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Summary 
“Dynamics of liquids in porous media: Investigating competitive adsorption using  

NMR relaxometry” – Laura Catharina Maria Rozing 

The work presented in this thesis has been focused towards the development of NMR 

relaxometry methods to investigate competitive adsorption and microphase separation of liquid 

mixtures imbibed within porous media. The work was done on three different mesoporous 

catalysts and catalyst supports, namely anatase titania, γ-alumina and silica. The main NMR 

relaxometry method that was applied was Fast Field Cycling (FFC) NMR, which has been 

shown to quantitatively probe surface-adsorbate interactions of liquids in porous media. 

First, a model study of binary liquid mixtures imbibed within anatase titania and γ-alumina was 

performed to assess the applicability of FFC-NMR to multi-component systems, and to 

compare the FFC-NMR data with a high field NMR relaxometry method. In a semi-quantitative 

analysis, FFC-NMR was shown to provide clear, unambiguous results relating to the surface-

adsorbate interactions of both the stronger and weaker interacting species within the liquid 

mixtures. The high field NMR relaxometry results were more ambiguous, and therefore more 

open to misinterpretation. 

In the following chapters, a theoretical modelling approach was developed to quantitatively 

describe the interactions of short, linear alcohols with an anatase titania support. The optimized 

modelling approach was applied to alcohol-water mixtures within the same porous medium, 

and showed an increased level of microphase separation for aqueous solutions with longer 

alcohols as well as tetrahydrofuran. This effect was shown not to depend on the bulk miscibility 

of the mixture, but rather on the surface-adsorbate interaction strength of the weaker interacting 

species.  

The competitive adsorption of ethanol-water mixtures imbibed within silica supports was also 

studied, initially through fixed field 𝑇1 − 𝑇2 correlation experiments, and subsequently through 

FFC-NMR methods. Due to overlapping relaxation environments, it was necessary to 

implement an advanced FFC-NMR pulse sequence with 𝑇2-encoding. The low field NMR 

relaxometry experiments and FFC-NMR dispersion profiles were in agreement with one 

another and found that the form of microphase separation of ethanol-water mixtures depends 

on the properties of the silica support, thereby explaining a discrepancy in the literature and 

providing a quantitative analysis of the dynamics of these systems. 
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1. Introduction 
 

1.1 Background and objectives 

Adsorption of liquids confined within mesoporous media is essential to optimizing a wide 

range of industrial applications, such as chemical catalysis, oil recovery, separation 

technologies and drug delivery. Optimization of these processes is crucial for chemical 

industry, to reduce costs and to mitigate negative side-effects, such as toxic gas emissions, 

hazardous waste and high water consumption. In order to improve and develop these processes, 

the porous media must be optimized to the adsorbed liquid and to the specific application. Over 

the last several decades, the adsorption of pure liquids in porous media has been heavily 

investigated, and as such, a good fundamental understanding has been established1–4. However, 

adsorption studies of liquid mixtures in porous media are scarce.  

Many industrial processes will encounter more than one liquid species. For example, in 

catalysis, there will be a reagent and a product, or there can be multiple reagents. For separation 

technologies, multiple liquid species are obviously involved. Some liquid mixtures that are 

fully miscible in the bulk state, have been shown to phase-segregate upon confinement in a 

mesoporous medium. This phenomenon is known as microphase separation, and can have 

significant consequences for the efficiency of catalytic reactions or mixture separations5–8. 

Unfortunately, the complexity of adsorption problems increases considerably when liquid 

mixtures and competitive adsorption are studied. For example, not all techniques that 

investigate adsorption may be able to distinguish molecular species. Additionally, the effect 

that liquids may have on each other, even in the bulk state, must be taken into account when 

competitive adsorption is investigated. This means that both the acquisition and the 

interpretation of data is much more complex compared to the confinement of pure liquids. The 

main objective of this thesis is to develop methods to gain insight into the competitive 

adsorption and microphase separation of liquid mixtures imbibed within mesoporous media. 

Nuclear magnetic resonance (NMR) has been shown to be a powerful, non-invasive tool to 

investigate the structure and dynamics of porous media systems. Notably, NMR relaxometry 

can be used to probe the dynamics of confined liquids and the surface-adsorbate interaction 

strength9–11. Most NMR relaxometry experiments are performed at a high magnetic field. At 

high field, the chemical resolution is generally very good, which is important for structural 
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investigations. However, in terms of dynamics, at high field many different processes 

contribute to the relaxation behaviour. Therefore it is not always possible to distinguish 

adsorption processes from other chemical processes, which may lead to a misinterpretation of 

the data. As a result, the development of NMR relaxometry methods is favouring low field 

experiments12. At low field, slower processes are observed, such as surface-adsorbate 

interactions, and therefore it is easier to unambiguously interpret the data. However, even at 

low field, the relaxation behaviour of a liquid imbibed within a porous medium is determined 

by many factors, such as the type of porous support and the presence of paramagnetic impurities 

on the support, the properties of the imbibed liquid, and the interactions between the support 

and the liquid. As will be shown, fixed field NMR relaxometry methods often struggle to 

eliminate effects from the porous support and the liquid, in order to exclusively investigate 

surface-adsorbate interactions. Thus, the comparison of different samples within a study is not 

straightforward.  

NMR relaxometry measurements can also be obtained at a large range of magnetic fields, using 

a technique called Fast Field Cycling (FFC) NMR11,13. By obtaining relaxation times across a 

large magnetic field range and therefore across a large range of timescales of molecular 

motions, it is possible to model the adsorption dynamics. These models provide fully 

quantitative information about the dynamics in the form of correlation times, which are easily 

comparable between different samples. FFC-NMR has been successfully applied to porous 

media systems and the extracted correlation times have been shown to correlate with the 

surface-adsorbate interaction strength14. Due to its high sensitivity to surface-adsorbate 

interactions, FFC-NMR has great potential in clarifying competitive adsorption and 

microphase separation processes. 

In this thesis, FFC-NMR and other NMR relaxometry methods are developed to gain a deeper 

understanding of competitive adsorption and microphase separation of liquid mixtures imbibed 

within porous media. The work is carried out on several types of mesoporous media, namely 

γ-alumina, anatase titania and silica, which are all widely used catalyst supports15–17. Different 

porous media are used to assess the applicability of the methods to diverse systems, and to 

present a generalized approach to obtain maximum information from FFC-NMR experiments 

in a consistent and accurate manner. 
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1.2 Outline of the thesis 

Chapter 2 provides an introduction to the theory of NMR and the techniques that are used in 

this thesis. 

Chapter 3 highlights several NMR relaxometry methods and their application to the adsorption 

of liquids imbibed within porous media. Additionally, the current knowledge on competitive 

adsorption and microphase separation of confined liquid mixtures is reviewed. 

Chapter 4 applies FFC-NMR to model systems of tetrahydrofuran (THF)-water and THF-

decane mixtures imbibed within anatase titania and γ-alumina. The advantages of FFC-NMR 

over fixed field NMR relaxation techniques are discussed, as well as the limitations to FFC-

NMR in measuring liquid mixtures in porous media. 

Chapter 5 introduces theoretical modelling of 1H NMRD profiles. Based on the FFC-NMR data 

of a range of short, linear alcohols imbibed within anatase titania, several models are described. 

Following variable temperature experiments, the most appropriate model is identified and 

applied. 

Chapter 6 combines the knowledge from chapters 4 and 5 to investigate the microphase 

separation of alcohol-water mixtures imbibed within anatase titania.  

Chapter 7 introduces a different chemical system, namely ethanol-water mixtures imbibed 

within porous silicas. Fixed field NMR relaxometry experiments are applied to obtain 

information about competitive adsorption, which are then compared with the literature. 

Chapter 8 demonstrates the optimization of a FFC-NMR pulse sequence with CPMG 

acquisition, and discusses which limitations should be taken into account. 

Chapter 9 connects the knowledge from chapters 4–9, as the microphase separation of ethanol-

water mixtures in porous silicas is investigated through the modelling of 1H NMRD profiles 

obtained by (CPMG-)FFC-NMR. 

Chapter 10 summarises the main conclusions of the work, and suggests directions for 

extensions to this work. 
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2. Theory of Nuclear Magnetic Resonance 
 

2.1 Introduction 

In this chapter, the main principles behind Nuclear Magnetic Resonance (NMR), NMR 

relaxation and NMR diffusion, are outlined, in order to provide understanding and context to 

the experiments and results in this thesis. While all core concepts relevant to the thesis are 

discussed, more detailed explanations can be found in texts by Abragam1, Keeler2, and Levitt3, 

on which the following discussion is based. 

2.2 Basic principles of NMR 

2.2.1 Nuclear spin 

NMR starts with nuclear spin, a fundamental property of every nucleus, that can be 

characterized by a nuclear spin quantum number, 𝐼. In general, the value of the spin quantum 

number can be 𝐼 ≥ 0, with half-integer steps, however in this thesis, NMR experiments are 

only performed on 1H, which has a spin quantum number 𝐼 = 1/2. Therefore we will only 

consider this value of 𝐼.  

Each spin is associated with (2𝐼 + 1) different spin states, which are characterized by another 

quantum number, 𝑚𝐼. This quantum number has values between −𝐼 and 𝐼 in integer steps. For 

𝐼 = 1/2, this means that 𝑚𝐼 can only hold the values −1/2 and 1/2. In the absence of a 

magnetic field, the spin states are degenerate. However, if a nucleus is in the presence of an 

external magnetic field, the so-called Zeeman interaction will give rise to different energy 

levels for each of the different spin states. The corresponding energy of each spin state is: 

 𝐸𝑚𝐼
= −𝛾ℏ𝐵0𝑚𝐼, (2.1) 

where 𝛾 is the gyromagnetic ratio of the nucleus (𝛾H = 2.675 × 108 rad T–1 s–1), ℏ is the 

reduced Planck’s constant, and 𝐵0 is the magnetic field.  

For a spin ½ system, the spin states are often denoted 𝛼 for 𝑚𝐼 = 1/2 (low energy, “spin 

down”), and 𝛽 for 𝑚𝐼 = −1/2 (high energy, “spin up”). The 𝛼 and 𝛽 spin states, in 

equilibrium, are populated following the Boltzmann distribution: 
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𝑁𝛼

𝑁𝛽
= exp (

∆𝐸

𝑘𝐵𝑇
), (2.2) 

where 𝑁𝛼 and 𝑁𝛽 are the populations of the 𝛼 and 𝛽 spin states respectively, ∆𝐸 = −𝛾ℏ𝐵0 is 

the energy difference between the spin states, 𝑘𝐵 is the Boltzmann constant, and 𝑇 is the 

temperature. NMR occurs when the equilibrium is disturbed and the spins transition from one 

spin state to another.  

2.2.2 The vector model 

While the transition between nuclear spin states is a quantum mechanical process, a classical 

description in the form of the Bloch vector model is often used to clarify and justify NMR 

concepts. 

Each nuclear spin leads to a microscopic magnetic moment. In the presence of an external 

magnetic field, 𝐵0, the magnetic moments of the 𝛼-spins align with 𝐵0, and the 𝛽-spins 

magnetic moments oppose 𝐵0. Following the Boltzmann distribution, this means that there is 

an equilibrium net magnetization, 𝑀0, in the direction of 𝐵0. 

The external magnetic field causes a magnetic torque on each magnetic moment: 

 
𝑑𝐌

𝑑𝑡
= −𝐌 × γ𝐁. (2.3) 

In equation (2.3), the magnetization, 𝐌, and the external field, 𝐁, are expressed in vector 

notation for generality. Because the equilibrium net magnetization, 𝑀0, is aligned with 𝐵0, the 

equilibrium net torque is equal to zero. However, in NMR, a second magnetic field, 𝐵1, can be 

applied perpendicular to 𝐵0. 𝐵1 is significantly weaker than 𝐵0, and it is applied through a short 

(<1ms) electromagnetic pulse. At the end of the 𝐵1 pulse, the magnetization is rotated away 

from equilibrium. This results in a change in torque, which gives rise to a precession of the 

spins about 𝐵0, which we call Larmor precession. The Larmor precession frequency, 𝜔0, is 

proportional to the energy difference between spin states, see equation (2.1). We can relate 

energy to angular frequency via: 

 𝐸 = ℏω, (2.4) 

from which the Larmor precession frequency can be described as follows: 
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 𝜔0 = −𝛾𝐵0. (2.5) 

Equally, the Larmor frequency of the 𝐵1 field can be determined. For this pulse, the frequency 

falls within the radiofrequency (RF) part of the electromagnetic spectrum, and therefore 𝐵1 

pulses are often referred to as RF pulses. 

2.2.3 The rotating frame 

Describing the effects of 𝐵0 and 𝐵1 in a stationary frame of reference quickly becomes 

complex. Therefore, we often apply a frame of reference that is rotating with an angular 

frequency 𝜔𝑟 instead. This means that nuclear spins appear to precess at an effective Larmor 

frequency, 𝛺: 

 𝛺 = 𝜔0 − 𝜔𝑟. (2.6) 

Nuclear spins precessing at the frequency of the rotating frame appear to be stationary. These 

spins are ‘on resonance’. 𝛺 is also known as the offset and corresponds to an apparent magnetic 

field ∆𝐵 = −𝛺/𝛾.  

The 𝐵1 field is generally applied as linearly oscillating RF pulses. It is convenient to decompose 

the 𝐵1 field into two counter-rotating fields, in order to describe them in the rotating frame. 

One of the fields is rotating at the Larmor frequency, 𝜔0, and the second is rotating in the 

opposite direction at the Larmor frequency, −𝜔0. The latter field has a negligible effect on the 

magnetization and will therefore be ignored. When spins are on resonance, the effect of the 

first field, precessing at 𝜔0, is substantial compared to the apparent magnetic field ∆𝐵. 

Therefore RF pulses, even if they are weak, can be used to manipulate spins, as long as they 

are (nearly) on resonance. 

The degree of rotation, 𝜃, otherwise known as the flip angle, can be controlled by choosing a 

desired 𝐵1 field strength and pulse duration, 𝑡𝑝: 

 𝜃 = 𝜔1𝑡𝑝. (2.7) 

Often in NMR, the field strength and pulse duration will be optimized such that 𝜃 is equal to 

90° or π/2, or 180° or π, depending on the pulse sequence. Most commonly, the 𝐵1 field strength 

is kept constant, such that the duration for a 180° pulse is twice as long as for a 90° pulse. 
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2.2.4 Signal detection and processing 

The precession of the magnetization, after it has been perturbed by a RF pulse, can be 

decomposed into a component aligned with the 𝐵0 field, conventionally the z-direction, and a 

component perpendicular to the 𝐵0 field, in the xy-plane. The magnetization in the xy-plane, 

also known as transverse magnetization, precesses at the effective Larmor frequency, which 

induces an oscillatory electromotive force. Detection coils in the xy-plane measure this as a 

current, for which the amplitude corresponds to the transverse magnetization. The frequency 

of the current corresponds to the effective Larmor frequency or offset of the spins in the sample. 

The current is digitized, which provides the NMR signal. 

In order to measure the magnitude as well as the direction of precession, the x and y 

components of the transverse magnetization must be measured. Therefore, quadrature detection 

is applied. In quadrature detection, the current is mixed with locally generated reference fields, 

which are 90° out of phase with one another. As a result, the x and y components can be 

measured separately. 

The time-domain NMR signal, also known as the Free Induction Decay (FID), consists of a 

real component (x-direction) and an imaginary component (y-direction). Larmor precession 

results in an oscillatory, sinusoid signal. As well as this oscillatory behaviour, the time-domain 

NMR signal decays exponentially due to relaxation effects that will be discussed in more detail 

in section 2.3. The result is a signal as shown in Figure 2.1a, which is then Fourier transformed 

to obtain a frequency-domain NMR spectrum.  

 

Figure 2.1: The real and imaginary NMR signal components in (a) the time domain, and (b) in the frequency 

domain after a Fourier transform. 
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As can be seen in Figure 2.1b, the real signal produces an adsorption lineshape, and the 

imaginary signal produces a dispersion lineshape. Because the adsorption lineshape is 

symmetric and narrower than the dispersion lineshape, customarily the real signal is reported. 

Hardware imperfections will often lead to phase errors, which means that the adsorption and 

dispersion lineshapes will be distorted. These artefacts can be amended by applying a simple 

phase correction to the complex signal. 

2.2.5 Chemical shift 

The peak position in Figure 2.1b is determined by the Larmor frequency of the nuclear spins 

in the sample, which in turn depends primarily on the external magnetic field strength, see 

equation (2.5). However, the Larmor frequency also depends on the local electronic structure 

of each individual spin. Electron clouds around the nucleus interact with the 𝐵0 field, 

effectively producing an opposing magnetic field. As a result, the nucleus is ‘shielded’ by the 

electron cloud, reducing the local magnetic field, which lowers the Larmor frequency. The 

shielding strength depends on the local electronic environment, and therefore the chemical 

environment. Indeed, NMR is sensitive enough to distinguish different chemical functionalities 

within the same molecule. 

It is now clear that the Larmor frequency of each nuclear spin depends on the external magnetic 

field strength, 𝐵0, and the local electronic, chemical environment. The level of electronic 

shielding can be measured independently of 𝐵0 by obtaining a reference Larmor frequency. 

From the Larmor frequencies of the reference species and the species of interest, the chemical 

shift, 𝛿, can be determined: 

 𝛿 =
𝜈 − 𝜈ref

𝜈ref
× 106, (2.8) 

where 𝜈 is the Larmor frequency of the species of interest, and 𝜈ref is the Larmor frequency of 

the reference species, commonly tetramethylsilane (TMS). The unit for chemical shift is parts 

per million (ppm). For example, in 1H NMR, the chemical shift ranges between approximately 

0–10 ppm. For 13C NMR, the chemical shift can go as high as 200 ppm.  
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2.2.6 Scalar coupling 

Scalar coupling, also known as J-coupling, is an effect due to the indirect intramolecular 

interactions between neighbouring nuclear spins through chemical bonds. The orientation of 

the magnetic moment of one nuclear spin polarizes the surrounding electrons. The polarization 

of the electrons is transmitted through the molecule, extending over two or three chemical 

bonds, and affects the local magnetic field of other spin active nuclei. This effect occurs 

between like spins (homonuclear coupling) or unlike spins (heteronuclear spins). The Larmor 

frequencies of these spins observe small adjustments, resulting in the NMR signal to be split 

into multiple peaks. The number and distance between the peaks depend on the specific 

interactions between nuclei, and how many nuclei are involved. This means that scalar coupling 

can be used to provide information about the molecular structure of the investigated sample. 

2.3 Nuclear relaxation: basics and experimental 

Relaxation is the process of spins returning to their equilibrium state after a perturbation, e.g. 

a RF pulse. The relaxation process can be observed in two ways. The first is the restoration of 

the magnetization aligned with 𝐵0 (z-magnetization), this is spin-lattice (𝑇1) relaxation. The 

second is the loss of magnetization in the xy plane, also known as spin-spin (𝑇2) relaxation. In 

this section, the basics of these types of relaxation will be discussed, as well as measurement 

techniques, sources of relaxation, relaxation mechanisms, Fast Field Cycling (FFC) NMR, and 

relaxation in porous media. 

2.3.1 Spin-lattice relaxation 

Spin-lattice, or 𝑇1 relaxation, is the first relaxation process that will be discussed. After a 

perturbation of the 𝐵0 field, for example a RF pulse, the magnetization is not aligned with the 

𝐵0 field anymore, and thus the z-component of the magnetization is reduced. In this case, the 

energy of the system is relatively high, and therefore the system will return to thermal 

equilibrium, where the magnetization is aligned with the 𝐵0 field again. The return to 

equilibrium requires the excess energy to be transferred to their surroundings, which is a 

stimulated process following local fluctuations in the magnetic field. Often, these local 

fluctuations are caused by reorientations of the magnetic moments of the nuclear spins 

following molecular motions.  
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The most efficient relaxation occurs when the correlation time of the reorientations, 𝜏𝑐, is the 

inverse of the Larmor frequency, i.e.; 

 𝜔0𝜏𝑐 = 1. (2.9) 

The 𝑇1 relaxation time describes how fast the spin-lattice relaxation takes place, and is 

generally determined through an inversion recovery experiment, or a saturation recovery 

experiment. In this thesis, only the inversion recovery experiment is used, and therefore we 

will focus on this pulse sequence, which is shown in Figure 2.2. In the inversion recovery 

experiment, first a 180° or π pulse is used to invert the magnetization, such that the 

magnetization is directed along the –z direction. A delay time, 𝜏, allows the system to recover 

towards thermal equilibrium. Crucially, the value for 𝜏 is varied, so that the recovery of z-

magnetization can be measured as a function of time. Finally, a 90° or π/2 pulse rotates the 

magnetization in the transverse plane for detection.  

 

Figure 2.2: The inversion recovery pulse sequence: a radiofrequency (RF) π pulse inverts the magnetization. After 

a time 𝜏 the magnetization is rotated into the xy plane and the FID is recorded. In order to measure the 𝑇1 recovery 

of the magnetization over time, this experiment is repeated for varying times 𝜏. 

The time dependence of the longitudinal magnetization, 𝑀𝑧, can be described according to the 

Bloch vector model: 

 
𝑑𝑀𝑧

𝑑𝑡
=

𝑀𝑧 − 𝑀0

𝑇1
, (2.10) 

where 𝑀0 is the magnetization in equilibrium. In the inversion recovery experiment, the 

magnetization is first inverted such that 𝑀𝑧(0) = −𝑀0. Based on this condition, equation 

(2.10) can be solved, and provides the time dependence of the magnetization in the inversion 

recovery experiment: 

 𝑀𝑧(𝑡) = 𝑀0 (1 − 2 exp (−
𝑡

𝑇1
)). (2.11) 

Therefore, the 𝑇1 can be extracted through a simple exponential fit. 
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2.3.2 Spin-spin relaxation 

Spin-spin or 𝑇2 relaxation is the process of transverse magnetization returning to thermal 

equilibrium. One part of 𝑇2 relaxation is identical to 𝑇1 relaxation; as the magnetization returns 

to align with the 𝐵0 field, the magnetization in the xy plane is reduced. However, another 

process adds to spin-spin relaxation, namely the dephasing of spins. Because of thermal 

motion, molecules tumble. This creates small variations in the 𝐵0 field across the sample, the 

Larmor frequency of each nuclear spin becomes dependent on the adjacent spins. In other 

words, the frequency of some spins is somewhat higher than the average Larmor frequency, 

and other spins precess at a somewhat lower frequency. As a result, the net transverse 

magnetization dephases and is reduced according to the Bloch vector model: 

 
𝑑𝑀𝑥𝑦

𝑑𝑡
= −

𝑀𝑥𝑦

𝑇2
, (2.12) 

with the general solution: 

 𝑀𝑥𝑦(𝑡) = 𝑀𝑥𝑦(0) exp (−
𝑡

𝑇2
). (2.13) 

Spin-spin relaxation is a thermal, random process, and as such cannot be removed. However, 

inhomogeneity in the 𝐵0 field or internal field gradients can also contribute to 𝑇2 relaxation. In 

this case, the observed transverse relaxation time, 𝑇2
∗, can be described as follows: 

 
1

𝑇2
∗ =

1

𝑇2
+

1

𝑇2(∆B)
, (2.14) 

where 𝑇2(∆B) is the 𝑇2 relaxation time due to magnetic field inhomogeneities and gradients. The 

observed relaxation time is also illustrated in the peak width in NMR spectra; the full width 

half maximum (FWHM) of the adsorption lineshape corresponds to 1/𝜋𝑇2
∗. For example, a less 

homogeneous 𝐵0 field results in a shorter 𝑇2
∗ and a broader NMR spectrum. 

As the magnetic field inhomogeneities and internal field gradients are time-independent, spin 

dephasing as a result of these can be corrected using a spin-echo, as first introduced by Hahn4 

and modified by Carr and Purcell5. In the spin-echo by Carr and Purcell, first a 90° pulse is 

applied along the x-axis to align the magnetization with the y-axis. After a time 𝜏, the spins 

will have started to dephase in the transverse plane. A 180° pulse along the y-axis inverts the 

spins in the xy plane, however the spins retain their original precession frequency and direction. 
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This means that after another time 𝜏, the magnetization is refocused. As mentioned above, 

‘true’ 𝑇2 relaxation due to thermal motion is irreversible and will be the only source of 𝑇2 

relaxation when using spin-echoes. As such, spin-echoes can be used to obtain the 𝑇2 relaxation 

time. As the time 𝜏 is varied, the 𝑇2 decay can be measured as a function of time. In practice, 

this is done by looping spin-echoes with a fixed echo time, 𝛿. This pulse sequence is known as 

a Carr-Purcell-Meiboom-Gill (CPMG) sequence6, shown in Figure 2.3. 

 

Figure 2.3: The CPMG pulse sequence: a π/2 pulse along the x axis rotates the magnetization along the y axis. 

The magnetization is allowed to dephase for a time 𝛿, then flipped around the y axis and allowed to rephase for 

another time 𝛿. This experiment is repeated for 𝑛 loops to measure the 𝑇2 decay. 

There are two methods to acquire a CPMG decay. First, a full FID can be recorded after a 

varying number of 𝑛 loops. The disadvantage of this method is that between time points, or 

number of loops, the magnetization has to return to equilibrium and therefore the sample has 

to be left for 5 × 𝑇1, which increases the acquisition time for this experiment. The other method 

is to measure the maximum point of each echo. This means a full CPMG decay can be acquired 

in a single scan, hence the experiment is also known as a ‘one-shot’ CPMG experiment. The 

disadvantage of this method is that only one point is obtained for each echo, rather than the full 

FID, which means there is no spectral resolution. The acquired magnetization data can then be 

fitted to equation (2.13) to obtain the 𝑇2 relaxation time.  

2.3.3 𝑇1 − 𝑇2 correlation experiments 

It is now clear what 𝑇1 and 𝑇2 relaxation is, and how we can obtain relaxation time constants 

for both types of relaxation. It is also possible to measure the 𝑇1 and 𝑇2 relaxation time 

constants in a single experiment. A two-dimensional (2D) 𝑇1 − 𝑇2 correlation experiment is 

able to correlate the relaxation time constants, which can simplify distinguishing and assigning 

relaxation environments. Moreover, the 𝑇1/𝑇2 ratio can be extracted, which can be used as a 

metric for surface affinity7–9. The applications of  𝑇1 − 𝑇2 correlation experiments will be 

discussed in more detail in chapter 3.  
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The pulse sequence for a 𝑇1 − 𝑇2 correlation experiment consists of an inversion recovery 

sequence followed by acquisition using CPMG, see Figure 2.410. If it is necessary to obtain 

chemical resolution, the conventional CPMG sequence can be used, however this results in an 

experimental with a long duration, as it is required to vary the 𝑇1 recovery time, 𝜏, as well as 

the number of echo loops, 𝑛. If the one-shot CPMG sequence is applied, the experimental time 

is significantly reduced, however the chemical resolution is lost.  

 

Figure 2.4: The pulse sequence for a 𝑇1 − 𝑇2 correlation experiment: an inversion recovery sequence followed 

by CPMG acquisition. First a π pulse inverts the magnetization. After a time 𝜏 the magnetization is rotated along 

the y axis. The magnetization is allowed to dephase for a time 𝛿, then flipped around the y axis and allowed to 

rephase for another time 𝛿. This experiment is repeated for varying times 𝜏 and 𝑛 loops to measure the 𝑇1 recovery 

and 𝑇2 decay respectively. 

Many types of 2D NMR correlation experiments exist, such as diffusion−𝑇2 (𝐷 − 𝑇2) and 𝑇2 −

𝑇2 correlation experiments, however in this thesis only 𝑇1 − 𝑇2 correlation experiments are 

relevant. 

2.3.4 Data processing 

In the case that the number of relaxation environments is known, data processing is relatively 

simple. Each relaxation environment corresponds to a monoexponential fit according to 

equation (2.11) for 𝑇1 relaxation, and equation (2.13) for 𝑇2 relaxation. These equations are 

linear, and therefore 𝑛 relaxation environments can be fitted to a multiexponential fit with 𝑛 

components. 

However, it is common that the number of relaxation environments is not known a priori, or 

that the investigated system corresponds to a distribution of relaxation time constants. In these 

cases, an inverse Laplace transformation can be used to obtain a probability distribution 

function of 𝑇1 or 𝑇2
11,12. One-dimensional NMR data can be described in matrix form: 

 𝐒 = 𝐊𝐅 + 𝐄, (2.15) 

where 𝐒 is the NMR signal, 𝐊 is a matrix representing the expected relaxation behaviour, 𝐅 is 

the true relaxation time distribution, and 𝐄 is a matrix containing experimental noise.  
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The exponential kernel matrix is ill-conditioned, which means that the solution is sensitive to 

the experimental noise. To decrease the sensitivity to the signal-to-noise ratio, regularisation 

can be applied. Regularisation requires the distribution to be non-negative, limited, and 

continuous, which is assumed to be true for the majority of samples.  

In this thesis, Tikhonov regularisation is used to obtain 𝐅, which requires the minimization of 

the following expression13: 

 ‖𝐒 − 𝐊𝐅‖2 + 𝛼‖𝐅‖2. (2.16) 

In this expression, the first term indicates if and how well 𝐅 represents the data. The second 

term is a penalty term. The smoothing parameter, 𝛼, imposes a level of smoothing on the 

relaxation time distribution, and as such makes the solution less sensitive to the signal-to-noise 

ratio. If a too small value is chosen for 𝛼, the noise will be fitted, which results in an unstable 

solution. However, if a too large 𝛼 is chosen, features of the relaxation time distribution may 

be lost, blurring the solution. Therefore, it is essential that 𝛼 is properly optimized. In this 

thesis, the in-house scripts for inverse Laplace transformations optimize 𝛼 using the 

generalised cross-validation (GCV) methods, which has been shown to provide reliable 

inversions of NMR data14,15. 

The inverse Laplace transform described above can be extended to two-dimensional data. If 

the two dimensions are separable, the matrix equation can be adjusted to: 

 𝐒 = 𝐊1𝐅𝐊2
T + 𝐄. (2.17) 

As such, Tikhonov regularisation requires the minimization of: 

 ‖𝐒 − 𝐊1𝐅𝐊2
T‖

2
+ 𝛼‖𝐅‖2. (2.18) 

2.3.5 Sources of relaxation 

As was explained previously, relaxation occurs due to local magnetic field fluctuations, which 

are generally caused by molecular motions. The main sources of relaxation relevant to this 

thesis are dipolar interactions and paramagnetic interactions. While other sources of relaxation 

exist, for example quadrupolar coupling and chemical shift anisotropy, we will only discuss 

the relaxation sources relevant to this thesis. 
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Dipolar relaxation arises when two spins interact with one another. As the magnetic moment 

of one spin is reoriented with respect to the 𝐵0 field, this influences the local magnetic field of 

another spin. Equally, the reorientation of the magnetic moment of spin 2 will cause 

fluctuations in the local magnetic field surrounding spin 1, thereby causing relaxation. Dipolar 

interactions are a through-space type of interaction, which are proportional to 𝑟−3, where 𝑟 is 

the internuclear distance. Relaxation induced by dipolar interactions is determined by the 

dipolar coupling at a time 𝑡 and a time 𝑡 + 𝜏. For random motion, the average internuclear 

distance will be independent of the time, and therefore the relaxation is proportional to the 

square of the dipolar interaction, and proportional to 𝑟−6. This means that dipolar relaxation 

can occur between spins within the same molecule (intra-molecular relaxation) or between 

spins in different molecules (inter-molecular relaxation). It should be highlighted that in dipolar 

relaxation, the energy is not distributed from one spin to another, but that instead the dipolar 

interaction induces energy transfer between the spins and the lattice. The lattice, in this case, 

is molecular motion. 

Paramagnetic relaxation occurs when the spin of interest, in this thesis 1H, interacts with the 

unpaired electrons from a paramagnetic species. Due to the high gyromagnetic ratio of 

electrons, paramagnetic species are highly effective at promoting relaxation. Therefore, only a 

small amount of paramagnetic species in the system can dominate the relaxation behaviour. 

Examples of paramagnetic species relevant to this thesis are paramagnetic impurities in porous 

media and molecular oxygen dissolved within bulk liquids16–18. 

2.3.6 Relaxation in porous media 

Imbibing a liquid within a porous medium results in a non-uniform sample. The relaxation 

behaviour of a liquid at or near a pore surface is often different with respect to its bulk liquid 

equivalent. This section will discuss the effects of surface relaxation and internal gradients.  

2.3.6.1 The two-phase fast exchange model 

The relaxation behaviour of a liquid imbibed within a porous medium can often be described 

using the two-phase fast exchange model19. In this model, the liquid is divided into two regions, 

a surface layer and a bulk-like phase in the centre of the pore. Surface relaxation is significantly 

faster than liquid relaxation due to paramagnetic impurities on the pore surface, strong 

adsorption sites leading to the restriction of movement of molecules, and magnetic field 

gradients at the pore surface. As a result, molecules in the surface layer exhibit considerably 
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lower 𝑇1 and 𝑇2 relaxation times than molecules in the bulk-like phase. The surface layer 

thickness, 𝜆, is generally assumed to be one single adsorbate molecule thick. However, the 

surface layer thickness for water, being a small and highly structured adsorbate, has been 

shown to be up to 3 molecular layers20. The surface relaxation effect becomes negligible for 

distances larger than 𝜆, therefore the relaxation times for the bulk-like phase are similar to those 

of the bulk liquid. 

The surface layer and bulk-like phase could be measured as two relaxation components, if the 

system were static. However, in the fast diffusion approximation21,22, these phases are in fast 

exchange with each other, i.e. molecules in the surface layer exchange with molecules in the 

bulk-like phase at a faster timescale than the measurement. In this thesis, the shortest measured 

relaxation times are in the order of milliseconds. This is much longer than the dynamical 

correlation times presented in chapters 5-9, which fall in the range of pico- to microseconds. 

Therefore, the fast diffusion approximation is considered valid. As a result, all spins sample 

both the bulk and surface environments and a single relaxation time is obtained, which 

corresponds to the weighted average of the relaxation times of each phase: 

 
1

𝑇i,obs
= 𝑝

1

𝑇i,surf
+ (1 − 𝑝)

1

𝑇i,bulk
, (2.19) 

where 𝑖 = 1,2, 𝑇i,obs is the observed relaxation time, 𝑇i,surf the surface relaxation time and 

𝑇i,bulk the bulk relaxation time, and 𝑝 is the population fraction of spins at the surface. Because 

the observed relaxation time of a liquid in a porous material depends on 𝑝 and 𝑇i,surf, the pore 

characteristics, such as pore geometry and surface chemistry, as well as the surface-adsorbate 

interactions can be investigated using NMR relaxometry. 

2.3.6.2 Internal gradient effects 

For liquids imbibed within porous media, the liquid and the porous media can have 

considerably differing magnetic susceptibilities. This means that the level of polarization due 

to an external magnetic field will be different for the liquid and the solid. At the solid-liquid 

interface, this creates an internal field gradient23–27. When adsorbate molecules diffuse near the 

pore surface, the field gradients cause enhanced spin dephasing. The observed transverse 

relaxation time, 𝑇2
∗, is reduced, and therefore the peaks in NMR spectra are broadened; while 

a bulk liquid can display peaks with a FWHM <0.01 ppm, the peaks for liquids in porous media 

are generally >1 ppm wide. 
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It is difficult to quantitatively describe the effect of internal field gradients on 𝑇2 relaxation, 

however three motional regimes can be distinguished23: 

• First, the short time limit: in this regime, the distance that spins diffuse between CPMG 

echoes, 𝑙𝑒, is much shorter than the pore diameter, 𝑙𝑠, and the distance it takes for a 

molecule to dephase by 2π radians, 𝑙𝑔. This regime corresponds to large pore systems 

with weak internal gradients. The contribution of diffusion to 𝑇2 relaxation is similar to 

free diffusion in a constant gradient, and is proportional to 𝛿3, where 𝛿 is the echo time. 

In this case, decay due to internal gradients and true 𝑇2 can be distinguished, and 

therefore it is possible to apply an internal field gradient correction23,26. 

• Second, the motional averaging regime: this regime is the opposite of the short time 

limit, and it corresponds to very small pore size systems. In this case, the pore diameter, 

𝑙𝑠, is much smaller than 𝑙𝑒 and 𝑙𝑔. Because the spins explore the pore space several 

times before dephasing, the contribution of diffusion to the observed transverse 

relaxation varies with 𝑙𝑠
2
 and  𝛿.  

• Finally, the localization regime: in this regime the system contains strong and spatially 

variant internal gradients. This means that 𝑙𝑔 is much shorter than 𝑙𝑒 and 𝑙𝑠, and that the 

contribution of internal field gradients to 𝑇2 relaxation vary with 𝛿. As such, it is not 

possible to distinguish internal gradients and true 𝑇2 relaxation. 

In practice, the investigated systems often lie between the regimes, and whether or not internal 

field gradients can be corrected depends on how much the system resembles each of the 

regimes. 

Because internal field gradients are created by a difference in magnetic susceptibility, the 

magnitude of the 𝐵0 field will affect the magnitude of the internal gradients. Therefore, the 

effect of internal field gradients can be reduced by performing low-field NMR28,29. 

2.4 Nuclear relaxation: a theoretical approach 

In section 2.3, the basic principles of nuclear relaxation were explained, including how to 

measure relaxation time constants, general sources of relaxation, and an introduction of 

relaxation of liquids in porous media. This overview was largely based on macroscopic 

measurements of 𝑇1 and 𝑇2, for example following the Bloch vector model. While this is 
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sufficient to qualitatively discuss nuclear relaxation, this section will describe theoretical 

concepts that are necessary to discuss the quantitative relaxation behaviour of a molecular 

system. Specifically, the relaxation behaviour of a bulk liquid is used to demonstrate these 

concepts. 

2.4.1 The autocorrelation function 

It has been previously established that molecular motions lead to reorientations of the magnetic 

moments of nuclear spins. As a result, the local magnetic fields fluctuate, which stimulates 

nuclear relaxation. Because molecular motions are random, the local field fluctuations are also 

random, and therefore the long-time average of the local field fluctuations is zero. Additionally, 

the field fluctuations across a system with a high number of spins also average out to zero. 

However, a quantitative description of nuclear relaxation requires a definition of the rate and 

magnitude of the local field fluctuations. Therefore, we consider the mean square fluctuating 

field: 

 〈𝐵Loc
2 (𝑡)〉 ≠ 0, (2.20) 

where the brackets indicate an ensemble average. Figure 2.5a,b visually demonstrates the 

difference between 𝐵Loc(𝑡) and 〈𝐵Loc
2 (𝑡)〉. 

 

Figure 2.5: (a) Fluctuations in the local field, 𝐵Loc, over time, (b) the square of the fluctuations over time, and (c) 

the autocorrelation function based on isotropic rotational motion. Two sets of fluctuations are shown to illustrate 

different relaxation behaviours; the first is fast and large fluctuations (blue), the second slow and small 

fluctuations (red). The dashed line in (b) indicates the average of the square of the fluctuations over time, and 

corresponds to 𝐺(0) in (c). 

The rate of field fluctuations can be described by the autocorrelation function, which measures 

the difference in the local field between a time point 𝑡, and a time point 𝑡 + 𝜏: 

 𝐺(𝜏) = 〈𝐵Loc(𝑡)𝐵Loc(𝑡 + 𝜏)〉. (2.21) 
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As a stationary function, the autocorrelation function is independent of time 𝑡, and only 

depends on 𝜏. 𝐺(0) corresponds to the mean square fluctuating field, 〈𝐵Loc
2 (𝑡)〉, and decays 

such that 𝐺(𝜏) → 0. The rate of this decay depends on the rate of the fluctuations; for slow 

fluctuations, shown in red in Figure 2.5, the difference between 𝐵Loc(𝑡) and 𝐵Loc(𝑡 + 𝜏) will 

be small, and therefore the autocorrelation function will decay slowly, see Figure 2.5c. For fast 

fluctuations, the opposite occurs, and the autocorrelation function will decay quickly. 

The form of the autocorrelation function depends on the type of molecular motions in the 

system. The simplest form is for isotropic rotational motion, and results in the following 

autocorrelation function: 

 𝐺(𝜏) = 〈𝐵Loc
2 〉 exp (−

|𝜏|

𝜏𝑐
), (2.22) 

where 𝜏𝑐 is the so-called correlation time, a characteristic time of the corresponding motion. In 

a recent study, the half of the correlation time,  𝜏𝑐/2, was defined as the mean time for a 

molecule to rotate one radian30. However, it should be noted that the correlation time is not 

always defined so precisely. 

2.4.2 The spectral density function 

While the autocorrelation function contains all relevant information to nuclear relaxation, it is 

more convenient to convert it to the frequency domain, a process similar to converting a FID 

to a NMR spectrum, see section 2.2.4. The frequency domain spectral density function, 𝒥(𝜔0), 

indicates how much motion is occurring at different frequencies, and can be obtained by 

Fourier transforming the autocorrelation function: 

 𝒥(𝜔0) = 2 ∫ 𝐺(𝜏) exp(−𝑖𝜔0𝜏) 𝑑𝜏
∞

0

. (2.23) 

For the autocorrelation function for isotropic rotational motion, shown in equation (2.22), the 

corresponding spectral density function is: 

 𝒥(𝜔0) = 2〈𝐵Loc
2 〉

𝜏𝑐

1 + (𝜔0𝜏𝑐)2
. (2.24) 

Often in the literature the normalized or reduced spectral density is reported. For the remainder 

of this thesis, the term spectral density function corresponds to the reduced spectral density 

function: 
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 𝐽(𝜔0) =
𝜏𝑐

1 + (𝜔0𝜏𝑐)2
. (2.25) 

The spectral density function in equation (2.25) is a Lorentzian function. Frequencies from zero 

up to approximately 1/𝜏𝑐 are present, for 𝜔0 > 1/𝜏𝑐 the spectral density function rapidly 

decreases. This means that for different correlation times, the Lorentzian curve of the spectral 

density function changes. A slow correlation time results in a narrow, high magnitude spectral 

density function, and fast correlation times generate broad, low magnitude spectral density 

functions, see Figure 2.6.  

 

Figure 2.6: Spectral density functions 𝐽(𝜔0), produced via the autocorrelation functions shown in Figure 2.5c 

and equation (2.25). For clarity, the data are shown on (a) a linear frequency axis, and (b) a logarithmic frequency 

axis. 

However, it should be noted that the area under the curve always remains the same. This 

indicates that the contribution to the relaxation behaviour for 𝜔0 ≪ 1/𝜏𝑐 is decreased, and as 

such, nuclear relaxation is most efficient and the relaxation times are shortest at 𝜔0𝜏𝑐 = 1, see 

Figure 2.7. 

 

Figure 2.7: The relaxation time 𝑇1 as a function of the dimensionless parameter 𝜔0𝜏𝑐 , where the minimum is at 

𝜔0𝜏𝑐 = 1. 
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2.4.3 Bloembergen, Purcell and Pound (BPP) theory 

Simple bulk liquids exhibit relaxation behaviour caused by molecular rotations and 

translations. In the case of bulk water, approximately 65% of the relaxation behaviour can be 

ascribed to the rotational motions30,31. The dipolar interactions between spins within each 

molecule are affected by the molecular rotations. This intramolecular relaxation behaviour has 

been described by Bloembergen, Purcell and Pound (BPP) using the spectral density function 

in equation (2.25), and they suggested the following expression for intramolecular 𝑇1 and 𝑇2 

relaxation32: 

 
1

𝑇1,intra
= (

𝜇0

4𝜋
)

2 3𝛾4ℏ2

10𝑏6
[𝐽(𝜔0) + 4𝐽(2𝜔0)], (2.26) 

 
1

𝑇2,intra
= (

𝜇0

4𝜋
)

2 3𝛾4ℏ2

20𝑏6
[3𝐽(0) + 5𝐽(𝜔0) + 2𝐽(2𝜔0)], (2.27) 

where 𝜇0 is the vacuum magnetic permeability constant, 𝛾 is the gyromagnetic ratio, ℏ is the 

reduced Planck constant, and 𝑏 is the distance between spins.  

Figure 2.8 shows the relaxation time constants as a function of the correlation time for a set 

Larmor frequency. For 𝑇1 relaxation, there is a minimum at 𝜔0𝜏𝑐 = 1, equivalent to Figure 

2.7. For short correlation times, i.e. 𝜔0𝜏𝑐 < 1, the 𝑇2 relaxation behaviour is identical to that 

of the 𝑇1. This means that 𝑇1/𝑇2 ≈ 1 for highly mobile species, such as simple bulk liquids. 

Samples where the mobility is restricted will display longer correlation times, such that 𝜔0𝜏𝑐 >

1. In these cases, the value of 𝑇2 continues to decrease, which is not the case for 𝑇1, and as a 

result 𝑇1/𝑇2 > 1. Examples of such systems are large, complex molecules and liquids imbibed 

within porous media, where the mobility of the adsorbate is restricted by surface binding7,8. 
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Figure 2.8: The 𝑇1 and 𝑇2 relaxation times for the BPP model plotted against the correlation time, 𝜏𝑐. The 

prefactor from equation (2.26) was set to 1 × 109, for equation (2.27) the prefactor was 0.5 × 109, and the 

frequency was set to 𝜔0 = 1 × 109 s–1. 

2.4.4 Intermolecular relaxation 

The dipolar interactions causing the intramolecular relaxation showed previously, also apply 

to spins of different molecules. The Hwang-Freed model describes the random diffusive motion 

of two hard spheres, which represent molecules33. Through diffusion, the internuclear 

distances, as well as the orientations of interacting spins are altered. The intermolecular 

autocorrelation function therefore depends on the minimum distance of approach of the two 

molecules, 𝑑, which is often estimated to be the molecular diameter, and the diffusion 

coefficient, 𝐷: 𝜏𝑡 = 𝑑/(2𝐷), where 𝜏𝑡 is the translational correlation time. The corresponding 

intermolecular spectral density function is22,33,34: 

 𝐽(𝜔0) =
(3/2)𝑢2 + (15/2)𝑢 + 12

(1/8)𝑢6 + 𝑢5 + 𝑢4 + (27/2)𝑢3 + (81/2)𝑢2 + 81𝑢 + 81
 , (2.28) 

where 𝑢 = √2𝜔0𝜏𝑡. From the spectral density function the relaxation times can be calculated: 

 
1

𝑇1,inter
= (

𝜇0

4𝜋
)

2 6𝜋

5
𝑁

𝛾4ℏ2

𝑑3
𝜏𝑡[𝐽(𝜔0) + 4𝐽(2𝜔0)], (2.29) 

 
1

𝑇2,inter
= (

𝜇0

4𝜋
)

2 3𝜋

5
𝑁

𝛾4ℏ2

𝑑3
𝜏𝑡[3𝐽(0) + 5𝐽(𝜔0) + 2𝐽(2𝜔0)], (2.30) 

where 𝑁 is the number of spins per unit volume. 
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2.4.5 Combining relaxation mechanisms 

It is not always the case that a single relaxation mechanism is present in a sample. Multiple 

relaxation mechanisms can contribute to the overall relaxation behaviour. In the case of 𝑛 

relaxation mechanisms, the overall relaxation rate, 1 𝑇𝑖⁄ , becomes: 

 
1

𝑇𝑖
= ∑

1

𝑇𝑖,𝑛
𝑛

, (2.31) 

where 𝑖 = 1,2. In theory, there are many processes that can contribute to the relaxation 

behaviour, however generally only one or two are dominant. In the case of simple bulk liquids, 

the expressions for intra- and intermolecular relaxation shown previously may be summed to 

obtain the observed relaxation rate: 

 
1

𝑇𝑖
=

1

𝑇𝑖,intra
+

1

𝑇𝑖,inter
. (2.32) 

The summation of relaxation rates is generalized and may be applied to different relaxation 

behaviours. 

2.4.6 Fast Field Cycling NMR 

Previously, the concepts required to quantitatively describe nuclear relaxation have been 

discussed. The spectral density function has been introduced, which provides a characterization 

of the relaxation behaviour as a function of the Larmor frequency. However, data acquisition 

has not yet been discussed in detail. Conventional NMR relaxometry techniques measure 𝑇1 

and 𝑇2 relaxation at a fixed magnetic field. Whilst the information from these experiments can 

be highly valuable, it is also possible to measure the relaxation behaviour across a range of 

Larmor frequencies. The advantage is that a more complete picture of the relaxation behaviour 

can be obtained, which could reduce the chances of misinterpretation of the data. 

The 𝑇1 relaxation time can be measured as a function of the Larmor frequency by using Fast 

Field Cycling (FFC) NMR22,35,36. A FFC-NMR relaxometer uses an electromagnet to rapidly 

switch between different magnetic fields, thereby allowing the measurement of 𝑇1 at a large 

range of Larmor frequencies. There are two types of FFC-NMR experiments; the pre-polarized 

(PP) sequence, and the non-polarized (NP) sequence. The PP pulse sequence is shown in Figure 

2.9.  
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Figure 2.9: The pre-polarized FFC-NMR pulse sequence: the sample is polarized at the polarization field 𝐵pol. 

Then the magnetic field is switched to a variable relaxation frequency 𝐵rel for a variable time 𝑡rel. Finally, the 

magnetic field is switched to the acquisition field 𝐵acq and the signal is detected following a π/2 pulse. 

In a PP FFC-NMR experiment, the sample is polarized at a high magnetic field, 𝐵pol, typically 

corresponding to 20–25 MHz 1H Larmor frequency. Using a relatively high magnetic 

polarization field ensures that the signal-to-noise ratio is sufficient to obtain accurate data. 

After a time 𝑡pol, at maximum polarization, the magnetic field is rapidly switched to a variable 

relaxation field, 𝐵rel. The relaxation field generally ranges between 0.01 ≤ 𝜔0 ≤ 40 MHz 

(1H). The sample is left at 𝐵rel for a time delay, 𝑡rel, during which relaxation will occur. Finally, 

the magnetic field is switched to the acquisition frequency, 𝐵acq. For the majority of the 

experiments in this thesis, the acquisition field is set to 𝐵acq = 16.3 MHz. The experiment is 

then repeated for varying values of 𝐵rel and 𝑡rel to obtain 𝑇1 curves across a large Larmor 

frequency range. The NP FFC-NMR experiment is equal to the PP FFC-NMR sequence, except 

the polarization step is excluded. This sequence is typically used to probe 𝑇1 relaxation at high 

relaxation fields. 

An alternative to FFC-NMR is to switch the field by physically moving the sample in a 

permanent magnet, such that the effective magnetic field changes. This technique is known as 

shuttling37,38. Due to the requirement of physically moving the sample, the minimum switching 

time of a shuttling experiment is ~100 ms, and therefore fast relaxation rates  

(𝑅1 = 1 𝑇1⁄ > 10 s–1) cannot be detected. In FFC-NMR however, the switching time, 𝑡swt in 

Figure 2.9, is generally only a few ms, and therefore relaxation rates up to 𝑅1 = 1000 s–1 can 

be measured, which are typical relaxation rates for liquids imbibed within porous media39–41. 
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As mentioned previously, relaxation rates can be measured across a 1H Larmor frequency 

0.01 ≤ 𝜔0 ≤ 40 MHz using FFC-NMR. This means that molecular processes on a timescale 

from µs to ns can be detected. When the 𝑅1 relaxation rate is plotted against the Larmor 

frequency, this is known as a NMR dispersion or NMRD profile. An example of a 1H NMRD 

profile of a liquid imbibed within a porous medium, namely water in γ-alumina, is shown in 

Figure 2.10. 

 

Figure 2.10: The 1H NMRD profile of water imbibed within γ-alumina, as an example of a 1H NMRD profile of a 

liquid imbibed within a porous material. Sample and data acquisition information can be found in chapter 4. 

The NMRD profiles can then be fitted with theoretical models, such as the models shown in 

sections 0 and 2.4.4. The result is quantitative information about the liquid dynamics in the 

form of correlation times, for liquids in porous media this provides insight into the surface-

adsorbate interactions22,41–43. 

2.4.7 Summary 

This section presented the core concepts to quantitatively understand relaxation behaviour. A 

general approach to obtain quantitative information about the dynamics of spins, including 

liquids in porous media, can be outlined. First, it is necessary to identify any molecular motions 

and spin interactions relevant to the relaxation of the investigated sample. Based on this 

information, an appropriate autocorrelation function can be created, which is then Fourier 

transformed to obtain the spectral density function. With the spectral density function, the 

relaxation equations as shown in sections 0 and 2.4.4 can be generated. Finally, the relaxation 

equations can be fitted to the NMRD profiles obtained through FFC-NMR, and physical 

parameters can be extracted. 



29 

 

While the example of a simple bulk liquid was used, it is possible to extend the theories 

discussed in this section to other systems featuring different relaxation mechanisms, as will be 

shown in later chapters in this thesis. The above approach has already been applied to many 

other relaxation mechanisms, which means that often relaxation equations can be extracted 

from the literature and fitted to the experimental data directly41. The main challenge then lies 

in identifying the appropriate relaxation mechanisms, a case study of which is shown in chapter 

5. 

2.5 Molecular diffusion: Pulsed Field Gradient NMR 

In order to measure molecular diffusion, Pulsed Field Gradient (PFG) NMR can be applied. 

From PFG NMR experiments, the self-diffusion coefficient, 𝐷, can be extracted, which is an 

important parameter for some theoretical models. 

PFG NMR applies a magnetic field gradient, g, which results in a variation in the phase of 

spins, 𝜑, according to their position: 

 𝜑(r) = 𝛾𝛿g ∙ r, (2.33) 

where 𝛾 is the gyromagnetic ratio, 𝛿 is the gradient pulse duration, and r is the position. This 

can be used to obtain phase encoding. The basic experiment is as follows44: first, a gradient 

pulse is applied. After waiting for an observation time, ∆, another gradient pulse is applied, 

such that the effects of the first gradient pulse are reversed. For spins that have not moved, the 

phases will be the same as before the first gradient pulse. Any spin displacement, on the other 

hand, will lead to a net phase, 𝜑net: 

 𝜑net(r) = 𝛾𝛿g ∙ (r − r′), (2.34) 

where r′ is the positions of the spins after the observation time. If there has been displacement, 

𝜑net(r) ≠ 0 and as such, the signal intensity is reduced. Therefore, the signal attenuation in 

PFG NMR experiments can be connected to molecular motion. 

2.5.1 Pulse Gradient Spin Echo 

The simplest PFG NMR pulse sequence is the Pulse Gradient Spin Echo (PGSE) sequence, 

which combines the Carr-Purcell spin echo with field gradients, see Figure 2.11.  
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Figure 2.11: The PGSE pulse sequence44: a π/2 pulse along the x axis rotates the magnetization along the y axis. 

During a time τ the spins are allowed to dephase. A magnetic field gradient 𝑔 is applied for a duration of 𝛿 to 

encode the phase of the spins. A π pulse along the y axis flips the magnetization, after which the spins will rephase 

during a time τ and another magnetic field gradient is applied to reverse the effects of the initial magnetic field 

gradient. The total time between magnetic field gradients is ∆, the observation time. Finally, the FID is detected. 

The signal attenuation, 𝑆/𝑆0, depends on the molecular motion and the experimental 

parameters according to the Stejskal-Tanner equation44: 

 
𝑆

𝑆0
= exp [−𝛾2𝛿2𝑔2 (∆ −

𝛿

3
) 𝐷].  (2.35) 

Often the equation is regrouped such that −𝛾2𝛿2𝑔2(∆ − 𝛿 3⁄ ) is known as the 𝑏-factor. The 

experimental parameters can then be varied such that the signal attenuation is measured as a 

function of 𝑏 and fitted to equation (2.35). Generally, it is preferred to vary 𝑏 by altering the 

gradient strength, because this does not cause 𝑇1 or 𝑇2 relaxation artefacts as would be the case 

for changing the gradient pulse duration or the observation time. 

2.5.2 Pulse Gradient Stimulated Echo 

Samples for which the apparent spin-spin relaxation time, 𝑇2
∗, is short will exhibit significant 

signal loss during the observation time, ∆, in the PGSE sequence. For these samples, a Pulse 

Gradient Stimulated Echo (PGSTE) sequence will provide a better alternative45, see Figure 

2.12. In this pulse sequence, the Carr-Purcell spin echo is replaced with a stimulated echo. The 

second 𝜋/2 pulse rotates the magnetization along the z-axis, where it undergoes 𝑇1 relaxation. 

This means that the measurement is not restricted by 𝑇2
∗ relaxation, but rather by 𝑇1 relaxation, 

which is often a longer timescale. The magnetization is stored in this configuration for a time, 

𝑇, which comprises a large part of the observation time. Additionally, a homospoil gradient, 

shown as a grey rectangle in Figure 2.12, eliminates residual x-magnetization to avoid 

unwanted echoes. After 𝑇, a third 𝜋/2 pulse rotates the magnetization back in the transverse 

plane, after which the second gradient pulse is applied, and the FID is detected. 
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Figure 2.12: The PGSTE pulse sequence45: this sequence is similar to the PGSE sequence in Figure 2.11, however 

the magnetization is stored along the z axis for a time 𝑇 following a π/2 pulse along the x axis. A homospoil 

gradient, shown as a grey rectangle, eliminates residual x-magnetization. Another π/2 pulse rotates the 

magnetization back in the transverse plane to continue the PFG experiment. 

2.5.3 Alternating Pulse Gradient Stimulated Echo 

The final PFG NMR pulse sequence described in this chapter, and the sequence that is used for 

the experiments in this thesis, is the Alternating Pulse Gradient Stimulated Echo (APGSTE) 

sequence46, see Figure 2.13. The APGSTE sequence is designed to suppress the effects from 

strong background gradients, such as internal field gradients in porous media, see section 

2.3.6.2. In the case of strong background gradients, the 𝑇2
∗ relaxation time may be severely 

reduced, which can lead to an underestimation of the diffusion coefficient. 

 
Figure 2.13: The APGSTE pulse sequence46: this is an advanced version of the PGSTE sequence in Figure 2.12, 

where two additional π pulses are added in the middle of the phase encoding interval to minimize 𝑇2
∗ dephasing. 

Correspondingly, the gradient pulses are split into two sets of two pulses. 

As can be seen in Figure 2.13, the APGSTE sequence corresponds to the PGSTE sequence 

with two additional 𝜋 pulses in the phase encoding interval, which refocus 𝑇2
∗ dephasing. The 

gradient pulses are split such that the 𝜋 pulses occur between the gradient pulses. It is important 

to note that the gradient pulses before and after the 𝜋 pulses must have the opposite polarity to 

produce the same phase encoding. The description of the signal attenuation for the APGSTE 

experiment differs slightly from equation (2.35) and is given by: 

 
𝑆

𝑆0
= exp [−𝛾2𝛿2𝑔2 (∆ −

𝜏

2
−

𝛿

12
) 𝐷].  (2.36) 
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3. NMR relaxometry methods to investigate liquids and 

liquid mixtures imbibed within mesoporous media 
 

3.1 Introduction 

Porous media systems have been widely investigated for decades due to their many 

applications, such as catalysis1,2, separation technologies3,4, drug delivery routes5, and energy 

storage6. Porous materials can be divided into three pore-size based classes: microporous 

materials with a pore diameter, 𝑑𝑝 < 2 nm, macroporous materials with 𝑑𝑝 > 50 nm, and in 

the middle mesoporous materials, for which the pore diameter ranges between 2–50 nm7. In 

this thesis, the main focus is mesoporous materials.  

Micro- and mesoporous media exhibit a high surface-to-volume ratio, which means that when 

a liquid is imbibed, all liquid molecules will interact with the surface to some degree. As such, 

the surface properties affect the behaviour of the imbibed liquid, which may affect the 

applicability of the porous medium. Unlike for microporous materials, the pore diameter of 

mesoporous materials is large enough that several molecular layers can be contained within the 

pores. As a result, some of the anomalous confinement effects seen in microporous media, such 

as severely reduced diffusion coefficients8,9 and size and shape selective adsorption10,11, do not 

affect mesoporous media. These reasons, and the fact that they can be relatively easily adapted 

to their application, make mesoporous materials of great interest to the (chemical) industry. 

NMR relaxometry is a powerful tool to investigate liquids imbibed within mesoporous media. 

As was shown in chapter 2, nuclear relaxation depends on molecular motions. Interactions with 

a pore surface can change the molecular motions of liquids. For example, using the two-phase 

fast exchange model introduced in section 2.3.6.1, the structure of the liquid inside the pores 

can be elucidated. Moreover, more advanced NMR relaxometry methods, such as 𝑇1 − 𝑇2 

correlation experiments and Fast Field Cycling (FFC) NMR, can provide more detailed 

information about the surface affinity and dynamics of liquids in porous media. This chapter 

will discuss the application of NMR relaxometry methods to porous media, including different 

types of NMR relaxometry experiments, what kind of information can be extracted from these 

experiments, and how the experimental data can be interpreted. 

Additionally, liquid mixtures are investigated. Many porous media applications involve liquid 

mixtures, for example separation technologies, or catalysis, where the mixture can be two (or 
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more) reagents, or reagents and (by)products. However, the complexity of the system increases 

dramatically for liquid mixtures compared to pure liquids. Not only are there more components 

to be considered, but also liquid mixing effects can occur. Therefore, one section of this chapter 

is dedicated to bulk liquid mixtures and the liquid mixing effects that should be taken into 

account when investigating mixtures in porous media. Finally, the limited amount of literature 

on liquid mixtures in porous media, and in particular the phenomenon of microphase 

separation, will be presented. 

3.2 NMR relaxation methods for porous media investigations 

NMR relaxometry is a powerful tool to investigate liquids imbibed within porous media, and 

as such, different techniques have been developed. Some of the most used methods can be 

divided into two groups: fixed field NMR relaxometry, and variable field NMR relaxometry. 

In fixed field NMR relaxometry, relaxation times are measured at a single magnetic field 

strength. Often, a dimensionless ratio of different relaxation times will be created, which can 

provide information about, for example, the surface-adsorbate interaction strength. In this 

section, two fixed field NMR relaxometry methods are discussed, namely the spin-lattice 

interaction parameter, which is the ratio of the longitudinal relaxation times in the bulk and in 

the pore, and 𝑇1 − 𝑇2 correlation experiments. Variable field NMR relaxometry is done by 

FFC-NMR. Relaxation rates are measured at a range of Larmor frequencies, and the resulting 

NMR dispersion (NMRD) profile can be fitted to a theoretical model, which can provide 

quantitative information about the dynamics of liquids imbibed within porous media. 

3.2.1 The spin–lattice interaction parameter (𝑇1,bulk/𝑇1,pore ratio) 

As was shown in sections 2.3 and 2.4, many different processes and properties can contribute 

to the longitudinal (spin-lattice, 𝑇1) and transverse (spin-spin, 𝑇2) relaxation times. For liquids 

imbibed within porous media, three contributions should be taken into account: 

• liquid properties, such as molecular diameter and dissolved oxygen content,  

• the porous material properties, e.g. pore size and geometry and (paramagnetic) 

impurities,  

• and the surface-adsorbate interaction strength.  
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Generally, the aim is to obtain a greater understanding of the surface-adsorbate interaction 

strength, which means that the liquid and porous material properties should be either accounted 

for and understood, or excluded from the analysis. 

In this first NMR relaxometry method, the 𝑇1 relaxation times of a bulk liquid, 𝑇1,bulk, and the 

same liquid imbibed within a porous medium, 𝑇1,pore, are measured. Note that 𝑇1,pore 

corresponds to 𝑇1,obs from equation (2.19). By taking the ratio of these two relaxation times, 

the contribution of the liquid properties to the relaxation behaviour is excluded from the 

analysis. Assuming that the relaxation time constant of the unimbibed bulk liquid is equal to 

the relaxation time of the bulk-in-the-pore phase of an imbibed liquid, multiplying the two-

phase fast exchange model (equation (2.19)) by 𝑇1,bulk results in the following equation: 

 
𝑇1,bulk

𝑇1,pore
= 𝑝 (

𝑇1,bulk

𝑇1,surf
− 1) + 1, (3.1) 

where 𝑇1,surf is the surface relaxation time, and 𝑝 is the surface population of spins. When 

molecules are adsorbed onto the surface, the molecular mobility decreases and therefore the 

surface relaxation time decreases strongly, such that 𝑇1,surf ≪ 𝑇1,bulk. Assuming this is true, 

equation (3.1) becomes: 

 
𝑇1,bulk

𝑇1,pore
= 𝑝

𝑇1,bulk

𝑇1,surf
+ 1. (3.2) 

It should be noted that this assumption is not always accurate, especially at high frequencies. 

In mesoporous media the surface-to-volume ratio can be sufficiently high that 𝑝
𝑇1,bulk

𝑇1,surf
≫ 1, in 

which case: 

 
𝑇1,bulk

𝑇1,pore
∝

𝑇1,bulk

𝑇1,surf
. (3.3) 

The 𝑇1,bulk/𝑇1,surf ratio is also known as the spin-lattice interaction parameter, 𝜂. The spin-

lattice interaction parameter approach was used by D’Agostino et al. to investigate the surface-

adsorbate interaction strengths of a large range of different liquids imbibed within several 

mesoporous materials12. The porous media that were used were γ-alumina, titania, and silica, 

which are common catalyst supports. Due to the high polarity of the porous media, it was 

expected that polar liquids would interact more strongly with the supports. Indeed, the highest 

𝑇1,bulk/𝑇1,pore ratios were found for aldehydes and ketones, indicating that these liquids interact 
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with the porous supports most strongly. The next strongest interacting liquids were 

monoalcohols and then alkanes. Interestingly, polyalcohols exhibited lower 𝑇1,bulk/𝑇1,pore 

ratios than alkanes, even though alkanes are considered not to interact with the polar surface. 

The anomalous behaviour for polyalcohols was interpreted as an effect due to hydrogen 

bonding. The hydrogen bonding network for polyalcohols is very strong, and hinders molecular 

motion. As the molecules adsorb onto the surface, the hydrogen bonding network is disrupted 

and therefore the increased molecular mobility causes an increase in the 𝑇1 relaxation time. 

Moreover, the 𝑇1,bulk/𝑇1,pore approach was compared to a similar approach using PFG NMR 

experiments. In this approach, the bulk diffusion coefficient was normalized to the effective 

self-diffusivity of the imbibed liquid, to create a dimensionless parameter 𝜉 = 𝐷bulk/𝐷pore. 

Again, alkanes were considered not to interact with the surface, and therefore the values for 𝜉 

were normalized to the 𝜉-value for alkanes. The diffusion results showed the same trends as 

for the 𝑇1,bulk/𝑇1,pore approach, highlighting the enhanced mobility of polyalcohols when 

imbibed within the porous supports. 

An advantage of the 𝑇1,bulk/𝑇1,pore approach is that the 𝑇1 measurements can be done via the 

inversion recovery method, shown in section 2.3.1, or via the saturation recovery sequence. 

Both of these experiments are simple to execute, and measure full FIDs, which means chemical 

resolution is obtained via the NMR spectrum. Robinson et al. used the chemical resolution to 

separate out the CH3 and OH environments in methanol imbibed within several types of 

passivated (i.e. treated with tetraethyl orthosilicate (TEOS)) and unpassivated porous media. 

While the hydroxyl relaxation is complicated due to proton exchange effects, the relaxation 

behaviour of the methyl group was shown to provide information about the surface-adsorbate 

interaction strength. The spin-lattice interaction parameter was determined for the methyl 

groups and subsequently normalized to the spin-lattice interaction parameter of a weakly 

interacting liquid, namely cyclohexane. For the unpassivated porous media, the spin-lattice 

interaction parameter ranged between 3.0–6.7, whereas the interaction parameter decreased to 

1.3–2.0 for the passivated porous media. From these results, it could be concluded that the 

surface-methanol interaction was decreased by the TEOS treatment, thereby passivating the 

supports. 

On the other hand, the spin-lattice interaction parameter approach has some limitations. The 

first is that two separate measurements are required to obtain 𝑇1,bulk and 𝑇1,pore. Not only does 

this increase the experimental acquisition time, it also complicates or obstructs the possibility 
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of in situ experiments. Secondly, as was shown previously, relaxation behaviours of liquids in 

porous media are affected by the surface-adsorbate interactions, the liquid properties, and the 

properties of the porous support. While the 𝑇1,bulk/𝑇1,pore approach evades the liquid property 

contributions, it does not take into account the variations between different porous materials. 

This means that it is not straightforward to compare 𝑇1,bulk/𝑇1,pore ratios measured for different 

porous supports. However, within a single porous medium, the contributions of the porous 

material properties to the relaxation behaviour can be considered constant, which means that 

relative differences between different liquids correspond with differences between surface-

adsorbate interactions. 

3.2.2 𝑇1 − 𝑇2 correlation experiments 

The pulse sequence for a 𝑇1 − 𝑇2 correlation experiment was first introduced in section 2.3.3. 

In essence, the experiment consists of an inversion recovery to measure the 𝑇1 component, 

followed by a CPMG echo train to obtain the 𝑇2 component. A full CPMG echo can be detected 

if it is necessary to also obtain spectral resolution, or a one-shot CPMG sequence can be used 

to reduce the experimental acquisition time. If the one-shot CPMG sequence is used, it is often 

possible to distinguish different relaxation environments based on their 𝑇1 and 𝑇2 relaxation 

times13–16. These relaxation environments can correspond to different molecules, but also to 

different relaxation environments within the same molecule16. 

Similarly to the spin-lattice interaction parameter approach, a dimensionless ratio of relaxation 

times is constructed. For a 𝑇1 − 𝑇2 correlation experiment, this is the 𝑇1/𝑇2 ratio. Assuming 

the dominant relaxation mechanisms for 𝑇1 and 𝑇2 are the same, the contributions of the porous 

material to the relaxation behaviour, e.g. paramagnetic species, can be cancelled out by taking 

the ratio 𝑇1/𝑇2. This effect was demonstrated by D’Agostino et al., who investigated the 𝑇1 

and 𝑇2 relaxation times of 1-octanol imbibed within γ-alumina17. The support was loaded with 

CuSO4 at concentrations between 8–3500 ppm, creating paramagnetic Cu2+ relaxation centres 

on the γ-alumina surface. While the  𝑇1 and 𝑇2 values of 1-octanol were shown to decrease for 

Cu2+ concentrations above 100 ppm, the 𝑇1/𝑇2 ratios stayed approximately constant.  

In Figure 2.8, the 𝑇1 and 𝑇2 relaxation times according to the Bloembergen, Purcell and Pound 

(BPP) model were plotted against the correlation time18. While the BPP model is a very simple 

model, and therefore complex systems such as liquids in porous media cannot be fully 

described using the BPP model, it provides a useful explanation for simple trends in 𝑇1/𝑇2 
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ratios. As can be seen in Figure 2.8, for short correlation times, 𝑇1 ≈ 𝑇2, and therefore 𝑇1/𝑇2 ≈

1. Small bulk liquid molecules will generally have short correlation times, and as such, this 

means that the contribution of the bulk liquid to the relaxation behaviour will also be cancelled 

out by taking the 𝑇1/𝑇2 ratio. As a result, the 𝑇1/𝑇2 ratio provides direct insight into the surface-

adsorbate interactions of liquids imbibed within porous media.  

The 𝑇1/𝑇2 ratio approach has been used extensively to investigate liquids in porous media. 

Often, it is applied as a qualitative probe of surface-adsorbate interaction strengths. Based on 

the variations between 𝑇1/𝑇2 ratios of different samples, a considerable amount of information 

can be obtained. For example, the 𝑇1/𝑇2 ratios, and therefore the interaction strength of water, 

2-propanol and 2-butanone with Pd/Al2O3 and Ru/SiO2 could be ranked as water > 2-propanol 

> 2-butanone19. It was then shown that displacing one liquid with another was only possible 

when the 𝑇1/𝑇2 ratio of the second liquid was higher than that of the first. This study therefore 

showed that the behaviour of binary liquid mixtures imbibed within these supports can be 

predicted based on the 𝑇1/𝑇2 ratios of the pure liquids.  

In terms of liquid mixtures, another set of studies especially relevant to this thesis was done by 

D’Agostino et al., who investigated to what extent the interaction of the surface with a solvent, 

in this case methanol, influenced the efficiency of oxidation reactions in several precious metal 

catalysts20–22. First, it was shown that the 𝑇1/𝑇2 ratio of 1,4-butanediol dissolved in methanol 

on a Au/TiO2 catalyst was severely decreased by the addition of water to the system, 

corresponding to a decrease in the 1,4-butanediol conversion to dimethyl succinate20. From this 

study, it could be concluded that the addition of water meant that the 1,4-butanediol could not 

interact with the surface anymore, and therefore the catalytic activity was reduced. Next, this 

study was generalized for 1,3-propanediols21. Finally, the experiments were performed for 1,4-

butanediol dissolved in methanol on a range of precious metal catalysts22. It was shown that 

the ratio of the reactant (1,4-butanediol) 𝑇1/𝑇2 ratio and the solvent (methanol) 𝑇1/𝑇2 ratio was 

directly proportional to the 1,4-butanediol conversion. Based on these studies, it is possible to 

predict the catalyst efficiency following relatively simple 𝑇1 − 𝑇2 correlation experiments. 

Many other examples exist of porous media studies using the phenomenological 𝑇1/𝑇2 

approach23–26. However, it is also possible to approach 𝑇1/𝑇2 ratios from a more theoretical 

point of view. McDonald et al. presented a modelling approach to 𝑇1/𝑇2 ratios based on a 

relaxation mechanism dominated by paramagnetic surface relaxation sinks, see Figure 3.127.  
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Figure 3.1: Schematic overview of the two-dimensional diffusion of molecules on a surface in the presence of 

paramagnetic impurities. Reproduced from McDonald et al.27 

By applying a model, it was possible to extract correlation times and a surface affinity 

parameter, 𝐴 = 𝜏𝑠/𝜏𝑚, where 𝜏𝑠 is the surface residence correlation time, and 𝜏𝑚 is the hopping 

time, which represents the time it takes between successive hops of a molecule on the surface, 

see Figure 3.1. The surface affinity parameter is important in the oil recovery industry, as it is 

a measure for the wettability of rocks28. 

D’Agostino et al. then simplified the model used by McDonald et al., which lead to the simple 

correlation: 

 
𝑇1

𝑇2
∝

−1

ln(𝜏𝑚)
, (3.4) 

which could be connected to an activation energy for surface diffusion, ∆𝐸, to obtain: 

 
𝑇1

𝑇2
∝

−1

∆𝐸
. (3.5) 

This correlation was verified by comparing 𝑒surf = − 𝑇2 𝑇1⁄  values with activation energies 

measured by temperature programmed desorption, a commonly used characterization 

technique for porous media. Later, the 𝑒surf parameter was also connected to adsorption 

energies calculated using Density Functional Theory (DFT) for a range of alcohols and 

cyclohexane imbibed within silica29. 

It is clear that 𝑇1 − 𝑇2 correlation experiments provide great insight into the adsorption of 

liquids in porous media, either in a phenomenological capacity or developed according to a 
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theoretical modelling approach. However, it is important to consider the assumptions that were 

made in analysing 𝑇1/𝑇2 ratios. One set of assumptions that was made is that  

𝑇𝑖,surf ≪ 𝑇𝑖,bulk and 𝑝/𝑇𝑖,surf ≫ 1/𝑇𝑖,bulk. Based on these assumptions, it was concluded that the 

observed 𝑇1/𝑇2 ratio corresponds to the 𝑇1/𝑇2 ratio of the surface layer. These assumptions are 

not always true. When the observed intra-pore relaxation times are close to those of the bulk 

liquid, as is the case for weakly interacting species, the 𝑇1/𝑇2 ratio will be significantly higher 

than expected, and as such, the interpretation of the 𝑇1/𝑇2 ratios can be inaccurate. This effect 

was demonstrated by Robertson, by comparing the 𝑇1/𝑇2 ratios of water imbibed within silicas 

of varying pore size and a uniform surface chemistry16. If the 𝑇1/𝑇2 ratios would be an 

appropriate measure of the surface-adsorbate interaction strength, the 𝑇1/𝑇2 ratios should be 

constant for all silica samples, however it was shown that the 𝑇1/𝑇2 ratio increased with 

decreasing pore size, confirming the invalidity of the abovementioned assumptions. On the 

other hand, the 𝑇1/𝑇2 ratios of different liquids imbibed within the same silica followed the 

expected trend for the surface-adsorbate interaction strengths, showing that 𝑇1 − 𝑇2 correlation 

experiments can still provide qualitative information about weakly interacting species. The 

dependency of the 𝑇1/𝑇2 ratio of confined fluids on the pore size was also shown in simulations 

by Faux & McDonald, again confirming the invalidity of the abovementioned assumptions106. 

Additionally, it is important to consider internal field gradient effects. Internal gradient effects 

were described in section 2.3.6.2, and are caused by magnetic susceptibility differences 

between the porous medium and the imbibed liquid. Internal gradients can severely reduce the 

observed transverse relaxation time, 𝑇2
∗, leading to an overestimation of the 𝑇1/𝑇2 ratios. As 

previously mentioned, internal gradient effects can be reduced by decreasing the magnetic 

field30. However, severe internal gradient effects that would result in an overestimation of the 

𝑇1/𝑇2 ratio and therefore of the surface-adsorbate interaction strength have been shown at field 

strengths as low as 10 MHz31. Alternatively, it is sometimes possible to eliminate gradient 

effects by optimizing the acquisition parameters32, or correct for internal field gradients in post-

processing33,34. Unfortunately, this is not always the case, and internal gradient effects cannot 

be evaded, thereby imposing a limitation on 𝑇1 − 𝑇2 correlation experiments as a probe for 

measuring surface-adsorbate interaction strengths.  

Finally, another assumption is that all samples within a study are described by the same 

relaxation mechanism. For different liquids within the same porous medium35,36, or for a single 

liquid imbibed within different porous media37,38, this has previously been shown not to always 



45 

 

be the case. The dominating relaxation mechanism cannot be determined through 𝑇1 − 𝑇2 

correlation experiments, and therefore the 𝑇1/𝑇2 ratios may be misinterpreted. In order to 

obtain greater insight into the relaxation mechanisms of liquids in porous media, in-depth 

material characterization39, variable temperature experiments36,40, and FFC-NMR experiments 

can be applied. 

3.2.3 FFC-NMR 

The concept and experimental setup for FFC-NMR were described in section 2.4.6. To 

summarize this section, FFC-NMR uses an electromagnet to rapidly switch the magnetic field. 

By doing this, 𝑇1 relaxation times across a large Larmor frequency range, typically 0.01 ≤

𝜔0 ≤ 40 MHz for 1H NMR corresponding to a timescale ranging between µs–ns, can be 

obtained. The relaxation rate, 𝑅1 = 1/𝑇1, is then plotted against the Larmor frequency to create 

a NMR dispersion or NMRD profile. Some advantages of the Fast Field Cycling technique 

compared to alternative methods for measuring variable frequency relaxation experiments, are 

that there is no significant signal loss, because the sample can first be polarized in a high 

magnetic field, and that fast relaxation rates, 𝑅1 ≤ 1000 s–1, can be measured. These fast 

relaxation rates are common for strongly binding liquids imbibed within porous media41. 

For frequencies 𝜔0 ≤ 10 MHz, simple bulk liquids have been shown to exhibit a constant 

relaxation rate42,43. This means that for liquids imbibed within porous media, in this frequency 

range, a change in 𝑅1 is due to the interaction of the liquid with the pore surface. The simplest 

method of extracting information from FFC-NMR experiments is a qualitative analysis. By 

comparing the relaxation rates of different samples and the variation of the relaxation rates 

with the Larmor frequency, i.e. the slope of the NMRD profiles, Ward-Williams et al. ranked 

the surface-adsorbate interaction strengths of different liquids imbibed within γ-alumina43. The 

difference between 𝑅1 at 0.01 and 10 MHz was defined as the total observable relaxation 

dispersion (TOD). Polar solvents such as water and methanol displayed a higher TOD than 

nonpolar solvents such as cyclohexane, following the trend of expected surface-adsorbate 

interaction strengths based on the high polarity of the support. 

However, to obtain more quantitative information, the NMRD profiles can be fitted to 

theoretical models to provide correlation times. The simplest is the BPP model18 described in 

section 2.4.3. Without a priori knowledge of the system, a NMRD profile can be described by 

the BPP model, which is in essence a linear combination of Lorentzian terms: 
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 𝐽(𝜔𝐼) = ∑ 𝐶𝑖

1

1 + 𝜔𝐼
2𝜏𝑐,𝑖

2

𝑖

, (3.6) 

 𝑅1(𝜔𝐼) = 𝐴[𝐽(𝜔𝐼) + 4𝐽(2𝜔𝐼)], (3.7) 

where 𝑖 is the number of relaxation environments, 𝐽(𝜔𝐼) is the spectral density function, 𝐶𝑖 is 

a scaling factor, and 𝜏𝑐,𝑖 is the correlation time of environment 𝑖. This approach was used by 

Hsu et al., who modelled the NMRD profiles of water imbibed within hierarchical H-ZSM-5 

using three Lorentzian terms44. Each of the three relaxation environments was connected to a 

different pore size within the sample. The longest correlation times were related to the 

micropores (𝑑𝑝 = 0.5 nm), which were several orders of magnitude longer than the correlation 

times that were associated with macropores (𝑑𝑝 > 50 nm). From this, it was concluded that 

the water inside the micropores had a stronger interaction with the surface than in the 

macropores. The third correlation time was linked to the mesopores (𝑑𝑝 = 4.3 nm). 

If the dominant relaxation mechanism is known, it is possible to construct a formal model that 

describes the specific spin interactions in the system. Formal models have been constructed for 

several types of relaxation mechanisms. First, Korb et al. have constructed a model to describe 

a relaxation mechanism dominated by dipolar interactions of 1H (𝐼) spins in a liquid with 

paramagnetic impurities (𝑆 spins) on the pore surface41,45,46. This modelling approach was also 

used to describe 𝑇1/𝑇2 ratios by McDonald et al.27, as was shown in Figure 3.1. Due to the 

large gyromagnetic ratio difference between 1H spins and the paramagnetic impurities (𝛾𝑆 =

658𝛾𝐼), this relaxation mechanism is dominant even in the presence of a small amount of 

paramagnetic impurities38. As such, it has been applied to a wide range of chemical systems, 

such as ceramics47, cement pastes48, metal oxide materials36,43,49, porous glasses38, biochars50, 

rock cores28,42,51, shales52 and metal supported catalysts23. The specific expression for the 

relaxation rate can be changed slightly depending on the application, however the general form 

of the model stays consistent: 
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where 𝜇0 is the vacuum magnetic permeability, 𝑁𝑠 𝑁⁄  is the ratio of spins at the pore surface, 

𝜎𝑠 is the density of paramagnetic species on the surface, 𝑑 is the molecular diameter, and 𝛿′ is 

an effective distance of minimal approach between the 1H and paramagnetic spins. 

Unfortunately, the assumptions made by Korb in the construction of his model result in 

limitations of the applicability of the model. The 𝜏𝑠/𝜏𝑚 ratio, a parameter that describes the 

wettability of rocks28, was found to often be higher than physically possible, and therefore Faux 

et al. constructed another model by changing some of the assumptions53–55. Faux’s model, also 

known as the 3𝜏 model, specifies three diffusion time constants, 𝜏𝑏, 𝜏𝑙, and 𝜏𝑑. The time 

constant 𝜏𝑏 characterizes bulk diffusion, 𝜏𝑙 – surface diffusion, and 𝜏𝑑 – desorption, see Figure 

3.2. The 3𝜏 model was applied to data previously analysed by the Korb model, and showed 

physically meaningful diffusion correlation times. However, the 3𝜏 model is mathematically 

much more complex than the Korb model, and therefore its applications are currently limited. 

 

Figure 3.2: A schematic overview of the 3𝜏 model for a liquid between two pore walls. The surface layer thickness 

is denoted as 𝛿 and the layer thickness of the bulk fluid is ℎ. 𝑑𝜎𝑙 and 𝑑𝜎𝑏 are the distance from the paramagnetic 

species, modelled as a uniform layer (white dashes) to the surface and bulk layers respectively. 𝜏𝑏 characterizes 

bulk diffusion, 𝜏𝑙 surface diffusion, and 𝜏𝑑 desorption. Reproduced from Faux et al.55 

Other types of theoretical models have been created for systems where the relaxation behaviour 

is not dominated by interactions with paramagnetic impurities. For intramolecular relaxation 

mechanisms, the dipolar interactions between spins within the same molecule dominate the 

relaxation behaviour. In the case of the Reorientations Mediated by Translational Diffusion 

(RMTD) model type, the directional binding of an adsorbate at the pore surface restricts the 

molecular mobility and therefore affects the relaxation behaviour56,57. For the RMTD model, 

different approaches have been presented. The first approach, by Kimmich, dictates that the 

RMTD behaviour is determined by the geometry of the porous material, rather than the surface-

adsorbate interactions35,37,58. The Kimmich-type RMTD model was used to explain the 

identical NMRD profiles of a range of polar liquids imbibed within porous glasses37.  
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In the second RMTD approach, by Levitz, the surface-adsorbate interactions determine the 

relaxation behaviour59–63. From the Levitz-type RMTD model an adsorption correlation time, 

𝜏𝐴, can be extracted, which provides direct, quantitative information about the surface 

dynamics. More details about the definition of 𝜏𝐴 will be shown in chapter 5. For water imbibed 

within cement, 𝜏𝐴, and therefore the surface-adsorbate interaction strength, was shown to 

decrease upon addition of an adjuvant, which changes the hydration kinetics, see Figure 3.364.  

 

Figure 3.3: NMRD profiles and the Levitz-type RMTD model fits for water imbibed within cement in the presence 

of a sodium trimetaphosphate adjuvant (STMP), the concentration of which is shown in the graph. The 

characteristic frequency shown in the graph, 𝜔𝐴, is inversely correlated with the adsorption correlation time, 𝜏𝐴. 

Reproduced from Korb and Levitz64. 

Aside from the Korb, 3𝜏 and RMTD models that have been described in this section, other 

theoretical models have been developed to describe specific porous media systems. For 

example, another modelling approach has shown that the NMRD profiles of protic liquids 

imbibed within γ-alumina are dominated by the interaction of the surface hydroxyls with 

paramagnetic impurities on the surface, and therefore the NMRD profiles do not appear to 

provide direct insight into the surface-adsorbate interactions of these systems36.  

When the relaxation mechanism is known, obtaining quantitative information about the 

surface-adsorbate interactions from FFC-NMR experiments is relatively straightforward. 

However, the process of identifying the dominant relaxation mechanism and subsequently 

developing or applying a theoretical model based on this relaxation mechanism is not trivial. 

Variable temperature experiments36,40 and a detailed material characterization39 can be used to 

aid the identification of an appropriate theoretical model. 
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Experimentally, FFC-NMR measurements are more challenging than the other NMR 

relaxometry techniques presented in this chapter. First, multiple 𝑇1 experiments are performed 

in a FFC-NMR experiment. As such, the acquisition times are long compared to fixed field 

experiments. Depending on the signal-to-noise ratio and the 𝑇1 values, FFC-NMR experiments 

can take up to 24 hours. This not only limits high-throughput applications for FFC-NMR, but 

also the extent to which FFC-NMR can be used to investigate kinetic processes.  

Additionally, because FFC-NMR experiments require rapidly switching magnetic fields 

generated by an electromagnet, the magnetic field homogeneity is approximately 10–100 

ppm65,66, and therefore insufficient to obtain spectral resolution. As a result, it is not trivial to 

distinguish and assign different relaxation environments. It has been shown that if the 𝑇1 values 

are sufficiently different, it can be possible to separate multiple relaxation environments using 

an inverse Laplace transform67. In this example, by comparing the NMRD profiles of each 

component to the NMRD profiles of pure liquids, it was possible to assign the relaxation 

environments to different molecules. If the 𝑇1 values of different environments are similar, an 

inverse Laplace transform will not be able to separate the environments, and another approach 

is necessary. It is possible to combine FFC-NMR with other NMR techniques. Neudert et al. 

applied a FFC-NMR pulse sequence with CPMG acquisition to water imbibed within different 

pore size silica glasses, and was able to separate the NMRD profiles for different pore sizes 

based on their  𝑇2 value, thereby naming the technique “𝑇2-Encoded Acquisition of Relaxation 

Dispersion for Resolution of Pore Sizes” (TEARDROPS)68. Another recently developed 

method of obtaining spectral resolution in FFC-NMR experiments combines the technique with 

ultra-low field NMR, in which the J-coupling frequency is measured, providing chemical 

resolution69,70.  

Considering the novelty of these advanced NMR relaxometry techniques, it is expected that 

more aspects, technical and theoretical, of the FFC-NMR technique will be developed in the 

near future, which could truly solidify FFC-NMR as a standard tool for the investigation of 

surface-adsorbate interactions of liquids in porous media. 
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3.3 Liquid mixtures 

The dynamics of liquids confined within porous media have been widely studied for a number 

of decades, leading to a strong fundamental knowledge of these nanoconfined liquids58,66,71–74. 

However, much less is known about the confinement dynamics of liquid mixtures. This section 

will summarize some of the literature about liquid mixtures and their interaction with porous 

media. Some examples of NMR relaxometry experiments on liquid mixtures in porous media 

were shown in section 3.2, such as the 𝑇1 − 𝑇2 correlation experiments to investigate the 

solvent effect in oxidation reactions on metal catalysts20, and the FFC-NMR experiments on 

methanol-THF and THF-cyclohexane mixtures imbibed within γ-alumina67. The aim of this 

section is not to describe methods in order to investigate liquid mixtures, but rather to describe 

two effects: first, the effects that liquids have on each other upon mixing in the bulk phase, and 

second, the effect of confining a liquid mixture to a pore. 

3.3.1 Bulk liquid mixtures 

In order to investigate the dynamics of liquid mixtures imbibed within porous media, it is 

necessary to consider the effect that one liquid can have on another, when two or more liquids 

are mixed, especially in terms of their relaxation behaviour. In this thesis, the majority of the 

investigated mixtures are aqueous solutions. The relaxation behaviour of aqueous solutions has 

been thoroughly studied by Goldammer and Zeidler75. For mixtures of water with a range of 

organic liquids, the self-diffusion coefficient, 𝐷, and the 𝑇1 relaxation time were determined 

and plotted against the mixture composition. The example of a tetrahydrofuran (THF)-water 

mixture is shown in Figure 3.4. Intra- and intermolecular contributions to the relaxation times 

could be separated by obtaining the 𝑇1 relaxation times for fully protonated mixtures, as well 

as mixtures where one of the components was deuterated. The deuteron relaxation rate was 

found to correspond with the intramolecular relaxation rate, and from this, a reorientational 

correlation time was calculated.  
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Figure 3.4: 𝑅1 = 1/𝑇1 relaxation rates (top), diffusion coefficients, 𝐷 (middle), and the ratio of the proton and 

deuteron relaxation rate (bottom), for THF (left) and water (right) in THF-water mixtures, plotted against the 

mixture composition. The reorientational correlation time 𝜏𝑟𝐻 corresponds to the deuteron relaxation rate, the 

scale is shown on the right. Reproduced from Goldammer and Zeidler75. 

For THF, the intramolecular relaxation is not heavily influenced by the addition of water. 

However, the proton relaxation rate increases upon addition of water with respect to the 

relaxation rate of pure THF, indicating that the presence of water is interrupting the 

translational motion of THF. Below 20 mol% THF, the relaxation decreases again, suggesting 

that the translational motion of THF increases in a water-heavy mixture. The proton relaxation 

rate trend for the water component is similar, suggesting similar effects. However, the ratio of 

the proton and deuteron relaxation rate of the water component increases upon addition of THF, 

indicating the intramolecular motion of water is disrupted. This is an effect due to the disruption 

of the hydrogen bonding network. The same effect is also seen for the pyridine, tert-butanol 

and acetic acid components in their respective aqueous solutions, which in their pure state form 

a polymer network. This polymer network is then disrupted by the water, resulting in a decrease 

in the intramolecular relaxation rate. 
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3.3.2 Confined liquid mixtures and microphase separation 

It has been shown that liquid mixtures that are miscible in their bulk state can segregate when 

imbibed within a mesoporous medium76–81. Common names for this effect include microphase 

separation, confinement induced phase separation and nanosegregation. Obtaining greater 

insight into the dynamics of nanoconfined liquid mixtures and particularly microphase 

separation is essential to several fields within the chemical industry, such as catalysis, 

separation technologies, and oil recovery82,83. For instance, because of microphase separation 

effects, nanoconfinement appears to be an energy efficient method for the separation of 

ethanol-water mixtures, which are difficult to separate through distillation4,84–87. 

Experimental signs of the possibility of microphase separation of fully miscible liquid mixtures 

were shown by MD simulations, dielectric spectroscopy and calorimetry experiments on 

aqueous alcohol solutions confined within MCM-41, where some of the water molecules were 

concluded to segregate at the pore surface79–81. Since then, numerous studies were published 

on microphase separation, involving a range of theoretical and experimental techniques, 

including attenuated total reflectance infrared spectroscopy (ATR-IR), sum frequency 

generation (SFG) vibration spectroscopy, solid-state NMR, neutron scattering and molecular 

dynamics (MD)88–96. 

The group of Morineau has studied microphase separation extensively through a combination 

of quasielastic neutron scattering experiments and molecular dynamics simulations91,92,95–100. 

In recent work, a core shell microphase separation of otherwise miscible tert-butanol (TBA)-

toluene mixtures confined within silica nanochannels was shown96. Whereas the pure TBA 

density profile shows peaks for the central layers and the surface layer, the density profile of 

TBA in the mixture only shows the surface layer peak, see Figure 3.5. The toluene component 

shows both surface and central layer peaks. This indicates a microphase separation of the 

mixture, where TBA is at the pore surface. The results of this study exemplify the rapid increase 

of knowledge about microphase separation and the nature of the dynamics of confined liquid 

mixtures. However, a quantitative analysis of the dynamics remains unavailable. 
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Figure 3.5: Radial density profiles of a) pure TBA, and b) TBA (solid red line) and toluene (dashed blue line) in 

the confined binary mixture (𝑿TBA = 𝟎. 𝟐𝟒). Reproduced from Mhanna et al.96 

Moreover, many systems are more complex than the seemingly clear case of tert-butanol and 

toluene imbibed within silica. An example of such a system is ethanol-water mixtures imbibed 

within silica. Bulk ethanol-water mixtures already show a heterogeneous structure at the 

molecular level, due to the hydrophobic nature of the alkyl tail101–105. Guo et al. performed MD 

simulations on ethanol-water mixtures between silica walls and concluded that water molecules 

prefer forming hydrogen bonded clusters away from the pore surface. This results in a 

microphase separation of the mixture, where ethanol molecules are more likely to attach to the 

silica walls than water90.  

The MD simulations were later supported by positron annihilation lifetime spectroscopy 

(PALS) experiments on ethanol-water mixtures within mesoporous silica94. In this study, an 

increase in the interfacial free-volume was detected for ethanol-water mixtures at ethanol 

concentrations of 0.3 < 𝑋𝐸 < 0.45. This excess free-volume, in combination with a more 

detailed lifetime analysis, was interpreted by the authors as a sign of microphase separation of 

the mixture, with ethanol attaching to the pore surface.  

Contradicting results were found when ethanol-water mixtures imbibed within mesoporous 

silica were studied by NMR 𝑇1 − 𝑇2 correlation experiments, see Figure 3.616. Upon decreasing 

the ethanol concentration, the 𝑇1/𝑇2 ratio of the ethanol component decreases initially but then 

stabilises. The 𝑇1/𝑇2 ratio of the water component undergoes a more significant change, 

increasing drastically with an increase in ethanol concentration. This increase in 𝑇1/𝑇2 ratio 

implies an increase in the average surface-water interaction strength, which according to the 

two-phase fast exchange model described in section 2.3.6.1 is caused by a relatively higher 

fraction of water molecules being attached to the pore surface than residing in the bulk of the 
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pore. As a result, it was concluded that the system undergoes partial demixing, forming a water-

rich surface layer and an ethanol-rich pore centre. 

 

Figure 3.6: Observed 𝑇1/𝑇2 ratio of a) ethanol, and b) water imbibed within mesoporous silica (pore size 15 nm), 

as a function of intra-pore mixture composition. Reproduced from Robertson16. 

At high magnetic fields, the relaxation times are dominated by fast relaxation processes, 

including rotational and translational processes, mainly originating from the bulk liquid. 

Comparing the 𝑇1/𝑇2 ratios of ethanol and water across the composition range to the ratios of 

the pure liquids should negate the effect of most fast relaxation processes on the interpretation 

of the chemistry of the system, however this challenge should always be taken into account. 

While the understanding of the microphase separation phenomenon is being developed rapidly, 

it is clear that more investigations are necessary to obtain clear, unambiguous results. 

Moreover, the work presented in this section describes the qualitative nature of microphase 

separation in several systems, however a quantitative analysis of the dynamics of the phase-

segregated species remains unavailable. 
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3.4 Conclusions and outlook 

In the first part of this chapter, NMR relaxometry methods to investigate surface-adsorbate 

interactions of liquids imbibed within porous media were discussed. The first NMR 

relaxometry method that was presented was the measurement of the spin-lattice interaction 

parameter, 𝜂 = 𝑇1,bulk/𝑇1,surf. The 𝑇1 interaction parameter was shown to probe surface-

adsorbate interactions successfully, the experiments are relatively simple and the interpretation 

of the data is straightforward. However, the comparison of 𝑇1,bulk/𝑇1,pore ratios measured for 

different porous supports is complicated, as the contribution of the support to the relaxation 

behaviour is not taken into account.  

Different supports can be compared relatively easily in 𝑇1 − 𝑇2 correlation experiments, where 

the 𝑇1/𝑇2 ratio was shown to correlate with the surface-adsorbate interaction strength. Pulse 

sequences for 𝑇1 − 𝑇2 correlation experiments are widely implemented and therefore simple to 

perform. Moreover, only the confined sample is required to obtain a 𝑇1/𝑇2 ratio, and therefore 

the experimental acquisition of this data is very straightforward with respect to the spin-lattice 

interaction parameter, where the relaxation time must also be measured for the bulk liquid. 

𝑇1 − 𝑇2 correlation experiments have been very successful in describing the interactions of 

liquids imbibed within porous media, however it is assumed in these experiments that the 

relaxation mechanism for all samples within a study is the same. Different types and strengths 

of surface interactions as well as internal field gradients can affect the relaxation times. As 

such, the  𝑇1/𝑇2 ratios may be distorted, which can lead to misinterpretation of the data. 

In order to investigate relaxation mechanisms, variable field NMR relaxometry techniques such 

as FFC-NMR can be applied. In these experiments, the 𝑅1 = 1/𝑇1 relaxation rate is measured 

at a large range of Larmor frequencies, thereby providing insight into the dynamics over a large 

timescale range. The NMR dispersion profiles can be fitted to theoretical models, which 

describe the nuclear spin interactions. From these models, correlation times can be extracted, 

which provide quantitative information about the dynamics of liquids imbibed within porous 

media and their surface-adsorbate interactions. 
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While the interactions of pure liquids with porous supports have gained great fundamental 

understanding, the effect of nanoconfinement on liquid mixtures is much less investigated. The 

second part of this chapter focuses on the effect of liquid mixing on NMR relaxometry, as well 

as microphase separation effects for nanoconfined liquid mixtures. First, the effect of bulk 

liquid mixing on NMR relaxation rates was illustrated. For simple liquids such as 

tetrahydrofuran (THF), the addition of another liquid, water in this case, decreased the 

translational mobility and therefore increased the 𝑅1 relaxation rate. As the THF concentration 

decreased below 20 mol%, the 𝑅1 decreased again, indicating an increase in mobility. For 

liquids that form a hydrogen bonding or polymer network with itself, such as water or pyridine, 

the addition of another liquid disrupts this network and therefore the intra- as well as the 

intermolecular relaxation rate increases. Finally, the state of the art of microphase separation 

studies is presented. It was shown that liquids that are fully miscible in the bulk state, can 

nanosegregate when they are imbibed within mesoporous media. Investigations on microphase 

separation have provided significant insight into the nature of this phenomenon, however some 

studies presented contradicting results, and a full quantitative analysis of the dynamics of liquid 

mixtures imbibed within mesoporous media is currently unavailable.  

Based on the current literature overview, the main aim of this thesis is to use the NMR 

relaxometry methods presented in section 3.2, primarily FFC-NMR, to unambiguously and 

quantitatively describe microphase separation effects of liquid mixtures imbibed within a range 

of mesoporous media. To this extent, the following chapter presents a case study of the FFC-

NMR technique applied to liquid mixtures. This will be followed by a quantitative analysis 

based on theoretical modelling of alcohol-water mixtures imbibed within anatase titania in 

chapters 5 and 6. 
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4. FFC-NMR of binary liquid mixtures: a case study of 

THF-water and THF-decane mixtures imbibed within 

anatase titania and γ-alumina 
 

4.1 Introduction 

For many years, scientists have worked towards understanding the dynamics of heterogeneous 

systems. While much progress has been made for single liquids imbibed within a porous 

material, the complexity of the problem increases significantly when, for example, a mixture 

of liquids is introduced inside a porous medium1–3. 

As shown in chapter 3, NMR is a much-used tool that can study liquids inside porous media in 

situ, at high temperature and pressure, as they are used in the chemical industry4. Recently, 

Fast Field Cycling (FFC) NMR has been shown to be highly sensitive to surface-adsorbate 

interactions, making it a promising additional technique to study the dynamics of liquids in a 

range of porous media, including porous silica glasses5–7, cement pastes8–10, rock cores11–13, 

granular packings14 and catalyst supports15,16. Moreover, FFC-NMR has been applied to 

tetrahydrofuran (THF)-methanol and THF-cyclohexane mixtures in γ-alumina, demonstrating 

it is possible to measure liquid mixtures imbibed within porous media using FFC-NMR17. 

In this chapter, FFC-NMR will be used to study surface-adsorbate interactions of liquid 

mixtures imbibed within anatase titania. The binary mixtures in this study are THF-water and 

THF-decane, which will be considered as model systems for the binary mixtures studied in 

later chapters. The titania surface is highly polar. This means it is expected that water, being a 

highly polar solvent, interacts strongly with the surface. The polarity of THF is moderate, 0.207 

relative to a polarity of 1 for water18, which means a moderate interaction with the surface is 

expected. Decane, as a strongly nonpolar solvent, is expected to show weak interaction with 

the polar titania surface. Therefore the combination of THF-water and THF-decane mixtures 

on titania provides a full range of possible interaction strengths, which allows us to extrapolate 

our results to other solvents on the same support. The mixtures will also be imbibed within γ-

alumina, in order to make a comparison with the literature17. γ-alumina is a highly polar 

support, much like anatase titania, and therefore the interactions are expected to be similar for 

both supports. 
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Considering FFC-NMR is a relatively new technique, the FFC-NMR results will also be 

benchmarked against a more conventional high field NMR relaxometry technique. At fixed 

magnetic fields, the fraction between the relaxation rates in a bulk liquid and the liquid 

adsorbed on a porous medium, 𝜂 = 𝑇1,bulk 𝑇1,pore⁄ , gives insight on the interaction strength 

between the liquid and the surface19. The comparison of the two techniques will be used to 

highlight advantages and challenges for each of the techniques. 

4.2 Materials and methods 

4.2.1 Sample preparation 

Anatase titania and γ-alumina in the form of 1/8″ pellets were obtained from Alfa Aesar. A 

BET and BJH analysis of the anatase titania pellets showed a surface area of 161 m2 g-1 and an 

average pore diameter of 9.5 nm. The pore volume was determined to be 0.39 cm3 g-1 by 

gravimetric measurements. Unfortunately, no further information about the titania, for example 

about paramagnetic impurities, is available. For γ-alumina, the surface area was 202 m2 g-1, the 

average pore diameter was 9.1 nm, and the pore volume was 0.60 cm3 g-1. Previously, Electron 

spin resonance (ESR) measurements showed the presence of paramagnetic Fe3+ in the γ-

alumina16. Tetrahydrofuran (THF, with 250 ppm BHT stabiliser) and n-decane were obtained 

from AlfaAesar at >99% purity, and used as received. 

Titania and γ-alumina pellets were dried overnight at 120 °C, after which the pellets were 

imbibed in the desired pure liquid or liquid mixture overnight. Extra-pellet liquid was removed 

by drying the sample with filter paper directly before the NMR experiments, leaving only the 

desired liquid imbibed within the pellets. 

4.2.2 FFC-NMR and processing 

FFC-NMR experiments were performed at room temperature (298 K ± 1 K) on a Stelar 

Spinmaster Duo relaxometer. 1H NMR dispersion (NMRD) profiles were obtained at 25 

logarithmically spaced 1H Larmor frequencies between 10 kHz and 40 MHz. For field strengths 

above 10 MHz the non-polarized sequence was used, for field strengths below 10 MHz the pre-

polarized sequence was used. At each frequency, 𝑇1 curves were produced using 32 

logarithmically spaced delay times between 1 ms and 5.69𝑇1. The polarization time and recycle 

delay was optimized to be ≥5.69𝑇1. The polarization field was set at 25 MHz and the 

acquisition field was set to 16.3 MHz 1H Larmor frequency. 
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All data was processed using Matlab 2017b. Figure 4.1 shows an example of the main fitting 

procedures using a 15:85 mol% THF-water mixture. An in-house script for an inverse Laplace 

transform (ILT) using Tikhonov regularisation confirmed the presence of one 𝑇1 peak in the 

FFC-NMR experiments on water, THF and decane imbibed within titania and γ-alumina 

(Figure 4.1a)20. For the THF-water and THF-decane mixtures, the ILT showed two 𝑇1 peaks 

(Figure 4.1b). Finally, biexponential fits to the 𝑇1 curves obtained by FFC-NMR were used to 

obtain two 𝑅1 = 1/𝑇1 components, corresponding to water and THF, or THF and decane 

(Figure 4.1c). Equivalent plots were obtained for the other mixtures. 

 

Figure 4.1: An inverse Laplace transform of a) pure water and pure THF, and b) a 15:85 THF-water mixture, 

each imbibed within anatase titania. c) The corresponding biexponential fit to the 𝑇1 curve obtained at  

𝜔0 = 0.09 𝑀𝐻𝑧, showing the THF component in red, the water component in blue, and the full fit to the data in 

black. 

Based on the relaxation rates with respect to the pure liquid relaxation rates, and populations 

of each component, it was concluded that for THF-water mixtures, the higher 𝑅1 component at 

each frequency corresponds to water, and the lower 𝑅1 component corresponds to THF. For 

THF-decane mixtures the higher 𝑅1 component corresponds to THF, and the lower 𝑅1 

component corresponds to decane. 

4.2.3 Fixed field NMR methods 

Fixed field NMR experiments were performed at room temperature (298 K) on a Bruker DMX-

300 (7 T) NMR spectrometer. For every sample, a single-pulse experiment was performed in 

order to obtain a high resolution 1H NMR spectrum.  𝑇1 values were obtained using an inversion 

recovery experiment. 4 scans at 32 delay times between 0.01 and 20s were obtained for every 

𝑇1 curve. The spectral width was 20 kHz and 2048 points were recorded per FID with a dwell 

time of 25μs. The RF frequency was 250 kHz for all experiments, and the recycle delay was 

set to 25s.  
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All experiments were analysed using Matlab 2017b. 𝑇1 values were determined from mono- 

(single liquids and bulk mixtures) and biexponential fits (binary liquids in porous media) to the 

inversion recovery experiments. For the bulk liquids, 𝑇1 values were determined for each 

species separately. Mixture compositions were obtained from the relative integrals of the high 

resolution 1H NMR spectra. For all experiments, at minimum one of the THF peaks was fully 

separated from the water/decane peaks. For simplicity, it is assumed the two THF peaks have 

the same integral. The extracted mixture compositions were subsequently used as initial guess 

for the intensities in the biexponential 𝑇1 fits on binary liquids on porous media. 

4.2.4 Composition analysis 

For a range of mixtures on both supports, the intra-pellet mixture compositions were 

determined using fixed field NMR (1H NMR spectrum and relative intensities of a 

biexponential 𝑇1 fit) and FFC-NMR (relative intensities of a biexponential 𝑇1 fit, at 7MHz and 

the average across the full NMRD profile). This allowed for a detailed composition analysis. 

The compositions for each of the experiments used in this analysis are shown in appendix A. 

Sample-to-sample errors were determined based on two separately prepared samples. The error 

corresponds to the standard deviation for a small sample of the full population: STD =

√
∑(𝑥𝑖−�̅�)2

𝑛−1
. The average intra-pore compositions for the two separately prepared samples, the 

corresponding bulk mixture compositions, and the corresponding sample-to-sample errors are 

shown in Table 4.1.  

Table 4.1: Mixture compositions in THF mol%, and sample-to-sample composition errors for fixed field NMR 

and FFC-NMR methods. Bulk compositions correspond to the gravimetrically determined bulk liquid mixtures 

that were used to imbibe the porous media. For fixed field NMR experiments, the compositions were determined 

by a spectral analysis and through a biexponential 𝑇1 fit. For the FFC-NMR experiments, two compositions 

determined through a biexponential fit are shown, namely the composition at 7 MHz, and the average of the 

compositions across the full frequency range.  

Support Mixture 

Fixed field NMR FFC-NMR 

Bulk 

Intra-pore 

Bulk 
Intra-pore 

1H spectrum 𝑻𝟏 fit 7 MHz Average 

titania THF-water 20.0±0.0 12.4±1.3 11.5±0.6 19.9±0.1 10.8±3.6 11.6±4.5 

titania THF-water 50.1±0.6 30.1±4.5 30.3±2.1 49.8±0.1 31.5±0.8 37.2±1.2 

titania THF-water 69.2±0.1 45.6±6.3 46.6±0.2 - - - 

titania THF-water 82.6±0.1 57.6±2.3 59.5±3.1 - - - 

titania THF-decane 50.5±0.1 47.8±4.6 43.5±4.0 50.4±0.0 49.0±0.6 43.8±1.6 

γ-alumina THF-water 20.0±0.0 12.2±3.2 11.8±1.1 19.9±0.1 9.9±3.2 10.4±3.5 

γ-alumina THF-water 50.1±0.6 27.6±4.9 25.2±6.0 49.8±0.1 25.4±5.4 27.7±6.5 

γ-alumina THF-decane 50.4±0.4 58.0±2.4 51.7±6.6 50.3±0.2 50.9±1.6 49.8±1.9 
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For the THF-water samples the intra-pellet composition is higher in water content than the 

corresponding bulk mixture, indicating strong preferential adsorption of water. This can be 

explained by the polar nature of the surfaces of γ-alumina and anatase titania. For the THF-

decane mixtures, the intra-pellet compositions correspond to the bulk compositions very well. 

This suggests there is no preferential adsorption for either of the liquids. Considering the 

relatively low polarities of both THF and decane, this is as expected. 

Generally, the high field NMR and FFC-NMR intra-pellet mixture compositions correspond 

well. However, the “average” FFC-NMR compositions appear to favour the slower component, 

i.e. the component with the longer relaxation time. The effect is at its most significant for low 

water content THF-water mixtures. In Figure 4.2, the composition is plotted against the Larmor 

frequency for three different THF-water mixtures imbibed within anatase titania and γ-alumina, 

which shows that for low water content mixtures, the water content appears to go down with a 

decreasing Larmor frequency.  

 

Figure 4.2: THF-water compositions in anatase titania (a-c) and γ-alumina (d-ef), extracted from biexponential 

fits from FFC-NMR experiments, plotted against the Larmor frequency. The water composition in mol% is shown 

in blue, THF is shown in red. The THF-water compositions at 7 MHz (shown in appendix A0) are a) 13.3:86.7, 

b) 32.1:67.9, c) 52.6:47.4, d) 12.1:87.9, e) 29.2:70.8, and f) 52.3:47.7. 
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The primary reason for this error is that the relaxation rate of water in these mixtures is on the 

edge of accurate detection, as will be shown in the 1H NMRD profiles in section 4.3. In other 

words, the water signal is decaying too fast for quantitative detection. Additionally, the water 

1H signal is smaller than its content in mol%, because a water molecule contains two hydrogen 

atoms, whereas a THF molecule contains eight. This means the accuracy of the composition is 

further decreased as the water content decreases.  

 

Figure 4.3: THF-decane compositions in anatase titania (a-c) and γ-alumina (d-ef), extracted from biexponential 

fits from FFC-NMR experiments, plotted against the Larmor frequency. The THF composition in mol% is shown 

in red, decane is shown in black. The THF-decane compositions at 7 MHz (shown in appendix A0) are a) 

65.8:34.2, b) 49.4:50.6, c) 27.9:72.1, d) 70.4:29.6, e) 49.7:50.3, and f) 29.2:70.8. 

For the THF-decane mixtures, especially when imbibed within γ-alumina, this effect is reduced 

compared to the THF-water mixtures, see Figure 4.3. The lower relaxation rates of THF and 

decane, compared to water, result in a smaller loss of signal, and therefore in a smaller, more 

consistent error in compositions. 

Hereafter, the intra-pellet mixture compositions shown for FFC-NMR experiments correspond 

to the compositions at 7 MHz, in order to avoid any signal loss due to fast relaxation. For fixed 

field NMR experiments, the mixture compositions that will be shown are those extracted from 

the 1H NMR spectra. 
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4.3 FFC-NMR results 

Figure 4.4 shows the NMRD profiles of the THF and water components in a series of THF-

water mixtures imbibed within anatase titania and γ-alumina. The equivalent profiles for THF-

decane mixtures are shown in Figure 4.5. All NMRD profiles are shown with a logarithmic 𝑅1 

axis. It has been previously shown that for similar systems, the NMRD profiles can be fitted to 

a power law5,21–23. The exponent of a power law corresponds to the slope of the profiles in a 

log-log plot. Therefore it is more suitable to use the logarithmic axis for qualitative 

interpretation, rather than a linear 𝑅1 axis. 

 

Figure 4.4:  1H NMRD profiles for THF (a,c), and water (b,d) components in a series of THF-water mixtures 

imbibed within anatase titania (a,b) and γ-alumina (c,d). Red profiles correspond to THF-rich mixtures, blue 

profiles correspond to water-rich mixtures. 
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An initial visual analysis shows that in the THF-water mixtures, the profiles of the THF 

component decrease as the THF content decreases. The reduction in relaxation rate is more 

prominent toward the lower frequency end than at the higher frequency end. As a result, the 

slope of the THF component also decreases with a decrease in THF content. 

For the water component, the relaxation rates increase across the full frequency range as the 

water content decreases. The lowest water-containing mixture (30% water) shows a clear 

plateau at 𝑅1 ≈ 1000 s-1, corresponding to a relaxation time of approximately 1 ms. 

Considering the field switching time is 3 ms, this means that only 5% of the original signal will 

be detected. Therefore the relaxation rates at the low frequency end in this sample, and samples 

containing less water, are inaccurate. Additionally, the populations of the two components are 

inaccurate, as was shown in section 4.2.4. As a result, the water component in THF-water 

mixtures with <30 mol% water will be disregarded.  

 

Figure 4.5: 1H NMRD profiles for THF (a,c), and decane (b,d) components in a series of THF-decane mixtures 

imbibed within anatase titania (a,b) and γ-alumina (c,d). Red profiles correspond to THF-rich mixtures, black 

profiles correspond to decane-rich mixtures. 
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In the THF-decane mixtures, the NMRD profiles of which are shown in Figure 4.5, the THF 

relaxation rates increase with a decrease in THF composition, and the decane relaxation rates 

decrease as the decane content decreases. For both THF and decane, this is the case across the 

full frequency range. The relaxation rates fall within the limits of detection, therefore the 

profiles are all considered accurate. 

The 1H NMRD profiles of liquid mixtures inside a porous medium depend on two factors that 

affect the relaxation rate, namely the surface mixture composition and the surface dynamics of 

each component. 

4.3.1 Surface composition 

The surface mixture composition can be determined through a rearrangement of the two-phase 

fast exchange (TPFE) model24 shown in section 2.3.6.1: 

 𝑅1𝑖,obs = 𝑅1𝑖,bulk + 𝑝𝑖,surf(𝑅1𝑖,surf − 𝑅1𝑖,bulk), (4.1) 

where 𝑅1𝑖,obs, 𝑅1𝑖,bulk and 𝑅1𝑖,surf are the observed, bulk and surface-affected longitudinal 

relaxation rates respectively, and 𝑝𝑖,surf = 𝑉𝑖,surf/(𝑉𝑖,surf + 𝑉𝑖,bulk) is the relative surface volume 

fraction of species 𝑖 = 1,2. 𝑉𝑖,surf, the surface or adsorbed volume, contains all molecules 

affected by the surface, which may include more than simply the monolayer of molecules 

directly next to the surface. 𝑉𝑖,bulk corresponds to the bulk-in-the-pore volume. It is assumed 

there is no interspecies relaxation.  

From this equation, it is clear that 𝑅1𝑖,obs will vary with the mixture composition. Upon the 

reduction of a stronger interacting species in a mixture, the value for 𝑝𝑖,surf of the stronger 

interacting component will increase, as the value for 𝑉𝑖,bulk for the stronger interacting 

component decreases. The result is an increase in the relaxation rate of the stronger interacting 

species. For the weaker interacting species, the opposite is true. As the content of the weaker 

interacting species is decreased, 𝑉𝑖,surf  decreases, and therefore the relaxation rate decreases. 

Following the two-phase fast exchange model, it can therefore be concluded that in the THF-

water mixtures, water is the stronger interacting species, and THF is the weaker interacting 

species. For THF-decane mixtures, THF is the stronger interacting species, and decane is the 

weaker interacting species. 
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4.3.1.1 Filling factor analysis 

In order to further highlight the difference between stronger and weaker interacting species in 

a mixture, a filling factor analysis is conducted. The pore filling factor can be expressed as 𝑓𝑖 =

𝑉𝑖,surf+𝑉𝑖,bulk

𝑉
, so that equation (4.1) can be rewritten to: 

 𝑅1𝑖,obs ≈ 𝑅1𝑖,bulk +
𝑉𝑖,surf

𝑉𝑓𝑖
𝑅1𝑖,surf. 

(4.2) 

For the stronger interacting species in a mixture, it is expected that the surface dynamics do not 

change significantly, i.e.in the TPFE model, 𝑅1𝑖,surf is constant at a given Larmor frequency. In 

this case, following equation (4.2), the increase in the observed relaxation rate is proportional 

to the inverse filling factor, 𝑓𝑖
−1

. Figure 4.6 and Figure 4.7 show the relaxation rates of the 

water and THF components in THF-water mixtures, and the THF and decane components in 

THF-decane mixtures respectively, plotted against the inverse filling factor for a range of 

relaxation frequencies.  

 

Figure 4.6: Relaxation rates at 10.8 (circle - ○), 1.89 (square - □), 0.33 (triangle - △), 0.06 (star - ☆) and 0.01 

(diamond - ◊) MHz plotted against the inverse filling factor for THF (a,c), and water (b,d) components in THF-

water mixtures imbibed within anatase titania (a,b) and γ-alumina (c,d). Dashed lines are included to guide the 

eye. 
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Figure 4.7: Relaxation rates at 10.8 (circle - ○), 1.89 (square - □), 0.33 (triangle - △), 0.06 (star - ☆) and 0.01 

(diamond - ◊) MHz plotted against the inverse filling factor for THF (a,c), and decaene (b,d) components in THF-

decane mixtures imbibed within anatase titania (a,b) and γ-alumina (c,d). Dashed lines are included to guide the 

eye. 

From these plots, it is immediately clear which components correspond to the stronger 

interacting species. In the THF-water mixtures, the relaxation rate of the water component 

increases linearly with the inverse filling factor. For the THF-decane, this is true for the THF 

component. For the weaker interacting species, it is assumed that 𝑉𝑖,surf → 0 as 𝑓𝑖
−1

 increases. 

Therefore the observed relaxation rate will be approximately equal to the bulk relaxation rate:  

𝑅1𝑖,obs ≈ 𝑅1𝑖,bulk. In Figure 4.6a-c and Figure 4.7b-d, the relaxation rates of the weaker 

interacting species (THF in THF-water and decane in THF-decane) indeed decrease to a 

relaxation rate 𝑅1  ≈ 1 for 𝑓𝑖
−1 > 1.5, which is in the order of magnitude expected for 𝑅1𝑖,bulk. 

To conclude, a visual analysis of the NMRD profiles and a more thorough filling factor analysis 

both indicate that water is the stronger interacting species in THF-water mixtures, and THF is 

the stronger interacting species in THF-decane mixtures. This corresponds to the expectations 

based on the polarity of the solvents and the supports, as outlined in the introduction. 
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4.3.2 Surface dynamics 

Aside from the surface composition, FFC-NMR experiments contain information about the 

surface dynamics by probing across a large frequency range, thereby providing information 

about, for example, the adsorption correlation time25–27. In order to examine the surface 

dynamics without interference from surface composition or 𝑅1𝑖,bulk effect, the NMRD profiles 

are renormalized to the relaxation rates at 10 kHz, see Figure 4.8 and Figure 4.9. 

 

Figure 4.8: 1H NMRD profiles of THF (a,c), and water (b,d) components in THF-water mixtures imbibed within 

anatase titania (a,b) and γ-alumina (c,d), renormalized to the relaxation rate at 𝜔0 = 10 kHz.  

In Figure 4.8b-d, the profiles for all mixture compositions overlap, indicating that the surface-

water interaction does not change. In Figure 4.8a-c, the slope of the THF profiles in THF-water 

mixtures decrease very significantly, indicating that the surface-THF interaction is reduced by 

the addition of water to the system. Again, it is clear that water outcompetes THF for interaction 

with the surface, as is expected due to the polarity of the solvents with respect to that of the 

support. 
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For the THF-decane mixtures, Figure 4.9 shows that the slope of both components is 

independent on the mixture composition, and therefore neither of the surface-adsorbate 

interactions change. This corresponds to the previous analysis, where THF was concluded to 

be the stronger interacting species, and the slope of the pure decane profile is already very 

small, i.e. the surface-decane interaction is minimal to begin with. 

 

Figure 4.9: 1H NMRD profiles of THF (a,c), and decane (b,d) components in THF-decane mixtures imbibed within 

anatase titania (a,b) and γ-alumina (c,d), renormalized to the relaxation rate at 𝜔0 = 10 kHz. 

 

4.3.2.1 Power law analysis 

A semi-quantitative analysis of the surface dynamics can be obtained by fitting the profiles to 

a phenomenological power law of the form 𝑅1 = 𝐵𝜔0
−𝜒. In a log-log plot, the slope of the 

profile corresponds to the power law exponent, therefore a higher 𝜒 value corresponds to a 

stronger surface-adsorbate interaction. Figure 4.10 shows the power law fits of the pure water, 

THF and decane profiles. 



82 

 

The power law fit is an oversimplified model to the profiles with no physical significance. This 

is especially clear for the NMRD profile of water imbibed within anatase titania, for which the 

quality of the power law fit is very poor, as the curves in the profile are not captured in the 

power law fit. The THF profiles and the profile for water imbibed within γ-alumina also show 

slight curvature, however the fits are considered reasonable for a semi-quantitative analysis. 

 

 

Figure 4.10: Power law fits (dashed line) to the 1H NMRD profiles (circles) of single-component water (blue), 

THF (red) and decane (black) imbibed within a) anatase titania, and b) γ-alumina. 

The decane profiles fit to a power law very well, aside from the two high frequency points, 

where high field relaxation mechanisms start to dominate the profile. It should be noted 

however, that the slope of these profiles is very low. As a result, a large range of models would 

appear to fit the decane profiles. 

A more detailed description of the profiles and their features requires an analysis by a physical 

model, such as the Korb model or Levitz-type RMTD models mentioned in section 3.2.3. An 

approach to identify and apply an appropriate theoretical model will be presented in the 

following chapter. In the current chapter however, the analysis of the profiles remains relatively 

qualitative, and therefore a phenomenological power law will be sufficient. 

The power law exponents, 𝜒, were obtained for each of the components in the THF-water and 

THF-decane mixtures, and then plotted against the mixture compositions, see Figure 4.11. The 

𝜒 values of water in the THF-water mixtures, and THF and decane in the THF-decane mixtures 

appear constant with mixture composition. This corresponds to the overlapping renormalized 

profiles in Figure 4.8 and Figure 4.9. For water in THF-water and THF in THF-decane, the 

slope and therefore the power law exponent does not change because these are the stronger 
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interacting species in their respective mixtures. For pure decane, the power law exponents are 

very low (~0.05), which effectively means that there is no interaction with the surface. 

 

Figure 4.11: Power law exponents 𝜒 plotted against the mixture composition in THF mol% for THF-water 

mixtures (a,c), and THF-decane mixtures (b,d), imbibed within anatase titania (a,b) and γ-alumina (c,d). Water 

data is shown in blue, THF in red, and decane in black.  

The surface coverage of water at each of the mixture compositions was calculated based on the 

surface area and pore volume as shown in section 4.2.1. Due to previous conclusions that water 

is the stronger interacting species in THF-water mixtures, it is assumed that all the water inside 

the pore will interact with the surface, until the surface is fully covered with water. The 

molecular diameter of water was estimated to be 𝛿 = 0.3 nm, following the value used in the 

literature21,28. 

For THF in THF-water mixtures imbibed within anatase titania, the power law exponent 

decreases from 0.55 for the pure liquid to 0.17 at ~60 mol% THF. For γ-alumina, the power 

law extracted from the THF profiles decrease from 0.26 for the pure liquid to 0.06 at ~60 mol% 

THF. For both supports, below this composition, the power law exponent stays constant. For 

anatase titania, a full monolayer coverage of water corresponds to a composition of 61.4:38.6 
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mol% THF-water. For γ-alumina, the corresponding composition is 66.5:33.5 mol% THF-

water. These values agree very well with the turning points of the THF power law exponents 

in Figure 4.11a-c, suggesting that indeed all water molecules in the pore attach to the surface, 

until the surface is fully covered with water. At this stage, a microphase separation between a 

water-rich surface layer and a THF-rich bulk-like phase is proposed. A schematic overview of 

the THF-water microphase separation is shown in Figure 4.12. 

 

Figure 4.12: A schematic overview of THF-water competitive adsorption in anatase titania and γ-alumina, for 

compositions where a) there is more water than surface access, b) there is precisely one monolayer coverage of 

water, and c) there is not enough water to cover the surface. Blue circles represent water, red circles represent 

THF. 

While the decrease in THF power law exponent with an increase in water content is monotonic, 

it is difficult to make conclusions about the surface dynamics of THF in the THF-water 

mixtures due to the simplified nature of the power law. A more detailed discussion on the 

surface dynamics of weaker interacting species in aqueous solutions imbibed within anatase 

titania, and the microphase separation of these mixtures, is shown in chapter 6. 

4.4 Fixed field NMR relaxometry results 

In order to validate the use of FFC-NMR as a tool to study surface-adsorption interactions in 

general, as well as competitive adsorption, conventional fixed field NMR was used as a 

comparative technique. At fixed fields, relaxometry can be used to describe interaction 

strengths. For example, the 𝑇1/𝑇2 ratio has been shown to correlate with the surface-adsorbate 

interaction strength29. Moreover, it has been applied to binary liquid mixtures on a titania 

support30–32. Another fixed field relaxometry tool is to obtain the ratio of 𝑇1 values in the bulk 

and in the pore, i.e. 𝜂 = 𝑇1,bulk 𝑇1,pore⁄ 19. For a close comparison with FFC-NMR, which is 

fully based on 𝑇1 measurements, the latter fixed field relaxometry method was used in this 

validation study. 
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4.4.1 Bulk liquids - 𝑇1,bulk 

Firstly, 𝑇1,bulk values were determined for the THF, water and decane components in a series 

of THF-water and THF-decane bulk liquid mixtures, so that a clear correlation between 𝑇1,bulk 

and the composition could be established. All 𝑇1,bulk values were determined through a 

monoexponential fit to the integrals of the THF and water peaks, or THF and decane peaks 

respectively. Subsequently, the 𝑇1,bulk values were plotted against the composition, see Figure 

4.13.  

 

Figure 4.13: 𝑇1,bulk values of a) THF-water and b) THF-decane mixtures, plotted against the mixture composition 

in THF 1H%. Water is shown in blue, THF in red, and decane in black. Dashed lines correspond to second order 

polynomial fits for the THF-water mixtures, and linear fits for the THF-decane mixtures. These fits were only 

used to interpolate the 𝑇1,bulk values of other mixture compositions. 

For both components in the THF-water mixtures, the 𝑇1,bulk trends with composition correspond 

to those shown in the literature33. A second order polynomial was fitted to the data, so that the 

𝑇1,bulk values of any composition could be interpolated. For THF-decane, linear fits described 

the 𝑇1,bulk trends with composition very well and were used to interpolate the 𝑇1,bulk values of 

other mixture compositions. 

4.4.2 Imbibed liquids - 𝑇1,pore 

Subsequently, THF-water and THF-decane mixtures were imbibed on anatase titania and γ-

alumina. The adsorbed liquid mixture composition was determined through the integrals of 

THF, water and decane peaks in 1H NMR spectra, see section 4.2.4. For each of the 

experiments, at least one of the THF peaks could be separated. For the composition analysis, it 

was assumed that the integrals of the two THF peaks were equal. 
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𝑇1,pore values were determined using inversion recovery experiments. For the pure liquid 

experiments, a monoexponential fit was used to obtain 𝑇1,pore values. For the mixtures however, 

the two mixture components could not be fully resolved. Figure 4.14 shows a 20:80 mol% 

THF-water mixture in its bulk state, as well as imbibed within anatase titania and γ-alumina.  

 

Figure 4.14: 1H NMR spectra for a 20:80 mol% THF-water mixture in its bulk state, imbibed within anatase 

titania, and imbibed within γ-alumina. 

It is especially clear for the γ-alumina spectrum that the downfield THF peak and the water 

peak overlap significantly. Attempting to fit each of the peaks to a monoexponential fit would 

result in inaccurate 𝑇1,pore values. Therefore, a biexponential fit was applied to the full 

spectrum. The initial guess for the populations in the biexponential fit corresponded to the 

compositions as determined from the 1H NMR spectra. The extracted 𝑇1,pore values were then 

plotted against the mixture composition, see Figure 4.15. 
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Figure 4.15: 𝑇1,pore values of THF-water mixtures (a,c), and THF-decane mixtures (b,d), imbibed within anatase 

titania (a,b) and γ-alumina (c,d), plotted against the mixture composition in THF mol%. Water is shown in blue, 

THF in red, and decane in black.  

The 𝑇1,pore values by themselves do not contain much relevant information, as they depend on 

much more than the surface-adsorbate interaction. The same factors that influence the bulk 

relaxation rate, will influence the relaxation rate inside the pore. For example, these factors 

include molecular properties, such as the molecular diameter and weight. Therefore it is 

impossible to directly compare the trends of the different solvents. 
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4.4.3 Bulk/imbibed ratio - 𝜂 

In order to specifically target surface-adsorbate interactions, the ratio of the bulk and imbibed 

relaxation rates was determined, 𝜂 = 𝑇1,bulk 𝑇1,pore⁄ . 𝑇1,bulk values were determined using the 

compositions from the 1H NMR spectra and the fits shown in Figure 4.13. The 𝑇1,pore values 

that were used were shown in Figure 4.15. The resulting 𝜂 values are again plotted against the 

composition and shown in Figure 4.16. 

 

Figure 4.16: 𝜂 values for THF-water mixtures (a,c), and THF-decane mixtures (b,d), imbibed within anatase 

titania (a,b) and γ-alumina (c,d), plotted against the mixture composition in THF mol%. Water is shown in blue, 

THF in red, and decane in black.  

The 𝜂 values for pure water (3.83 for anatase titania and 4.47 for γ-alumina) are only slightly 

higher than that for pure THF (3.05 for anatase titania and 4.31 for γ-alumina). From this, it is 

not clear that there is a large difference in interaction strength. The difference between the 𝜂 

values of THF and decane (1.30 for anatase titania and 1.27 for γ-alumina) is much larger, 

indicating that the decane interaction with the surface is negligible. This corresponds to the 

FFC-NMR results. 
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First, the expected weaker interacting species is analysed. For THF-water mixtures, this is THF, 

and for THF-decane mixtures, this is decane. For THF in THF-water, the 𝜂 values decrease 

when water is introduced. For all compositions, the 𝜂 values are close to 1. Following the TPFE 

model, 𝜂 = 1 occurs when the relative surface volume fraction is equal to zero. This indicates 

there is no interaction between THF and the surface of the porous media anymore. It should be 

noted that no experiments were performed in the range between 60-100 mol% THF, which was 

shown to correspond to a sub-monolayer water coverage of the surface in section 4.3.2.1. 

Therefore, based on the limited data set shown in Figure 4.16, the conclusions correspond to 

the qualitative of FFC-NMR, namely that water is the stronger interacting species, and THF is 

the weaker interacting species in a THF-water mixture imbibed within anatase titania or γ-

alumina, and that the introduction of water reduces the interaction of THF with the surface. 

However, it is impossible to separate the TPFE or surface composition effects from the surface 

dynamics using high field 𝑇1. As shown previously, this is possible with FFC-NMR. 

For decane in THF-decane mixtures, the 𝜂 values are effectively independent of the mixture 

composition and close to a value of 1, indicating negligible interaction with the surface for all 

mixture compositions. This again is in agreement with the FFC-NMR results. 

The stronger interacting species show interesting behaviour. For water in the THF-water 

mixtures, 𝜂 increases as the water content decreases. THF in THF-decane behaves equivalently. 

This effect could be misinterpreted as an increase in surface-adsorbate interaction strength, 

however it can again be explained using the TPFE model. As the concentration of the stronger 

interacting species decreases, there is relatively speaking less of this species in the bulk-like 

phase inside the pore. Therefore the 𝑇1,pore value decreases, as can also be seen in Figure 4.15, 

which in its turn increases the value for 𝜂. Due to this surface composition effect, it is difficult 

to make any conclusions about the surface dynamics or pure surface-adsorbate interaction 

strengths. In FFC-NMR, the surface composition effect is not present, therefore it is much 

easier to investigate interaction strengths. 
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4.5 Conclusions and outlook 

A case study of FFC-NMR as a tool for studying the surface-adsorbate interactions in binary 

liquid mixtures imbibed within porous media was presented. THF-water and THF-decane 

mixtures were imbibed within anatase titania and γ-alumina. Due to the large range of polarities 

between water, THF and decane, and therefore the large range of interaction strengths, the 

results shown in this chapter can be generalized to other binary liquid mixtures imbibed within 

anatase titania and γ-alumina as well. 

For all mixtures, it was possible to separate two relaxation environments. Through an analysis 

based on inverse Laplace transforms, peaks could be assigned to THF, water or decane. The 

mixtures compositions extracted by the biexponential fits of the FFC-NMR experiments 

corresponded very well with the compositions extracted through a high field 1H NMR 

spectrum. Inaccuracies in the FFC-NMR mixture compositions due to fast relaxing components 

should be taken into account, and therefore the mixture compositions extracted at 7 MHz were 

used in the remainder of this study. 

A qualitative analysis of the 1H NMRD profiles obtained through FFC-NMR, based on the 

TPFE model, lead to the conclusion that in THF-water mixtures, water is the stronger 

interacting species, and THF is the weaker interacting species. For THF-decane mixtures, THF 

is the stronger interacting species, decane is the weaker interacting species. A subsequent filling 

factor analysis showed the same conclusion in a more quantitative manner. 

The surface dynamics were first investigated qualitatively by observing the slope of the 

renormalized 1H NMRD profiles. The slopes of the stronger interacting species, e.g. water in 

THF-water and THF in THF-decane, were shown to be independent on the mixture 

composition, indicating no change in surface dynamics. For the weaker interacting species, 

decane in THF-decane also did not show a change in slope with the mixture composition, this 

was explained by the inherently weak interaction between pure decane and the titania surface. 

Interestingly, the THF slope for THF-water mixtures appeared to decrease as water was added 

into the system, indicating a decrease in the surface-THF interaction.  

These conclusions were supported by a power law analysis, where the slope was quantified in 

the form of a power law exponent. For THF in THF-water mixtures, the power law exponent 

decreased from 0.55 and 0.26 for the pure liquid imbibed within anatase titania and γ-alumina 

respectively, to 0.17 and 0.06 at ~60 mol%, which corresponded to precisely one monolayer 
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water coverage of the surface. It is proposed that for THF-rich mixtures, all water molecules 

attach to the surface, forming a microphase separation of THF and water inside the pore.  

Furthermore, a comparison was made with fixed field NMR relaxometry in the form of 𝜂 =

𝑇1,bulk 𝑇1,pore⁄  values. For the weaker interacting species, the 𝜂 value decreased as the 

concentration of the weaker interacting component decreased. This corresponded to the FFC-

NMR results. For the stronger interacting species, the 𝜂 value increased as the concentration of 

the stronger interacting component decreased. While this trend could be misinterpreted as a 

sign of increasing surface-adsorbate interaction strength, it was explained through the TPFE 

model. For the fixed field NMR relaxometry results, it was impossible to separate surface 

composition (TPFE) effects and surface dynamics. 

This case study of THF-water and THF-decane mixtures imbibed within anatase titania and γ-

alumina has shown how to reliably acquire, process and interpret the data in a qualitative and 

semi-quantitative manner. Further investigations of the surface dynamics require the use of 

physical models, which will be introduced in chapter 5. The knowledge acquired in chapter 5 

and the current chapter will then be combined to investigate the microphase separation of 

alcohol-water mixtures imbibed within anatase titania in chapter 6.  
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5. Quantitative dynamics of alcohols imbibed within 

anatase titania 
 

5.1 Introduction 

In chapter 4, a power law analysis of 1H NMRD profiles of THF-water mixtures imbibed within 

anatase titania showed a clear correlation between the surface-THF interaction and the fraction 

of the titania surface accessible to THF. In this chapter, a systematic study of the dynamics of 

short linear alcohols imbibed within anatase titania is performed.  

As will be shown, the corresponding 1H NMRD profiles cannot be analysed with a simple 

power law, as was the case for THF imbibed within anatase titania. Therefore, a theoretical 

model is required to gain quantitative insight into the surface-adsorbate interactions of these 

systems. Extracting correlation times related to adsorption dynamics has been a focus of FFC-

NMR scientists for many years, resulting in a number of different theoretical models1,2. Each 

of these models is appropriate for a specific type of interaction and relaxation mechanism. 

Therefore it is essential to identify the correct model for a particular system, before drawing 

conclusions on the quantitative dynamics. 

The aim of this chapter is to first identify the appropriate theoretical model for describing the 

dynamics of alcohols imbibed within anatase titania through an in-depth analysis of the 1H 

NMRD profiles and temperature dependent relaxation experiments, and to subsequently apply 

this model to the data in a reliable manner, leading to an accurate extraction of 𝜏𝐴, the 

adsorption correlation time.  

The identification and optimization of the modelling methodology will be used as a foundation 

for chapter 6, which covers a study of microphase separation in alcohol-water mixtures imbibed 

within anatase titania, a poorly understood phenomenon where otherwise fully miscible liquids 

separate out when imbibed within small pores3–8. 
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5.2 Materials and methods 

5.2.1 Sample preparation 

Anatase titania in the form of 1/8″ pellets and short, linear alcohols (methanol, ethanol, 1-

propanol, 1-butanol, 1-pentanol, subsequently named methanol, ethanol, propanol, butanol and 

pentanol respectively) were obtained from Alfa Aesar. All alcohols were ≥ 98% pure and used 

as received. A BET and BJH analysis of the anatase titania pellets showed a surface area of 

161 m2 g-1 and an average pore diameter of 9.5 nm. The pore volume was determined to be 

0.39 cm3 g-1 by gravimetric measurements. Titania pellets were dried overnight at 120 °C, after 

which the pellets were imbibed in the alcohols overnight. Extra-pellet liquid was removed by 

drying the sample with filter paper directly before the NMR experiments, leaving only the 

desired liquid imbibed within the pellets. 

5.2.2 FFC-NMR methods 

Room temperature FFC-NMR experiments were performed as outlined in section 4.2.2. For 

the room temperature methanol, propanol and butanol experiments, the 1H relaxation frequency 

range was 0.01 ≤ 𝜔0 ≤ 40 MHz. However, for all other experiments, including the room 

temperature ethanol and pentanol experiments as well as the variable temperature experiments 

described below, the maximum relaxation field was set to 10 MHz. There were three reasons 

for this change in parameter. The first and most important reason is that the FFC-NMR 

relaxometer had several power outages due to metal–oxide–semiconductor field-effect 

transistor (MOSFET) failures. The maximum field strength was decreased in order to minimize 

the chance of more MOSFET failures. Additionally, paramagnetic dioxygen, which is 

dissolved in the liquids in this study, dominates the relaxation behaviour for Larmor 

frequencies 𝜔0 > 10 MHz. As this effect is not relevant to the current study, it was not 

considered valuable to measure the relaxation rates for these Larmor frequencies. Finally, 

experiments for 𝜔0 > 10 MHz are acquired using the non-polarized (NP) FFC-NMR 

sequence, while the experiments for 𝜔0 ≤ 10 MHz are acquired using the pre-polarized (PP) 

FFC-NMR sequence. In principle, the measured relaxation rate at a chosen Larmor frequency 

should be the same for the NP and PP experiments, however discrepancies between the two 

sequences have been shown for low signal-to-noise ratio samples. 
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5.2.2.1 Variable temperature experiments 

Variable temperature FFC-NMR experiments were performed on methanol and methanol-d 

imbibed within anatase titania at 328, 318, 308, 298 and 288 K in order of descending 

temperature to avoid an inconsistent effect of the evaporation of the probe molecule at higher 

temperatures on the relaxation rates9. The temperatures were checked by placing a thermometer 

in the sample holder and were found to be within 1 K of the goal temperature for 𝑇 ≥ 298 K. 

For 𝑇 = 288 K, the error was found to be 2 K. NMRD profiles were recorded as outlined above. 

16-point 𝑇1 curves were recorded at 10 frequency points between 10 kHz and 10 MHz. The 

polarization time and recycle delay was 4 s. 

5.2.3 Computational methods 

𝑅1 = 1/𝑇1 values were extracted via a monoexponential fit in Matlab to the 𝑇1 curves obtained 

by FFC-NMR and plotted against the 1H Larmor frequency to obtain NMRD profiles. An in-

house script for an inverse Laplace transform using Tikhonov regularisation was used for all 

𝑇1 curves to confirm there was only one relaxation environment10. The NMRD profiles were 

then fitted to the Levitz RMTD model and a high field constant relaxation rate11–15. The 

distances between 1H atoms were obtained for all alcohols using Jmol16. 

5.2.4 Pulsed Field Gradient NMR experiments 

Pulsed Field Gradient (PFG) NMR experiments were performed on a 9.4T Bruker Avance 

NMR spectrometer. Typical pulse lengths were 14.6 µs for a π/2 pulse, and 29.2 µs for a π 

pulse. An inversion recovery experiment with 16 time delays was done to determine the 𝑇1 

value, after which the recycle delay was set at 5𝑇1. The temperature of the sample was 

calibrated using ethylene glycol and was determined to be 298 K ± 1 K. Diffusion experiments 

were recorded using a pulsed field gradient stimulated echo (PGSTE) sequence with bipolar 

gradients. δ was set at 1 ms, Δ was set at 100 ms. 8 scans were recorded at 16 gradients, the 

range of which was adjusted to each sample, to allow for a full signal decay. Each FID was 

Fourier Transformed to obtain a 1H NMR spectrum. The integrated signal intensities at each 

gradient strength were fitted to the Stejskal-Tanner equation to obtain the diffusion coefficients 

for alcohols and THF imbibed within anatase titania17.  
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5.3 Results 

5.3.1 1H NMR dispersion profiles of alcohols imbibed within anatase titania 

The 1H NMRD profiles for a range of short, linear alcohols imbibed within anatase titania are 

shown in Figure 5.1. 

 

Figure 5.1: 1H NMRD profiles for linear alcohols imbibed within anatase titania 

The profiles all look very similar in their shape. Due to the polarity of the anatase titania 

surface, it is expected the strongly interacting component of the alcohol is the hydroxyl group, 

which stays constant between the different alcohols. Assuming this is correct, the dominant 

part of the surface-alcohol interaction is expected to be unchanged across the alcohol range, 

resulting in similar 1H NMRD profiles. However, as the alkyl chain increases, the overall 

polarity of the solvent is decreased, as is shown in Table 5.1.  

Table 5.1: The polarity of the alcohols used in the study, relative to the polarity of water 

Alcohol Polarity18 

Methanol 0.762 

Ethanol 0.654 

Propanol 0.617 

Butanol 0.586 

Pentanol 0.568 

 

The effect of the alkyl chain on the polarity of the molecule explains why the steepest slope in 

the 1H NMRD profiles appears to shift to higher frequencies with increasing chain length. The 

slope, which is a result from the surface-adsorbate interaction, shifting to higher frequencies 

suggests that these interactions occur at shorter timescales, which indicates weaker surface-

alcohol interactions. This observation corresponds with a study of a range of solvents on γ-
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alumina, another highly polar support, where interaction parameters extracted from FFC-NMR 

were shown to correlate with the polarity of the solvent19. 

A semi-quantitative analysis of the dynamics was done by fitting a power law to the 1H NMRD 

profiles. Figure 5.2 shows that the data fluctuates around the power law fitted to the full data, 

which indicates a simple power law does not describe the data well. Additionally, the power 

law exponent 𝜒 varies substantially depending on the frequency range included in the fit. This 

means that any comparison between the different alcohols will be within the error of the fit, 

and therefore insignificant. In order to obtain more information about the dynamics of alcohols 

imbibed within anatase titania, the data must be analysed with a more elaborate model. An 

overview of the theoretical models that are considered will be given in the next section. 

 

Figure 5.2: The 1H NMRD profile for methanol imbibed within anatase titania, and corresponding power law fits 

for varying frequency ranges. 

 

5.3.2 1H NMR dispersion profiles of methanol-d and methanol-d3 

The 1H NMRD profiles of partially deuterated methanol analogs, see Figure 5.3, show that the 

methanol (CH3OH) profile corresponds to the weighted logarithmic average of the methyl 

(CH3OD) and hydroxyl (CD3OH) profiles. This means that alcohol profiles are greatly 

dominated by the alkyl profiles, especially for longer chain alcohols. For methanol, 75% of the 

NMR signal must come from alkyl protons, for pentanol, this is 91.7%. This information will 

be crucial in establishing an appropriate model to obtain a quantitative analysis of the surface-

adsorbate interactions. 
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Figure 5.3: NMRD profiles of CH3OH, CH3OD, and CD3OH imbibed within anatase titania, and the logarithmic 

weighted average of the CH3OD and CD3OH profiles, which is shown to overlap with the CH3OH profile well. 

 

5.4 Theoretical models for FFC-NMR 

In this section, a brief overview of a number of theoretical modelling methods used in FFC-

NMR of liquids in porous media will be given. For every model, its suitability to model 

alcohols imbibed within anatase titania will be discussed, in order to identify the best applicable 

model. 

The NMR relaxation mechanisms, which are the basis for theoretical models, can be divided 

into two main groups, inter- and intramolecular relaxation. Assuming the rotational and 

translational diffusion are independent, the observed relaxation rate is the superposition 

between these relaxation mechanisms1: 

 𝑅1,obs = 𝑅1,inter + 𝑅1,intra (5.1) 

For intermolecular relaxation, the core of the relaxation mechanism is the interaction of 

adsorbate spins with spins outside of the same adsorbate molecule. For example, in the case of 

a Korb-like system, which will be discussed in the next section, the mechanism is based on the 

interaction of adsorbate spins with paramagnetic species at the pore surface.  Another example 

is the interaction of spins that are in the same species, but not within the same molecule, which 

is one of the relaxation mechanisms taken into account by the 3τ model, which will be discussed 

later.  

For intramolecular relaxation mechanisms, which is the basis for the reorientations mediated 

by translational diffusion (RMTD) model and the protic model, the relaxation occurs due to 
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dipolar coupling of spins within the same molecule. For every porous media system, the 

dominant relaxation mechanism must be identified, in order to clarify which of the theoretical 

models is suitable to use. 

𝑇1 can be expressed as a function of the spectral density. For “like” and “unlike” spins, these 

expressions are as follows9: 

 
1

𝑇1
= 𝐴[𝐽(𝜔𝐼) + 4𝐽(2𝜔𝐼)], (5.2) 

 
1

𝑇1
= 𝐴[7𝐽(𝜔𝑆) + 3𝐽(2𝜔𝐼)], (5.3) 

where 𝜔𝐼 and 𝜔𝑆 are the proton and electron Larmor frequencies respectively. 

The spectral density can be described following an analysis of the molecular dynamics of each 

of the relaxation mechanisms, ultimately providing an expression for the relaxation rate, 𝑅1 =

1/𝑇1. 

Through the two-phase fast exchange model, discussed before in section 2.3.6.1, the observed 

relaxation rate will be20: 

 𝑅1,obs = 𝑅1,B + 𝑝(𝑅1,S − 𝑅1,B), (5.4) 

where 𝑝 is the population fraction of adsorbed molecules in the pore, 𝑅1,𝐵 is the relaxation rate 

of the bulk liquid and 𝑅1,𝑆 is the surface relaxation rate. Figure 5.4 shows that the bulk 

relaxation rate of methanol is constant within the Larmor frequency used in this study, 

0.01 MHz ≤ 𝜔0 ≤ 10 MHz, corresponding to literature on other bulk liquids21.  

 

Figure 5.4: 1H NMRD profile of bulk methanol. The dotted line represents the mean of the relaxation rates. 
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It is assumed the bulk relaxation rate for the other alcohols will also be constant in this 

frequency range. Therefore, for the remainder of this chapter, the bulk relaxation rate will be 

generalised to a high field relaxation rate, 𝑅1,𝐻𝐹. 

5.4.1 Intermolecular relaxation mechanisms 

As mentioned before, intermolecular relaxation mechanisms depend on the interaction of spins 

in one molecule with spins in another molecule or in the support. Two theoretical models based 

on intermolecular relaxation are widely used for the analysis of liquids in porous media, the 

Korb model and the 3τ model. 

5.4.1.1 Korb model 

The Korb model for aprotic liquids is based on intermolecular relaxation between the proton 

spins of the liquid and electron spins of paramagnetic impurities in the support2. This process 

is very efficient, which means only small amounts of paramagnetic impurities are required in 

order for this relaxation mechanism to be dominant. Solvent molecules hop across the surface 

according to the surface diffusion correlation time, 𝜏𝑚, and after a number of hops, jump off 

the surface into the into the bulk-pore space. A ratio of the surface residence correlation time, 

𝜏𝑠, and 𝜏𝑚 reflects the number of hops a molecule undertakes before leaving the surface. This 

has been used as a metric for surface affinity22. 

The spectral density for this model has been explicitly calculated, and results in the following 

expression for the observed relaxation rate2: 

 

1

𝑇1,obs
=

1

𝑇1,B
+ (

𝜇0

4𝜋
)

2 𝑁𝑠

𝑁

𝜋𝜎𝑠(𝛾𝐼𝛾𝑆ℏ)2𝑆(𝑆 + 1)

15𝑑2𝛿′2
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2
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]) 

(5.5) 

The bilogarithmic frequency dependence is a clear difference from the other models that will 

be discussed later. As was discussed in section 5.3.1, the NMRD profiles of alcohols imbibed 

within anatase titania show a power law frequency dependence. Therefore, it is unlikely that 

the Korb model will apply to this system. However, because there is no ESR data for the titania 

support, it is not possible to fully disregard the Korb model. The Korb model will be fitted to 

the data in section 5.6 in order to make a full comparison of possible modelling methods and 



105 

 

to establish which of the theoretical models is most appropriate to apply to the NMRD profiles 

of alcohols imbibed within titania. 

5.4.1.2 3𝜏 model 

The 3τ model is another theoretical model based on intermolecular relaxation23. The basis is 

similar to that of the Korb model. The first of the three 𝜏s in this model is 𝜏𝑙, the surface layer 

diffusion correlation time, corresponding to Korb’s hopping time 𝜏𝑚. The second corresponds 

to Korb’s surface residency time, 𝜏𝑠, but is redefined as 𝜏𝑑, the desorption time. The main 

difference with Korb’s model is an additional correlation time: 𝜏𝑏, the bulk fluid diffusion 

correlation time constant. 

As the basis of the relaxation mechanisms used for this model is the same as for the Korb 

model, it is concluded that it will not apply to the NMRD profiles of alcohols within anatase 

titania. 

5.4.2 Intramolecular relaxation mechanisms 

The reorientations mediated by translational diffusion (RMTD) model and the protic model are 

based on intramolecular relaxation of proton spins within the liquid molecules and therefore 

follow equation (5.2). 

5.4.2.1 Reorientations mediated by translational diffusion 

The approach of RMTD is very different to that of the Korb model. The Korb model follows 

transient surface dynamics, where molecules diffuse along the surface and the main source of 

relaxation is the interaction with paramagnetic impurities. The RMTD model does not take 

paramagnetic impurities into account, but is based on intermittent steps between the adsorbed 

phase, where the adsorbate stays for a time 𝜏𝐴, and bulk excursions, where the adsorbate resides 

for a time 𝜏𝐵. After 𝜏𝐵, the adsorbate will return to the surface. This process can repeat itself 

many times before correlation is lost. While this is a general process, called bulk mediated 

surface diffusion24,25, the RMTD model applies specifically when there is strong and directional 

binding of adsorbates to the surface, which reduces the loss of correlation while the adsorbate 

is on the surface1,26. For alcohols on anatase titania, it can be imagined that the hydroxyl will 

preferentially bind to the polar surface, thereby imposing a preferential orientation of the 

adsorbate, which follows the RMTD approach. 
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For the pure RMTD model as described by Kimmich, from here on called the Kimmich model, 

the relaxation rate is expressed as follows27: 

 𝑅1 = 𝑏𝛤(1 − 𝜒)𝑐−(1−𝜒)𝜔−𝜒, (5.6) 

where 𝑏 is a constant, 𝛤(𝑥) is the gamma function, and 𝜒 characterizes the roughness of the 

surface. This means that NMRD profiles of different liquids on the same surface, as long as 

they follow the RMTD processes, will show a power law frequency dependence with the same 

power law exponent. While systems have been shown to support this hypothesis, where the 

power law exponent is determined by the surface roughness28, rather than the surface-adsorbate 

interaction, studies have also found different power laws for different liquids on the same 

surface29. For the anatase titania used in this study, the power law exponents for THF (section 

4.3.2.1) and alcohols (section 5.3.1) are very different, therefore the Kimmich model does not 

seem suitable to study this system. 

Another approach to RMTD by Levitz, from here on called the Levitz model, is based on the 

same intermittent dynamics between adsorption steps near the surface and bulk excursions, 

however now the probability distributions of adsorption and bulk relocations are considered11. 

The model assumes there will only be magnetic noise to induce relaxation during the adsorption 

steps. The general spectral density for this model is: 

 𝐽(𝜔) =
2

𝜏𝐴𝜔2
Re [

(1 − �̃�𝐴(𝜔)) (1 − �̃�𝑅(𝜔))

1 − �̃�𝐴(𝜔)�̃�𝑅(𝜔)
] (5.7) 

�̃�𝐴(𝜔) and �̃�𝑅(𝜔) are the Fourier transforms of the adsorption and bulk relocation probability 

densities, respectively. This spectral density has not been evaluated for all geometries, however 

power law type expressions have been found for planar, cylindrical, and  rough surfaces11–13. 

The full expressions and further details of the Levitz model will be shown in section 5.5.1, 

however importantly, these expressions introduce an adsorption correlation time, 𝜏𝐴, which is 

sensitive to the surface-adsorbate interaction and shifts the power law exponent from −1/2  in 

the weak adsorption limit to −3/2 in the strong adsorption limit.  

The basis of RMTD can be applied to alcohols within anatase titania, and the NMRD profiles 

of the Levitz model follow a power law frequency dependence, which corresponds with the 

data shown in section 5.3.1.  
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5.4.2.2 Protic model 

When studying alcohols, the protic nature of the hydroxyl group should not be forgotten. This 

means that the hydroxyl 1H atoms are exchangeable, and can therefore create hydrogen bonds, 

for example with surface hydroxyls. As a result, the NMR relaxation of 1H spins is not 

controlled by the dynamics of the liquid, but by the dynamics of the surface hydroxyls. If there 

are paramagnetic impurities in the support, the surface hydroxyls can have strong, efficient, 

and long-lasting interactions with these paramagnetic species, thereby dominating the NMRD 

profile30,31.  

The magnetization transfer due to 1H exchange or cross relaxation, can be seen as analogous 

to the exchange-mediated orientational randomization model of protein relaxation, where the 

NMRD profile follows a power law dependence with a frequency independent plateau for 

𝜔𝜏𝑠 ≪ 1. Additionally, the proximity of the surface hydroxyls to paramagnetic species in the 

support can give rise to a paramagnetically enhanced relaxation peak in the NMRD profile2.  

While this model could be applicable to the data, it should be noted that in principle, only the 

hydroxyl groups of the alcohols are exchangeable. As was shown in section 5.3.2, the alcohol 

profile corresponds to the weighted average of the alkyl and hydroxyl profiles. For methanol, 

75% of the NMR signal must come from non-exchangeable protons, for pentanol, this is 91.7%.  

This means the alcohol profiles are highly dominated by the alkyl group. However, if the alkyl 

and hydroxyl groups cross relax, the alkyl group may take on the relaxation mechanism of the 

protic hydroxyl group, in which the full alcohol will follow the protic model.  

5.4.3 Temperature dependent relaxation 

For bulk liquids, the temperature dependence of nuclear relaxation is well known, following 

BPP theory32. An increase in temperature leads to an increase in molecular tumbling, which 

leads to a decrease in the rotational correlation time. Depending on the correlation time relative 

to the Larmor frequency, the relaxation rate can increase (𝜔0𝜏𝑐 > 1), decrease (𝜔0𝜏𝑐 < 1), or 

stay constant (𝜔0𝜏𝑐 = 1). For small molecules in bulk, the correlation times are in the order of 

picoseconds, therefore all FFC-NMR experiments will fall in the range where 𝜔0𝜏𝑐 < 1, which 

means that the relaxation rate will decrease with an increase in temperature.  

For liquids in porous media, the temperature dependence is more complex33. Depending on the 

relaxation mechanism, the temperature dependence has been shown to change. Examples 



108 

 

include a bulk-like temperature dependence for acetone within porous silica, however an 

inverse temperature dependence was shown for water within the same support30,34. This means 

that the temperature dependence of the relaxation rate can be used to identify the appropriate 

relaxation mechanism, which will then clarify which model can be used to study the dynamics 

of a porous media system. 

Intermolecular relaxation systems, such as those following the Korb and 3τ model, where 

molecules diffuse along the surface in a transient manner, have been shown to follow a bulk-

like temperature dependence across the full FFC-NMR frequency range34.   

For the RMTD model, the temperature dependence of the relaxation rate is only determined by 

the diffusion process during the bulk excursions. At the high field end of the NMRD profiles, 

fast molecular processes will show a strong temperature dependence of the relaxation rate, 

similar to bulk liquids. However, at the low field end, the NMRD profile is dominated by the 

adsorption steps, rather than the bulk diffusion, therefore the relaxation rate is independent on 

the temperature at lower Larmor frequencies1. 

Similar to the Korb and RMTD model, there is a bulk-like temperature dependence at the high 

field end of the NMRD profile for systems following the protic model, however at the low field 

end, the relaxation rate increases with an increase in temperature. The activation energy of this 

temperature dependence has been shown to agree with the formation energy of a hydrogen 

bond2,30. 

A quantitative analysis of the temperature dependence can be performed by fitting the 

relaxation rates to an Arrhenius equation2: 

 ln(𝑅1) = ln(𝐴) −
𝐸𝐴

𝑅𝑇
, (5.8) 

where ln(𝐴) is a prefactor, 𝐸𝐴 is the activation energy, 𝑅 is the gas constant and 𝑇 is the 

temperature. The activation energies obtained at high frequencies have previously been shown 

to correspond to the translational diffusional activation energy of the bulk liquid in the case of 

water and acetone2,30,34. At low frequencies, the activation energy corresponds to an effective 

activation energy, composed of the diffusion activation energy and the surface interaction 

energy. For the inverted temperature dependence seen for the protic model, the effective 

activation energy at the low frequency end will be negative2,30. 
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5.4.3.1 Variable temperature experiments results 

Variable temperature FFC-NMR experiments were performed on methanol imbibed within 

anatase titania in a range of 288-328K. The 1H NMRD profiles and the corresponding 

Arrhenius plots are shown in Figure 5.5. At the high frequency end, an increase in temperature 

resulted in a decrease in relaxation rate. This feature is common for all relaxation models, as 

the high frequency end of the NMRD profile is dominated by fast, bulk-like relaxation. The 

apparent activation energy for the three highest frequency points was determined to be 𝐸𝐴 = 

1.8 ± 0.2 kJ mol-1. Toward the lower frequency end, the temperature dependence of the 

relaxation rate inverts. An increase in temperature results in an increase in relaxation rate. This 

feature is distinctive for a protic relaxation mechanism, where methanol hydroxyl groups 

exchange or cross relax with surface hydroxyl groups. The apparent activation energy for the 

three lowest frequency points was determined to be 𝐸𝐴 = −5.7 ± 0.5 kJ mol-1. 

 

Figure 5.5: a) 1H NMRD profiles for methanol imbibed within anatase titania at a temperature range  

288-328K. The data points were connected by a line to highlight the trend of the relaxation rate with the 

temperature. b) Arrhenius plots for methanol imbibed within anatase titania and the corresponding fits to equation 

(5.8). 

Considering the methyl and hydroxyl relaxation rates overlap, it is impossible to determine 

whether a) the protic model applies to the full molecule, in which case the methyl and hydroxyl 

groups must cross relax, as the methyl group in itself does not contain protic properties, or b) 

the protic model applies only to the hydroxyl group. Assuming in the latter case the methyl 

group follows the RMTD model, there is no temperature dependence at the low frequency end 

for this part of the molecule. The strong temperature dependence of the hydroxyl group will 

dominate the profiles. Therefore either of these circumstances will result in a temperature 

dependence corresponding to the protic model. 
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5.4.3.1.1 Methanol-d imbibed within anatase titania 

In order to investigate the relaxation behaviour of the alkyl group without interference from 

the hydroxyl group, variable temperature experiments were performed on methanol-d imbibed 

within anatase titania. It was expected that the temperature dependence of the alkyl group 

would follow one of the two following trends. The first possibility is to see equivalent trends 

to those of methanol (from now on called methanol-h, for clarity), showed in the previous 

section. This would indicate the alkyl and hydroxyl groups of methanol are cross relaxing, in 

which case the entire molecule follows the protic model. The second possibility is that the alkyl 

group relaxes independently from the hydroxyl group, in which case it is expected that the alkyl 

group will follow the RMTD relaxation mechanism. For RMTD, the temperature dependence 

will go from a bulk-like trend at the high field end, to a temperature independent relaxation 

rate at the low field end of the 1H NMRD profile. 

 

Figure 5.6: a) 1H NMRD profiles for methanol-d imbibed within anatase titania at a temperature range  

288-328K. The data points were connected by a line to highlight the trend of the relaxation rate with the 

temperature. b) Arrhenius plots for methanol-d imbibed within anatase titania and the corresponding fits to 

equation (5.8). 

The 1H NMRD profiles of methanol-d at a range of temperatures 288-328K and the 

corresponding Arrhenius plots are shown in Figure 5.6. Again, at the high frequency end, the 

bulk-like temperature dependence is visible, as is expected. The activation energy for the three 

highest frequency points, 𝐸𝐴 = 7.3 ± 1.6 kJ mol-1, is much higher than for methanol-h, where 

𝐸𝐴 = 1.8 kJ mol-1. Going to the lower frequency end, the activation energy for methanol-d (-

1.8 ± 0.3 kJ mol-1) is again much higher than for methanol-h (-5.7 kJ mol-1). Moreover, the 

inversion point for the temperature dependence of methanol-d seems to occur at approximately 

0.08 MHz, whereas the inversion point occurred at approximately 1.0 MHz for methanol-h.  



111 

 

Furthermore, the temperature dependence for methanol-d appears to be different between the 

temperatures 298-328K, where the high frequency end looks the same (𝐸𝐴 = 7.6 kJ mol-1), but 

the relaxation rate appears to be independent on the temperature at the low frequency end (𝐸𝐴 = 

0.05 kJ mol-1). This is indicative of a RMTD-type relaxation mechanism. The decrease of the 

relaxation rates at the low frequency end at 288K can be explained by considering that proton 

exchange could occur between the methanol-OD group and the surface hydroxyls, resulting in 

a small amount of methanol-d being converted into methanol-h. As was shown for methanol-

h, the effect of the hydroxyl group on the temperature dependence of the relaxation rates is 

substantial. Therefore even a small amount of methanol-h in the methanol-d sample could show 

the inverted temperature dependence at low frequencies. 

Based on the significant differences between the variable temperature experiments on 

methanol-h and methanol-d, it is concluded that there is no significant cross relaxation between 

the methyl and hydroxyl group within methanol. The hydroxyl group appears to follow a protic 

relaxation mechanism, whereas the methyl group appears to follow the RMTD model.   

The contribution of the protic relaxation mechanism to the modeling of the alcohol 1H NMRD 

profiles will be considered constant in the remainder of this thesis, considering the protic model 

has been shown to be independent on the surface-adsorbate interaction, and considering the 

hydroxyl group is constant for the short, linear alcohols used in this study. Moreover, the 

contribution of the hydroxyl group to the 1H NMRD profile is small (25%) for methanol, and 

increasingly smaller for longer alcohols. Therefore any differences between the profiles of the 

different alcohols are more likely to be caused by changes in the alkyl profile. 

5.4.4 High field relaxation 

At the high field end, NMRD profiles are dominated by fast relaxation processes, mainly 

originating from the bulk liquid. As this can include many translational and rotational 

processes, it is challenging or even impossible to distinguish the different components 

contributing to the NMRD profile. It has been shown that bulk liquids containing dissolved 

oxygen, a paramagnetic relaxation source, follow a Lorentzian spectral density35: 

 
𝐽(𝜔) ∝

𝜏𝐿

1 + (
𝜔𝑆

𝜏𝐿
)

2, 
(5.9) 
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where 𝜏𝐿 is the effective correlation time based on the paramagnetic spin relaxation and the 

translational diffusion of the liquid, and 𝜔𝑆 is the electron Larmor frequency. For accuracy, 

therefore, the high field relaxation rate, 𝑅1,𝐻𝐹 should be modelled to a Lorentzian function. 

However, this introduces two additional parameters, 𝐴Lor, a pre-factor, and 𝜏𝐿. This means that 

the complexity of the model is increased and that the effect of one fit parameter on another is 

increased.  

Below a Larmor frequency of 10 MHz, the relaxation rate of bulk liquids is shown to be 

constant36. This also applies to methanol, as was shown in Figure 5.4. Considering the 

complexity of the RMTD model, as will be shown in the next section, the choice was made to 

fit the high field relaxation rate to a constant instead. Using a constant 𝑅1,𝐻𝐹 produced fits that 

correspond to the data well, however it should not be forgotten that this term may not be strictly 

accurate. 

5.4.5 Summary 

In section 5.4, an overview of several theoretical FFC-NMR models was presented, and for 

each of the models its applicability to the NMRD profiles of alcohols imbibed within anatase 

titania, shown in Figure 5.1, was discussed. The five models that were discussed were the Korb 

model, the 3τ model, two variations of the RMTD model, and the protic model.  

For the Korb model, the physical basis of the models is the interactions of hydrogen spins in 

the (liquid) probe molecule with paramagnetic impurities on the surface of the support. The 

corresponding NMRD profiles show a bilogarithmic frequency dependence, contrary to the 

apparent power law of the alcohol data in Figure 5.1. Additionally, the relaxation rates of a 

system following the Korb or 3τ model are expected to decrease upon an increase of the 

temperature, across the full frequency range of the NMRD profiles. This does not correspond 

to the temperature dependence of the methanol and methanol-d NMRD profiles in Figure 5.5 

and Figure 5.6 respectively, and therefore it is unlikely that the relaxation mechanism of 

alcohols imbibed within anatase titania matches the Korb or 3τ model. However, it should be 

noted that no ESR data is available and therefore it is unclear whether there are paramagnetic 

impurities in the support. Therefore the alcohol NMRD profiles will be fitted to the Korb model 

in section 5.6 and compared to the RMTD model fits from section 5.5. 
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Two approaches to the RMTD mechanism were discussed. The first was the approach by 

Kimmich, which results in NMRD profiles with a power law frequency dependence. This 

corresponds to the data in Figure 5.1, however the Kimmich model states that the power law 

exponent depends only on the surface properties, and not on the surface-adsorbate interactions. 

In Figure 5.1, the NMRD profiles for the different alcohols do appear to shift, even though the 

support was the same, suggesting that the surface-adsorbate interactions affect the NMRD 

profiles. This is taken into account in the intermittent dynamics approach by Levitz, for which 

the NMRD profiles follow a power law frequency dependence, and the power law exponent is 

determined by the surface-adsorbate interactions as well as the surface properties. The 

relaxation rates for systems following the RMTD relaxation mechanism are expected to 

decrease upon an increase in temperature at the high frequency end, where fast processes are 

probed. However, at the low frequency end, it is expected that the relaxation rate is independent 

of the temperature. 

Finally, the protic model is based on the interaction and possible exchange of protic groups, in 

this case the alcohol hydroxyl, with surface hydroxyls that are close to paramagnetic impurities 

in the support. The corresponding NMRD profiles follow a power law frequency dependence 

with a frequency independent plateau for 𝜔𝜏𝑠 ≪ 1, and can give rise to a paramagnetic 

enhancement peak. While these features do correspond with the data in Figure 5.1, only the 

alcohol hydroxyl group is protic, whereas the alkyl group is not. As for the other relaxation 

mechanisms, it is expected that the relaxation rates decrease upon an increase in temperature 

at the high frequency end, however for the protic relaxation mechanism, this temperature 

dependence inverts toward the low frequency end, resulting in an increase of the relaxation rate 

with increasing temperature. This corresponds to the variable temperature results for methanol, 

shown in Figure 5.5, however the inversion was much less clear for methanol-d, shown in 

Figure 5.6. Therefore it was concluded that there is no significant cross relaxation between the 

alcohol hydroxyl and alkyl groups, and that the alkyl group likely follows the RMTD 

mechanism. The protic behaviour of the hydroxyl group is assumed to be constant for the 

alcohols in this study, and therefore it is expected that any differences between the alcohols are 

due to the varying alkyl groups and their interactions with the surface. 
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5.5 RMTD modelling 

Even though the most suitable model for alcohols imbibed within anatase titania has now been 

identified, it is not a straightforward task to model the RMTD processes correctly. This section 

will give an overview of the RMTD background, theory and expressions previously reported 

in literature. Subsequently the modelling details are described, and the results are presented 

and discussed. 

5.5.1 Theory and background 

As mentioned previously, the Levitz approach to the RMTD model is based on intermittent 

dynamics between adsorption steps near the surface and bulk excursions, see Figure 5.7a. In 

the case of alcohols on a polar titania support, it is expected that the alcohol hydroxyl will bind 

to the surface strongly, thereby imposing a preferential orientation of the adsorbate. As a result, 

during the adsorption steps, the loss of correlation is reduced1,26. Contrary to the Kimmich 

approach of the RMTD model, the probability distributions of adsorption (A) and bulk 

relocations (R) are considered11. The probability density functions (p.d.f.), 𝛹𝐴(𝑡) and 𝛹𝑅(𝑡) 

respectively, describe the time distributions of the adsorption and relocation events. 𝛹𝐴(𝑡) is 

the p.d.f. describing the time distribution from when a molecule first enters the adsorption layer 

until its first desorption. The adsorption correlation time, 𝜏𝐴, is the average time spent in the 

adsorption region between a first entry and the consecutive first exit, shown in Figure 5.7b. In 

terms of the physical meaning of the correlation times, 𝜏𝐴 in the RMTD model has previously 

been related to the surface diffusion time 𝜏𝑙 in the 3τ model, which corresponds to the surface 

hopping time 𝜏𝑚 in the Korb model23.  

 

Figure 5.7: a) Intermittent dynamics of a methanol molecule inside a pore, between adsorption steps near the 

surface, and bridges in the bulk-in-the-pore. b) Schematic of a methanol molecule undergoing intermittent 

dynamics between the adsorption layer (A) and the confined bulk (B), where the adsorption correlation time, 𝜏𝐴, 

represents the average time a molecule spends in the adsorption layer before desorption, and the bulk correlation 

time, 𝜏𝐵, represents the average time a molecule spends in the confined bulk before its first possible re-entry into 

the adsorption layer. 
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𝛹𝐵(𝑡) is the p.d.f. describing the time distribution for the molecule between desorption and its 

first possible re-entry into the adsorption layer, with a corresponding correlation time 𝜏𝐵. The 

p.d.f. of relocation (𝛹𝑅(𝑡)) and the p.d.f. of the bulk environment (𝛹𝐵(𝑡)) are related via:  

 �̃�𝑅(𝜔) =
𝑝�̃�𝐵(𝜔)

1 − (1 − 𝑝)�̃�𝐵(𝜔)
, (5.10) 

where �̃�𝑅(𝜔) and �̃�𝐵(𝜔) are the Fourier transforms of  𝛹𝑅(𝑡) and 𝛹𝐵(𝑡) respectively. The 

correlation times can be described to find 𝜏𝑅 = 𝜏𝐵/𝑝, where 𝑝 is the probability of 

readsorption. 𝜏𝑅 then describes the average time from a first desorption to a first adsorption. 

Assuming all molecules will visit the adsorption and bulk phases at a point of time, 

𝜏𝐴(1 − 𝑓𝑎𝑑𝑠) = 𝜏𝑅𝑓𝑎𝑑𝑠, and therefore 𝜏𝐴 =
𝜏𝐵

𝑝
[

𝑓𝑎𝑑𝑠

1−𝑓𝑎𝑑𝑠
], where 𝑓𝑎𝑑𝑠 is the fraction of molecules 

within the adsorption layer. 

The intermittent dynamics can then be described using an indicator function, where 𝐼(𝑡) = 1 

during the adsorption steps, and 𝐼(𝑡) = 0 when the molecules are in the confined bulk, see 

Figure 5.8.  

 

Figure 5.8: An indicator function describing the intermittent dynamics of liquids in a pore. In the adsorption state 

(𝛹𝐴(𝑡)), 𝐼(𝑡) = 1, and during the bulk relocations (𝛹𝑅(𝑡)), 𝐼(𝑡) = 0. 

The corresponding correlation function is then: 

 𝐶(𝜏) = 〈𝐼(𝜏). 𝐼(0)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ 〉/𝜂𝑎, (5.11) 

with 𝜂𝑎 = 𝜏𝐴/(𝜏𝐴 + 𝜏𝑅). The brackets stand for an ensemble average over all trajectories, and 

the bar corresponds to all initial times ‘0’. Following equation (5.11) and the boundary 
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conditions for 𝜏𝐴 and 𝜏𝑅, 𝐶(0) = 1 and 𝐶(∞) = 𝜂𝑎. Subsequently, the correlation function can 

be Fourier Transformed into the (normalized) spectral density function: 

 𝐽(𝜔) =
2

𝜏𝐴𝜔2
Real [

(1 − �̃�𝐴(𝜔)) (1 − �̃�𝐵(𝜔))

1 − �̃�𝐴(𝜔)�̃�𝐵(𝜔)
] (5.12) 

This spectral density function has only been evaluated for a few pore geometries, such as flat, 

rough or external cylindrical interfaces11-13, in which the relocation statistics show an algebraic 

tail at long times of �̃�𝐵(𝑡). For nanoporous networks however, this algebraic tail is suppressed 

by an exponential cut-off. As a result, it is more complicated to obtain a closed form expression 

of the spectral density function. 

The spectral density function in the case of a planar surface has been previously applied to 

spherical silica38. In this case, the adsorption and bulk p.d.f.s can be approximated: 

 𝛹𝐴(𝑡) =
1

𝜏𝐴
exp(−𝑡/𝜏𝐴) , (5.13) 

 𝛹𝐵(𝑡) =
𝛿

√4𝜋𝐷𝑡3
exp(−𝛿2/4𝐷𝑡), (5.14) 

where 𝛿 is the surface layer thickness, and 𝐷 the diffusion coefficient of the liquid in the bulk-

in-the-pore. By inserting the Fourier Transforms of equations (5.13) and (5.14) into equation 

(5.12), the spectral density function could be reduced to14: 

 𝐽(𝜔) = 𝜔𝐴
−1 [√

𝜔

𝜔𝐴
+

𝜔

𝜔𝐴
+

1

2
(

𝜔

𝜔𝐴
)

3
2

]

−1

 (5.15) 

In this expression for the spectral density, 𝜔𝐴 is a characteristic frequency for the system, which 

can be converted to 𝜏𝐴, the adsorption correlation time, via: 

 𝜔𝐴 =
𝛿2

2𝐷𝜏𝐴
2
 (5.16) 

𝜏𝐴, the adsorption correlation time, is arguably the most important parameter that can be 

extracted from this model, as it represents the average time a molecule spends at the surface 

before desorption, and therefore it reflects the surface-adsorbate interaction strength. The 

exponent of the power law relaxation behaviour for weakly adsorbed species (small 𝜏𝐴 values) 
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will be 1/2, whereas strongly adsorbed species (large 𝜏𝐴 values) will exhibit a power law 

exponent of 3/2. Therefore, although the relaxation behaviour between these limits is not 

strictly a power law, an increase in the surface-adsorbate interaction strength would lead to an 

increase in the apparent power law exponent. Experimentally determined values for 𝜏𝐴 for 

liquids in mesoporous media are scarce, however values in the nano- to picosecond range have 

been reported for water in plaster pastes39. 

5.5.2 Fitting expressions and parameters 

At the basis of the Levitz model for RMTD processes is an intramolecular relaxation 

mechanism. This means that the observed relaxation rate can be described as follows2,15: 

 𝑅1,𝑜𝑏𝑠(𝜔) = 𝑅1,𝐻𝐹 + 𝐴RMTD[𝐽(𝜔) + 4𝐽(2𝜔)], (5.17) 

with the spectral density function 𝐽(𝜔) as described in equation (5.15). In equation (5.17), 

𝑅1,𝐻𝐹 is the high field relaxation rate, which will be modelled as a constant, as is explained in 

section 5.4.4. Finally, the pre-factor 𝐴RMTD has been explicitly determined for water in 

gypsum39: 

 𝐴RMTD =
휀𝜌𝐺𝑦𝑝𝑆

𝜑
𝜔𝑑

2, (5.18) 

where 휀 is the adsorption layer, 𝜌𝐺𝑦𝑝 is the gypsum density, 𝑆 is the specific surface area, 𝜑 is 

the porosity and 𝜔𝑑
2 = (

𝜇0

4𝜋
𝛾𝐻

2ℏ)
2

∑
1

𝑟6 is the proton-water dipole-dipole interaction. The 

surface weighting term 휀𝜌𝐺𝑦𝑝𝑆 𝜑⁄  corresponds to the surface-to-pore ratio of probed spins 
𝑁𝑆

𝑁
. 

For liquids imbibed within mesoporous media, following the two-phase fast exchange model, 

this term can be described as 
𝑁𝑆

𝑁
=

𝜆𝑆

𝑉
, where 𝜆 is the surface layer thickness, generally 

estimated to be the molecular diameter, 𝑆 is the surface area and 𝑉 is the pore volume37. As a 

result, the full model equation is: 

 

𝑅1,𝑜𝑏𝑠(𝜔) = 𝑅1,𝐻𝐹 +
𝜆𝑆

𝑉
(

𝜇0

4𝜋
𝛾𝐻

2ℏ)
2

∑
1

𝑟6
𝜔𝐴

−1 

× [[√
𝜔

𝜔𝐴
+

𝜔

𝜔𝐴
+

1

2
(

𝜔

𝜔𝐴
)

3
2

]

−1

+ 4 [√
2𝜔

𝜔𝐴
+

2𝜔

𝜔𝐴
+

1

2
(

2𝜔

𝜔𝐴
)

3
2

]

−1

]. 

(5.19) 
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In this equation, 𝜇0 is the vacuum permeability constant, 𝛾𝐻 is the proton gyromagnetic ratio, 

and ℏ is the reduced Planck’s constant. These are well-known constants that were fixed in the 

fitting procedure. The surface area, 𝑆, and the pore volume, 𝑉, were determined through 

BET/BJH measurements, see section 5.2.1, and were therefore also fixed. The molecular 

diameter, 𝜆, was estimated by using the density and molecular weight of each of the alcohols 

to condense the molecules into spheres. The values of 𝜆 used in this study are shown in Table 

5.2.  

Table 5.2: Molecular diameters of the alcohols used in this study, calculated based on the density of the bulk 

liquid. 

Alcohol 𝝀 / Å 

Methanol 4.07 

Ethanol 4.59 

Propanol 4.99 

Butanol 5.34 

Pentanol 5.64 

 

Values for the intramolecular distances, 𝑟, were estimated via Jmol distance measurements16. 

Figure 5.9 shows all intramolecular distances for hydrogen atoms in methanol, and Table 5.3 

provides the corresponding values for 𝑟.  

 

Figure 5.9: Intramolecular distances r between the four 

hydrogen atoms in methanol, as measured in Jmol. 

 
1H pair r / nm 

H1-H2 0.239 

H1-H3 0.239 

H1-H4 0.290 

H2-H3 0.178 

H2-H4 0.178 

H3-H4 0.178 

Table 5.3: Intramolecular distances between the 

hydrogen pairs in methanol, specified in Figure 5.9. 
 

Finally, 𝑅1,𝐻𝐹 and 𝜔𝐴 were fitted. Importantly, 𝜔𝐴 is a characteristic frequency at which the 

dominant component of the spectral density changes between √
𝜔

𝜔𝐴
 for 𝜔 < 𝜔𝐴 and 

𝜔

𝜔𝐴
+
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1

2
(

𝜔

𝜔𝐴
)

3

2
 for 𝜔 > 𝜔𝐴. This means that for an accurate fit, the value of 𝜔𝐴 must be within or close 

to the NMRD profile frequency range, i.e. ideally in the range of 10−2 − 103 MHz. If 𝜔𝐴 does 

not lie within the FFC frequency range, the power law exponent will converge to the limits of 

1/2 for 𝜔 ≪ 𝜔𝐴 and 3/2 for 𝜔 ≫ 𝜔𝐴. If this is the case, the extracted value of 𝜔𝐴 will not be 

accurate. 

Following the fitting procedure, 𝜔𝐴 could be converted into 𝜏𝐴 via equation (5.16), provided 

the distance to the surface, 𝛿, and the diffusion coefficient, 𝐷 are known. 

5.5.2.1 Distance to the surface 𝛿 

In equation (5.16), 𝛿 reflects the maximum distance to the surface at which the influence of the 

surface will be felt by the probe molecule. In other words, it represents a surface-sensitive layer 

thickness, not to be confused with surface layer thickness 𝜆 that is used to determine 
𝑁𝑆

𝑁
=

𝜆𝑆

𝑉
, 

see section 5.5.1.  

As mentioned before, previously the molecular diameter has been used as an estimate for 𝛿, so 

that 𝛿 =  𝜆38,39. For water, the molecular diameter is estimated at 𝛿 = 0.3 nm. The molecular 

diameter can be calculated by using the density and molecular weight to condense the 

molecules into spheres, or the hydrodynamic radius can be extracted through the self-diffusion 

coefficient40. For small molecules, both methods result in an identical molecular diameter. For 

longer chain alcohols, the hydrodynamic radius stays constant with carbon number, although 

the density-based molecular diameter continues to increase. 

Assuming 𝛿 reflects the surface layer thickness, 𝛿 does not necessarily correspond to the 

molecular diameter. For longer chain alcohols, the molecules will deviate from a spherical 

geometry with increasing chain length. Therefore the true value for 𝛿 will be somewhere 

between the density-based molecular diameter as calculated above, and the length of the 

alcohol molecule. In order to obtain a consistent analysis, the density-based molecular diameter 

shown in Table 5.2 will be used for 𝛿 and 𝜆 in the remainder of this chapter. As expected, the 

molecular diameter increases with increasing carbon number. 

Additionally, it must be noted that when comparing the surface-adsorbate interactions of 

different liquids on the same surface, the surface-sensitive layer thickness may depend on the 

surface, rather than the adsorbed liquid. For similar liquids with the same surface-adsorbate 
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interaction mechanism, such as linear alcohols, it is not necessarily expected that the molecular 

size affects the interaction. Therefore 𝜏𝐴 values will also be determined using a constant value. 

In order to compare the 𝜏𝐴 values with the literature, the molecular diameter of water,  

𝛿 = 0.3 nm, will be used. 

5.5.2.2 Diffusion coefficient  𝐷 

The diffusion coefficient describes the speed at which the molecules diffuse when they are not 

adsorbed on to the surface, see equation (5.14). Previously, the diffusion coefficient of the bulk 

liquid has been used to determine 𝜏𝐴, under the assumption that the diffusion coefficient 

converges to the bulk diffusion coefficient from 1 nm from the surface14. The anatase titania 

pores have an average pore diameter of 𝑑𝑝 = 9.5 nm. As was described in the previous section, 

the surface layer thickness is estimated to correspond to the molecular diameter of each 

respective alcohol. As was shown in Table 5.2, for methanol, the molecular diameter is 

approximately 0.41 nm, and for pentanol, the longest alcohol used in this study, the molecular 

diameter is 0.56 nm. This means that the “bulk” molecules are diffusing close to the surface. 

Combining these two considerations, using the bulk diffusion coefficient for this system is not 

valid. Therefore the diffusion coefficient of the liquid imbibed within the pore has been 

determined using PFG NMR. The diffusion coefficients are shown in Table 5.4. 

Table 5.4: Diffusion coefficients of alcohols imbibed within anatase titania, determined by PFG NMR 

experiments. The error in diffusion coefficient corresponds to the standard deviation determined from experiments 

on three different sets of anatase titania pellets imbibed with the appropriate alcohol. 

Alcohol 𝑫 / 𝟏𝟎−𝟏𝟎 m2s-1 

Methanol 13.4 ± 0.74 

Ethanol 5.73 ± 0.09 

Propanol 3.15 ± 0.17 

Butanol 2.22 ± 0.10 

Pentanol 1.70 ± 0.05 

 

The diffusion coefficients decrease according to a power law 𝐷 ∝ 𝑁−𝛽, where 𝑁 is the carbon 

number, corresponding to similar diffusion trends in alkanes41. The slope of this power law 

was empirically determined at 𝛽 = 1.30. 
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5.5.3 Modelling results 

Equation (5.19) was fitted to the alcohol NMRD profiles shown in Figure 5.1. The fits of 

methanol and butanol are shown in Figure 5.10 and the corresponding fit parameters are shown 

in Table 5.5. The least squares fitting is based on the log (𝑅1) values. 

 

Figure 5.10: 1H NMRD profiles for methanol, propanol and pentanol imbibed within anatase titania, and the 

corresponding RMTD fits as described in equation (5.19). Ethanol and butanol were excluded for clarity.  

Table 5.5: Fit parameters 𝑅1,𝐻𝐹 and 𝜔𝐴, and their respective standard errors, as well as the  

𝑅2 values for the RMTD fits (equation (5.19)) to the alcohol NMRD profiles shown in Figure 5.1. The fits for 

methanol, propanol and pentanol are shown in Figure 5.10. 

Alcohol 𝑹𝟏,𝑯𝑭 / 𝒔−𝟏 𝝎𝑨 / MHz 𝑹𝟐 

Methanol 1.93 ∙ 10−11 ± 0.92 9.86 ∙ 105 ± 1.13 ∙ 106 0.9423 

Ethanol 9.05 ∙ 10−8 ± 2.21 1.73 ∙ 106 ± 2.86 ∙ 106 0.9602 

Propanol 1.04 ∙ 10−8 ± 1.40 3.28 ∙ 106 ± 8.85 ∙ 106 0.9652 

Butanol 8.27 ∙ 10−7 ± 1.36 4.97 ∙ 106 ± 1.32 ∙ 107 0.9760 

Pentanol 1.93 ∙ 10−7 ± 3.14 4.97 ∙ 106 ± 1.08 ∙ 107 0.9790 

 

In Figure 5.10, the RMTD fits appear to be a single power law, corresponding to a straight line 

in the log-log plot. The curvature in the NMRD profiles is not considered in the fit. As said 

before, 𝜔𝐴 should fall roughly within the range of the NMRD profile, i.e. 10−2 − 103 MHz, to 

obtain a sensible fit. The values for 𝜔𝐴 in Table 5.5 are all in the order of 106 MHz. This 

suggests that the fit is overestimating 𝜔𝐴. Moreover, as can be seen from the very high standard 

errors and the low 𝑅2 correlation coefficients in Table 5.5, the model does not fit well for any 

of the alcohols.  
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Based on the results in Figure 5.10 and Table 5.5 it is concluded that equation (5.19) is not 

complete, i.e. another fit parameter, from here on called 𝐴, is missing. Therefore the alcohol 

NMRD profiles were fitted to an adjusted RMTD model equation: 

 

𝑅1,𝑜𝑏𝑠(𝜔) = 𝑅1,𝐻𝐹 + 𝐴
𝜆𝑆

𝑉
(

𝜇0

4𝜋
𝛾𝐻

2ℏ)
2

∑
1

𝑟6
𝜔𝐴

−1 
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𝜔
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𝜔
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+

1

2
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)

3
2

]

−1

+ 4 [√
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(5.20) 

The adjusted RMTD fits to the NMRD profiles of alcohols imbibed within anatase titania are 

shown in Figure 5.11. The fit parameters are shown in Table 5.6. Again, the least squares fitting 

is based on the log (𝑅1) values. 

 

Figure 5.11: 1H NMRD profiles for methanol, propanol and pentanol imbibed within anatase titania, and the 

corresponding adjusted RMTD fits as described in equation (5.20). Ethanol and butanol were excluded for clarity. 

Table 5.6: Fit parameters 𝑅1,𝐻𝐹, 𝐴 and 𝜔𝐴, and their respective standard errors, as well as the  

𝑅2 values for the adjusted RMTD fits (equation (5.20)) to the alcohol NMRD profiles shown in Figure 5.1. The 

fits for methanol, propanol and pentanol are shown in Figure 5.11. 

Alcohol 𝑹𝟏,𝑯𝑭 / 𝒔−𝟏 𝑨 𝝎𝑨 / MHz 𝑹𝟐 

Methanol 2.07 ± 2.34 ∙ 10−2 5.25 ∙ 10−3 ± 5.23 ∙ 10−5 8.04 ± 0.247 0.9977 

Ethanol 2.08 ± 3.36 ∙ 10−2 5.66 ∙ 10−3 ± 4.87 ∙ 10−5 27.1 ± 0.548 0.9996 

Propanol 1.51 ± 2.25 ∙ 10−2 5.50 ∙ 10−3 ± 6.16 ∙ 10−5 50.1 ± 1.43 0.9988 

Butanol 1.60 ± 5.11 ∙ 10−2 5.58 ∙ 10−3 ± 9.86 ∙ 10−5 90.1 ± 2.84 0.9975 

Pentanol 1.81 ± 2.55 ∙ 10−1 5.54 ∙ 10−3 ± 33.0 ∙ 10−5 110 ± 14.1 0.9972 

 



123 

 

As expected, the standard errors of the fit parameters shown in Table 5.6 are lower and the 𝑅2 

values are much higher compared to the results shown in Table 5.5. A visual analysis of the 

fits shown in Figure 5.11 also shows the improved quality of the fits. Moreover, the order of 

magnitude of the 𝜔𝐴 values, 1 − 102 MHz, falls within the range of the NMRD profiles, 

10−2 − 103 MHz. This means that the extracted 𝜔𝐴 values are based on the data. 

The values for the added fit parameter 𝐴 appear to be constant across the alcohol range. With 

an average value of 𝐴 = 5.50 ∙ 10−3 ± 0.16 ∙ 10−3, methanol is the only alcohol for which the 

𝐴 value is a slight outlier. Because the value for 𝐴 is constant for several different liquids on 

the same support, it is expected that 𝐴 is a structural pre-factor that depends on the surface 

properties. For example, 𝐴 could be similar to 𝜒 in the Kimmich type RMTD model shown in 

section 5.4.2.1, which represents the surface roughness27.  

Additionally, the fit parameters 𝐴 and 𝜔𝐴 are inversely correlated in equation (5.20). To 

quantify the correlation, a correlation matrix was determined via the variance-covariance 

matrix, see Table 5.7.  

Table 5.7: Correlation matrix for the fit parameters in Table 5.6, produced via the variance-covariance matrix in 

Matlab. The values shown are the average correlation coefficients for the fits for all alcohols, and the 

corresponding standard deviations. 

 𝑹𝟏,𝑯𝑭 𝑨 𝝎𝑨 

𝑹𝟏,𝑯𝑭 1.00 −0.854 ± 0.112 −0.824 ± 0.126 

𝑨 −0.854 ± 0.112 1.00 0.964 ± 0.040 

𝝎𝑨 −0.824 ± 0.126 0.964 ± 0.040 1.00 

 

From the correlation matrix, it is clear that there is indeed a very high correlation between all 

fit parameters, and especially 𝐴 and 𝜔𝐴, for which the correlation coefficient is nearly 1. The 

RMTD model could be made more accurate and reliable through further investigation into the 

value of 𝐴. However, for the current study, the main objective is to establish a modelling 

method that can distinguish between the surface-adsorbate interactions of alcohols imbibed 

within anatase titania, such that in chapter 6 the microphase separation of alcohol-water 

mixtures within the same support can be investigated. Because the relative variation of 𝐴 with 

the alcohol chain length is much less than the variation of 𝜔𝐴, it is concluded that the current 

modelling method is sufficiently reliable for these purposes. 
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Now that an appropriate method of modelling RMTD type processes in alcohols imbibed 

within anatase titania has been established, the appropriate extraction of 𝜏𝐴 can be discussed. 

Values for 𝜏𝐴 were calculated based on equation (5.16). The 𝜔𝐴 values to determine 𝜏𝐴 were 

those shown in Table 5.6, the diffusion coefficients 𝐷 are shown in Table 5.4, and the 𝜏𝐴 values 

were determined for two sets of 𝛿 values, namely those that correspond to the molecular 

diameter of the alcohol, shown in Table 5.2, as well as 𝛿 = 0.3 nm, corresponding to the 

molecular diameter of water. The results are shown in Table 5.8.  

Table 5.8: 𝜏𝐴 values for alcohols imbibed within anatase titania, determined via equation (5.16), using the 𝜔𝐴 

values in Table 5.6, diffusion coefficients from Table 5.4, and 𝛿 values either from Table 5.2, or fixed at 𝛿 =
0.3 nm, corresponding to the molecular diameter of water. The standard errors were estimated by propagating 

the standard errors of the 𝜔𝐴 values and diffusion coefficients. 

Alcohol 
𝝉𝑨 / ns  

(𝜹 = 𝝀) 

𝝉𝑨 / ns  

(𝜹 = 𝟎. 𝟑 nm) 

Methanol 2.77 ± 0.176 2.05 ± 0.129 

Ethanol 2.61 ± 0.067 1.70 ± 0.044 

Propanol 2.81 ± 0.172 1.69 ± 0.103 

Butanol 2.67 ± 0.147 1.50 ± 0.083 

Pentanol 2.93 ± 0.387 1.56 ± 0.206 

 

The order of magnitude of the 𝜏𝐴 values in Table 5.8, nanoseconds, falls within the 𝜏𝐴 range 

found for water in plaster pastes, which was 64 ∙ 10−12 − 5.7 ∙ 10−9 s and which was shown 

to be correlated to the nanowettability of the plaster paste39. Interestingly, the plaster paste data 

was also fitted using the 3τ model23, which resulted in 𝜏𝑙 = 40 ± 5 μs, 𝜏𝑑 = 6.5 ± 0.5 μs, and 

𝜏𝑙 = 17 ± 0.5 ps. The surface water diffusion rate was concluded to be related to the desorption 

rate, as 𝜏𝑙 ≈ 𝜏𝑑. Clearly, there is a large difference between the correlation times from the 

RMTD model and the 3τ model. It would be very interesting to model the data presented in the 

current study with the 3τ model as well, in order to make a comparison between the models 

and their respective correlation times. However, this is beyond the scope of the current 

investigation, which is primarily aimed to obtain a modelling method for alcohols imbibed 

within anatase titania with the purpose of investigating microphase separation in chapter 6. 

For anatase titania, a highly polar support, it is expected that the surface-adsorbate interaction 

will increase with the solvent polarity, analogous to γ-alumina19. For alcohols, as was shown 

in Table 5.1, the polarity decreases with a longer alkyl chain. Moreover, 𝜏𝐴 is believed to 
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correlate with interaction strength. Therefore, it is expected 𝜏𝐴 will decrease with increasing 

chain length, according to the values for the alcohol polarity. 

Table 5.8 indeed shows that 𝜏𝐴 decreases with an increasing alkyl chain length when the 

surface-sensitive layer thickness 𝛿 is kept constant. When 𝛿 is set to be equal to the molecular 

diameter, no clear trend of 𝜏𝐴 with the polarity of the alcohol molecule can be distinguished. 

Therefore it is concluded that 𝛿 must be kept constant, which suggests the maximum distance 

at which molecules can feel the influence of the surface depends on the surface, rather than the 

probe molecule. While this theory has been presented previously in literature33, the current 

study provides evidence that this is indeed the case. It should be noted that while 𝛿 must be 

kept constant, it is not necessarily true that 𝛿 = 0.3 nm. This value was merely chosen to 

simplify a comparison of the current study with the literature. Additional research, including 

research on multiple types of supports, must be done in order to determine the true value of 𝛿, 

and therefore the true, absolute values of 𝜏𝐴. 

5.5.3.1 Comparison with THF imbibed within anatase titania 

The linear correlation between 𝜏𝐴 and the polarity becomes clearer, and importantly, more 

general, when the RMTD model is applied to the NMRD profile of THF imbibed within anatase 

titania, the data of which was shown in the previous chapter. The fit parameters are shown in 

Table 5.9, and values for 𝜏𝐴 after conversion via equation (5.20) are shown in Table 5.10. 

Values for 𝜏𝐴 (𝛿 = 𝜆 = 0.512) are shown for completeness, however the following analysis is 

based on the values of 𝜏𝐴 (𝛿 = 0.3 nm). 

Table 5.9: Fit parameters 𝑅1,𝐻𝐹, 𝐴 and 𝜔𝐴, and their respective standard errors, as well as the  

𝑅2 value for the adjusted RMTD fits (equation (5.20)) to the NMRD profile for THF imbibed within anatase titania 

shown in Figure 4.4a. 

Solvent 𝑹𝟏,𝑯𝑭 / 𝒔−𝟏 𝑨 𝝎𝑨 / MHz 𝑹𝟐 

THF 2.47 ± 6.08 ∙ 10−2 5.60 ∙ 10−3 ± 1.47 ∙ 10−4 45.7 ± 3.99 0.9944 

 

Table 5.10: 𝜏𝐴 values for THF imbibed within anatase titania, determined via equation (5.16), using the 𝜔𝐴 value 

in Table 5.9, a diffusion coefficient 𝐷 = 1.77 ∙ 10−9 m2s-1 as determined by PFG NMR, and 𝛿 values based on 

the density of THF, for which 𝛿 = 0.512 nm, or fixed at 𝛿 = 0.3 nm, corresponding to the molecular diameter 

of water. The standard errors were estimated by propagating the standard errors of the 𝜔𝐴 and 𝐷 values. 

Solvent 
𝝉𝑨 / ns  

(𝜹 = 𝝀) 

𝝉𝑨 / ns  

(𝜹 = 𝟎. 𝟑 nm) 

THF 1.27 ± 0.112 0.745 ± 0.066 
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The linear dependence of 𝜏𝐴 on the solvent polarity is shown in Figure 5.12. Not only does this 

linear correlation provide more evidence that the RMTD processes were modelled 

appropriately, it also demonstrates how the extraction of 𝜏𝐴 can provide insight into the 

dynamics of a porous media system. For the solvents used in this and the previous chapter, a 

clear expectation of the dynamical trends could be made. Now, the approach can be applied to 

systems with unknown dynamics. 

 

Figure 5.12: 𝜏𝐴 as determined by the RMTD model plotted against the solvent polarity, for alcohols and THF 

imbibed within anatase titania. The 𝜏𝐴 values and error bars are specified in Table 5.8 and  

Table 5.10. A dashed line shows the linearity of the trend. 

5.6 Comparison with the Korb model 

The RMTD model in section 5.5 appears an appropriate modelling method for the NMRD 

profiles of alcohols imbibed within anatase titania, and the modelling results appear successful 

and physically sensible. However, it was not possible to completely rule out that a Korb-type 

model could be appropriate as well, considering the lack of information about the presence of 

paramagnetic impurities on the anatase titania support. Therefore, this section presents the 

fitting of the Korb model as shown in section 5.4.1.1 to the NMRD profiles shown in Figure 

5.1. Following equation (5.5), the full expression of the fitted model was: 

 

𝑅1,𝑜𝑏𝑠(𝜔) = 𝑅1,𝐻𝐹 + 𝐴Korb𝜏𝑚 

× [3 ln [
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(5.21) 

in which 𝑅1,𝐻𝐹 and 𝜏𝑚 were fitted. The prefactor 𝐴Korb = (
𝜇0

4𝜋
)

2 𝑁𝑠

𝑁

𝜋𝜎𝑠(𝛾𝐼𝛾𝑆ℏ)2𝑆(𝑆+1)

15𝑑2𝛿′2
 was also 

fitted, because not all physical properties are known, such as the density of paramagnetic spins, 
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𝜎𝑠. The surface residence time, 𝜏𝑠, has previously been shown to yield unphysical correlation 

times42. For the current study, the modelling results did not appear to depend on the value of 

𝜏𝑠, because this parameter was larger than the limit that could be measured by the  

FFC-NMR experiments within a frequency range 0.01 ≤ 𝜔0 ≤ 40 MHz. Therefore, 𝜏𝑠 was 

fixed to a value 𝜏𝑠 = 1 ∙ 10−5 s. Finally, 𝜔𝑆 = 659 × 𝜔𝐼. The least squares fitting was based 

on the log (𝑅1) values. The Korb model fits to the NMRD profiles of alcohols imbibed within 

anatase titania are shown in Figure 5.13. The fit parameters are shown in Table 5.11. 

 

Figure 5.13: 1H NMRD profiles for methanol, propanol and pentanol imbibed within anatase titania, and the 

corresponding Korb model fits as described in equation (5.21). Ethanol and butanol were excluded for clarity. 

Table 5.11: Fit parameters 𝑅1,𝐻𝐹, 𝐴Korb and 𝜏𝑚, and their respective standard errors, as well as the  

𝑅2 values for the Korb model fits (equation (5.21)) to the alcohol NMRD profiles shown in Figure 5.1. The fits 

for methanol, propanol and pentanol are shown in Figure 5.13. 

Alcohol 𝑹𝟏,𝑯𝑭 / 𝒔−𝟏 𝑨Korb 𝝉𝒎 / 𝟏𝟎−𝟕 s 𝑹𝟐 

Methanol 3.23 ± 9.40 ∙ 10−2 2.72 ∙ 107 ± 5.43 ∙ 105 2.64 ± 9.53 ∙ 10−2 0.9739 

Ethanol 3.92 ± 1.31 ∙ 10−1 4.02 ∙ 107 ± 8.91 ∙ 105 1.50 ± 5.80 ∙ 10−2 0.9738 

Propanol 4.46 ± 1.27 ∙ 10−1 4.65 ∙ 107 ± 8.83 ∙ 105 1.29 ± 4.23 ∙ 10−2 0.9794 

Butanol 5.48 ± 1.33 ∙ 10−1 5.14 ∙ 107 ± 8.95 ∙ 105 1.15 ± 3.39 ∙ 10−2 0.9840 

Pentanol 6.24 ± 1.81 ∙ 10−1 6.47 ∙ 107 ± 1.30 ∙ 106 1.06 ± 3.58 ∙ 10−2 0.9812 

 

The quality of the Korb model fits, expressed in 𝑅2 correlation coefficients, is much poorer 

than that of the RMTD model fits in Figure 5.11 and Table 5.6. Based on a visual analysis of 

the fits in Figure 5.13, it appears that the Korb model fits underestimate the relaxation rate at 

high and low frequencies, and overestimate the relaxation rate in the middle of the NMRD 

profiles. It should be noted that the values for 𝜏𝑚 in Table 5.11 decrease with alcohol chain 

length, which is consistent with a decrease in surface-adsorbate interaction strength and 
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therefore qualitatively what one would expect. However, given the fit quality of the Korb and 

RMTD model fits, as well as the results of the variable temperature experiments in section 

5.4.3.1, it is concluded that the RMTD model is more appropriate for the currently studied 

systems. 

5.7 Conclusions and outlook 

In this chapter, the power law analysis as it was performed on THF imbibed within anatase 

titania, shown in the previous chapter, was deemed insufficient to analyse the dynamics of 

alcohols imbibed within anatase titania. 

Some of the leading theoretical models for FFC-NMR were discussed and variable temperature 

FFC-NMR experiments were performed on methanol and methanol-d, resulting in the 

conclusion that the dominant relaxation mechanism for alcohols imbibed within anatase titania 

likely follow a RMTD type process.  

The Levitz RMTD model was then applied to the NMRD profiles. Initially, a model equation 

based on the literature was fitted to the data, however the quality of the model fits appeared 

very poor, and the fit parameter 𝜔𝐴 did not describe the data. Therefore a structural pre-factor 

𝐴 was added to the model equation, which produced significantly improved fits. The fitted 

frequency characteristic to the adsorption process, 𝜔𝐴, was then converted into the adsorption 

correlation time, 𝜏𝐴. The adsorption correlation time was shown to correlate with the polarity 

of the solvent, as was expected due to the high polarity of the support. An extension of the 

study to include some data from the previous chapter regarding THF imbibed within anatase 

titania, showed the linearity and generality of this correlation. 

Finally, the Korb model was fitted to the NMRD profiles. Due to the lack of information on 

the presence of paramagnetic impurities on the support, it was not possible to fully rule out the 

relaxation mechanisms corresponding to the Korb model. The quality of the Korb model fits 

was much poorer than that of the RMTD fits, and therefore it was concluded that the RMTD 

model is indeed the most appropriate model for the current systems. 

The foundation has now been laid for the following chapter, where the competitive adsorption 

and microphase separation of alcohol-water mixtures imbibed within anatase titania will be 

investigated. The validation of the RMTD model for pure alcohols means a relatively simple 

transition to a model for alcohols in a mixture.  
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6. Microphase separation of alcohol-water mixtures 

imbibed within anatase titania 
 

6.1 Introduction 

While pure liquids imbibed within porous media have been extensively studied, as was shown 

in chapter 3, the understanding of nanoconfined liquid mixtures is much more limited. Section 

3.3.2 presented a literature overview of liquid mixtures imbibed within porous media, with a 

specific focus towards microphase separation, the phenomenon where liquid mixtures that are 

miscible in their bulk state, separate under confinement1-7.  

In biofuel production, the separation of alcohol-water mixtures, and in particular ethanol-water 

mixtures, is a challenge8. While it is difficult to separate ethanol-water mixtures through 

distillation, which is the most common separation method, nanoconfinement has been shown 

to be a promising alternative separation technique9-11. Therefore, in this chapter, the microphase 

separation of ethanol-water mixtures as well as other alcohol-water mixtures imbibed within 

anatase titania is investigated. 

FFC-NMR has been shown to be sensitive to variations in the dynamics of liquids imbibed 

within porous media12–14. As was shown in chapter 5 of this thesis, in the particular case of a 

system that follows the Reorientations Mediated by Translational Diffusion (RMTD) model, 

𝜏𝐴, the adsorption correlation time, is expected to correlate with the surface-adsorbate 

interaction strength15,16. 

Moreover, studies of binary tetrahydrofuran(THF)-water and THF-decane mixtures imbibed 

within anatase titania were reported in chapter 4, providing insight into the capabilities of FFC-

NMR in separating the signals of different liquids, and into challenges that arise when 

investigating liquid mixtures with FFC-NMR. It was shown that the gradient of the 1H NMR 

dispersion (NMRD) profile of THF in THF-water mixtures, the weaker interacting species, 

could be quantified in a power law exponent. The relative surface-adsorbate interaction 

strength could be determined through the power law exponent, which decreased monotonically 

as water was added to the system, until it stabilised once one monolayer of water had formed 

at the pore surface. It was concluded that the interaction of THF with the surface was blocked 

by a water-rich surface layer, and therefore the THF was located in the centre of the pore. 
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Following the experimental approach to obtain, process and interpret FFC-NMR data for 

confined liquid mixtures shown in chapter 4, and the theoretical analysis of alcohols imbibed 

within anatase titania presented in chapter 5, the microphase separation of alcohol-water 

mixtures imbibed within anatase titania is investigated. As was shown in section 3.3.2, 

microphase separation is a newly studied phenomenon and different techniques are shown to 

contradict each other. For ethanol-water mixtures imbibed within silica, molecular dynamics 

and positron annihilation lifetime spectroscopy (PALS) studies have shown a phase-segregated 

system where ethanol sticks to the surface and water resides in the bulk-in-the-pore, due to the 

strong hydrogen network of water17,18. However, a fixed field NMR relaxation study concluded 

the opposite, namely that water is strongly attached to the surface, and ethanol has a weak 

interaction with the surface, corresponding to the bulk-in-the-pore19. More details about these 

studies can be found in section 3.3.2. 

This chapter aims to provide an unambiguous method of studying microphase separation. FFC-

NMR is an ideal technique for the investigation of surface-adsorbate interactions, because it 

shows relatively little interference from other dynamical processes, such as the fast relaxation 

processes seen in high field NMR relaxometry, and it is a chemically selective technique, 

unlike for example PALS. This chapter will show which conclusions can be drawn from FFC-

NMR experiments with respect to microphase separation, and which questions still need to be 

answered. 

A range of alcohol-water mixtures were imbibed within anatase titania. Investigating a range 

of linear alcohols allowed for a systematic analysis of the microphase separation effects, across 

a range in polarities and bulk miscibilities with water, while the surface-adsorbate interaction 

mechanisms for different alcohols remain the same. Chapter 5 has shown the RMTD analysis 

of the pure alcohols imbibed within this porous medium. Assuming the relaxation mechanism 

remains the same, an identical analysis could be performed on the alcohol component of the 

1H NMRD profiles of the alcohol-water mixtures.  

Initially, the product of the surface-to-volume ratio and the adsorption correlation time, 
𝑁𝑆

𝑁
× 𝜏𝐴 

was used to create a basic understanding of the chemistry of the system, i.e. whether 

microphase separation occurs or not. A comparison between different alcohols and the THF-

water data from chapter 4 resulted in a quantitative analysis of the structure of the mixture, 

reflected by 
𝑁𝑆

𝑁
, and the dynamics inside the pores through the adsorption correlation time, 𝜏𝐴.  
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6.2 Adaptation of the RMTD model to mixtures 

The Levitz-type RMTD model for pure liquids imbibed within porous, as it was applied in 

chapter 5, has the following form12,20: 

 𝑅1,𝑜𝑏𝑠 = 𝑅1,𝐻𝐹 + 𝐴𝑅𝑀𝑇𝐷[𝐽(𝜔) + 4𝐽(2𝜔)] (6.1) 

In this equation, 𝑅1,𝑜𝑏𝑠 is the observed relaxation rate and 𝑅1,𝐻𝐹 is the high field relaxation rate, 

which is modelled as a constant for simplicity. 𝐴𝑅𝑀𝑇𝐷 can be estimated as12: 

 𝐴𝑅𝑀𝑇𝐷 = 𝐴
𝑁𝑆

𝑁
𝜔𝑑

2 = 𝐴
𝑁𝑆

𝑁
(

𝜇0

4𝜋
𝛾𝐻

2ℏ)
2

∑
1

𝑟6
, (6.2) 

where 
𝑁𝑆

𝑁
 is the surface-to-pore ratio of spins, 𝜔𝑑

2 is the intramolecular dipole-dipole frequency 

of the system, 𝜇0 is the vacuum permeability constant, 𝛾𝐻 is the proton gyromagnetic ratio, ℏ 

is the reduced Planck’s constant, 𝑟 is the intramolecular proton-proton distance and 𝐴 is an 

unknown variable, however it is assumed to be a constant, following the analysis performed in 

chapter 5. 

The spectral density, 𝐽(𝜔), has the form: 

 𝐽(𝜔) = 𝜔𝐴
−1 [√

𝜔

𝜔𝐴
+

𝜔

𝜔𝐴
+

1

2
(

𝜔

𝜔𝐴
)

3
2

]

−1

, (6.3) 

where 𝜔𝐴 =
𝛿2

2𝐷𝜏𝐴
2 is a characteristic frequency for the system, which is fitted. If the molecular 

diameter, 𝛿, and diffusion coefficient, 𝐷, are known, 𝜔𝐴 can be converted to 𝜏𝐴, which can 

provide information about the dynamics of microphase separation. 

In the limit where 𝜔 ≪ 𝜔𝐴, the spectral density can be reduced to 𝐽(𝜔) = 𝜔𝐴
−1 (

𝜔

𝜔𝐴
)

−1/2

=

𝜔𝐴
−1/2𝜔−1/2, so that equations (5.17)-(5.18) can be rearranged to: 

 𝑅1,𝑜𝑏𝑠 = 𝑅1,𝐻𝐹 +
𝑁𝑆

𝑁
𝐴 (

𝜇0

4𝜋
𝛾𝐻

2ℏ)
2

∑
1

𝑟6

√2𝐷𝜏𝐴

𝛿
[𝜔−1/2 + 4(2𝜔)−1/2] (6.4) 

The unknown variables in equation (6.4) are 
𝑁𝑆

𝑁
 and 𝜏𝐴.  

For pure liquids following the two phase fast exchange model, the surface-to-pore ratio of spins 

can be estimated as 
𝑁𝑆

𝑁
≈

𝜆𝑆

𝑉
, where 𝜆 is the surface layer thickness, generally estimated to be 

the molecular diameter, 𝑆 is the surface area and 𝑉 is the pore volume21. However, for mixtures, 
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𝑁𝑆

𝑁
 must be changed to 

𝑁𝑆,𝑖

𝑁𝑖
, the surface-to-pore ratio of spins of species 𝑖. This ratio will depend 

on the chemistry of the system, i.e. whether or not microphase separation occurs. Moreover, 

the dependence of 𝜏𝐴 on the mixture composition depends on the chemistry of the system. The 

following scenarios can be considered: 

1. A system without competitive adsorption between species A and B. In this system, the 

two components are balanced and therefore the values for 
𝑁𝑆

𝑁
 and 𝜏𝐴 for both species 

will stay constant across the composition range. 

2. Component A outcompetes component B for adsorption sites, however the liquids 

remain fully miscible within the pore. For component A, as its concentration decreases, 

relatively more molecules will attach to the surface. Therefore 
𝑁𝑆,𝐴

𝑁𝐴
 will increase from 

a value of 
𝑁𝑆,𝐴

𝑁𝐴
≈

𝜆𝑆

𝑉
 for pure A, to 

𝑁𝑆,𝐴

𝑁𝐴
= 1 in the limit of 0% A. 𝜏𝐴,𝐴 will remain the 

“true” value of 𝜏𝐴,𝐴, i.e. the value of the pure liquid A, across the composition range. 

For component B, the opposite situation will occur. As its concentration decreases, the 

surface population of component B and 𝜏𝐴,𝐵 decrease. 
𝑁𝑆,𝐵

𝑁𝐵
 will decrease from a value 

of 
𝑁𝑆,𝐵

𝑁𝐵
≈

𝜆𝑆

𝑉
 for pure B, to 

𝑁𝑆,𝐵

𝑁𝐵
= 0 in the limit of 0% B. 𝜏𝐴,𝐵 will decrease from the 

pure value to very short timescales, corresponding to other relaxation processes than 

RMTD, such as rotational relaxation. It is expected these correlation times will be in 

the order of 10−11 s, similar to the high field contribution of the relaxation model. 

3. Component A outcompetes component B for adsorption sites, and full demixing occurs. 

Similarly to scenario 2, the value of 
𝑁𝑆,𝐴

𝑁𝐴
 will increase from 

𝑁𝑆,𝐴

𝑁𝐴
≈

𝜆𝑆

𝑉
 for pure A, to 

𝑁𝑆,𝐴

𝑁𝐴
= 1, however the composition at which 

𝑁𝑆,𝐴

𝑁𝐴
= 1 will be equal to the composition 

corresponding to the surface being covered by one monolayer of component A. Below 

this composition, 
𝑁𝑆,𝐴

𝑁𝐴
 will remain 1, as all molecules in the system will attach to the 

pore. 𝜏𝐴,𝐴 is expected to stay constant across the composition range. For component B, 

similarly to scenario 2, 
𝑁𝑆,𝐵

𝑁𝐵
 and 𝜏𝐴,𝐵 decrease with a decrease in concentration. The 

composition at which 
𝑁𝑆,𝐵

𝑁𝐵
= 0 corresponds to the composition where the surface is 

covered by one monolayer of component A. At any lower composition of component 
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B, the molecules of component A will effectively shield the surface from component B 

molecules. Therefore there will not be any interaction between the surface and 

component B. This means that 𝜏𝐴,𝐵 will decrease to the high field value at the 

composition where the surface is covered with one monolayer of component A, and 

stay at this value for any lower concentrations of component B. 

The three outlined scenarios and their corresponding trends for 
𝑁𝑆

𝑁
 and 𝜏𝐴 with the mixture 

composition are shown in Figure 6.1. 

It must be noted that the scenarios described above are model systems. Experimentally, the 

behaviour of liquid mixtures imbibed within porous media will likely fall between these 

scenarios, e.g. the liquids could demix partially, instead of fully, as described in scenario 3. 

Based on these scenarios, it is expected that the trends of 
𝑁𝑆

𝑁
 and 𝜏𝐴 with the mixture 

composition are similar for the weaker interacting species (component B). Therefore, the 

product 
𝑁𝑆

𝑁
× 𝜏𝐴 can be used to investigate microphase separation semi-quantitatively, and to 

compare the microphase separation of different liquids. In this systematic study a range of 

alcohol-water mixtures and THF-water mixtures are investigated to provide more information 

on the basis of microphase separation effects. 

Further to this, 
𝑁𝑆

𝑁
 and 𝜏𝐴 can be estimated, under the assumption that the trend of 

𝑁𝑆

𝑁
× 𝜏𝐴 with 

composition is equal to those of 
𝑁𝑆

𝑁
 and 𝜏𝐴. This results in a quantitative analysis of structural, 

𝑁𝑆

𝑁
, and dynamical, 𝜏𝐴, behaviour of microphase separation. 
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Figure 6.1: Expected trends for the surface-to-volume ratios 
𝑁𝑆

𝑁
 (a,c,e) and adsorption correlation times 𝜏𝐴 (b,d,f), 

plotted against the mixture composition in A vol%, for scenarios 1(a,b), 2 (c,d), and 3 (e,f), as outlined in the text. 

In each plot, the blue line represents component A (the stronger interacting component) and the red line represents 

component B (the weaker interacting species). For the pure liquids,(
𝑁𝑆

𝑁
)

𝐴
= 0.5, (

𝑁𝑆

𝑁
)

𝐵
= 0.4, 𝜏𝐴,𝐴 = 2 ns,  

𝜏𝐴,𝐵 = 1 ns, and the minimum 𝜏𝐴,𝑚𝑖𝑛 = 1 ps. 
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6.3 Experimental 

The materials that were used were the same as those used in the previous chapter, see section 

5.2.1. Additionally, the sample preparation, FFC-NMR and PFG-NMR experiments, and 

computational methods were equal to those in section 5.2. This section will briefly describe a 

composition analysis, where the mixture compositions determined by different methods will 

be compared.  

6.3.1 Composition analysis 

The bulk and intra-pore compositions of methanol-water, ethanol-water and propanol-water 

mixtures were determined by 1H NMR spectroscopy on a Magritek Spinsolve 43 MHz NMR 

spectrometer. Intra-pore butanol-water and pentanol-water mixtures could not be 

spectroscopically resolved and are therefore omitted from the following analysis. The bulk and 

intra-pore compositions were compared in order to investigate preferential adsorption. 

 

Figure 6.2: The intra-pore alcohol mole percent plotted against the corresponding bulk composition, both 

extracted from 1H NMR spectra obtained on a 43 MHz NMR spectrometer. 

In Figure 6.2, the diagonal represents the system in the case of no preferential adsorption, i.e. 

the bulk and intra-pore compositions are equal. The methanol and ethanol compositions follow 

the diagonal well, however the intra-pore propanol compositions are found to be lower than 

the bulk compositions. This indicates that for propanol-water mixtures, water is preferentially 

adsorbed into the pore. It is expected that this trend continues for butanol and pentanol. 

Additionally, the spectroscopically determined intra-pore mixture compositions were 

compared to the mixture compositions obtained through a biexponential fit of the FFC-NMR 

data. The FFC-NMR based compositions were determined follow two methods. The first 

method assumes that the two components of the biexponential fit correspond to water and the 



140 

 

corresponding alcohol. The second method assumes there is fast exchange between water and 

the alcohol hydroxyl group, resulting in a (water + hydroxyl) relaxation environment, and an 

alkyl relaxation environment. 

 

Figure 6.3: Intra-pore compositions as determined by FFC-NMR assuming the two relaxation components 

correspond to a) the full alcohol and water molecules, or b) the alkyl group of the alcohol and a (water+hydroxyl) 

environment. The FFC-NMR based compositions are plotted against the intra-pore compositions extracted 

spectroscopically on a 43 MHz NMR spectrometer. 

It can be seen in Figure 6.3a that the FFC (alcohol – water) composition underestimates the 

alcohol component, especially for higher methanol and ethanol concentration samples. In 

contrast, Figure 6.3b shows that the FFC (alkyl – water/hydroxyl) compositions correspond to 

those measured spectroscopically very well. From this it can be concluded that the 1H NMR 

dispersion profiles of the alcohol component actually correspond to the alkyl group only, not 

to the full alcohol. For simplicity, the profiles for the alkyl component and the (water + 

hydroxyl) component will be denoted alcohol and water components respectively. 
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6.4 Results and discussion 

6.4.1 FFC-NMR dispersion profiles 

1H NMR dispersion (NMRD) profiles were recorded for alcohol-water mixtures imbibed 

within anatase titania. The profiles of the alcohol and water components in each of the mixtures 

were extracted through a biexponential fit of the relaxation data, and are shown in Figure 6.4 

and Figure 6.5. In order to simplify a visual comparison of the different alcohol-water mixtures, 

the axes for the different plots within the same figure were kept equal. 

Upon addition of water to the system, the alcohol relaxation rates decrease for all alcohols, see 

Figure 6.4. For the water component in all mixtures, see Figure 6.5, the relaxation rate increases 

as the water concentration decreases. Following the two-phase fast exchange model, this 

indicates that water is the stronger interacting species, and therefore the alcohols are the weaker 

interacting species in each mixture22. This agrees with the correlation of the surface-adsorbate 

interaction strength with the polarity of the liquid, as previously described in chapter 5. Water, 

being the most polar liquid in any of the mixtures, will interact more strongly with the surface 

than alcohols. 

The methanol NMRD profiles for water-methanol mixtures with a high water concentration 

(Figure 6.4a) show high levels of scatter, indicative of a low signal-to-noise ratio. This is not a 

problem for the other alcohols. There are two explanations for the large scatter of methanol. 

Firstly, the alkyl group in methanol contains three hydrogen atoms that are detected by NMR. 

For longer alcohols, this number increases, and therefore the NMR signal per alcohol molecule 

increases. This means that the alcohol component in low alcohol concentration samples will be 

detected more easily for longer alcohols than for methanol. However, the methanol profile for 

the lowest methanol concentration mixture contains 20% of the 1H signal. The alkyl profile of 

the lowest ethanol concentration mixture contains only 9% of the 1H signal, but the scatter for 

the ethanol profile is much smaller than for that of the methanol component. Therefore another 

reason is required to explain the high scatter for methanol. 
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Figure 6.4: 1H NMRD profiles of the alcohol component in alcohol-water mixtures imbibed within anatase titania, 

for a) methanol, b) ethanol, c) propanol, d) butanol, and e) pentanol. The legend shows the mixture composition 

in alcohol-water mole percent. 
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Figure 6.5: 1H NMRD profiles of the water component in alcohol-water mixtures imbibed within anatase titania, 

for a) methanol, b) ethanol, c) propanol, d) butanol, and e) pentanol. The legend shows the mixture composition 

in alcohol-water mole percent. A dashed line shows the magnetic field switching rate 𝑅1,𝑠𝑤𝑖𝑡𝑐ℎ = 1/3 ms, which 

can be considered a limit above which the observed relaxation rate cannot be accurately detected.  
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The second explanation is that the relaxation rates for the water and methanol components in 

low methanol mixtures are too close to each other. Figure 6.6 shows the ratio of the water to 

alkyl component 1H NMRD profiles at the lowest alcohol content mixture for each of the 

alcohol-water mixtures. 

 

Figure 6.6: The ratio of water to alkyl 1H NMRD profiles for the lowest alcohol content mixtures of each of the 

alcohol-water mixtures. The legend shows the mixture composition in alcohol-water mol%. 

It is clear that the difference between the alkyl and water relaxation rates increases for longer 

chain alcohols. For the 19:81 methanol sample, the average ratio of water to alkyl relaxation 

rates across the frequency range is 7.6, including all scattered points. When the scattered points 

between 0.03 MHz < 𝜔0 < 0.5 MHz are excluded, the average ratio is only 4.3. For the 6:94 

ethanol sample, this ratio is already 16.4, showing that the ethanol-water profiles are much 

further apart than the methanol-water profiles. For the 8:92 propanol-water mixture, the 13:87 

butanol-water mixture and the 14:86 pentanol-water mixture the average ratio of water to alkyl 

relaxation rate is 28.0, 58.0, and 88.3 respectively. 

The combination of a small amount of signal and the similar relaxation rates for water and alkyl 

components causes high scatter in the methanol profiles at low methanol concentrations. In 

order to obtain a higher quality methanol profile, experiments could be performed using 

deuterated water, however it will be difficult to determine the intra-pore composition. Another 

option is to use a Carr-Purcell-Meiboom-Gill (CPMG)-FFC-NMR pulse sequence, which 

allows for extra resolution through the addition of a 𝑇2 relaxation component23. A more detailed 

discussion of this pulse sequence will be presented in chapter 8. 
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Despite the scatter in some of the methanol profiles, it appears the relaxation rates of the alkyl 

component decrease more for longer alcohol chains, indicating a stronger alcohol-surface 

interaction suppression by the water. Methanol, ethanol and propanol are all fully miscible with 

water in the bulk, however this difference in interaction suppression may indicate not all 

alcohols are equally miscible in the pore. A more detailed investigation of the intra-pore 

miscibilities of alcohol-water mixtures requires a quantitative analysis in the form of the 

RMTD model. 

For the water component profiles, there is large scatter for most low water content mixtures. 

Similarly to the alcohol profiles, the signal-to-noise ratio decreases as the water content 

decreases, thereby decreasing the accuracy of the relaxation rates. More importantly however, 

the relaxation rates of the water component in low water content mixtures are very high. In 

Figure 6.5, a dashed line is shown in each of the graphs, which reflects the magnetic field 

switching rate 𝑅1,switch = 1/3 ms. Relaxation rates higher than 𝑅1,switch cannot be detected 

accurately, because most of the signal has decayed before the signal detection starts. The same 

effect was shown for water in water-THF mixtures imbibed within anatase titania in section 

4.2.4.  

Considering only the parts of the water component profiles for which 𝑅1 ≤ 𝑅1,switch, it appears 

that the full profile shifts to higher relaxation rates as the water content decreases. There is no 

clear indication that the slope or shape of the profile is changing, therefore it can be concluded 

that the water-surface interaction does not change. Only the surface-to-volume ratio 
𝑁𝑆

𝑁
 changes 

with the alcohol-water mixture composition. This conclusion again indicates that water is the 

stronger interacting species in the alcohol-water mixtures. 

6.4.2 RMTD modelling 

In order to analyse the 1H NMRD profiles in a quantitative manner, the profiles were fitted 

using the Levitz-type RMTD model. The RMTD model was also applied to the 1H NMRD 

profiles of THF-water mixtures imbibed within anatase titania shown in section 4.3. This 

allowed for a comparison among the alcohols, as well as a comparison of the alcohols with a 

less polar solvent. 

Because the two unknown parameters in the RMTD model, 
𝑁𝑆

𝑁
 and 𝜏𝐴, are correlated, a semi-

quantitative analysis on the product of these two parameters, 
𝑁𝑆

𝑁
× 𝜏𝐴, was performed. This 
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analysis requires an accurate value for the diffusion coefficient, therefore the effect of the 

diffusion coefficient on the 
𝑁𝑆

𝑁
× 𝜏𝐴 values is discussed. Subsequently, the full 

𝑁𝑆

𝑁
× 𝜏𝐴 analysis 

is presented. 

6.4.2.1 Effect of the diffusion coefficient 

In the RMTD model, the fitted characteristic frequency, 𝜔𝐴, can be converted to the adsorption 

correlation time, 𝜏𝐴, if the molecular diameter, 𝛿, and the diffusion coefficient, 𝐷, are known. 

Therefore, an accurate value for 𝜏𝐴 requires the correct diffusion coefficient to be determined. 

Following the intermittent dynamics theory underlying the Levitz RMTD model, the diffusion 

coefficient of the liquid in the centre of the pore should be used4.  

Previously, it was assumed that the diffusion coefficient converges to the bulk diffusion 

coefficient at more than 1 nm distance from the surface, and therefore the bulk diffusion 

coefficient was used4. However, in chapter 5 it was shown that for the alcohol range methanol-

pentanol the surface layer thickness is approximately 0.41-0.56 nm, which means “bulk” 

molecules are diffusing close to the surface, and therefore the use of the bulk diffusion 

coefficient was deemed invalid. The intra-pore diffusion coefficient must be measured for an 

accurate estimate of 𝜏𝐴. 

Moreover, for liquid mixtures, the effect of one component on the diffusion coefficient of the 

other component needs to be considered. Previously reported diffusion coefficients show that 

the alcohol diffusion coefficients in bulk alcohol-water mixtures heavily depend on the mixture 

composition24,25.  

In order to take both the effect of confinement and the effect of mixing into account, the intra-

pore diffusion coefficients were determined for a range of different alcohol-water mixtures 

through PFG-NMR experiments. The obtained diffusion coefficients are plotted against the 

composition in Figure 6.7.  

The trend of the diffusion coefficient with the composition corresponds to the trends of the 

bulk diffusion coefficients for alcohol-water mixtures reported in the literature24,25. A second 

order polynomial fit was applied to the diffusion data, so that the diffusion coefficient of 

mixtures at any composition could be interpolated. 
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Figure 6.7: Intra-pore diffusion coefficients of alcohols in alcohol-water mixtures imbibed within anatase titania, 

plotted against the mixture composition in alcohol mole fraction. For each data point, three experiments were 

performed on three different sets of pellets from the same prepared sample. The standard deviation between these 

experiments was too small to see by eye. The lines correspond to second order polynomial fits to the diffusion 

data, which is used to interpolate the diffusion coefficients for other mixture compositions. 

However, it should be noted that the diffusion coefficient of mixtures below the lowest 

measured alcohol mol% cannot simply be extrapolated. It has been shown that the diffusion 

coefficient of alcohols in bulk alcohol-water mixtures increases rapidly for very low alcohol 

contents, and similar trends are expected for intra-pore diffusion coefficients24,25. Therefore, 

the RMTD analysis will be limited to FFC-NMR experiments on samples that fall within the 

composition range shown in Figure 6.7. 

The effect of the pore on the diffusion coefficient, in terms of confinement effects and 

interaction effects, can be quantified in the PFG interaction parameter. The PFG interaction 

parameter, 𝜉 = 𝐷bulk/𝐷pore, provides information on the enhancement or reduction of the self-

diffusivity15–17. A reduction of the diffusion coefficient of a liquid or a liquid mixture inside a 

pore, compared to its bulk equivalent, i.e. 𝜉 > 1, has previously been ascribed to effects 

regarding the chemical functionalities of the molecule, i.e. the chemical interactions of the 

molecule with the surface. An enhancement of the diffusion coefficient, 𝜉 < 1, has been shown 

for polyols, where it is believed that the molecules move faster inside the pore than in the bulk 

because the hydrogen bond network is disrupted by interactions with the surface. 

In order to distinguish between confinement and interaction effects, the PFG interaction 

parameter must be scaled to the tortuosity of the system, 𝜏. The tortuosity can be defined as the 

PFG interaction parameter for a non-interacting liquid, and therefore provides insight into the 

confinement effects of the pore, without the interference of chemical interactions between the 

liquid and the support. Previously, the 𝜉 value for strongly nonpolar alkanes have been used to 
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determine the tortuosity of liquids in strongly polar supports, such as γ-alumina and titania26. 

The PFG interaction parameter for any liquid, 𝜉, can then be normalized to the tortuosity, 

resulting in the normalized PFG interaction parameter, 𝜉𝑁 ≡ 𝜉/𝜏, which allows for comparison 

across different supports. 

In this study, all experiments were performed on the same support, and therefore the tortuosity 

is assumed to be constant for all samples. As a result, the differences and trends for 𝜉 reflect 

the trends of the surface-adsorbate interactions. Figure 6.8a shows the 𝜉 values for the alcohol 

components in methanol-, ethanol- and propanol-water mixtures, plotted against the 

composition. The experimental data for the intra-pore diffusion coefficients shown in Figure 

6.7 was used as 𝐷pore, the 𝐷bulk values are extracted from literature24,25. 

 

Figure 6.8: a) The PFG interaction parameter, 𝜉 = 𝐷bulk/𝐷pore, of alcohols in alcohol-water mixtures, plotted 

against the mixture composition in water vol%. b) The PFG interaction parameter of pure alcohols plotted against 

the surface-to-volume ratio, 
𝑁𝑆

𝑁
, extracted from the RMTD fits shown in chapter 5. A linear fit to the data illustrates 

the proportionality of 𝜉 with 
𝑁𝑆

𝑁
. 

For the pure alcohols in Figure 6.8a, it is clear that the PFG interaction parameter increases 

with increasing chain length. This can be interpreted as a sign of stronger interaction with the 

surface for longer alcohols, however Figure 6.8b shows that the increase of 𝜉 is proportional 

to 
𝑁𝑆

𝑁
, the surface-to-volume ratio. Therefore it can be concluded that this increase of 𝜉 is a 

surface composition effect, rather than a dynamical effect. 

The PFG interaction parameter for methanol in methanol-water mixtures stays constant for all 

mixture compositions, indicating that the pore does not affect the mixture dynamics, with 

respect to the bulk mixture. For ethanol and propanol, the PFG interaction parameter decreases 

as water is introduced into the system. The ethanol 𝜉 values appear to stabilize at approximately 
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𝜉 = 1, whereas the propanol 𝜉 values continue to decrease as the water vol% increases. The 

decrease of the PFG interaction parameter can generally be interpreted as a decrease in the 

surface-alcohol interaction, therefore it can be concluded that water reduces the interaction of 

ethanol with the surface, and that this competitive adsorption effect is more pronounced for 

propanol. 

To further highlight the importance of using the correct diffusion coefficient, Figure 6.9 shows 

the 
𝑁𝑆

𝑁
× 𝜏𝐴 values for ethanol in ethanol-water mixtures, determined using the diffusion 

coefficients shown in Figure 6.7, the pure ethanol intra-pore diffusion coefficient, and the bulk 

diffusion coefficients for pure ethanol and ethanol-water mixtures extracted from the 

literature14. The 
𝑁𝑆

𝑁
× 𝜏𝐴 values are plotted against the water vol%, for a simpler comparison 

with the later figures in this study. 

 

Figure 6.9: 
𝑁𝑆

𝑁
× 𝜏𝐴values plotted against the water vol% for ethanol in ethanol-water mixtures, determined using 

different sets of diffusion coefficients. Red symbols correspond to the use of the diffusion coefficient of the pure 

liquid, blue symbols correspond to the diffusion coefficients from ethanol-water mixtures. Closed symbols are for 

bulk liquid diffusion coefficients, open symbols correspond to intra-pore diffusion coefficients. 

In comparing the 
𝑁𝑆

𝑁
× 𝜏𝐴 based on the pure ethanol diffusion coefficients, it can be seen that 

the use of the bulk diffusion coefficient, 𝐷bulk,pure, instead of the intra-pore diffusion 

coefficient, 𝐷pore,pure reduces the 
𝑁𝑆

𝑁
× 𝜏𝐴 values consistently across the composition range by 

a factor of √
𝐷bulk,pure

𝐷pore,pure
. For ethanol, this means that the value of 

𝑁𝑆

𝑁
× 𝜏𝐴 will be inaccurate to a 

factor of 1.38. 

However, when the mixture diffusion coefficients, 𝐷bulk,mix and 𝐷pore,mix, are compared, Figure 

6.9 shows that the difference between 
𝑁𝑆

𝑁
× 𝜏𝐴 values decreases toward higher water vol%. This 
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indicates that the diffusion coefficients of ethanol-water mixtures in confinement are affected 

differently than the bulk mixture diffusion coefficients, which matches the conclusions from 

the PFG interaction parameters.  

This section has shown that it is of utmost importance to use the correct diffusion coefficients 

when applying the RMTD model to FFC data. Figure 6.7 showed the trends of the intra-pore 

diffusion coefficients with the mixture composition for different alcohols, Figure 6.8 

highlighted how each of the alcohol-water mixtures behaves differently, and the effects of the 

different diffusion coefficients for ethanol were shown in Figure 6.9. Therefore no assumptions 

can be made about the diffusion coefficients, they must be directly measured for accurate 

RMTD modelling. 

6.4.2.2 
𝑁𝑆

𝑁
× 𝜏𝐴 initial analysis 

Due to the correlation of 
𝑁𝑆

𝑁
 and 𝜏𝐴 in the RMTD model, an initial analysis is presented using 

the product of these two parameters. In order to test its reliability, the model has been applied 

using two different fitting methods. Firstly, the fits of the alcohol component in the mixtures 

were performed using the 
𝑁𝑆

𝑁
 value of the corresponding pure alcohol. In other words, the 

𝑁𝑆

𝑁
 

value was kept constant across the composition range. For the second fitting method, 
𝑁𝑆

𝑁
 was 

set to correlate with the composition (alcohol vol%). For a simpler comparison between the 

different alcohols and THF, the 
𝑁𝑆

𝑁
× 𝜏𝐴values were normalized to the pure alcohol value, and 

the composition is shown in water vol% instead of the previously used alcohol mol%. The 

results are shown in Figure 6.10. 

The results for all solvents in Figure 6.10 appear to be independent of the fitting method. This 

means that the 
𝑁𝑆

𝑁
× 𝜏𝐴 values do not depend on the initial guesses of 

𝑁𝑆

𝑁
 and 𝜏𝐴 much, and 

therefore the RMTD fitting is considered robust, i.e. it is possible to reproduce the fitting 

results. 
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Figure 6.10: 
𝑁𝑆

𝑁
× 𝜏𝐴 values extracted from RMTD fits to the 1H NMRD profiles shown in Figure 6.4, plotted 

against the water volume percent. The THF data corresponds to the THF-water mixture data shown in chapter 4. 

The 
𝑁𝑆

𝑁
× 𝜏𝐴 values were normalized to the 

𝑁𝑆

𝑁
× 𝜏𝐴 value of the pure alcohol and THF, in order to compare 

between the different solvents. Circles correspond to 
𝑁𝑆

𝑁
× 𝜏𝐴 values determined using a constant 

𝑁𝑆

𝑁
 value across 

the composition range, squares correspond to 
𝑁𝑆

𝑁
× 𝜏𝐴 values when 

𝑁𝑆

𝑁
 was set to correlate with the alcohol volume 

composition. 

For all solvents, the 
𝑁𝑆

𝑁
× 𝜏𝐴 values decrease as the water composition increases. This is 

consistent with the visual analysis in section 6.4.1, where it was concluded that water is the 

stronger interacting species, and the alcohols are the weaker interacting species. Moreover, the 

results in Figure 6.10 are consistent with the results from chapter 4, where the same conclusions 

were made: water is the stronger interacting species in THF-water mixtures imbibed within 

anatase titania, and THF is the weaker interacting species. 

In comparing the different alcohols with each other, the  
𝑁𝑆

𝑁
× 𝜏𝐴 values decrease more for 

longer chain alcohols. Similar trends were shown for the PFG interaction parameter in Figure 

6.8. This suggests that for longer chain alcohols, the alcohol-surface interaction is suppressed 

more strongly by the water, resulting in a stronger phase separation. For alcohols, the polarity 

decreases with increasing chain length, as was shown in Table 5.1. The miscibility of alcohols 

with water also decreases with chain length, however methanol, ethanol and propanol are 

considered to be 100% miscible with water in their bulk state. Therefore it is proposed that the 

level of microphase separation depends to a large extent on the pure alcohol-surface interaction 

strength, and not only on the bulk miscibility of the mixture. This means that the microphase 

separation inside the anatase titania pores is a confinement effect, and not simply a mixing 

effect. 
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The comparison of the alcohols with the THF data reinforces the proposed hypothesis. The 

𝑁𝑆

𝑁
× 𝜏𝐴 values of THF are decreased more, especially at low water content, than any of the 

alcohols. The bulk miscibility of THF with water is higher than those of butanol and pentanol, 

30g THF/100g water versus 7.7g butanol/100g water and 2.2 g pentanol/100g water, however 

the relative polarity of THF is much lower (0.207) than those of butanol (0.586) and pentanol 

(0.568)29. Therefore again the data suggests that the level of microphase separation depends on 

the pure surface-adsorbate interaction, rather than the bulk miscibility. 

6.4.2.3 
𝑁𝑆

𝑁
× 𝜏𝐴 fits 

In order to quantify the level of microphase separation, the trends shown in Figure 6.10 were 

fitted to an empirical exponential trend and a constant:  

 
𝑁𝑆

𝑁
× 𝜏𝐴 = 𝐴 exp(−𝐵𝑥water) + 𝐶 (6.5) 

The fits are shown in Figure 6.11 and the corresponding parameters are shown in Table 6.1. 

 

Figure 6.11: The 
𝑁𝑆

𝑁
× 𝜏𝐴 values plotted against the water volume percent, and the corresponding fits of the data 

to 
𝑁𝑆

𝑁
× 𝜏𝐴 = 𝐴 exp(−𝐵𝑥𝑤𝑎𝑡𝑒𝑟) + 𝐶. 

Table 6.1: Fit parameters of equation (6.5) to the data shown in Figure 6.11. 

Alcohol 𝑨 𝑩 𝑪 

Methanol 0.88 0.03 0.13 

Ethanol 0.90 0.16 0.11 

Propanol 0.98 0.16 0.03 

Butanol 1.00 0.19 0.01 

Pentanol 1.00 0.23 0.01 

THF 0.99 0.54 0.01 
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The interesting parameters are 𝐵 and 𝐶. First, the constant 𝐶. In equation (6.5), the constant 𝐶 

reflects the system in abundance of water. A lower constant indicates a weaker alcohol/THF-

surface interaction in the presence of a lot of water. In Table 6.1 it is shown that the value for 

𝐶 decreases with increasing alcohol chain length. 

In Figure 6.11, 𝐶 is reflected by the plateau of 
𝑁𝑆

𝑁
× 𝜏𝐴 at high water content. It is clear that the 

plateau indeed decreases with increasing alcohol chain length. A lower 
𝑁𝑆

𝑁
× 𝜏𝐴 value indicates 

a weaker interaction with the surface, and therefore can be interpreted as a sign of stronger 

microphase separation. In other words, the water-rich surface layer and alcohol/THF-rich bulk-

like phase are more clearly separated for longer chain alcohols. 

For butanol, pentanol and THF, 𝐶 has reached a minimum. At this point, it can be interpreted 

there is full microphase separation. Interestingly, the value of 𝐶 for propanol is significantly 

lower than for methanol and ethanol, even though these three alcohols are all fully miscible 

with water in the bulk. This indicates that the level of microphase separation depends strongly 

on the surface-adsorbate interaction of the pure alcohol, rather than the bulk miscibility. 

The exponent 𝐵 is a measure for the amount of water that is required to break the alcohol-

surface interactions. In Figure 6.11, this corresponds to the steepness of the decrease of 
𝑁𝑆

𝑁
× 𝜏𝐴. 

For methanol, the normalized product 
𝑁𝑆

𝑁
× 𝜏𝐴 never fully plateaus. This corresponds to a low 

value for 𝐵, as can also be seen in Table 6.1. This suggests that water cannot easily displace 

adsorbed methanol molecules. In contrast, the 
𝑁𝑆

𝑁
× 𝜏𝐴 values for THF decrease rapidly as water 

is introduced, reaching equilibrium at approximately 15 vol% water. This corresponds to a high 

𝐵 value, see Table 6.1. 

Figure 6.12 shows the exponent 𝐵 plotted against the relative polarity of the alcohols and THF. 

There is a clear correlation between 𝐵 and the polarity, which was previously shown to 

correlate with the surface-adsorbate interaction strength. Therefore it can be concluded that the 

weaker the surface-adsorbate interaction of the pure liquids, the easier it is for water to displace 

this liquid. This again supports to the hypothesis that the level of microphase separation 

depends on the pure surface-adsorbate interaction, rather than the bulk miscibility. 
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Figure 6.12: Exponent 𝐵 from equation (6.5) correlates directly with the relative polarity of the alcohols and 

THF29. 

6.4.2.4 Estimating 
𝑁𝑆

𝑁
 and 𝜏𝐴 

Finally, values for the surface composition, 
𝑁𝑆

𝑁
, and the adsorption correlation time, 𝜏𝐴, will be 

estimated. Because both of these parameters depend on the surface-adsorbate interaction, it is 

expected that the trends for 
𝑁𝑆

𝑁
 and 𝜏𝐴 with the composition will be equivalent to each other. 

This means that the product 
𝑁𝑆

𝑁
× 𝜏𝐴 can be decomposed to 

𝑁𝑆

𝑁
 and 𝜏𝐴 based on the fits shown 

in section 6.4.2.3 and the values for the pure alcohol/THF fits as shown in section 5.5.3. The 

extracted values for 
𝑁𝑆

𝑁
 and 𝜏𝐴 are shown in Figure 6.13. 

 

Figure 6.13: Estimated values of a) 
𝑁𝑆

𝑁
, and b) 𝜏𝐴, based on a decomposition of 

𝑁𝑆

𝑁
× 𝜏𝐴 values as explained in 

the text, plotted against the water vol%. 
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From the 
𝑁𝑆

𝑁
 values, the surface composition can be determined for each of the mixtures, 

thereby giving quantitative insight into the structure of the mixture throughout the pore. For 

pure alcohols/THF, the surface-to-volume ratio ranges between 0.17-0.23, which means that 

on average one in 4-6 molecules interacts with the surface.  

As an example to demonstrate the level of quantification the 
𝑁𝑆

𝑁
 values provide, the following 

equation can be made to obtain the number of molecules of species 𝑖 interacting with the 

surface in an average pore: 

 𝑛𝑖,surf = (
𝑁𝑆

𝑁
)

𝑖
×

𝑓𝑖 × 𝑉pore

𝑉𝑖
 (6.6) 

where 𝑓𝑖 is the filling factor of species 𝑖 corresponding to the mixture composition in vol%, 

𝑉pore is the pore volume based on a spherical pore with diameter 𝑑 = 9.5 nm, and 𝑉𝑖 is the 

volume of a spherical molecule of species 𝑖, calculated using the molecular diameter. The 

molecular diameters of the alcohols in this study and THF are shown in sections 5.5.2.2 and 

5.5.3.4.  

For pure THF, 𝑛THF,surf ≈ 1319. In comparison, for one of the weakest interacting mixtures, 

THF at 59.2 vol% water, 
𝑁𝑆

𝑁
= 0.018, corresponding to approximately one in 53 molecules 

interacting with the surface. Following equation (6.6) it can be calculated that there are on 

average 𝑛THF,surf ≈ 48 THF molecules interacting with the surface in one nominal pore, only 

3.6% of the number of THF molecules at the surface for pure THF.  

The 𝜏𝐴 values shown in Figure 6.13 fall within a range of 50 ps to 2.2 ns. The higher end of 

this range corresponds to the expected order of magnitude for 𝜏𝐴 based on the literature15,20,30,31. 

For the lower end of this range, the order of magnitude of picoseconds corresponds to fast 

relaxation processes, such as reorientational and translational processes of the bulk liquid, see 

section 5.4.4. In essence, it can be concluded that adsorption correlation times in the order of 

picoseconds can be interpreted as a sign that there is no adsorption of the liquid on the surface 

at all. The successful estimation of 𝜏𝐴 values provides quantitative insight into the dynamics of 

the liquid mixtures inside the pore. 
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6.5 Conclusions and outlook 

In previous chapters, it has been shown that FFC-NMR provides quantitative insight into the 

dynamics of alcohols within titania, in the form of the adsorption correlation time, 𝜏𝐴, which 

can be determined through the application of the RMTD model to the 1H NMRD profiles. 

Moreover, it has been shown that FFC-NMR can be used to investigate the competitive 

adsorption of liquid mixtures imbibed within anatase titania. The combination of this 

knowledge has led to an investigation of microphase separation of alcohol-water mixtures 

imbibed within anatase titania. 

Based on a qualitative analysis of the 1H NMRD profiles, it is concluded that for all mixtures, 

water is the stronger interacting species and the alcohols are the weaker interacting species. It 

appeared that the 1H NMRD profiles for longer chain alcohols were suppressed more by the 

addition of water than 1H NMRD profiles of shorter chain alcohols, indicating the surface-

alcohol interaction is more affected for longer chain alcohols.  

Subsequently, the RMTD model was applied to the alcohol component of the 1H NMRD 

profiles. In order to obtain accurate modelling results, it is of utmost importance to use the 

appropriate diffusion coefficient. For this study, the intra-pore diffusion coefficients of alcohols 

in alcohol-water mixtures were determined on a 400 MHz spectrometer using PFG-NMR. 

Considering the surface-to-volume ratio, 
𝑁𝑆

𝑁
, and the adsorption correlation time, 𝜏𝐴, are 

correlated within the RMTD model, initially, the product of these parameters, 
𝑁𝑆

𝑁
× 𝜏𝐴, was 

obtained. Several fitting methods were applied and no difference was found between the fitting 

methods, indicating the robustness of the model. The 
𝑁𝑆

𝑁
× 𝜏𝐴values were normalized to the 

𝑁𝑆

𝑁
× 𝜏𝐴 value of each pure alcohol, and plotted against the composition. It was shown that for 

all alcohols and THF, the 
𝑁𝑆

𝑁
× 𝜏𝐴 values decreased as the water content increased. This 

indicated that the surface-adsorbate interaction of alcohols/THF was reduced. The reduction of 

𝑁𝑆

𝑁
× 𝜏𝐴 was more prominent for longer chain alcohols, and even more pronounced for THF, 

which is more miscible with water in the bulk, but has a lower polarity and is therefore expected 

to have a weaker interaction with the surface. Therefore it was hypothesized that the degree of 

microphase separation depends not only on the bulk miscibility of the liquid mixture, but rather 

on the surface-adsorbate interaction strength of the weaker interacting species. 
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To further quantify the microphase separation, the 
𝑁𝑆

𝑁
× 𝜏𝐴 trends with composition were fitted 

to an exponential function and a constant. The constant was thought to reflect the system in 

abundance of water, where a lower constant corresponds to a higher level of microphase 

separation. The fitted values for the constant decreased with alcohol chain length, until 

stabilization at ~0.01 for butanol, pentanol and THF. It is believed that at such a low constant 

value, there is full microphase separation. The exponent extracted from the fits can be 

interpreted as a measure for the efficiency with which water displaces the alcohols/THF. The 

exponent was shown to correlate inversely with the polarity of the alcohols/THF, which has 

previously been linked to the surface-adsorbate interaction strength. Therefore, it could again 

be concluded that the degree of microphase separation depends on the surface-adsorbate 

interaction strength of the weaker interacting species. 

Finally, values for the surface-to-volume ratio, 
𝑁𝑆

𝑁
, and the adsorption correlation time, 𝜏𝐴, were 

estimated based on the assumption that both of these parameters depend on the surface-

interaction strength, and therefore will have equivalent trends with the composition as the 

product 
𝑁𝑆

𝑁
× 𝜏𝐴. From the 

𝑁𝑆

𝑁
 values, the surface composition at any mixture composition can 

be determined, providing quantitative insight into the structural properties of the mixture inside 

the pores. In contrast, 𝜏𝐴 values provide information about the dynamics of the system, which 

has not yet previously been reported, according to the author’s knowledge. 

Future work will contain investigations of the microphase separation of different mixtures in 

different supports and the comparison between them. In the next chapter of this thesis, 

challenges will be described regarding microphase separation studies on mesoporous silica, for 

which the RMTD model is not appropriate, and for which the relaxation environments of the 

two liquids are much closer to each other, and therefore not easily distinguishable. Other 

interesting systems include tert-butanol (TBA)-benzene and TBA-toluene mixtures in silica, in 

order for a comparison with the work of Morineau et al.1–4, or aqueous alcohol solutions in 

MCM-415–7.  Furthermore, work can be done to expand from binary to ternary mixtures, and 

in terms of applications, the microphase separation studies can be combined with catalytic 

activity studies or separations studies.  
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7. Competitive adsorption of ethanol-water mixtures 

imbibed within mesoporous silicas. Part I: a fixed 

field relaxometry study 
 

7.1 Introduction 

The previous chapter has shown that FFC-NMR can be used to obtain quantitative information 

about the microphase separation of binary liquid mixtures imbibed within porous media. Now 

that the first microphase separation system has been successfully investigated, we aim to 

generalize the FFC-NMR approach by studying other porous media systems. Ideally, the 

systems that are studied next, have already been investigated using methods different to FFC-

NMR, and reported in the literature, so that a comparison can be made between the FFC-NMR 

approach and other techniques used in the literature. Therefore, the system studied in this 

chapter, as well as chapter 9, is ethanol-water imbibed within mesoporous silicas. 

Ethanol-water mixtures imbibed within mesoporous silicas were investigated previously by 

Muthulakshmi et al.1 and Robertson2, as was described in chapter 3. Robertson concluded from 

NMR relaxometry experiments that the ethanol-water mixtures, when imbibed into a 

mesoporous silica, separate into a water-rich surface layer and an ethanol-rich pore centre. In 

contrast, Muthulakshmi et al. concluded based on a positron annihilation lifetime spectroscopy 

(PALS) study that between ethanol concentrations of 30–45%, “inverse” microphase 

separation occurs, resulting in an ethanol-rich surface layer and a water-rich pore centre. This 

conclusion supported MD simulations, which predicted that ethanol is more likely to bind to 

silanol pore walls than water, because the hydrogen bonding network between water molecules 

outweighs the surface-water interaction3.  

There are two clear differences between the studies by Muthulakshmi et al. and Robertson. 

Firstly, Muthulakshmi et al. investigated silicas with average pore diameters of 4, 6, and 10 

nm, whereas Robertson used silicas with a 15 nm pore diameter. In order to directly compare 

our results with both studies, we will investigate silicas with pore sizes ranging from 3 to 30 

nm. 
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Secondly, Robertson investigated as-received silicas as well as dehydroxylated silicas, in order 

to study the effect of the surface hydroxyl density on the microphase separation. Muthulakshmi 

et al. did not report surface hydroxyl densities. In this study, we will investigate as-received 

and rehydroxylated silicas to investigate the surface chemistry, particularly for smaller pore 

size silicas. 

The ultimate goal of this study is to gain quantitative insight into the microphase separation of 

ethanol-water mixtures in silicas in the form of correlation times, however the FFC-NMR data 

is significantly more complex than the data shown in previous chapters, due to the overlap of 

the ethanol and water 𝑇1 relaxation times. Therefore a 𝑇1 − 𝑇2 FFC-NMR pulse sequence was 

implemented, for which the optimization is shown in chapter 8. The FFC-NMR results of 

ethanol-water mixtures in silicas are shown in chapter 9. 

This chapter focuses on the use of fixed field NMR relaxometry to investigate microphase 

separation. 𝑇1 − 𝑇2 correlation experiments have been shown to provide insight into surface-

adsorption interactions4–13. Moreover, a 𝑇1 − 𝑇2 analysis for different mixture compositions 

has already been shown by Robertson to be an effective tool to study competitive adsorption.  

We will apply the methodology used by Robertson for different pore size silicas, as well as 

silicas with varying surface hydroxyl densities. The fixed field results can then be used as 

validation for the FFC-NMR results shown in chapter 9, as well as to provide qualitative insight 

into the microphase separation of ethanol-water mixtures imbibed within mesoporous silicas. 

𝑇1 − 𝑇2 correlation experiments are performed at Larmor frequencies of 400 MHz (high field), 

to directly compare with Robertson, and 43 MHz (low field). The low field data is added for 

two reasons. Firstly, the echo time could be reduced more on the 43 MHz magnet than on the 

400 MHz magnet, which was necessary in order to detect fast-relaxing components. Secondly, 

at low field, we can more easily distinguish surface-adsorbate interaction effects from faster 

processes such as liquid mixing effects. A detailed comparison of high and low field results 

will be made to highlight advantages and challenges of each of the magnetic fields. 
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7.2 Experimental 

7.2.1 Materials 

As-received CARiACT Q-series silicas (Q3, Q6, Q10, Q15, Q30) were obtained in the form of 

2–4 mm spherical pellets. The labelling of the silicas corresponds to the characteristic pore 

diameter, e.g. Q6 corresponds to a 6 nm pore size, Q15 corresponds to 15 nm. All of the 

following characterization of the Q6–Q30 silicas was performed by another PhD student 

(Callum Penrose) in our research group, however the results are mentioned here explicitly due 

to their immediate relevance to the work presented. No characterization was done on the Q3 

silica. 

The surface areas were measured by Brunauer–Emmett–Teller (BET) nitrogen adsorption 

measurements14, and surface hydroxyl densities, 𝛼𝑂𝐻, were determined using a simple liquid 

1H NMR based deuterium exchange method15. The surface areas and surface hydroxyl densities 

for the Q-series silicas are shown in Table 7.1.  

Table 7.1: As-received Q-series silicas surface areas, and surface hydroxyl densities15. The surface area error is 

estimated at ±2.0%. 

Silica 
Surface area / 

𝐦𝟐g−𝟏 
𝜶𝑶𝑯 / 𝐧𝐦−𝟐 

Q6 407 1.51 ± 0.13 

Q10 312 1.29 ± 0.17 

Q15 207 4.52 ± 0.36 

Q30 107 5.35 ± 0.81 

 

It can be seen that with increasing Q-number, the surface area decreases. This is consistent with 

an increasing pore diameter, as is expected. The surface hydroxyl densities show a sharp 

difference between Q6 and Q10 on one side, and Q15 and Q30 on the other side, where the 

surface hydroxyl densities of Q15 and Q30 are much higher than those of Q6 and Q10.  

In order to separate the effect of the pore size from the effect of the surface hydroxyl density, 

rehydroxylated Q6 and Q10 silicas were investigated. The rehydroxylation was performed by 

boiling the silica pellets in water for 100 hours. A BET analysis showed that following the 

rehydroxylation, the surface areas of Q6 and Q10 decreased to 191 and 233 m2g−1 

respectively. This means that the pore size is comparable to the as-received Q15 silica. The 

surface hydroxyl densities increased to 6.56 and 4.75 nm−2 for Q6 and Q10 respectively. 
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Mixtures of ethanol (≥ 98%, Alfa Aesar) and deionized water ranging between 10 and 80 

mol% ethanol were made gravimetrically. Silica pellets were dried overnight at 200 °C, after 

which the pellets were imbibed in the ethanol-water mixtures overnight. Extra-pellet liquid was 

removed by drying the sample with filter paper directly before the NMR experiments, leaving 

only the desired liquid imbibed within the pellets. 

7.2.2 NMR relaxometry experiments 

High field NMR relaxometry experiments were performed on the as-received Q6, Q10, and 

Q15 silicas using a 9.4T Bruker Avance NMR spectrometer. Typical pulse lengths on this 

spectrometer were 14.4 µs for a π/2 pulse, and 28.8 µs for a π pulse. Low field NMR 

relaxometry experiments were performed on all as-received and rehydroxylated Q-series silicas 

using a Magritek Spinsolve 43 MHz NMR spectrometer. For these experiments, the pulse 

length was set to 22 µs and the pulse amplitude was adjusted to obtain π/2 and π pulses.  

For each sample at high and low field, an initial inversion recovery experiment with 16 time 

delays was done to determine the 𝑇1 value, after which the recycle delay was set at 5𝑇1. 2D 

𝑇1 − 𝑇2 correlation data was obtained using a one-shot CPMG-inversion recovery pulse 

sequence. At high field, PROJECT acquisition was used in order to suppress J-modulation 

effects2. For all experiments, 32 𝑇1 time delays between 1 ms and 5𝑇1 were used, and 8 repeat 

scans were recorded. At high field, 512 echoes with an echo time of 2 ms were recorded to 

obtain 𝑇2 relaxation times. At low field, the echo time was 125 µs and 10000 were recorded. 

The 2D data sets were processed using an in-house script for a 2D inverse Laplace transform 

using Tikhonov regularisation16. 𝑇1 and 𝑇2 values were determined from the logarithmic 

average of each of the dimensions of the peaks in the 2D 𝑇1 − 𝑇2 plots. 

The intra-pore compositions of ethanol-water mixtures were determined from the 1H NMR 

spectrum. For all mixtures, the ethanol-CH3 peak could be clearly distinguished from the 

ethanol-CH2, ethanol-OH, and water peaks.  
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7.3 Results and discussion 

7.3.1 High field NMR relaxometry results 

High field NMR relaxometry experiments were performed on ethanol-water mixtures imbibed 

within as-received Q6, Q10, and Q15 silicas. The 2D 𝑇1 − 𝑇2 correlation plots for pure water, 

pure ethanol, and the mixture with 40 mol% ethanol are shown in Figure 7.1.  

 
Figure 7.1: 2D 𝑇1-𝑇2 correlation plots for (a,d,g) water, (b,e,h) 60:40 mol% ethanol-water, and (c,f,i) ethanol 

imbibed within (a-c) Q15, (d-f) Q10, and (g-i) Q6 silica, recorded at a Larmor frequency of 400 MHz. 
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For the Q10 and Q15 silicas, shown in Figure 7.1a-f, two components could be distinguished. 

Based on the populations of the components compared to the intra-pore mixture compositions, 

it could be concluded that the component with long 𝑇1 and 𝑇2 times corresponds to the alkyl 

chain of ethanol. As was also shown for alcohol-water mixtures imbibed within anatase titania 

in chapter 6, there appears to be fast exchange between water and the ethanol-hydroxyl, 

therefore the component with short 𝑇1 and 𝑇2 times corresponds to the water signal, as well as 

the ethanol-hydroxyl. For simplicity, the profiles for the alkyl component and the (water + 

hydroxyl) component will be denoted ethanol and water components respectively. 

For Q6 silica, see Figure 7.1g-i, the 2D inverse Laplace transform only shows one 𝑇1 − 𝑇2 

peak, regardless of the mixture composition. There are two possible explanations for this. 

Firstly, the 𝑇2 values are expected to decrease with decreasing pore size, following the two-

phase fast exchange model. The echo time that was used is 2 ms, which means that most of the 

water signal will have decayed after only a few echoes. Unfortunately, the echo time is 

restricted in order to limit the duty cycle. Therefore the echo time could not be reduced to 

obtain two components. The second explanation is that the 𝑇1 and 𝑇2 values of ethanol and 

water are too similar to distinguish.  

Because we cannot separate out two components in Q6, we cannot make any conclusions about 

competitive adsorption within this support. In order to investigate the Q6 silica further, low 

field NMR relaxometry experiments will be presented later in this chapter. On the low field 

Spinsolve spectrometer, the echo time could be reduced to 125 µs, which means shorter 𝑇2 

components can be detected. 

For the Q10 and Q15 silicas, the 𝑇1/𝑇2 ratio was plotted against the mixture composition, see 

Figure 7.2. The results correspond very well with the 𝑇1/𝑇2 ratios shown by Robertson. The 

𝑇1/𝑇2 ratio of the water component generally increases with ethanol composition. Following 

the two-phase fast exchange model, this indicates that, as the concentration of water inside the 

pores decreases, the ratio between water in the surface layer and in the centre of the pore 

increases. For the ethanol component, the 𝑇1/𝑇2 ratio decreases upon addition of water to the 

system, indicating a decrease of ethanol molecules in the surface layer. From these 

observations, we can conclude that water is the stronger-interacting species in these systems, 

and will preferentially adsorb on the pore surface, whereas ethanol is the weaker-interacting 

species that will reside in the centre of the pore. 
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Figure 7.2: 𝑇1/𝑇2 ratios of a) water, and b) ethanol components in ethanol-water mixtures imbibed within Q10 

and Q15 silica, plotted against the mixture composition in ethanol mol%, recorded at 𝜈0 = 400 MHz. The error 

bars represent the standard deviation of 𝑇1/𝑇2 ratios from experiments on three different sets of silica pellets. 

For ethanol concentrations <30%, the ethanol 𝑇1/𝑇2 ratio appears to increase. For the same 

concentrations in Q10 silica, the water 𝑇1/𝑇2 ratio appears to decrease. This may indicate the 

presence of ethanol clusters at the pore surface, which corresponds to the low-ethanol mixtures 

in the paper by Muthulakshmi et al. 

In order to compare the Q10 and Q15 results in more detail, the 𝑇1/𝑇2 ratios were normalized 

to the 𝑇1/𝑇2 ratio of the pure water and ethanol imbibed within the corresponding support. The 

normalized 𝑇1/𝑇2 ratios are shown in Figure 7.3. Based on these plots, it appears that the trends 

of the 𝑇1/𝑇2 ratios with the mixture composition are more pronounced in Q15 silica than in 

Q10 silica. This could indicate that the competitive adsorption of ethanol-water mixtures is 

different between the two supports. However, it remains crucial to obtain information about 

the other silicas, especially toward smaller pore sizes, in order to establish correlations between 

microphase separation and the silica pore size and surface chemistry. Therefore low field NMR 

relaxometry experiments on silicas with pore diameters ranging between 3–30 nm will now be 

discussed. 

 
Figure 7.3: 𝑇1/𝑇2 ratios of a) water, and b) ethanol components in ethanol-water mixtures imbibed within Q10 

and Q15 silica, normalized to the pure water and ethanol 𝑇1/𝑇2 ratios respectively, plotted against the 

composition in ethanol mol%. The error bars represent the standard deviation of 𝑇1/𝑇2 ratios from experiments 

on three different sets of silica pellets. 
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7.3.2 Low field NMR relaxometry results 

Low field 𝑇1 − 𝑇2 correlation experiments were performed on a Magritek Spinsolve 43 MHz 

NMR spectrometer. The echo time was set to 125 µs, which allowed for the detection of faster-

relaxing components compared to the high field relaxometry experiments. The 2D  

𝑇1 − 𝑇2 correlation plots for pure water, pure ethanol, and the mixture with 40 mol% ethanol 

are shown in Figure 7.4. 

The 2D plots show that two components can be distinguished for all pore size silicas. The 𝑇2 

values of the water component in Q3 silica (Figure 7.4m-o) are as small as 3 ms, however they 

can still be reliably detected and distinguished from the slower-relaxing ethanol component on 

the Magritek spectrometer. 

The 𝑇1/𝑇2 ratios for the water and ethanol components are again plotted against the mixture 

composition, and the 𝑇1/𝑇2 ratios are renormalized to the 𝑇1/𝑇2 ratio of the pure component, 

see Figure 7.5. First, we discuss the water component. The 𝑇1/𝑇2 ratios for the water 

component in Q15 and Q30 increase with the ethanol concentration, see Figure 7.5a-c. This 

corresponds to the high field results and is consistent with a system where water preferentially 

adsorbs onto the silica surface. For Q6 and Q10 silica however, the water 𝑇1/𝑇2 ratios decrease 

as the water concentration decreases, indicating that the water resides preferentially in the 

centre of the pore, rather than at the surface. These results are consistent with the “inverse” 

microphase separation described by Muthulakshmi et al. Finally, in Q3 silica, the 𝑇1/𝑇2 ratio 

does not appear to be dependent on the mixture composition. It is expected that for such small 

pore sizes, microphase separation does not occur, because there are simply not enough 

molecules within a pore to create a surface layer and a bulk-like phase. An investigation of 

pore size effects in microphase separation has not yet been reported in the literature, according 

to the author’s knowledge. For the ethanol component, see Figure 7.5b-d, the 𝑇1/𝑇2 ratios are 

independent of the mixture composition for all pore sizes. It is expected that the dominant 

surface-ethanol interaction is that of the polar ethanol hydroxyl with the polar silica surface. 

As a result, the alkyl chain of ethanol is not directly involved in the surface-ethanol interaction. 

The ethanol 𝑇1/𝑇2 component corresponds to the alkyl chain only and is therefore not a 

sensitive probe for the surface-ethanol interaction. The 𝑇1/𝑇2 ratio of the ethanol component 

in Q3 silica is much higher than for all other silicas. This again indicates that the pores of Q3 

silica are so small, that there is no surface layer and bulk-like phase. 
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Figure 7.4: 2D 𝑇1-𝑇2 correlation plots for (a,d,g,j,m) water, (b,e,h,k,n) 60:40 mol% ethanol-water, and (c,f,i,l,o) 

ethanol imbibed within (a-c) Q30, (d-f) Q15, (g-i) Q10, (j-l) Q6, and (m-o) Q3 silica, recorded at a Larmor 

frequency of 400 MHz. 
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Figure 7.5: (a,b) Absolute and (c,d) renormalized  𝑇1/𝑇2 ratios of (a,c) water, and (b,d) ethanol components in 

ethanol-water mixtures imbibed within Q3–Q30 silicas, plotted against the mixture composition in ethanol mol%, 

recorded at 𝜈0 = 43 MHz. The error bars represent the standard deviation of 𝑇1/𝑇2 ratios from experiments on 

three different sets of silica pellets. Error bars are shown for all samples, however some are too small to see by 

eye. 

While it is clear from the water 𝑇1/𝑇2 ratios that the microphase separation inverts between 

Q6/Q10 and Q15/Q30 silica, the reason behind this significant change cannot be concluded 

without further research. This is because two main variables change between Q6/Q10 and 

Q15/Q30 silica: first, the pore size, and second, the surface hydroxyl density. As was shown in 

section 7.2.1, the surface hydroxyl densities for Q6 and Q10 silica are 1.29 and 1.51 OH/nm−2, 

whereas Q15 and Q30 have much higher surface hydroxyl densities at 4.52 and 5.35 OH/nm−2. 

A lower surface hydroxyl density suggests a weaker surface-water interaction, which could 

result in the water molecules favouring a strongly hydrogen bonded network with other water 

molecules, rather than a water-rich surface layer, i.e. “inverse” microphase separation. In order 

to investigate the effect of the surface hydroxyl density on microphase separation, the 𝑇1/𝑇2 

experiments were repeated on rehydroxylated Q6 and Q10 silica.  
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7.3.2.1 Rehydroxylated silicas 

𝑇1 − 𝑇2 correlation data was recorded for ethanol-water mixtures imbibed within 

rehydroxylated Q6 and Q10 silica. First, the 𝑇1/𝑇2 ratios of pure water and pure ethanol were 

plotted against the pore size, see Figure 7.6. 

 

Figure 7.6: 𝑇1/𝑇2 ratios of pure water and ethanol in as-received (AR) and rehydroxylated (OH) silicas. Because 

the as-received Q15 and Q30 silicas were already fully hydroxylated, and there was no surface hydroxyl density 

for Q3 silica, the same 𝑇1/𝑇2 ratios were used for the as-received and rehydroxylated data points. 

The water 𝑇1/𝑇2 ratios for the rehydroxylated silicas are significantly lower than for the as-

received silicas. This is consistent with the work done by Robertson, and is an effect following 

the change in surface chemistry, i.e. the different silanol properties within the silicas. Figure 

7.7 shows the water and ethanol 𝑇1/𝑇2 ratios of the as-received and rehydroxylated Q6 and 

Q10 samples, plotted against the mixture composition. For the ethanol component, the 𝑇1/𝑇2 

ratios of the rehydroxylated samples increase across the full composition range. However, the 

𝑇1/𝑇2 ratio still does not depend on the mixture composition, as is expected following the 

previous conclusion that the alkyl chain of ethanol is not directly involved in the surface-

ethanol interaction. 



172 

 

 

Figure 7.7: 𝑇1/𝑇2 ratios of a) water, and b) ethanol components in ethanol-water mixtures imbibed within as-

received (AR) and rehydroxylated (OH) Q6 and Q10 silicas, plotted against the mixture composition in ethanol 

mol%. 

The 𝑇1/𝑇2 ratios of the water component show a significant change between the as-received 

and rehydroxylated silicas. The 𝑇1/𝑇2 ratio of the rehydroxylated samples increases with the 

ethanol concentration, indicating that water is the stronger-interacting species for the 

rehydroxylated samples, just like for Q15 and Q30 silica. It is clear that the microphase 

separation has been inverted, showing the effect the rehydroxylation has on the competitive 

adsorption characteristics. It should however be noted that the rehydroxylation process resulted 

in larger pore sizes as well as higher surface hydroxyl densities, see section 7.2.1, therefore it 

cannot be unambiguously concluded whether the microphase separation depends more on the 

surface hydroxyl density or on the pore size. In order to distinguish between the two effects, a 

small-pore silica with a high surface hydroxyl density should be tested. This system could be 

created through a gentler rehydroxylation method. 

7.3.3 Comparison between high and low field NMR relaxometry 

While the high and low field 𝑇1/𝑇2 ratios for the Q15 silica support were consistent with each 

other, those for the as-received Q10 silica were not. In Figure 7.2a it can be seen that the high 

field water 𝑇1/𝑇2 ratio increases with ethanol mol%, whereas the low field 𝑇1/𝑇2 ratio 

decreases, see Figure 7.5a. In order to understand the different results between high and low 

field, the separate 𝑇1 and 𝑇2 components were compared, see Figure 7.8. The 𝑇1 and 𝑇2 values 

were renormalized to the pure liquid to highlight competitive adsorption effects. 
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Figure 7.8: Normalized (a) 𝑇1 and (b) 𝑇2 values for the water component in ethanol-water mixtures imbibed within 

as-received Q10 and Q15 silicas, at Larmor frequencies of 400 MHz and 43 MHz, plotted against the mixture 

composition in ethanol mol%. 

It is immediately clear in Figure 7.8a that for both Q10 and Q15 silica, the high and low field 

𝑇1 values follow different trends with ethanol mol%. At low field (43 MHz) the water 𝑇1 values 

decrease as the ethanol concentration increases. In contrast, the 𝑇1 values at high field (400 

MHz) first decrease as ethanol is added to the system, but then increase for >20 mol% ethanol. 

For the 𝑇2 values shown in Figure 7.8b the differences between high and low field are much 

smaller. The renormalized 𝑇2 values of Q15 appear to follow the same trend at high and low 

field, but for Q10 silica, the high field 𝑇2 appears to be independent on the mixture composition, 

whereas the low field 𝑇2 still decreases. 

The differences between the high and low field results are due to the different timescales on 

which we measure relaxation. At high Larmor frequencies, we measure fast processes, whereas 

at low Larmor frequencies, slow processes are measured, such as surface-adsorbate 

interactions. Because we are mainly interested in competitive adsorption, we first discuss the 

low field results.  

At low field, both 𝑇1 and 𝑇2 relaxation times for both silicas decrease with increasing ethanol 

mol%. It has been long established that bulk water relaxation times vary upon addition of 

ethanol due to mixing effects17. These mixing effects are equivalent to the bulk mixing effects 

on the diffusion coefficient as discussed in section 6.4.2.1. It is expected that mixing effects 

dominate the change in relaxation times with mixture composition. Therefore it is important to 

renormalize the relaxation times to remove bulk mixing effects. This can be done for example 

by obtaining 𝑇1,bulk/𝑇1,pore ratios, or, in this study, by measuring 𝑇1/𝑇2 ratios. 
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In general, a reduction in relaxation times is consistent with a decrease in the molecular 

mobility. However, the 𝑇2 relaxation time is much more affected by surface adsorption effects 

than the 𝑇1 relaxation time8,18. Therefore the stronger interacting species in a mixture will 

exhibit an increase in 𝑇1/𝑇2 ratio, and the weaker interacting species will show a decreasing 

𝑇1/𝑇2 ratio.  

In this study, for the 67% ethanol mixture in Q10 silica, the 𝑇1 value is reduced by 72% with 

respect to the pure water 𝑇1. The 𝑇2 value of the same mixture is reduced by 45%. As the 𝑇1 is 

reduced more than the 𝑇2, the 𝑇1/𝑇2 ratio decreases. In contrast, for Q15 silica, the same 

mixture shows a 79% reduction in 𝑇1 and a 86% reduction in 𝑇2, resulting in an overall increase 

in the 𝑇1/𝑇2 ratio. Both results are consistent with the above theory. 

The high field relaxation times show different trends. While the 𝑇2 values for Q15 silica match 

the low field trend quite well, for Q10 the high field 𝑇2 values appear to be independent of the 

mixture composition. However, the most significant difference between high and low field is 

in the 𝑇1 trends. The increase in 𝑇1 for mixture compositions >20 mol% ethanol suggests 

enhanced rotational mobility.  

Previously, an increase in 𝑇1 for polyols imbibed within porous media compared to their bulk 

equivalents was explained as an increase in the tumbling rate following a disruption to the 

intermolecular hydrogen bonding network19. For the water component in confined ethanol-

water mixtures, it is expected that the water hydrogen bonding network is similarly disrupted, 

thereby causing an increase in 𝑇1.  

A comparison between high and low field relaxation times has shown that at low field, 

competitive adsorption effects can be distinguished, whereas at high field, other effects are 

dominant in changing the relaxation times, in particular the 𝑇1. Because it is difficult to 

distinguish these effects from surface-adsorbate interaction effects, the relaxometry results can 

easily be misinterpreted. Therefore, it is more appropriate to use low field relaxometry to 

investigate surface-adsorbate interactions compared to high field relaxometry. 
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7.4 Conclusions and outlook 

Fixed field 𝑇1 − 𝑇2 correlation experiments were used to investigate the microphase separation 

of ethanol-water mixtures in a range of silicas with pore sizes between 3–30 nm and with 

different surface hydroxyl densities. The literature on similar systems contradicted each other. 

While the studies agree that microphase separation occurs, some studies concluded that ethanol 

sticks to the pore surface1,3, whereas another study showed the opposite, that water is the 

stronger interacting species2. The work presented here has been able to shed light on the 

discrepancies in the literature. 

First, the experiments were performed at high field, at a Larmor frequency of 400 MHz. The 

results on Q10 and Q15 silica were consistent with one of the previously mentioned studies, 

showing a steep increase in the water 𝑇1/𝑇2 ratio with increasing ethanol mol%2. This indicated 

that water is the stronger interacting species and therefore adsorbs onto the surface, while 

ethanol is in the centre of the pore. The ethanol 𝑇1/𝑇2 ratio appeared to be much less dependent 

on the mixture composition than the water component. This is because the alkyl chain of 

ethanol is not directly involved in the surface-ethanol interaction. Unfortunately, ethanol and 

water signals could not be separated for Q6 silica. Therefore, the experiments were repeated at 

low field, at a Larmor frequency of 43 MHz. This allowed for the detection of shorter 𝑇2 values 

and for a better separation of the ethanol and water components.  

The low field 𝑇1/𝑇2 trends for Q15 silica matched those at high field, however the 𝑇1/𝑇2 ratios 

of the water component in smaller pore silicas decreased upon addition of ethanol, indicating 

an “inverse” microphase separation, with an ethanol-rich surface layer and water residing in 

the centre of the pore. This “inverse” microphase separation is consistent with the other studies 

previously mentioned1,3. In observing both forms of microphase separation, we can conclude 

that the discrepancy found in the literature is due to the difference in silica characteristics, 

namely the pore size and surface hydroxyl density. 

In order to investigate whether the change of microphase separation is a primarily pore size 

effect or whether it is caused by varying the surface chemistry, rehydroxylated Q6 and Q10 

silicas were tested. The water 𝑇1/𝑇2 ratios in the rehydroxylated Q6 and Q10 silicas increased 

upon addition of ethanol, similarly to the as-received Q15 and Q30 silicas. Therefore the 

microphase separation is likely largely dependent on the surface chemistry, however it should 

be noted that the rehydroxylation process appears to increase the average pore size14.  
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A definitive conclusion requires additional experiments on small-pore size silicas with a high 

surface hydroxyl density, for example created via a gentler rehydroxylation process. 

The 𝑇1/𝑇2 results on Q10 silica were inconsistent between high and low field experiments. An 

analysis of the separate 𝑇1 and 𝑇2 values showed that at low field, all water relaxation times for 

Q10 and Q15 silica decrease with increasing ethanol mol% due to liquid mixing effects. The 

difference in 𝑇1/𝑇2 trends is determined by which relaxation time is reduced more. In the case 

of Q15 and Q30 silicas, the 𝑇2 is reduced more than the 𝑇1, resulting in an increasing 𝑇1/𝑇2 

ratio with ethanol composition, indicating that water is the stronger interacting species. For the 

as-received small-pore silicas, the opposite is true. The 𝑇2 value is reduced less than the 𝑇1 

value, resulting in a decreasing 𝑇1/𝑇2 ratio, consistent with water being in the centre of the 

pore.  

At high field, the 𝑇1 relaxation times of the water component increase with ethanol mol%, 

suggesting an enhanced rotational mobility, which is expected to be caused by a disruption to 

the water hydrogen bonding network. Because the variation in 𝑇1 is thought to be due to 

hydrogen bonding network effects, rather than surface-adsorbate interactions, the high field 

𝑇1/𝑇2 results can easily be misinterpreted, highlighting the advantage of using low field NMR 

relaxometry to study adsorption compared to high field NMR relaxometry. 

This chapter shows how fixed field NMR relaxometry can be used to gain insight into the 

competitive adsorption of confined liquid mixtures, and how two opposite forms of microphase 

separation can be distinguished through 𝑇1 − 𝑇2 correlation experiments. However, the 

quantitative information about the dynamics of the liquids is limited. In the next chapters, FFC-

NMR will be used to extract correlation times related to the microphase separation of ethanol-

water mixtures imbibed within silicas, creating a more complete and quantitative description 

of these systems. 

  



177 

 

References 

1. Muthulakshmi, T., Dutta, D., Maheshwari, P. & Pujari, P. K. Evidence for 

confinement induced phase separation in ethanol-water mixture: a positron 

annihilation study. J. Phys. Condens. Matter 30, 025001 (2018). 

2. Robertson, C. I. Characterising adsorption and mass transfer in porous media. 

(Doctoral thesis, University of Cambridge, 2017). 

3. Guo, X.-Y., Watermann, T. & Sebastiani, D. Local microphase separation of a binary 

liquid under nanoscale confinement. J. Phys. Chem. B 118, 10207–10213 (2014). 

4. Peemoeller, H., Shenoy, R. K. & Pintar, M. M. Two-dimensional nmr time evolution 

correlation spectroscopy in wet lysozyme. J. Magn. Reson. 45, 193–204 (1981). 

5. Song, Y.-Q., Venkataramanan, L., Hürlimann, M. D., Flaum, M., Frulla, P., Straley, C. 

T1–T2 Correlation Spectra Obtained Using a Fast Two-Dimensional Laplace Inversion. 

J. Magn. Reson. 154, 261–268 (2002). 

6. McDonald, P. J., Korb, J.-P., Mitchell, J. & Monteilhet, L. Surface relaxation and 

chemical exchange in hydrating cement pastes: A two-dimensional NMR relaxation 

study. Phys. Rev. E 72, 011409 (2005). 

7. Weber, D., Mitchell, J., McGregor, J. & Gladden, L. F. Comparing Strengths of 

Surface Interactions for Reactants and Solvents in Porous Catalysts Using Two-

Dimensional NMR Relaxation Correlations. J. Phys. Chem. 113, 6610–6615 (2009). 

8. Gladden, L. F. & Mitchell, J. Measuring adsorption, diffusion and flow in chemical 

engineering: applications of magnetic resonance to porous media. New J. Phys. 13, 

35001 (2011). 

9. D’Agostino, C., Brett, G. L., Miedziak, P. J., Knight, D. W., Hutchings, G. J., 

Gladden, L. F. & Mantle, M. D. Understanding the Solvent Effect on the Catalytic 

Oxidation of 1,4-Butanediol in Methanol over Au/TiO2 Catalyst: NMR Diffusion and 

Relaxation Studies. Chem. - A Eur. J. 18, 14426–14433 (2012). 

10. D’Agostino, C., Kotionova, T., Mitchell, J., Miedziak, P. J., Knight, D. W., Taylor, S. 

H., Hutchings, G. J., Gladden, L. F. & Mantle, M. D. Solvent Effect and Reactivity 

Trend in the Aerobic Oxidation of 1,3-Propanediols over Gold Supported on Titania: 



178 

 

NMR Diffusion and Relaxation Studies. Chem. - A Eur. J. 19, 11725–11732 (2013). 

11. D’Agostino, C., Mitchell, J., Mantle, M. D. & Gladden, L. F. Interpretation of NMR 

Relaxation as a Tool for Characterising the Adsorption Strength of Liquids inside 

Porous Materials. Chem. - A Eur. J. 20, 13009–13015 (2014). 

12. D’Agostino, C., Feaviour, M. R., Brett, G. L., Mitchell, J., York, A. P. E., Hutchings, 

G. J., Mantle, M. D. & Gladden, L. F. Solvent inhibition in the liquid-phase catalytic 

oxidation of 1,4-butanediol: understanding the catalyst behaviour from NMR 

relaxation time measurements. Catal. Sci. Technol. 6, 7896–7901 (2016). 

13. D’Agostino, C., Brett, G., Divitini, G., Ducati, C., Hutchings, G. J., Mantle, M. D. & 

Gladden, L. F. Increased Affinity of Small Gold Particles for Glycerol Oxidation over 

Au/TiO2 Probed by NMR Relaxation Methods. ACS Catal. 7, 4235–4241 (2017). 

14. Brunauer, S.; Emmett, P. H.; Teller, E. Adsorption of gases in multimolecular layers. 

J. Am. Chem. Soc. 60, 309–319 (1938). 

15. Penrose, C., Steiner, P., Gladden, L.F., Sederman, A.J., York, A.P.E., Bentley, M. & 

Mantle, M.D. A simple liquid state 1H NMR measurement to directly determine the 

surface hydroxyl density of porous silica. Chem. Commun. (2021) Advance Article. 

16. Butler, J. P., Reeds, J. A. & Dawson, S. V. Estimating solutions of first kind integral 

equations with nonnegative constraints and optimal smoothing. SIAM J. Numer. Anal. 

18, 381–397 (1981). 

17. Goldammer, E. & Zeidler, M. Molecular motion in aqueous mixtures with organic 

liquids by nmr relaxation measurements. Ber. Bunsenges. Phys. Chem. 73, 4–15 

(1969). 

18. Liu, G., Li, Y. & Jonas, J. Confined geometry effects on reorientational dynamics of 

molecular liquids in porous silica glasses. J. Chem. Phys. 95, 288 (1991). 

19. D’Agostino, C., Mitchell, J., Gladden, L. F. & Mantle, M. D. Hydrogen Bonding 

Network Disruption in Mesoporous Catalyst Supports Probed by PFG-NMR 

Diffusometry and NMR Relaxometry. J. Phys. Chem. C 116, 8975–8982 (2012). 

 



179 

 

8. Optimization of a FFC-NMR pulse sequence with 

CPMG-acquisition for enhanced resolution through 𝑻𝟐-

encoding 
 

8.1 Introduction 

The previous chapters in this thesis have shown the suitability of NMR relaxometry, and in 

particular FFC-NMR as a tool to study surface-adsorbate interactions and competitive 

adsorption of liquid mixtures inside porous media. The γ-alumina and titania systems studied 

in chapters 4-6 show easily distinguishable 𝑇1 environments, that can be processed and 

modelled further to obtain insight into the chemistry of the systems. However, the 𝑇1s cannot 

always be so easily separated.  

Chapter 9 shows an FFC-NMR study on ethanol-water mixtures imbibed within silicas, the 

systems previously investigated by fixed field NMR relaxometry in chapter 7. For the Q6 and 

Q10 silicas, it is clear that the 𝑇1 environments of ethanol and water overlap for low ethanol 

mixture compositions. As a result, the NMRD profiles are very noisy and it is impossible to 

extract quantitative information about microphase separation, which is the goal of these 

experiments. 

Unfortunately, the homogeneity of the magnetic field in FFC-NMR is very poor. Therefore we 

cannot add chemical resolution to the experiments. However, it is possible to add a 𝑇2 

component by adding a CPMG echo-train in the acquisition part of the pulse sequence. 

Previously, this pulse sequence was used to provide “𝑇2-Encoded Acquisition of Relaxation 

Dispersion for Resolution of Pore Sizes” (TEARDROPS), separating out the NMRD profiles 

of water inside a range of different pore-size silicas1. To the best of our knowledge, this CPMG-

FFC NMR pulse sequence has not yet been applied for the purpose of separating overlapping 

𝑇1 environments by anyone other than the research group previously mentioned. Therefore it 

is crucial to implement the sequence in an appropriate manner. 

While the pulse sequence is installed in the AcqNMR software and therefore relatively easy to 

access, there are many experimental parameters and hardware considerations which may cause 

artefacts or high errors in the 𝑇1 and 𝑇2 domains. This chapter highlights some of these 



180 

 

challenges and how to manage them, and validates the use of this sequence for the ethanol-

water mixtures imbibed within silicas shown in the next chapter.  

8.2 Background and literature review 

The Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence is a well-established method in NMR 

to refocus magnetization and measure 𝑇2, the spin-spin relaxation time, see section 2.2.22,3. 

Moreover, the one-shot CPMG echo-train can be easily connected to other pulse sequences to 

create correlation experiments, e.g. 𝑇1-𝑇2 correlation experiments like the experiments in 

chapter 74–13. 

Another possible correlation experiment is a CPMG-FFC-NMR experiment14, for which the 

pulse sequence consists of a conventional pre-polarized or non-polarized FFC-NMR sequence 

with one-shot CPMG acquisition instead of FID acquisition. The pre-polarized CPMG-FFC-

NMR pulse sequence is shown in Figure 8.11,14. The non-polarized sequence is equivalent, 

except the polarization step is removed. The relaxation time, 𝑡rel, and field, 𝐵rel, are varied to 

obtain 𝑇1 decays at a range of Larmor frequencies, identically to the “standard” 1D FFC-NMR 

sequence. 

 

Figure 8.1: The pre-polarized CPMG-FFC-NMR pulse sequence.  

From this experiment, 𝑇1-𝑇2 correlation data can be obtained, where the 𝑇1is measured at the 

relaxation Larmor frequency, 𝐵rel, and the 𝑇2 is recorded at the acquisition frequency, 𝐵acq. 
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8.2.1 Applications 

CPMG-FFC-NMR has already been demonstrated to be a useful tool for several purposes. First, 

the sequence was used to provide field-cycling weighting to 𝑇1-𝑇2 correlation experiments 

regarding foods and proteins15–17. Based on the 𝑇1 dispersion of a relaxation environment, 

peaks can be better separated and assigned. Secondly, the addition of the CPMG echo-train has 

been used for phase encoding and for refocusing pulse imperfections in FFC-MRI studies18,19. 

Another application for CPMG acquisition is the increase in signal-to-noise ratio it can bring. 

The π pulses in CPMG trains refocus inhomogeneous spectral broadening and can therefore be 

used to significantly extend NMR signals compared to standard FID acquisition, especially in 

the case of inhomogeneous magnetic fields14,20. The increased sensitivity is often used in FFC-

NMR studies in combination with dynamic nuclear polarization (DNP)21–24. 

Finally, CPMG acquisition can be used to distinguish different relaxation environments in 

NMRD profiles1,14,24,25. The first practical demonstration of this resulted in the separation of  

water NMRD profiles in different pore-size silicas based on their 𝑇2 components, therefore the 

technique was called 𝑇2-Encoded Acquisition of Relaxation Dispersion for Resolution of Pore 

Sizes (TEARDROPS)1. 

CPMG and FFC-NMR have been shown to be a valuable combination with a range of 

applications, as shown above, and the CPMG-FFC-NMR pulse sequence is one of the default 

sequences in the AcqNMR software that controls Stelar FFC-NMR relaxometers. This means 

that the pulse sequence is easily accessible and ready to use, however it is important to 

understand the limitations of the sequence and the relaxometer in general and consequently 

optimize the experimental parameters. 

8.2.2 Field noise effects 

Some of the most important effects to take into account in implementing the CPMG-FFC-NMR 

sequence are field noise effects14,26,27. Fluctuations in the magnetic field strength and/or RF 

offset can cause artefacts in NMR signals. The contributions to field noise effects can be split 

into two parts.  

First, fluctuations in the RF offset will affect the accuracy and efficiency of the pulses. For FID 

acquisition, there is only one (90°) pulse and therefore RF fluctuations will have a relatively 

small effect on the NMR signal26. However, for CPMG acquisition, several thousand 180° 
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pulses are used in one scan, and therefore low RF fluctuations are crucial for reliable 

experiments27. As a result, it is necessary to manually optimize the RF offset before each 

experiment. Additionally, phase cycling should be used to refocus remaining inaccuracies in 

the 180° pulses.  

Second, the homogeneity and stability of the electromagnetic field in FFC-NMR relaxometers 

can cause field drift related phase artefacts. When using FID acquisition, the magnitude NMR 

signal is generally used to obtain NMRD profiles, thereby avoiding phase artefacts. For CPMG-

FFC-NMR however, the echo delay, 𝛿, must be optimized. When 𝛿 is shorter than the magnetic 

field fluctuations, most field noise effects can be refocused. Previously reported values for 𝛿 

range between 50-100 µs1,14.  

Previously, a correlation between the magnet temperature and experimental errors was found1. 

This is because the magnetic field stability depends on the magnet temperature. For our system, 

the magnet is cooled via water that is stored on the roof of the lab building. As a result, the 

temperature of the cooling water and the magnet depends on the outdoor temperature and 

cannot be easily controlled. Therefore, it was impossible to do an extensive study on the effect 

of the magnet temperature on the results. However the maximum observed magnet temperature 

was 18.8°C, which is below the 19°C threshold set by Neudert. 

8.3 Aims and objectives 

The main aim of this chapter is simple: to optimize and validate the CPMG-FFC-NMR pulse 

sequence on our relaxometer, so that it can be used to quantitatively investigate the microphase 

separation of ethanol-water mixtures in silicas, following chapter 7. In order to optimize the 

sequence, the following experiments were carried out: 

• Acquisition field fluctuations are measured for two different probes, a 10 mm probe 

and a 5 mm probe. The results can then be compared to the fluctuations measured by 

Neudert et al.1 and the threshold set by Ferrante and Sykora14, to confirm that the 

relaxometer should be able to run CPMG-FFC-NMR experiments without large 

artefacts. 

• Tuning and matching stability for the two different probes is compared. The tuning and 

matching capacitors of the 10 mm probe were damaged in unrelated experiments, and 

it is expected this will affect the accuracy of the CPMG-FFC-NMR experiments. 
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• The effect of the echo delay, 𝛿, on the NMR signal is investigated and an optimal value 

for 𝛿 is set. 

• The FFC-acquired 𝑇2 values for a range of manganese(II) chloride solutions are 

compared to the 𝑇2 values obtained on a permanent 23.8 MHz magnet. For an 

appropriate comparison, the acquisition field, 𝐵acq, is changed to 23.8 MHz. 

• Finally, once all 𝑇2 parameters are optimized, the 𝑇1 NMRD profiles using FID and 

CPMG-acquisition are compared. 

8.4 Experimental 

8.4.1 Materials 

Manganese(II) chloride solutions (0.25 mM, 0.5 mM, 1 mM and 2 mM) were freshly prepared 

before each set of FFC-NMR experiments. The 0.5 mM and 2 mM solutions are generally used 

as a reference for NMRD profiles due to their high 𝑅1 dispersion. The addition of 0.25 mM 

and 1 mM solutions allowed for a 𝑅1 range between approximately 3–120 s-1, which spans the 

relaxation rates measured for ethanol-water mixtures imbibed within silicas shown in chapter 

9. 

8.4.2 FFC-NMR experimental parameters 

FFC-NMR experiments with FID acquisition were recorded as outlined in section 4.2.2. First, 

a 10 mm probe was used, which was the same probe as in chapters 4–6. For this probe, the 

transmitter attenuation was set to 12 and the 90° pulse was 8 µs. Additionally, a 5 mm probe 

was used to compare field fluctuations. For this probe, the transmitter attenuation was set to 18 

and the 90° pulse length was 3 µs. Following the phase cycle, four scans were recorded at each 

point. 

For the CPMG-FFC-NMR experiments, the PPCPMG/s pulse sequence was used, see Figure 

8.1. The duration of the 180° pulse was defined as twice the duration of the 90° pulse. The 

CPMG data points were recorded at 3/4 echo time, i.e. 3/2δ after a π pulse, which allowed for 

shorter echo times without pulse transients causing artefacts in the signal1.  

As discussed in section 8.2.2, it is important to (manually) optimize the frequency offset before 

an experiment to make sure the magnetic field does not drift too far and the RF pulses remain 
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efficient14. Because the offset was optimized, the real signal was processed instead of the 

magnitude signal, as is the usual method for FID-FFC-NMR processing. 

Due to memory restrictions, no more than 64k data points could be recorded in one 𝑇1 

experiment. As a result, the maximum number of echoes was 4096 when 16 𝑇1 delays were 

used, and 2048 echoes for 32 𝑇1 delays. 

FID-FFC-NMR data and CPMG-FFC-NMR 𝑇1 data were processed as outlined in section 

4.2.2, and fitted to a monoexponential decay to obtain 𝑇1 values. For the CPMG-FFC-NMR 𝑇2 

data, the CPMG decays for 𝑡rel = 1 ms were fitted to a monoexponential or biexponential fit 

to obtain 𝑇2 values. 

8.4.3 NMR relaxation experiments on a permanent 23 MHz magnet 

CPMG-NMR experiments were performed on a Magritek Tomograph with a hydrogen Larmor 

frequency of 23.8 MHz. The pulse length was set to 25 µs, the power level was adjusted to 

optimize the 90° and 180° pulses. 16 scans and 128 echoes were recorded with echo delays 

ranging between 1 ms for the 2 mM solution and 4 ms for the 0.25 mM solution.  

8.5 Results and discussion 

8.5.1 Acquisition field fluctuations 

First, the variations in the acquisition frequency were measured according to the method by 

Neudert et al. to allow for an appropriate comparison. Using a standard pre-polarized FFC-

NMR pulse sequence without relaxation interval, 64 single-scan FIDs were recorded 0.8 ms 

after the 90° pulse, and 64 FIDs were recorded 3.3 ms after the 90° pulse to test for later 

fluctuations. Like in the Neudert paper, no systematic differences between the sets of FIDs 

were found. 

The FIDs were processed using a moving Fourier Transform with a Hamming window and 16-

fold zerofilling, after which the frequency relative to the acquisition frequency,  

𝐵acq = 16.3 MHz, could be calculated. Table 8.1 shows the scatter in the average frequency, 

the maximum variation in frequency over the course of the FID, and the overall range of 

frequencies that was detected. 
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Table 8.1: Acquisition field fluctuations. Data for comparison extracted from Neudert et al.1 

Variation  

(µT / ppm / kHz) 

10 mm probe 5 mm probe 

(16.3 MHz) 

5 mm probe 

(23.8 MHz) 

Neudert1 

Average frequency 63 / 165 / 2.7 58 / 150 / 2.5 68 / 179 / 2.9 70 / 183 / 3.0 

Variation over time 102 / 267 / 4.4 29 / 77 /  1.3 38 / 100 / 1.6 40 / 105 / 1.7 

Overall range 139 / 364 / 5.9 76 / 199 / 3.3 82 / 215 / 3.5 120 / 313 / 5.1 

 

The acquisition field fluctuations for the experiments where the 5 mm probe was used, both at 

16.3 and 23.8 MHz, are relatively small, compared to the fluctuations observed by Neudert. 

The highest fluctuations recorded using this probe are 3.5 kHz, this corresponds to a fluctuation 

time of ~285 µs, which means the fluctuations should be easily refocused by the π pulses in the 

CPMG sequence. 

Field fluctuations up to ~5 kHz are expected to be acceptable, however the variations for the 

10 mm probe reach up to 5.9 kHz14. As a result, the CPMG sequence may not be able to refocus 

phase errors, which can lead to inaccurate NMR signal decays. The 𝑇2 value will then be 

underestimated, and this will propagate to a systematic error in the 𝑇1 domain.  

On the other hand, fluctuations with a frequency of 5.9 kHz correspond to a fluctuation time 

of ~170 µs. Echo delays that are suggested in the literature are in the range of 50–100 µs14, 

which is significantly shorter than the fluctuation time of ~170 µs. Therefore, the π pulses may 

still be able to refocus the acquisition field fluctuations for experiments using the 10 mm probe, 

especially when relatively short echo delays are applied. 

8.5.2 Tuning and matching stability 

During experiments unrelated to this study, the tuning and matching capacitors of the 10 mm 

probe were damaged. Because it was still possible to obtain a signal stable enough for FID 

acquisition, and because the 10 mm probe was the only suitable probe for other experiments, 

the probe was not repaired while the current study was carried out. For CPMG acquisition, 

however, higher tuning and matching stability is necessary, as the acquisition time is three 

orders of magnitude longer (~0.25 s for the following experiments) compared to standard FID 

acquisition (~120 µs). Moreover, the tuning and matching stability appeared to deteriorate over 

time. 
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Figure 8.2: CPMG decays of a 2 mM manganese(II) chloride solution, measured using the a) 10 mm probe, and 

b) 5 mm probe. For both probes, 4 scans were recorded under identical conditions. 

Figure 8.2 shows the effect of poor tuning and matching stability in the 10 mm probe. Four 

CPMG decays were recorded for a 2 mM manganese(II) chloride solution, under identical 

conditions. For these experiments, the echo delay was 𝛿 = 60 µs, on the short side of the 

recommended 50–100 µs range, to maximize the chances of effective refocusing of field 

instabilities. 

It is expected, for a stable probe, that the four scans give identical NMR signals. This is the 

case for the 5 mm probe, as is shown in Figure 8.2b, but the CPMG traces for the 10 mm probe, 

see Figure 8.2a, vary significantly, indicating the increased field noise effects due to poor 

tuning and matching stability. Moreover, even the most stable NMR signal for the 10 mm 

probe, coloured purple in Figure 8.2, decays faster than the 5 mm probe signals, showing that 

the signal obtained on the 10 mm probe is highly unreliable. 

For the remainder of this chapter, and chapter 9, only the 5 mm probe was used. Once the 

tuning and matching capacitors on the 10 mm probe are repaired, the experiments in this 

chapter should be repeated to check whether the CPMG-FFC-NMR sequence is accurate 

enough using this probe. 

8.5.3 The effect of the echo delay 

As was explained in section 8.2.2, the π pulses in the CPMG acquisition can refocus field 

instabilities, under the condition that the timescale of the field fluctuations is significantly 

longer than that of the echo delay. Neudert et al. determined a maximum echo delay of 𝛿 = 72 

µs for their system1, and generally the recommended range for the echo delay is 50–100 µs14. 
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Figure 8.3: CPMG decays of a 1 mM manganese(II) chloride solution, measured using varying echo delays, at 

an acquisition frequency 𝐵acq = 16.3 MHz. 

As can be seen in Figure 8.3, the CPMG trains for echo delays > 100 µs decay considerably 

faster than when shorter echo delays are used. Even the signal for 𝛿 = 100 µs already shows 

a somewhat faster decay compared to the shorter echo delays. As is expected from the 

literature, the field fluctuations cannot be effectively refocused, resulting in dephasing of the 

magnetization and therefore faster decaying NMR signal.  

The differences between 𝛿 = 40 and 60 µs appear to be negligible, indicating that field noise 

effects do not significantly affect the NMR signal using these echo delays. Considering the 

limited number of echoes that can be recorded in one measurement, a longer echo delay means 

that longer 𝑇2 values can be measured accurately. Therefore for the remaining experiments in 

this chapter, and for the experiments in chapter 9, the echo delay was set to 𝛿 = 60 µs. 

8.5.4 Comparison of 𝑇2 with a permanent magnet 

Once the echo delay was optimized, the accuracy of the 𝑇2 component was tested against a 

permanent magnet with a Larmor frequency of 23.8 MHz. Therefore, the acquisition frequency 

of the FFC-NMR experiments was adjusted to be 23.8 MHz. Considering the substantial effect 

that field noise effects can have on the CPMG decays, the echo delay was reoptimized, see 

Figure 8.4. 
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Figure 8.4: CPMG decays of a 1 mM manganese(II) chloride solution, measured using varying echo delays, at 

an acquisition frequency 𝐵acq = 23.8 MHz. 

It is clear that echo delays > 100 µs are still subject to significant field noise effects, however 

the NMR traces for echo delays up to 100 µs overlap very well, indicating the field instabilities 

can be appropriately refocused. The echo delay was set to 𝛿 = 60 µs to be consistent with the 

CPMG-FFC-NMR experiments shown in section 8.5.2. 

 

Figure 8.5: The CPMG decay for 𝛿 = 30 µs, see Figure 8.4, and the corresponding monoexponential and 

biexponential fits. 

Interestingly, the CPMG decays at 23.8 MHz do not appear monoexponential, see Figure 8.5. 

Therefore, two 𝑇2 components were fitted to the data. The biexponential fit matches the data 

very well, however only one 𝑇2 component is expected for a doped water sample. The data 

from the permanent 23.8 MHz magnet clearly shows one 𝑇2 component, see Figure 8.6, and 

therefore confirms the second 𝑇2 component in the FFC-NMR data is an artefact. 
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Figure 8.6: The CPMG decay of a 1 mM manganese(II) chloride solution, measured using a permanent 23.8 MHz 

magnet, and its corresponding monoexponential fit. 

In order to try to explain the second 𝑇2 component, the 𝑇2 values for the permanent magnet and 

for the FFC-NMR fits are compared. The results are shown in Figure 8.7. 

 

Figure 8.7: Observed 𝑇2 relaxation times plotted against the manganese(II) chloride concentration, extracted 

from the permanent magnet (23 MHz), a monoexponential fit to the FFC-NMR data (FFC-1), and a biexponential 

fit to the FFC-NMR data (FFC-2(1) and FFC-2(2)). 

The 𝑇2 values extracted from the data acquired on the permanent magnet appear to follow a 

power law trend with the dopant concentration, where the 𝑇2 value decreases as the 

concentration increases. As the dopant is expected to dominate the relaxation mechanism, this 

trend follows our expectation. 

The monoexponential FFC-NMR fit (FFC-1) appears to coincide with the 23 MHz magnet 𝑇2 

values, especially for the solutions ≥ 0.5 mM, indicating again that the biexponential properties 

of the FFC-NMR results are artefacts rather than true 𝑇2 values. 

For the biexponential fits, the primary component (FFC-2(1)) overestimates the 𝑇2 value 

consistently by approximately 50%. The secondary component (FFC-2(2)) on the other hand 
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appears to be independent on the concentration, with a value of 𝑇2~3.5 ms. It is expected the 

second component is an artefact caused by field instabilities.  

At an acquisition frequency Bacq = 16.3 MHz, the data was very well described by a 

monoexponential fit. The main difference between the experiments 16.3 MHz and 23.8 MHz 

is that 23.8 MHz is at the edge of the tuning range of the FFC-NMR relaxometer. As a result, 

it is likely that the tuning and matching stability is slightly poorer at 23.8 MHz compared to 

16.3 MHz, which is the frequency the machine is optimized to work at. 

Because the data at 16.3 MHz appears monoexponential, there is good overlap between the 

data from the permanent 23 MHz magnet and the monoexponential fit to the FFC-NMR data 

at 23.8 MHz, and because it is expected that the relaxometer operates more accurately at 16.3 

MHz than at 23.8 MHz, the 𝑇2 measurements are expected to be more accurate at 16.3 MHz 

than at 23.8 MHz.  

8.5.5 𝑇2 NMRD profiles analysis 

Finally, the 𝑇2 components were determined for experiments across the 𝑇1 Larmor frequency 

range. The 𝑇2 value should only depend on the acquisition frequency, and therefore remain 

constant as the 𝑇1 relaxation frequency is varied. The 𝑇2 NMRD profiles are shown in Figure 

8.8.  

 

Figure 8.8: 𝑇2 values for a range of manganese(II) chloride solutions, plotted against the 𝑇1 relaxation frequency 

Upon visual inspection, it is clear that the 𝑇2 value indeed is independent on the relaxation 

frequency. The highest standard deviation for the 𝑇2 values is 2.4%, which is significantly 

lower than the error up to 10% that is expected for the experiments in chapter 9 due to pore 
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inhomogeneities. It can therefore be concluded that the 𝑇2 component of the CPMG-FFC-NMR 

experiment is accurate enough to separate relaxation environments in porous media. 

8.5.6 𝑇1 NMRD profiles analysis 

Now that the CPMG aspect of the CPMG-FFC-NMR pulse sequence has been validated, the 

𝑇1 NMRD profiles using the CPMG sequence and the 1D FID sequence are compared. The 1H 

NMRD profiles of a range of manganese(II) chloride solutions is shown in Figure 8.9. 

 

Figure 8.9: 1H NMRD profiles of a range of manganese(II) chloride solutions, using the 1D FID pulse sequence 

(filled symbols) and the CPMG-FFC-NMR pulse sequence (open symbols). 

All experiments were performed twice, using freshly made MnCl2 solutions, and the resulting 

error bars are too small to see by eye.  

In general, the CPMG-acquired NMRD profiles correspond reasonably well with the 1D FID 

profiles. The highest errors can be seen in the 2 mM MnCl2 solution. In order to further analyse 

the accuracy of the experiment, the errors were quantified and plotted, see Figure 8.10. 
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Figure 8.10: The error, defined as the relative difference between the CPMG and FID-acquired 𝑅1 value, for 

each of the 1H NMRD profiles shown in Figure 8.9. 

In this analysis, it is assumed that errors up to 10% are acceptable, because the aim of the 

CPMG-FFC-NMR sequence is to separate NMRD profiles of liquid mixtures imbibed within 

porous media. In these materials, pore inhomogeneities are expected to induce similar errors in 

the relaxation rate. 

Unfortunately, there are several data points where the error exceeds the imposed 10% 

threshold. All but one of these data points are in the 2 mM MnCl2 solution data. For this 

solution, the 𝑇2 value is approximately 12 ms, which means that after just 460 data points, the 

signal intensity is only 10%. As a result, the signal-to-noise ratio is lower than for the other 

solutions. However, considering the error does not often exceed the 10% threshold, it is 

concluded that in general the accuracy of the 𝑇1 NMRD profiles is adequate for porous media 

studies. 
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8.6 Conclusions and outlook 

In previous chapters, FFC-NMR has been shown to provide quantitative information about the 

microphase separation of liquid mixtures imbibed within porous media. However, the 𝑇1 

relaxation environments of the liquid mixtures cannot always be easily distinguished, as was 

the case in chapters 4–6. 

In order to separate relaxation environments, a 𝑇2 component can be added by means of CPMG 

acquisition. This CPMG-FFC-NMR pulse sequence has previously been applied to FFC-

encoded 𝑇1 − 𝑇2 correlation experiments, FFC-MRI experiments, DNP-FFC-NMR 

experiments and to obtain “𝑇2-Encoded Acquisition of Relaxation Dispersion for Resolution 

of Pore Sizes” (TEARDROPS). 

Following the large range of applications of the CPMG-FFC-NMR pulse sequence, it has been 

installed as a default sequence on Stelar FFC-NMR relaxometers. However, the pulse sequence 

comes with technical challenges that must be dealt with and optimized, namely field noise 

effects. 

First, the acquisition field fluctuations for two different probes were measured. The maximum 

measured field noise for the 10 mm probe was 5.9 kHz, which is higher than the fluctuations 

measured by Neudert et al.1, and the threshold set by Ferrante and Sykora14. As a result, it is 

not certain that this probe is able to perform the CPMG-FFC-NMR experiment accurately. The 

measured field fluctuations for the 5 mm probe, however, were significantly lower than the 

reference values, and therefore it is expected that this probe can obtain reliable CPMG-FFC-

NMR data. 

Unfortunately, the 10 mm probe was damaged in experiments unrelated to this study. As a 

result, the tuning and matching stability was shown to be impaired and no reliable CPMG 

decays could be measured anymore. Once the probe has been repaired, the experiments in this 

chapter should be repeated to confirm its suitability to run CPMG-FFC-NMR experiments. 

For the 5 mm probe, the effect of the echo delay, 𝛿, on the NMR signal was investigated. Echo 

delays ≥ 100 µs showed rapid 𝑇2 decays, indicating the field noise effects could not be 

effectively refocused. The echo delay for further experiments was set to 𝛿 = 60 µs. 

After optimization, the 𝑇2 component was compared to the 𝑇2 values measured on a permanent 

23.8 MHz magnet. CPMG-FFC-NMR experiments at 𝐵acq = 23.8 MHz unexpectedly showed 
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two relaxation environments. It is likely that this artefact is caused by poor tuning stability, as 

23.8 MHz is at the edge of the tuning range of the FFC-NMR relaxometer. However, the 𝑇2 

values for the FFC-NMR experiments were consistent with the values measured on the 

permanent magnet, and other CPMG-FFC-NMR experiments are performed at 𝐵acq = 16.3 

MHz, where the tuning stability is better. Therefore it was concluded that the 𝑇2 component of 

the CPMG-FFC-NMR experiment is accurate enough. 

Finally, the 𝑇1 NMRD profiles using FID and CPMG-acquisition were compared. In general 

the overlap was very good, however the 2 mM manganese(II) chloride solution showed a few 

data points with errors >10%. This is likely due to the short 𝑇2 value for this solution. For 

samples with sufficiently long 𝑇2 components, it is concluded that the CPMG-FFC-NMR pulse 

sequence can accurately obtain 𝑇1 NMRD profiles. 

In summary, this chapter contains a highly detailed description of the implementation of a 

relatively new and unexplored pulse sequence to separate different chemical environments 

based on their 𝑇2 components. The optimized CPMG-FFC-NMR pulse sequence will be 

applied in the following chapter, where the 𝑇1 relaxation environments of certain water-ethanol 

mixtures imbibed within porous silicas cannot be separated. Aside from these experiments, the 

CPMG-FFC-NMR sequence can now be used, provided the optimized parameters are used.  
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9. Competitive adsorption of ethanol-water mixtures 

imbibed within mesoporous silicas. Part II: correlation 

times through FFC-NMR relaxometry 

 

9.1 Introduction 

Chapter 7 showed an investigation of the microphase separation of ethanol-water mixtures 

imbibed within a range of different pore size silicas with varying surface chemistries. 𝑇1 − 𝑇2 

correlation experiments were performed across the full ethanol-water composition range. 

While not much information about competitive adsorption was found in the ethanol component, 

the 𝑇1/𝑇2 ratios of the water component showed clear trends. For the large pore silicas with a 

high surface hydroxyl density (Q15, Q30), the normalized water 𝑇1/𝑇2 ratio increased with 

ethanol mol%, suggesting a phase-separated system with a water-rich surface layer and ethanol 

residing in the centre of the pore. For the smaller pore silicas with low surface hydroxyl 

densities (Q6, Q10), the trend was opposite: the normalized water 𝑇1/𝑇2 ratio decreased with 

ethanol mol%, indicating an ethanol-rich surface layer and water in the centre of the pore.  

In this chapter, the goal is to obtain quantitative information about the microphase separation 

and the dynamics of these systems in the form of correlation times. Correlation times can be 

extracted from 1H NMRD profiles, as was previously shown in chapters 5 and 6. However, as 

will be shown in section 9.3.1, the NMRD profiles for the water and ethanol components in the 

smaller pore silicas (Q6, Q10) cannot be distinguished, because the 𝑇1 values of the 

components are too similar. 

Therefore, we will apply the FFC-NMR pulse sequence with CPMG acquisition that was 

optimized in chapter 8. This pulse sequence can be used to distinguish NMRD profiles based 

on 𝑇2 values, as was previously demonstrated for water imbibed within different pore size 

silicas1,2. However, because the acquisition period for CPMG acquisition is significantly longer 

than for FID acquisition, it was necessary to characterize the acquisition field fluctuations and 

confirm that field noise effects are not affecting the accuracy of the  

FFC-NMR experiments3–5. After the CPMG-FFC-NMR pulse sequence was optimized, it can 

now be used to separate the water and ethanol NMRD profiles shown in section 9.3.1. 
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Finally, the NMRD profiles of the water component will be modelled to obtain correlation 

times. In this study, the approach by Chemmi will be used, because this modelling method has 

been applied to similar water in silica systems before and provided clear quantitative 

information6. In this approach, the NMRD profiles are fitted to two simple spectral densities, 

from which a fast and a slow correlation time can be extracted. 

9.2 Experimental 

The materials and sample preparation methods in this chapter are identical to those used in 

chapter 7, see section 7.2.1. Experiments were performed on the as-received silicas only. FID-

FFC-NMR experiments were performed as outlined in section 4.2.2, variable temperature FFC-

NMR experiments were performed as outlined in chapter 5.2.2.1, and CPMG-FFC-NMR 

experiments were performed following the optimization procedures in chapter 8. The CPMG-

FFC-NMR experiments were performed under identical conditions to the FID-FFC-NMR 

experiments to avoid discrepancies between the sets of experiments.  

For the FID-FFC-NMR experiments, 𝑇1 curves were processed using a monoexponential fit for 

pure water samples, and using a biexponential fit for ethanol and ethanol-water mixtures.  For 

CPMG-FFC-NMR experiments, the pure water samples were processed using the same 

method, however the ethanol and ethanol-water mixtures were analysed following a different 

approach: 

1. First, 𝑇2 values were extracted through a biexponential fit to the CPMG decays. 

Importantly, only the CPMG decays for 𝑡rel = 1 ms were used in order to avoid 𝑇1 

weighting effects. This procedure was done for all frequency points, and the results 

were averaged to obtain reliable 𝑇2 values. 

2. Each CPMG decay within the 𝑇1 curves was fitted to a biexponential function with 

fixed 𝑇2 values, extracted in step 1, which provided populations for each of the 𝑇2 

components. The populations depend on the mixture composition as well as the 𝑇1 

relaxation time of each of the components. 

3. Based on the 𝑇2 values and populations, two 𝑇1 curves were constructed that could be 

separately fitted to a monoexponential fit, resulting in two reliable 𝑇1 values. 
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9.3 Results and discussion 

9.3.1 FID-FFC-NMR experiments 

9.3.1.1 Pure liquids 

The 1H NMRD profiles of pure water and of the ethyl component for pure ethanol imbibed 

within the silica supports are shown in Figure 9.1. 

 

Figure 9.1: 1H NMRD profiles for pure (a) water, and (b) ethanol, imbibed within a range of silicas. 

For water, the relaxation rate towards the high frequency end appears to scale with the pore 

size; smaller pores result in higher relaxation rate. This observation corresponds to the high 

field NMR relaxometry results on the same systems reported by Robertson7. There are two 

explanations for the increase of 𝑅1 with decreasing pore size. Firstly, it can be explained by the 

two-phase fast exchange model. In smaller pores, the surface-to-volume ratio is higher than for 

larger pores. The surface relaxation rate is higher than the bulk relaxation rate, and therefore 

the observed relaxation rate is higher for smaller pores. Alternatively, the confinement upon 

decreasing the pore size restricts the motion of the water and thereby increases 𝑅1. 

Toward the low frequency end, the NMRD profiles show interesting differences. The 

relaxation rate appears to plateau for the Q15 and Q30 profiles, but not for the Q6 and Q10 

profiles. It is likely that this big distinction is due to the difference in surface hydroxyl densities 

between the Q6/Q10 and Q15/Q30 silicas. A difference in surface hydroxyl density leads to a 

difference in the surface-adsorbate dynamics, and therefore shows different NMRD profiles. 

In section 7.3.2, it was shown that the high surface hydroxyl density silicas (Q15, Q30 and the 

rehydroxylated Q6 and Q10) displayed lower 𝑇1/𝑇2 ratios than the low surface hydroxyl 

density silicas (as-received Q6 and Q10). The plateau in the NMRD profiles is indicating the 
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same effect. As will be shown in more detail in section 9.4, the surface-adsorbate interaction 

strength correlates with the plateau; a stronger interaction is described by a higher plateau at 

lower frequencies. In Figure 9.1a, qualitatively, it is clear that the plateaus for Q15 and Q30 

are lower and at higher frequencies than for Q6 and Q10 silica, for which the relaxation rates 

do not reach a plateau within the current frequency range.  

For ethanol, the slopes of the NMRD profiles are identical and shallow, indicating the ethyl 

group only weakly interacts with the surface. This is consistent with the results from section 

7.3.2, where the 𝑇1/𝑇2 ratio of the ethanol component stayed approximately constant across 

the composition range, for all silica supports. The increase in the absolute relaxation rates for 

Q6 silica is again explained by the two-phase fast exchange model; as the pore size decreases, 

the surface-to-volume ratio and therefore the relaxation rate increases. The difference between 

Q10, Q15 and Q30 silica is small due to the weak nature of the surface-ethyl interactions. 

Because the ethyl profiles are not very sensitive to surface interactions, we will focus only on 

the water profiles for the remainder of this chapter. 

9.3.1.2 Mixtures 

The 1H NMRD profiles of the water component in ethanol-water mixtures imbibed within the 

silica supports, measured using the FID-FFC-NMR pulse sequence, are shown in Figure 9.2. 

It is clear that for all silicas, the water relaxation rates increase as the water content decreases. 

This corresponds to the 𝑇1 and 𝑇2 values at 43 MHz decreasing with ethanol mol%, as was 

shown in chapter 7. However, for the fixed field experiments it was important to analyse the 

𝑇1/𝑇2 ratio instead of the separate 𝑇1 and 𝑇2 components, to avoid mixing effects. For the FFC-

NMR results, it is also important to take mixing effects into account. In order to analyse the 

information about surface-adsorbate interactions contained within the NMRD profiles, it is 

necessary to apply a theoretical model. 
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Figure 9.2: 1H NMRD profiles of the water component in ethanol-water mixtures imbibed within (a) Q6, (b) Q10, 

(c) Q15, and (d) Q30 silica, obtained using the FID-FFC-NMR pulse sequence. 

While the NMRD profiles for all mixtures in Q15 and Q30 silica (Figure 9.2c-d) look 

reasonably smooth, and can therefore be modelled, the NMRD profiles for the low-ethanol 

mixtures in Q6 and Q10 silica (Figure 9.2a-b) are extremely noisy, which means that a data 

interpretation in terms of surface-adsorbate interactions is impossible.  

The reason for these noisy NMRD profiles is that the water and ethanol 𝑇1 components are too 

similar and therefore overlap. This explanation is confirmed by an inverse Laplace transform 

analysis shown in Figure 9.3. The 86:14% ethanol-water mixture clearly shows two separate 

𝑇1 environments, whereas for the 27:73% mixture, at many frequency points, only one 𝑇1 

environment is visible. 

Following the results in chapter 7, where the 𝑇1/𝑇2 components could be easily separated for 

all mixtures in all silica supports, it is expected that the NMRD profiles of the water and ethanol 

components can be separated based on their 𝑇2 values. Therefore, the CPMG-FFC-NMR pulse 

sequence that was introduced in chapter 8 is applied. 
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Figure 9.3: 𝑇1 inverse Laplace transform plots at each frequency point of (a) 86:14% and (b) 27:73% ethanol-

water mixtures imbibed within Q6 silica. 

9.3.2 CPMG-FFC-NMR experiments 

9.3.2.1 Validation: a comparison of FID and CPMG acquisition 

In order to validate the CPMG-FFC-NMR experiment on the current systems, the pure water 

NMRD profiles using CPMG acquisition are compared to the FID-FFC-NMR experiments, see 

Figure 9.4. 

 

Figure 9.4: 1H NMRD profiles of pure water imbibed within silicas, obtained using the FID-FFC-NMR pulse 

sequence (filled symbols) and using the CPMG-FFC-NMR pulse sequence (open symbols). 

For all silica supports, the pure water profiles using FID and CPMG acquisition match 

reasonably well, especially towards the lower frequency end. At the higher frequency end, the 

highest difference between the FID and CPMG profiles is approximately 16%, which is 

significant, even if a 10% error is accepted based on the inhomogeneity of the supports. 

However, the changes in the NMRD profiles as a function of the mixture composition are much 

larger, as was shown in Figure 9.2. Therefore, the CPMG-FFC-NMR experiments are 

considered accurate enough for the current study. 
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Additionally, the FID- and CPMG-acquired profiles for the water component in ethanol-water 

mixtures are compared. Figure 9.5 shows the water component profile in the 86:14% ethanol-

water mixture imbibed within Q6 silica, and the 91:9% ethanol-water mixture in Q30 silica. 

These were the mixtures with the highest ethanol content, for which the FID-FFC-NMR pulse 

sequence was able to distinguish the water and ethanol components. The results for Q10 and 

Q15 silica are not shown in Figure 9.5 for clarity, although the results were equivalent. 

 

Figure 9.5: 1H NMRD profiles of the water component in the 86:14% ethanol-water mixture imbibed within Q6 

silica, and the 91:9% ethanol-water mixture in Q30 silica, obtained using the FID-FFC-NMR pulse sequence 

(filled symbols) and using the CPMG-FFC-NMR pulse sequence (open symbols). 

There are clear differences between the FID- and CPMG-acquired NMRD profiles. The CPMG 

relaxation rates are up to 30% higher than the FID relaxation rates. There are two explanations 

for this. First, this could be a real error, in which case, the CPMG-FFC-NMR pulse sequence 

is not accurate enough to measure the NMRD profiles of the mixtures in this study.  

Alternatively, the error lies with the FID-NMRD profiles. Even though the ethanol and water 

components appeared to be separated successfully for the mixtures shown in Figure 9.5, this 

separation may not be perfect. This hypothesis is supported by the good agreement between 

the FID- and CPMG-NMRD profiles of pure water shown in Figure 9.4, and by the difference 

between the Q6 and Q30 results. The differences between the FID- and CPMG-acquired 

relaxation rates in Q30 silica in Figure 9.5 are approximately 15%, whereas the differences for 

Q6 silica are approximately 30%. Based on the NMRD profiles in Figure 9.2, the ethanol and 

water components could be distinguished more easily in Q30 than in Q6 silica, and therefore 

we would expect a better overlap of FID- and CPMG-methods for Q30 than Q6 silica. Based 

on these observations, we conclude that the latter explanation is more likely, and therefore the 

CPMG-FFC-NMR pulse sequence is adequately accurate for the current study. 
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9.3.2.2 Mixture NMRD profiles 

The NMRD profiles of the water component in the ethanol-water mixtures, obtained using the 

CPMG-FFC-NMR sequence, are shown in Figure 9.6. The NMRD profiles for Q6 and Q10 

silica using CPMG acquisition appear much smoother than the FID-acquired profiles shown in 

Figure 9.2a-b, suggesting that the 𝑇2-encoded acquisition facilitated the goal of distinguishing 

the 𝑇1 components of ethanol-water mixtures in silicas. 

 

Figure 9.6: 1H NMRD profiles of the water component in ethanol-water mixtures imbibed within (a) Q6, (b) Q10, 

(c) Q15, and (d) Q30 silica, obtained using the CPMG-FFC-NMR pulse sequence. 

The quality of the Q15 and Q30 profiles, however, is less when CPMG-acquisition is used 

compared to the 1D FID experiments. This is especially evident for the 23% ethanol mixture 

in Q30 silica, where the relaxation rates of the water component in the mixture are lower than 

those of the pure water, see Figure 9.6d. Based on the NMRD profiles in Figure 9.2, and the 

other profiles in Figure 9.6, it is expected that the relaxation rate of the water component 

increases with the ethanol composition. It appears that the NMRD profile of the 23% ethanol 

mixture shown in Figure 9.6 is between the true water and ethanol profiles, suggesting that the 

components cannot be accurately distinguished. 

  



207 

 

The reason for the poor separation of the water and ethanol components in this mixture is due 

to similar 𝑇2 values. Figure 9.7 shows the 𝑇2 fits to the 91% and 23% ethanol mixture CPMG 

decays for Q30 silica. For the 91% mixture, the 𝑇2 components are significantly different and 

therefore can be easily separated. However, for the 23% mixture, the short 𝑇2 component is 

much longer compared to the 91% mixture, and the 𝑇2 values are much more similar. This 

leads to inaccuracies in the 𝑇2 fits and therefore in inaccuracies in the 𝑇1 fits and NMRD 

profiles. 

 

Figure 9.7: 𝑇2 fits to the CPMG decays of (a) the 91% ethanol mixture, and (b) the 23% ethanol mixture imbibed 

within Q30 silica. 

To avoid artefacts due to similar 𝑇2 values, for further analysis and modelling, the CPMG-

acquired NMRD profiles will be used for the Q6 and Q10 silicas only, and the FID-acquired 

NMRD profiles will be used for Q15 and Q30 silica. 

9.4 Modelling 

As was shown in sections 3.2.3 and 5.4, NMRD profiles can be fitted to many different types 

of theoretical models. For simple bulk liquids, the BPP model can be used8. For liquids in 

porous media, complex models can be applied such as the Korb model9,10, the 3τ model11, the 

Levitz12–14 and Kimmich15,16 type RMTD models, and many more models that are being 

developed.  

One difficult aspect of applying these models is choosing the most appropriate model for the 

investigated system. In order to do this, it is important to identify the relaxation mechanism, 

for which variable temperature FFC-NMR experiments can be used17. For more details about 

variable temperature FFC-NMR and relaxation mechanisms, see section 5.4.3.  
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Figure 9.8 shows the results for the variable temperature FFC-NMR experiments on pure water 

in Q6 silica. It is assumed that the relaxation behaviour for water in all silicas is dominated by 

the same mechanism, thus the variable temperature results can be extrapolated to the other 

silica supports. 

 

Figure 9.8: (a) 1H NMRD profiles of pure water imbibed within Q6 silica as a function of temperature, and (b) 

its corresponding Arrhenius plot. 

At the high frequency end, the relaxation rate increases as the temperature decreases, following 

a bulk-like temperature dependence. Toward the lower frequency end, the temperature 

dependence inverts and the relaxation rate increases as the temperature increases. The inversion 

of the temperature dependence is indicative of a protic relaxation mechanism, which is based 

on the exchange or cross relaxation between water and surface hydroxyl groups. Identical 

relaxation behaviour has been seen previously for other silica systems imbibed with water9,18. 

As a result, it can be concluded with certainty that the dominant interaction mechanism between 

water and the surface is exchange with the surface hydroxyl groups. 

Two modelling methods have been found for water-silica systems that are consistent with the 

protic relaxation mechanism7,18. For the first, the NMRD profiles followed a power law-like 

trend and the model was based on the interaction of water with paramagnetic ferric ions18. A 

power law will not very well describe the NMRD profiles shown in Figure 9.1a, as the profiles 

do not appear to be a straight line in a plot with logarithmic frequency and relaxation rate axes. 

Therefore, we consider the second method. 
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In the approach by Chemmi et al., the NMRD profiles of water imbibed within different types 

of silica supports were fitted to a linear combination of two spectral densities, representing 

slow and fast processes respectively6. In essence, the approach by Chemmi et al. is a simplified 

version of the Korb model as previously presented in sections 3.2.3 and 5.4.1.1. This means 

that the underlying relaxation mechanism is based on the interaction of 1H spins in the probe 

liquid with paramagnetic impurities in the support9,19. For the fast and slow processes, the 

autocorrelation function describes the loss of the dipolar correlation while the molecules 

undergo surface diffusion: 

 𝐺(𝑡) =
𝜏𝑚

|𝜏|
[1 − exp (

|𝜏|

𝜏𝑚
)], (9.1) 

where 𝜏𝑚 corresponds to the translational correlation time19. Following a Fourier Transform, 

the spectral density has the following form: 

 𝐽(𝜔) = 𝜏𝑚ln [1 −
1

(𝜔/𝜏𝑚)2
]. (9.2) 

The Chemmi et al. model fits to the pure water NMRD profiles are shown in Figure 9.9.  

 

Figure 9.9: 1H NMRD profiles of pure water in silicas, and their corresponding Chemmi et al. model fits. 

The model appears to describe the profiles very well. A range of initial parameters was used to 

test the reliability of the model. The correlation time of the fast component appears to depend 

on the initial parameters reasonably heavily. This component contains information about fast 

processes, for the mixtures we are investigating this includes bulk mixing effects. The slow 

component on the other hand provides us with information about the surface-adsorbate 

interactions, which is the topic of the current study. The correlation time of the slow component 

did not significantly vary with initial parameters, indicating that this component can be 

modelled robustly, i.e. independent of other model parameters. 



210 

 

Subsequently, the NMRD profiles of the water component in ethanol-water mixtures were 

fitted to the Chemmi et al. model, see Figure 9.10. For all mixtures, the Chemmi et al. model 

appears to describe the water NMRD profiles very well, and again, the correlation time of the 

slow component could be extracted in a reliable manner, as it stayed constant with different 

input parameters. 

 

Figure 9.10: 1H NMRD profiles of the water component in ethanol-water mixtures imbibed within (a) Q6, (b) 

Q10, (c) Q15, and (d) Q30 silica, and their corresponding Chemmi model fits. 

In order to investigate microphase separation, the correlation time of the slow component, 

𝜏𝑚(slow), was plotted against the mixture composition, see Figure 9.11a. The slow correlation 

times are in the order of microseconds, which corresponds to the slow correlation times as 

reported by Chemmi et al.6, as well as previously reported surface diffusion correlation times, 

𝜏𝑙 extracted from the 3τ model11. As such, the correlation times presented in Figure 9.11a are 

considered to be physically sensible. Interestingly, these correlation times are significantly 

longer than the correlation times presented for alcohols and THF in chapters 5 and 6, as these 

were in the order of nanoseconds.  

The correlation times were also normalized against the pure water correlation time, see Figure 

9.11b, to allow for a straightforward comparison between the different silica supports. For Q15 

and Q30 silica, the slow water correlation times increase as the ethanol composition increases, 

indicating that an average water molecule resides at the surface longer when there is less water 

in the system. This is consistent with microphase separation with water at the surface and 
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ethanol in the centre of the pore. For Q6 and Q10 silica, an opposite trend can be seen; the 

water correlation times decrease with ethanol composition, suggesting water resides in the 

centre of the pore and there is an ethanol-rich surface layer. The 𝜏𝑚(slow) for Q10 silica 

appears to plateau for ethanol compositions >40 mol%, however this is likely a fit error, as 

these NMRD profiles are reasonably noisy, see Figure 9.10b. 

 

Figure 9.11: (a) Absolute and (b) normalized correlation times of the slow process, extracted from the Chemmi 

model fits, plotted against the mixture composition. 

There is excellent agreement between the 𝜏𝑚(slow) results and the fixed field 𝑇1/𝑇2 ratios of 

the water component of ethanol-water mixtures in the as-received silicas, shown in Figure 7.5. 

This reassures us that the results from both techniques are interpreted in an appropriate manner. 

Thereby we conclude that FFC-NMR experiments followed by modelling using the Chemmi 

approach is a valid method in terms of investigating microphase separation of ethanol-water 

mixtures imbibed within porous silicas. 

The FFC-NMR method is much more complex and time consuming than the fixed field 𝑇1 −

𝑇2 correlation experiments, in terms of data acquisition, especially when the CPMG-FFC-NMR 

sequence is used, data processing, modelling and interpretation. However, comparing the 𝑇1/𝑇2 

ratios of different liquid mixtures in different supports is not a straightforward task, as the fixed 

field 𝑇1 and 𝑇2 values are highly dependent on the system characteristics. The FFC-NMR 

method on the other hand allows for a quantitative analysis of the dynamics in the form of 

correlation times. Under the assumption that the experiments are performed in an adequately 

accurate manner, and that an appropriate modelling method is chosen, correlation times are 

independent of the investigated system. This means that the same FFC-NMR method can be 

applied to different supports and liquid mixtures, and the extracted correlation times can be 

easily compared.  
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9.5 Conclusions and outlook 

In chapter 7, the microphase separation of ethanol-water mixtures imbibed within silicas was 

investigated. Based on fixed field 𝑇1 − 𝑇2 correlation experiments, it was concluded that for 

the larger pore silicas with high surface hydroxyl densities, the liquids phase segregated into a 

water-rich surface layer and an ethanol-rich pore centre. For smaller pore silicas with low 

surface hydroxyl densities, inverse microphase separation occurred, resulting in an ethanol-

rich surface layer and water residing in the centre of the pore. 

However, the ultimate goal was to gain quantitative insight into the dynamics and competitive 

adsorption of these liquids imbibed within porous media. For fixed field NMR relaxometry 

experiments, this is not straightforward, as the relaxation times depend strongly on the 

environment, and not only on the surface-adsorbate interactions. Therefore, in this chapter, 

FFC-NMR is used to obtain translational correlation times, which are a direct probe for the 

surface dynamics. 

A typical FFC-NMR experiment with FID acquisition was not able to provide two relaxation 

environments for all mixtures, because the water and ethanol 𝑇1 relaxation times were too 

similar. Consequently, the CPMG-FFC-NMR pulse sequence that was optimized in chapter 8 

was used to provide enhanced resolution through 𝑇2-encoding. A comparison of FID- and 

CPMG-acquired NMRD profiles of pure water in the silica supports confirmed that the 𝑇1 

values measured using CPMG acquisition were sufficiently accurate for the current study.  

Subsequently, the CPMG-NMRD profiles of the water-ethanol mixtures were compared to 

their FID-acquired equivalents, and it was concluded that the 𝑇2-encoding facilitated the 

resolution of two 𝑇1 relaxation environments in Q6 and Q10 silica. For Q15 and Q30 silica, the 

quality of the FID-NMRD profiles was higher than that of the CPMG-NMRD profiles, and 

therefore further analysis was performed on the FID-NMRD profiles for these supports. 

In order to identify an appropriate modelling method, the relaxation mechanism of pure water 

in Q6 silica was determined through variable temperature FFC-NMR experiments. A 

distinctive inversion of the temperature behaviour confirmed that the dominant relaxation 

mechanism is based on the exchange between water and the surface hydroxyl groups of the 

silicas. 
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Following the determination of the relaxation mechanism, the NMRD profiles were modelled 

according to the approach of Chemmi et al., which provided a fast and slow translational 

correlation time. In this model, the fast component is essentially a fit parameter and does not 

provide physically sensible correlation times. However, the model provided slow correlation 

times that were independent of the fast component. Moreover, the slow correlation times were 

found to be in the order of microseconds, which is consistent with surface diffusion correlation 

times presented in the literature, and therefore considered reliable and physically sensible. The 

slow correlation time was also shown to display identical behaviour as the fixed field water 

𝑇1/𝑇2 ratios measured in chapter 7, confirming the chemistry of the system as described in that 

chapter, and validating the FFC-NMR approach in this chapter for the investigated systems. 

Finally, it was concluded that while the FFC-NMR approach was more complex and 

challenging, the ability to determine correlation times is a clear advantage over other 

techniques, including fixed field NMR relaxometry. This is because correlation times are not 

constrained by which liquid mixtures or supports are investigated, and therefore the 

competitive adsorption of different systems can be compared in a straightforward manner. 
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10. Conclusions and future work 
 

10.1 Conclusions 

The main objective of this thesis was to develop NMR relaxometry methods to gain insight 

into the competitive adsorption and microphase separation of binary liquid mixtures imbibed 

within mesoporous media. Fixed field NMR relaxometry methods were used in several 

chapters, however the primary method in this thesis is Fast Field Cycling (FFC) NMR. FFC-

NMR is a promising tool to provide quantitative information about surface-adsorbate 

interactions in the form of correlation times. By measuring the 𝑇1 relaxation time across a large 

Larmor frequency range, molecular motions over a broad range of timescales can be 

investigated. As a result, it is possible to identify and describe the underlying relaxation 

mechanisms related to surface adsorption in a quantitative manner. Whilst FFC-NMR and other 

NMR relaxometry methods are continuously developed, literature examples describing the 

application of these methods to competitive adsorption and microphase separation remain 

scarce.  

One of the reasons that the literature on FFC-NMR applied to liquid mixtures imbibed within 

porous media is so limited, and one of the main disadvantages to FFC-NMR, is the lack of 

spectral resolution, which complicates the application of multicomponent systems. However, 

previously it was shown that it is possible to distinguish different components by their 

relaxation behaviour1. The possibilities and challenges in obtaining reliable FFC-NMR data for 

multicomponent systems were examined in chapter 4. A case study on tetrahydrofuran 

(THF):water and THF-decane mixtures imbibed within anatase titania and γ-alumina was used 

to create a general approach towards these experiments, processing methods and their 

interpretation. The NMR dispersion or NMRD profiles for the THF, water and decane 

components in their respective mixtures were interpreted in a qualitative as well as a semi-

quantitative manner. The slope of the NMRD profiles could be quantified in the form of a 

power law exponent, which showed that a microphase separation occurs for THF-water 

mixtures, where water binds strongly to the surface. For THF-decane mixtures, THF is the 

stronger interacting species. The FFC-NMR results were also compared with high field 

𝑇1,bulk/𝑇1,pore measurements, from which it was concluded that FFC-NMR provides 

information that is more reliable and more difficult to misinterpret than high field relaxometry.  
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In chapter 5, a theoretical approach was described to characterize the dynamics of short, linear 

alcohols imbibed within anatase titania, in order to gain fully quantitative information in the 

form of correlation times. Several widely applied FFC-NMR models for liquids in porous 

media were discussed, and following a variable temperature FFC-NMR study, it could be 

concluded that the NMRD profiles of alcohols imbibed within anatase titania could be 

appropriately described by a Levitz-type Reorientations Mediated by Translational Diffusion 

(RMTD) model. Several methods of applying the RMTD model were used to verify the 

reliability of the model. The adsorption correlation time, 𝜏𝐴, could be extracted from the RMTD 

model fits to the NMRD profiles, and correlated very well with the polarity of the alcohols, 

which reflects the surface-adsorbate interaction strength. Thereby it was concluded that the 

modelling approach was valid.  

Based on the work in chapter 5, the RMTD modelling approach was used to investigate the 

microphase separation of alcohol-water mixtures imbibed within anatase titania in chapter 6. 

A qualitative analysis illustrated that water is the stronger interacting species in all alcohol-

water mixtures imbibed within anatase titania. However, the application of the RMTD model 

to the alcohol component NMRD profiles provided quantitative information about the extent 

of microphase separation for each of the mixtures. The surface-to-volume ratio, 𝑁𝑆 𝑁⁄ , and the 

adsorption correlation time, 𝜏𝐴, are correlated within the RMTD model. Therefore, the product 

𝑁𝑆

𝑁
× 𝜏𝐴 was analysed. The 

𝑁𝑆

𝑁
× 𝜏𝐴 values decreased with the water composition for all 

alcohols. This effect scaled with the alcohol chain length, independently of the bulk alcohol-

water solubility. Therefore, it was concluded that the level of microphase separation depends 

on the surface-adsorbate interaction strength of the weaker interacting species, in this case the 

alcohols, and not on the bulk miscibility. Finally, the 
𝑁𝑆

𝑁
× 𝜏𝐴 values were deconstructed to 

obtain estimates for the surface-to-volume ratio as a function of mixture composition, as well 

as the adsorption correlation times. The adsorption correlation times provide quantitative 

information about the dynamics of a confined binary liquid system, which has not yet 

previously been reported, to the best of the author’s knowledge. 

In chapter 7, a different type of mesoporous material was introduced, namely a series of silicas 

with pore sizes ranging between 3–30 nm and with varying surface chemistries. The literature 

on the microphase separation of ethanol-water mixtures in similar silicas contradicted each 

other; one study concluded that water is the stronger interacting species2, however other 

investigations have reported that ethanol binds strongly to the surface3,4. This chapter sought 
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to elucidate the discrepancies in the literature through fixed field 𝑇1 − 𝑇2 correlation 

experiments. Initially, the experiments were performed at high field (𝜔0 = 400 MHz). The 

𝑇1/𝑇2 ratios for the water and ethanol components in 10 and 15 nm pore size silicas were 

consistent with one of the previously mentioned studies, from which it was concluded that 

water adsorbs onto the surface2. Unfortunately, the ethanol and water signals could not be 

separated for smaller pore size (6 nm) silicas. Therefore, the experiments were repeated at low 

field (𝜔0 = 43 MHz). For the 15 nm pore size silica, the low field results were in agreement 

with the high field results. For the 6 and 10 nm silicas however, the trend in the 𝑇1/𝑇2 ratio of 

the water component was inverted, and therefore it was concluded that for these silicas, the 

surface layer was ethanol-rich, which is consistent with the other studies previously 

mentioned3,4. As both forms of microphase separation were observed, it was concluded that the 

discrepancy found in the literature is caused by different silica characteristics, such as the pore 

size and the surface chemistry. A rehydroxylation study sought to clarify whether the pore size 

or the surface hydroxyl density is the main cause for the microphase separation behaviour, 

however due to the harshness of the rehydroxylation method, the pore size and surface hydroxyl 

density could not be properly controlled and therefore it is not possible to definitively conclude 

which of the silica properties controls the microphase separation behaviour. Another important 

conclusion from this chapter is that the high and low field 𝑇1 − 𝑇2 correlation experiments 

showed different results. It was shown that at high field, the water 𝑇1 relaxation time is affected 

not only by the surface-adsorbate interactions, but also by the disruption of the water hydrogen 

network caused by the addition of ethanol. At low field, the relaxation behaviour is dominated 

by the adsorption dynamics, and therefore these results provide a less ambiguous result which 

is more difficult to misinterpret. 

Chapters 8 and 9 were focused on describing the ethanol-water mixtures imbibed within silicas 

quantitatively by means of FFC-NMR. However, the acquisition of FFC-NMR data for 

ethanol-water mixtures imbibed within these silicas was more complex than for the previously 

studied titania and γ-alumina systems, therefore a FFC-NMR pulse sequence with CPMG 

acquisition was optimized in chapter 8. This pulse sequence, previously used to obtain “𝑇2-

Encoded Acquisition of Relaxation Dispersion for Resolution of Pore Sizes” (TEARDROPS)5, 

allows for different environments to be distinguished based on their 𝑇2 relaxation times, rather 

than their 𝑇1 values. The implementation of this pulse sequence required a characterization of 

the field noise effects that can cause artefacts in both the 𝑇1 and 𝑇2 domains. It was shown that 

the 10 mm probe used in previous chapters was damaged in experiments unrelated to this thesis, 
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which meant that this probe was unsuitable for CPMG-FFC-NMR experiments. However, 

validation experiments were performed on a 5 mm probe and the field fluctuations were 

deemed sufficiently small to obtain reliable data. The effect of the echo delay, 𝛿, was 

investigated and it was shown that field noise effects could not be effectively refocused for 

echo delays ≥ 100 µs. Finally, CPMG-FFC-NMR experiments were performed on doped water 

samples. The 𝑇2 values were compared to 𝑇2 relaxation times obtained on a permanent magnet, 

and the 𝑇1 values were compared to the standard FFC-NMR sequence with FID acquisition. 

From these experiments, it was concluded that the errors were sufficiently small, such that the 

CPMG-FFC-NMR pulse sequence can accurately obtain NMRD profiles for liquids imbibed 

within porous media. 

Finally, in chapter 9, the CPMG-FFC-NMR pulse sequence was applied to ethanol-water 

mixtures imbibed within silicas. A comparison was made for the FID- and CPMG-acquired 

NMRD profiles of pure water in the silica supports, which showed that the CPMG-FFC-NMR 

experiment was sufficiently accurate for these systems. A similar comparison was made for the 

ethanol-water mixtures, which showed that 𝑇2-encoding indeed facilitated the resolution of two 

𝑇1 relaxation environments in the 6 and 10 nm silicas. For the 15 and 30 nm silica, two 

relaxation components could be distinguished already using FID-acquisition, and these NMRD 

profiles were used for further analysis. Similarly to the alcohols imbibed within anatase titania 

shown in chapter 5, the relaxation mechanism of water in silica was determined through 

variable temperature FFC-NMR experiments. Based on the relaxation mechanism, the NMRD 

profiles were modelled according to the approach of Chemmi et al.6 From this model, a fast 

and slow correlation time were extracted, and the slow correlation time was shown to display 

identical behaviour as the low field 𝑇1/𝑇2 ratios for the water component shown in chapter 7. 

Therefore, the current FFC-NMR approach was considered to be validated. Whilst the FFC-

NMR experiments were more complex, time-consuming and challenging than the fixed field 

𝑇1 − 𝑇2 correlation experiments, its ability to provide correlation times is a distinct advantage 

over other techniques, as correlation times are not constrained by the system, therefore allowing 

a straightforward comparison of the competitive adsorption of different liquids in different 

porous media. 
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10.2 Future work 

The chapters in this thesis have described approaches to investigating competitive adsorption 

and microphase separation of binary liquid mixtures imbibed within mesoporous media using 

FFC-NMR and other NMR relaxometry methods. Therefore, extensions to this work are 

considered in three directions: 

• Different types of liquid mixtures, such as catalytically relevant binary mixtures, or the 

investigation of more components, for example in ternary mixtures; 

• Different types of porous media, for example by extending the current work to include 

the effect of paramagnetic impurities on the surface, or investigating microporous 

media such as zeolites; 

• The development of FFC-NMR for liquids in porous media, to investigate how more 

reliable or more complete quantitative information can be extracted from these 

experiments. 

10.2.1 Different types of liquid mixtures 

The liquid mixtures investigated in this thesis were limited to THF-water, THF-decane, and 

alcohol-water mixtures. Therefore, a natural extension of this work is to apply the presented 

methods to other types of liquid mixtures. Notably, there are two directions to investigate. First, 

binary liquid mixtures that are directly relevant to the chemical industry should be investigated. 

Secondly, more complex systems could be investigated. Many processes relevant to chemical 

industry involve more than two chemical components, and as such, it would be beneficial to 

investigate liquid mixtures with three or more components. Figure 10.1 shows the NMRD 

profiles of a THF-water-pyridine mixture imbibed within anatase titania. This ternary mixture 

experiment was performed as a proof of principle, and shows that it is indeed possible to 

distinguish three relaxation environments using FFC-NMR, assuming the 𝑇1 values are 

sufficiently dissimilar. However, the competitive adsorption of the three components in this 

mixture was not investigated in the current work. 
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Figure 10.1: a) The inverse Laplace transform and b) 1H NMRD profiles of a THF-water-pyridine mixture 

imbibed within anatase titania. For the NMRD profiles, the lines correspond to the pure water (blue), pyridine 

(green) and THF (red) profiles, and the circles correspond to their respective mixture components. 

10.2.2 Different types of porous media 

Of course, as the liquid mixtures in this thesis were limited, so were the types of porous media. 

While the FFC-NMR methods were applied to different species of mesoporous metal oxides, 

it has been shown that the porous material characteristics significantly affect the relaxation 

behaviour, as is expected. This was especially clear for the silica studies in chapters 7–9, where 

the pore size and surface chemistry of the silicas completely altered the microphase separation 

behaviour of ethanol-water mixtures. Another property of porous materials that was not 

investigated in this thesis is the effect of paramagnetics on the surface. While paramagnetic 

impurities are included in the Korb model, and therefore frequently studied, investigations of 

competitive adsorption or microphase separation as a function of the paramagnetic impurities 

could be of great interest to the chemical industry, where paramagnetic species are often used 

as catalysts. 

Another direction for future research is to develop FFC-NMR studies on liquids and liquid 

mixtures imbibed within microporous media, such as zeolites. FFC-NMR studies on zeolites 

are scarce in the literature7. Zeolites are difficult to pelletize, and therefore exist in powder 

form. As such, it is difficult to distinguish intra-pore liquid from inter-crystalline liquid. 

Therefore special sample preparation methods are required, which make the experiments 

challenging. However, zeolites remain some of the most used catalysts, and therefore it is 

necessary to increase our scientific knowledge about zeolites. 
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10.2.3 Development of FFC-NMR for liquids in porous media 

Even though FFC-NMR is a greatly promising tool for obtaining information about the surface-

adsorbate interactions of liquids imbibed within porous media, the technique requires much 

more development to fulfil its full potential. The studies in this thesis have clarified that, in the 

case of liquid mixture investigations, sometimes it is possible to distinguish different relaxation 

environments. However, the separation of relaxation environments is not always 

straightforward, and may require additional method development. For example, CPMG-FFC-

NMR has been demonstrated to facilitate the resolution of multiple relaxation environments 

through 𝑇2-encoding. However, the implementation of the technique is not straightforward and 

imposes significant limits on the investigated systems. As such, development is required to 

improve the stability and usability of this experiment. 

Moreover, on fixed field NMR spectrometers, combining pulse sequences to obtain a 2D or 3D 

data set is a relatively common procedure. The CPMG-FFC-NMR pulse sequence has shown 

that this is also possible on FFC-NMR relaxometers. Therefore, the standard FFC-NMR pulse 

sequences could also be combined with other pulse sequences to obtain more information about 

the systems. An example of a promising combination that has been recently published is FFC-

NMR with ultra-low field NMR8–10. In this combination, the frequency range of FFC-NMR is 

expanded by measuring 𝑇1 relaxation at Larmor frequencies as low as 10 Hz, thereby providing 

a more complete data set, which will improve the reliability of theoretical models fitted to the 

NMRD profiles. However, the main advantage of this combination in terms of competitive 

adsorption studies, is that ultra-low field NMR measures the J-coupling frequency of samples. 

Therefore, although the samples are limited to those that exhibit J-coupling, this means that 

different relaxation environments can be distinguished based on their respective J-coupling 

frequencies, providing chemical resolution to FFC-NMR data10. 
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Appendix A: THF-water and THF-decane mixture 

compositions 
 

Table A.1: THF-water mol% mixture compositions - anatase titania 

Sample Bulk 
Intra-pellet (high field NMR) Intra-pellet (FFC-NMR) 

1H spectrum 𝑻𝟏 fit 7 MHz Average 

1.1 20.0:80.0 11.5:88.5 11.1:88.9 8.2:91.8 8.4:91.6±0.8 

1.2 20.0:80.0 13.3:86.7 11.9:88.1 - - 

1.3 19.8:80.2 - - 13.3:86.7 14.8:85.2±1.5 

2.1 49.6:50.4 26.9:73.1 28.8:71.2 - - 

2.2 50.5:49.5 33.2:66.8 31.7:68.3 - - 

2.3 49.9:50.1 - - 32.1:67.9 38.0:62.0±6.0 

2.4 49.7:50.3 - - 30.9:69.1 36.3:63.7±5.7 

3.1 69.1:30.9 50.0:50.0 46.7:53.3 - - 

3.2 69.3:30.7 41.1:58.9 46.4:53.6 - - 

3.3 67.7:32.3 - - 47.4:52.6 53.5:46.5±11.6 

4.1 82.5:17.5 59.2:40.8 57.3:42.7 - - 

4.2 82.6:17.4 56.0:44.0 61.7:38.3 - - 

4.3 81.8:18.2 - - 61.2:38.8 42.2:57.8±71.3 

 

Table A.2: THF-decane mol% mixture compositions - anatase titania 

Sample Bulk 
Intra-pellet (high field NMR) Intra-pellet (FFC-NMR) 

1H spectrum 𝑻𝟏 fit 7 MHz Average 

1.1 73.5:26.5 65.4:34.6 59.4:40.6 65.8:34.2 64.5:35.5±4.9 

2.1 50.6:49.4 51.0:49.0 46.3:53.7 - - 

2.2 50.4:49.6 44.5:55.5 40.6:59.4 48.6:51.4 42.6:57.4±3.4 

2.3 50.4:49.6 - - 49.4:50.6 44.9:55.1±3.0 

3.1 23.5:76.5 27.9:72.1 22.5:77.5 - - 

3.2 24.4:75.6 - - 27.9:72.1 19.7:80.3±6.0 
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Table A.3: THF-water mol% mixture compositions - γ-alumina 

Sample Bulk 
Intra-pellet (high field NMR) Intra-pellet (FFC-NMR) 

1H spectrum 𝑻𝟏 fit 7 MHz Average 

1.1 20.0:80.0 9.9:90.1 11.0:89.0 7.6:92.4 7.9:92.1±1.3 

1.2 20.0:80.0 14.4:85.6 12.5:87.5 - - 

1.3 19.8:80.2 - - 12.1:87.9 12.9:87.1±0.8 

2.1 49.7:50.3 24.1:75.9 20.9:79.1 21.5:78.5 23.1:76.9±2.4 

2.2 50.5:49.5 31.1:68.9 29.4:70.6 - - 

2.3 49.9:50.1 - - 29.2:70.8 32.3:67:7±2.9 

3.1 69.1:30.9 46.1:53.9 42.0:58.0 - - 

3.2 69.3:30.7 45.3:54.7 44.6:55.4 - - 

3.3 67.7:32.3 - - 44.8:55.2 51.5:48.5±6.8 

4.1 82.5:17.5 54.1:45.9 60.5:39.5 - - 

4.2 82.6:17.4 55.5:44.5 59.6:40.4 - - 

4.3 81.8:18.2 - - 52.3:47.7 58.1:41.9±7.1 

  

Table A.4: THF-decane mol% mixture compositions - γ-alumina 

Sample Bulk 
Intra-pellet (high field NMR) Intra-pellet (FFC-NMR) 

1H spectrum 𝑻𝟏 fit 7 MHz Average 

1.1 73.5:26.5 74.3:25.7 68.0:32.0 70.4:29.6 68.4:31.6±7.9 

2.1 50.1:49.9 56.3:43.7 47.0:53.0 49.7:50.3 48.4:51.6±5.6 

2.2 50.6:49.4 59.7:40.3 56.3:43.7 - - 

2.3 50.4:49.6 - - 52.0:48.0 51.1:48.9±2.6 

3.1 23.5:76.5 38.4:61.6 31.2:68.8 - - 

3.2 24.4:75.6 - - 29.2:70.8 28.1:71.9±2.6 

 

 

 

 


