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Abstract: Multiwall carbon nanotubes are produced by decomposition of acetylene &Cafldmetal catalysts
supported on NaY zeolite. The support and the metal are eliminated by dissolving them in aqueous hydrofluoric
acid (HF). Two methods were used to eliminate the pyrolitic carbon: oxidation in air &fG@ad oxidation

by potassium permanganate in acidic solution atG@0The progress and efficacy of the purification methods

are verified by TEM. The properties of the purified multiwalled carbon nanotubes are probed-Giagd

129%e NMR spectroscopy under continuous-flow optical-pumping conditions. Xenon is shown to penetrate the
interior of the nanotubes. A distribution of inner tube diameters gives rise to chemical shift dispersion. When
the temperature is lowered, an increasing fraction of xenon resides inside the nanotubes and is not capable of
exchanging with xenon in the interparticle space. In the case of the permanganate-oxidized sample, rapid
xenon relaxation is attributed to interaction with residual Mm@noparticles in the interior of the tubes.

Introduction properties be carried out under careful control of the environ-

Since their discovery,carbon nanotubes have promised a ment® In this wor!<, xenon sor|:_)t|on propert_u;s of carbon
multitude of applications, due to their molecular structure and Nanotubes synthesized by catalytic decomposition of acetylene

their electronic and mechanical properties. The two well-known @nd then purified by oxidation in air or with potassium
forms of crystalline carbon, the &ponded diamond, an Permanganate are studied wiiXe nuclear magnetic resonance

insulator with a gap too large for most applications, and the (NMR) spe(':t.rosc'opy. The oxidative purification takes advantage
sp-bonded graphite, a semi-metal, have limited use. A nanotube ©f the reactivity difference between carbon nanotubes and carbon
can be constructed by wrapping up a single graphene sheet suchanoparticles or pyrolitic carbon, which have a different three-
that two equivalent sites of the hexagonal lattice coincide. This dimensional structure. Using continuous-flow optical-pumping
roll-up quantizes the momentum of the electrons moving around **°Xe€ NMR spectroscopy, we show that these different oxidizing
the periphery of the tube. As a result, the tubes are either one-agents change the properties of the carbon nanotubes.
dimensional metals or semiconductors, depending on how the NMR of 12°Xe has proven to be an effective tool for the
momentum value correlates with the preferred direction for characterization of microporous materiét§;however, limita-
conduction of electrondThe multiwall nanotube structure is  tions in signal intensity arise due to the low spin density of a
typically turbostratic; each concentric graphitic layer can have gas under thermal equilibrium conditions. In recent years,
a different orientation. Their gas adsorption capabilities give techniques for the enhancement of the NMR signal using laser-
carbon nanotubes potential both as gas storage faddhas polarized gases such #se and'2%Xe have been developé#f12

gas sensor§> A hydrogen storage capacity of 0.52 hydrogen/ with high-power laser diode arrays, a continuous flow of
carbon could be achieved at room temperature under moderatyptically polarized xenon can be generated and circulated over

pressure (10 MP&)while the adsorption of N@and NH; led the sample surfacé. This technique has been applied in the
to a significant change in conductarfc&he adsorption of present work.

oxygen on single-wall carbon nanotubes not only changed their
conductivity but also affected thermopower and local density  (6) Barrie, P. J.; Klinowski, JProg. NMR Spectroscl992, 24, 91—

of states, suggesting that fundamental studies of nanotubel08. )
(7) Dybowski, C.; Bansal, N.; Duncan, Annu. Re. Phys. Chem1991,

TNew Mexico Tech. 42, 433-464.
* Universitaires Notre-Dame de la Paix. (8) Raftery, D.; Chmelka, B. F. I'folid State NMR |: MethodB.
§ University of Antwerp. Blimich, Ed.; Springer-Verlag: Heidelberg, 1994; Vol. 30, pp +158.
(1) lijima, S. Nature1991, 354, 56—58. (9) Ratcliffe, C. I. InAnnual Reports on NMR Spectroscp@y A. Webb,
(2) Dresselhaus, M. S.; Dresselhaus, G.; SaitoPRys. Re. B 1992 Ed.; Academic Press: San Diego, 1998; Vol. 36, pp-1231.
45, 6234-6242. (10) Happer, W.; Miron, E.; Schaefer, S.; Schreiber, D.; van Wijngaarden,
(3) Liu, C.; Fan, Y. Y.; Liu, M,; Cong, H. T.; Cheng, H. M.; Dresselhaus, W. A.; Zeng, X.Phys. Re. A 1984 29, 3092-3110.
M. S. Sciencel999 286, 1127-1129. (11) Raftery, D.; Long, H.; Meersmann, T.; Grandinetti, P. J.; Reven,
(4) Kong, J.; Franklin, N. R.; Zhou, C.; Chapline, M. G.; Peng, S.; Cho, L.; Pines, A.Phys. Re. Lett. 1991, 66, 584-587.
K.; Dai, H. Science200Q 287, 622—625. (12) Pietrass, TMagn. Reson. Re 200Q 17, 263-337.
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Figure 3. Typical low-resolution TEM image of multiwall carbon
by decomposition of acetylene at 60C on 2.5% Co/zeolite NaY nanotubes that were purified by dissolution in HF, followed by oxidation
without further purification. The dark area in the top right corner is in acidic permanganate solution.
due to zeolitic support.

show, on average, 15 graphitic layers, with inner and outer diameters
of 6 and 16 nni#

Sample Preparation.About 0.05 g each of the nanotubes oxidized
with KMnO, or in air were tightly packed into the NMR tube and held
in place with cleaned glass wool. To remove adsorbed water, the
samples were heated undesd\flow to 673 K over a period of 2.5 h,
kept at this temperature for 2.5 to 6 h, and cooled to ambient
temperature. The entire system was evacuated to 1.3 Pa prior to loading
pressures from 138 to 525 kPa of the gas mixture (2.24% nitrogen,
8.9% xenon, 88.86% helium). An additional sample of 0.018 g
nanotubes oxidized in air was heated to 673 K overnight under vacuum,
loaded with pure xenon gas and then flame-sealed. The equilibrium
density, determined from th&%e NMR chemical shift of xenon in
the free gas space, was 21.9 amagat at ambient tempeYature.

Optical-Pumping Apparatus. The continuous-flow optical-pumping
apparatus, similar to the one used by Seydoux é€ alas set up in
the fringe field of the superconducting NMR magnet (9.4 T). A fiber-
coupled laser diode array (OPF®ower Corp., Tucson, AZ) delivering
45 W at 795 nm and operating at a current of 28 A was used for the
excitation of rubidium. Circular polarization of the pumping light was
achieved using a polarizing beam splitter, half-wave and quarter-wave
plates (Newport Corp., Irvine, CA). The sample cell (10 mm outer
diameter, 8 mm inner diameter) was connected to the optical-pumping
setup through the length of the home-built NMR probe with 1.65 mm
Nanotube SynthesisMultiwalled carbon nanotubes were produced inner diameter PFA (perfluoro alkoxy, Swagelok) tubing using com-
by catalytic decomposition of acetylene over supported catalyst Co/ pression fittings. A few drops of Rb metal were placed in the optical-
zeolite NaY containing about 2.5 wt % of metal. Complete description pumping cell and heated by a stream of hot air to approximately 448
of the synthesis method is described in ref 14. The multiwalled carbon K. Gas flow rates were optimized individually for highest signal
nanotubes so produced are characterized by transmission electronntensity. 22Xe NMR spectra of the sample oxidized in air were
microscopy (TEM) to show the good quality (Figure 1) and distribution  recorded at a flow ratp = 0.58+ 0.06 mL/s, while a higher ratgs
of diameters. = 2.6+ 0.3 mL/s was used for the sample oxidized with permanga-
Purification Process.Dissolution by HF fully removed the zeolitic ~ te16
support. However, the presence of aggregates of pyrolitic carbon is

shown by the dark spots in the TEM image (Figure 2). Thus, oxidation -
is necessary to remove pyrolitic carbon from the carbon nanotubes. spectrometer operating at a Larmor frequency of 110.668 MHZ3e

Oxidation of carbon in air to carbon monoxide and dioxide occurs if and 100.613 MHz fof“C. A .typlcal 72 pL!Ise duration was 2pS.

the temperature is sufficiently high (773 K). Oxidation by KMni@ Low temperatures were achleve_d by flowing pre-cooled nltrogen_ gas
acidic solution at 343 K removes the pyrolitic carbon by the generation through the dewared sample region. For practical reasons, the coil was
of carbon dioxide. A complete description of the purification treatments located slightly off-center in the bore of the magnet. The residual
is given in ref 14. Pure carbon nanotubes can be obtained in a 27% ormagnetic field inhomogeneity after shimming gave rise to a line width
40% vyield after air or permanganate oxidation, respectively (Figure of 150 Hz for xenon gas in an empty sample tube.

3). TEM (Philips CM 20 and JEOL CX 200) images of both samples

HF treatment, showing the high amount of pyrolitic carbon (dark spots).

Experimental Section

NMR experiments were carried out on a Bruker MSL 400 NMR

(15) Jameson, C. J.; Jameson, A. K.; Cohen, SINChem. Physl973
(14) Colomer, J. F.; Piedigrosso, P.; Willems, |.; Journet, C.; Bernier, 59, 4540-4546.

P.; Tendeloo, G. V.; Fonseca, A.; B.NagyJJChem. Soc., Faraday Trans. (16) Kneller, J. M.; Soto, R. J.; Surber, S. E.; Pigira.; Colomer, J.-

199§ 94, 3753-3758. F.; Fonseca, A.; B.Nagy, J. Magn. Resonin press.
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Results

The catalytic decomposition of acetylene on NaY zeolite-
supported Co catalyst led to large production of multiwalled
carbon nanotub€$:17 The quality of the nanotubes, i.e., the
presence of pyrolitic carbon and defect groups, the inner and
outer tube diameter, and the length of the tubes, depends on
the reaction conditions used: the cobalt content, the reaction
temperature, the flow rates of reactants and carrier gas, and the #
reaction time.

Figure 1 illustrates the low-resolution electron microscope
image of an unpurified sample. A rather high density of
nanotubes is clearly seen. The dark areas in the image are caused =
by pyrolitic carbon and the zeolite support. The catalytic support
with the metal ions is removed by dissolution in aqueous HF.
Unfortunately, a rather high amount of pyrolitic carbon is freed
during the removal of the support, suggesting that the pyrolitic
carbon was essentially formed inside the zeolitic crystallites
(Figure 2). The pyrolitic carbon can be eliminated by selective
oxidation with oxygen or an acidic solution of KMnCFigure
3 shows that the final carbon nanotubes are quite pure, free of
both support and amorphous carbon.

The high quality of the samples was confirmed by high-
resolution TEM images of carbon nanotubes produced at 600,
700, and 80C0C. No pyrolitic carbon was formed by pyrolitic
decomposition of acetylene at 600. At 700°C, the presence
of pyrolitic carbon sticking to the external wall of the nanotubes
is easily identified. Finally, at 80%C, a large amount of pyrolitic
carbon was detected. The effect of the acetylene flow rate shows
that amorphous carbon starts to deposit when that flow rate is
higher than 15 mL/min. The optimal flow rate is 10 mL/min,
which allows a 99% acetylene conversion and a carbon deposit -l ol b chiad e b L
of 20 wt % on the supported catalyst. To summarize, the optimal ' 1%® 0 0 80 200 100 0
conditions for the synthesis of carbon nanotubes on NaY- chem. shift [ppm] chem. shift {pprm]
supported Co catalyst for 3.5 g of catalyst with 2.5 wt % of Co Figure 5. Temperature-dependerit®e NMR spectra of xenon
are acetylene flow rate, 10 mL/min; nitrogen (carrier gas) flow adsorbed onto carbon nanotubes (a) purified in air at flowjiatnd
rate, 110 mL/min; reaction time, 60 min; and reaction temper- (b) oxidized with KMnQ, at flow ratejs. All spectra shown in (a) were
ature, 600°C. More than 600 mg of deposited carbon could be recorded with 64_scans. The spectra shown in (b) at 298 and 163 K
obtained in each experiment, that is, in 90 min, including both were recorde_d with 512 scans, at 202 K with 256 scans, and at 218

; . - . . . ._and 250 K with 128 scans.
preparation and reaction time. The samples investigated in this

work were synthesized under these optimized conditions. adsorbed phase was much stronger at ambient temperature, and
The oxidative purification of carbon nanotubes introduces its intensity remained roughly constant when the temperature
defect groups such asCOOH, —OH, and carbonyl groups.  was lowered. Conversely, the corresponding signal was very
For the KMnQ oxidized sample, 0.19 mmol/g carboxyl, 0.79 weak for the sample that was oxidized with permanganate but
mmol/g hydroxyl, and 0.76 mmol/g carbonyl were found, while gained significantly in intensity at lower temperatures. Circulat-
the air-oxidized sample yielded 0.38 mmol/g carboxyl and 0.75 ing the gas mixture over the sample at different flow rates affects
mmol/g hydroxyl. Kuznetsova et al. showed that heating above both chemical shifts and signal build-up rates. These effects
580 K under vacuum removes these groups, facilitating entry were studied in detail for the carbon nanotube sample that was
into the tubes by gas molecul¥s. purified with potassium permanganafelhe line width of the
Oxidation leads to the opening of the nanotubes as illustrated peak corresponding to xenon in the adsorbed phase increased
in Figure 4. Gases can adsorb both in the inner channel of thewith decreasing temperature to an extent depending on the flow
nanotubes and between théhBecausé??Xe NMR is currently rate. The most pronounced effect was observed for the highest
used to probe the void space in microporous materials, it is flow rate, and the largest line width was observed under static
interesting to test the gas sorption properties of carbon nanotube<onditions (no flow). The chemical shift for xenon in the gas
by using optically polarized xenon. Using this technique, even and adsorbed phases is independent of pressure within experi-
a small amount of xenon can be detected. mental error in the range of 138 to 483 kPa, which is due to
Temperature-dependefd®Xe NMR spectra for both samples  the very low partial pressure of xenon in the mixture (1.43 kPa
are shown in Figure 5a (oxidized in air) and b (oxidized with at a total pressure of 414 kPa).
potassium permanganate). These spectra were obtained under The29Xe NMR chemical shifts for xenon in the three phases
continuous flow optical-pumping conditions. For the sample that (gas, adsorbed, and solid) for both samples are summarized in
was oxidized in air, the signal corresponding to xenon in the Figure 6 as a function of temperature. The data shown have
—_— been corrected for the altered sample temperature that was
G_(\}Z)I\FI’;Z‘;',QE‘_’%SB’; Egyﬁf”éyht Z Cchoé%'f‘ghég‘)'ga ';?g%%c_al'?%-_? Tendeloo, caysed by the gas flow. The temperature calibration was
(18) Kuznetsova, A.; Yates, J. T., Jr.; Liu, J.; Smalley, RIEChem. performed in the range between 133 K and 298 K. At flow rate
Phys.200Q 112, 9590-9598. j3, the warm xenon mixture gas stream led to a temperature

Figure 4. Typical high-resolution TEM image of an uncapped
multiwall nanotube.

a) air b) KMnOg4

298 K

250K

223 K J tgas
e,

adsorbed

o

210K

{>

adsorbed

sofid 163 K

ﬁ




10594 J. Am. Chem. Soc., Vol. 122, No. 43, 2000 Kneller et al.

350 prrrreree e 13C and ?°Ke spin-lattice relaxation times,T;, under
) - 3 equilibrium conditions were determined for the two samples.
g 300 han ) ®  solid, KMnO,
g : o ads. KMnQj | ] The values are listed in Table 1. Because of the wié&ke
g #0F S B | NMR signal intensity under equilibrium conditions for the
Z 200  © o o 3 sample oxidized in air, the temperature dependenck ofas
2 s £ @ E investigated using the sample with higher xenon density.
e : o %90% ] Although here within experimental error, Tvas constant for
g '0F ¢, e E the downfield resonance (ca. 2 s) in the temperature range from
50 F 2 . ® . o 295 to 170 K,T; of the gas-phase resonance varied from 9 to
o F o 2o .. 4.5 s and reached its minimum around 255 K. The effect of
160 180 200 220 240 260 280 300 temperature on chemical shifts and signal intensities for this
TIK sample is shown in Figure 8.
Kl p g

Figure 6. Temperature-dependedt®Xe NMR chemical shifts of 13C NMR spectra revealed a single resonance, which nar-
gaseous, adsorbed, and solid xenon for carbon nanotubes purified withtowed upon magic angle spinning. Signal enhancement exploit-
KMnO, (circles) obtained at flow ratg and of xenon adsorbed onto  ing the spin polarization-induced nuclear Overhauser éffect
nanotubes in air (diamonds) at flow rgte Error bars £3 ppm) are was not feasible in a reasonable amount of time, due to the low
equal or smaller in size than the symbols. Sample temperatures havel3C signal-to-noise ratio.

been calibrated using t#8’Pb NMR chemical shift of lead nitrate.

Discussion

[
1. Relaxation.The much shorte¥?°Xe NMR relaxation time

aQ
0 ' 0-40- 5 Do for the sample oxidized with permanganate (Table 1) is likely
ol i , : ely
gy” b due to paramagnetic effects because the magnetic susceptibility
2

¥ " . )
of this sample was 6.k 1078 (at ambient temperature), but

pem 20 4 L ! only a small degree of diamagnetism3.0 x 10719 was
° . observed for the sample oxidized in air. There are three possible
30 3 ; . ; .
ﬂ o causes for the paramagnetism observed: defects in the graphitic
40 3 ) layers, dangling bonds at the ends of the nanotubes caused by
? removal of the fullerene half spheres, or residual paramagnetic
50° Mn(IV). Defects were present in both samples to a similar

40 30 20 10 0 -10 -20 . . . .
extent, as is evident from the electron micrographs. Dangling

m .. .

Fi 7 Twodi ional exch P NMR " ¢ bonds are also expected to be formed to a similar extent in both

Figure 7. Two-dimensional exchangé™e SPectrum o Xenon g mpjes. The acidic wash conditions should saturate the dangling
in contact with the permanganate-oxidized sample at ambient temper- . - . .

bonds in the permanganate-oxidized sample and would give rise

ature under thermal equilibrium conditions with a mixing time of 1 . . . -
ms. The spectrum was recorded with 10 000 scans per free induction!® th€ opposite trend in chemical shifts. Hence, the paramagnet-

decay at a gas pressure of 414 kPa, corresponding to a xenon partialS™ Was most likely caused by residual Mn(IV). Indeed, some
pressure of 1.43 kPa. 0.01 wt % of manganese was detected by PIXE (depth of

analysis, ca. km). Unfortunately, the XPS technique is much

increase of the samplé.With decreasing temperature, the less sensitive (depth of analysis, ca. 50 A) and only an upper
chemical shifts of physisorbed xenon increased in both samples.limit could be detected, which was 0.1 wt % of manganese.
For the permanganate-oxidized sample, the shifts movedBecause the permanganate-oxidized sample was carefully
increasingly downfield as the temperature was lowered as washed after the oxidation procedure, it is conceivable that Mn-
compared to the air-oxidized sample. For the former sample, (IV) ions were occluded inside the nanotubes as Mn@no-
the chemical shift of xenon in the adsorbed phase reached aparticles. The interior sites are harder to penetrate with water
limiting value of about 206 ppm below a temperature of 150 due to capillary action and are more likely to retain MnO
K. This was accompanied by the onset of solid xenon formation Similarly, it has been shown that metal atoms or clusters may
where Xe-Xe interactions become the dominating contribution be embedded in the interior of single-walled carbon nanotubes
to the chemical shift. during the growth process and are not completely removed by

Two-dimensional exchange NMR was used to study the boiling in 70% nitric acic?® However, these results alone do
exchange dynamics between xenon in the different phases. Fomot enable us to situate the Mp@onclusively either in the
the permanganate-oxidized sample and mixing times up to 10interior only or in both the interior and exterior of the nanotubes.
ms at 298 K and 1 ms at 213 K, no cross-peaks were observable Further indirect evidence is provided by xenon adsorption
between the two resonances (see Figure 5). A typical spectrumand desorption experiments on single-walled carbon nanotubes,
recorded at ambient temperature under equilibrium conditions which showed that oxidative treatment followed by heating
with a mixing time of 1 ms is shown in Figure 7. The equivalent under vacuum significantly increased the nanotubes’ sorption
experiment for the air-oxidized sample was not conclusive, due capacity and enhanced the rate of xenon capture, due to entry
to the much lower signal-to-noise ratio. For the flame-sealed of the gas into the interior of the tub&sThe saturation coverage
sample, however, very faint cross-peaks were observable for a(expressed in xenon atoms per carbon atds/Nc) at 95 K
mixing time of 300 ms at 215 K. Under continuous-flow optical- increased by a factor of 12 after oxidation and heating to 623
pumping conditions, very long recycle delays (abotb4enon K, whereas an increase by a factor of 280\ig/Nc = 0.042
dwell times in the coil region) were necessary in a two- was achieved when the heating temperature was raised to 1073
dimensional experiment to ensure complete gas exchange in the o ST VO T T Aol s e RE T

i i i i i avon, G.; song, Y.-Q.; , e ell, S.; laylor, R. E.; PInes,
coil region. Due to the short relaxation time of xenon in the (Sci)ence1996 571 1348_1%51_ pp Y

adsorbed phase, the spectra gave rise to an overall poorer signaﬁ' (20) Dujardin, E.; Meny, C.; Panissod, P.; Kintzinger, J.-P.; Yao, N.;
to-noise ratio at ambient temperature. Ebbesen, T. WSolid State Commur200Q 114, 543-546.
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Table 1: ?9Xe and®3C NMR Spin-Lattice Relaxation Times for Carbon Nanotubes Oxidized in Air and with Potassium Permadganate

nucleus sample phase Tyat 298 K [s] T,at 213 K [s] T,at 166 K [s]
129Ke KMnO4 gas 0.018t 0.002 0.04+ 0.01 0.13+0.04
adsorbed 0.016- 0.001 0.007A 0.001 0.0035t 0.0004
air gas and adsorbed 420.4
BC KMnO4 1.3+0.3
air 6.4+ 1.5

aThe pressure of the gas mixture was 414 kPa for the sample oxidized with permanganate and 511 kPa for the sample oxidized in air. Low-
temperaturel,’s are not available for the sample oxidized in air, due to apparatus constraints.

08 FrgrgTgT Ty 250 Because even in the air-oxidized sample, tR€ T, was
g : M Y9 P significantly shorter, another mechanism must contribute to
% osf o shitgas | 3 200 - relaxation. A possible contribution may arise from interaction
g I 130 & with conduction electron®, as recently shown foFFC NMR
e o4l * 3 = of single-walled carbon nanotub&sHere, the biexponential
g L . J100 @ magnetization decay was attributed to signal components arising
g C 3 5 from metallic and semiconducting nanotubes wiifs in the
g 02 ] 2 . .
= r i Jg°° ° range of 812 s and 5299 s, respectively, depending on
ol e 88 o 000 o q, sample preparatioff. The linear dependence of the reciprocal
T 129¢e NMR T; on temperature for our permanganate-oxidized
160 180 200 220 240 260 280 300 sample also indicates a Korringa-like contribution to relaxation.
TK) No such dependence was observed for the gas-phase resonance

Figure 8. 12%e NMR chemical shifts and intensity ratios in dependence OF €ither of the resonances in the air-oxidized sample. For the
of temperature for a sample of air-oxidized carbon nanotubes at a xenonflame-sealed sampld;; of xenon in the adsorbed phase was
density of 21.9 amagat. Unfilled circles correspond to the shifts of the independent of temperature, which may, however, be attributed
gas-phase resonance; filled circles, to shifts of the adsorbed phaseto the much higher xenon concentration.

resonance; and diamonds represent ratios of integrated signal intensities 2 Chemical Shifts. The presence of paramagnetic MnO

of the gas phase over the adsorbed phase resonance. Error bars arﬁarticles will affect not only thd2%e NMR relaxation times,
smaller than the size of the symbols. but also the chemical shifts. A higher chemical shift is expected
18 . . for the paramagnetic sample, in agreement with the experimental
K, We can_roughly estimate the saturation coverage from the results (Figure 6). It is conceivable that the presence of MNnO
Che”!'ca' shift of the gas-phgse resonance, which is rglated ©jnside the nanotubes would also decrease the free space available
density;®to Nxe/Nc = 0.3. This larger value may be attributed yhe yenon and, thus, further augment the shift. Yet, the low
to easier access to the interior of the nanotubes, due to the mucr?:oncentration of r,nangf;mese (less than 0.1%) makes i’t unlikely
larger wbe diameters and, hence, wider openings. Therefore,that such a shift would be detectable. The interaction with
we expect that in our samples, an increasingly large fraction of aramagnetic species, in contrast, is much stronger and long-
the xenon is located inside the nanotubes as the temperature i anging and will thus, have a noiiceable effect on chemical
lowered. This trend can be followed by monitoring the signal shifts. ' ’

intensities of the two resonances under equilibrium conditions The difference in thé2%xe chemical shift for xenon in the

(Figure 8). Because paramagnetic Mn(IV) provides an efficient adsorbed phase for the two samples was most likely caused by

:ﬁlc?r)éat'?:ngat:x%yggrtﬁzn%%ngf 2 '?]Ig ﬂgf’eedﬁec(tab;:::gredsethe interaction with paramagnetic species present in the KMnO
p u : perature is low » WE U0 xidized sample. This interaction is expected to increase as the
that the MnQ particles must also be located inside the

xenon mobility is reduced when the temperature is lowered,
nanotubes.

. which is consistent with the experimental results (Figure 6).
1. ’
Thel CT's nglre :_)fkt]hle s:;me or(:er 0:] magmtulde Lor both 129¢e chemical shifts for xenon physisorbed on chemically
samples, t?UI stll slightly shorter for the sample that was comparable systems such as fullerenes under similar experi-
oxidized with permanganate (Table 1), indicating that para-

: X mental conditions are much lower. FogCa 12°Xe NMR
magnetic relaxation does not seem to play the same role for ;pemica| shift of about 100 ppm at a temperature of 150 K was

13C as it does fof2%Xe. Only a very small fraction of thégc_ _ observed, and for 5, the shift was about 125 pp#.The
NMR signal was due to carbon atoms located in close proximity .pamical shift of xenon in a confined space is predicted to

to MnQ,. Due to the large length-to-diameter ratio, these carbon jncreage when the temperature is lowered unless the pores are
atoms are far outnumbered by the carbon atoms situated furthervery small. that is. on the order of the diameter of a xenon

away. Relaxation due to interaction with paramagnetic species 5,125 | our case, even the narrowest pores were significantly

falls off with r,® wherer is the distance between the nuclear larger than a xenon atom (30 Avs 4.4 A) and the observed

spin and the paramagneﬂc site. . . trend was expected for xenon dwelling preferentially in the
Given the upper limit of the average density of paramagnetic jhterior of the tubes.

Mn(IV) sites in the material (1.& 10-% A=3) and a lower limit

of the electron relaxation time of 1 ns, a lower limit for the

nuclearT; = 100 s that was due to interaction with paramagnetic

sites is estimatedt. This approximation neglects both the ll%%)_lﬁggrlra, L. R; Slichter, C. P.; Sinfelt, J. Phys. Re. B 1995 52,

T o e XD S e POsly seven d=tuton of 13 Tan i amner. . Stimods, . e, e
: ) K. Y.; Sinha, S.; Bower, C.; Zhou, O.; Wu, Science2000 288 492—

T, differs from the experimental value by 4 orders of magnitude. 494.

(24) Brunner, E.; Haake, M.; Pines, A.; Reimer, J. A.; Seydougiem.
(21) Abragam, A.The Principles of Nuclear MagnetisnClarendon Phys. Lett.1998 290, 112-116.

Press: Oxford, 1989. (25) Cheung, T. T. PJ. Phys. Cheml995 99, 7089-7095.

3. Dynamics. The mobility of the xenon may cause it to
sample different environments on the NMR time scale, yielding
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average chemical shifts weighted by the xenon’s dwell time in the nanotubes represents reservoir IV. Due to the large length-
the various locations. Therefore, it is possible that the observedto-diameter ratio of the nanotubes, the number of sites in
chemical shifts present an average of xenon dwelling on the proximity of the nanotube openings is outhumbered by those
interior and exterior adsorption sites of the nanotubes. This on the interior and exterior walls.
possibility was probed using two-dimensional exchange NMR  The 129Xe NMR chemical shift of the gas-phase resonance
spectroscopy® For an interpretation of these results, it is in the high-pressure sample experienced an upfield shift as the
necessary to first make an assignment of the two resonancestemperature was lowered, which is due to the decrease in density
In a microcrystalline sample, the xenon NMR signal can arise as more xenon moves into the adsorbed phase (Figure 8).
from different sample regions: the xenon atoms in the overhead Moreover, the chemical shift of the upfield resonance was
gas (reservoir 1), xenon in the interparticle space (reservoir 1), exactly equal to that of xenon in the free-gas space above the
xenon inside the crystallites within an exchangeable layer sample (obtained by turning the sample tube upside down). In
surrounding the crystallites (reservoir ), and xenon atoms deep addition, the spirlattice relaxation times of both resonances
inside the crystal (reservoir I\%. Although in the limit of very differed significantly and showed a contrasting temperature
large crystals, only reservoirs | and IV are effective, for a fine dependence. Because the upfield resonance displayed a density-
powder, only reservoirs Il and Il need to be considet€tihe dependent minimum iy, it is conceivable that the spin-rotation
electron micrographs show that the nanotubes do not form interaction contributed to relaxation as in free xenon#jas|
aggregates, but remain separate (Figure 3). Thus, it is necessargf these facts point to weak communication between the two
to consider all four regions, because the nanotubes are very longeservoirs, which stands in stark contrast to the large and highly
(limit of large crystals) but also very thin (limit of a fine  temperature-dependent shifts observed for the downfield reso-
powder). For xenon atoms in reservoir I, exchange with xenon nance.
in reservoir 1l is expecte@ The signal from xenon in the If the downfield resonance is assigned to xenon in reservoir
interparticle space will present an average of the chemical shifts||l, these facts can be accounted for by a slow exchange
of xenon in reservoirs Il and Ill, weighted by the average dwell dynamics. We consider it more likely that the downfield
times in those regions. For a dominating residence time in resonance is due to xenon, in both reservoirs Il and 1V, where
reservoir Il, the average chemical shift should more closely occupancy of reservoir IV is increasingly favored as the
resemble that of the free gas. Therefore, the question arisesemperature is lowered. The resulting weak exchange (due to
whether the upfield resonance observed is due to xenon inlow occupancy) between reservoirs Il and 1l barely affects the
reservoir | or Il shifts and relaxation times of xenon in reservoir ll. Xenon atoms,
For the low xenon density samples, we observed that the however, in reservoir IV give rise to very large chemical shifts
chemical shift of the upfield resonance was equal for both brought about by their spatial confinement. Therefore, we
samples and effectively zero due to the very low partial pressure expected to observe only very weak evidence of exchange
of xenon (1.43 kPa). Within experimental error (about 1 ppm between the two resonances in a two-dimensional experiment.
line width, due to field inhomogeneity), the shift of the upfield Indeed, up to a mixing time of 10 ms for the carbon nanotubes
resonance was not affected by the presence of the carboroxidized with permanganate, no cross-peaks between the two
nanotubes. It is also noteworthy that this resonance did not shift129¢e NMR resonances were observed (Figure 7). Due to the
downfield when the temperature was lowered. Furthermore, longer Ty, a longer time scale could be probed for xenon in
different spin-lattice relaxation times for the two xenon contact with the air-oxidized sample. This experiment was
resonances (Figure 5b) of the sample oxidized with permanga-carried out on the sealed sample at a temperature of 215 K,
nate were observed. While th& of physisorbed xenon  where the signal-to-noise ratio was good for both resonances.
decreased as the temperature was lowered, the opposite wagor a mixing time of 300 ms, faint cross-peaks could be
true for theT; of the upfield resonance. If the latter originated detected, indicative of only inefficient exchange between the
from xenon in a typical reservoir,lthe same trend ifi; would two environments brought about by the low occupancy of
have been expected as that for physisorbed xenon, due to thgeservoir Ill. It has been postulated for single-walled carbon
increased contact time with the sample at lower temperatures.nanotubes of 7.3 A inner diameter that a quasi-one-dimensional
Under optical-pumping conditions, it is possible that, due to xenon phase inside the tubes is in equilibrium with a two-
the large nonequilibrium nuclear spin polarization, tHi¥e dimensional gas phase on the outer surfdale were not able
resonance could have been picked up from a region not enclosedo observe this exchange, which may be due to the different
by the NMR coil (reservair ), that is, from the region of the time scales probed. Moreover, the inner tube diameters of our
glass wool plugs which held the sample in place. However, this carbon nanotubes were at least twice the diameter required for
resonance was also observed under equilibrium conditions, a one-dimensional phase. Furth&Xe NMR experiments with
which makes this assignment unlikely. For the higher density single-walled carbon nanotubes are planned to elucidate this
flame-sealed sample, the region containing the sample extendedjuestion. Because most of the signal intensity of the downfield
beyond the pick-up coil, so that the gas-phase resonance mustesonance originates from xenon in reservoir 1V, the increased
have originated from xenon in the interparticle space (reservoir line width under equilibrium conditions is probably brought
I1). about by the distribution of inner tube diameters ranging from
Because reservoir Il is capable of exchange with reservoir 3 to 9 nm!* The contribution of chemical shift anisotropy to
11, the assignment of the downfield resonance to either reservoir the line width must also be considered, due to the random
[l or IV must be considered. Xenon adsorbed on the exterior orientation of the nanotubes. In this case, no effect of the gas
of the nanotubes or in their interior in the vicinity of the tube flow rate on line width was expected because the gas flow rate
openings corresponds to reservoir I, whereas xenon deep insidedoes not change the population of randomly oriented sites with
(26) Jeener, 3. Meier, B. H.. Bachmann. P.. Emst, RLChem. Phys equal adsorption properties. In_contrast,_forasite heterogeneity,
1979 71, 4546-4553. e T ' ‘ an effect of gas flow rate is conceivable: the strongest

(27) Jameson, C. J.; Jameson, A. K.; Gerald, R. E., Il; Lim, H.3M. adsorption sites will most likely be populated. The nanotubes
Phys. Chem. B997, 101, 8418-8437.
(28) Chen, Q. J.; Fraissard, J. Phys. Chem1992 96, 1814-1819. (29) Torrey, H. C.Phys. Re. 1963 130, 2306-2312.




Oxidatively Purified Carbon Nanotubes J. Am. Chem. Soc., Vol. 122, No. 43, 2DU&07

with the smallest diameter will give rise to the largest chemical Conclusions

shifts. If exchange between these sites is slow, the largest line  pjfferent oxidation procedures for multiwall carbon nanotubes
width is expected under static conditions for which all sites are |gave a distinct signature on th#Xe NMR chemical shift and
equally sampled, which is in agreement with the data. Slow 13¢ and!29Xe spin-lattice relaxation times. Residual paramag-
site exchange is supported by the results from two-dimensional netic MnGQ; particles contributed to the short spifattice
exchange NMR spectroscopy (Figure 7). Here, the peak for relaxation times that were observed for the permanganate-
physisorbed xenon is elongated along the diagonal, which oxidized sample, although other contributions such as chemical
indicates no exchange between the different sites during theshift anisotropy or interaction with conduction electrons may
mixing time. As expected, these peaks became more roundedalso have been present. The thorough washing procedure should
under conditions of observable exchange for the high xenon have removed all Mn©from the accessible sites which are in
density sample. the interparticle space and on the outer surface of the nanotubes.

The unique structure of carbon nanotubes raises the questionT herefore, the interaction of xenon with the paramagnetic centers
about the diffusion mechanism of occluded gases. In addition must arise from the interior of the tubes, which is in accordance
to Ordinary one-, two-, and three-dimensional diffusion, the with results from xenon Sorption studi€sThis conclusion is
possibility of single-file diffusion exists when the adsorbed Supported by the decrease in the chemical shift of the phys-
atoms or molecules do not change their relative order during isorbed xenon, as expected for xenon in confined spaces. This
the observation time. Single-file diffusion gives rise to a change decrease alone, however, is not conclusive, because it would
in the time-dependence of the mean particle displacement in@lS0 be observed for shifts affected by interaction with para-
comparison with ordinary diffusioff. Single-file diffusion has ~ Magnetic species. Yet, the decrease in chemical shiftis, likewise,
been observed, for example, with neutron scattering for cyclo- detected for the diamagnetic, air-oxidized sample. Moreover,
propane in the channels of AIRG with a channel diameter of ~ tWo-dimensional exchange NMR data 8fXe indicate slow
7.3 A. Even though the carbon nanotubes investigated here havé*change between dlfferent adsorpﬂon sites which are repre-
similarly large length-to-diameter ratios, the smallest internal S€Nted by nanotubes of different diameters. Because most of
tube diameter is still significantly larger than the diameter of a the xenon dV\_/eIIs in the |_nter|or .Of the tut_)es, only very inefficient
Xe atom (30 A vs 4.4 A). Although the diffusion coefficient of exchange with xenon in the interparticle space was present.
xenon under the experimental conditions applied is not known, OCCUpan.Cy of the. interior of the nanot_ubes IS strpngly favored
an order-of-magnitude estimate can be made when comparing?ver the |nterpart|_cle space and exterior a_dsgrpt_lon sites when
to the diffusion coefficient of xenon in a porous medium such he temperature s Iowerec_j. T_h|s- IS an _|nd|cat|on of strong
as a zeolite. For a loading of one xenon atom per supercage., %dsorpt[on sites in the tube |nt.er|or. the Gibbs free energy must
diffusion coefficientD of 107° m? s~1 has been determinéd. e dominated by the adsorption enthaipy, becaus? the entropy
For ZSM-48, the diffusion coefficient for a small concentration of the system will most likely glecrease upon xenon’s occlusion

o : 9 by the nanotubes. In conclusion, our data strongly suggest that
ﬁf r;:etfran;(@ o E-Eliésfz-f’x. 1|(Tf'|mé§ﬁat '155tE' butbq;ta xenon and possibly other gases are readily trapped at low
fellgtoerrisogxmlgo@lz_mé s‘)0-5g‘r)§'lrr1]gr2fcl)ree ilt iisclzg?;cei?/an;ﬁa tlrlwgt temperatures by multiwalled carbon na_notubes, which is im-
independent of the diffusion mechanis,m xenon will be trapr;ed ?zortant v “-ght of _nanotubes as potential gas Storage media.
. e ' -~ 129Xe NMR is a suitable technigue to probe the interior of the
in the interiors of the nanotubes once it has entered their ; pas
interiors. With a length of about 50m andD = 10°m?s™1,
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