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Gas separations is a process relevant to a variety of chemical industries ranging 

from petrochemicals and biofuels to pharmaceuticals. The importance of this process 

has inspired the development of novel materials and technology tailored for efficient 

membrane-based technologies. The main long-term goal of the work presented in this 

dissertation is to develop the fundamental science for a conceptually new type of gas 

separations which is based on induction of single-file diffusion (SFD) for a selected 

component of a gas mixture inside a microporous membrane. SFD can be exhibited by 

molecules confined in narrow unidimensional channels that prevent mutual molecular 

passages. The unique properties associated with this anomalous diffusion mechanism 

offer the possibility of highly-selective separations.  

In this work a diffusion NMR technique at high magnetic field and high magnetic 

field gradient has enabled the first experimental observation of SFD of molecular 

mixtures and provided insight into the relationship between SFD rates of pure-sorbates 

and their respective mixtures. The studied gases include methane and carbon dioxide, 

which are relevant for natural gas separations. Molecular clustering in the investigated 
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model single-file channels is proposed to explain the observed relationship between the 

mixture and one-component mobilities and to reconcile reported experimental data with 

predictions of a random walk model.  

In addition to carbon dioxide, hydrogen sulfide represents another hazardous 

impurity in natural gas. Zeolitic imidazolate frameworks (ZIFs) are promising candidates 

for natural gas separation and processing. Diffusion NMR was applied to study 

dynamics of hydrogen sulfide in ZIF-8. Preliminary results reveal an extremely low 

mobility of hydrogen sulfide in this material. Investigation of the influence of hydrogen 

sulfide exposure on the transport properties of ZIF-8 is currently underway. 

NMR diffusometry is a powerful technique for studying diffusion phenomena in 

porous materials. However, short NMR transverse relaxation times under conditions of 

extreme confinement in microporous materials limit applicability of standard diffusion 

NMR. In an effort to overcome this challenge, a NMR probe capable of performing 

diffusion measurements under magic angle spinning (MAS) was calibrated and applied 

for diffusion studies in ZIFs. These studies demonstrate that MAS can drastically 

improve conditions of NMR diffusion measurements.  
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CHAPTER 1 
INTRODUCTION 

Separation processes account or 10-15% of our nation’s energy consumption 

due to the high-energy cost associated with thermally driven processes such as 

distillation, drying, and evaporation.1-2 Low-energy separation processes like 

membrane-based separations are both economically and environmentally friendly 

alternatives. Universal implementation of membrane technology is currently hindered by 

barriers that limit their potential.3 Progress on this front requires advancements in 

process innovation as well as development of novel materials. In this dissertation, both 

these approaches are acknowledged.  

Highly-selective membrane-based separations are challenging because they 

demand stringent control and uniform distribution of pore sizes.4 These porous 

materials must then be tailored and customized for a given separation.5-6 A conceptually 

new type of separation based on induction of single-file diffusion can relieve some of 

these requirements.  Single-file channels forbid molecules inside the channels from 

passing each other during a diffusion process by geometrically constraining them and, 

hence, conserving their relative order in the channels. This correlated movement 

manifests as unique properties that can be exploited to achieve effective separations. 

Incorporating this diffusion mechanism in applications requires a fundamental 

understanding of single-file diffusion of mixtures. While there have been numerous 

theoretical and simulation studies on mixtures confined to single-file channels, there 

have been no previous experimental reports on it.  

In Chapter 4 the first experimental observation of single-file diffusion of mixtures 

is presented. CO, CO2, and CH4 gas molecules confined under single-file conditions in 
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L-Ala-L-Val nanochannels as both pure and binary mixtures is investigated using pulsed 

field gradient (PFG) NMR at the high field of 17.6 T. The unique relationship between 

single-file mobilities of the sorbates in pure and mixture form is also discussed. Chapter 

5 presents a comparison of theoretical predictions and the reported experimental trends 

of single-file diffusion of mixtures in finite systems. This comparison drives the 

discussion of the presence of molecular clusters in the studied pure and mixture 

samples.  

Complementary to the investigation of the fundamental science of a unique 

transport phenomenon, microscopic diffusion studies in existing sorbents is the focus of 

Chapters 6 and 7. Novel, microporous materials are often introduced and reported in 

literature as promising materials for challenging and industrially important membrane-

based separations. To identify and characterize the potential of such materials, a 

thorough understanding of diffusion on a microscopic scale is essential. The 

development of a new methodology that can expand the range of microporous systems 

that can be studied in this manner is presented in Chapter 6. Chapter 7 reports the 

study of microscopic diffusion in the presence of a toxic and hazardous gas, hydrogen 

sulfide. The possible presence of strong interactions between the framework of the 

porous material and hydrogen sulfide is revealed here. In addition, the influence of 

exposure to this corrosive gas on the transport properties of the sorbent is being 

investigated.  

In the next two chapters, Chapters 2 and 3, the theory of diffusion, NMR 

spectroscopy, and NMR diffusometry is presented. 
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CHAPTER 2 
NORMAL AND ANOMALOUS DIFFUSION 

Diffusion is the process of migration of molecules tending towards elimination of 

spatial variations and is driven by non-zero internal energy of systems at temperatures 

above absolute zero.7-8 It is a manifestation of the tendency of matter to approach 

maximum entropy.9 This is a fundamental transport phenomenon that has been studied 

since the 19th century.  

2.1 Fick’s Law and Self Diffusion 

 Adolf Fick introduced two laws that describe macroscopic diffusion by studying 

the rate of interdiffusion of two gases, at constant pressure.  Fick’s first law of diffusion 

is given by: 

J = −D
∂c

∂z
        (2-1) 

where J is the molar flux, D is the diffusivity, c is the concentration, and z is the spatial 

coordinate.8 The molar flux is defined as the net number of molecules that flow in the z 

direction per unit area normal to this direction, per unit of time.  Fick’s first law can be 

used to define the diffusive flux of a species, and according to Eq 2-1, it opposes the 

concentration gradient of the species. The diffusivity, D, generally implies the diffusivity 

of a species in a given medium such as another solvent, a biological membrane, or 

microporous materials, which are studied in this work. 

For diffusion in one-dimension, as described in Eq 2-1, provided that diffusivity is 

independent of concentration, Fick’s second law is: 

∂c

∂t
= − D

∂2c

∂z2
    (2-2) 

and is a consequence of the application of the conservation of mass principle. 
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Figure 2-1. Measurement of self-diffusion in an (a) equilibrated system is illustrated here 
by (b) labeling (●) half of the molecules and tracking their flux or (c) 
displacements of each molecule.   

Brownian motion is the molecular movement under conditions of macroscopic 

equilibrium. It is driven by thermal fluctuations, resulting in random displacements of 

molecules. In the absence of a macroscopic concentration gradient, the diffusivity is 

classified as self-diffusivity (D).  

The connection between Fick’s laws and Brownian molecular motion was 

established by Einstein.10 Figure 2-1 illustrates this connection by invoking a 

concentration gradient in an initially equilibrated system through “labeling” of exactly half 

the molecules.11 The system is then allowed to come to equilibrium as shown in Figure 

2-1 (c). In analogy to Eq 2-1, the self-diffusivity can be defined in terms of the flux, J*, 

and concentration, c*, of labeled molecules by: 

J
∗
= −D

∗ ∂c
*

∂z
  (2-3) 

under the constraint that total concentration of molecules is constant. Since the flux of 

labeled molecules is equal in magnitude but opposite in direction to unlabeled 

molecules, and their concentrations are equal, the diffusivities of both labeled and 
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unlabeled are identical and defined as the self-diffusion coefficient, D. Hence, it follows, 

that Fick’s second law for this system of labeled molecules in a one-dimensional 

coordinate system is: 

∂c*

∂t
= −D

∂2c*

∂z2
 

(2-4) 

where the total concentration of molecules remains constant. For the initial condition 

that the labeled species are confined at z=0, the solution to Eq 2-4 has the form: 

c∗ =
A

√t
exp(−

z2

4Dt
) (2-5) 

where A is a constant. The total number of molecules, N*, is preserved and can be 

determined by integrating over the infinite length in the z direction by: 

N
∗ = ∫ c*dz

∞

−∞

= ∫
A

√t
exp (−

z2

4Dt
)dz = 2A√D π

∞

−∞

 (2-6) 

The resulting solution for isotropic diffusion from a point source is derived by combining 

Eq 2-5 and 2-6: 

c*

N
*
= 

1

√4𝜋Dt
exp(−

z2

4Dt
) (2-7) 

and is termed the diffusion “propagator”.  

The mean square displacement (MSD) of the labeled molecules after time t can 

be calculated by integration: 

〈z2(t)〉 = ∫
z2

√4𝜋Dt
exp(−

z2

4Dt
)dz = 2Dt 

∞

−∞

 (2-8) 

Equation 2-8 is generally known as Einstein’s equation and provides a direct correlation 

between the self-diffusivity as defined by Fick’s first law in Eq 2-4 and an experimentally 

observable relation, the MSD dependence on time.  
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Synonymously, the propagator for a molecule initially located at the origin and 

allowed to occupy three-dimensional space can be derived and the corresponding MSD 

relation to time is: 

〈r2(t)〉 = 6Dt  (2-9) 

where r is the final position of the molecule.  

2.2 Random Walk Model and Single-File Diffusion 

An alternative approach to understand self-diffusion, both qualitatively and 

quantitatively, is the random-walk model. The random walk is a sequence of steps a 

particle can take in any direction with equal probability and at constant frequency, given 

that each step is of equal length.12 This section outlines the random walk model for a 

particle allowed to move in one-dimension. It also extends the model to more complex 

systems that give rise to non-random correlations between successive steps.  

A single particle in a one-dimensional system takes steps of ±l with equal 

probability, allowing for time, τ, between each step. In this scenario, the mean square 

distance traveled by the particle after n steps, is given by: 

〈z2(n)〉= 〈(∑ li

n

i=1

)

2

〉 =∑〈li
2〉

n

i=1

+ ∑〈lilj〉

i≠j

 (2-10) 

Assuming the direction of a given step is uncorrelated to the previous step, the term 〈lilj〉 

in Eq 2-10 can be rewritten as 〈li〉〈lj〉 where 〈li〉 = 0. Hence, Eq 2-10 simplifies to:6 

〈z2(n)〉=nl
2
 (2-11) 

The relationship between the number of steps and time is given by t=nτ which when 

substituted in Eq 2-11 gives: 
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〈z2(t)〉=2Dt (2-12) 

where D=l2/2τ. The corresponding probability distribution of displacements for a particle 

subjected to a one-dimensional random walk is:12  

P(z,t)=
1

√4πDt
exp (-

z2

4Dt
)  (2-13) 

It should be noted that this probability distribution is equivalent to the diffusion 

“propagator” of labeled particles presented in Eq 2-7. Both these expressions (Eq 2-7 

and Eq 2-13) describe the normal self-diffusion process.  

The foundation for the mathematical description of normal diffusion is the 

concept of uncorrelated movements of molecules. A system, in which particles are 

confined to move in one-dimensional channels so narrow that their mutual passage is 

forbidden, deviates from the features of normal diffusion. Here, the order of molecules is 

preserved. This specific anomalous diffusion mechanism is known as single-file 

diffusion (SFD). 

The correlated motion of particles in single-file system can be examined in the 

context of the MSD expression describing a random walker in one-dimension (Eq 2-10), 

where the term ∑ 〈lilj〉i≠j  is negative. This is because under single-file confinement, a 

particle can attempt to step in either direction with equal probability but can only move 

successfully if directed to a vacant site.6   The   corresponding MSD dependence on 

time is given by: 

〈z2(t)〉=2Ft
1/2

  (2-14) 

where F is the single-file mobility factor. The growth of MSD with the square root of time 

is a unique signature of SFD.  The single-file mobility factor, F, is a function of site 
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occupancy, θ, the mean time between each step, τ, and the length of each step, λ, as 

described by the following equation:12 

F=λ
2 (

1-θ

θ
)

1

√2πτ
   (2-15) 

The diffusion propagator for single-file diffusion, as for normal diffusion, is a 

Gaussian function. The relationship between the mobility factor, F, of a particle in a 

single-file system and its self-diffusivity, D0, as a sole particle in this system is: 

F=λ (
1-θ

θ
) √

D0

π
  (2-16) 

It should be noted that, Equation 2-14 is only valid for sufficiently large observation 

times, such that the particles become “aware” of their neighbors.12  

2.3 Deviations from Single-File Diffusion in Finite Systems 

In finite, single-file channels, with fast molecular exchange at boundaries, a 

transition to the time scaling of MSD for normal diffusion is predicted by theoretical and 

mathematical models. This behavior is understood by considering a selected time 

interval in which a particle enters the channel at one end while another exits at the 

opposite end. The coincidence of these events results in a shift in the chain of 

molecules that occupy the channel, by one position. However, this shift in the chain of 

molecules at a given moment is uncorrelated with the previous one which is a distinct 

feature of normal diffusion. This form of molecular propagation is known as center-of-

mass (COM) diffusion.13-14 The MSD dependence on time in this diffusion regime can be 

summarized by Einstein’s relation (Eq 2-8), where the effective diffusivity, DCOM, can be 

described as follows: 
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DCOM = D0 (
1-θ

θ
)

λ

L
   (2-17) 

in terms of the diffusivity of an isolated particle in the single-file channel, D0 , the site 

occupancy, θ, the channel length, L, and the elementary step of a particle, λ.15   

Over sufficiently long observation times, in a finite single-file channel with “open” 

boundaries that allow for molecular exchange, center-of-mass diffusion becomes the 

dominating mode of transport. The MSD at which a transition from SFD to COM 

diffusion is expected is described by the parameters listed in Eq 2-17:15   

〈z2〉COM = (
1-θ

θ
)

2Lλ

π
  (2-18) 

The case of reflecting boundaries would also result in deviations but towards smaller 

displacements. Since motion in finite, single-file channels is sensitive to boundary 

conditions observation of SFD can be a challenge.12  
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CHAPTER 3 
NMR AND PULSED FIELD GRADIENT DIFFUSOMETRY THEORY 

Nuclear magnetic resonance (NMR) is an experimental technique that exploits 

the interaction between certain atomic nuclei and resonant radio-frequency (RF) 

radiation in the presence of an external magnetic field to gain molecular information. 

The atomic nuclei that are sensitive to this analytical technique must have a non-zero 

magnetic moment. This non-invasive technique has wide applications ranging from 

imaging of biological subjects to determination of complex molecular structures. The 

work presented here is based on an NMR diffusometry method called Pulsed Field 

Gradient (PFG) NMR, which is used to study both normal and anomalous diffusion in 

microporous materials. This chapter provides a brief overview of the fundamentals of 

NMR and PFG NMR.  

3.1 Fundamentals of Nuclear Magnetic Resonance 

3.1.1 Spin, Precession, and Magnetization 

Spin is an intrinsic quantum mechanical property of elementary particles.16 Each 

of these particles has a spin quantum number, S, associated with it. It is described to be 

a form of angular momentum that a particle possesses. In quantum mechanics, the 

angular momentum is quantized and the total angular momentum, S⃗ , of a particle with 

spin takes a value of [S(S+1)]1/2ħ, where ħ is Plank’s constant divided by 2π. A total of 

2S+1 spin sublevels exist, that are described by the azimuthal quantum number, Ms.17 

This quantum number can take on specific values between -S and S. In the absence of 

a magnetic field, all 2S+1 states for a given value of S are degenerate. The introduction 

of a magnetic field can break this degeneracy. 
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Since nuclei are made up of elementary particles that have spin, consequently, 

they too have a spin (I) and azimuthal (m) quantum number associated with them. The 

relationship between these numbers and the information provided by them is analogous 

to that for particle spin quantum numbers described above. While the quantum 

mechanical perspective of spins is described thus far, for the sake of clarity the 

following discussion will be based on semi-classical approach.   

Fundamental particles and, hence, atomic nculei also have an intrinsic magnetic 

dipole moment, 𝜇 , that is closely related to the spin angular momentum, S⃗ ,by 

𝜇 = 𝛾S⃗    (3-1) 

where 𝛾 is a proportionality constant known as the gyromagnetic ratio.17 The direction of 

spin angular momentum, known as polarization spin axis, can point in any possible 

direction, in complete analogy to the angular momentum of a rotating object. In the 

presence of an external magnetic field, �⃗� , the response of the polarization is to move 

around the magnetic field. This motion is physically described to result from a torque, 𝜏 , 

that is applied to the atomic spin as given by:18 

𝜏 = 𝜇  × �⃗�   (3-2) 

Torque is the time derivative of angular momentum, leading to the following relationship: 

𝜏 =
𝑑S⃗  

𝑑𝑡
=

1

𝛾
 
𝑑𝜇 

𝑑𝑡
= 𝜇  × �⃗�   (3-3) 

Traditionally in NMR the applied magnetic field is aligned along the z-direction such that 

�⃗� =(0,0,B0). Combining this with the cross product shown in Eq 3-3 reveals the time-

evolution of the magnetic dipole moment in each Cartesian component as a function of  
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Figure 3-1.  Precession of magnetic dipole moment in response to the application of a 
magnetic field in the z-direction is a function of the initial direction of the spin. 

its direction before application of the magnetic field. If visualized, the magnetic moment  

moves on a cone, maintaining a constant angle between itself and the field as shown in 

Figure 3-1. This motion is called precession and a quantum treatment of it shows that 

the frequency of precession, 𝜔0, is given by: 

𝜔0 = −𝛾B0   (3-4) 

where 𝛾 is the gyromagnetic ratio and B0 is the magnetic field applied Eq 3-4 also 

applies to nuclear spins for which the angular frequency is termed Larmor frequency.  

The energy of a magnetic dipole, E, in the presence of a magnetic field is given 

by: 

E = −𝜇 ∙ �⃗�   (3-5) 

This energy depends on the relative direction of the magnetic dipole and magnetic field 

vectors. As mentioned earlier, a magnetic field. B0, applied in the z-direction, simplifies 
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Eq 3-5 to show that each spin state will have a distinct energy level, an effect known as 

Zeeman splitting: 

E = −𝛾SzB0 = −Msħ𝛾B0   (3-6) 

Equation 3-5 indicates that the magnetic energy is lowest if the magnetic moment is 

parallel to the magnetic field. The Boltzmann distribution describes the population 

distribution of the spin states to a good approximation.9 Accordingly, the population of 

nuclear spins in the lowest energy state is higher than in the higher energy state.  

In NMR spectroscopy, a macroscopic ensemble of molecules is generally 

observed. The application of a magnetic field to a large sample of nuclear spins results 

in a magnetization vector, �⃗⃗� , that is the sum of all nuclear dipole moments: 

�⃗⃗� = ∑ 𝜇 𝑗
𝑗

 
(3-7) 

The net magnetization is in the direction parallel to �⃗�  and arises from the relative 

difference in population of spins at different energy states. Since the energy is not 

dependent on the x and y components, the vector sum of the nuclear dipole moments 

along these coordinates is zero. Hence, at thermal equilibrium, the magnetization is Meq  

aligned along the z-direction, as visualized in Figure 3-2.  

3.1.2 Longitudinal and Transverse Relaxation 

“Relaxation” is a term widely used to refer to the re-establishment of thermal 

equilibrium after application of a perturbation. In NMR studies, before the introduction of 

a magnetic field, the system is in equilibrium in a state where all spins orientations are 

equally probable. Once a magnetic field is applied, the system “relaxes” to a new 

equilibrium state shown in Figure 3-2. The time it takes for magnetization to reach this  

latter state is dictated by the time constant, T1, also known as the longitudinal relaxation 
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Figure 3-2.  Schematic of a collection of nuclear spins at thermal equilibrium after being 
subjected to a magnetic field. The result is in a net macroscopic 
magnetization aligned along the direction of the magnetic field.  

time constant. The build-up of this magnetization is described by the following equation: 

Mz(t)=Meq (1 − exp (−
t

T1

)) (3-8) 

The relaxation constant T1 is a function of the sample and the nuclear isotope. It can 

range from seconds to even days in exceptional cases.  

The magnitude of the magnetization Meq is almost undetectable, making 

experimental study of this magnetization impractical. There is no net magnetization in 

the x-y plane as discussed in the previous section. To measure the magnetization that 

does exist along the z-axis, the polarization of every single spin can be rotated by π/2 

radians around the x-axis by applying the appropriate radiofrequency (r.f.) pulse. 

Accordingly, the net polarization along the z-axis is transferred to align with the -y-axis. 

Transverse magnetization refers to this net magnetic moment perpendicular to the 

magnetic field direction. Once the r.f. pulse is turned off, every single spin begins to 
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precess, and hence the net magnetic moment also precesses. Figure 3-3 is a schematic 

demonstrating this motion.  

The microscopic field experienced by these spins fluctuates over time, causing 

their precession frequency to vary. This causes the precessing nuclear spins that make 

up the net magnetic moment to get out of phase with each other. The result is an 

irreversible decay of the transverse magnetization. The time constant, T2, dictates the 

time it takes for this magnetization to decay. It is referred to as the transverse relaxation 

time. The time evolution of the components of the net magnetization after the r.f. pulse 

is removed is described by: 

My= -Meq cos(−𝛾B0t) exp (−
t

T2

)    (3-9) 

Mx=Meq sin(−𝛾B0t) exp (−
t

T2

) (3-10) 

The value of T2 also depends on the system being studied. For small molecules in 

liquids, it is on the same order of magnitude as the T1 relaxation time. For gas 

molecules in porous materials, it can be as short as a few milliseconds.  

 

Figure 3-3.  The transfer of the net magnetization from the z-axis to the -y-axis is 
possible with the application of a r.f. pulse. The transverse magnetization then 
continues to precess in the xy-plane. 
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3.1.3 NMR Spectroscopy 

The transverse magnetization is detectable as it oscillates at a well-defined 

frequency (Eq 3-9 and Eq 3-10). The rotation of the magnetic moment produces a 

rotating magnetic field. Based on Maxwell’s equations, a changing magnetic field is 

related to an electric field which can generate an electric current if a coil is introduced 

perpendicular to the transverse plane. The resulting oscillating current is called the free-

induction decay (FID).  

To briefly summarize, the NMR spectrometer is capable of: (i) applying a large 

magnetic field to produce a net magnetization; (ii) applying r.f. pulses to rotate the spin 

polarization into the transverse plane; (iii) detecting the electric current generated by the 

precessing transverse magnetization. The frequency and duration of the r.f. pulse 

influences the degree of rotation of the net magnetization. Hence, the application of a 

resonant r.f. pulse can rotate the net magnetization between the longitudinal and 

transverse plane.  

3.2 Pulsed Field Gradient NMR 

Pulsed Field Gradient (PFG) NMR, an application of NMR, is able to trace 

molecular displacements on the order of 0.1 µm to hundreds of micrometers by 

determining the mean propagator for displacements. It is a powerful technique to 

investigate diffusion in nanoporous and microporous systems as it can distinguish 

between various features of mass transfer such as intra-crystalline diffusion, permeation 

of surface resistances, and long-range diffusion.12 PFG NMR measurements are 

performed under conditions where there is no significant convective flow and there is a 

uniform macroscopic chemical potential throughout the sample. Hence, the 



 

32 

measurements conducted are of self-diffusion of a given sorbate. The following sections 

elaborate on the fundamentals of PFG NMR as well as the type of measurements.  

3.2.1 Field Gradient 

PFG NMR is a technique that is based on creating an inhomogeneous magnetic 

field Beff that varies with position. This is achieved by the superposition of a magnetic 

field, gz, that depends on position onto the constant field, B0: 

Beff=B0+gz (3-11) 

where the field gradient, g, is applied along the z-direction. The consequence of the 

application of the position dependent field gradient is the spatial dependence of the 

Larmor frequency of nuclei. The resulting effective Larmor frequency, 𝜔eff, is given by: 

𝜔eff = −𝛾(B0+gz) (3-12) 

Figure 3-4 is a schematic illustration of the effect of the effective Beff on the effective 

Larmor frequency, 𝜔eff.  

The phase angle 𝜙(t) accumulated by the nuclear spins as a result of their 

procession motion during the application of the field gradient pulse applied for a time, 𝛿 

is described by Eq 3-13: 

𝜙(t) = −𝛾 ∫ B0+gz(t
')  dt

'
𝛿

0

 (3-13) 

The average of positions of nuclear spins, as recorded by the angular phase, 𝜙(t), 

becomes accessible through the NMR signal.  

3.2.2 Spin Echo 

The measurements of diffusion based on PFG NMR technique are based on the 

application of two field gradients applied over short time intervals. Hence, this yields the 

difference in location of molecules during these gradient pulses. Figure 3-5 illustrates  
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Figure 3-4.  Schematic illustration of the combined effect of a static, homogeneous 
magnetic field and a spatial dependent field gradient that results in a spatially 
dependent precession.   

 

 
 

Figure 3-5.  Schematic illustration of the three steps that describe all NMR diffusometry 
experiments that involve the application of two gradients of equal magnitude 
and duration but opposite sign and separated by a certain time delay allowed 
for diffusion. 
 

𝜙
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the three general components of all NMR based diffusometry experiments: (i) labeling 

the initial position during the application of the first field gradient; (ii) a time delay that 

allows molecules to diffuse to a new position; (iii) reading the final position by means of 

the second field gradient that is equal in magnitude and duration but opposite in sign to 

the that employed in (i). 

In practice, PFG NMR sequences are based on the spin echo experiment. As 

previously discussed, a π/2 r.f. pulse is initially applied to rotate net magnetization 

arising from the presence of homogeneous magnetic field, B0, into the transverse plane. 

The application of a gradient field then causes a distribution of the precession 

frequencies which translates to a reduction in the observed magnetization vector, which 

is determined by the distribution of phase angles. The implementation of a π r.f. pulse 

following the first gradient inverts the accumulated phase. For example, if a phase 𝜙A is 

acquired during time, τ, in which the field gradient was present, it is inverted to – 𝜙A with 

the application of the π r.f. pulse. Following a duration τ after the second r.f. pulse, the 

spins continue to precess and accumulate an additional phase 𝜙B in the presence of the 

gradient field. In the absence of translational diffusion and transverse relaxation, there is 

no phase difference acquired between the two τ intervals, resulting in the acquisition of 

maximum magnetization. In reality, however, the phase accumulation in these two 

intervals is distinct due to self-diffusion of molecules as well as fluctuations in the 

microscopic field. Subsequently, the maximum amplitude of the spin echo decreases 

with time.  

While the measurement of the magnitude of transverse magnetization after a 

spin echo can reveal information about self-diffusion and transverse relaxation, it is 
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limited in its utility for studying more complex systems such as porous materials. 

However, the concept of spin echo is employed in other PFG NMR sequences that are 

traditionally used for such experiments, as outlined in the next section. 

 3.2.3 PFG NMR Spin Echo Sequences 

Stejskal and Tanner introduced the first PFG NMR pulse sequence known as the 

pulsed gradient spin echo (PGSE) pulse sequence.19 In this sequence, the gradient field 

is pulsed for short intervals, δ, during the time interval, τ, between r.f. pulses. Figure 3-6 

(a) presents a schematic of this sequence.  As presented in the discussion of spin 

echoes, the application of the gradient pulses results in accumulation of spatially 

dependent phases which can be related to measured transverse magnetization, Mxy, by 

the following expression:19 

Mxy=Meq exp (−
2𝜏

T2

) exp(−D(γgδ)2 (Δ −
δ

3
)) (3-14) 

where Meq is magnetization at thermal equilibrium, τ, Δ, and δ, are time intervals as 

labeled in Figure 3-6 (a). The self-diffusion process can be studied by altering the 

experimental parameters g, Δ, and δ while keeping τ constant and measuring the 

transverse magnetization. Keeping 𝜏 consistent eliminates the additional varying decay 

caused by T2 relaxation effects with changing time.  

More sophisticated pulse sequences have appeared in the study of self-diffusion 

using PFG NMR since the introduction of PGSE. Tanner published a new sequence 

known as the pulsed gradient stimulated echo (PGSTE) sequence that has greater 

utility in the field of transport in porous materials.20 The PGSTE sequence is useful for 

cases where T2 is much shorter than T1, as is often true for molecules in microporous 
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materials. A schematic presentation of the pulse sequence is shown in Figure 3-6 (b). 

PGSTE is a modification of PGSE where the π r,f. pulse is divided into two π/2 r.f. 

pulses. These new consecutive pulses share the same r.f. phase and are separated by 

a time interval equal to Δ − τST. During this time interval, the magnetization is stored in 

the longitudinal direction. Along this axis, the nuclei relax as per the T1 relaxation time 

constant allowing for much longer diffusion times as compared to 𝜏 in the PGSE 

sequence. The expected transverse magnetization based on the pulse sequence 

parameters presented in Figure 3-6 (b) are as follows: 

Mxy=Meq (
1

2
) exp (−

2τST

T2

) exp (−
Δ − τST

T1

) exp (−D(γgδ)2 (Δ −
δ

3
)) (3-15) 

Any additional unwanted magnetization in the transverse plane between the application 

of the 2nd and 3rd π/2 r.f. pulses can be removed with the introduction of an additional 

gradient pulse known as the spoiler gradient. 

Heterogeneous materials, such as microporous materials can create internal 

gradients which arise from interfaces created by surfaces of varying magnetic 

susceptibilities. The presence of internal gradients has unintended effects on the 

magnetic field and can manifest as distortions leading to misleading measured 

attenuation. To minimize these effects, Cotts et al. proposed the 13-interval sequence 

also known as the pulsed field gradient stimulated echo bipolar sequence 

(PGSTEBP).21 

Figure 3-6 (c) is schematic of the 13-interval sequence which employs gradients 

of opposing polarity. The effects of internal gradients are hence refocused after the 

second 𝜏𝐵𝑃 interval. The relationship between the transverse magnetization and the 

experimental parameters is predicted by Eq 3-16: 
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Mxy=Meq (
1

2
) exp (−

4τBP

T2

) exp (−
Δ − 2τBP

T1

) exp(−D(2γgδ)2 (Δ −
δ

6
−

τBP

2
)) (3-16) 

3.3 Experimental NMR Details 

The NMR experiments presented in this dissertation were performed at the 

Advanced Magnetic Resonance Imaging and Spectroscopy Facility of the National High 

Magnetic Field Laboratory, located at the University of Florida. Two Bruker Biospin 

spectrometers, 17. 6 T and 14 T, were used for all measurements discussed. Magnetic 

field gradients were generated by diff60 and diff30 diffusion probes that are capable of 

producing gradients of amplitude as large as 30 T/m and 18 T/m, respectively. 13C and 

1H nuclei were probed based on the nature of the sorbate and sorbent being studied.  

The use of high magnetic field afforded enhanced NMR sensitivity. In particular, 

in the reported 13C NMR studies, using high field offered vast improvements in signal-to-

noise ratio of measured NMR signals. The focus of this work is on sorbents that have a 

strong influence on the sorbate dynamics being measured, either through confinement 

or interaction. Hence, the use of high field gradients offered the possibility to measure 

very small displacements, in the range of 100s nm to 10 µm, and perform 

measurements of very slowly diffusing molecules. Application of large gradients also 

allows performing measurements under conditions of short T2 relaxation times because, 

in this case, even short gradients can result in large signal attenuations.  

Diffusion measurements were carried out using the 13-interval or PFGSTEBP 

pulse sequence due to its resilience towards potential artefacts produced by the 

samples of interest in this work. In all cases, unless otherwise specified, the pulse 

sequence included a longitudinal eddy current delay (LED). During this additional time 

interval, magnetization is stored along the longitudinal axis as any additional eddy-
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currents induced in the gradient coil decay. In addition, spoiler gradients and phase 

cycling were employed to minimize any distortions in the NMR signal and in turn 

increasing the reliability of the results. 

Measured attenuation curves were used to acquire the self-diffusion data for all 

samples. Attenuation (Ψ) is defined as the PFG NMR signal obtained with the 

application of gradient strength, g(z), normalized to the signal obtained with the 

application of the smallest gradient possible, g(z)≈0. All other experimental parameters 

of the pulse sequence are kept constant as the amplitude of the gradient is altered. The 

NMR signal recorded is obtained by integrating the area under the peak belonging to 

the sorbate of interest.  

While the relationship between the attenuation of signal and the experimental 

parameters depends on the diffusion mechanism, certain parameters are consistent. 

Under the conditions that allow normal self-diffusion of multiple molecular 𝑛 ensembles 

that exhibit distinct effective diffusivities the diffusion-induced signal attenuation can be 

predicted by the following attenuation equation: 

Ψ =
S(g)

S(g≈0)
= ∑ p

i
exp [-q2tDi]

𝑛

i=1

  (3-17) 

where pi and Di are the population faction and self-diffusivity, respectively, of ensemble 

i. The factors q and t are calculated by the following equations: 

q ≡ 2𝛾g𝛿 (3-18) 

t ≡ ∆ −
𝜏𝐵𝑃

2
−

𝛿

6
 (3-19) 
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A  

B  

C  

Figure 3-6.  Schematic presentation of the spin echo based PFG NMR sequences: (A) 
PGSE, (B) PGSTE, and (C) PGSTEBP or 13-interval 
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CHAPTER 4 
SINGLE-FILE DIFFUSION IN MIXTURES 

4.1 Motivation 

Molecules restricted to diffuse through unidimensional channels so narrow that 

they cannot pass each other may exhibit single file diffusion (SFD)*. Figure 4-1 

visualizes this type of anomalous diffusion, where the sequential order of diffusing 

molecules is preserved. This results in a deviation from the usual time dependence of 

the mean square displacement (MSD) observed for normal diffusion. While MSD 

increases proportionally with time for normal diffusion, for SFD in sufficiently long 

channels when all boundary effects at the channel margins can be neglected, it grows 

with the square root of time  

〈z2(t)〉=2Ft
1/2

 (4-1) 

where F is the single-file mobility factor and t is the diffusion time.12 Single-file systems 

exist in various fields, from living systems to catalysis.22-25 However, experimental 

evidence and understanding of diffusion in single-file systems is sparse. The work 

outlined in this chapter is aimed towards investigating the fundamentals of SFD of 

mixtures. 

4.2 Review of Published Single-File Diffusion Studies 

An important consequence of SFD is a significant slowdown in the growth of 

MSD with time in comparison to that for normal diffusion. This property opens a  

                                            
* This chapter is based on previously published work. Reprinted with permission from: Dutta, A. R.; Sekar, 

P.; Dvoyashkin, M.; Bowers, C. R.; Ziegler, K. J.;Vasenkov, S., Relationship between Single-File Diffusion 
of mixed and pure gases in Dipeptide Nanochannels by High Field Diffusion NMR. Chem. Commun. 
2015, 51 (69), 13346-13349  
Dutta, A. R.; Sekar, P.; Dvoyashkin, M.; Bowers, C. R.; Ziegler, K. J.;Vasenkov, S., Relationship between 
Single-File Diffusion of Gas Mixtures in Nanochannels of the Dipeptide ι-Ala- ι-Val: High-Field Diffusion 

NMR Study. J. Phys. Chem. C. 2016, 120 (18), 9914-9919  
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Figure 4-1.  Schematic illustration of molecules restricted to move in a one-dimensional 
channel that has a radius smaller than the diameter of the molecules. Mutual 
passage is forbidden under these conditions. 

possibility for highly selective separations if one component in the mixture exhibits 

normal diffusion and another SFD.12, 26-29 The potential use of this property in controlled  

catalysis has also been proposed.30-33 The integration of SFD in these applications has 

motivated studies of SFD in mixtures of different types of molecules using molecular-

level simulations.  

In particular, kinetic Monte Carlo simulations were performed to study counter-

diffusion, tracer exchange and reaction under single-file conditions.34-35 Molecular 

simulations have also demonstrated that binary mixtures of small gas molecules 

diffusing in AlPO4-5 molecular sieve can exhibit different diffusion regimes.26 In one of 

these regimes both species in the mixture diffused according to the mechanism of SFD, 

and in another regime only one type of molecules exhibited SFD while the other 

exhibited normal diffusion. The potential application of this latter diffusion regime in 

molecular separations became the focus of Adhangale and Keffer, who investigated 

using molecular dynamics (MD) simulations, the diffusion of a methane/ethane mixture 

in AlPO4-5.27 A recently published analytical model based on the Maxwell–Stefan 

equations proposed using pure component mobilities and the corresponding adsorption 

isotherm data to estimate their mixture behavior in single-file systems.36  More recently, 

an MD simulation study explored single-file mobilities as a function of loadings of binary 

gas mixtures in single-walled carbon nanotubes.37 
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While diffusion of mixtures of different types of molecules in single-file channels 

has been the focus of many theoretical and simulations studies, there have been no 

previously published reports on experimental investigations of transport of sorbate 

mixtures under the SFD conditions. In section 4.5.1, the first experimental observation 

of SFD of molecular mixtures is presented. A thorough analysis of the relationship 

between the mobilities of pure sorbates and their corresponding mixtures is discussed 

in section 4.5.2.   

4.3 Sorbent and Sorbates Studied  

 Self-assembled L-Ala-L-Val (AV) hydrophobic dipeptide crystalline nanotubes 

were used in these diffusion studies. AV is a microporous material containing helical 

channels of mean diameter (d) of ~0.51nm.38 It was selected for this work because of 

recent studies of diffusion and tracer exchange of Xe atoms in AV nanochannels 

published by our group. These previous studies were performed using a combined 

application of 129Xe PFG NMR and hyperpolarized 129Xe spin tracer exchange NMR. 

These studies revealed that Xe in AV nanochannels is a highly ideal single-file system. 

AV nanotubes were purchased from Bachem and used as received. The average length 

of the AV crystal (L) is around 50 micrometers, as determined from the images recorded 

by a JEOL 6400 scanning electron microscope.39  

Diffusion of CO, CO2, and CH4 (Sigma-Aldrich, 99 atom% 13C) in AV 

nanochannels was investigated by 13C PFG NMR. These species were chosen because 

they simultaneously satisfy the spatial criteria for SFD observation and are industrially 

relevant gases. The spatial criteria require that the diameters of molecules are smaller 

than the diameter of AV channels, but greater than the radius of the channels. The latter 

requirement prevents mutual passage of the molecules. The kinetic diameters of CO, 
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CO2, and CH4 molecules are, respectively, around 0.34, 0.33, and 0.41 nm.40 Clearly, 

all three species satisfy the SFD criteria for diffusion in AV nanochannels.  

4.4 Experimental Details 

PFG NMR can be used to directly measure the dependence of MSD on diffusion 

time in porous materials. Therefore, this technique is ideally suited for distinguishing 

SFD, characterized by the MSD scaling given by Eq 4-1.  

Five millimeter diameter, medium-wall NMR tubes (Wilmad-Glass) were loaded 

with ~55 mg of AV nanochannels. Each tube was then, separately, connected to a 

custom-made vacuum system and the nanochannels were activated at an elevated 

temperature of 373 K overnight.  The activation was performed under high vacuum 

conditions, at pressures below 0.001 mbar. This degassing of AV is intended to remove 

any initially present sorbates. The activation temperature is well below the AV melting 

point of 511 K.38 Upon activation, each NMR sample was loaded with either a pure gas 

or a two-component gas mixture by cryogenic transfer of the corresponding gas or gas 

mixture from the calibrated volume of the vacuum system. The gas-loaded samples 

were flame sealed and separated from the vacuum system.  

  Three NMR samples loaded with one-component gas (CO, CO2, and CH4) and 

two samples loaded with two-component mixtures (CO/CH4 and CO/CO2) were 

prepared. The total gas pressure in the gas phase of each sample at 298 K was around 

10 bar. In mixture samples, the partial pressure of each sorbate was 5 bar. For each 

sample the concentration of each gas in AV was determined by comparing the NMR 

signal of adsorbed gas(es) in these samples with the NMR signal in an NMR tube 

containing only pure gas at a known pressure, in the same way as discussed in 

previous work published by our group.41  
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Table 4-1. Gas concentration (in mol/kg of AV) obtained for the studied samples using 
NMR signal analysis. 

 Single-Sorbate CO/CH4 CO/CO2 

CO 0.56 ± 0.06 0.34 ± 0.03 0.24 ± 0.02 

CH4 0.48 ± 0.05 0.20 ± 0.02 - 

CO2 0.52 ± 0.05 - 0.34 ± 0.03 

Total gas concentration 
 for mixture samples 

- 0.54 ± 0.02 0.58 ± 0.03 

 

The gas loadings for all samples are shown in Table 4-1. This table indicates that 

the total gas concentration in each sample was the same, within the limits of  

experimental uncertainty. It also shows that the concentration of each gas in the mixture 

was comparable. This is significant as it allows for direct comparison of the rate of the 

diffusion of the molecules in single-sorbate and mixture samples.  

Longitudinal (T1) 13C NMR relaxation times of the studied gases inside AV 

nanochannels were estimated using the 13-interval PFG NMR sequence by changing 

the time interval between the second and the third π/2 radiofrequency pulses of the 

sequence and keeping all other time intervals constant. Similarly, transverse (T2) 13C 

NMR relaxation times were estimated using the same sequence by changing the time 

interval between the first and the second π/2 radiofrequency pulses of the sequence 

and keeping all other time intervals constant. Under the conditions of these 

measurements, it was confirmed that there was no attenuation of the signal due to 

diffusion of adsorbed gas molecules.  

In all of the studied samples, the measured NMR relaxation data showed no 

evidence for distribution of T1 and T2 relaxation times for adsorbed gases. The T1 NMR 

relaxation times for CO, CO2, and CH4 molecules adsorbed in the channels were 

estimated to be around 0.6, 2.7, and 1.5 s, respectively. The corresponding T2 NMR 
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relaxation times for CO, CO2, and CH4 were found to be around 16, 18, and 22 ms, 

respectively. All diffusion and relaxation NMR measurements were performed at 298 K.   

PFG NMR diffusion measurements were performed using a 17.6 T Bruker 

BioSpin NMR spectrometer operating at 13C resonance frequency of 188.6 MHz. The 

spectrometer is located at the National High Magnetic Field Laboratory’s AMRIS facility 

in Gainesville, FL.  Sine-shaped, bipolar magnetic field gradients with the effective 

duration of 1500-2200 µs were generated using a diff60 or diff30 diffusion probe (Bruker 

BioSpin) and Great60 gradient amplifier (Bruker BioSpin). The range of the gradient 

amplitudes used was between 0.3 and 23 T/m. 

4.5 Observation of Single-File Diffusion in Mixtures 

The 13-interval bipolar PFG NMR pulse sequence with longitudinal eddy current 

delay was used for all diffusion measurements. The longitudinal eddy current delay was 

between 3.5 and 5 ms. Diffusion data were obtained by measuring the PFG NMR signal 

intensity (S(g)) as a function of the magnetic field gradient (g) while keeping all other 

sequence parameters constant. For each type of the studied gas molecules S was 

equal to the area under the single 13C NMR line of these molecules. In the mixture 

samples, the different species were identified by their distinct 13C chemical shifts 

resulting in non-overlapping 13C NMR lines of these species. Under the measurement 

conditions, the 13C NMR chemical shifts CO, CO2, and CH4 were equal to 190.2, 135.6, 

and -5.4 ppm, respectively. 

4.5.1 Attenuation Plots 
 

Attenuation plots record the decrease in PFG NMR signal with increasing 

gradient strength, g, normalized to the signal obtained at the smallest gradient, as a 
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function of q2 where q is equal to 2γgδ, γ is the gyromagnetic ratio, and δ is the effective 

gradient duration. The attenuation (Ψ) is given by the following equation: 

Ψ =
S(g)

S(g≈0)
    (4-2) 

where S(g) is the signal obtained with the application of gradient g and S(g≈0) is the 

signal corresponding to the smallest gradient that can be accurately produced by the 

hardware. The PFG NMR echo attenuation due to one-dimensional diffusion in straight, 

randomly oriented, channels is expected to follow:  

Ψ(q,t ) =
1

2
∫ exp [−

q2〈z2(t)〉r2

2
] 𝑑r  

+1

−1

 (4-3) 

where 〈z2(t)〉 is the MSD along the channel axis at diffusion time t. Equation 4-3 

simplifies to the following expression after evaluation of the integral:12, 39, 42 

Ψ(q,t) =  √
π

2q2〈z2(t)〉
erf (√

q2〈z2(t)〉

2
) (4-4) 

It is important to note that due to the helical topology of the AV channels, the actual 

MSD inside the AV channels along the diffusion path (〈z2〉helix) is larger than the MSD 

along the channel direction (〈z2〉) in Eq 4-4. The values of 〈z2〉helix can be estimated as 

〈z2〉p2, where p is the geometrical factor equal to 1.3. The value of this factor was 

determined using the values of the pitch of the helix (~1 nm) in AV channels and the 

maximum Xe atom capacity per unit pitch. 42 Hence, for AV channels, Equation 4-4 can 

be re-written as: 

Ψ(q,t) =  √
p2π

2q2〈z2〉helix

erf (√
q2〈z2〉helix

2p2
)    (4-5) 
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For SFD in AV channels, Eq 4-1 can be substituted into Eq 4-5: 

Ψ(q,t) =  √
p2π

4q2Fhelixt
1/2  

erf (√
q2Fhelixt

1/2

p2
)   (4-6) 

where Fhelix denotes the single file mobility factor inside the AV channels, viz. mobility 

factor along the helical path. Figures 4-2 and 4-3 show examples of the measure 13C 

PFG NMR attenuation curves as a function of q2t. In the presentation of these figures, 

the attenuation curves measured for each sample and species at different times, but 

otherwise consistent conditions, are expected to collapse into a single curve if the MSD 

grows with the square root of diffusion time, as prescribed by Eq 4-1.  

It is seen in Figures 4-2 and 4-3 that for each studied sample and type of 

molecules the attenuation curves measured for a broad range of diffusion times 

coincide, within experimental uncertainty, in this presentation of the figures. Hence, it 

can be concluded that in each case the diffusion process obeys the SFD mechanism. 

This is an expected result because the channel radius is smaller than the collision 

diameter of the studied molecules, leading to the SFD conditions for these molecules. 

4.5.2 Mobilities of Sorbates in Pure and Mixture Samples 
 

Figure 4-2 shows PFG NMR attenuation curves for the diffusion in AV channels 

loaded with a single gas. In Figure 4-2 (a), such curves are shown for CO and CH4, i.e. 

the gases used in the CO/CH4 mixture. In Figure 4-2 (b) the attenuation curves are 

shown for CO and CO2, i.e. the gases used in the CO/CO2 mixture. Attenuation curves 

measured for each single gas coincide within experimental error for the broad range of 

diffusion times reported. It is seen in Figure 4-2 that for each gas pair used in the 

mixtures the attenuation curves in the samples loaded with a single gas are different for 
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different gases. Least squares fit of the attenuation curves in Figure 4-2 for the samples 

loaded with the single gas (CO, CH4 and CO2) to Eq 4-6 resulted in the single-file 

mobility factors for these gases (Table 4-2). The corresponding best-fit curves are 

shown in Figure 4-2. Small deviations between the experimental data and the best-fit 

curves in Figure 4-2 for the single-component samples can result from some small 

differences between the actual distributions over the channel directions in the samples 

and the fully random distribution assumed in the derivation of Eq 4-6. 

Figure 4-3 (a, b) shows PFG NMR attenuation curves for the diffusion of CO/CH4 

and CO/CO2 mixtures in AV channels. It is seen in the figure that for each mixture the 

attenuation curves measured for different types of molecules in a mixture coincide 

within the experimental uncertainty. According to Eq 4-6, this coincidence of the 

attenuation data indicates that both types of molecules in a mixture diffuse with an 

identical single-file mobility factor Fhelix. Identical transport rates for different types of 

molecules in a mixture are expected under the SFD conditions because under such 

conditions molecules cannot pass one another in the channels.  

Hence, the observation of identical rates of transport for different types of 

molecules in the studied mixtures provides additional evidence for the SFD diffusion 

mechanism in the mixtures.  Least-squares fit of all the attenuation curves measured for 

the same mixture type to Eq 4-6 resulted in the values of Fhelix for the studied two 

mixtures that are reported in Table 4-2. The best-fit curves are shown in Figure 4-3. It is 

seen that there are some small systematic deviations between these curves and the 

measured data. In complete analogy with single-gas samples, these deviations can be 

attributed to some small differences between the distributions over the channel  
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Figure 4-2. 13C PFG NMR attenuation plots measured at 298 K for CO, CH4, and CO2 
diffusion in AV channels loaded with a single gas. The attenuation plots are 
shown for the following gases used to prepare the gas mixtures: (a) CO and 
CH4, and (b) CO and CO2. 
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Figure 4-3. 13C PFG NMR attenuation plots measured for CO, CH4, and CO2 diffusion in 
AV channels at 298 K. The attenuation plots are shown for the samples 
containing the following gas mixtures: (a) CO/CH4, and (b) CO/CO2. 
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Table 4-2. Single-File mobilities (Fhelix) estimated from attenuation curves in Figure 4-1 
and 4-2 using Eq 4-6. 

 Mixtures Single-Sorbate Samples 

 CO + CH4 CO + CO2 CO CH4 CO2 
Fhelix x 1013 
(m2 s-1/2) 

31 ± 2 25 ± 2 46 ± 4 8.0 ± 0.6 15.0 ± 1 

 

directions in the PFG NMR samples and a truly random distribution, which was 

assumed in the derivation of Eq 4-6.12, 39, 42 

Figure 4-4 presents the values of 〈z2〉helix as a function of diffusion time for each 

of the two mixture samples together with the corresponding data for the one-component 

samples. The MSD values were obtained from least-square fitting of individual PFG 

NMR attenuation curves measured for each sorbate and sample at each diffusion time 

to Eq 4-4. These values were then scaled to account for the helical topology as 

previously discussed. The proportionality between the values of MSD and square root of 

time in Figure 4-4 was verified by least square fitting of the data for each sample to Eq 

4-1, where 〈z2〉 and F are substituted by 〈z2〉helix and Fhelix, respectively.  

In the double-logarithmic presentation of Figure 4-4, the best-fit lines are solid 

lines, which in all cases show a good agreement with the measured data. For 

comparison, the dashed line shows the linear growth of MSD with diffusion time which is 

expected for normal, Fickian diffusion. It was verified that the values of Fhelix obtained 

from the fitting of the data in Figure 4-4 are in agreement, within experimental error, with 

the corresponding data in Table 4-2 which resulted from direct fitting of the attenuation 

curves.  

Table 4-1 shows that the intrachannel gas concentration in each of the studied 

single-component samples was the same, within the experimental uncertainty. The  
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Figure 4-4. MSD dependence on times plotted on a double-log scale for (a) CO/CH4 
mixture and (b) CO/CO2 mixture along with the corresponding single 
component samples. The MSD is obtained by fitting the attenuation curves 
shown in Figures 4-2 and 4-3 with Eq 4-4. The MSD reported here accounts 
for the helical topology of the channels. Solid lines are best-fit lines of the 
measured time dependences of MSD to Eq 4-1. Dashed line shows the 
growth of MSD with time expected for normal diffusion.   
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concentrations in the single-component samples were also nearly identical with the total 

gas concentration in the mixture samples, where the fractions of the individual gas 

components were comparable to each other (Table 4-1). All these considerations allow 

for a direct comparison of the single-file mobility factors in the single-component 

samples and their relationship with the single-file mobilities in the corresponding mixture 

samples. 

The data in Table 4-2 indicates that in the single-component samples the fastest 

diffusing sorbate is CO, followed by CO2 and CH4. This trend in decreasing single-file 

mobilities of CO, CO2 and CH4 is consistent with the combination of larger molecular 

mass and size of CO2 and CH4 relative to CO. Table 4-2 shows that the single-file 

mobilities in the mixture samples is intermediate in comparison with the corresponding 

single-sorbate mobilities. This observation suggests that under the SFD conditions the 

replacement of the slower-diffusing molecules (CH4 or CO2) by an approximately the 

same number of faster-diffusing molecules (CO) in AV channels leads to a noticeable 

increase in the single-file mobility of the slower-diffusing sorbates.  

In contrast, under the conditions of normal diffusion in microporous solids such a 

replacement of a fraction of a slower diffusing species by faster diffusing species often 

does not lead to any significant change in the diffusivity of the slower-diffusing 

molecules.12  This difference between the SFD and normal diffusion of mixtures can be 

rationalized by noticing that under the conditions of SFD the displacement of any 

molecule strongly depends on the displacements of its next neighbors. Such 

dependence arises in SFD from the fact that movements of next neighbors determine 

the availability of space for displacements of any particular molecule. 
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 In the studied mixture samples, fast local mobility of CO molecules surrounding 

CH4 or CO2 molecules can lead to faster diffusion of these CH4 or CO2 molecules in 

comparison to the single-component CH4 or CO2 samples. This consideration provides 

a tentative explanation for the difference between the single-file mobilities of CH4 or CO2 

in the mixture samples in comparison to those in the corresponding single-component 

samples. However, further analysis and discussion presented in the next chapter 

indicate that the relationship between the single-file mobilities of the studied pure and 

mixed sorbates is likely related to molecular clustering. 

4.6 Summary 

Single-file diffusion of single-component gases and their binary mixtures in AV 

nanochannels was investigated by 13C PFG NMR at a high magnetic field using large 

field gradients for a broad range of diffusion times. The SFD mechanism was confirmed 

by verifying the proportionality of the MSD with the square-root of time for each sorbate 

in both single-component and mixture samples. This represents the first experimental 

evidence of SFD in a mixture of different types of molecules.  

The SFD mobilities of both gases in the two-component mixture samples were 

found to be identical, which is consistent with the exclusion of mutual passages of 

molecules under the single-file conditions. At comparable total molecular concentrations 

in the channels, the mixture SFD mobilities were observed to be intermediate between 

their respective components’ pure SFD mobilities. This relationship deviates from that 

observed for normal diffusion where the replacement of a fraction of a slower-diffusing 

component by a faster-diffusing one usually does not significantly influence the 

diffusivity of the former. 

 



 

55 

CHAPTER 5 
ABSENCE OF TRANSITION TO CENTER-OF-MASS DIFFUSION 

5.1 Single-File Diffusion in Finite Systems 

Theoretical treatment and computer modeling of diffusion in channels of finite 

length under the SFD conditions predict a transition from the single-file regime to the 

center-of-mass (COM) regime at sufficiently large values of root MSD.14-15, 35 The COM 

diffusion is characterized by fully correlated displacements of all the molecules in any 

particular channel. Figure 5-5 illustrates the difference in molecular motion between 

SFD and COM diffusion.* 

Consecutive movements of such molecular chains are not correlated with each 

other resulting in applicability of the laws of normal diffusion. In particular, a linear 

relationship between the MSD and diffusion time is expected in the COM regime. 

Hence, it is possible to define COM diffusivity in the same way as for normal diffusion by  

using the Einstein relation. COM diffusivity is greatly reduced in comparison to the 

diffusion coefficient under the conditions of normal diffusion, where an exchange of the 

relative positions of molecules in channels is allowed.  

For the single-file diffusion process modeled as a random walk of particles with 

hard-core interactions, a transition from the SFD to COM regime is predicted to occur at 

the MSD given by the following relation:15, 35 

〈z2〉COM = (
1-θ

θ
)

2lλ

π
 (5-1) 

 

                                            
* This chapter is based on previously published work. Reprinted with permission from: Dutta, A. R.; Sekar, 

P.; Dvoyashkin, M.; Bowers, C.R.; Ziegler, K.J.; Vasenkov, S., Possible Role of Molecular Clustering in 
Single-file Diffusion of mixed and pure gases in Dipeptide Nanochannels. Microporous and Mesoporous 
Mater. 2017  
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Figure 5-1. Illustration of difference in molecular motion in SFD and COM diffusion. After 
sufficient time in finite channels with fast exchange at boundaries, motion of 
molecules becomes extremely correlated and is independent of its previous 
movement, exhibiting Fickian motion.  

where l is the channel length along the diffusion path, λ is the elementary displacement 

along this path, and θ is the fractional particle loading in the channels. However, such a 

transition is yet to be observed experimentally. For all mixture and one-component  

systems reported in Chapter 4, the crossover MSD was estimated using Eq 5-1. The 

parameters θ, l, and λ were estimated as described below. 

The average channel length l along the diffusion path in Eq 5-1 was determined 

using the known average length of the studied AV crystals (L = 50 µm). This length 

corresponds to the channel length along the helix axis. The value of l was obtained by 

multiplying L with the geometrical factor p = 1.3, which was discussed earlier. 

The fractional loading, θ, is the ratio of molecular concentration in the AV sample 

to the corresponding maximum theoretical concentration. Although the maximum 

theoretical concentrations for CO, CH4, and CO2 in AV channels have not been 

l 

SFD  COM 
λ 



 

57 

reported, these loadings can be estimated using the known maximum loading for Xe in 

these channels.38 For each studied gas the maximum loading was roughly estimated as 

the maximum loading of Xe atoms in AV multiplied by the ratio of the kinetic diameters 

of Xe and the studied gas. Using the reported kinetic diameters, which are equal to 

0.44, 0.34, 0.33, and 0.41 nm for Xe, CO, CO2, and CH4, respectively, the fractional 

loadings obtained for each sample are given in Table 5-1.40, 43 

The elementary displacement, λ, is traditionally defined in random walk based 

models as the distance between two adjacent sorbate molecules at a maximum loading 

in channels. Previous studies of Xe in AV channels have reported that the most efficient 

packing is achieved when Xe atoms are stacked abreast in a staggered arrangement.38 

The distance between two adjacent Xe atoms at the maximum loading was estimated to 

be  ¾, of the kinetic diameter of a Xe atom. Owing to the similarity between the kinetic 

diameter of Xe atoms and gas molecules studied in this work the estimated λ for these 

molecules as ¾ of the kinetic diameter. 

Table 5-1. Estimates of fractional loadings (θ), the values of MSD at which a transition 

from SFD to COM diffusion is predicted by Eq 5-1 (〈z2〉COM), and the minimum 
cluster size required by Eq 5-1 for not observing this transition under the 
reported experimental conditions of this study. 

 Mixtures Single-Sorbate Samples 

 CO + CH4 CO + CO2 CO CH4 CO2 

Θ 0.22 ± 0.02 0.16 ± 0.02 0.20 ± 0.01 0.21 ± 0.01 0.18 ± 0.02 

〈z2〉COM (m2) 5.6  х 1014 7.2 х 1014 5.4 х 1014 6.2  х 1014 5.9  х 1014 

Minimum 
cluster size 
(number of 
molecules) 

140 70 110 30 50 

 

Table 5-1 lists the crossover MSDs, 〈z2〉COM, obtained using Eq 5-1 with the 

parameters estimated as discussed above. It is seen that the values of 〈z2〉COM in Table 
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5-1 are in all cases smaller than the smallest MSD measured by PFG NMR (Figure 4-4). 

Hence, a linear dependence of MSD on time, a signature of COM diffusion, should have 

been observed for all samples under the reported experimental conditions. However, 

contrary to this, the experimental data in Figure 4-4 show the MSD dependence on 

diffusion time as given by Eq 4-1 for SFD.  

5.2 Relationship between Single-File Mobilities 

The theoretical model (Eq 5-1) and the experimental data presented in Chapter 4 

can be reconciled if presence of long-range interactions between molecules is 

considered, which could induce molecular clustering. Formation of molecular clusters 

was previously demonstrated under the SFD conditions using MD simulations.44-46 

These studies demonstrate that single-file diffusion of small gas molecules can be 

dominated by correlated movements of many molecules, viz. molecular clusters, rather 

than by movements of individual molecules.  

In the scenario where individual molecules form large clusters that perform SFD, 

the actual elementary displacements, λ, in Eq 5-1 is determined by the size of clusters, 

which is much larger than the collision diameter of the molecules used to estimate the 

crossover values shown in Table 5-1.  This change in λ shifts the transition MSD to 

larger values for all samples studied. Hence, by assuming that the minimum crossover 

MSD is as large as the greatest experimentally measured MSD, Equation 5-1 can be 

used to estimate the smallest cluster size for each system. This is done by using the 

inherent proportionality between the number of molecules in a cluster and λ and 

manipulating Eq 5-1 to evaluate λ corresponding to the largest MSD probed for a given 

system. The projected values of the minimum cluster sizes are reported in Table 5-1. 

They vary between 30 to 140 molecules, depending on the system.  
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The presence of molecular clustering in the context of single-file diffusion can 

also explain the relationship observed between the SFD mobilities of single-component 

sorbates and their mixtures. In accordance with the random walk model, the SFD 

mobility varies linearly with the product of λ and the square root of the diffusivity, D0, of a 

single molecule/cluster in the infinite dilution limit.12 D0 is expected to be inversely 

proportional to λ, which is determined by the cluster size.  Hence, the SFD mobility 

value should be proportional to the square root of λ. Therefore, it can be expected that 

the single-component sorbate that exhibits the largest SFD mobility (CO) forms larger 

clusters than its slower counterparts (CH4 and CO2). One reason for CO molecules to 

form larger clusters than CH4 and CO2 can be related to dipole-dipole interactions 

between CO molecules. The average cluster in mixture samples would likely be 

intermediate in size with respect to their corresponding single-sorbate samples. This 

would translate into intermediate SFD mobilities of mixtures relative to their respective 

one-component sorbates, which is consistent with the experimental observations 

reported here. More studies are needed to investigate the clustering of molecules. In 

particular, measurements of adsorption isotherms can be useful. It is discussed in Ref 

47 that the shape of the adsorption isotherm can reveal the extent of interaction 

between molecules, especially if it exceeds their interaction with the host.47 Such a 

strong interaction could result in clustering. While such an analysis can be insightful in 

general, the framework of AV nanochannels is flexible and can alter with loading 

resulting in adsorption isotherms that become difficult to interpret conclusively.   

In addition to molecular clustering discussed above, the existence of strong 

transport barriers at the ends of AV channels can be responsible for the absence of a 
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transition to COM diffusion at the MSDs reported in Table 5-1.15, 35 Such transport 

barriers, however, are not expected to appreciably extend the length scale of the SFD 

regime, which remains unperturbed by boundary effects at the channel ends. Since the 

MSD time scaling of SFD (Eq 4-1) is observed for all sorbates, both in pure and mixture 

form, at length scales beyond those of COM transition, it is unlikely that transport 

barriers are singularly responsible for preventing this transition. However, additional 

theoretical studies are needed to clarify the contribution of transport barriers at channel 

boundaries to the transition from SFD to COM diffusion. 

The existence of clusters can be experimentally investigated through techniques 

such as Fourier Transform Infrared Spectroscopy. The exact size of these clusters, 

however, would be difficult to corroborate given the resolution limitations of FTIR. 

Distinguishing between clusters consisting of molecules in the wide range between 50 

to 150 molecules is challenging under the conditions of this experimental technique. A 

possible combination of experimental and computational study is recommended to 

provide further insight into the role of clusters in this study. 

5.3 Summary 

   Simulation studies and theoretical considerations predict a transition from the 

SFD to COM regime at sufficiently large diffusion times. The crossover is characterized 

by a shift from the MSD dependence on the square root of time to a linear dependence 

on time. However, this transition to COM regime was not experimentally observed for 

any of the systems studied. Molecular clustering is proposed to explain the absence of 

this transition. Equation 5-1 was used to estimate the minimum cluster size needed to 

sustain SFD under our experimental conditions. The clustering hypothesis was also 

used to qualitatively explain the unique relationship between the SFD mobilities of 
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components in the single-sorbate and mixture samples. This data suggests that 

molecular clustering in single file channels can be one of the main factors determining 

the rate of single-file diffusion of mixed and pure sorbates.  
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CHAPTER 6 
METHODOLOGY DEVELOPMENT- CALIBRATION OF MAGIC ANGLE SPINNING 

PROBE FOR NMR DIFFUSOMETRY 

6.1 Motivation 

Pulsed Field Gradient NMR is a powerful technique to investigate diffusion in 

porous materials. Our group, in conjunction with the National High Magnetic Field 

Laboratory, has developed an experimental setup that combines high magnetic field 

and large field gradients to study diffusion properties on different length scales in 

nanoporous and microporous materials. However, there are some difficulties associated 

with such materials, especially when studying mixture sorbates.48 Firstly, the restricted 

mobility of molecules in pores can result in line broadening. Secondly, differences in 

local magnetic fields originating from sample heterogeneities can contribute further to 

large broadening of the signal. This effect of line broadening limits the applicability of 

PFG NMR and the corresponding reduction in resolution can inhibit identification of 

components in mixtures, principally for 1H NMR. Thirdly, the line broadening also 

manifests the reduction in T2 NMR relaxation times, which restrict the duration of 

gradients that can be applied and hence restricts the range of displacements that can 

be probed.  

The combination of Magic Angle Spinning (MAS) with PFG NMR presents a 

possible solution to the listed challenges associated with conventional PFG NMR.49-50 In 

the MAS setup, the sample is oriented at an angle of 54.7˚with respect to the magnetic 

field, as portrayed in Figure 6-1, and rotated about this axis at a desired frequency.17 

Influence of anisotropic interactions such as dipolar coupling and susceptibility effects 

on the line width and related T2 NMR relaxation time can be reduced or suppressed  
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Figure 6-1. A schematic of the MAS experimental setup combined with the pulsed field 
gradient coil, g(z), in a high-resolution MAS probe. The spinning axis along 
which the sample is oriented is at an angle of 54.7˚ with respect to the 
external magnetic field, B0.   

completely by adopting the MAS experimental design. The extent of suppression 

depends on the interaction strength and the achievable rotation frequency.  

The combination of MAS and PFG NMR to study diffusion of single and multi-

component sorbates in various host materials, including zeolites has been successfully 

demonstrated by others.49, 51-53 To enhance the capability of PFG NMR at the National 

High Magnetic Field Laboratory (NHMFL), this methodology of MAS PFG NMR 

calibration and testing was introduced at its facility at UF. This chapter is devoted to the 

development of this experimental setup on the 600 MHz Bruker NMR spectrometer 

located at the AMRIS facility of the NHMFL.   

6.2 Gradient Calibration  

The high-resolution MAS probe available at the NHMFL at UF supports a 4 mm 

rotor and is equipped with gradient coils. The steps involved in making this probe usable 

for PFG NMR measurements are outlined as follows: 

• determine strength of gradient 

• evaluate gradient uniformity 

• perform temperature calibrations 

• test accuracy of technique using diffusion measurements 
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The absolute value of the gradient strength was determined by recording the 

image (1H NMR) of a spacer of known precise thickness, immersed in a solution of 

H2O/D2O, in the presence of an applied field gradient. From the resulting spectra, the 

maximum gradient strength, gl, of the coil can be calculated by:54 

gI=
∆ω

εγg
a

  (6-1) 

where ∆ω is the width of the image of a spacer of known length, ε, obtained at a 

controlled gradient strength, which is indicated by a dimensionless parameter, g
a
, 

expressed as the percentage of the maximum possible gradient strength, and γ is the 

gyrogmagnetic constant of protons. Two spacers of different lengths, 2.9 mm and 4.0 

mm, were used for measuring gI. The images of each of these spacers were recorded 

for different values of ga, to improve both the accuracy and precision of the 

measurement. For these experiments the samples were oriented along the magic angle 

axis but remained static. 

Table 6-1 shows the calculated values of the maximum gradient strength 

estimated using both spacers and the method described above. Based on this data, the 

gradient strength of the high-resolution MAS probe is determined to be 0.56 ± 0.01 T/m. 

It should be noted that the value of gI measured using the longer spacer of 4 mm can 

generate a larger error associated to it. This is because there is expected to be greater 

variation in the magnetic field and the gradient strength at the edges of the rotor as 

compared to its middle. Hence, the longer sample is susceptible to these deviations, 

resulting in decreased confidence in the calculated value of gI.  

Evaluating the uniformity of the gradient along the rotor axis is essential to 

assessing the potential accuracy of PFG NMR measurements. Large variations in the  
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Table 6-1. Values of maximum gradient strength, gI (T/m), calculated using Eq 6-1 for 
two spacers of varying lengths. 

ga ɛ=2.9 mm  ɛ=4.0 mm 

10 % 0.55 0.51 
20 % 0.57 0.57 
30 % 0.57  

 

gradient profile along the length of the rotor can translate to inaccurate measurements 

of diffusivities. To assess the uniformity, a pulse sequence proposed by Hurd et al was 

employed.55 It is composed of a Hahn echo with two gradient pulses, g, before and after 

the 180˚ refocusing pulse and in which the echo is acquired during the application of 

another gradient (gr). Spectrum acquisition under the conditions of a large gradient, g, 

results in a heavily diffusion weighted profile. Comparison of such spectra with 

application of a weak and strong gradient can provide insight into the uniformity of the 

gradient strength along a chosen axis. 

This sequence was used on a sample of H2O that filled the length of the rotor. 

Under static conditions, the spectrum of the sample was obtained at two different 

gradient strengths, 6% and 50%. Figure 6-2 shows the gradient profile obtained at the 

mentioned gradient strengths. By normalizing the intensity of the NMR signal obtained 

at smallest gradient strength (0.03 T/m) to the largest gradient strength (0.28 T/m) 

applied, the variation in the gradient profile along the magic angle axis is captured. This 

normalized intensity along the length of the rotor is shown in Figure 6-3. While there is 

large variation along the edges of the rotor caused by experimental artefacts, the 

gradient profile is essentially flat along the bulk of the rotor axis.54 Hence, there is 

sufficient uniformity of the gradient to proceed with further calibration. 
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Accurate diffusion measurements require precise control and knowledge of the 

sample temperature. Under MAS conditions, where the sample is rotating at rates as 

large as 8 kHz, there is a potential for the temperature of the sample to vary with the 

application of this mechanical force. While this change in temperature is also a function 

of the thermal conductivity of the sample itself, this contribution cannot be generalized. 

However, an assessment of temperature variation as a function of spinning rate can be 

performed as a preliminary correction for accurate sample temperature control.  

The actual sample temperature was systematically estimated using neat 

methanol under various spinning conditions. Neat methanol can be utilized as an NMR 

thermometer as the difference in frequency of its two proton peaks is a strong function 

of temperature it experiences.56 This dependence on temperature has been well 

established in literature and the corresponding empirical formula was used here to 

estimate the temperature of the sample (neat methanol) at different spinning rates and 

system temperatures. The system temperature corresponds to the temperature that is 

set by the user for the NMR spectrometer to operate at.  

Figure 6-4 plots the sample temperature of methanol as a function of the system 

temperature for spinning rates in the range of 4 kHz to 8.5 kHz. As anticipated, the 

increase in sample temperature from the system temperature is larger for higher 

spinning rates. The deviation of the sample temperature can be as large as 8 K. The 

data presented in Figure 6-4 is fit with the least-squares line that predicts sample 

temperature (y) as a function of system temperature (x). These formulas can be used to 

determine the system temperature that should be used for a desired sample 

temperature at a given spin rate during diffusion measurements. 



 

67 

The final assessment of the accuracy of gradient and temperate calibration in this 

MAS PFG NMR setup culminates in the measurement of self-diffusivity of water. Figure 

6-5 compares the attenuation plots obtained using the 13-interval sequence under 

various conditions of a sample of water in a 4 mm rotor. There is very strong agreement 

between the attenuation curves acquired under static conditions and two different 

spinning conditions (4 kHz and 5 kHz). 

The system temperatures were set based on the temperature calibration 

presented in Figure 6-4 such that the sample temperature corresponded to 298 K. In 

addition, two different diffusion times (50 ms and 200 ms) were observed for each 

spinning rate to evaluate the gradient calibration. Given the consistency in the 

attenuation curves for all these conditions, a single least-square fit was obtained as 

shown in Figure 6-5. The corresponding self-diffusivity of H2O at 298 K as evaluated 

from this fit is (2.2 ± 0.1) x 10-9 m2/s. This value is consistent with the published value of 

self-diffusivity of water at 298 K, obtained used conventional PFG NMR.  

6.3 Reference Measurement in Microporous Material 

After establishing this new methodology through the preliminary measurements 

of free water, a progression was made towards performing measurements on porous 

materials. As discussed in the beginning of this chapter, there are limitations to PFG 

NMR related to studying diffusion in nanoporous and microporous materials. Hence, the 

MAS PFG NMR setup was used to demonstrate its potential in investigating diffusion in 

porous structures, specifically zeolitic imidazolate framework (ZIF). ZIF-8 is a MOF that 

consists of zinc ions coordinated with four imidazolate rings. ZIF-8 was saturated with 

H2O and the self-diffusivity of adsorbed H2O was measured by employing MAS PFG 

NMR.  
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Figure 6-2. The image profile acquired along the rotor axis for a mixture of H2O/ D2O at 
two gradient strengths. The sample was oriented along the 57.4˚ but kept 
static.  

Figure 6-3. A plot of the NMR signal obtained at the smallest gradient strength 
normalized to the signal recorded at the largest gradient strength. The 
presented gradient profile shows that the gradient is uniform along most of 
the magic angle rotor axis.  
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Figure 6-4. The temperature dependence of sample temperature on the spin rate 
plotted as a function of the system temperature determined using neat 
methanol. The formulas listed are obtained by the least-squares fit and the 
relate the system temperature (x) to the sample temperature for spin rates 
between 4 kHz and 8.5 kHz.  
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Figure 6-5. Attenuation plots acquired using the MAS PFG NMR setup at various spin 

rates and diffusion times for a sample of water at 298 K. Due to the strong 
agreement between the various attenuation curves a single least-squares line 
was fit to describe them.  
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Before saturating ZIF-8 with water, a conventional 1H NMR of ZIF-8 (non-

activated) was acquired under conditions of MAS at a spin rate of 7 kHz. Figure 6-6  

illustrates how effective MAS can be at improving spectral resolution. The two large 

peaks with line widths between 900 Hz and 1200 Hz belong to the protons in the ZIF-8 

framework. The peaks marked with an asterisk are spinning side bands. The much 

narrower peak with a width of 40 Hz is assigned to the water present in ZIF-8. This 

material was not activated and hence was expected to contain some water adsorbed 

under ambient conditions. For comparison, the line width of adsorbed water measured 

using this spectrometer with a conventional PFG NMR probe is around 1200 Hz. Figure 

6-7 compares the spectrum obtained of H2O in a saturated bed of ZIF-8 as obtained 

under MAS conditions and static conditions. A vast improvement in the line-widths is 

observed under MAS conditions.  

The ZIF-8 bed was then saturated with water and after equilibration was 

introduced into the calibrated high-resolution MAS probe. Figure 6-8 shows the overlay 

of 1H spectra at different gradient strengths obtained using the 13-interval PFG NMR 

sequence with eddy current delays at a spin rate of 5 kHz. For the spectra shown, a 

diffusion time of 200 ms was allowed and sine-shaped gradient pulses of duration 2 ms 

were applied. Diffusion times in the range of 40 ms to 200 ms were investigated to 

provide a comprehensive understanding of self-diffusivity of water in ZIF-8. 

The two overlapping peaks observed in Figure 6-8 can be assigned to water 

molecules in two different environments i.e., confined and unconfined (free) water. The 

slower attenuating, narrower peak might belong to the molecules inside the pores of the 

ZIF while the faster diffusing, slightly broader peak might be assigned to free water that  
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Figure 6-6. The 1H NMR spectrum of non-activated ZIF-8 bed obtained using the high-
resolution MAS probe. The sample was rotated at 7 kHz. The asterisk mark 
the spinning side bands and the remainder of the peaks are assigned to the 
protons of the ZIF-8 framework and residual, adsorbed H2O.  

 

 
Figure 6-7.  1H spectrum obtained of H2O molecules in a saturated ZIF-8 bed under 

conditions of MAS and static NMR. There is a vast improvement in line-widths 
under MAS conditions 



 

73 

 

8 7 6 5 4 3

ppm

 g=1.0 G/cm

 g= 6.9 G/cm

 g=21.5 G/Cm

 

Figure 6-8.  Overlay of the attenuating signal of H2O saturated in the ZIF-8 bed resulting 
from increasing applied gradient. The two overlapping peaks belong two 
water molecules in different environments of the ZIF-8 bed.  

is either between the crystals of the material or in a thin layer that coats the surface of 

the crystals. The peaks from the framework essentially disappear in these experiments 

due to their significantly shorter T2 relaxation times in comparison to that of water. 

Under standard, static NMR conditions, overlapping peaks are difficult to resolve 

into individual ones due to large deviations from Lorentzian line shapes. However, 

under the stated MAS conditions, each overlapping peak can be deconvoluted using 

software. As a thorough analysis, two different approaches are demonstrated here to 

evaluate the diffusion properties of H2O in ZIF-8. 

In the first approach, the two peaks were treated as one and the attenuation of 

the signal was calculated by normalizing the integrated area of the combined peaks. 

Figure 6-9 shows the resulting attenuation curves corresponding to each reported 

diffusion time. It is clear from this figure that a bi-exponential curve is required to 
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characterize the two different diffusivities that pertain to each peak.  The following 

equation was used to fit each attenuation curve individually: 

Ψ=
S

S0

= ∑ p
i
exp [-q2tDi]

2

i=1

 (6-2) 

where pi corresponds to the fraction of molecules exhibiting diffusivity Di.  

Table 6-2 lists the fitted values for each diffusion time obtained using Eq 6-1. The 

diffusivity of the slower ensemble of molecules is approximately (1.1 ± 0.3) x 10-10 m2/s 

and is consistent with the diffusivity of adsorbed water molecules in ZIF-8, ~1 x 10-10 

m2/s, measured using conventional PFG NMR.  

For consistency, the comparison of fitted values for the attenuation curves 

acquired under the same gradient duration is appropriate. From Table 6-2, the diffusivity 

of the faster ensemble of molecules is (4.4 ± 0.4) x 10-9 m2/s. The faster diffusivity, 

which is notably larger than that of bulk water, can be tentatively assigned to molecules 

exchanging between ZIF crystals and the volume between the crystals occupied by 

water in the liquid and/or vapor phase during the diffusion time used. Also, the trend of 

increasing fraction with diffusion time for the faster ensemble of molecules is a signature 

of long-range diffusion, i.e. diffusion under conditions of fast exchange between intra-

ZIF volume and the liquid or vapor phase between ZIF-crystals.  

 
Table 6-2. Ensemble fractions and the corresponding diffusivities obtained by fitting Eq 

6-1 to the bi-exponential attenuation curves in Figure 6-8. 

Diffusion 
Time (ms) 

Gradient 
Duration (ms) 

p1 D1 x 109  (m2/s) p2 D2 x 1010 (m2/s) 

100 2.0 0.74 4.5 ± 0.4 0.26 1.2 ± 0. 2 
150 2.0 0.78 4.4 ± 0.4 0.22 0.96 ± 0.2 
200 2.0 0.82 4.6 ± 0.4 0.18 1.1 ± 0.3 
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Figure 6-9. Measured PFG NMR attenuation curves for H2O diffusion in a saturated ZIF-
8 bed under MAS conditions with a spin rate of 5 kHz. The measurements 
were performed using the 13-interval sequence with eddy current delay. All 
measurements were performed at a sample temperature of 298 K.  
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Figure 6-10. Attenuation curve obtained using deconvolution of overlapping peaks 
observed in the PFG NMR spectra of H2O diffusion in ZIF-8. These 
attenuation curves correspond to the narrower, slower diffusing peak. 
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In the second approach, software was used to deconvolute the overlapping 

peaks into two distinct Lorentzian peaks and the corresponding attenuation curves 

obtained at different diffusion times are shown in Figure 6-10. To keep the comparison 

brief, the attenuation curves for just one of the peaks is discussed here. The attenuation 

curves in Figure 6-10 correspond to the narrower, slower diffusing peak as it is assigned 

to the adsorbed molecules in ZIF-8 pores. Since there is an exchange of water 

molecules inside the pores and the environment outside, there is some deviation from 

the mono-exponential behavior expected after deconvolution. Hence, a since bi-

exponential fit is used to describe all attenuation curves in Figure 6-10. The diffusivity of 

0.93 fraction of molecules is estimated to be (1.2 ± 0.3) x 10-10 m2/s and agrees very 

closely with the diffusivity of adsorbed water molecules as measured by the first 

approach. The corroboration of the diffusivities as calculated by the two approaches 

provides further confidence in the interpretation of the results reported. 

6.4 Summary 

Combining magic-angle spinning with pulsed field gradient NMR expands the 

range of porous systems that can be explored due to the remarkable gains in resolution. 

To exploit these advantages, a MAS probe was calibrated for diffusion measurements in 

collaboration with the National High Magnetic Field Laboratory. The gradients of a high-

resolution MAS probe were calibrated and tested to perform diffusion measurements. 

This experimental setup was also used to demonstrate the accuracy of PFG NMR 

measurements in porous materials under MAS conditions.  

While MAS PFG NMR offers a promising alternative to conventional, static PFG 

NMR, it is limited by the maximum strength of the gradient. The state-of-the-art gradient 

probes available can produce gradients as large as 30 T/m. Whereas, most high 
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resolution MAS probes are equipped to apply gradients up to 0.50-0.60 T/m. Depending 

on the sorbate and host molecules of interest, a suitable experimental setup should be 

chosen. 
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CHAPTER 7 
WORK IN PROGRESS: DIFFUSION IN THE PRESENCE OF HYDROGEN SULFIDE 

7.1 Motivation 

Zeolitic Imidazolate Frameworks (ZIFs) are composed of imidazolate linkers and 

metal ions and are a subclass of metal organic frameworks (MOFs). Recently, there has 

been an explosion in research studies devoted towards synthesizing ZIFs and 

integrating them in industrial applications.57-58 This is because ZIFs possess properties 

such as large surface area, exceptional chemical and thermal stability, and high 

crystallinity which make them attractive candidates for membrane-based separations 

applications.59-62 Their vast functionality and tunable pore size can be exploited to tackle 

challenging gas separations. The Energy Frontiers Research Center (EFRC) in Atlanta 

is devoted to studying these materials for acid gas separations and the results 

presented here are in an effort to further this goal.  

Figure 7-1. Performance of membrane separation systems depends on the transport 
properties of the material. A fundamental understanding on these properties 
at various length scales is essential when investigating novel materials for 
membrane based separations.  
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Hydrogen Sulfide (H2S) is a toxic and corrosive gas that plagues a vast number 

of industrial processes ranging from natural gas processing to wastewater treatment.63-

64 Long term exposure to H2S can result in adverse health effects, that vary based on its 

concentration.65 It is responsible for catalyst poisoning, and corrosion of pipelines and 

chemical storage containers. H2S can also form flammable mixtures that in turn produce 

harmful vapors such as sulfur dioxide upon ignition. It is evident that separation of H2S 

is critical from both an economic and safety perspective.  

Membranes have complex structures and can exhibit different transport 

properties at varying length scales (Figure 7-1). Advancements in membrane 

technology require a fundamental understanding of these distinct transport properties. 

This chapter presents the first microscopic diffusion study of H2S in ZIFs as well as its 

influence on their transport properties due to prolonged exposure.  

7.2 Diffusion of Hydrogen Sulfide 

ZIF-8 is a MOF that consists of zinc ions coordinated with four imidazolate 

rings.57 The large spherical cavities of ZIF-8 are accessible through small apertures that 

are 3.4 Å in diameter.66 It is extensively studied due to its vast functionality and ease of 

assembly into various forms.60, 67 Given the abundant interest in ZIF-8, it was the 

primary focus of diffusion studies presented here. 

7.2.1 Experimental Details 

PFG NMR was employed to measure self-diffusivity of H2S in ZIF-8 crystals. ZIF-

8 crystals of average diameter 5.3 μm were synthesized by the group of Ryan Lively at 

Georgia Institute of Technology. Dr. Lively’s group, fellow members of EFRC, is 

equipped to store and use H2S for experimental studies. Hence, all NMR samples 

containing H2S were prepared by Dr. Lively’s group, at their facility.  
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NMR samples were prepared in a fashion similar to that described in section 4.4. 

Approximately 100 mg of ZIF-8 was loaded into two separate 5 mm, medium-wall, NMR 

tubes (Wilmad Glass) each. The tubes were then activated at an elevated temperature 

and evacuated under vacuum, overnight. Each tube was then attached to a manifold 

connected to a source of H2S gas mixture. The gas mixture contains 5% H2S with the 

remainder being N2. The bed of ZIF-8 crystals was equilibrated with 0.9 atm of this 

mixture for 11 hours and subsequently immersed in liquid nitrogen to cryogenically 

condense H2S into the tube. The NMR tube was then flame sealed and separated from 

the manifold.  

1H NMR was used to perform PFG NMR measurements of these samples. 

Primarily, a 600 MHz Bruker spectrometer in conjunction with a diff30 gradient probe 

was employed. Some experiments were also attempted on a 750 MHz Bruker 

spectrometer equipped with a diff50 gradient probe in an effort to reproduce results and 

eliminate influence of artefacts. All measurements were performed at 298 K.  

7.2.2 Results and Discussion 

The combination of low sorbate concentration and large susceptibility effects 

associated with 1H NMR measurements in porous materials has produced many 

challenges in diffusion measurements of H2S. The first obstacle was the accurate 

identification of H2S signal. Acquisition of a 1H NMR spectrum of ZIF-8 loaded with H2S 

showed large baseline distortions which obscured the visibility of any distinct peak. The 

13-interval PFG NMR sequence can be used to minimize the susceptibility effects and 

provide a more discernable spectrum. Shortening the time interval between the first and 

second and second and third π/2 radiofrequency pulses while applying the smallest 

gradient possible reveals various features. Using this procedure, the spectra shown in 
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Figure 7-2 were acquired and they show a distinct peak centered at 3.4 ppm. The time-

evolution of this peak recorded here occurs by decreasing the time available for T2 

relaxation, i.e. the time interval between the application of the first and second π/2 

radiofrequency pulses. The gradients applied were sine-shaped of amplitude 0.30 T/m.  

The response of this peak to the systematic manipulation of the 13-interval 

sequence agrees with the predicted behavior of a real peak, uninfluenced by 

susceptibility effects. However, this is not enough evidence to confirm the identification 

of this feature as H2S. The broad linewidth of this peak encompasses the chemical shift 

of bulk H2O (4.8 ppm). While the ZIF-8 crystals were activated prior to sorbate loading, 

the presence of strongly, adsorbed residual water is possible.  

Measuring the self-diffusivity of the species that belongs to this peak can also 

elucidate its identity since the diffusivity of adsorbed H2O in ZIF-8 is known (Chapter 6). 

Using a 600 MHz spectrometer, the 13-interval sequence (with eddy current delay) with 

bipolar gradients of duration 4.5 ms was employed with gradients as large as 10 T/m. A 

large range of diffusion times from 10 ms to 500 ms were used but with no visible 

attenuation of the NMR peak (Figure 7-3). This result implied a very low diffusivity of the 

species, several orders lower that the reported value of H2O. Hence, the peak can be 

assigned to H2S in ZIF-8.  

Any further increase in experimental parameters such as gradient duration and 

diffusion time was limited by T1 and T2 relaxation processes that result in severe loss of 

signal. However, larger gradient strengths can be achieved using the diff50 probe that 

has been calibrated by our group to perform diffusion measurements in conjunction with 

a 750 MHz spectrometer at the AMRIS facility. This experimental setup was used to 
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repeat the PFG NMR measurements mentioned above. While the maximum gradient 

strength produced was as high as 19 T/m, the poor signal-to-noise observed at this 

higher spectrometer frequency restricted the magnitude of diffusion times. The largest 

diffusion time used at this setup was 40 ms. Under these conditions, neither the area 

nor intensity of the peak changed with increasing gradient strength. This confirmed the 

reproducibility of results at two different spectrometer frequencies, providing additional 

confidence in the results. 

 The PFG NMR measurements reported here suggest that the self-diffusivity of 

H2S in ZIF-8 is extremely small. It is estimated to be less than 5 x 10-15 m2/s. Strong 

interactions between the ZIF-8 framework and H2S molecules can explain this very 

small diffusivity. To provide further insight on a molecular scale of the strength of these 

interactions, this work will be continued in collaboration with Dr. J. R. Schmidt and Dr. 

David Sholl, fellow members of EFRC. They are currently working on MD simluations to 

estimate the energy associated with H2S molecules moving from a given cage in the 

ZIF-8 framework to another and using this to estimate the magnitude of its self-

diffusivity to compare with the experimental results discussed.  

7.3 Influence of Hydrogen Sulfide Exposure on Transport Properties 

Degradation of ZIF-8 crystals is a potential concern due to the corrosive nature of 

H2S. Changes to the surface or bulk properties of ZIF-8 could alter the transport 

properties of the material. To address this issue, a comprehensive study comparing 

self-diffusion of various sorbates (C2H4 and CO2) in pure ZIF-8 with ZIF-8 exposed to 

dry H2S conditions is underway.    
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7.3.1 Experimental Details 

Following H2S diffusion measurements described in section 7.2, and three weeks 

of enclosed exposure of ZIF-8 to dry H2S conditions, the ZIF-8 crystals were retrieved 

and evacuated overnight under vacuum by Dr. Lively’s group. These crystals were 

returned to our laboratory at University of Florida for comprehensive analysis of possible 

influence of H2S exposure on transport properties of ZIF-8.  

To understand the effect of H2S exposure, pure ZIF-8 crystals are compared with 

exposed ZIF-8, where both samples of crystals were obtained from the same 

synthesized batch. This was done to limit effects of heterogeneity in crystals on the 

observed transport properties. PFG NMR is employed to investigate self-diffusivity of 

C2H4, and CO2 in the pre-and post-H2S exposed samples. The NMR samples are 

prepared as follows. Two NMR tubes, identical to those used to prepare H2S loaded 

samples as described above, were separately filled with about 95 mg of pure and 70 mg 

of exposed ZIF-8, respectively. The NMR tubes containing the porous material were 

connected to a custom-made vacuum system and any residual sorbates were removed 

by application of high vacuum at an elevated temperature (383 K), for 10 hours. A 

desired mass of each chosen sorbate was cryogenically condensed into the sample 

tubes using liquid nitrogen. Following sorbate loading, each tube was flame sealed and 

separated from the vacuum system.  

Single 13C enriched, high purity, CO2 and C2H4 gases are used as sorbates for 

this exposure study. The pure and exposed samples were loaded under equilibrium with 

a certain pressure in the gas phase. The self-diffusivity of certain sorbates has been 

shown to depend on its concentration. Hence, achieving equivalent adsorbed 

concentration, within experimental error, is essential for direct comparison of results. 
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The results reported here thus far pertain to C2H4 sorbate studies. Analysis and 

interpretation of CO2 sorbate study are in progress.  

The concentration of each gas in all ZIF-8 samples is determined by comparing 

the NMR signal of adsorbed gas in these samples with the NMR signal in an NMR tube 

containing only pure gas at a known pressure, in the same way as discussed in our 

previous work. These loadings are reported in Table 7-1 and are noted to be 

comparable, within experimental error.  

Longitudinal (T1) 13C NMR relaxation times of the adsorbed gas molecules in ZIF-

8 were estimated using the 13-interval PFG NMR sequence by changing the time 

interval between the second and the third π/2 radiofrequency pulses of the sequence 

and keeping all other time intervals constant. Similarly, transverse (T2) 13C NMR 

relaxation times were estimated using the same sequence by changing the time interval 

between the first and the second π/2 radiofrequency pulses of the sequence and 

keeping all other time intervals constant. Under the conditions of these measurements, 

it was confirmed that there was no attenuation of the signal due to diffusion of adsorbed 

gas molecules. Figure 7-4 plots the observed magnetization, normalized to the intensity 

of the magnetization at the smallest T1 interval as a function of these intervals on a log-

linear scale. In all of the studied samples, the measured NMR relaxation data showed a 

bi-exponential distribution for distribution of T1 relaxation times for adsorbed gases. A 

bi-exponential curve was used to fit this data and the corresponding parameters are 

recorded in Table 7-2. To summarize, the larger faction of molecules exhibit a smaller 

T1 relaxation time while the smaller faction of molecules has a larger T1 relaxation time. 

The presence of two separate factions of molecules could be due to the simultaneous 
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presence of crystal aggregates and single-crystals. There is no apparent distribution in 

the T2 relaxation values. The transverse relaxation time in pure and exposed ZIF-8 

crystals was 13 ms and 14 ms, respectively. All measurements were performed at 298 

K.  

PFG NMR diffusion measurements were performed using a 14.0 T Bruker 

BioSpin NMR spectrometer operating at 13C resonance frequency of 150 MHz. Selected 

experiments were also performed at the 1H resonance frequency of 600 MHz. The 

spectrometer is located at the National High Magnetic Field Laboratory’s AMRIS facility 

in Gainesville, FL.  Sine-shaped, bipolar magnetic field gradients with the effective 

duration of 1.2-2.3 ms were generated using a diff30 diffusion probe (Bruker BioSpin). 

The range of the gradient amplitudes used was between 0.30 and 11 T/m. 

7.3.2 Results and Discussion 

Figure 7-5 presents examples of the measured attenuation curves for ethylene 

diffusion in both pure and exposed ZIF-8 obtained using 1H and 13C PFG NMR at 

selected diffusion times. The coincidence of the diffusion data obtained using the two 

nuclei rules out measurement artefacts.  

At the smaller diffusion time, a bi-exponential curve corresponding to Eq 6-1 is 

shown to describe the data well. At the larger diffusion time, a single exponential fit 

provides reasonable description of the data. Table 7-3 lists the parameters of each fit at 

various diffusion times. The respective fractions of each diffusing ensembles are 

consistent with those obtained using the T1 relaxation distribution, within the limits of 

experimental uncertainty. By comparison, the faster diffusing molecules exhibit a longer 

longitudinal relaxation time.  
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The diffusivity of the faster component at short diffusion times is much larger than 

previously reported estimates of self-diffusivity of C2H4 in ZIF-8.41 The slower diffusivity 

agrees with these published values of intra-crystalline diffusion of C2H4 in defect-free 

ZIF-8, within experimental uncertainty. Furthermore, with increasing observation time, 

the diffusivity of the faster molecules is shown to decrease. These observations can be 

rationalized by assigning the faster diffusing molecules to those diffusing a fraction of 

the diffusion time in macro- and mesopores (i.e. defects) between single crystals in 

densely packed ZIF-8 crystal aggregates. Such aggregates account for the majority of 

the sample as seen in the recorded SEM images in Figure 7-6. The remaining fraction 

of time these molecules diffuse inside ZIF-8 crystals where the diffusivity is lower. With 

increasing total diffusion time the fraction of time spent in macro- and mesopores by the 

molecules exhibiting the largest diffusivity would decrease. Hence, their diffusivity would 

also decrease and approach the average diffusivity inside an aggregate. 

 The latter, averaged, diffusivity can be similar to the intracrystalline diffusivity of 

ethylene in ZIF-8. Figure 7-5 presents the attenuation curves measured at longer 

diffusion times for both pure and exposed crystals. Due to the coincidence of all curves 

shown, a single mono-exponential fit was used to describe them. The corresponding 

self-diffusivity of ethylene molecules moving inside the crystal aggregates is (1.1 ± 0.8) 

x 10-10 m2/s for both samples. 

Based on PFG NMR measurements of ethylene in ZIF-8, there are no significant 

alterations in the intracrystalline structure that manifest themselves in bulk transport 

properties. The self-diffusivities of ethylene in ZIF-8, along with other diffusion time 

dependent trends, are in agreement between the pure and H2S exposed crystals. To 
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reveal any alterations to surface properties, a faster diffusing sorbate such as CO2 is 

appropriate.  

7.4 Summary 

High field and high gradient PFG NMR was applied to investigate microscopic 

self-diffusivity of H2S in ZIF-8. While H2S signal in ZIF-8 was successfully identified 

using 1H NMR, its diffusivity was too low to measure with gradients as large as 19 T/m. 

The reported experimental data suggests the presence of strong interactions between 

H2S and the ZIF-8 framework which result in a self-diffusivity that is estimated to be 

lower than 5 x 10-15 m2/s. Molecular simulation results expected to be provided by 

collaborators can aid in better understanding the nature of these interactions. 

Additionally, effects of H2S exposure on ZIF-8 do not alter the bulk transport properties 

of ZIF-8 as measured using ethylene. This suggests ZIF-8 to be a stable sorbent, 

immune to corrosion upon exposure to small H2S concentrations.  
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Figure 7-2.  The evolution of the peak identified as H2S in ZIF-8 acquired using the 13-
interval PFG NMR sequence so that strong susceptibility effects are 

minimized. The time interval, 𝜏, was systematically decreased such that 
various features present can be visualized.  
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Figure 7-3.  Example of 1H spectra acquired of H2S in ZIF-8 using the 14 T 

spectrometer and diff30 gradient probe. Here, the 13-interval sequence with 
eddy current delay was employed with the application of gradients in the 
range of 0.30 and 11 T/m for a diffusion time of 500 ms. No visible attenuation 
was observed under these and any other conditions. 
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 Table 7-1.  Concentration (mmol/g) of C2H4 molecules adsorbed in pure and exposed 
ZIF-8 crystals as determined using NMR signal analysis. 

 Pure ZIF-8 Exposed ZIF-8 

Ethylene (C2H4) 2.5 ± 0.2 2.3 ± 0.2 

 
 

A  
 

B  
Figure 7-4.  T1 Relaxation curves obtained using 13C NMR show a bi-exponential 

distribution in both (A) pure ZIF-8 and (B) exposed ZIF-8 crystals.  
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Table 7-2.  The parameters corresponding to the bi-exponential curve fit to the T1 
relaxation data reported in Figure 7-4. 

 Pure ZIF-8 Exposed ZIF-8 

A 0.64 0.63 
B 0.36 0.37 
T1 (A) 42 45 
T1 (B) 320 363 
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Figure 7-5.  Examples of measured attenuation curves obtained using 13C (black 
symbols) and 1H (red symbols) PFG NMR of Ethylene diffusion at 298 K in 
pure and exposed ZIF-8 samples. A single mono-exponential curve is fit to 
the data shown due to the coincidence of all attenuation curves, within 
experimental uncertainty.   
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Table 7-3.  Parameters corresponding to the bi-exponential (Eq 6-1) and mono-
exponential fits used to describe attenuation curves for both pure and 
exposed ZIF-8 at selected diffusion times. 

 Parameters              Diffusion Time (ms) 

  10 40 200 600 
Pure 
ZIF-8 

A 0.79 ± 0.2 0.72 ± 0.2 1 1 
B 0.21 ± 0.1 0.28 ± 0.1 0 0 
DA x10-11 (m2/s) 8.9 ± 1.5 8.3 ± 1.2 11 ± 2 10 ± 2 

DB x10-11 (m2/s) 53 ± 8 24 ± 3 0 0 

Exposed 
ZIF-8 

A 0.68 ± 0.1 0.65 ± 0.1 0.72 ± 0.2 1 
B 0.32 ± 0.1 0.35 ± 0.1 0.28 ± 0.1 0 
DA x10-11 (m2/s) 8.7 ± 1.5 8.4 ± 1.5 9.4 ± 2.0 12 ± 2 

DB x10-11 (m2/s) 51 ± 7 37 ± 4 24 ± 4 0 
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A     

B     

Figure 7-6.  SEM images provided by collaborators in Dr. Ryan Lively’s group of (A) 
pure and (B) exposed ZIF-8. These images show that both samples consist 
largely of aggregates of crystals. No significant differences are observed 
between the pure and exposed samples.  
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CHAPTER 8 
CONCLUSIONS 

Gas separation processes can be an energetically expensive process when 

conducted using thermally driven technologies. The main focus of this dissertation was 

to investigate the fundamentals of a conceptually novel process of gas separations that 

offers an energetically favorable alternative. It is based on the induction of single-file 

diffusion of a chosen sorbate in a mixture which can result in highly-selective 

separations. Single-file diffusion of sorbate mixtures was observed and reported for the 

first time using diffusion NMR that combined high magnetic field and large field 

gradients. The following gases were studied in an ideal system of microporous channels 

as single-sorbate and mixtures: CO, CO2, and CH4.  

SFD of all components of single-sorbate and mixture samples of CO/CO2 and 

CO/CH4 was confirmed by the growth of their mean-squared displacement with the 

square root of diffusion time, a unique signature of single-file motion. Additionally, the 

rates of SFD of both components in a given mixture are identical, within experimental 

uncertainty, as expected under single-file confinement where molecules cannot pass 

each other. As single-sorbate samples, each gas exhibited a distinct rate of single-file 

diffusion. The collective single-file mobility of the mixture components is shown to be 

intermediate of its respective components in pure form. This trend is qualitatively 

different from the case of normal diffusion in microporous materials where an addition of 

a faster-diffusing component to a slower-diffusing component does not change 

significantly the diffusivity of the slower-diffusing component. 

The predictions of a random walk model describe a transition from SFD to 

center-of-mass diffusion in finite channels under the SFD conditions. However, this 
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transition is not experimentally observed for the systems studied. Molecular clustering is 

proposed to explain the absence of such a transition. The minimum cluster size needed 

to maintain the SFD regime observed under the experimental conditions reported here 

was estimated to be in the range of 30 and 140 molecules. The presence of molecular 

clusters is also shown to offer a plausible explanation for the relationship experimentally 

observed between the one-component and mixture mobilities. 

Hydrogen sulfide, a hazardous impurity, often needs to be isolated and removed 

for both economic and safety reasons. ZIFs are promising candidates for such a 

separation and the microscopic diffusion of H2S in ZIF-8 was investigated here. 

Preliminary measurements reveal the self-diffusivity of H2S to be lower than 5 x10-15 

m2/s. This extremely low diffusivity could be a result of strong interactions between the 

sorbate and the ZIF-8 framework. The potential influence of exposure to H2S on the 

transport properties of ZIF-8 was also studied. Comparison of the trends of self-diffusion 

of ethylene in pure and exposed ZIF-8 did not reveal any alteration of the bulk transport 

properties of the microporous sorbent. Further analysis of changes in the external 

surface properties is currently underway by comparison of self-diffusivity of carbon 

dioxide in pure and exposed ZIF-8 crystals.  

In an effort to overcome some of the limitations of standard diffusion NMR 

associated with studying sorbates in porous materials, an experimental setup that 

combines magic-angle spinning with PFG NMR was introduced at the National High 

Magnetic Field Laboratory. A high-resolution MAS probe equipped with gradients was 

calibrated and tested to perform diffusion measurements. The maximum gradient 

strength of the probe was determined to be 0.56 ± 0.01 T/m and the gradient field was 
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shown to be uniform along the bulk of the rotor length. Changes in the temperature of 

the sample due to the mechanical heating that results from high spinning rates was also 

evaluated. Finally, the accuracy of the reported calibration procedure was assessed by 

demonstrating the agreement between self-diffusivity of H2O in ZIF-8 between PFG 

NMR under static and magic angle spinning conditions.  
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