ADVANCED LIQUID AND GAS NMR METHODS FOR
PROBING TOPICAL MATERIALS

MUHAMMAD ASADULLAH JAVED
University of Oulu Graduate School
University of Oulu
Faculty of Science
NMR Research Unit

Academic dissertation to be presented with the assent of the Doctoral Training Committee of
Technology and Natural Sciences of the University of Oulu for public discussion in the
Auditorium L10, Linnanmaa, on June 14th, 2019, at 12 o’ clock noon.

REPORT SERIES IN PHYSICAL SCIENCES
OULU 2019. UNIVERSITY OF OULU

Report No. 126

Opponent
Senior Lecturer Melanie Britton, University of Birmingham, U.K.
Reviewers
Docent Camilla Terenzi, Wageningen University and Research, Netherlands
Doctor Indrek Reile, NICPB Tallinn, Estonia
Custos
Professor Ville-Veikko Telkki, University of Oulu, Finland

ISBN 978-952-62-2248-6 (Paperback)
ISBN 978-952-62-2249-3 (PDF)
ISSN 1239-4327
PunaMusta Print
Oulu 2019

Javed, Muhammad Asadullah: Advanced Liquid and Gas NMR Methods for
Probing Topical Materials
NMR Research Unit, University of Oulu, P. O. Box 3000, FI-90014
University of Oulu, Finland
Report Series in Physical Sciences No. 126 (2019)
Abstract
The present thesis exploits advanced liquid and gas NMR methods for the
characterization of various interesting materials. The methods used to study the
structural properties of thermally modified wood, ionic liquids, cements, shales, and
porous organic cages include MRI, NMR cryoporometry, Laplace NMR,
multidimensional Laplace NMR, as well as 129Xe and 19F NMR. The commonality
factor in all the studies is the usage of either inherent or introduced liquid or gas
molecules to probe the topical materials.
The MRI method was utilized to visualize the water absorption phenomena in the
thermally modified pine wood. High-resolution images made it possible to observe
the spatial distribution of free water and the changes in the rate of absorption of water
in wood samples modified at different temperatures. The images also helped to
resolve the individual resin channels. T2 maps enabled us to observe the changes in
the relaxation values of free water in thermally modified wood as compared to their
unmodified reference wood samples.
The multidimensional Laplace NMR methods were exploited to study the
structural and dynamical properties of a novel halogen-free, boron-based ionic liquid
(hf-BIL). NMR self-diffusion (D) experiments showed the presence of two coexisting
dynamic phases in hf-BIL. Multidimensional D-T2 correlation experiments made it
possible to determine the T2 relaxation times of the slow and fast diffusing phases.
T2-T2 relaxation exchange measurements allowed quantifying the exchange rates of
anions and cations between the phases. Moreover, the theoretical modeling of the
experimental data revealed that the slow diffusing phase was composed of anioncation aggregates, while the fast diffusing phase was comprised of free anions and
cations.
129
Xe NMR analysis of the xenon adsorbed in the cements and shales helped us to
determine their porous structures. The method exploits the high sensitivity of the
chemical shift of 129Xe to its local environment. The chemical shift value of 129Xe
enabled us to estimate the size of the mesopores in the cement samples. The exchange
spectroscopy (EXSY) measurements were used to determine the exchange rates
between the free gas and mesopores of the cement samples. 129Xe NMR spectra of
the shale samples provided information about pore sizes and paramagnetic
compounds. 1H NMR cryoporometry measurements of the shale samples immersed
in acetonitrile made it possible to analyze the pore size distribution ranging from 10

to over 100 nm. Moreover, T2-T2 exchange measurements helped us to quantify the
exchange rates of acetonitrile in the shale samples.
Xenon and SF6 were used as internal reporters to gain versatile information on
adsorption phenomena in the cage and window cavities of the crystalline porous
organic cages. 129Xe NMR analysis of the adsorbed xenon helped us to determine the
diffusion coefficients and activation energy of diffusion as well as thermodynamic
parameters. With the help of T2 relaxation time values, it was possible to estimate the
exchange rates between cage and window cavities. Chemical exchange saturation
transfer (CEST) experiments resolved a window cavity site, which arises from crystal
defects in porous organic cages. In addition, 19F NMR analysis made it possible to
estimate the relaxation rates and diffusion coefficients of SF6 gas in porous organic
cages. Modelling of the T1, T2 and diffusion data confirmed that the cage to window
exchange is the completely dominating mechanism for 129Xe T2 relaxation. T1
relaxation is dominated by diffusion modulated dipole-dipole relaxation (DDinter)
and chemical shift anisotropy (CSA) relaxation due to local cavity mobility. Whereas,
in case of SF6 T2 data, the dominating mechanism is diffusion modulated dipoledipole relaxation and for T1 the local tumbling of SF6 in cage cavity is the key
dynamics behind the dipole-dipole and CSA mechanisms.

Keywords: Thermally modified wood, ionic liquid, cement, shale, porous organic
cages, pine wood, MRI, NMR cryoporometry, Relaxation, Diffusion, Laplace NMR,
multidimensional Laplace NMR, 1H NMR, 129Xe NMR, 19F NMR, EXSY, CEST.
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Introduction
I.1 Background
Nuclear Magnetic Resonance (NMR) spectroscopy is one of the most powerful
analytical techniques for carrying out materials research. It provides information
from molecular to macroscopic level even inside opaque materials [1]. The NMR
phenomenon was introduced by two American physicists, Felix Bloch [2] and
Edward Purcell [3], in 1946, when they detected NMR signal for the first time
independently, by using water and paraffin wax, respectively. Because of their
breakthrough work, the two scientists were awarded a joint Nobel Prize in Physics in
1952.
In a conventional NMR experiment, the sample containing NMR active nuclei is
placed in a strong, static magnetic field, and it is irradiated by radiofrequency pulses
to disturb the thermal equilibrium state of the nuclei. In response, the nuclear spins
emit a signal that reveals information not only about the nuclear spins of the sample
but also about their local environments. During its 70 years history, NMR has proven
to be an essential technique for chemists, physicists and biochemists with a wide
variety of applications in chemical analysis, materials science, medical imaging, well
logging, oil explorations etc. The most common and well-known application of NMR
is magnetic resonance imaging (MRI), in which the static magnetic field is
intentionally modified to perform spatial encoding of spins and non-invasive
construction of cross-sectional images of the sample [4].
The present thesis deals with the study of several interesting topical materials by
advanced liquid and gas NMR spectroscopy methods. It includes the study of
thermally modified pinewood using NMR imaging, structure elucidation of ionic
liquids by multidimensional Laplace NMR, pore structure determination of cements
and shales by 1H and 129Xe NMR, and characterization of porous organic cages by
129
Xe and 19F NMR. Versatile information provided by NMR deepens the knowledge
about the materials and facilitates their use in various applications. The following
paragraphs present a brief introduction to the materials studied in the present thesis.
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Wood is an old raw material that has been used as fuel and tool since the early
civilizations. Advanced preservation techniques have widened the range of
applications of wood and placed it in the category of sustainable modern materials. It
holds excellent characteristics including high strength-to-weight ratio, beautiful
appearance and stability in different environments. The change in dimensions and
appearance when exposed to altering atmospheric conditions and susceptibility to
biological attack are few aspects that limit its usability.
Several wood modification methods have been developed over the years to
overcome such issues, enhance the durability of wood and broaden applications [5].
ThermoWood process is an industrial scale heat treatment process developed by
Technical Research Centre of Finland in collaboration with Finnish wood industry. It
is a three phase process in which the actual treatment takes place around 200°C in the
presence of steam for a few hours to enhance the durability and stability of wood. As
only heat and steam is used in the ThermoWood process, it can be kept as an
environmentally friendly process [5, 6].
Ionic liquids (ILs) are liquids that consist of ions and have melting point below
100°C. They have unique physical and chemical properties such as high ionic
conductivity, negligible vapor pressure, nonflammability, broad liquid range, and
excellent thermal stability, which make ILs attractive in many scientific and
technological applications [7]. The affinity to absorb water, high polarity and toxicity
make halogen containing ILs undesirable in many applications. Halogen-free, boron
based ionic liquid (hf-BILs) provide environmentally friendly alternatives. They
exhibit good lubrication properties including wear and friction reducing potential,
low melting point as well as a high thermal and hydrolytic stability, and they are
hydrophobic in nature [8].
Cement is a powdery substance that acts as a binder when mixed with water, sand
and gravel for the production of mortar and concrete. In cement-based materials, pore
sizes range from millimeter to nanometer scales, and the porous network influences
the strength, durability and permeability of the materials [9]. Natural shales are
porous materials that act as hydrocarbon reservoirs and are composed of several clay
minerals. The heterogeneous pore structures of shales have a strong influence on the
accumulation, migration and utilization of shale gas [10].
Porous organic cages are discrete cage molecules having permanent internal voids
accessed by well-defined windows that render porosity for guest molecules. These
cages provide a way for the selective separation of rare gases and chiral molecules
[11]. Their unique structure and molecular packing make them distinctive from
extended porous networks, i.e., activated carbons, zeolites, metal organic frameworks
(MOFs), covalent organic frameworks (COFs) etc. One of the organic cage molecules,
CC3 [12], exhibit extraordinary characteristic for the selective separation of noble
gases.
The studies performed in the present thesis to investigate the above-mentioned
materials exploit advanced liquid and gas NMR methods instead of solid-state NMR.
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A common factor in all the studies is that we use either inherent or introduced liquid
or gas molecules to probe the properties of the materials. In many cases, we exploit
the methods, which have not used earlier for the characterization of these materials
to gain information that is not available with other methods.

1.2 Outline of the thesis
This thesis consists of seven chapters which provide brief introduction, theoretical
background and experimental details of the research work, while the thorough
description of the results are presented in the attachments in articles I ̶ V. Chapter 2
deals with the fundamentals of NMR spectroscopy. It explains the basic NMR
techniques including relaxation and diffusion measurements, as well as advanced
NMR methods, i.e., NMR imaging, multidimensional Laplace NMR, NMR
cryoporometry etc. Chapters 3‒6 concentrate on the experiments utilized to
investigate wood, ionic liquids, cements and shales, and porous organic cages,
respectively. Chapter 7 concludes the research work and briefly presents the summary
of the thesis.
In paper I, high-resolution MRI and gravimetric measurements were performed
as a function of immersion time in order to observe the water absorption process in
thermally modified pine wood. The experiments were carried out for four wood
samples, modified at temperatures varying between 180°C and 240°C. The MRI and
gravimetric analysis showed that the water absorption rate decreased significantly in
wood sample modified at 240°C. The sample modified at 230°C showed a slight
decrease. The samples modified at 180°C and 200°C did not show any noticeable
effect. MRI revealed faster water absorption in latewood (LW) compared to the
earlywood (EW) part of the sample, but in the case of water-saturated samples, the
amount of absorbed water was greater in EW. Furthermore, the modified wood
samples revealed longer T2 values of free water as compare to their reference samples
due to the removal of resin and extractives during the modification process.
In paper II, a combination of several one-dimensional (1D) and two-dimensional
(2D) Laplace NMR (LNMR) experiments provided microscopic information about
the phase structures and dynamics of ILs, which was not available with conventional
NMR spectroscopy or other methods. 1D diffusion coefficient (D) distributions of a
halogen-free, boron based IL consisting of trihexyltetradecylphosphonium, [P6,6,6,14],
cation, and bis(mandelato)borate, [BMB], cation showed two coexisting dynamic
phases at room temperature. With D-T2 correlation maps, it was possible to identify
T2 relaxation times of the slow and fast diffusing phases, while T2-T2 exchange
measurements allowed quantifying the exchange rates of anions and cations between
the phases. Theoretical modeling of the experimental data suggested that the slow
diffusing phase is composed of anion-cation aggregates, while the fast diffusing
phase is comprised of free anions and cations.
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In paper III, a set of advanced NMR methods were utilized to characterize the porous
networks and dynamics of fluids in hydrated cements from two different manufacturers,
BASF and Portland, as well as shales brought from USA and China. 129Xe NMR spectra
of xenon gas adsorbed in the samples indicated that the capillary mesopores were smaller
and exchange between free and confined gas was slower in the Portland than in the BASF
cement samples. Moreover, 1H NMR cryoporometry measurements using acetonitrile as
probe liquid allowed the observation of mesopores in the shale samples, and T2-T2
relaxation exchange experiments enabled the quantification of the exchange rates
between the free and confined acetonitrile.
Papers IV and V concentrate on the investigation of porous organic cages by using
xenon and sulfur hexafluoride (SF6) as internal probes. Combined experimental and
computational 129Xe analysis provided versatile information on the adsorption of xenon
in porous organic cage, CC3. This made it possible to determine the populations of the
cage and window cavities as well as exchange rates between them. In addition, diffusion
coefficients and activation energy of diffusion, and thermodynamic parameters of the
equilibrium between the bound and free xenon as well as between xenon in the cage and
window cavities were also determined. Further studies based upon 19F NMR provided
also the information on the adsorption of SF6 gas in CC3. NMR relaxation (T1 and T2)
versus temperature at two fields and translational diffusion measurements of 129Xe and
SF6 gases in the CC3-R molecular crystal were measured and modelled.
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2 NMR spectroscopy

Spectroscopy deals with the interaction between electromagnetic radiation and matter.
The NMR phenomenon occurs when atomic nuclei in static magnetic field B0 are
exposed to oscillating orthogonal radio frequency field B1, which perturbs the system
and results in absorption and re-emission of energy [13, 14]. The observed oscillating
radio frequency signal is called the free induction decay (FID) signal, which is
Fourier transformed to acquire an NMR spectrum. NMR is a versatile method for the
chemical analysis of samples. It also provides dynamical and structural information
of the samples under study. The resolution and information content of NMR can be
significantly increased by a multidimensional approach, which remarkably facilitates
the investigation of complex and heterogeneous samples. The following chapter
explains the basics of NMR and few advanced NMR methods used in this thesis work,
while the details of NMR spectroscopy techniques are available in several books [1316].

2.1 Basics of NMR spectroscopy
The nucleus of an atom exhibits a property called spin, i.e., intrinsic angular
momentum. It is a fundamental property of a nucleus similar to mass or charge, and
can be characterized by spin quantum number I, which can have values 0, 1/2, 1, 3/2...
The magnitude of the spin angular momentum vector J is
J = ћ√𝐼 (𝐼 + 1).

(2.1)

If a nucleus possesses a spin, i.e., I > 0, it also holds a property called magnetic dipole
moment,
µ = γJ = γћI.

(2.2)
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Here γ is the gyromagnetic ratio, which is a unique constant for each nucleus, and
ћ=h/2π, where h is the Plank’s constant. If the value of γ is positive, it means that µ
is parallel to I, otherwise anti-parallel.
In the absence of magnetic field, nuclear spins orient themselves randomly and
there is no net magnetization. However, when an external magnetic field B0 is applied,
the field interacts with the spins and the nuclear Hamiltonian becomes
Ĥ = - γћI·B0.

(2.3)

This interaction is called the Zeeman interaction. The energy of interaction is
E = - µ·B0.

(2.4)

If the external magnetic field is along the z-axis of laboratory frame, the energy
becomes
E = - γћIzB0.

(2.5)

The energies of the nuclei are quantized since Iz is quantized: it can have discrete
values -I, -I+1,…..,I-1, I. Therefore, there are (2I+1) energy levels. Only transitions
between two neighboring levels are observed. Therefore, the energy required to
induce a transition is
ΔE = γћB0.

(2.6)

The corresponding frequency of electromagnetic radiation is
ѵ0 = ΔE/h = (γ/2π)B0.

(2.7)

This is called the Larmor frequency, and it is the same frequency by which nuclei
precess like gyroscope around external magnetic field.
The NMR signal arises from the bulk magnetization that is a vector sum of all the
individual magnetic moments. The net macroscopic magnetization at thermal
equilibrium is
M0 = [Nγ2ћ2B0I(I+1)]/3kT.

(2.8)

Here N is the number of spins, I is the nuclear spin quantum number, T is the absolute
temperature and 𝑘 is the Boltzmann constant.
In an NMR experiment, the macroscopic magnetization M0 is flipped towards the
transverse plane by applying a weak oscillating magnetic field B1 also known as an
RF pulse. In fact, depending upon the duration of the RF pulse, M0 can be rotated in
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any direction. The flip angle describes the duration of the RF pulse, i.e., a 90˚ pulse
flips M0 in the transverse plane or an 180˚ pulse inverts M0 in the opposite direction.
In response to the 90˚ RF pulse M0 precesses around the static field with the Larmor
frequency to reach its equilibrium state. The precessing magnetization induces a time
domain FID signal in the detection coil which is Fourier transformed to acquire an
NMR spectrum in frequency domain.
In addition to resonance frequencies of nuclei, the intensity of peaks in the NMR
spectrum reveals the relative number of nuclei with a certain frequency in the sample.
If the NMR signal is weak, it is possible to repeat excitation/detection cycles many
times to improve the signal. As a result, the signal to noise ratio (SNR) of NMR
signals is enhanced by a factor of √𝑛, where n is the number of transients averaged
out.

2.2 Nuclear interactions
2.2.1 Chemical shift
The usefulness of NMR spectroscopy derives from the fact that the local magnetic
field Bloc at nucleus site is not the same as the main magnetic field B0 because of the
interactions between surrounding electrons and other nuclei in the sample. The
orbiting electrons create their own small magnetic fields that oppose or strengthen
the main magnetic field, depending upon whether the fields are induced by ground
states or excited states of electrons. Therefore, the variation of magnetic field at the
local sites of the sample is reflected as different resonance frequencies in the acquired
NMR spectrum and this change in resonance frequency is known as chemical shift.
This characteristic makes NMR spectroscopy a powerful tool for the investigation of
local environments of the sample.
The chemical shift value δ of an NMR active nucleus is determined with respect
to the resonance frequency of a standard sample, and to avoid the field dependence it
is expressed in ppm (parts per million) units. The chemical shift is calculated by the
following formula:
δi = 106 ⸳ (νi - νref)/νref.

(2.9)

Here, νi is the frequency of the signal and νref is the frequency of the reference
substance. Most commonly, tetramethysilane (TMS) is used as a reference substance
for the chemical shift values of 1H and 13C spectra.
2.2.2 Spin-spin coupling
Spin-spin coupling is a local phenomenon mediated by through bond interaction of
nuclear spins with the bonding electron spins and results in the splitting of NMR
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signals into multiplets. The coupling takes place due to the interaction of two NMR
active nuclei in close proximity to one another that affects the Larmor frequency of
observed nuclei. The signal splits in 2nI+1 components, where I is the spin quantum
number and n is the number of interacting magnetically equivalent nuclei. If, for
example, a proton interacts with the three protons of a methyl group, a quartet is
observed. The intensities of the multiplets are represented by the binomial
coefficients, e.g. 1:1 for doublet, 1:2:1 for a triplet and 1:3:3:1 for a quartet. The
distance between two adjacent peaks is equal to J, which is the value of spin-spin
coupling constant. The value of J (in Hertz) is independent of the magnetic field
strength [17].
2.2.3 Other interactions
In addition to the above-mentioned nuclear interactions, several other interactions
occur in the molecules. Direct dipolar-dipole coupling arises from direct influence of
a magnetic field of nucleus i to nucleus j and vice versa, and nuclear quadrupole
coupling occurs between the quadrupole nuclei with I > ½ and electric field gradients
generated by surrounding electrons. Whereas, the orientation dependence of the
chemical shift called the chemical shift anisotropy (CSA) arises due to the
unsymmetrical charge distribution in nuclei. These kind of couplings are not observed
in the spectra of liquid samples because of rapid isotropic molecular tumbling.

2.3 Relaxation
In the context of NMR spectroscopy, relaxation is the process by which nuclear
magnetization, after being perturbed, returns to its thermal equilibrium state. There
are two types of relaxation in NMR: longitudinal relaxation and transverse relaxation.
The placement of sample in the external magnetic field B0 results in the build up of
macroscopic magnetization along the z-axis, and after a long time a thermal
equilibrium value M0 is established. The build up of M0 is called the longitudinal
relaxation or spin-lattice relaxation (see Figure 2.1). If the initial magnetization is
zero, the macroscopic magnetization Mz increases exponentially with time:
Mz(t) = M0 [1–exp(-t/T1)].

(2.10)

Here, T1 is the longitudinal relaxation time.
In order to measure T1 relaxation time, the inversion recovery (IR) pulse sequence
[18] is used. In this sequence, the initial 180˚ RF pulse inverts the net equilibrium
magnetization. Thereafter, the magnetization is let to recover for a certain time τ.
After τ, the z-magnetization is rotated to the transverse plane by a 90˚ pulse for
reading the magnetization. The process is repeated several times with a varying value
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of τ to sample the exponential growth of Mz magnetization towards M0. Mz evolves
according to the following equation:
Mz(τ) = M0 [1–2exp(-τ/T1)].

(2.11)

T1 can be determined by finding the time τ0 in which Mz reaches the null point. Thus,
the Equation 2.11 becomes
T1 = τ0/ln2.

(2.12)

At thermal equilibrium, no magnetization lies in xy-plane. When the
magnetization M0 is flipped to the transverse plane by a 90˚ RF pulse, the transverse
magnetization starts to decay towards zero value (see Figure 2.1). The decay is
governed by transverse relaxation or T2 relaxation, and it can be described as
Mxy (t) = M0 [exp(-t/T2)].

(2.13)

Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence [19], which is based on Hahn
spin-echo technique [20], is used to measure T2 relaxation times. In the CPMG pulse
sequence, initial 90˚x RF pulse flips the longitudinal magnetization along the y-axis.
Due to local field inhomogeneities spins at different locations precess with different
frequencies and this fan out causes shrinkage of net magnetization. To get rid of this
dephasing issue, a 180˚y refocusing RF pulse is applied after a time τ. The pulse
inverts the phases of spins and, eventually, an echo is observed after a time 2τ, which
is referred to as echo time. The refocusing is repeated by applying several 180˚y
pulses, all separated by 2τ, until the net transverse magnetization decays to zero.
Fitting Equation 2.13 to the data points allows estimating the T2 relaxation time [14,
15]. Strictly speaking, T1 and T2 are the relaxation constants that are termed as T1 and
T2 relaxation times.

Figure 2.1. Longitudinal relaxation drives through the growth of Mz (t) towards its
equilibrium value, and transverse relaxation drives through the decay of Mxy (t)
towards zero value.
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2.4 Diffusion
Diffusion is the random thermal translational motion of molecules. Diffusion
measurements not only give the information on self-diffusion of fluid molecules but
also reveal the details of the molecular organization and phase structure.
NMR is a standard method for measuring the self-diffusion coefficients of fluids.
It is a non-invasive technique as the encoding of spatial information on spins does
not affect the diffusion of molecules and the RF pulses can pass through the optically
opaque materials. It does not require the use of tracers.
The standard pulse sequences used for measuring diffusion are the pulsed gradient
spin-echo (PGSE) [21] and the pulsed gradient stimulated-echo (PGSTE) [22]. The
PGSE pulse sequence (see Figure 2.2) is based on the spin-echo method, in which a
90˚ pulse flips the magnetization to the transverse plane and an 180˚ pulse refocuses
the magnetization, and an echo is observed at time 2τ. The first gradient applied after
the 90˚ pulse results in dephasing of the spins. The second gradient pulse applied after
the 180˚ pulse, equal to first gradient pulse, rephases the spins. However, the diffusion
of spins during the diffusion time Δ between two gradient pulses results in imperfect
refocusing of spins, weakening the echo signal. The more the spins diffuse during
diffusion time Δ, the weaker the echo signal. The intensity of the signal becomes
S(G)= S(0) exp[-(γδG)2D(Δ- δ/3)].

(2.14)

Here the pre-factor S(0) is the intensity at zero gradient, D is the self-diffusion
coefficient, G is the gradient strength, δ is the gradient duration and γ is the
gyromagnetic ratio.
The pulse sequence is repeated several time with increasing gradient strength G
and keeping the diffusion time Δ. Finally, the diffusion coefficient D is estimated by
fitting Equation 2.14 to the resulting signal decay.

Figure 2.2. The PGSE pulse sequence. The RF pulses generate an echo, while field
gradient encodes the information about diffusion.
In the PGSTE experiment, the magnetization is stored in longitudinal direction for
the fixed diffusion delay Δ. Therefore, the relaxation attenuation of the signal is based
on the longitudinal relaxation instead of transverse relaxation. Although the PGSTE
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pulse sequence yields only a half of signal intensity as compared to PGSE, it is
preferable for samples with T1 >> T2.
The temperature dependence of D is represented by the Arrhenius equation
D = D0 exp(-ED/RT).

(2.15)

Here D0 is the pre-exponential factor, ED is the activation energy for diffusion, and R
is the gas constant. Taking a natural logarithm from each side, Equation 2.15 becomes
ln D = ln D0 + (– ED/RT).

(2.16)

By plotting ln D with respect to 1/T, the activation energy can be determined.

2.5 Laplace NMR
Relaxation and diffusion experiments provide versatile information about the
molecular structures and dynamics of substances. They may also provide an
opportunity to distinguish different components in heterogeneous systems that
overlap in traditional NMR spectra. The relaxation and diffusion data feature
exponentially decaying signals [23]. Inverse Laplace transform (ILT) makes it
possible to separate different superposed decays in the form of well-resolved
relaxation time and diffusion coefficient distributions as shown in Figure 2.3.
Therefore, the relaxation and diffusion experiments can be classified under the same
concept, Laplace NMR (LNMR) [24, 25].
In relaxation and diffusion experiments, the exponentially decaying signal S(t)
takes the form
S(t) = S(0) exp(-tR).

(2.17)

Here, t is the time and R is relaxation rate in the case of relaxation experiments. In
the case of diffusion PGSE experiment, t = [(γδG)2(Δ-δ/3)] and R = D.
The nuclear spins in different physical and chemical environments of a
multicomponent sample are characterized by the relaxation time and diffusion
coefficient distributions, P(R). Therefore, in case of multiexponential decay, the
signal becomes
S(t) = ʃ P(R) exp(-tR) dR.

(2.18)

Equation 2.18 is similar to the Laplace transform. In this case, the parameter t is a
real number. Therefore, in relaxation and diffusion experiments the observed signal
S(t) is the Laplace transform of relaxation or diffusion coefficient distribution
function P(R). It is worthwhile to understand that the ILT is an ill-posed problem and
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the presence of noise can cause significant changes in results. There exists an infinite
number of solutions of P(R) consistent with experimentally measured noisy data S(t).
This issue is resolved by extracting an approximate solution of P(R) by applying
constraints and regulators [25]. It is also important to take into account a few
drawbacks of this method, e.g., the smoothing caused by the regulator can increase
the width of narrow peaks. In addition, the ILT method tends to split up a broad signal
into set of narrow peaks. This is called the pearling effect [26].

Figure 2.3. In the inverse Laplace transform the exponentially decaying NMR signal
is converted into distribution of relaxation times or diffusion coefficients.

2.6 Multidimensional NMR spectroscopy
Multidimensional NMR spectroscopy [16] deals with the acquisition of NMR spectra
with more than one frequency axis. It improves the resolution of spectrum by
spreading the peaks over a 2D surface or in three-dimensional (3D) space. The
general scheme of a 2D NMR experiment includes the following four periods:
preparation, evolution, mixing and detection. The signal is detected as a function of
two time variables.
The experiment starts with the preparation period, which includes all the delays
and pulses before the evolution period. The system is then let freely evolve for the
evolution time t1 with the precession frequency ν1. After the evolution period, the
coherences are transformed into observable signals during a fixed mixing time and
the precession frequency ν2 of the spin system is detected during the detection period
t2.
The length of time variable t1 is incremented with a fixed value Δt1 and one FID is
recorded in t2 dimension for each t1 value. In this way, a series of FIDs is acquired as
a function of t1, generating a data matrix Ω(t1, t2), in which each row corresponds to
one FID for a specific t1 value and each column for a specific t2 value. The 2D NMR
spectrum is acquired by a Fourier transformation of the data matrix Ω(t1, t2) in both
time variable dimensions. The spectrum appears as a function of two frequency
variables, S(ν1, ν2).
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2.7 Exchange spectroscopy
Exchange spectroscopy (EXSY) [27], introduced in 1979, is a useful method to
investigate the chemical exchange in cases where exchange is fast as compared to T1
relaxation time and slow as compared to NMR timescale. It provides an opportunity
to study the dynamic processes of atoms or molecules in a multi-site sample. EXSY
method not only demonstrates the exchange process but also helps to determine
quantitative values, such as exchange rates.
In the 2D EXSY pulse sequence (see Figure 2.4), the first RF pulse flips the
magnetization to the transverse plane. The spin magnetizations at different sites
become frequency labeled, when they are precessing at their characteristic resonance
frequencies during the evolution period. The second RF pulse flips the magnetization
along the z-axis. The magnetization may transfer from one site to another during the
mixing time τm. The remaining transverse magnetization after the evolution period is
destroyed by applying a spoiler gradient pulse or by using phase cycling. The third
RF pulse in the sequence flips the magnetization back to the transverse plane and a
FID signal is acquired.
The pulse sequence is repeated with a fixed increment in the evolution period. The
2D Fourier transformation of the observed FID results in 2D NMR spectrum showing
diagonal and off-diagonal peaks. The diagonal peaks appear from the spins that are
in the same site during the evolution and mixing periods. If the exchange of spins
takes place during the mixing time, the frequency observed in the detection period
and evolution period may differ, and the off-diagonal signals appear in the spectrum.
In a multi-site system, the exchange rates may be determined by running a series of
2D EXSY experiments and observing the growth of off-diagonal signals in the
spectrum with increasing mixing time values.

Figure 2.4. 2D EXSY pulse sequence.

2.8 Multidimensional Laplace NMR
One-dimensional LNMR experiments measure only one relaxation or diffusion
parameter, e.g. T1, T2 or D. However, by combining the relaxation and diffusion
measurements and varying two or more experimental parameters can provide more
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information as compared to their 1D counterparts. In analogy to traditional NMR
spectroscopy, the multidimensional approach significantly improves the resolution of
components and enhances the information content of LNMR [26, 28]. The approach
provides an opportunity to correlate diffusion coefficients and relaxations times, and
investigate the chemical exchange even if the exchange sites are not resolved in the
spectrum. The method requires a sufficiently reliable and robust multidimensional
inverse Laplace algorithm for extracting the diffusion coefficient and relaxation time
distributions from the experimental data [29].
The diffusion-T2 relaxation correlation (D-T2) experiment [30], consisting of a
diffusion-encoding block followed by T2 relaxation block, correlates the diffusion
coefficient and relaxation time values of a sample. In the D-T2 pulse sequence shown
in Figure 2.5, the first segment comprises of a PGSTE part with bipolar gradients
[31], while the second segment is based on CPMG loop. The bipolar gradients in the
D-T2 pulse sequence removes the effect of so-called background gradients on the
observed diffusion coefficient.

Figure 2.5. D-T2 (PGSTE-CPMG) pulse sequence.
The T2-T2 relaxation exchange experiment [32] (see Figure 2.6) consists of two
CPMG loops separated by a mixing time τm. This enables one to correlate the T2
relaxation times before and after the mixing periods. If the T2 of a molecule remains
the same before and after the mixing time, only diagonal signals appear in the 2D
map. However, if the T2 values change during τm, it implies that exchange takes place
between different sites and off-diagonal signals appear in the map. The sequence is
repeated with increasing the number of CPMG loops in the first segment to acquire
2D data set with an increase in evolution time. The exchange rates may also be
determined by running a series of T2-T2 relaxation exchange experiments and
observing the growth of off-diagonal signals in the spectrum with increasing mixing
time value.

Figure 2.6. T2-T2 relaxation exchange pulse sequence.
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In addition to the above-mentioned LNMR experiments, there are several other
multidimensional experiments correlating the relaxation and diffusion parameters,
and studying exchange phenomenon, e.g. T1-T2, T1-D and D-D. The selection of an
experiment depends upon the system under investigation and desired information.
The unnecessary coherences created during the LNMR experiments are destroyed by
using phase cycling or by applying spoiler gradients [31].
The signal observed in a 2D LNMR experiment takes the form
S (t1, t2) = ʃ ʃ P(R1, R2) exp(-t1R1) exp(-t2R2) dR1 dR2.

(2.19)

Here, the subscripts 1 and 2 refer to the indirect and direct dimensions of the
experiment, and P(R1, R2) defines the 2D relaxation time or diffusion coefficient
distribution function.
Although multidimensional LNMR experiments enhance the resolution and
information content of the system, there are few weaknesses of the method. The long
experimental time restricts the applicability of multidimensional approach in the
study of fast processes. In addition, the use of hyperpolarization technique is also not
feasible for signal enhancement because it requires repeated hyperpolarization before
each repetition of multidimensional experiment. However, ultrafast multidimensional
LNMR technique provides remedy for these issues by decreasing the experiment time
by one to three orders of magnitude as compared to conventional experiments,
making it possible to monitor fast molecular processes in real time and to boost
experimental sensitivity by means of hyperpolarization substances [24].

2.9 Magnetic resonance imaging
Medical MRI is the most familiar application of NMR, but it also has importance in
materials science, particularly in the case of high-resolution MR microscopy. It is a
noninvasive analytical technique, which allows observation of the spatial distribution
of nuclear spins in optically opaque materials [1].
The idea behind MRI is to correlate the NMR signals with the spatial coordinates
to produce images of the 2D slices or 3D volumes of the sample. It is achieved by
making the magnetic field linearly dependent on position. Consequently, the
frequency becomes also linearly dependent on position, and the acquired spectrum is
the image of the sample.
In an MRI experiment, a field gradient G linearly varies the magnetic field to
encode the information with respect to spatial location as shown in Figure 2.7. The
resultant magnetic field (B0 + G·r) experienced by the nuclei varies with position and
thus the Larmor frequencies of the nuclei become
ω (r) = γ (B0 + G·r).

(2.20)
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Here, G is the gradient vector and r is the position of the nuclei. The use of linear
gradient field to form a relationship between the position of nuclear spins and their
precessional rates is called the frequency encoding. The Fourier transformation of the
FID produces an NMR spectrum, which highlights the frequency distribution of the
signals. In this way, a 1D image of a sample is formed based upon position encoding
along a single axis.
The signal observed in the 1D MRI experiment is
S (k) = ʃ ρ (r) e-i2πkr dr.

(2.21)

Here, ρ (r) is the effective spin density, and k is the spatial frequency, which is defined
as
k (t) = (γ /2π) ʃ G (t') dt.
(2.22)
Equation 2.21 shows that the signal S (k) is the Fourier transform of the spin density
of the sample. Therefore, the spin density is the inverse Fourier transform of the
signal:
ρ (r) = ʃ S (k) ei2πkr dk.

(2.23)

Therefore, the signal S (k) and the image ρ (r) are a Fourier transform pair.

Figure 2.7. Left: NMR spectrum observed at a constant magnetic field B0. Right: The
spectrum observed in the presence of a field gradient, which makes the magnetic field
linearly dependent on position. The spectrum is the 1D image of the sample.
The frequency encoding technique may be extended also to capture
multidimensional images of samples by applying gradients in two or three orthogonal
directions. In the case of 2D spin-echo imaging (pulse sequence shown in Figure 2.8),
the frequency selective pulse and slice selection gradient GZ excites the
magnetization in a particular slice. A successive, negative gradient of an area half of
the slice selection gradient refocuses the dephased magnetization caused by the initial
gradient. Similar to the basic spin-echo experiment, a 180˚ pulse refocuses the
magnetization and an echo is observed at time TE.
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The phase encoding gradient GPE and read gradient GR encode the 2D spatial
information of the spins during evolution period and detection period, respectively.
Each value of the GPE measures a different step, and for the same reason each row of
k-space represents the data acquired by a unique value of GPE. The GR is applied in a
direction perpendicular to the direction of GPE. The first GR lobe takes the sampling
point to the positive end of the k-space. Then, 180˚ pulse moves the sampling point
from positive end to the negative end of the k-space. The second GR lobe samples the
data point by point with desired resolution and the signal is detected. Hence, the kspace is mapped out in a form of a matrix by varying the orthogonal gradient values
in an experiment. The sequence records all the data by repeating the GPE steps [4, 33].

Figure 2.8. Spin-echo imaging pulse sequence.

2.10 NMR cryoporometry
NMR cryoporometry [34, 35] is a non-destructive technique for the determination of
pore size distribution via the observation of the solid-liquid phase transition
temperature of a medium confined in the pores. According to the Gibbs-Thomson
equation [36], the melting point depression ΔTmp in a cylindrical pore is inversely
proportional to the pore radius Rp:
ΔTmp = Tmp (bulk) – Tmp (pore) = [2 σsl Tmp (bulk)]/(ΔHf ρs Rp) = kp/Rp.

(2.24)

Here, Tmp (bulk) and Tmp (pore) are the melting temperature of bulk and confined
liquid, σsl is the surface energy of solid-liquid interface, ΔHf is the specific bulk
enthalpy of fusion, and ρs is the density of the solid. The constant kp is a characteristic
of each medium.
T2 relaxation time of frozen liquid is much shorter than that of the unfrozen liquid.
Therefore by using a proper echo time in a spin-echo pulse sequence, one can measure
purely the signal of the unfrozen substance, with a negligible contribution from the
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frozen substance. The melting point distribution of the substance is determined by
measuring the amplitude of the signal of the unfrozen liquid component as a function
of temperature. This is converted into pore size distribution by using the GibbsThomson equation.
NMR cryoporometry is suitable for quantitative measurement of the pore size
distribution of mesoporous materials whose pore size is between 2 and 50 nm. The
very small melting point depression in macroporous materials (size > 50 nm) sets
limitations for measuring their pore size-distributions. In very small pores, liquids do
not freeze at all, and therefore NMR cryoporometry is not suitable for measuring pore
sizes of microporous materials with size below 2 nm.

2.11 Xenon NMR
The NMR active nuclei of xenon, 129Xe and 131Xe have large abundances, 26.4% and
21.2%, respectively. Being a spin- 1/2 nucleus, 129Xe is much favorable for carrying
out NMR experiments. Xenon is an inert, monoatomic noble gas with an easily
polarizable electron cloud, which renders its chemical shift values extremely
sensitive to the local environments [37]. Therefore, the high sensitivity of xenon
makes it a perfect probe atom for investigating porous media. The chemical shift
anisotropy of the adsorbed xenon facilitates the analysis of the pore size, geometry
and surface interaction characteristics of porous media [38]. 129Xe NMR has been
used for the investigation of zeolites, clathrates, silica, alumina, carbonaceous
materials, membranes, cages [39-43] etc. The sensitivity of the adsorbed 129Xe can
be enhanced by several orders of magnitude by applying the spin-exchange optical
pumping (SEOP) hyperpolarization technique, and this approach has extended the
range of applications of xenon NMR [37].
Fraissard et al. [44] described the dependency of the chemical shift of absorbed
xenon as the sum of shifts caused by different kinds of interactions:
δobs= δ0+ δS+ δXe+ δSAS+ δE+ δM.

(2.25)

Here, δ0 is the chemical shift of gaseous xenon and δS is the shift caused by the
framework at zero pressure. δXe is due to the Xe-Xe interactions and δSAS arise from
strong adsorption sites of the sample. Whereas, δE and δM are the shifts caused by the
electric and magnetic fields of paramagnetic cations, respectively. Due to the fast
diffusion of xenon gas in the porous samples, the chemical shift is the average shift
value of all the sites.
The chemical shift of adsorbed xenon has a direct relation to the average pore size
of the microporous media [39]. In addition to the pore size, the shift may depend on
several other factors [45]. For example, the cement samples also contain Ca, Fe, Al
and Si in their structure that can strongly affect the nature of -OH groups. Terskikh
and coworkers [40, 46] measured and explained the behavior of the chemical shift
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values as a function of pore sizes by using several silica based mesoporous samples.
By considering the chemical shift values as an average of the contribution of free and
adsorbed xenon due to fast exchange of xenon gas, they derived the following
empirical formula:
𝛿=

𝛿𝑆
1+

𝐷
𝜂𝑅√𝑇𝐾0 exp(𝑄⁄𝑅𝑇 )

·

(2.26)

Here, S is the chemical shift of 129Xe adsorbed on the surface of the pore, D is the
mean pore size,  is the pore geometry factor, R is the universal gas constant, T is the
temperature, K0 is the pre-exponential factor, and Q is the effective heat of adsorption.

2.12 SF6 NMR
SF6 is a gas that has long atmospheric life span. It absorbs infrared light, which makes it
very potent greenhouse gas [47]. It acts as excellent insulator for electrical equipment,
thermos-acoustic insulator for windows, contrast agent in medical applications, and as
etchant plasma in semi-conductor industry [48]. However, because of its high global
warming potential (23,900 times higher than CO2) [49], it has to be handled, recovered
and stored carefully in any industrial usage [50]. Many techniques, including pressure
swing adsorption/desorption processes, have been proposed to separate SF6 from other
gas mixtures and prevent its release to atmosphere but they require high size selectivity
and adsorption capacity of adsorbents [51].
SF6 has 19F spin-1/2 isotopes that are NMR active nuclei with 100 % natural abundance
and high gyromagnetic ratio (40.05 MHzT-1). The presence of six magnetically equivalent
19
F atoms establishes its high spin density. Chemically SF6 is inert, non-toxic, nonexplosive, and incombustible and thermally stable, which makes it suitable NMR probe
in various applications in chemistry, materials science and medicine [52]. It has been
utilized for the investigation of porous media [53], MRI of rat lungs [54], liquid crystals
[55] etc.

2.13 Chemical exchange saturation transfer
Chemical exchange saturation transfer (CEST) technique is a sensitivity
enhancement technique that overcomes the concentration limit of NMR active nuclei
to investigate exchange processes [56]. Wolff and Balaban [57] observed the spatial
distribution of proton chemical exchange effects in sample solutions, and
demonstrated the sensitivity enhancement via saturation transfer. The same principle
was applied to CEST-based MRI [58], where the exchange between less populated
solute protons and abundant water protons made it possible to enhance the sensitivity
of solute protons.
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The hyperpolarization techniques such as dissolution dynamic nuclear
polarization (DNP) [59], parahydrogen-induced polarization (PHIP) [60] and signal
amplification by reversible exchange (SABRE) [61] boost the weak NMR signals,
but they lack generality due to their dependency on the usage of radicals, microwave,
parahydrogen etc. The CEST technique allows over tenfold sensitivity enhancement
without using the external agents as required in the hyperpolarization techniques.
There are two main prerequisites to perform the CEST experiment; first, the chemical
exchange should be in a slow regime as compared to the NMR time scale, i.e., k ≤
|Δν| and second, the emergence of at least one signal in conventional NMR spectrum
[62].
In the CEST experiment, the amplitude of the major signal is observed as a
function of the offset of the saturation continuous wave (CW) signal. Initially a long
CW pulse is applied followed by a hard 90° pulse for the selective excitation of the
slow exchanging NMR active nuclei. The intensity of the signal of the bulk nuclei is
attenuated due to the transfer of saturation from the less populated nuclei to the bulk
due to the chemical exchange. The stepwise scanning of the chemical shift range is
performed by the saturation of the low concentrated nuclei. In this way, the frequency
dependent saturation effects make it possible to observe the low concentrated nuclei
by plotting the spectrum of saturated signals normalized by the unsaturated signals
as a function of saturation frequency. The CEST results provide information about
the relative population, structure, and the rate of exchange of saturated molecules
[56].
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3 Absorption of water in thermally modified wood
Wood is a porous material that has inhomogeneous structure. It is produced in the
water-saturated part of living trees and can be used in several industries including
building and paper industry [5]. The initial part of this chapter discusses briefly the
structure of wood, wood-water relationship and thermal modification method of
wood. In the latter part, the MRI studies and T2 relaxation properties of water in
thermally modified pine wood will be discussed in detail.

3.1 Structure of wood
In macroscopic view, the stem of a tree is comprised of three different parts: bark,
xylem and pith. The outermost layer is the bark that acts as a shield for the inner part
of wood. The main structure of wood stem is the xylem in which the annual growth
rings appear. The pith is the central most part that usually does not grow in size. The
thin part of wood that grows under the bark is called phloem.
The cambium is located in between the phloem and xylem cells. It is the living
part of tree and allows the formation of new cells. In one growth season, the xylem
layer formed due to cambium is called growth ring or annual ring and it develops in
two parts. The lighter layer formed in the start of growing season is called earlywood,
while the darker and denser layer formed in the latter part of the season is named as
latewood.
The xylem is divided in two parts, sapwood and heartwood. The heartwood
consisting of dead cells provides stiffness and strength to living tree stem, and acts as
a storage zone for several extractives, i.e., resins and wax. The primary purpose of
the sapwood cells is to transport water and other minerals from the roots to the top in
leaves.
There are two species of wood based upon their structures: softwood and
hardwood. Softwoods are those species that are comprised of gymnosperms, i.e.,
conifers trees, whereas, hardwoods are those species that are comprised of
angiosperms, i.e., flowering trees. Paper I of the present thesis focuses on MRI studies
of pine wood. Therefore, the microscopic structure of softwood is presented below.
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In microscopic view, the softwood consists of tracheid and parenchyma cells that
differ in structure and their responsibilities in the stem. The long, narrow and closed
cells that grow vertically with a length of 2-4 mm are called tracheid cells. The free
space inside a tracheid cell is called lumen and its volume depends upon the thickness
of wall. The volume of the lumen is approximately 30% of the entire tracheid volume.
The main duty of the tracheid cells is to transport water and minerals in the sapwood
and provide mechanical strength to the heartwood. The prismatic shaped cells, shorter
in length as compared to tracheids, are termed as parenchyma cells. These thin walled
cells are responsible for the basic structure of rays and resin canals. The microscopic
structure of pine wood is shown in Figure 3.1.
The radial rays provide a way to transport water and minerals to cambium, and act
as storage zones. Resin canals are tube like structures that are covered by gland cells.
The radial rays constitute 6% of the tree volume, while longitudinal resin canals form
1% of the whole tree. Pits connect the tracheid and parenchyma cells, and allow the
flow of water in neighboring cells. The number of pits is larger in the earlywood than
in the latewood.
The cell walls consist of laminates that are further composed of several thin
laminas, sometimes called laminate of laminates. There are two main layers named
as primary and secondary layer, which differ due to their structure and chemical
composition. These layers become a reason for the expansion of cell walls. There
remain a few free spaces with diameters of the order of nanometers that are not
completely filled, and they are called micropores or microvoids. The difference in
geometry and volume of wood cell walls and lumens are the main reason of variation
of density and strength in different trees.
Different polymeric chemical constituents alter many of the properties of wood
structure. Celluloses, hemicelluloses and lignin are the main constituents of cell walls
of the trees. The ratio of these chemical components in wood stem varies up to an
extent, without altering the properties of wood structure. The percentage of celluloses
remains almost the same, approximately half, while hemicelluloses and lignin vary a
lot even in same species, and in between hardwood and softwood. Some other
constituents, including water and extractives, are also present in cell walls,
microfibrils and lumens as coatings, or may also be as filling or flowing elements [5,
63, 64].
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Figure 3.1. Structure of pine wood (With permission from J.Phys. Chem. C.) [65].

3.2 Moisture in wood
The hygroscopic nature of wood makes it susceptible to absorb water in moist
conditions. Water lies in two forms inside the wood, bound water and free water. The
bound water is found in the cell walls due to the force of absorption or intermolecular
attraction. It arises due to bonding of the hydrogen to the hydroxyl groups. Bound
water may also be present between cellulose chains, and in the cell wall micropores
[66]. Free water, in turn, is present in the large cavities or lumina of wood cells
without any force.
In the moist atmosphere, dry wood absorbs water until it comes at the equilibrium
to the surroundings. In the same way, if a moisture saturated wood is placed in a
comparatively lower humid atmosphere, it loses moisture to come to equilibrium.
The presence of bound water in wood sample implies that there is an equilibrium
state between the moisture content of the wood and the relative humidity in the
atmosphere. The moisture content value of wood sample when it is exposed to a stable
relative humidity for a certain time is called the equilibrium moisture content. When
water molecules enter the cell walls, they capture open spaces and increase the
dimensions of the cells in anisotropic way. The limit at which there is no more
tendency of wood cells to absorb water is called the fiber saturation point [67, 68].
The presence of moisture changes the shrinkage, swelling and many mechanical
properties of wood. Therefore, it is important to calculate the moisture content in the
wood with varying weather conditions. Moisture content (MC) inside wood is the
ratio of mass of water/moisture inside wood to total mass of wood [69, 70]. If mm is
the mass of moist wood and m0 is the oven dried mass of wood sample, then MC is
defined as
MC = (mm - m0) / m0 *100.

(3.1)
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3.3 Thermal modification of wood
Wood is a natural material that holds excellent properties such as high strength to
weight ratio and beautiful appearance. However, a few natural processes limit the
usage of wood for various purposes. For example, in moist conditions the degradation
of wood starts quickly and causes variation in strength and appearance due to
response of biological species, i.e., fungi. The characteristics and lifetime of wood
can be improved by various modification methods [5].
ThermoWood process [71-73] is an industrial scale heat treatment process,
developed by the Technical Research Center of Finland in collaboration with Finnish
wood industry. The process improves the dimensional stability, weather resistance,
biological durability, and thermal insulation properties of wood. The sales production
of ThermoWood has increased from 80 000 to 190 000 m3 in the period of 2007 –
2017. The three-phase process shown in Figure 3.2 is described as follows:
Phase 1: increase in temperature and drying
With the application of heat and steam, the temperature of kiln is increased up to
approximately 100˚C. Thereafter, the temperature is raised slowly up to 130˚C and
drying takes place. Meanwhile the moisture content decreases to 0%. The duration of
this phase depends upon the initial moisture level, thickness of wood and species of
wood. Usually, it takes 4 to 15 hours to complete the first phase.
Phase 2: heat treatment
After the first phase, the temperature is raised to the level between 185-215˚C. In this
phase, the steam is used as a shielding gas to protect the wood from burning and to
accelerate the chemical changes occurring in it. After achieving the target level, the
temperature is kept constant for 2-3 hours depending upon the desired modified wood
product.
Phase 3: cooling and moistening
In the third phase, the temperature is decreased with the help of water spray system.
When the temperature reaches 80-90˚C, the moisture percent in the wood is brought
up to a usable level of 4-7% through re-moistening. This phase takes 5-15 hours and
the final product is a thermally modified wood.
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Figure 3.2. Three phases of ThermoWood process [73].
The variation in the characteristics of thermally modified wood depends upon the
variables of the thermal modification (TM) process. The duration of treatment,
applied temperature, atmospheric conditions, wood type (sapwood or heartwood),
dimensions of wood piece and catalysts (if used) are some important factors that
come into play during the TM process. The initial amount of moisture has no
significant effect on the heat treatment of wood; either green wood or dry wood can
be used. The heat-treatment changes the structure of wood and many of the
characteristics change permanently.
In the heat-treated wood, the concentration of moisture absorbing OH-groups and
the surface wettability decreases. The density and the strength of wood decreases due
to loss of mass during the treatment, but weight to strength ratio remains the same.
Thermally modified wood is not suitable as a load bearing material due to decreased
bending strength and increased brittleness. The thermal insulation characteristics are
improved because the thermal conductivity is reduced during heat-treatment. The
modified wood has improved resistance to biological attack, i.e., fungi, due to
changes in chemical constituents of wood [74].

3.4 NMR studies of wood
NMR spectroscopy provides detailed information about the moisture in wood. The
1
H NMR spectrum of wood typically shows a very broad signal of macromolecules
and much narrower peak from water absorbed in wood. The drawback of 1H NMR
spectra is that immobile water contributions may not be distinguished from
macromolecular ones, and that not all rigid components can be detected due to their
short relaxation time. In addition, there are inter-molecular cross relaxation effects
that make the analysis of data more complicated than in, e.g., 2H NMR spectroscopy
[75]. The amplitude of 1H NMR signal is directly proportional to the moisture content
(MC) [76]. The free and bound water can be identified by T2 or T1 relaxation time
distributions [69, 70]. NMR diffusion experiments make it possible to observe the
moisture transport in wood [77, 78]. MRI measurements enable the observation of
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spatial distribution and transport of water, and make it possible to visualize the inner
structure of wood [79].

3.5 Visualization of absorbed water in thermally modified wood
In the previous study of combined NMR cryoporometry and relaxometry experiments,
Kekkonen et al. [66] showed that TM decreases significantly the amount of both free
and bound water absorbed in wood samples, and determined the pore size distribution
of micropores in cell walls. To extend the study on thermally modified wood, in paper
I of the present thesis high-resolution MR images were acquired to visualize the
spatial distribution of absorbed free water in TM pine wood samples immersed in
water. The gravimetric measurements were also conducted as a function of immersion
time in order to observe the progress of water absorption. In addition, T2 maps were
acquired to study the variations of T2 values of water in various parts of wood. The
overall aim of this study was to investigate the differences in water absorption
phenomenon in natural and heat-treated wood by performing MRI and gravimetric
analysis.
To perform MRI and gravimetric experiments, the test pieces of the thermally
modified wood samples, modified at 180, 200, 230, and 240°C, and their reference
samples were cut from the adjacent positions of Pinus sylvestris planks. The 2D axial
and sagittal images were acquired using the spin-echo imaging pulse sequence. The
echo time used in MRI experiments was longer than the T2 relaxation time of solid
wood and bound water. Therefore, only the free water was observed in wood samples.
After the MRI experiments, the samples were weighed and once again immersed in
water. The experiments were performed after 1, 3, 7, 14 and 24 days of immersion,
while an additional reading was taken after 42 days of wood sample modified at
240°C due to slow absorption of this sample.
The axial T2 relaxation time maps were measured after the longest immersion time.
After all the MRI experiments, the wood samples were oven dried at approximately
105°C for 24 h, and the MC in the wood samples was estimated using Equation 3.1.
3.5.1 MRI of absorption of free water
The sagittal (axial-radial plane) images of the wood samples as a function of
immersion time reveal that the water first gets absorbed in the latewood (LW) and
later on, in the earlywood (EW) parts of the samples [77]. However, in the saturated
wood samples, the EW parts show larger extent of water absorption because of the
greater lumen volume as compare to the total volume of tracheid cells. The sagittal
MR images of the thermally modified and their unmodified reference wood samples
as a function of immersion time are shown in Figure 3.3. The MR images reveal that
the TM of wood slows the absorption of water in the samples modified at 240 and
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230°C (with the larger extent in the former one), whereas the samples modified at
lower temperatures do not show any significant differences as compared to their
reference samples. The 1D profiles shown in the same Figure 3.3 represent the signal
intensity of the absorbed water of a single stripe of the EW.

Figure 3.3. Sagittal MR images of the thermally modified wood as well as their
unmodified reference samples measured as a function of immersion times in water.
The maximum intensity was normalized to be 1 in each image. 1D profiles along the
axial direction from early wood parts as a function of immersion time are shown on
the right hand side. Immersion times in the profiles: REF and MOD 180, 200, 230
and REF240: Light blue = 1 day, Purple = 3 days, Green = 7 days, Red = 14 days,
Dark Blue = 24 days; MOD240: Light blue = 3 day, Purple = 7 days, Green = 14 days,
Red = 24 days, Dark Blue = 42 days.
The axial (radial-tangential plane) MR images of the modified and unmodified
reference wood samples, after the highest immersion time delay indicate the small
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high-intensity dots (see Figure 3.4), which were interpreted to arise from resin
channels. The dots are clearly visible in the LW sections of the modified wood
samples because of the removal of resins during TM and high water concentration in
the empty resin channels. By calculating the dots in the LW regions of the modified
samples, we estimated that the number of resin channels per square millimeter was
roughly 2.7±0.6. This is in agreement with the literature [80].

Figure 3.4. Axial MR images of wood samples after 24 days of immersion in water.
The dots visible in late wood parts arise from individual resin channels. The
maximum intensity was normalized to be 1 in each image.
3.5.2 Gravimetric analysis
The gravimetric measurements endorse the MRI results that the modification of wood
at 240 and 230°C reduces water absorption significantly and slightly, while the
samples modified at lower temperatures do not show any prominent effect. The MC
and the mass of moisture per unit volume in the wood samples increase with
increasing immersion time, and approach towards their saturation values. An
exponential function of the form A = Asat [1-exp(-Rct)] was fitted to the gravimetric
data to find the absorption rate constant Rc. The Rc value decreased, significantly in
the wood sample modified at 240°C, and slightly in the sample modified at 230°C as
compared to their unmodified reference wood samples. No significant changes were
observed in the moisture absorption rate in the samples modified at lower
temperatures. The saturation moisture content MCsat values are slightly higher in the
samples modified at 230 and 240°C as compared to their reference samples, whereas
the values are the other way round in the lower temperature modified wood samples.
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This is due to the fact that, the thermal modification method reduces the density of
wood sample at the higher temperatures.
3.5.3 T2 maps of absorbed water
Axial T2 relaxation time maps acquired after the longest immersion time are presented
in Figure 3.5. The maps reveal longer T2 relaxation values in the EW as compared to
the LW sections of the unmodified reference wood samples. The values reflect
smaller lumen sizes in LW than in EW sections, because of the inverse proportionality
between the relaxation rate and the pore size [81]. The maps show longer T2
relaxation time values in the EW sections of the TM wood samples than in their
unmodified reference samples. This is not due to the bigger lumen size in TM wood,
but because of the removal of resins and extractives during the modification process.
Similarly, the LW regions of the wood samples modified at 180 and 200°C have the
longest T2 relaxation values as compared to their reference samples. The SNR in the
LW regions of the samples modified at the 230 and 240°C was so low that the
observed T2 values on these regions are not reliable.

Figure 3.5. Axial T2 maps of the wood samples after the maximum immersion time.
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3.6 Summary
In summary, the MRI studies show that thermal modification process significantly
decreases the water absorption in wood modified at higher temperatures as compared
to the respective unmodified wood. These findings could lead to the better
understanding of the thermal modification process to enhance the characteristics of
wood against changing weather conditions and biological attacks. The results of this
work are of great importance for the wood industry for the development of task
specific wood products.
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4 Structure elucidation of ionic liquids
Ionic liquids (ILs) have gained much attention in academia and industry in the past
two decades as substitutes to conventional organic solvents [82]. In this chapter, an
introduction to ILs and one of their novel class, i.e., halogen free ionic liquids (hfILs) is presented together with their properties and practical applications. Several 1D
and 2D Laplace NMR methods, consisting of relaxation and diffusion experiments,
are introduced. They reveal the microscopic phase structures of ILs, which can not
be observed with the help of conventional NMR methods. Relaxation modelling
provides microscopic details of the structure.

4.1 Ionic liquids
ILs are a special class of materials that consist entirely of ions or ion pairs, and have
melting points below 100˚C. In comparison to the molten salts, which have a high
melting temperature and viscosity as well as corrosive nature, ILs are less viscous
and lie in liquid state at low temperatures due to their asymmetric ionic structures [7,
83]. ILs are usually composed of bulky organic cations, and organic or inorganic
anions. There is a potential of 1018 organic solvents to be ILs by the variation and
substitution of anions and cations [84]. The unique physical and chemical properties,
depending upon the purity, chemical composition, structure etc., make ILs attractive
in many scientific and technological applications [7, 85]. Some of the most useful
properties of ILs are the following:








High ionic conductivity
Negligible vapor pressure
Non-flammability
Broad liquid ranges
High polarity
Possibility to design specific ILs
Possibility to dissolve or mix in other compounds
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These exceptional properties of ILs make them usable in a wide range of
applications. They are used in organic synthesis and catalysis, gas separation,
electrochemistry, cellulose processing, metal extraction, organic reactions and
separation processes, lubrication, as pharmaceutical ingredients, replacement to
traditional organic solvents and as functional materials [7].
The most commonly used ILs are composed of imidazolium (C3H5N2+),
pyridinium (C5H6N+), ammonium (NH4+), and phosphonium (PH4+) cations, as well
as tetrafluoroborate (BF4‒), and hexafluorophosphate (HF6‒) anions. However, for a
specific application, ILs can be synthesized by targeting the certain molecular design
of both ionic constituents [84]. In the past decade, one of the main applications of ILs
has concerned with tribological contacts, in which ILs have been studied as additives
to lubricants and thin films. Many studies have also emphasized the potential of ILs
as future lubrications due to their wear and friction reducing characteristics. In fact,
the phosphorous and boron based compounds exhibit excellent tribological properties
under high temperature and pressure conditions. The formation of surface layers at
the interfaces protect the systems from surface to surface contacts and minimize the
wear and friction effects [8, 86].

4.2 Halogen-free ionic liquids
Although ILs exhibit excellent properties, the water solubility and high polarity of
these liquids make them undesirable in many notable industrial applications.
Especially, the halogen containing (HF6‒, BF4‒) anions tend to absorb water and
exhibit high polarity. These anions may produce corrosive hydrogen halides and other
reactive acidic elements because of hydrolysis processes, and become a cause of
environmental issues and toxicity. In addition, the reaction products may damage the
mechanical systems due to corrosion effects [87, 88]. Studies have also shown that
even the cations may have potential to cause the environmental issues and produce
toxic elements. For example, the longer alkyl chain cations are more toxic in nature
as compared to the ones with shorter chains [89].
The replacement of halogen containing anions with the hydrophobic or halogenfree anions may solve the corrosion and toxic issues of ILs. Recently synthesized
halogen-free orthoborate based ionic liquids (hf-BILs) [8, 90] are environmentally
friendly due to their inability to produce toxic or corrosive hydrogen halides in the
presence of moisture. In particular, tetraalkylphosphonium and tetraalkylammonium
based hf-BILs are hydrophobic in nature and they exhibit excellent lubrication
properties including wear and friction reducing potential, low melting points, high
heat capacities and hydrolytic stabilities [86].
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4.3 NMR studies of hf-BILs
NMR relaxation and diffusion experiments provide versatile information about the
structure and dynamics of substances such as proteins, liquid crystal and porous
media [23]. These kind of experiments have also been used to investigate
physicochemical properties, hydrogen bonding, aggregation, solvation dynamics and
atomic level interactions of ILs [91]. Filippov et al. [92] performed NMR
experiments to study the molecular self-diffusion coefficient of an IL consisting of
trihexyl(tetradecyl)phosphonium, [P6,6,6,14]+, cations, and bis(mandelato)borate,
[BMB]-, anions and explained the presence of two coexisting liquid phases at low
temperatures and a single homogenous phase at high temperatures.
The paper II of the present thesis deals with the structure and dynamics elucidation
of the same hf-BIL (see Figure 4.1a). A combination of 1D and 2D LNMR
experiments were exploited to observe the microscopic information about the phase
structure of the IL. 129Xe NMR studies of the xenon dissolved in the [P6,6,6,14][BMB]
IL showed that the chemical shift changes linearly as a function of temperature. This
implies the absence of any abrupt change in the density and orientational order
parameter of the IL from 294 to 373 K.

4.4 Diffusion studies of [P6,6,6,14][BMB] IL
The 1H NMR spectra of [P6,6,6,14][BMB] IL measured at 296 and 379 K are shown in
Figures 4.1a and 4.1b, respectively. The spectra measured at low temperatures show
broader peaks due to slow mobility of ions, while the spectra above 320 K show
significantly narrower linewidths due to fast mobility of ions. The diffusion
experiments revealed two distinct D values at temperatures below 320 K, indicating
two coexisting dynamic phases, while a single homogenous phase was observed at high
temperatures for both cation and anion (see Figures 4.1c and 4.1d). The D values
appeared to be the same in both cation and anion phases of the IL. At room temperature,
the slow diffusing phase had D value of 1.10-13 m2/s, while the fast diffusing phase had
two orders larger D value (5.10-12 m2/s). These slow and fast diffusing phases arise due
to the aggregates formed by anions and cations, and free ion pairs, respectively.
The activation energies of diffusion (ED) of the fast and slow diffusing phases of the
cations were determined from the data of the variable temperature experiments. The
ED value of the single phase existing above 320 K was determined to be 49.6±1.0
kJ/mol, whereas at low temperatures it was 75±5 and 70±30 kJ/mol for the slow and
fast diffusing phases, respectively.
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Figure 4.1. 1H NMR spectra of [P6,6,6,14] [BMB] IL measured at (a) 296 and (b) 379 K.
The lines are much broader at the lower temperature due to slower mobility of the IL
molecules. Diffusion coefficient distributions of the cation (c) and anion (d) as a function
of temperature.

4.5 Multidimensional LNMR studies of [P6,6,6,14][BMB] IL
4.5.1 D-T2 relaxation correlation measurements
In order to determine the T2 relaxation times of the two coexisting phases at low
temperature, D-T2 correlation experiment was carried out. The sequence included
PGSTE diffusion encoding part with bipolar gradients and CPMG T2 loop (see Figure
2.5). The D-T2 correlation map of the cation is shown in Figure 4.2. It is noteworthy
that T2 relaxation times measured using the PROJECT (periodic refocusing of J evolution
by coherence transfer) [93] sequence were in good agreement with the values determined
by CPMG. It means that the effect of homonuclear J-couplings was insignificant for
[P6,6,6,14][BMB] IL.
Two peaks with roughly similar integral values appeared in the map corresponding
to the slow and fast diffusing phases, with T2 values of 6 and 80 ms, respectively.
Although the amplitudes of the peaks in D-T2 map and 1D diffusion coefficient
distribution are roughly equal, they do not reflect the real proportions of the two phases
in the [P6,6,6,14][BMB] IL. The magnetization stayed for 22 ms in the transverse plane
in case of 1D diffusion experiment and diffusion encoding part of D-T2 experiment.
During the 22 ms period, the transverse magnetization of the slow diffusing phase with
T2 of 6 ms decayed less than 3% of its initial value, while 76% of the magnetization of
the fast diffusing phase survived. The real proportion of the slow phase is much higher
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as compared to the fast phase component. The real proportions of the two phases could
be determined from T2 relaxation time distribution determined by the CPMG
experiment. In the CPMG T2 relaxation time distribution, the integral of the slow
diffusing phase corresponding to the aggregates of the anions and cations was 99%,
while the fast diffusing phase (free ions) was 1%. The slow diffusing phase splits into
two peaks in T2 relaxation time distribution due to the contributions of different protons
in the cation and the tendency of the ILT to split a broad peak into narrower peaks (so
called pearling artefact) [26].

Figure 4.2. D-T2 relaxation correlation map for the cation measured at 296 K. 1D T2
relaxation time and diffusion coefficient distributions measured by the CPMG and
PGSTE methods are shown on the top and right of the map, respectively. In 1D T2
relaxation time distribution, the short relaxation time component is split to two peaks due
to the pearling effect.
4.5.2 T2-T2 relaxation exchange measurements
In order to investigate the chemical exchange of the cations in between slow and fast
diffusing phases, T2-T2 relaxation exchange experiments were performed at 296 K
using the pulse sequence shown in Figure 2.6. The T2-T2 maps as a function of mixing
times are shown in Figure 4.3a. The maps include one set of diagonal peaks arising
from slow diffusing phase and another diagonal peak from fast diffusing phase. The
off-diagonal peaks also emerged in the maps with an increase in amplitude with
increasing mixing times. In order to calculate the exchange rate, a fit of two site
exchange model [27] was utilized (see Figure 4.3b). The fit shows that the rate of
exchange rate between the two cation sites was quite small, k = 1.11±0.06 s-1. The
life times of the ions in slow and fast diffusing phase were 52 and 0.92 s, respectively.
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Figure 4.3. (a) Cation T2 maps as a function of mixing time m at 296 K. Regions of the
diagonal peaks of the slow and fast diffusing phases indicated by S and F, and the crosspeaks indicated by SF are represented by dashed lines. (b) Integrals of the peaks as a
function of the mixing time and the global fits of the two-site exchange model to
experimental normalized amplitudes. The short T2 diagonal peak and cross-peaks are split
to several components most probably due to pearling artefact. [27].

4.6 Relaxation modelling
The details of structure of the [P6,6,6,14][BMB] IL were extracted by the microscopic
relaxation modelling [94, 95]. The model included two smaller spheres corresponding
to free anions and cations, and larger spheres corresponding to anion and cation
aggregates. Furthermore, it contained H-H distance as well as reorientational and
translational diffusion correlation times. The model takes into account the interionic
diffusion modulated dipole-dipole, intra-ionic dipole-dipole and chemical shift
anisotropy relaxation mechanisms. According to the modelling, the rotational
correlation times of the aggregates and free ions were 7 µs and 10 ns, and the
diameters were 50-160 and 15-30 Å, respectively. The simulations revealed that 99%
of the ions were in aggregates in the IL. In addition, the volume ratio suggested that
the aggregates included 10-70 ion pairs. This means that there were 1-10 aggregates
per free anion cation pair.
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4.7 Summary
Overall, multidimensional LNMR provided exceptionally detailed information about
the structure and dynamics of the ILs that is not possible to observe with conventional
NMR techniques. The studies made it possible to understand the two coexisting liquid
phases at low temperature and a single homogenous phase at high temperature. The
observation of a single phase does not necessarily mean that there are no free cations
and anions at high temperatures. The disappearances of the phase may be due to the
fast exchange rate between the slow and fast diffusing phase at high temperature.
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5 Characterization of porous structures of cements and
shales
Cements and shales are porous materials that play important roles in constructions
and energy sectors. Since both materials are silicates, they hold similarities not only
in their chemical and mineral composition, but also in their texture. The sensitivity
of the chemical shift 129Xe to its local environment makes it a perfect probe atom for
investigating the porous media. In particular, due to its size similarity with methane,
it is an interesting material to probe shales. The following chapter deals with the
characterization of the porous structure and dynamics of fluids in hydrated cements
and natural shales by using advanced liquid and gas NMR methods. 129Xe NMR
experiments along with 1H NMR cryoporometry, and T2-T2 exchange experiments
were carried out to investigate these porous materials.

5.1 Cement and shale
Cement is a complex powdery material consisting of silicates and aluminates. The
production of cement involves the heating of limestone and clay mixture above
1450˚C. Cement acts as a binder when mixed with water, sand and gravel for the
production of mortar and concrete [96]. During the hydration process, physical and
chemical reactions between water and cement result in the formation of crystalline
and semi-crystalline phases, and other products. The calcium silicate hydrate (C-SH) nanoscale gel is the main hydration product that binds all the crystalline products,
and provides strength and long-term durability to the material [97]. In cement-based
materials, pore sizes extend from micropores to macropores, and they influence the
strength, shrinkage, durability and permeability of the materials [9].
Natural shales are heterogeneous porous materials that act as hydrocarbon
reservoirs and are composed of organic matter and clay minerals. The porosity of
shales, present at different scales and microtextural positions, has strong influence on
the accumulation, migration and utilization of shale gas, which has become an
unconventional source of energy [10]. The broad range of the pore sizes of natural
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shales starting from nanometer pores to conventional pores to natural fractures not
only provide opportunities for the adsorption and preservation of gas but also cause
difficulties for its extraction [98].

5.2 NMR studies of cements and shales
NMR spectroscopy of fluids adsorbed in the porous materials can be exploited for
determining the porosity, pore size distribution (PSD), transport and chemical
exchange. The methods for deriving this information include NMR relaxation and
diffusion measurements, NMR cryoporometry and MRI [99-101].
Zhou et al. [102] exploited 129Xe NMR to characterize the cement and shale
materials. The hydrated cement samples from BASF company showed one 129Xe
NMR resonance signal from nanopores and another signal from larger pores or free
gas. The shale samples from China showed an extremely broad 129Xe signal, covering
roughly 600 ppm, due to the presence of paramagnetic impurities in the sample.
Paper III of this thesis is the extension of the above-mentioned study. It focuses
on the comparison of the hydrated cements from two different manufactures, as well
as the shale samples received from China and USA. The commercial anhydrous
cement samples were purchased from BASF and Portland companies. The cement
samples were hydrated for four months with an initial water/cement ratio of 0.3 and
0.5, and they are referred to as B0.3, B0.5, P0.3 and P0.5, where B denotes BASF
and P Portland. The main hydrated phases in the cement samples were calcium
silicate hydrate (CSH, 3CaO2SiO2.4H2O) and calcium hydroxide [Ca(OH)2], while
no paramagnetic minerals were found. XRD analysis of the shale samples performed
by Daigle et al. [103] showed the presence of clay minerals (Sil3-14/Sil4-34/EF1223: 38/33/19%), calcite (3/traces/60%) as well as fine-grained quartz (39/50/13%).

5.3 129Xe NMR spectra of cements
129

Xe NMR spectra of the cement samples were acquired with a spin-echo pulse
sequence to avoid the background distortions. Two major signals appeared in the
spectra of the BASF and Portland cement samples as shown in Figure 5.1. The
stronger signal centered around 0-20 ppm is the free gas signal, emerging from the
xenon gas in the larger pores and inter-particle voids. The smaller signal centered
around 20-50 ppm at 290 K and 50-130 ppm at 225 K appear from the xenon in
mesopores. By applying the correlation defined by Terskikh et al. [40] the mesopore
size was estimated to be roughly 10-50 nm, that is a typical size for capillary pores
in hardened cement [104]. The chemical shift values of the mesopore signals of the
Portland cement samples appeared higher than those of the BASF cement samples,
suggesting that the capillary pores are smaller in the former samples. The P0.5 cement
sample showed another well-resolved, small mesopore peak centered around 130
ppm at 225 K and 80 ppm at 290 K. This implies the presence of much smaller
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mesopores, with pore size of about 6 nm [40], which is the probable size of gel pores
in hardened cements.
The chemical shift values of the mesopore signals increase with decreasing
temperature. The fits of Equation 2.26 to the capillary mesopore chemical shift values
of cement samples enabled us to determine several parameters including heats of
adsorption (Q). The Q values appear to be quite similar for different samples, ranging
from 12.1 to 14.9 kJ/mol and being comparable to the Q values of the silica gels (821 kJ/mol) [46]. The chemical shift values of the 129Xe adsorbed on the surface of
pores are also the same, but they are larger than for silica, alumina and MCM-41
materials [40]. This may be due to the difference in the chemical structure of the pore
surface and heterogeneity of pore structure of the cement samples.

Figure 5.1. 129Xe spin echo spectra of four hydrated cement samples measured at (a)
225 and (b) 290 K at 7.1 T.

5.4 129Xe EXSY measurements of cements
2D 129Xe EXSY spectra of the cement samples were measured by varying the mixing
time τm from 1 to 90 ms. The spectra of the P0.5 cement sample measured at room
temperature are plotted in Figure 5.2. The off-diagonal cross peaks become clearly
visible at the longer mixing times, showing a diffusion-driven exchange process
between the free gas and capillary mesopore sites. The fits of two-site exchange
model [27] to the experimentally determined amplitudes of the diagonal and cross
peaks imply that the exchange rates of the BASF samples (B0.3: 400±70 s-1, B0.5:
460±70 s-1) are higher than those of the Portland samples (P0.3: 170±30 s-1, P0.5:
130±20 s-1). The exchange rates follow inversely the chemical shifts of the capillary
micropore signals. It implies that the diffusion of xenon gas from the smaller pores
to the free gas site is slower than from the larger pores.
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Figure 5.2. 129Xe EXSY spectra of P0.5 cement sample measured at room
temperature with mixing times of (a) 1 (b) 5 and (c) 30 ms. (d) The amplitudes of the
diagonal free gas (f) and pore gas signals (p) as well as the cross peaks (fp) as a
function of mixing times and the global fit of the two-site exchange model to
experimental data normalized with a constant factor.

5.5 129Xe NMR spectra of shales
129

Xe NMR spectra of the shale samples from USA measured at 225 and 290 K are
shown in Figure 5.3. The spectra were measured using the spin echo pulse sequence
to avoid the background distortions. The samples showed two dominant signals: one
from the free gas around 0 ppm and another, very broad signal from the pores. The
chemical shift values of the pore gas signals is about 70-300 ppm at 290 K and 90330 ppm at 225K. The relationships between the chemical shift and pore size
determined by Demarquay et al. [39] and Terskikh et al. [40] indicate that xenon gas
explores a broad range of micropores and mesopores with the pore sizes ranging
approximately from 1 to 10 nm.
129
Xe spin-echo spectra of the shale samples from China contain extremely broad
signals extending from -300 to 300 ppm due to the presence of paramagnetic Fe(II)bearing minerals, i.e., siderite [102]. However, only positive chemical shift values
were observed in the 129Xe spin-echo spectra of the shales from USA. This implies
that the effects of the paramagnetic substances were smaller in the shale samples from
USA. The chemical shift values of the pore gas signals slightly increase with the
decrease in temperature. However, the simplified two-site exchange model (Equation
2.26) could not explain the trends of chemical shifts due to the various pore sizes,
complex pore structure, and heterogeneous pore surface chemistry.
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Figure 5.3. 129Xe spin echo spectra of the shale samples from USA at (a) 225 K and
(b) 290 K, as well as China at (c) 225 K and (d) 290 K. HU refers to Hubei, CH to
Chongqing and the number after these abbreviations to sampling depth in units of
meter.

5.6 1H NMR cryoporometry
In order to perform NMR cryoporometry, ground shale sample was immersed in
acetonitrile. NMR spectra were acquired by using the CPMG pulse sequence over the
temperature range of 180‒240 K. The pore size distribution was extracted by a leastsquares fit of a model function to the integrals of the liquid signals as described by
Aksnes et al. [105]
The amplitude of the first echo of 1H CPMG data of acetonitrile confined in the
shale samples as a function of temperature (see Figure 5.4a) is proportional to the
amount of unfrozen liquid acetonitrile. The pore size distributions resulted from the
NMR cryoporometry analysis are shown in Figure 5.4b. The pore sizes observed by
NMR cryoporometry range from 10 to over 100 nm, and the amount and size of
mesopores seem to be larger for the carbonate-rich sample than for the siliceous
samples. There exists some biasness in the pore size distributions because, in the very
small pores in shales, 1H T2 relaxation time may be so short that the nuclei may not
be observed in the experiment [106]. However, the distributions are in good
agreement with the nitrogen sorption results that reveal broad pore size distributions
[103].

Figure 5.4. (a) 1H spin echo signal amplitude of liquid acetonitrile confined to shale
samples. (b) Pore size distribution in the NMR cryoporometry analysis.
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5.7 1H T2-T2 relaxation exchange measurements
In order to observe the diffusion driven exchange process between the free and
confined acetonitrile in the shales, 1H T2-T2 relaxation exchange experiments were
performed at room temperature. The T2-T2 relaxation exchange maps of the
carbonate-rich EF1-223 shale sample are shown in Figure 5.5a. The maps show three
to five diagonal peaks and a few cross peaks. Some of the peak splitting is due to the
pearling effects. Two groups of cross-peaks labeled as F and S in the Figure 5a
appeared in the maps. They reflect faster and slower exchange rates, respectively. The
S cross peaks connect the intermediate and longest T2 values and reflect the exchange
between bulk acetonitrile and acetonitrile in the larger pores. The F cross peaks
connect the intermediate and small T2 values, and reflect the exchange between
macro- and mesopores.
The fits of two-site exchange model [27] to the amplitudes of diagonal and cross
peaks as a function of mixing time are shown in Figures 5.5b and 5.5c for slow and
fast exchange processes, respectively. The fits revealed an exchange rate of 6±2 s -1
for the fast exchange process and 1.1±0.3 s-1 for the slow exchange process. The T2T2 relaxation exchange maps for the siliceous shale samples showed only the slower
exchange process, with exchange rates similar to the carbonate-rich sample.
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Figure 5.5. (a) 1H T2-T2 relaxation exchange maps for acetonitrile in the carbonaterich EF1-223 shale sample at room temperature. (b) and (c) The amplitudes of the
peaks as a function of mixing times and the global fits of the two-site exchange model
[27] to the experimental data normalized with a constant factor. S is the average of
S1 and S2 and F is the average of F1 and F2.

5.8 Summary
Overall, 1H and 129Xe NMR analysis revealed versatile information about the
structure of cements and shales and the dynamics of adsorbed fluids in shales. These
findings significantly facilitate the usage of these materials in construction and
energy sector and other commercial applications.
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6 Adsorption of xenon and SF6 in porous organic cages
Porous organic cage molecules exhibit exceptional properties for selective separation
of rare gases [11]. The extraction of xenon and SF6 gases is difficult due to their low
abundance in the atmosphere and inert nature, making them commercially expensive.
This chapter focuses on the NMR analysis of xenon and SF6 adsorption in porous
organic cages. Papers IV and V of the present thesis deal with the investigation of
porous organic cages by using xenon and SF6 via their rich chemical and dynamical
129
Xe and 19F NMR information.

6.1 Porous organic cages
Porous materials are solids that exhibit wide network of pores and cavities. They are
ubiquitous and hold widespread applications, such as molecular separation, catalysis,
chromatography and fluid transport [107]. Their much larger internal surface area as
compared to external surface area provide an opportunity to, e.g., capture greenhouse
gases [108], such as CO2, CH4, as well as noble gases [109].
Porous organic cages are discrete, covalently bonded molecules exhibiting
permanent internal voids that can be used for encapsulation of guest molecules [11].
In addition to the separation of rare gases and chiral molecules by selective bindings,
these cages have also found applications in sensing [110] and catalyst support [111].
Recently, it has been shown that one of the organic cage molecules, CC3 [12], based
upon its flexibility, exhibit extraordinary characteristic for the selective separation of
rare gases [112] and SF6 [113]. The tetrahedral CC3 cage is composed of imine bonds
that connect the rigid aromatic rings to the more flexible cyclohexane linkers (Figure
6.1A). These cage molecules packs into crystalline structure to form an
interconnected 3D pore structure (see Figure 6.1B). The molecular crystal structure
consists of cage cavities connected by the window cavities. The size of cage cavities
is 4.4 Å while the narrowest point between the cage and window cavities is 3.6 Å in
diameter. However, xenon and SF6 with the kinetic diameters of 4.2 and 5.5 Å,
respectively, can enter the cage through the window because of thermal and
vibrational motion of these porous organic crystals [113].
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Figure. 6.1. (A) Chemical structure of CC3 cage. (B) 3D crystal and cavity structure of
CC3 material.

6.2 Gas adsorption
The phenomenon by which gas molecules condense to a surface and reach an equilibrium
state at a particular temperature is termed as gas adsorption. It differs from the absorption
phenomenon, which involves the penetration of fluid through the surface of the material.
There are two categories of adsorption phenomena: chemisorption and physisorption.
Chemisorption is a process that involves the chemical bond formation between the surface
and the adsorbent, whereas physisorption involves a weak interaction between the surface
atoms and adsorbent without any chemical bond formation. Physisorption occurs to any
solid-gas interface, whereas chemisorption takes place only when gas can form chemical
bond with the surface atoms. Materials involving chemisorption exhibit higher binding
energies as compared to the physisorbed materials.
The most common way to study the adsorption of gases is to measure adsorption
isotherms. The adsorption isotherm is a plot of the amount of adsorbed gas as a function
of pressure at a certain temperature. There are six types of physisorption isotherms, which
provide information about adsorption process, layer formation and surface of adsorbent.
Gas adsorption measurements are time-consuming even in those cases where only one
component data is measured [114, 115].

6.3 Adsorption of xenon in porous organic cages
Paper IV of the present thesis deals with the 129Xe NMR study of the gas adsorption in
cage and windows cavities of CC3 cages. The combination of experiments and quantum
chemical calculations made it possible to determine the occupancies of cavities, binding
energies and thermodynamic parameters. Three samples with different xenon loadings
were prepared. The Xe:CC3-R molar ratio for the low loading (LL), middle loading (ML)
and high loading (HL) samples were 0.10:1, 0.52:1 and 2.4:1, respectively.
6.3.1 129Xe NMR spectra
129

Xe NMR spectra of the samples (see Figure 6.2A) revealed a single narrow and
symmetric peak (even below 160 K) implying a fast exchange between cage and window
cavities as compared to the NMR time scale [116]. No free gas signal appeared around 0
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ppm due to the high adsorption of xenon in the porous cages. The chemical shifts of 129Xe
increased with increasing loading of xenon in CC3-R. The chemical shift value in the HL
sample remained constant at different temperatures (-0.045 ppm/K), while the ML and
LL samples showed increasing chemical shift with increasing temperature (+0.160
ppm/K and 0.219 ppm/K, respectively).

Figure. 6.2. (A) 129Xe NMR spectra of xenon adsorbed in CC3-R measured at room
temperature. (B) 129Xe experimental (solid line) and simulated (dashed line) CEST
spectra. (C) Experimental and calculated chemical shifts. (D) Relative populations of
xenon atoms in the cage and window cavities.
To understand the experimental results more precisely, the quantum chemical density
functional theory (DFT) calculations of xenon chemical shift were carried out using the
static structure of cage and window cavities. The best static reference values for xenon
chemical shifts were computed and the dynamic contributions due to xenon motion were
estimated, while the effects of periodic cage and its dynamics were neglected. The
calculated chemical shift values of xenon in the cage and window cavities are plotted in
Figure 6.2C. At 300 K, the calculated chemical shifts of the cage and window cavities
were 22 and 211 ppm.
6.3.2 Populations of cage and window cavities
Due to the presence of two binding sites in the porous organic cage molecules CC3, the
system can be described by a two-site exchange model [117]. The experimentally
observed 129Xe chemical shift value  is the average of the chemical shifts of the cage
and window cavities:

 = XCC + XWW.
Here, C and W are the chemical shifts of xenon in the cage and window cavities.

(6.1)

56

The relative populations of xenon in the cage and window cavities can be determined
by putting C and W values given by the modelling in Equation 6.1. The results shown in
Figure 6.2D reveal an increase in relative populations of xenon at the window cavities
with an increase in xenon loadings. It also implies that the large cage cavities are more
favourable adsorption sites as compared to window cavities that occupies the xenon atoms
only at higher loadings. This is due to the precise size match of the xenon atoms and the
cage cavities.

Figure 6.3 (A) 129Xe T2 relaxation times of xenon in CC3-R as a function of temperature.
(B) Rates of xenon exchange between the window and cage cavities extracted from T2
data. C) Diffusion coefficient of xenon in CC3-R as a function of temperature. The data
of the LL sample is scattered due to the low xenon concentration in the sample. (D)
Arrhenius plot of ML sample.
6.3.3 Exchange between cage and window cavities
129

Xe relaxation measurements help to understand the exchange phenomena between the
cage and window cavities of CC3. T1 relaxation time of xenon in the HL sample (48 s)
was much longer than in the LL and ML samples (14 and 16 s, respectively). The results
imply a decrease in mobility of xenon in the HL sample because xenon atoms cannot pass
each other in the small cavities.
The T2 relaxation time of xenon in the HL sample was shorter (8 ms) than in the LL
and ML samples (31 and 46 ms). The effects of interparticle exchange of xenon on T2
value in LL sample are quite significant because of fast mobility. Therefore, the T2 values
of the LL sample lies in between those of the HL and ML samples as shown in Figure
6.3A. The two-site exchange model was applied for analysing the T2 values of the ML
and HL samples. In the fast exchange limit, the transverse relaxation rate constant is given
by [118]
R2 = Xc Xw Δω2/kex.

(6.2)
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Here  = C - W is the angular frequency difference between the cage and window
cavities, and kex = kC + kW, where kC and kW are the kinetic constants for the exchange
from cage to window and vice versa, respectively. Because XC, XW and  were known
based on analysis described above, the exchange rates kex were extracted from the T2
values using Equation 6.2. The results shown in Figure 6.3B revealed an increase in
exchange rate with an increase in temperature for the ML and HL samples. The exchange
rate of xenon in the HL sample (6.8107 s-1) was approximately six times smaller than that
in the ML sample (4.4108 s-1).
6.3.4 Four-site exchange
129

Xe CEST spectra [56] showed an extra signal around 211 ppm (see Figure 6.2B) in
addition to the corresponding signals emerged in the conventional spectra. The signal was
interpreted to arise from the window cavity of the CC3, because the chemical shift
matched with the theoretically predicted chemical shift of the window cavity. This means
that some window cavities have slow exchange with the cage cavities. Therefore, these
cavities are termed as stuck window cavities. These cavities with a small proportion may
appear from crystal defects, e.g. dislocations and grain boundaries in CC3-R, and their
population reflects the defect proportion in the material. A third signal dip appeared in
CEST spectrum of HL sample around 0.6 ppm due to the presence of free xenon gas in
between the particles. The CEST measurements suggested a four-site exchange model for
the xenon exchange phenomena in CC3-R. The model explains that cage cavities are
connected with the window and stuck window cavities, as well as with free gas, whereas
the other sites are connected only through the cage cavity.
6.3.5 Xenon diffusion
The diffusion coefficient of xenon in CC3-R samples were measured by the PGSTE [22]
experiments (see Figure 6.3C). The diffusion coefficient of xenon in the samples (5.51010
, 2.810-10 and 4.110-12 m2/s for the LL, ML and HL samples, respectively) were much
smaller than that of free xenon, i.e., 5.310-6 m2/s. The diffusion coefficient of the HL
(saturated) sample was two orders smaller than those of the LL and ML samples. The
activation energy of diffusion of xenon in the ML sample determined from the Arrhenius
plot (see Figure 6.3D) was 10.1  0.3 kJ/mol.

6.4 Adsorption of SF6 in porous organic cages
Paper V of the present thesis deals with the 19F NMR study of SF6 adsorption in cage and
windows cavities of CC3 cages. Two samples were prepared with SF6:CC3-R molar ratio
of 0.18:1 and 0.53:1, respectively (LL and ML samples). NMR relaxation (T1 and T2)
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versus temperature at two fields and translational diffusion measurements of SF6 gas in
the CC3-R molecular crystal is measured and modelled.
6.4.1 19F chemical shift
19

F NMR spectra of the samples showed a single narrow and symmetric peak depicting a
fast exchange between cage and window cavities as compare to the NMR time scale. No
free gas signal appeared due to the high adsorption of SF6 in the porous cages. The
chemical shift of 19F in the ML sample was higher than that of LL sample (see Figure
6.4A). The chemical shift values in the ML and LL samples showed increasing chemical
shift with increasing temperature (0.018 ppm/K and 0.014 ppm/K, respectively).

Figure 6.4 (A) Chemical shifts of 19F as a function of temperature. (B) 19F T2 relaxation
times of SF6 in CC3-R as a function of temperature. (C) Diffusion coefficient of SF6 in
the LL sample as a function of temperature. (D) Arrhenius plot of LL sample.
6.4.2 19F relaxation measurements
19

F relaxation measurements revealed longer T1 relaxation time values of adsorbed SF6 in
the ML sample as compared to the LL sample. At room temperature, T1 relaxation times
of SF6 in ML and LL samples were 560 and 154 ms, respectively. The results indicate a
decrease in mobility of SF6 in the ML as compared to the LL sample.
T2 relaxation times of SF6 in CC3 cages as a function of temperature are shown in
Figure 6.4B. T2 increases with increasing the temperature in both samples and the values
appeared to be similar at all the temperatures. The observed T2 relaxation time values are
much shorter as compared to the T2 relaxation times of xenon in CC3 cages with roughly
same loading ratios.
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6.4.3 SF6 diffusion
The diffusion coefficient of SF6 in CC3 was measured by the PGSTE [22] experiment
(see Figure 6.4C). The diffusion coefficient of SF6 in the ML and LL samples at 345 K
was 4.710-13 and 5.710-13 m2/s, respectively. The diffusion coefficient values of SF6 are
2-3 orders of magnitude less as compared to those of xenon in CC3. The activation energy
of diffusion of SF6 in the LL sample determined from the Arrhenius plot (see Figure 6.4D)
was 12.3  2.0 kJ/mol.

6.5 Modelling of SF6 and Xe in porous organic cages
Paper V demonstrates the T1, T2 and diffusion data in a global analysis and extend the
set of relaxation mechanisms for 129Xe and SF6, assisted by quantum chemistry and
potential energy surface (PES) in order to get more insights on the gas dynamics. The
transverse (T2) and longitudinal 19F and 129Xe NMR relaxation times (T1) together
with translational diffusion of the gases was acquired to study the dynamics of the
homochiral CC3-R material. Quantitative insights on the gas-mobility in CC3-R were
deduced by analysing the data with a relaxation and diffusion model. The model
benefit from a reduced number of adjustable parameters by incorporating quantum
chemical information.
Three main aspects were covered; first extraction detailed information on the
dynamics of the xenon and SF6 gases. Secondly, exploring a model development
where a reduced set of adjustable parameters was required by making use of potential
energy surface (PES) to precompute relaxation model parameters. Finally, the global
analysis in the parameter estimation was performed with Bayesian Monte Carlo
approach. A schematic diagram of the relaxation mechanisms of the 129Xe and SF6 in
one unit cell of the CC3 cage and window cavity are shown in Figure 6.5A and B,
respectively. In case of 129Xe, the model assumes a hard sphere diffusion with the
spin located at centre of sphere.
The intermolecular dipole-dipole 129Xe-H relaxation (DDinter), the shift-ex
mechanism, two local dipole-dipole mechanisms DDHXe-ex and DDHXe-L, and
local chemical shift anisotropy (CSA-L) mechanism were taken into consideration to
model the 129Xe relaxation mechanism. Whereas, in case of SF6 the modelling
parameters included DDinter and DDFH where the latter is the local cavity dipoledipole interaction with SF6 rotational correlation time R. In addition, intramolecular
(DDFF) relaxation with dipole-dipole interaction at cage site was also taken into
account. A number of low amplitude and mechanisms modulated by fast dynamics
were not explicitly modelled and accounted for with Reff (chemical shift exchange
and DD, CSA in window cavity). Spin-rotation (SR) mechanism is included for SF6
rotation in cage.
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Figure 6.5 Scheme of (A) Xe and (B) SF6 relaxation models. C: Cage, W: Window
cavity, dHX: for nuclei (X: 19F, 129Xe) the closest proton spin distance, R: effective
correlation time for local rotation of SF6,L: local cavity dynamics (translational and
hop between cavities), D: translational diffusion correlation time, kex: xenon C-W
exchange residence rate.

From building a common model for T1, T2 and diffusion data it is confirmed that cage
to window exchange is a completely dominating mechanisms for 129Xe T2 relaxation
(Figure 4). The T1 relaxation is dominated by diffusion modulated dipole-dipole
relaxation (DDinter) and CSA relaxation due to local cavity mobility (𝜏𝐿 ). This is in
contrast to SF6 T2 data where the dominating mechanism is diffusion modulated
dipole-dipole relaxation (Figure 6) and for T1 the local tumbling of SF6 in cage cavity
is the key dynamics entering the dipole-dipole (DDFF) and CSA mechanisms.

6.6 Summary
Overall, combined experimental and computational NMR analysis provided novel
means to extract very detailed information about adsorption, dynamics and exchange
processes of xenon and SF6 in the porous organic cages. The results also facilitate the
utilization of the porous organic cages for the gas separation and other notable
commercial applications, such as in biosensor applications.
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7 Summary and conclusions
The present thesis presents a wide range of NMR studies to investigate topical
materials. Several advanced liquid and gas NMR methods (instead of solid-state
NMR) were exploited to probe the properties of thermally modified wood, ionic
liquids, cements, shales, and porous organic cages. Either inherent or introduced
liquid or gas molecules were used in these studies as probes for the structure
elucidation of materials. This made it possible to gain more information on these
materials that is not available with other methods.
In Paper I, the MRI technique was used for the investigation of the microstructure
and moisture components in the thermally modified pine wood. High-resolution MRI
and gravimetric measurements were performed as a function of immersion time in
order to observe the water absorption process and structural changes occurred due to
the thermal modification of wood. The analysis revealed a significant decrease in the
water absorption rate in the wood modified at 240°C. The sample modified at 230°C
showed a slight decrease in the water absorption rate, while the samples modified at
180 and 200°C did not show any noticeable effect. The individual resin channels were
resolved in the high-resolution images of wood, and their number density was
estimated to be 2.7±0.6 mm-2. The modified wood samples showed longer T2
relaxation values of free water as compare to unmodified reference samples due to
the removal of resin and extractives during the thermal modification process.
Paper II demonstrated the applicability of the multidimensional LNMR method to
gain detailed information about the structure and dynamics of ILs that was not
possible to observe with other methods. The diffusion measurements showed the
presence of two coexisting dynamic phases in the hf-BIL, and D-T2 correlation maps
enabled the identification of T2 relaxation times of the slow and fast diffusing phases.
T2-T2 exchange measurements allowed quantifying the exchange rates of anions and
cations between the phases. Relaxation modeling of the experimental data allowed
the estimation of the size of the hypothesized IL aggregates. Moreover, the analysis
revealed that the slow diffusing phase is composed of anion-cation aggregates, while
the fast diffusing phase is comprised of free anions and cations. These findings are of
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great interest to understand the useful properties of ILs and designing new task
specific ILs.
In Paper III, 129Xe NMR analysis of the xenon adsorbed in the cements and shales
helped us to determine their porous structures. 129Xe chemical shift of xenon adsorbed
in the porous networks is very sensitive to the local geometry of the porous materials.
129
Xe NMR measurements revealed that the size of the mesopores in the BASF and
Portland cement samples varied in between 10-50 nm. The EXSY experiments helped
us to determine the exchange rates between the free gas and capillary mesopores.
129
Xe NMR spectra of the shale samples from USA indicated the presence of
micropores and mesopores with the pore sizes ranging from 1 to 10 nm. The pores
probed by xenon in the shale samples from the USA are significantly smaller than in
the cement samples, partially in the micropore region. In addition to 129Xe NMR, 1H
NMR cryoporometry and T2-T2 exchange measurements helped to estimate the pore
size distribution and dynamics of acetonitrile in the shale samples.
In Papers IV and V, xenon and SF6 were used as internal reporters to investigate
the adsorption phenomena in the cage and window cavities of the CC3 crystalline
porous organic cages. 129Xe NMR measurements along with computational analysis
enabled us to determine occupancies of the cage and window cavities, binding
constants and thermodynamic parameters. 129Xe T2 relaxation measurements made it
possible to determine the exchange rates between cage and window cavities. The
CEST experiments revealed a struck window cavity site depicting the presence of
crystal defects. In addition, 19F NMR provided also the information on the adsorption
of SF6 gas in CC3. The studies made it possible to estimate the relaxation rates and
diffusion coefficients of SF6 gas.
In summary, the present thesis deals with the investigation of various topical
materials by using advanced liquid and gas NMR methods. In many cases, the
methods were exploited for the first time to study these types of materials, and they
provided useful information that is not available with other techniques. The usage of
either inherent or introduced liquid or gas molecules as probe made it possible to gain
new insight information about these materials. The results of this dissertation enhance
the importance of NMR methods to apply them to study similar kind of materials.
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