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Gas adsorption in single-walled carbon nanotubes studied by NMR
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Adsorption isotherms of methane and ethane in single-walled carbon nanGBW8&H's were measured by
IH nuclear magnetic resonan@éMR) at room temperature. It is shown that the interior of SWNTs becomes
available for methane and ethane adsorption after cutting of SWNTs. Such endohedral adsorption dominates
methane and ethane adsorption in SWNTSs, at least below 1 MPa. The average exchange time between mol-
ecules adsorbed inside SWNTs and free gas molecules outside was estimated to be on the order of 80 ms. It is
shown that exposure to oxygen has no effect on methane and ethane endohedral adsorption in SWNTSs,
suggesting that the adsorption energy of oxygen molecules inside SWNTs is small compared to that of meth-
ane.®®C NMR indicates that under atmospheric pressure and room temperature helium atoms could access the
interstitial sites of SWNT bundles whereas ,HCO,, and N, molecules could not.
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I. INTRODUCTION 0.6-at. %(each Ni/Co as catalysts were cut to shorter tubes
by sonication in a 3:1 ratio of $50, and HNQ, solutions
Single-walled carbon nanotubé8WNTS possess unique for 24 hl° The average length of cut SWNTs is about 0.5
nanopore structures making interactions between guest molem. Both the cut and uncut SWNTs are in the form of
ecules and SWNTs fascinating and important. Such interadsundles with average diameters of about 12 nm obtained by
tions could play an important role in the applications ofexamining pictures of transmission electron microscopy.
SWNTs in various areas including gas storagelectronic  These samples are over 90% pure SWNTs. A SWNT sample
and thermal properties® field emissiorf, and made with 2.4-at. %each Rh/Pd as catalysts was also used
biotechnology. A SWNT is formed by rolling a graphene in this study. The average diameter of the nanotubes esti-
sheet into a seamless cylinder with a diameter on the nanommated by Raman measurements is 1.4 nm in samples made
eter scale. These individual SWNTs with similar diameterswith 0.6-at. %(each Ni/Co as catalysts and 0.85 nm in the
assemble into bundles in the form of a two-dimensional tri-sample made with 2.4-at. ¥each Rh/Pd as catalysﬁs?l’he
angular lattice. Guest molecules could potentially interactection of the quartz NMR sample tube within the NMR coil
with SWNTSs via the outer surfaces of bundles, the interstitiahas a volume of 5.810 2 cn® and is filled up with 15 mg
channels between the tubes in a bundle, and the inside of tled SWNTs. For a SWNT diameter of 1.4 nm and an average
tubes® An important aspect of guest molecule/SWNT inter- bundle size of 12 nmabout 37 SWNTs per bundlethe
action is gas adsorption. This is not only important for gasestimated specific density of such a close-packed SWNT
storage but crucial for understanding many other issues sudbundle is 1.33 g/cth Therefore, SWNTs of 15 mg would
as changes of electronic and thermal properties of SWNTeccupy an estimated volume of only X202 cm®, with
upon exposure to gasés. It also provides important infor-  20% of the 5. 10~ 2-cm® NMR sample tube volume within
mation on the nanopore structures of SWNT bundles. Fothe NMR coil. Thus, although the SWNTs spread out over
instance, the accessibility of the inside of the tubes for gashe entire volume of the sample space, the sample packing
adsorption (endohedral adsorptipnwould depend on the was not dense. For gas loading, the NMR sample tube was
openness of tube ends. Adsorption studies were typically caconnected to a stainless-steel tubing vacuum system con-
ried out with macroscopic techniques such as volumetric andected to various pressurized gas sources. The system was
gravimetric measurements. However, important complemenieak-tested rigorously. No increase of NMR proton signal
tary information, such as molecular dynamics and adsorptiowas detected after several days with the sample under
sites, could be obtained by microscopic measurements of gascuum but without dynamic pumping. AlH NMR mea-
adsorption. Here we describe a study of gas adsorption isurements were carried out at room temperat®&® in ei-
SWNTs using NMR. The focus is on the adsorption of meth-ther a superconducting magnet of 4.7 T or an iron magnet of
ane and ethane in cut SWNTSs. It is shown that adsorptio®.8 T. All samples were first annealed at 400 °€ foh at
inside SWNTs dominates the observed adsorption and th&x 1078 torr in the quartz NMR sample tube before NMR
presence of oxygen has no effect on the adsorption of thesaeasurements.
gases in SWNTSs.

I1l. RESULTS AND DISCUSSION
Il. EXPERIMENT A. Adsorption isotherms

SWNTs were synthesized by laser ablation and the raw Figure 1 shows REH spectra of cut SWNTs exposed to
materials were subsequently purified as described in detathethane and ethane, respectively, at a pressure of 0.045
elsewheré. Some of the purified SWNTs synthesized usingMPa. Both spectra have a sharp peak and a broad peak. The
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FIG. 1. RT *H spectra of cut SWNTs exposed to 0.045-MPa Pressure (MPa)

CH, and GHg measured at 4.7 T. The central narrow peédee
insed represent gas molecules in the free space between SWNT F|G. 2. Pressure dependence of the intensities of the narrow
bundles in the NMR tube. The observed chemical shift difference Otfree ga$ and broac{adsorbebj peaks of thétH Spectra(see F|g 1
0.75 ppm is characteristic of the two gases. The broad peaks reprgf cut SWNTs exposed to GHand GHg at RT. For comparison,
sent gas molecules adsorbed on SWNTSs. Both the broad and narra@H, adsorption in uncut SWNTs at RT is also shown. Both the cut
peaks can be fit with Lorentzian lines. and uncut SWNT samples were produced under the same condi-
tions. The solid lines are Langmuir-type adsorption curve fits dis-
sharp peak is attributed to gas molecules in the region of theussed in the text. No significant hysteresis effect was observed for
NMR sample tube unoccupied by SWNTs, with about 80%the adsorption curves. The unit of adsorption is mmol per gram, that
of the sample tube volume within the NMR coil. Figure 2 is, the number of mmol adsorbent molecules per gram of SWNTs. A
shows the intensities of these two peaks versus pressure fBltiplication factor of 1.33 g/cth the density of the maximum-
both methane and ethane. The intensity of the sharp peak Récked SWNT sample, converts the unit to mmoffcifor the gas
proportional to the pressure, consistent with ideal gas behapeak. the intensity is the_n_umber of mmol of free gas molecules in
ior. The chemical shift difference of 0.75 ppm between the?Ur NMR sample tube divided by 0.015 g of SWNTs. A factor of
sharp peaks in the ethane and methane proton spectra, s& 10 ~ 9/4.1x10 e é:]onverts the gas peak intensity to a gas
shown in the inset of Fig. 1, is in perfect agreement with the ensity in units of mmol/c
expected chemical shift difference between free ethane and
methane gas molecules. To further confirm the negligible b= o exp(Ey/kaT) @)
contribution of adsorption to this sharp peak we compared voN2mmks T arte s
this sharp peak intensity for GHC,Hg, and H. In all three
cases, the measured intensity of the sharp peak correspondi§ere o is the effective area covered by an adsorbed mol-
to the same number of molecules at the same pressure. Singgule with massn, andkg is the Boltzmann constanty is
the adsorption energy of Hon SWNTs is expected to be the prefactor of the desorption rate constakt vg
much smaller than that of £; and CH,,**2 this proves X exp(~Eq/ksT) with a typical value ofvo=1x10"s™1,
that the contribution of adsorbed molecules to this shar@ndE, is the activation energy of desorption. The adsorption
peak is negligible. The absolute number of molecules assdsotherm of methane can be fit by E(l) with E4=235
ciated with this sharp peak can be calculated by assuming a2 meV (22.7 kJ/mo) andn..=3.5+0.2 mmol/g as shown
ideal gas occupying a volume of &41.0~? cm® (80% of the  in Fig. 2. For this fittingo=1.6X 10" 19 m? was used based
NMR sample space volume on the bulk liquid density of methane. Measurement of en-
In contrast to the sharp peak, the broad peak in Fig. Hlohedral adsorption of supercritical methane in SWNTs has
shows characteristic behaviors of adsorption. Its intensity innot been reported previously. Calculations based on nonlocal
creases nonlinearly with pressure as shown in Fig. 2. Arlensity-functional theoryDFT) and grand canonical Monte
analytical description of such an adsorption isotherm, alCarlo (GCMC) simulation showed that endohedral adsorp-
though an oversimplified one, is Langmuir adsorption detion of supercritical methane in a SWNT of diameter 1.4 nm
scribed by? deviates strongly from linear pressure dependence at 1 MPa
where the level of saturation is nearly achieVé® In con-
trast to the calculated endohedral adsorption, the calculated
, (1) adsorption on the outside of the SWNT shows linear pressure
1+bP dependence up to 1 MPa with no effect of saturatibfhus,
the strongly nonlinear pressure dependence of the broad peak
wheren(P,T) is the number of adsorbed molecules as aintensity is inconsistent with adsorption on the outside of
function of pressuré and temperatur@&, n., is the number bundles and is consistent with endohedral adsorption based
of adsorption sites, ank is given by on DFT and GCMC simulations. The observed number of

n(P,T)=n,
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with what was expected from filling the inside of SWNTs as
evidenced by the good agreement with GCMC simulations
for endohedral adsorption @10,10 SWNTs (Ref. 15 and
SWNTs with a diameter of 1.4 nif.It is interesting to note
that the activation enerdyy=235 meV is comparable to the
observed adsorption energy of 222 meV associated with the
groove sites of SWNT bundlé§:}’ The concave curvature of
endohedral adsorption sites could lead to increased adsorp-
tion energy as compared to that on graphite. Similarly, the
effective concave curvature of the grooves on SWNT 001l ~e -
bundles could also lead to such enhancement. The adsorption “F =
energy of groove sites is the largest among all other adsorp- i 1 1iaa:l aiasl L
tion sites on the external surface of SWNT bundles. How- 0 2 4 6
ever, the number of groove sites is much smaller than that of 27 (ms)
endohedral adsorption sites in our sample. The derived acti-

vation energyE, should only be considered as a crude esti- FIG. 3._Dec_ay of thé'H Hahn-echo intensity at RT as afunction
mate of the adsorption energy of endohedral sites because 8fdephasing time 2measured for ¢Hg gas at 0.093 MPa in con-
the oversimplified nature of the Langmuir adsorption iso-{2ct With cut SWNTS(4.7 T). Clearly, there are two components in.
therm. There are other uncertainties such as the prefagtor the echo decay. The dashed line is a fit using double exponential

which could deviate somewhat fromx102 s~ 1 as assumed decays. The comp(_)ne:nt wilh,=0.125 ms is associated with mol-
in the fitting.ls ecules adsorbed inside SWNTs whereas the much lofiggr

. . =2.8 ms corresponds to free gas molecules.
Since an ethane molecule contains more atoms than meth-

ane, the adsorption energy of ethane is expected to be larger o .
than that of methane on the same surface. The reported afificantly to the adsorption isotherm in the pressure range of

sorption energy of methane on a graphite surface is 126 meQUITent experiments. It is worth pointing out that adsorption
whereas that of ethane is 170-190 nf&\he adsorption ©ON residual Ni/Co particles cannot contribute to the observed

isotherm of the broad peak for ethane shows that this is in@dsorption by NMR since the magnetic effect on such mag-
deed the case. Figure 2 shows that significant adsorption &fetic particle surfaces will wipe out the NMR signals. Also,
ethane occurs at much lower pressure compared to metharigder the current expenme_ntal conditions, no evidence of
The fitting of the adsorption isotherm, however, requires twgMolecular hydrogen adsorption was observed by NMR.
components with different activation energies. The compo-
nent with higher activation energy is well constrained by the
data with E4=303*=15 meV (29.2 kJ/mol and n,,=2.2
0.2 mmol/g. Hereg=2.0x 10~ *° m? was used in the fit- The spin-spin relaxation was measured with the Hahn-
ting based on the bulk liquid density of ethane. Because ofcho pulse sequence 962180°-7-echo® Figure 3 shows
the lack of data at higher pressure, the component with lowethe decay of the Hahn-echo heiddy.,, as a function of the
adsorption energy around 200 meV is not well constrainedlephasing time 2for ethane at 0.093 MPa measured at 4.7
and has a very large degree of freedom in the fitting param?. It clearly shows two components of exponential decays
eters of E4 and n,,. Obviously, the fitting procedure here described byS,cno=a exp(—27T,,)+bexp(—217Ty,) where
does not necessarily imply the existence of two adsorptio@ andb are the intensities antl,, and T,;, are the spin-spin
sites for ethane. The functional form of the adsorption isol€laxation times of the two components. The fitting shows
therm for the current case needs to be calculated using DFthat T, =125+ 3 us andT,,=2.8+0.1 ms. Analysis of the
and GCMC simulations. Langmuir adsorption is an oversim-spectrum corresponding to eachr 2alue shows that the
plified description for endohedral adsorption in SWNTsT2,=125 us component corresponds to the broad peak and
where molecular interactions are expected to be dependefite T,,=2.8 ms component corresponds to the sharp peak.
on the degree of loading inside the tubes. Nevertheless, thEhe ratioa/b is exactly the same as the intensity ratio of the
Langmuir fitting analysis provides some useful informationbroad and sharp peaks of the spectrum. Within experimental
for comparing the adsorption data of methane and ethanerror, T,, does not depend on the pressure or the magnetic
The adsorption of methane in the pressure range of currefiield. For methane the observed,,=160*+10 us is also
experiments corresponds to the portion of ethane adsorptiondependent of the pressure and the magnetic figldin
described by the component willy=303 meV. The ratio of porous media could originate from diffusion-induced local-
303 meV and 235 meV is comparable to the ratio of thefield variation due to a magnetic-susceptibility effécin
adsorption energies of ethane and methane on a graphite sgeneral, such fluctuations can be reduced by carrying out
face. The component with smaller adsorption energy fomeasurements at low magnetic field where the magnetic-
ethane does not have a corresponding component in the obusceptibility effect is reduced. The reason that such field
served methane adsorption isotherm. This is fully expectedependence did not occur fé,, can be understood by ana-
since the corresponding component for methane would hawyzing the origin of the line broadening for the broad peak. A
much lower adsorption energy and will not contribute sig-small amount of Co/Ni magnetic particles exist in SWNT

adsorbed Cl molecules shown in Fig. 2 is also consistent 1!-
o
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B. Spin-spin and spin-lattice relaxations
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350 early with pressure due to the increased rate of molecular
collision. However, the straight line df; versusP does not
300 go through the origin0,00 when extrapolated to zero pres-
250 sure. This is most likely due to molecular collisions with
walls of SWNT bundles in the porous sample space. Here,
o 200 T, is determined byl'; = ag,sP + Ry Where the first term
E is proportional to the pressure-dependent collision rate of a
=" 150 gas molecule with other gas molecules and the second term
100 is proportional to the collision rate of a gas molecule with
walls of SWNT bundles. The last term is independent of
50 pressure. Unlike the sharp peak, of the broad peak de-
] creases slightly with increasing pressure. The much weaker
0 Breetocss ot i b pressure dependence Bf is consistent with adsorption al-
0 01 02 03 04 05 0.6 though the relaxation mechanism remains to be determined.
Pressure (MPa) It is interesting, however, that thig, values of the broad and

sharp peaks merge toward a common value at low pressure.

FIG. 4. Pressure dependence of the spin-lattice relaxation timd his seems to indicate that molecules in the gas phase and
T, for C,Hg gas in contact with cut SWNT&7 T). TheT, of the  the adsorbed phase undergo sufficient exchanges at low pres-
free gas in the NMR tubénarrow peak shows a linear increase sure on thel, time scale of about 80 ms. Two-dimensional
with pressure characteristic of gas systems. The broad peak reprexchange spectroscopy needs to be carried out for further
senting the adsorbed molecules displays a slight decrease with pregivestigation.
sure inT,. Note that the relaxation times for the two species that
are diverging with increasing pressure coincide at low pressure hint-
ing at a possible exchange between gas and adsorbed molecules at
low pressure on ; time scale. As discussed earlier, the adsorption isotherms are consis-

tent with endohedral adsorption. The properties of the spin

samples even after purification and cutting. Such magneti(s,yStemS also support this assignment. When the adsorbed

particles produce a distribution of local fields throughout thephase and the gas phase are in equilibrium, adsorbed mol-

sample. For gas molecules moving rapidly throughout theecules and gas molecules undergo rapid exchanges due to

sample space, such local-field distribution is averaged Oue[ldsorpnon and desorption. The residence “'3?9“ a mol-
over the NMR time scale leading to the sharp resonancSCUIe adsorbed on the sl%rface before desorbing into the gas
peak. For adsorbed molecules confined in space over tH%hase can be estimated Dy
NMR time scale, molecules experience different local fields —10-13
depending on their locations. This local-field distribution t=10"" sexdEq/keT). @
causes line broadening. As long as the external magneti€or E4=235 meV andT=300 K, t;=9x10 '°s. The av-
field is larger than the coercive field of the magnetic par-erage timet, a molecule spends in the gas phase can be
ticles, the local-field distribution caused by such magnetieestimated byN,/ty=Ng/ts whereNy andNg are the number
particles is independent of the external magnetic field. Thef gas and adsorbed molecules involved in the exchange,
line shape of the broad peak can be fit very well by a Lorentrespectively. The exchange rate between the gas and ad-
zian line. The full-width-at-half-heightFWHH) linewidths  sorbed molecules is given B¥..n=1/(t,+ts). If the broad
are 7.5-0.5 kHz and 7.6:0.5 kHz for the spectra taken at peak(Fig. 1) was due to adsorption on a surface which is in
4.7 and 0.8 T, respectively. The effect 85=125us con-  direct contact with the gas phase, such as the surface of
tributes to a Lorentzian line broadening of FWHH SWNT bundlesNg and Ng would be on the same order of
=2.5kHz. Clearly, the local field is dominated by the con- magnitude(Fig. 1) andty would be comparable ty. There-
tribution of magnetic particles. This explains the observedore, 1R.,., would be much shorter than the free-induction
independence of the broad peakon the external magnetic decay time scale of 10@s and only one resonance peak
field. The small difference of the broad peakfor methane would be observed by NMR due to rapid exchange. This is
and ethane is most likely due to the different diffusion rate ofclearly not the case as shown in Fig. 1. It is worth mention-
methane and ethane inside SWN#s. ing that despite the uncertainty with regard to the value of
Spin-lattice relaxation was also measured for both theE,, the residence time is undoubtedly much shorter than the
sharp and broad peaks. Spin-lattice relaxation timevas  NMR time scale. For instance, even wity=400 meV, the
determined by measuring the recovery rate of the nucleagstimated residence time ¢f=5x10 s would still be
magnetization 1) after saturation. Herdyl was measured much shorter than the free-induction decay time scale. The
as a function of recovery timeafter saturation and, is the  two distinguishedr, values for the adsorbed and gas peaks
time constant of the curv* (t)=1—M(t)/M (). Figure indicate also that the time scale of exchange is longer than
4 shows theT, values of both the sharp and broad peaks ofLl00 us. In fact, the two distinguished; values at higher
ethane as a function of pressure measured at 4.7 T. As eleading (Fig. 4) indicate that the exchange time could be
pected from the well-known NMR properties of gases in thecomparable to 80 ms. This is inconsistent with adsorption on
fast motion limit?® T, of the gas phase peak increases lin-a surface which is in direct contact with the gas phase. The

C. Endohedral adsorption
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FIG. 5. 1 spectrum of cut SWNTs exposed to 0.055-MPa,CH FIG. 6. °C saturation recovery curve measured for SWNTs
measured at 0.8 T and RT. Also shown i¢-aspectrum measured (10% enriched inC, uncut, Pd/Rh catalystsit 9.4 T.**C nuclei
at 0.8 T and RT obtained by first exposing cut SWNTs to 0.079-0n SWNTs in vacuum, exposed tg HCO,, and N, (not shown for
MPa O, and then adding CHwhich has a partial pressure of 0.055 clarity) gases at 0.17 MPa show the same relaxation behavior. Ex-
MPa. The two spectra are virtually identical. The small difference inPoSure to 0.17-MPa Dincreases the relaxation rate dramatically
the gas peak height is due to a slightly larger line broadening of th&'hile exposure to He gas induces a modest but significant rate
spectrum with oxygen due to magnetic-field drift of the iron mag_increase. Paramagnetic, @ight cause increased relaxation due to

net. This drift is also responsible for the broader appearance of thif1e interaction of its electron spin withC nuclear spins. Helium
gas peaks compared to that in Fig. 1. gas will only affect the relaxation of affC spins if He atoms are

able to penetrate into the bundle network either through the inter-

. . . . . stitial channels or through defects on the walls of SWNTSs.
long exchange time is consistent with endohedral adsorption.

There, adsorbed molecules could not be desorbed directigohedral adsorptions of methane and ethane are stronger
into the gas phase without exiting the ends of SWNTs. Thusthan endohedral adsorption of, @ SWNTs. This is consis-

the effective number oN, involved in the exchange is ex- tent with recent measurements and calculations showing that
tremely smallon the order of the number of tube eidBhis ~ adsorption energy of Oin SWNTs is sm_aIF.4'25 _

makest, extremely long according to,=tNy/Ns. This . There is an addmonal feature associated with gas adsorp-
supports again the assignment of the observed adsorption 9N in SWNTs. That is, if gas molecules could access the
endohedral adsorption. Further support for the assignment dfterstitial sites of the bundles, all carbon atoms could be
endohedral adsorption comes from the NMR adsorptiorfccessed by gas molecules. As a resti, NMR could be
measurement of methane in an uncut SWNT sample proz;\f“fected upon eaxposure to gas molecules. Figure 6 shows the
duced under the same conditions as the cut SWNT samplghanges of thé*C saturation recovery curve upon exposure
The result is shown in Fig. 2. Here, the adsorption isothern{® different gases in an uncut SWNT sample made with 2.4-

S . . at. % (each Rh/Pd as catalysts. It is clear that oxygen has a
has a very similar functional form and apparent adsorptloniramatic effect on the relaxation behavior. We believe that

energy as that in the cut SWNT sample. However, the leve his effect is due to the fact that oxygen molecules are para-

of adsorption is about ten times smaller. This is consisten agnetic. Magnetic-field fluctuations caused byd@eate an

with the qnderstandmg that the end§ of most SWNTs ar%dditional channel for energy relaxation’d€ nuclear spins.
capped without cutting. A small fraction of SWNTs are aC- gince 13C relaxation time is very long, the effect of,Qs

cessible for endohedral adsorption due to defective walls Ofuite significant. In contrast, exposures of SWNTs to 0.17-
ends. MPa CQ, H,, and N, have no effect on"*C spin-lattice
relaxation. It is interesting to note that exposure to 0.1-MPa
helium does have a noticeable effect BiT spin-lattice re-
laxation. This means that He could access the majority of
In order to evaluate the influence of oxygen on adsorptiortarbon atoms in uncut SWNTSs. The perturbation of the elec-
of methane and ethane in SWNTSs, competitive adsorptiotron cloud around carbon due to collisions with He atoms
between Q and methane and betweer, @nd ethane were could contribute to spin-lattice relaxation. This shows that
studied. Figure 5 shows a proton spectrum under exposure bfe atoms can access the interstitial sites of the bundles
0.055-MPa pure methane. Also shown is a proton spectruwhereas C@, H,, and N, cannot. The effect of helium is
obtained by first exposing SWNTSs to 0.079-MPaahd then ~ consistent with previous studié$®?’
adding methane with a partial pressure of 0.055 MPa. The
two spectra are virtually identical. Similar experiments were IV. CONCLUSIONS
done also with ethane and no effect of @n ethane adsorp- The reported study shows that NMR is an effective tool
tion was observed. This experiment demonstrates that erier studying gas adsorption in SWNTs. Proton NMR shows

D. Effects of exposure to oxygen and other gases
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that the interior of SWNTs becomes available for methaneurrent experimental condition§C NMR indicates that he-
and ethane adsorption after cutting of SWNTs. Such endoh@ium could access the interstitial sites of SWNT bundles
dral adsorption dominates methane and ethane adsorption jhereas H, CO,, and N, molecules cannot under atmo-
SWNTs below 1 MPa. The observation agrees with calculaspheric pressure.

tions of endohedral adsorption using DFT and GCMC simu-
lations. It was found that exposure to oxygen has no effect on
methane and ethane endohedral adsorption in SWNTs. This
suggests that the adsorption energy of oxygen molecules in- This work was supported by ONR MURI Contract No.
side SWNTs is smaller than that of methane. No evidence oN00014-98-1-0597, the NSF Contract No. DMR-0139452,
adsorbed molecular hydrogen was found by NMR under thend ACS-PRF Contract No. 37310-ACS.
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