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Abstract

The nuclear magnetic resonance (NMR) was used as a core method to tackle the
molecular dynamic problems of complex liquids: ionic liquids and crude oil com-
pounds. The NMR relaxation studies at the large range of magnetic field strengths
covering from the proton Larmor frequency of ~10kHz to 300 MHz enable the iden-
tification of dynamics of molecules at a large timescale. Thermal and NMR studies
of five ionic liquids were considered in this investigation: Emim Tf2N and Bmim
Tf2N; Emim Br, Bmim Br, and Hmim Br. The focus has been on the supercooled
temperature regimes where the motion of ions become slower. The nano-meter ge-
ometrical restriction effects were studied by preparing Bmim Tf2N inside a porous
glass of 4 nm pore-size. A comparative study of crude oils were done to identify and
determine the maltene-asphaltene interactions.

Differential scanning calorimetry method provided the supercooled temperature
regimes for each ionic liquid. The frequency dependent T; relaxation times were
measured at supercooled temperatures for bulk ionic liquids. A relaxation model
assuming rotational and translational dynamics for the ions was employed and the
corresponding correlation times were quantified. Different fitting procedures based
on the relaxation model were considered and the outcome of each procedure was
discussed. The temperature dependence of translational dynamics showed generally
non-Arrhenius behaviours while the rotational dynamics followed Arrhenius trends
for the measured temperature ranges. Independent pulsed field gradient NMR, self-
diffusion measurements confirmed the relaxation model. A unique property was
observed for the ionic liquids approaching their glass transition temperatures that the
temperature dependence trends were deviated at a certain temperature around 1.2 7.
This temperature was identified as the crossover temperature 7, which had been
reported to be a unique feature of glass forming molecular liquids. The observation
of such a transition for some of the ionic liquids in this study has not been reported
to date. Furthermore, degrees of cooperativity of the ionic translational motions
were quantified from the frequency dependent relaxation studies.

The Ty frequency dependent measurements of the confined ionic liquid, Bmim
Tf2N, in nano-porous glass were analysed by considering the dynamics of the bulk
ionic liquid obtained previously. Several molecular dynamics mechanisms were con-
sidered for the molecules on the pore surface in the frame of the RMTD (Reorienta-
tions Mediated by Translational Displacements) mechanism. The long-range surface
displacement mechanism was found to be the main reason of the power law (~ v26)
T relaxation dispersion between 0.1 MHz and 10 MHz of proton Larmor frequency.
Similar dynamics were observed for the cation and anion of the ionic liquid in the
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bound phase.

The interaction of asphaltene — present in heavy crude oils — with the maltene
molecules was investigated by introducing small concentrations of fluorinated aro-
matic and aliphatic molecules. The interaction strength and timescale could be
revealed by studying the F-Ty and -1} relaxation times of the tracer molecules and
by comparing the 77 /T, ratios. Asphaltene solutions with varying concentration
were also prepared and the concentration dependent studies were carried out. It
was found that the T /T3 ratios of the aromatic tracers were largely affected by the
presence of asphaltene and the ratio followed a linear dependence with the asphal-
tene concentration. Different relaxation mechanisms are discussed in this respect.
The application of this method could be an alternative and sensitive method for the
determination of the heavy fractions of crude oils in industrial sections.
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Kurzfassung

Mittels Kernspinresonanz (NMR) als grundlegender Messmethode wurden moleku-
lardynamische Fragestellungen fiir zwei komplexe, fliissige Systeme untersucht: Ion-
ische Fliissigkeiten und Rohoélproben. Ein Schwerpunk lag hierbei auf der Unter-
suchung von Kernspin-Relaxationsprozessen iiber einen breiten Bereich magnetischer
Feldstérken, welcher Kernspin-Larmorfrequenzen von etwa 10 kHz bis 300 MHz ab-
deckt. Dies ermoglicht Aussagen iiber molekulardynamische Prozesse iiber eine grofie
Spanne verschiedener Zeitskalen. Fiir fiinf ionische Fliissigkeiten wurden auferdem
NMR- mit kalorimetrischen Messungen kombiniert: Emim Tf2N und Bmim Tf2N,
Emim Br, Bmim Br und Hmim Br. Hierbei lag das Hauptaugenmerk auf einem
Temperaturbereich, bei dem ein unterkiihlter Zustand mit deutlich verringerter Io-
nenmobilitit vorliegt. Dariiber hinaus wurden fiir Bmim Tf2N Effekte nanoskaliger,
geometrischer Begrenzungen in porésem Glas mit 4 nm Porengréfse untersucht. Weit-
erhin wurden auf Grundlage einer vergleichenden Studie mit mehreren Rohdlproben
Malten-Asphalten-Wechselwirkungen untersucht.

Fiir jede ionische Fliissigkeit wurde der Temperaturbereich, bei dem ein un-
terkiihlter Zustand vorliegt, mittels dynamische Differenzkalorimetrie (DSC) bes-
timmt. In diesem Temperaturbereich wurde daraufhin die Frequenzabhéangigkeit
der Tj-Relaxationszeiten fiir alle ionische Fliissigkeiten ohne Begrenzungen (Bulk-
Proben) gemessen. Ein Relaxationsmodell, welches Beitrige von Rotations- und
Translationsdynamik beinhaltet, wurde an die Daten angepasst und daraus entsp-
rechende Korrelationszeiten bestimmt. Hierbei wurden verschiedene Regressions-
methoden getestet und bewertet. Wéahrend die Temperaturabhéngigkeit der Trans-
lationsdynamik kein Arrhenius-Verhalten zeigte, konnte die Temperaturabhéngigkeit
der Rotationsdynamik im untersuchten Bereich mit einem Arrhenius-Modell beschrie-
ben werden. Gesonderte Selbstdiffusionsmessungen mittels Feldgradienten-NMR
konnten die Ergebnisse der Relaxationsmessungen bestatigten. In der Nahe der
Glasiiber-gangs-Temperatur wurde eine Abweichung der Temperaturabhéngigkeit
der Translationsdynamik vom Arrhenius-Modell beobachtet. Dieses Phénomen, wel-
ches ab einer Ubergangstemperatur 7, von etwa 1, 27T, auftritt, ist eine besondere
Eigenschaft glasformender Fliissigkeiten und ist von anderen Systemen bekannt. Fiir
ionische Fliissigkeiten jedoch wurde ein solches Verhalten bisher nicht beschrieben.
Mit Hilfe der frequenzabhingigen Relaxationsmessungen wurde aufserdem der Grad
der Kooperativitat ionischer Translationsbewegungen bestimmt.

Auf Grundlage der fiir Bulk-Proben gewonnenen Ergebnisse wurden frequenz-
abhingige T1-Messungen an ionischen Fliissigkeiten in nanoporosen Glésern inter-
pretiert und verglichen. Fiir die Molekulardynamik in der N&dhe der Porenober-
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flache wurden, basierend auf dem RMTD-Mechanismus (Reorientations mediated by
Translational Displacements), verschiedene Modelle betrachtet. Die gemessene T7-
Relaxationsdispersion, welche im Bereich von 0,1 MHz bis 10 MHz einem Potenzge-
setz (o< v90) folgt, konnte unter Beriicksichtigung langreichweitiger Bewegungsproze-
sse entlang der Porenoberfliche interpretiert werden. Fiir Kationen und Anionen
wurden dabei dhnliche molekulardynamische Eigenschaften beobachtet.

In Rohdlproben wurde die Wechselwirkung zwischen Malten- und Asphalten-
Molekiilen mit Hilfe von fluorierten aromatischen und aliphatischen Tracermolekiilen
untersucht. Die Stérke und Zeitskala dieser Wechselwirkungen konnte mit Hilfe von
T1- und T>-Relaxationsmessungen an BF_Kernspins, sowie dem Verhiltnis 7} /T bes-
timmt werden. Auferdem wurden konzentrationsabhiingige F-Relaxationsmessung-
en an Asphalten-Losungen mit den entsprechenden Tracermolekiilen durchgefiihrt.
Es konnte gezeigt werden, dass das Verhéltnis 77 /T, stark durch die Wechselwirkun-
gen mit Asphalten beeinflusst wird und proportional zur Asphalten-Konzentration
ist. In diesem Zusammenhang wurden verschiedene Relaxationsmechanismen disku-
tiert. Im Rahmen einer industriellen Anwendung kénnen diese Ergebnisse die Grund-
lage fiir eine alternative, empfindliche Methode zur Quantifizierung der Schwerfrak-
tionen in Rohdl sein.
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Chapter 1
Introduction

1.1 Motivation

The introduction of new classes of materials into the application fields is possible
through well understanding of their physicochemical properties. The potential ap-
plications of ionic liquids ignited the research on this field from the beginning of the
current century. Ionic liquids were successfully used as extraction solvents in the or-
ganic synthesis and probably the most important properties to consider in this case
would be to regulate their solubility, reactivity, and reproducibility. On the other
hand, for applications where the molecular dynamics and transport properties play
a key role, one would expect a deeper understanding of the dynamics of ions in the
molecular level. Of many of such applications, the main motivating application in
mind was the electrochemical storage and conversion devices. The molecular dynam-
ics and transport properties of ions in this case define the ionic motions/interactions
and therefore, ionic conductivity. It is clear that ionic liquids in the pure liquid form
are not directly applicable to the energy storage devices and some ions, e.g. alkali
metals, should be included in the matrix. However, the molecular dynamics of the
neat ionic liquids are yet not completely comprehended especially at the supercooled
temperature regime. More knowledge of dynamics of ions at the molecular scale will
furnish the road towards the electrochemical devices operable efficiently at much
lower temperatures than the ambient conditions. To this aim, the molecular dy-
namics of bulk ionic liquids are investigated at supercooled temperature region down
to near the glass transition temperature. Since the ionic liquids for electrochemical
device applications are usually involved in some matrix structures, the confinement
effect on the dynamics of ionic liquids was investigated by confining an ionic liquid
inside a nano-meter scaled porous glass. The low-field nuclear magnetic resonance
(NMR) provides a reasonable tool to investigate the dynamics of molecules with slow
tumbling rates while the high-field NMR methods reveal faster motions of molecules.
A combination of these methods provides a wide spectral density information for the
molecule.

The second subtopic of this thesis has a focus on a long standing challenge in
the crude oil industry. The heavy crude oils contain large amounts of polycyclic
macromolecules in general known as asphaltene. The asphaltene deposition around
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the well bores, flow lines, separator pumps and etc. has been threatening the oil
industries economically. The need to predict the concentration of asphaltene in
crude oils at the extraction site rises the motivation of this study. An effort has been
made to develop an analytical method to predict the asphaltene concentration by
observing its interaction mechanism with the fluorine labelled maltene solutions by
means of NMR. This project has been done in collaboration with the Schlumberger-
Doll Research.

1.2 Ionmic Liquids

Tonic liquids (ILs) are a class of salts with very low melting temperatures. The first
modern physicochemical study of ILs was done in 1924 by Paul Walden where he
studied the viscosity dependence of ionic conductivity of ethylammonium nitrate.
The developments in the field of ionic liquids remained mainly empirical thereafter
and the physics behind remained unknown. It was only in the recent decade that
physicochemical investigations on this class of molten salts started which was mainly
due to their interesting and unusual properties compared with molecular liquids.

Room temperature ionic liquids (RTILs) are nonvolatile, thermally stable, and
flame retardant. As it is clear from the name, ionic liquids are composed of solely
ions. So they have high ion density and hence, high ionic conductivity X!, The room
temperature or better to say the ambient temperature in this case means that the
melting point is not too much higher than the glass transition temperature, T, which
brings the natural base for the liquid-like behaviour™!. Tonic liquids generally melt
within the range that it is referred to as the low-temperature regime4. Room
temperature ionic liquids are usually composed of an organic cation and inorganic or
organic anion. This makes their structure easily designable while different kinds of
ions can form various ionic liquids. There are unlimited possibilities for the prepa-
ration of ionic liquids by just varying the organic structure of the compounds. Ionic
liquids show completely different properties compared to the ordinary molecular lig-
uids. Interestingly, every ionic liquid shows distinct properties compared to even
structurally similar ionic liquids. It is important to have a good understanding of
the physicochemical properties of these multi-purpose materials. Probably the most
successful industrial application of ILs so far is in the BASIL (Biphasic Acid Scav-
enging utilizing Tonic Liquids) process which is used by BASF commercially Bl The
methyl imidazolium is used in this reaction as a replacement of the formerly used tri-
ethylamine to scavenge the acid formed in the production of alkoxy-phenylphosphine,
Fig. The reaction product of triethylamine with HCI is aqueous and difficult to
separate from the main product while the formed IL in this process is separated as
a discrete phase.

One of the main applications of ionic liquids is in electrochemistry. Although the
water-based electrolytes might be the best electrochemical solutions, the volatility
of water limits its application range. An alternative for the water-based electrolytes,
which is not volatile, is polymer electrolytes. Polymers, in comparison, do not va-
porize. On the other hand, they decompose at higher temperatures. Although the
polymer electrolytes are considered as a top class electrolytes, their low ionic con-
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Figure 1.1: Acid scavenging in the alkoxy-phenylphosphine production making use
of the phase separation of the ionic liquid in the aqueous solution, known as BASIL
reaction.

ductivity has been the main drawback. Ionic liquids being almost nonvolatile at a
wide temperature range, they are good proton conductors at temperatures higher
than 100 °C where the water-based electrolytes fail to operate due to evaporation.
Therefore, the nonvolatility and ionic conductivity are the essential properties for
ILs’ application in electrolyte solution in safe energy storage systems for the out-
door use. However since ILs are composed of organic compounds, their degradation
starts at the weakest covalent bond by heating. Nevertheless, ionic liquids are stable
enough for ordinary usage until temperatures around 200°C to 300°CH!. On the
other hand, the high stability may bring some issues for their decomposition when
their role is finished. Since ionic liquids are designable, it is not difficult to manip-
ulate novel ionic liquids that can be decomposed at a certain temperature or by a
certain trigger.

Ionic liquids, as organic solvents, can be categorized as polar/nonpolar or pro-
tic/aprotic solvents. The polarity of a molecule depends on the electronegativity of
its atoms and their spatial orientation relative to each other. However, being pro-
tic or aprotic depends on the ability of molecule to exchange protons. Protic ionic
liquids are usually formed by a proton transfer from a Brgnsted acid to a Brgnsted
base, e.g. ethylammonium nitrate and pyridinium chloride. The ionicity of these
ILs can be adjusted by altering the driving forces for the proton transfer process.
Aprotic ionic liquids, however, are not synthesized by a simple acid-base reaction and
do not contain exchangeable protons®. Aprotic ILs are usually charge compensated
by anions with oxidic character. Examples of this class are alkyl pyridinium and
dialkylimidazolium cations. Some of the most common ionic liquids of this class are
shown in Fig.

The structure of ionic liquids is highly dominated by strong and long-ranged ion-
ion interactions. This makes ionic liquids to be considered as structured liquids in
some cases!. To compare ILs with inorganic salts: Alkali halides, as an example
of fused salts, retain their solid structure after melting and only the cation-anion
distances increase due to decrease of the coordination number from 6 to about 417, In
such a case, the configuration of the molten salt is much similar to the solid structure
but with higher population of defects and voids. Although ILs are composed of
much larger ions, radial distribution function simulations showed that they still show
the charge ordering structure similar to fused salts with small ions®. Molecular
dynamics simulations showed some long lived local structures, yet no clear pairing has
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Figure 1.2: Most common cations and anions of aprotic ionic liquids.

been observed M. Cations remain associated on roughly equal terms with multiple
anions and vice versa. The dynamics of ILs was found to be dominated by collective
motions M3l and the aliphatic chains of cations are responsible for the low polarity
domain which can be responsible for the structural inhomogeneity on microscopic
length scalest.

The extended liquid-state behaviour is an important feature of ionic liquids. This
necessitates the understanding of different liquid properties at varying temperatures.
It is important to bear in mind that ionic liquids are single-component systems in
which the cations and anions may play different and independent roles in deter-
mining the liquid behaviour®™. The microscopic properties of some selected ILs
have been investigated recently using optical and dielectric spectroscopy 23, mul-
tidimensional NMR spectroscopy B0, high-field NMR relaxometery P28 and other
technique 21 However, few investigations were carried out on ILs in supercooled
states. Nevertheless, a common theoretical description is not fully available in part
because of the asymmetric charge distribution in the molecular ions that determines
the electrostatic interaction potential and coulomb forces. ILs are in their major-
ity glass-forming systems?223 A fundamental question is how the structure and
molecular dynamics of this kind of solvents will be affected when they are super-
cooled. Close to the glass transition temperature they exhibit a non-exponential
structural relaxation due to the collective nature of their dynamics. The charac-
teristic relaxation times often have non-Arrhenius temperature dependences 4231,
This departure from the Arrhenius behaviour is found for most of the glass forming
systems in properties like diffusivity and viscosity F41526]

Obtaining quantitative molecular dynamic information from NMR relaxation ex-
periments is feasible by understanding the relationship between NMR relaxation
times and spectral densities of the motion. To this aim, several ionic liquids com-
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posed of different cations (Emim, Bmim, Hmim) and anions (Tf2N and Br) will be
studied by NMR relaxometry and diffusometry at varying temperatures. The choice
of cations is to consider the effect of imidazolium based cationic molecule with in-
creasing alkyl chain. The anions’ selection was to consider the effect of different
polarizability and symmetry. At last, the dynamics of a selected ionic liquid will be
investigated under nano-porous confinement at varying temperatures.

1.3 Crude Oils

Crude oil is an example of complex fluids and generally consists of mixtures of differ-
ent hydrocarbons and heavy organics. A large fraction of these compounds consists of
linear or almost linear alkanes. Since the molecular composition of a fluid determines
its properties such as viscosity and phase behaviour, the successful recovery of useful
organic products from the crude oil necessitates understanding its physicochemical
properties. Oils from different geographic regions consist of various quantities of
organic compounds such as asphaltenes, asphaltogenic acids, diamondoids, mercap-
tans, organometallics, paraffine/wax, and resins 728 - Some of these compounds are
shown in Fig. . These compounds may separate from the crude oil solution via
different mechanisms due to variations in temperature, pressure, composition, pH,
flow regime, wall effect, and electrokinetic phenomena. Heavy organic molecules in
the oil bring complexities to the petroleum industries due to their untimely depo-
sitions that cause arterial blockage in wells or pipelines of the processing facilities.
Asphaltenes are highly polar compounds and generally act as glue and mortar in
hardening the deposits®¥. When several heavy organics exist in the oil their in-
teractions and therefore collective deposition mechanisms also play a role. In this
respect, the determination of composition of heavy organics in the oil turns out to be
very important. The molecular weight of asphaltenes can be determined by several
techniques such as vapour pressure osmometry, mass spectroscopy, and gel perme-
ation chromatographyB%. Asphaltenes form small aggregates of several molecules
under reservoir conditions which can be detected by X-ray and neutron scattering
techniques B33,
e.g. temperature and asphaltene concentration. In general, no method has proven
to give absolute molecular weight information of asphaltenes.

However, all methods are influenced by the analysis conditions,

The large variety of heavy organic compounds with complex structures add to the
difficulty of identification of the heavy fraction in the crude oil. The characterization
methods rely on solubility and different chromatographic techniques. The SARA pro-
cedure separates the oil to four classes of compounds: Saturates, aromatics, resins,
and asphaltenes??. The saturate fraction includes paraffins and diamondoids that
is a viscous whitish translucent liquid. This is the only fraction which is easily dis-
tinguishable after the separation from the rest of the oil. The aromatic fraction is
a reddish viscous liquid composed of aromatic hydrocarbons with different degrees
of condensation, alkyl-substitutions, and heteroatoms of sulphur, oxygen, and ni-
trogen, Fig. This fraction covers a continues range of polarity and molecular
weight. The resin fraction is a dark brown thick viscous liquid to semi-solid with a
higher degree of condensation and heteroatom content than aromatics. The asphal-
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Figure 1.3: Chemical compounds and their structures generally present in crude oils.
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Figure 1.4: A model representing the composition of crude oils where the peptization
of asphaltenes by resins is shown P4,

tene fraction is a dark brown to black amorphous solid. Resins and asphaltenes are
structurally similar, but asphaltenes are formed by more complex polymeric struc-
tures with a large variety of repeating blocks. The heavy organics in the oil are
largely polydisperse and usually overlap between different fractions. Therefore, the
distinction among them cannot be exact 233086l Heavy oils may have much higher
amount of asphaltenes than resins. Resins are important in the sense that they are
the main factor by which the asphaltenes remain dispersed in the heavy crude oil 29
A physical model of asphaltene piptization is shown in Fig. [I.4] which is based on
the thermodynamic-colloidal model of Leontaritis-Mansoori®d. According to this
model, if the adsorption equlibrium of the resins between solid and liquid phases
is disturbed for example by adding a paraffin solvent, the asphaltene particles floc-
culate irreversibly Y. The flocculated asphaltenes can be re-dissolved in a good
solvent (benzene or toluene), however, in the absence of enough resin molecules the
asphaltenes start to grow in size. In many cases a complete separation of resins from
asphaltenes is impossible. The peptizing effect of resin molecules prevent asphaltene
molecules to form self-aggregations 33,

Asphaltenes are considered as unit sheets with an aromatic polycyclic centre. In
polar or aromatic solvents asphaltenes may interact with each other to form micelles
consisting of several layers via m — 7 association of heteroatom coordinationB¥.
In general, the identification and quantification of asphaltenes without the time-
consuming and laboratory based SARA analysis is a difficult task. However, it
would be desirable to provide an in situ technique for detecting asphaltenes in order
to be able to react in due time to a fluctuation of their concentration. An effort in
this respect will be taken to identify the concentration and molecular dynamics of
asphaltene in different natural crude oils as well as in asphaltene and model molecule
solutions.






Chapter 2
Theoretical Overview

2.1 Basics of NMR

The nucleus of an atom is described by some fundamental physical parameters such as
mass, size, charge, spin, magnetic dipole moment and electric quadrupole moment.
Of these properties the nuclear magnetic resonance (NMR) mostly considers the
nuclear spin, magnetic dipolar and electric quadrupolar moments. The spin angular
momentum was recognized in the 1920’s and following the ambiguity in explaining
the fine structures in the atomic spectra of electrons and some atomic nuclei without
considering the existence of another intrinsic angular momentum #%.

The spin is a purely quantum mechanical concept. But the concept of spin angu-
lar momentum, and in general fundamentals of NMR, can be reasonably explained
by classical mechanics. Each nuclear spin is associated with a magnetic moment p.
In the presence of an external magnetic field Bg, the magnetic moment experiences
a torque of

T = pu x B. (2.1)

This torque tends to line up the magnetic moment with the external magnetic field so
that to reach its lowest energy configuration. But for a non-static magnetic moment,
which is the case for atomic nuclear spins similar to the electric current loop in By,
the magnetic moment p is proportional to the angular momentum I of spin, Fig.
In this case, the exerted torque produces a change of the angular momentum dI in
the same direction (not magnitude) as the torque and perpendicular to the angular
momentum I and magnetic moment p. This consequently leads to the precession of
the nuclear magnetic moment around the axis (anti-)parallel to the BoH#!. This is
exactly similar to the precession of a top with a difference that the torque produced
in a top is because of the action of gravity field of the earth, while in NMR the
precession is because of the action of external magnetic field. The torque can be
represented as the rate of change of the nuclear spin angular moment and from Eq.
(2.1) we get
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Figure 2.1: A classical picture of the interaction of a magnetic moment pu with an
external magnetic field Bg. The torque (not shown here) is parallel to the change of
angular momentum dI and in the direction of the precession.
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(2.2)

wo = g=— By = 7By,
2my,
where wy is the angular precession velocity or the Larmor frequency, g is the g-factor
of the nucleus, e is the elementary charge, and m,, is the proton rest mass. - is the
gyromagnetic ratio and can be positive (e.g. 'H, F, 3C) or negative (e.g. N,
170), which defines the sense of precession of the magnetic moment with respect to
the By field being clockwise and counterclockwise, respectively. In other words, the
spin angular momentum I and the magnetic moment g are in the same direction for
~v > 0, and vice versa.

The operator which represents the energy, the observable quantity, in quantum
mechanics is the Hamiltonian H B2 For a nuclear spin in a magnetic field of strength
By along the z-axis the Hamiltonian which represents the energy of interaction be-
tween one spin and the magnetic field is

H = —yByl., (2.3)

where I, is the z-component of the nuclear spin angular momentum. [, can have
different eigenvalues (21 + 1) depending on the spin of the nucleus which is specified
by the nuclear spin angular momentum quantum number [ or in short, spin quantum
number. I can take integer and half-integer values. Every atomic nucleus possesses
a fixed I and only those with I > 0 are NMR active. As an example, the proton
'H nucleus has spin I = 1/2 and it has two eigenfunctions with eigenvalues +1/2.

The energy of interaction between a single spin-%2 with an external magnetic field
By along z-direction is given by

E = — K- B() = *BO,U/z- (24)
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Knowing the relationship between p and I, Fig. and Eq. (2.2]), the energy in

terms of operators is obtained as®2
I‘i’ = _'}/IAZBO = wofz. (25)

The proportionality of H and I indicates that both operators have the same eigen-
functions. Therefore, the energy of states in angular frequency unit is

H) =Ey),

E = i}fyBo. (26)
2

This is the case for nuclei with spin-% (like 'H, F, and '3C). For a transition to

happen between two energy levels, the change in the spin quantum number (Am)

must be equal to +1 or —1. Additionally, the energy difference between the levels

must be equal to the frequency of the radio frequency pulse.

2.2 Stochastic Processes

Because of the stochastic nature of the molecular motion and collisions, the local
fields generated by every spin will be randomly oscillating. In isotropic liquids where
there is an equal probability for a molecule to reorient in any direction, the molecules
are not free to reorient due to collisions and viscosity of molecules. Every collision
only slightly changes the orientation of the molecule and actually several collisions
are needed for a full rotation of the molecule. The tumbling of molecules (rotation
or translation) cause changes in the magnitude and direction of the magnetic field
exerted by one spin on the other spins (Fig . The local field fluctuations expose a
time dependent transverse magnetization B, () which is different for every spin. The
fluctuating transverse fields have zero average (By(t)) = 0 but a non-zero magnitude
(B2(t)) # 0, where brackets show ensemble average over all spins. By taking the
model of hard molecules of radius r» with spherical symmetry, it is assumed that the
rotation of a molecule in a medium with viscosity 1 can be described by a diffusion
equation of form B3l

0¥ (r,t)

ot

where A is the Laplace operator on the surface of the hard sphere and D is the
diffusion constant which for rotational diffusion Dy is given by the Stokes-Einstein
relation

= DAY, (2.7)

kT

D. —
* brrn’

(2.8)

where b takes values between 4 and 6 (known as slip and stick conditions) but it
is not bound to this range in experimental conditions. The time dependence of
reorientational motion of such molecule can be expressed by spherical harmonics.
Therefore, the autocorrelation function can be calculated B34 which is

G(7) = (B(t)Bx(t + 7)) = (B) e T/, (2.9)
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Figure 2.2: Modulation of the local dipolar field as a result of molecular rotation.
The blue vectors are the nuclear magnetic moments and the red vectors show the
direction of the local fields of one spin sensed by the other spin at two instances of a
rotational motion. The change in direction of the red vector resembles a simple case
of the fluctuation of local fields due to the reorientation of a molecule.

B fast fluctuation G(7) B slow fluctuation

(a) (b)

Figure 2.3: Fast and slow fluctuations of transverse magnetic fields and the corre-
sponding short and long decay of autocorrelation functions, respectively. Refer to
text for explanation.

where 7 is the time interval, (B2) is the magnitude of the local field at time zero,
and 7. is the correlation time of the motion. Autocorrelation functions describe
the time dependence of random motions or how rapidly the local field fluctuates in
a stochastic processes. Figure illustrates the autocorrelation function and the
transverse magnetic field fluctuations for slow and fast stochastic motions.

The quantification of the magnitude of fluctuating local fields at different (Lar-
mor) frequencies necessitates the Fourier transformation of the autocorrelation func-
tion which gives the spectral density J(w) function for the rotational diffusion

_o [ ST = 2 (B2) — B 2.1
Y =2 [ atmeimar =28 1l (2.10)

The spectral density in Eq. is dependent on the source of the local fields and
therefore, scales the spectral density accordingly®¥. The reduced spectral density,
J(w), is defined as Eq. to be independent of the source and magnitude of the
local fields. For the rest of the text, the term spectral density will refer to the reduced
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Figure 2.4: Spectral density function simulations at a) constant correlation times
with varying frequency, and at b) constant Larmor frequencies with varying correla-
tion times. See text for more explanation.

spectral density.
J(w) _ 27—R
(B2)  1+w?rd’
The simulation of spectral density functions at four correlation times is shown
in Fig. 2-4h. The spectral density decays at larger frequencies with a rate of decay
proportional to the 7. The peak hight of J(w) is higher for larger 7 whereas J(w)
spreads to higher frequencies with less total intensity for shorter 7.. The variation
of J(w) with correlation time at some fixed frequencies is shown in Fig. 2.4p. The
maximum of J(w) appears at 7 = 1/wp. In molecular dynamics studies by NMR it
is usually useful to compare the Larmor frequency and the correlation time of the
molecule. Two extreme (motional) cases are introduced: the fast motion limit (or
extreme narrowing condition) and slow motion limit (or spin diffusion condition).
The fast motion limit is usually true for small molecules in a non-viscous medium
where the 7 is so short that wr << 1 and 1 + w?7? ~ 1. Therefore the spectral
density function becomes independent of the Larmor frequency,

Jr(w) = (2.11)

J(w) =27 (2.12)

The linear dependence of J(w) to 7 is shown in Fig. by a black dashed line.
The slow motion case is usually seen for macromolecules in highly viscous medium
where 7 is so long that wr >> 1 and 1 + w?7% ~ w?72. Therefore

2
J(w)=—. 2.13
@)= (213)
The simulation of Eq. ([2.13)) is shown in Fig. by dotted lines for every frequency.
To describe the spin-spin interactions of spins on different molecules the transla-

tional motion of the molecules should be considered. Here again it is assumed that
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the diffusion equation, Eq. (2.7)), is valid. The solution of the diffusion equation in
spherical harmonics assuming a molecular jump distance of d leads to the correlation

function 43 -
N 2D 9 > d(pd)

=&, [3/2(pd)]” exp (%(Pd) Y= pd (2.14)

where IV is the number density of spins, J3/; is the Bessel function of order 3 /2, and
p is the reciprocal of the distance vector in its Fourier space. By assuming the jump
distance equal to the minimum distance of approach of molecule ¢ which is equal to
the molecular diameter, and taking the dimensionless integration variable as pd = w,
and the effective diffusion coefficient as D = (2 /27T, the Fourier transformation gives
the spectral density for the translational motion

G(1)

2NT T / > 2 u
Jr(w) = —(— J3o(u)|" ————5—=du. 2.15
T( ) CS 0 [ 3/2( )] ud + CL)QT% ( )
71 is the translational correlation time and is defined as the average time necessary for
a molecule to make a single random molecular jump distance of ¢. Similar motional

conditions in Eq. (2.12) and Eq. (2.13)) also apply for Eq. (2.15).

2.3 Nuclear Spin Relaxation: Two Spin Case

An undisturbed spin system, a sample in the magnetic field, reaches a state of thermal
equilibrium after a certain time. For spins-Y%, it is understood from Eq. that
the external magnetic field needed to generate an energy level difference of AF in
the order of the room temperature thermal energy, kg7, would be By ~ 10°T,
which is nearly impossible. Therefore, the nuclear magnetic moments align almost
randomly in By field of available NMR devices (By ~ or < 30T). However, due
to the large number of magnetic moments which is proportional to the Avogadro
number N according to the Boltzmann distribution %—; = e VBo/kBT  there is a
slight statistical preference for the spin population to align with the Bg field. As
a result, an equilibrium macroscopic magnetization My is generated along Bg field
that precesses around it with the Larmor frequency of wg, as shown in Eq. .

In a quantum mechanical description, spins possess some magnetic energy as a
result of interaction of magnetic moments of spins g with the magnetic field By.
At equilibrium this energy is the lowest (p aligned with Bg) because of the slightly
statistically higher population of the lower energy state. An rf pulse of Larmor
frequency disturbs the equilibrium and causes spins of lower state to absorb the
necessary transition energy from the thermal motion of the surrounding molecules.
These spins tend to lose the extra energy back to the surrounding. The flow of
energy between spins and the surrounding is facilitated by the local field fluctuations.
Different sources of local-field fluctuating are called relaxation mechanisms. The
thermal motion of molecules in a medium (and molecular collisions) is the main
source of local field fluctuations for spin-% nuclei®¥. In the following, the relaxation
theory will be developed for a simple but practical case of two nuclear spins-Y2: 1
and 2, shown in Fig. 2.2] The spin interactions in general can be intramolecular and
intermolecular.
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2.3.1 Longitudinal Relaxation

The system assumed here is composed of numerous isolated pairs of spin-% nuclei
and no pair has any effect on the other pairs. The Zeeman Hamiltonian representing
the interaction of the nuclear moment of two spins with the external magnetic field
is given by

A~

H = w1y, + waly, (2.16)

where w1 and wo are the Larmor frequencies and I 1z and fQZ are the z-components
of the spin angular momentums of spins 1 and 2, respectively. Two eigenfunctions
describe the state of each spin-Y2, shown here by |a) and |3). For two coupled
spins-%2, the product of eigenfunctions of individual spins form four eigenfunctions.
Figure shows the Zeeman energy levels and the transition Probabilities (W)
of a spin-"2 pair. The relaxation equations can be obtained in terms of population
and transition probabilities between energy states through calculating the rate of
change of population of each state. The z-magnetizations of spin 1 and spin 2 are
proportional to the expectation or average values of the z-components of the spin
angular momentum operators (I1,) and (I,) as following#

A

(1) = (Maa = nga) + (Mas =~ n35) (2.17)

(122) = (Raa — Nap) + (Nga — nsp);

where, for example, n,, represents the population of spins in |a«) state. The longi-
tudinal relaxation, by definition, is described by the rate of change of (I1,) and (Is,)
as below

d gtm =—-R ( (I) — <f1z>eq) — o12( (Ia,) — <f2z>eq>, o
a <§§Z> = _012<<flz> - <jlz>eq) - R2 <j2z> - <f22>eq>’

where

Ry = Wy + 2W{ + Wo,
Ry = Wy + 2W3E + W, (2.19)
o12 = Wo — Wh.

Ry and Ry are the longitudinal relaxation rates for spins 1 and 2, respectively,
and oo is the cross-relaxation rate which describes the rate spin 1 magnetization
is transferred to spin 2 by the relaxation process. The subscripts of the transition
probabilities Wim indicate the change in the total magnetic quantum number, m,
and the superscripts show the spin whose eigenstate is changing.

The solutions of differential equations in Eq. are linear combinations of
two exponential functions. For practical applications, they are reduced to a single
exponential function through two assumptions that spins 1 and 2 are a) homonuclear,
b) heteronuclear with different relaxation rates.
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Figure 2.5: a) The energy levels and transition probabilities W for the Zeeman
Hamiltonian and b) eigenfunctions of Iy and the transition probabilities U, for a two
spin-¥2 case.

a) Homonuclear Spins In this case, w; = wy, therefore VVl1 = Wf = W; and the
observed value will be the sum of expectation values of two spins. Note that any
possible chemical shift, that can cause deviation of the Larmor frequencies, has been

ignored here. The equation of motion for the observable quantity can be written
[45]
as

d( <Ilz>d—i— (12z>> = —(2W1 + 2W>) ( (I,) + (In,) — (<f1z>eq + <f2z>eq)>a (2.20)

and solving the above equation gives

(L) (1) = (o) + o) ) (6) = ((F) (0) = (E)*" Y exp(—t/m) + (1), (2:21)

where 77 in this case is given by

i = 2W4 + 2Ws. (222)
T
The calculation of transition probabilities W necessitates information about the
perturbation Hamiltonian. By considering the dipole-dipole mechanism for the relax-
ation (the most dominant mechanism for spin-Y2 nuclei) the local fields are generated
by spin fluctuations. Therefore, the net magnetic field experienced by spin 1 is the
sum of external magnetic field and the local magnetic field of spin 2 at the site of
spin 1, and vice versa. The local field strength experienced by spin 1 is proportional
to the gyromagnetic ratio of both spins (larger v = larger magnetic moment =
stronger local field) and inversely proportional to the distance between them. The
classical energy of interaction for two magnetic moments p; and p, is given by

E_M](Nl'lh 3(.“1'1')(“2‘1“)>7 (2.23)

 A4r r3 7o
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where 1 is the magnetic permeability of the vacuum (= 47 x 10" Hm™!) and r is
the dipole-dipole distance. By substituting pu = «I, the dipolar Hamiltonian Hp can
be written as following #3l

3 HoY17Y2 (fl : r)(_f2 ‘T) oz
Hp = — -1 I ]. 2.24
b 473 <3 72 1ro2 ( )

The local magnetic field generated by nuclear spins-Y2 is much smaller in comparison
to the external magnetic field strength. Therefore the perturbation theory approxi-
mation can be used to calculate the dipolar Hamiltonian in spherical coordinates

ﬁD:dlg[A+B+é+D+E+F:|, (2.25)

where A to F are the dipolar alphabets in terms of second degree spherical har-
monics and dio is the coupling constant between spins 1 and 28, By calculation
of the matrix elements of the dipolar Hamiltonian in the eigenstates of the Zeeman
Hamiltonian shown in Fig. the transition probabilities can be calculated. By
considering the spectral density for the intramolecular interaction (rotational diffu-
sion) in Eq. the intramolecular homonuclear spin-lattice relaxation rate gets
the form of the BPP (Bloembergen—Purcell-Pound) equation 2

1 . 3 Mo 2 ’)/477,2 R 47‘R 92.96
Thomo(yyy 10 \ 47 r6 \1 4 w272 + 1+ 4w2r2 )/’ (2.26)
1, R R R

In a similar process the homonuclear intermolecular (translational diffusion) re-
laxation rate can be written as

1 _ ?ﬂ Ho ? 432
Thomo () ~ 10 (47T> v'h (JT(W) +4JT(2W))7 (2.27)

where the Jp(w) corresponds to the spectral density of the translational motion given

in Eq. (2.15).

b) Heteronuclear Spins In the case of two different spins with Larmor frequencies
w1 # we, it is assumed that one spin, for example spin 2, relaxes much faster than
the other spin, spin 1, due to interaction with the environment and not due to the
interaction with the spin 1. Therefore, it can be assumed that in the time scale of
spin 1 relaxation time, spin 2 is already at its equilibrium (Ia,) = (I5,)" 3. As a
result, the rate of change of the z-component of the angular momentum of spin 1
will be

d (11, R . e
{12) _ ~(Wo + 2w + W) <<Ilz> —(f) q), (2.28)
dt
and the relaxation rate .
—— = Wy + 2W] + Wa. (2.29)

het
Tl
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By calculating the transition probabilities the heteronuclear rotational relaxation
rate for spin-1 is obtained as below

4

2
11 (" sk’
TP (wi2) 20 r6

(JR(Wl —w3y) + 3Jr(w1) + 6Jr (w1 + w2)>, (2.30)
where Jg(w) is the given in Eq. (2.11). Considering the intermolecular heteronuclear
interaction of nuclei, the relaxation rate is given as

1 37 (o) 2, 252
== B2 (Jr(wn — wp) + 37 6. ), @231
Tlhe"t[‘(wl,2) 10 <47r> Y172 T(wl WZ) + T(wl) + T(w1 + wg) ( )
and the spectral density Jp(w) is given in Eq. (2.15)).

2.3.2 Transverse Relaxation

The transverse or spin-spin (7%) relaxation corresponds to the loss of coherence of
spin components precessing in the transverse (z—y) plane. The local field fluctua-
tions at about (1x or 2x)Larmor frequency contribute to the transverse relaxation,
similar to the longitudinal relaxation studied in Section [2.3.1] This frequency de-
pendent contribution is called the “non-secular” contribution of the local fields to
the transverse relaxation. Unlike the longitudinal relaxation, the z-components of
the local fields also contribute to the transverse relaxation by adding to the external
magnetic field Bg that cause spins to precess at slightly different frequencies depend-
ing on the strength of magnetic fields in the surrounding and hence, an additional
effect on the loss of coherence of spin components precessing in z—y plane. This is
called the “secular” contribution of the local fields to the transverse relaxation which
is independent of the fluctuating frequency of the local fields. A practical example of
action of secular part on the transverse relaxation is for the molecules with hindered
motion where the frequency of fluctuation of local fields is decreased due to immobi-
lization. In such a case, the frequency dependent contribution of the relaxation does
not cause an effective relaxation (as the case for longitudinal relaxation), but the
secular or frequency independent contribution remains effective and dominant which
causes faster transverse relaxation rates.

The equations describing the transverse relaxation can be obtained in terms of
population of energy states and transition probabilities. This is similar to the pro-
cedure explained for the longitudinal relaxation with a difference that the energy
states will be determined by the eigenfunctions and eigenvalues of the transverse
component of the angular momentum I, (or fy) The two eigenfunctions of I for a
spin-Y2 are shown by |+) and |—). The eigenfunctions of the two coupled spins-Y2,
I 1x and fgx, can be shown as linear combinations of their individual eigenfunctions.
Figure represents the energy levels corresponding to these eigenfunctions and
the transition probabilities U between energy states. Similar to Eqgs. 7,

rate of change of transverse magnetization for two spins can be written as
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d <§X> = —(Uo +2U7 + UZ) <f1x> - <U2 — Uo) <f2x> ) (2.32)
o) (1, — ) (1) — (U0 + 207 + 1) ().

Note that, unlike longitudinal magnetization, there is no transverse magnetization
at equilibrium ((flx)eq = { f2X>eq = 0). The solutions of differential equations in
Eq. (2.32)) lead to more than one exponential function. To reduce them to a single

exponential function, two approximation cases of homonuclear and heteronuclear
spins can be considered. Below only the homonuclear case will be considered.

a) Homonuclear Spins. From Eq. (2.32) by assuming homonuclear spins, w; =
wo = w and y; = 9 = 7, the T5 relaxation rate can be written as

1

7T2homo = 2U; + 2Us. (2.33)
By considering the dipolar Hamiltonian as the pertubation Hamiltonian and taking
the autocorrelation functions of the second degree spherical harmonics, the transi-
tion probabilities can be obtained. Eventually, the transverse relaxation rate for
homonuclear spins takes the form

LI TN (3J(0) +5J(w) +2J(2 )) (2.34)

== w w ~
Thomo 40 \ 47 r6 ’

where J(0) is the secular contribution of the local fields. The J(w) and J(2w) terms

are the non-secular parts that are dependent on the local field fluctuation frequency

which also contribute to the longitudinal relaxation rates.

2.4 Relaxation in Porous Media

Molecular reorientations exist in general for liquids. These motions, however, are
rather restricted when the liquid is confined in porous media. Some additional relax-
ation mechanisms are raised as a result of physical (= non-chemical) interaction of
liquid molecules with the surface. Porosities can be brought either by hard station-
ary surfaces for example porous glasses and rocks, or by soft surfaces of, for example,
macromolecules or aggregates which itself contain some dynamic properties.

In general two phases can be recognized for the liquid in pores: The free or bulk-
like phase and the surface bound phase. The bulk-like phase molecule is defined as
the molecule beyond the Debye screening length which behaves like bulk. Considering
a T relaxation time for nuclei of molecules in each phase, only average relaxation
times are observed as long as the exchange between phases is fast and during the
time Tox < T} a particle can scan the whole pore volume,

I T

_ 7_1_7’
i

oo (ps+pbn =1) (2.35)
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Figure 2.6: A schematic picture of the topological space of the bound phase of
molecules in silica fine-particle clusters. The «y-process shows the restricted rotational
diffusion about an axis normal to the local surface structure. a- and S-processes show
the reorientations mediated by translational displacement (RMTD) for the length

scale of the clusters and length scale of a monomer, respectively. The exchange of
bound molecules with the free phase is the cut-off limit of the a-process.

If the exchange time 7ox becomes comparable to the relaxation time 77, the following
average formula applies for the total relaxation time

1 Pt £ DPb ,p
— == f1+=f 2.36
Tl Tlf fl TF fl ( )
with the rate functions defined as
1 Tj
jo_ Téx _ 1 ( —f b
= = — —, j=1, D). (2.37)
1 %{ + ix T + 7k

In complex heterogeneous systems with random pore structures/sizes and non-
spherical distribution of pores, a molecule cannot scan all the surface within the
T time. Therefore, a distribution of relaxation times will be obtained. By this, one
can get information on the pore-size distribution of the system.

Different molecular motions exist in the confined liquid systems. The fast re-
orientation of a molecule near the surface is restricted to a certain range of solid
orientation angles normal to the local surface (v in Fig. [2.6). This restricted rota-
tional diffusion can be expressed by the following correlation function

G (t) = are /™ . (2.38)

Assuming the liquid molecule to contain protons as the NMR-active nuclei, the
proton-proton dipole vector tumbles anisotropically and hence, has a non-spherical
symmetric distribution in the space. Ignoring the possibility of (intermolecular)
interaction with protons of the neighbouring species in the adsorbed layer, the cor-
relation function G,(t) of dipole-dipole coupling between these two spins does not
average to zero as it would in the isotropic bulk phase. Therefore, the as(= 1 — a;)
term in Eq. corresponds to the residual correlation in the long-time limit of
this process (¢t >> 77)1481. The residual correlation results splitting of the proton
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resonance into a doublet with a frequency separation equal to the average dipolar
coupling over the non-spherical motion®¥. Here it is assumed that no other process
interferes with the y-process. The coupling depends on the angle between the pore
surface and external magnetic field. If there were no exchange between bound and
free phases, separate NMR signals would be appeared.

In experimental conditions, the residual correlation is decayed to zero by other
processes. One process is the lateral motion of the molecule along the surface. Since
the pore surface is curved, the molecule takes relative spatial orientation axis normal
to the local surface. The diffusion length ranges from one pore () to multiple pore
() lengths. The displacement can be measured in the topological two dimensional
space. The curvature length scales and the probabilities that they contribution to
the reorientation of molecules can be analysed via the reorientation structure factor
S(k). The correlation function for lateral displacement can be written as

G ~ / S(k)el/me a, (2.39)
0

where 7, = 1/Dk? is the correlation time and k is the wave vector with the unit
of a reciprocal length and the 7 is the corresponding correlation time. This is a
continuous process and is described as the Reorientations Mediated by Translational
Displacements (RMTD). H6l

The other process that can happen independently is the exchange of bound
molecules with the bulk phase and the correlation function of this process is given
as

Gex = € /7ex (2.40)

where 7oy is the exchange time. If the isotropic motion of molecule on the surface
at t = 7Tex is not fulfilled by the lateral diffusion process, the remaining correlation
is ultimately decayed to zero by the exchange process. Assuming much larger pores
than molecule’s volume (rpore >> Tmolecule) and hence lower population of the bound
molecules pp, in comparison to the free molecules’ population, the exchange time 7oy
between phases satisfies the fast exchange limit 7ex << T7 ¢} 149

All the three processes in the bound layer are independent and the total correla-
tion function for the adsorbed phase can be obtain as®9

Gi(t) = Gy (t) - Gap(t) - Gex(t),

kmax _ _ kmax _ - _
Gb(t) ~ a2/ S(k)e*|t| [Tk 1+Tex1] dk + ay / S(k:)efm [Tk Loty 1] dk.
0 0

(2.41)
where kpax is the maximum wavelength corresponding to the reciprocal of the
molecule size. Assuming that 7, << 7 << 7y is valid for all k& values, the reduced
spectral density for the bound phase can be obtained by the Fourier transformation
of the correlation function P52l

2k?D

kmax
Jb((,d) ~ 20/17—’\/ -+ QQA S(k)mdk, (242)
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where the mode correlation time is defined as 7, = 1/(Dk?). An analytical formalism
for the structure factor is provided in Section [6.2

In situations where the observed dipolar nuclei is in the vicinity of the surface
of a porous media or a macromolecule which contains paramagnetic compounds
with unpaired electrons, the relaxation mechanism adopts an additional relaxation
mechanism. This case is seen in crude oils where the additional relaxation mechanism
is due to the unpaired electrons (radicals) and ions such as vanadyl. The dipolar
interaction of the nucleus with the much larger magnetic moment of the electron
can have a dominating effect on nuclear spin relaxations. The relaxation rates due
to different mechanisms are additive and in such a case can be represented by three

main components:
1 1 1 1

= + I :
total rot trans elec
Tl Tl TI Tl

(2.43)

where the first term corresponds to the dipolar interactions between spins within the
same molecules, Eq. , second term is the interactions between spins on different
molecules, Eq. , and the third term is the electronic paramagnetic relaxation
termP3l. The last term becomes the dominating contribution in the presence of
radicals.

2.5 Self-Diffusion

Translational diffusion in a liquid is a result of random thermal motion of molecules.
If the liquid is in thermal equilibrium, the random molecular motion is called the
self-diffusion and is characterized by a coefficient D (m2s~!). At the long-time limit
the self-diffusion can be expressed as®4

1 2
D= lim = ([ri(t) - ri(0)]*), (2.44)
where r;(¢) is the location of the diffusing particle i at time ¢, and ([r;(¢) — ri(O)]2>
is the mean square displacement (MSD). For isotropic 1D diffusion at, for example,
x-axis the MSD can be written

<[x(t) - x(())}2> = (X?) = 2Dt. (2.45)

Equation states the Fickian diffusion which is the linear proportionality of
MSD to time.

Measurements of the self-diffusion of liquids is possible either by nuclear spin
relaxation methods or by magnetic field gradient NMR. The relaxation methods
consider the diffusion in microscopic scales since spin relaxations are sensitive to the
motions with a timescale of molecular reorientation, i.e. for low-viscose liquids ~ ns
to ps. In this case, the correlation time 7. obtained by relaxation methods is related
to the viscosity n of the medium and the radius r of diffusing particle by Debye
equation

_ drnr3
T kT

(2.46)
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and the diffusion coefficient D is ultimately calculated from Stokes-Einstein equa-
tionl54], Eq. .

Determination of the self-diffusion coefficient by pulsed field gradient (PFG)
NMR is done by different standard pulse sequences. In principle, the technique
works by generation of a spin echo signal usually in z-direction. Magnetic gradi-
ent pulses are applied through the spin echo sequence to decode (label) and encode
(read) spin positions. In the presence of the magnetic field gradient G, the total
magnetic field flux is

B(t,r) = By + B(t, 2);
(2.47)

where ¢(t) is the pulsed magnetic field gradient. The total Larmor frequency in this
case can be written as

AL ——
w(t,z) = vBo +v9(t)z, (2.48)

where wq is the Larmor frequency in the absence of the pulsed field gradient and w’
is the additional frequency because of the applied field gradient along-z. It can be
taken as the frequency in the rotating frame of reference. w’ causes a space dependent
phase change of the magnetization which can be calculated by taking the integral
over the length of the gradient pulse §.

é é
o(z) = /0 W'dt = 'yz/o g(t)dt = vygoz. (2.49)

Therefore, at the end of the gradient pulse of length ¢ the spins accumulate a z-
dependent phase shift ¢ compared to the case of no pulsed field gradient. This
applies a phase modulation of €*? on the local magnetization in the rotating frame
M)/(—HM)’, As aresult, the local magnetization is twisted along the gradient direction
in a helix form. The spatial dependence of the local magnetization acts as a label
and the diffusing particles are encoded via the phase of their spins. Upon diffusion
of the particle the phase distribution of local magnetization is smeared out. But
since the local magnetizations are functions of sine and cosine, the smearing out will
affect the amplitude and not their periods. The second gradient pulse refocuses the
phase shift and a spin echo signal as a macroscopic magnetization is recorded. The
amplitude of the echo is attenuated by a factor proportional to the gradient strength
and diffusion time. The analysis of the echo amplitude for varying gradient strengths
(or diffusion times) leads to the diffusion coefficient. The echo attenuation for the
case of stimulated-echo pulsed field gradient method is explained in Section [3.4]
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Chapter 3

Materials and Methods

3.1 Ionic Liquids

The ionic liquids used in this thesis are:

e Emim Tf2N: 1-ethyl-3-methylimidazolium bis(trifluoromethylsulphonyl) imide

Bmim Tf2N: 1-butyl-3-methylimidazolium bis(trifluoromethylsulphonyl) imide
e Emim Br: 1-ethyl-3-methylimidazolium bromide
e Bmim Br: 1-butyl-3-methylimidazolium bromide
e Hmim Br: 1-hexyl-3-methylimidazolium bromide

Throughout the text the [| or []~ signs for cations and anions, respectively, will not
be shown for simplicity. The ionic liquids were purchased from Sigma Aldrich (Emim
Tf2N, Bmim Tf2N, Emim Br, and Bmim Br), and from Ionic Liquids Technologies
(Hmim Br) and used without further purification. The ILs were placed individually
in a vacuum oven for at least 24 h at 110 °C under vacuum of 2 mbar to remove the
possible water or dissolved gasses. IL samples for different NMR, experiments were
placed in 5mm and 10 mm tubes and flame sealed afterwards.

The Vycor Porous glass (VPG, no. 7930, 96% SiO,, Corning Inc.) was used
for the study of confinement effects on Bmim Tf2N. The average pore diameter
provided by the manufacturer is 4 nm with a porosity of 28 % and specific surface of
250m? g~!. To remove the adsorbed vapour from Vycor glasses they were boiled in
30 % H904 for 2h and then stored in distilled water. These Vycors were then dried
in oven at 110°C and 2 mbar vacuum for at least 48 h to remove the water content.
The temperature of the oven was lowered to room temperature and then the vacuum
oven was purged with a flow of N, gas. The Vycor glasses were dropped in the bulk
(oven dried) ionic liquid and left in oven at room temperature and dropped pressure.
The full adsorption was estimated by the change of the optical view of Vycor glasses
from opaque to transparent. These Vycor glasses were removed from the bulk ionic
liquid and the outer surfaces were blotted from the bulk ionic liquid. The ready
Vycor glasses were placed in 5mm and 10 mm NMR tubes and flame sealed at the
end.
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Table 3.1: The compositions of oils used in this study as weight percent from SARA
analysis. The second part of the table shows viscosities of oils.

Al13 A0 WO

Wt%
Saturate 38 67 96
Aromatic 32 25 4
Resin 18 8 0
Asphaltene 13 0 0
viscosity (cP) 73 9 11

3.2 Crude Oil

The crude oils as well as pure asphaltenes were provided by the Schlumberger-
Doll Research. The SARA analysis for these crude oils are given in Table
Violanthrone-78 (VO-78) is used as a proposed model for asphaltene molecules and
Fig. shows its chemical structure. The organic and perfluorinated substances
used as solvents or tracers are: benzene (n-benzene), toluene (n-toluene), perdeuteri-
otoluene (toluene-d8), CDCl; (chloroform-d), perfluorobenzene (benzene-F6), 1,4-
difluorobenzene (benzene-F2), perfluorotoluene (toluene-F8), trifluorotoluene (toluene-
F3), pentafluorotoluene (toluene-F5), perfluorooctane (octane-F18), and perfluo-
ropentadecane (pentadecane-F32).

Oil samples were stored in a dark place to protect from light by filling in dark
containers. The oils were shaken for several hours before preparing the NMR samples.
For all tracers with the exception of perfluoropentadecane, a defined amount of tracer
in vol% was added (percent values are given for each experiment in chapter. Only
in the case of perfluoropentadecane, which is solid at room temperature, a solid
sample of about 1 wt % was added and allowed to dissolve in the oil during shaking.
The prepared samples were filled into NMR tubes of 10 and 5mm and kept at
ambient temperatures and protected from light. For all oil and asphaltene samples,
the solution state and the absence of any non-dissolved bulk solvent were verified
by obtaining YF-NMR spectra at a magnetic field strength of 7.05T (equivalent to
a '9F Larmor frequency of 282 MHz) employing a Bruker Topspin 300 spectrometer
with a multinuclear high-resolution probe.

3.3 Instruments

e Differential Scanning Calorimetry (DSC) experiments were carried out on a
Perkin-Elmer 7 Series Thermal Analysis System. An empty pan was used
as the reference. Evaporated liquid nitrogen served as the cooling agent and a
mixture of dry nitrogen and argon gasses (ratio 2:1) was used as the base purge
gas for cooling. Dry nitrogen gas was constantly purged through the sample.
Oven dried samples with masses between 10 mg and 40 mg were prepared in
aluminium pans. Cooling/heating rates of 5 K/min to 20 K/min were used.
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CigHaz

Figure 3.1: The chemical structure of Violanthrone-78

e NMR relaxometry and spectroscopy experiment at room temperatures and for

oil samples were done using a Bruker Topspin 300 NMR spectrometer. Dry
air was used to control the temperature. The length of the 90° pulse was 8 ps.
T7 relaxation times were obtained using the inversion recovery pulse sequence
with typically 16 to 32 time intervals with 32-64 scans. T5 relaxation times
were obtained by the CPMG pulse sequence with a pulse separation of 100 to
200 ps. Sufficient number of echoes were employed to allow the signal to decay
below 1%.

e NMR relaxometry and diffusometry experiments on ILs at varying tempera-

tures were done by a Bruker Avance III 300 NMR spectrometer. The temper-
ature regulation was done either by a dry air flow or by the vaporized liquid
nitrogen flow. The maximum gradient achievable was 12 Tm™! and a 90° pulse
length of 6.5 s was used. T} relaxation times were obtained using the inversion
recovery pulse sequence with typically 16 to 32 time intervals. T5 relaxation
times were obtained by a CPMG pulse sequence with a pulse separation of 100
to 200 ps. Sufficient number of echoes were employed to allow the signal to
decay below 1%. The § and A time intervals for the STE-PFG experiments
were between 1 to 2ms and 100 to 300 ms, respectively. Scan numbers were
between 16 and 32.

e Field-cycling experiments were done using a fast field-cycling relaxometer (Ste-

lar s.r.l., Mede, Italy). The Measurement Larmor frequency ranges for 'H and
F were about 40kHz to 5kHz, and for 2Habout 3kHz to 2kHz. The pulse
lengths used for 'H and '"F experiments were 6 ps while for 2H  was 30 ps.
Typical number of scans for ionic liquid samples (‘H and *F) were 8 to 16 and
for 19F and 2H experiments of oil samples 64.
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Figure 3.2: Inversion recovery pulse sequence for determination of the 77 relaxation
times of nuclei.
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Figure 3.3: CPMG pulse sequence for determination of the 75 relaxation times of
nuclei.

3.4 Experimental Methods

Longitudinal Relaxation Time: To obtain the spin-lattice relaxation times at
the high-field (7.05T) the inversion recovery pulse sequence shown in Fig. m was
used. The delay time 7 between the 180° and 90° pulses is variable. Therefore
according to Eq. a magnetization range from —M, to M, is obtained by varying
7 from near zero to about five time the T} value®H,

M (1) = Mo(1 — 277/, (3.1)

Transverse Relaxation Time: The spin-spin relaxation (72) time in principle
can be measured from the width of the spectral peak. But the magnetic field in-
homogeneities in the (liquid) sample broadens the spectral width. To measure the
loss of coherences in the transverse plane which is due to fluctuations of the local
magnetic fields (microscopic) and not the macroscopic inhomogeneities (instrumen-
tal imperfections or susceptibility effects), the spin echo pulse sequence was used. A
train of refocusing 180° pulses refocus the spin echoes. This pulse sequence is called
CPMG (Carr-Purcell-Meiboom-Gill) and is shown in Fig. [3.3] The T3 value can be
estimated by H6l

My (1) = Moe™ 27/ (3.2)

where n is the number of 180° pulses and 7 is the time spacing between two 180°
pulses.
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Figure 3.4: The pre-polarization pulse sequence of the field-cycling technique. See
text for explanation.

Field-Cycling NMR Relaxometry: The fast field-cycling (FFC) NMR tech-
nique is used to obtain a wide frequency map of the spectral density of the fluctuat-
ing spin interactions. The field-cycling measurements in this study cover a frequency
range from kHz up to 40 MHz for the proton Larmor frequency. The field-cycling
NMR probes the molecular dynamics of complex systems through measurement of
T; relaxation times at a broad range of magnetic field strengths. At low fields the
Curie magnetization is small due to the weaker magnetic induction. The FFC over-
comes this problem by polarizing and detecting the spin magnetization signal at
high fields while allowing the spins to relax at varying magnetic field strengths. The
use of a constant detection field for all relaxation fields provides the possibility of
optimization of the radio frequency (rf) pulses for the whole experiments. The pre-
polarized pulse sequence of the field-cycling technique is shown in Fig. [3:4 The
sample is pre-polarized at the polarization field B,. B, is chosen to be as high as
the cooling apparatus permits. The nuclei in the polarization field reach the Curie
equilibrium magnetization (M o Bp,) after a certain time ¢, ~ 5x T7. The magnetic
flux By is then switched down to the relaxation field B, of desire. The field-switching
time (At = 2.4ms) and the slew rate (14 MHz/ms) are selected in a way to avoid
the magnetization loss during the switching and at the same time to keep the adia-
batic condition at the field changing valid. The nuclei at the relaxation field B; and
immediately after field switching start to relax from the Curie equilibrium magne-
tization of the polarization field towards the new Curie equilibrium magnetization
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Figure 3.5: The pulse-field gradient (PFG) stimulated echo sequence for the mea-
surement of self-diffusion coefficients.

corresponding to the relaxation field. At different relaxation time intervals 7 the field
is switched back up to the detection field so that the remaining magnetization from
the relaxation process is measured by a 90° read rf pulsed during the 74. After the
detection, the field is switched back to the polarization field and cycle repeats for
either different relaxation delays or fields.

Stimulated-Echo Pulsed Field Gradient The stimulated echo pulsed field gra-
dient (STE-PFG) sequence is used for the determination of the diffusion coefficients
of 'H and F nuclei and is shown in Fig. . STE-PFG sequence is in particular use-
ful for the self-diffusion measurements of a sample with relatively short Tb times®4.
Generally ionic liquids are more viscous than common organic solvents. Therefore,
strong gradient pulses are used to obtain sufficient echo attenuation and accurate
diffusion constants. The echo attenuations are analysed using the formula

A(6) = % eGP D (A=3) e_%_%. (3.3)
The second exponential term accounts for the relaxation effects during the exper-
iment. During the 7; delays, after the first and third pulses, the spins are in the
transverse plane and can be affected by T» relaxations. After the second 7/2-pulse
and during the longer delay time 7 the spins are restored to the z-axis and therefore
can be affected by the longitudinal relaxations. In cases where 17 and 715 are long
enough, the second exponential term can be safely ignored H654.
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Chapter 4

Alkyl Imidazolium Tf2N ILs

Imidazolium based ionic liquids containing the Tf2N as anions are probably the
most common ionic liquid in the literature. Various studies on the structure®5,
thermal P97 transport P89 and molecular dynamic properties 160-62 of the neat
bulk ionic liquids of this class have been carried out theoretically and experimentally.
These studies mostly focused on the ambient and/or higher temperature regions.
Some high-field NMR studies revealed that the molecular dynamics of ionic liquids
tightly depend on the nature of the counter ions, especially anions B¥63/64]

The accessible self-diffusion coefficient range is limited instrumentally (at stray
fields) to values larger than 10714 m?/s. It was demonstrated that the combination
of PFG-NMR and dielectric spectroscopy allowed ion diffusion characterization of
substantially slower processes®. Even though, molecular dynamics of supercooled
ionic liquids remained a question and NMR experiments at lower fields could reveal
valuable information. A recent study on Bmim Tf2N showed a dynamic crossover
at low temperatures in the structural relaxation process, however, such a crossover
was not obvious in the ionic diffusion process3. This remains puzzling since the
dynamic crossover is expected to appear in all dynamic properties of glass-forming
systems.

In this chapter an effort is taken to investigate the dynamics of Emim Tf2N
(1-ethyl-3-methylimidazolium bis(trifluoromethylsulphonyl) imide) and Bmim Tf2N
(1-butyl-3-methylimidazolium bis(trifluoromethylsulphonyl) imide) ionic liquids at
the supercooled temperature region where the molecular tumbling become slower.
In the following, the results of DSC, T} relaxation dispersion 661 and PFG-NMR
self-diffusion experiments®8l are presented and discussed.

4.1 Thermal Studies

The molecular dynamics of ionic liquids in supercooled liquid state is the focus of
the current investigation. In order to get an insight into the thermal behaviour
and phase transition temperatures of the two ILs, Emim Tf2N and Bmim Tf2N,
DSC experiments are performed on each sample. Upon cooling the Emim Tf2N
IL from room temperature an exothermic phase transition at 234 K is seen, black
line in Fig. which corresponds to the crystallization of IL. At a further cooling
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Figure 4.1: Differential scanning calorimetry (DSC) thermograms for Emim Tf2N
(black) and Bmim Tf2N (red) during cooling and heating cycles. The exothermic
peaks (downward) are related to crystallization and endothermic transitions show

melting points and glass transition. The cooling/heating rates: 5 K min~!.

until 173 K no other transition is observed. At the heating cycle, the melting of the
crystalline IL is seen with a double step melting that starts at 256 K. The melting
occurs at a broad temperature range and finishes at 266 K. At higher temperatures
the IL remains liquid. The double melting peaks in Emim Tf2N can have different
reasons. The existence of two crystal forms can lead to a two-step melting. But
since the crystallization of Emim Tf2N happens in a single step (ignoring the tiny
exothermic peak) the idea of two crystal types is unlikely. Alternatively, it can be due
to the crystallization of Emim Tf2N at a lower temperature. As a result the crystals
may have a less degree of perfection. Such crystals will tend to recrystallize upon
heating to form more perfect crystals. In fact, the double melt peaks could be the
superposition of an endothermic melting followed by an exothermic recrystallization
and lastly an endothermic remelting. The appearance of the melt-crystal-remelt
process looks like a double melting peak 67,

The Bmim Tf2N, red thermogram in Fig. at cooling cycle from room tem-
perature shows a tiny exothermic transition which is similar to the one observed for
Emim Tf2N. However, no crystallization is observed until 184 K and the liquid forms
glass below this temperature. Upon heating from 170 K the glass transition T, =
184 K is observed. It is followed by an exothermic transition starting at 233 K. A
crystallization that happens in the heating cycle is called the cold-crystallization.
The melting of Bmim Tf2N is seen at Ty, = 266 K.

The small exothermic transitions at 232 K observed for both ILs are reproducible
at the same condition. A control DSC experiment was performed with empty pans
to check and confirm that it is not a background contamination. It was found
that in some cases with higher scan rates the exothermic transition shifts to lower
temperatures, Fig. These transitions could be due to the partial crystallization
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Figure 4.2: DSC thermograms of Bmim Tf2N at the cooling/heating rate of 5 K/min
(black) and 10 K/min (red) performed to check the reproducibility of the transition
at around 234 K during the cooling process.

of these ILs.

Ionic liquids are generally very sensitive to the lowest impurities. A Bmim Tf2N
sample was sent to a different laboratory to perform a DSC experiment. The results
show that in some cases at a low scan rate of 5 K/min no cold-crystallization and
thus no melting happens (Fig. 4.3). By increasing the scan rate to 10 K/min, the
two former transitions are observed. Interestingly, at 5K /min the small exothermic
transition is visible while at rate of 10 K/min there is no sign of it at the cooling
process. Although no cold crystallization happens at 5 K/min, a small transition is
visible at the melting temperature which could be due to the partial crystallization
at the cooling process. The fact that the glassy ionic liquid at the heating cycle
experiences no cold-crystallization is interesting. The (ultra-) high viscous glassy
state of the supercooled ionic liquid gains mobility by increasing temperature and
therefore the viscosity decreases until it reached the room temperature. Possible
impurities in the liquid could hinder the crystal formation. However, the investiga-
tion of different crystal phases and their formation is not in the scope of this thesis.
Some thermodynamical studies have investigated the metastable crystalline phases
of Bmim Tf2N B8l

By considering the phase transitions in Fig. [£.I Emim Tf2N shows a narrower
supercooled liquid range (254K to 230K) compared with Bmim Tf2N (264K to
186 K). In the following sections the molecular dynamic studies of these two ionic
liquids are presented.
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Figure 4.3: Scan rate comparison of DSC thermograms for Bmim Tf2N: black:
10 K/min, red: 5K/min. Measurements were carried out in IST-Lisbon (by M.T.
Viciosa)

4.2 Field-Cycling NMR Relaxometry

The two understudy ionic liquids, Emim Tf2N and Bmim Tf2N, are such that the
cations are rich in hydrogen atoms while anions contain high number of fluor atoms
and no hydrogen. This is clearly an advantage in NMR studies because it enables to
tackle the dynamics of each ionic species individually. Field-cycling NMR relaxom-
etry experiments are done on these ionic liquids covering a broad external magnetic
field range. Two series of FFC experiments were carried out on each ionic liquid.
First the T} relaxation times of 'H nuclei were measured as a function of 'H Larmor
frequency at a desired temperature range. Second, F-T} experiments were carried
out as a function of F Larmor frequency at the same temperatures. The impor-
tance of the measurements at identical temperatures for both nuclei will be cleared
later in this chapter.

The temperature ranges used for these two ionic liquids were chosen based on the
thermal analysis done by DSC in Section[£.1] Since the main aim of the current study
is to investigate the molecular dynamic properties in the supercooled ionic liquids,
the focus is on the temperatures below room temperature and down to either a
crystallization (for Emim Tf2N) or close to a glass transition (for Bmim Tf2N). The
DSC results (Fig. showed that the ionic liquids can readily supercool upon
cooling from ambient temperatures. The outcome of the field-cycling relaxometry
experiments are shown in Figs. and for Emim Tf2N and Bmim Tf2N,
respectively.

At room temperature the relaxation dispersion curves show a weak dependence
on the Larmor frequency. Cations and anions of each ionic liquid exhibit similar
frequency dependences. Upon decreasing temperature, the ILs exhibit considerable
changes in their molecular dynamics reflected by the steeper dispersion of the mea-
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Figure 4.4: Spin-lattice relaxation times of a) Emim Tf2N and b) Bmim Tf2N as
functions of the Larmor frequencies of the measured nuclei obtained by the fast
field-cycling technique. The left figures show 'H-T} relaxation times and the right
ones show YF-T} relaxation times. The solid lines represent the best fits of the
experimental data.
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sured NMR spin-lattice relaxation times as a function of the external magnetic field.

In order to visualize the temperature dependence of the T3 relaxation times the
relaxation data are represented as a function of the reciprocal temperature for a
number of selected Larmor frequencies in Fig and Fig respectively for
Emim Tf2N and Bmim Tf2N.

The Ti-Arrhenius plots for Emim Tf2N cover only the temperatures higher than
237 K below which the IL crystallizes. Cations and anions show similar T -temperature
dependences where anions show slightly higher relaxation times. No minimum is ob-
served for both ions at the narrow temperature range.

The Arrhenius plots for the 77 relaxation times of Bmim Tf2N are obtained at a
broader temperature range due to the supercooling ability of this ionic liquid. Both
IH- and '"F-relaxation times for Bmim Tf2N are slightly shorter compared to the
relaxation times of Emim Tf2N at similar frequencies and temperatures. Since the
anions are identical in these two ionic liquids, the reason of different T7’s can be
related to the lower viscosity of Emim Tf2N at equal temperatures. Broad T} mini-
mums are seen at lower frequencies for Bmim Tf2N and the shape of the curves are
generally asymmetric. No indication of a discontinuity is observed which would be
a signature of a liquid-solid phase transition process®3. However, some differences
in the temperature dependences of the spin-lattice relaxation times are observed for
each ionic species. Above T, shown by dotted lines, a minimum in the 77 values for
both ions is found for all the Larmor frequencies shown in Fig. For temperatures
lower than T for Bmim, the spin-lattice relaxation times do not change for frequen-
cies above 2 MHz. At lower frequencies the T3 times start to decline as temperature
goes down. For the case of anions, the F-T} relaxation times at slightly above the
glass transition temperature show a shallow appearance of a second minimum that
shifts to lower temperatures at lower frequencies! This fact emerges as a signature
of two different dynamic processes in the anionic molecules for the supercooled ionic
liquid. This is, however, surprising that at below 7, the dynamics is not completely
frozen.

4.3 Fittings of T} Dispersion Profiles

In order to model the T7 relaxation dispersion curves of Emim Tf2N and Bmim Tf2N
ionic liquids and obtain the temperature dependence of dynamical properties, the
spin-lattice relaxation equations derived in Section are used.

Based on the chemical structures of Emim Tf2N and Bmim Tf2N ionic liquids
(Fig. cations contain protons and anions contain fluor atoms and the spin nu-
clear dipoles can couple and lead to nuclear spin relaxations. This coupling can
be of homonuclear nature (‘H-'H and *F-'F) or heteronuclear (*H-'F). The in-
tramolecular dipolar interactions in these ILs are all of homonuclear type. However,
the intermolecular interactions can be of type homo and heteronuclear.

In some previous studies the heteronuclear contributions were somewhat ig-

I8l The Ty relaxation curves could be satisfactorily explained by only consid-

nored
ering the relaxation process due to homonuclear dipolar couplings. This does not

mean that heteronuclear dipolar interactions do no exist, rather it suggests that the
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Figure 4.5: Spin-lattice relaxation times as a function of the reciprocal temperature
measured by the field-cycling technique. Lines are guide to the eye: a) Emim Tf2N
and b) Bmim Tf2N. The left figures show 'H-T} relaxation times and the right
ones show 19F-T} relaxation times. The relaxation and temperature ranges are kept
identical for all figures for the sake of comparison.
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heteronuclear intermolecular interactions contribute weaker to the total relaxation
times compared to the homonuclear interactions. This could be due to differences
in gyromagnetic ratios of the interplaying nuclei and their number densities. If the
resonance frequencies of two nuclei are so close to each other, the spectral densities
of homonuclear and heteronuclear intermolecular dipolar interaction become simi-
lar. But the latter is not completely true for 'H and '°F. For each ionic liquid it
must be checked whether the simpler model of only homonuclear interactions (intra
and inter) can satisfactorily fit the experimental data or inclusion of heteronuclear
intermolecular equations are necessary.

4.3.1 Fitting Strategy - 1

Homonuclear dipolar interactions Based on the relaxation equations derived

in Section the physical constants in Eqs. (2.26)) and (2.27)) are separated from
the spectral densities in Eqgs. (2.11) and (2.15) for the purpose of fitting. Therefore

for intramolecular interactions (rotational diffusion) is written as

1 TR 47R
— =k 4.1
Tlh(f{mo R [1 + w27'}22 + 1+ 4w27'}22] ’ (4.1)

where

_ (H0N23 7'
hr = (471') 10 67 (42)

and for the homonuclear intermolecular dipolar interactions (translational diffusion)

1
—— —kr [J’T(w) + 47 (2w) ] (4.3)
ore
where 2 3 N
_ (Fo\* 2 ap2iV
b = (477) 0! e (44)

The spectral density for the translational diffusion above is shown as J’ to indicate

that the constants involved in the main spectral density, 2N/(3, are included inside

kr. The kg and kr will be named as rotational and translational constants.
Fittings are performed taking the total relaxation rate as

11 1
?1 - Tﬁcl){rno + Tlh,OTmO :

(4.5)

A Python code was written to perform the fittings, see Section [§] Therefore four
fitting parameters are to be obtained as fitting results: the constants kg and kr, and
rotational 7 and translational 71 correlation times. The constant kg contains the
molecular radius and therefore it can be considered as temperature independent. But
kT can change with temperature. In the fitting, therefore, kg is assumed to be a fixed
parameter and the other three parameters are set as free fitting parameters. The
value of kr can be calculated if the exact molecular radius is known. Alternatively,
this value can be obtained from a single fit to the 77 relaxation data at a defined
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Figure 4.6: Arrhenius plots of a) translational and b) rotational correlation times
obtained from fittings of Emim Tf2N T} dispersion data in Section @

temperature — preferably a low temperature where the rotational dynamics is more
effective in the frequency windows of the measurement. Then the kg value is kept
as a fixed parameter for the rest of the fittings.

The fitting results for Emim Tf2N are shown in Fig. The 'H-T) disper-
sions of Emim Tf2N are fitted only with the intermolecular homonuclear equation.
It should be mentioned that the relaxation times of each nuclear at the magnetic
field of 7.05T (300 MHz for 'H and 282 MHz for F Larmor frequencies) at all tem-
peratures were also measured and used in the fittings. The correlation time for the
intramolecular contribution 7R is smaller than the time scale of these experiments
even at the lowest measured temperature. Therefore, this contribution acts only as
an offset factor in the fitting and no correlation time is achieved. The translational
correlation times follow a linear temperature dependence from 273K to 237K (Fig.
. Fittings of "F-T} relaxation dispersions for Emim Tf2N show somewhat differ-
ent results. At temperatures lower than 263 K, the dispersion curves could be fitted
with both rotational (Fig. |4.6b|) and translational contributions (empty red circles
in Fig. . Both correlation times show Arrhenius temperature dependences over
the narrow temperature range. Almost two orders of magnitude of dynamical range
in correlation times is obtained which is usually enough to predict the temperature
dependencel®l. The higher temperature range of F relaxation dispersions are fit-
ted only by the homonuclear translational relaxation equation since the rotational
part plays a role as an offset, as explained above. If these fittings are continued for
the lower temperature range of F-T} by fitting only the translational relaxation
equation, where rotational contribution could be actually included, similar tempera-
ture dependence is obtained but with smaller 71 values (full red cycles in Fig. |4.6a)).
In fact, considering only a single type of dynamics — translational — and ignoring
rotational contribution, which is a much faster motion, leads to shorter correlation
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Figure 4.7: Sample fittings of a) Bmim and b) Tf2N 7} relaxation dispersions consid-
ering intramolecular (green) and intermolecular (blue) homonuclear dipolar couplings
(Section . The sums of both contributions are shown by red solid lines. The
black circles show experimental 77 times at 293 K. See Fig. [£.4D] for results of similar
fittings at all temperatures.

times that are averages of slower dynamics/longer correlation times of translational
motions and faster motions/shorter correlation times of rotational motions.

The correlations times obtained for Emim Tf2N follow Arrhenius type temper-
ature dependences and activation energies of 454+ 3kJmol~! for translational and
22kJmol~! for the rotational correlation times are obtained. The T} fitted curves
are shown in Fig. as solid lines.

Following Eqgs. f for Bmim Tf2N, both intramolecular and intermolec-
ular contributions are fitted to the 77 relaxation dispersion data. A sample fit that
shows both relaxation contributions is shown in Fig. The outcomes of the
fit, the translational and rotational correlation times, at the temperature range of
293 K to 223 K show different temperature dependences (Fig. . The translational
correlation times 71 follow a non Arrhenius temperature dependence. This type of
temperature dependence of transport properties is common in glass forming liquids
and is usually fitted by the Vogel-Fulcher-Tammann equation: 7p = refTo/(T=To),
The fit parameters are presented in the caption of Fig. In comparison to Emim
Tf2N ionic liquid, Bmim Tf2N shows to be a fragile glass former while Emim Tf2N

showed a strong behaviour in the narrow supercooled temperature region.

The rotational correlation times, on the contrary to 7, follow Arrhenius tempera-
ture dependences with activation energies of 8.2 + 0.5kJ mol~! and 13.2 + 0.2 kJ mol !
for Bmim and Tf2N, respectively. The differences between the absolute values of
Tl;%mim and TngN in Fig. can not be interpreted since they vary upon changing
the kg values in Eq. (4.1) while the slopes remain unchanged. Therefore, at this
point the shorter rotational correlation times of anions cannot be directly concluded
as faster reorientational motions.
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Figure 4.8: Arrhenius plots of fitting parameters (Section , a) translational
and b) rotational correlation times for Bmim Tf2N ionic liquid considering homonu-
clear intra and intermolecular interactions. The dashed lines show a) VFT fits
b) Arrhenius fits. The VFT fit parameters are: 70™™ = 3.28 +0.49 x 107105,
FBMIM — 1,654 0.99, and TP™™ = 189.4 + 13.0K; 702N = 1.29 4+ 0.95 x 107105,
kTN =313 +£0.83, and TN = 171.6 £ 8.0K.

4.3.2 Fitting Strategy - 2

Homonuclear and heteronuclear dipolar interactions The following fitting
strategy again assumes the model that the total dipolar relaxation is a sum of transla-
tional and rotational tumbling of the involved species, but also includes 77 relaxations
due to heteronuclear dipolar interactions,

11 Lo,
T, - Tlh,(lzlmo Tlh,?I‘mO Tlh,e'I“; :

(4.6)

Therefore, there will be three correlation times as fitting parameters for each nuclear:
T%IH, TTHF and Tg for 'H, and TEF, T%H and T§ for F. This gives six correlation
times as fitting parameters at every temperature. Taking T%{F equal to 7EH | since
they both represent the correlation time for translational motions of one nuclear with
respect to the other, the actual number of fitting correlation times reduces to five
being one shared between the two nuclei.

The homo intramolecular and intermolecular coupling constants are given respec-
tively in Eqgs. and . The heteronuclear intermolecular coupling constant
for 'H can be similarly written from Eq. as

LHF _ (@>2i 2 2,2 NF
T 4

THVF :

10 G
By exchanging the scripts ‘H” with ‘F’ in Eq. (4.7) the corresponding dipolar
coupling constant for 19F can also be obtained (k5H). It should be mentioned that

(4.7)
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Figure 4.9: Fitting of T} relaxation dispersion data (o) for 239 K for the a) cation
and b) anion following Section m The red, green, and blue dashed lines show con-
tributions of homonuclear translational, heteronuclear translational, and rotational
diffusion to the 77 relaxation times, respectively. The black solid lines display the
sums of all contributions.

this fitting strategy is applied only on Bmim Tf2N data since Emim Tf2N experi-
ments do not extend to deeper temperatures and the 77 dispersions could be well
fitted in Section [4.3.11

It is found that for lower temperatures e.g. below 239 K, the dipolar coupling
constants get similar values while they tend to vary at higher temperatures. The
possible temperature dependent parameters in the dipolar coupling constants are the
minimum distance of approach (¢) and the molecular radius (r). The temperature
dependent density measurements have shown a very weak dependence of ILs on
temperature 8. Therefore, the dipolar coupling constants are treated as fixed fitting
parameters only at low temperatures. At high temperatures they are allowed to
change within few percent of the corresponding values at low temperatures.

The fittings are done using the Python code given in Section |8 and by initially
fitting the translational contributions in Eq. and then finalizing the fit by in-
troducing the rotational function. Since the translational contributions contain an
inter-connected correlation time (mHF = 7EH) it is essential to fit the homo- and
heteronuclear contributions simultaneously for 'H and '°F relaxation times. This
necessitates the existence of T} relaxation data at exactly identical frequencies for
'H- and ""F-Ty’s. The effort was taken to fulfil this requirement either by match-
ing frequencies at the experimental measurements or by interpolating relaxation
times for required frequencies. A sample fit is shown in Fig. [4.9] for a selected
temperature of 239 K that shows intramolecular (rotational), and homo- and hetero-
intermolecular (translational) contributions to the total relaxation times. It is seen
in Fig. that the heteronuclear correlation times match with each other (74 and
TTFH shown with green dashed lines) while the corresponding scaling factors are differ-
ent (more dominant for '°F). The later stems from differences in gyromagnetic ratios
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and spin densities which influence the coupling constants. This is a clear evidence
that the heteronuclear translational relaxation mechanism can be as important as
the homonuclear translational mechanism and cannot be ignored specially in the case
of spins with lower gyromagnetic ratios and/or lower spin densities than proton’s.

The importance of inclusion of heteronuclear spin relaxation mechanism has been
also proven clearly in some recent publications. In an investigation on imidazolium
based ILs with BF, and PFg anions, the heteronuclear translational interactions
were ignored for 'H-T} while taken into account for F relaxations™8l. It was fur-
ther highlighted in a *C-T; NMR relaxation study (at 100 MHz for '3C) on Bmim
PF¢2% where considering the heteronuclear intramolecular relaxation contribution
of 'H spins on '¥C relaxation successfully explained the long standing question of the
non-monotonic temperature dependence of the correlation times of the imidazolium
ring. Their analysis invalidates, to some extent, the result of several previous inves-
tigations 89T where other possible relaxation mechanisms were proposed in order
to explain the temperature dependence of the correlation times.

This fitting strategy suitably describes the 77 (w) dispersion curves of Bmim T2N
in the range from room temperature until 223 K. Below this temperature deviations
in the experimental data and the proposed model become noticeable. The rota-
tional and translational correlation times are obtained as the fit parameters over the
mentioned temperature range and are discussed below.

The rotational correlation times 7p for cations (*H) and anions (1°F) are shown in
Fig. 110Dl NMR relaxometry observes an average of all the intramolecular dipolar
interactions caused by the internal motions. They follow an Arrhenius tempera-
ture dependence in the range from room temperature to 238 K whereas below this
temperature, 7g of both ions deviate and apparently become less sensitive to the
temperature variation. The Arrhenius regime, above 238 K, are fitted with the Ar-
rhenius equation g = T9eZ*/BT and shown with solid lines, where R is the universal
gas constant and F, is the activation energy.

The rotational correlation times obtained from the fittings are so much dependent
on the rotational dipolar coupling constants, kgr’s. That means, acceptable fits are
obtainable by using more than one unique rotational coupling constants. Different
coupling constants lead to different 7 values. However, the variations of 7 values
are found to be within or less than one order of magnitude and the Arrhenius trend
is always observed at the same temperature range. Therefore, the error bars shown
in Fig. show only uncertainties obtained from using a fixed coupling constant
and do not include the uncertainties due to the variation of coupling constants.
Clearly, including these uncertainties will lead to larger error bars. Therefore, the
differences in TPI{{ and Tfli values at equal temperatures are not discussed here. It is
worth mentioning that the van der Waals radii of Bmim cations and Tf2N anions
are reported to be equal and 3.30 A 76,

Unlike rotational dynamics, all three types of translational correlation times do
not follow Arrhenius dependences in the same temperature range shown in Fig.
The Arrhenius temperature dependence of 7j indicates that the reorienta-
tional dynamics is an energy activated process and an activation energy FE, can be
assigned. The case of non-Arrhenius behaviour of transport phenomena is typical for



44 CHAPTER 4. ALKYL IMIDAZOLIUM TF2N ILS

T(°C) T(°C)

34 36 38 40 42 44 48 34 36 38 40 42 44 46
1000/T (K™ 1000/T (K™)
(a) Bmim ('H) (b) TE2N (1°F)

Figure 4.10: Arrhenius plots. a) Translational correlation times of 'H-'H (red),
BF-19F (black), and 'H-F (= 19F-'H) (green). b) Rotational correlation times of
'H (red) and '°F (black). The values are obtained from fittings of the T} relaxation
dispersion curves. The data in (b) are fitted by an Arrhenius temperature dependence
(see text) and similar rotational activation energies of Fg = 29 £ 2 kJ/mol are
obtained for both ions. The data in (a) are fitted according the VFT law (see text)
considering a fixed Ty = 170 K: 70 ™ = 142 x 10711 5, £ = 3.89; 70 T =
3.09 x 1071 s, FF = 3.97, 70 M = 6.24 x 10711 5, £1TF = 4.42
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fragile supercooled liquids. It indicates that the effective activation energy is itself
temperature dependent ¥ 7 o eZ2(T)/BET  The Vogel-Fulcher-Tammann (VFT)
temperature dependence is an empirical formula that is used regularly to fit similar
experimental data of supercooled (ionic) liquids,

mp = e/ T To, (4.8)

In this equation, Tg is usually denoted as the ideal glass transition temperature,
i.e. the theoretical low temperature limit to the liquid state. For molecular and
ionic liquids it is around 30 K to 60 K below the calorimetric glass transition tem-
perature T,. In VFT fittings of the cation and anion T must be kept constant.
Previously in a high-field NMR study a Ty of 180 K was found whereas this value
can be slightly different depending on the method B%77  x is the fragility parameter
constant. Fragility is a phenomenological concept introduced by Angell to charac-
terize how steeply viscosity increases upon cooling. It can be regarded as a measure
of degree of cooperative motion9. Liquids are called strong if Arrhenius behaviour
is obeyed while they are called fragile in the other caseP4l. The fitting parameters
are reported in the caption of Fig. [£.10]

As a result of the presented fitting method, the local dynamics of ions of Bmim
Tf2N could be achieved. However, no information is obtained on the minimum dis-
tances of approach ¢ of molecules. In the following, an effort will be made to modify
the fitting method in a way to obtain minimum distance of approach parameters out
of the Ti-relaxation dispersion data.

4.3.3 Fitting Strategy - 2 (Modified)

The fitting procedure represented here is done similar to Section [£:3.2] with a dif-
ference that the ratios of the dipolar coupling constants, kp’s and kgr’s, are taken
with respect to each other as boundary conditions for fittings. The dipolar coupling
constants contain some physical constant parameters as well as the minimum dis-
tance of approach ( values. Therefore, by taking their ratios the physical constant
parameters cancel out and leave behind the ratio of minimum distances of approach
for different pairs.

By taking the ratio k%H / k%F the coupling constants of homonuclear and het-
eronuclear intermolecular interactions are bounded together, Eq. . This is found
to be very efficient in the fitting processes, especially in cases where two or more fit-
ting functions exist that the characteristic fitting parameter of these functions lie in
the same order of magnitude.

B 30RNaGhe | B x15xGh o (CHF>3

EHE T 2NpGy  (0.94077m)2 x 6 x Gy CHH

(4.9)
HH Cur \° , ir HF
k= 8.475 (C) k' = 8475 G i k-

HH

Ny and N represent the number densities or, in this case, equivalently the num-
bers of each nuclear on one molecule of Bmim Tf2N. Following the same procedure
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Figure 4.11: The outcome of approach-2 (modified) fitting in Section for Bmim
Tf2N. a) The correlation times for homonuclear (HH and FF) and heteronuclear
(HF) translational motions. The full symbols are obtained from fittings. The VFT
fit and empty symbols are taken from Fig. b) The ratios of minimum distances
of approach of F-F over H-H at different temperatures. See text for explanation.

similar relation for k5 /kEH is obtained as
kY = 1.062 2y e KT (4.10)

The intramolecular interactions are not considered in this approach since their con-
tribution at low frequencies can be assumed as offsets.

The ratios Cur/un and Cen pr give information on the relative distances of homo
and heteronuclear spins, however, absolute distance values cannot be obtained. At
the fitting condition of Tgp = 7py, the direct distance ratio of H-H and F-F is

obtained as
CHF /gHH

CFH [Crp )

By performing the Tj-relaxation dispersion fittings considering the boundary con-
ditions calculated above, correlation times for translational diffusion are obtained
(Fig. that match the values reported in Section Additionally, the ratios
of minimum distances of approach are found at different temperatures shown in Fig.
4,110

The fittings for temperatures below 263 K are done by leaving the fit parameters
free and only the boundary conditions are applied. For the two temperatures above
273 K the correlation times are taken from Section and set as fix parameters
in the fittings, so that the ratios of k’s can be calculated to obtain the complete
(-ratios.

Figure [I.11D] shows an interesting behaviour of Bmim Tf2N ionic liquid. At
around room temperature, and probably higher, the distances of anion—anion and

(4.11)

CFF/HH =
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cation—cation are almost in the same range. In a physical point of, this means homo-
geneous distribution of charged molecules in the liquid. By decreasing temperature,
the anion—anion distance decreases in comparison to the cation-cation distance, or
vice versa. This behaviour is magnified below the melting point, ~ 270 K. At the su-
percooled region, the anion—anion distance gets almost half of that for cation—cation.
This observation suggests the existence of ionic associations in the supercooled Bmim
Tf2N ionic liquid. However, more evidences probably from other techniques or sim-
ulations are required to confirm this phenomena.

4.4 Self-Diffusion

Independent measurements of the translational diffusion coefficient were carried out
covering the same temperature range of relaxometry experiments in order to validate
the theoretical NMR relaxation model and the fittings performed in Section[d.2] The
translational correlation times obtained from fittings of the relaxation data can be
converted to the self-diffusion values. This is done using the relation 77 g = ¢ 2 /2D
assuming ¢ = 3.3 A, where TToff is the effective translational correlation time which
is calculated from the equation below and then compared with the stimulated echo
PFG-NMR experiments in Fig. [£.12]

(T o) " = (7)o (1) 7 (4.12)

An excellent agreement is found between the diffusion coefficients obtained di-
rectly from the PFG-NMR technique and indirectly from the relaxation data for the
whole temperature range that could be covered by both methods. The Diffusion ex-
periments are carrier out only on 'H nuclei (cations). The F (anions) self-diffusion
coefficients include only the calculated values from 9F-T relaxation data following
the same procedure and using Eq. . The literature self-diffusion data only exist
at high temperatures for this ionic liquid ¥ whose anion diffusions are in agreement
with the values obtained from NMR relaxation in the current study.

Comparison of the anion (Tf2N) and cation (Bmim) transport properties depicted
in Fig. and Fig. show faster translations (shorter 7r) for cations than
anions. The Stokes-Einstein (SE) relation correlates the diffusion of rigid spherical
particles (microscopic) with the hydrodynamic radius ag of the diffusing particles
through a medium of viscosity 7 (macroscopic) at temperature 7'

kT

D= )
cTnag

(4.13)

where kg is the Boltzmann constant and ¢ is an empirical constant theoretically
between 4 and 6, respectively representing slip and stick boundary conditionsP4.
Hayamizu and Handy showed that the fitting of SE equation to the experimental
NMR diffusion coefficients and viscosity data for several ionic liquids at temperatures
above 273K result ¢ values even smaller than the theoretical minimum value of
¢ = 48 The ionic self-diffusion and viscosity of Bmim Tf2N have been measured
in Watanabe’s group for temperatures above 283 K. Their analysis proved the case
for this ionic liquid that by following SE relation the ¢ value obtained for cations
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Figure 4.12: Temperature dependence of self-diffusion coefficients for Bmim Tf2N,
obtained from the stimulated echo PFG-NMR experiments (black squares) and from
the T relaxation data (red circles and green triangles), compared to the results from
ref. B9 (empty circles and triangles). The diffusion times in the stimulated echo PFG
experiment were chosen to be between 100 ms and 400 ms in order to obtain at one
order of magnitude dynamic range. No time dependent diffusion was observed. The
dotted line shows the VFT fit to the PFG-NMR data between 298 K and 238 K.

was smaller than for anions, 3.4 vs. 4.35859 At an equal van der Waals radii for
cations and anions in Bmim Tf2N, the smaller ¢ value of the Bmim cation means
higher self-diffusion, which is consistent with the self-diffusion values in Fig.

Furthermore, interesting information is observed by considering the x values of
the VFT fit in Fig. As mentioned before, the x values indicate a measure
of the of cooperative motion: k¥ > kFF >~ kHH  The larger k¥ means that the
translational motion of oppositely charged ions are more cooperative than the motion
of equi-charged ions. Meanwhile, the motions of anions with respect to neighbouring
anions are slightly more cooperative than that of cations. Also remembering the fact
that the VF'T equation is an empirical relation to explain the temperature dependent
effective activation energy; x can be related to the effective activation energy.

Considering the k value for anion-anion motion that is slightly larger than the
value for cation-cation, this small difference cannot be easily explained. The van
der Waals radii of these ions are the same while the molecular weight of anions are
almost double of cations (280.15 g/mol vs. 139.2 g/mol). By considering the relation
between the molecular weight My, and diffusion D™

D o (My)~'/3, (4.14)

smaller diffusions are expected for anions. On the other hand, the same ionic size
of cations and anions leads to equal coulombic forces. However, stronger van der
Waals forces are expected for cations than anions because Bmim molecule, due to
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the aromatic ring, is more polarizable than the anions with fluorine atoms which are
small in size and dense in electron.

4.5 Discussion

The thermal analysis of the two ILs, Emim Tf2N and Bmim Tf2N, revealed signif-
icantly different thermal behaviour although they differed in the alkyl chain length
by only two carbons. Bmim Tf2N IL can easily be supercooled while Emim Tf2N
crystallizes just 20 degrees below the melting point. In general, the bulky Tf2N
anion makes the molecular ordering and hence crystallization of the liquid more hin-
dered. This is shown in Emim Tf2N as a delayed crystallization and in Bmim Tf2N
as completely hindered crystallization at the cooling cycle.

The correlation times obtained from the T} relaxation times of Emim Tf2N show
Arrhenius-like temperature dependences. Since Emim Tf2N experiences a super-
cooled liquid state, although at a narrow temperature range, this type of temper-
ature dependence could be associated with the “strong” behaviour of this IL. Even
though, the studied temperature range for Emim Tf2N is narrow and the dynamic
properties in this temperature range do not change significantly. This makes the
conclusion on the type of temperature dependence of these properties uncertain if
they are Arrhenius or strong-VFT type.

ILs, as glass forming liquids, undergo viscose slow down on dynamics upon cooling
from their melting points. Approximately at 2/3Ty, the liquid enters the glassy
state!. This behaviour was clearly observed for Bmim Tf2N. In the current study,
the dynamics of the supercooled ILs were always studied at the cooling cycle. Emim
Tf2N ionic liquid crystallized before reaching a glass transition. The non-crystallizing
and glass forming liquids above the glass transition temperature are in equilibrium
state and the transport properties deviate from the Arrhenius behaviour which is
clearly observable for Bmim Tf2N. Such a behaviour is usually fitted by the VFT
equation. But VFT equation best fits for liquids which show only small deviations
from Arrhenius behaviour 8%, Therefore, the application of VFT equation for Bmim
Tf2N data in this study is only to give a measure of curvature or deviation from the
Arrhenius plots. On the other hand, VFT fits still give reasonable physical values for
Ty and the pre-exponent 7'%. T is the theoretical glass transition temperature and
according to the VEF'T law, it should be smaller than the measured T, by calorimetric
methods (see caption of Fig. . The 7y values of ~ 10745 are reported to
be of physical meaning that is the vibrational period of the quasilattice. But this
value is found for the structural relaxation studies where much faster (a and ()
relaxation times are probed. VFT fits for Bmim Tf2N in the current study give
values in the order of 10~''s. The best procedure in VFT fit would be to keep
To and the pre-exponent 77% fixed for all dynamic properties and turn the VFT to
a single parameter equation. Bmim Tf2N shows a fragile behaviour and the single
parameter VFT approach usually fits well when there are slight deviations from
the Arrhenius behaviours®8l. Contrary to the translational correlation times, the
rotational correlation times for Bmim Tf2N show Arrhenius behaviour.

A common feature is observed for the dynamical and transport properties (7,
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TR, D) and that is: at a temperature point between T}, and T, there is a break-
down of the temperature dependence trend. This temperature can be defined as
the crossover temperature, T ~ 1.2 T, which is a normal phenomenon reported
in supercooled molecular liquids and its observation in supercooled ionic liquids is
interesting (668812

Such a crossover has been reported by Griffin et al. for Bmim Tf2N by probing
the structural a—relaxation processP383l However, these authors observed no sign
of a dynamic crossover in the ionic diffusion process. In fact, these authors calcu-
lated the ionic self-diffusion coefficients from ionic conductivity measurements using
the Nernst-Einstein (NE) equation. The NE relation, A = 2F?/RT (D, + D_), as-
sumes a complete dissociation of ions®#. However in cases where some degrees of
ion association is present or ionic concentration is high (increased viscosity effect),
the original form of the NE relation does not apply and modified versions of the
NE relation must be used instead with an empirical constant which is dependent
on the ion-ion interaction and hence, different for every ionic liquid. The ideality
of an ionic liquid defines the validity of obtaining self-diffusion coefficients from the
ionic conductivity data using any of the equations of Nernst-Einstein or Einstein-
Smoluchowski. The non-ideal behaviour of Bmim Tf2N has been already shown in
Figs. and (the VFT dependence with large x and the (pp/un values). Fur-
thermore, NMR diffusion measurements reflect average values for diffusion of species
in both free and associated forms, thus calculating NMR molar conductivity (ANmR)
from NE equation is always overestimated ™. These calculations are plausible when
enough knowledge on ion association is available. There are on-going debates about
the degree of ion association (ion pairing) in ionic liquids and its temperature depen-
dence BHTEEEEI - However, in the present study the self-diffusion coefficients mea-
sured directly by PFG-NMR, as well as the one derived from the NMR relaxation
times show deviations from the VFT behaviour at temperatures below T.

A possible explanation is that the liquid crossing the Ti. towards lower tempera-
tures undergoes a kinetic transition from liquid-like to solid-like dynamics®¥. The
dynamics at 7. and below becomes more spatially heterogeneous and clusters of
dynamically correlated regions start to grow BI91¥92 A crossover temperature has
been also reported for similar ionic liquids of the current study using low-frequency
Raman spectroscopy and optical Kerr effect studies® which propose a cooperative
rearrangement in ionic liquids with a correlation length of about 20A. Also it is
known that in complex liquids where there are more than one type of particle in the
liquid, like ions in ionic liquids or small molecules doped into molecular liquids, the
motion of small particles decouple from the motion of the bulky particles. For these
systems and over a limited temperature range the fractional Stokes-Einstein equation
could be applied 8. But larger deviation and violation of Stokes-Einstein are seen at
temperatures approaching T¢.. Several hypothesis approach the question of crossover
temperature feature of glass forming liquids 283 However, a clear understanding
of this feature has not been achieved so far.
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Chapter 5

Alkyl Imidazolium Bromide ILs

Three ionic liquids with imidazolium based cations and bromide anion are chosen to
study in this chapter: 1-ethyl-3-methyl imidazolium bromide (Emim Br), 1-butyl-3-
methyl imidazolium bromide (Bmim Br), and 1-hexyl-3-methyl imidazolium bromide
(Hmim Br). Understanding the molecular dynamics and transport properties of these
ILs are essential in development of the molecular models that will ultimately help
predicting the behaviours of these ILs in different application areas.

5.1 Thermal Studies

Room temperature ionic liquids normally show supercooling properties. In order
to investigate the supercooling temperature regime as well as the glass transition
temperature, the differential scanning calorimetry (DSC) technique is applied on the
three alkyl imidazolium bromide ionic liquids: Emim Br, Bmim Br, and Hmim Br.
Results of DSC experiments are shown in Fig. [5.I} On the cooling cycle Emim Br and
Bmim Br remain liquid below their melting points. Emim Br, however, crystallizes
about 70 degrees below the melting point while Bmim Br resists crystallization and
forms glass at Ty, = 218 K. At the heating cycle, the crystals of Emim Br (formed
at cooling) start melting at 348 K. Bmim Br, on the other hand, undergoes a cold-
crystallization process between T and T}, and then it experiences a melting at T, —
333 K. Hmim Br, interestingly, remains supercooled at cooling and heating cycles
and only shows a glass transition at T, — 216 K.

Since the main aim of this study is to investigate the dynamics of IL molecules
at the supercooled state, the glass forming ILs, Bmim Br and Hmim Br, are chosen
for the NMR studies. The NMR studies in the following sections are performed on
Bmim Br and Hmim Br only in the supercooled regime and always in the cooling
cycles.

5.2 Field-Cycling NMR Relaxometry

Field-cycling relaxometry gives longitudinal nuclear spin relaxation times as a func-
tion of the target nuclei’s Larmor frequency. The T3 relaxation dispersion curves for
Bmim Br and Hmim Br are shown in Fig.
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Figure 5.1: DSC thermograms of Emim Br, Bmim Br, and Hmim Br at cooling and
heating cycles with the scan rate of 5 K/min

Bmim Br

T T T

s
T —
L — e

qoe LN
O
5 .gzm?»’?g‘
%%y

bt A $

10" 10°
v (MHz)

(a)

10°

10’

X x o+ 6 s % e

10%

356.8 K
335.7K
3276 K
320.0K
314.0K
308.6 K
301.3K
293.3K
287.0K
281.2K
276.4 K
273.3K
268.4 K
265.0 K
262.0 K
256.0 K

Hmim Br
10"
» " “.~.¢rl‘l’.""
z 102‘ etentaettygerees®? |
'\ e e
10 demrerrrrvrrds t::. A
&4‘4¢1¢.°4:‘-r
10* ]
10° 107 10" 10° 10’
v (MHz)

3224 K
316.3K
303.7K
293.0K
289.0K

286.3 K
284.0K
281.1K
278.3K
276.9K
275.7K
2748 K
273.0K
270.6 K
268.2 K
262.8 K

Figure 5.2: 'H-T} relaxation dispersion curves of a) Bmim Br and b) Hmim Br. The
dashed lines are the fitting results. See the text.



5.2. FIELD-CYCLING NMR RELAXOMETRY 93

T(°C) T(°C)
84 60 39 21 5 -10 84 60 39 21 5 10
1074
@ 102
104
10— N —
28 30 32 34 36 38 28 30 32 34 36 38
-1
1000/T (K™ 1000/ (K*)
(a) (b)

Figure 5.3: 'H-T; Arrhenius plots of a) Bmim Br and b) Hmim Br from proton
Larmor frequencies of 30 MHz to 0.01 MHz. The dashed lines are eye guides.

The measurements for Bmim Br are done from above its melting point (~ 350 K).
At high temperatures the relaxation curves show almost no dispersion. The dynam-
ics of molecules at such temperatures are much faster than the dynamic time scale
of the field-cycling NMR technique. By lowering the temperature from the melting
temperature Bmim Br remains in liquid phase and it is considered as the supercooled
state. Slight dispersions start to appear from high frequency regime and are shifted
to lower Larmor frequencies by decreasing temperature. This indicates that the
characteristic dynamic times of molecules systematically become shorter by decreas-
ing temperature. A decay of three orders of magnitude in the frequency dependent
T1 relaxation times is observed for the temperature range between Ty, and 256 K. It
should be mentioned here that, although Bmim Br does not show any crystallization
upon cooling until Ty in the DSC thermograms in Fig. @ under the experimental
condition and using 10 mm NMR, tubes, the crystal formation starts during the long
measurement times at temperatures below 268 K. Therefore, Bmim Br samples were
prepared in capillary tubes (1 mm ID) for low temperature measurements.

Hmim Br remains in liquid phase at the measurement conditions and experiences
no crystallization and hence, no melting transition. The field-cycling 77 measure-
ments are done from temperature 322 K down to 263K. The T)(w) decay ranges
of these ILs are similar with a difference that Hmim Br shows slightly more disper-
sion at equal temperatures than Bmim Br. At low frequencies (wr < 1 limit) for
all temperatures for Hmim Br and Bmim Br, T relaxations become almost field
independent and the T} plateau values decrease by lowering temperature, Fig. [5.2]

The temperature dependence of T3 relaxation times are depicted in the Arrhe-
nius plots in Fig. [5.3] Bmim Br shows a shallow minimum at 30 MHz that shifts
to lower temperatures at lower fields. Similar behaviour is observed for Hmim Br
although the minimum at 30 MHz is not clear due to the lack of measurement data
at higher temperatures. The minimum in 77 is clearly seen for lower fields. These
minimums are broad and somewhat symmetric with no discontinuity. The 77 values
below 1 ms (for low fields) follow the tendency well and this supports the validity of
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measurements of the fast relaxation rates. The measurements at much lower tem-
peratures were not performed because of the low signal-to-noise ratio of the recorded
magnetization at fields where the plateau of the T3 (w) appears.

5.3 Fittings of 77 Dispersion Profiles

To understand the molecular dynamic properties of Bmim Br and Hmim Br from
their relaxation dispersion data it is necessary to fit the profiles with an appropriate
model. Cations in these ILs contain the NMR active nuclei, 'H, that have dipolar
moments and in the absence of paramagnetic relaxing agents the most dominant
mechanism for proton relaxation is the dipole-dipole interaction. The Br anions do
not contribute to the dipolar relaxation of protons. Therefore, cations will interact
with each other and this is the main relaxation mechanism. In such a case, both
intra- (rotational) and intermolecular (translational) dipolar interactions will be of
homonuclear type.

Taking the homonuclear rotational and translational relaxation contributions
from Egs. and it is possible to fit the experimental T; relaxation
dispersion profiles. The findings of the modified strategy-2 in Section will be
used here in a different way. The dipolar coupling constants of rotational kg and
translational kTt type, Egs. and respectively, can be correlated to each
other and the result can be considered as the boundary condition in the fitting pro-
gram (Section . Defining suitable boundary conditions make fittings easier, faster,
and yield to an additional parameter which will be presented in the following.

By dividing the kr to k1 and knowing the number densities of proton in Bmim
Br and Hmim Br, the condition by which the coupling constants are bounded to each
other is found as following

b YRR AR 6 Ni™geE" = 5.360 x 107 (1/,5)
Tzﬁz&d\rl{i (5.1)
4%2 3 3 7 . ’
e il Citn NHmim Br — 5 599 x 1028 (), ,)

The ratio TIG{ / C%H becomes a new fitting parameter for each IL. Therefore, by
assuming radius values r for cations, the minimum distance of approach values ¢ can
be calculated for the cations of both ILs. Figures and show the translational
and rotational correlation times of Bmim Br and Hmim Br, respectively, obtained
from fittings. The translational correlation times for both ILs from room temperature
down to around 273 K show a temperature dependence that could be considered
as Arrhenius type. Since these ILs are glass forming liquids and they are in the
metastable phase, it is possible to also consider this kind of temperature dependence
as a weak VFT behaviour that is usual for strong glass formers/ILs. The solid lines on
figures show the linear fit for Bmim Br which is also included in the Hmim Br figure as
a comparison of the slope differences. It is seen that the 70 of Hmim Br has a slightly
weaker temperature dependence. In the 7r Arrhenius plots of both ILs deviations
from higher temperature trends are seen at around a temperature between 278 K and
273 K. Below this temperature 7p values take shallower temperature dependences.
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Figure 5.4: Fitting results of the 7; relaxation dispersion curves of Bmim Br: a)
translational and b) rotational correlation times. The lines are linear fits to the data
as eye guides. The vertical line shows the change of tendency temperature.
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Figure 5.5: Fitting results of the T) relaxation dispersion curves of Hmim Br: a)
translational and b) rotational correlation times. The solid line on (a) is the linear
fit for the Bmim Br data shown on Fig. used here as a comparison of the
temperature dependence slope.
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Figure 5.6: The minimum distance of approach values of cation-cation obtained from
the fittings of T dispersion curves for Bmim Br (black) and Hmim Br (red).

Rotational dynamics of these ILs, unlike the translational dynamics, could not
be obtained much satisfactorily from fittings. That means, only at low temperatures
the contribution of intramolecular interactions to the total 1; relaxation could be
fitted while at higher temperatures this contribution was found to play a weaker
role. As a result, 7 values either could not be obtained, or obtained with large
uncertainties. However, the g values of low temperature regime show very weak
temperature dependences and they do not show any deviation at low temperatures
as is seen for 7p. Still the relatively larger error bars below the cross over temperature
might be related to the deviation in the temperature dependence of the rotational
dynamics.

Besides the 7 and 7 parameters obtained directly by applying the translational
and rotational model of molecular motion, an additional parameter, the minimum
distance of approach (, can be obtained as a result of Eq. . By assuming r to be
equal to the van der Waals radii of Bmim and Hmim molecules 3.03 A and 3.53 A 76l
respectively, the ¢ values are calculated and shown in Fig.

The minimum distance of approach value obtained for Bmim Br at room tem-
perature is about 8.3 A, and increases to 10A at 256 K. The increase of ¢ can be
interpreted as the increase of size of the mobile species at decreased temperatures,
i.e. cooperative motion of molecules. Interestingly, the (gy values calculated for
Hmim Br are found to be independent of temperature and show to be approximately
13 A for the temperature range between 323 K and 263 K.

5.4 Self-Diffusion

Translational motions of cation molecules in Bmim Br and Hmim Br are investi-
gated by different techniques. First the direct measurements of the self-diffusion of
the proton carrying species in the ILs will be presented. Next the transport prop-
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Figure 5.7: Arrhenius plots of a) self-diffusion coefficients obtained from PFG-NMR
and b) Ty times of the supercooled Bmim Br and Hmim Br ILs.

erties calculated from the T; relaxation profile fits will be provided and at last, the
self-diffusion constants calculated from the frequency dependence of the spin-lattice
relaxation rates at the low frequency limit will be given.

Pulsed field gradient NMR, enables the direct self-diffusion coefficient measure-
ments. The effort was taken to perform these experiments covering the same tem-
perature ranges of the field-cycling relaxation measurements. The results are shown
in Fig.

Bmim cations are smaller in size than Hmim (by two carbons). Based on the
Stokes-Einstein equation, larger particles diffuse slower. As seen in Fig. Bmim
molecules diffuse slightly faster than Hmim cations. However, at a high temperature
of 322 K the self-diffusion values approach to similar values.

At the lowest measured temperatures for Bmim Br and Hmim Br the diffusion
measurements are limited not only because of the hardware (gradient strength) lim-
itations, but also due to the sharp decrease of the spin-spin relaxation times 75 of
the deeply supercooled ILs.

At the low temperature limit of the self-diffusion experiments, Bmim Br reaches
a diffusion constant of 9.5 x 107 m?s~! at 283K and this is the low limit of the
diffusion probe gradient used in this experiment. The lowest temperature and diffu-
sion constant for Hmim Br does not reach the low limit of the diffusion probe and is
limited by the rapid decrease of T5 of the bulk sample at low temperatures. Figure
shows the proton 75 data at different temperatures for ILs measured at 300
MHz (proton Larmor frequency).

The second method to obtain the diffusion coefficients is to use the translational
correlation times obtained from fittings of the T3 relaxation profiles. This method
can be seen as a check-of-validity of the theoretical NMR relaxation model used in
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Figure 5.8: Comparison of the self-diffusion coefficients obtained directly from PFG-
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Section Using the relation D = ¢?/271 and by taking the minimum distance of
approach values from Fig. [5.6] and 71 values from Figs. [5.4a] and [5.54] the diffusion
constants are calculable.

Figure [5.8] compares the result of these calculations with the direct self-diffusion
measurement data for Bmim Br and Hmim Br. The temperature range available from
the relaxation data is broader and the calculated diffusion values reach lower tem-
peratures where the PFG experiments fail due to the apparatus limitations and/or
fast transverse relaxations. The diffusion values obtained from relaxation dispersion
match with the PFG-NMR results within the orders of magnitude. The temperature
dependence of the self-diffusion data for Bmim Br in Fig. show a slight devia-
tion from the Arrhenius behaviour. However, transport properties of Hmim Br show
more Arrhenius-like temperature dependence (Fig. |5.8]). The diffusion range is well
extended to lower temperatures (and D < 10713 m?s~!) by the relaxation method
for both ILs. Therefore, the crossover temperature that was seen in the translational
correlation times in Fig. show up again. Below this temperature deviations from
the high temperature diffusion trends are visible.

The third method of estimating the self-diffusion constants is based on the fact
that at low-frequency limit the rotational spectral density gets frequency indepen-
dent. Therefore, assuming that no other relaxation mechanism plays a significant
role, the spin lattice relaxation is controlled by the intermolecular interactions. Some
theoretical models of liquids have been developed in the classical literature for the
interpretation of the experimental data at this limit although some inevitable approx-
imations have been considered by each model which introduce uncertainties 3%l
At low frequency limit (usually wr < 1 and wr > 10_4)1951 the intermolecular re-
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laxation contribution is not frequency independent. The intermolecular correlation
function takes the form of a power law (o t=3/ 2) and the spectral density obtained
by each of these models is in the form of

J(w) = J(0) = f(D, Vw), (5.2)

where the J(0) term is model dependent while the second term is not and is used
to interpret the spin lattice relaxation data®. The frequency range condition for
the validity of these theories can be easily assessed from relaxation dispersion curve
fittings. Following Harmon 195196] it the spin-lattice relaxation rate is plotted as a
function of \/w’, the slope of the linear fit will be diffusion dependent

Slope
po\2 8TN~*R2I(I 4 1)0.555
Ri(w) = R(0) — <E) =i NGy (5.3)

The low frequency fits are shown for Bmim Br and Hmim Br in Fig. 5.9 The
higher temperature spin-lattice relaxation rates Ry (bottom plots) show clear linear
behaviours at low frequencies while the error values of the measured data at low
temperature R; curves (top plots) increase. The diffusion coefficients are calculated
by taking the slopes of the linear fittings and substituting in Eq. . The outcome
diffusion constants are shown in Fig. and compared with the diffusion constants
obtained previously. These diffusion constants show good agreements with the direct
diffusion measurements (PFG) and the relaxation dispersion model. The small dif-
ferences could correspond to different assumptions and approximations used in each
of the fitting methods.

5.5 Crystallized Bmim Br

From the DSC thermogram of Fig it is seen that Hmim Br does not crystallize
in the mentioned experimental condition. Bmim Br, however, upon heating from
glass transition temperature goes under cold-crystallization. Bmim Br crystals were
prepared by quenching the Bmim Br (in a 10 mm NMR tube) in liquid nitrogen and
bringing it back to room temperature and repeating until complete crystals were
formed. The NMR spectra confirms the line broadening and no existence of liquid
phase (at least macroscopic).

The crystal sample then is used for the diffusion measurements from slightly
below Ty, down to 252K. The results are shown in Fig. Surprisingly, the
diffusion coefficients of the solid sample are seen to be significantly higher than the
supercooled liquid and the differences increase rapidly at lower temperatures. The
T, and T5 data for the solid sample are given in Fig. T} values at temperatures
near the melting point are one order of magnitude longer than the 75. T times
show a broad minimum at 272 K while 75 times continuously decrease towards low
temperatures. The decreasing trend of the T relaxation times is changed to be
stronger starting from about 263K and reaches about 4.3ms at 233K (data not
shown on the figure).
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5.5. CRYSTALLIZED BMIM BR 61

T(°C) T(°C)
84 60 39 21 5 10 -23 60 39 21 5 10 23
B 8 . Bmim Br B Hmim Br
1075 ‘A'_ " PFG | 073+, " PFG |
4 on e Relax. e e Relax.
’\1/710-12_ é ' A or<tl | ’\0?10-12_ f. A or<t |
o~ N [ )
£ a, S .
Q 13 * S 13 Bl
107 *, 3 107 e o
I N
A A
10_14_ A = i 10-14_ 4
28 30 32 34 36 38 40 30 32 34 36 38 40
1000/T (K™) 1000/T (K™)

Figure 5.10: Comparison of the self-diffusion coefficients estimated from three differ-
ent methods for a) Bmim Br and b) Hmim Br.
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Figure 5.11: a) 77 and T» Arrhenius plots of the crystallized Bmim Br sample, b)
self-diffusion values of Bmim Br in supercooled state (empty circles) and crystallized
(full circles). The red and blue crosses show the variations of diffusion coefficients
by varying the diffusion time A. The range of variation of A times are given in the
legend. The lines on both plots are guides to the eye.
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Comparing the Arrhenius plots of the T5 relaxation times and self-diffusion con-
stants in Fig. [5.11| a similar change of temperature-dependence is seen around 295 K
for both. The time dependence of the diffusion coefficients in the solid-state sample
was checked with different diffusion times (A time in STE-PFG pulse sequence) at
290K (red crosses) and 271 K (blue crosses) in Fig. [5.11b

5.6 Discussion

The three imidazolium based ILs with bromide anions that were used for the thermal
analysis differ only at the alkyl chain length each by two carbons stepwise (ethyl,
butyl, and hexyl). However, each of them show distinct thermal behaviours, e.g.
supercooling ability and crystallization process. The reason of such behaviour can
be explained as following. Melting is a one-step process that is controlled thermody-
namically. Crystallization, however, is more complicated and is a two-step process
controlled kinetically and thermodynamically. Liquids that are cooled below their
melting points are not anymore considered as homogeneous molecular systems, but
they are in the metastable phase. The local molecular fluctuations of the macroscopic
properties of the system, e.g. density, are more likely to yield to the formation of
stable clusters in the metastable phase which can grow subsequently if they reach a
certain critical size. In homogeneous liquids, however, the clusters which are formed
as a result of density fluctuations are instantaneously dissociated. At sufficient un-
dercooling, the rate of association is larger that the rate of dissociation and therefore
nucleation, which is the first step of crystallization, takes place. Thermodynamically
speaking, nucleation is favoured at low temperatures since the critical cluster size
(the minimum molecular aggregation to form stable clusters) is smaller and therefore,
the Gibbs energy barrier for nucleation is smaller. However, at low temperatures and
approaching the glass transition the molecular motion is extremely slow due to the
high viscosity. Therefore, cluster formation is kinetically unfavoured. In principle,
there should be a certain range of temperature between T, and T, that nucleation
can be favoured by both thermodynamics and kinetics. The second step of crystal-
lization is the crystal growth that should be followed by nucleation. This process as
well requires a certain temperature range to act efficiently 7],

The crystallization condition for Emim Br is met at about 70 degrees below its
Tw. This is the point where the possibility of the nucleation and crystal growth
processes overlap and lead to a sharp exothermic transition. Bmim Br sample expe-
riences no crystallization at cooling cycle and only goes under a cold-crystallization
at heating process. One possible explanation could be that the crystal growth process
is favoured at a temperature range higher than the nucleation step. Therefore, upon
cooling the sample from the melting point the crystal growth temperature range is
reached before the nucleation and clearly no crystal formation happens. At lower
temperatures, however, the nucleation begins but the crystal growth at this point is
kinetically not plausible and consequently the liquid quenches to glass at lower tem-
peratures. Upon heating from T, the previously formed nuclei survive and reach the
temperature where crystal growth can efficiently occur. This leads to the exother-
mic transition seen in Fig. the cold-crystallization. At higher temperatures the
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formed crystals melt (Ty,).

For the case of Hmim Br where no crystallization is observed, two scenarios are
possible. First: nucleation takes place at cooling (like Bmim Br), but at the heating
cycle the nuclei can not resist to reach the crystal growing temperature and hence,
dissociate. Second: due to the longer alkyl chain of the Hmim Br, some restrictive
stereochemical requirements make crystallization inefficient. In simple words, the
packing of Hmim Br is spatially hindered.

The molecular dynamics properties of Bmim and Hmim molecules lie in the same
time scale range over the measured temperatures. The transport properties (7r) ob-
tained from the relaxation time analysis follow Arrhenius temperature dependences
for both ILs (Figs. and while the self-diffusion coeflicients show to be of
shallow VFT type for Bmim Br (Fig. . Interestingly, by considering the mini-
mum distance of approach (g values for the calculation of diffusion constants from
7p in Bmim Br, the Arrhenius temperatures dependence of 7 turns to a VFT type
dependence in the diffusion constants. Hmim Br shows Arrhenius type behaviours
both in 7r(7) and D(T'), and the minimum distance of approach values do no show
any noticeable temperature dependence.

Weak deviations from Arrhenius behaviour is a key property of the so-called
“strong” glass former liquids that is clearly seen in Bmim Br. However, although
the diffusion constants by two methods of T relaxation and PFG-NMR, show good
agreements in the narrow temperature range (Fig. , they cannot be fitted by
the VFT equation using a single set of parameters. The PFG-NMR, and spin-lattice
NMR relaxation methods give information on the transport properties of the liquid
but relaxation methods provide microscopic details of the translational motion which
is not determined by the pure self-diffusion techniques. It is already known that the
VFT fitting parameters are technique and temperature-range dependent®8. The
temperature range is important in defining the type of temperature dependence. For
Hmim Br, although there is a two-decade diffusion coefficient change in the PFG-
NMR data, the temperature variation range is small and it makes the definition of
type of dependence difficult. In other words, there might be a strong VFT depen-
dence, but due to the shorter temperature range it is seen to be Arrhenius like. The
analysis of the low frequency limit of the relaxation rates R; for both ILs can also
successfully estimate the diffusion constants.

The self-diffusion data are well extended to lower temperatures by the NMR
relaxation methods where PFG-NMR cannot reach due to the apparatus limitations.
The diffusion coefficients calculated from the relaxation time analysis for both ILs at
low temperatures show deviations from the high temperature trends and become less
temperature dependent. It is necessary to check the T dispersion data and the fitting
qualities at low frequencies. The T} relaxation times, Fig. [5.2] at frequencies lower
than 100 kHz for temperatures below 265 K and 293 K, respectively for Bmim Br and
Hmim Br, fall below 1 ms range. At much lower temperatures the 77 times reach even
much lower values of about 100 ps. That means, the relaxation times at low fields
are smaller than the field switching times of the field-cycling technique, see Section
B4 The T; measurement in such condition is not usual in the routine field-cycling
experiments where 77 relaxation times are at least larger than several milliseconds.
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The barrier of Tyvalues smaller than 1 ms brings up the question of reliability and
reproducibility of the measured relaxation times. Previous investigations by Ferrante
and Sykora has tackled the challenging case where the field-switching times become
close-to or longer than the relaxation times® . They found that for samples which
show strong dispersions in the 77 relaxation profiles, the measurement of 713 times as
low as 100 ps is easily achievable by the automation in the field-cycling instrument,
i.e. no slew-rate optimization for each relaxing field is required. In fact, samples that
relax fast at low frequencies, e.g. 1 MHz, are not subject to the problem of relaxation
during the switching interval. Moreover, even if the field switching involves very low
fields, the sample is exposed to the low-field relaxation only for a small fraction of
the switching time, i.e. 10% or less®39¥  In such cases, the main problem arises
from the loss of sensitivity due to the high spin-lattice relaxation rates especially at
low frequency region and it does not cause any systematic experimental errorsH9l.

The relaxation times that lie below 1 ms in Fig. were measured using a
shorter switching time (2ms instead of 2.4ms). This considerably increased the
quality of the magnetization build-up curve. The magnetization recovery curves
for the relaxation times less than a millisecond are analysed individually to assure
the mono-exponential decay quality. Although the magnetization decays less than
one order of magnitude, the mono-exponential decay quality is satisfactory. Even
though, relatively large uncertainties exist in 77 estimation at this range due to the
low signal-to-noise ratio and small decay range. Also the Arrhenius plots of T3 in Fig.
show reasonable tendencies of T} at low temperature/frequencies. Therefore, the
fitting results for low temperatures are reliable and the deviation of the transport
properties of both ILs can be associated to the crossover temperature T, which is
generally reported for the molecular glass forming liquids. Such a crossover tem-
perature has not been reported for these ILs to the best of our knowledge. Direct
self-diffusion measurements have been reported by Kremer’s group for Bmim Br
in the range of 310K to 250 KM which are similar to the results in the current
study. But the lower temperature diffusion values were only calculated from the
broadband dielectric spectroscopy measurements using the Einstein-Smoluchowski
equation, o9 = (nqg?/kT)D = (nqg?/kT)(A\?/2m,), assuming an effective number den-
sity of ions n contributing in the ion conduction, a hopping length A and time 7y,.
The dc conductivity og observes the micrometer scale motions of ions and assumes a
fraction of ions contributing in the conduction. Although the dielectric spectroscopic
methods can give information on the shorter dynamic time scales of the molecular
motion and conduction mechanism at high frequencies where the complex conduc-
tivity becomes dispersive, the dc conductivity does not contain any molecular scale
dynamics but a micrometer or longer scale. Furthermore, the conductivity methods
do not differentiate between different molecular aggregations and considers only the
charged ions/aggregates. The aggregation behaviour is temperature dependent and
might not follow an Arrhenius behaviour. The calculation of diffusion coefficients by
these authors is based on the assumption of the ideal behaviour of ILs at a broad
temperature range while the NMR relaxation results in the current study show that
ILs do not behave ideally at deeply supercooled temperatures. The crossover dy-
namic temperature 7, happens at a temperature around 1.27; for Bmim Br and
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Figure 5.12: 'H-NMR spectrum of Bmim Br in solid-states at 275 K. The inset shows
the sharper peaks on top of the broad solid signal.

Hmim Br, which is a well known behaviour of the glass forming molecular liquids.
The faster self-diffusion coefficient of Bmim Br in the crystalline state than the
supercooled liquid is controversial, Fig. [5.11] Similar observations were reported
before by Every et al. for Emim Br and Emim IP, By comparison of the PFG-
NMR and conductivity results, these authors concluded that the fast cation diffusion
in crystals are a result of the vacancy diffusion process facilitated by the cation’s
rotational motion similar to molecular plastic crystals. Although they also did not
measure directly the diffusion of the bromide anions, they assumed that the cations
are the only mobile species responsible for the ion conduction. But a recent study by
Endo et al. revealed completely different results™ 02, It was proposed that very low
water content (200 ppm) in the Bmim Br is responsible for the fast cation diffusion
in the crystal form. This amount of water in the hygroscopic room temperature
IL samples is not observable by the high resolution NMR spectroscopy and the IL
sample, in most cases, is regarded as pure enough. Based on Endo’s study, the fast
cation diffusion in the solid-states (Fig. |5.11b]) can be explained as following. The
'H-NMR. spectrum of the solid sample is shown in Fig. [5.12| The broad peak is
the overlap of proton signals in the solid that are broadened by the strong dipole-
dipole interactions. The small sharp peaks at top of the broad peak were found to
be proportional to the water content of Bmim Br while the chemical shift pattern
of these peaks corresponds to the proton spectrum of Bmim Br. The narrow lines
in the spectrum show that a small fraction of Bmim Br molecules are in a liquid-
like phase that are relatively mobile and can average out dipolar couplings. In fact,
the concentration of water in the tiny liquid-like phase is much higher and this
provides the higher mobility in this phase. At higher temperatures and approaching
the melting point of Bmim Br, the area ratio of the sharp peaks increase and after
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the T, no broad peak exists anymore. This discussion of Endo et al. should be
examined employing ultra-high vacuum drying ovens, Carl-Fischer experiments, and
NMR spectroscopy.
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Chapter 6

Ionic Liquids in Porous Media

In this chapter the Bmim Tf2N ionic liquid is selected to study the confinement
effects on the dynamics. Although the nano-confinement brings extra complexities,
emerging applications of ionic liquids in composites and porous media necessitates
more understanding of their dynamics in restricted geometries. Here the results
and analysis of the stimulated echo PFG diffusometry and field-cycling relaxometry
experiments are presented.

6.1 Self-Diffusion

The translational dynamics of cations in Bmim Tf2N confined in porous Vycor glass
were measured at a broad temperature range from 308 K to 248 K, Fig. The
self-diffusion values in confinement are about one order of magnitude smaller than the
values in bulk. Considering the diffusion time (A) which was selected to be between
100 ms and 350 ms, the diffusion length — taking the mean square displacement in Eq.
(2.45)) — of the cation molecule in the bulk phase at room temperature is obtained as
r =2.8pm to 5.2pum. At the lowest measured temperature for the bulk the MSD is
calculated to be x =120 nm to 235 nm. Therefore, at all the measured temperatures
the MSD is much larger than the pore diameter of the porous media (4nm) and
the diffusion of the IL inside Vycor is restricted. Figure [6.1b] shows the logarithmic
echo attenuation decays for all the measurements which show monotonic exponential
behaviours although for lower temperatures complete decays could not be obtained.

Figure shows the 'H-NMR spectra of confined Bmim Tf2N at different tem-
peratures. Wide NMR lines even at room temperature are observed which correspond
to the non-averaged effect of the dipole-dipole interactions of nuclei as a result of
confinement. At lower temperatures the lines get broader while no chemical shift
change is observed.

6.2 Field-Cycling NMR Relaxometry

The T} relaxation times at varying magnetic field strengths were measured by the
field-cycling relaxometer at a temperature range from room temperature to 208 K.
All T1 magnetization recovery curves could be well expressed by the monoexponential
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Figure 6.2: 'H-NMR spectra of the Bmim Tf2N IL confined in Vycor glass measured
from room temperature down to 255 K.
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function. Figures and show the 'H- and 'YF-T} (w) of Bmim T2N confined
in Vycor. Strong dispersions are seen for both nuclei at all temperatures. The T} (w)
curves follow a power law tendency of T} o< v7 whereas the T values at a fixed
frequency, for example at 1 MHz, decrease slightly by decreasing temperature. This
trend is broken starting from and below 223 K where the T} values start to increase.

Before rushing to further interpretations, one should recall that this ionic liquid
in bulk, Bmim Tf2N in Chapter [4] showed relatively strong 77 dispersions especially
at supercooled temperatures. Therefore, the extreme narrowing condition, which
applies to low-viscosity liquids at all conventional magnetic field strengths, is not
completely true for the bulk Bmim Tf2N. For this reason, the analysis of T} (w) of
Bmim Tf2N confined in Vycor cannot be done without considering the bulk contri-
bution in dispersions. This is contrary to the case of simpler liquids like water or
ethanol PHO3I0Y where bulk liquids are always in the fast motional limit within the
measured magnetic field strengths. The temperature dependence of the T3 relax-
ation times of confined Bmim Tf2N can be better seen in the Arrhenius plots shown
in Figs. and [6.3d] The very broad minimums observed for both nuclei reveal
the complex dynamics of cations and anions in the porous media. This means the
dynamics of molecules are governed by more than one correlation time. However,
the general trend of the T (T') for cation and anion looks similar, proposing that the
dynamics of these ions, in spite of their different electric charges, might not differ
tremendously from each other.

To understand the confinement effects on the dynamics of Bmim Tf2N it is im-
portant to consider the results of the bulk Bmim Tf2N in Chapter [l The first step
is to find a frequency-temperature regime that the bulk Bmim Tf2N falls into the
fast motion limit wr << 1. The minimums observed in the T} Arrhenius plots of
bulk Bmim Tf2N (Fig. appear at wr = 0.6 (following BPP theory and assum-
ing an average correlation time). Therefore, it is possible to find temperature and
relaxation field ranges where the motional narrowing condition holds for bulk Bmim
Tf2N (the negative slopes of Arrhenius plots).

The highlighted areas in Fig. show the ranges where wr << 1 hold for
Bmim (grey) and Tf2N (red). A cross check can be done with the higher relaxation
field of 300 MHz (for proton Larmor frequency). From Fig. and assuming a
single activation energy for the whole temperature range, one would expect that the
motional narrowing condition for the relaxation field of 300 MHz should apply at
T > 268 K. An alternative check method is by calculating the ratio of longitudinal
relaxation times to the transverse relaxation times. For an isotropic liquid where the
fast motional limit is true, 77 and T, relaxation times should lie within the same
range. The Ty, T, and the ratio T; /7% values for the bulk and confined Bmim
Tf2N at Bielax. = 300 MHz are shown in Fig. for a wide temperature range. The
T} /T ratio for the bulk IL approaches to about unity at around 7" > 293 K while the
confined IL shows much larger ratios even at elevated temperatures. The frequency
and temperature ranges where the motional narrowing condition applies for the free
IL phase inside the Vycor can be concluded from Figs. and Taking the
maximum relaxation field of the field-cycling measurements to be 20 MHz (for 'H),
from Fig. it is safely estimated that for all temperatures above 248 K (and all
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Figure 6.6: Normalized T relaxation dispersion curves of the bound Bmim Tf2N in
Vycor confinement for a) 'H and b)'*F following Eqs. (6.1])—(6.4)

frequencies below 20 MHz) the fast motional approximation should be valid for the
free IL phase inside Vycor. This finding will be used in the following.
For a confined liquid that the exchange time of its molecules between bound and
non-bound phases is shorter than the spin relaxation time 7., < 77, the observed
relaxation rate R‘fbs' will be the sum of relaxation rates of liquid in both phases with
their population as weighting factors, p;, see Eq. . The relative population
of molecules in the free and bound states are temperature dependent while the re-
laxation rates are temperature and frequency dependent. Since the free (bulk) IL

relaxation rates R} are known (Fig. [4.4b)), using Eq. (2.35) we can write

{ B (1.w) = pe(T) RY(T,w) + [ = pe(D)] BY(T,0) |

R{™ (T, w)

Rﬁ (T, w)

=pi(T) + [1 = pe(T)]

1
X 77
Rﬁ(T,w)

le(T, w)

RU(T,w)

(6.1)

The ratio of relaxation rates of bound over free IL can be written considering the
two motional limit conditions as following

(T, w)

R(T,

w
w

)

(

Ko
47

o]

RY(T,w)/574T) , wrli<<1

Wit By (T, w)

, wri>>1

(6.2)

Physical interpretations of the molecular dynamics can be made if the motional
narrowing condition w7, << 1 is assumed for the free phase of the ionic liquid.
Therefore, the only frequency dependent term will be the bound relaxation rate. By
substituting Eq. in Eq. for fast motional limit we get

R (7,)

R:fl (T,w)

=pe(T) +

1 —pe(T) RY(T,w)
(%)274;12 57HT)

(6.3)
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in which the only frequency dependent term is the relaxation rate of the bound
molecules. The population of the free liquid and its correlation time are only tem-
perature dependent. Equation ([6.3) can be written in terms of relaxation times

P> (Tow) b

T, ) x I7P(T, w). (6.4)
Figure shows the application of Eq. by taking the relaxation data of the
confined IL from Fig. and bulk from Fig. for temperatures higher than
240 K. The normalized values of the relaxation times increase by decreasing temper-
ature. This is because of different frequency dependences of IL in Vycor confinement
and in bulk. The Vycor confinement T} dispersions are almost similar for all tem-
peratures while the T dispersions for the bulk show stronger dispersions for lower
temperatures. This affects the temperature dependent population factor py and the
correlation time 7f constants in Eq. and has no effect on the frequency de-
pendence. Therefore, the frequency dependent relaxation times of the bound IL Tf’
(oc Ta/rbw) can be fitted with a power law of TP ~ w®C for both nuclei for temper-
atures higher that 255 K. This is in agreement with the above analysis. As Fig.
expected, at temperatures where the motional narrowing is valid the contributions of
the free phase can be successfully cancelled out by the division in Eq. . There-
fore, the power law slope of ~ w%6 corresponds to the pure bound IL dynamics on
the pore surface. However, at temperatures lower than 248 K the motional narrowing
condition does not apply for the whole frequency range of the field-cycling experi-
ment. Therefore, the dispersion curve at 239.4 K in Fig. cannot be explained
since it includes some extra frequency dependency of the free liquid phase (wr >> 1
in Eq.(6.2))

By having the T} relaxation dispersion times which correspond to the Bmim
Tf2N molecules in the bound phase (Fig. it is time to consider the dynamics
of molecules at this phase. As explained in Section different dynamics with
different timescales are possible in the bound layer. Considering the spectral density
for the bound layer in Eq. , the contribution of the gamma process is frequency
independent and can be subtracted. The remaining spectral density accounts for the
o and 8 processesP . See Fig.

Jap(w) /kmx S(k) 2T ik (6.5)
w) = P ———— . .

b 0 1+ w?r?

The orientational structure factor S(k) can be expressed in an analytical form by a

power law 152
Q-process

T [B-process
co\ X
S(k) = ba (%22) "+ bd(k — keo); (6.6)

where b, and bg are the weighting factors and k, is the cut-off wavenumber re-
sponsible for the low frequency plateau of the 717 dispersion curve. The equation is
valid for k > k¢o. This cut-off can be due to either the finite correlation length of
the pore cluster or the exchange process with the free liquid phase. The J-function
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represents a narrow distribution of wavenumbers and corresponds to the diffusion
over the characteristic length of the particle or pore dimension.

The bound molecules on the surface are displaced through a and § processes
and, at the same time, reoriented with respect to the local surface of the pores.
This process is interpreted as the RMTD mechanism. The a-process accounts for
the remote structural properties of the porous system, i.e. longest correlation times
of the order of 107*s, Fig. The (B-process reflects the surface structure in the
vicinity of the starting point of the translating molecule and indicates a correlation
time of the order 10~?s which causes the high-frequency plateau. The a-process is
usually seen for porous material with different pore sizes while the S-process is seen
for relatively larger pores. Therefore the Vycor glass, with pore size of ~ 4nm, does
not show a clear high-frequency plateau?. The T dispersions in Fig. show
structureless dispersion and dominated a-processes in a wider frequency range. A
fractal analogue in the k-space has been suggested B for the interpretation of the
S(k) o< kX in Eq. where the 77 dispersion of the a-process can be defined as

Ty oc yUH0/2 0y >0, (6.7)

Note that a power law weaker than 1% leads to negative x values which cannot
be explained by this equation. The slope v ~ 0.6 observed for the Vycor confined
Bmim Tf2N for both ions at the temperature range 293 to 255K is interesting. It
suggests that these ions, despite their different ionic nature, are not distinguished by
the RMTD process and behave similarly on the bound layer, what had already been
seen for the bulk phase of this IL.

6.3 Discussion

The relaxation studies of the Vycor confined Bmim Tf2N ionic liquid is presented
at different temperatures. The bulk water contribution to the relaxation is success-
fully cancelled by division of the observed relaxation time of confined IL by the bulk
relaxation times at temperature-frequency ranges of the motional narrowing condi-
tion for bulk IL. The division has an advantage over the subtraction (R$P> — RY)
because the population of the bound and free phases are not known. Therefore,
by division the frequency dependent term is completely cancelled out. The estima-
tion of the temperature-frequency range for the validity of wr << 1 condition for
bulk IL predicted the right low-temperature limit. This procedure lead to the pure
surface-bound ionic liquid contribution of the relaxation times. Such consideration
was not crucial in the previous relaxation studies of confined liquids P since the
bulk liquid, usually water, did not show a frequency dependent relaxation at the
bulk phase.

A power law of ~ 106 is fitted to the relaxation dispersion curves between 10 MHz
and 0.1 MHz. This constant frequency dependence resembles the a-process of the
RMTD process which corresponds to the displacement of molecules in the bound
phase at longer length scales which determines the microstructural features of the
pore-network. On the other hand, a shallow transition to the S-process at higher
frequencies could be assigned to the short-distance displacements which probe the
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pore structure — a specific property of the porous material. However, a clear plateau
at the high-frequency regime is not accessible by the field-cycling technique.

The surface of the Vycor glass, composed of mostly SiO,, after treatment with
H,04 and water is expected to contain —SiOH groups. It is know from the studies
of water in VycorPY where the surface hydroxyls were exchanged by propyl groups,
that the polarity of the surface does not change the T3 (w) dramatically. Therefore
the observation of strong T dispersions of Bmim Tf2N in Vycor cannot be related
to the molecular interaction with the the surface. Moreover, if such interactions
had dominant contributions on the T} relaxation times, then it would be expected
that cations and anions would show different 77 (w) behaviours. It can be assumed
that the ions of the IL which approach to the vicinity of the pore-surface experience
restrictions in their reorientational motions regardless of their charges. This is ex-
plained in terms of v motions. However, these ions are not immobilized and tend
to obtain a lateral diffusion along the surface. Depending on the length scale of the
displacement, a and 3 processes are defined. Based on the results, the a-process is
seen within the accessible frequency range of the apparatus which shows a frequency
dependence of 106,

The RMTD mechanism for the relaxation of confined molecules was originally
developed for simple and isotropic liquids. This study took the challenge of applica-
tion of this theory on a more complex ionic system. Studies with several ionic liquids
in porous media with different pore sizes are required for a complete understanding
of the molecular dynamics of confined ionic liquids.
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Chapter 7

Crude Oi1l

The molecular composition of crude oils have a large impact on the production of the
oil. NMR relaxation methods, being noninvasive, have the capability of down-hole
and in situ measurements of crude oils. In this chapter, an effort is made to establish a
method to characterize the composition of crude oils based on NMR relaxation times.
There have been some efforts to model the crude oil composition by using linear
alkanes 9106l 1,55ed on the fact that NMR relaxation times depend on the rotational
diffusion time and hence, the size distribution and composition of molecules could be
determined. However, the true composition of crude oils, especially the heavy oils,
is much more complicated. Characterization of heavy compounds of oils, larger than
around C36 are more difficult by conventional chromatographic methods 9 while
the presence of such compounds affect critically the viscosity and phase behaviour
of crude oils. Detection of amount of Asphaltene and resins and their aggregates has
been the major challenge in the crude oil extraction worldwide. Many techniques
have been developed Bl but each of them has its own drawbacks. Asphaltenes and
resins present in heavy oils are essentially invisible to the conventional NMR methods
due to their solid-like behaviour and short signal lifetime. Therefore, the detection
of their existence in the oil is accessible only indirectly by means of the behaviour
of the remaining maltene species. Considering the charge distribution of molecules,
it can be assumed that aromatic maltenes will interact strongly with the polycyclic
asphaltenes than alkanes53l,

In this chapter, the dynamic information of asphaltene molecules in crude oils
are investigated indirectly by observing the dynamics of maltene molecules in the
oil composition. In order to reduce the complexity of the crude oil system, it is
reasonable to investigate similar maltene species with a different nucleus, '°F in this
case, that is not abundant in natural crude oil. These molecular species, or tracers,
can then be easily distinguished by means of their spectral signatures.

In the first part of this chapter the relaxation studies of three types of crude oils
with different compositions are compared at a stationary field strength of 7.05T.
The second part deals with solutions with controlled concentrations of asphaltene
and an asphaltene-model molecule, violanthrone-78. The last part will deal with
some of the samples of the first part and second to study the frequency dependent
T relaxation times.
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7.1 Natural Crude Oils: A Comparative Study

Three crude oils are considered here: Asphaltene rich (A13), resin rich without
asphaltene (A0), and without asphaltene and resins (W0). The SARA composition
analysis of these oils are give in Table [3.I] Fluorinated solvents of aromatic and
aliphatic nature are chosen to be used as tracers. These compounds are listed in
Section NMR spectra of some of the tracers are shown in Fig. The
fluorinated tracers are added in small concentrations and it is assumed that the
tracers are homogeneously dissolved without altering the overall viscosity of the crude
oils. It is also assumed that the behaviour of the fluorinated compounds are similar
to their protonated counterparts which already exist in the crude oil composition
and their molecular dynamics and the relaxation mechanisms are comparable, apart
from a scaling factorP%8 that accounts for different molecular masses and dipolar
moments. And finally it is assumed that the dynamics of tracer molecules can be
approximated by a single function and not a distribution of relaxation times. Before
the addition of tracers to oils the bulk solutions of tracers as well as 2% dilution in
toluene-d8 were studied and the T} and T, of 19F nuclei were measured at a 7.05T
NMR spectrometer.

The addition of tracers allow the separation of intra- and intermolecular con-
tributions to the relaxation. The results are shown in Table [[.Il The relaxation
times in 2% diluted solutions are longer than bulk samples. Because the viscosities
of samples are almost identical to the corresponding bulk viscosities, the difference
in relaxation times are related to the absence of intermolecular relaxation mecha-
nism in dilute solutions. The T3 /T, ratios of bulk and 2% dilution are similar for
each tracer and reasonably close to 1, which is usually expected for a low-viscosity
liquid (wr << 1). For simple fluids the proton or fluorine NMR relaxation is domi-
nated by dipolar interactions modulated by local motions of the molecules. For small
molecules with rapid molecular tumbling the dipolar interactions are averaged out
and hence the relaxation times are long. In this case, 77 and T, relaxation times
are in the same range. The slight deviations seen in Table [7.I] can be related to
some experimental conditions in measurements such as imperfections in the rf pulses
which tend to generate shorter apparent T values or presence of other relaxation
processes besides dipolar interactions. It can also be attributed to the fact that the
samples were not degassed and interaction with oxygen might bring about a further
potential relaxation mechanism. The oxygen effect is mostly dominant at long re-
laxation times. In the relaxation study of the crude oil itself, the relaxation times
are short and the paramagnetic relaxation mechanism due to the dissolved oxygen
will be negligible 331,

The Ty /T values in Table are to be compared with the small amount of
tracers dissolved in different oils. Table summarizes the results of tracers in
asphaltene-free oil AO. The F longitudinal relaxation times of tracers in oil A0 are
shorter relative to the corresponding bulk values. This is a combined effect of the
prolongation of rotational and translational correlation times due to the enhanced
viscosity of the oil, as well as a variation of the density of high-y spins (*H and
19F) in the oil that are available for intermolecular relaxation. The most prominent
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Figure 7.1: YF- and 'H-NMR spectra of tracer compounds. The right/left limits
of the ppm axis correspond to the high/low field. Consider that the relative chem-
ical shift position of nuclei connected to aromatic rings and saturated groups are
inverse for F-spectra compared to the conventional 'H-spectrum which is due to
the electronegativity of F-atoms. That means, the nuclei on aromatic rings appear
at right side of the 'F-ppm scale. The three peaks (-125 — -150 ppm) for toluene-F8
correspond to ortho-, meta-, and para- positions. The (—CF5—)’s of octane-F18 also
appear at -110 — -120 ppm. The pentadecane-F32 is solid. The NMR measurement
was done by dissolving it in toluene-d8, which is only partially dissoluble. The line
broadening could be due to the overlap of the undissolved particles or because of the
overlap of several —CF4 groups of the dissolved pentadecane-F32.
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Table 7.1: 9F-relaxation times of bulk fluorinated tracers and 2% diluted solutions
in toluene-d8 (shown in paranthesis when available) at room temperature and a

magnetic field strength of 7.05T 7.

tracer T (s) Ts(s) T /T
octane-F18 1.32 (2.50) 1.12 (2.11) 1.17 (1.18)
pentadecane-F32 i 1.19 0.97 1.23
benzene-F6 2.20 (3.50) 1.78 (2.77) 1.22 (1.26)
toluene-F8 1.76 (3.02) 1.47 (2.26) 1.19 (1.34)
benzene-F2 4.70 3.76 1.25
toluene-F3 1.91 1.63 1.18
toluene-F5 2.35 1.98 1.18
(-CF3) octane-F18 1.51 (2.82) 1.23 (2.30) 1.23 (1.23)
(-CFy) octane-F18 1.23 (1.28) 1.07 (1.97) 1.15 (1.16)
(-CF3) toluene-F8 1.61 (2.37) 1.36 (2.06) 1.18 (1.15)
(-CsF5) toluene-F8 1.85 (3.44) 1.49 (2.67) 1.18 (1.29)

t Fitting errors are below 1% and 2% for bulks and 2%-solutions, respectively.

i Pentadecane-F32 was highly diluted in d-toluene since it is solid in ambient conditions.

contrast, however, is observed not in the absolute values of relaxation times but in
the Ty /Ts ratios. These ratio values typically range from 2 to 6. For fluoroalkanes the
results are similar to the corresponding bulk values (7} /T» =~ 2 — 3). Therefore the
viscosity effect on the molecular rotation times is negligible and wr << 1 remains
generally true. On the other hand, aromatic molecules systematically show more
pronounced T} /T» dependences (=~ 3 — 7). This can, again, not be attributed to the
viscosity because it can be safely assumed that the addition of 2% of any tracer does
not significantly affect the overall viscosity of the bulk oil.

Tables and also include relaxation times of different F carrying groups on
toluene-F8 and octane-F18. The tail —CF5 groups on both aromatic and saturated
alkane show longer relaxation times than the 'F nuclei on the aromatic ring or -CFy-
of the alkane chain.

For comparison, tracer molecules are investigated in the waxy oil WO which
mostly consists of saturated compounds, Table[7.3] Here, all four tracers, fluoroalka-
nes and aromatics, show only minimal 77 /T, deviations from their bulk values. The
main difference between oil W0 and A0 is that W0 contains almost exclusively linear
molecules where AQ includes higher content of aromatic maltenes plus some resins
(8%). The distinction between asphaltenes and resins is merely a definition by means
of solubility classes; resins also contain aromatic cores and can potentially contain
radicals. The increased Tj/T5 ratio of aromatics in AO may thus tentatively be
attributed to the interaction with resins.

In the asphaltene-rich oil A13, the range of T3 /T» ratio is much wider, Table
Aromatic tracers show a rapid increase of T7 /T3 to about 100 while aliphatic tracers
show only slightly more pronounced increase of Ty /T5 ratios compared with oil AQ.
The change of relaxation times in oil A13 could be related, to some extent, to the
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Table 7.2: ¥F-relaxation times of fluorinated tracers in oil AQ at room temperature
and a magnetic field strength of 7.05 T. The last row shows 'H-relaxation times of
normal benzene. f.

tracer Ti(s) Ts(s) Ty /Ty
octane-F18 1.00 0.40 2.52
pentadecane-F32 0.46 0.22 2.07
benzene-F6 0.95 0.23 4.13
toluene-F8 0.96 0.28 3.38
benzene-F2 2.39 0.35 6.81
toluene-F3 1.38 0.34 4.06
toluene-F5 0.97 0.16 6.26
(-CF3) octane-F18 1.46 0.55 2.65
(-CF4-) octane-F18 0.86 0.40 2.15
(-CF3) toluene-F8 1.49 0.47 3.17
(-C5F5) toluene-F8 0.73 0.21 3.48
n-benzene 2.63 0.45 5.84

1 Fitting errors are below 1% for T4, below 3% for T, and below 2% for n-benzene.

Table 7.3: YF-relaxation times of fluorinated tracers in oil W0 at room temperature
and a magnetic field strength of 7.05T t.

tracer T (s) T5(s) T, /Ty
octane-F18 1.10 0.79 1.39
pentadecane-F32 0.52 0.22 2.37
benzene-F6 1.80 1.15 1.56
toluene-F8 1.42 1.24 1.14
(-CF3) octane-F18 1.77 1.00 1.77
(-CF9-) octane-F18 1.15 0.77 1.49
(-CF3) toluene-F8 1.55 1.17 1.32
(-C5F5) toluene-F8 1.32 0.90 1.47

1 Fitting errors are below 1% for T} and below 3% for T5.



82 CHAPTER 7. CRUDE OIL

Table 7.4: F-relaxation times of fluorinated tracers in oil A13 at room temperature
and a magnetic field strength of 7.05 T. The last row shows !H-relaxation times of
normal benzene 7.

tracer T (s) Ts(s) T /T
octane-F18 0.724 0.146 4.96
pentadecane-F32 0.343 0.093 3.69
benzene-F6 0.655 4.40 x 1073 149
toluene-F8 0.673 9.15 x 1073 74
benzene-F2 1.380 12.7 x 1073 109
toluene-F3 1.175 21.2 x 1073 55
toluene-F5 0.651 3.50 x 1073 186
(-CF3) octane-F18 1.07 0.21 5.09
(-CFy-) octane-F18 0.64 0.14 4.57
(-CF3) toluene-F8 1.02 18.3 x 1073 55.7
(-C5F5) toluene-F8 0.49 4.64 x 1073 105.6
n-benzene 0.79 17.3 x 1073 45.7

1 Fitting errors are below 1% for T4, below 3% for T>. Fitting errors for n-benzene are about 6%.

viscose slow-down of the rotational correlation times (see viscosity data in Table.
However, in a previous study increased T; /T values were observed systematically for
asphaltene-rich oils even when compared to asphaltene-free oils of similar viscosity
(oil #9 in 1% corresponds to A13 of this study). The large obtained Ty /T values are
mainly because of the rapid decrease of T5 times, although 77 times also decreased
compared to other oils.

All results are well approximated by exponential relaxation behaviour so that fast
averaging between relaxation environments can be assumed; this relates to averaging
of tracers between the asphaltene environment and the bulk as well as averaging
over possibly existing different geometries and radical concentrations of individual
asphaltene aggregates. This causes slower tumbling motion of tracer molecules and
at tumbling frequencies smaller than the Larmor frequency of the observed nuclei
the two relaxation times 77 and 15 differ from each other.

7.2 Artificial Crude Oils: Asphaltene Solutions

So far, the relaxation enhancements observed for the oil with high asphaltene content
could be related, but not limited, to either/both the nuclear-electron interaction with
the unpaired electrons of asphaltenes or/and geometrical trapping of maltenes within
the asphaltene aggregates. In order to simplify the complex crude oil composition, a
set of artificial oil samples with controlled asphaltene concentrations were prepared.
The asphaltene used here was extracted from crude oilsand the solid powder could
be easily dissolved in predefined maltenes, i.e. alkanes and aromatics.

To investigate if and how the observed T} /T5 ratios in the previous section depend
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on the concentration of asphaltenes in oils, several sets of samples with controlled
asphaltene concentrations were prepared. This procedure can be a potential probe
for determination of asphaltene concentration in unknown oil samples. Two stock
solutions of 15% (w/v) asphaltene dissolved in toluene-d8 were prepared. The highest
concentration of asphaltene is chosen to be 15% since it is in the range of the highest
amount of asphaltene usually found in natural crude oils. By stepwise dilutions of
these solutions with toluene-d8 the lower concentrations of 8%, 4%, 2%, and 1% were
obtained. 2% (v/v) toluene-F8 was added to all concentrations (1-15%) of the first
set and 2% (v/v) n-toluene was added to the second set of samples as tracers. A third
set of samples with asphaltene concentrations 15% to 1% were prepared dissolved
only in n-toluene.

The spectra of toluene-d8 and n-toluene are presented in Fig. where the
aromatic and aliphatic signals are explained in the caption. The T} and T5 relaxation
times of toluene-d8, shown in Fig. for both aliphatic chain (—CF3) and aromatic
ring (—C5F5) decrease by increasing asphaltene concentration. The decrease of T3 of
—C;F5 is stronger than —CF5 while the variation of T5 values at different asphaltene
concentrations are similar to each other with slightly shorter 75’s for the aromatic
ring. The effect is better seen observing the T3 /T5 ratio variation. For both —CFjy
and —CsF5 increase of asphaltene concentration lead to almost linear increase of
Ty /Ty ratio. This effect is more significant for the aromatic ring-fluorine nuclei
than the aliphatic chain, about three folds larger effect. The larger T} /T3 ratios for
aromatic rings were also observed for the oil A13 in Table see (—CF3) toluene-F8
and (—C5F5) toluene-F8. However, the ratio obtained for oil A13 was, in general,
much larger than the ratio of 15% asphaltene solution in toluene-d8 shown in Fig.
This can be related to the viscosity differences that affect both the asphaltene
aggregates’ tumbling time and the molecular motions of toluene, both of which may
be related by joint maltene/asphaltene reorientations.

Notably, the F-T} relaxation times, especially at low asphaltene concentrations
(Fig. , for —CF3 group is longer than the —CyF5. As it was shown in the
previous section, the T) relaxation times for —CF3 groups of toluene-F8 in all oil
samples showed longer T} relaxation times than the aromatic —CsF5. The T /75 ra-
tio differences between aliphatic and aromatic groups are consistent with previous
findings.

The second set of samples with n-toluene as the tracer molecule in the asphal-
tene solutions of toluene-d8 suffered from overlap of proton signals of asphaltene
molecules. In principle, the asphaltene molecules in natural oils are invisible to the
liquid-state proton NMR. But due to the relatively rapid motion of asphaltenes in
toluene-d8 solutions the broad 'H-NMR signal of asphaltene remains prominent.
Figure shows the proton spectra of 2% toluene in toluene-d8 without and with
addition of asphaltene. The spectrum of 0% asphaltene experiences some line broad-
ening at the base which is due to proton impurities of toluene-d8 that appear with
slightly different chemical shifts in the spectrum. By addition of asphaltene a clear
broad peak centred at 1.5 ppm grows systematically which overlaps with the —CHjy
peak of toluene. At the aromatic region of the spectrum no such significant peak cor-
responding to the asphaltene is observed except for the shoulders at around 7.8 ppm.
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Figure 7.2: a) T1, b) Ts, and c) Ty /75 ratio of '°F nuclei of 2% toluene-F8 solution
in toluene-d8 with varying amounts of asphaltene. Each graph shows the aliphatic
(—CF3) and aromatic (—C5F5) parts of toluene-F8.
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Figure 7.3: 'H-spectra of different concentrations of asphaltene in a solution of 2%
toluene in toluene-d8. The chemical shifts are adjusted for toluene peak of 2.2 ppm
to be comparable.

Although the peaks of toluene and asphaltene overlap, the NMR relaxation signals of
these mixtures could be separated to long and short relaxation components for both
aliphatic and aromatic regions. Figure [7.4] shows the results for the aromatic region
of the proton NMR signal. The aliphatic region of the spectrum leads to multi-
exponential 75 components (data not shown here) with frequently long 75 times (for
the peak at ~ 1.5 ppm) which correspond to more mobile side chains of asphaltenes.

The longe 71 and 75 relaxation components are attributed to the toluene molecules
that are concentration dependent, Fig. [7.4aHbl The shorter components, which are
concentration independent, are related to the aromatic parts of asphaltene molecules,
T1 =~ 0.6s and T3 ~ 5ms. Such short 75 times correspond to the tumbling of the as-
phaltene aggregates. Assuming a single correlation time and validity of BPP model,
a characteristic time of 3.5 x 107Ys is obtained. The T} /Ty ratios of the toluene
tracer increase by one order of magnitude by increasing the asphaltene concentra-
tion from 1% to 15%, while for asphaltene no change of T} /T» ratio (=~ 100 to 150) is
observed which is expected for a system of aggregates in an environment with con-
stant viscosity. Using the Stokes-Einstein relation 7ot = 47rr317/ 3kgT and assuming
a viscosity of 0.6 cP at room temperature, the above correlation time corresponds
to a hydrodynamic radius of 1.8 nm which is in the range of reported aggregate sizes
in oils 1O Additionally as a proof, the relative contribution of the short T} re-
laxation time in the biexponential signal is plotted as a function of concentration of
asphaltene in Fig. [7.4d]

The third set of samples were prepared with varying the asphaltene concentration
in pure n-toluene. The 717 and T relaxation curves for the aliphatic and aromatic
regions show monoexponential behaviour. The relaxation times and the ratios are
shown in Fig. The T7 and T values of the aromatic ring match the values in Fig.
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Figure 7.4: a) Ty, b) Ty, and c) T1/T5 ratio of aromatic 'H nuclei of 2% n-toluene
solution in toluene-d8 with varying amounts of asphaltene. Each graph shows aro-
matic protons stemming from toluene and asphaltene molecules. d) Relative ratios
of asphaltene signals as a function of asphaltene concentration.
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Figure 7.5: a) T1, b) Ty, and c) T} /T ratio of aliphatic and aromatic 'H nuclei of
n-toluene with varying amounts of dissolved asphaltene.
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Table 7.5: YF relaxation times of fluorinated tracers in 10% solutions of VO-78
and asphaltene in d-chloroform at room temperature and at a magnetization field
strength of 7.05T f.

VO-78 H Asphaltene
tracer Ti(s) Ta(s) Th/T» H Ti(s) Ta(s) Ti/Th

benzene-F6 5.59 3.56  1.57 3.78  0.13  29.2
octane-F'18 217 147 148 294 142 2.07

1 Errors are below 1% for T7 and below 3% for T5.

[7.4] The aliphatic chain of n-toluene, here as well, shows shorter T relaxation times
than the aromatic ring. On the other hand, the T5 values of aromatic and aliphatic
groups are similar. This leads to similar 77 /T5 ratios for different concentrations of
asphaltene while having slightly higher ratios for the aromatic part. The difference
between 9F- and 'H-T} /T ratios were observed in the previous section upon doping
toluene-F8 and normal toluene to the oil A13 where a weaker asphaltene concentra-
tion dependence was also observed for protons (compare Table with Figs and

7).

7.3 Model Asphaltene Molecule: VO-78

The Violanthrone-78 (VO-78) has been proposed to be a possible model molecule for
asphaltene. The chemical structure of VO-78 is shown in Fig. Apart from the
promising applications of polyaromatic hydrocarbons in different scientific areas, the
molecular stacking behaviour of VO-78 as a polyaromatic hydrocarbon in different
organic solvents can reveal information on the nature of interaction of maltenes
with polycyclic aggregates in general, and with asphaltene aggregates in particular.
Therefore, the nuclear spin relaxation method is used here to study and compare the
maltene interaction of a designed polycyclic molecule VO-78 with natural asphaltenes
of not-completely-known structure. Despite the structural similarities between VO-
78 and asphaltenes, VO-78 was found to contain much less radicals than natural
asphaltenes, which is probably as a result of its synthesis process (140 time less or
1 radical in 5000 VO-78 molecules). Due to the low solubility of VO-78 in toluene,
VO-78 was dissolved in chloroform-d to make a 10% (v/w) stock solution. Trace
amounts of maltene tracers (benzene-F6 and octane-F18) were added separately to
this solution. Similar asphaltene solutions in chloroform-d solvent were prepares for
the sake of comparison. The results of '9F relaxation time measurements of these
samples are shown in Table|7.5| The VO-78 solution show almost equal T} /T5 values
for both benzene-F6 and octane-F18 tracers while asphaltene solutions show larger
T, /T ratio for benzene-F6, confirming the previous observations although the solvent
(chloroform-d) type is different.

This behaviour can be correlated to the absence of radicals in VO-78. However,
the radical content is not the only difference of VO-78 and asphaltene. The aggre-
gation and stacking behaviour of VO-78, to the best of our knowledge, has not been
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Figure 7.6: 'H-spectra of 10% solutions of a) VO-78 and b) asphaltene in CDCl;.

Table 7.6: !'H-relaxation times of 10% solutions of VO-78 and asphaltene in
chloroform-d that lead to the largest 77 /T, ratios measured at room temperature
and at a magnetization field strength of 7.05'T {. See Section [§ for detailed relax-
ation times.

Aromatics Aliphatics
T1 (S) T2 (S) T1 /TQ T1 (S) T2 (S) Tl/TQ

VO-78 1.1 0.27 4.0 0.35 0.16 2.1
Asphaltene 0.75 2.6 x 1073 290 0.66 2x1073 330

+ Errors are below 3%.

found and investigated experimentally. Molecular dynamic simulations have shown
the possibility of VO-78 stacking at tens of nanosecond scale M1 However, the
19F relaxation results did not reveal such aggregation of VO-78 in chloroform-d.

The 'H spectra and relaxation times of the 10% VO-78 and asphaltene in CDClj
were also measured and compared with each other (Fig. [7.6). The !'H-spectrum
of VO-78 gives NMR lines which are narrower than the asphaltene at the same
situation. This could be partially related to the viscosity difference in two samples.
But since the viscosities are not significantly different, the broad peaks of asphaltene
can stem from wide distribution of polyaromatic hydrocarbons present in the natural
asphaltene extracted from crude oils. The relaxation times for each of proton groups
in Fig. are analysed. The 77 and 7% relaxation time distributions of the NMR
lines in VO-78 and asphaltene are given in Table [7.6l The detailed relaxation times
of each proton group can be found in the Section [§

The T} /T» ratios of VO-78 are consistently found to be less than 5 while the same
for asphaltenes are found to be approximately 300. The corresponding correlation
times for the above ratio values of the aromatic parts (backbone) are 5.4 x 10795
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Figure 7.7: 9F relaxation times of fluorinated tracers in oils A0 and A13 at room
temperature as a functin of 'F Larmor frequency. The dashed line shows the power
law fit of toluene-F8 in A13 data between 1 and 20 MHz.

and 6.5 x 107%s, respectively. Addition of 5% fluorinated tracers does not change
any of the 'H relaxation times by more than 10% (see Section . Although the
motional narrowing limit is not fulfilled for any of these solutions (wr > 1) and
therefore no quantitative result can be derived, one can, nevertheless, argue that
if VO-78 aggregates exist, they must be substantially much smaller than those of
asphaltenes.

7.4 Field-Cycling NMR Relaxometry

The T} /T» ratio constitutes an approximate approach to the dynamic properties of
a molecule and is rather straightforward to acquire even under borehole conditions.
On the other hand, it gives the reorientational information of molecules at a certain
frequency. Obtaining the full reorientation spectrum requires the discussion of the
frequency dependence of the longitudinal relaxation time, 77(w), over a range of
resonance frequencies as wide as possible, a method that is currently available only
on the lab scale. In this section, results of the field-cycling experiments on the
samples discussed in previous section are presented.

The field dependent longitudinal relaxation experiments were carried out on two
oils, A0 and A13, without and with asphaltene content, respectively. Three perfluo-
rinated tracers were dissolved in oils at about 5% (w/v): two aromatics (benzene-F6
and toluene-F8) and one aliphatic (octane-F18). Despite of the low signal-to-noise
ratio of the fluorine signal, good quality T3 dispersion profiles were obtained. All the
magnetization signal decays were found to be monoexponential within experimental
errors. The Ti(w) are shown in Fig.

Strong frequency dependences are visible for benzene-F6 and toluene-F8 in oil
A13 whereas much weaker frequency dependences are seen for all substances in oil
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Figure 7.8: 'H- and YF-T} (w) of 15% asphaltene solution in n-toluene (black) and in
toluene-d8 with 5% toluene-F8 (red). The data in grey are F-T} (w) of toluene-F8
in oil A13 (from Fig. presented for the sake of comparison. Linear fits of 77 (w)
between 1 and 20 MHz are given for each data set.

A10 and also for the octane-F18 in oil A13. The strong dispersion in the frequency

dependence of T values are consistent with the large 77 /75 ratios seen previously for

aromatic tracers in asphaltene-rich oils since the theory requires that lim0 T (w) o< Ts.
w—

The dispersion indicates that the reorientational processes in the time range of
1078s to 107%s (and possibly longer) are relevant for the relaxation mechanism.
Between frequencies of about 1 and 20 MHz the dispersion can tentatively be ap-
proximated by a power-law relation Tioc w7, It is known that in the presence of
radicals, which are almost always associated with the presence of asphaltenes, the
relaxation dispersion becomes more pronounced as the term 1/7¢ in Eq.
begins to dominate.

Similar experiments are performed with artificial crude oil samples of 15% asphal-
tene dissolved in n-toluene and d8-toluene. 5% toluene-F8 was added to the latter
solution as tracer. The outcome of the frequency dependent 'H- and 9F-T relax-
ation experiments are shown in Fig. The frequency dependence is much stronger
for the case of F-T1(w) and a power law fit at the frequency range of 1 MHz to
20 MHz gives T(w) o< w06, which is consistent with the power law behaviour seen for
the toluene-F8 in oil A13 (Fig.. However, the frequency dependence is shallower
by almost half for the n-toluene solution of asphaltene. Smaller T} /T5 ratios were
also observed in the previous section for 'H relaxation times in comparison with
YF (n-benzene vs. benzene-F8 in Table [7.4)).

The asphaltene aggregates can be considered as locally flat (2D) geometries. A
model developed by KorbM45l where adsorbate molecules are allowed to interact
with the radical containing asphaltenes at a characteristic residence time 74, and
probe the surface structure by diffusing along the surface for a time 7, where 75 >>
Tm- The observed spin-lattice relaxation rate in this case can be written as
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1/Ty(wp) = 1/TP%(wr) + const 7y
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where wy and wg are the nuclear and electron Larmor frequencies, respectively. leulk
is the relaxation time in the bulk without interaction with the asphaltene surface
and generally is frequency dependent and summarizes the contributions of Tinta
and Tinter - Considering the very broad Ty distribution known from crude oils and
particularly from oils with asphaltene ™ a model fit requires consideration of an
average Ti M4 However, this requires to assume that all molecules behave the same
way in the presence of asphaltene and the characteristic times 73 and 7, are mere
functions of the molecular size. However, a previously reported relaxation dispersion
by Korb et al.l for a crude oil with 9% asphaltene showed a weaker frequency
dependence (Ti~ w%2) compared to our finding in Fig. for the oil with 13%
asphaltene.

It needs to be remarked that only a small number of asphaltene molecules con-
tain radicals and, thus, contribute to the proposed mechanism. An upper limit of
5% radical was estimated from EPR measurements. Typical concentration of un-
paired electrons are as following: 1 to 3 per 100 asphaltene molecules™9 and 1 per
90 bitumen molecules™ . This explains why, despite the line-broadening effect of
radicals, spectral features have been observed clearly in asphaltene solutions, and
even line-specific relaxation times of the asphaltenes themselves could be assigned
(for instance see Fig. [1)).

Similar strong dispersions were also observed for some types of oils by Zielinski et
al. FIOII8] - The model proposed for asphaltene by these authors assumes loose porous
structure for asphaltene aggregates. In fact the existence of fractal structures of di-
mension df < 3 have already been shown for the asphaltene aggregates by neutron
and X-ray scattering experimentsBZ33119 - The solvent molecules can diffuse through
porosities and are in fast exchange between the bulk and the porous asphaltene ag-
gregates. The solvent molecules which come into contact with asphaltene aggregates
get entangled with them but not completely immobilized. At this step, the trans-
lational dynamics of solvent molecule become highly correlated and the diffusion of
maltene molecules can be modelled as diffusion in restricted dimensions character-
ized by a timescale 1y;. On the other hand, the whole asphaltene aggregate, together
with the confined maltene molecules, experience rotational Brownian motion with a
time scale 7o which is related to the size of aggregate through the Einstein-Stokes
equation. Additionally, the nuclear spins of the entangled maltene tracers (‘H or
19F) undergo dipolar nuclear spin relaxations enhanced by the electronic spins on
paramagnetic centres or free radicals embedded in the asphaltene molecules. This
dipolar interaction is modulated by the composite motion of the restricted maltene
diffusion and the overall tumbling of the aggregate. If these two motions are assumed
as uncorrelated, at long times the correlation function becomes ™18l
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G(t) = (t/ma) ™ exp(—t/Ta), (7.2)
where d is the dimensionality of the diffusive motion of the maltene molecules inside
the asphaltene aggregates. For d = 1 the corresponding spectral density is computed

1/2
J(w) x Rimm7a/(1 + iwTa) , (7.3)

where 1\ scales with the maltene molecular size. For small molecules with shorter
M the relaxation induced by asphaltenes is less than for large maltenes with longer
™. However, this model does not predict frequency dependent relaxation rates for
d > 1. Additionally, the aromaticity and different shapes of the maltene molecules
are not considered in this model 53l

The above theory assumes the molecular tumbling of the aggregate itself. How-
ever, strong frequency dependent relaxations (~ w%370-6) were also found in a dif-
ferent system of radical containing mesoporous catalyst of coke-covered surface filled
with organic fluidsM2%. In this system, no tumbling of large molecules or aggregates
can occur, thus the apparent power-law behaviour cannot be justified by the same
dynamical process.

So far, one relaxation process for the 'H and F nuclei of maltene molecules
is considered to be the dipolar interaction between nuclei and electrons of possible
radicals of asphaltene aggregates. Since the dipolar coupling between a quadrupolar
nuclei and electron is too weak, if one can substitute all the protons of the maltene
with deuterium, then it will be expected that no effective dipolar relaxation should
occur and therefore no ?H-T; relaxation dispersion will be expected. Deuterium
substitution is achieved by dissolving asphaltene (15% w/v) in toluene-d8. The
2H-T, dispersion of this sample is shown in Fig. The ?H-T; magnetization
recovery curves showed a clear bi-exponential behaviour at all measured frequencies.
The relative contribution of the short 77 component being approximately double
of the long component implying the number ratio of the aromatic to the aliphatic
deuterium nuclei in a toluene-d8 molecule. The longer 77 components show slightly
more dispersion (40 folds) than the short components (10 folds) from 2MHz to
1073 MHz of 2H-Larmor frequency.

7.5 Discussion

The addition of fluorinated tracer molecules to the natural crude oils made it possible
to track the molecular interactions of maltenes with asphaltenes and/or resins. The
lack of fluorine nuclei in natural oil compositions facilitates the use of T /7% ratio
of 9F nuclei as a measure of interaction in these natural oils. T} /Ty ratios of order
of 100 was found for the unsaturated tracer molecules, e.g. benzene-F6 and toluene-
F8, in the asphaltene-rich oil A13. However, much shorter ratios of about 5 were
obtained for saturated tracers, e.g. octane-F18 and pentadecane-F32, in the same
oil.

The measurement of such distinct ratios in crude oils had not been reported
previously P, This difference is explained by an increased interaction time of the
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Figure 7.9: 2H-T} relaxation dispersion profile for the 15% asphaltene dissolved in
toluene-d8. The relative contribution of short component is nearly double of the long
component.

aromatics with the polycyclic asphaltene surfaces as a consequence of m — 7 stack-
ing mechanism that has been reported before to govern the clustering phenomena
of resins and asphaltenes. According to the current models, nuclear spin relaxation
is dominated by the presence of radicals being associated with the asphaltene ag-
gregates, and the longer interaction time of the maltenes in the vicinity of these
aggregates makes dipolar relaxation of the '”F by the electron spin more efficient.
This concept would apply irrespective of the location of the predominant maltene
molecules, either on the outer surface or within the voids of the asphaltene aggre-
gates.

The asphaltene-free oil A0 which contains 8% resins showed less pronounced
effects comparing with the same aromatic tracer molecules in oil A13. Nevertheless,
the ratios of aromatic tracers were double of the aliphatic tracers in oil AQ. Based on
the relaxation model, the relatively small ratio differences imply that the oil A0 and
resins therein should not contain considerable amount of unpaired electrons. This is
confirmed by some EPR measurements that resins of oil A0 contain 100 times less
radicals than asphaltenes of oil A13. The asphaltene- and resin-free oil W0 showed
almost equal ratios for aromatic and aliphatic tracers.

The stronger interaction of aromatic tracers with the polycyclic asphaltene sur-
faces results high relaxivity and hence, larger T} /T5 ratio B3I21 | 1 such a condition,
it is expected that the mobility of the whole tracer molecule is affected, not only the
aromatic part. However, the experiments with partially fluorinated toluene tracers
toluene-F3 and toluene-F5, with fluorinated methyl group and fluorinated aromatic
ring respectively, show longer relaxation times for the —CF3 group of toluene-F3. The
ring fluorines in toluene-F5, on the other hand, give even higher T;/T5 ratio than
ring fluorines of toluene-F8. This difference is explainable considering the electronic
clouds of the aromatic rings and the resultant m — 7 stacking probabilities. Indeed,
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the fast-rotating methyl group in any molecule is known to maintain its higher mo-
bility down to very low temperatures, and the autocorrelation function of its spin
vectors is a sum of contributions of the fast rotation about the Cs symmetry axis
and the overall tumbling of the molecule. It is, thus, less susceptible to an extension
of the molecular reorientation correlation time, a fact that has also been proven by
measuring the relaxation times of the ring and methyl group moieties of toluene-F8
separately, as shown in Tables to The same is true for alkanes where, for
instance, the fluorine atoms in the terminal (—CF3) groups in octane-F18 possess
Ty and Ty values slightly longer than those of the (—CF,—) fluorine nuclei. First
preliminary results on the 'H-relaxation times of benzene added at a concentration
of ca. 5% to oils A0 and A13 are of similar magnitude and confirm the validity of the
observations found for '”F nuclei, so that a nucleus-specific effect must be considered
unlikely. The slightly larger difference observed in 77 /T, of benzene compared with
the fluorinated benzene is due to the overlapping of the benzene chemical shift with
the aromatic protons of asphaltene.

The Ty/T5 ratios in the artificial oils made by dissolving controlled amounts
of extracted asphaltenes in toluene-d8 showed similarly large ratios for toluene-F8
tracers. The ratios increased linearly with the concentration of asphaltene being
stronger for the aromatic part of toluene-F8. The protonated toluene was also used
as a tracer which showed as well an asphaltene concentration dependent increase
of the ratio while obtaining the ratio values about half of the same for the fluorine
tracers. The different interaction nature of the fluorinated and protonated tracers
which leads to differences in the 77 /75 ratios was also seen in crude oils. The signal
of the asphaltene itself led to much larger ratios of around 100.

The violanthrone-78, although known as a model molecule for asphaltenes, did
not show similar ratios at equal concentrations compared with the asphaltene so-
lutions22,  This was related to the weaker aggregating behaviour as well as the
absence of unpaired electrons in the structure of VO-78.

Frequency-dependent NMR relaxation time measurements confirm the large dif-
ference between aromatic and aliphatic tracers in the asphaltene-containing oil as
well as asphaltene solutions. The frequency dependence of the T} relaxation times
at Larmor frequencies w/2m between 10 and 108 Hz showed a strong frequency de-
pendence of approximately Tj~ w%6=07 for the fluorinated tracers while a shallower
dependence of about Tj~ w®3 for the protonated tracer. The explanation of such
dependences requires the development of an improved model of molecular reorienta-
tion taking into consideration not only the size but also the aromaticity of the tracer
molecules, and hence the maltene. The proposed method not only provides a possi-
bility to differentiate between the molecular mechanisms leading to NMR relaxations
from a fundamental point of view but also represents a means of selectively address-
ing the interaction of maltene with asphaltenes and, thus, to identify the presence
of asphaltene molecules by addition of small amounts of tracers. These experiments
proved the efficiency of benzene-F6 and toluene-F8 in detecting even small concen-
trations of asphaltene due to the large sensitivity of NMR relaxation times. This
approach will allow, on a laboratory scale, to avoid the time-consuming SARA anal-
ysis. A downhole application, requiring the injection of tracer substances, can be of
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potential interest if carried out at specific instants and with small amounts that do
not contaminate the reservoir; fluorine-containing drilling mud may be considered as
a possible tracer source.
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Chapter 8

Summary and Outlook

Since the emerge of the focused research on the room temperature ionic liquids nu-
merous researchers have tackled different aspects of these materials, yet the answers
to the most fundamental questions remain blurred. The main reason lies in the
facts that ionic liquids can be multi-diverse in behaviour. The large functioning
temperature range of them adds to their physicochemical complexity. In the frame
of this thesis two main research topics were followed. The first topic had a focus
on two groups of ionic liquids in bulk phase and in nano-porous confinement with
a special consideration on the supercooled temperature regime. The second topic
tackled a long-standing challenge in the crude oil industry to identify and determine
the macromolecules and asphaltenes in the heavy oils. The main analytical methods
employed were the nuclear magnetic resonance (NMR) relaxometry and diffusometry.
The highlights of these studies are summarized below.

The supercooled temperature regimes of each ionic liquid in the bulk state was
determined by the differential scanning calorimetry (DSC) method. The thermal
behaviour and transitions were discussed from the view points of kinetics and ther-
modynamics. The NMR frequency dependent relaxation and diffusion measurement
were carried out for the supercooled temperature ranges. Nuclear spin relaxation
models considering different possibilities of molecular interactions were assumed and
detailed fitting procedures were performed on the experimental data. The correlation
times for translational and rotational motions of individual ions were resulted from
the fittings. The non-Arrhenius behaviours of translational motions were found to
be a general property for all of the ionic liquids under study while the rotational dy-
namics followed Arrhenius temperature dependences. A general trend was seen that
cations and anions of same ionic liquid had similar temperature dependent trans-
lational behaviour. For the case of Bmim Tf2N ionic liquid the ratio of minimum
distance of approaches ( of (anion-to-anion distance)/(cation-to-cation distance) was
calculated from the relaxation times. At above the melting point of Bmim Tf2N this
ratio found to be around unity while at temperatures approaching the glass transi-
tion it decreases systematically. This observation was interpreted as the transition
of Bmim Tf2N from an ideal to a non-ideal behaviour: the motion of anions with
respect to the neighbour anions are more cooperative that the motion of cations
with respect to the neighbour cations. This observation is confirmed by the Vogel-
Fulcher-Tammann fits to the temperature dependence of translational correlation
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time where a slightly larger k value — degree of fragility or cooperative dynamics —
was found for the anion-anion translational dynamics that for cation-cation. How-
ever, the degree of cooperativity between anions-and-cations remained the largest
that could correspond to their ionic nature.

The translational correlation times for the case of Bmim Br and Hmim Br were
found for the cations and by assuming the radii values for cations the relative min-
imum distances of approach for cation-cation were calculated from the relaxation
times. Although a similar temperature dependences for the translational correla-
tion times were found for Bmim and Hmim, the distances between cation-cation for
Bmim Br was found to be larger at temperatures approaching the glass transition
while Hmim Br showed almost constant cation-cation distance at the same temper-
atures. This difference in temperature dependence of cation-cation distance could
be justified from the DSC studies. Hmim Br showed no other transition than the
glass transition which indicated that the ions in Hmim Br did not tend to obtain
a cooperative dynamics even at deeply supercooled temperatures. A unique feature
observed in all studied ionic liquids that could supercool until the glass transition
was the crossover temperature T.. At this temperature, the temperature dependence
of the dynamic properties of ions deviated from their high temperature trend. This
had been known for molecular glass forming liquids for a long time and some similar
observations for ionic liquids were reported. But no systematic study on ionic liquids
had shown this unique crossover transition for the ionic liquids investigated in this
study.

The frequency dependent relaxation times of Bmim Tf2N ionic liquid confined in
Vycor glass with pore size of 4nm were obtained. The analysis of these relaxation
times were not possible without having the knowledge of the bulk IL behaviour since
there is a bulk-like free phase in the porous media. Assuming that IL molecules could
be exchanged between the surface-bound phase and the free phase within the time
of the longitudinal relaxation time, the contribution of free phase could be removed
from the original relaxation data. This assumption could only be valid in the fast
motion limit of the bulk IL. Therefore, detailed analysis of the motional limits of bulk
Bmim Tf2N was carried out. Different dynamical mechanisms were considered for
the molecule in the surface-bound layer in the frame of the RMTD (Reorientations
Mediated by Translational Displacements) mechanism. It could be concluded that
the power law frequency dependence of ~ 106 for the relaxation dispersions observed
in the proton Larmor frequency range of between 10 MHz and 0.1 MHz were resulted
from the long-range surface displacements — known as the a process in the RMTD
mechanism. Similar power laws were observed for cation and anion of the ionic liquid.
This was found to be consistent with previous studies where the strong dispersions
were more dependent on the polarity of the liquid and mostly independent on the
polarity of the silica surface groups. However, the observation of similar behaviour
of cations and anions of ionic liquid at the surface of nano-porosities had not been
reported previously.

A comparative study on three types of crude oils with completely different com-
positions were carried out. The '“F-nuclei on the fluorinated aromatic and aliphatic
organic solvents were used to trace the interaction strength with the macromolecules
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and asphaltenes inside the oils. The relaxation time ratios of T; /Ty were used as
measures of interaction strength or the prolonged dynamics of tracer molecule in
the presence of interactions. It was found that crude oils with a higher content of
asphaltene lead to larger relaxation ratio values while the absence of asphaltenes
resulted much smaller ratios. Solutions with defined concentrations of asphaltene
were prepared in deuterated organic solvents and the concentration dependence of
the Ty /T, were investigated. Concentration dependent behaviours were found for
the aromatic tracers. Similar measurements on a molecule proposed to be a model
for asphaltene was carried out and no significant T3 /T, ratio was observed at its
highest concentration. The frequency dependent relaxation studies revealed strong
dispersions with a power law frequency dependences of v%7 for the aromatic tracers
inside the asphaltene rich oils. The proposed method provided a selective method in
identifying and determining the presence and concentration of asphaltene in crude
oils. The large sensitivity of this method for small concentrations of the fluorinated
solvents in oils could be an easier alternative to the costly SARA analysis and en-
lightens the possibility of a feature application in the oil fields.
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Appendix A

Relaxation Times of VO-78 and Asphaltene

The relaxation times represented in Table correspond to the proton groups which
give the largest Ty /T» ratios. Here the detailed relaxation times corresponding to
each proton groups (chemical shifts) of 10% VO-78 and asphaltene in CDCl; solutions

are shown in Fig.
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Figure 1: 'H-spectra of 10% solutions of a) VO-78 and b) asphaltene, in CDCl,
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Figure 2: 'H-spectra of 10% solutions of a) VO-78 and b) asphaltene, in CDCl; with
addition of 5% benzene-F6 tracer.

The addition of 5% tracer solvent (benzene-F6) has a minor effect on the 'H-
relaxation times which are shown in Fig. [2]
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Appendix B

Fitting Procedures by Python

A set of Python 2.7 scripts were written for the data analysis. Below the step by
step procedure for the fitting of a 77 relaxation dispersion profile of Bmim Tf2N will
be explained. For the cases of Bmim Br and Hmim Br the procedure will remain the
same with a difference that the heteronuclear interaction terms will not be included
in the total relaxation function.

The fitting procedure for Bmim Tf2N starts with reading the T; relaxation values
for different Larmor frequencies for 'H and 'F at every temperature. The frequency
values must match for both nuclei (considering the gyromagnetic ratios). The input
file takes the Larmor frequencies, relaxation times, and the absolute error values in
three columns. The function takes the 'filename’ and returns the Larmor frequencies
(omega), relaxation rates (R1) and the error values of the relaxation rates (R1Err).

import numpy as np
import os.path

def readFile(filename):
""" Reads data file as 2 or three columns

separated by space and . as decimal mark """
# ------ Experimental data --------- begin ----
if os.path.isfile(filename) == False:
ValueError ("Filename not entered or does not exist!")
else:
pass
inFile = open(filename, ’r’)
omega = np.array ([])

T1 = np.array([])
Err = np.array ([])
for aline in inFile:
values = aline.split( )
if len(values) ==
omega = np.append(omega ,le6*np.float(values [0])*2*np.pi )
Tl = np.append(T1l,np.float(values[1]) )

if len(values) == 3:
omega = np.append(omega,le6*np.float(values [0])*2*np.pi )
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T1 = np.append(T1l,np.float(values[1]) )
T1Err = np.append (Err,np.float(values[2]) )
R1 = 1.0/T1

R1Err = T1Err/T1x*2

data = ([omega,R1,R1Err])
return (data)

# ------ Experimental data --------- end ----

The append approach above allows reading of data files with varying data points.
The frequencies in the field-cycling output file are usually expressed in MHz units.
The frequencies above are calculated in angular frequency units (rad/s).

The intramolecular and intermolecular spectral density functions can be defined

according to Egs. (2.11]) and (2.15)), respectively.

def J_intra(tau, omega):
J = tau / (1 + (omegax*tau)**2 ) + 4xtau / ( 1 + (2%xomega*tau)**2 )
return (J)
"""The intermolecular spectral density can be of homonuclear (II)
or heteronuclear type (IS or SI)"""
def J_inter(tau, omega,lo,hi,iteration_num):
from scipy.special import jv # jv(v, z), Bessel function
integ_w = np.zeros(len(omega))

int_range = np.linspace(lo,hi,iteration_num)

def func(tau,omega,u):
f = jv(l.5,u)**2 * u/(u*x*x4 + (omega * tau)*x2)
return (f)

for io in range(len(omega)):
f = func(tau, omegaliol, int_range)
value = simps(f, x=int_range)
integ_w([io] = value

J = tau * integ_w

return (J)

def J_II(tau, omega_I,lo,hi,iteration_num):
J = 1.0%J_inter(tau, omega_I,lo,hi,iteration_num) \
+ 4.0%J_inter (tau,omega_I,lo,hi,iteration_num)
return (J)

def J_IS(tau, omega_I, omega_S,lo,hi,iteration_num):
J = J_inter(tau, omega_I - omega_S,lo,hi,iteration_num) \
+ 3.0%J_inter (tau, omega_I,lo,hi,iteration_num)\
+ 6.0%J_inter (tau, omega_I + omega_S,lo,hi,iteration_num)

def J_SI(tau, omega_S, omega_I,lo,hi,iteration_num):
J = J_inter(tau, omega_I - omega_S,lo,hi,iteration_num) \
+ 3.0%J_inter (tau, omega_S,lo,hi,iteration_num)\
+ 6.0%J_inter (tau, omega_I + omega_S,lo,hi,iteration_num)
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return (J)

The intramolecular spectral density function takes the tau and omega values as
input while the intermolecular function J-inter takes also the low and high integration
limits and the integral iterations as constants. The Simpson’s numerical integration
rule is used here.

The relaxation rate functions for intra molecular and intermolecular — homo and
hetero — are defined according to Eqs. (2.27) and (2.31)) as below. Consider that the
dipolar coupling constants are not yet implemented in the relaxation rate functions
and will be considered in the total relaxation rate function in the next step.

def Rlintra(self, w, tau):
Rl = sd.J_intra(tau, w)
return R1

def R1II(self, wl, tau):
R1_II = sd.J_II(tau, wI,self.lo,self.hi,self.niter)
return( R1_II )

def R1IS(self, wI, tau):
R1_IS = sd.J_IS(tau, wI, wl*self.ratioFonH ,\
self.lo, self.hi, self.niter)
return( R1_IS )

def R1SS(self, wI, tau):
R1_SS = sd.J_II(tau, wl*self.ratioFonH,\
self.lo, self.hi, self.niter)
return( R1_SS )

def R1SI(self, wI, tau):
R1_SI = sd.J_IS(tau, wIlIx*self.ratioFonH, wI ,\
self.lo, self.hi, self.niter)
return( R1_SI )

By taking all the fitting parameters the total relaxation rate function is given by

def Rltotal_min(self, params,w,data,sig):
KTII = params[’KTII’].value
tauTII = params[’tauTII’].value

KTIS = params[’KTIS’].value
tauTIS = params[’tauTIS’].value

KRI = params[’KRI’].value
tauRI = params[’tauRI’].value

KTSS = params[’KTSS’].value
tauTSS = params[’tauTSS’].value

KTSI = params[’KTSI’].value
tauTSI = params[’tauTSI’].value
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KRS = params[’KRS’].value
tauRS = params[’tauRS’].value

R1I = KTII * self.R1II(w,tauTII) + \
KTIS * self.R1IS(w, tauTIS) + \
KRI * self.Rilintra(w, tauRI)
residsI = R1I - datal[O0,:]

R1S = KTSS * self.R1SS(w, tauTSS) + \
KTSI * self.R1SI(w, tauTSI) + \
KRS * self.Rilintra(w, tauRS)
residsS = R1S - datall,:]
weighted = 0.0xdatal[:]
weighted[0,:] = residsI**2/datal[0,:]*%*2
weighted[1,:] = residsS#**2/datal[0,:]*%*2
return weighted.flatten ()

By defining all the relaxation functions as above the fitting procedure can be
started. The minimization function of the scipy.optimization package using the
Levenberg-Marquardt method is used for this purpose.

def 0OnClick_Minimize( self, event ):

# parameter definitions
params = Parameters ()
params.add (?’KTII’, value = self.KTII)
params.add(’tauTII’, value = self.tauTII)

params.add (’KTIS’, value = self.KTIS)
params.add(’tauTIS’, value = self.tauTIS)

params.add(’KRI’, value = self.KRI)
params.add (’tauRI’, value = self.tauRI)

params.add (’KTSS’, value = self.KTSS)
params.add(’tauTSS’, value = self.tauTSS)

params.add (’KTSI’, value = self.KTSI)
params.add (’tauTSI’, value = self.tauTSI)

params.add (’KRS’, value = self.KRS)
params.add(’tauRS’, value = self.tauRS)

params.add(’epsl’, value = self.epsl, vary=True)
params.add(’eps2’, value = self.eps2, vary=True)
params.add(’rr’, value = self.rr, vary=False)

params [’tauTIS’].expr =’tauTSI’
params [?KTIS’].expr = ’KTII / (8.475 * epsl*%x3)°’
params [?KTSI’].expr = ’KTSS / (1.062 * eps2%*%3)°’

data, sig = [1, []



109

data.append(self.R1I)
data.append(self.R1S)
sig.append(self.ErrI)
sig.append(self.ErrS)
self .data = np.array(data)
self .sig = np.array(sig)
start = timeit.default_timer ()
# minimization step ----------------
minimize (self.Rltotal_min, params, \
args=(self.omegal, self.data, self.sig),\
method=self.sel_method[c] )
end = timeit.default_timer ()
# save fit parameters --------
self.saveParams = str(params)

The function begins with defining the fitting parameters. Some initial values are
given for each parameter which reads from the initiator init function of the original
class (not given here). The boundary conditions above are defined according to Egs.

and (£T0).

The above fitting procedure can be implemented in a way to load the experimental
relaxation data for all temperatures and do the fit independently for all temperatures.
Finally the fitting parameters can be plotted in Arrhenius plots. The rest of the
programming is the matter of taste. For the purpose of this thesis a graphical unit
interface (GUI) was designed using the wxPython package to simplify and increase
the usability of the script. A snapshot of the GUI associated with the codes above
is shown in Fig.
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2.8389622 +09 L

8.5807128+08 L

OO+ BEY

File 'H_bmimTf2n_bulk_-41,10C_fotFit2 - Copy.bet’ loaded successfully.
File 'F_bmimTf2n_bulk -41,10C_fotFitz - Copy.txt loaded successfuly.

AutoFit results > Method: Levenberg-Marquardt in 8.08 seconds:

s 842659 +/- 1.242+08, =[-infi

<Parameter 'tauTIl' value=4.77445048335282742-07 +/- 1.162-07, bounds=[-inf:inf]>

<Parameter 'KTIS', value=858071169.78828263 +/- 3.37¢+03, bound: f], expr='"KTII/ (8.475 * eps1®*3)'>
'tauTIs', value=2.: +/- 3.01e-07, bounds: 1

<Parameter 'KTSS', value=1241886402.3153553 +/- 2.35¢+08, bounds=[-
'tauTSS', value=L. +/- 1.02-07, bounds:

<Farameter 'KTST, value=551056064.37954402 +/- 1.43e+08, bound:
"tauTST, value: +/- 2.98e-07,

<Parameter ‘eps1’, value=0.73085831185937478 +/- 0.0956, bounds

<Parameter 'eps2!, value=1.285051501773244 +/- 0.0576, bounds

Figure 3: The graphical interface of the fitting program developed in Python 2.7.
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