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Optically polarized 129%e NMR investigation of carbon nanotubes
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We demonstrate the utility of optically polarized 129Xe NMR in a convection cell for measuring the surface
properties of materials. In particular, we show adsorption of xenon gas on oxidatively purified single- and
multiwalled carbon nanotubes. The interaction between xenon and multiwalled nanotubes produced by chemi-
cal vapor deposition was stronger than that of single- or multiwalled nanotubes produced by carbon arc
discharge. Xenon was observed in gas, liquid, and adsorbed phases. The large polarization and moderate
pressures of xenon (~0.2 MPa) allowed resolution of multiple lines in both the gas and condensed phases of
xenon in contact with carbon nanotubes. Xe gas exchanges with physisorbed xenon in two different environ-
ments. Xe adsorbs preferentially on defects, but if the number of defects is not sufficient, it will also adsorb on
surface and interstitial sites. Penetration of Xe in the tube interior was not observed.
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I. INTRODUCTION

Because of their unique electronic and mechanical prop-
erties, carbon nanotubes (CNTs) have been suggested for
such applications as storage media and sensors for gases.!
However, the sorption mechanism and uptake capacity of
CNTs are still unclear.> Gas adsorption also affects their elec-
tronic structure. For instance, it has been shown that ammo-
nia adsorbed on a nanotube makes a semiconducting nano-
tube metallic.> Experimental studies of gas adsorption on
CNTs are most often done with macroscopic techniques such
as thermal gravimetric analysis and temperature-
programmed desorption which only indirectly probe the
sorption mechanism.>#-% Nuclear magnetic resonance
(NMR) detection of adsorbates, however, can be used to
identify adsorption sites, mechanisms, and strengths. Rip-
meester and Davidson’ and Ito and Fraissard® pioneered the
use of '*Xe as a probe for porous solids and surfaces ex-
ploiting xenon’s large chemical shift range and chemical in-
ertness. Prior work?!! showed that '*’Xe NMR is suitable
for observing different adsorption sites in both single- and
multiwalled nanotubes although it has been hampered by the
presence of impurities and low signal-to-noise ratio due to
the small gyromagnetic ratio of 12Xe.

The interaction between '*’Xe and unpurified single- and
multiwalled CNTs has previously been studied using NMR
of naturally abundant xenon at pressures near 2 MPa.” The
high pressures were necessary to increase the xenon spin
density to such an extent that an NMR signal was observ-
able. Overall, the adsorption was weak. Physisorption oc-
curred at 198 K for unpurified multiwalled nanotubes and at
173 K for unpurified single-walled nanotubes. From the
analysis of line widths, relaxation times, and integrated sig-
nal intensities, it was concluded that xenon adsorbed prefer-
entially on the metal particles in single-walled nanotubes and
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on defect sites in multiwalled nanotubes. Spectral hole-
burning experiments suggested a heterogeneity of adsorption
sites, with highly mobile xenon on the surface of the CNTs.
Xenon formed a bulklike phase with an estimated adsorption
energy of 1.6 kJ/mol—a much lower adsorption energy than
the 22.3 kJ/mol predicted for xenon monolayer adsorption'?
and much closer to the Xe-Xe attractive potential of 0.96
kJ/mol.!® In ambient temperature studies at pressures
~0.1 MPa, Romanenko et al.'® were only able to observe
the gas phase signal. Kneller et al.'' used low temperatures
and continuous-flow spin-exchange optical pumping (SEOP)
of ®Xe. Optical pumping enhances the sensitivity of the
NMR experiment by up to 4 orders of magnitude.'*

In this work, we use a spin-exchange convection cell" to
optically polarize the xenon gas in situ with the sample (see
Fig. 1). The convection cell allows xenon gas, continuously
hyperpolarized in a closed steady-state convection loop, to
come into contact with the CNT samples, with the entire
apparatus in the 1.5 T field of a horizontal bore imaging
magnet. Unlike typical implementations of flow-through xe-
non polarizers, the polarized gas stream contains a high xe-
non concentration (nearly 80%).

II. EXPERIMENTAL
A. Samples

One single-walled and two multiwalled CNT samples
were obtained from Mer Corporation (Tucson, AZ) and were
purified. Two of the as-produced samples have previously
been studied with '**Xe NMR,® while the purified samples
have not. All of the samples, purified and as produced, have
been characterized in previous work.!® Surface area measure-
ments were calculated from multipoint Brunauer-Emmett-
Teller (BET) isotherms taken with N, gas at liquid N, tem-
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TABLE 1. Sample characteristics after oxidative purification
(Ref. 16).
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peratures (77 K) using a Quantachrome Autosorb-MPI.
Table I summarizes the sample characteristics. Each sample
is referred to by the manufacturer’s designation—MRSW
and MRGC, single-walled and multiwalled nanotubes, re-
spectively, produced by carbon arc discharge (CAD), and
MRMWC, multiwalled nanotubes produced by chemical va-
por deposition (CVD). MRGC is the only sample that was
synthesized in the absence of any metal catalyst.

A two-stage purification procedure adopted from Dillon et
al.'7 was used to remove impurities including graphitic ma-
terial, amorphous carbon, and metallic catalyst. The samples
were refluxed in 3 M HNO; for 16 h, filtered, and rinsed with
deionized water until the filtrate was pH neutral. The sample
was dried overnight and air oxidized at 833 K for 30 min.
The harsh oxidation conditions also induced defects in some
of the tubes. These particular samples are described in detail
by Shen et al.'®

B. SEOP convection cell and ?*Xe NMR

The sample retort of a xenon convection cell, similar to
the one described by Su et al.,'® was filled with purified
CNTs. Each sample was sealed into its own cell with ap-
proximately 200 kPa Xe, 50 kPa He, and 8 kPa N, gas mea-

sion from Su er al. (Ref. 15)

sured at room temperature; specific contents for each cell are
shown in Table II. The convection cell was placed in a two-
chambered housing consisting of an oven for the optical
pumping sphere and a refrigerator for the sample region
which also contained the NMR transmit or receive coil. The
apparatus was placed in an Oxford horizontal-bore supercon-
ducting magnet with a field strength of 1.49 T. NMR studies
were conducted with a TecMag Aries NMR spectrometer op-
erating at the '*’Xe resonance frequency of 17.625 MHz.
SEOP was performed with circularly polarized 795 nm light
from a frequency-narrowed diode-laser array'® collinear with
the magnet bore. The sample was cooled with gas boiled
from a liquid nitrogen reservoir and was temperature con-
trolled between 163-273 K. Spectra were acquired using a
low-angle pulse and signal averaging of up to 4096 scans.
Use of the alternate NMR coil enclosing the gas retort,
shown with a dashed line in Fig. 1, was used for the acqui-
sition of pure gas phase xenon NMR spectra. Chemical shifts
are referenced to the shift of gaseous xenon extrapolated to
zero pressure at 273 K.Y

III. RESULTS AND DISCUSSION
A. Sample morphology

Figure 2 shows the transmission electron micrographs
(TEM) of each of the tubes, as characterized by Shen and

TABLE II. Convection cells used for experiments. Partial pressures of Xe, He, and N, (in kPa) at room

temperature, mass of carbon nanotubes (mg), and total cell volume (cm?) listed for each cell.

DPXe DPHe PN, Mass of CNTs Cell vol.
Sample (kPa) (kPa) (kPa) (mg) (cm?®)
MRSW 214.0 51.4 8.14 17.9 9.91
MRGC 205.0 51.6 8.03 45.7 10.68
MRMWC 196.0 53.4 8.19 22.6 10.67
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PietraB.”® The single-walled sample, MRSW, consists of
small diameter tubes (~1.5 nm) that form bundles with av-
erage diameter of 14 nm [Fig. 2(a)]. Purification caused
opening of the tips of the tubes. Although purification re-
moved some of the metallic catalyst material, inductively
coupled plasma mass spectrometry (ICP-MS) still showed
approximately 15(%1) wt % of the material to be cobalt and
nickel catalysts. The tubes generally remained graphitized,
and the size of the bundles decreased. The specific surface
area of these purified tubes determined from the adsorption
isotherms, 10.4 m?2/ g, is much smaller than similar CAD
tubes reported in the literature which had only been heat
treated.”! MRGC did not exhibit tube damage; the walls re-
mained straight and the tips closed. The large particles evi-
dent in Fig. 2(b) are well graphitized carbon nano-onions
with a mean diameter of 50 nm which are not attacked by the
acid purification. The average diameter of the MRGC nano-
tubes was on the order of 18 nm. The TEM micrographs
reveal a tendency for MRGC tubes to aggregate in small
bundles of three or four nanotubes [Fig. 2(b)]. The interior of
these nanotubes is not accessible to the xenon gas. The ad-
sorption isotherm determined specific surface area is
29 m?/g. On the other hand, MRMWC was damaged by
purification. These CNTs also show signs of exfoliation of
the outer layers, and the tubes were opened. Catalyst par-
ticles which were originally embedded in the tubular struc-
ture are removed in the purification leading to voids in the
tube wall that may provide access to the tube interior. The
diameter of the tubes is larger than that of the other samples:
~80 nm after purification. These tubes, however, do not
bundle, and their specific surface area is 26 m?/g, slightly
larger than for other CVD multiwall nanotubes referenced by
Migone and Talapatra.?! The higher surface area could be
accounted for by the tube damage and exfoliation.

By comparing the number of xenon atoms available in
each of the cells (Table II) and using 18.03 A?/atom as the
specific area of Xe, we calculated the maximum number of
monolayers of xenon that could be formed on the CNTs.
Using the specific surface area of 10.4 m?/g and a mass of
17.9 mg for MRSW there is enough gas to cover MRSW
with 55 layers of Xe atoms. Similar calculations estimate
seven layers for MRGC and 16 layers for MRMWC. Overall,
these are thick layers compared to many other isotherm
studies.?!

TEM reveals multiple adsorption sites: defect sites at
opened tube ends or tube walls, interstitial sites in tube
bundles, the interior of open tubes, and residual metal par-
ticles. For MRGC, adsorption may also occur on the nano-
onions.

B. Chemical shift and chemical exchange

Ratcliffe?? characterized the NMR frequency shift &, of
129X e on surfaces arising from the sum of various interac-
tions

Oobs = Op + Oxe + Os + Osps + K + Oy, (1)

where 9§, is the reference shift. The shift due to Xe-Xe inter-
actions O, is both pressure and temperature dependent. Con-
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FIG. 2. TEM micrographs of the three samples at two magnifi-
cations. (a) MRSW: The dark particles are Ni- and Co-catalyst ma-
terials (left), and the tubes are bundled (right). (b) MRGC: At the
lower magnification, the nanotubes are straight lines while the poly-
hedrons are nano-onions (left). Also notice the closed ends and
bundling of the nanotubes (right). (¢) MRMWC: Severe damage by
the acid treatment opens the tubes (left) and introduces damage to
the tube walls (right).

finement causes an increasingly downfield shift with decreas-
ing pore size.”® Sy, for free gas has been determined in the
temperature range of 240-440 K for densities up to 250
amagat®* and it is used here to determine the chemical shift
of the gas phase not in contact with the carbon nanotubes.'”
The resonance frequency of free xenon gas appears near 0
ppm. Solid xenon, in the absence of other interactions, reso-
nates near 300 ppm, and liquid xenon, appearing as a narrow
peak, resonates near 240 ppm. J; is a term describing chemi-
cal shielding induced by the interaction of a single Xe with
the atoms of the surface.?’ In most cases, the resonance from
these atoms appears between the gas and solid lines. Strong
adsorption sites should give rise to their own chemical shift
Odsas- The xenon atoms at these sites, however, are not in
exchange with the continuously provided freshly polarized
gas and cannot be observed in our experiment. K is the
Knight-shift contribution which originates from the Fermi
contact interaction between an s-type conduction-electron
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spin and the nuclear spin of the xenon atom. Finally, J, is a
paramagnetic shift term due to the dipole-dipole interaction
and it is on the order of 2000 ppm for Ni clusters in contact
with xenon,?? which is outside our frequency range. Xe ex-
periencing a frequency shift due to paramagnetic sites will
also be subject to fast relaxation,?® and like xenon on strong
adsorption sites, will not be visible in the spectrum. This is
the same mechanism likely responsible for fast relaxation of
optically polarized Xe gas in uncoated cells.”® These para-
magnetic sites, however, indirectly affect our spectra and will
be explained further below.

The chemical shift in our situation can thus be simplified
to

obs BXe + (SS +K. (2)

Physisorbed xenon spans the range from 0-300 ppm,??> and
the temperature dependence of the shift is a measure of the
strength of the interaction. For weakly interacting particles,
the adsorbed phase signal only becomes observable at lower
temperatures.

When a xenon atom moves between inequivalent sites (in
this case between the gas phase denoted by frequency w, and
an adsorption site denoted by frequency wp), its magnetic
environment changes and its frequency shifts. This effect is
known as chemical exchange. In order to determine the ef-
fect on the spectrum, it is necessary to compare the rate of
motion of the atom Ry, with the frequency shift difference
Aw=w,—wg of the NMR lines corresponding to those sites.
Following the analysis of Pople et al.,’ in the slow exchange
limit Ry, <Aw, the two lines will be resolved, while in the
fast exchange limit Ry, > Aw, the frequency of the two lines
is averaged. If R,,,=Aw, then the two lines are broadened
with maximum line width occurring at Ry,,=Aw/ \2. The
average line position (or frequency) is based on the popula-
tion at each site. If the spin-lattice relaxation times 7 are
similar for each site, then the averaged signal will appear
somewhere between the two frequencies corresponding to
each individual site. If however, the relaxation time is shorter
at one of the two sites, the nonequilibrium polarization of the
spin is destroyed at this site and becomes unobservable. In
this case, only line broadening may give evidence of ex-
change. In our case, xenon moving between an adsorption
site and the gas phase, the T s are different by orders of
magnitude. T, for free xenon gas is on the order of 10° s
while relaxation due to the unpaired electronic spin of a para-
magnetic site can be as short as 1072 .26 Therefore, the con-
tribution from any spin that samples a paramagnetic site will
not appear in the spectrum.

2Xe NMR spectra at selected temperatures are shown in
Fig. 3 for each of the samples and are compared to the gas
signal at 273 K. Spectra were recorded at 163 K and in the
range 173-273 K in steps of 20 K. At applied pressures, gas
and liquid xenon coexist at temperatures of 173 K and below
and the signal for liquid xenon near 240 ppm is expected in
each of the cells; however, it was observed neither in the
previous work with Py, near 2 MPa (Ref. 9) nor in the
present work. Here, liquid xenon relaxes too fast for NMR
observation due to its lower mobility than the gas phase and
intimate contact with paramagnetic sites. The only sample
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FIG. 3. '¥Xe spectra of xenon in convection cells in close con-
tact with carbon nanotubes at three temperatures: 273, 173, and 163
K. The bottom spectrum for each sample is the spectrum for the gas
at 273 K recorded with the alternate NMR coil (see Fig. 1). Signal
intensities have been scaled to account for the different number of
scans used at each temperature, resulting in different noise levels.
The number of scans for each spectrum is listed to the right. For
ease of view, the gas signal has been reduced by the factor shown.
The relaxation delay was based on the time for the convection
cycle, 1 s. (a) MRSW, (b) MRGC, (c) MRMWC, and (d) MRGC
adsorbed phase. Notice that the MRGC sample is the only one to
show adsorbed peaks, ~260 ppm, due to the low density of para-
magnetic defect sites.

that gives direct evidence of an adsorbed phase in this work
is the MRGC sample (~260 ppm), even though both of the
other samples (MRSW and MRMWC) displayed adsorption
signals near 250 ppm in the high-pressure studies.’

C. Signal intensity

At the pressures used in this work, a larger percentage of
the xenon atoms interacts directly with the surface of the
CNTs than at higher pressure.” Xenon atoms moving suffi-
ciently close to the surface to relax completely through para-
magnetic interactions with catalyst particles or defects be-
come unobservable to NMR. Nevertheless, the effect of the
CNTs on xenon is noticeable through an analysis of the in-
tegrated signal intensities. Figure 4 shows the ratio of
Ient/ 1gas- Iont 18 the integrated signal intensity of the entire
spectral range (—100-400 ppm) in the presence of CNTs
(from Fig. 3). Iy, is the equivalent integrated signal intensity
of xenon in the absence of CNTs at the same temperature
(bottom spectra in Fig. 3). Both spectra were acquired under
the same conditions—the only difference changing the posi-
tion of the NMR coil to surround the gas retort. The ratio
Ient/ 1y 18 less than 1 if the exposure of the xenon gas to the
CNTs destroys the xenon nuclear-spin polarization and
causes a loss in NMR signal intensity.
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FIG. 4. Ratio for xenon gas signal intensity in contact with
CNTs over the signal intensity of the free gas for each of the
samples at three different temperatures. MRSW is shown as circles,
MRGC as squares, and MRMWC as triangles. The signal intensity
ratio is a function of the strength of interaction between xenon and
the nanotubes. MRMWC with the lowest signal intensity ratio has
the strongest interaction at all temperatures.

At high temperature, the kinetic energy of the gas allows
polarized xenon to exchange easily with the xenon adsorbed
on the CNTs. When the freshly polarized xenon samples
paramagnetic sites on the CNTs the polarization is destroyed,
reducing the overall signal intensity. We expect to see a re-
duction in signal intensity proportional to the density of para-
magnetic sites in the CNTs. According to electron-spin reso-
nance (ESR) results,?® the samples have increasing numbers
of defect sites in the order MRGC, MRSW, and MRMWC.
MRGC has the fewest paramagnetic sites and retains the
most polarization at 273 K, while MRMWC has the most
paramagnetic sites and retains the least polarization (Fig. 4).

As the temperature is reduced to 173 K, relaxation slows
because the mobility of the gas phase xenon is reduced while
the convection velocity—the rate of replenishment of polar-
ized gas—remains the same. At this temperature the retained
signal is essentially equal for MRSW and MRGC. This im-
plies that the xenon is exposed to an equivalent surface den-
sity of paramagnetic sites on the two samples. Intuitively,
this similar surface density is understandable in that MRSW
has a higher density of defect sites than MRGC, but it also
has a smaller surface area and more layers of xenon atoms
between the nanotube and the refreshed gaseous xenon.
Therefore, the average distance to a paramagnetic site may
be the same for the two samples.

At the coldest temperatures the kinetic energy of the xe-
non cannot overcome the adsorption potential of the nano-
tubes and the defect sites are assumed to be saturated from
the multilayer adsorption. The adsorbed xenon cannot easily
exchange with freshly polarized gas. For MRGC and
MRSW, there is a significant change in signal intensity re-
tained at the lower temperatures. Notice that for MRMWC
there is essentially no change in the reported signal intensity
ratio with temperature. Previous high-pressure work® demon-
strated that xenon has a stronger interaction with the
MRMWC nanotubes than with MRSW, which is confirmed
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FIG. 5. '¥Xe NMR spectra of the adsorbed phase of MRGC at
(a) 173 K and (b) 163 K. At 173 K the spectrum can be decomposed
into 1 Lorentzian (1) and 2 Gaussian lines (2 and 3), while at 163 K,
the spectrum is best fit with 2 Lorentzian (1 and 4) and 2 Gaussian
lines (2 and 3). The experimental spectrum is shown at the top, the
component lines on the bottom, and the sum of the components is
the dashed line in the center.

in Fig. 4—lcnr/lg,s is always smallest for the MRMWC
sample. Also from the estimated xenon coverage, the inter-
action with the xenon is stronger for MRMWC than MRSW
because of the larger surface area. We thus conclude that the
adsorption potential for MRMWC is always greater than the
kinetic energy available.

In summary, we can conclude from the signal intensity
ratios in Fig. 4 that MRMWC has the strongest adsorption
potential, which can be estimated to be between 2.2 and 3.4
kJ/mole from the thermal energy depending on the tempera-
ture used.

D. Adsorbed phase

A resonance for physisorbed xenon (about 260 ppm at
173 K) is only observed for MRGC: the multiwalled nano-
tubes made without catalyst and which ESR data?® show
have the fewest paramagnetic defect sites. The adsorbed
phase resonance shifts downfield with decreasing tempera-
ture and gains intensity. Figure 5 shows the decomposition of
this resonance using the program DMFIT.” At 173 K the
spectrum is best fit with three lines—a narrow (11.5 Hz full
width at half maximum) Lorentzian line at 245 ppm labeled
1 and two broad Gaussian lines labeled 2 and 3. It should be
noted that at 173 K and 205 kPa gas and liquid phases should
coexist.’® The Lorentzian shape of line 1 suggests motional
narrowing and is thus assigned to liquid xenon. All three
lines move downfield with decreasing temperature, and a
fourth line is observed at 163 K (Fig. 5). This line is also
Lorentzian, width 35 Hz, appearing 1.72 ppm downfield
from line 1. Because of its Lorentzian shape, line 4 is also
assigned to more mobile xenon and its downfield shift sug-
gests that it is due to more densely packed xenon in an en-
closed space. Because lines 1 and 4 can be partially resolved
at 163 K, the exchange rate appears to be in the intermediate
regime where Ry,,,< Aw. From the frequency shift, the upper
limit of the lifetime of the xenon at line 4 is 7=0.002 s.
Since the MRGC tubes remain closed after purification and
MRGTC is nearly defect free, this leaves three possible sites
for the adsorbed xenon: the outer grooved surface of the
nanotube bundles, the interstitial sites in the bundles, and the
outer surface of the nano-onions. Line 4 can also be partially
resolved with lines 2 and 3, implying that line 4 is also in
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(a) MRSW

(b) MRGC
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FIG. 6. '¥Xe NMR spectra of the gas phase for each of the
samples at 273 K. Each spectrum can be decomposed into three
lines: 1 Lorentzian (1) and 2 Gaussian (2 and 3). The experimental
spectrum is shown at the top, the component lines on the bottom,
and the sum of the components is the dashed line in the center. (a)
MRSW. (b) MRGC. (c) MRMWC.

exchange with the adsorbed phase lines 2 and 3. Lines 2 and
3 are assigned to physisorbed xenon in two different envi-
ronments. The Gaussian shape suggests that there is a het-
erogeneity of sites with less mobile xenon atoms. Both of
these environments would be accessible to exchange with
liquid xenon at the surface or in interstitial sites (lines 1 and
4) as is expected from the overlap of the signals at 163 K.
Therefore, it can be concluded that the upper limit of the
lifetime of xenon in the adsorbed phase is also 7=0.002 s.
The measured relaxation time for xenon in the gas and ad-
sorbed phase, however, is 2 orders of magnitude greater than
this value of 7, which implies that the adsorption/desorption
of xenon is not the dominant relaxation mechanism for the
gas. Instead, it confirms that relaxation to paramagnetic sites
is much more efficient.

E. Gas phase

While MRGC displays two sets of resonances at distinctly
different chemical shifts (0 ppm, ~260 ppm), MRSW and
MRMWC display only a composite resonance close to 0
ppm. These resonances have a complex structure. Figure 6
shows the decomposition of the gas phase spectrum for each
of the samples into three lines: a Lorentzian line (1) and two
Gaussian lines (2 and 3). Line 1 stems from the free gas in
the interparticle space; within error, it has the same width
and line shape as the pure gas phase peak at all temperatures.
The most striking feature of Fig. 6 is the negative chemical
shift for lines 2 and 3 in MRSW and MRMWC. Negative
xenon shifts have been reported previously in the literature.??
Romanenko et al.'” reported a negative shift for xenon in
contact with single-walled nanotubes produced by methane
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decomposition over Ni- and Co-containing catalysts. Nega-
tive Knight shifts on the order of 1 to tens of parts per mil-
lion have been observed and calculated for xenon in contact
with metallic nanotubes’! and metallic particles.”? Since
MRGC shows only positive chemical shifts and is the only
sample that does not contain metallic particles, we conclude
that the negative shifts are most likely due to interaction of
xenon with metallic particles and not metallic CNTs—all
samples should contain roughly the same fraction of metallic
tubes. Therefore, we ascribe the negative shifts to Knight
shifts due to interaction of xenon gas with metallic particles.
The shift difference between line 1 and lines 2 and 3 is about
5 ppm for the MRMWC sample and is larger, 10-14 ppm,
for the MRSW sample.

The Gaussian shape for lines 2 and 3 suggests a phase
where xenon has limited mobility. This phase is not directly
detected due to paramagnetic relaxation, and the frequency
where it is observed depends on the exchange rate between
the gas and the unobserved adsorbed phase. For rapid
exchange,?’

Wyverage = PAWA T PpWp, (3)

where w, and wy are the frequencies of the xenon atoms at
the two sites, in our case, the gas and the adsorbed phases,
respectively. The weighting factors p, and pp are the frac-
tional populations of the two sites. Usually, p, and pp are
dependent on the lifetime at each site 7, and 7, but in our
case, the lifetime at site B is very short due to relaxation to
paramagnetic sites 7,3~ 10 ns,%® and the weighting factors
become?’

TA T\p
=—2 =1 and py=—"»=2-=o. 4
Pa TA + TIB Px TA + TIB ( )

The averaged frequency thus appears much closer to the gas
phase frequency w,. Lines 2 and 3 thus arise from heteroge-
neous adsorption sites of two different average environments
in exchange with free gas. In accordance with the results for
the adsorbed phase, we tentatively assign these two lines for
MRGC and MRSW to the exterior of the bundles and the
interstitial sites. Figure 7 shows a schematic representation
of the adsorption sites available on each of the samples.
Since the chemical shift of xenon is inversely proportional to
the size of a confining pore,”»3? line 3 with the largest
chemical shift is assigned to xenon in interstitial sites. For
MRMWOC, interstitial sites are not available and restricted
pores such as those shown in Fig. 2(c) or depicted in Fig.
7(c) may be occupied. For all three samples, line 2 is as-
signed to xenon on the outside surface of the nanotubes or
bundles. This assignment is corroborated by the line width
data (see Fig. 8). For all three samples, the width of line 2
(squares) is independent of temperature. MRGC and
MRMWC have similar surface areas of 29 and 26 m?2/ g,
respectively. The width of line 2 for both samples is about 60
Hz. The smaller diameter of the single-walled nanotubes
causes more corrugation to the outer surface of the bundle,
corresponding to a greater heterogeneity of adsorption sites
as shown in Fig. 7(a). MRSW is not shown in Fig. 8; how-
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FIG. 7. Schematic representation of the adsorbed phases and
interparticle gas for (a) MRSW, (b) MRGC, and (c) MRMWC. The
small filled circles are '*’Xe. Line 1 in the spectra is assigned to
interparticle gas, line 2 to gas on the surface of the carbon nano-
tubes, and line 3 to the more confined interstitial sites, defect sites,
or interiors of multiwalled nanotubes (c).

ever, the width of line 2 for MRSW is correspondingly wider
at ~100 Hz.

As temperature is decreased, line 3 (circles) broadens un-
til 213 K for MRMWC and 173 K for both MRSW (not
shown) and MRGC (Fig. 8). At lower temperatures, the line
narrows. For MRGC, where the adsorbed phase is observ-
able, the temperature for the maximum in-line width corre-
sponds to the appearance of the resonance near 260 ppm for
the adsorbed phase. The formation of an adsorbed phase de-
pletes other adsorption sites, leading to a narrowing in the
line width due to a reduced heterogeneity. The same phe-
nomenon was observed at higher pressure.’ Even though the
adsorbed signal is unobservable for MRSW and MRMWC,
the maximum in linewidth suggests that adsorption begins to
occur at 213 K for MRMWC and 173 K for MRSW.

IV. CONCLUSIONS

We have studied xenon adsorption on single-walled and
multiwalled, oxidatively purified carbon nanotubes using op-
tically polarized 129X e NMR spectroscopy. We have demon-
strated the utility of an optically polarized '*’Xe convection
cell that continuously polarizes the xenon gas for measuring
surface properties of materials. Because of the high polariza-
tion and the low pressures, multiple lines in both the gas and
adsorbed phases of xenon in contact with CNTs can be re-
solved. Correlation with calculated and experimental adsorp-
tion isotherm data allows us to conclude that the xenon is
highly mobile between multiple physisorbed sites on the sur-
face. We propose these to be the outer surface of the carbon
nanotubes and a second site which is dependent on the pro-
duction method of the carbon nanotubes. For carbon arc dis-
charge produced nanotubes, the second site is attributed to
grooves on the exterior or interstitial sites in tube bundles.
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FIG. 8. Plot of linewidth vs temperature for MRMWC (filled
symbols) and MRGC (open symbols). Gas phase line 1, diamonds,
Gaussian line 2, squares, and Gaussian line 3, circles. The width of
the line of gas not in contact with carbon nanotubes is denoted by
plusses for MRMWC and crosses for MRGC. Notice that lines 1
and 2 are constant in width within error. The linewidth of line 3
increases with decreasing temperature to the onset of adsorption
(213 K for MRMWC, 173 K for MRGC) then begins to narrow.

With decreasing temperature, this line continues to broaden
until adsorption sets in and then narrows, demonstrating the
slower exchange rate between these sites and the interparticle
gas. For the chemical vapor deposition produced nanotubes,
the second site is attributed to defects introduced in the oxi-
dative purification procedure. Through the loss of polariza-
tion by relaxation to paramagnetic sites as well as through
the presence of Knight shifts, we confirm that xenon adsorp-
tion occurs near defect sites in multiwalled nanotubes and
metallic particles in single-walled nanotubes. We also show
that, in general, adsorption seems to be stronger on the mul-
tiwalled nanotubes than the single-walled tubes in agreement
with previous work.? The temperature-dependent spectra and
the integrated signal intensities confirm that the adsorption
potential of chemical vapor deposition produced multiwalled
nanotubes (MRMWC) is stronger than that of either the
single-walled tubes (MRSW) or the carbon arc discharge
produced multiwalled nanotubes (MRGC).
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