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a b s t r a c t
This paper reviews results of our recent studies of diffusion of gaseous sorbates in nanotube systems. 13C
pulsed ﬁeld gradient (PFG) NMR at 17.6 T was used to probe diffusion of tetraﬂuoromethane in aluminosilicate nanotubes at several sorbate loadings. The results of PFG NMR measurements were compared
with the corresponding data obtained by molecular dynamics simulations. The diffusion in this system
was found to follow the laws of normal (i.e. Fickian) transport. At the same time, experimental data pointing at single-ﬁle diffusion were recorded for xenon gas conﬁned inside dipeptide L-alanyl L-valine (AV)
nanotubes. These data were obtained by means of high ﬁeld 129Xe PFG NMR. The PFG NMR data are compared with recently reported hyperpolarized tracer exchange 129Xe NMR in the same material.
Ó 2013 Elsevier Inc. All rights reserved.
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1. Introduction
Diffusion studies of gaseous sorbates in systems of one-dimensional nanochannels are of high fundamental interest and also of
high relevance for a number of practical applications. Prominent
examples of such applications include molecular separation,
nanoﬂuidics and catalysis. Conﬁnement of sorbate transport to
one-dimension can lead to anomalous diffusion. A particularly
interesting case of anomalous diffusion is single-ﬁle diffusion
(SFD). SFD can be expected when the nanochannel radius is smaller
than the diameter of a sorbate molecule. In this case mutual
passages of sorbate molecules inside the channels are excluded.
As a result, normal diffusion, according to the Einstein relation,
hDx2 ðtÞi ¼ 2Dt, no longer takes place. Instead, for sufﬁciently large
displacements in the limit of inﬁnitely long single-ﬁle channels,
the mean square displacement (MSD) grows proportionally to
the square root of the diffusion time [1–4]

pﬃﬃ
hDx2 ðtÞi ¼ 2F t

ð1Þ

where F is the mobility factor. Despite strong interest in single-ﬁle
diffusion, there are only a few reports of the direct experimental
observation of the time scalling of SFD (Eq. (1)) for molecular sorbates [5–7].
Here we present results of microscopic studies of self-diffusion
in nanotube systems in which tetraﬂuoromethane (CF4) and xenon
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(Xe) were used as sorbates. Both types of diffusing species are
spherical and have similar diameters between 0.4 and 0.5 nm.
The systems of aluminosilicate nanotubes [8,9] and self-assembled
L-alanyl-L-valine (AV) nanotubes [10,11] were chosen as sorbents.
The maximum value of the external radius of the former nanotubes
(0.8 nm) is larger than the sorbate diameter, while the external
radius of the latter nanotubes (0.25 nm) is signiﬁcantly smaller
than the sorbate diameter. Hence, under our experimental conditions normal and single-ﬁle types of transport are expected,
respectively, for aluminosilicate nanotubes and AV nanotubes.
Self-diffusion studies were performed by 13C and 129Xe pulsed
ﬁeld gradient (PFG) NMR. These studies have beneﬁted from the
possibility to combine the advantages of high (up to 30 T/m) magnetic ﬁeld gradients and high (17.6 T) magnetic ﬁeld. Application of
strong gradients was needed to record slow transport in nanotubes. Using high ﬁeld was essential to record sufﬁciently strong
signals from nuclei such as 13C and 129Xe. 13C and 129Xe were chosen for the studies reviewed in this paper because of the expectation that under conditions of strong conﬁnement in nanochannels
their T2 NMR relaxation times would be larger than that of the
more traditionally used protons. Under our measurement conditions the T2 NMR relaxation times of sorbates in nanochannels
were estimated to be in the range between 1.5 and 2.7 ms for 13C
and around 5 ms or larger for 129Xe.
For AV nanotubes, Xe diffusion data obtained by PFG NMR are
compared with recently reported studies of tracer exchange of Xe
atoms between AV nanotubes and the surrounding gas phase
[12,13]. Tracer exchange experiments with Xe become possible
due to hyperpolarization of xenon atoms using spin-exchange

120

M. Dvoyashkin et al. / Microporous and Mesoporous Materials 178 (2013) 119–122

optical pumping, leading to a dramatic (up to 104 fold) increase of
the detected NMR signal [12,14–16].

For the case of normal diffusion in randomly oriented channels
an expression for a PFG NMR attenuation curve can be presented in
the following form [18,19]:

2. Experimental

wintra ðq; t eff Þ ¼

pﬃﬃﬃﬃ

Single-walled aluminosilicate nanotubes were synthesized
according to the protocol given in the literature [8,9]. The nanotubes consist of uniform channels having an outer diameter of
2.8 nm and an inner diameter of up to 1.6 nm. The size of the
nanotube aggregates in the sample used in this work ranges from
half a micrometer to a few tens of micrometers, while the average
length of individual nanotubes was around 0.4 micrometers.
Self-assembled L-alanyl-L-valine forms hydrophobic dipeptide
crystalline channels with an inner diameter of 0.51 nm [10,11].
AV nanotubes were commercially purchased from Bachem and
used as received. The average length of the nanotubes was around
50 lm.
The size of the nanotube aggregates in the sample of singlewalled aluminosilicate nanotubes and the average length of AV
nanotubes used in this work were determined from the micrographs recorded by a JEOL 6400 scanning electron microscope
(SEM), which is located at the UF Major Analytical Instrumentation
Center. Examples of the recorded micrographs are shown in Fig.1.
PFG NMR diffusion measurements were performed using a
17.6 T Bruker BioSpin NMR spectrometer operating at resonance
frequencies of 188.6 MHz and 208.6 MHz for 13C and 129Xe, respectively. Magnetic ﬁeld gradients up to 30 T/m were generated using
diff60 diffusion probe (Bruker BioSpin) and Great60 gradient
ampliﬁer (Bruker BioSpin). The standard PFG NMR stimulated echo
pulse sequence with eddy current delay (PGSTE LED) was used
[17]. This sequence can be schematically presented as p/2-s1p/2-s2-p/2-s1-p/2-se-p/2-echo where the gradient pulses are
applied during the time intervals s1. The absence of disturbing
susceptibility effects was conﬁrmed by verifying that the diffusion
data obtained for different values of s1 were the same within the
experimental uncertainty.

p

expðq2 t eff D? Þ  erf

h

2

1=2
 q2 t eff ðDjj  D? Þ

1=2 i
q2 t eff ðDjj  D? Þ
ð2Þ

where Djj and D? are diffusivities parallel and perpendicular to the
channel axis, q ¼ cgd, c is the gyromagnetic ratio, d denotes the
duration of an applied gradient pulse with amplitude g, and teff is
the effective diffusion time. The value of D? can assume non-zero
values due to an occurrence of structural defects making diffusion
in the direction perpendicular to the channel axis possible. For
the case of SFD in randomly-oriented and defect-free channels similar expression for a PFG NMR attenuation curve can be obtained
using Eq. (1) [6,7]

pﬃﬃﬃﬃ
wsf ðq; teff Þ ¼

p

2

 erf

h
pﬃﬃﬃﬃﬃﬃ1=2 i  2 pﬃﬃﬃﬃﬃﬃ1=2
q2 F teff
 q F teff

3. Results and discussion
3.1. Diffusion of tetraﬂuoromethane in aluminosilicate nanotubes
Carbon-13 PFG NMR attenuation curves for diffusion of
C-labeled CF4 in a sample of aluminosilicate nanotubes are presented in Fig. 2(a and b) for the effective diffusion times of 4, 8
and 16 ms. These curves do not have any contributions from CF4
molecules that diffused only in the gas phase of the sample during
the effective diffusion times used. Such contributions were subtracted away from the measured curves. However, the data in
Fig. 2 are still expected to have contributions from the long-range
diffusion [20], i.e. diffusion under the conditions of fast exchange
between the nanotubes interiors and the surrounding gas phase.
Hence, the attenuation curves in Fig. 2 were described as a
weighted sum of the terms corresponding to the intra-channel
and long-range diffusion
13

wtot ðq; t eff Þ ¼ plr expðq2 t eff Dlr Þ þ ð1  plr Þwintra ðq; teff Þ

ð4Þ

where plr represents the fraction of molecules performing longrange diffusion with diffusivity Dlr , ð1  plr Þ is the fraction of adsorbed molecules never leaving the channels during the effective
diffusion time, and wintra is given by Eq. (2). Dashed lines in Fig. 2
show the best ﬁt of the attenuation curves using Eq. (4). It is seen
in the ﬁgure that this equation provides satisfactory description of
the measured data. In the presentation of Fig. 2 attenuation curves
obtained for different diffusion times are expected to coincide for
the case of normal diffusion with time-independent diffusivity(ies)
and time-independent fractions of sorbate ensembles diffusing with

Fig. 1. SEM micrographs of the samples of freeze-dried aluminosilicate singlewalled nanotubes (left) and L-alanyl L-valine dipeptide nanotubes (right).
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Fig. 2. (a) 13C PFG NMR attenuations curves for CF4 diffusion in a sample of aluminosilicate nanotubes for effective diffusion times of 4, 8, and 16 ms at 298 K. (b) The same
data as in (a) plotted in a larger range of q2 tvalues. The loading of CF4 inside the nanotubes is 0.51 mol/kg. Dashed lines on both ﬁgures show best ﬁt results using Eqs. (2)–(6).
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different diffusivities (see Eq. (4)). Good agreement between the
attenuation curves corresponding to different effective diffusion
times in this ﬁgure illustrates that the diffusivities Dlr , Djj and D?
as well as plr can all be considered as time-independent ﬁtting
parameters for the range of the diffusion times used. These parameters were found to be time independent for all CF4 loadings used in
this work. The range of the effective diffusion times was limited by
the T1 NMR relaxation time of CF4 molecules in the channels.
As already discussed above, single-ﬁle diffusion is not expected
for CF4 diffusion inside the aluminosilicate nanotubes because the
collision diameter of CF4 (0.47 nm) is much smaller than the
maximum value of the nanotube radius (0.8 nm). This expectation is conﬁrmed by the observation of the time-independent diffusivity of CF4 inside the nanotubes (Djj ).
Fig. 3 presents the values of Dlr and Djj for CF4 loadings equal to
0.18, 0.32 and 0.51 mol/kg. These diffusivities were obtained from
ﬁtting the attenuation curves in Fig. 2 by Eq. (4). The corresponding
values of D? obtained from the ﬁtting were found to be at least
three orders of magnitude smaller than Djj , indicating that diffusion in the direction perpendicular to the channel axis is negligibly
slow. The values of root MSD, which were calculated using the Einstein relation with Djj and teff , were found to be 67 lm. Noting that
the average length of individual nanotubes in the sample was several times smaller than this value, Djj was assigned to diffusion
through several interconnected nanotubes inside nanotube aggregates. Such aggregates can consist of many nanotubes loosely
interconnected along the direction of the nanotube lengths.
Fig. 3 also shows for comparison the corresponding results of
MD simulations of CF4 diffusion inside defect-free nanotubes. The
simulation details are given in Ref. [21]. It is seen that the values
of Djj obtained by PFG NMR are approximately one order of magnitude smaller that the corresponding theoretical values. This difference can result from possible transport resistances at the points of
-6
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Fig. 3. Dependence of the CF4 self-diffusion coefﬁcients on CF4 loading inside
aluminosilicate nanotubes at 298 K. Diffusivities were measured by PFG NMR for
diffusion inside nanotube aggregates (ﬁlled squares) and for diffusion under the
conditions of fast exchange between the nanotube aggregates and the surrounding
gas phase, i.e. the conditions of long-range diffusion (open circles). Diffusivities
were also obtained by MD simulations inside defect-free nanotubes (ﬁlled
diamonds). The solid lines are shown only as a guide to the eye.
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3.2. Diffusion of xenon in AV nanotubes
Xenon-129 PFG NMR attenuation curves were measured for Xe
diffusion inside AV nanotubes (line at 120 ppm) for a broad range
of diffusion times between 40 ms and 12 s (Fig. 4). All measurements were performed with the Xe loading of 0.74 mol/kg.
Fig. 4a and Fig. 4b present the same PFG NMR diffusion data in
two different ways. In Fig. 4a the signal attenuation is plotted as
a function of (q2 teff ), as in Fig. 2. According to Eq. (2), attenuation
curves measured for different effective diffusion times are expected to collapse onto a single curve when plotted in this way,
provided that the diffusion process obeys the Einstein relation with
time-independent diffusivity(ies). In the Fig. 4b, the signal attenuation is plotted as a function of (q2 t1=2
eff ). Eq. (3) requires that in such
presentation the attenuation curves for different effective diffusion
times collapse into a single curve if the diffusion process obeys the
time scaling of SFD (Eq. (1)). The results in Fig. 4 clearly show that
the diffusion process of Xe in AV nanotubes obeys the time scaling
of SFD. Single-ﬁle transport is expected in the considered system
because the external radius of the nanotubes (0.25 nm) is significantly smaller than the diameter of Xe atoms (0.44 nm).
In contrast to diffusion of CF4 in the aluminosilicate nanotubes,
our PFG NMR data for Xe in samples of AV nanotubes provide no
evidence for the existence of the long-range diffusion of Xe under
our measurement conditions. The observed absence of the longrange diffusion is in agreement with the observation that even
for the largest diffusion time used the root MSDs of Xe atoms inside nanotube channels were at least one order of magnitude smaller than the average length of the nanotubes (around 50 lm). The
values of the root MSD of Xe atoms were obtained from the measured attenuation curves using Eqs. (1) and (3). Detailed studies
of the dependence of MSD of Xe in AV nanotubes on diffusion time
are currently in progress.
As discussed in Ref. [22], the PFG NMR observation of the time
scaling of SFD (Eq. (1)) could be caused by normal diffusion in
nanochannels that bend and form coils. This and other possible
alternative explanations of the observed time scaling of SFD are ruled out by previously published hyperpolarized tracer exchange
data in AV nanotubes [12]. In the tracer exchange experiments
concentration increase of the labeled by hyperpolarization xenon
atoms inside the channels is observed as a function of time (s) under the conditions when the concentration of all (labeled plus unlabeled) Xe atoms in the channels remain the same at all times.
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connections of individual nanotubes in the nanotube aggregates of
the sample used for PFG NMR studies. Such additional transport
resistances can slow down the diffusion process along the nanotube directions in the aggregates, which explains why the theoretical diffusivities are larger than the corresponding experimental
values.
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Fig. 4. 129Xe PFG NMR attenuations curves for xenon diffusion inside AV nanotubes for effective diffusion times of 40 ms, 0.3 s, 2 s and 12 s at 298 K. The signal attenuation w
is plotted as a function of q2 t eff (a) and also as a function of q2 t1=2
eff (b). The Xe loading inside the nanotubes corresponds to sorption equilibrium with Xe in the gas phase at a
pressure of 3 bar. Dashed lines show the results of the best ﬁt using Eq. (3).
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Fig. 2a and b of Ref. [12] shows the measured NMR tracer exchange
function (points) along with the theoretical predictions for SFD (solid line) and for normal diffusion (ND) (dashed line). The results
support the conclusions that the experimentally observed behavior
in the PFG NMR data is in agreement with SFD. Bending or coiling
of channels is not expected to affect the time dependence of the
number of labeled Xe atoms that diffuse into the channels in the
hyperpolarized NMR tracer exchange experiment. Moreover, the
SEM images of the polycrystalline AV crystals show no evidence
of curved, bent, or coiled channels.
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4. Conclusions
This paper is a mini-review that focuses on our recent microscopic studies of transport in nanotube systems. 13C PFG NMR
was applied to investigate diffusion of tetraﬂuoromethane in aluminosilicate nanotubes where normal (i.e. Fickian) diffusion was
observed. This experimental observation was found to be in agreement with the corresponding results obtained by MD simulations.
The experimental diffusivities of CF4 inside aggregates of aluminosilicate nanotubes were about one order of magnitude smaller than
the corresponding theoretical diffusivities inside defect-free nanotubes. This difference was explained by the existence of additional
transport resistance at the points of the interconnections between
individual nanotubes in aggregates present in the experimentally
studied nanotube sample.
On the other hand, 129Xe PFG NMR was used to study Xe transport inside AV nanotubes. The experimental data were found to
obey the time scaling of single-ﬁle diffusion (Eq. (1)). This observation is consistent with the expectation that Xe atoms are too large
to pass one another in the channels of AV nanotubes. Alternative
explanations for the observed diffusion time-scaling are ruled out
by previously published hyperpolarized tracer exchange studies
in AV.
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