with calcula-
Ar ~15° 10.0° 10-12° 6.5 tions for CH,*%46and Ar#® In addition, the measured values
0, ~16 10.0 10-14, 120 6.9 of the chemical potential and of the isosteric heat of adsorp-
co, 225 25.3_22 3 26.785 tion for H, and D, are quite consistent with the quantum

sieving predicted for hydrogen isotop@g* For instance, at
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TABLE Il. Total adsorbed amountén mmol/g) of the various
gases for which diffraction spectra have been recorded. Also given
are the temperatur&,,, at which the gas was introduced into the
cell and the temperatufg,,.,s at which the diffraction spectra were
recorded.

(@) |

Coverage Tintro Tieas
mmol/g K K .
P
CD, 0.9, 1.4, 2.4, 2.9 70 70 5
D, 0.2,04,009 14,22 3,39 &P 10 <
At 0.3,07,2.7 109 70° 40 0
c
0, 0.8, 1.7, 4.7 79 60° 2,18, 30,40 3
COo, 0.8 130 130 E
3 ow coverage. 3
Z

PHigh coverage.

35 K for our real heterogeneous SWNTB sample, the vapor
pressure of B is about one order of magnitude smaller than
for H,, a value to be compared to the factor of 20 between
HT and H, calculated for the same temperature and homo-
geneous SWNTBs of the same diameter.

The adsorption behavior of the GOnolecule is quite
different because only a small initial plateau is observed in
Fig. 3. Note that the corresponding values dgrare smaller
than the heat (.)f vapqr!zatlon of bUIk.QOTh'S shows that sample(broken ling and upon adsorption of 2.7 mmol/golid
the adso_rbate IS Stab'l'z,ed by entropic effétts already line) of %Ar. The dotted lines indicate the positions of the Bragg
recalled 'n_ the Introduction, CLs not stro_ngly attracted by diffraction peaks expected for a hexagonal packing of the tubes
the graphite surfacéthe adsorbed layer is unstable below yitin the bundles with a lattice spacing of about 17(8) Differ-

104 K), and it should be even less attracted by a singlesnce between the diffraction spectra(@, revealing the changes
graphene sheet. We propose to assign the initial plateau {iduced upon adsorption. The vertical lines indicate the peak posi-
Fig. 3 to adsorption in the grooves and in some of the intertions expected for Ar condensed in linear chaidashed linesand
stitial channels, but the thermodynamic data by themselveis 2D hexagonal array&otted lines.

do not allow to be conclusive on this point. . _

The next section deals with neutron diffraction experi-Ment temperature also reported in Table II. The recording
ments after adsorption of the various gases on our SWNT@f the neutron diffraction patterns was started when equi-
sample. These studies are intended to provide structural ijiPrium was reached—typically after one hour—and the
formation on the adsorbed species. They should also answit@l measuring time was of the order of &0urs percov-

the remaining questions left open by the thermodynamic ex€'@ge. Most of the experiments were performed on the
periments. D20 diffractometer at the Institut Laue Lange\iihL ) in

Grenoble, using a wavelengh+2.414 A and ascattering

vector range 0.2 A<Q<5 AL A few experiments were
B. Neutron diffraction also performed on the D1B diffractometer at the ILL, with
A=2.527 AL The results obtained on both instruments
were similar and reproducible, with higher quality data

The diffraction experiments were performed on the 660-and largerQ-range obtained on D20. Neutron diffraction

mg SWNTB sample used previously for inelastic neutronspectra were recorded from the bare SWNTB sample and
scattering studies of C/4* and neutron diffraction mea- after adsorption of the different doses listed in Table Il. A
surements on CP D,,° and Ar?6 The sample was out- typical example is represented in Figa#for 2.7 mmol/g
gassed at 150 °C for one day prior to the experimentsof adsorbed®®Ar. The patterns reveal the diffraction lines
Several dose&overagesas listed in Table Il were inves- of the SWNTBs, the cell, the cryostat, and the changes
tigated, in order to explore the whole range of adsorptiorinduced upon adsorption. The features at wave vector
energies of the different gases. The adsorbates wergansferQ=0.42,0.73, 0.85, and 1.1 & result from the
slowly introduced into the sample cell over a time periodhexagonal medium-range order of the tubes within the
of about one hour at temperatures for which the pressurbundles with a periodicity of about 17 fsee Fig. 1 and
could be controlled during the major part of the adsorp-correspond to thé€10), (11), (20), and(21) Bragg reflec-
tion. The introduction temperatures are indicated in Tablgions from the bundle lattice, respectivdlgotted lines in
Il and were usually different for low and high coverages.Fig. 4a)]. Some of the structures at about 3*Aarise
The temperature was then slowly adjusted to the measurdérom the long-range order along the nanotubes in the

1 2 3 4 5
Wavevector transfer Q (A™)

FIG. 4. (a) Neutron diffraction spectra of the bare SWNTB

1. Diffraction patterns
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bundles® In addition, many extra peaks are due to impu- HL L L L A
rities in the substrate, e.g., those between 1.8 and 1!9 A 0.2 P :
from graphitized carbon, those at 3.1 and 3.6 fkom Ni, |
at 2.7 and 3.1 Al from the aluminum container, and the | | ------ .
4.45 K1 line from Al,O,;. The changes upon adsorption L
are most evident in the difference spectrui#fAr on
bundles minus bare bundleshown in Fig. 4b): (i) An 0.0
increase of the intensity of th@.42 A" peak can be ob- \
served. A detailed analysis shows that its position also S
shifts towards lowerQ-values for large coverages. This t } t } ——t }
will be discussed in Sec. Il B Zii) A marked decrease of :
the intensity is observed between 0.5 and 172. AThis

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 su
face of the bundldgroove sites and graphene surfaes
shown in recent simulatior®. (iii) Finally, two broad _
peaks associated with the diffraction from the adsorbates®
(either 1D chains or 2D patchesan be seen, one between
1.5 and 2.4 A and the other between 3 and 4.5%A

The same general trend is observed for different doses o
the other adsorbed gases as shown in Figm—5(e) for Ar,
CD,, D,, O,, and CQ, respectively. In all cases, the inten-
sity of the broad diffraction feature centered around 2 A
increases with the adsorbed amount, except for, G&®
which only one dose has been studied. At the same time, th
peak position shifts upward by about 10% from low to high
coverages, indicating that treeragelattice spacing of the
adsorbate decreases with coverage by the same amount. Th
apparent compression is considerably larger than expecte
for these gaseéexcept ) and contrasts the much weaker
compression observed upon adsorption of the same specie  0.00
on the basal plane of graphite. We will see below that we can
interpret these data by considering two contributidoesn- -0.05
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 periodiciy(reciprocal lattice 0.05
spacing Q;=2w/a), the other from pseudo-hexagonal
patches giving rise to reciprocal lattice spacing,
=4x/(y3a). Then, the relative weight of the hexagonal
patches a@, (~1.95 A~ for Ar) simply increases compared 0.00
to the linear chains &, (~1.7 A™* for Ar) with increasing
coverage. This is consistent with the filling, first, of the
grooves and of the widest interstitial chann@® adsorbate

chaing and, second, of the curved outer bundle surf#2&s 005 | I . ' | L -
hexagonal patchgsA detailed peak shape analysis is pre- 1 2 3 4 5
sented in Sec. Il C.

Two adsorbates Ppand G, merit special attention. As
mentioned in the Introduction, a one-dimensional liquid-
solid transition was predicte@t T=0 K) for H, at very high
linear densitie€® No indication of such a transition was

found for D, in the large range of coverage§rom FIG. 5. Diffraction difference spectréfter subtraction of the
0.2 to 3.9 mmol/gstudied in this work. This may be due to pare SWNTB spectrurfor several dosegas given in mmol/g in

the presence of a finite size distribution of nanotube diamgue legendgfor Ar (), CD, (b), D, (c), O, (d), and CG (e). Sharp
eters in our sample as opposed to the idealized situation agouble-spiked features, particularly apparentép arise from the
sumed in the calculations. As for ;O the run with  contributions of catalyst, cell, and amorphous carbon. Dotted lines
4.7 mmol/g was studied carefully as the temperature wasdicate the positions where spurious peaks arising from a poor
raised. At this coverage the external bundle surface is cowackground subtraction of these contributions have been removed
ered by a complete monolayer plus a few more mmol/gfrom the spectra ifa)<(d).

-
)~

e e N g e O E T T TSI TS o]

ntensity

Normalized neutron

0.05

Wavevector transfer Q (A™)
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which should allow to compress it into the 2D magnetic
phase. We found that the adlayer melted between 30 anc

40 K, as expected for £on graphit&”31-32At low tempera-

ture, however, we only observed a broad diffraction peak o5
consistent with the two 2D peaks at 2.18 and 2.32 A
known from adsorption on graphité3! There was no sign

of magnetism, such as a superstructure peak at 1*ZWar-
acteristic of the antiferromagnetically ordered ph¥s& The
diffraction patterns recorded at 2 K for lower, @overages
did not show any sign of magnetic ordering either. The dif-
fraction pattern of CQ[Fig. 5e)] 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 5
along the same lines as described in Ref. 36. Indeed, the
adsorption energy of CQO's found to be 27.7 kJ/mol in the
grooves and 14.0 kJ/mol on the graphene surface, hence fa 0
voring molecules mainly in the groove sites.

20

Intensity (arb. units)
»

0.30 0.35 0.40 0.45 0.50 0.55
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 Staet al. predict stronger binding to G sites
than to IC sites, even if dilation of the bundles is allowéd.
For the case of Ar, we performed a contrast neutron diffrac-
tion experiment by using two Ar isotopes, namédAr with
a large coherent cross sectioo=77.9 barn versus*Ar,
which is almost invisible for neutrongr=0.42 barn. If the
SWNTB skeleton is dilated upoffAr adsorption it should
be seen on the bundle diffraction peaks, especially on the
0.42 A line resulting from the lateral packing of the nano-
tubes with a periodicity of~17 A. No peaks due t8°Ar are
expected given its smatt. .

The experimental results have recently been reported in Wavevector transfer Q (A”)
Ref. 26. In summary, the 0.42"Adiffraction pe_ak was sepa- FIG. 6. () Neutron diffraction spectrum of the bare SWNTB
rated from the steep background by subtracting a polynomial le in the vicinity of tha10) bundle lattice peak fitted by the
of order thredsee Fig. 6a)] and fitted with a Gaussian func- >ample in mhe vicinity ¢10) bu b v
. - . e sum of a polynomial of order thre@ackgroungl and a Gaussian
tion as shown in Fig. ®). No measurable modification of

. - : . peak (solid lineg. (b) Diffraction spectra(after background re-
the diffraction peak is observed up8fAr adsorption for all moval) of the bare SWNTB sampl®pen circles and after adsorp-

doses(0.7 and 2.7 mmol/g However, a slight increase of (jon of 0.7 and 2.7 mmol/gsquares and upper triangles, respec-
the intensity and a shift towards small@ris observed upon jyely) of 3ar (filled symbolg and“°Ar (open symbols The solid
adsorption of 0.7 mmol/g of°Ar and, more importantly, & jines are Gaussian fits to the data. Note that a major shift and a
large increase of the intensity and a sizeable shift byeoncomitant intensity increase is observed only for the highest dose
0.015 A is obtained for the largest dog2.7 mmol/g of  of 36ar. (c) (10) diffraction peak obtained from a simulation of a
36Ar. This would correspond to an “effective” increase of bare sever(10,10-SWNT bundle(open circles and after3®Ar ad-
about 3% of the bundle lattice parameter, which is not seesorption. The two*Ar coverages correspond to the filling of the
upon“PAr adsorption for the same dose. grooves(solid squaresand the complete coverage of the outer sur-
Note that the two doses correspond to the filling of theface layer(solid triangleg and can thus be compared to the spectra
grooves and the widest interstitial channéls7 mmol/g  (same symbolsin (b). Solid lines are guides to the eye. Again, an
and to the completion of the rounded outer parts of thdmportant shift is only observed for the largest dose, i.e., after com-
bundles(2.7 mmol/g, respectively. The conclusion of this Plete coverage of the outer surface of the bundle.
experimental study is straightforward. The apparent dilation
comes mainly from the adsorbates located on the outer suwith 3°Ar, without any modification of the nanotube sub-
face of the bundles. Hence, the overall hexagonal arrangstrate (bundle lattice spacing® The experimentally ob-
ment of the nanotubes into bundles is preserved during adgerved peak shift and intensity increase is reproduced. More
sorption, with no appreciable modification of its lattice sophisticated nanotube bundle models with different diam-
parameter. Figure(6) shows the results of calculations for eter tube® (to be discussed in the next sectishow that
two doses, grooves filled and grooves and surface loadegopulating the interstitial channels causes a local deforma-

Intensity (arb. units)

1 I 1 I ' I ' I 'l I 1
0.35 0.40 0.45 0.50 0.55 0.60 0.65
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diffraction for O, and N,*3 and has been attributed toreal
dilation of the nanotube bundles induced upon adsorption
into the interstitial channels. Our results show thatappar-
entdilation 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 low@ivalues.

The absence of a peak shift to withhQ =<0.002 A™* for
4OAr 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 ahomogeneoubundle!’ 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 sizeablerall
swelling of the bundIé® Therefore, our results are not in
contradiction with the thermodynamic dai@ec. Il A),
which indicate that some of the widest interstitial channels
must be occupied during the initial stage of adsorption.

Neutron intensity (arb. units)

C. Computer simulation

151 7 To guide the interpretation of the experimental data, we
- . have calculated the equilibrium configurations and the corre-
10l i 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
03 - are based on empirical force-fields and can reproduce semi-
5 i quantitatively the thermodynamic data as well as the diffrac-
tion patterns. Théneterogeneoubundle used in the simula-
| | | | tion was constructed from 19 nanotubes(nfn) armchair
: : : . : configuration withn varying between 8 and 12 according to
0.30 0-35 040 0.4 . 0.50 0.5 a Gaussian distribution of nanotube diameters with standard
Wavevector transfer Q (A™) deviation 0=1.06 A. The adsorption of both methane and
) ) . argon proceeds first in the groove sitg®» and in some of
FIG. 7. Diffraction spectraafter polynomial background re- the widest interstitial channel$C) and then on the curved
moval) in the V|C|_n|ty of the(10) bundle lattice peak for the bare ) ter surfaceS) of the bundles(see Fig. 1 The binding
SWNTB_ sample(fllled squarepand after adsorption of the several energies of CD adsorbed on the heterogeneous 19-tube
doses given in Table llopen symbolgof CD, (), O; (), and CQ ) \hqje have already been reported in Ref. 36 and are not

(©)- The solid lines are Gaussian fits to the data. With increasingy , ,jicated here. They are in good agreement with the experi-
adsorbed amount the peak intensity increases, whereas a noticeable

peak shift is only observed for the highest doseqanand (b), melgtal V?Auest Sglmma”f.zed "t1' Tablfet:{ dsorbed | |
corresponding to the complete coverage of the outer surface of th rom the stable configuration ot the adsorbed molecules,

bundles. the adsorption energy, the pair correlation functiggn and
the corresponding diffraction pattern can be calculated. As an

tion of the nanotubes around the adsorbates without signifexample, two coverages of Ar adsorbed on the above model
cant expansion of the bundle. bundle have been studied. They correspond to the top of the

A similar apparentshift of the 0.42 A peak to lower first and second steps in the adsorption isotherm shown in
Q-values is also observed by neutron diffraction for £8%  Fig. 2. At the lower coverage, only the G and some of the IC
and for Q, but, again, mainly upon adsorption on the exter-sites are filled, whereas at the higher coverage all of the S
nal bundle surface at higher coverag€®y. 7). For D, we  Ssites are also occupied. The calculatgd) and the diffrac-
observe no sizeable shift of the 0.42%peak at all. Indeed, tion patterns are represented in Figs. 8 and 9, respectively.
computer simulations similar to those described in Ref. 36The Ar-Ar correlation functions exhibit a well-defined first-
reveal that the shift is much smaller and close to the experineighbor distance of 3.9 A and the corresponding second-
mental resolution. This is related to the smaller size of the D neighbor distance of 7.8 AFig. §a)] for adsorption in the
molecule as compared to Ar and GDA shift of the (1,00  form of linear chains in the IC and G sites. The small peak at
bundle lattice peak has previously been measured by X-ra§ A corresponds to the closest Ar-Ar distance between inter-

0.0
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(a)

o
w1

0.0

Pair correlation function g(r)
Structure factor S (arb. units)

3 4 5 ) 7 8 9 0.5 1.0 1.5 2.0 2.5 3.0

Distance r (A) Wavevector transfer Q (A")
FIG. 8. Pair correlation functions for Ar on SWNTRsg) for FIG. 9. Calculated diffraction patterns for Ar adsorbed on

some IC and all G sites populated with linear chains @mdor IC, SWNTBs at two doses: some IC and all G sites populéiedken
G, and S sites populated. The peak at 6.7 Abinis characteristic  |ines) and some IC, all G and S sites populaisdlid lines. (a)
of hexagonal Ar packing on the outer bundle surfé8esites. Diffraction from the adsorbed Ar atoms, onlyo C skeletop The
spectrum reveals a pronounced rise at 17 daused by the linear
stitial chains and longer interchain separations are founghains formed on the G and IC sites, whereas the hexagonal pack-
above 7 A. In Fig. &), populating the surface sites gives ing on S sites gives a well-defined peak at 2.0.Ab) Difference
rise to a hexagonal adsorbate structgoee side of each diffraction patterns obtained by subtracting the bare SWNTB spec-
hexagon being an Ar-Ar vector in a grogvand a shorter rum from the total diffraction spectrurfAr+SWNTB). (c) Addi-
second-neighbor distance d—BX 3.9 A. Similar results are tional smoothipg of the speptrum(b) with aGaus.,siar) function for
obtained for methane, although the adsorbate structures e%2mparison with the experimental data shown in Fig).5
hibit disorder due to the rotational motion of the methane
molecules(as can be seen in the snapshots of the simulatedurve corresponds to a higher coverage of Ar, with hexago-
structures as shown, e.g., in Fig. 3 of Ref) 88d the peaks nal packing on the nanotube surfaces, and, accordingly, a
in the pair correlation functions are broader than for Ar.  well-defined maximum is observed at 2.0%AFigure 3b)
Strictly speaking, the first maximum in thggr) function  shows thedifferencebetween the calculated spectra includ-
provides information on the nearest-neighbor distance withinng the adsorbed Ar atoms and the raw SWNTB diffraction
the adsorbate, but not on the medium- or long-range ordespectra obtained without Ar. Results for the same two Ar
The latter can be better judged from the calculated diffraccoverages considered in Figia are shown. The signatures
tion patterns. We focus here on the scattering vector rangef 1D and 2D packing(diffraction features at 1.7 and
between 1.5 and 2.2 A where the adsorbate packing in ei- 2.0 A™%, respectively are less clear due to the C-Ar cross-
ther linear chains or quasi-hexagonal arrays can be detecteigrms in the total diffracted intensity, which are not removed
To this end, the diffraction specti@tructure factorswere  on subtracting the backgroursee below For a straightfor-
calculated on the basis of the simulated structures also usedard comparison with the data in Fig. 5, Figcpshows the
to extract the pair correlation functions in Fig. 8. The clearesturves of Fig. &) after convolution with a Gaussian func-
diffraction signature of linear and hexagonal packing is seetion with FWHM=0.1 AL, This resolution or transfer func-
in the diffraction patterns calculated for the adsorli#tig.  tion describes the imperfect ordering and bundle size distri-
9(a)]. The dashed curve corresponds to a low coverage of Aution; its width corresponds to the experimentally observed
for which only linear chains are present, and a pronouncetiroadening of the diffraction features observed on the bare
rise in the diffracted intensity is seen at 1.7*AThe solid SWNTB sample.
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The adsorption of the Ar molecules results in a strongsame qualitative trends in the case of @wmainly), D,, and
modification of the diffracted intensities, namely a drop be-CO, on a heterogeneousundle. This demonstrates the ro-
tween 0.5 and 1.5_733 and an increase between 1.5 andbustness of the conclusions drawn here. However, we cannot
2.5 AL Several oscillations can be seen. They arise from theyle out the existence of rather wide ICs permitting in our
finite size of the single bundle used in the simulation and argundle the adsorption of zig-zag chains as proposed in Ref.
also present in the calculated diffraction spectrum of the bareg_ |n addition, the experimental SWNTB diffraction pattern
bundle(not shown herg In addition, an important part of the  ight exhibit diffraction signatures due to the presence of
diffracted intensity comes from cross-interference effects begraphitized carbon impurities, on which molecules can ad-
tween the adsorbed atoms and the carbon skeleton as alreaghfy in small pseudo-hexagonal patches. Such contributions

pointed out in Ref. 36 and Sec. II B 1. The overall increaseyre not taken into account in the present simulation, but
of the intensity in theQ-range between 1.5 and 25&  ouid give rise to a non-negligible signal in the diffraction
stems from the medium-range order of the Ar atoms. Theypactra.

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 iQ of the intensity maximum when
the coverage increases from the first to the second riser. This Although our SWNTB sample is heterogeneous and ill-
shift in Q of about 10% is consistent with the initial conden- crystallized, the combination of thermodynamic, neutron dif-
sation of linear chains in the G and IC sites, followed atfraction, and computer simulation studies allows a good de-
higher coverage by the formation of pseudo-hexagonacription of the adsorption phenomena on this sample. We
patches on the outer bundle surface. Indeed, the first ordevere able to localize the adsorption sites and estimate the
Bragg peak of a 2D hexagonal lattice is located at &322/ amount adsorbed on the different sites. We have shown that
times higherQ value than that of a 1D chain with the same the adsorption scenario is the same, on our sample, for the
nearest-neighbor spacing. different gases reported here—except for CThe variation
While adsorption in G and S sites does not induce anyf the adsorption energy is measured as a function of cover-
deformation of the nanotube bundle, simulations show thagge and the various energies are qualitatively assigned to the
adsorption in the larger, energetically favorable IC sitesdifferent sites: the more strongly binding sites being the
causes a local deformation of the nanotubes without, howgrooves(G) and some of the interstitial chann¢l€) and the
ever, inducing a significant overall expansion of the bundleless strongly binding sites being those on the curved outer
The amplitude of this deformation depends on the size of thgurfaceqS). The linear chains in the G and IC sites as well
adsorbate. For methane, the largest adsorbate, the bundle &g the pseudo-hexagonal patches on the S sites are poorly
formation gives rise to a small shift of 0.006 Aof the  organized and the adsorbates exhibit only a medium-range
hexagonal bundle lattice peak. For argon, the shift is half agrder. Finally, in our case, the adsorption does not modify the
big and therefore experimentally unobservalaie was found average hexagonal arrangement of the nanotubes within each

with “°Ar), and for D,, the smallest adsorbate, the calculatedbundle nor does it result in a sizeable overall swelling of
peak shift is zero for all doses of,D these bundles.

The simulation results are in semi-quantitative agreement
with the trend observed in the experimental diffraction pat-
terns for Ar, D,, and CD, presented in Fig. 5. Note that the
same kind of calculated diffraction patterns have been re- The authors thank N. Dufau and Y. Grillet for performing
ported in Ref. 36 for the adsorption of various doses of,CD the calorimetric measurements. T.W., M.D.P., and O.E.V. ac-
on homogeneouand heterogeneouSWNTB samples. The knowledge support from the USA National Science Founda-
new results reported here show that the simulation yields thgon through Grant No. DMR 0115663.
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