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Abstract: The kinetics of gas f channel and channel f gas exchange of Xe in self-assembled L-alanyl-
L-valine (AV) nanotubes was facilitated by continuous flow hyperpolarized xenon-129 two-dimensional
exchange NMR spectroscopy. Cross-peaks due to gas atoms entering or exiting were observed at Xe
pressures of 92, 1320, and 3300 mbar, corresponding to Xe fractional occupancies ranging from 0.047 to
0.64. At each pressure, the rate of desorption from the channels was determined by fitting the mixing time
dependence of the cross-peak and diagonal-peak signals to a magnetization exchange model, assuming
steady-state Langmuir adsorption under hyperpolarized gas flow conditions. The observed rate constant
for desorption of Xe from AV nanotubes decreased from 4.5 s-1 to 2.0 s-1 over the occupancy range
studied, a finding that is consistent with a decrease in the diffusivity in the channels.

Introduction

Recent interest in the adsorption, exchange, and transport
properties of nanotube materials has been stimulated by
important potential applications, such as gas separation1-11 and
nanofluidics.12-15 Theoretical studies predict that confinement
within one-dimensional channels can radically alter molecular
dynamics and transport properties.14-18 For instance, when the
channels are occupied by particles too large to pass one another,
single-file diffusion (SFD) may occur at certain time scales.17-22

Although such phenomena have been confirmed in macroscopic

model systems,23-25 only a few experimental studies of molec-
ular SFD19-21 have been reported to date. Channel boundary
and desorption barrier effects, particle-particle/particle-wall
interactions, and crossover between different diffusion time-
scaling regimes can be numerically simulated for idealized
nanotube systems. However, experimental validation has been
hampered by the lack of suitable techniques for investigating
the details of molecular exchange and diffusion in real nanotube
materials. While adsorption properties have been characterized,
molecular exchange and diffusion localized near single-file
channel openings has never been investigated experimentally.
Such will be the topic of this study of Xe exchange in
polycrystallineL-alanyl-L-valine (AV) nanotubes.

The channels of AV, which are lined with-CH3 groups, have
an inner diameter of 5.13 Å.26-29 Xenon, with a van der Waals
diameter of 4.5 Å, has a high propensity for adsorption into the
hydrophobic channels of AV.27,29Xenon-129 is particularly well-
suited for the NMR characterization of nanoporosity.27-40 Its
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large chemical shift range allows the confined phase to be
distinguished from the free gas and reveals interactions
with the channel interiors and other Xe atoms in nano-
tubes.20,21,27,33,41,42

Two-dimensional thermally polarized129Xe exchange NMR
spectroscopy (2D-EXSY) has been successfully applied to probe
slow exchange among multiple adsorption sites in diverse
systems, including liquid crystals,43,44 zeolites,35-37 poly-
mers,40,45,46 and carbon nanotubes.47,48 To obtain quantitative
dynamical information using this method, the mixing-time
dependences of the integrated diagonal-peak and cross-peak
signals are fit to an appropriate kinetic model. For example,
Tallavaara et al. extracted the exchange rates andT1 times of
thermally polarized129Xe in the liquid-crystal phase confined
in controlled-pore glass by fitting the cross- and diagonal-peak
mixing-time dependences.44 Unfortunately, mixing-time depen-
dence studies are usually not feasible in thermally polarized
samples due to the acquisition time requirements associated with
long relaxation times and low density. While exchange-rate
constants and spin-relaxation times can be determined from a
2D-EXSY spectrum acquired at a single mixing time,36-38,49

thereby minimizing the total experiment time, the accuracy of
this method is generally lower than that which can be achieved
by acquiring multiple 2D-EXSY spectra at a series of mixing
times.36,44,49,50

With the advent of continuous flow hyperpolarized (CFHP)
129Xe NMR, it is now possible to overcome conventional
sensitivity limitations.51-54 A flow of hyperpolarized gas
through the sample space facilitates rapid acquisition of129Xe
2D-EXSY spectra because the nuclear spin polarization is
replenished on a time scale determined by the gas flow rate
through the sample space, not by the typically long129Xe
relaxation times. Moreover, the per-scan sensitivity can be
enhanced by 4 orders of magnitude in comparison to the

thermally polarized129Xe spectrum. Although CFHP129Xe 2D-
EXSY is well-suited for studies of gas exchange in nanoporous
materials, the information obtained in most of the prior
studies employing this method has been of a qualitative nature,
such as determination of pore-space geometries, inter-
connectivities, or exchange pathways.38-40,54,55It would appear
that extraction of quantitative dynamic information has been
hampered by the lack of a kinetic formalism appropriate to the
analysis of 2D-EXSY spectra acquired under CFHP conditions.
Analytical expressions for the mixing-time dependences of
cross-/diagonal-peak signal ratios found in the literature36,49are
derived by assuming (1) thermally polarized spins in the absence
of flow (e.g., in a sealed NMR tube) and (2) equal cross-peak
signals for the forward and reverse exchange processes.
Nevertheless, the conventional matrix formalism was applied
without modification to estimate exchange rates between the
gas and pores in a recent CFHP129X 2D-EXSY study of gas
exchange in porous silicon.38 As the kinetic model presented
below reveals, flow effects must be considered when the
residence time in the sample space is shorter than the exchange
time: τR < kex

-1. In this regime, flow attenuates the exchange
cross-peaks involving the gas phase, leading to a possible
underestimation of the exchange rates. The effects of flow are
consistent with the observations reported in ref 55. Moreover,
the cross-peaks representing the forward and reverse exchange
processes in CFHP129Xe 2D-EXSY spectra are generally
asymmetric with respect to the spectrum diagonal, as discussed
in qualitative terms by Anala et al. in a study of the combustion
process.56

In this article, we demonstrate how CFHP129Xe 2D-EXSY
can be used to detect Xe atoms entering and exiting the channel
openings in AV. The mixing-time dependence of the diagonal-
and cross-peak signal integrals will be fit to analytical expres-
sions derived by assuming slow exchange between the gas phase
and a surface exhibiting Langmuir adsorption. The mean
desorption rate is determined under flowing gas conditions at
low, moderate, and high fractional steady-state Xe occupancies,
yielding semiquantitative information about molecular exchange
in the vicinity of the channel openings.

Experimental Section

Polycrystalline AV was purchased from MP Biochemicals and used
as received. Scanning electron microscopy of the polycrystalline AV
sample revealed rod-shaped crystallites with a distribution of lengths
ranging from 20 to 40µm. A 15-mg sample was packed loosely into
a 3.2-mm (inside diameter) cylindrical sample holder machined from
PEEK, around which a seven-turn solenoid NMR coil was wound and
tuned to the129Xe resonance frequency of 110.6 MHz. The 90° pulse
length was 4µs. The threaded inlet and outlet of the sample holder
were connected to 0.125′′ PFA tubing with vacuum-tight fittings. Prior
to NMR measurements, the sample space was evacuated to about 10-5

mbar at 100°C for 2-3 h. Spectra were acquired at a field of 9.4 T
with a Bruker Avance NMR spectrometer. Rapid accumulation of
spectra was achieved by pre-pending the standard 2D-EXSY pulse
sequence with a saturating RF pulse train (SAT) followed by a fixed
repolarization delay. The modification serves to circumvent the lengthy
acquisition recycle delay that would be required using thermally
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polarized129Xe NMR due to lengthyT1 relaxation times and establishes
a reproducible polarization distribution as a function of displacement
from the channel openings. Prior to each repetition of the 2D-EXSY
pulse program, the129Xe magnetization in the sample space is
initially destroyed by the application of a nonselectiveπ/2 pulse
train followed by a repolarization delay ofτ1 ) 4 s to allow the build-
up of hyperpolarized Xe inside the channels. The complete pulse
sequence is

whereτm is the mixing time. An eight-step phase cycle was employed
for coherence transfer pathway selection.50 It should be noted that under
the present experimental conditions only hyperpolarized129Xe gives
rise to observable NMR signals since thermally polarized129Xe signals
cannot be detected without signal averaging. A series of 10 CFHP 2D-
EXSY spectra were acquired at-10 °C with mixing times ranging
from τm ) 10 to 600 ms at Xe partial pressures of 92, 1320, and 3300
mbar. Typically, 64 and 1024 points were collected in thet1 and t2
dimensions. A line-broadening of 300 Hz was applied in both time

dimensions prior to Fourier transformation. Chemical shifts are
referenced to dilute Xe gas (0 ppm).

Hyperpolarized129Xe gas was generated by the home-built continu-
ous flow Rb-Xe spin-exchange optical pumping system described in
ref 53. The Xe gas mixture was recirculated through the sample space
at a nominal flow rate of 100 mL/min, as measured on a gas flow
meter. The experiments at 92 mbar were carried out using a 2%/2%/
96% natural isotopic abundance Xe/N2/He gas mixture (Spectra Gases).
At this pressure, the129Xe spin polarization reached levels as high as
about 20%. The total gas pressure was 4600 mbar in all experiments.
A mixture of natural abundance129Xe gas (Praxair) and4He was used
for the experiments at 1320 mbar and 3300 mbar Xe partial pressure.
Molar loadings of Xe in AV were estimated from the NMR spectra
shown in Figure 1 using the empirical correlation between molar loading
and the perpendicular component of the cylindrically symmetric
chemical shielding tensor,σ⊥, as established from Figure 4 of ref 27:
θm ) 0.00536‚σ⊥-0.51964 (at 20°C). Shielding tensor components
were extracted from fits to the powder pattern line shapes. Molar
loadings were converted to volumetric fractional occupancies (θ) using
published adsorption capacity data.29 Although the experiments pre-
sented herein were performed at-10 °C, the temperature dependence
of σ⊥ (at constantθm) is assumed to be only weak sinceσ⊥ depends
primarily on Xe-Xe interactions.41,42

Results and Discussion

Xenon adsorption in self-assembled AV nanotubes is known
to obey the Langmuir equation29 where the steady-state frac-
tional occupancy is given byθ ) occupied sites/total sites)
Kp/(1 + Kp), K ) ka/kd is the equilibrium constant, andp is the
Xe partial pressure. By varyingp at constantT, the effect of
occupancy on the exchange rate can be explored under steady-
state adsorption conditions. Figure 1 presents the one-
dimensional CFHP129Xe spectra in AV at Xe partial pressures
of 92, 1320, and 3300 mbar at-10 °C. The chemical shielding
anisotropy exhibits a sign inversion atθ ≈ 0.4 due to the relative
contributions of Xe-Xe and Xe-wall interactions to the
perpendicular and parallel components of the shielding tensor,

Figure 1. Steady-state continuous flow hyperpolarized129Xe NMR spectra
in AV nanotubes, acquired at-10 °C, at the following Xe partial
pressures: (a) 92 mbar, (b) 1320 mbar, (c) 3300 mbar. The chemical shift
scale is referenced to dilute Xe gas (0 ppm).

Figure 2. Continuous flow hyperpolarized129Xe 2D-EXSY spectra in AV nanotubes at-10 °C acquired at the mixing times yielding maximum cross-peak
intensities: (a) 92 mbar,τm ) 35 ms; (b) 1320 mbar,τm ) 100 ms; (c) 3300 mbar,τm ) 100 ms. The spectra were recorded with 64× 1024 data points with
8 scans per spectrum. A Gaussian line-broadening of 300 Hz was applied in both time dimensions. The total experiment time per 2D spectrum withτ1 )
4 s was about 30 min.

(SAT) - τ1 - π/2 - t1 - π/2 - τm - π/2 - t2(ACQ)

Single-File Diffusion of Xe Gas into Nanotubes A R T I C L E S
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respectively.27,33,41,42At 92 mbar, the anisotropy is dominated
by the Xe-wall interactions (Figure 1a), while at 3300 mbar
(Figure 1c), Xe-Xe interactions dominate. Validating the
assumption of Langmuir adsorption, the estimated equilibrium
constants reported in Table 1 are within experimental error the
same at all three pressures.

The129Xe 2D-EXSY spectra at 92, 1320, and 3300 mbar are
presented in Figure 2. The gasf channel and channelf gas
cross-peaks are strongly attenuated by the gas flow rate which
limits the residence timeτR of gas atoms in the sample space.
The observation of gas atoms entering (upper left cross-peak)
and exiting (lower right cross-peak) the single-file nanotubes
is evidenced by the appearance of cross-peaks. Elongated
diagonal-peaks due to Xe which did not exchange duringτm

are observed at 92 mbar (Figure 2a) and 3300 mbar (Figure
2c), while the contours of the diagonal-peak at 1320 mbar
exhibit a roughly circular shape (Figure 2b). As in the 1D spectra
presented in Figure 1, the shape of the adsorbed-phase diagonal-
peaks in the 2D-EXSY spectra reflects the distribution of AV
crystallites with different orientations with respect to the
magnetic field. Cross-peaks corresponding to Xe exchange
between different individual channel orientations are not
observed, indicating that multiple Xe exchange events between
different channels cannot be detected under these experimental
conditions.

To obtain analytical expressions for the mixing-time depen-
dence of the diagonal- and cross-peak signals, we start with
the following rate equations for the gas- and adsorbed-phase
magnetizations,Mg and Mc, assuming steady-state adsorption
on a Langmuir surface:

wherenc/ng ≡ ratio of total adsorption sites to gas atoms,kd ≡
desorption rate constant, andMi is the magnetization in one
sample holder void space volume of freshly hyperpolarized gas.
The longitudinal nuclear spin-relaxation times of Xe inside the
channels and in the gas phase are given byT1c andT1g. For Xe
in AV at 9.4 T, T1c ) 50 - 150 s, depending onθ,21 andT1g

> 600 s. Since the repolarization delay ofτ1 ) 4 s during which
the hyperpolarized atoms enter and diffuse into the channels is
much shorter than either spin-relaxation time, the spin-relaxation
terms can be neglected. Assuming an excess of Xe gas (i.e.,
ncθ/ng , 1), the repolarization of the gas duringτ1 will be
dominated by the influx of freshly hyperpolarized gas into the
sample space gas. This assumption is validated by the observa-

tion that selective saturation of the nanotube phase129Xe
transition did not significantly affect the gas-phase signal.21 The
initial magnetizations in the gas and channels at the beginning
of the mixing delay are as follows:

Longitudinal magnetizations that do not exchange duringτm

yield the “diagonal” peaks in the 2D-EXSY spectrum. The gas-
phase and channel diagonal-peaks are expected to decay
monoexponentially:

The mixing time dependence of the longitudinal magnetizations
representing Xe entering and exiting the channels during the
mixing time (assuming excess gas) are as follows:

The expressions reveal that the cross-peaks will generally have
unequal amplitudes, vanish in the limitτR f 0 or kd f 0, and
are significantly affected by the flow whenτR

-1 > kd. The time
dependence of the two cross-peaks will be the same in this
model, and each is predicted to pass through a maximum at

Equations 7 and 8 pertain to a homogeneous surface consist-
ing of nc adsorption sites. Though Xe in AV exhibits a Langmuir
adsorption isotherm, it is important to note that the average
channel length in our AV sample is roughly 5 orders of
magnitude greater than the diameter of a Xe. For an atom to
escape from within the channel, it must first diffuse to the
opening where it must then overcome a potential energy barrier.
In ref 21 we postulated that the diffusion-limited exchange
kinetics in one-dimensional pores can be modeled by taking a
distribution of desorption rates:

Table 1. Best-Fit Kinetic Parameters for CFHP 129Xe 2D-EXSY Spectra in AV at -10 °C; Uncertainties Represent 95% Confidence
Intervals

channel f channel gas f gas
gas f channel

eq 7
channel f gas

eq 8

pXe/mbar θ K/bar-1 khd
diag/s-1 τR/ms khd/s-1 τR/ms khd/s-1 τR/ms

92 0.047 0.52( 0.03 2.5( 1 19( 3
6.1( 2 19 (fixed) 3.2( 1 19 (fixed)
4.2( 2 11( 5 2.2( 1.4 13.4( 5

1320 0.39 0.48( 0.15 1.5( 0.6 68( 35
- 68 (fixed) - 68 (fixed)

2.3( 0.5 35( 3 2.7( 0.5 43( 3

3300 0.64 0.54( 0.08 n/a 28( 5
1.9( 0.8 28 (fixed) <2.2 28 (fixed)

- - - -

dMg

dt
) -kd

ncθ
ng

Mg + kdMc -
Mg

T1g
+

Mi - Mg

τR
(1)

dMc

dt
) kd

ncθ
ng

Mg - kdMc -
Mc

T1c
(2)

Mg
o ≡ Mg(τ1) ≈ Mi(1 - e-τ1/τR) (3)

Mc
o ≡ Mc(τ1) ≈ Mi[ncθ

ng
] (1 - e-kdτ1)τR

-1 - (1 - e-kdτ1)kd

τR
-1 - kd

(4)

Mgfg(τ1,τm) ) Mg
o exp[-τm( 1

τR
+ kd

ncθ
ng

)] (5)

Mcfc(τ1,τm) ) Mc
o e-kdτm (6)

Mgfc(τ1,τm) ) Mg
o

kd

τR
-1 - kd

ncθ
ng

(e-kdτm - e-τm/τR) (7)

Mcfg(τ1,τm) ≈ Mc
o

kd

τR
-1 - kd

(e-kdτm - e-τm/τR) (8)

τm
max )

ln(kdτR)

(kd - τR
-1)
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for single-file diffusion, whereF is the single-file mobility,zj
is the mean displacement from the channel opening, andτd is
the diffusion time or

for normal one-dimensional diffusion. In the present work, the
distributionkd(z) will be replaced by a single mean value,khd.
This simplified treatment should yield semiquantitative results
at sufficiently short mixing times.

Figure 3 presents theτm dependence of the cross- and
diagonal-peak integrals along with the nonlinear least-squares
fits to eq 5-8. The fitted values forkhd andτR at each pressure
are reported in Table 1. Although a monoexponential decay of
the gas-phase diagonal-peak is expected from eq 5, a biexpo-
nential function yielded better fits. However, the pre-exponential
factors obtained from least-squares fitting show that the more
rapidly decaying exponential term of the two accounts for about
90% of the initial gas-phase diagonal-peak signals at 92 and
3300 mbar. Although the 2D-EXSY spectra were acquired at a
nominal flow rate of 100 mL/min at all three pressures (as
indicated by the flow meter), no correction was made for gas
composition. The actual residence times at 1320 mbar and 3300
mbar appear to have been substantially longer than in the
experiments at 92 mbar. The gas-phase diagonal-peak at 1320
mbar yieldedτR ) 68 ms.

To assess the validity of the kinetic model, fits to each of
the cross-peak mixing time dependences at each pressure were
performed in two different ways: by either fixingτR to the value
established from the gas-phase diagonal-peak in the same
spectrum, or by allowing all three parameters (khd,τR, and the
pre-exponential factor) to vary freely. The parameters resulting
from the two and three parameter least-squares fits are reported
in Table 1 as the upper- and lower-row entries forkhd andτR at
each of the three pressures studied. Where no table entries are
reported, the fits did not exhibit good qualitative agreement with
the experimental data.

Despite the large relative errors, the cross-peak fits reveal a
clear decrease in the rate constantkhd upon increasing the
occupancy fromθ ) 0.047 (92 mbar) to 0.39 (1320 mbar). The
trend is more pronounced for the gas (g)f channel (c) process.
At 92 mbar (low occupancy), reasonable self-consistency of the
model (eqs 1-8) was obtained. The residence time extracted
from the decay ofMgfg is within the 95% confidence interval
of the values obtained from the fits to both cross-peaks.
However, the best-fit desorption rate for the gf c (Xe entering)
process was about a factor of 2 higher than that for the cf g
(Xe exiting) process. This asymmetry might be attributed to
one or more of the following factors which are not accounted
for by our simplified model: presence of a desorption barrier,
channel boundary effects, or one-dimensional diffusion effects.

At 3300 mbar, where the occupancy is relatively high, the
fixed value for the residence time of 28 ms (obtained from the
diagonal-peak decay) yielded good qualitative fits to the cross-
peaks, and close agreement between thekhd values obtained from
the cf g and gf c cross-peaks was obtained. AllowingτR to

vary yielded poor agreement to the data at this pressure due to
low signal-to-noise of the cross-peaks. At 1320 mbar, holding
τR ) 68 ms constant yielded unacceptable two-parameter fits
of the cross-peaks (not shown). We do not have an explanation
for this irregularity. Nevertheless, the three-parameter cross-
peak fits allowingτR to vary freely gave self-consistent results,
andkhd obtained from the entering and exiting processes, are in
agreement.

Several factors could account for the observed decrease in
khd. A decrease in the rate with occupancy might be explained
by the observed-7.4 kJ/mol increase in the enthalpy of
desorption upon increasing the pressure from 92 mbar to 1320
mbar at-10 °C,57 a change which would be expected to reduce
kd by a factor of about 102. However, the actual reduction is
only by a factor of about 3, implying diffusion-limited rather
than thermodynamic-limited desorption. For SFD, which has
been confirmed in AV for time scales longer than about 0.5 s,
the mean squared displacement increases according to〈z2〉 )
2F xt, where F is the single-file mobility. For hard-sphere
particles in cylindrical channels,F ∝ (1 - θ)/θ.22 Thus, the
observed reduction in desorption rate upon increasing the
occupancy is consistent with a decrease in the diffusivity in
the channels.

As shown in Figure 3d, the diagonal-peak representing Xe
which remains in the channels throughout the exchange delay
also exhibited a decrease inkhd

diag with increasing occupancy,
but the rates are slightly lower than those extracted from the
cross-peaks. This result can be explained qualitatively in terms
of diffusion-limited gas exchange. The cross-peak signals arise
from atoms close enough to the channel openings to escape
during the finite residence time. In contrast, the diagonal-peak
includes signal contributions from all Xe atoms which have
diffused into the channels during the longer repolarization delay
of τ1 ) 4 s. For this larger ensemble of Xe atoms, the mean
diffusion time to return to the channel opening is longer,
consistent with an apparent reduction in the desorption rate.

While the single-file mobility of Xe in AV nanotubes is
unknown, a rough estimate of the mean displacement can be
made from previously measured single-file mobilities in zeolites
with 1D channels. For example, a PFG NMR study19 of CF4

(4.7 Å) in AlPO4-5 zeolite (8.2 Å cylindrical channels) at
moderate occupancy yieldedF ≈ 1 × 10-12 m2 s-1/2, while a
quasi-elastic neutron diffraction study58 of CH4 (3.8 Å) in
zeolite-48 (5.3× 5.6 Å) yielded F ) 2 × 10-12 m2 s-1/2.
Assuming a similar single-file mobility for Xe in AV, the atoms
would reach a depth of∼2 µm during the repolarization delay,
with τ1 ) 4 s. The residence time of Xe atoms in the sample
space limits the cross-peak intensities. At the flow rate used in
the present study, the maximum cross-peak intensities were
observed at∼50 ms, where the exchange is limited to polarized
atoms within∼0.7µm of the channel opening. Interrupting the
gas flow momentarily during the exchange delay is envisaged
as a means to increase cross-peak intensities. By increasing the
residence time, it should be possible to probe the kinetics of
desorption over a much wider range of length scales or
intercrystalline exchange between nanotubes with different
orientations.

(57) Cheng, C.-Y.; Bowers, C. R. Unpublished results.
(58) Jobic, H.; Hahn, K.; Karger, J.; Bee, M.; Tuel, A.; Noack, M.; Girnus, I.;

Kearley, G.J. Phys. Chem. B1997, 101, 5834-5841.
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Conclusions

Direct observation of atoms entering and exiting self-
assembledL-alanyl-L-valine nanotubes has been facilitated by
continuous flow hyperpolarized129Xe two-dimensional exchange
NMR spectroscopy. Analytical solutions for the mixing-time
dependence of the diagonal- and cross-peak signals have been
obtained under flow conditions with excess Xe gas, revealing
that the effects of flow need to be considered whenτR

-1 > kd,
as is the case for Xe in AV under our experimental conditions.
Nonlinear least-squares fitting to these expressions yielded the
effective rate of Xe escape from the AV channels. Although
the assumption of a single mean desorption rate (as opposed to
a distribution of rates) probably contributes to the relatively large
uncertainties in the fitted values of the desorption rate constants,
a reduction in the effective rate of desorption with increasing
Xe density has been clearly observed. This finding is consistent
with a decrease in the Xe mobility of the channels in the
diffusion-limited exchange regime. While single-file diffusion
of Xe in AV has been confirmed at longer time scales,21 the

semiquantitative analysis of the present work precludes any
definite conclusions to be made concerning the relative impor-
tance of normal one-dimensional diffusion versus single-file
diffusion to the exchange process. Nonetheless, our study has
shown how hyperpolarized xenon-129 NMR can be applied to
the investigation of gas-exchange dynamics in nanotubes, and
the kinetic model developed herein should serve as a starting
point for future hyperpolarized NMR studies of adsorption,
diffusion, and exchange processes in nanotubes and other
nanoporous materials.
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Figure 3. Mixing-time dependences of cross- and diagonal-peak signal integrals in CFHP129Xe 2D-EXSY spectra of AV nanotubes at-10 °C. (a) Channel-
to-gas cross-peak signal integrals and least-squares fits at three Xe pressures. (b) Gas-to-channel cross-peak integrals. (c) Gas-to-gas diagonal-peak mixing-
time dependences. The solid and dashed curves represent the fits to the functions given in the legend. (d) Channel-to-channel diagonal-peak mixing-time
dependences. The dashed lines represents the least-squares fits to a single-exponential decay function.
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