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ABSTRACT

Asphaltenes from various sources and processed in different ways were studied by nuclear
magnetic resonance (NMR) relaxation and diffusion ordered spectroscopy (DOSY)
methods. The study investigating samples obtained from various depths of an oil well from
a Saudi Arabian deposit found those samples to exhibit increasing aggregate sizes with
depths, with the molecular structure remaining essentially unchanged. DOSY experiments
reveal three distinct asphaltene aggregation states in different solvents, with increasing
particle sizes at greater depths. However, hardware limitations were observed in resolving
particle sizes beyond 4 nm. Asphaltenes from in-situ pyrolyzed American oil shale were
characterized with respect to maturity, showing that aggregate size increases with maturity.
As part of an international effort to characterize one particular crude and sonicated sample
from Colombia (PetroPhase 2017), this study found that sonication reduces the aggregate
size. Three fluorinated probes were tested to study a Kuwaiti asphaltene sample by °F
NMR spectroscopy and the results were compared to those obtained using the *H signals
of the sample; perfluorooctanoic acid (PFOA) was found to be an effective probe for
asphaltene aggregation, mirroring the results of the minor component of the H relaxation
dispersion analysis. In relaxation dispersion measurements of all four asphaltene types, two
mobility regimes were observed with percentage contributions varying between asphaltene
origins but being unchanged with respect to processing and sample depth. The behaviour
of the contributions of the two mobility regimes in all samples cannot be explained by
attributing them to different aggregation states, but a core-shell model is proposed with the
more mobile component being on the outside ‘shell’ and the more rigid component

constituting the core of a nanoparticle.
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CHAPTER 1

1. ASPHALTENES

1.1. Introduction

Asphaltenes are the heaviest, most complicated, polar, and structurally mysterious
component of petroleum, providing very little economic value and increasing negative
consequences on the oil industry.}? Asphaltenes are problematic for oil production in
several distinct ways. A well-known property of asphaltene molecules is their ability to
self-associate, resulting in aggregates that precipitate out of the oil under minimal pressure
or temperature changes. Due to this, the result is blocking of well-bores, pipelines, and
sometimes the deposition of sediments on the internal surface of reservoirs. Asphaltene
deposition also caused coke deposition on catalysts during refining.® Asphaltenes, the most
polar part of petroleum, are also infamous for stabilizing water-in-oil emulsions® # during
crude oil production, which is undesirable from a processing and quality standpoint. Due
to these issues, production costs are driven up, and the energy return on investment is
lowered.® As an additional consequence, greenhouse gas emissions increase, and the

environment is negatively affected.

Today, these challenges have become more apparent as we become increasingly dependent
on heavier hydrocarbon resources, such as bitumen. Due to the depletion of our abundant
light hydrocarbon reserves in the foreseeable future, we are now transitioning to heavier
hydrocarbon reserves that are more difficult to extract. The new resource, known as 'heavy

oils," brings new problems and challenges to the petroleum sector, which is often ill-



prepared to deal with them. The petroleum industry has historically used various methods
and techniques to extract crude oil, including drilling, pumping, and enhanced oil recovery
methods such as steam or chemical injection.®” A reservoirs characteristic, such as its size,
depth, and viscosity, determine the methods available for extracting oil. Another factor that
affects the choice of method is the location of the reservoir, as offshore drilling and
extraction are typically more challenging and require specialized equipment and
techniques. Mullins® does a fantastic job of detailing these strategies, including why they
were employed and the resulting risks that come along with them. These methods served
the industry well when crude oil was readily available and easy to extract; however, their
effectiveness has been questioned as new petroleum resources have emerged. There is a
great deal of risk involved in the exploration of heavy oil and shale oil, as well as great
financial cost. Accurate reservoir modeling is needed to justify the billions of dollars in
investments. Most of the time, theoretical approaches are not based on deep understanding
of the structure and behavior of petroleum and its components, like asphaltenes, at the
molecular level. A deep understanding of such principles is required for accurate reservoir
modeling with contemporary methods like Downhole Fluid Analysis (DFA),%° which is

necessary for heavy-oil study.

In general, heavier oils have a higher proportion of asphaltenes. Asphaltene concentration
in light crude oil, which has a low density, is less than 1%, while it can be over 20% in
heavy crude oil, which has a high density.! Asphaltenes are expected to become
increasingly problematic as the industry transitions to heavy oils. To avoid making mistakes
that cost billions of dollars, reservoir models need to become more accurate, requiring a

more accurate knowledge of asphaltene molecule structure and behavior. Over time, many



different analytical methods have been used to study the structure and aggregation behavior
of asphaltene.!®2 Nuclear magnetic resonance (NMR) spectroscopy has been applied
extensively to study asphaltenes, although not to the fullest extent of its potential. Solution-
state NMR spectroscopy has been widely used to characterize asphaltenes, yet the methods
that have been used are essentially simple, leaving room for significant enhancements and
developments. Solid-state NMR spectroscopy has had limited use in this field. When it
comes to characterizing asphaltenes, the use of both of these spectroscopic methods leaves

a lot of room for improvement to extract more detailed information.

This thesis aims to get a better understanding of asphaltene aggregation behavior using

solution-state NMR spectroscopic techniques, including utilizing relaxation measurements.

1.2. Crude Qil

Crude oil is a mixture of hydrocarbons that form naturally and is found in underground
reservoirs in liquid form.'3 It can appear as a thick tar-like substance or a highly viscous
liquid. Additionally, the color of crude oil can range from pale yellow to dark brown or
even black. It is one of the fuel sources that is used most extensively worldwide, and oil, in
addition to oil derivatives, is traded worldwide in oil markets; however, oil reserves are

limited.'*

Unlike chemical compounds, crude oil is a complex mixture of molecules containing
mostly 83-87% carbon, 11-16% hydrogen, 0-4% oxygen plus nitrogen, and 0-4% sulfur.'®
15 The exact composition of crude oil depends largely on its geographic location. Due to

this, its physical properties including density, viscosity, and color can be quite different.6



1.2.1. Compositions of Crude Oils

Crude oil is characterized by four fractions based on their solubility and polarity, namely
Saturates, Aromatics, Resins and Asphaltenes. Together they are called the SARA fractions
and the fractions can be separated in different stages.'® 17 Figure 1.1. shows the separation

steps of crude oil into the four SARA fractions.

Feedstock
n-Alkanes
Insoh'lbles Deasphaltened
0il
Benzene or Toluene
Silica or
: Alumina
Insolubles Asphaltenes
Carbon Disulfide or Pyridine
Benzene- Benzene or Heptane
Methanol Toluene
A4 2
Carboids Carbenes Resins Aromatics Saturates
(Insolubles) (Solubles)

Figure 1.1. Crude oil is separated into four SARA fractions: saturates, aromatics, resins,
and asphaltenes (Reproduced with permission from Fakher, S.; Ahdaya, M.; Elturki, M.;
Imgam, A., Critical review of asphaltene properties and factors impacting its stability in
crude oil. Journal of Petroleum Exploration and Production Technology 2020, 10 (3),
1183-1200.)

The Saturates fraction mainly contain aliphatic compounds and they are soluble in
paraffinic solvents like n-pentane, n-hexane, and n-heptane. Saturates are the lightest and
least polar fraction in crude oil.** The Aromatics fraction consists of aromatic molecules

that are highly polarizable and consist of one or more aromatic rings. These molecules are



soluble in paraffins like n-pentane, n-hexane, or n-heptane as well as toluene and
dichloromethane.*® The two remaining fractions, Asphaltenes and Resins, both contain
polar substituents. The difference is that asphaltenes are insoluble in n-heptane (or n-

pentane), whereas resins are miscible with n-heptane (or n-pentane).

1.3. Oil Shale

Oil shale reserves stand out as a significant alternative source of to petroleum. Oil shales
are fine-grained rocks that contain organic material that can be transformed into fuel. About
20% percent of this organic substance is composed of a bitumen fraction that exhibits
solubility in organic solvents like toluene, dichloromethane, or carbon disulfide. The
remaining 80% consists of insoluble kerogen.!® 2° Qil shales have been deposited in
enormous lake basins, such as the Eocene Green River shales in Utah and Wyoming, in
shallow oceans on stable platforms, such as the Permian Irati oil shale in Brazil, or in small
lakes, bogs, and lagoons, sometimes with coal beds.? In order to extract usable oil from oil
shale, the organic component, known as kerogen, needs to be heated to temperatures of
about 500 °C. Even though oil shale can be used to produce oil, it has not been used
extensively in the oil and gas industry because it is usually more expensive and requires

more capital than conventional crude oil.

Before recovering and processing oil shale, the sedimentary rock must be extracted through
surface or underground mining. The raw materials must then be sent to different processing
facilities to get the kerogen out. In one type of processing technique, known as "ex-situ
processing,” the kerogen deposit is first extracted, and then the extracted material is
transported to a different facility where it is processed. Other techniques, such as "in-situ

processing,” involve the extraction of kerogen directly from the ground.?? The U.S. has the



most oil shale deposits in the world.?® Most of them are in the Green River Formation in

Colorado, Utah, and Wyoming.

1.4. Definitions of Asphaltenes

Asphaltenes are defined as the crude oil component that precipitates when excess n-heptane
or n-pentane is added (typically 40 volumes of n-heptane or n-pentane to 1 volume of oil).
They are insoluble in n-alkanes (typically n-heptane), but they show solubility in other
solvents like toluene and chloroform.?* Asphaltenes are a group of compounds with
different chemical structures having one thing in common: their solubility behavior.?®
Solubility is a collective term for bulk behavior in asphaltene research and can be
problematic at the molecular level. Due to their highly complex and diverse molecular
compositions, asphaltenes have been the subject of a long-running debate concerning their
actual structures and what drives their aggregation. Researchers who study asphaltenes
often disagree on such questions even after studying it for many years. Asphaltenes can be
extracted using several different methods described in the literature, including
ultracentrifugation and Soxhlet extraction.?® A small percentage of clay and paraffins are
considered “impurities” after the extraction; several experiments have shown that

asphaltene does not have a pure state.?’

1.5. Impact of Asphaltene Precipitation and Deposition

Precipitation and consequent deposition of asphaltenes disrupt crude oil extraction in
transport pipes and the refining process.?* 2 In the underground reservoirs, asphaltenes are
soluble, existing as stable solutions in crude oil under those conditions. However, once the
reservoir conditions are disturbed, for example, by extraction of oil using different methods

like solvent injection, the asphaltenes will begin to form solid particles in solution. The



solvent starts to interact with the oil and changes the pressure, temperature, and
composition of the oil. As a result, the equilibrium conditions change and the asphaltenes
no longer form stable solutions in crude 0il.2° This causes the aggregation and deposition
of asphaltenes. Asphaltene deposits in the reservoir can create pore blockage, wellbore
plugging, and other serious difficulties, all of which can lead to serious problems if not
detected early. The cost of cleaning asphaltenes from the pipelines could be very expensive
and significantly time-consuming, resulting in a large increase in the cost of oil
production.® It is also considered difficult to upgrade asphaltenes, mainly due to their lower
H:C ratio, higher heteroatom content, aggregating nature, and propensity to precipitate and

to foul processing equipment.

The tendency of asphaltenes to aggregate and precipitate leads to various operational
problems in the oil industry ranging from transportation to refining. Some of these
problems include equipment plugging, fouling of heated surfaces, and catalyst deactivation.
Thus, if asphaltene stability is not well managed, it can lead to an unplanned shutdown of

plants, loss of production, and costly maintenance.

Saturates and Resins are waxy, soft, and low-melting materials and they are easily removed
using a variety of different solvents or by mechanical processes.®* However, the asphaltene
that has formed inside the oil reservoir is of a complex character, which makes it difficult

to remove them by mechanical methods, washing with solvents, or using hot well fluids.

Asphaltene deposits can be controlled chemically using asphaltene dispersants, asphaltene
inhibitors, and dissolvers (solvents or oil).>?Asphaltene inhibitors decrease the tendency of
asphaltene molecules to aggregate by increasing stability of their solutions. Dispersants
reduce particle sizes, allowing precipitated solids to disperse and remain suspended in the
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0il.3® Chemical treatments can only be effective with in a limited range of conditions, and
even small changes in the oil composition can have a significant impact on dispersing
asphaltenes. A higher level of structural information is needed to adjust processing
processes, which can increase product quality and reduce energy usage, prices, and

emissions.

1.6. Asphaltene Properties

Asphaltenes are characterized by their associational nature, which contributes to the
complexity of the system. Asphaltene molecules have a strong tendency to stick together,
form aggregates, and then precipitate out of solution. Because of their structural
complexity, most of the methods are unable to effectively predict the association or
aggregation behavior of asphaltenes. In order to understand and to better predict asphaltene
aggregation behavior using analytical methods, it is essential to study the chemical,
physical, and transport properties of asphaltenes. Knowing these properties will be essential

for judging the results of tools designed to predict aggregation behavior.

1.6.1. Asphaltene Extraction using Different Paraffinic Solvents

Asphaltenes are separated from crude oil using a nonpolar solvent, such as petroleum
naphtha, petroleum ether, n-pentane, iso-pentane, n-heptane, etc., in which asphaltenes are
insoluble. ** On the other hand, asphaltenes are soluble in solvents, including pyridine,
toluene, and benzene. Asphaltene yield can be dramatically affected by which paraffinic
solvents are used in the extraction process.® Different amounts of asphaltenes are produced
when the solubility parameter of the hydrocarbon solvent changes. As the number of carbon
atoms in the solvent decreases, asphaltene particles get bigger and flocculate more readily.

For example, asphaltenes form much more precipitation in propane and butane than in n-



heptane. Compared with n-heptane asphaltenes, n-pentane asphaltenes show a significant
difference in elemental composition.*® In the n-heptane precipitate, the ratio of hydrogen
to carbon is lower than in the n-pentane precipitate, but the ratios of nitrogen, oxygen, and
sulfur to carbon are usually higher. The n-heptane precipitate has a higher aromaticity and
hetero element content. Asphaltenes properties also change depending on how it is
separated and how the properties are measured. Besides the type of solvent, contact time,

the ratio of solvent to crude oil, and temperature are also very important.3’

1.6.2. Molecular weight

Molecular weight (MW) is one of the most important physical properties of any material.
The exact determination of asphaltene molecular weight has always been challenging
owing to its polydispersity and its tendency to aggregate in solutions.

Asphaltene aggregation affects almost all analytical measurements. Asphaltene molecules
form nanoaggregates at low concentration and the calculated MW will be higher than that
of the monomer. So, it is difficult to differentiate monomers from aggregates and thus the
debate on the monomer, aggregate, or cluster nature of asphaltenes has continued for
decades. Vapor pressure osmometry (VPO) is a standard method to measure the molecular
weight of asphaltenes and it requires high analyte concentrations; in that case, asphaltene
self-association has been observed. Molecular weights from vapor pressure osmometry
(VPO),%40 size exclusion chromatography (SEC),* and molecular film methods report
average monomer asphaltene molecular weights of 1000 to 2000 g/mol.** Fluorescence
depolarization (FD),*?* nuclear magnetic resonance (NMR),** and fluorescence
correlation spectroscopy have reported monomer values between 500 to 1000 g/mol. Laser

desorption ionization (LDI)* and matrix-assisted laser desorption ionization (MALDI)*



also have been used to analyze the MW of asphaltenes with monomer values of around 500
g/mol. More recently, results from time-resolved fluorescence depolarization (TRFD),*" 48
two-step laser mass spectrometry (L2MS),*® and Fourier transform ion cyclotron resonance
(FT-ICR) techniques®®°! confirm that asphaltene molecular weights are distributed over a

range of 400-1500 g/mol, with a mean between 700-800 g/mol.

1.6.3. Density and Viscosity

Density and viscosity are significant parameters for the characterization of asphaltenes and
petroleum products. Gravimetric techniques are usually used to obtain the density of
asphaltenes.>? It has been reported that the average density of solid asphaltenes from crude
oil is approximately 1200 kg/m?. The density of asphaltenes is high when they contain large
numbers of aromatic rings (smaller H/C ratio). Yarranton et al.>® measured the liquid
density of asphaltene solutions with different concentrations using indirect methods. The
density of asphaltenes was measured backward, assuming no excess mixing volumes, and
the densities obtained by this method vary between 1000 and 1200 kg/m?® according to their

source.*

1.6.4. Elemental Composition

Asphaltenes have no definite melting point and they are black and sticky solids. They are
mainly composed of hydrogen and carbon, small quantities of sulfur, nitrogen, oxygen, and
trace amounts of heavy metals like iron, vanadium, and nickel.>>4%°¢ Asphaltene molecules
include sulfur in the forms of sulfide and sulfoxide. Nitrogen can be found as pyrroles and
pyridines, metals as porphyrins, and oxygen as carboxylic, phenolic, and ketonic sites.
Generally, the hydrogen-to-carbon ratios of asphaltenes from different sources vary over a

narrow range. For example, the H/C ratio of n-pentane extracted asphaltenes are typically
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1.152+0.5%. In contrast, the proportions of heteroatom elements vary significantly: oxygen

(0.2 - 4.9%), nitrogen (0.5 - 3.5%) and sulfur (0.3 -10.3%)).48:57

1.6.5. Molecular Structure

In addition to measuring the molecular weight, it is also a challenge to determine the
molecular structure of asphaltenes because they tend to self-associate in solution. The
complexity of asphaltenes, due to their polydisperse nature, makes structural

characterization difficult. For this reason, they do not have a precise structural definition.

The structural features of asphaltenes vary from one source of crude oil to another,°3®

although asphaltenes do have some structural features in common. Asphaltenes are
composed of fused polycyclic aromatic hydrocarbon (PAH) ring systems with pendant
alkyl side chains. But the PAH size, architecture, and the number of PAHs remain unclear.
In the literature published over the last 10 years, the PAH sizes vary from around 4 to 10
fused aromatic rings.>® Morgan et al.>® applied a method to study Maya crude oil fractions
using a combination of liqguid NMR and laser desorption-mass spectrometry to calculate
the average PAH size of the asphaltene fraction as 8-10 fused rings. Dutta Majumdar et
al.?8 have used solution-state *H and *C NMR spectroscopy to analyse heptane-extracted
Athabasca oil-sands asphaltene (AOSA). The average polyaromatic hydrocarbon (PAH)
and aliphatic chain length were determined, and they predicted that the structure of each
molecule is composed of 6-7 pericondensed aromatic rings. High-resolution transmission
electron microscopy (HRTEM)® is another method generally used to study the PAH size
of asphaltene. This method reported that the PAH size is about 6 to 7 rings. Furthermore,
direct molecular imaging using scanning tunnelling microscopy (STM)® and TRFD®!

showed that the average number of rings in petroleum asphaltene is ~7.
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In addition to the PAH size, it is also necessary to know the type of condensation the PAH
can exhibit. Pericondensation refers to an aromatic compound in which three or more rings
share the same carbon atoms, while catacondensation refers to interconnecting carbons
which do not exceed two rings. To determine what kinds of condensations are present in
asphaltene, Raman spectroscopy and 3C NMR spectroscopy have been employed.5258
Findings from these methods suggest that asphaltenes are dominated by pericondensation.
There has been a major debate about the number of PAHs in an average asphaltene
molecule. Currently, there are two models for asphaltenes: the island and the archipelago
model.®® The island model proposes one large condensed PAH core surrounded by aliphatic
rings, with branched, mostly saturated, aliphatic chains. The mechanism of interactions for
aggregation involves 1-11 stacking interaction between aromatic rings.®4%

The archipelago model proposes a large network of many cross-linked PAHs and aliphatic
rings interconnected by aliphatic chains. In these models, heteroatoms such as O, N, and S
are present in both the rings and chains.¢%7%8 Heavy metals are frequently found connected
to the heteroatoms or the aromatic rings. The interactions leading to aggregation include
hydrogen bonding, metal coordination complexes, n-1 stacking, etc.%®’® Both models are
successful in explaining certain properties of asphaltenes, but neither is a comprehensive
model accounting for all observations. The question that remains to be conclusively
answered is whether one of these models predominates or whether the applicable model
depends on the source of the asphaltenes. As an example, the island model is consistent
with a 750 g/mol molecular weight for asphaltene, whereas the archipelago model is not.
However, as several researchers have observed, the archipelago model supports the
polymeric properties of asphaltenes. Thermal pyrolysis, thin-film pyrolysis, and oxidation

experiments support the "archipelago” model.”>"? Asphaltenes produce a wide range of
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gas, liquid, and coke products in thermal and thin-film pyrolysis, which are considered to
be consistent with the archipelago model. Fourier-transform ion cyclotron resonance mass
spectrometry (FTICR-MS)™ has been applied on asphaltene samples and fragmentation
patterns provide clear evidence of archipelago structures. Experimental data from gel
permeation, thermal oxidation, and small-angle neutron scattering have

also supported the archipelago structure of asphaltenes.’* 7>

The experimental results from several techniques, however, suggest that the island model
is the dominant framework. In the early 1960s, Yen et al.”” used X-ray diffraction methods
and they suggested that the island model more accurately represents the structure of
asphaltenes. The method of atomic force microscopy (AFM)’8 shows that the structure in
asphaltenes contains only one polycyclic aromatic hydrocarbon (PAH) center, consisting
of around 7 fused rings. In time-resolved fluorescence depletion (TRFD) experiments, both
island-type model compounds and petroleum asphaltenes have identical correlation times
and these research results show that the PAHSs are not cross-linked, which gives it its island
architecture.” Several MS reports by Pomerantz et al.*° support the predominant structure
of single PAH per asphaltene molecule. They used a two-step laser desorption/ionization
mass spectrometry (L2MS) method to determine the molecular weight of asphaltene and
the average molecular weight of approximately 600 g/mol. These experiments show that
the fragmentation pattern of asphaltenes is similar to that of compounds that had island
molecular structures. Moreover, scanning tunneling microscopy,®® high-resolution
transmission electron microscopy,®! electronic triplet-state spectroscopy, laser-induced
acoustic desorption (LIAD) and diffusion studies®? show that the island type architecture

is predominant. NMR spectroscopy® studies also support the island model for asphaltenes
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structure. Despite continuous efforts, asphaltene molecular size and structure are still under
active debate as these techniques report on disparate features of asphaltenes under

dissimilar conditions.

1.6.6. Asphaltene Aggregation

The aggregation mechanism of asphaltenes is still not well understood, and the
aggregation strongly depends onthe solvent, concentration, and thermodynamic
conditions. Changes in those conditions may destabilize solutions of asphaltenes in crude

oil and result in aggregate formation.84°

In the presence of a good solvent, such as toluene, asphaltene molecules self-associate with
each other, forming stable aggregates. Yarranton et al.>® argued that the initial asphaltene
aggregate consists of only two to six asphaltene monomers, rendering the critical micelle
concentration (CMC) not applicable for asphaltenes because of such a low aggregation
number. In addition, in contrast to surfactants, asphaltenes lack an amphiphilic nature and

head-head interactions may not be the driving force for asphaltene aggregation.

In recent years, it has been suggested that asphaltenes aggregate in a hierarchical model
called the Yen-Mullins model, first suggested by Yen ’” and later updated by Mullins.*® In
the Yen-Mullins model, the primary interaction of asphaltene compounds is 7t- 7 stacking.>®
Pi (m) stacking is the attractive and non-covalent interaction between aromatic rings in a
PAH. Different interactions are known to influence « stacking. This observation shows that
asphaltene molecules consist mainly of island-type molecules. There are possible
intermolecular and intramolecular attractive and repulsive interactions like hydrogen-
bonding, polar—polar interactions, and electrostatic attractions that can be considered to
also drive asphaltenes aggregation.’> The PAH units in asphaltene molecules generate
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attractive forces between aromatic cores by n-m interaction, these stacks consist of <10
asphaltene molecules with 4—9 peri-condensed aromatic rings in each conjugated core. The
alkyl side chains provide repulsion through steric hindrance, which prevents further n-n
interactions and growth of the nanoaggregate. Findings from X-ray diffraction studies 8
supported the concept of n-m aromatic sheet interaction, and these sheets tend to stack
together. Results from different techniques such as time-resolved fluorescence
depolarization (TRFD),®” DC conductivity,® and nuclear magnetic diffusion®® show that
asphaltene molecules are 1.5 nm in size. With increasing concentration, asphaltene
molecules form nanoaggregates that can form clusters at higher concentrations, resulting

in a structural hierarchy of three distinct phases (Fig.1.2).%>%

Clusters of Asphaltenes

Asphaltene Asphaltene . :
Molecule Nanoaggregates Nanoaggragates
’ I\ H‘f
A
e A\ A e
\‘\‘L i &

Figure 1.2. The “Yen-Mullins” model describing the hierarchical aggregation behavior of
asphaltenes.

Critical nanoaggregate concentration (CNAC) and critical cluster concentration (CCC) are
used to describe the asphaltene aggregation formation.”°%%2 Mullins et al.”® defined the
asphaltene “critical nanoaggregate concentration” (CNAC) as a concentration at which the

nanoaggregates stop their growth. At concentrations below CNAC, asphaltenes are present
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as smaller multimers (dimers, trimers, etc.). Nanoaggregation of asphaltenes occurs at
concentrations close to the CNAC. Different techniques such as centrifugation,®® high-Q
ultrasonic,® and electrical conductivity measurements (AC and DC) studies® have shown
that aggregates form when the CNAC range between 0.05-0.15 g/L, as it varies based on
the asphaltene source and thermodynamic conditions. Gas chromatography, mass
spectrometry, NMR diffusion measurement, and fluorescence measurements have also
been used to study the CNAC of asphaltenes.® Lisitza et al.* have shown that the average

self-diffusion coefficient decreases above the CNAC.

At the critical clustering concentration (CCC), which is a significantly higher concentration
than CNAC, asphaltenes have a strong tendency to form secondary aggregates, i.e.,
clusters. Above the CCC, clusters of nanoaggregates become dominant, with asphaltene
CCC at approximately 2.0-5 g/L. DC conductivity  and centrifugation *® experiments were
performed to determine the CCC values. The interactions between the asphaltene
nanoaggregates are most likely dominated by alkyl—alkyl and alkyl—aromatic interactions.
Furthermore, the small contribution of T-shaped interactions in cluster formation was
indicated by Dutta Majumdar et al.®3 Molecular dynamics (MD) simulation studies have
reproduced the full Yen—Mullins aggregation hierarchy for asphaltenes.®®” The sizes of
such clusters are unknown, but they are bound by the nanoaggregates ¢ 2 nm) and the

smallest clusters grow to approximately 6 nm diameter.

The archipelago model invokes a network of smaller PAHs connected by aliphatic chains,
with no hierarchy structure. Gray et al.”® claims that experimental findings such as (a)

molecular complexity (b) the different distribution of aggregate sizes; (c) the elastic
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behavior of asphaltenes; and (d) the emulsion properties of nanoaggregates cannot be

explained by the Yen-Mullins model.

The “supramolecular assembly” model proposed by Gray and co-workers,”
suggested that asphaltene aggregates are porous, having a significant solvent content as
supported by SANS and MD simulation studies. The introduction of this supramolecular
network is the result of many different cooperative interactions, like aromatic - stacking,
hydrogen bonding, hydrophobic pockets, and metal coordination complexes. They
suggested that most molecules in asphaltenes contain several active sites, able to interact
with other asphaltene molecules. Their aggregation behavior also depends on external
forces and the solvent strength of the solution. This model can describe asphaltene
properties such as aggregate sizes, adhesion to surfaces, emulsion properties, porosity, and
elasticity.® However, the difference between nanoaggregates and clusters is not explained

with this model.

More recently Zhang et al.,>” proposed that a mechanism for asphaltene aggregation,
suggesting that pancake bonding, involving radicals and polycyclic aromatic hydrocarbons
(PAHS), could play a crucial role. This theory introduces the concept of hetero association
between radical species and various PAHs or PAHs with heteroatoms, providing a unique
perspective on the forces driving asphaltene nano aggregation. Supporting evidence from
multiple analytical techniques, such as ultrahigh-resolution Fourier-transform ion cyclotron
resonance mass spectrometry (FT-ICR MS), and atomic force microscopy (AFM) imaging,
adds weight to this hypothesis. However, caution is warranted due to the lack of direct
experimental validation and computational findings challenging specific bonding strengths.

Computational analyses by Janesko et al.® particularly on 'half-pancake bonding', suggest
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that this bonding type may not possess significant strength. The study implies that while
pancake and half-pancake bonding might not be the sole drivers of asphaltene aggregation,
interactions involving stable organic radicals, heteroatoms, and polar groups might still
play a role. While the pancake bonding hypothesis offers intriguing insights, its lack of
experimental support and computational challenges highlight the need for further

investigation and scrutiny in the field.

1.7. NMR Spectroscopy for Characterization of Asphaltene

As outlined in the discussion so far, there is a need for a more comprehensive understanding
of the structure and self-associate behavior of asphaltenes. Various analytical and
spectroscopic data must be carefully considered and combined for a comprehensive

analysis.

Numerous analytical techniques have been employed in asphaltenes research, with nuclear
magnetic resonance (NMR)®1%101 and mass spectrometry (MS)1%102102 heing the most
widely used. Because of the excellent reproducibility of NMR techniques and the high
sensitivity of MS techniques, these methods are superior to other analytical methods in
characterization of asphaltenes. Each technology has advantages and liabilities and the

techniques frequently complement one another.%

Mass spectrometry is the most prominent and essential way to obtain the molecular weight
information of asphaltenes.’®1% Multistage mass spectrometry (MSy) is well-suited for
researching asphaltenes because it can examine the structure of individual ionized
molecules without separation. This approach estimates the total number of carbons in alkyl
chains, aromatic core sizes, and molecular weight distributions (MWDs) for ionized
asphaltene if an ionization method yields a single ion type per analyte without
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fragmentation.*® Boduszynski et al.1% reported the average molecular weight of 850 g/mol
for asphaltene using field ionization mass spectrometry (FIMS), which contradicted earlier
records and has been criticized for failing to identify the molecular ion of the massive
asphaltene molecules and their corresponding fragmentation patterns. No ionization
method can produce ions from all asphaltene molecules by a single ionization approach,’
such as electrospray ionization, atmospheric pressure chemical ionization (APCI),
atmospheric pressure photoionization (APPI), laser desorption ionization, and matrix-
assisted laser desorption/ionization (MALDI).1%® The main difficulty with using this array
of ionization methods is the fragmentary nature of the information gathered which is at best
a subset of all the species present in asphaltenes. It has been determined that studies of mass
and methods of ionization are not yet exact; thus, it is essential to employ additional

experimental methods.

Nuclear magnetic resonance (NMR) spectroscopy is a highly adaptable technique that can
provide information on chemical functionalities and structural configurations at the
molecular level.1®!10 There are many studies describing various applications of different
NMR techniques for oil and petroleum fractions.’®! The NMR technique is non-
destructive which offers specific information about the structure, size, shape, and dynamics
of molecules. Researchers in protein and biomolecules employ this tool due to the high

quality of information gained on conformation, dynamics, and structural details.?

In comparison with other analysis techniques, NMR spectroscopy has many advantages.
Firstly, it enables the analysis of asphaltenes in a non-destructive way. NMR spectroscopy
also offers a large variety of experiments with different capabilities. Beyond standard one-

dimensional experiments that aid in identifying distinct chemical environments, two-
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dimensional experiments reveal connectivity among these environments, offering insights
into their spatial proximity. NMR relaxation measurements can provide information on the
molecular reorientational dynamics of a system; those studies deal with the relaxation
behaviour of the whole asphaltene system to study their dispersive and aggregation
characteristics or molecular size. Diffusion-based experiments can probe the translational
motion.!*%* NMR spectroscopy also allows for the quantification of the different chemical
species present. Another important aspect of NMR spectroscopy is the capability to study
materials in all states, i.e., the solid state, solution state, gel, and gas phase. NMR
spectroscopy is a standard technique for studying asphaltenes because asphaltenes are

solids that can be dissolved in appropriate solvents.

One drawback and difficulty in using NMR in petroleum research is its low sensitivity.
NMR sensitivity has been vastly improved by the continuous developments in field strength
and homogeneity, probe design, and the introduction of cryogenically cooled probes and
microprobes. Typically a NMR sample should consist of a single phase as the presence of
additional phases will introduce susceptibility broadening and, in the worst cases, field
splitting giving rise to indistinct spectra, doubling of all the peaks that are present in the

spectrum. 14

NMR spectroscopy proves highly effective for investigating diamagnetic compounds,
which possess paired electrons, thereby circumventing the predominant relaxation pathway
associated with electron-nuclear coupling. This characteristic makes NMR spectra
particularly well-resolved, especially for smaller molecules. Conversely paramagnetic
substances, those which have unpaired electrons, are much more challenging to study

owing to the consequent rapid relaxation or pseudo-contact shifts arising from the electron
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magnetic moment.!*® This effect is not limited to the confines of the molecule but can
severely affect nearby molecules. The number of NMR methods suitable for use with
paramagnetic compounds is still somewhat limited. Structural information is often lost

because the signals are extremely broad or in cover unusual wide chemical shift ranges.

Preparing NMR samples with solvents containing deuterium instead of hydrogen is
necessary. The NMR signal from the deuterium nuclei is known as the NMR lock and is
used to account for magnetic field instabilities. Many deuterated solvents are commercially
available. Chloroform (as CDClz3) is the most widely used solvent for non-hydrocarbons
due to their high solubility. It has almost no effect on the chemical shifts of solutes and is
the preferred solvent when shifts are required to be measured accurately. One of its
potential problems is that it may trade its deuterium for exchangeable hydrogens, typically
from residual water or OH groups in a sample, which will render the residual *H chloroform

peak larger than usual and the exchangeable hydrogen (such as -OH signal) peak smaller.!14

As NMR spectroscopy is the primary technique employed in this study, Chapter two
presents the fundamental ideas and principles underlying NMR spectroscopy. In this thesis,
NMR has been used only for *H and '°F NMR spectroscopy, spin-lattice, or longitudinal
relaxation time measurement experiments (T: measurement), spin-spin or transverse
relaxation time measurement (T. measurement), and diffusion ordered spectroscopy

(DOSY).

1.7.1. Solution-state NMR Spectroscopy

Solution-state NMR spectroscopy has been essential in developing an understanding of the
structural motifs of asphaltenes. The majority of solution-state NMR spectroscopic studies
on asphaltenes are based on one-dimensional techniques such as *H, *3C, and *C DEPT
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(Distortionless Enhancement by Polarization Transfer) NMR spectroscopy.®3!® Friedel et
al.!*" first recorded the solution-state *H NMR spectrum of a coal liquid asphaltene as early
as 1959. They reported the detection of NMR signals in asphaltenes and recorded three
separates 'H NMR spectra, identifying the presence of polyaromatic hydrocarbon in
asphaltene. The experiment was carried out in CS; as a solvent at 125°C. Carbon disulfide
is an effective solvent for both hydrocarbon polymers and asphaltic substances, resulting
in an excellent resolution for the given concentration, presumably because its solutions
have lower viscosity and fewer sample aggregates. But CS, is hazardous because it is
poisonous and highly flammable, thus it needs to be handled with special care. In the same
year, Gardner!!® also used *H NMR to analyze asphaltene from the mid-continental U.S.
They estimated the alkyl branches index as well as the relative concentrations of aromatic
ring hydrogen and total alkyl hydrogen. Brown and Ladner have shown that structural
parameters like aromaticity (fa) (Eq. 1.1) for coal can be obtained using the 'H NMR
spectroscopy.t® Many other structural parameters, such as the degree of aromatic ring
substitution, naphthenic ring numbers, and the average PAH size can be calculated using
the Brown and Ladner equation.!1®2° The aromaticity equation of Brown and Ladner can

be written as:

(1.1)

(G5

£
H

where C/H is the carbon to hydrogen atomic ratio calculated from elemental analysis; X is
the average number of hydrogens atom per alkyl group (a) attached to an aromatic ring and
y is the number of remaining alkyls substituents; and the normalised integrated intensities

of the a, B, and y-alkyl hydrogen atoms are expressed by H,, Hp, and H,, respectively. Yen
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and Erdman’’ used a modified Brown-Ladner method for the quantitative characterization
of average asphaltene structure. To compare structural variations between the different
asphaltenes, Girdler'?! used *H NMR spectroscopy. They were able to distinguish between
n-pentane and n-heptane asphaltenes. n-Pentane asphaltenes were shown to have more
hydrogen, lower aromaticity and apparent molecular weights, more aromatic substitution,
shorter aliphatic chains, and less aromatic groupings than the corresponding n-heptane
asphaltenes. Ramsey et al.'??> used the modified Brown-Ladner method to analyse
asphaltenes, and they reported *H NMR spectra of asphaltenes, and they calculated a
number of structural parameters including aromaticity, C/H ratio, and average molecular
weight. Yen showed by *H NMR spectroscopy that thermal cracking can cleave alkyl side
chains and aliphatic hydrocarbons and form aromatic structures from naphthenic
structures.!?® Asphaltenes from Cold Lake heavy oil were fractionated by size exclusion
chromatography and analysed using *H NMR spectroscopy by Semple et al.1?* determining
fundamental features of asphaltene, such as average chemical structures in Cold Lake

asphaltenes, aromatic core size, average C/H ratio, and alkyl side chains.

Furthermore, carbons with no attached protons are not shown in the *H spectra, which can
distort aromaticity estimations. The development of high-resolution *C NMR spectroscopy
was required to find solutions to these issues. *C NMR is used to gain information about
the carbon backbone of a compounds chemical structure, but its applications are limited
due to its low sensitivity, which results from 3C’s low natural abundance (1.1%), and the
low gyromagnetic ratio of carbon-13 (6.7283 x 10’ rad/T s) compared to that of proton
(26.7513 x 107 rad/T s). Ignasiak*?® and Dereppe!?® published one of the first complete 13C

NMR studies of asphaltenes. Dereppe!?” developed a set of equations to calculate the
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average structural parameters using integrated spectral areas, such as aromaticity, length of
an alkyl chain, aromatic condensation. Dickinson!?® used a similar process to examine
petroleum asphaltenes. By using *C NMR spectroscopy, Sklenar et al.?® measured the
aromaticity of coal asphaltenes using three separate methods: broadband decoupling, gated
decoupling, and gated decoupling with relaxation reagent. They discovered that gated
decoupling with the addition of a paramagnetic relaxation reagent allows for the most
accurate measurements. Cookson*° proposed gated spin-echo (GASPE) and conventional
spin-echo *C NMR spectroscopy techniques to determine aromatic C or CH or aliphatic
C, CH, CH>, or CHs groups present in petroleum and coal liquids. Many groups used a
combination of C NMR spectral editing techniques, such as gated spin-echo and the
DEPT process,*®! to define and predict the asphaltenes average structural parameters.*3132
In the early days and up until the mid-90s, the majority of efforts in solution—state NMR
spectroscopy for asphaltene characterization were based on one-dimensional techniques.
The asphaltene system contains a wide range of carbon and proton environments, which

can lead to signal misassignment if just one-dimensional approaches are used.

It is well-known that 2D NMR correlation techniques allow for more accurate assignments,
however, a review of the literature shows that the use of 2D NMR spectroscopy has been
limited in asphaltene characterization. The extended experimental time is one of the
primary drawbacks of 2D NMR studies, particularly for asphaltene research due to its
complex nature. Also, highly overlapping regions in the *H NMR spectra, like those in
heavier petroleum fractions like asphaltene, cannot be clearly assigned or separated because
the correlation contours in the 2D spectra are spread out and diffused.*® Few studies have

used 'H Diffusion-Ordered Spectroscopy (DOSY) to investigate self-association behavior
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in asphaltenes and to determine the molecular weight and size of aromatic cores.t341%
Sarpal!®*® used 2D-correlation spectroscopy (COSY) and heteronuclear correlation
(HETCOR) to characterize hydrocracking base oil, which has a significantly lower
molecular weight, is composed of paraffinic fractions, and is substantially different from
asphaltenes. Furthermore, thermal cracking has been shown to generate archipelago-like
structures.” Sheremata'®’ then used Sarpal's'® findings to analyse the 'H and *C NMR

spectra of asphaltenes.

NMR relaxation measurements offer insights into the molecular dynamics and aggregation
behavior of asphaltenes.!®!3° NMR relaxation studies on the asphaltene molecules
themselves are used in only a few studies because it is very labour and resource intensive.
Pekerar et al.’*® measured *3C T1 values in solution to study the mobilities of asphaltene
molecules. T1 and T2 measurements in solution give information about the mobility of
asphaltene molecules and both are required to determine the motional timescale. A T1/T>
ratio approaching unity indicates a mobile system, whereas it is increasingly rigid as the
ratio becomes larger. Ostlund et al.2*° conducted an investigation into asphaltene deposition
by employing relaxation dispersion measurements of *H T1 and T2 on asphaltene molecules.
Focusing on the 0.7-2.1 ppm range, representing the aliphatic region in the *H NMR
spectrum, the study identified two different T relaxation times, namely 0.6 and 7.0 ms.
These times were associated with protons situated either in proximity or at a distance from
the aromatic core, offering limited insights into the molecular architecture. Lisitza® studied
the aggregation behaviour of asphaltenes using the spin-echo technique but did not describe
T, values. Gizatullin et al.}*! studied the NMR relaxation (T1 and T2) and translational

diffusion (D) properties of several maltenes with and without asphaltene. Experiments on
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relaxation showed that in the absence of asphaltene, T1 and T are similar in maltenes,
however in the presence of asphaltene, relaxation time constants are significantly longer,
as is the slowing of the maltenes motion. As T» is more influenced than Ty, the slowdown
is significant. When asphaltene is present, the ratio between T: and T increases more,
usually by about 50%. Furthermore, they observed lower maltene diffusion coefficients in
the presence of asphaltenes. In addition to this method, low-field NMR relaxometry has
been used to study the behavior of asphaltene in native crude 0il.1%6:142143 AJl of these
investigations are valuable in their own right and shed light on asphaltene behavior, but the

relaxation behavior of certain chemical groups within asphaltenes remains unanswered.

1.7.2. Solid-state NMR Spectroscopy

Basic solution-state NMR spectroscopy is widely used to characterize asphaltene, whereas
solid-state NMR has rarely been applied. The reason for this is that solid-state NMR
investigations demand more spectroscopic expertise than normal routine solution-state
NMR studies. Solid-state NMR requires pure materials, as complicated materials broaden
the lines. The presence of broad lines indicates a lack of sensitivity and poor resolution
(many peaks overlap at low resolution). Whereas improper interpretation of solid-state
NMR results may lead to flawed results, solid-state NMR can potentially offer significant

advantages over solution-state methods.

Typically, solid-state NMR spectroscopy observables are orientation dependent. In general,
solid-state NMR spectroscopy can provide precise structural information since the
orientation dependency of the chemical shift can be determined with low interference from
the chemical exchange and rapid motion. This contrasts with solution-state NMR, where

valuable detailed structural information is compromised by isotropic motion and
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interactions between the system and the solvent. This is particularly true for complex
mixtures with hierarchical structural patterns, like asphaltenes monomer-nanoaggregate-
cluster hierarchy, whereas solid-state NMR methods are well suitable to investigate phase
structures. Solid-state H and *C NMR studies of coal-derived asphaltenes applying the
dipolar dephasing technique** were reported by the group of Murphy, Gerstein, Weinberg,
and Yen between 1981 and 1983.14° 146 These early studies are characterized by poor
resolution due to ineffective *H decoupling caused by a low magnetic field, low power, and
inhomogeneity in the radio-frequency (rf) field. Experiments using *C cross-polarization
magic angle spinning (CP-MAS) were carried out by Cyr et al.}*” and Semple et al.*?* to
describe asphaltenes produced from bitumen and heavy oil, respectively. They made the
common mistake of extracting quantitative results from ¥C CP-MAS NMR signal
intensities, especially on material with long networks of non-protonated aromatic carbons.
Particularly for asphaltenes, integration values from a *C CP-MAS NMR spectrum should
not be used to obtain quantitative information due to the large variation in proton-to-carbon
CP efficiency among various carbons. These efficiencies depend on the carbons proximity
to the system's protons, which may result in the absence of specific carbon signals. Cyr,*#’
on the other hand, noticed this problem in their work but did not discuss it in detail. Storm
et al.’® and Pekerar et al.'® studied petroleum-derived asphaltenes using CP-MAS
techniques. They carry out relaxation and CP time measurements in the solid state, but
these measurements appear to be fundamentally flawed, because the measurements were
carried out just for the strong signals, and they entirely ignored the underlying resonances
that were present in the broad background. By applying deconvolution (peak-fitting)
analysis to the solid-state 3C NMR spectra, Douda et al.**, Daaou et al.**®, and Bouhadda

et al.®® demonstrated that these underlying resonances make up a significant part of the
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spectrum and should not be ignored. Storm*® carried out one of the earliest studies of CP-
dynamics and reported the cross-polarization time constants (Tce) and the *H spin-lattice
relaxation time in the rotating frame (Ti1,), which are useful parameters needed to
understand the structure and mobility. Since the CP-dynamics model that Storm used to
obtain these numbers is different from the CP models such as the classical I-S model and
the 1-1*-S model that have been used for a long time in the solid-state NMR spectroscopy
literature, 2 its accuracy could be called into question. Pekerar!3®® also reported Tcp values,
but neither their CP-dynamics model nor the CP-dynamics were discussed in detail.
Another mistake found in some MAS studies'*® 1°3 1% is that they do not take into account
the aromatic spinning sidebands that overlap with the aliphatic signals. This can lead to
mistakes in assignments and measurement. Specifically, the 8 kHz MAS rate applied by
Douda et al.**° to deconvolve the aliphatic part of the 1*C NMR spectra ignored the spinning
sidebands of the aromatic region. At a 14 kHz MAS rate, Daaou et al.'™>® made the same
mistake, leading to inaccurate integration values. These studies only present a
deconvolution model for the aliphatic region and integrate the aromatic portion of the
spectrum. Bouhadda et al.'>! performed a deconvolution study of the full *C NMR spectra
by comparing single-pulse excitation (SPE), cross-polarization, and Hahn-echo sequences
to assess the aromaticity of an Algerian crude. They observed that SPE provided the best
measure of aromaticity. Quantitative single-pulse excitation (SPE) MAS NMR spectra of
asphaltenes were also reported by Hauser et al.™®® who employed a CP-polarization
inversion (CP/PI) technique for spectral editing. They studied how stable heavy oil
asphaltenes are at high temperatures during pyrolysis and found that dealkylation or

dehydrogenation is more likely to happen than the formation of larger polyaromatic rings
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as the pyrolysis temperature rises. Dutta Majumdar et al.*>® employed solid-state *H NMR
spectroscopy under ultrafast magic angle spinning (60 kHz) to examine the solid phase
aggregate structure of a petroleum asphaltene. They used a dipolar filter and DQ-MAS
experiments and showed that nanoaggregates form clusters through alkyl-alkyl interactions
and T-shaped interactions with aromatic proton environments, as these were shielded and
deshielded by ring currents. This interpretation is similar to the clusters posited by the Yen-
Mullins model, but, instead of exclusive alkyl-alkyl interactions within the clusters, T-
shaped interactions were shown to also play a role. Alemany et al.®® studied solid-state and
solution-state NMR spectra of six Ecuadorian asphaltenes. For these asphaltenes, they
obtained meaningful carbon aromaticity values using direct polarization with *C pulse
excitation. In comparison to a single contact time CP-MAS spectrum, it was found that
multiple contact times are more beneficial when studying asphaltene. By utilizing CP-MAS
and direct *C pulses they stated that, condensed aromatic ring systems become larger as
aromaticity increases, which is consistent with "island" rather than "archipelago™ aromatic
structures. Bouhadda et al.’® employed liquid *H and solid ¥C CP-MAS NMR
spectroscopy in combination with qualitative DEPT to investigate the molecular structural
parameters of Algerian asphaltenes. From the solid-state 3C CP-MAS NMR spectrum, a
value for aromaticity was calculated and they conclude that these asphaltenes have a small
condensed aromatic ring system (four or five rings per sheet). While CP-MAS has been
widely employed, CP dynamics analysis and relaxation investigations are few. Solid-state
IH NMR spectra inherently exhibit broad signals owing to the robust *H-'H homonuclear
dipolar couplings, which persist even at elevated spinning speeds. However, resolving
resonances in such spectra and deducing any relevant information from them requires very

specific pulse sequences, which are challenging to conduct.
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1.8. Thesis Objectives

The objective of this thesis is to investigate asphaltene aggregation behavior using solution-
state 'H and 'F NMR spectroscopy techniques. A protocol for reliably characterizing
asphaltene structure by 'H NMR spectroscopy needs to be developed using deconvolution
analysis that will be applicable for a range of asphaltenes. In addition, measurements of 'H
T and T2 measurements will be carried out for various asphaltenes, resulting in T1/T> ratios
that will yield mobility information, potentially enabling the calculation of hydrodynamic
radii of aggregates that predominate in solutions. These aggregate sizes will be compared
to those obtained from DOSY experiments. The study encompasses the characterization of
asphaltene samples obtained at different depths from an oil well, providing insights into the
impact of varying conditions on aggregation behaviors. Additionally, the study extends to
the analysis of in-situ pyrolyzed oil shale asphaltenes, exploring the relationship between
asphaltene aggregation and maturity. The investigation of the asphaltene sample PetroPhase
2017, which has been studied by a number of research groups around the world using
different techniques, will contribute insights into how asphaltene aggregation changes upon
sonication. Furthermore, the potential application of ’F NMR spectroscopy, including
relaxation dispersion measurements, using fluorine-containing probe molecules will be
studied, offering a unique perspective and enhanced sensitivity for dynamic and structural

investigations.
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CHAPTER 2

NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY

2.1. Overview

Nuclear magnetic resonance (NMR) spectroscopy is a widely applicable and versatile
analytical technique that is used to study the structure and molecular dynamics of different
classes of materials in the liquid, solution, and solid states. The first experiments with NMR
were conducted in 1945 by Stanford University's Felix Bloch and Harvard University's

Edward Purcell. 12

For organic chemists, NMR spectroscopy is an important analytical tool which allows for
the determination of not only the composition and structure of the molecule, but also the
sample's properties, contents, and purity level. The most common type of NMR
spectroscopy used by chemists is one-dimensional H NMR spectroscopy.® For
determining specific structural properties, a wide range of NMR techniques has been
developed over time, including basic one-dimensional techniques and multidimensional
correlation techniques.* NMR spectroscopy is widely used in physical and biological

sciences as well.

In this thesis, the structure and aggregation behaviour of asphaltenes were studied using
solution-state NMR spectroscopy methods. As an introduction to this chapter, some basic
and general principles will be introduced followed by a description of the pulse-sequence
techniques employed in these studies, as well as an overview of why they are useful for

studying asphaltenes.
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2.2. NMR Spectroscopy Fundamentals

2.2.1. Nuclear Magnetic Spin

NMR spectroscopy utilizes the magnetic properties of atomic nuclei, as most nuclei have
a nuclear magnetic moment (). The atom's nucleus is made up of protons and neutrons.
Neutrons have no charge and protons have a positive charge (+1). The number of protons
and neutrons together make up the atomic mass number. Nuclei with odd numbers of
neutrons and protons have a non-zero nuclear spin quantum number and a magnetic

moment.

Nuclei with a non-zero spin have an intrinsic angular momentum P that is related to the

spin quantum number I which is expressed by Eq. 2.1:

P=h/I(I+1) (2.1)

where h = % , hiis Planck’s constant, and I is the spin quantum number. The spin quantum

number | can take on positive integer values (0, 1, 2..., n) or half-integer values (1/2, 3/2,

...,n/2). Based on classical electromagnetism, the magnetic dipole moment (i) of a nucleus

arises because of rotation associated with the spin angular momentum (13) of the nucleus
which is expressed by Eq.2.2
i=yP (2.2)

where vy is the magnetogyric ratio, which is specific for a certain nucleus. A spin angular
momentum of the nucleus is projected along the z-axis (conventionally) giving the z-

component of the magnetic moment u, according to Eq.2.3.

1y = VvF, (2.3)
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where P, = hm,; in which m; is the magnetic quantum number, and this number takes on

21+1 values from —I to +1 in integer steps.

The energy of interaction between an applied magnetic field E; and a magnetic moment /i

can be expressed as follows:

Consider a magnetic field of magnitude Eg oriented along the z-axis, the energy is written

as a function of the z-component of magnetization:
E = —yP,B, (2.5)

In the absence of an applied magnetic field B_O) , the distribution of nuclear spins is
random in directions, resulting in a zero net magnetization for the bulk system and

degenerate energy levels. (Fig.2.1)

a)‘&gq\,’, b) Qﬁffﬁ

fele Jﬁﬁ&

$ e ®

Figure 2.1. Distribution of spin magnetic moments in the a) absence and b) presence of
an external magnetic field B_O)
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But when a Bo is applied, the nuclei align with or against it, and an energy transfer takes
place between the ground state and the excited state. Two spin states are possible, one that
is aligned with the magnetic field is called the a state (m;= +1/2) which is the more stable
state, and the other that is aligned in the direction opposite to the field is called the P state
(my = -1/2) which is the less stable state. The Boltzmann distribution describes the

population differences between the two spin states:
AE
£ = e_(kT) (2.6)

where N, and Ng are the numbers of nuclei in lower and upper energy states, AE is the
energy difference between the states, temperature (T) in K and the Boltzmann constant
(k=1.3805x10"% J/K). At room temperature, AE<kT, so the difference in the population of

up and down states is very small and is typically on the order of ppm.

A torque is generated when the magnetic moment ji interacts with the magnetic field B_O’

(Eq. 2.7):
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Figure 2.2. Nuclear magnetic moment precession with frequency w, around an external
magnetic field B,.

The torque changes the direction of the magnetic moment and causes the nucleus to precess
around the field's axis, a process known as Larmor precession. The frequency of the

precession is given by Eq. 2.8:

The frequency wo is the resonance frequency in radians per second, also known as Larmor
frequency. Therefore, the Larmor frequency is dependent on the local magnetic field

strength, as well as the nature of the nucleus.

The frequency can also be expressed in cycles per second, or Hz. It is written as follows:

w, = — 222 (2.9)

27
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2.2.2. Signal Generation, Relaxation, and NMR Experiment

The longitudinal magnetization M, , i.e., the sum of all y, at equilibrium does not change
with time. However, the time dependence of the magnetization is needed to get a NMR
signal. The longitudinal magnetization needs to be transferred to the transverse (xy) plane
to get the time dependence. When a high radio frequency (r.f.) pulse resonating at the
Larmor frequency is applied along either of the transverse axes, all the spins precess
coherently, resulting in an overall transverse magnetization precessing at the Larmor

frequency.

In the Xy plane, a coil generates the radio frequency pulse. The oscillations in the magnetic
field caused by the precession of the transverse magnetization M, , induce a current that

can be observed using the same coil that applied the r.f. pulse, producing the NMR signal.

N

/N

AL LA
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M,

X My

Figure 2.3. An r.f. pulse rotated longitudinal magnetization (M) to the transverse plane,
and precession of the transverse magnetization Myy at the Larmor frequency w,.

After the termination of the r.f. pulse, the transverse magnetization gradually returns to
equilibrium over time via a process much like Brownian motion due to the influence of

randomly fluctuating local fields, a phenomenon known as transverse-relaxation.

A diamagnetic sample outside of a magnetic field is not magnetized. When the sample is
positioned inside a magnet, the induced magnetization will not appear instantly, but will
appear over time determined by the spin-lattice relaxation time. In the Bloch theory of
NMR, the relaxation time is simplified by assuming that equilibrium will be attained

exponentially, treating its time constant as a parameter.®

This theory offers two relaxation processes for the induced magnetization to return to the
equilibrium state: transverse relaxation is caused by the dephasing of the transverse
component, which occurs at a rate determined by the time constant of T» (and rate, R2); and
longitudinal relaxation, where the longitudinal component is returned to its equilibrium

value, which occurs at a rate determined by the time constant T1 (or rate, R1). Both
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relaxation processes are time dependent. Transverse relaxation results in the loss of the bulk
transverse magnetization due to the loss of phase coherence amongst the individual spins
in the ensemble. Longitudinal relaxation returns the system to the equilibrium state

predicated by the Boltzmann distribution.

It is important to know how long it takes for this spin alignment process to reach
equilibrium. Bloch Equations are applied to answer this question. In the absence of a pulse,

the rate of change of M; is given by:
aM; _ —(Mz—Mo) (2.10)
dt Ty .

Solving this differential equation by integration gives the M; value at the time t,

M, = My(1 — exp~t/11) (2.11)

/4\/ M,

0 << Tl t“'Tl t>> Tl

time

—
I

Figure 2.4 Under longitudinal T relaxation, the longitudinal magnetization Mz returns to
equilibrium.

Mo is the equilibrium magnetization before applying the r.f. pulse. From these equations,
T1 is the time needed to (re)establish (e — 1)/ e of total magnetization along the z-axis. Ty
has a time scale that can range from milliseconds to days, depending on several factors
including solvent viscosity, temperature, molecule size, mobility, and structure.
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When a r.f. field is applied in the xy direction, the magnetic moment precesses about the
field direction, resulting in phase-coherent spin. But if the r.f. field is turned off, coherence
is lost due to randomly fluctuating local fields, which causes My and My to disperse as

shown in Figure 2.5.

Tty X y x y

dephasing

Figure 2.5. Coherence distribution at My and My plane, which leads to net transverse
magnetization processing at the Larmor frequency.

The transverse relaxation time is the rate at which the transverse components in the x-y

plane decay. Bloch equations determine Mx+My's dynamic on resonance:

de:_&‘%:_ﬂ (2.12)
dt T2 dt TZ

t
M, , = Myexp (— T—z) (2.13)

where T is the transverse relaxation time constant, and Mo is the transverse magnetization's

initial intensity.

During longitudinal and transverse relaxation, random magnetic field fluctuations can
cause spin flips (i.e., relaxation). Longitudinal relaxation generates a flow of energy out of
the excited spin system and re-establish the Boltzmann distribution. Transverse relaxation
eliminates phase coherence without affecting the overall energy of the system (i.e., without

re-establishing the Boltzmann distribution).
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The transverse magnetization rotates at the Larmor frequency, causing an oscillating
magnetic field that causes a current in the signal detection coil. Considering relaxation
effects, the rotating magnetization trajectory is a collapsing helix. Under T relaxation,
transverse magnetization decays in a spiral trajectory in the transverse plane (Fig. 2.6a).
Under Ty relaxation, longitudinal magnetization recovers, yielding the helical trajectory.
The NMR signal is produced by the induced current generated by this oscillation, which is

known as the free induction decay or FID.

Signal intensity

Time

Figure 2.6. a) The spiral trajectory of the transverse magnetization under T relaxation; b)
the overall helical trajectory of the longitudinal and transverse magnetization; c) The FID
signal.

The FID can be described by Eq. 2.14:

St = Spexp(iwgt)exp (— Tiz) (2.14)

where So is the initial intensity and Stis the signal intensity at time t. The signal intensity is
measured as a time function, which is then transformed to the frequency domain using
Fourier transform (FT), generating the NMR spectrum. The NMR spectrum will be a plot
of signal intensity vs. frequency with a peak centered at the Larmor frequency (w,) and a

half-line width determined by the 1/nTo.
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Avi = — (215)

NMR spactrum
FID o

signal intansity

|
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I A
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time

] frequency

Figure 2.7. The FID is digitized, and the NMR spectrum is then generated using the
Fourier Transform. 1/t T, gives the full width at half height.

A pulse sequence diagram is used to represent the NMR experiment, such as pulses and

delays. Figure 2.8 represents a very simple NMR pulse sequence.

Pulse width (pw)

Acquisition time

Recycle delay
(1) n
n nn ﬂ N hva .

e

Figure 2.8. A basic 1D NMR pulse sequence diagram.
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It consists of an initial pre-scan delay, also known as relaxation delay or recycle delay,
followed by an excitation r.f. pulse, the duration of which determines the angle at which it

rotates the longitudinal magnetization, and ending with the acquisition time.

2.2.3. Nuclear Shielding, Chemical Shift and J Coupling

The power of NMR spectroscopy originates from the combination of nuclear shielding and
coupling, making it possible to identify individual spin environments and how they relate
to each other proximally. An atom consists of a nucleus and negatively charged electrons
that surround the nucleus. The electron densities surrounding the nuclei, such as protons,
vary depending on the chemical environment. When a molecule is exposed to a uniform
external magnetic field, the valence electrons surrounding the protons are induced to
circulate, resulting in the generation of a secondary magnetic field, known as the induced
magnetic field. The movement of electrons (especially r electrons) around neighboring
nuclei generates a field that can oppose or enhance the applied field at that proton. The
proton is shielded when the induced field opposes the applied field. On the other hand, the
proton is said to be deshielded if the induced field enhances the applied field. As a result,
the various protons in a molecule do not have the same frequency of resonance.
Historically, it is said that shielding moves the signal upfield, while deshielding moves it
downfield. The difference in the signal position is called the chemical shift and is defined

in parts per million (ppm) by the reference frequency, as shown in the equation.

§ = 2o ref (2.16)

Wref

where wo is the Larmor frequency of the sample and wrer is the Larmor frequency of the

reference compound.
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The effective local magnetic field is related to the applied external magnetic field by the

following relationship.
Bina. = 6B, (2.17)

where & is called the chemical shielding tensor. The chemical shielding tensor provides the

relationship between the induced field and the molecule’s orientation with respect to Eg
Mathematically, shielding is express as a 3x3 matrix given by:

&= <3;‘j§ o Z’;Z) (2.18)

Ozx Ozy Ozz

The chemical shift can also be represented as a tensor in matrix form. Choosing a coordinate

system with Bo pointing in its z direction,

Sxx ‘Sxy Sxz

(2.19)

6yx 6}’}’ 6}’2
8zx 5zy 8zz

This tensor representation is in the laboratory (LAB) frame, but it is often converted to its
own frame of reference, known as the Principal Axes System (PAS), for easier

manipulation. In the PAS method, the tensor is a 3x3 diagonal matrix given by:

Sxx 0 0
00 6y

when the Bo field is parallel to x, y, z of the PAS.

In isotropic liquids, the result is an averaging of all three main components of the PAS

frame and is given by:
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Siso = 5 (8ax + Syy + 652) (2.21)

This is applicable for solution-state NMR spectroscopy, where fast reorientational
molecular motion averages the principal components and make them equal. But this
equation is not applicable for solid-state NMR spectroscopy because of limited

reorientational motion in solids.

Different types of electronic environments are responsible for different chemical shifts
among protons in a molecule. The following factors contribute to a proton's shielding or
deshielding in a magnetic field: local diamagnetic effect, diamagnetic and paramagnetic

effects due to neighbouring atoms or groups of atoms, effects from interatomic ring current.

The diamagnetic shielding effect is due to the circulation of valence electrons or & electrons
in the system under an external field, which produces a local magnetic field. The new
induced field is opposing the external magnetic field Bo. This means that the higher the
electron density, the stronger the shielding effect. Except for protons, this effect is

negligible in other nuclei.

:fggwff%

induced magnetic field

Bind

Figure 2.9. In the presence of an external magnetic field B_(; an induced magnetic field is
produced by diamagnetic current induced by circulating electrons around the nucleus.
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The electronic environment of the nucleus of interest and thus the neighbouring groups,
influence the chemical shift change. When the neighbouring groups net effect is to reduce
electron density, the induced field is decreased, resulting in deshielding. Deshielding allows
the nuclei to be exposed to a larger fraction of the external field, increasing the resonance

frequency.

Accordingly, the ring-current effect is most often seen in aromatic ring systems with
electrons, which causes a deshielding effect in proton resonances. When an external
magnetic field Bo is applied to benzene, where the m electrons move freely across the ring,
the circulating m electrons generate their own local field in aromatic rings, creating
shielding and deshielding zones for surrounding nuclei depending on their position relative

to the ring. This is called ring-current effect, illustrated in Figure 2.10.

shielding

Bo

Figure 2.10. The ring current effect in benzene rings.
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The external magnetic field generates a local field that acts along the external field on the
periphery of the rings, as well as against it above and below the plane of the ring. As a
result, any nuclei on the ring's periphery, such as aromatic protons or any other substituent,
will be introduced to an effective field equivalent to the total of the external and induced
fields, resulting in deshielding, i.e., a larger chemical shift. On the other hand, nuclei above
or below the planes of the ring will have a reduced effective field or will be shielded,

reducing their chemical shift.

In addition to chemical shielding, nuclear spins are influenced by the interaction between
the magnetic moments of nearby mediated by the surrounding electron density. This
interaction is known as scalar spin-spin coupling or J-coupling giving rise to splitting in
the NMR lines. The number of neighbouring nuclei determines the multiplicity of the
splitting pattern arising from J-couplings, and the magnitude is determined by their relative

orientation.

Two types of coupling interactions occur between nuclei: direct dipolar coupling and
indirect scalar coupling. The direct dipolar coupling interactions depends on the orientation
of the internuclear vector with respect to the static field. Under normal isotropic motion
this interaction averages to zero in solution. In contrast, the dipole-dipole interaction can

be observed in liquid crystal solvents and in the solid state.

During scalar coupling the nuclear dipole polarization polarizes nearby electrons. This
polarization is transmitted throughout the electron density of the molecule via the ¢ MO
network. The electron polarization interacts with nuclear moments throughout the
molecule and as the relative orientation of the electron density remains unchanged with
respect to the nuclei this interaction does not vanish under isotropic averaging.
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The coupling constant is often written as "Jag, with n indicating the number of intervening
bonds and A and B indicating the two coupled spins. The term "multiplet” refers to a
resonance line that has been split due to J-coupling. For example, in the *H NMR spectrum
of an ethyl group (-CH2-CHs) the -CHs signal is split into a triplet by the 3-bond H-'H
homonuclear J-coupling (*Ju+) to the —CH, group protons, while the —CH, signal is split

into a quartet by the same interaction (n+1 rule).

2.2.4. Relaxation and Molecular Motion

Relaxation dispersion is a consequence of the difference in which T1 and T. depend on
molecular motion, and thus it can be an important source of information in studying factors
that influence affect molecular motion. Transverse and longitudinal relaxation of spin-%
nuclei can take place via nuclear dipole-dipole or chemical shift anisotropy (CSA)
mechanisms. The dipolar mechanism is the dominant relaxation mechanism for protons in
diamagnetic systems, owing to their high natural abundance and strong magnetic dipole
moments. The CSA mechanism contributed negligibly. Consequently, only the dipole-
dipole mechanism needs to be considered H. The relaxation takes place under the influence
of the magnetic field produced by a nearby nucleus, which modulates in time rapidly due

to molecular reorientational motion.

As a result of molecular motion, the local field experienced by a nucleus is time-dependent
f(t). The fluctuations are essentially random and thus average is zero over long time periods.

Therefore, its magnitude is usually measured by its mean square value, defined by Eq 2.22

(f2)#0 (2.22)
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An autocorrelation function, G(z), is used to define the time dependency of f(t), also known
as the rate at which the local field fluctuates over time. The formula for this function is as

follows:
G(®) = {f(E+D) F(O) = (f2(O) exp (-1 (2.23)

A correlation between the same function at different times is called an autocorrelation
function. For small t the field does not have much time to move so G(r) is large. As 1
increases the field will have reoriented significantly and thus does not have much overlap
with its original vector, hence G(t) decays over time eventually converging to zero. The
decay time constant 1 is called a correlation time and is defined as the time taken for a

molecule to rotate by one radiant.

For small molecules (which are rapidly tumbling), the fluctuations are fast, so tc is short,
and for large molecules (which are more slowly tumbling), the fluctuations are slow, so tc

is longer.

In the theory of NMR relaxation, the spectral density J(w) plays a significant role. Spectral

density functions are Fourier transforms of the time-correlation functions.
J(w) =2 fooo G(t)exp{—iwt}dr (2.24)

Changing the perspective from time dependence to frequency dependence, the Fourier
Transformation of the correlation function is used and obtained a Lorentzian spectral

density.

exp (— l—Tcl) i 2‘[; ; = J(w) (2.25)
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The spectral density gives information about the intensity or power of fluctuations at given

frequencies.

A fast-fluctuating fields will have a short correlation time, and the spectral density will be

broad, as is represented in Figure 2.11.

J(©)
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Figure 2.11. Spectra density of a rapid fluctuating field

Conversely, when a magnetic field undergoes slow fluctuations, the correlation time

becomes long, resulting in a narrow spectral density, as illustrated in Figure 2.12.
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Figure 2.12. Spectral density of a slowly fluctuating field

The fast motion regime occurs when wotc << 1. In this regime, it is presumed that 1+mo?tc?

~ 1 and therefore the spectral density is not dependent of the Larmor frequency:
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J(wy) = 21, (2.24)

The slow-motion limit is defined as when wote >> 1. Under the condition 1+®0%tc? = w2t

and since J(0) = 21 the spectral density in this regime is:
0
J(@o) = 2% (2.25)

The effect of molecular motion on relaxation depends upon spectral density and this

relation comes from transitions between all four energy levels of a two-spin system.
Transition Probabilities:

A dipolar-coupled two-spin system has 4 energy levels. The dipolar interaction between
the two spins can cause relaxation-induced transitions between any of these energy levels.
As illustrated in Figure 2.13, there are six possible transitions categorized as single-
quantum, double-quantum, and zero-quantum transitions, each with different probabilities:
W1, W2, and W, respectively. The W, transition involves simultaneous flipping of two
aligned spins, Wo is similar but with anti-parallel spins, and W1 involves the flipping of

only one spin.
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Figure 2.13. The six possible transitions in a two-spin system: four single-quantum
transition, with rate constant W1, one double-quantum transition, with rate constant W and
one zero-quantum transition, with rate constant Wo. The spins in higher energy states are
aligned against the Bo magnetic field.

The probability of a single-quantum transition for spin j in a dipolar-coupled two-spin
system is expressed by Equation 2.26.°

Wi = 55b%) (@) (2.26)

where J(wo) is the spectral density and b is the dipolar coupling constant ® defined by:

p= —Lenirh (2.27)
4m 13

where u, is a physical constant, y; and y, are spin gyromagnetic ratios, and r is the

internuclear distance.
The double-quantum transition probability is given by Eq.2.28.8
W, = 2b% (2wo) (2.28)

The spectral density of the dipolar coupling at twice the Larmor frequency is denoted by
J(2wo).
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The zero-quantum transition probability is given by Eq.2.29.°

Wy = — b2J(0) (2.29)
The spectral density of the dipolar coupling at a frequency of zero is represented by J (0).
For homonuclear spin systems, the dipolar relaxation rates (1/T1 and 1/T>) are given by

Eq.2.30 and 2.31.°

1_

= f—obz{](wo) + 4/ (2wo)} (2.30)

1

= = 3307(3/(0) + 5/(wo) + 2/ (2w0)} (2:31)

Since the spectral density is a function of the correlation time tc. Accordingly, T1/T2 can be

expressed as:

Ty _ 1[10+37w?tZ+120*c¢] (2.32)

T, 2 [5+8w272]

The longitudinal relaxation time T is dependent on correlation time tc.” Correlation times
are inversely proportional to the rate of reorientational motion. Small molecules that move
quickly have very short correlation times and corresponding long T1. For large molecules
that move slowly, ¢ is long and Tz is short, T1 goes down until it reaches (tc=1/wo), at that

point Ty increases slowly with 1, as shown in the curve in Fig. 2.14.
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Figure 2.14. Longitudinal relaxation time constant in relation to correlation time.

This curve shows that at room temperature, small or gaseous molecules have a short
correlation time, followed by a liquid with no viscosity. The correlation times are longer

when the molecule is bigger or when it is in a viscous liquid.

The longitudinal relaxation times are also affected by the temperature.” This is because the
random fluctuations start around the molecule, and correlation times also depend on
temperature. Increasing the temperature of the sample causes the motion to speed up, which
results in a short tc. The effect of the Ty relaxation time on temperature depends on where
¢ IS. Therefore, when a sample has a long 1, heating the sample results in a decrease in T.
When a sample has a short ¢, increasing the sample's temperature results in a rise in Ty, as

seen in Fig. 2.15.
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Figure 2.15. (a) Long correlation times, elevating the sample temperature reduces Tz (b)
Short correlation times, increasing the sample temperature leads to higher T;.

The relaxation times Ty and T» are plotted as a function of correlation time in Fig. 2.16.
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Figure 2.16. Relaxation times plotted against correlation time tc. Short tc values represent
rapid molecular motion while longer values indicate slower motion.
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The correlation time represents local magnetic field fluctuation, which depends on
molecular motion. For small molecules, the molecular motion is fast enough and the
frequency of reorientational motion (1/1c) exceeds the Larmor frequency, such that @ <<
1/tc. Conversely, for rigid, slow-tumbling molecules, the rate of reorientational motion is
much slower than ® where ® >> 1/1¢c. In the fast-motion regime, T1 and T» are similar,
resulting in minimal relaxation dispersion where the ratio gradually decreases with
increasing tc; however, they separate as they enter the slow-motion system, where T:
continuously increases while T» decreases. Overall, the Ti/T. ratios increase with

increasing tc and increased relaxation dispersion is observed.

For studies of asphaltenes, relaxation (T1 and T2) measurements can give information about
the mobility of asphaltene molecules in solution and both are required to determine the

motional timescale.

The rotational correlation time can be related to measurable variables through the

hydrodynamic radius, r.

T, = [;‘ki;] r3 (2.33)

Where 1 is the viscosity, k is the Boltzmann constant, and T is the absolute temperature.
Thus, it is evident that the measurement of T: and T» relaxation dispersions, which

determine 1, can yield insight into molecular sizes.
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2.3. Selected NMR Spectroscopic Experiments

2.3.1 One dimensional *H NMR Spectroscopy

Proton nuclear magnetic resonance (*H NMR) is a spectroscopic technique that is
commonly used for structural analysis of chemicals and compounds. This method has been
used to characterize crude oil and related products. Usually, it is a fast and simple
experiment that can be completed in a short amount of time and only requires a basic
understanding of NMR methodology on the part of the users. A *H NMR spectrum provides
information on the different types of *H presence in the structure that resonate at specific
chemical shifts over a narrow chemical shift range, usually 0-20 ppm. Splitting patterns
affected by scalar J-coupling between the *H nuclei (Jun) can also be seen in *H NMR
spectra, which can help with nuclei connectivity and signal assignment. In addition, if the
experimental settings (long recycle delay) are set correctly, 'H NMR signals are
proportional to the sample’s hydrogen nuclei. Chemical shifts and coupling show which
functional groups are present and how they are connected to one another. Large molecules
that are present in asphaltenes have a vast range of structural variations. They have different
resonance frequencies and multiple chemically inequivalent protons in different chemical
environments. The *H NMR signals are extremely crowded with many overlapping signals,
leading to heterogeneous broadening and J-coupling information is lost in these *H NMR
spectra, making spectral analysis difficult. In these cases, spectral assignments must be
made using deconvolution analysis instead of integration. One disadvantage of *H NMR
spectroscopy is that it cannot provide information about the presence of carbons without
attached protons (quaternary carbons). These carbons can only be detected using **C NMR

spectroscopy.
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2.3.2. One dimensional *C NMR Spectroscopy

The *C NMR spectroscopy method is used to characterise carbon-containing molecules.
The 2°C NMR experiment is much less sensitive than *H because the spin-active nucleus is
approximately 1% abundant and the remaining 99% are inactive because it has a spin of
zero. A 'H NMR spectrum can be acquired in around 3 to 5 minutes with a good signal-to-
noise ratio; *C NMR spectra normally take a couple of hours (or overnight) and have a
much lower signal-to-noise ratio. In contrast to 'H NMR experiments, obtaining high-
quality *C NMR spectra with a suitable signal-to-noise ratio requires collecting more scans

or preparing a highly concentrated sample.

As a result of low natural abundance of *3C, splitting due to J-coupling between carbon
nuclei (Jcc) is rarely observed. This is because the chance of two 3C nuclei being next to
each other is very small. Furthermore, it lengthens the Ti relaxation time of carbon,
requiring long recycling times. However, unless the *H spins are decoupled, heteronuclear
J-coupling between *H and *3C (Jcn) can be observed, which can complicate the spectrum.
13C NMR gives more information about the backbone of molecules, rather than about the
periphery. Since the chemical shift range for most organic compounds is 200 ppm for $3C
NMR compared to 10-15 ppm for *H, peaks overlap less in *C NMR spectra. The
sensitivity of *C NMR must be increased to obtain a qualitative assignment, which can be

performed using a polarization transfer pulse sequence (INEPT and DEPT).

Polarization is often transferred from *H to 3C in the Insensitive Nuclei Enhancement by
Polarization Transfer (INEPT) experiment, resulting in an increase in the intensity of the
13C signal. In INEPT, scalar coupling between sensitive nuclei (*H) and insensitive nuclei

(*3C) is mainly used. In comparison to the INEPT experiment, another experiment known
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as Distortionless Enhancement by Polarization Transfer (DEPT) can be used to increase
13C NMR sensitivity. This method utilizes the fact that different CH function behave
differently in an experiment. DEPT is used to differentiate between three types of groups:
CHs, CH2, and CH. In each of the three experiments, the proton pulse is set at 45°, 90°, or
135°. The number of protons bound to a carbon atom determines the different pulses. In the
case of a 45° pulse (DEPT-45), all carbons with directly attached proton(s) appear. At
90°(DEPT-90), only signals from CH groups are detected, while at 135°(DEPT-135),
signals from CH and CHj3 carbons with opposite phases to those of CH> groups. Running a

complete set of DEPT experiments allows for complete group assignment.

2.3.3. T1 and T2 Relaxation Experiments
Relaxation experiments in NMR spectroscopy are one of the most important and valuable

used methods to obtain useful information about the dynamics of the molecules.
T1 relaxation:

T1 relaxation, also called longitudinal relaxation, is the process by which the net
longitudinal component of the magnetization returns to equilibrium over time and energy

is transferred from the spin system to it immediate surroundings, referred to as the lattice.

In the experiment used to determine the T: constant known as the inversion recovery
method, first an inversion pulse (180°) is applied that rotates the magnetization M; into the
negative z-axis, which is followed by a delay (tr) during which the magnetization is
allowed to relax for a fixed time period towards the positive z-axis. Finally, a 90°

observation pulse is applied that flips the longitudinal magnetization to the transverse(xy)
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plane, and subsequently the signal is recorded, Fig. 2.17. This experiment is repeated for

a series of fixed delay periods.

Relaxation Delay delay Il Acquisition
f—— period — P

inversion
pulse

o

Intensity

t(sec)

Figure 2.18. Inversion recovery curve for T1 experiment.
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To determine Ty, the signal intensities are fitted to the following equation:

M, () = Moy + (Mo — Mao) exp (— 1) (2.34)

Ty

where M; is the intensity of the magnetization at time t following the pulse, M, is the
intensity of the magnetization at equilibrium and Mo is the intensity of the inverted

magnetization at T = 0.
T2 relaxation:

Transverse relaxation or T» relaxation determines the rate at which the transverse
magnetization decays in the transverse plane. In the experiment used to determine the T>
constant, first a 90° (excitation) pulse is applied, followed by a fixed time delay (t), after
which a 180° (inversion) pulse is applied followed by a second delay with the same t
period. During the first delay period, both coherent and incoherent processes dephase the
magnetization. During the second delay period, coherently dephased components of the
transverse magnetization to refocus, resulting in the formation of an echo at 2z. However,
due to incoherent systems, the loss of magnetization is irreversible, resulting in signal
intensity decay. A series of spectra with increasing delay periods are collected, and the
signal intensity is extracted as a function of 7. T is calculated by fitting the experimental

data to an exponential decay curve given by Eq. 2.35:

M(t) = Myexp (— TLZ) (2.35)
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Figure 2.19. Hahn-echo T- relaxation experiment, the decay of signal intensity is plotted
against the echo time.

Two components with similar intensities characterize a bi-exponential decay, but different
T, values.

Carr-Purcell-Meiboom-Gill (CPMG) experiment:

The CPMG experiment is similar to the Hahn-Echo experiment, except that after the first

180° pulse, additional 180° pulses are applied to analyze the decaying echo response.

Instead of gradually increasing the value of 7, it is maintained constant at a small value in

this experiment, a train of 1/2-180°-1/2 echo sequences is applied n times, only incoherent
processes dephase the transverse magnetization during this period. To prevent phase

distortions, the n is always an even integer, and T is obtained by fitting an exponential
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decay curve as for the Hahn-echo sequence. The CPMG series will be employed for all T»

relaxation measurements in this thesis.
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Figure 2.20. Pulse sequences of CPMG experlment.

2.3.4. Diffusion-Ordered NMR Spectroscopy

The objective of the DOSY NMR technique is to separate NMR signals originating from a
mixture of molecules based on the variations in the molecular translational diffusion of
each of the molecules. DOSY NMR has been used a lot in routine NMR analysis of
chemical mixtures for chemical identification. The molecular diffusion coefficient of a
sample is calculated with this technique, and the molecular size is then able to estimate
based on the measured diffusion coefficient. The diffusion coefficient is influenced by
molecular size and shape, as well as temperature, solvent viscosity, and other variables,

according to the Debye-Einstein equation:

__ kT
- 6mNTyY

(2.36)

where the molecule is approximated as a spherical particle of hydrodynamic radius rys in a

solvent of viscosity n, ks is the Boltzmann constant, and T is the absolute temperature (°K).
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Based on the DOSY NMR theory described in the literature, two fundamental pulse
sequences are presented in Fig. 2.21.% The pulse sequence is recorded using a spin echo
(SE) at the top and a stimulated spin echo at the bottom (STE). In both situations, the initial
step is to use a 90° radio-frequency (RF) pulse to excite the spins. Spins are now relaxed in
the x and y-plane according to the transverse relaxation time T>. A gradient pulse with an
intensity g and a duration ¢ is applied after this RF pulse. The spin spatial position is
encoded inside the spin phase shift at the end of this gradient pulse. During the time interval
denoted by 4, the molecules are allowed to diffuse. During this time of diffusion, the
magnetization will take on either a transversal or longitudinal direction, depending on
whether the SE or STE pulse sequence is used. When the diffusion time 4 has ended, a
second gradient pulse is applied with the same magnitude and duration as the previous one.
In order to rephase the spins, the second gradient pulse has the opposite "effective sign™ as
the first. There are two ways for the spectroscopist to create a gradient pulse with the
opposite “effective sign” from the first pulse. Either it is a gradient pulse with an actual
current flowing in the opposite direction (opposite sign), or it is a gradient pulse with the
same sign as the first one because an RF pulse reversed the spins. The SE sequence provides
a clear illustration of this (Fig. 2.21A). A gradient pulse with the same sign, intensity, and
length must be used to unwrap the spin phase caused by the gradient pulse because the 180°

RF pulse inverts the spin-dephasing.
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Figure 2.21. The two pulse sequences of DOSY NMR experiments. The pulse sequences
are based on a spin-echo (A) or stimulated-echo (B). The main diffusion-related parameters
(g, 5, A) are presented in the figure.

Intensity of NMR signal depends on gradient pulse area (g and o), diffusion time 4, and
diffusion coefficient D. In the Stejskal-Tanner formula,® the NMR signal is written as

follows:
S = Sye~rgd)*A’D (2.37)

where A’ is a corrected diffusion time dependent on the pulse sequence and gradient form.
It is essential to remember that, except for the diffusion coefficient D, all other parameters
are either established by the pulse sequence itself (6,g and 4) or measured (S and So). In
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order to estimate the diffusion coefficient, one fixed parameter must be adjusted discretely
to fit experimental results. In most cases, the experimentalist will change the intensity of
the pulsed gradients g to maintain consistency in the timings throughout the different

experiments.
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CHAPTER 3

STUDY OF ASPHALTENE PHASE COMPOSITION AT VARIOUS DEPTHS

IN RESERVOIRS USING SOLUTION-STATE NMR SPECTROSCOPY

3.1. Introduction

Crude oil reservoirs are composed of solids, liquids, and gases. In a reservoir, the
aggregation state of asphaltenes remains stable but when the oil is extracted, changes in
reservoir conditions, such as pressure or temperature, cause phase instability and result in
precipitation and deposition of asphaltene, thus causing flow assurance problems.'?
Understanding the structural composition of asphaltene and its aggregation behavior in
different depths is thus helpful for findings ways to resolve these problems. The
composition of asphaltene in a reservoir fluid varies with depth in many reservoirs (within
a single reservoir).® In most cases, oil density and viscosity increase with depth in a
reservoir.* Oil becomes highly dense and viscous, because of higher asphaltene content.
With the advancement of the science of asphaltenes, it is now possible to understand how
those compounds affect some oilfield issues, such as heavy oil production and fluid flow

assurance in pipelines.

Asphaltene structure and aggregation mechanisms in reservoirs have been studied, and
several experimental approaches have been described in the literature. Mass spectrometry
has proven to be one effective tool for determining asphaltene composition. Andrew et al.®

used two-step laser mass spectrometry (L?MS) and surface-assisted laser
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desorption/ionization (SALDI) to examine the chemical composition of asphaltene
molecules in areservoir. Their study found that the asphaltene component increases slightly

with depth throughout the reservoir.

This chapter presents the characterization of asphaltenes collected from different depths
within the stacked reservoirs of the Manifa oilfield in Saudi Arabia using solution-state
NMR spectroscopy techniques. Several questions immediately arise: (i) does the
asphaltene structure change with depth in the same reservoir, or does only the aggregation
behavior change? and (ii) if structural changes occur, can NMR spectroscopy be used to
identify these changes? In general, NMR spectroscopy can provide information about the
different types of chemical groups present, such as aromatic and aliphatic groups. This
information can help to identify structural changes in asphaltenes at different depths and

better understand their aggregation behavior.

The present work employs a detailed analysis of T: and T2 relaxation behaviour of
asphaltenes from different depths in the reservoir. Based on the analysis of T; and T»
relaxation behavior, it is possible to obtain information about the mobility and interactions
between the different molecular components. These parameters can provide insights into
the size of the asphaltene aggregates, which is closely related to their degree of aggregation.
Higher T1/T> ratios suggest larger and more compact aggregates, whereas and lower T1/T>

ratios indicating smaller and less compact aggregates.

In the analysis of *H NMR spectra, deconvolution methods will be used. This method can
separate the different overlapping peaks in a spectrum, which allows for the determination
of important parameters such as the number of chemically distinct groups present, the
relative intensities of each peak, and the chemical shifts of each peak.
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3.2. Experimental section

3.2.1. Asphaltene (Manifa) samples

The five asphaltene samples used in this study were supplied by the Schlumberger Doll
Research Center (USA), each with a different phase composition and physical properties.
The samples came from an oilfield in Saudi Arabia and were identified by the moniker,
Manifa. The samples are taken from a reservoir whose asphaltene content changes
significantly with depth, from about 2 wt% asphaltene at the top to more than 30 wt%
asphaltene at the bottom, as shown in Fig. 3.1.4° The Manifa asphaltene samples were

collected from a single reservoir with five different depths ranging from 7700 to 8080 feet.
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Asphaltene Content (wt%)
Figure 3.1. Asphaltene content gradient in single reservoir.®> The y axis indicates reservoir
depth, represented as true vertical depth subsea (TVDss). To preserve the anonymity of the
reservoir, the initial digits of the depths have been obscured, and relative depths increase
from top to bottom. (Reproduced with permission from Pomerantz, A. E.; Mullins, O. C;
Zare, R. N., Constant asphaltene molecular and nanoaggregate mass in a gravitationally
segregated reservoir. Energy & Fuels 2014, 28 (5), 3010-3015.)
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The elemental composition of the Manifa asphaltenes had been determined using
conventional combustion analysis (carbon, hydrogen, nitrogen, sulfur) and pyrolysis

(oxygen).® Figure 3.2 presents the elemental compositions of these five asphaltene samples.
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Figure 3.2. Elemental compositions of asphaltenes from variable reservoir depths.
Elements are presented in the order carbon, hydrogen, nitrogen, sulfur, oxygen. To preserve
the anonymity of the reservoir, the initial digits of the depths have been obscured, and
relative depths increase from top to bottom. (Reproduced with permission from Pomerantz,
A. E.; Seifert, D. J.; Qureshi, A.; Zeybek, M.; Mullins, O. C., The molecular composition
of asphaltenes in a highly compositionally graded column. Petrophysics-The SPWLA
Journal of Formation Evaluation and Reservoir Description 2013, 54 (05), 427-438.)

As can be seen in this graph, the asphaltenes have a predominant carbon content (80 to 85
wit%), and its heteroatom content (which includes nitrogen, sulfur, and oxygen) sums up to
approximately 10 wt%. The proportions of nitrogen, sulfur, and oxygen in asphaltenes from
different depths vary only slightly within that range. Little change in elemental composition

was found and no trend with depth was observed within this reservoir.



3.2.2. Sample preparation:

Asphaltene samples for NMR analysis were prepared at 50 g/L concentration. All NMR
experiments were carried out at room temperature (25°C). The NMR samples were made
using toluene-ds and CDCl3 as solvents, which were purchased from Sigma-Aldrich and
used as received. First, 50 mg of asphaltene was weighed out in a plastic weighing dish
using an electronic analytical balance (Mettler Toledo, accuracy: 0.1 mg). The sample was
then transferred into a small vial and dissolved in 1 mL of a deuterated solvent (CDClIs or
toluene-dg). A vial was used to ensure more effective mixing of the sample compared to
using an NMR tube. The samples were treated with vortexing (VWR mini vortexer) for one
minute in order to get thorough dissolution. However, due to the high concentration of
asphaltene, incomplete dissolution occurs, leading to the presence of precipitates at the
bottom of the vial. The solution is transferred to an NMR tube for analysis. All of the
analyses were done with 5-mm NMR tubes, which were supplied by Wilmad Lab Glass.
Based on the line width of the residual solvent signal, it was not deemed necessary to purge
the samples with N2 gas. The presence of oxygen was not controlled because the effect of
oxygen on the relaxation rate was negligible. The influence of oxygen is only noticeable in

systems with low molecular weight and solvents with extremely low viscosity.

After the samples were prepared for NMR experiments, the outside of the tube was cleaned
with acetone. In the NMR lab, Kimwipes were used to clean the bottom of the tube before

placing it in a sample changer.
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3.2.3. 'H NMR experiment

All NMR spectra were obtained using a Bruker Avance Il HD 700 MHz NMR
spectrometer operating at 16.4 T and a triple resonance Bruker TXO-Z (C/F-H-2H) probe
equipped with a 2H lock channel, automatic tuning and matching, and Z-gradient.
Experiments were performed at room temperature, and the sample appeared to be
completely dissolved. No evidence for phase inhomogeneity was found, since throughout
the NMR investigations the reference signals always had a symmetric and narrow line
shape. Any phase inhomogeneity present on the microscopic scale would have resulted in
difficulties shimming the spectrum. The 1D *H NMR spectra were recorded with a 90°
pulse width of 12.4 ps, and 128 transients. Two recycle delays (5 and 120 s) were used to
ascertain the quantitative nature of the results. Many previous research studies used a
shorter recycle delay (e.g., 2's, 3 s, and 5 s), which resulted in signal saturation.”° Any
significantly longer delay than 120 s was deemed impracticable due to the length of time

required to get an acceptable signal-to-noise ratio.

3.2.4. Relaxation experiment

For H T1 and T2 NMR measurements, samples were prepared in both solvents (CDCl3 and
toluene-ds). The relaxation experiment used the same samples as were used in the 'H NMR
experiment. *H NMR relaxation data were obtained using a Bruker Avance IIl HD 700
MHz spectrometer operating in a four high power channels (HFXY) mode using a triple
resonance Bruker TXO-Z (C/F-H-2H) probe equipped with a ?H lock channel, automatic
tuning and matching, Z-gradient, and VT capabilities. All spectra were obtained using a
sweep width of 700 kHz, data points were zero-filled to 64k data points, unless stated

otherwise. All relaxation data were acquired at room temperature. T1 relaxation times were
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obtained using the inversion recovery pulse sequence!! of the form {-RD—p1(180°)—t—
p2(90°)—aq(acquire)}; the phase cycles were: p1: {X, —X}4; p2: {X2, —X2, Y2, —Y2}; aq: {Xz, —
X2, Y2, =Yy2} and the recycle delay used was 120 s. The delay array used was 0.001, 0.35,
0.75,15,2,2.2,25,27,3,32,35,4,45,5, 10, 20, 30, 45, 60, 75, 90 and 120 s with 8

scans for each delay.

The saturation—recovery (SR) method*? is another technique for T1 measurement, in which
the longitudinal magnetization is set to zero and then measured after a delay time t. The
SR sequence is the multiple-pulse sequence: {90°— © — 90° —t — 90°— acquisition}.
Saturation was achieved by an aperiodic sequence with a train of 90° pulses separated by
decreasing delays. The delay array used was 0, 1, 2, 3, 4, 5, 10, 20, 30, 45, 60, 90, 120,

240, 360, 480, 600,7 20, 840 and 960 s with 8 scans for each delay.

T, relaxation data were obtained using the CPMG (Carr- Purcell- Meiboom -Gill) pulse
sequence®® of the form [-RD-p1(90°)—{t—p2(180°)-t}r—aq(acquire)]; the phase cycles
were: p1: {X, X, X, =X, ¥, ¥, Y, =Y} p2: {Y, Y, ¥, Y, X, =X, X, =X} aq:{ X, X, X, =X, ¥, Y,
-y, —y}; the time delay between the pulses was 2 ms and the recycle delay was 120 s. The
delay array was: 4, 6, 8, 10, 16, 20, 24, 36, 60, 70, 80, 120, 180, 250, 350, 450, 500, 750,
1000 and 1250 ms with 8 scans for each delay. Data were Fourier-transformed, baseline-
corrected, and phased. The integration and deconvolution analysis were performed by

MestRenova software (version 14.2.0).
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3.2.5. Bi-exponential fits

The analysis of the bi-exponential behavior of the T: and T» spectra is an important
mathematical tool for NMR relaxation studies of complex samples. Generally, a standard
linear regression method is used to obtain Ty and T, values if the data exhibit mono-
exponential behavior. Bi-exponential data sets cannot be analyzed in this manner owing to
large systemic errors being introduced, even when the second component is very small.
This study uses the nonlinear fitting optimization method to model the relaxation curves,
which allows for two independent relaxation times, one relative composition ratio, and two
initial conditions.* This nonlinear optimization was carried out with the Levenberg-

Marquardt optimization method.*®

3.2.6. DOSY experiment

Proton diffusion ordered NMR (DOSY) experiments were performed on a Bruker Avance
700 MHz spectrometer, which operates at 16.4 T and uses a triple-resonance Bruker TXO-
Z (C/F-H-2H) probe equipped with a 2H lock channel and Z-gradient. Each sample was
obtained by mixing 50 mg of asphaltene dissolved in 1 mL of a deuterated solvent (CDCl3
or toluene-ds). A series of NMR spectra is generally collected in a stimulated echo as a
function of pulsed-field gradient intensity in a DOSY experiment. The intensity of each
signal decreases at a rate determined by the diffusion coefficient, independent of T»
relaxation time. The stebpgpls pulse sequence was used in the diffusion-ordered
spectroscopy (DOSY) experiments.'® Spectra were obtained with 32 scans in an increasing
linear gradient ranging from 2% to 95% with a pulsed gradient time & of 3.6 ms and
diffusion times A of 50 -100 ms during the DOSY experiment. The spectra were then

analysed using the Bruker Dynamics Suite using two processing methods, where the first
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is the standard routine allowing up to three components, the second method involves an
inverse Laplace transform. The former method utilizes nonlinear optimization to
Agitrusion (6, A, D) in Equation 3.6 and thus provides diffusion constants and intensities for

each component along with their 95% confidence limits.

3.2.7. Error considerations

In this work, the amount of supplied sample was limited, allowing for the preparation of
one NMR sample per asphaltene sample. In order to produce accurate and exact findings
in the NMR analysis, it is necessary to consider a number of different potential sources of
error. In this study, two types of errors need to be considered: errors associated with the
relative method and those associated with the absolute method. The errors in the relative
method arise from the measurement and analysis of the spectral data, such as deconvolution
of overlapping peaks or regression analysis, and can lead to uncertainties in quantification
of the different chemical components present in the sample. In the case of *H NMR studies,
the error for the relative method comes from the deconvolution of the peak fitting, and a
residual error (RE) was obtained from (x*/N) values. The relative error in peak area was

then calculated using Eq. 3.1

100xNxV(RE) % (3.1)

Relative error= n

where N is the number of data points in the interval and A is the peak area.

The errors for the absolute method depend on the measurements and scale. In the study, a
fundamental error comes from measuring the sample weight, solvent volume, and
deconvolution of the NMR spectrum. To measure the sample mass, an analytical balance

was used with an accuracy of 0.1 mg. To measure the volume of the solvent, a sealed 1 mL
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ampule supplied by Sigma Aldrich was used; it is, however, impossible to transfer exactly
1 mL due to small 'losses' of injection of the solvent on the inside surfaces of the ampule.

The estimated error in volume is around 1%.

3.3. Results and Discussion

The 'H NMR spectra of five asphaltenes collected at different reservoir depths were
recorded. All spectra are composed of overlapping signals. Instead of analyzing the full
spectra, three regions containing signals of interest were primarily focused on, because
limiting the region reduces the possibility of signal contamination from different structural
environments with similar chemical shifts. Signals in specific chemical shift regions
(aromatic, alicyclic, aliphatic) of the asphaltenes were deconvolved using the smallest
number of deconvolution components, providing quantitative information about NMR
parameters for each signal. The deconvolved components have their individual chemical
shifts, line widths, signal intensities, areas, and Lorentzian/Gaussian (L/G) ratios. The same
sets of chemical shifts, line widths, and L/G ratios were used for all five samples to ensure

reliable and consistent analysis.

Fig. 3.3 presents the *H NMR spectra of the five asphaltenes collected at different reservoir

depths.

92



a) Aliphatic groups

* LY
oF
ot #
* \ng
n/ )
& \n
&
Aromatic Alicyclic
groups groups

T T T T
o 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 oo -0

f1 (ppm)
5 Aliphatic groups
* #
Nog
E"/
Nig
7
b N
)
\0
Aromatic ¢
groups Alicyclic
groups

T T T T
.0 95 9.0 8.5 8.0 75 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3:5: 3.0 2.5 2.0 £S5 1.0 0.5 0.0 -0.f
f1 (ppm)

93



Aliphatic groups

Aromatic Alicyclic
groups groups

T T T T T T T T T
100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 00 -05
f1 (ppm)

Aliphatic groups
d) e

* &
&
&

H

&

T e T

Aromatic Alicyclic
groups groups

T T T T T T T T T T T T T T T T T T T T

T
95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -05
f1 (ppm)

94



Aliphatic groups

Alicyclic
groups

Aromatic
groups

0.0 95 90 &5 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 0.0 -05
f1 (ppm)

Figure 3.3. 700 MHz H NMR spectra of the Manifa asphaltene samples at reservoir
depths of (a) 7767.6 ft; (b) 7963.5 ft; (c) 8026.3 ft; (d) 8070.9 ft; (¢) 8072.1 ft. The maroon
traces are the experimental spectra, the blue traces are the deconvoluted signals, and the
orange traces are the sum of the deconvoluted components. All *H NMR spectra were
recorded at ambient temperature in toluene-dg (residual solvent signals are denoted by *)
using TMS (denoted by ) as the internal reference with a 90° pulse during acquisition and
a recycle delay of 120 s and 16 scans.

In the present study, purely Lorentzian lineshapes were used to deconvolve the *H NMR
spectra because the lineshapes were found to be homogenous in the solution state.
Deconvolution involved determining each sub-peak’s areas, chemical shifts, and linewidths
within the spectrum by applying a Lorentzian function to it. Table 3.1 lists typical
deconvolution parameters associated with characteristic spectral areas and their functional

groups.
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Table 3.1. Chemical shift assignments for fitted peaks in the 'H NMR spectra of
asphaltenes.

Functional group Chemical shift (ppm)  Linewidth (Hz)
Aromatic hydrogens (Har) 9.00-7.30 1400
Alicyclic hydrogens (Haic) 3.50-2.50 1400

Aliphatic chain 1.80-0.50 500,140,30

In NMR spectroscopy, accurate knowledge of the longitudinal relaxation time is essential
to ensure the spectral intensities are not attenuated due to saturation. Hence, it is critical to
choose the recycle delay carefully to ensure quantitative results. Between each scan in the
NMR experiment, a delay 5 to 7 times T1 should be used. This study analysed the NMR
signals of asphaltenes with two different recycle delays, i.e., 5 s and 120 s. The main
objective was to explore the effect of saturation on the NMR signals by using a relatively
short recycle delay of 5 s. The use of a 5 s recycle delay has been common in previous

studies of asphaltenes, making it a representative value for comparison and analysis.

The composition of the different spectral environments (aromatic, alicyclic and aromatic)
in this study was determined using the relative and absolute methods. In the relative
method, the percentage of each region was obtained from the peak areas with respect to the

sum of all asphaltene peak areas.

To calculate the absolute composition, the integral of each chemical shift area was divided
by the residual *H signal of a standard solvent (toluene-ds). When using the absolute
method, the amount of water present in the sample can be calculated, which is the most

important information received by this method.
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The deconvolution results for the five asphaltene samples are listed in Tables 3.2 and 3.3
using a 5 s recycle delay. Figure 3.4 shows the relative composition of asphaltenes obtained
at different reservoir depths when a recycle delay of 5 s is used. When the short 5 s recycle
delay was used, the percentage of aromatic and alicyclic components appear to decrease

with depth. The opposite trend was observed for the aliphatic component.

When a long delay (120 s) was used for the investigation, different compositional
information was obtained as presented in Tables 3.4 and 3.5 and Figure 3.5. The trend
obtained form the data using a long recycle delay of 120 s was reversed with respect to the
data using a 5 s recycle delay. The aromatic and alicyclic fractions increased with
increasing depth, while the aliphatic fraction decreased. This result clearly shows the
importance of using the longer recycle delay and that incorrect information is obtain from

spectral data using a recycle delay of 5 s.
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Table 3.2. The deconvolution (peak-fitting) models used for the solution-state 'H NMR
spectra of Manifa asphaltenes at ambient temperature in toluene-dg using a 5 s recycle
delay. This deconvolution model used purely Lorentzian lineshapes.

Width 5(*H Width
SCH) (ppm) 4y, Area (p(pm)) Hy)  Aea
Depth: 7767.6 ft Depth: 79635 ft
7.37 1400 12600 7.41 1400 21400
2.50 1400 13900 2.52 1400 24700
1.38 500 21900 1.36 600 49400
1.32 140 4920 1.34 140 741
0.92 30 530 0.92 30 399
1.33 30 829 1.33 3 783
1.29 30 588 1.29 30 637
0.91 140 2690 0.92 140 4480
Depth: 8026.3 ft Depth: 8070.9 ft
7.45 1400 19000 7.39 1400 10500
2.56 1400 22600 2.57 1400 12000
1.35 600 51900 1.35 600 30000
1.34 140 5930 1.32 140 3230
0.92 30 38 0.92 3 331
1.33 30 545 1.34 30 692
1.29 30 494 1.29 3 471
0.93 140 3480 0.91 140 2450
Depth: 8072.1 ft

7.4 1400 15100
2.56 1400 17300
1.35 600 43700
1.33 140 5300
0.92 30 265
1.33 30 559
1.29 30 466
0.92 140 3530
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Table 3.3. Relative composition for the fitted peaks of the *H NMR spectra of Manifa
asphaltenes at ambient temperature in toluene-ds using a 5 s recycle delay. The percentage
of relative errors were calculated from the residual error (¥*/N) in the deconvolution

analysis.

Depth (ft) | Total area % Aromatic %Alicyclic % Aliphatic
7767.6 58100 21.7 (£ 0.05) 24.0 (£ 0.03) 54.2 (£ 0.02)
7963.5 109000 19.6 (£ 0.03) 22.6 (£ 0.03) 57.8 (£ 0.03)
8026.3 104000 18.2 (£ 0.04) 21.6 (£ 0.04) 60.1 (£ 0.03)
8070.9 59700 17.6 (£ 0.03) 20.1 (£ 0.05) 62.3 (+ 0.03)
8072.1 86300 17.5 (£ 0.05) 20.0 (£ 0.03) 62.4 (£ 0.04)
Alicyclic
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Figure 3.4. Effect of reservoir depth on the relative composition of Manifa asphaltenes at
ambient temperature in toluene-ds using a recycle delay of 5 s.
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Table 3.4. The deconvolution (peak-fitting) models used for the solution-state 'H NMR
spectra of Manifa asphaltenes at ambient temperature in toluene-dg using a 120 s recycle
delay. This deconvolution model used purely Lorentzian lineshapes.

1 H .
(Sép:)) Vzlllldzt)h Area 3(*H) (ppm) V(Vl_'%h Area
Depth: 7767.6 ft Depth: 7963.5 ft
7.37 1400 31500 7.31 1400 40400
251 1400 32900 2.49 1400 42700
1.43 500 72800 1.36 500 79000
1.35 140 2300 1.31 140 3350

1.33 30 980 1.34 30 995

1.29 30 531 1.30 30 623

0.96 140 4470 0.93 140 5350

0.95 30 680 0.92 30 700
Depth: 8026.3 ft Depth: 8070.9 ft

7.36 1400 54000 7.35 1400 62000

247 1400 58000 2.49 1400 64000

1.37 500 97500 1.37 500 98800

1.36 140 4030 1.36 140 4770

1.30 30 1000 1.30 30 1010

1.29 30 680 1.29 30 790

0.95 140 6650 0.93 140 7230

0.92 30 780 0.92 30 880
Depth: 8072.1 ft

7.36 1400 67400

2.47 1400 71400

1.38 500 103000

1.36 140 5180

1.32 30 1230

1.30 30 800

0.95 140 8120

0.92 30 920
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Table 3.5. Relative composition for the fitted peaks of the *H NMR spectra of Manifa
asphaltenes at ambient temperature in toluene-dg using a 120 s recycle delay. The
percentage of relative errors were calculated from the residual error (¥*/N) in the

deconvolution analysis.

Depth (ft) Total area % Aromatic % Alicyclic % Aliphatic
7767.6 146000 215(+0.05) |225(+0.02) |55.9 (+0.03)
7963.5 173000 23.3(£0.04) | 24.7 (£0.03) 52.0 (£ 0.03)
8026.3 223000 24.2 (£0.03) |26.1(+0.03) |[49.7(+0.02)
8070.9 243000 25.5(+0.03) | 26.5(x0.02) 48.0 (+ 0.03)
8072.1 964000 26.1(£0.05) |27.6(+0.02) |46.3(+0.04)
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Figure 3.5. Effect of relative composition of of Manifa asphaltenes at ambient temperature
in toluene-dg using a 120 s recycle delay.
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The absolute composition of the asphaltene samples with respect to aromatic, alicyclic and
aliphatic hydrogens was determined using a 120 s recycle delay, and the results are
presented in Table 3.6. A systematic variation of composition was observed with sample

depth, paralleling the data of the relative method.

Table 3.6. Absolute composition of Manifa asphaltenes at ambient temperature in toluene-
ds. The errors were calculated from the relative errors in the deconvolution analysis.

Depth (ft) Aromatic Alicyclic Aliphatic
7767.6 19.5+£0.7 21.5+0.6 529+05
7963.5 22.1+09 24.4+0.7 49.7+10
8026.3 24.1+0.9 26.1+0.5 48.7+£0.5
8070.9 255+1.0 27.7+0.8 459+0.9
8072.1 26.2+0.9 28.0+0.8 456 +0.7

Table 3.6 shows a trend for the increased aromatic and alicyclic absolute composition of
the asphaltene fraction with depth. The asphaltenes contain water, and the water content
varies from sample to sample, as shown in Figure 3.6. The contributions of the water signals

are listed in Table 3.7. A decrease in water content was found for deeper depths.
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Figure 3.6. Alicyclic and aliphatic regions of the solution-state *H NMR spectra of
different reservoir depths (7767.6 ft and 8070.9 ft) asphaltenes in toluene-ds. The
percentage of water signal varies from sample to sample as highlighted in a and b.

Table 3.7. Water signal of asphaltenes in toluene-ds solvent.

Depth (ft) | Total Signal/Solvent Water/Solvent
7767.6 939+15 4.8 +0.06
7963.5 96.2+1.2 2.2+ 0.04
8026.3 98.9+0.8 0.3+0.01
8070.9 99.2+0.4 0.04 £ 0.001
8072.1 99.8 +0.002 -

Whereas the absolute method is used to determine the amount of water in a sample, the
relative method provides more information about the structure of a typical asphaltene
molecule. As discussed above, the errors of the absolute method are larger than the one of
the relative methods, because the sample preparation and experimental procedure
determine the error; on the other hand, sample preparation does not affect the relative
method. Because the absolute method has limitations, the relative method determines the
Manifa asphaltenes composition more accurately, despite the fact that it does not provide

information about water content.
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3.3.2. T2 and T1 relaxation measurements

Three types of measurements of relaxation times for the Manifa samples were carried out,
I.e., saturation recovery (Tq), inversion recovery (T1) and CPMG (T>).

The advantage of using the saturation recovery (SR) technique is that the recycle delay can
be avoided between scans, thereby cutting the experiment time down by a factor of 2 to 3
compared to the inversion—recovery method. Hence, the SR experiment is particularly
important for samples with long T1 values, as this experiment can estimate T1. Additionally,
the number of components contributing to T1 can be determined using the SR experiment.
In such an experiment, longitudinal magnetization is set to zero and then measured after a
delay time t. The delay time 7 is referred to as the recovery time.

The saturation recovery experiment was conducted on a single Manifa sample (8070.9 feet)
focussing on the aromatic region. When accurately determining T1 values, the saturation
recovery experiment is not recommended because achieving 100% saturation is not
possible, resulting in a higher noise level and larger errors. Therefore, doing an inversion
recovery (IR) experiment is still necessary for quantitative purposes to obtain the precise
T values.

As shown in Fig. 3.7, two components were apparent up to 120 s. At longer delay times,
however, further increase in signal was observed (Figure 3.8), indicating the presence of at
least an additional component with a very long T1. The recovery of this third component
was observed up to 960 s, where it still had not returned to spin equilibrium. The decision
was made to use a 120 s recovery delay in the inversion recovery experiment where the
third component would be saturated, leading to loss of 2-3% of the total asphaltene signal

(based on the measurements made at 960 s).
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Figure 3.7. The integrated aromatic area measured in a SR experiment as a function of time
(T), T is the repetition time between two 90° pulses.
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Figure 3.8. The integrated aromatic area measured in a SR experiment as a function of time

(T), T is the repetition time between two 90° pulses. The y-axis is depicted with integration
values from 82500 to 86000 to show the trend for longer delay times.

To obtain T1 and T> relaxation times, the experimental relaxation curves obtained from
inversion recovery and CPMG experiments, respectively, were processed using the
Levenberg-Marquardt algorithm to find the best fitting non-linear curves. A peak-fitting
model was used to identify types of proton environments with different chemical shift

ranges in the *H NMR spectrum.
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The bi-exponential recovery curves from the inversion recovery experiments are shown in
Figure 3.9 for the sample at 8072.1 ft of depth (the other curves are shown in Appendix 1).
The raw data obtained from the inversion recovery experiment were normalized and plotted

against time.

The raw data for the T> determination were obtained from CPMG experiments and were
normalized and plotted against time (Figure 3.10 for 8072.1 ft depth). The T2 values were

obtained by fitting using the Levenberg - Marquardt algorithm.
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Figure 3.9. Non-linear regressive line-fitting of the T, data of the 'H signal at a reservoir
depth of 8072.1 ft in toluene-dg. The blue points are the inversion recovery data, and the
black line shows the exponential recovery curve fitted to the data.
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Figure 3.10. CPMG curve from the Manifa sample (8072.1 ft) at 700 MHz. The blue data
points are the CPMG data, and the black line shows the exponential decay curve fitted to
the echo envelope.

Table 3.8 lists the T1 and T relaxation time constants of *H resonances of the Manifa
asphaltene sample at a depth of 8072.1 ft using a 120 s recycle delay.

In the inversion recovery experiments, two components, one with a short T1 and the other
with a long T1, were found. Bi-exponential relaxation behaviour has been observed in many

cases for complex materials, hence, it is not unexpected to be observed for asphaltenes.!”
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18 The relaxation analysis in this study is based on the ratio of the two relaxation parameters
T1 and T». The size of both relaxation times is determined by the characteristic molecular
dynamics, as established in the research by Bloembergen, Purcell, and Pound (BPP
theory).r® To summarize the theory, the two relaxation times T1 and T2 are equal for
molecules with rapid isotropic motion, hence the T1/T> ratio is 1 in such cases. The T1 and
T» values diverge as molecular dynamics slows down. In fact, for complex and solid
materials, T> is often quite short while T is typically extremely long, ranging several orders
of magnitude. Note that in NMR terminology, "rapid" and "slow" are always used with
respect to the nuclear precession (Larmor frequency). "Rapid" dynamics refers to motion
in which the typical correlation time t¢ is significantly shorter than the precession period T

= 1/wo, where o IS the Larmor frequency.

Table 3.8. 'H NMR Relaxation times of reservoir depth (8072.1 ft) asphaltene in toluene-
ds. The values in parentheses represent the percentage of protons having the corresponding
T1 and T». The standard deviations for both T1 and T have been calculated.

'Hppm  assignment T1(s) T2 (ms) TJT,

1.5-0.8 aliphatic chain 0.57 £0.03 (65+4.2%) 27.1+1.1(68+4.4%)  21+1.38
1.40+0.04 (35+4.2%) 260+ 1.7 (32 % 4.2%) 5+0.15

3.5-2.4 alicyclic 3.2+0.05(68 £5.4%) 0.25+0.01(65*4.5%) 13000 + 550
1.5+ 0.03 (32 £ 4.5%) 16.0 £ 0.8 (35 £ 4.2%) 100 £5.3

9.0-7.6 aromaticCH 6.50+0.05(68 £5.5%) 0.32+0.02(70+5.0%) 20000 + 640
150 +0.03 (32 +£4.5%) 15.0 £ 0.8 (30 = 4.5%) 100 + 5.6

In the study of the Manifa asphaltene sample, two T1/T> ratios were obtained for each of
the selected proton environment types with relative contribution of approximately 2:1,
indicating the presence of two distinct motional timescales. For the calculations of the T1/T>
ratios, the T1 and T» values of the components with similar % contributions were taken. For
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the aliphatic groups, the shorter T1 values were paired with the shorter T» values, which is
consistent with the higher mobility of these groups. On the other hand, the shorter Ty values
were paired with the longer T, values for alicyclic and aromatic *H signals, consistent with
the divergent behaviour of these relaxation times for longer correlation times (See Figure
2.16 in Chapter 2). The different kinds of ratios indicate that these protons have distinctly
different mobilities. The major component of each type of tH signal has a larger T1/T ratio.
Aliphatic groups are generally capable of more internal mobility than alicyclic and aromatic
groups, resulting in substantially smaller T1/T> ratios. The minor component of the aliphatic
groups with T1/T> ratios close to five, whereas a larger ratio of 21 was found for the major
component.

Alicyclic signals exhibit Ty /T> ratios of 13,000 and 100. Both ratios indicate the restricted
mobility of these protons compared to the aliphatics for both the long and short
components. This is consistent with the alicyclics being adjacent to stacked aromatic cores
where a significant reduction in mobility would be anticipated as opposed to those on the

periphery of the aggregates.

The T1/T> ratios of the aromatic components of the Manifa asphaltenes are 20,000 and 100.
The aromatic hydrogens mostly reflect the mobility of the whole aggregate and thus the

corresponding ratio is expected to be very large.

Parallel behavior to that observed in toluene was seen with the T1/T> ratios for the aliphatic,
alicyclic, and aromatic components in CDCl3 (Table 3.9). The biexponential fitting curves
for selective inversion experiments on the Manifa sample at a reservoir depth of 8072.1 ft

in CDCl3 are shown in Fig. 3.11.
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Table 3.9. 'H NMR relaxation times of a Manifa asphaltene sample at a reservoir depth of
8072.1 ft in CDCls. The values in parentheses represent the percentage of protons having
the corresponding T» and T1. The standard deviations for the T, and T2 values are provided.

'H ppm assignment T1(S) T, (ms) TJT,

15-0.8  aliphatic  0.50+0.03(70+4.5%) 30.0+1.0(68+55%)  16.7+1.2
1.60+0.04 (30 +35%) 280+2.0(32+3.7%)  55+0.14

35-24  alicyclic  2.80+0.05 (65+4.5%) 4.60 + 0.06 (68 +4.0%) 600 + 13
1.60+0.03 (35+45%) 17.0+0.8(32+3.8%)  90+45

9.0-7.6  aromatic  3.30£0.05(72+55%) 0.30+0.02 (70 £5.0%) 11000 + 660
150+0.03 (28+45%) 16.0+0.8(30+4.0%)  93+48
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Figure 3.11. Non-linear regressive line-fitting of the T, data of the *H signal at a reservoir
depth of 8072.1 ft in CDCls. The blue points are the inversion recovery data, and the black
line shows the exponential recovery curve fitted to the data.

The raw data for the T> determination were obtained from CPMG experiments and were
normalized and plotted against time. The CPMG curves for the sample from the 8072.1 ft

depth are shown in Fig. 3.12.
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Figure 3.12. CPMG curve from the Manifa sample (8072.1 ft) at 700 MHz. The blue data

points are the CPMG data, and the black line shows the exponential decay curve fitted to
the echo envelope.

There are striking changes in the relaxation dispersion values for the alicyclic and aromatic
signals in CDCls with respect to the data from toluene-ds solutions. For the alicyclic, the
T1/T> ratio of the major component, with the larger T1/T, value, decreased by a factor of 20
when compared to toluene-ds, whereas the major component of the aromatic was lowered
only by a factor of 2. Also note that the ratio of major to minor remains effectively constant

between the three structural features and seems to be unaffected by solvent.
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Table 3.10. T4/T> ratios of asphaltenes from different reservoir depths using 120 s delays
in toluene-ds.

Depth (ft) Toluene-ds (T1/T2)
Aliphatic Alicyclic Aromatic
7767.6 13.0 £ 0.78 (60-75%) 5000 * 220 (60-75%) 10000 + 390 (60-75%)
1.8 = 0.06 (25-40%) 65 * 3.0 (25-40%) 68 £ 3.1 (25-40%)
7963.5 15.5+0.83 (60-75%) 7500 * 290 (60-75%) 15000 + 570 (60-75%)
2.9 £ 0.07 (25-40%) 69 * 3.2 (25-40%) 70 £ 3.3 (25-40%)
8026.3 16.8 +0.86 (60-75%) 9000 * 327 (60-75%) 17000 + 610 (60-75%)
4.7 £0.12 (25-40%) 76 = 3.7 (25-40%) 80 + 3.8 (25-40%)
8070.9 17 + 1.0 (60-75%) 11000 =+ 430 (60-75%) 18000 + 720 (60-75%)
5.2 £ 0.18 (25-40%) 80 + 3.7 (25-40%) 85 + 3.8 (25-40%)
8072.1 21 +1.38 (60-75%) 13000 + 550 (60-75%) 20000 + 640 (60-75%)
5.0 + 0.15 (25-40%) 100 *+ 5.3 (25-40%) 100 * 5.6 (25-40%)

The values in parentheses represent the relative percentage of each signal having the corresponding T1 and
T,. (See appendix for fitting curves)

The variation of T1/T> ratios with increasing depth of Manifa asphaltenes dissolved in
toluene-ds and CDCIz are shown in Tables 3.10 and 3.11, respectively. The relaxation
analysis of all samples showed that each signal has two components: a major component
with larger T1/T2 ratios and a minor component with smaller T1/T> ratios. These ratios will
be subsequently used to determine the size of the nanoaggregates at the various reservoir

depths.
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Table 3.11. T4/T> ratios of asphaltenes from different reservoir depths using 120 s delays

in CDCls.
Depth (ft) CDCl;3 (T4/Ty)
Aliphatic Alicyclic Aromatic
7767.6 9.8 + 0.6 (60-75%) 200 * 10 (60-75%) 6200 + 300 (60-75%)
1.1 + 0.03 (25-40%) 73 £ 3.7 (25-40%) 64 + 3.2 (25-40%)
7963.5 11 +0.72 (60-75%) 410 = 20 (75-85%) 8200 + 400 (70-80%)
1.2 + 0.03 (25-40%) 80 + 4.2 (15-25%) 79 = 4.2 (20-30%)
8026.3 11 + 0.74 (60-75%) 500 £ 25 (60-75%) 9800 + 500 (60-75%)
1.1 +0.03 (25-40%) 88 + 4.4 (25-40%) 90 + 4.5 (25-40%)
8070.9 12 +0.72 (60-75%) 590 * 28 (60-75%) 11000 + 650 (60-75%)
4.5 £ 0.12 (25-40%) 90 * 4.2 (25-40%) 90 + 4.3 (25-40%)
8072.1 17 £ 1.2 (60-75%) 600 * 30 (60-75%) 11000 + 660 (65-78%)

5.5 + 0.14 (25-40%)

90 + 4.5 (25-40%)

93 + 4.8 (22-35%)

The values in parentheses represent the relative percentage of each signal having the corresponding T1 and

To.

Tables 3.10 and 3.11 show that the T1/T2ratios of a major components increase significantly

with depth. Figure 3.13 shows the T1/T> ratios of the major components for aromatic and

alicyclic signals with well depth in toluene-dg and CDCls.
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Figure 3.13. The relationship between alicyclic and aromatic T1/T> ratios of component
with larger T1/T> values and reservoir depth in (a) toluene-ds and (b) CDCls.

In toluene-dg the increase in the ratio for aromatics is most dramatic rising from 10,000 to
20,000, while the absolute increase of the ratio for the alicyclic groups is smaller from 5000
to 13,000. In CDCls, however, the increase of T1/T> ratios are smaller in absolute terms for
both groups, where that of the aromatics increase from 6,200 to 11,000 and that of the
alicyclic groups rise from 200 to 600. When considering the relative change, the aromatic
T1/T> ratios approximately double between the highest and lowest depth in both solvents,
while the alicyclic T1/T> ratios approximately triple. In toluene, the tighter clustering of
asphaltenes may result in a more constricted environment, which can enhance steric
congestion for the alicyclics and possibly cause the observed disproportionate influence on

the T1/T, ratios.

Furthermore, it should be noted that the relative contributions of major to the minor
components remain essentially constant between depths. Also, the relative difference in

T1/T> ratios between solvents also remain the same for all three environments where the
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CDCl3 values are smaller than those of toluene-ds by a factor of approximately 0.7, 0.05,

and 0.50 for the aliphatics, alicyclics and aromatics, respectively.

Two possible explanations are possible for the two components with different T1/T> ratios.
The first possible explanation is attributing the larger T1/T> ratio of the three groups
(aliphatic, alicyclic, and aromatic) with them being located inside the stacked cores of
nanoaggregates. The component with the smaller T1/T> ratio could be attributed to the
groups on the periphery, providing them with an increased mobility. Some subsets of the
asphaltene molecules possibly accumulate on the periphery of the stacked aggregates, being

loosely bound to the stacked aromatic cores.

The second possible explanation would employ the structural hierarchy of the “island”
model. The two distinct T1/T> ratios of the aromatic, alicyclic and aliphatic signals indicate
distinct time scales of motion and are consistent with two sizes of the asphaltene units, i.e.,
nanoaggregates, and clusters. The large size of the T1/T> ratios suggests that the latter model
is valid, with the larger T1/T. ratios reflecting cluster. In invariance of the percent
composition between the two solvent systems, however, is not consistent with this
interpretation. The T1/T> ratio of the major component is still representing the motional

regime of the entire aggregate/ cluster.

The relaxation rate is determined by the correlation time, tc, of rotational motion. In
general, the ratio of T1/T> increases with increasing correlation time; however, initially it
seems independent of t¢ until it reaches 1/wo, after which it increases dramatically. Hence
for slow motion, the T1/T> ratio is an effective proxy for the timescale of motion. The

relaxation of the H nuclear spin polarization occurs primarily through dipole-dipole
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relaxation and thus chemical shielding anisotropy mechanism can be ignored.? In this case,

the relationship between correlation time t. and T1/T> has been shown to be:?°

T, _ 1[10+37w?t3+12w%t¢]
T, 2 [5+8w2t?]

(3.2)

When motion is fast and the correlation time is small (e.g., 1.0 ns), the T1/T, approaches
unity for modest magnetic field strengths. For the Manifa asphaltene samples in toluene-
dg, T1/T> ratios for aromatics 20,000 correspond to correlation times 37 ns at 700 MHz,
which is two to three times slower than that for the low-molecular-weight system.
According to these results, asphaltene molecules form clusters instead of small aggregates,

limiting their reorientation ability and supporting the island model.

The hydrodynamic radii of asphaltenes are calculated from the correlation time t., using

Eq. 3.3 with T = 298 K and n(toluene) = 0.56 mPa/s, and n(CHCIs) = 0.54 mPa/s.?!

4-1'[1’] 3

we =[5 (33)

As shown in Fig. 3.14, the hydrodynamic radii calculated from the aromatic signal increase
with depth. The relaxation dispersion of the aromatic signals is the most likely to represent
the mobility regime of the entire aggregate, hence, the hydrodynamic radii obtained from
the aromatic signals will be discussed further. The T1/T> ratios of the major components
for aromatics and ry values with increasing depth of Manifa asphaltenes dissolved in
toluene-dg and CDCl3 are shown in Table 3.12. The hydrodynamic radii in CDCls, increase
from 3.2 nm to 3.6 nm and those in toluene, which are larger from the onset, increase from
3.6 nm to 4 nm with depth. Thus, for both solvents particle size increases with depth while

the particles in toluene are consistently larger.
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Figure 3.14. The relationship between hydrodynamic radii and reservoir depth in toluene-
dgand CDCls, using a recycle delay of 120 s.

Table 3.12. T4/T, ratios of aromatics major component and ry values from different
reservoir depths of Manifa asphaltenes.

Toluene (T]/Tz) CDC13(T1/T2)

Depth (ft) Aromatic rm (nm) Aromatic ra (nm)
7767.6 10000 + 390 3.6+0.3 6200 + 300 3.2+05
7963.5 15000 £ 570 3.8+£04 8200 £ 400 3.4+£05
8026.3 17000 + 610 39+04 9800 + 500 35+05
8070.9 18000 + 720 39104 11000 + 650 3.6+0.6
8072.1 20000 + 640 40+0.3 11000 * 660 3.6+0.6
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Hydrogen-1 NMR diffusion-ordered spectroscopy (DOSY) experiments were carried out
on the Manifa asphaltene samples providing translational diffusion coefficients for the
various components, thereby ideally offering supplementary information about the
aggregates sizes in solution. DOSY experiments were conducted on solutions of
asphaltenes in deuterated chloroform and toluene. Figures 3.15 and 3.16 show the DOSY
spectra of Manifa asphaltene in deuterated chloroform and toluene, processed using the

conventional algorithm and using the inverse Laplace transform (ILT).
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Figure 3.15. 'H DOSY and the corresponding Inverse Laplace Transform (ILT) spectra of Manifa asphaltene in CDClI; at
reservoir depths of (a) 7963.5 ft; (b) 8026.3 ft; (c) 8070.9 ft; (d) 8072.1 ft. X-axis represents the chemical shift in ppm and Y-
axis represents the diffusion coefficient value in log form. The coloured horizontal lines indicate the components (orange-, red-
and green-colored lines), as well as the solvent (black colored line), characterized by their different diffusion coefficients.
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In Figures 3.15 and 3.16 three groupings of cross peaks are selected (indicated by the
colored lines), representing high, medium, and low diffusion coefficients; for each line one
representative cross peak is shown in Figures 3.15 and 3.16 by the colored circle. The
diffusion constants are tabulated for each group in Table 3.13, adjusted to 298 K and to the

viscosity of the pure solvent, and the corresponding hydrodynamic radii are calculated.

Diffusion coefficients depend on sample concentration, solvent viscosity, and temperature.
As solvent and solute are both influenced by these factors the relative diffusion coefficient
is used, which is the ratio of the diffusion coefficient of the solute to the solvent. The benefit
of using the relative diffusion coefficients (DR) is that it removes the effect of variations in
viscosity and temperature. The adjusted diffusion coefficient is computed from DR using
the self diffusion coefficients (Do) of the pure solvents at 298 K, which are 2.28 x 10~ and

3.96 x 10~° m%s for toluene and chloroform, respectively (Eq. 3.4).222%

D* = D, x DR (3.4)

Once the D* values are calculated, the Stokes-Einstein equation (Eq. 3.5) is used to

calculate the samples’ hydrodynamic radii (rn).

D* __ kT (35)

- 6TINry

The D* and ry values with increasing depth of Manifa asphaltenes dissolved in CDClzand
toluene-dg are listed in Tables 3.13 and 3.14, respectively. The same color coding is used

for the components as in Fig. 3.15 and 3.16.
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Table 3.13. The diffusion coefficients (D), solvent diffusion coefficients (SD), relative
diffusion coefficients (DR), adjusted diffusion coefficients (D*) and ry values for Manifa
asphaltenes in CDCl3. Assuming the self-diffusion constant for chloroform is Do = 3.96 X
107° m?/s.

Depth (ft) D2 (m?/s) x 1010 SD (m?/s) x101° DR D* (m?/s) x 1010 Sr:b(::r:z)’
nano

7963.5 5.94 +£0.16 29.5+0.18 0.20 £0.01 7.96 +0.40 0.49 +£0.05
3.80+0.11 0.12 £ 0.005 5.09+£0.19 0.76 £0.14

8026.3
4,16 £0.15 251011 0.16 £ 0.007 6.59 +0.11 0.59 £ 0.02
2.63+0.12 0.10 £ 0.005 416 +0.21 0.94 +0.18

8070.9
3.80+£0.12 275+0.15 0.14 £ 0.005 5.51+0.20 0.71 £ 0.05
2.18 £0.08 0.08 £ 0.003 3.17+£0.12 1.23+0.32

8072.1
4.46 £0.15 39.8+0.17 0.11 + 0.006 4.47 £0.24 0.87 £0.12
151 £0.09 0.04 +£0.005 151+£0.17 2.58 +0.63

a Error analysis for D is based on the three-component fit performed in the dynamic center during the DOSY analysis.
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Table 3.14. The diffusion coefficients (D), solvent diffusion coefficients (SD), relative
diffusion coefficients (DR), adjusted diffusion coefficients (D*) and ry values for Manifa
asphaltenes in toluene-dg. Assuming the self-diffusion constant for toluene is Do = 2.28 x
107° m?/s.

Depth ru (nm)
(f% D? (m?/s) x 102  SD (m?/s) x 1010 DR D* (m?/s) x 10710 subnano, nano,

and micro
7963.5 4.07 £0.29 18.7+£0.13 0.22 £0.016 497 £0.37 0.78 £0.26
1.54+0.21 0.08 £0.012 1.89+0.28 2.06 £0.79
8026.3 2.29+£0.18 20.8+0.12 0.11 £0.009 2.50+£0.20 1.56 £0.42
0.32+0.14 0.02 +0.007 0.35+0.18 11.3+2.18
8070.9 1.58+0.12 19.1+£0.12 0.08 £0.007 1.89+£0.16 2.06 £0.47
0.39£0.08 0.02 £0.003 0.47 £0.07 8.20£2.01
0.07£0.01 0.004 + 0.0008 0.086 + 0.009 45.0 £9.82
8072.1 2.08 £0.15 19.1+£0.12 0.11 £0.009 2.49+0.21 1.56 £0.47
0.74 £0.09 0.04 £0.008 0.88£0.18 441 +1.41

a Error analysis for D is based on the three-component fit performed in the dynamic center during the DOSY analysis.

The choice of the diffusion constants requires some comment, as at first sight they may
seem somewhat inconsistent. For these samples and the limitations imposed by the
spectrometer operational parameters it was not possible to meet the full dephasing
conditions equally for all signals of interest. As a result, only the alkyl signals and the
minor components of the alicyclic and aromatic would be considered. Even for these
signals the amplitudes of the cross peaks do not reflect the relative composition. The major
contributions are severely underrepresented, especially at diffusion constants smaller than
10 m?/s. It was not possible to get consistent amplitudes for the entire range of D from

107 to 102 m?s. A brief account of this situation is discussed below.
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The version of the DOSY pulse sequence used in these experiments is provided in Figure

3.17 and a summary of the acquisition parameters is reported in Table 3.15.

90 180  90° a0° 180°
| T I
J ruﬁI d16 a1cl d16
RF
i} X Echo
&/2 5/2
g [ = . ! — >
5/2 Homospoil 5/2 ! time

Figure 3.17. NMR diffusion pulse sequence diagrams for Pulse Field Gradient Stimulated
Echo (PGSTE) experiments. Radiofrequency (RF axis) pulses are indicated by vertical
bars; thin and thick bars represent 90° and 180° RF pulses respectively. Gradient pulses of
incremental magnitude g are shown with effective pulse durations &/2 for the PGSTE
sequences, respectively. Homospoil gradients are also shown and are applied during the
longitudinal storage period T to remove any residual transverse magnetisation. The
diffusion time is A.

Table 3.15. Summary of PFG NMR acquisition parameters.

Pulse sequence PGSTE
Diffusion time, A/ms 50-100
Maximum gradient strength/G cm™ 56
Effective gradient pulse duration, 6/Hs 3200-3600
Gradient recovery delay, dig/Jis 200
Homospoil gradient duration/ps 600
Recycle delay di/s 20-60

No. of scans 32

The amplitude factor associated with a given cross peak ultimately determines the intensity
and diffusion constant in the DOSY spectrum. It is important that the magnetization is
fully dephased with the gradient strengths applied. Dephasing must be predominantly due

to diffusion, despite significant loss of signal intensity due to transverse and longitudinal
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relaxation. For the Pulse Field Gradient Stimulated Echo (PGSTE) sequence with bilinear

gradients the total amplitude A (5, A, D, T1, T2) is the product of three amplitude factors:

A(Sr A, D, Tlr TZ) = Atransverse (6’ TZ) X Alongitudinal (8: A, Tl) X Adiffusion (8' A, D)

_A—(8+2d16) S 2
= o (28+4d16)/T2 5 ™ T1 x o A3DOGEH) (3.6)

Figure 3.18 shows the behaviour of the transverse amplitude factors under the experimental
conditions as a function of the gradient pulse duration (8) for the relaxation times provided

in Table 3.16.

Table 3. 16. 'H NMR relaxation times of Manifa asphaltene in toluene-ds.

Depth (ft) Aliphatic Alicyclic Aromatic
T, (S) T,(ms) T.(S) T, (ms) T, (S) T, (ms)
7767.6 0.38 £0.02 29.2+0.9 2.38 £0.05 0.48 £0.02 3.50+£0.06 0.35+0.02
: (65+45%) (68 £3.5%) (70 +5.5%) (65+5.8%) (72+5.8%) (68 +5.5%)
1.20+0.04 650 £ 4.2 1.24 +0.03 19.0+0.8 125+0.04 183+0.9
(35+35%) (32+4.0%) (30 +5.0%) (35+35%) (28+4.5%) (32+4.0%)
79635 0.40 +0.02 258+0.9 2.40 £ 0.06 0.32+0.01 404+0.06 0.27+0.01
: (70 £35%) (68 £4.0%) (68 +5.5%) (65+5.8%) (70 £55%) (72 +4.5%)
1.20£0.03 414 + 3.50 1.21£0.03 17.5+£0.7 1.30+£0.03 185%0.8
(30 £35%)  (32£3.5%) (32 +4.0%) (35+45%) (30 +45%) (28 +5.0%)
8026.3 0.46 £ 0.02 28.1+£0.8 2.91 +0.06 0.32+£0.01 481+£0.07 0.29+0.01
: (70+45%)  (68+4.0%) (68 +5.5%) (70+5.0%) (70 +£5.8%) (72+4.5 %)
1.20 £ 0.03 254 %15 1.23+0.04 16.2+0.6 123+0.04 151+05
(30 £35%)  (32£3.0%) (32 +4.0%) (30 £45%) (30 £35%) (28 +4.5%)
80709 0.51 +0.02 299+0.9 3.15+0.05 0.28 £0.01 6.14+0.05 0.34+0.01
: (65+4.5%) (70+4.0%) (65 +5.5%) (68 £5.0%) (73+5.8%) (75 +5.5%)
1.40 £ 0.05 26415 1.30+0.03 152 +0.6 1.30+0.04 15105
(35£35%) (30 £4.5%) (35 4.5%) (32 £4.0%) (27 £4.4%) (25 % 4.0%)
8072.1 0.57 £0.03 271+11 3.2+£0.05(68 0.25+0.01 6.50+0.05 0.32+0.02
: (65+4.2%) (68 +4.4%) +5.4%) (65 +4.5%) (68 +55%) (70 +5.0%)
1.40£0.04 260+ 1.7 15+0.03(32 16.0+0.8 150+£0.03 15.0+£0.8
(35£4.2%)  (32£4.2%) +4.5%) (35£4.2%) (32+£4.5%) (30 +4.5%)
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Figure 3.18. Transverse Relaxation Amplitude factors as a function of dephasing time 25
+ 4dss, for the different T1/T> components of the Manifa in toluene for A = 100 ms.

The total dephasing time is 26 + 4d1e, Which falls within the range of 7.2 to 8 ms. For an 8
ms dephasing time, any signal with a T less than 2 ms will experience significant
dephasing, making it challenging to observe and analyze such signals. This means the
major signals for the alicyclic and aromatic environments are lost completely, leaving the
aliphatic environment as the only one with both signals observed. Shorter gradient pulse
durations that would make it possible to observe the two lost signals would have to be 100
to 300 ms, which would lower the limit of diffusion constants to greater than 10° m?/s. To
maximize the range of observable diffusion constants, & must be as large as the probe will
allow which in this case is 3.6 ms. At a total dephasing time of 8 ms, the aliphatic major

and minor signals will be at 55% and 93% of their original intensities.
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Figure 3.19 shows the behaviour of the longitudinal relaxation amplitude factor under the
experimental conditions as a function of diffusion time (A). At 100 ms diffusion time, all
the signals show little attenuation. Note that the aliphatic signals differ dramatically, where
the major signal decays rapidly compared to the minor. Thus, a window from 100 to 500
ms is available before the major signal decays too severely from ~ 85% to =~ 45%, where
the DOSY cross peak intensity will still be sufficiently large to determine the smaller
diffusion constants. Much longer diffusion times, greater than 1 s, will render the signal

too weak to give clearly defined cross peaks.
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Figure 3.19. Longitudinal Relaxation Amplitude factors as a function of diffusion time
A, for Manifa in toluene with & = 3.6 ms.

Figure 3.20 shows the behavior of the diffusion amplitude factor as a function of diffusion
constant in toluene under the experimental conditions. For addressing the choice of
diffusion time, diffusion times of 100 to 5000 ms are compared. Note that the degree of
dephasing during the diffusion time determines the intensity of the cross peak. Consider
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the aliphatic major and minor signals at 100 ms diffusion and 3.6 ms gradient pulse times,
accounting for initial relative populations (66 to 34 %), transverse (54 to 93.5%) and
longitudinal (85.5 to 94.2 %) relaxation amplitudes the major and minor signal will be at
30.5 and 30.0%, respectively. For a diffusion constant of 1071°, 10 and 10712 m%/s the
attenuation factors will be 10, 75 and 97%. Correspondingly, for the faster diffusion rate
90% of the initial amplitude is dephased, i.e., 27.5% (30.5 x 0.9) and 27% (30.0 x 0.9) for
major and minor signals, respectively, giving strong cross peaks for both signals. At the
slowest diffusion rate only 3% of the initial amplitude is dephased giving very weak cross
peaks for both signals (major: 30.5 x 0.03 = 0.9%; minor: 30.0 x 0.03 = 0.9%). In contrast
the initial amplitudes at 500 ms will be 16.0 and 22.3% where again strong cross peaks will
be seen for D = 107° m%s (14.4 and 20.7%) but very weak ones for 107> m?/s (0.48 and
0.67%). In the end, not much is gained by increasing the diffusion to time to 500 ms in
terms of sensitivity at the lower diffusion times in this case, which would come at a cost of

30 to 50% of the signal intensity.
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Figure 3.20. Diffusion amplitude factor as a function of hydrodynamic radius (nm) and
diffusion constant for various diffusion times (A = 100 to 5000 ms) in toluene under the
experimental conditions.

One possible interpretation of the relaxation dispersion results would correlate two particle
sizes of the major and minor components to two diffusion constants. Also, one should note,
that since the contribution from internal motion cannot be separately determined, these
predicted diffusion constants would therefore represent the upper limit to the average for
each component. Recall that hydrodynamic radii range from 3.2 to 4 nm (Table 3.12) and
Table 3.17 gives those calculated for the minor component ranging from 1.5 to 1.7 nm.
These radii correspond to adjusted diffusion constants of 1.0 to 1.3 x 107° m%/s for the
major and 2.4 to 2.5 x 107° m?/s for the minor components, respectively. Experimental
diffusion constants will therefore be anywhere between 20 to 50% smaller. Furthermore,
the lower range of these distributions will readily approach values on the order of 107!

m?/s. Hence, robust sensitivity in the DOSY experiments to diffusion coefficients must be
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achievable well into the 10t m?/s range, which, considering the relevant relaxations times,
imposes pulse field gradient strengths well beyond the limits of the probes currently in use.
To attain reliable cross peak intensities over the whole range of diffusion constants
anticipated dephasing curves, as seen in Fig. 3.19, for diffusion times of 1000 to 2000 ms
would be ideal; therefore, the gradient strength would have to be 10 to 20 times stronger.

Table 3.17. T4/T, ratios of aromatics of the minor component, D and ry values from
different reservoir depths of Manifa asphaltenes.

Depth (ft) Toluene-ds CDCls
TJT Iy D x1071° T, Iy D x1071°
minor (nm)  (m?s) minor (nm)  (m?s)
7767.6 68 1.53 2.52 64 1.52 2.53
7963.5 70 1.56 247 79 1.58 244
8026.3 80 1.59 243 90 1.62 2.38
8070.9 85 1.61 24 90 1.62 2.38
8072.1 100 1.65 2.34 93 1.63 2.36

DOSY studies by Oliveira et al.® on Brazilian samples collected from three distinct offshore
sources, distinguishes between three aggregation states, which they labeled as
nanoaggregates, microaggregates, and macroaggregates. These DOSY experiments, were
performed in deuterated toluene (99.5% D) on a Varian 400 MHz spectrometer, with a
gradient strength of 18 G cm™. The gradient pulse durations (8) were within the 1.5 to 3
ms, while the diffusion delays (A) spanned from 0.05 to 0.45 s. The authors observed
diffusion constants up to 1071° m?/s; however, they did not obtain evidence for large clusters

which would have had much smaller diffusion constants.
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Keeping the aforementioned caveats regarding the DOSY signal intensities in mind, the
DOSY cross-peaks in both solvents were be grouped into three categories in line with
Oliviera’s approach, where the cross peaks with the lowest D values have particularly low
intensities when compared to those at middle and higher D’s. In Tables 3.13 and 3.14 the
presumed sub nanoaggregates (monomers, dimers, trimers etc.) are indicated in orange, the

nanoaggregates in red and the microaggregates are green.

Upon closer inspection the three categories do not align between the solvents. The first two
in chloroform (orange, red), from 0.31 to 0.87 nm, and the first (orange), 0.5 to 0.6 in
toluene seem to agree, and thus are considered nano. The remaining category in chloroform
(green), 0.76 to 2.58 nm, is most comparable to the second in toluene (red), 0.78 to 2.06
nm; however, the alternative largest value is much greater at 4.41 nm. These will be
considered microaggregates. The largest category in toluene (green) has no counterparts in
chloroform, and completely disappear below at 8070 ft depth, will be referred to a

macroaggregates.

A small angle X-ray scattering (SAXS) study of asphaltenes, extracted from a Saudi heavy
crude, in toluene at 5 mg/ml by Eyssautier et al.® found that sub nanoaggregates reach a
stable size with a hydrodynamic radius of 1.4 nm. The nano category the hydrodynamic
radii (rn) correspond to suboptimal aggregates such as monomers, dimers, trimers, etc. The
ra-s in the micro category suggest that that the optimal size is reached, and the onset of
clustering takes place up to about 3 nanoaggregates (based on the ratios of the
hydrodynamic volumes) and possibly as high as 33 aggregates. The macro category is
composed of clusters from 3 to 200 aggregates. The extreme values cast serious doubt on
the reliability of the cross peaks at the higher D’s.
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In summary, DOSY analysis reveals a dynamic interplay of varying populations with
different sizes, showing differences between solvents and variations with depth. Across
both solvents, there is a consistent trend of increasing particle sizes with depth, observed

for nano-, micro-, or macro-aggregates, with the aggregates consistently larger in toluene.

These trends are consistent with those from the T1/T> ratios; however, there are some
notable differences. In contrast, the relaxation dispersion results show only two categories,
mainly because of the limitation of a biexponential analysis. Triexponential analysis of the
relaxation data would not provide reliable data and a larger component was allowed to
saturate (see above). The hydrodynamic radii derived from the Ti/T> of the major
component in toluene range from 3.6 to 4 nm, indicating cluster sizes between 17 and 23
nanoaggregates. This is akin to the DOSY results for the micro category, but not identical
where ry increases from 0.78 to 4.41 nm. The hydrodynamic radii from the T1/T> values in
toluene for the minor component fall within the 1.5 to 1.7 nm range, suggestive of the stable
nanoaggregates and small clusters of 2 to 3 nanoaggregates, which is in line with the nano
category for DOSY. The question therefore remains as to how the major and minor
components of T1/T> parse into the size categories for DOSY. This would depend on the
relative contributions from each category which cannot be determined from the DOSY data.
If the sub-nano and macro are relatively minor contributions, they will have little impact
on the average size. In this case the major component should be dominated by the micro

and the minor by the nano.
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3.4. Conclusion

1) The structural composition of asphaltenes at varying reservoir depths was assessed using
a quantitative *H NMR spectroscopic method. All *H NMR experiments required extended
recycle delays (120 s) to prevent signal saturation, particularly for the two components of

interest. A third very low intensity long-lived component was allowed to saturate.

The spectral data was analyzed using a deconvolution model, which separated the spectrum
into three distinct regions of interest: aliphatic, alicyclic, and aromatic. The results showed
that structural changes varied minimally with depth. Specifically, there was a slight
increase in the signal from the aromatic core and a corresponding minor decrease in the
aliphatic signal. These findings are consistent with decreasing molar volume and

consequent increasing density with increasing reservoir depth.

2) Relaxation Dispersion experiments show the presence of two components, each
exhibiting a significant disparity in the correlation times among their aliphatic, alicyclic,
and aromatic regions. Hence the mobility in the aromatic group was consistently 2 to 3
orders of magnitude less than the aliphatic, and the alicyclic was either close to the aromatic
or right in between the aromatic and alicyclic values. This hierarchy in mobility with
structural environments, aligns with the steric congestion that would be encountered during
the formation of aggregates via staggered n-rt stacking. Notably, this mobility hierarchy is
most pronounced in the major component, whereas in the minor components it was much

less apparent due to their higher degrees of internal motion for all environments.

H relaxation dispersion experiments showed that for the aromatic, alicyclic and aliphatic

there were two distinct time scales of motion, consistently in the same relative proportion
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across all environments and solvents. The T1/T> ratios in all environments increased with
depth, and those in toluene were consistently larger than those in chloroform. The analysis
was limited to a two-component owing to numerical stability concerns and the reported ry
values represent the lower limit for the average aggregate dimensions, as all internal motion

cannot assumed to be queued.

3) DOSY NMR experiments provide complementary insights into the aggregate sizes of in
both solvents. The diffusion constants suggest the existence of three distinctive aggregation
states, referred to as sub nanoaggregate (0.3-0.8 nm), nanoaggregates (0.5-2.1 nm) and
microaggregates (0.8-8.2 nm), within both solvents. Notably, the presence of large clusters
is solely observed in toluene and not in CDCls. There is a consistent trend of increasing
particle sizes with depth, with the aggregates consistently larger in toluene. For signals with
ru greater than 4 nm the maximum pulsed field gradient strength limits the cross-peak
intensities. Consequently, the relative distribution between the larger and smaller
aggregated can not be ascertained. It is worth noting that the DOSY has limited utility for

particles larger than 4 nm; however, the T1/T> ratios can accurately reflect them.
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CHAPTER 4

CHARACTERIZATION OF GREEN RIVER OIL SHALE BY NMR

SPECTROSCOPY

4.1. Introduction

Oil shale is a sedimentary rock that has been a subject of interest for its potential as a source
of oil and gas. This resource is becoming increasingly important because of its high energy
content and the growing demand for fossil fuels. Oil shale is an abundant and widely
available resource, primarily found in North America, making it a potentially attractive
alternative to conventional oil reserves that are becoming depleted.! However, it is
important to note that not all shale oil formations can be economically exploited through
hydraulic fracturing or fracking. Sometimes, the geological structure of shale formations
makes it difficult to extract oil efficiently. This may limit the production of oil from shale
in such formations. But, with the advancements in technology for shale oil extraction and
utilization, the interest in this resource as a new source of hydrocarbons for energy

generation is growing.

The organic material in oil shale is called kerogen, a complex mixture of macromolecules.
The formation of kerogen in sedimentary rocks involves several processes, such as the
deposition of organic-rich sediments, compaction, burial, and chemical alteration.? As the
organic-rich sediments are buried and compacted under the weight of overlying sediment,
they undergo diagenesis, leading to kerogen formation. This process involves physical and
chemical changes, including the breakdown of complex organic molecules and the

rearrangement of carbon atoms to form simpler, more stable molecules.®
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Over time, the kerogen can be transformed through a process called catagenesis, which
involves increasing temperature and pressure. This transformation can lead to the
conversion of kerogen into bitumen enriched in polar (NSO) compounds. Additional
heating (~90-140°C), breaks C-C bonds in polar compounds and residual kerogen, yielding
a hydrocarbon-rich liquid that is expelled from the source rock. Further thermal
transformation results in the production of primarily condensate and then wet gas.?
Catagenesis is complete when kerogen can no longer generate hydrocarbons, and
metagenesis may occur, producing only methane. The factors that influence the
transformation of kerogen into hydrocarbons include the composition of the original
organic matter, the temperature and pressure conditions, and the geological history of the
sedimentary basin. Figure 4.1 shows the kerogen decomposition kinetic model along with

estimates of expelled fluid composition.
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Figure 4.1. Kerogen decomposition kinetic model with predictions of generated fluid
composition. (Reproduced with permission from Chang Samuel Hsu; Paul R. Robinson.
Springer Handbook of Petroleum Technology; Springer International Publishing: 2017,
359-375).
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It has taken millions of years to go through the natural catagenesis processes required to
convert it to oil and gas. Kerogen, however, can also be converted artificially to bitumen,

from which oil can be generated by pyrolysis processes.

Pyrolysis is a process that transforms kerogen to oil by heating oil shale kerogen under
anaerobic conditions, known as retorting. During retorting, the kerogen is crushed and then
heated to a temperature of about 500-550°C in the absence of air. This causes the organic
matter to thermally decompose into simpler hydrocarbons, such as oil and gas. The
hydrocarbons are then extracted from the shale using various methods such as

condensation, fractionation, or absorption. 4 °

Pyrolysis has been the traditional method used for large-scale production. However, this
surface retort technology is not suitable for deposits located more than 250 meters below
the surface. In-situ retorting has emerged as the most practical method for extracting oil
from such resources. In-situ retorting involves drilling wells into the shale formation,
heating the oil shale kerogen underground at temperatures of 300-350 °C for days to
months. Then extracting the resulting liquid or gas through recovery wells. This method
was used for commercial production in Sweden in the mid-20th century and has since been
the subject of extensive theoretical modeling and laboratory experiments.® Field tests have
been conducted by companies like Unocal and Shell, with the latter proving to be superior
to surface retort methods in terms of oil quality and environmental impact. Currently, new

in-situ field tests are being planned by American Shale Qil LLC” and ExxonMobil .2

Oil shale pyrolysis has been extensively studied, with most research focusing on the
Mahogany (R-7) zone of the Green River Formation. While the Mahogany zone is one of
the world's richest sources of oil shale kerogen, its proximity to potable water aquifers poses
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challenges for in-situ oil and gas generation.® However, this study focuses on samples taken
from the R-1 zone of the Garden Gulch Member, which is the deepest kerogen-rich layer
of the Green River Formation. This zone is a desirable target for oil shale production
operations because it is isolated from shallower freshwater aquifers, making it a promising

option for future oil shale production.

Semi-open laboratory pyrolysis experiments were conducted on Green River Shale. This
system differs from other pyrolysis systems, as it is capable of operating over a range of
pressures, which is an important variable that can significantly affect the results of the
pyrolysis process. The samples were subjected to various operating conditions, including a
range of pressure, temperature which resulted in the production of various samples at
different maturities. The study found systematic effects of maturity on the composition of
the organic matter, particularly the kerogen and bitumen phases. Bitumen was the primary
product from kerogen breakdown at relatively low maturities, while at higher maturities,
the bitumen itself broke down to form the majority of the produced fluids. Furthermore, the
pyrolysis process caused changes in the composition of the bitumen phase, such as altering
the H/C ratio, aromaticity, alkane chain distribution, oxygenated functional group
abundance, sulfur content, and sulfur speciation. In the current study, the asphaltenes from
the Green River shale oil are analysed using solution-state NMR spectroscopy techniques

to see how the structural composition of asphaltenes changes with maturity.
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4.2. Experimental Section

4.2.1. Pyrolysis Experiment

Andrew et al.* conducted pyrolysis experiments to obtain asphaltene samples at various
maturity levels. To pyrolyze the Green River samples, they developed a semi-open self-
purge reactor that was designed to mimic in-situ oil shale processing. In this experiment,
different conditions were applied, including increasing the temperature from room
temperature to 180°C, followed by gradually raising the temperature to the highest
temperature (300—435°C) over variable time periods (5-12.5 h). An automatic valve system

released vapors generated while keeping pressure constant (1-5 MPa).?

The maturity of asphaltene samples is measured using EASY%Ro measurements.
EASY%Ro value is based on vitrinite reflectance measurements used to estimate the
thermal maturity of petroleum source rocks and bitumen.® The vitrinite reflectance is
calculated by microscopic analysis of rock samples and is measured as a percentage of light
reflected from a sample as its temperature increases. EASY%Ro is obtained using a

numerical algorithm for calculating vitrinite reflectance based on temperature changes.

Shale rocks, containing kerogen that naturally matures at 0.48% EASY%Ro, were
subjected to pyrolysis experiments, producing a series of samples with increasing maturity
levels ranging from 0.78% to 1.28% EASY%Ro. Subsequently, NMR experiments were
conducted on five samples, each corresponding to different maturity levels: 0.48%, 0.78%,
0.95%, 1.19%, and 1.28% EASY%Ro. The distribution of organic products from the

pyrolysis experiments is represented in Figure 4.2.
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Figure 4.2. Organic products distribution from the pyrolysis experiments. (Reproduced
with permission from Pomerantz, A. E.; Le Doan, T. V.; Craddock, P. R.; Bake, K. D.;
Kleinberg, R. L.; Burnham, A. K.; Wu, Q.; Zare, R. N.; Brodnik, G.; Lo, W. C. H. Energy
& Fuels 2016, 30 (9), 7025-7036.)

4.2.2. Asphaltene Collection

Asphaltene samples were provided by Schlumberger-Doll Research, Cambridge,
Massachusetts, USA. AMSO (American shale oil) is the codename for the asphaltene
samples in this current study. The AMSO asphaltenes extraction process has been
extensively discussed in the literature.* The elemental composition of the AMSO
asphaltenes was determined using conventional combustion analysis.* The results of the

elemental analysis of the asphaltene samples are shown in Figure 4.3.
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Figure 4.3. Elemental analysis of the asphaltene samples. (Reproduced with permission

from Pomerantz, A. E.; Le Doan, T. V.; Craddock, P. R.; Bake, K. D.; Kleinberg, R. L.;

Burnham, A. K.; Wu, Q.; Zare, R. N.; Brodnik, G.; Lo, W. C. H. Energy & Fuels 2016,
30 (9), 7025-7036.)

As can be seen in this graph, both the sulfur concentration and the H/C ratio exhibit clear
trends with increasing maturity. Initially, sulfur content decreases from 3.4 wt% to 1.0 wt%
during maturation and then stabilises around 1.0 wt% at higher maturities. Conventional
petroleum asphaltenes from different places have a wide range of sulfur levels, and these
samples are all within that range.!! The H/C ratios of pyrolyzed asphaltenes decline steadily
from 1.36 at the lowest maturity to 0.92 at the highest maturity. As a point of contrast, the

typical H/C ratio for petroleum asphaltenes extracted from traditional sources has been

determined to be 1.14.12

4.2.3. Sample Preparation

For NMR analysis, asphaltene samples of 30 g/L concentration were used, and experiments
were carried out at room temperature (25°C). The NMR samples were made using toluene-
ds and CDCls as solvents, which were purchased from Sigma-Aldrich and used as received.

A small vial was used for the preparation of the solutions. First, 30 mg of asphaltene was
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weighed out in a plastic weighing dish using an electronic analytical balance (Mettler
Toledo, accuracy: 0.1 mg). The sample was then transferred into a small vial and dissolved
in 1 mL (dispensed from a sealed 1-mL ampoule) of a deuterated solvent (CDCls or toluene-
dg). A vial was used to ensure more effective mixing of the sample compared to using an
NMR tube. The samples were treated with vortexing (VWR mini vortexer) for one minute
in order to get thorough dissolution and to avoid the presence of particulates that would
interfere with effective shimming. Subsequently the solution was transferred into the NMR
tube using a glass Pasteur pipette. All the analyses were carried out using 5-mm NMR
tubes, which were supplied by Wilmad Lab Glass. Based on the line width of the residual
solvent signal, it was not deemed necessary to purge the samples with N2 gas. The presence
of oxygen was not controlled because the effect of oxygen on the relaxation rate was
negligible. The influence of oxygen is only noticeable in systems with low molecular
weight and solvents with extremely low viscosity. After the samples were prepared for
NMR experiments, the outside of the tube was cleaned with acetone. In the NMR lab,

Kimwipes were used to clean the bottom of the tube before placing it in a sample changer.

4.2.4. *H NMR Experiment

All NMR spectra were obtained using a Bruker Avance Il HD 700 MHz NMR
spectrometer operating at 16.4 T, equipped with a triple resonance Bruker TXO-Z (C/F-H-
2H) probe equipped with a 2H lock channel, automatic tuning and matching, and Z-
gradient. Experiments were performed at room temperature, and the sample appeared to be
completely dissolved. No evidence for phase inhomogeneity was found, since throughout
the NMR investigations the reference signals always had a symmetric and narrow. Any

phase inhomogeneity present on the microscopic scale would have resulted in difficulties
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shimming the spectrum. The 1D *H NMR spectra were recorded with a 90° pulse width of
12.4 ps, and 128 transients. Choosing the appropriate recycle delay is essential, as
discussed in Chapter 3, where 120 s was ascertained to give quantitative results. Any
significantly longer delay than 120 s was deemed impracticable due to the length of time

required to get an acceptable signal-to-noise ratio.

4.2.5. Relaxation Experiment

For *H Ty and T2 NMR measurements, samples were prepared in both solvents (toluene-ds
and CDCls). The relaxation experiment used the same samples as were used in the 'H NMR
experiment. *H NMR relaxation data were obtained using a Bruker Avance IIl HD 700
MHz spectrometer operating in a four high power channels (HFXY) mode using a triple
resonance Bruker TXO-Z (C/F-H-2H) probe equipped with a 2H lock channel, automatic
tuning and matching, Z-gradient, and VT capabilities. All spectra were obtained using a
sweep width of 700 kHz, data points were zero-filled to 64k data points, unless stated
otherwise. All relaxation data were acquired at room temperature. Ty relaxation times were
obtained using the inversion recovery pulse sequence® of the form {-RD-p1(180°)-t-
p2(90%)-aq(acquire)}; the phase cycles were: p1: {X, -X}4; p2: {X2, -X2, Y2, -Y2}; aq: {Xz, -X2,
y2, -y} and the recycle delay used was 120 s. The delay array used was 0.001, 0.35, 0.75,
15,2,22,25,27,3,32,35,4,45,5, 10, 20, 30, 45, 60, 75, 90, and 120 s with 8 scans

for each delay.
T> relaxation data were obtained using the CPMG (Carr-Purcell-Meiboom-Gill) pulse
sequence'* of the form [-RD-p1(90°)—{1—p2(180°)-t}n—aq(acquire)]; the phase cycles

were: p1: {X, X, -X, -X, Y, Y, Y, =¥} p2: {Y, YL YL <YL X <X X, X agi{ X, X, X, X, YL, Y, Y, -

y}; the time delay between the pulses was 2 ms and the recycle delay was 120 s. The delay
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array was: 4, 6, 8, 10, 16, 20, 24, 36, 60, 70, 80, 120, 180, 250, 350, 450, 500, 750, 1000,
and 1250 ms with 8 scans for each delay. Data were Fourier-transformed, baseline-
corrected, and phased. The integration and deconvolution analysis were performed by

MestRenova software (version 14.2.0).

4.2.6. Bi-exponential fits

The analysis of the bi-exponential behavior of the T1 and T. curves is an important
mathematical tool for NMR relaxation studies of complex samples. Commonly, the linear
regression method is used to analyze T1 and T» relaxation data as if they would follow
mono-exponential behavior because it is a simple and straightforward way to model the
decay of the magnetic signal over time. The basic premise of the linear regression method
is that the logarithm of the signal intensity is linearly related to the time constant, which
can be easily estimated by fitting a straight line to the logarithm of the signal intensity
versus time data. The advantage of this method is that it is relatively simple to implement

and provides quick and robust estimates of the T or T relaxation time constant.

However, when the T1 or T relaxation data exhibit a bi-exponential behavior, meaning that
the relaxation is described by the sum of two exponential decays, the linear regression
method is not appropriate. Using the linear regression method to analyze bi-exponential T1
or T relaxation data can result in a massive systematic error.® The current study uses the
nonlinear fitting optimization method to analyze the relaxation curves properly. This
nonlinear optimization was carried out with the Levenberg-Marquardt optimization

method.16
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4.2.7. Error Considerations

In this work, the amount of supplied sample was limited, allowing for the preparation of
one NMR sample per asphaltene sample. In the case of *H NMR studies, the error for the
relative method comes from the deconvolution of the peak fitting, and a residual error (RE)
was obtained from (x%/N) values. In the case of relaxation studies, relative errors arise from

the regression analysis with a regression error of around 1.5%.

4.3. Results and Discussion

Five asphaltene samples were studied with maturity levels of EASY%Ro values ranging
from 0.48 to 1.28%. The isolated asphaltene samples are shown in Figure 4.4. Their colors
change from brown to black as they mature. A darker black color indicates increased

aromaticity and larger fused ring systems.1"18

0.48 0.78 0.95 1.19 1.28

Figure 4.4. Photograph of asphaltenes samples with maturity (EASY%Ro). (Reproduced
with permission from Pomerantz, A. E.; Le Doan, T. V.; Craddock, P. R.; Bake, K. D;
Kleinberg, R. L.; Burnham, A. K.; Wu, Q.; Zare, R. N.; Brodnik, G.; Lo, W. C. H. Energy
& Fuels 2016, 30 (9), 7025-7036.)
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The *H NMR spectra of five asphaltenes with different maturities were recorded. All
spectra are composed of overlapping signals. Instead of analyzing the full spectra, four
regions of the first two samples, which were less mature and three regions for remaining
sample containing signals of interest were primarily focused on, because limiting the region
reduces the possibility of signal contamination from different structural environments with
similar chemical shifts. Signals in specific chemical shift regions (aromatic, alkenyl,
alicyclic, aliphatic) of the asphaltenes were deconvolved using the smallest number of
deconvolution components, providing quantitative information about NMR parameters for
each signal. The deconvolved components have their individual chemical shifts, line
widths, signal intensities, areas, and Lorentzian/Gaussian (L/G) ratios. Figure 4.5 presents
the *H NMR spectra of five asphaltenes samples, showing the main spectral zones assigned

to each molecule.
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Figure 4.5. (a) 700 MHz 'H NMR spectra of asphaltene samples, having EASY%Ro0
values of (a) 0.48; (b) 0.78; (c) 0.95; (d) 1.19; (e) 1.28. The maroon traces are the
experimental spectra, the blue traces are the deconvoluted signals, and the orange traces are
the sum of the deconvoluted components. All *H NMR spectra were recorded with an
ambient temperature in toluene-ds (residual solvent signals are denoted by *) with a 90°
pulse during acquisition with a recycle delay of 120 s and 32 scans.

In the present study, purely Lorentzian lineshapes were used to deconvolve the *H NMR
spectra because the lineshapes were found to be homogenous in the solution state. If a
Gaussian contribution to the lineshape were required, there would have been evidence that

the lineshape changes with delay time during relaxation measurements. Deconvolution
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involves determining each peak’s areas, chemical shifts, and linewidths within the spectrum
using Lorentzian basis functions. Table 4.1 lists typical deconvolution parameters

associated with characteristic spectral areas and their functional groups.

Table 4.1. Chemical shift assignments for the fitted peaks of the *H NMR spectrum of
asphaltene samples.

Functional group Chemical shift (ppm) Linewidth (Hz)
Aromatic hydrogens (Har) 8.50-7.40 1500
Alkenyl hydrogens (Hake) 4.00-6.00 1400
Alicyclic hydrogens (Har) 3.50-2.40 1400

Aliphatic chain 2.50-1.00 500, 150, 30

The composition of the different spectral environments (aromatic, alkenyl, alicyclic and
aliphatic) in this study was determined using the relative method. In the relative method,
the percentage of each region was obtained from the peak areas with respect to the sum of
all asphaltene peak areas. The relative composition of each sample was calculated for

spectra using a 120 s delay. The results are shown in Tables 4.2 and 4.3 and Figure 4.6.
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Table 4.2. The deconvolution (peak-fitting) models used for the solution-state 'H NMR
spectra of asphaltene samples at ambient temperature in toluene-dg using a 120 s recycle

delay. This deconvolution model used purely Lorentzian lineshapes.

S(H Width S(H Width
(p(pm)) (Hy A (p(pm)) (Hy A
0.48% EASY%Ro 0.78% EASY%Ro
7.8 1500 12800 7.8 1500 16500
4.74 1400 16800 474 1400 13000
2.68 1400 13700 2.65 1400 17900
1.5 500 22500 1.45 500 29600
1.33 150 3680 1.33 150 3000
1.32 30 928 1.32 30 900
1.29 30 656 1.29 30 330
0.92 150 2260 0.92 150 2500
0.91 30 660 0.9 30 650
0.95% EASY%Ro 1.19% EASY%Ro0
7.5 1500 29900 7.5 1500 24200
2.65 1400 32500 2.7 1400 25900
14 500 52400 1.45 500 43700
1.33 150 5900 1.33 150 5300
1.32 30 900 1.32 30 1100
1.29 30 500 1.29 30 260
0.92 150 930 0.92 150 2200
0.9 30 710 0.91 30 460
1.28% EASY%Ro
7.8 1500 30700
2.65 1400 32900
1.38 500 50300
1.33 150 4860
1.32 30 1290
1.29 30 276
0.92 150 4170
0.91 30 600
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Table 4.3. Relative composition for the fitted peaks of the *H NMR spectra of asphaltene
samples at ambient temperature in toluene-ds using a 120 s recycle delay.

EASY%Ro Total area | % Aromatic % Alkenyl % Alicyclic % Aliphatic

%

= 0.48 74000 17.29 (= 0.03) | 22.66 (£ 0.02) | 18.48 (x0.03) | 41.46 (= 0.02)
0.78 84500 19.52 (x0.02) | 15.38(x0.03) | 21.18 (x0.02) | 43.76 (+ 0.03)
0.95 124000 24.21 (¥ 0.02) 26.21 (¥ 0.03) | 49.52 (= 0.02)
1.19 103000 23.68 (£ 0.03) 25.43 (£0.02) | 50.91 (+0.02)
1.28 125000 24.42 (£ 0.02) 26.29 (x 0.02) | 49.18 (= 0.02)

The relative composition of each sample was calculated, based on the peak areas determine
by deconvolution (Table 4.3). Figure 4.6 shows that the aliphatic, alicyclic, and aromatic
components of the AMSO samples increase until reaching 0.95% EASY%Ro while the
opposite is true in the case of the alkenyl component, confirming that the composition of
asphaltene changes during the pyrolysis process of green river oil shale. The relative
composition is practically unchanged for samples with EASY%Ro values of 0.95% and
higher. The sample with the EASY%Ro maturity of 1.19%, however, is somewhat lower
in aromatic and alicyclic groups when compared to the samples with next lower and higher
maturities. This slight off-trend behaviour of the 1.19% maturity sample has also been seen
in other measurements (see below). According to the *H NMR spectra, the aromatic
component contributes around 24%, the alicyclic component about 26%, and the aliphatic

component above 49% for the three higher-maturity samples.
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Figure 4.6. Effect of maturities and H/C ratios on asphaltenes molecular composition.
Experiments were carried out in toluene-ds with a recycle delay of 120 s.
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The early stages of pyrolysis, where H/C is above 1, are marked by an increase in the
aromatic, alicyclic and aliphatic components, while the alkenyl component decreases. This
suggest that the alkenyl groups are being consumed in the process of forming more and/or
larger aromatic ring systems, and formation of alicyclic and aliphatic moieties. In the latter
stages of pyrolysis, where H/C is below one, the alicyclic and aromatic components
decrease and subsequently recover to the maximum values seen at H/C =1. The aliphatic
components show the opposite trend. Furthermore, the alkenyl fraction decreases with
decrease in H/C and essentially disappears past H/C = 1.25. The presence of the alkenyl
fraction is thus a useful indicator of immaturity because it disappears after the early stages
of pyrolysis. This observation is consistent with previous investigations using mass
spectrometry,* where the average molecular weight of asphaltene samples was calculated
using L2MS and SALDI spectroscopy methods. The molecular weight rises from around
400 g/mol at low maturity to approximately 550 g/mol for maturities 0.95%, then decreases

slightly for maturities increase >1.19% (535 g/mol).

4.3.1. T1 and T2 Relaxation Measurements

The Ty and T> measurements were carried out for the five samples with EASY%Ro values
of 0.48, 0.78, 0.95, 1.19 and 1.28%, using the inversion recovery (T1) and CPMG (T>)
sequences. The T1 and T» values were obtained from the experimental relaxation curves
using the Levenberg-Marquardt algorithm®®. The bi-exponential recovery curves for the T1
determination for the 0.95% maturity sample are shown in Figure 4.7. The raw data
obtained from the inversion recovery and CPMG experiments were normalized and plotted

against time. (Figure 4.8).
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Figure 4.7. Non-linear regressive line-fitting of the T: data of the asphaltene sample

(0.95% EASY%Ro) in toluene-ds. The blue points are the inversion recovery data, and the
black line shows the exponential recovery curve fitted to the data.
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Figure 4.8. CPMG curve from the asphaltene sample (0.95% EASY%Ro) at 700 MHz.
The blue data points are the CPMG data, and the black line shows the exponential decay
curve fitted to the echo envelope.
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Table 4.4 lists the T1 and T relaxation time constants of *H resonances of the asphaltene
sample with maturity 0.95% EASY%Ro. Bi-exponential fitting gave two components in an
approximate 3:1 ratio. The T1/T> ratios were calculated by pairing the T1 and T> values of
components with similar percentage contributions. Shorter T1 values were paired with
shorter T, values for aliphatic groups, which have higher mobility, while for alicyclic and
aromatic groups, shorter T1 values were paired with longer T> values, consistent with their

divergent behavior for longer correlation times (as shown in Figure 2.16 in Chapter 2).

Table 4.4. *H NMR relaxation times of asphaltene (0.95% EASY%Ro) in toluene-ds. The
values in parentheses represent the percentage of protons having the corresponding T and
T, values. The standard deviations for the T1 and T values are provided.

H ppm Assignment T1(8) T2 (Ms) TJT>
1.5-0.8 aliphatic 0.43+0.04 (7525.2%) 21.6+0.8 (7845.0%)  20+0.8
1.27+0.02 (25+4.5%) 241+15 (22+4.2%)  5%0.15
3.5-2.4 alicyclic 2.58+0.04 (785.7%) 5.1+0.07 (78+5.5%) 50510
1.3+0.03 (22+5.0%) 18.0£0.7 (22+4.8%)  72+2.8
8.5-7.5 aromatic 3.5+0.05 (80+5.8%) 4.740.06 (80£5.5%)  744+14
1.28+0.03 (20+5.2%) 20.0£0.8 (20+4.8%) 64+2.6

The variation of T1/T> ratios with increasing maturity of asphaltene samples dissolved in
toluene-ds and CDCl3 are shown in Table 4.5 and Table 4.6, respectively. The relaxation
analysis of all samples showed that each signal has two components: a major component
with larger T1/T2 ratios and a minor component with smaller T1/T> ratios, where their
proportions remain the same between the structural environments and maturity. The
difference in these T1/T> ratios indicates that these environments have two distinct mobility

regimes possibly corresponding to two aggregate phases differing in their internal motion.
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The T1/T> ratios of the aliphatic, alicyclic, and aromatic environments also show the effect

of maturity on the degree of asphaltene aggregation in both mobility regimes.

Table 4.5. *H NMR relaxation measurements of asphaltene samples in toluene-ds.

EASY%Ro
(%)

Toluene-ds (T+/T>)

Aliphatic

Alicyclic

Aromatic

0.48

0.78

0.95

1.19

1.28

15.0+1.2 (70-85%)
3+0.06 (15-30%)

18.0+1.6 (70-85%)
4.5+ 0.08 (15-30%)

20.0+1.6 (70-85%)
5.0+ 0.14(15-30%)

17.0+1.0 (70-85%)
4.0+0.10 (15-30%)

20.0+1.38 (70-85%)

5.0+ 0.12(15-30%)

2505.0 (70-85%)
53+1.3 (15-30%)

380+7.6 (70-85%)
64+1.9 (15-30%)

505+10 (70-85%)
72+2.1 (15-30%)

470+9.0 (70-85%)
65+2 (15-30%)

500+9.8 (70-85%)
70+2.1 (15-30%)

300%6.0 (70-85%)
50+1.5 (15-30%)

580+ 11.6 (70-85%)
58+1.9 (15-30%)

744+14 (70-85%)
64+2.0 (15-30%)

680+13 (70-85%)
56+1.8 (15-30%)

720+14.2 (70-85%)
68+2.1 (15-30%)

The values in parentheses represent the relative percentage of each signal having the corresponding T; and
T.. (See appendix for fitting curves)

Table 4.6. *H NMR relaxation measurements of asphaltene samples in CDCls,

EASY%Ro CDCls (T4/Ty)

(%) Aliphatic Alicyclic Aromatic

0.48 13.0+0.6 (70-85%) 85+1.7 (70-85%) 96+1.9 (70-85%)
2.1+0.03 (15-30%) 37+0.9 (15-30%) 37+1.3 (15-30%)

0.78 15.0+0.8 (70-85%) 120+2.4 (70-85%) 150+ 3 (70-85%)
3.5% 0.03 (15-30%) 49+1.9 (15-30%) 45+1.7 (15-30%)

0.95 17.0+1.0 (70-85%) 170+3.4 (70-85%) 220+4.4 (70-85%)
4.0+ 0.03(15-30%) 56+2.1 (15-30%) 52+2.1 (15-30%)

1.19 16.0+0.8 (70-85%) 140+2.8 (70-85%) 190+3.8 (70-85%)
4.2+0.02 (15-30%) 53+1.75 (15-30%) 50+1.9 (15-30%)

1.28 17.5+0.9 (70-85%) 160+3.2 (70-85%) 210+4.2 (70-85%)

4.0+ 0.02(15-30%)

58+2.4 (15-30%)

53+1.7 (15-30%)

The values in parentheses represent the relative percentage of each signal having the corresponding T, and
T,. (See appendix for fitting curves)
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The T1/T> ratios of asphaltenes with different maturities are significantly smaller compared
to those found in natural reservoirs like the Manifa asphaltenes (Chapter 3). For instance,
the T1/T> ratio of the aromatic signal in Manifa was around 20,000 while in AMSO it was
approximately 700. The molecular weight of asphaltenes from oil shale pyrolysis
experiments was also lower than those found in typical reservoirs.!®2° The differences in
T1/T> ratio can be attributed to the varying conditions present in natural reservoirs, such as
high pressure, moderate temperature, and geological time. Presumably these conditions
would allow for ring growth, gradual aggregation, and subsequent clustering over time. On
the other hand, in-situ pyrolysis attempts to mimic reservoir conditions, but the exact
timescale cannot be precisely replicated. Thus, the composition, size, and aggregation of
asphaltenes from the pyrolysis would be expected to differ from those found in natural
reservoirs, which is reflected in the T1/T> ratios when compared with values from natural

reservoirs.

For AMSO asphaltene samples in toluene-ds, the T1/T> ratios of all regions (aliphatic,
aromatic, alicyclic) increase with maturity from 0.48 to 0.95% as bitumen, being the
primary product at this stage, increases accordingly. The major components of the aromatic
T1/T2’s increase with maturity similarly to the increase in aromatic content, which is
consistent with increasing aromatization at the cost of alkenyl groups. Thus, the T1/T2’s of
the alkyl components would be expected to increase accordingly, which it does from 15 to
20 in toluene. Furthermore, the major component of alicyclic group’s T1 /T ratios increase
from 250 to 505, as do aromatic ratios from 300 to 744. The larger ratio for the alicyclic

groups indicates that they are more sterically constrained hence reflecting values closer to
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the aromatics to the extent of congestion. Parallel behaviour is seen for the minor

components in all environments.

The trend in T1/T> of the major component of the aromatic reverses when maturity exceeds
0.95% when the pyrolysis reaction shifts to oil production where bitumen is consumed. At
this stage the asphaltenes are portioned between both the oil and bitumen fraction, limiting
the size of the aggregates that can form in the bitumen, resulting in smaller particles sizes
and hence reducing the T1/T> ratio. As the oil fraction increases and as the total amount of
asphaltenes increases, a point is reached where the particles start to increase in size and the

T1/T2 ratio once more start to increase.

Essentially the same behavior in the relaxation time ratio was observed in CDClIz but to a
lesser extent. Also, the trend in the aliphatic and alicyclic are the same but attenuated with
respect to the aromatic due to the influence additional internal motion. The trends in the

minor components also mirror the behaviour seen for the major components.
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Figure 4.9. Relationship between T1/T> ratios of aromatic signals in asphaltene spectra
with varying maturities.

165



The ratio of T1/T> is related to the rotational correlation time, t., which can be calculated

using Eq.4.1.2

T, _ 1[10+37w?t3+12w%t¢]
T, 2 [5+8w2t?]

(4.1)

AMSO asphaltene samples show T1/T> ratios ranging between 3 and 740 correspond to the
correlation times of 0.5 to 7 ns in toluene and 2.1 to 210 in chloroform with correlation

times of 0.2 to 3.9 ns.

The hydrodynamic radii, ry, of the asphaltene aggregates are calculated via the equation
used in Chapter 2 (Eq.2.27) at T = 298 K, and n(Toluene) = 0.56 mPa/s, and n(CHClz) =
0.54 mPa/s. As shown in Figure 4.10, the hydrodynamic radius calculated using the
correlation times of the major component of the aromatic signal in CDClIs, and toluene-dg
increases with sample maturity. The hydrodynamic radius increases with higher maturity
from 2.0 nm to 2.4 nm in toluene-ds, and 1.7 to 1.9 nm in chloroform, reflecting the increase

in particle size in both solvents.
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Figure 4.10. Relationship between hydrodynamic radii of aromatic signals in asphaltene
at varying maturities, using a recycle delay of 120 s.

4.4. Conclusion

A study of asphaltenes isolated from pyrolyzed Green River oil shale was conducted using
'H and relaxation NMR spectroscopy. This method was used to investigate the relationship
between asphaltene maturity and aggregation. During the pyrolysis of Green River shale,
asphaltene composition changes systematically with maturity. Asphaltenes alicyclic,
aromatic, and aliphatic components initially increase with maturities at the expense of the
alkenyl component, under conditions when pyrolysis generates bitumen as its primary
product. Once oil starts being expelled from the bitumen there is an initial drop in alicyclic
and aromatic and corresponding increase in the aliphatic component, that eventually returns
to the original trend with maturity. Thus, at low maturity the aromatic regions grow initially

by forming alicyclic and alkyl chain while alkenyls are consumed. Once oil expulsion kicks
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in the trend is briefly reversed as the asphaltenes are partitioned to the oil seemingly

favoring the larger aromatic systems.

Significant variation in aggregate size was observed with maturity, through the T1/T> ratios
in aliphatic, alicyclic, and aromatic environments. The bi-exponential behavior of all T1/T>
ratios was seen all samples and with all structural environments, where the proportion
between major and minor component was invariant. This indicates that these environments
have two different mobility regimes corresponding implying that the asphaltene particles
is composed of two phases that differ in the density of aggregation. The results of the
relaxation analysis showed that the size of the asphaltene particle increases with maturity
up to EASY%Ro 0.95%, which comports with previous studies, where the molecular
weight increased of varying maturities over the same range of EASY%Ro.* The
hydrodynamic radius results confirmed that the asphaltene aggregates size increased with
maturity. Further investigations revealed that aggregate size is significantly larger in

toluene-ds than in CDCls.
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CHAPTER 5

ASPHALTENE AGGREGATION IN PETROPHASE 2017 ASPHALTENE

SAMPLES

5.1. Introduction

Asphaltene aggregation is one of the most common challenges faced by the oil industry.
The asphaltene fraction of crude oil represents the heaviest and most polar and aromatic
compounds in crude oil.* The nature of asphaltene aggregation is still poorly understood
due to the vast structural variation of asphaltenes. Understanding asphaltene structure on
the nanoscale is an important step in developing strategies to improve crude oil production

and minimize operational problems.

Asphaltene aggregation has been studied in the sonicated and crude PetroPhase 2017
Asphaltene samples using various physiochemical methodologies. The PetroPhase 2017
Asphaltene samples were produced by Marianny Y. Combariza's group at the Santander
Industrial University in Colombia. They developed an efficient purification method for
asphaltene,? and those samples were forwarded to a number of laboratories around the
globe. The project aims to get a comprehensive view of a particular asphaltene sample from
one source, employing as many experimental techniques as possible. For the first time,
scientists participating in petroleum characterization have coordinated efforts to study the
same asphaltene sample and get proper measurements that can be directly compared to each

other.

The study by Giraldo-Davila et al.? used thin-layer chromatography (TLC) to fractionate

PetroPhase 2017 Asphaltene samples and analyze the resulting fractions by Fourier-
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transform ion cyclotron resonance mass spectrometry (FT-ICR MS). The study involved
the fractionation of PetroPhase 2017 asphaltenes on silica plates with an eluotropic series
of mobile phases, which resulted in three distinct bands of compounds, including non-
eluted compounds (NE), compounds eluted with toluene (T), and compounds eluted with
dichloromethane/methanol (DM). The authors found that the NE fraction of asphaltenes,
which contained high levels of heteroatomic moieties and was highly alkylated, had a quick
aggregation rate and formed stable emulsions, while the DM and T fractions had slower
aggregation rates and did not form stable emulsions. Furthermore, they found that the NE
fraction aggregates through a supramolecular assembly mechanism and contains
surfactant-like structures rather than structures just based on « stacking. Removing the NE
compounds from the PetroPhase sample resulted in no aggregation or stable emulsion
formation. However, the authors cautioned that these results only reflect asphaltenes of
their TLC fractions and may not reflect the interactions of a mixture of compounds in a real
precipitation or emulsion formation situation involving the entire crude oil. Therefore,
further studies are necessary to address these issues.

Chacon-Patifio et al.* developed a method for studying PetroPhase 2017 Asphaltenes using
extrography chromatography fractionation and mass spectrometry. The extrography
method involved selectively removing asphaltene species with high monomer-ion yield and
using polarity gradient solvent extraction to separate asphaltene fractions based on
solubility. The resulting fractions were then analyzed using Fourier-transform ion cyclotron
resonance mass spectrometry (FT-ICR MS). The study found that mass spectrometry of
whole asphaltenes showed highly aromatic, alkyl-deficient, island-type structures.
Extrography separation methods revealed that the earliest eluting fraction (acetone fraction)

ionized most efficiently and matched the results obtained for the whole asphaltenes and
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exhibited enrichment of island motifs. The later-eluting fractions (Tol/THF fraction),
however, showed lower monomer-ion yields and were enriched in archipelago-type
fragments. The authors concluded that the island model is not the dominant structure of
asphaltenes, and that it coexists with abundant archipelago structures, with the ratios of
each being sample-dependent.

The study by Putman et al.® investigated the aggregation behavior of PetroPhase 2017
Asphaltene samples using gel permeation chromatography (GPC) to separate the
asphaltenes into different fractions. To analyze the composition of the different fractions,
they used a combination of positive atmospheric pressure photoionization (APPI) and
Fourier-transform ion cyclotron resonance mass spectrometry (FT-ICR MS). They also
used inductively coupled plasma mass spectrometry (ICP-MS) to measure the amounts of
certain elements in the fractions. According to the study, the earliest-eluting species were
composed of more alkylated species, with a shift towards aromatic compounds as elution
time increased. The authors found that increased aggregation was associated with a
decrease in aromaticity and an increase in aliphatic species. The study also found that as
aggregation decreased, the compositional range shifted toward more condensed aromatics
in the high DBE (double bond equivalent) range, as well as an increase in lower DBE

species, which suggests a shift in the sulfur moiety from thiophenic sulfur to sulfidic sulfur.

In the current study, *H NMR spectroscopy as well as relaxation measurements and DOSY
spectroscopy were used to determine the aggregation behavior of the PetroPhase 2017
Asphaltene samples. The structural difference and aggregate size distribution was

investigated for sonicated and crude samples.
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5.1.1. Sonication process

In a laboratory setting, the sonication procedure is usually done with an ultrasonic bath or
an ultrasonic probe. Sonication overcomes intermolecular interactions between molecules,
allowing large aggregates to be broken down into smaller fragments. It is used to break up
clumps of colloidal particles that are clustered together. Despite the fact that sonication is
widely used in the pharmaceutical industry and research, the effects on asphaltenes are
poorly understood.®

Kang et al.” conducted a study to examine the effects of ultrasonic processing on Athabasca
asphaltene. They evaluated five different ultrasonic frequencies and four saturating gases
in their experiment. The results showed a significant reduction in the number average
molecular weight (NAMW) of the asphaltene samples after short treatment times, with the
greatest reduction observed at a frequency of 358 kHz. The reduction in NAMW was fastest
when the asphaltene was treated with a mixture of Ar/H> (50%/50% v/v) at a frequency of
205 kHz. On the other hand, saturating with hydrogen gases had minimal effect on the
kinetics of NAMW reduction. The visible light absorption spectra of the asphaltene samples
showed that the heptane soluble fractions increased by more than 50% after sonochemical

treatment, which can be considered as an upgrading process.

Mousavi and Najafi et al.® studied asphaltene aggregation in Sarvak (oil fields of southwest
Iran) oil samples that were exposed to ultrasonic waves at different time intervals using
confocal microscopy. They found that ultrasonic waves prevent macrostructure aggregate
formation. Because of using ultrasonic waves, they observed asphaltene aggregates
decreased in size. After sonication, the average flock radius drops from 4.32 um to 4.17

pm for asphaltene particles. The use of ultrasonic waves may reduce the aggregate's
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average radius, as well as reduce the size of large particles. This study exemplifies the
successful use of ultrasonic wave technology for reducing asphaltene precipitation

problems.
5.2. Experimental section

5.2.1. Asphaltene Samples

The PetroPhase 2017 Asphaltene samples originate from Colombian heavy crude oil, and
Marianny Y. Combariza's group at the Santander Industrial University isolated the samples
by use of the standard ASTM D6560-12 method.®? They employed Branson Ultrasonics at
22 kHz and 130 W to dilute 10 g crude oil in 400 ml of n-heptane for the sonicated sample.
The mixture was then heated at 90°C under reflux for 60 minutes, then allowed to cool
overnight. The asphaltenes were filtered and extracted with n-heptane in a Soxhlet extractor
until the washing solvent was clear. The current NMR experiment used two types of
samples: sonicated and parent crude asphaltene. The density of crude asphaltene is 0.894
g/cm? at 20°C.1° DBE (double bond equivalent) values for PetroPhase 2017 Asphaltene
samples range from 15 to 28, and the carbon number ranges from 25 to 40. The relative
abundance of sulfur-containing compounds and vanadyl porphyrins in these asphaltenes is

greater than 3.5%.*

5.2.2. Sample preparation

For NMR analysis, asphaltene samples of 30 g/L concentration were used, and experiments
were carried out at room temperature (25°C). The NMR samples were made using toluene-
ds as a solvent, which was purchased from Sigma-Aldrich and used as received. A small
vial was used for the preparation of the solutions. First, 30 mg of asphaltene was weighed

out in a plastic weighing dish using an electrical analytical balance (Mettler Toledo,
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accuracy: 0.1 mg). The sample was then transferred into a small vial and dissolved in 1 mL
of a deuterated toluene-ds. A vial was used to ensure more effective mixing of the sample
compared to using an NMR tube. The samples were treated with vortexing (VWR mini
vortexer) for one minute to get thorough dissolution and to avoid the presence of
particulates that would interfere with effective shimming. Subsequently the solution was
transferred into the NMR tube using a glass Pasteur pipette. All the analyses were done
with 5-mm NMR tubes, which were supplied by Wilmad Lab Glass. Based on the line
width of the residual solvent signal, it was not deemed necessary to purge the samples with
N2 gas. The presence of oxygen was not controlled because the effect of oxygen on the
relaxation rate was negligible. The influence of oxygen is only noticeable in systems with

low molecular weight and solvents with extremely low viscosity.

After the samples were prepared for NMR experiments, the outside of the tube was cleaned
with acetone. In the NMR lab, Kimwipes were used to clean the bottom of the tube before

placing it in a sample changer.

5.2.3. 'H NMR Experiment

All NMR spectra were obtained using a Bruker Avance IIl HD 700 MHz NMR
spectrometer operating at 16.4 T, equipped with a triple resonance Bruker TXO-Z (C/F-H-
2H) probe equipped with a ?H lock channel, automatic tuning and matching, and Z-
gradient. Experiments were performed at room temperature, and the sample appeared to be
completely dissolved. No evidence for phase inhomogeneity was found, since throughout
the NMR investigations the reference signals always had a symmetric and narrow line

shape. Any phase inhomogeneity present on the microscopic scale would have resulted in
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difficulties shimming the spectrum. The 1D 'H NMR spectra were recorded with a 90°

pulse width of 12.4 us, 128 transients 60 s recycle delay and 64 scans.

5.2.4. Relaxation Experiment

For H T1 and T2 NMR measurements, samples were prepared in toluene-ds solvent. The
relaxation experiment used the same samples as were used in the *H NMR experiment. H
NMR relaxation data were obtained using a Bruker Avance Il HD 700 MHz spectrometer
operating in a four high power channels (HFXY) mode using a triple resonance Bruker
TXO-Z (C/F-H-2H) probe equipped with a 2H lock channel, automatic tuning and
matching, Z-gradient, and VT capabilities. All spectra were obtained using a sweep width
of 700 kHz, data points were zero-filled to 64k data points, unless stated otherwise. All
relaxation data were acquired at room temperature. T1 relaxation times were obtained using
the inversion recovery pulse sequence!! of the form {-RD-pi(180°)-t—p2(90°)—
aq(acquire)}; the phase cycles were: p1: {X, —x}4; p2: {X2, —X2, Y2, —Y2}; aq: {X2, —X2, y2, —
y-} and the recycle delay used was 60 s. The delay array used was 0.001, 0.35, 0.75, 1.5,

2,2.2,25,27,3,3.2,35,4,45,5, 10, 20, 30, 45, and 60 s with 8 scans for each delay.

T, relaxation data were obtained using the CPMG (Carr-Purcell-Meiboom-Gill) pulse
sequence!? of the form [-RD-p1(90°)—{t—p2(180°)-t}r—aq(acquire)]; the phase cycles
were: p1: {X, X, =X, =X, ¥, ¥, =Y, Y} p2: {Y, Y, ¥, Y, X, X, X, X} aq:{ X, X, X, =X, ¥, Y,
-y, =y}, the time delay between the pulses was 2 ms and the recycle delay was 60 s. The
delay array was: 4, 6, 8, 10, 16, 20, 24, 36, 60, 70, 80, 120, 180, 250, 350, 450, 500, 750,
1000, and 1250 ms with 8 scans for each delay. Data were Fourier-transformed, baseline-
corrected, and phased. The integration and deconvolution analysis were performed by

MestRenova software (version 14.2.0).
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5.2.5. Bi-exponential fits

The analysis of the bi-exponential behavior of the T1 and T. spectra is an important
mathematical tool for NMR relaxation studies of complex samples. Generally, the linear
regression method is used to analyze Ty and T> data in case of mono-exponential behavior.
This method does not work for the bi-exponential behavior because of a massive systematic
error. In this study the nonlinear Levenberg-Marquardt!® optimization method was used.
5.2.6. DOSY Experiment

Proton diffusion ordered NMR (DOSY) experiments were performed on a Bruker Avance
700 MHz spectrometer, which operates at 16.4 T and uses a triple-resonance Bruker TXO-
Z (C/F-H-2H) probe equipped with a 2H lock channel and Z-gradient. Each sample was
obtained by mixing 30 mg of asphaltene in 1 mL of toluene-ds. For a DOSY experiment, a
series of NMR spectra is generally collected in a stimulated echo as a function of pulsed-
field gradient intensity. The intensity of each signal decreases at a rate determined by the
diffusion coefficient. The stebpgpls pulse sequence was used in the diffusion-ordered
spectroscopy (DOSY) experiments.t* Spectra were obtained with 32 scans in an increasing
linear gradient ranging from 2% to 95% with a pulsed gradient time & of 3.6 ms and
diffusion times A of 50 -100 ms during the DOSY experiment. The spectra were
subsequently processed using the Bruker Dynamics Suite with two processing methods.
The initial method follows a standard procedure allowing for up to three components, while
the second method employs an inverse Laplace transform. In the former method, nonlinear
optimization is applied to derive Agifrusion (6,4, D) from Equation 3.6 in Chapter 3,
yielding diffusion constants, intensities for each component, and their respective 95%

confidence limits.
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5.2.7. Error Considerations

In this work, the amount of supplied sample was limited, allowing for the preparation of
one NMR sample per asphaltene sample. In the case of *H NMR studies, the error for the
relative method comes from the deconvolution of the peak fitting, and a residual error (RE)
was obtained from (x%/N) values. In the case of relaxation studies, relative errors arise from

the regression analysis with a regression error of around 1.5%.

5.3. Results and Discussion

One of the primary goals of this study is to investigate crude and sonicated PetroPhase 2017
Asphaltene samples to ascertain if sonication affects the asphaltene self-association process
and possibly how. In this study, solution-state *H NMR spectroscopy was used to
characterize the PetroPhase 2017 Asphaltene samples. Typical *H NMR spectra of crude

and sonicated asphaltene samples are shown in Figure 5.1.

In the relative method, the percent contribution of each region was obtained from the peak
areas (Table 5.1) with respect to the sum of all asphaltene peak areas as shown in Table 5.2.
Extremely narrow components were not included in this deconvolution analysis since their
contributions to the overall percent composition would be minimal. No significant changes
in the contributions from each structural environment were observed between the sonicated
and crude samples. This indicates that no significant structural changes are taking place in
the individual asphaltene molecules. As sonication is a relatively low-energy phenomenon

such changes were not expected.
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a) Crude

b) Sonicated

Figure 5.1. 700 MHz *H NMR spectra of (a) crude and (b) sonicated PetroPhase 2017
Asphaltene samples. The maroon traces are the experimental spectra, the blue traces are the
deconvoluted signals, and the orange traces are the sum of the deconvoluted components.
All TH NMR spectra were recorded at ambient temperature in toluene-ds (residual solvent
signals are denoted by *) using TMS (denoted by #) as the internal reference with a 90°
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pulse during acquisition with a recycle delay of 60 s and 64 scans.
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Table 5.1. The deconvolution (peak-fitting) models used for the solution-state 'H NMR
spectra of PetroPhase 2017 Asphaltene samples at ambient temperature in toluene-dg using
a 60 s recycle delay. This deconvolution model used purely Lorentzian lineshapes.

8(*H) (ppm)  Width (Hz) Area 3(*H) (ppm) \(/|V_|'Zd)th Area
Crude Sonicated

7.35 1400 20940 7.30 1250 15980

2.49 1400 25457 2.49 1400 19899

1.39 500 48355 1.36 500 37646

1.37 140 5680 1.31 140 3623

0.95 140 4370 0.92 140 3540

Table 5.2. Relative composition for the fitted peaks of the *H NMR spectra of crude and
sonicated asphaltene samples. The percentage of relative errors were calculated from the
residual error (x?/N) in the deconvolution analysis.

Structural parameter  Crude sample Sonicated sample
% Aromatic 20.0 (£ 0.05) 19.8 (£ 0.04)
% Alicyclic 24.3 (+ 0.04) 24.6 (+ 0.05)
% Aliphatic 55.7 (+ 0.05) 55.6 (+ 0.05)

Professor Lamia Goual of the University of Wyoming studied Direct-Current (DC)
Electrical Conductivity of the sonicated PetroPhase 2017 Asphaltene material (L. Goual,
personal communication, June 05, 2017). She monitored aggregation behavior in the
sonicated samples by DC conductivity measurements. DC conductivity depends on small-
sized charge carriers undergoing charge-transfer reactions at the electrodes. Thus,
increasing DC conductivity of asphaltenes with concentration results from the increase in
the number of charge carriers and their mobility. When aggregation occurs the number of

carriers is reduced, and they have reduced mobility despite carrying larger charges. The
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net result is an inflection in the slope of the conductivity curve with concentration. The
critical nanoaggregate concentration (CNAC) is typically on the order of mg/L for
asphaltenes depending on the asphaltene type and solvent.® Goual and coworkers observed
the critical nanoaggregate concentration (CNAC) around 100 mg/L. She also observed a
secondary aggregation process at much higher concentrations, attributed to clustering of
the nanoaggregates. This critical cluster concentration (CCC) occurred near 1000 mg/L for

these asphaltenes.

The samples used in the current relaxation dispersion and DOSY experiments had a
concentration of 30 g/L, which is much higher than the critical cluster concentration for the
PetroPhase 2017 Asphaltene samples. Therefore, clusters are expected to predominate in
the present solution samples of the PetroPhase 2017 Asphaltenes. If this is correct, one
could surmise that most of the NMR signal arises from the clusters and the minority from

the nanoaggregates.

The H relaxation experiments were used to measure the *H relaxation times from which
rotational correlation times were determined for the sonicated and the crude asphaltenes.
To obtain T1 and T> relaxation times, the experimental relaxation curves were fitted using
the non-linear optimization via the Levenberg-Marquardt algorithm, allowing for two
independent relaxation times and their relative contributions to the curve. (The curves are
shown in Appendix 3). Tables 5.3 and 5.4 list the T1 and T» relaxation time constants
together with the assignment to the three *H chemical shift ranges for a toluene-ds solution
of crude and sonicated PetroPhase 2017 Asphaltene, respectively, using a 60 s recycle

delay.
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Table 5.3. *H NMR Relaxation times of crude PetroPhase 2017 Asphaltene in toluene-ds.
The values in parentheses represent the percentage of protons having the corresponding T1
and T. The standard deviations for both T1 and T> have been calculated.

'H ppm assignment T1(5) T, (ms) TiT,
1.5-0.8 Aliphatic 0.62 + 0.03 (55 £ 5.0%) 18.8 £ 0.9 (58 + 4.5%) 33.0%£1.9
1.92 £ 0.04 (45 + 4.5%) 280 + 2.0 (42 £ 4.5%) 7.0+£0.15
3.5-24 Alicyclic 3.30 £ 0.05 (58 + 5.4%) 5.2 £0.05 (55 + 4.5%) 660 + 9.2
0.81+0.03 (42 + 4.8%) 32.1+1.0 (45 +4.2%) 250112
9.0-7.85 Aromatic 4.2 +£0.05 (54 + 5.5%) 4.3 +0.04 (58 + 5.0%) 980 + 17
0.92 + 0.03 (46 + 5.5%) 30.0+ 1.2 (42 + 4.5%) 30.0+15

Table 5.4. *H NMR Relaxation times of sonicated PetroPhase 2017 Asphaltene in toluene-
ds. The values in parentheses represent the percentage of protons having the corresponding
T1 and T». The standard deviations for both T1 and T have been calculated.

'H ppm assignment T1(s) T, (Ms) TiT,

1.5-0.8 Aliphatic 0.57 £ 0.03 (56 + 4.5%) 325+1.1(58+55%) 175+1.0
1.48 £ 0.04 (44 + 4.5%) 460 £ 3.0 (42 £ 4.7%) 3.2+0.1
2.38 £ 0.05 (55 + 5.5%) 7.2+0.07 (56 £4.5%) 330+75
0.8 £0.02 (45 + 4.8%) 640+15(44+48%) 125106
3.50 £ 0.05 (58 + 5.5%) 6.3 +0.06 (60 = 5.0%) 553 +10
0.93 £ 0.03 (42 + 5.5%) 60.0+14(40+5.4%) 155107

The T1 and T» relaxation data exhibited biexponential behavior for all three signal types in
both samples. Furthermore, the major component consistently remains at a relative
abundance of 55 to 60% between all environments and both samples. The T1and T pairing
is consistent with the divergence in relaxation behaviour between T1 and T> with longer
correlation times, i.e., the longer T is thus associated with the shorter T>. The more

internally mobile alkyl protons exhibit inherently shorter correlation times and thus cannot
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exhibit the divergent relaxation behaviour to the same extent, as was discussed in Chapter
3. The Ti/T, ratios of the more abundant components were always larger than the
corresponding minor component by as much as one order of magnitude. The consistent
bimodal distribution of the T1/T> ratios from the same structural environments indicates the
presence of at least two phases with distinct motional timescales. The difference in
mobility, especially for the alicyclic and aromatic components, is much less than with
Manifa samples (see Chapter 3). For Manifa the ratios of the two corresponding T1/T>
values in toluene were 100 to 200, while for Petrophase 2017 they were 20 to 30. The
aliphatic mobility ratios were essentially the same between the Manifa and Petrophase 2017

samples, being around 4, indicating that their mobilities are dominated by internal motion.

Consistent with the Manifa samples, the T1/T2 ratios of Petrophase 2017 vary dramatically
between environments where the major components range over 1 to 2 orders of magnitude,
while the minor components differ by 1 order of magnitude. In all cases, the T1/T> values
are always largest for the aromatics followed closely by the alicyclic, and the aliphatics
were the smallest. This is consistent with the relative mobility expected for staggered n—n

stacking aggregation geometries.

It should be noted that T1/T> ratios for the crude signals are consistently twice as large
compared to those of the sonicated signals for both major and minor components. The T1/T>
ratios of the aromatics, being the least mobile, most likely reflect the mobility of the whole
aggregate. As even in this case the effect of internal motion cannot be ignored. The T1/T>
ratios of the major components for aromatics signals in each sample in toluene-dg is shown
in Table 5.5. These were used to calculate the correlation times, and ultimately the

hydrodynamic radii as previously described in Chapter 3 using Equations 3.3 and 3.4. The
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major component of the crude and the sonicated sample gave correlation times of 8 and 6

ns with corresponding hydrodynamic radii of 2.4 and 2.1 nm, respectively.

Table 5.5. The lower limit of the T1/T> ratios of aromatics and the corresponding lower
limit to the ry values for the crude and sonicated asphaltenes in toluene-ds.

Aromatic
(major)
Sample T T2 rn (nm)
Crude 980 + 17 24+0.1
Sonicated 553+ 10 21+0.1

Figure 5.2 shows the T1/T> ratios for the crude and sonicated samples for all their structural
environments. Focussing on the T1/T> ratios of the major components, the ultrasonic waves
substantially disrupt the aggregates, as reflected by consistently reducing the T1/T> ratios
in the sonicated samples for all the structural environments, however, most pronounced for

the aromatic signals.
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Figure 5.2. Changes in the T1/T> ratios of PetroPhase 2017 Asphaltene samples with the
chemical shift.
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5.3.1. Measurement of diffusion coefficients

Crude and sonicated PetroPhase 2017 Asphaltenes were characterized by two-dimensional
DOSY spectroscopy. The DOSY spectra of the two asphaltenes studied in deuterated
toluene at a 30 g/L concentration are shown in Figure 5.3, including the spectra processed

using inverse Laplace transform.
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Figure 5.3. 'H DOSY and the corresponding Inverse Laplace Transform (ILT) spectra of PetroPhase 2017 Asphaltene samples
in toluene-dg (a) the crude and (b) the sonicated samples. X-axis represents the chemical shift in ppm and Y -axis represents the
diffusion coefficient value in log form. The coloured horizontal lines indicate the components (green- red-, and purple-colored
lines), characterized by their different diffusion coefficients.



From the graphs in Figure 5.3 three ranges in the diffusion constants were identified,
referred to high, medium, and low, and indicated by color-coded boxes in Figure 5.3. The
ranges of the three classes of diffusion coefficients (D), the corresponding adjusted
diffusion coefficients (D*) and hydrodynamic radii (rn) values are listed in Table 5.6. The
DR and D* values have been defined in Chapter 3. The hydrodynamic radii are calculated
via the equation used in Chapter 2 (Eq. 2.36).

Table 5.6. The diffusion coefficients (D), solvent diffusion coefficients (SD), relative
diffusion coefficients (DR), adjusted diffusion coefficients (D*) and ry values for

PetroPhase 2017 Asphaltene samples in toluene-ds. Assuming the self-diffusion constant
for toluene is Do = 2.28 x 107 m?%/s.

Sample D (m?/s) x 10-1°  SD (m?/s) x10-10 D* (m?/s) x1010 subr::rfg,n:l)ano,
micro
3.0-9.0 3.9-11.7 0.35-1.0
Sonicated 0.9-2.0 1.2-2.6 1.6-34
0.5-0.7 0.65-0.91 4.4-6.2
2.5-3.5 3.0-4.1 0.99-1.3
Crude 0.7-1.8 0.83-2.2 1.8-4.9
02x+04 0.24-0.47 8.6-16.8

In Table 5.6, the presumed small aggregates are indicated in purple, the medium aggregates
in red and the large aggregates (clusters) are green. When considering the diffusion data of
the samples in toluene, the larger adjusted diffusion constants (D*), i.e., 3.9-11.7 and 3.0-
4.1 x 1071 m?/s, corresponding to the sonicated to crude samples, give hydrodynamic radii
(rn) values of 0.35-1.0 and 0.99-1.3 nm, respectively. For this category the ry corresponds
to suboptimal aggregates such as monomers, dimers, trimers, etc. The medium D* values
range from 1.2-2.6 and 0.8-2.2 x 107 m?/s for the sonicated and crude samples, with

corresponding ry values of 1.6-3.4 and 1.8-4.9 nm, respectively. The ry values in the
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medium category suggest that the optimal size is reached (the nanoaggregate unit), and the
onset of clustering takes place. Finally, the lowest D* value range from 0.65-0.91 and 0.24-
0.47 x 10719 m?%/s, with corresponding ru values of 4.4-6.2 and 8.6-17 nm, respectively, are
clusters. As the D values for the crude sample are approaching 10~ m?/s the signal-to-
noise ratio is significantly degraded compared to those of the others signals, which are
comfortably in the 1071° m?/s range. Consequently, one would have less confidence in the

values of the crude sample, especially in the estimated upper range of the particle size.

The DOSY results clearly indicate that the size distribution of the larger particles in the
crude material are greatly reduced upon sonication, where the average radii were cut at
least in half. The size distribution in the medium particles were also reduced substantially
by 10 to 30 %. The size distribution for the smallest particles was reduced by about 20 %

similarly to the medium particles.

According the small-angle X-ray scattering (SAXS) study by Eyssautier et al.'®, the
nanoaggregate size is 1.7 nm (7 molecules), or 1.4 nm (6 molecules) according to similar
work by Eyssautier et al.*® Using 1.7 nm as the size of a nanoaggregate, the number of
nanoaggregates in the clusters, based only on the lower limit for the large particle range
observed by DOSY, would be 130 nanoaggregates per cluster for the crude and 17 for the
sonicated samples. The medium-sized particles represent clusters of 1 to 24 nanoaggregates
for the crude and 1 to 8 for the sonicated samples. The smallest particles are below the
nanoaggregate size, with aggregation numbers from 1.4-3.1 molecules for the crude and

0.7-1.4 molecules for the sonicated sample.

The diffusion constants from DOSY for the sonicated sample can be directly compared to
those determined by DC conductivity measurements by L. Goual et al. (L. Goual, personal
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communication, June 05, 2017). They showed that at 0.010 mg/mL, well below the CNAC,
D was 5.125 x 1071% m?/s, which was attributed to individual units or very small aggregates
with rq = 0.78 nm. The diffusion constants increased steadily with concentration up to 0.1
mg/mL at the CNAC where more stable aggregates form with aggregation numbers near 4,
with D = 3.274 x 102° m?/s and ry = 1.22 nm. Further increasing the concentration to the
onset of clustering at the CCC at 1.00 mg/ml, D = 2.506 x 1071° m?/s, with rq = 1.59 nm,
with corresponding aggregation number of 8. Past the CCC, the diffusion constants
increased to 1.945 x 1071 m?/s with ry = 2.05 nm at 5.0 mg/mL with aggregation number

18 to 20, involving 2 to 3 nanoaggregates.

According to Goual’s work the optimal onset of nanoaggregate formation is 8§ molecules
with ry at 1.59 nm, which corresponds to the transition from the small to medium sizes in
this work. Simple extrapolation of D with concentration to 30 mg/mL would place D
between 1.5 to 0.75 x 1071% m?/s, with ry = 3 to 4 nm. This corresponds to the lower bound

to the large particles in the sonicated sample in this work.

5.4. Conclusion

The literature review encompasses studies on PetroPhase 2017 Asphaltene samples,
revealing that asphaltene aggregates exhibit different aggregation rates and structures.
Some studies challenge the dominance of the island model for asphaltene structures by
demonstrating the coexistence of island-type and archipelago-type structures. Additionally,
studies highlight how changes in asphaltene aggregation are linked to variations in
aromaticity and sulfur content. The current study employed NMR spectroscopic techniques
to investigate aggregate and structural differences in PetroPhase 2017 Asphaltene samples,
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both sonicated and crude, contributing to a deeper understanding of asphaltene behavior.
Those methods allow us to make conclusions about how aggregation changes in the
presence of ultrasonication. While the *H NMR results show, as expected, that no molecular
structural changes occur upon sonication, according to this study, the aggregate sizes of
asphaltenes decrease with sonication.

The T1/T> ratios in aliphatic, alicyclic, and aromatic environments were determined fromT;
and T relaxation measurements using standard inversion recovery techniques and CPMG
methods, respectively. The biexponential behavior of all T1/T> ratios indicates that at least
two environments with two different mobility regimes exist. Under sonication conditions,
the T+/T> ratio for the major component of the aromatic region decreased significantly from
980 to 553 giving hydrodynamic radii of 2.4 and 2.1 nm, respectively. The results of the
relaxation analysis confirmed the prediction of previous studies® that the size of the
asphaltene aggregate decreased upon sonication of the sample. The DOSY NMR spectra
also showed that the sonication technique reduced asphaltene aggregate size. The diffusion
constants reveal three distinct aggregation states: sub nanoaggregates, nanoaggregates, and
microaggregates (clusters). The DOSY experiments support the previous findings that the
size of aggregates is reduced substantially by sonication. The DOSY results are in excellent
agreements with DC conductivity measurements by a collaborator. Importantly, it should
be noted that the DOSY data do not precisely depict the relative composition of asphaltenes

due to its restricted sensitivity and comparatively slower diffusion rates.
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CHAPTER 6

STUDY OF FLUORINATED PROBES IN THE CHARACTERIZATION OF

UG8 ASPHALTENE

6.1. Introduction

As established in the previous chapters, *H NMR spectroscopy including *H relaxation time
determinations is a useful technique for studying asphaltene's structure and dynamic
behavior and is at least as informative as **C NMR spectroscopy. However, relaxation time
measurements are highly time-consuming because they need exceptionally long recycle
delays to avoid systematic errors due to saturation. It is therefore necessary to develop a
faster NMR method requiring minimal analysis. In principle, °F NMR spectroscopy offers
this capability if appropriate small molecular probes can be found. In this study, we will
evaluate a selection of small fluorinated molecular probes to test whether they can provide
reliable dynamic and structural information compared to those obtained by parallel H

NMR measurements.

6.2.1. The effectiveness of using 1°F NMR spectroscopy

Fluorine-19 is an abundant spin-1/2 nucleus with a strong magnetic moment and no
quadrupole moment therefore it offers excellent sensitivity comparable to that of ‘H for
NMR spectroscopy in solution.! Fluorine-19 typically exhibits high resolution in solution
similar to the resolution in *H NMR spectra of their nonfluorinated counterparts. As
fluorine does not naturally occur in petroleum-associated materials, no interfering

background signals will complicate the analysis and interpretation of the spectra. For
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similar reasons, broad baseline distortions due to extremely wide background signals can
be avoided in complex mixtures using *°F NMR spectroscopy. The chemical shift of 1°F is
strongly influenced the presence of local magnetic fields resulting from subtle structural
changes in the electron density nearby. As the chemical shift range of °F is ~ 400 ppm as

opposed to ~15 ppm for *H, small structural changes are readily detected.?

Fluorine-19 relaxation is governed primarily by dipole-dipole (DD) interactions, either
between intermolecular °F’s or intramolecularly with nearby protons, and the interaction
with local diamagnetic fields resulting from chemical shift anisotropy (CSA). Furthermore,
the two types of interactions can interfere with each other. In °F relaxation, CSA and DD-
CSA cross-terms are expected to contribute significantly to relaxation, which is usually
dominated by the DD mechanism, especially at high fields such as 16.5 T (700 MHz
spectrometers). As a result, spin-lattice relaxation times for *°F will be shorter than *H for
longer correlation times. At lower field (100 MHz), the CSA has less impact on °F
relaxation, and the DD mechanisms are dominant. At lower fields, however, the relaxation
dispersion is relatively small, and the relaxation times are less sensitive by the timescale of
motion past the T1 minimum. As a result, higher fields are required to observe sufficient
relaxation dispersion to serve as a reliable proxy for the correlation time past the T:

minimum.

The theoretical details regarding the differences between °F and *H relaxation mechanisms
will not be addressed in this thesis. That will be the subject of a separate investigation. The

observations and analyses presented here will be mainly qualitative.
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6.2.2. ®F NMR spectroscopy using fluorinated probes

The uses of fluorinated molecular probes and selective fluorination are effective in the
study of the structure and dynamics of macromolecular systems such as proteins and
nucleic acids.>* Fluorinated probes have been incorporated into proteins via two methods:
(1) biosynthesis, in which fluorinated amino acids are added to the expression medium, and
(2) chemical modification, in which fluorinated probes react with the target protein site.>
The parameters of °F, such as chemical shifts and relaxation times, are highly sensitive to
its surroundings, so this approach allows for monitoring protein conformational changes
and transitory interactions. Kawahara et al.® used fluoroproline to study structural changes
in collagen peptides. Such information is difficult to obtain by *H NMR spectroscopy; but,
by incorporating the fluoroproline probe in peptides, Kawahara and his colleagues were
able to use °F NMR to obtain more accurate and reliable measurements. They studied the
collagen peptide conformational changes during collagen isomerism, association, and
dissociation processes using °F-°F exchange spectroscopy and *F-'H HOESY and
observed the transition of collagen peptides between triple-helical and single-coil states,

which could not be explained using circular dichroism (CD) spectroscopy.

Liu et al.” studied the conformational changes in the G protein (receptor) and B-arrestin
(ligand) binding using *°F NMR spectroscopy. They determined the equilibrium of binding
constant of the ligand, based on the changes in the chemical shift of *°F labels located in
the cytoplasmic region of the receptor. By analyzing the 1°F NMR signals, they have shown
that p-arrestin-biased ligands primarily change the two main conformational states of the
cytoplasmic ends of the helix VII region of the receptor. Fluorine-19 NMR spectroscopy

was shown to be an extremely efficient tool for studying the structure-activity relationship
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of proteins and ligands. These principles can be used to develop pharmacological ligands
that are rationally designed. Rydzik et al.® observed conformational and binding behavior
patterns between 1,1,1-trifluoro-3-bromo acetone (BFA) and metallo-B-lactamase using *°F
NMR spectroscopy. They determined the binding constants, the type of metallo-f-

lactamase inhibitors, and a number of ligand binding modes.

Hoang et al.® employed the ®F CPMG relaxation dispersion experiment to examine
calcium-modulated conformational changes proteins and their binding process with
fluorophenyl alanine ligands. It is difficult to observe line broadening or characteristic
exchange in the *H relaxation of the protein because of its disordered side chains and
density. Fluorine-19 CPMG relaxation dispersion experiments found that these protein’s
N- and C-termini behave differently during protein-ligand binding. The N-terminus of the

protein is primarily responsible for accommodating the specific binding protein and ligand.

Shi et al.'® used '°F-labeled unnatural amino acids at specific positions in proteins to
observe changes in chemical shifts and sidechain relaxation dispersion behavior using 1D
%F NMR and T1 and T relaxation experiments. Internal motions of protein side chains are
usually investigated using *C or H relaxation NMR measurements. As proteins grow
larger, however, it becomes increasingly challenging to obtain relaxation data because of
two factors: first, resonance assignments become increasingly complex, and secondly,
protein sidechains usually exhibit a relatively poor signal-to-noise ratio. In this study, in
the presence of peptide ligand on the protein sidechain, the '°F T1/T ratio decreased, and
the remarkable increase in T, indicated a rise in internal motion. Proton relaxation

experiments have never shown a comparable difference in the respective T1/T> ratio.
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Lu et al.' measured the F longitudinal and transverse relaxation times of
fluorosubstituted tryptophan amino acids and fluorotryptophan-labeled cyclophilin A
proteins in solution. They calculated *°F R1 and R relaxation rates in fluorotryptophans as
free amino acids and as amino acids bound to proteins. The relaxation rates are nearly the
same for both free amino acid and amino acid bound in protein, suggesting that protein

motions have only a minor effect on dynamics of the fluorotryptophan ring.

A few examples of using °F NMR spectroscopy for asphaltene characterization can be
found in the literature. Desando et al.*2 chemically derivatized asphaltenes by phase transfer
methylation and trifluoroacetylation. They used *C and '*F NMR spectroscopy to reveal a
broad site distribution of different hydroxyls containing functional groups. Stapf et al.t®
investigated the asphaltene aggregates in crude oil using °F NMR spectroscopy and field
cycled relaxometry. They used three types of reservoir oils in this study: low-viscosity oil
(Ao) with no resin, waxy oil (Wo) with resin, and asphaltene oil (A13) with 13 wi%
asphaltenes. As a probe, four fluorine-containing tracer molecules were used. Aromatic
probes were hexafluorobenzene (CesFs) and octafluorotoluene (C7Fs), whereas saturated
alkane probes were perfluorooctane (n-CgF1g) and perfluoropentadecane (n-CisFsz). In the
study, low concentrations of fluorinated tracer probes were added to crude oils, and the
T1/T> ratio was determined as a function of field strength. They observed significant
variation in the °F relaxation times for aromatic and aliphatic probes in the three crude
oils. The T+/T> ratio of the aromatic probes Ce¢Fs and C+Fgin an A13 oil was close to 100.
In contrast, T1/T> is only about 5 when using alkane probes octane-Fig and pentadecane-
Fs2 in the same sample. The °F relaxation times ratios T1/T2 for oils Ao and Wo were

examined using aromatic and saturated '°F probes, and a range of values was observed up
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to T1/T2>7. In *H NMR data of crude oil, no comparable differences in this ratio have been
found before. Benzene-Fe and toluene-Fg relaxation dispersion is strong in oil A13, but for
oil Ao and Wy, as well as the alkane probes in oil A13, relaxation dispersion is quite small.
The main finding of this study is that aromatic probes have significantly higher T1/T> values

in the presence of asphaltenes in oil.

6.3. Materials and Methods

6.3.1. Samples

The asphaltene sample for this study was obtained by Schlumberger-Doll Research in
Cambridge, Massachusetts, USA. The petroleum asphaltene sample has a codename of
UG8, which is a Kuwaiti black oil. In the literature, the extraction procedure for the UG8
asphaltene has been discussed in detail.!* Compared to coal asphaltene, UG8 petroleum
asphaltene has a higher sulfur content and a higher H:C atomic ratio.’® The elemental
composition of asphaltenes can vary greatly depending on the source of the crude oil and
the processing conditions. However, the typical elemental composition of UG8 asphaltenes
consists of a high amount of carbon (C) at 81%, hydrogen (H) at 7%, nitrogen (N) at 1.02%,
sulfur (S) at 8.94%, and trace amounts of oxygen (O) at 1.6%. The H:C atomic ratio in UG8

asphaltenes is 1.05.1°

6.3.2. Probes for °F NMR spectroscopy

In this study, three commercially available fluorinated probes were used: CFCls, CsFg, and
perfluorooctanoic acid (PFOA). CFCls was used owing to its small size and ability to
undergo strong dispersion interaction. CeFs was chosen for its potential for n-n
interactions. PFOA is a surfactant thus able to seek out interfaces between polar and non-
polar environments. Sigma Aldrich supplied perfluorooctanoic acid (PFOA), CFCls, and
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CeFs. The solvents, CDClz and toluene-ds, purchased from Sigma Aldrich (99.8%D). All

materials and reagents were used without further purification or processing.

6.3.3. Sample preparation

The UG8 asphaltene samples were prepared as a stock solution in CDClz and toluene-dsg at
a concentration of 15 mg/mL, using the same method described in Chapters 3 and 4. The
serial dilution method was used to prepare three different concentrations (1.0, 5.0, and 15
mg/mL) of the stock solution in CDCl3 and toluene-ds solvents. This involved measuring
the calculated amount of the stock solution using a micropipette and adding the required
volume of solvent using a volumetric pipette. The samples were then transferred into
labeled, clean, and dry test tubes and mixed thoroughly to ensure homogeneity. To reduce
evaporation, the solutions were prepared just when needed and stored in the freezer. For
the F NMR relaxation time measurements, the concentration of the fluorinated probe

molecules was set to 4 mg/mL.

6.3.4. NMR spectroscopy

All NMR spectra were obtained using a Bruker Avance IIl HD 700 MHz NMR
spectrometer operating at 16.4 T, equipped with a triple resonance Bruker TXO-Z (C-H-
2H) probe equipped with a ?H lock channel, automatic tuning and matching, and Z-
gradient. For °F NMR spectra, a selective °F probe, equipped with a triple resonance
Bruker TXO-Z (F-H-2H) probe equipped with a 2H lock channel, automatic tuning and

matching, and Z-gradient was used.

All relaxation data were acquired at room temperature. T1 relaxation times were obtained

using the inversion recovery pulse sequence®® of the form{-RD-pi1(180°)-t- p2(90°)-

201



aqg(acquire)}; the phase cycles were: p1: {X, —x}4; p2: {X2, —X2, Y2, —y2}; and aq: {Xz2, —X2, Y2,

~y2}.

T, relaxation data were obtained using the CPMG (Carr-Purcell-Meiboom -Gill) pulse
sequence!’ of the form [-RD-p1(90°)—{t—p2(180°)-t}r—aq(acquire)]; the phase cycles
were: p1: {X, X, =X, =X, Y, ¥, =Y, =Y} p2: {Y, -V, Y, Y, X, =X, X, —X}; and ag:{ X, X, —X, =X,
Y, Y, -V, -Y}. The fixed delay in the CPMG train was 2 x 2.0 ms, which was looped up to
250 times. The recycle delay for 'H relaxation measurements were set to 60 s, to avoid
saturation effects (as determined in Chapter 3). However, the recycle delay for °F
relaxation measurements was set to 10 s because the Ty values for this experiment was close
to 2 s. Thus, a recycle delay of 10 s should give reasonable quantitative spectra without
unnecessarily long experiments. Data were Fourier-transformed, baseline-corrected, and
phased. The integration and deconvolution analysis were performed by MestRenova

software (version 14.2.0).

6.3.5. Exponential fits

The H relaxation data shows a bi-exponential behavior and requires a nonlinear
optimization method known as the Levenberg-Marquardt optimization method* for proper
analysis. On the other hand, the ‘°F relaxation data exhibits mono-exponential behavior and

are analyzed using the linear regression method.
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6.3.6. DOSY experiment

'H diffusion ordered NMR (DOSY) experiments were performed on a Bruker Avance 700
MHz spectrometer, which operates 16.4 T and equipped with a triple resonance Bruker
TXO-Z (C/F-H-2H) probe equipped with a 2H lock channel and Z-gradient. The DOSY
experiment used the same samples as the samples were used in the H relaxation
experiment. A DOSY experiment is usually collected using a spin-echo as a function of
pulsed-field gradient intensity. The diffusion coefficient determines the rate at which each
signal intensity decreases.’® The stebpgpls pulse sequence was used in the diffusion
ordered spectroscopy (DOSY) experiments.'® Spectra were obtained with 32 scans in an
increasing linear gradient ranging from 2% to 95% with a pulsed gradient time & of 3.6 ms
and diffusion times A of 50 -100 ms during the DOSY experiment. The spectra were
subsequently processed using the Bruker Dynamics Suite with two processing methods.
The initial method follows a standard procedure allowing for up to three components, while
the second method employs an inverse Laplace transform. In the former method, nonlinear
optimization is applied to derive Agifrusion (6,4, D) from Equation 3.6 in Chapter 3,
yielding diffusion constants, intensities for each component, and their respective 95%

confidence limits.

6.4. Results and Discussion

6.4.1. 'H NMR relaxation of UG8 asphaltene at different concentrations in CDCls
and toluene-ds
NMR relaxation experiments were conducted on solutions of UGS to determine its *H T

and T. values with concentrations of 1, 5 and 15 mg/mL. The Ty and T> of the UG8
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asphaltene at various concentrations in CDCIs are shown in Table 6.1. The T1 and T»
relaxation times are sensitive to internal motion as well by whole-body motion, the former
would predominate for isolated molecular entities and opposed to the latter which would

prevail for large densely-packed colloidal aggregates.

The T and T2 relaxation data show a biexponential pattern for all three signal types in all
concentrations. In every instance, the major component constituted approximately 70 to
80% of the total. The Ty and T. pairing is consistent with the divergence in relaxation
behaviour between T1 and T2 with longer correlation times, i.e, when Ty is longer, T2 is
shorter. The alkyl protons, typically with the highest internal mobility, demonstrate shorter
correlation times and did not show such dramatic differences in relaxation behavior, as

explained in Chapter 3.

Table 6.1. *H NMR relaxation times of UGS asphaltene in CDCls.

Concentration

(mg/mL) Aliphatic Alicyclic Aromatic
T1(s) T2(ms) T1(s) T2 (ms) T1(s) T2 (ms)
0.91+£0.03 410+ 3.0 1.85+0.05 112+0.89  2.76 +0.06 948+0.9
1 (70 £4.5%) (68 +4.0%) (75 £ 5.5%) (75+5.0%) (70+£5.5%) (70 = 4.5%)

120+0.04  980+55 0.88 +0.02 195+1.2  1.47+003  203+13
(30 £35%) (32+35%) (25+4.0%) (25+45%) (30+45%) (30 +5.0%)

095+002  914+09  215+006  405+05 314+006 48.0+0.7

5 (75+35%) (68+4.0%) (78+55%) (75+5.8%) (75+55%) (72 +4.5%)
175003  502+350  099+003  892+09 1.65+003 79.2+0.9
(25+35%) (32+£35%) (22+4.0%) (25+45%) (25+45%) (28 +5.0%)

110003 488+082  3.15+006  261+04 3.23+005 228+06

15 (75+£35%) (70+4.0%) (78+55%) (75+5.8%) (75+55%) (70 +4.5%)
218+0.04 3504250  1.07+004  370+05 165+003 352+08
(25+35%) (30+35%)  (22+4.0%) (25+45%) (25+4.5%) (30 +5.0%)
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Generally, the T1/T> ratio is used to estimate the average correlation time in each structural
environment. The T1/T> ratios of the UG8 asphaltene at various concentrations are shown

in Figure 6.1 and Table 6.2.
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Figure 6.1. The relationship between T1/T> (major component) for selected signals in the
1H spectrum of UG8 asphaltene with concentration using a 60 s delay in CDCls and toluene-
ds.
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Table 6.2. T1/T, ratios of UG8 asphaltene with different concentrations using 60 s delay in CDCl3 and toluene-ds. The values in
parentheses represent the percentage of protons having the corresponding T2 and T1.

Concentration

(mg/mL) CDCl; (T4/T») Toluene-ds (T1/Ty)
Aliphatic Alicyclic Aromatic Aliphatic Alicyclic Aromatic
1 2.2 £0.09 (65-75%) 16 + 0.4 (70-80%) 29 £ 0.8 (65-75%) 3.8£0.2 (70-80%) 20 £ 0.8 (70-80%) 26 £ 0.8 (70-80%)
1.9+0.07 (25-35%) 4.5%0.2(20-30%) 7.2+0.3(25-35%) 1.5+0.06(20-30%) 6.5+0.2(20-30%) 8.6 +0.5 (20-30%)
5 10 £ 0.4 (70-80%) 53 + 1.8 (75-85%) 65 £ 2.0 (70-80%) 15 £ 0.7 (65-75%) 81 + 2.2 (65-75%) 89 £ 2.6 (65-75%)
3.5+£0.2(20-30%) 11 +0.4 (15-25%) 20 £ 0.6 (20-30%) 4.3 +0.2 (25-35%) 18 £ 0.5 (25-35%) 22 £ 0.7 (25-35%)
15 23+0.9 (70-80%) 120+ 3.6 (70-80%) 140 + 4.2 (65-75%) 29 £ 1.0 (70-80%) 230 +5.1 (70-80%) 250 + 6.3 (70-80%)

6.5+ 0.5 (20-30%) 29 + 0.6 (20-30%)

40+1.2(25-35%)  7.6+0.7(20-30%) 40+ 1.2 (20-30%)

46 + 1.3 (20-30%)




The T1/T> ratio approaches 1 at the limit of very rapid reorientational motion with tc well

below the T1 minimum, where tc~ wo .

Higher ratios occur for 1. values beyond the T,
minimum and thus infers much slower motion. The bi-exponential T1 and T>relaxation data
for all three types of signals of interest, corresponding to aliphatic, alicyclic, and aromatic
environments, result in two T1/T2ratios for each, with one being much larger than the other.
The difference in these ratios indicates that each of these environments have two distinct
mobility regimes corresponding to two states, either differing in their degree of
aggregation, and/or in their degrees of freedom of internal motion. The larger ratios, which
represent the more abundant component, are plotted against concentration in Figure 6.1.
The T1/T> ratios of all three environments show the effect of asphaltene concentration on

aggregation and/or on internal motion. All these measurements were carried out with a 60

s recycle delay, which was deemed sufficient to avoid saturation effects.

The critical nanoaggregate concentration (CNAC) is defined as the concentration at which
nanoaggregates stop growing, which is at 0.13 mg/mL for UG8 in toluene. UG8 asphaltene
also forms secondary aggregates near 5 mg/mL, which is its critical cluster concentration
(CCC).?° The lowest concentration of 1 mg/mL in this study being higher than the CNAC
and well below the CCC suggests that nanoaggregates predominate, as proposed by Lisitza
et al.?’ At this concentration, the larger T1/T. ratio likely result from increasing
nanoaggregate contribution. This trend in the relaxation time ratios persists with
concentration from the CNAC to beyond the CCC in both solvents and in all structural

environments.

At medium concentration (5 mg/mL) where clustering starts taking place, the major

component of aliphatic ratios has changed from 2.2 to 10 (CDCls solution) with respect to
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1 mg/mL; the alicyclic and aromatic T1/T> ratios increase to much larger values, i.e., 53
and 65 from 16 and 29, respectively. This trend is consistent with increasing restriction of
internal mobility for alicyclic and aromatic environments upon increasing aggregate size.
This specific trend would be expected in the case of n—r stacking as the alicyclic rings
increasingly impinge on the densely packed aromatic cores with increasing aggregate
concentration. The increase in the T1/T> ratios upon increasing concentration are much less
pronounced in the minor-component ratios for the aliphatic, alicyclic, and aromatic
environments, suggesting the lack of stacking or some other sort of binding causes these to
be less dense and thus retaining higher internal mobility. In other words, one could consider

the major component more densely packed than the minor components.

At high concentration (15 mg/mL), well above the CCC, the T1/T ratio of the major
aromatic component approaches 140 in CDCls, suggesting a higher degree of aggregation
between nanoaggregates, i.e., clusters have formed. In contrast, the ratio of the minor
component of the aromatic resonances reaches 40, still indicating a high degree of internal
motion, however, much diminished than at lower concentrations. This suggests that upon
clustering the mobile component exhibits some steric pressure; however, the diminished

differentiation between the three structural environments remains essentially the same.

Apart from generally being larger, the same behavioral trends for the T1/T, were observed
in toluene-dg solutions for both major and minor components in all three structural
environments. As one significant difference, the rate of increase is larger for both the
alicyclic and aromatic signals resulting in the final values in toluene being larger by a factor

of two when compared to CDCls. The higher values in toluene over chloroform imply
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higher mobility of the aggregates in chloroform and thus the clustering is less compact than

in toluene. Thus, solvent strongly influences the degree of clustering.

Recall that T1/T ratios for the major components are typically much smaller for the
aliphatic signals compared to their alicyclic and aromatic counterparts as they exhibit
additional modes of internal motion. If one were to assume that the environment of the
major component is the most densely packed, one would expect the T1/T> ratio of the
aromatic signal to be best at representing the lower limit of timescale of the reorientational
motion for the whole aggregate. Based on these ratios, the rotational correlation time can
be used to estimate a minimum value for hydrodynamic radii of the aggregates using
Equations 3.3 and 3.4 from Chapter 3. The calculated rotational correlation times and
hydrodynamic radii are listed in Table 6.3. The increase in aggregate size is readily
appreciated in chloroform where the hydrodynamic radius increases from 1.48 nm at 1
mg/mL, typical of a small nanoaggregate, to 1.70 nm at 5 mg/mL, corresponding to full
sized aggregates, to 1.94 nm at 15 mg/mL, corresponding to an average clustering number
near 2. The same is seen for toluene where ry increases from 1.45 to 2.13 nm over the same
concentration range, indicating clustering of up to 3 nanoaggregates at the highest
concentration. In addition, the average aggregate size is consistently larger in toluene than

in chloroform at and over 5 mg/mL.

The T1/T> ratios for the aromatic major components of UG8 at 15 mg/mL are comparable
to those of the PetroPhase 2017 sample (see Chapter 5), despite them being twice as large
considering they were obtained at twice the concentration. The Manifa asphaltene
relaxation-time ratios (see Chapter 3) do stand far apart from the PetroPhase 2017 and UG8

sample, even when considering that they were obtained at 50 mg/mL, being 80 times larger.
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This suggest that the degree of clustering depends strongly on the asphaltene type, however

the nanoaggregate sizes are more consistent between all three sample types.

Table 6.3. T1/T2 ratios of aromatics, correlation times (t¢) and ry values of UG8
asphaltenes.

Solvent Conc T/T, w(ns) ra(hm)  TiT, e (ns)  ru(nm)?
(mg/mL) Major Minor

CDCls 1 29 1.78 1.48 7.2 0.82 1.14
5 65 2.69 1.70 20 1.46 1.39
15 140 3.98 1.94 40 2.1 1.57
Toluene 1 26 1.68 1.45 8.6 0.91 1.18
5 89 3.16 1.79 22 1.54 1.41
15 250 5.32 2.13 46 2.26 1.60

aHydrodynamic radii were calculated based on the T1/T> ratios at the minor component. These radius values
are not meaningful in the proposed core/shell model, but would represent particle sizes, if the minor
component were to represent an aggregate state.

6.4.2. DOSY NMR spectroscopy of UG8 asphaltene at different concentrations

Diffusion-ordered spectroscopy (DOSY) experiments were conducted on the UG8
asphaltene samples at different concentrations, providing valuable insights into their
translational diffusion coefficients and size information. These experiments were
performed using three different concentrations (1, 5, 15 mg/mL) of UG8 asphaltenes in
deuterated chloroform and toluene. The aliphatic *H NMR signals were used to identify
components with different diffusion coefficients. Figure 6.2 shows the DOSY spectra of
UG8 asphaltene in deuterated toluene and chloroform, including spectra processed using

the inverse Laplace transform.

The graphs in Figure 6.2 show four different groups of cross peaks whose corresponding
diffusion-constant ranges were tabulated in Tables 6.4 and 6.5. These groupings correspond

to ranges in diffusion coefficients that are high, medium, low, and very low in magnitude.
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As part of the DOSY processing the amplitude factors for 150-200 peaks were fit to allow
for up two contributions from three diffusions components. Typical errors in the diffusion
constants ranged from 0.1 to 0.5 x 1071° m?/s. Some peaks had extremely wide errors as
two components could not be resolved; correspondingly, an upper and lower value was

used based on the width.
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Figure 6.2. 'H DOSY and the corresponding Inverse Laplace Transform (ILT) spectra of UG8 asphaltene in a) toluene-ds and
b) CDCls at different depth. X-axis represents the chemical shift in ppm and Y -axis represents the diffusion coefficient value in
log form. The coloured horizontal lines indicate the components (red-, green-, purple-, and brown-colored boxes), characterized
by their different diffusion coefficients.



The diffusion-coefficient ranges are indicated by colored boxes, and the solvent diffusion
coefficients (black line) is also indicated. In Table 6.4, the presumed sub-nanoaggregates
are represented in red, the nanoaggregates in green, the micro-aggregates (small clusters)
in purple and the macro-aggregates (large clusters) in brown. The hydrodynamic radii and
the adjusted diffusion coefficients (D*) of the UG8 asphaltenes are calculated via the
equations used in Chapter 3 (Eqg. 3.4 and 3.5) at T = 298 K, and n(toluene) = 0.56 mPa/s,
and n(CHCI3) = 0.54 mPa/s. The adjusted diffusion coefficients (D*) and ry values with
increasing concentration of UG8 asphaltenes dissolved in toluene-ds and CDCls are listed
in Tables 6.4 and 6.5, respectively. The same color coding is used for the components in

the Table as in Figure 6.2.
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Table 6.4. The diffusion coefficients (D), solvent diffusion coefficients (SD), relative
diffusion coefficients (DR), adjusted diffusion coefficients (D*), ry values, and
approximate estimation of the relative contribution for UG8 asphaltenes in toluene-ds. The
self-diffusion constant for toluene is taken as D, = 2.28 x 10°° m?/s. The error analysis for
the individual data points in the range in D is based on the three-component fit performed
in the dynamic center during the DOSY analysis.

Covenin D) D O o, S
miIcCro, macro

8.5-12.0+ 0.3 10.8-15.2+ 0.4 0.27-0.37 £0.01 Major
1 2.0-3.0+0.2 18.0+0.1 2.5-3.8+0.3 1.1-1.6 £0.3 Medium
0.9-15+0.2 1.1-1.9+0.3 2.1-3.7+0.3 Minor
0.20-0.40£0.1 0.25-0.53+£0.13 8-16+4 Trace
3.0-4.0+0.2 3.8-5.1+0.3 0.76-1.0 £ 0.06 Medium
5 1.2-2.0+0.2 18.0+0.2 1.5-25+0.3 1.6-34+0.4 Medium
0.40-0.80 £0.2 0.51-1.0+0.3 4-8+2 Minor

0.17-0.38 £ 0.1 0.22-0.48 £0.13 8-18+4 Trace
3.7-45+0.3 45-55+04 0.71-0.86 +£ 0.06 Trace

15 1.4-2.7+0.2 18.7+0.1 1.7-3.3+0.2 1.2-24+0.1 Minor
0.50-0.90 £ 0.2 0.70-1.10 £ 0.3 3.7-5.8+2 Medium

0.12-0.22 £0.1 0.15-0.27 £0.12 15-27 £ 12 Major
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Table 6.5. The diffusion coefficients (D), solvent diffusion coefficients (SD), relative
diffusion coefficients (DR), adjusted diffusion coefficients (D*), ry values, and
approximate estimation of the relative contribution for UG8 asphaltenes in CDCls. The
self-diffusion constant for chloroform is taken as Do = 3.96 x 10~° m?%/s. The error analysis
for the individual data points in the range in D is based on the three-component fit
performed in the dynamic center during the DOSY analysis.

; 2 2 * (m?2 iy ;
SR GW TEY smweren S

9.0-20.0+ 0.5 14.0-31.0+0.8 0.13-0.28 +0.01 Major

1 3.0-70%£0.2 255+0.2 4.7-109+03 0.36-0.83%0.02 Medium
1.0-20+0.1 1.6-3.1+£0.2 1.3-2.4+0.12 Minor
0.2-1.0%+0.1 0.31-1.6 +0.2 24-126+0.2 Trace

9.0-14+0.5 18-28+1 0.14-0.22 +0.01 Medium

5 4.0-70%0.2 20.0+0.1 8--14+1 0.28-0.50 + 0.04 Medium
0.7-20%0.2 14-40+1.2 1.0-28+0.8 Minor
0.13-0.40+0.1 0.26-0.79 £ 0.2 5-15+4 Trace
6.0-13+0.5 12-26 1 0.15-0.32 £ 0.01 Minor

15 1.0-5.0+0.2 19.5+0.1 2.0-10.2+04  0.38-1.95+0.08 Medium

04-1.0%0.2 0.8-20+0.4 2-5+1 Medium
0.1-04+0.1 0.2-0.8+0.2 5-20+5 Minor

The DOSY cross-peaks intensities varied greatly between groups in both solvents, where
the lowest D values (< 1071 m?/s) have particularly low intensities as compared to those at
middle and higher D values. Qualitative estimates of the magnitude of the contribution of

each grouping are also given in the Tables as major, medium, minor, and trace.

Conductivity measurements on UG8 in toluene show that there is a rapid increase from 31

- 155 mg/L, where the CNAC is reached, after which it increases further at about half the
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previous rate ending at 860 mg/L falling well short of the CCC estimated to be around 5000
mg/L (L. Goual, personal communication). The diffusion coefficient calculated from the
conductivities starting at 31 mg/L is 28 x 102 m?/s (ry = 0.14 nm) monotonically decreases
to 10 x 102 m?%/s (0.40 nm). These correspond closely to those of the sub-nano grouping
from the current DOSY measurements in toluene. The conductivities past CNAC decrease
rapidly giving corresponding diffusion constants of 6.0 x 102 m?/s (r4 = 0.66 nm) at 200
mg/L to 4.0 x 10 m?/s (ru = 0.99 nm) at 860 mg/L, which is 6-7 times the CNAC while
still well below the CCC. In this region one would expect the sub-nano population to
decline significantly and the nano population starting to predominate. The diffusion
constants in this region are converging to those in the nano category for the DOSY

measurement in toluene.

Upon closer inspection of the DOSY results for the four categories do not align between
the solvents. Consider the spectra of samples with 1 mg/mL UG8 concentration. The first
two ranges in chloroform (0.13 to 0.28 nm and 0.36 to 0.83 nm) and the first (0.27 to 0.37
nm) in toluene seem to correspond, and thus are considered sub-nano. The third category
in chloroform (1.3-2.4 nm) is most comparable to the second and third in toluene (1.1 to
1.6 nm and 2.5-3.8 nm) where the lower values are considered nano, while the upper values
would be micro. The fourth group in chloroform (2.4 to 12.6 nm) starting in the micro and

ending in the macro categories. In toluene the fourth group falls in the macro range.

In the sub-nano category, the hydrodynamic radii (rx) correspond to suboptimal aggregates
such as monomers, dimers, trimers, etc., having rus smaller than 1.2 nm. The

nanoaggregates range from 1.3 to 2.0 nm. The rns in the micro category surpasses the
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optimal aggregate size, from 2.0 — 5.0 nm, which corresponds to the onset of clustering
from 2 to 40 aggregates (based on the ratio of the hydrodynamic volumes). The macro

group considered sizes above 5 nm with cluster ranging from 40 to 4000.

Even though it seems that the particle sizes in the four categories increase with
concentration in both solvents, their relative contributions also change dramatically with
concentration. These observations at this stage are at best qualitative, where newer DOSY
methods need to be developed to provide uniform amplitudes for diffusion constants down

to 107 m?/s.

In summary, it can be said that the particle sizes increase with concentration in both
solvents, where sizes are consistently larger in toluene. These results are consistent with
those from the T1/T, ratios; however, there are some notable differences. The relaxation
dispersion results show only two categories, mainly because of the limitation of a
biexponential analysis. The hydrodynamic radii derived from the T1/T> of the major
component in toluene range from 1.45 to 2.13 nm, indicating clustering between 1 and 4
nanoaggregates. This is akin to the DOSY results for the nano and micro categories, but
not identical, where ry increases from 1.1 to 2.0 nm and 2.0 to 5.8 nm. The hydrodynamic
radii calculated from the T1/T> values in toluene for the minor component fall within the
1.18 to 1.6 nm range, which would be in line with the nano- and sub-nano categories of the

DOSY results.

If the major and minor components in T1/T2 were to correspond to different particle size
distributions, one would expect that the major component should be dominated by the

micro and the minor by the nanoaggregates. This would imply that the relative %
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contribution of the two components should change with concentrations and solvent.
Instead, the % contribution are eventually invariant with concentration and solvent which
casts doubt on the assumption that the major and minor reflect contributions from particles

with different size distributions.

6.4.3. 1°F NMR spectroscopy

The F NMR spectra of solutions of the potential probe molecules perfluorooctanoic acid
(PFOA), CFClz, and Ce¢Fs were recorded in CDCls (Figure 6.3). These fluorinated
molecules are commercially available. Ribiero et al.?® applied °F, °F COSY to derive a
complete set of NMR analyses of a perfluorinated alkyl chain in DMSO-ds solvent. Their
analyses were used to assign the °F NMR spectrum for PFOA in Figure 6.3(a). The
trifluoromethyl (CF3; C,) group is assigned to the signal at —-80 ppm. The C:F> group
adjoining to the CF3 group is usually the most upfield in linear perfluorinated chains and
the group shows at —126 ppm. C.F> has the strongest shielding due to the y-gauche shielding
effect. y-gauche is a net shielding effect caused by a gauche arrangement between a carbon
atom and its 1°F neighbor, and it has a relatively short internuclear distance.?® The y -gauche
shielding effect occurs for half the °F nuclei in PFOA chains with cis-cis helical structure.
In the region around —118 ppm, a triplet has been assigned to C.F2. This is because of the
deshielding effect of the nearby carboxyl group. The remaining fluoromethylene (CF>)
groups were identified based on the intensity of cross peaks in 2D COSY spectroscopy in

D,0 solvent.?*

Another probe used in this experiment is CFCls, neat CFCls being the standard reference
compound for *°F chemical shifts (0 ppm). Chemical shifts of fluorine are slightly different

depending on the chlorine isotopes present in CFCls, resulting in the characteristic isotopic
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pattern (Figure 6.5(b)). Hexafluorobenzene (Ce¢Fs) was chosen to represent an aromatic
environment. The °F NMR signal is known to occur near —162 ppm, and this solvent is

frequently used as an internal secondary reference as shown in Figure 6.5(c).

(@) PFOA  CyF,-CcF2-CaF2-CsF2-CyF2-CgF2-CoF 2-COOH

o

YS)LB £

J_

-80 82 -84 -8 -88 -90 -82 94 96 -9 -100 102 -104 -106 -108 -110 -112 -114 -116 -118 -120 -122 -124 -126
f1 (ppm)
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(b) CFCl3

3 0.52 0.51
f1 (ppm)

(c) CeFs

.

-161.90 -162.00 -162.10 -162.20 -162.30  -162.40  -162.50  -162.60  -162.70  -162.80  -162.90  -163.00  -163.10  -163.20
f1 (ppm)

Figure 6.3. F NMR spectra for (a) PFOA, (b) CFCls and (c) CsFs in CDCls.

6.4.4. °F Relaxation experiments of PFOA with UG8 at various ratios in CDCls
and in toluene-ds

Fluorine-19 Ty and T relaxation times were determined for all signals of PFOA in the
presence and absence of UG8. Table 6.6 shows the spin-lattice relaxation time (T1) as a
function of asphaltene concentration in CDCls. The °F relaxation experiments exhibits

only mono-exponential behavior, not biexponential as seen in *H relaxation of UGS.
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Table 6.6. 1°F spin-lattice relaxation time (T:) of PFOA at different ratios with UG8
asphaltene in CDCls, The standard deviations for the T values are provided.

UG8

Cone,  UGBIPFOA® T1(s)

mg/mL CoFs CoF2 C,5F2 CipF2 C.F>
0 - 1.74+0.03  0.85+0.02 079+0.02 0.82+003  1.20+0.03
1 1:6.66 150+0.05  0.63+0.03 0.65+0.04 065+005  0.92+0.05
5 1:1.33 1.23+0.03  0.56+0.02 053+0.03 055+0.04  0.85+0.03
15 1:0.45 0.76+0.03  049+004  042+005 043+0.02  0.64+0.04

2 The UG8:PFOA molar ratios were calculated using PFOA molecular weight of 414.07 g/mol and UG8
average molecular weight of 700 g/mol. Three different concentrations of UG8 (1, 5, and 15 mg/mL) were
used, with the amount of PFOA being the same for all three samples.

In the presence of UGS, the 1°F T relaxation time for all the signals of PFOA are shorter
and decrease with increasing UG8 concentration. The T of the C,Fs group is significantly
longer than that of the CF. groups, which can be attributed to the additional degree of
rotational freedom and the much shorter correlation times t. of the terminal C,F3 group of
PFOA compared to the others while being in the fast motion regime when t¢ < 1/wo. The
T for C¢F2 will function similarly to that of the C,F3, as it is adjacent to C,F3z and thus will
have its tc shortened by end chain motion. The C.F. behaves similarly to C.F; as its tc will
also be shortened by chain motion near the carboxyl end. All the main chain signals CgF>,
CiF2, CsF2 and C,F2 have consistently similar relaxation times, both in the presence or
absence of UGS, indicating that they all belong to the same motional regime. Therefore,

most of this analysis will be based on these signals.

With the introduction of UG8, T: decreases monotonically with increasing UG8
concentration. If a probe were effective, one would expect the changes in T1 of the probe
to be commensurate with those seen in *H of UGS8. The °F T: values of PFOA decrease

when UG8 concentration increases as binding between PFOA and UG8 restricts motion of
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PFOA, causing its ¢ to lengthen to a maximum determined by the tc of the asphaltene,
depending on the strength of the binding interaction. As tc is lengthened, both the T, and
T times will decrease while in the fast motion regime tc < 1/wo. In the slow-motion regime
(tc > 1/wo), however, the T1 will increase and the T, will decrease when t. lengthens. The
reduction in the Ty for the CoF3 group is more dramatic as it is the most mobile having the
shortest ¢ of all the °F environments in PFOA. A more modest reduction in the T1 for the
C:F> group is anticipated. A similar result is expected for the CuF2, especially if the
carboxyl group is expected to have a dominant role in binding to the asphaltene aggregates.
It turns out that the trend in the CoF2 T1 is the same as that for the remaining main chain
CF2 groups implying that the binding may be dominated by dispersion forces between the
main chain of PFOA and most likely the asphaltene sidechains. The persistence of the
higher T values of the CwF3 suggests that the end of the chain remains the most mobile.

The similar trend in the T, data lends credence to this interpretation.

Table 6.7 shows the 1°F spin-spin relaxation (T>) as a function of asphaltene concentration.
Again, the T values are always longer in the free molecule. Upon the introduction of UGS,
a decrease in T is observed. Also, the T, of the C.,Fs remains longer than the others,
reflecting the additional degree of motion. Since the t¢ of all groups increases as they bind

to asphaltene, the T> decrease monotonically with increasing UG8 concentration.
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Table 6.7. °F spin-spin relaxation time (T.) of PFOA at different ratios with UG8
asphaltene in CDCls. The standard deviations for the T> values are provided.

uGs uUGs:
Conc. PFOA T2 (3)
mg/ml CoFs CoF2 C,sF2 CipF C.F,
0 - 1.30+0.04 0.35+0.02 0.15+0.01 0.14 + 0.009 0.21 +£0.02

1 1:6.66 0.57 £ 0.03 0.14 £ 0.02 0.084+0.02  0.093+0.009 0.12+0.009
5 1:1.33 0.25+0.05 0.053+0.007 0.027 £0.004 0.033+0.005 0.042 +0.005
15 1:0.45  0.094 £ 0.02 0.035+0.006 0.011+0.003 0.011+0.002 0.024 +0.003

The °F T4/T, ratios for PFOA with and without UG8 in CDClIs are given in Table 6.9,
which range from 1 and 40 with increasing UG8 concentration. A ratio near 1 in the
standard PFOA sample is consistent with a free molecule in solution with high mobility.
Figure 6.4 shows the plot the T1/T> ratios for the fluorine environments in PFOA with
increasing concentration of UG8 in CDClz. Note that T1/T> ratios for the CgF2, CaF2, and
CsF2, CyF2 groups are consistently higher than for the C,Fs group. This is in line with the
end groups being considerably more mobile than the main chain and C:F> groups. These
results support the contention that binding is dominated by an interaction involving the
main chain and UG8. Furthermore, the uniformity of the T1/T> ratios of all the CF, groups
could also be attributed to PFOA taking on a helical backbone configuration, which is
common for perfluorinated alkanes. The CF2 chemical shift changes upon binding may

provide more support for this hypothesis.
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Table 6.8. 1°F T1/T, ratios for PFOA in different concentrations of UG8 asphaltene in

CDCls.
=
mg/mL CoFs CoF2 C,sF2 CigF2 C.F>
0 - 1.3+£0.04 3.2+0.11 54+0.2 58+0.2 56+0.2
1 1:6.66 2.6 +0.09 42+0.14 76+0.3 7.3+0.26 76+0.3
5 1:1.33 45+0.21 11+04 20+0.7 20+0.8 20+0.8
15 1:0.45 8.0+0.32 16 £0.6 39+15 39+13 29+1.2
50
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Figure 6.4. Ratios of the 1°F relaxation times T1/T for PFOA with different concentration
of UG8 asphaltene in CDCls.

The T1/T, ratios were determined for PFOA in toluene-dg (Table 6.9, Figure 6.5). The same

trend in T1 and T, values with respect to the UG8 concentration was observed when

comparing the results with those from CDCls. Different ways in which various solvents

influence the aggregation of asphaltenes have been investigated.?” The greater relaxation

dispersion in toluene when compared to CDCls is qualitatively consistent with the ‘H
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relaxation dispersion results; however, the relative changes appear to be different between

the two solvents.

Table 6.9. °F relaxation times T:/T» for PFOA in different concentrations of UG8
asphaltene in toluene-ds.

=
mg/ml CuFs CoF2 C,oF2 CpF2 C.Fo
0 - 22+0.09 34+015 58+0.2 7.1+0.3 5.4 +0.25
1 1:6.66 26+01 42+015 86+0.34 8.4+0.34 8.2+0.36
5 1:1.33 6+0.24 14+05 21+0.84 21+0.9 22+1.0
15 1:0.45 12+0.5 25+ 1.0 4117 45+2.0 40+ 1.6
50
45
40
35
30
E s
=
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15
10
5 [}
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2 4 6 8 10 12 14 16

Concentration (mg/mL)

®CuF3 ®CaF2 ®CyF2,CoF2

CAF2,CBF2 @ CeF2

Figure 6.5. The ratio of the 1°F relaxation times T1/T, for PFOA in different concentrations

of UGS in toluene-ds.

Table 6.10 summarises the *H relaxation parameters of the aromatic signals from UG8 with

increasing concentration in CDCls and toluene-ds, together with the °F relaxation

parameters of the main chain signals of PFOA with increasing concentration in both
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solvents. When comparing the *°F and *H relaxation data directly, the *H T1/T> ratios of the
aromatic minor signal clearly correspond closest to the 1°F T1/T> ratios of the main chain
signals with increasing concentration in both solvents. Additionally, the magnitude of the
H T4/T, ratios for the aromatic major signal is larger than those of 1°F. This means that
¥F is only detecting one component of H signals. This observation is in disagreement with
the interpretation of the two components in H NMR spectrum representing separate
particle-size distributions. It seems more likely that the '°F is interacting with the outer
layer of the aggregates, which is the more mobile environment — the minor *H component.
The dense, less mobile interior/core does not appear to be reached by the probe, which is
represented by the major *H component.

Table 6.10. H relaxation times for UG8 and °F relaxation times for main chain of PFOA
in different concentrations of UG8 in CDCls and toluene-ds.

1H 19F
CDCls Toluene-ds CDCl;  Toluene-ds
Aromatic Aromatic C,sF2 C,sF2
Concentration T4T, T4T> TJ/T> TJ/T> /T /T
(mg/mL) (major) (minor) (major)  (minor) vz vz
1 29 7.2 26 8.6 7.6 8.6
5 65 20 89 22 20 21
15 140 40 250 46 39 41

6.4.5. 1%F Relaxation experiments with increasing concentration of PFOA
The '°F relaxation measurements were repeated, but with double the concentration of
PFOA and the same concentration of UG8 (Tables 6.11 and 6.12). Accordingly, the ratios

of UG8 to PFOA are twice those in the previous tables.
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Table 6.11. 1°F T1/T- ratios for PFOA in CDCls. The values in parentheses represent the
change in T1/T2 when the PFOA concentration is doubled.

Conc.  molarratio TT:

mg/mL CoFs CoF2 C,sF2 CigF2 C.F2
1 1:13.3 3.0 (+0.4) 50(+0.6)  8.0(+0.4)  7.8(+0.5) 7.8 (+0.2)
5 1:2.66 6.5 (+2.0) 13 (+2.0) 23 (+3.0)  23(+3.0) 21 (+1.0)
15 1:0.90 9.2 (+1.2) 18 (+2.0) 45 (+6.0) 46 (+7.0) 33 (+3.0)

Table 6.12. T1/T> ratio for PFOA in toluene-ds. The values in parentheses represent the
change in T1/T2 when the PFOA concentration is doubled.

Conc. _ molar ratio TiT:
mg/mL CoFs CoF2 CyiF2 CrpF2 C.F2
1:13.3 3.1 (+0.5) 58 (+1.6)  9.6(+1.0)  9.8(+1.4)  89(+0.7)
5 1:2.66 9.0 (+3.0) 18 (+4.0) 28 (+7.0) 30 (+9.0) 24 (+2.0)
15 1:0.90 13 (+1.6) 30 (+5.0) 55 (+14) 59 (+14) 43 (+3.0)

The T41/T> ratios increase slightly when the amount of PFOA is doubled in both solvents.

However, when the UG8 concentration is 15 mg/mL and thus the UG8: PFOA ratio is

1:0.90, the increase is most pronounced, especially for the main chain signals. The increase

in the T+/T> ratios is always higher in toluene than in CDClIz. This suggests that the probe

binds more strongly in toluene than in CDCl3, penetrating more deeply into the particle

further into the far less mobile interior.
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6.4.6. °F chemical shift analysis of PFOA with UG8

The *°F chemical shifts of the PFOA and UG8 systems were determined in CDCls and
toluene-dg. Fluorine-19 chemical shifts are highly sensitive to their surroundings, so PFOA
has different chemical shifts in CDClIz than in toluene-dg (Table 6.13). Changing the solvent
significantly influences the immediate electronic environment surrounding of the fluorine
nuclei leading to profoundly different chemical shifts. The effect of solvent on the chemical
shift is through the paramagnetic shielding term which is strongly affected by external
fields. Hence, several factors come into play including solvent polarity, dipole-dipole
interaction, steric effects and London dispersion forces.?® Toluene influences neighboring
nuclei through its m-electron density, which can lead to strong shielding or deshielding
effect depending on the relative orientation of its n-plane to the solute. CDCIs has an
electric dipole and large electron density from the chlorines leading to strong dipole and

London dispersion forces perturbing the electron density surrounding nearby solute nuclei.

Table 6.13. 1°F NMR Chemical Shifts (ppm) of PFOA

F Nuclei Toluene-ds CDCls D,O CDs0OD
Carbon ID d (ppm) 3 (ppm) d (ppm) d (ppm)
PFOA literature value?? literature value?
CoF3 -86.1 -80.8 -80.9 -80.8

C.F2 -123.8 -118.8 -117.9 -118.6
C,sF2 -126.9 -121.7 -121.9 -121.4
CipF2 -127.8 -122.1 -122.2 -122.4
C.F -131.3 -126.1 -126.2 -125.7
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The experimental shifts are compared to those in D,O and CD30D in Table 6.13. Note that
D.0, CD30OD and CDCls have similar chemical shifts, but those in toluene are quite
distinct. This suggest that toluene-dg interacts more strongly with PFOA than CDCls. As
toluene is an effective solvent for asphaltenes, correspondingly the probe is expected to be

compatible to the asphaltene particle surface.

When the ratio of UG8 to PFOA increases, the incremental changes in chemical shift are
subtle for all groups and solvents. Tables 6.14 and 6.15 shows the 1°F NMR chemical shifts
of perfluorooctanoic acid (PFOA) and asphaltene (UGB8) at various ratios. Not all the
chemical shift trends are the same for each signal. In both solvents, the main chain CF>
groups increase monotonically. The increases in toluene are larger than in chloroform
which is consistent with stronger binding. In both solvents the chemical shifts of the end
chain C,F3 increase more slowly and then decreases suddenly when UG8 concentration
reaches and exceeds 5 mg/mL. This is also seen for C:F2 and C«F2 groups but not to the
same extent C,Fs. This behaviour is consistent with the chain ends being less exposed to
the asphaltene interior staying closer to the surface allowing them to be more mobile as the
T1/T> ratios suggest. Thus, it seems that binding occurs primarily via interaction between

the main chain and UGS.
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Figure 6.6. Changes in the chemical shift of PFOA with UG8 concentrations in CDClz and
toluene-ds
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Table 6.14. The °F chemical shifts (ppm) of PFOA and changes in the presence of UG8 (A8) for various UG8/PFOA ratios in
toluene-ds

F Nuclei Stree (PPM) A8 (ppm)
: 1:6.66 : 1:1.33 : 1:0.45
Carbon ID PEOA 1:13.3 1:2.66 1:0.90
UGS8/PFOA UG8 /PFOA UGS/PFOA UG8 /PFOA UGS/PEOA UGS8/PFOA
UG8 Conc. 1 1 5 5 15 15
(mg/ml)
CoFs -86.1 0.018 0.026 0.05 0.08 -0.063 -0.073
CiF2 -123.8 0.03 0.047 0.068 0.083 0.081 0.12
CyaF2 -126.9 0.087 0.101 0.121 0.167 0.188 0.24
CipF2 -127.8 0.078 0.089 0.117 0.152 0.183 0.22
C:k, -131.3 0.048 0.054 0.083 0.093 0.098 0.14

Table 6.15. The °F chemical shifts (ppm) of PFOA and changes in the presence of UG8 (A8) for various UG8/PFOA ratios in
CDCls

19 Nuclei Stree (PPM) A3 (ppm)
Carbon ID PFOA 1:13.3 1:6.66 1:2.66 1:1.33 1:0.9 1:0.45
UG8 /PFOA UG8 /PFOA UG8/PFOA UG8/PFOA UG8/PFOA  UGS8/PFOA

U(Gn?g/cn?lr;c. 1 1 5 5 15 15
CoFs -80.8 0.016 0.018 0.038 0.046 -0.048 -0.053
CuF2 -118.9 0.028 0.034 0.066 0.07 0.089 0.092
C,sF2 -121.7 0.045 0.053 0.098 0.115 0.135 0.158
CipF2 -122.1 0.04 0.052 0.087 0.101 0.128 0.152

C:F -126.1 0.031 0.037 0.055 0.068 0.095 0.12




6.4.7. 1°F Relaxation experiments of fluorine probes (CsFs and CFCIs3) with UGS at

various ratios in CDCIz and toluene-ds

For CeFs, 1°F T1/T, ratios were determined in both solvents. The ratios T1/T» ranged

between 1 and 8. Table 6.16 and Figure 6.7 show the T1/T> ratio for the CeFs probe in

varying concentrations of UG8 in CDClz and toluene-ds.

Table 6.16. *°F relaxation times for CeFs in different concentrations of UG8 asphaltene in

CDCl3zand toluene-ds.

CDCl; Toluene-dg
Co(r‘rﬁzr/‘rt;al_t)'on T T T.IT, T T, T.IT,
0 1.71 £0.06 1.20£0.07 142+0.07 | 1.92+0.08 0.82 +0.07 2.32+0.1
1 1.2 £0.05 0.61 +0.05 21+0.1 1.51 £0.07 0.54 + 0.05 2.91+0.13
5 0.9+0.04 0.33+0.03 3.3+0.16 0.82 £0.05 0.18+0.03 4.55+0.25
15 0.41 +0.04 0.09 +0.02 5.1+0.26 0.44+0.03 0.054+0.007 8.14+04
a) b)
10 C6F6 10 C6F6
9 9
8 8 o
7 7
~ 0 6
':_. S o }:_. 5 Y
(ol 4 [ 4
2| ® , ®
1 @ 1
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Figure 6.7. Ratio of the '°F relaxation times T1/T for CgFe in different concentrations of
UG8 asphaltene in (a) CDCls and (b) toluene-ds.
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The T1/T> ratio of CsFe increases with the concentration of UG8, which is stronger in
toluene solvent. However, these trends are significantly smaller than those for PFOA. The
T1 and T2 values of CeFs are very similar to those of the free molecule, resulting in shorter
correlation times. Therefore, CsFe Is not an effective probe since it does not interact well

with UG8.

Previous studies, however, have demonstrated that CsFe is an excellent probe.** A dramatic
change in the T+/T> ratio was observed when the asphaltene concentration was varied in the
model oils. Fluorine relaxometry was used at a magnetic field strength of 7.05 T in a model
oil with a 13% asphaltene content, and the T1/T2 ratio was on the order of 100. Hence, our
results seem to be inconsistent with those from the literature. What might happen with the
model oil is that it contains a resin component. Resins play a major role in stabilizing
asphaltene particles, which are always associated with asphaltene. Therefore, the mobility
of resins reflects asphaltene mobility. Most likely, this probe will interact with resin in oil
rather than with asphaltene itself. Therefore, Ce¢Fe cannot interact with asphaltene directly

without resins, as model oil can.

Table 6.17 and Figure 6.8 show the relaxation data when the CFCl3 probe is used, and the
T1/T> ratios range between 1 and 2. There is almost no change in the T1/T> ratios of CFCls
with increasing UG8 concentration in both solvents, as it behaves as small molecules with
very short correlation times. As a result, this finding shows that CFCIs does not function as

a probe for the structure of the asphaltene system.
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Table 6.17. '°F relaxation times for CFCls in different concentrations of UG8 asphaltene
in CDClzand toluene-ds.

CDCls Toluene-ds
Co(ﬁgmit)"’” T, T, T, T, T, T
0 2.2+0.03 1.08 £0.03 19+£007 | 202+£0.03 0.83+x0.03 2.4x0.09
1 2.2 £0.02 1.12 £ 0.03 2+0.05 2.02+0.02 085+£002 24+0.08
5 2.05+0.02 1.09+0.04 19x£0.07 |198+0.02 0.78+x0.03 25x0.08
15 2.16 £ 0.02 1.05+0.04 21+£008 | 199£0.03 0.76+0.02 2.6x0.07
a) b)
10
CFCl,
8
8
6
6 e
g, = 4
Fq
, 00 ° L
200 ® o
0
0 0 5 10 15 20
0 5 10 15 20 Concentration (mg/mL)

Conentration (mg/mL)

Figure 6.8. Ratio of the '°F relaxation times T1/T> for CFCls in different concentrations of
UG8 asphaltene in (a)CDCls and (b) toluene-ds.

235



6.5. Conclusions

The relaxation dynamics of UG8 asphaltene were studied by H and °F NMR
spectroscopy. In comparing the relaxation behavior of °F and *H NMR resonances it is
evident that significant differences in their relaxation behavior exist between different

probes and solvents.

For CFCls, relaxation dispersion is very small in toluene and CDClz solvents in the presence
of UGS. It behaves as a small molecule with very short correlation times. Therefore, CFCl3
does not function as a probe for the structure of the asphaltene system. The CeFs is expected
to have strong interactions with UG8, but the relaxation dispersion was found not to be
significant. It is most likely that this probe will interact with asphaltene in crude oil rather
than directly with asphaltene in an organic solvent. When PFOA is used, UG8 and PFOA
bind more strongly than any the other tested probe. However, the nature of the solvent has
a significant impact on the binding. The relative changes in the T1/T> ratios suggest that the
PFOA and UG8 have weaker binding in toluene-ds than in CDClIs. This is also supported
by chemical shift and linewidth analysis. Therefore, PFOA is an effective probe in an

asphaltene system.

The study conducted *H DOSY and H relaxation dispersion NMR experiments to gain
insights into aggregate sizes in both solvents. While DOSY data may not precisely
represent asphaltene composition due to sensitivity and diffusion rate limitations, T1/T>

ratios accurately reflect the composition between a mobile and a rigid environment.

The relaxation studies of the *H signals of UG8 and of °F resonances of PFOA in the
presence of UG8 support a core/shell model of nanoaggregates of the UG8 asphaltene. The
two components of the biexponential behaviour of 'H relaxation can be assigned to a
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denser, more rigid core and a less dense, more mobile shell of aggregates. The relaxation
behaviour of the PFOA probe mirrors that of the *H UGS signals of the minor more mobile
component, suggesting that PFOA can only bind to the less dense shell, and does not

penetrate into the dense core.
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CHAPTER 7

CONCLUSIONS AND FUTURE WORK

7.1. Conclusions

This thesis research utilized solution-state NMR spectroscopic techniques to study the
molecular structure and aggregation behavior of several different asphaltenes. The different
asphaltenes ranged from various sources, i.e., Manifa samples obtained from different well
depths in the Manifa oil field in Saudi Arabia, AMSO samples having different maturity
levels originating from American shale oil, Columbian PetroPhase 2017 Asphaltene
samples subjected to ultrasonication treatment, and UG8 samples obtained from a Kuwaiti

black oil deposit.

A detailed and thorough quantitative *H NMR protocol was developed to replace time-
consuming NMR methods, such as *C NMR spectroscopy, and to improve the reliability
and validity of compositional and dynamic information obtained. The first was achieved
via a deconvolution model for the *H NMR spectra to quantify the relative abundance of
aromatic, alicyclic, aliphatic, and, in some cases, alkenyl components, effectively
addressing the distortions due to signal overlap. Another important finding is the need for
extended recycle delays of 120 s to reduce saturation effects. A recycle day of 5 s, which
has been widely reported in the literature, was shown to provide erroneous information.
The H T:-T, relaxation dispersion method was utilized to examined how asphaltene
aggregation behavior is affected by changing solvents, concentration, and sample sources.
The corresponding T1/T> ratios of the aromatic signals allowed for estimates of correlation

times (tc) associated with their reorientational dynamics of the asphaltene aggregates,
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which in turn gave their hydrodynamic radii (rn). All relaxation dispersion analyses
required the contribution from two components, one that is highly mobile with smaller
ratios and one that is rigid with larger ratios. The relative contributions of these two
components vary depending on the nature of the asphaltenes source. Variations in solvent
polarity give insight into the nature of the interactions leading to aggregation and clustering,
but were invariant within each type of asphaltene, regardless of the solvent and/or
processing method. These findings were further validated through the corroborative use of
DOSY NMR techniques. DOSY NMR experiments provide complementary insights into

the aggregate sizes of asphaltenes.

The study focused on a range of asphaltene samples, namely Manifa, AMSO, PetroPhase
2017 Asphaltene, and Petroleum asphaltene (UG8), each exhibiting distinct and varied
structural properties and are known to the exhibit diverse aggregation behaviour. A notable
observation was the significantly larger T1/T> ratio observed for the Manifa asphaltenes as
compared to the other samples. These larger T1/T> ratios correlated with higher molecular
weight, indicating slower reorientational dynamics and suggesting the presence of very
large aggregates. In contrast, AMSO and other asphaltene samples behaved differently, as
characterized by substantially lower T1/T, ratios. The lower T1/T. ratios indicate the
presence of smaller asphaltene aggregate arrangements limited to mostly nano-aggregates
and their small clusters. Furthermore, the perseverance of bi-exponential relaxation
behavior emphasized the predominance of two domains of distinct mobility for each

structural environment.

First, the Manifa asphaltenes were studied using solution-state *H NMR, relaxation

dispersion, and DOSY to investigate structural composition and aggregation behavior. The
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H NMR experiments involved extended recycle delays (120 s) to prevent signal saturation
and were analyzed using the generalized deconvolution model. The results showed minor
structural changes with increasing depth, characterized by a slight increase in the aromatic
core signal and a minor decrease in the aliphatic signal. Relaxation Dispersion experiments
revealed two components with significant differences in mobility among aliphatic,
alicyclic, and aromatic regions. This hierarchy in mobility aligns with the steric congestion
expected during aggregate formation via staggered n-m stacking. T1/T> ratios increased with

depth, with higher values in toluene compared to chloroform.

DOSY experiments provided insights into aggregate sizes, revealing three states: sub
nanoaggregates (0.3-0.8 nm), nanoaggregates (0.5-2.1 nm), and microaggregates (0.8-8.2
nm). Large clusters were observed only in toluene, with a consistent trend of increasing
particle sizes with well depth. It is worth noting that the DOSY technique has limitations
when dealing with aggregates larger than 4 nm as a consequence of instrumental limitations
on the pulsed field gradient strength; therefore, no quantification of the relative abundances

of the different aggregates can be obtained by for the larger particles using DOSY..

The subsequent investigation focused on American shale oil (AMSO) as another source of
asphaltenes extracted from pyrolyzed material to study the relationship between asphaltene
maturity and aggregation behavior. This study also used deconvolution analysis to resolve
!H NMR spectra and analyze changes in asphaltene composition during pyrolysis at
different maturity levels. The results revealed systematic variations in asphaltene
composition with increasing maturity during pyrolysis. Initial increases in aliphatic,
alicyclic, and aromatic components at the expense of alkenyl constituent highlight the
complexity of these transformations. The study underscores that asphaltene particles
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exhibit significant variations in size with increasing maturity, as evidenced by T1/T> ratios
across different structural environments. The bi-exponential behavior observed in these
ratios suggests the presence of two distinct phases within asphaltene particles, that attain a
variety of aggregated states. Importantly, this research validates the notion that asphaltene
particle size increases with maturity up to EASY%Ro 0.95%, aligning with prior studies
that observed an increase in molecular weight across this maturity range. The confirmation
of increased asphaltene aggregate size with maturity, coupled with the discrepancy between
toluene-ds and CDCls, underlines the crucial role of solvent on influencing asphaltene

aggregation.

As part of a group of laboratories around the world studying one asphaltene that was
obtained from an inter-laboratory study originating in Columbia, the PetroPhase 2017
Asphaltene in the crude and sonicated form was subjected to comprehensive analyses
through H, relaxation, and DOSY NMR spectroscopy. The concentration of the solutions
used in this study significantly exceeded the critical cluster concentration, suggesting that
the PetroPhase 2017 Asphaltenes are primarily in their clustered states. While *H NMR
results suggest no molecular structural changes during sonication, the study reveals a
reduction in asphaltene aggregate sizes due to ultrasonication. Utilizing relaxation NMR
spectroscopic techniques, it was found that PetroPhase 2017 Asphaltenes formed the
smallest cores compared to other asphaltene types in this research. This is very interesting
in light of these samples having been determined to have a high archipelago fraction and
exhibiting the smallest major-minor ratio in the relaxation dispersion results. Notably, the
T1/T> ratios (980) of the rigid component observed in the aromatic region indicate slower

reorientational dynamics, resulting in a hydrodynamic radius of approximately 2.4 nm.

245



Interestingly, under sonication, the T1/T» ratio for the major component in the aromatic
region significantly decreased to 553, corresponding to smaller hydrodynamic radii of
around 2.1 nm. This indicates the effective reduction of asphaltene aggregation due to
sonication. The relaxation analysis consistently confirmed that asphaltene aggregate size
decreased following the sonication process. This observation was further supported by the
DOSY NMR results, which consistently demonstrated a decrease in asphaltene aggregate
size upon sonication. These findings are in excellent agreement with DC conductivity

measurements conducted by a collaborator.

The final chapter provided insight into the feasibility of 1°F NMR spectroscopy being a
facile replacement for *H methods. Despite the latter being less demanding of instrument
time, they remain time consuming in data analysis. The *°F nucleus as an NMR probe
presents the advantage of not having a natural background NMR signal in asphaltenes and
was therefore studied with convenience. This study aimed to examine whether fluorinated
molecular probes were able to provide reliable comparable structural and aggregation
information on asphaltenes compared *H NMR methods. Initially, the UG8 asphaltenes
were studied by *H relaxation methods and DOSY at concentrations from nearby CNAC to
the CCC and to well above the CCC. Upon increasing concentration, the UG8 asphaltenes
form nanoaggregates, which eventually coalesce to form microaggregates. Fluorine-19
NMR spectroscopy and '°F T; and T relaxation experiments were used to measure
relaxation dispersion in the fluorinated probe in the presence of UG8. The T1/T» ratios
increase with increasing UG8 concentration reflecting the changes in UG8 aggregation

states. One remarkable finding was the consistent presence of mono-exponential relaxation
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at all concentrations, and the relaxation dispersion values corresponding only the minor

component of the *H UGS ratios.

Testing of other probes such as CeFs and CFCl3 yielded no significant T1/T> ratio changes
upon the introduction of UG8. Thus, CeFs and CFClIs would not function well as probes for
observing aggregation for asphaltenes. This is at odds with previous studies using CsFe
which observed large dispersion values on model oils. This discrepancy was attributed to
the probe not interacting directly with the asphaltene but rather through another component

closely associate with the asphaltene component in crude oil.

When the PFOA was added to asphaltene solutions, interactions were observed, as shown
by the high °F T1/T> ratio. The relative changes in the T1/T> ratios with increasing PFOA
concentration suggest that PFOA binds more strongly to UG8 in toluene-ds than in CDCls.
This was also supported by observation of the °F NMR chemical shifts of PFOA in the
two solvents with changing UG8: PFOA ratio. Thus, it was concluded that PFOA is an
effective probe for asphaltene aggregation and that it binds to the aggregate surface. The
latter finding suggests that the minor component in the H relaxation dispersion

corresponds to the surface and the major to interior of the aggregate particles.

Asphaltenes source and extraction method significantly influence its structure, aggregation,
and hydrodynamic radius. This thesis used solution-state NMR spectroscopy to study
different sources of asphaltene aggregation on a molecular level in terms of structure,
connectivity, and dynamics. The NMR spectroscopic evidence was presented for a
particular feature: extremely long recycle delays were needed for all the *H NMR
experiments to prevent signal saturation. One of the primary objectives of the thesis was to
demonstrate that relaxation techniques were able to shed light on the nature of aggregation
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and dynamics. Relaxation analysis confirmed the complex nature of the asphaltene phase
composition. Two potential explanations exist for the presence of two components with
different T+/T> ratios in asphaltene samples. The first explanation suggests a core-shell
structure in which the more mobile component forms the outer, less dense 'shell," and the
less mobile component constitutes the denser core of asphaltene nanoparticles. Furthermore
in both mobility regimes the relaxation dispersion values increased dramatically from the
aliphatic, to the alicylic, and ultimately to the aromatic environments. This lends strong
support to the notion of structural hierarchy, as invoked by the "island" model, indicating
that two distinct sets of T1/T> ratios for each environment exists, possibly corresponding to
two asphaltene unit sizes: nanoaggregates and clusters. DOSY NMR experiments provide
complementary insights into the aggregate sizes in both solvents. Because of the invariance
of the relative components within each type of asphaltene, the core-shell model seems to
be the most plausible explanation. Changes in aggregate size that were observed by
significantly different T1/T> ratios between solvents should have resulted in significant
changes in relative contributions of a more mobile nanoaggregate versus less mobile
cluster. Since this is not observed for any of the four sample types, it is surmised that two
components in the relaxation dispersion measurements are correlated to the dense core of
a nanoaggregate and its less dense, more mobile shell. These nanoaggregates are
sufficiently stable to be detected on the NMR time scale. Larger aggregates, such as clusters
that are formed by these nanoaggregates will manifest in longer T1/T> ratios. Core-shell
models have been proposed based on SAXS, WAXS and SANS measurements,*? but they
have not clearly been attributed to nanoaggregate structures. Core-shell structures of
nanoaggregates could also account for inclusion of archipelago-type asphaltene

components, as they could potentially interact peripherally to the aromatic cores of
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nanoaggregates, through T-shaped interactions. Such archipelago-type components will

then be part of the less dense shell.

The study of the interaction between asphaltene and fluorinated molecular probes was done
with °F NMR spectroscopy, showing that PFOA is an effective probe because it interacts
effectively with UG8 asphaltene. However, it is important to acknowledge that the °F
NMR studies performed in this thesis are preliminary, and further investigations are

required to fully exploit the information obtained.

Moving forward, several potential avenues for future research exist in this field. These

include:

1) Exploring the interaction of other fluorinated probes with different asphaltene samples:
Further investigation using a range of fluorinated probes and various asphaltene sources
would provide a broader understanding of their applicability in characterizing
asphaltene structure and aggregation behavior. This would help identify probes that
exhibit strong and specific interactions with asphaltene, enhancing our ability to study
their properties.

2) Investigating the influence of solvents on °F NMR behavior: Examining how different
solvents affect the °F NMR spectra and relaxation properties of asphaltenes would
provide insights into solvent-dependent effects on asphaltene-probe interactions. This
investigation can help optimize solvent selection for future studies and provide a deeper

understanding of the solvents impact on asphaltene behavior.
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7.2. Future Directions

The current asphaltene studies have led to more questions than answers. In this thesis,
several interesting observations pertaining to asphaltene aggregation have been made, for
example, the existence of at least two components in the NMR relaxation dispersion
measurements with different motional regimes. While the percentages of these components
may vary between different types of asphaltenes, they remain consistent within asphaltene

samples of one origin.

The hypothesis coming out of the thesis research is that the two components correspond to
different environments, i.e., core and shell, in a nanoaggregate of stacked asphaltenes,
where parallel layers of asphaltenes are stacked on top of each other, with some weak
interactions occurring perpendicular to the stacks, involving island or archipelago-like

structures (Figures 7.1 and 7.2).

This new interpretation introduces complexities in understanding the relationship between
the components and asphaltene aggregation behavior. To further explore this concept and
validate the proposed explanation, further studies are proposed, involving thorough
investigations using *H T1/T», *H DOSY, and °F DOSY NMR spectroscopy, while varying

asphaltene concentrations and employing different solvents.

Measuring diffusion constants by DOSY presents challenges owing to limitations imposed
by the spectrometer’s hardware specifications. These limitations made it difficult to achieve
uniform dephasing conditions for all signals of interest. For future research in this field, it
is imperative to explore improved techniques and methodologies to overcome these

limitations.
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Figure 7.1. Archetypical structures of the asphaltene molecular unit for a) the island and
b) the archipelago models.

Figure 7.2. Left: Schematic describing the proposed core shell model for the nanoaggregate
with island molecules densely stacked in the interior and archipelago molecules on the
surface. Right: Schematic describing the proposed model for a cluster of core-shell
nanoaggregates.
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Several possible directions for future studies are proposed.

1) Concentration variations for T1 and T. measurements: It will be informative to
investigate T1 and T relaxation times at lower concentrations, particularly around and
below the CNAC. This is crucial to test the validity of the core-shell model for
nanoaggregates. If the model holds true, the biexponential behavior observed at higher
concentrations will change in terms of relative percentage of the minor and major
components and at sufficiently low concentrations changing to essentially

monoexponential relaxation behaviour.

2) Aligning 'H T1/T2 experiments with *H DOSY experiments: This approach requires
conducting both experiments meticulously for a range of identical samples, solvents, and
concentrations under the same conditions. Comparing the results can directly connect the
size-related data from DOSY with the dynamics-related information from H Ti/T
experiments. This alignment will deepen the understanding of asphaltene behavior and
provide a robust validation method. It will confirm that the particle sizes determined by
DOSY match the relaxation times measured in *H T1/T experiments, thereby strengthening

the reliability of both measurements and their conclusions.

3) Model compounds: Model compounds can be used as valuable tools for mimicking
specific aspects of asphaltene behavior, such as aromaticity or the presence of polar
functional groups. To advance this study area, it is important to find model compounds
with chemical structures and properties like asphaltenes. However, it is important to note

that their ability to fully replicate the entire range of asphaltene aggregation behavior is
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limited due to their smaller degree of aggregation. The relaxation dispersion method can
be employed to address this limitation and gain insights into the smaller degree of
aggregation exhibited by model compounds. Alternatively, one could study the
incorporation of these model compounds into asphaltenes aggregates. In this manner,
various model compounds differing in sidechain length, core size, and polarity, can offer

valuable insights into the impact of these factors on nanoaggregate formation.

4) Variable-temperature studies: This thesis did not study the effect of temperature on
asphaltene aggregation behavior. In future studies, temperature would be an important
parameter to be considered. Previous studies examined the effect of temperature on
asphaltene solubility and precipitation.® According to the results, asphaltene solubility
increases, and precipitation decreases with increasing temperature. Higher temperatures
disturb the stability of large aggregates and reduce the subsequent aggregation and particle
growth of asphaltene, resulting in less precipitation. To further understand the influence of
temperature on asphaltene aggregation behavior, relaxation experiments should be
conducted at different temperatures and concentrations. By studying the relaxation
behavior at varying temperatures, it is possible to investigate how changes in temperature
affect the aggregation behavior of asphaltene. If the invariance in minor/major component
ratios is maintained, especially at high concentrations, it could provide strong support for

the core-shell model.

5) Broadened range of diffusion constants: One of the limitations of DOSY NMR is its
restricted range of measurable diffusion constants. This limitation is typically due to
hardware constraints, such as the strength and duration of gradient pulses and the available

observation time. Advanced spectrometer and probe design can offer stronger gradient
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pulses, longer observation times, and improved gradient strength control. This expanded
range enables the measurement of diffusion constants spanning several orders of magnitude

accurately.

6) Fluorine-19 diffusion measurements: Subsequent studies on the interaction between
fluorinated probes and asphaltene including, '°F diffusion measurements are important.
Fluorine-19 DOSY NMR spectroscopy is a useful technique as it can measure both weak
and strong interactions between a probe and asphaltene. The experiment can be used to
confirm binding if a significant change in probe diffusion coefficient is observed after
asphaltene is added to the solution. In addition, strong binding can be determined by the
F and *H DOSY having similar translational diffusion coefficients. That method would

be an effective way to determine whether the probe will be useful or not.

7) Multidimensional NMR spectroscopy: Two-dimensional (2D) NMR spectroscopy can
be used in asphaltene characterization to verify H relaxation dispersion results with 2D
cross relaxation measurements. The NOESY and ROESY experiments are homonuclear
two-dimensional correlation techniques and is used to determine the cross relaxation
between two protons which are close together in space. The comparison between cross-
relaxation rates from both methods is ideal for distinguishing between signals from
nanoaggregates and clusters. Hence, multidimensional NMR techniques such as NOESY
and ROESY could be used to analyze the aggregation behavior of asphaltenes, and these

experiments would be the next step in the project.

8) T1, measurements in solution: Extend the research to include Ti, measurements in
solution. The Ty, relaxation time has the advantage of being able to control the sensitivity

to slow motion via the spin-locking power. Overdetermining relaxation parameters can

254



enhance the precision and reliability of the correlation times. By using multiple methods,
such as Ty, T2, and T1,, you can gain a more comprehensive understanding of asphaltene

behavior and nanoaggregate structures in various conditions.

REFERENCES

1. Eyssautier, J.; Levitz, P.; Espinat, D.; Jestin, J.; Gummel, J.; Grillo, I.; Barré, L.,
Insight into asphaltene nanoaggregate structure inferred by small angle neutron and
X-ray scattering. The Journal of Physical Chemistry B 2011, 115 (21), 6827-6837.

2. Eyssautier, J. I.; Espinat, D.; Gummel, J. r. m.; Levitz, P.; Becerra, M.; Shaw, J.;
Barré, L. c., Mesoscale organization in a physically separated vacuum residue:
Comparison to asphaltenes in a simple solvent. Energy & fuels 2012, 26 (5), 2680-
2687.

3. Magbool, T.; Srikiratiwong, P.; Fogler, H. S., Effect of Temperature on the
Precipitation Kinetics of Asphaltenes. Energy & Fuels 2011, 25 (2), 694-700.

255



APPENDIX 1

Bi-exponential fitting for the T1 and T2 data in Chapter 3. The raw data obtained from the
relaxation experiment was normalized and plotted against time. Tables showing the *H T
and T» values measured for Manifa asphaltenes, along with the corresponding percentages
of long and short T1 and T and provides the standard deviation of each data point in the
fit.
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Table Al. 'H NMR Relaxation times of reservoir depth (8070.9 ft) asphaltene in toluene-
ds. The values in parentheses represent the percentage of protons having the corresponding

Toand Ta.

'H ppm assignment T1(5) T, (ms) TiT,

1.5-0.8 aliphatic chain CHy/ CHs 0.51+0.02 (65+4.5%) 29.940.9 (70+4.0%) 17+1.0
1.40+40.05 (35+3.5%) 264+1.5 (30+4.5%) 5.240.18

3.5-2.4  alicyclic attached to aromatics 3.15+0.05 (65+5.5%)  0.28+0.01 (68+5.0%) 11250+430
1.3040.03 (35+4.5%) 15.240.6 (32+4.0%) 82+3.7

9.5-7.5 aromatic CH 6.14+0.05(73+5.8%)  0.34+0.01 (75+5.5%) 180504720
1.30£0.04 (27+4.4%) 15.1+0.5 (25+4.0%) 85+3.8
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Table A2. *H NMR Relaxation times of reservoir depth (8026.3 ft) asphaltene in toluene-
ds. The values in parentheses represent the percentage of protons having the corresponding

Tz and Ty,

'H ppm assignment Ti(s) T, (ms) TJT,

1.5-0.8 aliphatic chain 0.46+0.02 (70+4.5%) 28.1+0.8 (68+4.0%) 16.8+0.86
1.20+0.03 (30+3.5%) 254+1.5 (32+£3.0%) 4,7+0.12

3.5-24 alicyclic 2.91+0.06 (68+5.5%) 0.32+0.01 (70£5.0%) 9000327
1.23+0.04 (32+4.0%) 16.2+0.6 (30+4.5%) 76£3.7

9.5-7.5 aromatic CH 4.81+0.07 (70+5.8%)  0.29+0.01 (72+4.5%) 16500610
1.23+0.04 (30+3.5%) 15.1+0.5 (28+4.5%) 81+3.8
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Table A3. 'H NMR Relaxation times of reservoir depth (7963.5 ft) asphaltene in toluene-
ds. The values in parentheses represent the percentage of protons having the corresponding

Toand Ta.
'H ppm assignment T1(s) T, (ms) TiT,
1.5-0.8 aliphatic chain 0.40+0.02 (70+3.5%) 25.8+0.9 (68+4.0%) 15.54+0.83
1.2040.03 (30+3.5%) 414+3.50 (32+3.5%) 2.940.07
3.5-24 alicyclic 2.40+0.06 (68+5.5%) 0.32+0.01 (65+5.8%) 7500+290
1.2140.03 (3214.0%) 17.540.7 (35+4.5%) 69+3.2
9.5-75 aromatic CH 4.04+0.06 (70+5.5%) 0.27+0.01 (72+4.5%) 15000570
1.3040.03 (30+4.5%) 18.540.8 (2845.0%) 70+3.3
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Table A4. 'H NMR Relaxation times of reservoir depth (7767.6 ft) asphaltene in toluene-
ds. The values in parentheses represent the percentage of protons having the corresponding
Toand Ta.

'Hppm  assignment T1(s) T, (ms) TT>

15-0.8  aliphatic chain  0.42+0.02 (70 +£4.5%) 29+ 0.7 (68 + 5.5%) 13.8+0.72
1.50+0.03 (30 +3.5%) 330 +2.5 (32 + 3.7%) 45+0.12

3524  alicyclic 2.60+0.04 (70+45%) 4.4+005(70+45%) 590+ 12
1.56+0.03 (30 +35%) 17.3+0.75(30+35%) 90+4.2

9.5-75  aromatic 3.10£0.04 (65+4.5%)  0.28+0.03 (65 = 4.5%) 11000 * 650
1.20+0.05 (35 * 4.5%) 13.3+ 0.8 (35 + 4.5%) 90+43
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Table A5. 'H NMR Relaxation times of reservoir depth (8070.9 ft) asphaltene in CDCls.
The values in parentheses represent the percentage of protons having the corresponding T2

and Ty,

'H ppm assignment T1(s) T, (ms) TiT,

1.5-0.8 aliphatic chain 0.38+0.02 (65+4.5%) 29.2+0.9 (68+3.5%) 13+0.78
1.2040.04 (35+3.5%) 650+4.2 (32+4.0%) 1.8+0.06

3.5-24 alicyclic 2.38+0.05 (70+5.5%)  0.48+0.02 (65+5.8%) 5000+225
1.24+0.03 (30£5.0%) 19.0£0.8 (35+£3.5%) 65+3.0

9.5-7.5 aromatic CH 3.50+0.06 (72+5.8%)  0.35+0.02 (68+5.5%) 10000+390
1.25+0.04 (28+4.5%) 18.3+0.9 (32+4.0%) 68+3.1

Table A6. 'H NMR Relaxation times of reservoir depth (8026.3 ft) asphaltene in CDCls.
The values in parentheses represent the percentage of protons having the corresponding T>

and T1.

'Hppm  assignment T (s) T, (ms) T4/T,

1.5-0.8  aliphatic 0.40 £ 0.02 (70 £ 4.5%) 30 £0.7 (68 + 5.5%) 13.2+£0.70
1.45 £+ 0.03 (30 + 3.5%) 453 +£3.0 (32 +3.7%) 3.2+0.09

3.5-24  alicyclic 2.54 £ 0.04 (70 + 4.5%) 5.08 £0.05 (70 £4.5%) 500+ 10
1.48 £ 0.03 (30 + 3.5%) 16.8+0.75(30 £3.5%) 88+4.2

9.5-7.5  aromatic 2.8 £ 0.04 (65 £ 4.5%) 0.29+0.03 (65 * 4.5%) 9800 + 500
1.20 + 0.03 (35 + 4.5%) 13.3+ 0.8 (35 £ 4.5%) 90+45
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Table A7. 'H NMR Relaxation times of reservoir depth (7963.5 ft) asphaltene in CDCls.
The values in parentheses represent the percentage of protons having the corresponding T2

and Tz,

'Hppm  assignment Ty (s) TJT,

15-0.8  aliphatic  0.38+0.02 (68 +3.5%) 31.6+0.7 (68+55%)  12.0+0.65
1.35+0.03(32+4.0%) 750 +4.5 (32 + 3.5%) 1.8+0.04

3.5-24 alicyclic 2.4 £0.03 (65 + 4.5%) 5.85 + 0.06 (70 £ 4.5%) 410+ 10
1.35+0.02 (35 + 4.5%) 16.8 £ 0.80 (30 £ 3.5%) 80+£3.2

95-75  aromatic = 22+0.04 (65+4.5%)  0.26+0.03 (70 £4.5%) 8200 + 400
1.15+0.05 (35+4.5%) 13.0£09(30+35%) 88+3.5

Table A8. 'H NMR Relaxation times of reservoir depth (7767.6 ft) asphaltene in CDCls.
The values in parentheses represent the percentage of protons having the corresponding T>

and Ty

'Hppm  assignment T1(s) T, (ms) TiT,

1.5-0.8 aliphatic 0.32 £ 0.02 (68 + 3.5%) 32.0 £ 0.80 (68 + 5.5%) 10.0+ 0.6
1.0 £ 0.03 (32 £ 4.0%) 830 £ 5.0 (32 + 3.5%) 1.2+0.04

3.5-2.4 alicyclic 1.8 £ 0.04 (65 £ 4.5%) 9.0+ 0.08 (70 + 4.5%) 200+ 4.0
1.2 +0.02 (35 £ 4.5%) 16.4 + 0.85 (30 + 3.5%) 73+3.2

9.5-75 aromatic 2.0+ 0.04 (65 + 4.5%) 0.32 £ 0.03 (70 + 4.5%) 6200 + 300
1.0 £ 0.03 (35 + 4.5%) 14.2 + 0.95 (30 = 3.5%) 70+£35
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APPENDIX 2

Bi-exponential fitting for the T1 and T data in Chapter 4. The raw data obtained from the
relaxation experiment was normalized and plotted against time. Tables showing the *H Ty
and T values measured for AMSO asphaltenes, along with the corresponding percentages
of long and short T1 and T2 and provides the standard deviation of each data point in the
fit.
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Table B1. 'H NMR relaxation times of asphaltene (0.48% EASY%Ro) in toluene-ds. The
values in parentheses represent the percentage of protons having the corresponding T and
T, values. The standard deviations for the T1 and T values are provided.

H ppm Assignment T1(s) T2 (Ms) TJT
1.5-0.8 aliphatic chain 0.30£0.04 (7515.2%) 20.0 0.8 (78+5.0%) 15+0.8
1.1+0.02 (25+4.5%) 366.6+1.5 (22+4.2%) 340.15
3.5-24 alicyclic 1.8 £0.04 (78+5.7%) 7.2 £0.07 (78+5.5%) 250+10
0.9 +0.03 (22+5.0%) 16.9+0.7 (22+4.8%) 53+2.8
8.5-7.5 aromatic 2.1+0.05 (80+5.8%) 7.0 £0.06 (80+5.5%) 300+14
1.1+0.03 (20+5.2%) 22.0 0.8 (20+4.8%) 50+2.6

0.78% EASY%Ro in Toluene-ds
T1 -Aliphatic

1.2

0.8

0.6

0.4

0.2

0.2 20 40 60 80 100 120 140

Normalized intensity

-0.4
-0.6

-0.8

Time (s)

276



T -Alicyclic

1.2

140

®
120

100

80

40

20

® © < N4 ©o N T v K
S S o° o S ¢ © 9

Ayisuaiul pazijewoN

Time (s)

T1-Aromatic

1.2

®
(=)

140

120

100

80

60

40

20

e 85 o4 o o
o o©o o =}

Ayisuaiul pazijewoN

<
Q@

@0
<?

«
<?

Time (s)

277



T2-Aliphatic

1.2

0.8

0.6

0.4

Normalized intensity

0.2

To-Alicyclic

1.2

o
o

Normalized intensity
o o
iN o))

o
[N)

0.005

Time (s)

0.01

Time (s)

278

0.015

0.02

1.2



To-Aromatic

1.2

°
o

Normalized intensity
o o
> o

©
()

0.005 0.01 0.015

Time (s)

0.02

Table B2. *H NMR relaxation times of asphaltene (0.78% EASY%Ro) in toluene-ds. The
values in parentheses represent the percentage of protons having the corresponding T and
T, values. The standard deviations for the T1 and T2 values are provided.

H ppm Assignment T1(s) T2 (Ms) Ti/T,
1.5-0.8 aliphatic chain 0.38+0.04 (75+5.2%) 21.1+0.8 (78+5.0%) 18+0.8
1.240.02 (25+4.5%) 266.6+1.5 (22+4.2%) 4.5+0.15
3.5-2.4 alicyclic 2.16+0.04 (78+5.7%) 5.740.07 (78+5.5%) 380+10
1.1+0.03 (2245.0%) 17.040.7 (22+4.8%) 64 +2.8
8.5-7.5 aromatic 2.8+0.05 (80+5.8%) 4.8+0.06 (80+5.5%) 580+14
1.240.03 (2045.2%) 20.7+0.8 (20+4.8%) 58+2.6
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Table B3. 'H NMR relaxation times of asphaltene (1.19% EASY%Ro) in toluene-ds. The
values in parentheses represent the percentage of protons having the corresponding T and

T, values. The standard deviations for the T1 and T values are provided.

H ppm Assignment T1 (S) T, (ms) TiT,
1.5-0.8 aliphatic 0.38+0.04 (75+5.2%) 22.3+0.8 (78+5.0%) 17+0.8
1.3+0.02 (25+4.5%) 325+1.5 (22+4.2%) 4.0 £0.15
3.5-24 alicyclic 2.3 1£0.04 (7845.7%) 4.9+0.07 (78+5.5%) 47010
1.1+0.03 (2245.0%) 16.9 £0.7 (22+4.8%) 65 +2.8
8.5-7.5 aromatic 3.0 £0.05 (80+5.8%) 4.4 £0.06 (80+5.5%) 680+14
1.240.03 (2045.2%) 21.4 £0.8 (20+4.8%) 56+2.6
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Table B4. 'H NMR relaxation times of asphaltene (1.28% EASY%Ro) in toluene-ds. The
values in parentheses represent the percentage of protons having the corresponding T and
T, values. The standard deviations for the T1 and T values are provided.

H ppm Assignment T (S) T, (ms) TT,
1.5-0.8 aliphatic 0.42 £0.04 (75+5.2%) 21.0+0.8 (78+5.0%) 20+0.8
1.25+0.02 (25+4.5%) 250+1.5 (22+4.2%) 5+0.15
3.5-2.4 alicyclic 2.52+0.04 (78+5.7%) 5.040.07 (78+5.5%) 500+10
1.340.03 (22+5.0%) 17.140.7 (22+4.8%) 70+2.8
8.5-7.5 aromatic 3.3+0.05 (80+5.8%) 4.6 £0.06 (80+5.5%) 720114
1.2+0.03 (20+5.2%) 17.6+0.8 (20+4.8%) 68+2.6
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Table B5. 'H NMR relaxation times of asphaltene (0.48% EASY%Ro) in CDCls. The
values in parentheses represent the percentage of protons having the corresponding T and
T, values. The standard deviations for the T1 and T values are provided.

'Hppm  Assignment T1 (S) T, (ms) TiT,
1.5-0.8 aliphatic 0.28 + 0.05 (75+5%) 21.0 0.9 (78+5.0%) 13+0.6
1.0 + 0.03 (25+5%) 476.6+1.8 (22+4.2%) gg;
3.5-24 alicyclic 1.4 £0.05 (78+5.7%) 16.5 £ 0.7 (75+5.5%) 85+21
0.9 + 0.04 (22+5.0%) 24.3 + 0.8 (25+4.8%) 37+£0.9
8.5-7.5 aromatic 1.6 £ 0.05 (78+5.8%) 16.6 + 0.8 (75+5.5%) 96 +£2.2
1.0 £ 0.04 (2245.2%) 27.0 0.9 (25+4.8%) 37+13

Table B6. 'H NMR relaxation times of asphaltene (0.78% EASY%Ro) in CDCls. The
values in parentheses represent the percentage of protons having the corresponding T1 and
T, values. The standard deviations for the T1 and T values are provided.

Hppm  Assignment T1(s) T2 (Ms) TiT,
1.5-0.8 aliphatic 0.31 £0.04 (75%5.2%) 20.6 +£0.8 (78+5.0%) 15.0+0.8
1.1+0.02 (25+4.5%) 314.3 £ 1.5 (22+4.2%) 35+0.15
3.5-2.4 alicyclic 1.7 +0.04 (785.7%) 14.2 + 0.07 (78+5.5%) 120+ 24
0.9 £0.03 (22+5.0%) 18.4 £ 0.7 (22+4.8%) 49+1.9
8.5-7.5 aromatic 2.0 £ 0.05 (80+5.8%) 13.3 + 0.06 (80+5.5%) 150 £ 3
1.0 £ 0.03 (20+5.2%) 22.2 + 0.8 (20+4.8%) 45+1.7
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Table B7. 'H NMR relaxation times of asphaltene (0.95% EASY%Ro) in CDCls. The
values in parentheses represent the percentage of protons having the corresponding T and

T, values. The standard deviations for the T1 and T values are provided.

'Hppm  Assignment T1 (S) T2 (ms) TiT,
1.5-0.8  aliphatic 0.35 £ 0.04 (75£5.2%) 20.6 £ 0.8 (78+5.0%) 17+£1.0
1.1 £ 0.02 (25+4.5%) 275 £ 1.5 (22+4.2%) 4.0+0.15
3.5-2.4  alicyclic 2.0 £0.04 (78+5.7%) 11.8 + 0.07 (78+5.5%) 170+ 3.4
1.0 £ 0.03 (22+5.0%) 17.8 £ 0.7 (22+4.8%) 56 +2.1
8.5-7.5  aromatic 2.1 £0.05 (80+5.8%) 9.5 + 0.06 (80%5.5%) 220+ 4.4
1.0 £ 0.03 (20+5.2%) 19.2 + 0.8 (20+4.8%) 52+2.1

Table B8. 'H NMR relaxation times of asphaltene (1.19% EASY%Ro) in CDCls. The
values in parentheses represent the percentage of protons having the corresponding T1 and

T, values. The standard deviations for the T1 and T values are provided.

H ppm  Assignment T1(s) T2 (ms) Ta/T,
N 16.0
1.5-0.8 aliphatic 0.32 +0.04 (75+5.2%) 20.0 £0.8 (78+5.0%) 0.8
1.2 +0.02 (25+4.5%) 285.7 £ 1.5 (22+4.2%) 42+0.2
3.5-2.4 alicyclic 1.8 +0.04 (78+5.7%) 12.8 + 0.07 (78+5.5%) 140+ 2.8
0.9 +0.03 (22+5.0%) 16.9 £ 0.7 (22+4.8%) 53+1.75
8.5-7.5  aromatic 1.9 £ 0.05 (80+5.8%) 10 + 0.06 (80+5.5%) 190+ 3.8
1.0 £ 0.03 (20+5.2%) 20 + 0.8 (20+4.8%) 50+1.9
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Table B9. 'H NMR relaxation times of asphaltene (1.28% EASY%Ro) in CDCls. The
values in parentheses represent the percentage of protons having the corresponding T and
T, values. The standard deviations for the T1 and T values are provided.

1
H .
Assignment Ti(s T2 (ms TJT

ppm g 1(s) 2 (ms) T

1.5-0.8 aliphatic 0.35 £ 0.04 (75+£5.2%) 20.0 + 0.8 (78+5.0%) 175+0.9
1.0 £ 0.02 (25+4.5%) 250 + 1.5 (22+4.2%) 40+0.2

3.5-2.4 alicyclic 1.9 £0.04 (78+5.7%) 11.9 +0.07 (78+£5.5%) 160+ 3.2
1.0 £ 0.03 (22+5.0%) 17.2 £ 0.7 (22+4.8%) 58+24

8.5-7.5 aromatic 2.0 £0.05 (80+5.8%) 9.5 £ 0.06 (80+5.5%) 210+4.2
1.0 £ 0.03 (20+5.2%) 18.9 + 0.8 (20+4.8%) 53+1.7
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APPENDIX 3

Bi-exponential fitting for the T1 and T data in Chapter 5. The raw data obtained from the
relaxation experiment was normalized and plotted against time.
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APPENDIX 4

Bi-exponential fitting for the T1 and T2 data in Chapter 6. The raw data obtained from the
relaxation experiment was normalized and plotted against time. Tables showing the *H T
and T values measured for UG8 asphaltenes, along with the corresponding percentages of
long and short T1 and T, and provides the standard deviation of each data point in the fit.
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5 mg/mL-CDCl3
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15 mg/mL-CDCl3
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Table D1. *H NMR relaxation times of UG8 asphaltene in Toluene.

Concentration

(mg/mL) Aliphatic Alicyclic Aromatic

T1 () Ta(ms) T1(S) T2 (Ms) T1(s) T2 (ms)
093003 24025  187:006 )% 1892005 72510
(70 £4.5%) (68+4.0%) (75+5.5%) 5 0%‘) (70 £5.5%) (70 £ 4.5%)
1.33+0.04 880%55 1.11+£003 171+13 1.34+0.04 158+1.4
(30 £3.5%) (32+3.5%) (25+4.0%) (25+4.5%) (30+4.5%) (30+5.0%)
098+0.03 65+0.85 3.78+0.05 46.7+0.7 426+0.07 48.0+038
(70 £5.0%) (68+4.0%) (70+55%) (70+£5.8%) (75+5.5%) (70 +4.5%)
1.94+0.04 427+3.0 1.23+0.04 69.2+0.8 1.27+0.04 586+10
(30+4.5%) (32+£3.5%) (30+4.0%) (30+x4.5%) (25+4.5%) (30+5.0%)
1.21+£004 411+09 429+0.07 187+05 433+0.06 175+038
(75+£3.5%) (70+4.0%) (75+£55%) (75£5.8%) (78+5.5%) (75*4.5%)
220+0.05 287+20 145+£0.03 365+06 147+0.03 322+09
(25+3.5%) (30+3.5%) (25+4.0%) (25+4.5%) (22+4.5%) (25 +5.0%)
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Figure D1. 700 MHz *H NMR spectra of UG8 asphaltene sample.
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