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In this thesis, pulsed field gradient nuclear magnetic resonance (PFG NMR) has 

been exploited to investigate transport properties of xenon atoms diffusing in dipeptide 

nanotubes under single-file conditions, i.e. when guest molecules cannot pass one 

another in one-dimensional channels. Two types of nanotubes have been used: L-

alanyl-L-valine (AV) and L-val-L-ala (VA).  This work is divided into two parts.  The first 

introductory part discusses the following items: the concept of transport diffusion and 

self-diffusion, two distinct forms of self-diffusion, detailed description of single-file 

diffusion, and basics of NMR. The second part presents results of PFG NMR diffusion 

studies of xenon in single-file nanotubes systems. The measured data is consistent with 

the expectation that this diffusion process obeys the mechanism of single-file diffusion. 

This work is significant because there are only a few reports in the literature on the 

experimental observation of molecular single-file diffusion.            
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CHAPTER 1 
INTRODUCTION 

Transport and Self-Diffusion of Molecules 

Diffusion is a process, which occurs at temperatures above zero Kelvin. This 

process renders the tendency of the mater to migrate in a way to eliminate spatial 

gradients in chemical potential towards maximum entropy. During the period 1850-

1855, Thomas Graham and Adolf Fick initiated the study of diffusion, which has 

resulted in establishing the interrelation between the flux of matter J, and gradient of 

concentration c, also known as Fick’s First Law of Diffusion1, 

                                𝐽 = −𝐷 𝜕𝑐
𝜕𝑧

 ,                                                      (1.1) 

where D is the diffusion coefficient or diffusivity.  

In the late 1820s, the Scottish botanist Robert Brown observed the phenomenon 

that through the microscope that particles found in pollen grains moved through the 

water, which was referred to as Brownian Motion3. Einstein7 elaborated the close 

relationship between Brownian Motion and diffusion for the first time. In Brownian 

Motion, the labeled diffusants were initially located within a given limit of space and the 

experimental accessible quantity that describes this movement is the time dependence 

of the concentration distribution of the labeled particles. With the total concentration 

being constant, the self-diffusivity or self-diffusion coefficient is performed as, 

                                        𝐽∗ = −𝐷𝑠𝑒𝑙𝑓  �𝜕𝑐
∗

𝜕𝑧
�
𝑐=𝑐𝑜𝑛𝑠𝑡′

                                          (1.2) 

It is easy to differentiate that  J∗ is the flux of the labeled molecules; and c∗ is the 

concentration of the labeled molecules; c = const ′ means the total concentration of 

labeled and unlabeled molecules stays constant. For a constant diffusivity system, 
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assuming a parallel walled container with unite cross-sectional area, the total number 

of molecules (M) that diffuses is presented by4. 

                                                 𝑀 = ∫ 𝑐 𝑑𝑧+∞
−∞                                                (1.3) 

Where                                                   𝑐 = 𝐴
√𝑡

 𝑒−𝑧2/4𝐷𝑡                                              (1.4) 

The probability of finding the molecule at radius r after time t, which is initially 

located at the origin, is rendered as4: 

                                                   𝑐
𝑀

= 𝑒−𝑟
2/4𝐷𝑡

(4𝜋𝐷𝑡)3/2                                                 (1.5) 

During which, r refers as the term “propagator”12 and derived and integrated 

from Equation 1.5, we get the mean square displacement of the diffusing molecules in 

one-dimensional space: 

                                        〈𝑟2(𝑡)〉 = ∫ 𝑟2  𝑒
−𝑟2/4𝐷𝑡

(4𝜋𝐷𝑡)3/2  𝑑𝑟 = 2𝐷𝑡                              (1.6) 

Equation is well-known as Einstein’s relations7.                                

 
Single-file and Fickian Diffusion Modes 

Within recent years, research involving gaseous sorbates in one-dimensional 

nanotube systems are of high interest, because of its high relevance of a number of 

applications, such as separation of gaseous mixtures20 and catalysis13. The two well-

known modes of diffusion in infinite one-dimensional channels are normal diffusion and 

single-file diffusion. Normal diffusion takes place when confinement is large enough to 

allow mutual passages of the molecules, and the mean square displacement (MSD) 

increases with time t according to7: 

                         〈[𝑧(𝑡) − 𝑧(0)]2〉 = 2𝐷𝑡                                        (1.7) 
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           In case of single-file regime, mutual passages are prohibited, and MSD 

increases as the square root of diffusion time8, 14, 17: 

                                          〈[𝑧(𝑡) − 𝑧(0)]2〉 = 2𝐹𝑡1/2                                       (1.8) 

where F is the single-file mobility factor. 

Basics of NMR 

Among all the important properties of the atomic nuclei19, the less tangible 

property of nuclei is nuclear spin, which is highly abstract, but of significant importance 

for exploring and providing information of the microscopic and internal structures of 

objects without disturbing them. Spin (if not indicated specifically in the following text, it 

is referred as spin of the nucleus) of the nucleus is called spin angular momentum, not 

produced by rotation of the particle, but is an intrinsic property of the particle itself. The 

spin and magnetism is proportional to each other: 

                                                 �̂� = 𝛾�̂�                                                           (1.9) 

Where 𝜇 is the magnetic moment representing the interaction between the 

magnetic substance and magnetic field, and s is the spin of nucleus we talked above, 𝛾 

is gyro magnetic ratio, determining whether the magnetic moment will be aligned or 

opposite in the direction parallel to the spin.  

Spin Precession 

Under no external magnetic field, the angular momentum of the nuclei with spin 

point at all possible directions, resulting in a isotropic distribution of the magnetic 

moments, and the net nuclear magnetization is zero. Since the angular momentum of a 

rotating nuclei with a spin is a vector, the direction of the spin angular momentum is 
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called the spin polarization axis19. However, when a magnetic field is applied, it exerts 

a torque on the magnetic moment of the nuclei, causing the spin polarization axis 

moving around the field at the constant angle between spin magnetic moment and the 

field. This process is called precession, and the angle is fixed between the field and the 

direction of the spin when there was no external filed (Figure 1-1). Larmor frequency16 

𝑤0 is dependent on the external magnetic filed 𝐵0: 

                                                 𝑤0 = −𝛾𝐵0                                                   (1.10) 

 

Figure 1-1. Schematic motion of spin precession in external magnetic field. (A) 
Schematic motion of spin precession in external magnetic field B0 (B) The 
angle of the precession depends on initial spin polarization axis. 

Longitudinal Magnetization and Spin-Lattice Relaxation 

 The spin polarizations are pointing at all possible direction in the absence of an 

external magnetic field. In the presence of external magnetic field, all the spins start to 

precess and all the spin polarization still remain isotropic at the very beginning. 

However, if we take a closer look microscopically, each nuclear spin is surrounded by 
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local magnetic field resulting from rapid fluctuation of other nuclear spins. Although 

these variations are comparably small to the external field, these tiny fluctuations 

gradually develop a break-down of constant angle with which the spins conduct 

precession, resulting in anisotropy distribution of all the spins polarization. The 

resulting steady-state distribution of spin polarization point slightly towards the lower 

energy orientation in which all the spin point long the direction of the applied magnetic 

field. Assuming the external magnetic field and resulting spin magnetization in the +z 

direction (or longitudinal direction), this is defined as longitudinal magnetization.  

 Since these local fields try to reorient the spin polarization to reach the direction 

of the field favorable as low energy, it is aimed at restoring the magnetization along the 

z axis to a stable and equilibrium state, during which the rate of restoring can be 

defined as the longitudinal relaxation time T1, during which spin-lattice relaxation or T1 

relaxation occurred. 

                                        𝑀𝑧 = 𝑀0(1 − 𝑒�−
𝑡
𝑇1
�)                                              (1.11) 

       Where 𝑀𝑧 is the net total longitudinal magnetization at t, and 𝑀0 is the net total 

longitudinal magnetization at equilibrium state. 

Transverse Magnetization and Spin-Spin Relaxation 

 The longitudinal nuclear spin magnetization is small compared to magnetization 

resulting from other entities such as typical diamagnetism associated with electrons. 

Thus in NMR, transverse magnetization is detected instead. This is achieved by 

applying an orthogonal radiofrequency pulse, which is an oscillating magnetic field. The 

spin polarization is suddenly tilted to x-y plane from +z direction, thus this net magnetic 
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moment along with x-y plane perpendicular to the main magnetic field is referred 

transverse magnetization.  

After the orthogonal field is turned off, the spins gradually assume precession, 

resulting in the bulk magnetic moment conducting precession too. A new feature 

occurred, where the transverse magnetizations begin to decay until the transverse 

magnetism is gone, because of the T2 relaxation which is called spin-spin relaxation, 

resulting from the impossibility to maintain exact synchronic precession between 

different nuclear magnets. The reason in this relaxation is similar to that for the T1 

relaxation, and both because the local microscopic magnetic fields are different, so 

they eventually get out of phase with each other. This decay process is known as T2 

relaxation, and the rate that characterizes this transverse relaxation is defined as T2, 

which is defined in Equation 1.12:   

    𝑀𝑋−𝑌 = 𝑀𝑋−𝑌(0)𝑒(− 𝑡
𝑇2

)                                               (1.12) 

Signal Detection 

Even though the transverse magnetization after an application of the orthogonal 

radio frequency is not large, it’s detectable as it oscillates at a well-defined frequency. 

The detection is achieved by arranging a winding axis of coil perpendicular to the main 

magnetic field, and receiving the electric current in the coil resulting from the 

continuously precessing transverse magnetization according to the Maxwell’s law. The 

oscillating current in the coil is called NMR signal or free-induction decay (FID). When 

we process the data, we usually operate Fourier transformation to transform FID into 

frequency domain data which we see as NMR spectra. 
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Pulsed Field Gradient (PFG) NMR 

In PFG NMR, the Larmor frequency of the nuclear spins in the transverse plane 

is dependent on the z coordinate. This is achieved by an application of a gradient of 

magnetic field along the z direction when magnetization is in the transverse plane:  

𝑤 = −𝛾 (𝐵0 + 𝑔𝑧)                                                (1.13) 

In here,  𝑤 is the larmor frequency, g is the linear gradient of magnetic field 

applied along z direction, and 𝐵0 represents the constant external magnetic field.  

       The work in this thesis focuses on single-file self-diffusion studies, so we applied 

129Xe pulsed field gradient (PFG) NMR. The studies have benefited from a combination 

of advantage of high (30T/m) magnetic field gradients and high (17.6T) magnetic field. 

The application of strong gradients was needed to record slow transport in nanotubes. 

The standard PFG NMR stimulated echo pulse sequence with eddy current delay 

(PGSTE LED) was used in this work, and this is explained in detail in next section. 

PFG NMR Stimulated Echo Pulse Sequence 

 

Figure 1-2. Schematic of standard PFG NMR echo pulse sequence, consisting three 
π/2 r.f. pulses in the sequence. This sequence benefits the systems where 
T2 relaxation is shorter than T1 relaxation time. 

   

 

 

gradient 

 

 gradient 
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Figure 1-2 is the schematic process of the PFG NMR stimulated echo pulse 

sequence. After the first r.f. pulse is applied, the net magnetization is tilted to the x-y 

plane from the +z direction, and in the meantime, the gradient is applied which labels 

the spins at different position along the +z direction by a different Larmor frequency. 

The second r.f. pulse tilts the magnetization to the –z direction, and subsequently the 

third r.f. pulse tilts the magnetization to x-y plane. And then the gradient with the same 

amplitude, duration and direction is applied to the transverse magnetization. The latter 

process can be referred to as rephrasing. Due to diffusion between the two gradients, 

the rephrasing is not complete and the final intensity is less than the maximum intensity. 

The decrease in the intensity of the acquired signal contains information about the rate 

of diffusion of molecules and also about the mean square displacement of the 

diffusants.  

The time period between the first and second r.f. pulse is called dephasing 

interval, and the time period between the third r.f. pulse and the beginning of the 

acquisition is called rephrasing interval. During the 𝜏1 period, the T2 relaxation happens, 

and during the 𝜏2 period, T1 relaxation happens. This sequence benefits the diffusion 

study for the systems in which spins have slower T1 relaxation than T2 relaxation. 
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PFG NMR Stimulated Echo Longitudinal Encode-Decode Pulse Sequence 

 

Figure 1-3. Schematic of the PFG NMR Stimulated echo longitudinal encode decode 
pulse sequence, which consist five π/2 r.f. pulses.  

This PFG NMR stimulated echo longitudinal encode-decode (PGSTE-LED)9 is 

modified from the PFG NMR Stimulated echo pulse sequence to decrease an influence 

of eddy currents resulting from the constantly turning on and off the gradient pulses.  

Eddy currents may lead to inhomogeneity in the magnetic field which presents a 

problem for the measurements. The additional two 𝜋/2 r.f. pulses and the time delay 

between them helps to reduce the eddy currents by tilting the transverse magnetization 

to –z direction and after the LED delay, tilting the magnetization to x-y plane again. 

This sequence benefits the system with the combination of short T2 relaxation and the 

need for large magnetic gradient field, which may result in large eddy currents. 

Attenuation Equation Applied in PFG NMR 

Since magnetic field gradient labels the spin locations along z direction by the 

Larmor frequency of spin precession it is possible to detect the displacement of the 

spin along +z direction. The sum of the magnetization phase angle of every nuclear 

spin under the gradient pulse is presented as 

   

 

 

gradient 
 

 gradient 
 

  



 

19 

                                             𝜑(𝑡) = −𝛾 ∫ (𝐵0 + 𝑔𝑧)𝑑𝑡𝑡
0                                             (1.14)  

Two gradient pulses are applied in the stimulated echo sequence along z 

direction to dephase and rephrase the spins to achieve the information of the 

displacement of the diffusing sorbates. The difference in phase accumulation between 

the first two gradient pulses can be written as 

                ∆𝜑𝑧1 = −𝛾 �∫ (𝐵0 + 𝑔𝑧1)𝑑𝑡𝜏
0 − ∫ (𝐵0 + 𝑔𝑧2)𝑑𝑡2𝜏

𝜏 � = 𝛾𝑔𝛿∆𝑧                  (1.15) 

𝑧1 and 𝑧2 represent the position of the spins when the first and second gradient 

are applied. If they change position during the process, then ∆𝑧 = 𝑧1 - 𝑧2 is non-zero, 

and ∆𝜑𝑧 causes the attenuation of the intensity of the NMR signal. Thus, the 

attenuation for all spins beginning at position z1 is 

                                             𝛹 = ∫ 𝑐𝑜𝑠 (∆𝜑𝑧1)𝑃�∆𝜑𝑧1�𝑑∆𝜑𝑧1                                  (1.16) 

Where 𝑃(∆𝜑𝑧1) is the distribution of the spin phase beginning at 𝑧1, So Equation 

1.16 can be rewritten as  

𝛹𝑧1 = 𝑒�−〈∆𝜑𝑧1
2〉/2�                                             (1.17) 

Where −〈∆𝜑𝑧1
2〉 renders the average of the ∆𝜑𝑧1

2 over the displacement∆𝑧, 

which means the average value of the change of phase accumulation between the first 

and second gradients pulses. It can be rewritten in terms of mean square displacement 

〈𝑧2〉 

                                                        〈∆𝜑𝑧1
2〉 = (𝛾𝛿𝑔)2〈𝑧2〉                                        (1.18) 

Equation 1.18 is applicable for spins with any initial position, and consequently 

the attenuation curve equation for all spins due to the applied gradient pulses can be 

presented 
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                                              𝛹 = 𝑒𝑥𝑝 (−(𝛾𝛿𝑔)2𝑡𝑒𝑓𝑓𝐷)                                           (1.19) 

In a typical PGSTE-LED experiment, teff means effective diffusion time given by 

                                                          𝑡𝑒𝑓𝑓 = ∆ − 𝛿/3                                                (1.20) 

The attenuation of the signal is usually measured when one parameter is fixed, 

such as g or 𝑡𝑒𝑓𝑓, and plotted as the function of the other parameter, to find the 

experimental diffusion coefficients. 
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CHAPTER 2 
SINGLE-FILE DIFFUSION OF 129XE IN AV AND VA NANOTUBES 

The studies on diffusion in systems of one-dimensional nanochannels are of 

strong interest and have significant practical value in a lot of applications such as 

molecular separation, nanofluids, and catalysts. Confining in one-dimensional channel 

can lead to anomalous diffusions, and among them single-file diffusion is the most 

fascinating one. Although a number of computational simulations and theoretical 

studies were published over the past decade8, 14, only a few publications of the 

experimental observation of single-file diffusion are available11, 18. In the following 

section, a detailed experiment report of the microscopic studies of self-diffusion of 

129Xe in AV and VA dipeptide nanotubes by 129Xe pulsed field gradient unclear 

magnetic resonance (PFG NMR) is presented. 

 
PFG NMR Experiment Details 

Sample Preparation 

In this work 129Xe is chosen as sorbate, and self-assembled L-alanyl-L-valine 

(AV) and nanotubes L-val-L-Ala (VA) nanotubes 10, 24  are chosen as sorbents. Xe 

atoms are spherical with the diameter around 0.47nm, while the radius of AV and VA is 

about 0.25nm. Under these conditions single-diffusion is expected (see Figure 2-1). 

 

Figure 2-1. Schematic presentation of single-file diffusion of Xenon in AV or VA nano 
channels. The nanochannel diameter is too narrow for mutual passage of the 
molecules. 
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T2 NMR relaxation time of 129Xe is expected to be longer than that of  protons 

under conditions of extreme confinement in nanotubes6. Since chemical shift of 129Xe is 

sensitive to the size of confining pores, orientation and geometry21-23, 25, the absorbed 

peak of 129Xe is well-resolved from the gas peak. Self-assembled L-alanyl-L-valine was 

bought from Bachem company and was used as received. AV can form hydrophobic 

dipeptide crystalline channels with the inner diameter of 0.51nm10, 24, the average 

length of which are around 50𝜇m, determined from the micrographs  by JEOL 6400 

scanning electron microscope(SEM) located at the UF major analytical instrumentation 

center. Figure 2-2 shows the recorded micrographs of the AV nanotubes: 

 
Figure 2-2. SEM micrograph of the samples of AV dipeptide nanotubes. Adapted from 

M. Dvoyashkin, and A. Wang. 2013. 'Signatures of Normal and Anomalous 
Diffusion in Nanotube Systems by Nmr',(Page 2,Figure 1)Microporous and 
Mesoporous Materials. 
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Because AV and VA materials are similar, only the preparation of AV samples is 

discussed below. In this work, 65mg of AV nanotubes with 3bar of Xe was prepared for 

experimental study. 1) 65mg of AV nanotubes was placed into a 5mm medium wall tip-

off sample tube.( NE-HP5-M-TTO) 2) The tube was hooked up to high vacuum(10-

4Mbar) system to evacuate moisture and air in the sample tubes, and this process was 

kept with the tube in the furnace at the constant temperature of 120 degree Celsius for 

24 hours. 3) A fixed mass of 129Xe was transferred cryogenically into the NMR tube 

containing the AV nanotubes. 4) The tube was then flame sealed and ready to use 

after the equilibration at room temperature.  

PFG NMR Diffusion Studies  

PFG NMR is used as powerful tool for studying diffusive molecules15.  PFG 

NMR diffusion measurements in this work were performed on a 17.6T Bruker BioSpin 

NMR spectrometer at the resonance frequencies of 208.6 MHz for 129Xe. Diff60 

diffusion probe (up to 30T/m, Bruker BioSpin) and Great60 gradient amplifier (Bruker 

BioSpin) were used. In this work, the combination of strong gradients and high field is 

needed to record slow transport in nano-tubes and to obtain sufficiently strong signals 

from Xe nuclei having a low gyromagnetic ratio. The pulse sequence used in this work 

is standard PFG NMR stimulated echo pulse sequence with eddy current delay 

(PGSTE LED)9. Xenon-129 PFG NMR attenuation curves were measured under a 

broad range of diffusion times for studying the diffusion mobility inside the nanotubes. 

For each diffusion time the signal attenuation is plotted as a function of the magnetic 

field gradient. Detailed results are presented in the following section. 
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Experimental Results and Their Analysis 

In this work, single-file diffusion experimental observation is expected. In 

randomly-oriented and defect free nanochannels PFG NMR attenuation curves are 

expected to obey the Equation 2.111, 18:      

                              𝛹𝑠𝑓�𝑞, 𝑡𝑒𝑓𝑓� = √𝜋
2

× 𝑒𝑟𝑓�(𝑞2𝐹�𝑡𝑒𝑓𝑓)1/2� × �𝑞2 𝐹�𝑡𝑒𝑓𝑓�
−12              (2.1) 

 

 

Figure 2-3. 129Xe PFG NMR attenuations curves for Xenon in AV nanotubes obtained 
for diffusion times of 40ms, 0.3s, 2s, 3s,12s at 298K. The attenuation Ψ is 
plotted as a function of q2teff, The loading of xenon in AV nanotubes 
corresponds to sorption equilibrium with xenon in the gas phase at the 
pressure of 3bar. The black dashed lines show the results of the best fit by 
Equation 2.1. Adapted from M. Dvoyashkin,and A. Wang. 2013. 'Signatures 
of Normal and Anomalous Diffusion in Nanotube Systems by Nmr',(Page 3, 
Figure 4)Microporous and Mesoporous Materials. 
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Figure 2-4. 129Xe PFG NMR attenuations curves for Xenon in AV nanotubes obtained 
for diffusion times of 40ms, 0.3s, 2s, 3s,12s at 298K. The attenuation Ψ is 
plotted as a function of q2teff

1/2, The loading of xenon in AV nanotubes 
corresponds to sorption equilibrium with xenon in the gas phase at the 
pressure of 3bar. The black dashed lines show the results of the best fit by 
Equation 2.1. Adapted from M. Dvoyashkin,and A. Wang. 2013. 'Signatures 
of Normal and Anomalous Diffusion in Nanotube Systems by Nmr',(Page 3, 
Figure 4)Microporous and Mesoporous Materials. 

Figure 2-3 and Figure 2-4 show the 129Xe PFG NMR attenuation curves for 

Xenon diffusion inside AV nanotubes for the range of diffusion times from 40ms to 12s.  

These two figures present the same PFG NMR diffusion data in two different ways. In 

Figure 2-3, the attenuation curve Ψ is plotted in coordinates q2teff. If this is normal 

diffusion process, the attenuation curves measured for different diffusion times are 

expected to collapse into a single curve when plotted this way.  In Figure 2-4, the 

attenuation curves are plotted in coordinates Ψ vs. q2teff
1/2. For the case of single-file 
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diffusion all the attenuations curves measured for different effective diffusion times are 

expected to collapse into a single curve in the presentation of Figure 2-5. The results in 

Figure 2-3 and 2-4 clearly show that the diffusion process of Xenon in AV nanotubes 

obeys the time scaling of single-file diffusion. 

 

Figure 2-5. 129Xe PFG NMR attenuation curves for Xenon in AV nanotubes obtained for 
a broader range of diffusion times that includes 15ms, 40ms, 110ms, 300ms, 
1s, 2s, 3s,12s at 298K. The attenuation Ψ is plotted as a function of q2teff

1/2. 
The loading of xenon in AV nanotubes corresponds to sorption equilibrium 
with xenon in the gas phase at the pressure of 3bar. The black dashed lines 
show the results of the best fit by Equation 2.1. 
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Figure 2-6. 129Xe PFG NMR attenuations curve for Xenon in VA nanotubes obtained for 
diffusion times of 40ms,110ms,300ms,1s,2s,3s,6s,12s at 298K. The 
attenuation Ψ is plotted as a function of q2teff

1/2. The loading of xenon in VA 
nanotubes corresponds to sorption equilibrium with xenon in the gas phase 
at the pressure of 3bar. The black dashed lines show the results of the best 
fit by Equation 2.1. 

Figure 2-5 presents the PFG NMR diffusion data for 129Xe in AV in a broader 

range of diffusion times.  Figure 2-6 shows the corresponding data for 129Xe in VA.         

In both figures the attenuation are plotted as the function of  𝑞2𝑡𝑒𝑓𝑓
1/2, according to 

Equation 2.1. It is seen that the results in both figures obey the time scaling of single-

file diffusion. The PFG NMR data in these figures do not show any evidence of the 

existence of long-range diffusion, i.e. diffusion under conditions of fast exchange  
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between the nanotubes and the surrounding gas phase6. This is in agreement with the 

observation that the maximum root MSDs of xenon in AV and VA nanotubes was one 

order of magnitude smaller than the average lengths of AV and VA nanotubes (around 

50𝜇m). 

 

Figure 2-7. Mean square displacements (MSD) of 129Xe in AV and VA nanotubes 
plotted as a function of diffusion time at 298K.The solid and dashed line 
show the dependence of MSD for the case when MSD is proportional to the 
square root of diffusion time. The grey line shows the dependence of MSD 
for the case when MSD is proportional to diffusion time. 
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Figure 2-7 shows the time dependences of MSD of Xenon in AV and VA 

dipeptide nanotubes at 298K. It can be seen that MSD scales with the square root of 

the diffusion time, which is in direct agreement with Equation 1.8. This observation 

agrees with the expectation that Xenon atoms are too large to pass one another in the 

channels of AV and VA natotubes. 
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Summary 

129Xe PFG NMR measurements were performed to study the diffusion of xenon 

in AV and VA nanotubes. The experimental data in Figure 2-3, 2-4, 2-5 and 2-6 

demonstrate that in all cases the diffusion of Xenon obeys the time scaling of single-file 

diffusion. This observation is consistent with the expectation that Xenon atoms are too 

large to pass one another in the channels of AV and VA nanotubes.   

Figure 2-7 presents the distinct signature of single-file diffusion of Xenon atoms 

in AV and VA nanotubes by showing that PFG NMR mean square displacement of 

Xenon atoms scales with the square root of diffusion time in the studied range of 

diffusion times. The data in this figure rule out the existence of long-range diffusion of 

Xenon under our measurement conditions by presenting that even for the largest 

diffusion time 12s, the root MSDs of Xenon atoms inside nanotubes channels are at 

least one order of magnitude smaller than the average length of the nanotubes of AV 

and VA(around 50𝜇m).  
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