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Abstract

The detection, identification and characterization of early stage molecular
association of polyaromatic molecules into nanoaggregates, where these
nanoaggregates represent the first level of molecular clusters or building blocks
are critical in areas such as design and fabrication of advanced 3-D materials,
drug carriers, petroleum and crude bitumen processing, etc. Molecular association
of polyaromatic molecules (e.g., asphaltenes) in petroleum and crude bitumen
processing, for example, leads to precipitation and deposition, which results in
blocking of reservoir rocks and transport pipes. The deposition of these
polyaromatic molecules has been linked to the solubility, aggregation and
colloidal interactions in the system. To probe the aggregation and adsorption
mechanism of the polyaromatic molecules in an organic medium and at the oil-
water interface, various well-designed and custom-synthesized perylene bisimide-
based polyaromatic molecules with only a subtle structural difference in their
attached hydrophilic/hydrophobic side chains were used and systematically
investigated by molecular dynamics simulations.

The results showed that wvariation in the structure of
hydrophilic/hydrophobic side chains and polarity of functional groups leads to
significant variations in molecular association, dynamics of molecular
nanoaggregation and network formation of nanoaggregates. The aggregates of
polyaromatic molecules grow to larger sizes in aliphatic than aromatic solvents.

The aromatic solvent was shown to hinder molecular association by weakening -



7 stacking, demonstrating the control of molecular aggregation by tuning solvent
properties. Larger size aromatic rings in polyaromatic molecules lower the
interfacial activity of the polyaromatic molecules due to stronger intermolecular
n—7 interactions and molecular aggregation in the bulk oil phase. The protonated
polyaromatic molecules are found to preferentially adsorb at the oil-water
interface in a head-on (or side-on) orientation with the aromatic core staying in
the nonaqueous phase. The major findings from this work provide scientific
insights in polyaromatic molecular associations in honaqueous systems and in the
design of proper chemical demulsifiers for polyaromatic mediated emulsions
formed under specific process conditions of temperature, pressure and pH of

heavy oil production.
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Chapter 1

Introduction

1.1 Background

Non-conventional crude oils, such as crude bitumen, heavy oils and other
unconventional hydrocarbon resources rich in complex mixtures of heavy organic
compounds such as asphaltenes, resins, waxes, etc., are being increasingly
explored to address the dramatic rise in the demand for fossil fuel energy and
petrochemical products around the world.*® To develop new technologies and
tackle the numerous challenges the petroleum industry faces in extracting and
processing these resources, a comprehensive and systematic understanding of the
physico-chemical properties of the crude oil, the molecular interactions among the
various crude oil components, their interactions with the solvent additives
(diluents) and water during extraction, influence of pressure and temperature on
their phase behavior, etc., is of paramount importance.

Crude oil is a complex mixture of various hydrocarbons and many other
organic and inorganic molecules.>®* Crude oil also contains a substantial amount
of hetroatoms (i.e. sulfur, oxygen, nitrogen, etc.) and molecules containing heavy
metals (i.e. iron, vanadium, nickel, etc.).* In general, heavy oils and crude

bitumen from different locations and depths of the oil deposits contain different



blends at variable concentrations of these various compounds. Because of this
diversity, characterization of the individual molecules associated with crude oils
is challenging, if not impossible. Consequently, fractionation based on solubility
classes is often used as a means to classify crude oil and bitumen into four key
classes of compounds. The most common and standard method for separation of
crude bitumen into different crude oil fractions is the SARA (saturates, aromatics,
resins and asphaltenes) fractionation.

A more modern approach toward petroleum characterization is
petroleomics,®® which involves use of high resolution analytical techniques (2D
GC-GC, FT-ICR-MS, LC-MS, ESI-MS, NMR, etc.) to identify the compounds
and their isomers present in a crude oil, as well as various liquids (solvents) that
come in contact with crude oil. These techniques provide significant insights
regarding the molecular weight distribution, functional groups, elemental
distribution, isomers, and a variety of other information regarding the petroleum
chemistry. The broad objective of petroleomics is to associate these structural and
molecular databases to the functional behavior of the systems, for instance,
solubility characteristics, propensity of aggregation, emulsification, and
fractionation. Such an approach eventually connects with the process engineering
databases that can provide insight regarding the upstream and downstream
processing of these fluids.

As noted above, although recent advances in petroleomic technologies
have enabled us to easily identify and probe the fingerprints of some polar and

non-polar constitutes of the crude oil, they have failed to enlighten us on the



spatial and temporal resolutions of the molecular associations and the hierarchy of
interactions in molecular nanoaggregate formation in the crude oil. It is important
to note that molecular associations in crude oil lead to precipitation and deposition
during crude oil transportation and production, which results in blocking of
reservoir rocks and transport pipes.”*? Moreover, molecular association in crude
oil also strongly influence the solubility, viscosity, density, and other physical
properties of the crude oil under specific process conditions.*'’ Therefore,
molecular based computational techniques such as molecular dynamics (MD)
simulations are increasingly being combined or integrated with other
experimental techniques to explore the time-dependent behavior of the molecular
dynamics, molecular associations and nanoaggregate formation over an enormous
range of spatio-temporal domains.

Molecular dynamics (MD) is a powerful molecular simulation technique
combining molecular modeling followed by classical dynamics of an ensemble of
molecules. MD modeling enables us to explore molecular interactions, track rapid
processes, and their collective behavior at a nano scale.™® It also provides a link
between microscopic and macroscopic system behaviors. MD modeling generally
allows both the static and dynamic properties of the crude oil to be predicted
directly from underlying interactions between molecules.”® It is used in a wide
range of applications such as in examining chemical reactions and processes,
structural evolutions, and other thermodynamic properties.*® MD modeling is also
used for numerous predictions prior to synthesizing a molecule or carrying out

actual experiments.’® Thus, more comprehensive features of the crude oil



constituents and their molecular structure-function relations can be obtained
directly by using MD simulations, where no current experimental techniques are
able to detect directly at a pico scale time. MD simulation technique is also used
in predicting the free energy of association between different components of the
crude oil and structure refinements in X-ray crystallography and NMR
spectroscopy.®

MD simulation methods are governed by the system's Hamiltonian
formulation of mechanics, then followed by the integration of the Hamilton's
equations of motion.”* Given the initial coordinates and velocities for all the
atoms in a given system, the evolution of the atoms in time is fully
determined.'®# Thus, once a precise MD methodology, force field and simulation
time were defined, both the structural and dynamic properties of the system can
be predicted directly from the underlying interacting atoms in the system.

Recent advances in complex algorithms, simulation methods and powerful
computer hardware are now helping us in narrowing the gap between actual
system behaviors and quantitative models.”**? For example, a hybrid molecular
dynamics method such as molecular dynamics-Lattice Boltzmann simulation
(MD-LB) has been developed into an alternative for experimental techniques
studying complex engineering systems and modeling the physical phenomena and
interactions in fluids efficiently and to some extent accurately.??® The MD-LB
model is well suited and has shown some success a wide range of multi-phase
fluid flow applications involving interfacial dynamics.? It is important to mention

that, unlike other conventional numerical methods such as finite element methods,



MD-LB method is based on the microscopic models and mesoscopic Kinetic
theory equations.?

Over the last decades, several researchers®%%*! in the field of
petrochemistry generally use hypothetical or imaginary molecules to model
selective petroleum components under various system conditions using MD
simulations with purpose to understand the physico-chemical properties of the
crude 0il.***® From their study, several insights and findings have been elucidated
such as aromatic n-m stacking associations, solvent polarity and polar functional
group interactions as key driving forces of molecular aggregation in crude oils.®*
$83%-41 For example, Kuznicki et al. (2008)** reported an extensive MD study on
the aggregation and partition of some petroleum components using a hypothetical
model compounds in toluene, heptane and water.>** Results from their intensive
MD simulation work identified stacking of the polyaromatic rings of the crude oil
components as the dominant structural feature of the aggregates in all the
solvents. Their study also showed that when molecules are ionized they have a
distinct affinity to go to the toluene-water interface in comparison to the
nonionized polyaromatic molecules, highlighting the importance of the
dissociation of the carboxylic acid functional groups in the crude oil. Diallo et al.
(2000)* also conducted an extensive MD simulation study on a number of in-
house computer generated hypothetical model compounds over a wide range of
pressure and temperatures to estimate the thermodynamic properties of some
crude oil components such as the molar volume, density, cohesive energy,

solubility parameter, heat capacity, isothermal compressibility, etc. Results from



their simulation study revealed that the change in pressure does not considerably
affect the molar volume, solubility parameter and enthalpy of the simulated
system, which is consistent with a number of experimental observations. A linear
decrease on solubility parameter with temperature was reported in their study,
which is consistent with the existing experimental observations.

Although these model compounds which were employed in the MD
simulation to model the petrochemistry have proven to be useful for extracting
some valuable information regarding crude oil components, they are not real
molecules. As a result, their actual behaviours cannot be easily verified
experimentally. Additionally, none of these putative model compounds has been
developed to include strategic structural functional groups for further
derivatization so that we can easily alter and study different components of the
crude oil separately while keeping the core aspect of the crude oil behaviour intact.
Furthermore, despite being hypothetical their study is also limited to the specific
properties of the crude oil, overlooking different types of molecular associations
present in the complex crude oil systems.

The lack of ideal or real model compounds with strategic structural
functional groups for further derivatization hampers the proper exploration on the
behaviour of crude oil components in the upstream and downstream processing
environments. Thus, designing and synthesizing real molecules based on the
findings from the high resolution analytical techniques is crucial. In this research,
the ability of these model compounds which mimics the actual crude oil

behaviour under extraction and upgrading conditions will be explored by MD



simulation and various experimental techniques. Model compounds synthesized
and functionalized in-house based on the findings of the high resolution analytical
techniques were used to study the physico-chemical properties of the crude oil
components using MD simulations coupled with experimental techniques such as
dynamic light scattering and nuclear magnetic resonance. The role of various
crude oil components, individually or in combination, on the influence of

aggregation and emulsion stabilization in crude oil is also examined.

1.2 Challenges in Upstream Processing of non-
Conventional Oils

Asphaltenes are a solubility class compound library present in crude oils,
which are characterized as bulky polyaromatic molecules comprised of condensed
aromatic ring cores with attached alkyl side chains.>®*'38424% They are the
heaviest and most polar constituents of the crude oil. Asphaltenes are
characterized as molecules insoluble in n-alkanes such as pentane and heptane,
but soluble in toluene. The aggregation, flocculation and deposition of asphaltene
molecules in the refineries, upgrading processes, reservoir rock formations, oil
wells, pumps, storage vessels, transfer pipelines, etc., are a big challenge in the oil
field industry.”*® The deposition of asphaltene molecules has been linked to the
solubility molecular aggregation and colloidal interactions in the system.>*

Speight et al. (2004)*" have reported extensively on the problems
associated or that arise as a result of asphaltenes flocculation or deposition. The
authors reported that the flocculation depends primarily on the production scale of

the crude oil and the solvent added during the froth treatments. They mentioned



the following challenges in the oil field industry due to the presence of
asphaltenes: (i) the well bore plugging and pipeline deposition; (ii) the formation
of emulsions as a result of the water contamination during wellhead storage; (iii)
sedimentation during crude bitumen storage; (iv) ignition delay and poor
combustion due to high percentage of heavy organic compounds in the fuel olil,
etc. Therefore, it is crucial to know these bulk polyaromatic molecules with
attached alkyl chains and their associations in the bulk oil phase since very little
data are available about chemical and physical properties of these solubility class
molecules, in particular, during crude oil production and transportation.

Another big challenge in processing high levels of asphaltene content
crude oil is the formation of emulsion in the system. Water-in-oil or oil-in-water
emulsions are encountered at all stages during crude oil processing and
transportation in all oilfield industries. While in industries such as pharmaceutical,
food and cosmetics, emulsions are usually considered as desirable, but for the
most part in oilfield industries and water treatment plants they are regarded as
undesirable.***8°%°® The emulsified water droplets are known to contain salts
such as chlorine.> Even upon the elimination of the water at high temperature
ends, the salts still linger in the crude oil products, which usually cause refinery
catalyst poisoning, scaling and corrosion of pipelines and upgrading equipment.’
Moreover, because of the dramatic increase in the volume to be handed, these
salt-containing emulsified water droplets can also increase the costs of

transportation and refining. Therefore, removing the water droplets from the crude



oil is of great importance to reduce the processing cost and improve the final
product quality.

It is believed that asphaltenes or bulky polyaromatic molecules form a
steric interfacial film covering the water drops, thereby, provide stabilization
against water droplet coalescence.”>**>**® Under these circumstances, the oil-
water separation becomes extremely difficult. Several studies®* 333385961 haye
shown that once the interfacially active asphaltenes are removed, crude oil
emulsion ceases to remain stable. It has also been reported in the literature that a
low concentration of asphaltene in the crude oils is sufficient to form stable
emulsions.>**3 Thus, it is imperative to explore the mechanism of emulsion

formation and stabilization by asphaltenes to aid to design of appropriate

chemical demulsifiers under specific process conditions.

1.3 Objectives of the Current Study

The objectives of this study are:

) To investigate the molecular association, nanoaggregate formation and
molecular dynamics of polyaromatic molecules in a bulk nonaqueous
solution with the objective to gain molecular insight into the hierarchy of
interactions in molecular nanoaggregation.

i) To examine the adsorption and partition behavior of polyaromatic
molecules at the oil water interface. The effect of different substituent
functional groups on molecular orientations, interfacial layering

arrangements and dynamics at the interface is also studied in detail.



iii) To explore the interaction between naphthenic acids and polyaromatic

molecules in a bulk nonaqueous solution and at the oil-water interface.

The physico-chemical properties of the in-house synthesized asphaltene-
like or polyaromatic model compounds in the bulk and at the oil-water interface
were studied in this thesis research by using molecular dynamic simulations,
dynamic light scattering and nuclear magnetic resonance. The model systems
used were not a real crude oil-water emulsion but an artificial emulsion model
system developed based on the information obtained through petroleomics. The
data obtained from this study will then be used in predicting the physico-chemical
properties of a crude oil to gain a better understanding of the oil wells and to

optimize the upstream and downstream processes conditions.

1.4 Organization of the Thesis

The thesis is organized into seven chapters and the details of each chapter are

described as follows:

Chapter 1 introduces the general background of this study and then followed by
reviewing the use of model compounds in the MD simulation and current
industrial challenges in the upstream and downstream processes in crude oil

production.

Chapter 2 provides a detailed discussion on surfactant mediated emulsion
formation and stability in the oil sands industry. The associations of heavy

organic molecules in crude oil during transportation and production, and their role
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in emulsion formation were reviewed. The previous work on the use of model
compounds in the study of emulsion formation in oil sands processing was briefly

reviewed.

Chapter 3 focuses on the general mathematical description of the molecular
dynamics simulation method and the experimental techniques used in this study.
The assumptions made and the validations of the modeling developed are also

presented in this chapter.

The detailed computational and experimental results for the objectives stated in
section 1.3 are analyzed and discussed in Chapter 4, Chapter 5 and Chapter 6 of
this thesis. Conclusions were drawn based on our findings. Finally, the
conclusions and summary of the entire research project with possible directions

for future work are presented in Chapter 7.
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Chapter 2

Literature Review

2.1 Crude Bitumen Production from the Oil Sands

In the last few years, the Canadian oil sands development program has
been expanded exponentially to fulfill the demand of crude oil around the world.
The Canadian oil sands deposits are gigantic, with a bulk of them located in the
northern part of the province of Alberta.?®® According to the Energy Resource
Conservation Board (ERCB ST98, 2008),>% the initial in-place volume of the
crude bitumen is estimated to be around 1.712 trillion barrels (or 271.9 billion
cubic meters), of which 175 billion barrels are regarded as recoverable crude oil
under the current economic conditions and available technologies.

Oil sands ore consists of naturally occurring mixtures of coarse sand, fine
mineral solids, clays, water, electrolytes and crude bitumen.®> Depending on the
quality of the oil sands ore, the amount of crude bitumen in the oil sands in
general ranges from 0-16% by weight.’ The ore with bitumen content above 10%
is usually considered high-grade oil sands ore.® Bitumen is an extremely viscous
and high molar mass unconventional oil. As a result, bitumen does not flow easily
to the production wells under gravity and existing reservoir conditions.” Crude
bitumen extraction from the oil sands ore is usually achieved either by in-situ

extraction method such as steam-assisted gravity drainage (SAGD), vapor
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extraction process (VAPEX), etc. or by the traditional open-pit surface mining
extraction process, depending on the depth of the oil sands deposits.>**® In-situ
bitumen extraction is usually used for oil sands deposits that are buried deep
underground (> 200 meters) that cannot be economically accessed by open-pit
mining.**

The most common open-pit mining method in the extraction of crude
bitumen from the oil sands ore is the Hot Water-based Extraction (HWE)
process.” In this extraction process, the oil sands ore is mined and crushed,
followed by the addition of water, heat and other additive solvents to prepare oil
sands slurry. Then, the prepared slurry is pumped into a hydrotransport slurry
pipeline to help liberate bitumen from the bitumen-rich oil sands. During this
mechanical shear process, air is usually injected into the hydrotransport slurry
pipeline, in which the bitumen droplets are permitted to attach to the air bubbles.
The aerated slurry is then pumped into the gravity separation vessels to recover
the bitumen as bitumen froth as shown in Figure 2.1. At this stage the slurry is
separated into primary bitumen froth, middlings and tailings.

The bitumen froths generated from the separation vessels and flotation
cells, are complex mixtures of bitumen-continuous and water-continuous phases.’
The froth from these two steps contains approximately 60% bitumen, 30% water
and 10% solids by weight, and is highly viscous. Consequently, hydrocarbon
solvent is usually added to bitumen froth to lower the viscosity and density, which

facilitates further water and solids separation from the bitumen froth.”

13



The main purpose of the froth treatment is to remove the aqueous phase
and solids present in the bitumen froth for a clean bitumen product. Most of the
hydrocarbon solvent is recovered from the diluted bitumen and reused in the
operations. In general, even after extensive froth treatment, the solvent-diluted
bitumen product still contains micron size water droplets in the form of water-in-

oil emulsions and colloidal mineral particles (~ 0.5%).>

Bitumen 60% , Solids 10%

Water, Oilsands Ore and Water 30% by wt. A‘ffj_ed diluent
Gl l Bitumen 10% , Solids 85% —
Cher;ical and Water 5% by wt. Froth

v

—— Extraction

Treatment

Recycled Mixture of fine and
coarse solids 30% by wt,

Solvent

Water, recovered

Heat, Taili
; ailings
Chemical
< Treatment

Solvent
Recovery

Solids, Water, Bitumen

and Solvent

Bitumen Product
> 99% Bitumen
< 0.5% solids

Tailings

< 1% water

Figure 2.1. Simplified schematics of bitumen production process from oil sands
ore by Hot Water-based Extraction (HWE) process. The Google view satellite
map of the oil sands extraction and tailings pond site was taken from reference

[66] and the diluted bitumen crude oil image was taken from reference [67].

A number of studies have shown that after the use of multiple stage

centrifugation centrifuges and several stages of gravity settling, some emulsified
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water droplets remain within the diluted bitumen.>****%7° Generally, it has been
reported in the literature that the final recovered diluted bitumen product contains
1-2% water, which is present as 1-5 um diameter water droplets in the form of
stable water-in-oil emulsion.***%®"® There are two major technologies used in the
oil sands operations to-date for froth treatment. These are naphtha-based and
paraffin based froth treatment techniques.

Naphtha-based froth treatment (NFT) is a common technique employed by
Suncor, Syncrude and CNRL. In this conventional technique, the solvent naphtha
is usually added as a diluent at a reasonably low solvent to bitumen ratio to lower
the bitumen froth viscosity and density. It has been reported that, in the naphtha-
based froth treatment, no major heavy organic compounds such as asphaltenes are
precipitated out throughout the treatment processes. Although the naphtha-based
froth treatment easily removes the majority of the water and solids present in the
froth product, a fairly high amount of water about 1% by weight and solids are
still present in the final diluted bitumen product, regardless of the use of more
settling area and demulsifiers.

The second froth treatment method is the paraffinic solvent-based method.
With the paraffinic solvent-based method, the collected froth is diluted with the
paraffinic diluent such as n-heptane or hexane to a desired solvent to bitumen
ratio. Although, the water and solid content of the final bitumen product decreases
sharply as compared to the NFT, the method still suffers from a number of
detriments.> The addition of the paraffinic solvent always leads to the

precipitation of the heavy organic components of the crude oil.” Therefore,
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monitoring the precipitation onset of the heavy organic compounds is an
important factor in this froth treatment process.>""?

Masliyah et al (2009)° noted, the following two most common
shortcomings of this method: (i) the settled layer of water, solids and precipitated
heavy organic compounds in the waste tailings needs to be further handled to
isolate each of the by-products, and (ii) during the froth treatment process some of
the heavy organic compounds are removed from the diluted bitumen in which it
negatively affects the overall bitumen upgrading strategies currently used in the
oil sands sector. Despite the above mentioned drawbacks, however, the paraffinic
froth treatment process is still a better method in treating emulsified water
droplets than the conventional NFT method. The main reason is that it eliminates
most of the water contaminates and fine solids from the bitumen froth. The
removal of solid fines, in particular, is very important since it impacts greatly the

bitumen upgrading process. Solid fines in the diluted bitumen always cause

damage by reactor plugging and increasing the rate of coke formation.”

2.2 Crude Bitumen Analysis

SARA (saturated, aromatics, resins and asphaltenes) fractionation method
as shown in Figure 2.2 is the most commonly used and standard method for
separation of crude bitumen into various crude oil fractions. However, the details
of the SARA fractionation and their characterization technique vary from one
laboratory to another. It is therefore important to follow the same technical
procedures when studying bitumen components.® Based on this fractionation
method, asphaltenes are first removed by precipitation from the crude oil using a
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paraffinic solvent (i.e., n-heptane or pentane). The remaining maltenes or
deasphalted oil is then further separated using different polar solvents into
saturates (e.g., using hexane solvent), aromatics (e.g., using toluene solvent) and
resins (e.g., using methanol solvent) by chromatographic column. Each fraction of
the crude oil has different polarity, molecular weight, aromaticity and heteroatom

contents.

[ Crude Oil ]

n-Heptane or n-Pentane

Insoluble Fraction

Soluble Fraction

CoEnEs

sphaltenes

>

i) Polarity
ii) Molecular Weight
iii) Aromaticity
iv) Heteroatom Content
Figure 2.2. A typical schematic diagram of SARA fractionation method which is

used for the fractionation of crude bitumen components based on solubility

behaviour.

The saturate fraction of the crude oil generally contains aliphatic
compounds, while the aromatic fraction of the crude oil mostly consists of an
aromatic group with a very short aliphatic side chains attached. Resins are defined
as the non-volatile and polar fraction of the crude oil that is soluble in the liquids that

precipitate asphaltenes.>* Resins are commonly isolated or extracted from the crude
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bitumen by adsorption onto a polar surface such as the hydrophilic silica particles.
Resins possess lower molar mass, slightly higher hydrogen to carbon ratio, and lower

heteroatom contents than asphaltenes.>*>%

2.2.1 Asphaltene Molecular Composition

Speight et al. (2004)*" noted that the characteristics and amount of
asphaltenes in a crude oil depend to a large extent on the source of the crude
bitumen. Asphaltenes contain a wide range of functional groups. These functional
groups include carboxylic, thiophenic, sulfide, hydroxy, pyridinic, pyrrolic, and a
variety of other basic groups.*’ As a result of this complex molecular
composition and varying functional groups, the actual molecular weight and
structure of the asphaltene compounds remain unknown.

One of the challenges in understanding asphaltenes is the difficulty
associated with measuring the average molecular weight or their molecular weight
distributions.**”® This is mainly because asphaltenes tend to associate and form
nanoaggregates even at an extremely low concentration. However, despite their
molecular complexity and controversies on their molecular weight and chemical
structure, their importance in petroleum processing, particularly their fouling
propensity owing to aggregation and precipitation, is commonly acknowledged.

Klein and co-workers’, in recent years, studied extensively molecular
composition of bulk asphaltenes using ESI FT-ICR MS technique. Interestingly,
they found over 6000 chemically distinct peaks, which in turn suggests that the

composition of the precipitated asphaltenes are indeed a mixture of many distinct
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compounds with different structures. Figure 2.3 shows the reported bulk

asphaltene ESI FT-ICR MS result observed by Klein et al.”

| Bulk Asphaltenes

g

3 . 300 350 400 450 500 550 600 650 700 750 800 850
e miz

Asphaltene e

Figure 2.3. Analyses of bulk asphaltenes by ESI FT-ICR MS. The presence of

over 6000 chemically distinct peaks indicates that asphaltenes are indeed a
complex mixture of different compounds with different functional groups. The
spectrum of Electrospray lonization Fourier Transform lon Cyclotron Resonance
Mass Spectrometry (ESI FT-ICR MS) of the bulk asphaltene was obtained from
the Klein research group at the Christopher Newport University: Petroleomics and

Asphaltenes. Reproduced from [78].

2.2.2 Asphaltene Molar Mass and Elemental
Composition

The most notable feature of asphaltenes in crude oil is their tendency to
self-associate even at a very low concentration. Measuring the correct molecular
weight and proper molecular structures of asphaltenes is difficult and usually
leads to controversy among numerous scientists and engineers in the area of
petrochemistry.” """ Conversely, the extent of their aggregation in polar solvents
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such as toluene is rather limited, terminating at the nanoaggregation level. It is
equally important to emphasize that, not only the controversy revolves around its
molecular weight, contentions also exist regarding the real cause of the molecular
associations at extremely low concentrations. This is mainly due to the fact that
the molecular functional group arrangements and structure of asphaltenes are not
well defined.”"" Nevertheless, it is widely believed that the van der Waals
attraction between the large flat molecular area of the aromatic molecules is
responsible for the onset of asphaltene nanoaggregations. 3"

Over the years, various experimental techniques have been employed to
derive the molecular weight of asphaltenes. The most widely used techniques are
the vapor pressure osmometry (VPO), gel permeation chromatography, optics
techniques, fluorescence depolarization, mass spectroscopy, etc, 1374778083
Although significant disparities on the measured “molecular weight” were
observed from these experiments, the general consensus for asphaltene molar
mass among scientists and engineers is started to settle with the mean values in
the range between 700-800 g/mol.”

Akbarzadeh et al. (2005),>>% also reveals that with the exception of the
Indonesian heavy oil, almost all of the n-pentane precipitated asphaltenes exhibit
a density range between 1181-1193 kg/m3.>® It is also reported that the solubility
parameter of C; asphaltenes ranges between 19 and 24 MPa™® at room
temperature.””® As mentioned earlier, almost all asphaltenes irrespective of their

source, contain heteroatoms such as oxygen, nitrogen, and sulfur. The elemental

composition (in wt. %) of asphaltenes precipitated with n-heptane ranges ~ 78-
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90% Carbon; 6.1-10.3% Hydrogen; 1.9-10.8% Sulfur; 0.7-6.6% Oxygen; 0.5-

3.0% Nitrogen; and 0-1200 (ppm) Vanadium.*

2.3 Asphaltenes at the Oil-Water Interface

Emulsion is a system containing a thermodynamically unstable dispersion
of two immiscible liquid phases or mixtures in which one of them disperses as
droplets or some sort of globules in the other.**¢#9%8 Emylsions are stable
when the droplets of disperse phase do not coalesce or flocculate.”” In general, the
liquid which breaks up into droplets is termed as a dispersed phase, whilst the
liquid surrounding the droplets as a continuous phase.**"*° It is reported in the
literature that the stability of water-in-oil emulsions is steric in origin.>*™’ Steric
repulsion commonly referred to as the resistance of the adsorbed interfacially
active species at droplet interfaces to interact with the adsorbed species on other
droplets.> Figure 2.4 shows the nature of the steric interaction between two water
droplets covered by the interfacially active species.

As mentioned above, emulsifying agents or interfacially active species are
always required for the formation of emulsions during bitumen extraction and
transportation processes. It is believed that asphaltenes and solid particles form a
steric interfacial film covering the water drops, thereby, providing stabilization
against water drop coalescence.******® Some of the emulsifying agents
commonly found in crude bitumen are asphaltenes, resins, naphthenic acids and
other materials such as iron, zinc and aluminum sulfates, calcium carbonate,

silica, and iron sulfide.>**"*
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Figure 2.4. Crude oil interfacial active species adsorbed at the oil-water interface.
The diagram also shows the nature of the steric interaction between two water
droplets covered by the interfacially active species. Micrograph of water in

diluted bitumen emulsions. Naphtha/Bitumen = 0.65, 5wt% water. Reproduced

and modified from [5, 44, 54].

The interfacial film formed is composed of asphaltene aggregates that
interact through donor-acceptor interactions.” It has been reported in the literature

that a low concentration of asphaltene in the crude oils is sufficient to form a
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stable emulsion.>*3*%® Consequently, the interfacially active asphaltenes play a
crucial role in emulsion formation and stabilization.

McLean et al. (1997)% stated that resins are non-volatile and polar fraction
of the crude oil that are soluble in the liquids that precipitate asphaltenes. They
often act as peptizing agents for asphaltenes in crude oils. It is well documented
that resins do not participate in the formation of stable emulsions. “***®° However,
the addition of resin to a constant asphaltene concentration increases the resin-
asphaltene ratio (R:A), and hence decreasing the emulsion stability.®®*** This is
achieved by making asphaltenes less surface active through strong solvation and
formation of resin-solvated asphaltenic aggregates. Furthermore, McLean and co-
workers pointed out that resin-solvated asphaltenic aggregates may lower their
free energy by shedding the solvating resins on one side to form partially-solvated
aggregates, which are interfacially-active and adsorb at the water-oil

interface. % |t is

important to note that, the extent to which the asphaltenes are
solvated by resins is one of the most important factors controlling asphaltene
aggregation at the oil-water interface.

Another important crude oil fraction, which affects emulsion stabilization
iIs waxes. Waxes cannot act as emulsifying agents by themselves, but in
conjunction with asphaltene and resin they can alter emulsion stability.**%%
Elsharkawy et al. (2009)® pointed out that, when the hydrophobic side of
asphaltene aggregates adsorb on wax surface, its wettability will change from a

total oil wet to biwettable. These solvated wax particles with the adsorbed

asphaltene aggregates would then migrate to the oil water interface, contributing
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to the stability of emulsions. Therefore the ratio of wax to asphaltene plays an
important role in the formation of emulsions.>*®"%

Oil aromaticity has also significant effect on the stability of emulsion.
Several studies®® have shown that emulsion stability changes with the aromatic
character of oil phase in a water-oil system. Fgrdedal et al. (1996)% observed that
the aromatic nature of the oil phase has a greater impact on the stability of
emulsion. They found that when the oil phase is a pure aromatic phase such as
toluene, emulsions cease to exist. However, with pure aliphatic solvent as an oil
phase, an emulsion of high stability was observed.®>® The addition of the
aromatic solvent creates an environment that is more conducive to the nature of
the condensed polyaromatic asphaltenes (i.e., it neutralizes the surface-active
nature of asphaltenes). Similar conclusion was also reached by McLean et al
(1997),% Li et al. (2002),”" and Elsharkawy et al. (2008)*. It is evident that the
aromaticity of the oil phase plays a crucial role in emulsion formation and
stability.

Sjoblom et al. (2002)® reported, in recent years, crude oils of higher than
normal amounts of naphthenic acids in several oil field industries. As a result, some
of the problems associated with emulsion issues during crude oil production are
believed to be associated with the presence of enriched naphthenic acids in the
crudes.® % Naphthenic acids are among the naturally occurring components in crude
bitumen.?% These molecules adsorb at the oil-water interface in such a way that the
polar groups are incorporated into the water phase while the hydrocarbon part of the
molecules is oriented away from the water.%® This phenomenon leads to the formation

of surfactant film around the droplets that facilitates the process of emulsification. In
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fact, it is believed that naphthenic acids compete with surface-active asphaltenes
during crude oil production in the formation of emulsions.

Finally, the stability of emulsion is greatly affected by the salt
concentration and pH of the aqueous phase. For example, at high pH of aqueous
phase, the polar sites of the asphaltenes are subjected to complete ionization,
leading to accumulation of charges on the interfacial film. This in turn destroys
the skin surrounding the water droplets, and eventually breaking the emulsion.
Increasing the salinity of the aqueous phase can also affect emulsion formation
and stability by drastically reducing the Debye length in the double layer.
Therefore, the concentration of the anionic and cationic species, and the pH of the

aqueous phase play a crucial role in emulsion formation and stabilization.'*"%?

2.4 Asphaltene Aggregation and Flocculation

The active sites on the surfaces of asphaltenes come together via different
interaction mechanisms to irreversibly aggregate, flocculate and finally deposited
in the system.>* As mentioned earlier, asphaltenes contain a wide range of
functional groups such as carboxylic, thiophenic, sulfide, hydroxy, pyridinic, and
pyrrolic with their mean molecular weight values in the range between 700-800
g/mol and density range between 1181-1193 kg/m3.

It is also reported that asphaltenes contain 4-10 number of fused aromatic
rings per polycyclic aromatic hydrocarbon in asphaltene. The critical
nanoaggregate concentration of asphaltenes is reported between 50-150 mg
liter '.>#*1%2 Based on the above information and other extensive experimental

studies the conceptual framework of Yen-Mullins model was developed.*®:6%76:102
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The modified Yen model (or the Yen-Mullins model), which conceptualizes the
process of asphaltene aggregation and clustering mechanisms, is shown in Figure
2.5.100076192 The yen-Mullins model was used as a guide in this research,

particularly for our bulk phase study.

Single Molecule Nanoaggregate Cluster

1.5 nm 2nm 5nm

Figure 2.5. Yen-Mullins model. The model proposed by Yen and Mullins shows
that the dominant molecular and colloidal structures for asphaltenes in laboratory
solvents. Based on this model asphaltene molecules form nanoaggregates and
then clusters with increasing concentration. Re-drawn from references [16, 60, 76,

102].

A Dbetter understanding of the chemical composition and structural features is vital

in order to predict the aggregation onset of asphaltene molecules in their medium.

2.5 Proposed Asphaltene Structures

There still exists strong controversy regarding the “exact structure” of
asphaltenes. Over the last decade, two equally competing models have been

proposed to describe the anticipated chemical structure of asphaltenes based on
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the experimental findings and consensus among the researchers in this area. >

These model structures are based on how the various functional groups or the
aromatic cores of asphaltenes are arranged in the anticipated “real structure” of
asphaltenes.®**1%2 These two competing models are known as “archipelago” and
“continental” model as shown in Figure 2.6. The different functional groups are
arranged at different active sites of asphaltenes in addition to the controversy of

34,35,102

the aromatic core arrangements. The archipelago model describes

asphaltenes as many aromatic cores interconnected by an aliphatic chain with
different functional groups, while the continental model defines asphaltenes as a

single aromatic core with aliphatic side chains of various functional groups.***

Aliphatic

J -~

Thioether HN O Q !
(0]
(0}

=

S

Indole .
Carbonyl

Continental structures Archipelago structures

Figure 2.6. The two proposed and equally competing models for the “exact

structure” of asphaltenes molecules. Re-drawn from references [34, 35].
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The current research on asphaltenes using model compounds both
experimentally or computationally revolves around these conceptual models of
asphaltene structures. Although these two types of models have been proposed,
the exact chemical identity of asphaltene remains unknown. They are equally
valid and serve as a platform for designing model compounds in studying
asphaltene physico-chemical behaviours. It is important to emphasise at this stage
that the tendency of these asphaltene molecules to self-associate and form large
aggregates or clusters is related to the structural arrangements of the functional

groups.3*

2.5.1 Asphaltenes Model Compounds

Many researchers have developed or used a number of asphaltene model
compounds to study the structural stability and property of asphaltenes in various
solution environments conditions.*** Some of the model compounds used to
study asphaltenes are alkylated hexabenzocoronenes,® violanthrone-78 (VO-
78),* perylene bisimides (PBI),'*% polycyclic aromatic hydrocarbons (PAHS),
etc*. Figure 2.7 shows some of the structures of asphaltene model compounds.

Sabbah et al. (2011)'® studied extensively two competing model
structures of asphaltenes (archipelago and continental) using a family of 23 model
compounds and 2 petroleum asphaltene samples, and laser desorption laser
ionization mass spectrometry. They found that all model compounds that
resemble the archipelago nature of asphaltenes show little to no similarity to the
observed behaviors for the two asphaltene samples, whereas the continental

featured model compounds mimic the behavior of the real asphaltene molecules.
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From their findings, they concluded that the dominant structural character of
asphaltenes is island-like.'® Their conclusion is based on the fact that asphaltenes
and continental model compounds do not undergo fragmentation even under
extremely severe fragmentation conditions, while the archipelago model
compounds simply fragment with lesser power increase.’® Moreover, their
investigation was further supported by the recent experimental findings using
scanning tunneling microscopy. %’

Gonza'lez et al. (2007)* also observed that the adsorption of Ci-
asphaltene from Athabasca bitumen and some model asphaltene molecules (amine
modified Xylenol Orange, Violanthrone-78, and Violanthrone-79) on
macroporous kaolin is independent of their molecular size. However, the
molecular specificities such as structure and heteroatom content and type play a
great role in the adsorption mechanism. They suggested that the continental type
model compounds saturate the surface at a similar molecular extent as the sample
asphaltenes, in contrast to the archipelago type, which saturates the surface
plentifully.** Although their study highlights the importance of different
functional groups, how individually each functional group affects the adsorption
process was not addressed in detail.

Rakotondradany et al. (2006)*° reported an extensive study on
polyaromatic model compounds (Alkyl hexabenzocoronene, HBC). Their study

focuses on the self-association and aggregation behaviour of asphaltenes under

typical extraction and upgrading conditions (e.g., over a range of temperatures).*
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Rakotondradany et al. (2006)*° Gonzalez et al. (2007)*
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Andrews et al. (2011)* Nordgard et al. (2008)'*

Mullins et al. (2011)**

Figure 2.7. Typical asphaltene model compounds used to represent asphaltenes
molecules. Reproduced from references [39, 40, 41, 102, 103]
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In their study, various experimental techniques were employed such as the
vapor pressure osmometry (VPO), nuclear magnetic resonance (NMR), optical
and electron microscopy, X-ray and small-angle neutron scattering, calorimetry
(DSC/TGA) and high end computational simulation methods. The data from their
study indicate that Cs.HBC tends to form dimers at an extremely dilute solution
and at temperatures as high as 400 °C, which is similar to the self-associate
behaviour of asphaltenes even at an extremely low concentration and high
temperature. They inferred that the self-association behaviour of the HBC model
molecules is controlled by the interplay of alkyl-alkyl and =-m stacking
interactions.*

Headen et al. (2009) *" for instance, presented a great work on modeling
the dynamics of asphaltene aggregation using molecular dynamics simulations.
They reported that nanoaggregation occurs in both toluene and heptane solvent.
The aggregates persist for longer durations in heptane than in toluene. From their
work, they concluded that the free energy of dimer formation for asphaltene
molecules in both toluene and heptane ranges from -6.6 to -12.1 kJ mol™. This
suggests the reason behind the formation of dense nanoaggregates in both
solvents as observed by Small-angle X-ray scattering and small-angle neutron
scattering (~5-10 nm),3" 08110

Kuznicki et al. (2008)* reported extensive studies on the aggregation and
partitioning of asphaltene-like model compounds with similar molecular weights
in toluene, heptane and water.*** The most important contribution of their work

is that, interfacial activity of these model compounds depends more on their
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terminal groups rather than on their polyaromatic ring regions. Similar
conclusions were reached regarding the importance of terminal functional groups
by Gonza’lez et al.** Follow-up work on these model molecules (Kuznicki et al.
2009)* revealed that all model asphaltene compounds partitioned completely into
the toluene phase in the binary systems of toluene and water, indicating a strong
affinity to partition completely into the oil phase rather than the water phase.
Another important findings from their work is that while the ionized asphaltene
model compounds (-COO") remained cemented to the toluene-water interface, the
uncharged asphaltenes molecules (-COOH) prefer to aggregate in the bulk toluene
phase, further demonstrating the importance of charge or pH in the system.?**®
Pacheco-Sa’nchez et al. (2003)™* conducted classical molecular dynamics
simulations on 96 hypothetical asphaltene model molecules at different
temperature ranges. Results from their study suggested that aggregation of
different structures has different interactions, and the average number of
asphaltene molecules in aggregates decreases with increasing temperature.
Moreover, in their simulation work they also calculated the minimum of the
potential energy well, which is in the range of 3.5 - 4.0 A. Their work was mostly
based on the gas phase, and the environmental factors such as the solvent effects
were ignored. However, they were among the first to report on the minimum of
the potential energy well using molecular dynamics simulation methods and
correlated their results with the Yen model. Follow-up work (Pacheco-Sa'nchez et
al. 2004)'*? was performed on various asphaltene model compounds in an attempt

to understand the morphology of the aggregated asphaltene model molecules
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using molecular dynamics simulations. Based on their results, it was concluded
that face-to-face stacking is one possible scenario in asphaltene aggregates.
Various other stackings such as m-offset and T-shaped stacking geometries were
other possible ensemble structures that exist in the system.'*?

Murray et al. (2011)™ recently proposed a new approach in the way we
perceive asphaltenes in crude oil. They claimed that the various components of
the asphaltene molecules such as the carboxylic, thiophenic, sulfide, hydroxy,
pyridinic, pyrrolic, and the aromatic core exhibit complex bridged structural
organization of asphaltenes aggregating be it in a diluted bitumen or toluene
solvent over a range of concentration and temperatures.

Consequently, they suggested that an asphaltene architecture dominated
only by an aromatic stacking does not fully capture the essence of real asphaltene
aggregation in a real system. Based on their extensive literature survey on the
chemistry of asphaltenes and existing experimental and computational data, they
proposed an alternative molecular association paradigm based on the concept of
supramolecular assembly of molecules by incorporating different interaction
phenomena such as Brgnsted acid-base interactions, metal coordination
complexation, hydrogen bonding, aromatic m-m stacking, interaction of alkyl
groups that form hydrophobic pockets, etc. Finally, they suggested that model
compounds based on elucidating different types of supramolecular association is a

good approach in mimicking the complex architecture of asphaltenes.
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2.5.2 Perylene Bisimide Derivatives (PBI)

Perylene based model compounds to represent asphaltenes have become a
unique idea in the last few years since the aromatic core of these molecules can be
easily altered through simple synthetic routes. Perylene bisimide derivatives,
shown in Figure 2.8, are a class of distinct organic compounds with abundant
applications.****? They are unique compounds for their optical and electronic
properties, chemical robustness, thermal stability, extended quadrupolar & system
and high fluorescence quantum yields."*'? As a result of these distinct
characteristics, they have found widespread and promising applications in many
areas including thin film transistors, photovoltaic and fluorescence sensors, liquid
crystals and the construction of self-assembling nanostructures, pigment and laser
dyes, organic solar cells, etc.**4*%

The most fascinating aspect of these compounds is the dynamic control
over the supramolecular interactions or assembly of the molecules you have by
incorporating a photoswitchable unit at the side chain of the aromatic core.*®* For
example, Wang et al. (2010)'** demonstrated that the optoelectronic and
aggregate properties of the perylene backbone can be tuning by pH. The results
from their work showed a clear reversible aggregation or stacking modes by
changing the pH of the system (using pH as assembly control mode). This
intrinsic switchable property of these molecules makes them good candidates as

asphaltene model compounds since pH is a key factor in the extraction of bitumen

from the oil sands.
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Figure 2.8. Perylene bisimide (PBI). The aromatic core of the molecule is
perylene.

Ghosh et al. (2008),'* also performed a series of experimental studies
using UV-visible and CD spectroscopic, gelation tests and AFM to investigate the
influence of peripheral alkyl side chains on the self-assembly and gelation
properties of various structurally similar perylene bisimide derivatives. Results
from their study reveal that depending on the nature of the alkyl substituents,
different stacking phenomena were observed. Moreover, they indicated that the
self-assembly mode of the system is largely dictated by the steric effect at the
peripheral side chains of the aromatic core. They further revealed that the nature
of the side chain (branched or linear alkyl groups) also has a tremendous impact
on the self-aggregation mode of the stacking. With the aim of expanding the
molecular optoelectronics applications of perylene bisimide derivatives numerous

moieties or units were incorporated to perylene bisimide derivatives.
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For instance, Wasielewski et al. (2005)*?°

were among the first who linked
perylene bisimide with porphyrin moieties in the design of light-intensity
dependent molecular biphotonics. In their study they synthesized two porphyrin
donors rigidly attached to a perylene bisimide moiety.

Wiirthner et al. (2005)**° recently developed perylene bisimide
incorporated with zinc porphyrins. Their characterization showed a self-
assembled oligomeric zigzag assembly. Therefore, the further functionalization of

the PBI molecules by incorporating porphyrins in their building blocks is a special

property that resembles certain constituents of the crude oil.*

2.6 Summary

From the above literature review, it may be concluded that most of the
existing modeling and simulation studies on asphaltene aggregation and
adsorption were based on hypothetical model compounds in varying system
conditions. Although most of the model compounds employed in these studies
have proved useful in providing valuable information regarding crude oil
behaviour, most of these molecules are not real molecules, and hence, these
studies do not allow experimental validation of any of the simulation results. In
addition, none of these hypothetical model compounds were designed with
strategic structural and functional groups, such that one can easily alter and study
diverse components of the crude oil separately while keeping the core feature of
the crude oil behaviour intact. Thus, a synthetic and easily functionalized model
compound, which mimics the actual crude oil behaviour under extraction and

upgrading conditions, will be used in this thesis to explore the physico-chemical
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properties of the crude oil components using MD simulations coupled with
experimental techniques such as dynamic light scattering and nuclear magnetic

resonance.
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Chapter 3

MD Simulation and Experimental
Methods

3.1 MD Simulation

Advances in both simulation speed and force field accuracy recently
enabled us to simulate complex multi-phase fluid applications involving
interfacial dynamics, macromolecular systems and biological systems.?%
However, the need to optimize the algorithm or find better simulation models that
can work in an efficient way with the limited resource we have is also crucial. The
fundamental and basic idea of MD simulation is to study the property of the
molecules at an atomic level so that the macroscopic properties of the system can
be predicted.® This is due to the fact that the collective behaviors of the many
atoms that exist at the microscopic level determine the macroscopic dynamics of
the system.

MD simulation was first introduced by Alder and Wainwright in the late
195051 to study the condensed phase systems using a hard-sphere model. In

this section, we describe the equations of motion, force field and the algorithm for

integrating the equations of motion in greater detail.
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3.1.1 Equation of Motion

For a system of N atoms treated at the classical mechanics level, the time
evolution of a set of interacting atoms in the system is followed by the solution of
the Newton’s equation of motion'®'® ***¥" During the time evolution of the
system, each atom is treated as a single point with a mass of m; and charge of ;.
Thus, the Newton’s equation of motion for all interacting atoms in the system is

given by the following equation:

dv(t) _ o dn()

Fi(t):miai (t)=m, dt i at?

(3.1)

where r,(t) = (x (t), y; (t), z,(t)) is the position vector of i™ atom in the system with
F, force acting upon it at time t. v,(t) and &(t) describe the velocity and

acceleration of i™ atom in the system, respectively. The atomic accelerations are
computed from the forces and the masses. However, that Newton’s equation of
motion is simply stated that if the force acting on i atom is determined or
predicted, one can easily determine the position of the i atom as a function of
time by simply integrating the equation twice.'®*® 3613" Conversely, the force
exerted on the i"™ atom can also be expressed as the gradient of the potential
energy as shown in equation 3.2.231% 138137 combining equations 3.1 and 3.2

results in equation 3.3.

F (1) =-V,U(r) (3.2)
_ 40 ()
-Vu(r)=m, e (3.3)
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The equations and the associated parameters that are used to determine the
potential energy on the i™ atom in the system are collectively called the force
fields. Over the last few years, a number of force fields have been developed for
different molecular types. For example, CHARM"® is used for biomolecules and
organics; Chem-X** for organics; MM3*° for organics and biomolecules;
DREIDING™! for main-group organic and inorganic compounds; GROMOS*
for biomolecules; MMFF***% for organics and biomolecules; SYBYL for
organics and proteins; AMBER™® for biomolecules and so on.

In order to effectively utilize the power of MD, the appropriate choice and
selection of the experimentally validated force field is vital, in particular for the
system of interest. Since we are dealing with a large complex organic molecule in
organic solvents, we opted for GROMOS96 in all our simulations. GROMACS

provides the Gromos96 force fields. *2*4°

3.1.2 GROMQOS96 Force Field

GROMOS is an abbreviation for GROningen MOlecular Simulation
software package. It was first developed at the University of Groningen, The
Netherlands for modeling biological systems such as proteins, peptides and
phospholipids.***** In GROMOS, the chemical bond of the molecules are usually
treated as springs, the hardness of which depends on the type of elements attached
to it."**%2 Additionally, different types of springs are also used to model the
151,152

changes in bond angles, proper and improper dihedral angles, etc.

GROMOS96 treats molecules as bonded atoms, which have been distorted by the
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non-bonded interactions such as van der Waals and Columbic interactions from

their ideal geometry. 13641152
The simplified mathematical framework of the GROMOS96 force field

used in this study is shown in Figure 3.1.
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Figure 3.1. Simplified mathematical framework of GROMOS96 force field,

where U(r) is the potential energy of the system, r, 8 and & represent the bond
distance, bond angle and improper dihedral respectively, whereas the terms r,, 6,
and &, are defined as the ideal equilibrium values for the bond length, bond angle
and improper dihedral, respectively; K,,,;, K, and K, refer to the stretch, bend

and improper dihedral force constants, respectively; K and n refer to the

amplitude and periodicity of the proper torsion angle, respectively; ¢ is the phase
shift along the rotation angle axis; o;; refer to the degree of attraction and

repulsion, and q is the charge.
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It is important at this stage to mention that, the sensitivity and applicability of
GROMOS96 force field to targeted molecules such as polyaromatic molecules®**®
was first tested and shown to be useful and valuable in exploring the

conformational and structural dynamics of polyaromatic molecules in different

solvents.

3.1.3 Integration of the Equations of Motion

In MD simulation, the numerical solution to the time evolution of the
system takes place along discrete or finite time step, termed &.***™** The main
purpose of integrating the Newton’s equation of motion is to locate the position of
an atom at time t + o in terms of the previous position of the atom at time ¢. The
new atomic position trajectory in the system was expressed using Taylor series
mathematical expansion shown in Figure 3.2. Due to its simplistic nature, the
Verlet algorithm is often deployed in most classical MD simulations. The idea
behind this algorithm is to derive the position of the atom (7 (t + 6¢)) from Taylor
expansions and the velocity of the atoms is calculated from their positions.

It is noted that, in order to determine the exact trajectories of the atoms, it
is vital to use an infinitesimally small integration time step. The value for the term
ot is usually determined by the fast vibrational bond motion of the atoms in the
system. As a result, one femtosecond is usually used as an integration time step to
account for the fast bond vibrations in the MD simulations. However, constraining
all bond lengths using LINCS or SHAKE algorithms allow us to use larger time-
steps (e.g., 2 fs) without significantly affecting the equilibrium properties of the

152
system.
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Figure 3.2. The mathematical framework of Verlet algorithm

The main problem with Verlet algorithm is that the velocities are not
calculated directly instead they are calculated from the position of the atom.
However, despite the oversimplified nature of the algorism, this method is
computationally less expensive, yet still gives some very helpful qualitative
predictions of the structural and dynamics of the system in dilute situations.'*
However, with the rapid advances of powerful computer hardware a number of
modifications to the Verlet algorithms was proposed such as the so-called “leap-

frog” algorithm, velocity Verlet algorithm etc. GROMACS MD program utilizes

the so-called “leap-frog” algorithm for the integration of the equations of motion.

The general GROMACS MD algorithm follows these steps to perform simulation:
) Ensure that particles do not overlap at initial positions and then followed

by Maxwell velocity distribution.
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i) Move and integrate (“leapfrog” method).

du(r) _

— 1. Solve for a;at t using: — f. =ma,(t)

2. Update v, at t+%using: vi(t+%j=vi(t—%j+ai(t)ét

——— 3. Update r;at t+dtusing:r,(t +Jt) = ri(t)+vi(t+%jét

Although there is no distinct point of termination but usually the system
will reach equilibrium if it runs for a long time, and that depends also on your
system of interest. The advantage of using GROMACS software is that it is very
fast and computationally inexpensive. Therefore, this technique is well suited for

studying large molecules such as polyaromatic surfactants, proteins and peptides.

3.1.4 MD Simulation Parameters

When running MD simulations, a number of algorithms were used to
control the simulation system under a specific thermodynamic ensemble. The
most common algorithms deployed when performing an MD simulation are the
thermostats, barostats, periodic boundary condition, particle Mesh Ewald
summation methods, etc. The thermostats and barostats methods are used to
control and keep constant temperature and pressure of the simulating systems.
The periodic boundary condition (PBC) and Particle Mesh Ewald (PME) methods
are on the other hand used to avoid problems with boundary effects caused by the

finite size, and to efficiently compute long-range electrostatic force terms of the
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system. When MD simulations are performed for a given system, GROMACS

program will load those algorithms and execute accordingly.

3.1.4.1 Thermostats

Thermostats are frequently introduced during the MD simulations to
ensure the system attaining a desirable temperature value. Depending on the
computational cost and complexity of the algorithm, a number of thermostat
methods are available in GROMACS.****>1"1% gome of the most popular
thermostats widely used in the simulation of biomolecules are the Berendsen
thermostat and Nosé-Hoover thermostat.

Berendsen et al. (1984)™* introduced the framework for controlling the
temperature of the system based on the concept of velocity scaling approach. In

Berendsen's method, the system temperature (T(t)) is maintained by coupling
weakly to an external bath with a desirable fixed temperature T,. Hence, the

external heat bath is used to balance out any temperature fluctuations by
supplying or removing heat from the given system whenever appropriate.’*>**" In
general, the velocities are scaled at each time step so that a mean Kinetic energy
proportional with the desired bath temperature is achieved.'*® In other words, the
rate of change in temperature is proportional to the difference in temperature

between the system and external bath, and is given by Equation 3.4. The rescaling

of the velocity is done by factor 4, which is given by Equation 3.5.
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dT(t)zfcro -T() (3.4

2142 TO& -1 (3.5)
4 T(t—E)

where 7z and &t are the coupling parameter between the bath and the simulating
systems, and the time step, respectively. The main drawback of this algorithm is
that it suffers from inaccurate energy predictions. Nevertheless, it is a suitable
technique for rapid relaxing of a system to a desirable temperature.***®°

The Nosé-Hoover thermostat is another mathematical model available in
GROMACS used to control the temperature of the system around an average. The
thermostat was originally developed by Nosé and further modified by Hoover in
1985.°*%° |n this model, an additional degree of freedom is added into the

equations of motion, as described in Equation 3.6, in which Q is some sort of

fictional heat bath mass and includes the coupling time constant, and £(t) is the

scaling factor variable.

The main problem with this method is that the temperature can display
large oscillations for small time constants and become unstable relative to simple
velocity rescaling methods such as the Berendsen thermostat. However, this

method usually reproduces reasonable well the energy of the system.**?

dr R . diodém)_1
dt>  m é(t)dt’ i Q

T®-T,), Q=T,z" (3.6)
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3.1.4.2 Barostat

Most practical experiments are done at constant pressure and temperature,
instead of constant volume and temperature. Therefore rescaling the volume of
the system is vital in order to set the system pressure towards a desired
value. "1 This is usually achieved by changing the dimensions of the
simulation box vectors (or volume fluctuation) at each time step of the simulation
period. Unlike temperature control via the thermostats which is directly related to
rescaling of the velocities, pressure rescaling is not directly related to the volume
of the system but to the inner virial tensor.****® The most common algorithms for
pressure control in GROMACS are the Berendsen and Parrinello-rahman
methods.”**% Similar to Berendsen thermostat, correcting pressure is achieved
by weakly coupling the system to an external bath. The scaling factor for each

dimension is given by Equation 3.7.
ot
p= {1—6—(& - P(t))“} (37)
p

wherez,, ot and gare the coupling time constant, time step and the isothermal

compressibility of the system, respectively. It is important to emphasize that the
rescaling of the coordinates is done for all components of the atom positions and

the dimensions.

Lastly, we discuss the most often used Barostat called the Parrinello-
Rahman method.*® This method is similar to the mathematical framework

proposed by Nosé-Hoover thermostat method, in which an extra degree of
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freedom is added to the equation of motion. The Hamiltonian in Parrinello-
Rahman method is further extended and altered to treat the cell shape and volume
as fluctuating variables in the system rather than the instantaneous change of atom
positions. The Nosé-Hoover thermostat and Parrinello-Rahman barostat are
usually recommended for a realistic representational fluctuation of the

temperature and pressure in a given system dynamics.

3.1.4.3 Periodic Boundary Condition

Periodic boundary condition (PBC) allows us to compute and estimate
quite reasonably the macroscopic properties of the system directly from a very
few molecules in an MD simulation system, thus mimicking the real experimental
situations.®?® In practice, the numbers of molecules treated or the concentration
of the solute investigated is usually huge, larger than a system concentration that
can be effectively modeled. Even with the advent of powerful computer hardware,
the number of molecules that can be studied using MD simulation is very limited
due to the influence of system boundaries. PBC was employed to minimize the
boundary effect in the system.?® Figure 3.3 shows the schematic representation
of PBC in a given simulating system, where the box at the center represents the
original simulating box with N molecules while the others are images of the real
simulating box. It is important to note that, when employing PBC, each particle
interacts with all other particles in the box and in the images. This reduces the
boundary effect and the self-interaction problem in the system.?**'® In the
systems under periodic boundary conditions, combinations of short-range and

long-range electrostatic methods are usually deployed. The coulombs cutoff
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method is usually used for short-range interactions, while beyond the cutoff radius
the particle-mesh Ewald method (PME) is used to account for the long-range

electrostatic interactions in the system.

Central
Simulation

box

Figure 3.3. Schematic diagram of the periodic boundary conditions, where

r. denotes the distance cutoff for molecular interactions, usually for short-range

interactions between molecules.

3.2 Experimental Techniques

Experiments are usually used in conjunction with MD simulations to
supplement the data obtained from the MD and to extend and deepen our
understanding of the observed phenomenon at microscopic and macroscopic
levels. In this thesis, two main experimental techniques were employed, the
dynamic light scattering (DLS) and nuclear magnetic resonance (NMR) methods
to supplement the MD results. Both qualitative and quantitative approaches were
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used to compare the experimental results with the MD simulation. DLS technique
was employed to qualitatively compare the influence of various polar and non-
polar side chain functional groups on the first steps of molecular association in the
bulk, while NMR was used to validate MD dynamic variables and to measure the
self-diffusivity of PA molecule in the bulk oil phase. These experimental
techniques were used or coupled to supplement the entire molecular dynamic
simulation studies beside an extensive literature review on the validation of the

MD work.

3.2.1 Dynamic Light Scattering (DLYS)

Dynamic light scattering is a useful technique for the measurement of the
motion of a molecule, size distribution, protein folding, and conformational
preference of a polymer or protein as a function of various sample preparations
such as solvent environments, temperature, time etc.®®* In this technique, a
coherent laser beam of monochromatic light is radiated upon a solution and the
fluctuation of intensity of scattered light is recorded and analyzed. The time-
dependent fluctuations observed in the scattered light are due to the random
motion of the molecules under the influence of the Brownian motion. These
fluctuations observed and detected are directly related to the rate of diffusion of
the molecules in the prepared solution. In DLS experiments, the intensity-
intensity time correlation function G'”(z,q) was measured, where 7 is the delay
time of time interval and ¢ is scattering vector. The normalized intensity-intensity

time correlation function g (z,q) is given by Equation 3.8.'%*%
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<1(0,9)1(z,q) > (3.8)

@ —
g (T!q) - < I (q) >2

where
a=(ysin?)) (39)

where n, 6, A, and | represent the refractive index of the solution, scattering angle,
wavelength of the laser and scattered light intensity at given time,

respectively. g® (z,q) is related to the normalized first-order electric field-time

correlation function ‘g D(r, q)‘ via Siegert relation given by:

09 (r, ) =1+ Alg® (7. 0) (3.10)
and
G?(z,q)= AlL+Blg® (z.q)| ] (3.11)

where =B/ A is the spatial coherence factor of scattering volume, Ais baseline
of the autocorrelation curve and B intercept of the autocorrelation function. For a

polydisperse system of particles in suspension, ‘g(l) (r,q)‘ is related to

characteristic relaxation distribution G (I") by the following Equation 3.12.'%-1%
E. E T
00 (c,0) =~ QDECD> 6 pemgr (312)
<1(q) > 5

Note that the scattered field Eis a complex quantity (the* denotes the complex

conjugate) and I' is the decay rate. Therefore, the rate of decay I' can be

determined directly from the Laplace transformation of the measured intensity-
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intensity time correlation function G (t,q). The translational diffusion coefficient
(D) can then be obtained byI" = Dg”. The hydrodynamic radius distribution (Ry)

is then determined by the Stokes-Einstein equation. The CONTIN program

supplied with the correlator is often used to calculate G (I') and Ry,

3.2.2 Nuclear Magnetic Resonance

Nuclear magnetic resonance (NMR) is one of the most effective
techniques used to investigate and determine the three-dimensional (3D)
molecular organizations or aggregation, the environment of the constituent
system, diffusion coefficients, and kinetic parameters of biomolecules in a
solution.'® %" This is done generally by manipulating the individual atomic
nuclei (to be specific the spin of the nuclei) of the molecules in the solution. The
basic principles and concepts of NMR spectroscopy technique are well-
established'®'®" and will not be discussed further in this thesis. For the
characterization of self and aggregate molecular state of the polyaromatic
molecules, the 2D NOESY (Nuclear Overhauser Effect SpectroscopY) technique
was used as shown in the next section. This method is based on the exchange of
magnetisation during cross-relaxation of the spins through the dipole-dipole

coupling.'®

3.3 Validation of the Simulation Parameters

To examine the sensitivity and applicability of the united atom force field
and simulation parameters, we have compared the experimental bulk properties of

the solvent and TP molecules against our MD simulation. In this work, we
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simulated the polyaromatic molecule shown in Figure 3.4 in different organic
solvents. The simulations were performed in an isothermal-isobaric (NPT)
ensemble, at a temperature of 298 K and pressure 1 bar. Periodic boundary
condition and Particle-Mesh Ewald summation methods were used in this
simulation. A cutoff of 1.4 nm was used for the van der Waals interactions.
Finally, GROMOS96 force field with a parameter set of 53a6 was used in all our
simulations.

The average value of the density obtained for the simulated bulk heptane
and toluene at ambient temperature is 686.4+ 2.1 kg/m® and 873.2+ 0.9 kg/m®,
respectively. These values are in reasonable agreement with the published

experimental results of 684 kg/m® and 867 kg/m®, respectively.'®®

Perylene Core

Figure 3.4. The structure of N-(1-hexylheptyl)-N’-(2-indol-3-yl-propanoic acid)-
perylene-3,4,9,10-tetracar-boxilicbisimide polyaromatic surfactant molecules
(TP). TP has a chemical formula of CsH47N3Os and molecular weight 762

(g/mol).

The self-diffusion coefficient of toluene and heptane was calculated by

linear fitting the mean square displacement (MSD) over a fixed time interval of
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the simulation (6-8 ns). From the slope of the mean square displacement, the self-
diffusion coefficients (D) of heptane and toluene were calculated using the

Einstein relation:

r(t)-r(0)

1. d ?
Dusp = E!ma< > (3.13)

where < ra)_ I’(B)

2> is the long-time limit of the mean square displacement of the

molecules in x, y and z directions, t is the time and r(t) is the position of the

molecules at time t. The simulation predicts the bulk self-diffusivity of heptane
and toluene molecules as (3.82+ 0.05) x 10°m?s™ and (2.26+0.02) x 10° m?%s™,
respectively. These calculated results are in reasonable agreement with the
reported literature values of 4.02 x 10° m?s™ and 2.26 x 10° m’s™, respectively,
as shown in Figure 3.5 (a-b).>*391"1 The slope of the log(t) vs. log(MSD) for
heptane and toluene, as shown in Figure 3.5 (c-d), is equal to one and thus
diffusion regime is reached. Therefore, the value obtained is definitely
representative of the actual behavior of the system. The computed enthalpy of
evaporation of heptane and toluene were also in good agreement with the reported
experimental values, shown in Table 3.1.

It is also important to mention that the Berendsen and Nosé-Hoover
thermostat algorithms produce similar density and radial distribution function,
indicating that both methods can be used simultaneously for our systems. Similar
observations were also obtained for the pressure values using the Berendsen and

Parrinello-Rahman methods.
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Figure 3.5. (a) t vs. MSD for toluene; (b) t vs. MSD for heptane; (c) log(t) vs.

log(MSD) for toluene; (d) log(t) vs. log(MSD) for heptane.

We have also performed a 2D-NOESY NMR experiments on TP
molecules at different concentrations to investigate the self and aggregate
diffusivity of the molecule in chloroform solvent. Figure 3.6 shows the diffusion
coefficient of TP molecules as a function of concentration in chloroform. It is
interesting to observe from the results two distinct regions as the concentration of
the TP molecule changes. The lower concentration region shows the range of the
self-diffusivity of TP molecules, while the higher concentration region reflects its

aggregate diffusivity.
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Table 3.1. Density, Self-diffusivity and Enthalpy of Vaporization of Toluene and

Heptane at 298 K and 1 bar, in Comparison with reported data (Refs 168-172)

Heat of Heat of ) )
Dwmsp Dexp . L DenSlty DenSlty
(x10%) (x10%) vaporization | vaporization MD Exp
X X
Solvent - - MD EXP s 5
(m<s™) (m<s™) Kg/m Kg/m
KJ/mol KJ/mol
4.02% 4.0° 6864421 | 684°
Heptane | 3.82+0.01 | and3.12° 38.2 36.57% e
Toluene | 2.29 +0.01 2.26" 38.8 38.1° 873.2+09 | 867

aRef 168. ° Ref 169. “Ref 170. “Ref 171.°Ref 172.

Thus, the experimental self-diffusivity of TP molecules in chloroform was
estimate to be in the range of (0.75 — 0.8) x 10° m%™. To compare the
experimental value with the simulated data, we performed an additional
simulation of a single TP molecule in chloroform. The result obtained for the self-
diffusivity is (0.78 +0.05) x 10° m?s™. The result is in reasonable agreement with
the experimental value derived from NMR measurement. Therefore, we are
convinced that the molecular simulation and force field used in this study
reproduces reasonably the experimental physical properties of the solvents and
polyaromatic molecules. The results show that given a sufficiently long
simulation time (~ 10-20 ns), our simulation reproduces reasonably the density,

enthalpy of evaporation and self-diffusivity of the solvent and polyaromatic

molecules at the specified temperature and pressure.
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Figure 3.6. The diffusion coefficient as a function of concentration for TP
molecules in chloroform at 298 K. The 2D-NOESY NMR experiments were used
to measure the diffusion coefficient of the molecules using deuterated chloroform
(CDCl,) as a solvent. At low and high concentrations it reflects self and aggregate

diffusivity of TP surfactant molecules, respectively.

3.4 Summary

In this chapter, we have discussed about the mathematical formulation of
classical mechanics theory and how large-scale classical molecular dynamics
(MD) simulation program can be applied to describe aggregation and interfacial
behaviours of PA molecules in different solvents such as toluene, heptane and
water. We have also performed a series of 2D-NOESY NMR experiments to
validate the applicability of GROMOS96 force field to polyaromatic molecules.
The use of MD technique to predict the long range structural behaviour of PA
molecules may be of limited importance due to the system evolves through

extremely slow dynamics. However, MD simulations can certainly provide some
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valuable information regarding the initial molecular association and adsorption of
polyaromatic molecules in different organic solvents. In the following chapters,
we focus on the exploration and investigation of the early stages of molecular
association and adsorption mechanism of the PA molecules in an organic medium

and at the oil-water interface.
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Chapter 4

Probing Structure-Nanoaggregation
Relations of Polyaromatic Molecules: A
Molecular Dynamics Simulation
Study*

4.1 Introduction

“Structure dictates function” is a fundamental scientific tenet in materials,
proteomics, biochemistry and pharmaceuticals, that utilizes structural information
of macromolecules or nanoscale materials to understand its function.*”#*"” What is
common for this diverse multidisciplinary approach is to understand and detect
the influence of molecular fingerprint on the first steps of molecular association
into nanoaggregates, where these aggregates represent the first level of molecular
clusters or building blocks in three-dimensional structures with immense
importance in advanced three-dimensional (3-D) materials, drug carriers, and so
on.

In the past few years, constructing supramolecular nanomaterials from
stacked polyaromatic building blocks has become a new phenomenon in the
design of novel functional materials."®®" In polyaromatic stacking multiple rt-n

interactions are involved.'8%18

* Published paper: Robel. B. Teklebrhan.; Ge, L.; Bhattacharjee, S.; Xu, Z.; Sjéblom, J. J. Phys.
Chem. B 2012, 116, 5907-5918.
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To investigate m-t stacking and the influence of different functional groups,
individually or in combination, on n-n stacking and hence molecular assembly in
organic media, perylene bisimide with various attached hydrophilic/hydrophobic
side chains has been used as a versatile polyaromatic building block.

Perylene bisimide (PBI) is unique for its optoelectronic properties, thermal
stability, multiple n-n interactions, and high fluorescence quantum yields.'®*%
Perylene bisimide analogues have found widespread applications in many areas

114

including organic thin film (or field-effect) transistors (OFETS),”" organic

(opto)electronic devices and sensors,">™° light harvesting arrays,**’ liquid

118 119,120 121

crystals, pigment and laser dyes, and organic solar cells,™" etc.
Furthermore, polyaromatic-based functional arrays such as PBI analogues display
a distinct electroactive and photoactive property due to their three-dimensional
molecular assemblies.*?*?®* The non-covalent nature of the molecular association
by polyaromatic stacking in turn brings about adaptivity and allows recycling of
the functional materials.*®

Although the construction of supramolecular nanostructures from
polyaromatic building blocks in aqueous solutions are well-established,****[ittle
attention has been given to understanding the molecular association of
polyaromatic building blocks in organic media despite its great importance in for
example the petroleum industry.®*3>7" It is well-known that polyaromatic
associations in crude oil lead to precipitation and deposition of the condensed
polyaromatic fraction of the crude oil during transportation and production, which

results in blocking of reservoir rocks and transport pipes.®*® Furthermore, the
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polyaromatic association phenomena in crude oil strongly influence solubility,
viscosity, density, and other physical properties of the crude oil.>*3">"/

In this chapter, five well-defined polyaromatic molecules (PA) based on
perylene bisimide moieties were used as building blocks to probe structure-
nanoaggregation relationship in organic media. All of these five molecules
contain the same pronged aliphatic double chains on one side of the PBI.
However, the other side of the PBI incorporates structural facets of different types
of amino acids or aliphatic alkyl groups such as B-alanine, phenylalanine and
tryptophan, making these molecules surface active.®%®

Herein, we investigate the molecular association, nanoaggregate formation,
and dynamics of the polyaromatic molecules in a bulk nonaqueous solution using

molecular dynamics simulation (MD) with the objective to gain molecular insight

into the hierarchy of interactions in molecular nanoaggregation.

4.2 Simulation Method

All of the classical MD simulations were carried out using GROMACS
3.3.3%10 software package on a multiprocessor computing cluster. The
GROMOS96 force field™®**° with the 53a6 parameter set was used in all
calculations. This force field is a united atom force field primarily parameterized
for biological macromolecules, in particular for proteins and peptides, DNA and
phospholipids. The applicability of GROMOS96 force field to polyaromatic

34,35

molecules was first tested and shown to be useful and valuable in exploring

the dynamics of polyaromatic nanoaggregate formation.
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4.2.1 Molecular Models

Five PA molecules shown in Table 4.1 are used in this study. These
compounds are specially designed and synthesized in-house except for the last
entry,  N-(1-hexylheptyl)-N’-(methyl  2-phenylpropanoate)-perylene-3,4,9,10-
tetracarboxilicbisimide (PCH). The PCH is a hypothetical compound and included
in this study to investigate and probe the effect of a carboxylate group instead of a
carboxylic acid group in polyaromatic on its nanoaggregation.

PCH is a variation of N-(1-hexylheptyl)-N’-(2-phenylpropanoic acid)-
perylene-3,4,9,10-tetracarboxilicbisimide (PAP) in which the hydrogen atom of
the hydroxyl group (—OH) is replaced by an alkyl group (-CHs;). As compared
with PAP molecules, this change of functionality from carboxylic acid (-COOH)
to ester (—COOCHS3;) features a lower polarity of PCH molecules and weaker
intermolecular hydrogen bonding. Including this compound in our study allows us
to investigate the effect of the hydrogen bond network and polarity of the side
chains on nanoaggregation of PA molecules. The synthesis and characterization
of the other four PA molecules have been reported recently.’®'% The initial
molecular geometries (PDB coordinates) of these PA molecules were obtained
using Chem 3D ultra 10.0 software.’® The coordinates of these PA surfactant
molecules were then transferred, as an input file, to the PRODRG 2.5 server to
generate the necessary molecular topology and GROMACS structure files. All the

double bonds and aromatic rings were modeled with sp? hybridized carbons.
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Table 4. 1. Compounds, Molecular Weights, and Structures of PA Molecules

a

Compound Mol. wit. Molecular structure
(Abbr.) (g/mol)
N, V- (I-hexylheptyl)-
erylene-3.4.9,10- 0 — — 0
> 755 s /,\ N - /'A\\ /,\\ -
tetracar-boxilichisimide T ) | I - ’
: CsoHsaN20 —N — — N—
(BISA) S0RI64TRI P —y = - A A
- AN = W o L
0 0
N-(1-hexylheptyl) V-
2- phenylpropanoic
(2- phenylprop: 723
acid)-perylene-3.4,9.10-
tetracar-boxilichisimide Ca6H4N20s
(PAP)
N-(1-hexylheptyl) V-
3- carboxylicpentyl)-
( viicpenty) 689
perylene-3.4,9,10-
tetracar-boxilichisimide C47H4gN20¢
(C5 Pe)
N-(1-hexylheptyl) V-
2-indol-3-yl-propanoic
( yiprop 762
acid)-perylene-3,4,9,10-
tetracar-boxilichisimide CasHa7N30s
(TP)
N-(I-hexylheptyl)-V-
ethyl 2-
(methy 721
phenylpropanoate)-
C47H4zN20s

perylene-3.4.9,10-

tetracarboxilichisimide

(PCH)

® The synthesis and characterization of these PA molecules were reported
elsewhere.’%1% The molecular design of the PA molecules incorporates a
polyaromatic perylene core with two alkyl chains attached to one end and a

different functional group (polar or nonpolar) attached to the other end of the

molecules.
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Furthermore, the polar and aromatic hydrogen atoms were modeled
explicitly while aliphatic hydrogens were treated as unified interaction sites
(hence, united-atom models). In our simulations, toluene and heptane were used
as solvents of two extreme polarities or solvent qualities. The topology of toluene
was generated from phenylalanine amino acid fraction through the pdb2gmx
routine in GROMACS. Lipid aliphatic chain was used for heptane. Heptane is a
nonpolar molecule, its atomic charge was therefore set to zero for all interaction

sites.

4.2.2 Simulation Setup and Conditions

Molecular dynamics simulation of five well-defined PA molecules in
toluene and heptane was performed over the time range of 20 ns. Initially, the
dimensions of the simulation boxes were set at 12 nm x 12 nm x 12 nm. A total of
ten simulation boxes were constructed with each box containing 24 molecules of a
single type of PA molecules in an ordered placement, as shown in Figure 4.1. It is
important to note that for all simulation systems the same initial molecular
configuration was assumed.

The systems were solvated with either toluene or heptane molecules. After
setting up the initial configurations, the system energy was minimized using the
steepest descent and conjugate gradient methods as implemented in GROMACS
3.3.°71%0 A cutoff of 1.2 nm was used for both Coulomb and van der Waals
interactions during energy minimization. The hydrogen-bond interaction is

considered as a form of electrostatic interactions in molecular modeling.
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Figure 4.1. Initial molecular arrangement of PAP molecules in toluene (a) and
heptane (b).

The system maximum force was converged to less than 200 KJ mol™*nm™
threshold set to generate a stable system for the simulations. The detailed
information on the simulated systems is listed in Table 4.2. All simulations were
carried out under the NPT ensemble at 298 K and 1 bar pressure. For the first 3

153

ns, the Berendsen thermostat and barostat™° were used to quickly relax the system

to a constant pressure and temperature. After 3 ns, all the simulations were

performed using Nosé-Hoover thermostat'>***®

and Parrinello-Rahman pressure
coupling algorithm.™® The pressure and temperature coupling constants of

1, = 3ps and 7, =0.3ps, respectively, were used throughout the simulations.

In all simulations, an isothermal compressibility of 1.47 x 10™ bar and
9.08 x 10™ bar™ were applied for heptane and toluene, respectively.’®® Periodic
boundary condition (PBC)**? was applied in the x, y and z directions, and a leap-

152,196-197

frog Verlet algorithm with a time step of 2 femtosecond (fs) was used for

integration of the trajectories. The electrostatic interaction was computed using
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the Particle-Mesh Ewald summation (PME)'*® method with a fast Fourier
transform (FFT) grid spacing of 0.16 nm to account for long-range electrostatic
interactions of the system. A cutoff of 1.4 nm was used for the van der Waals

interactions and is consistent with GROMOS96 parameterization.

Table 4.2. Composition of Simulation Systems

simulation A: 24 PA molecules in toluene

PA . final volume size
system time (ns) Ntoluene 3
molecules (nm?)
BT3 BisA 20 5571 9.96 x 9.96 x 9.96
PT1 PAP 20 5601 9.99 x 9.99 x 9.99
CT2 C5Pe 20 5601 9.98 x 9.98 x 9.98
TT4 TP 20 5501 9.97 x 9.97 x 9.97
PT5 PCH 20 5598 9.97 x 9.97 x 9.97

simulation B: 24 PA molecules in heptane

PA time final volume size
system molecules (ns) Nreptar (nm°)
BHS8 BisA 20 4660 10.44 x 10.44 x 10.44"
PH6 PAP 20 3898 9.89 x 9.89 x 9.89
CH7 C5 Pe 20 3911 9.86 x 9.86 x 9.86
TH9 TP 20 3905 9.87 x 9.87 x 9.87
PH10 PCH 20 3907 9.90 x 9.90 x 9.90

* The initial simulation box size was set at 12.5 nm x 12.5 nm x 12.5 nm.
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All bond lengths in our system were constrained using LINCS
algorithm.*®® A neighbour list with a cutoff of 1.2 nm was updated every 5 steps.
The initial atomic velocities of the system were set using the Maxwell-Boltzmann
distribution employed in GROMACS at the specified temperature of 298 K. After
simulations for 20 ns, the structure and dynamic properties of the system were
analyzed using the GROMACS built-in analytical tools. The time evolutions of
the structure of the system were also visualized using visual molecular dynamics

(VMD).*®

4.3 Experimental Methods

4.3.1 Materials and Solution Preparations

Synthesis and structural characterization of the PA molecules were
performed at the Ugelstad Laboratory (NTNU, Trondheim, Norway). The PA
molecules passed an extra purification step with flash chromatography as
described elsewhere.'®*% Pertinent information regarding these compounds is
provided in Table 4.1. The compounds were dissolved in toluene (Fisher
Scientific, optima grade) under sonication. For dynamic light scattering
experiments, the solutions prepared were filtered through 0.45 um PTFE filters
(Millipore) directly into dust-free light scattering cells, which were sealed
immediately. After filtration, the solutions were thermostated at 25 °C overnight

without disturbance before measurement.
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4.3.2 Dynamic Light Scattering (DLS)

DLS measurements were carried out with an ALV 5022 laser light-
scattering (LLS) instrument equipped with a cylindrical He-Ne laser (model
1145p-3083; output power = 22 mW at A = 632.8 nm) in combination with an
ALV SP-86 digital correlator of a sampling time range from 25 ns to 40 ms. Since
our objective is to qualitatively compare the aggregation tendency of PA
molecules as a function of concentration in toluene, only scattering angle of 90°
were used in this study. The LLS cell was held in an index matching vat filled
with high purity, dust-free toluene. The temperature of the experiments was
controlled at 298 K within + 0.02 °C by a thermostat. The DLS experiments were

completed in 10 min and repeated at least twice.

4.4 Results and Discussion

4.4.1 Nanoaggregate Formation and Growth

Figure 4.2 shows snapshots of the simulation box at t = 20 ns for each of
the PA molecules in the two solvents. From these snapshots we can directly
observe that all PA molecules form nanoaggregates to varying degrees of
association. For example, BisA and PAP show smaller, less structured aggregates
while C5 Pe and TP form larger aggregates in both solvents. Furthermore, BisA
and PAP in toluene show the least aggregation amongst all the simulations
performed in this study. However, loosely packed and fairly large aggregates of

C5 Pe and TP are noticeable in both toluene and heptane.
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(b) BisAin heptane M=

(c) PAP in toluene

(e) C5Pein toluene

(i) PCH in toluene oo, S S (j) PCH in heptane

Figure 4.2. Snapshots of molecular configurations of the five PA surfactant
molecules in heptane and toluene, taken at the end of 20 ns simulation time. PAP
and BisA compounds show a weak aggregate in both solvents. Each molecule is
presented by a different color to distinguish one from the other: BisA in orange,
PAP in tan, C5 Pe in black, TP in green and PCH in gray. In all structures oxygen,
nitrogen and hydrogen atoms are presented by red, blue and white, respectively.
All the snapshots are along the z-direction (2D side view). Top view snapshots of
PCH in toluene (i) and C5 Pe in heptane (f) are shown as insets.
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Thus, the MD snapshots qualitatively indicate that C5 Pe and TP tend to
form aggregates in both solvents, and their tendency to aggregate in heptane is far
greater than in toluene. Previous experimental and computational studies have
shown significant aggregation of PA moieties in both heptane and toluene.
However, the extent of their aggregation and association in toluene is rather
limited, and they terminate at the nanoaggregation level, $133338.75778283 v/jq g
inspection of molecular trajectories reveals that BisA molecules prefer T-
association or tail-to-tail arrangements with minimum =-rt stacking due to strong
steric hindrance associated with the branched side chains. In contrast, PAP and
PCH show a much different aggregation behavior despite their similar structural
features. Figure 4.3 shows the PA-PA radial distribution functions (RDFs)

calculated from the PA center of mass in both toluene and heptane, g(r).

—+— BisA - BisA

sl —o—PAP - PAP

k| —o—PCH - PCH

g(r) of PA Surfactant in Toluene

r (nm) r(nm)

Figure 4.3. Radial distribution functions calculated from the PA center of mass
averaged over the last 2 ns of the simulation time (18 ns - 20 ns) of PA molecules

in toluene (a) and heptane (b) at 298 K.
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These RDFs are the average over the last 2 ns of the simulations (18 ns -
20 ns) for all the PA molecules in toluene and heptane. It is interesting to note the
similar peak positions and shapes of the RDFs among these PA molecules in both
toluene and heptane. In both solvents a strong peak at 0.45 nm is seen, indicating
strong short-range association of PA molecules in the system. Interestingly,
irrespective of the nature of the solvent, the positions of these three peaks remain
almost identical for all the PA molecules. Similar observation was noticed in our
previous work on putative model compounds in toluene and heptane.*** In
heptane, these PA surfactant molecules tend to show a slightly broader peak,

mainly due to an extended nanoaggregate formation and growth. In contrast, a

relatively sharper peak of the g(r) in toluene indicates toluene is a better solvent

than in heptane.

To investigate the role of different functional groups in the nanoaggregate
formation and growth, we monitored the radial distribution peak heights of PA
molecules as a function of time in both solvents (for example, see Fig. 4.4a-b for
PAP molecules). A close examination of the time evolution of the pair correlation
function reveals that the nanoaggregates were fully developed and become stable
over a shorter simulation time of less than 6 ns in toluene than in heptane. In
heptane, the growth of larger aggregates was visible even beyond 10 ns.
Interestingly, although C5 Pe, TP and PAP molecules all have a polar -COOH
functional group in their side chains, the tendency for these molecules to

aggregate in both solvents varies significantly. TP has a high tendency to
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aggregate in both solvents. PAP, on the other hand shows a weak tendency to

aggregate in toluene.

30
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Figure 4.4. PAP-PAP radial distribution functions calculated from the PAP center

of mass as a function of time in toluene (a) and heptane (b).

To determine more specifically the impact of —-COOH functional group on
nanoaggregation, PCH and PAP molecules were closely studied in this work.

Results indicate that these molecules in toluene exhibit little differences in the
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aggregate formation and growth. PAP shows a lower peak height in toluene. Here,
the change from —COOH to —COOCH; functionality enhances nanoaggregate
formation and growth in toluene. In heptane, both compounds show similar peak
heights. The observed disparity in toluene is attributed to the polarity difference
of the molecules and their effect on hydrogen bonding.

It is known that —-COOCHS; is less polar with limited opportunity for
hydrogen bonding than —COOH. Therefore, the polarity and hydrogen bonding
formation of the side chains in toluene contribute to some extent to altering the
nanoaggregate formation and growth.

In Table 4.3 we report the radius of gyration (Rg) and the variation of the
ratio between the solvent accessible surface area (SASA) and the total accessible
volume (AV), and the number of molecules (N) in a large nanoaggregate cluster
and the free PA molecule in the simulation system. The solvent accessible surface
area was determined with a probe 1.4 A in radius. The total accessible volume
was computed by g_sas in GROMACS.

The criterion for determining the number of associated molecules per
nanoaggregate is by the linkage algorithm in GROMACS with a cutoff distance of
0.5 nm, which is within the range of the =-m stacking. In both toluene and
heptane, the single molecules for all PA molecules were found to have similar
radius of gyration and SASA:AV. However, these PA molecules form

nanoaggregates of different structures.
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Table 4.3. The Radius of Gyration, SASA:AV Ratio and Number of Aggregated

Molecules of the Large Nanoaggregate Cluster in the Simulated System

PA molecules in toluene

op  (SASA/AV) (SASAIAV)  Nogeces Ry Ry
surfactant onomet namaggr_egate nanoaggregate onomet PAneAgOIegeLE
(nm*) (nm*) (nm) (nm)
BisA* 6.40 £ 0.10 --- 0.65+£0.01 ---
PAP* 6.30+£0.13 --- 0.67 £0.02 ---
C5 Pe 6.40 £ 0.10 490+0.12 3 0.69+£0.01 0.76x0.01
TP 6.30+£0.11 470+0.01 8 0.68+0.02 1.29+0.20
PCH 6.20 £ 0.09 5.30+£0.13 3 0.65+0.02 0.86*0.05
PA molecules in heptane
BisA 6.20+0.14 4.90+0.02 4 0.64+0.01 0.96+0.01
PAP 6.30 £ 0.09 4.70+0.10 4 0.67+0.02 0.93+0.01
C5 Pe 6.40 + 0.09 4.80+0.02 7 0.69+0.02 1.15+0.10
TP 6.30 £ 0.07 4.10+0.01 21 0.67+0.01 2.62+0.23
PCH 6.20 + 0.05 3.70+0.01 20 0.65+0.01 1.82+0.16

" BisA and PAP in toluene does not form nanoaggregate clusters (very weak
association). The mean value was obtained over the last 1 ns of the simulations

time.

This finding suggests that the concept of critical molecular packing
parameter widely accepted for predicting geometry of molecular aggregates in
aqueous solutions is inapplicable to predicting molecular aggregation of the PA

molecules in an organic solvent.
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The number of molecules, radius of gyration and SASA:AV ratio of the
large nanoaggregate cluster of all the PA molecules show a significant variation
from one another in both heptane and toluene. The nanoaggregates of C5 Pe, for
example, show a larger SASA:AV ratio but a smaller N than the nanoaggregates
formed from TP molecules in heptane. This higher SASA:AV ratio indicate that
C5 Pe molecules in heptane exhibit less compact, rod-like nanoaggregate
structures while TP compounds form a relatively compact and spherical in shape.
In toluene, on the other hand, PCH and TP compounds show the highest and

lowest SASA:AV ratio, respectively.

4.4.2 n-rt Stacking with Side Chain Terminal Groups

Considering the complex nature of the interactions in PA molecules, it
would be valuable to study the effect of side chains in PA molecules on n-n
stacking and hence nanoaggregation of these type of PA molecules. The presence
of side chains is anticipated to hinder the n-rt stacking and hydrogen-bonding by
steric hindrance, retarding molecular aggregation. To study such effect, RDF
between the center six-membered rings of the polyaromatic cores (perylene core)
was calculated. Figure 4.5 shows the RDF normalized with respect to the first
peak height with the actual g(r) being shown in the insets. Among all the RDFs,
only C5 Pe in toluene shows a remarkably sharp first peak at around 0.45 nm,
indicating a strong dimerization. All remaining simulations show variable
structures of molecular association of these PA molecules in the two solvents,
depending on the nature of side chains. The first peak at around 0.45 nm in both

solvents corresponds to the formation of strong polyaromatic n-n stacking of the
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PA molecules. These values are confirmed explicitly by calculating the mean
distance among the polyaromatic cores (distance between the individual atoms of
the center aromatic ring in the polyaromatic core) of these molecules as shown in
Table 4.4. The results in Figure 4.5 show that the normalized RDF has a strong

first peak at around 0.45 nm for all the compounds except for BisA.

l‘rﬂkj‘iﬂrﬁﬁ 2 3
r (nm)

—+— BisA - BisA - o
—o— PAP - PAP
—0—C5 Pe - C5 Pe|
——TP- TP
——PCH - PCH

—— BisA - BisA
—— PAP - PAP
—0—C5 Pe - C5 Pe|
——TP-TP
—7~PCH-PCH |

Normalized g(r) of Polyaromatic Core

Figure 4.5. Normalized radial distribution functions, g(r)/g(r)yapex » Of

polyaromatic core (perylene core) averaged over the last 2 ns of the simulation
time (18 ns - 20 ns) in toluene (a) and heptane (b) at 298 K. BisA does not form
polyaromatic m-n stacking due to its strong steric hindrance in both solvents
(Inset).

The width of the first peak correlates with the number of stacked
monomers present in a nanoaggregate. In toluene, C5 Pe exhibits clearly the
formation of stacked dimers, whereas PAP, PCH and TP show increasingly higher
levels of stacking association between the polyaromatic cores. The presence of a
second peak in the RDFs at around 1.16 nm (1.1 nm — 1.3 nm) indicates the
formation of perpendicularly (T-shaped) associated structures. Note that BisA in
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toluene shows weakly associating configuration at around 1.23 nm. The RDFs in
Figure 4.5b show quite similar ©-rt stacking except that the association of C5 Pe,
PAP and PCH becomes more comparable. These results reveal that BisA with an
aliphatic functional group in both side chains, does prevent the formation of
polyaromatic m-r stacking due to its strong steric hindrance in both solvents. For
the other PA molecules, we observed varying degrees of stacking association. C5
Pe has a high tendency to dimerize in toluene (see the inset of Figure 4.5a), but
these molecules do not form large stacking associations. The stacking
arrangements of the PA molecules in heptane are depicted in Figure 4.6. Similar

stacking behaviour in toluene was also observed.

Table 4.4. Mean Distance between two Polyaromatic Cores

toluene heptane
compound (nm) (nm)
BisA negligible stacking negligible stacking
PAP 0.3975 + 0.0217 0.3920 +£ 0.0115
C5 Pe 0.3880 + 0.0056 0.4040 £ 0.0100
TP 0.4110 + 0.0085 0.4020 + 0.0100
PCH 0.4150 + 0.0038 0.3868 + 0.0059

The preference for dimerization arises from its stronger steric hindrance
due to the presence of long linear alkyl side chains in C5 Pe molecules as

compared to PAP, TP, and PCH. For PAP, TP, and PCH in toluene, the aromatic
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or heteroaromatic group such as benzene or indole as a side chain, tends to have

lower steric hindrance towards the formation of larger associated structures.

0t

Figure 4.6. The configuration and steric hinderances (doted circles) of
polyaromatic stacking between two PA surfactant molecules: (a) BisA - BisA T-
shaped or tail-to-tail association, (b) PAP - PAP n-n polyaromatic stacking, (c)
C5 Pe - C5 Pe n-n polyaromatic stacking, and (d) TP - TP =-n polyaromatic
stacking. The snapshots were taken at the end of 20 ns simulation time. PCH and
PAP show similar stacking arrangements, but the extent of their stacking is
different.

This lower steric hinderance associated with these molecules in toluene
results from the strong interactions between the toluene solvent molecules and the
aromatic side chains. In heptane, all the PA surfactants studied except for TP and

BisA show similar stacking distributions. TP, a nitrogen bearing compound, in
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heptane also shows a weak polyaromatic n-r stacking. From the RDF obtained
from the molecular dynamics simulation, we can conclude that the strong
polyaromatic m-r stacking is the main driving force for molecular aggregation of
PA surfactant in the bulk, which is greatly influenced by the steric hindrance and
polarity of its side chains. The more steric barriers the compound possesses, the
less likely they stack, in particular, in the presence of aliphatic or alkyl side chains

in its good solvent environment.

4.4.3 Radial Distribution Function of Solvent Molecules
near Polyaromatic Core

Figure 4.7 shows the RDF of solvent molecules around the polyaromatic
core of the PA surfactant molecules. The RDF in Figure 4.7 shows how the

solvent molecules associate with the polyaromatic cores.
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Figure 4.7. The RDFs of solvent molecules near a polyaromatic core of the PA
molecules averaged over the last 2 ns of the simulation time (18 ns — 20 ns) in

toluene (a) and heptane (b) at 298 K.
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For toluene which readily solubilizes the PA molecules, there is no
significant short-range structure of the solvent molecules. The first peak of the
solvent distribution appears beyond 0.5 nm, suggesting that the solvent molecules
are excluded from the interstices of the stacked polyaromatic cores (Table 4.4).
Increased levels of dimerization lead to a reduction in solvent accessibility of the
polyaromatic cores, which is evident by reduction in the first peak of the g(r)
curve for C5 Pe in toluene. With increased association between the polyaromatic
cores in heptane, the solvent distribution around the polyaromatic rings in Figure
4.7b shows a much lower g(r) as compared to toluene, but has a more prominent
peak. The solvent accessible surface area (SASA) of the various model PA
surfactant molecules in toluene and heptane is depicted in Figure 4.8 (a) and (b),
respectively. One would expect a systematic decrease in SASA as the molecules

associate.
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Figure 4.8. Solvent-accessible surface area of the PA surfactant molecules over

the simulation time of 20 ns in toluene (a) and heptane (b) at 298 K.
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The formation of T-stacks or imperfect association structures will not result in a
significant decrease in the SASA. However, each n-r stack in a dimer will cause a
50% reduction in the SASA. Figure 4.8a shows how the SASA is related to the
degree of association. For BisA and PAP, we see a negligible change in SASA,
which correlates well with the lack of aggregation. For TP and C5 Pe, we observe
the most significant reduction in SASA. In heptane, the association is more

pronounced than in toluene, as shown in Figure 4.8b.

4.4.4 Effect of Intermolecular Interactions on Diffusion

To examine the effect of different side-chain substituents on the first steps
of PA molecular association into nanoaggregates, where these aggregates
represent the first level of molecular clusters, the diffusion coefficient of these PA
molecules were also computed by linear fit of the mean square displacement
(MSD) to the Einstein relation given in Equation 3.13 on log-log plot over a fixed
time interval of the simulation (2 - 4 ns). From the slope of the fit, the diffusion
coefficient (D) of the various PA molecules was computed. It is important to note
that all the simulations were performed over the time span of 20 ns. The mean
square displacement as a function of time for PA molecules in toluene and
heptane is shown in Figure 4.9 (a-b).

In order to confirm the Brownian motion regime, and thus the validity of
the linear relationship between MSD and time, the log(t) vs. log(MSD) were
plotted for all PA molecules in toluene and heptane. The results in Figures 4.10

and 4.11 indicate a good linear relationship over a long simulation time. The slope
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of the log(t) vs. log(MSD) for all PA molecules in heptane and toluene was found

to be close to one.
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Figure 4.9. Mean square displacement as a function of time for PA molecules in

toluene (a) and heptane (b) at 298 K.

It is important to note that unlike toluene and heptane solvent molecules
(see Fig.3.5) where the slope of the log(t) vs. log(MSD) is equal to one, the slope
of the log(t) vs. log(MSD) for all PA molecules in heptane and toluene is slightly
lower than one (in the range of 0.8 to 0.9). Since polyaromatic association evolves
through extremely slow process in both heptane and toluene, a very long
simulation time (> 20 ns) is needed to reach the Brownian regime (slope close to
1). Due to computational limitations we were only able to simulate the system for
20 ns.

With this simulation time, the mean square displacement as a function of
time shown in Figure 4.9 (a-b) exhibits a slope in the range of 0.8-0.9 towards the
end of the simulation time. Hence, the values obtained from this calculation only

serve as a qualitative measure actual diffusion coefficient of the PA molecules in
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the system. Since our objective is to examine the degree of intermolecular
interactions of the various PA molecules in toluene and heptane with time (the
first steps of PA molecular association into nanoaggregates), we use this
computed diffusion coefficient to infer the aggregation of PA molecular tendency

in heptane and toluene (see Table 4.6).
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Figure 4.10. (a-b) log(t) vs. log(MSD) for BisA in toluene and heptane; (c-d)

log(t) vs. log(MSD) for PAP in toluene and heptane.
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Figure 4.11. (a-b) log(t) vs. log(MSD) for TP in toluene and heptane; (c-d) log(t)
vs. log(MSD) for PCH in toluene and heptane; (e-f) log(t) vs. log(MSD) for C5 Pe

in toluene and heptane.
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In addition, the diffusion coefficient of a single PA molecule in the
absence of any intermolecular interactions with other PA molecules in heptane

and toluene is computed using the Stokes-Einstein equation:

KgT

D.. =
" em(0.678(R?)”

4.1)

where K; is the Boltzmann constant, T is the absolute temperature, 7is

the viscosity of the fluid , and <R2>1/2 is the average radius of gyration over a

fixed time interval of the simulation (2 ns). Since equation 4.1 is applicable to
molecules of spherical shape, the average radius of gyration of all the PA
molecules in X, y, z directions was computed to qualitatively determine the shape
of the PA molecules in both toluene and heptane solvent systems.

The results of radius of gyration in Table 4.5 suggest near-spherical shape
of PA molecules in these solvents, validating the use of equation 4.1 for
determination of diffusion coefficient of individual PA molecules in toluene and
heptane.

The results in Table 4.6 show that the diffusion coefficient values of single
PA molecules in both solvents obtained from MSD are much higher than that of
PA molecules obtained by Stokes-Einstein equation, indicating the existence of
strong intermolecular interactions among the various PA molecules. The highly
variable (more than 200%) diffusion coefficients obtained from the MSD indicate
that the intermolecular interaction among the various PA molecules depends on

the side chain substituents.
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Table 4.5. The radius of gyration of a single PA molecule in toluene and heptane

PA molecules in toluene

PA Ry Ry R
molecules (nm) (nm) (nm)
BisA 0.47 £0.10 0.55+0.05 0.50 + 0.09
PAP 0.55+0.08 052+0.11 0.53+ 0.10
C5 Pe 0.44 £0.09 0.60+0.06 0.63 £ 0.05
TP 0.47 £0.09 0.64+0.08 0.56 = 0.07
PCH 0.42 £0.06 0.59+0.04 0.58+ 0.04
PA molecules in heptane
BisA 045+001 051+£0.09 055+ 0.04
PAP 057+007 041+£0.08 0.61+ 0.05
C5 Pe 0.48+0.08 054+£0.10 0.58 = 0.07
TP 046+0.09 0.62+0.05 0.64 £ 0.06
PCH 049+0.09 049+£0.10 0.59 £+ 0.04

TP in heptane for example, shows very slow diffusion as compared to the
other four PA molecules, demonstrating the existence of strong intermolecular
interaction among TP molecules. The results further indicate that the presence of
a bulky aromatic amino acid tryptophan residue in PA molecule enhances the
intermolecular interaction among PA molecules, which results in the formation of
larger nanoaggregates in the organic phase. In contrast, PAP shows the highest
diffusion coefficient in heptane indicates the formation of weak and small
nanoaggregates.
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Table 4. 6. Diffusion Coefficient of PA Molecules in Heptane and Toluene

PA
heptane toluene
Molecule
Dmsp (x10° m?s™) | Dse (x10° m%™) | Dysp (x10° m%*s™) | Dge (x10° m’s™)

BisA 0.232 £ 0.001 1.310 £ 0.014 0.172 + 0.002 0.846 +£0.012
PAP 0.397 £ 0.004 1.250 £ 0.017 0.330 + 0.003 0.815+0.020
C5 Pe 0.307 £ 0.001 1.210+0.019 0.123 + 0.001 0.798 £ 0.019
TP 0.141 +0.002 1.240 £ 0.009 0.147 + 0.001 0.809 +£0.019
PCH 0.164 + 0.026 1.290 +£0.013 0.167 + 0.001 0.841 +0.015

Therefore, depending on the nature and type of the side chain attached to
the PA molecules, the diffusion coefficient changes dramatically. In contrast, the
variation in the diffusion coefficient of a single PA molecule in both heptane and
toluene is insignificant, as anticipated. These findings indicate that a change in the
side chain functional group of the PA molecules does not have a profound impact
on the diffusion coefficient of a single PA molecule in both heptane and toluene.
The direct comparison of the calculated diffusion coefficients from the SE method
of the PA molecules in heptane and toluene reveals that PA molecules show a
lower diffusivity in toluene than in heptane, indicating a weaker association in

toluene than in heptane as confirmed in our previous simulations.**

4.4.5 Aggregation Behavior of PA Molecules in Toluene
Studied by Dynamic Light Scattering

Since the focus of our study is to use molecular dynamics modeling to
investigate molecular aggregation of polyaromatic molecules in two different

solvent, we only show in this thesis the experimental results from the dynamic
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light scattering to qualitatively compare the trend of the molecular aggregation of
PA molecules in toluene. The examination or inspection of the correlograms in
the DLS technique can provide a wealth of information on the nature of the
molecular aggregation of PA molecules in toluene."®™® For example, the
correlation function takes a long time to decay for large aggregates, while small
aggregates usually exhibit a rapid decay in their correlation function. Furthermore,
qualitative information regarding the polydispersity of the aggregates in the
system can also be obtained from the steepness of the curve.’®® A steep decay
curve reflects monodisperse aggregates, while extended decay curve reflects
polydisperse aggregates in the system. It should be noted, however, that the
structural and dynamic properties of the polyaromatic molecules in toluene are
concentration dependent. In fact, polyaromatic molecules have a greater tendency
to associate and form nanoaggregates even at an extremely low
concentration.>'®07684102 ¢t is  therefore, imperative to compare molecular
aggregation at the same PA molecular concentrations.®*""® Since the MD
simulation was conducted using a box dimension of 12 nm x 12 nm x 12 nm (~
40 mmole/L) with a simulation time of 20 ns, a direct comparison of the
measured and predicted aggregate sizes is difficult. Therefore, in this thesis we
only qualitatively compare the trend of molecular aggregation of PA molecules in
toluene determined by MD simulation and DLS measurements. Figure 4.12 shows
the dynamic light scattering results of the PA molecules at different
concentrations. Careful inspection of the scattering profiles, revealed a negligible

decay in the correlation function for PAP and BisA, indicating a negligible
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aggregation of PAP and BisA in toluene. On the other hand, TP shows two
distinct features, depending on the concentration of TP in toluene. At low
concentrations, no decay is observed, which indicates most of the compounds
being dissolved as individual molecules. The correlation function starts to decay
at higher concentrations, which suggests the aggregation of TP molecules at
higher concentrations. The molecular aggregation pattern observed from the DLS
experiment qualitatively explains the MD results described in section 4.4.1. Our
MD simulation revealed that in toluene, PAP and BisA do not form large
aggregates (negligible aggregates), as determined by DLS. As shown in Figure
4.13, the normalized scattering intensities of both PAP and BisA are very low at
all the concentrations investigated, indicating that PAP and BisA exist as almost
single molecules in toluene. In contrast, TP forms larger nanoaggregates due to
increasingly higher levels of stacking between the polyaromatic cores, which is
also seen in DLS experiments. C5 Pe, on the other hand, form very small
molecular aggregates in the form of dimers. C5 Pe has a high tendency to
dimerize in toluene (see the inset of Figure 4.5a), but these molecules do not form
large stacking associations.

As a result, very low scattering intensity was observed as shown in Fig.4.13.
The high level of TP molecular aggregation observed in the DLS experiment (see
Fig. 4.13) is consistent with our prediction that TP form larger aggregates in

comparison to other PA molecules in toluene.
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Figure 4.12. Intensity-intensity time correlation functions vs. PA molecules
concentration in toluene. BisA and PAP show negligible molecular aggregation at
both high and low concentrations, while TP shows strong aggregation at high
concentrations. C5 Pe shows very small aggregates and it could be dimerization in

toluene at all concentrations.

Although the results obtained from the DLS technique qualitatively
describe the nature of the molecular aggregation pattern of PA molecules in
toluene, a more detailed experimental studies of the molecular assembly of these
compounds using high level experimental techniques such as UV-vis, atomic

force microscopy, freeze-fracture TEM, etc. is needed to fully characterize and
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understand the aggregation mechanism of these compounds in toluene and
heptane. Finally, this work is considered as a stepping stone for further
characterization and understanding of these compounds in different solvents at a

greater depth experimentally.
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Figure 4.13. Normalized scattering intensities (I) as a function of PA molecules
concentration in toluene. BisA, PAP and C5 Pe show very low scattering

intensities while TP shows very high scattering intensities.

4.5 Conclusions

The molecular association and nanoaggregate formation dynamics of five
polyaromatic molecules in heptane and toluene were studied using molecular
dynamics simulation. Analysis of RDFs of the PA molecules show that a change

in molecular structure and polarity of substituent side chain functional group has a
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significant impact on molecular association, nanoaggregation dynamics,
nanoaggregate structure and aggregate stability in both heptane and toluene.

The aggregates of PA molecules grow too much larger sizes in heptane
than in toluene. In toluene, the substitution of tryptophan side chain in TP by
phenylalanine in PAP makes PAP dissolve as individual molecules. The presence
of a branched n-alkane side chain in BisA leads to the lowest aggregation and
hence the highest SASA:AV ratio of BisA in heptane. In contrast, the presence of
a nitrogen-bearing aromatic side chain in TP makes it aggregate strongly in
heptane, leading to the lowest SASA:AV ratio due to its less compatible nature
with heptane. Only C5 Pe in toluene exhibit a very sharp first peak at around 0.45
nm in the normalized RDFs of the polyaromatic cores, indicating a strong
dimerization. All other PA surfactant molecules show variable structures of
molecular association in both toluene and heptane, depending on the nature of
side chains attached to the polyaromatic core. The peaks in the RDF at around
045 nm and 1.23 nm in both solvents correspond to the formation of
polyaromatic m-n stacking and perpendicularly (T-shape) association of the PA
molecules, respectively. In the extreme case, BisA with an aliphatic functional
group in both side chains almost do not form polyaromatic =-r stacking in both
solvents due to its strong steric hindrance. The RDFs of the solvent molecules
near the polyaromatic core, on the other hand, show that the solvent molecules are
excluded from the interstices of the stacked polyaromatic cores in
nanoaggregates. The results from the MSD calculations indicate that the presence

of a bulky aromatic amino acid tryptophan residue in PA molecule enhances the
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intermolecular interaction among PA molecules, which results in the formation of
larger nanoaggregates in the organic phase. In contrast, PAP shows the highest
diffusion coefficient in heptane indicates the formation of weak and small
nanoaggregates. In both toluene and heptane, the single molecules for all PA
molecules were found to have similar radius of gyration and SASA:AV, while
these PA molecules form nanoaggregates of a wide range structures. This finding
suggests that the concept of critical molecular packing parameter widely accepted
for predicting geometry of molecular aggregates in aqueous solutions is
inapplicable to predicting molecular aggregation of the PA molecules in an

organic solvent.
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Chapter 5

Initial Partition and Aggregation of
Protonated Polyaromatic Molecules at
the Oil-Water Interface*

5.1 Introduction

Initial molecular adsorption and aggregation of polyaromatic molecules
(PA) at the oil-water interface to form a viscoelastic interfacial film as a result of
various intermolecular interactions, such as, dipole-dipole, H-bonding, 7---x, and
Cationm, are of fundamental interest as they are relevant in a wide range of
industrial processes, including oil recovery and oil-contaminated waste-water
treatment.68'7°'2°1'2°3

PA molecules with ionized head groups are surface active molecules
(SAM) in which, the hydrophilic head groups reside in water, whereas the
hydrophobic nonpolar tails remain in the oil phase.?**?* The accumulation of
these interfacially active PA molecules from the bulk oil phase to the oil-water
interface promotes the formation of cross-linked viscoelastic interfacial films,

which stabilize oil-water emulsions.?+2%

* Published Paper: Robel. B. Teklebrhan.; Ge, L.; Bhattacharjee, S.; Xu, Z.; Sjéblom. J. Phys.
Chem. B 2014, 118, 1040-1051. (from page 86 to pagel14)
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Several studies***®® have shown that films created by the interfacially active PA
molecules prevent the coalescence of dispersed water droplets in water-in-oil
emulsions, thereby impeding oil-water phase separation. Once the interfacially
active PA components or molecules are removed from the bulk oil phase,
emulsions became unstable.*>*3702072% sing both theoretical and experimental
methods, significant progress has been made in the field of studying surfactant

11,34,35,43,

mediated emulsion formation and stability. 47209212 \any synthetic and

natural surfactants have been extensively studied, including anionic

213214 zwitterionic molecules®™>?*°, biomolecules™”, etc. It has been

molecules
observed that protonated moieties show strong interfacial activity in oil-water
systems.**® Accordingly, in simulation-based studies, interfacially active
molecules are often assigned charges to the functional groups that protonate or
deprotonate in water. In oil-water systems, such molecules are always drawn to
the interface with the deprotonated functional groups of the molecules remaining
strongly associated with the water phase until all the interfaces are occupied.>*®
There are two main shortcomings of these electrostatically dominant systems.
First, the electrostatic forces overwhelmingly influence the partitioning process,
masking other factors that render interfacial activity to these surfactants less
visible. Second, surfactants are mostly protonated in the oil phase, and the charges
are acquired only through protonation/deprotonation of the molecules when they
come in contact with the water at the oil-water interface. Thus, the initial

migration of an oil-dispersed surfactant from bulk oil to the oil-water interface is

most likely dictated by other mechanisms, namely, polarity, ---n, dipole-dipole
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interactions, etc. in the absence of a charge on the surfactant molecules. A careful
assessment of these other interactions is therefore crucial in evaluating the surface
activity and initial molecular partitioning of oil-dispersed PA molecules at oil-
water interfaces. It is also important to note that the initial migration process of
PA molecules from the bulk phase to the oil-water interface is extremely difficult
if not impossible to probe experimentally due to inadequate instrumentation.
Computational approaches such as molecular dynamics simulation are particularly
suitable for such kind of investigations.

Relatively speaking, few molecular level studies on PA molecules at
the oil-water interface have been reported despite the evident importance of these
molecules in oil recovery and oil-field water treatment.**® Lack of detailed
molecular level knowledge on the structural and conformational arrangements, 3D
intermolecular network formation and dynamics of the adsorbed PA molecules at
the oil-water interface limits rational design of appropriate chemical demulsifiers
under specific process conditions. When chemical demulsifiers are added to an
emulsion system stabilized by PA molecules, they will adsorb at the oil-water
interface and partly dislodge the PA molecules adsorbed at the interface, thereby
forming a new interfacial film of lower mechanical strength or poor stability.?*?

In Chapter 4, we explored the association of PA molecules into initial
nanoaggregates in the bulk oil phase by molecular dynamics (MD) simulation.?*®
In that study, we showed a significant impact of the molecular fingerprints on the
first steps of molecular association into nanoaggregates in aliphatic and aromatic

bulk solvents. Chemical and structural modification on the side-chain functional

97



groups (aliphatic, steric, polarity, aromaticity, etc.) of the PA molecules leads to
significant variations in molecular association, dynamics of molecular
nanoaggregation and structure of resultant nanoaggregates in these solvents. The
aggregates of PA molecules are larger in aliphatic solvents than in aromatic
solvents, as a result of weakened m-m stacking of the PA molecules by the
penetration and association of aromatic solvent molecules.

In this chapter, we study adsorption and association of five protonated
perylene bisimide based PA molecules at oil-water interface by molecular
dynamics simulation. The role of competitive molecular interactions between the
n-n stacking and hydrogen bonding between the hydrophilic groups of PA
molecules and water molecules in molecular association and formation of
viscoelastic films at an oil-water interface is investigated. The influence of
various polar and non-polar side chain functional groups on the partition of PA
molecules between the interfacial region and the bulk oil phase is shown. The
effect of the solvent (oil) polarity is also considered. The molecular orientations
and dynamics of the PA molecules at the oil-water interface are revealed. The
results obtained in this study provide a rationalization of the interfacial activities
of the protonated PA molecules at oil-water interfaces with respect to their

molecular fingerprints.

5.2 Details on Molecular Models and Simulation

Molecular dynamics (MD) simulations were conducted using the
GROMACS™*® simulation software and GROMOS96-53a6 force field. This
force field is primarily parameterized for biological macromolecules, in particular
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for proteins, peptides and phospholipids. All the double bonds and aromatic rings
were modeled by considering the sp? hybridization of carbons. The polar and
aromatic hydrogen atoms in the molecule were modeled explicitly, while aliphatic
methyl groups of the molecules were treated as unified interaction
Sites.152’153'158'159

Our previous simulation results showed that GROMOS96-53a6 force field is
capable of predicting the self-diffusivity and other physical property of the
solvents reasonably. The general simulation methodologies employed in this
study are reported elsewere.?***?® However, a new version of PRODRG was
used in this study to generate the initial molecular geometries and topology files
of the PA and solvent molecules. The carboxylic functional groups, which are
ionizable groups in the PA molecules, were set to either protonated (-COOH) or
deprotonated (-COO") states depending up on the system being studied. The box
size, solvents added, simulation parameter and time remains the same for all the
simulations. For the deprotonated PA molecules, a total of 24 sodium ions were
included in the molecular topology to keep the systems electro-neutral. The
detailed design and construction scheme of the cubic boxes, oil-water interface,
molecular geometries and topology files of the PA molecules, toluene and heptane
solvent molecules are the same with our previous chapters. For the easy
reference, the different types of PA structures used in this study are summarized
in Figure 5.1 (a—b).

For the water model, the simple point charge (SPC) model was used in our

simulation as this model was able to provide a reasonable estimation of the
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interfacial properties of the oil-water systems (see Appendix A, for a detailed
water model comparisons). The simulation boxes were constructed by first
packing 24 PA molecules in vacuum in a cubic box of 10 nm size. The boxes
were then solvated with either heptane or toluene molecules followed by energy
minimization. The concentration of PA molecules in our simulation box falls
within the range of (27.4 — 30.4) g/L. The boxes were then extended in the z—
direction by 5 nm and filled with water molecules. The system energy was then
minimized using the steepest descent method. The detailed system setup is
described in Table 5.1.

A total of 16 simulation boxes were designed in this manner (10 for
protonated and 6 for deprotonated PA molecules). After equilibration, all the
boxes contained an organic and an aqueous layer with well-defined flat interfaces.
Simulations were performed in an NPT ensemble at 298 K and 1 bar pressure

154,155

using Nosé-Hoover thermostat and Parrinello-Rahman pressure coupling

algorithm.**® Pressure and temperature coupling constants of = 3 ps and

1, = 0.3 ps, respectively, were used throughout the simulations. The isothermal
compressibility of water ( k(T) = 4.5 x 10® bar') was used in all the

simulations.®® Periodic boundary conditions*>* were applied in all dimensions.
Long-range electrostatic interactions were computed using the Particle-Mesh
Ewald Summation (PME)'*® method with a grid spacing of 0.16 nm and cutoff
distance of 1.2 nm. The van der Waals interactions were truncated with a cutoff
distance of 1.2 nm. The van der Waals interactions were truncated with a cutoff

distance of 1.4 nm.
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The LINCS algorithm was used to constrain all the bond lengths in the
simulation system.®® A neighbour list with a cutoff distance of 1.2 nm was
updated every 5 steps. The initial velocities of the moving atoms in the system
were set using the Maxwell distribution at 298 K. *** Simulations were performed

for 10 ns using a leap-frog Verlet algorithm*®>*%%1"

with a time step of 2
femtosecond. Previous study showed that 10 ns simulation time is sufficient to see
the adsorption of the PA molecules at the oil-water interface.?***?® All the
analysis of the energies, structural and dynamic properties of the systems was
performed using the GROMACS built-in analytical tools. The graphics of the

molecular structure of the system were extracted using Visual Molecular

Dynamics (VMD) program.”®

Table 5. 1. System Composition and Simulation Setup

24 PA molecules in 24 PA molecules in
A toluene-water system heptane-water system
molecules

Nioluene Nwater Nheptane Nwater
C5 Pe 3124 14868 2001 15622
PAP 3144 14868 2023 15613
TP 3159 14877 2025 15625
PCH 3136 14635 2019 15262
BisA 3123 14878 1987 15638
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a)

Modified amino acids or aliphatic side
chain substitutes

PBI derivatives
with R=1-5

b)

PCH

BisA

Figure 5.1. Two-dimensional schematic representation of the perylene bisimide-

based polyaromatic (PA) molecules used in this study. All the PA molecules

incorporate a polyaromatic perylene core with two alkyl chains attached to one

end (a) and a different functional group attached to the other end of the molecules

(b). This gives rise to asymmetric PA molecules with one portion of hydrophilic

polar head group and the other hydrophobic nonpolar group. R is substituted by

different types of amino acids or aliphatic alkyl groups such as B-alanine,

phenylalanine, tryptophan and branched n-alkanes (R = 1-5, the black filled circle

in (@) 2D structure refers to the linkage site for the various side-chain

substitutes)'%1%#19221 The carboxylic functional groups were set to either

protonated (-COOH) or deprotonated (-COQ") states.
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5.3 Results and Discussion

5.3.1 Density Profiles of Protonated PA Molecules

Figure 5.2 shows the density profiles of the systems averaged over the last
2 ns of the simulation time. To compute the density distribution of the system, the
simulation box was divided into 50 slabs of equal thickness along the z-direction,
which is perpendicular to the oil-water interface, followed by calculating the
density of various species in each slab. The oil (toluene or heptane) and water
phases remain partitioned into two layers in all simulations. The oil-water
interfaces in these density profiles were located at the location where the two (oil
and water) lines intersect. The partition of the various protonated PA molecules at
the oil-water interface was found to be highly sensitive to the variations of the
side chain functional group and the polarity of oil phase. In toluene-water
systems, most of the protonated PA molecules (except for C5 Pe) slightly prefer
to stay in the bulk toluene phase (core-bound molecules). For most of these PA
molecules, the tendency of forming small nanoaggregates in the bulk toluene
phase was more predominant than the tendency to partition at the toluene-water
interface.

The density distribution for the PA molecules exhibits small peaks at the
two interfaces, but these peaks are generally comparable to the density peaks in
the bulk. In contrast, PA molecules (except for TP) tend to predominantly
concentrate or position near the heptane-water interface and form large

nanoaggregates at the vicinity of the interface (interface-bound molecules).
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Figure 5.2. Density profiles of toluene-water and heptane-water systems
containing various protonated PA molecules, averaged over the last 2 ns of the
simulation time at 298 K. In all the simulations, the carboxylic acid group in the
PA molecule is protonated. The snapshots of the PA molecules at the end of the

simulation are also shown in the figure (Inset). The toluene and heptane



These results indicate that the adsorption of the PA molecules to the oil-water
interface is hindered when the oil phase consists of aromatic molecules (toluene).
Figure 5.3 depicts pair correlation functions between the protonated PA molecules
and between PA molecules and water. The results show a monotonic increase in
pair correlation functions between the PA molecules and water in both solvents
with increasing the separation distance between the aromatic core and water (Fig.
5.3 a and b). This finding implies that the centroids of all the PA molecules are
most likely embedded in the organic phase. Among the PA molecules investigated
in both oil-water systems, the g(r) of C5 Pe shows the sharpest increase with
increasing the distance from the aromatic core. In contrast, the g(r) of TP in both
oil-water systems exhibits the least increase with increasing the distance from
aromatic core, indicating that TP is the least interfacially active and prefers the
organic phase (core-bound molecule).

In order to investigate the impact of the water phase on the association of
these molecules in the organic solvent, we have calculated the g(r) of the PA
molecules (Fig. 5.3 ¢ and d). Comparing these results with our previous chapter

218 it is evident that while the

results for the g(r) in bulk toluene and heptane,
presence of water phase does not dramatically alter the behavior of the g(r) of
these molecules, it does show some subtle differences in the self-association. For

instance, in bulk heptane, C5 Pe had the highest peak?*'®

, Whereas in the presence
of water, TP exhibits the highest peak (Fig. 5.3d). Thus, for deprotonated PA
molecules, the self-association remains the dominant mode of interaction. For the

three molecules containing carboxyl functionality (TP, C5 Pe, and PAP), the pair
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correlation functions between the carboxyl groups and the water show substantial

variations (Fig. 5.4 a and b).
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Figure 5.3. Radial distribution function calculated from the center of mass
between the PA molecules and water (a-b), and among PA molecules in the bulk
oil phase (c-d) averaged over the last 2 ns of the simulation time in toluene-water
and heptane-water systems at 298 K. The presence of a hydrophobic aromatic
residue at the side chain of the PA molecules such as tryptophan moiety decreases
the interfacial activity and increases their propensity to form nanoaggregates in

the bulk oil phase.
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C5 Pe carboxyl groups were found to be most attracted to the oil-water
interface among the three types of PA molecules. The tendency of the carboxyl
groups of C5 Pe to be in the vicinity of the heptane-water interface is more
pronounced than that of the toluene-water interface. However, as the -COOH
groups in our simulations are protonated (uncharged), we do not find them
embedded in the water layer. All the molecules remain within the organic phase,
and do not partition into the water phase. Keeping the molecules protonated in
these simulations allows us to remove the effect of charges on the partitioning
(which is the strongest driving force for interfacial activity) and probe the
influence of other types of interactions (such as =n-mt interactions, steric effects,
dipole-dipole interactions and H-bonding) on the nanoaggregation and interfacial
partition of these types of molecules. Furthermore, the pair correlation function
between the side chains of TP, PAP and PCH molecules and the water molecules
were computed to investigate the effect of side chains on partition of PA
molecules at oil-water interfaces. In toluene-water systems, all PA molecules
exhibit similar tendency of being concentrated near the interface, whereas in
heptane-water systems, PCH exhibits a slightly higher tendency to be
concentrated near the interface (Fig. 5.4 c and d).

In studying the role played by the side chain functional groups of PA
molecules in their adsorption at the oil-water interface, the presence of an
aromatic amino acid tryptophan residue in PA molecules (TP) was found to
severely inhibit the migration of the PA molecule to the oil-water interface.

Tryptophan residue prefers to remain buried in hydrophobic aromatic cores of PA
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molecules, which results in the formation of larger nanoaggregates in the bulk
organic phase. Thus the interfacial activity of this type of molecules is typically
low. These results are consistent with our previous findings that TP molecules

have a higher tendency to aggregate in both toluene and heptane (see Chapter 4).
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Figure 5.4. Radial distribution function calculated from the center of mass
between the aromatic side chain and the water (a-b), and the carboxyl groups of
PA molecules and the water (c-d) averaged over the last 2 ns of the simulation

time in toluene-water and heptane-water systems at 298 K.

Variation in the size, number and heterocyclic nature of the hydrophobic

aromatic rings at the side chains also alters the interfacial activity of the
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protonated PA molecules. This is evident by comparing the results of TP and PAP.
The larger, the size of the aromatic rings (for example phenyl ring — indole ring),
the lower the interfacial activity due to stronger n—m interactions in the bulk oil
phase and reduced intermolecular hydrogen-bond interactions between the PA

and water molecules.

Figure 5.5. Snapshots of molecular configurations of C5 Pe and TP molecules at
the end of the simulation time. Each molecule is presented by a different color to
distinguish one from the other: C5 Pe in black, TP in green and water in red. All

the snapshots are along the x-direction.

Our results further indicate that PA molecules with short-chain aliphatic

acids (C5 Pe) tend to concentrate much more near the oil-water interface
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(interface-bound molecules) than PA molecules of phenylalanine, tryptophan
and/or aliphatic moieties in the side chains. These results indicate that making the
side-chain substituents less hydrophobic and aromatic increases the interfacial
activity of the PA molecule. It is also important to mention that phenylalanine and
tryptophan side-chains contain a bulky aromatic head group, which could prevent
or shield its carboxylic acid group from interacting with the water molecules via
hydrogen bonding. Interestingly, none of the polyaromatic cores of the PA
molecules are associated with the aqueous phase. They prefer to remain in the

organic solvent (see Fig.5.5).

5.3.2 Partition and Aggregation of Protonated
Polyaromatic Molecules at the Oil-Water Interface

The partition and aggregation of the protonated PA molecules at the oil-
water interface have been investigated further in a quantitative manner in this
section. In all simulations, the PA molecules are initially evenly dispersed in three
layers on a regular lattice configuration within a cubic box of 10 nm edge filled
with an organic solvent. Each layer contains 8 PA molecules in the organic
solvent as shown in Figure 5.6a. The solvent box is then extended in the z-
direction by 5 nm and filled with water. Noting that the system is periodic, the oil-
water interface is closest to the uppermost and lowermost layer of the PA
molecules, indicating that 16 of the PA molecules out of a total 24 reside
(simulation 1) at a distance of approximately 2.5 nm from the oil-water interface.
The PA molecules in the central layer are, however, positioned equidistant from

the two oil-water interfaces with an average distance of approximately 5 nm. The
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root mean square distance (RMSD) of all the PA molecules as a function of time

from the nearest oil-water interface (along z) is calculated using the following

equation:

N
RMSD = %Z&f (5.1)
i=1

where N is the total number of PA molecules in the system and ¢; is the difference
between the actual distance of the i'" PA molecule from the oil-water interface and

the average distance of all the PA molecules in the system from the oil-water

interface.
(@) System of simulation 1 (b) System of simulation 2
(24 PA molecules) (36 PA molecules)
oil oil
10 nm 13 nm
Water Water
5nm 5nm

Figure 5.6. A schematic diagram showing the initial molecular arrangements of

the PA molecules at the oil-water systems (a) 24 PA molecules, and (b) 36 PA

molecules.
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In order to validate the effect of the interface separation and box size on
simulation results, we performed the following additional simulation by
increasing the box size in all directions by 3 nm to 13 nm to check the
convergence of simulations. The simulation box was constructed by first packing
36 C5 Pe (simulation 2) molecules in a cubic box of 13 nm size and then solvated
with 3001 heptane molecules, followed by energy minimization. The
concentration of C5 Pe molecules in this simulation box remained the same as in
simulation 1. The box was then extended in the z—direction by 5 nm and filled
with the water molecules.

In simulation 1, 16 PA molecules (upper and lower layer) are 2.5 nm away
from the interface and the remaining 8 PA molecules are at a distance of 5 nm
from the interface. The RMSD of this initial state is calculated to be SQRT [((2.5
nm)? + (5 nm)? + (2.5 nm)?)/3] = ~ 3.54 nm. In simulation 2 (Fig.5.6b), on the
other hand, 24 PA molecules are 4.0 nm away from the interface and the
remaining 12 PA molecules are at a distance of 6.5 nm. The RMSD of this initial
state is calculated to be SQRT [((4.0 nm)® + (6.5 nm)? + (4 nm)?)/3] = ~ 4.97 nm.

It is evident that the difference in the initial RMSDs between the two for
simulations 1 and 2 is 4.97 nm — 3.54 nm = ~ 1.43 nm. As shown in Figure 5.7,
this difference caused the PA molecules in simulation 1 to reach the interface
faster than the PA molecules in simulation 2 due to a shorter distance of PA
molecules away from the interface in simulation 1 than in simulation 2. However
they converged to the same state over a longer simulation period around 9.5 ns (in

this particular case all the PA molecules reached the interface).
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Figure 5.7. The root mean square distance of C5 Pe molecules as a function of

time from the oil-water interface (along z) in heptane-water system at 298 K.

This finding indicates that the size of the simulation box does not change
the dynamics and final state of C5 Pe adsorption but does change the time when
the molecules reach the interface due to the differences in initial separation
distances of C5 Pe molecules away from the interface. This additional simulation
further confirms a minimal, if there is any, effect of box size on the adsorption of
PA molecules to the oil-water interfaces.

In addition, to track the dynamics of these three layers of molecules, we
first index the top, middle and bottom layers of molecules separately (simulation
1), followed by the calculation of their RMSD from the oil-water interface (along
the z direction, which is normal to the oil-water interface. In Figures 5.8a and b,
C5 Pe_8 represents C5 Pe molecules in the middle layer, while C5 Pe_16
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represents C5 Pe molecules in the upper and lower layer since

equidistance from the oil-water interface.

they are both

(a) Toluene-water

——C5 Po_8
——C5 Pe_16 |
=5 Pe_Ave

(b) Heptane-water

e
= C5 Pe_8
= C5 Pe_16
e e C5 P_AVE

Distance (nm)

o 1 2 3 4 5 6 7 8 9 10 01.2A3A456‘7‘81910
Time (ns) Time (ns)

Figure 5.8. The root mean square distance of each layer of C5 Pe molecules as a

function of time from the oil-water interface (along z) in heptane-water system at

298 K.

The results show that all the C5 Pe molecules, regardless of which layer
they belong, migrated equally and consistently to the oil-water interface. This
finding indicates the absence of initial bias in interactions of the PA molecules in
three layers (top, middle and bottom) with the oil-water interface. C5 Pe_Ave
represents the average of the three layers.

Figure 5.9 shows the root mean square distance (RMSD) between the PA and
water molecules as a function of time. As shown in Figure 5.9a, all five PA
molecules gave similar RMSD plots for toluene (weak tendency to go to the
interface). The PA molecules prefer to partition to the organic-water interface
when the organic phase is heptane. With the exception of TP molecules, the rate

of approach of all PA molecules to the oil-water interface is faster in heptane than
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toluene (Figure 5.9b), indicating a distinctly lower interfacial affinity of the PA

molecules in toluene than in heptane.
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Figure 5.9. The root mean square distance of different PA molecules and oil-
water interface as a function of time in toluene-water and heptane-water systems

at 298 K.

The rate of different PA molecules approaching the heptane-water interface
varied over a wider range than that approaching the toluene-water interface,
depending on the side-chain substituents. For example, all C5 Pe molecules came
to the heptane-water interface within the first 3 ns and equilibrated within 1 nm
range from the interface. In contrast, TP molecules show poorer adsorption to the
interface with an equilibrium distance of approximately 2.5 nm from the interface.
In the first 3 ns, the rate of PA molecules approaching the heptane-water interface
follows the order of C5 Pe > PCH > BisA > PAP > TP.

The partition ratio (P,,; =N, /N;) and the total number of water molecules

(N,,0) around the PA molecules were also calculated in this section. To calculate
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the number of interface-bound molecules near the oil-water interface we use a
cutoff distance of 1 nm from the oil-water interface to the bulk oil phase. All PA
molecules within the 1 nm oil film from the oil-water interface are considered as
interface-bound PA molecules. The remaining PA molecules in the system (core-
bound molecules), however, associate to various degrees in the bulk organic phase
to form nanoaggregates. Consequently, the partition ratio of each PA molecule, as
well as the total number of water molecules around the PA molecules was
calculated. The total number of water molecules around the PA molecules was
calculated to examine the association of PA molecules with water in the system.
All water molecules within 0.5 nm (radius) from the center of mass of the PA
molecules were considered as water associated with the interface-bound PA
molecules (molecules within the 1 nm of the oil film).

Figure 5.10 shows PA molecules containing aliphatic carboxylic acid functional
groups exhibit the highest partition coefficient to the interface, whereas PA
molecules containing the tryptophan residue show the lowest partition coefficient.
The variation in partition coefficient observed in our simulation indicates that the
adsorption of PA molecules to the interface decreases when bulk aromatic
functional groups are incorporated as side-chain substituents, particularly when the
oil phase is toluene.

For the hydration of the PA molecules, the PA molecules containing tryptophan
residue have the lowest number of associated water molecules, as compared to the
other PA molecules (see Table 5.2). In contrast, the PA molecules containing

aliphatic carboxylic acid groups show the highest degree of association with water
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molecules. This finding indicates that PA molecules containing aliphatic carboxylic
acid in the side chain can lower the oil-water interfacial tension to a larger extent

than PA molecules containing aromatic or aliphatic moieties in the side chains.
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Figure 5.10. Partition ratio of the PA molecules in heptane-water and toluene-

water systems averaged over the last 2 ns of the simulation time at 298 K.

The results obtained from these simulations indicate that C5 Pe has the highest
tendency to migrate to the oil-water interface. Moreover, the presence of a
carboxylic acid was found to be crucial for the interfacial activity. Therefore, even
though the aromatic core of the PA molecules are identical and there are several
polar C=0 groups in the compound, which can form weak hydrogen bonds with the
water molecules at the interface, the absence of the carboxylic group and the nature
of the functional groups (such as indole) change the partitioning behavior of PA

molecules dramatically.
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Table 5. 2. The total number of water molecules around the interface-bound PA

molecules (within the 1 nm oil film on the water) at the end of the simulation time

toluene-water system heptane-water system
PA molecules Noio Npo
C5 Pe 225 465
PAP 163 243
TP 30 39
PCH 137 339
BisA 28 271

5.3.3 Intermolecular Hydrogen Bonding of Protonated
PA Molecules at the Oil-Water Interface

The hydrogen bonding between PA and water molecules has a significant
effect on several physico-chemical properties of the oil-water interface.””*?** For
example, PA molecules adsorbed at the oil-water interface through various
intermolecular interactions (e.g., dipole-dipole, H-bonding, etc.) lower the
interfacial tension by altering and disrupting the hydrogen bonding of the water
molecules in the vicinity of the interface.?”>??° In this section, the hydrogen bonds
between PA and interfacial water molecules were determined. To calculate the
hydrogen bonding in our systems, a geometric criterion of Donor — Acceptor

distance r,, <3.5A and Acceptor — Donor — Hydrogen (H) angle 6,,,, <30° was

used, as implemented in GROMACS 3.3.3.
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The calculated average number of intermolecular hydrogen bonds in our
systems, normalized by the total number of PA molecules is shown in Table 5.3.
The results in Table 5.3 indicate a large difference in the tendency of forming
intermolecular hydrogen bonds between the PA and water molecules at the
toluene-water and heptane-water interfaces. Interestingly, irrespective of the
nature of the side chain functional groups attached to the PA molecule, fewer
hydrogen bonds between the PA and water molecules were observed in toluene-

water systems than in heptane-water systems.

Table 5. 3. The average number of intermolecular hydrogen bonds per PA

molecule (N, 5,.4) at 298 K temperature and 1 bar over the last 2 ns simulation

time
toluene-water system heptane-water system
PA molecules N, o N, o

C5 Pe 1.260 + 0.074 2.570 £ 0.060
PAP 0.510 £ 0.116 1.100 + 0.120

TP 0.204 + 0.039 0.340 £ 0.093
PCH 0.780 + 0.072 1.940 + 0.044
BisA 0.310 £ 0.020 0.800 + 0.050

The difference is attributed to the relatively more polar/aromatic nature of the
toluene molecules, which retards the PA molecular adsorption to the interface.

Among the PA molecules studied, C5 Pe molecule has a high tendency to form
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hydrogen bonding with the water molecule in all systems. In contrast, TP and
BisA show the least hydrogen bond in all systems. The results demonstrate that
C5 Pe molecule has a high tendency to reduce the interfacial tension of the oil-
water system than TP and BisA molecules. In toluene-water systems, PCH and
PAP molecules exhibit comparable tendency of being concentrated near the
interface, whereas in heptane-water systems, PCH exhibits a higher tendency to
be concentrated near the interface. These results indicate that PCH in heptane-
water system have a high tendency to form intermolecular hydrogen bond

compared to PAP molecules.

5.3.4 The Preferential Orientation of Protonated PA
Molecules at the Oil-Water Interface

The impact of aromatic and aliphatic substituents on preferred orientation of
the PA molecules at the oil-water interface was investigated. In this calculation
only molecules within the 1 nm oil film on the water were considered as interface-
bound PA molecules. The remaining core-bound PA molecules in the bulk
organic phase were entirely excluded from the quantitative analyses. Based on the
results obtained from Figure 5.10 we chose PAP and C5 Pe molecules for the
purpose of comparison due to their distinct constituents of diametrically opposite
side chains and sufficient number of interface-bound molecules in both toluene-
water and heptane-water interfaces.

Figure 5.11 (a-d) shows the distance of the individual interface-bound PA
molecules from the oil-water interface as a function of time averaged over the last

2 ns of the simulations time. Each line represents a single interface-bound PA
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molecule as a function of time. As one can see in Figure 5.11 (a-d), once the PA
molecules enter the interfacial-bound region (< 1 nm from the oil-water interface)
they will stay there for the rest of the simulation time (at least in most cases),

indicating a strong stability of the PA molecules within this region.
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Figure 5.11 (a-d) The distance of the individual interface-bound PA molecules
from the oil-water interface as a function of time averaged over the last 2 ns of the

simulations time at 298 K.

A graphical illustration of the methodology used to calculate the
preferential orientation of the adsorbed PAP and C5 Pe molecules with reference
to the oil-water interface is shown in Figure 5.12. To obtain the angle distribution

(6) of the adsorbed molecules at the oil-water interface, we calculated the angle
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between the vector f, which is normal to the polyaromatic ring plane of the PA
molecule and vector b , which is perpendicular to the oil-water interface (Figure

5.12). The direction of vector b is along the z-axis of the simulation box. The
statistical averaging was performed over the last 2 ns of the simulation time. The
<6> value ranges from 0° to 90°. We refer the adsorption as flat-on and head-on

(or side-on) when <0> is < 30° and > 60°, respectively.

Interface

Figure 5.12. The schematic representation of the angle distribution (6) of the

polyaromatic ring plane of the PA molecules at the oil-water interface.

When <0> is < 30°, the polyaromatic ring plane of the PA molecules is
referred to as parallel to the oil-water interface. Conversely, when <6> is > 60°,
the polyaromatic ring plane of the PA molecules is considered as perpendicular to
the oil-water interface. The angle ranges between the parallel and perpendicular
are referred to as intermediate or inclined orientation of uncharged PA molecules

adsorbed at the oil-water interface.
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The angle distributions as a function of the number fraction of the adsorbed
PA molecules of C5 Pe and PAP in toluene-water and heptane-water system are
reported in Figure 5.13 (a-b). The statistics were collected for all the interface-
bound molecules near the interface as reported earlier. The number fraction of the
PAP and C5 Pe molecules over a given angle range (0) was calculated by dividing
the number each molecule spent over that angle range by the total data points

collected over the last 2 ns of the simulation time (N; = N, / N;,..,)-

From the angle distribution results, it is evident that both C5 Pe and PAP,
irrespective of the side-chain substituents and solvent property of the oil phase,
tend to orient more head-on (side-on) configuration at the oil-water interface.
However, various other minor angle distributions of the C5 Pe and PAP
molecules at the interface were also observed. C5 Pe molecules, for example,
partition into 12.8 % flat-on, 32.4 % intermediate, and 54.8 % head-on angles at
the toluene-water interface. In contrast, in heptane-water interface, C5 Pe
molecules exhibit a 29.4 % flat-on, 30.4 % intermediate, and 40.2 % head-on
angle distribution. On the other hand, PAP molecules show a 9.4 % flat-on, 33.4
% intermediate and 57.2 % head-on angle distribution at the toluene-water
interface, in contrast to 4.3 % flat-on, 23.9 % intermediate and 71.8 % head-on
angle distribution at heptane-water interface. Figure 5.14 (a-d) shows the
molecular configurations of C5 Pe and PAP at the end of the simulation time in
toluene-water and heptane-water systems. The predominant conformational
preference for head-on or side-on configuration of C5 Pe and PAP in both cases

could be due to the influence of n-m stacking between the polyaromatic rings and
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the hydrogen bonding between carboxylic functional group and the proton of the

water molecules localized at the interface.
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Figure 5.13 (a-b). The number fraction ( N, =N,/N;,, ) of polyaromatic

molecules averaged over the last 2 ns of the simulation time in toluene-water (a)

and heptane-water (b) 298 K.

Moreover, the results demonstrate that in toluene-water system C5 Pe and
PAP molecules show similar angle distributions. However, at the heptane-water
interface a large variation was observed between PAP and C5 Pe molecules. The
polyaromatic plane of the PAP molecules at the heptane-water interface prefers
more head-on (perpendicular to the oil-water interface) than C5 Pe molecules.

In order to gain a better insight into the rigidity of the nanoaggregates
formed at the oil-water interface, we calculated the radial distribution function
among the polyaromatic ring of the PAP and C5 Pe molecules. The results (Figure

5.15 a-b) show a strong =-rt stacking among the interface-bound molecules at the

interface.
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Figure 5.14 (a-d). Snapshots of molecular configurations of C5 Pe and PAP at
the toluene-water and heptane-water interface at the end of 10 ns simulation time.
Each molecule is shown in different colors to distinguish one from the other: PAP
in tan and C5 Pe in black. In all structures, oxygen, nitrogen and hydrogen atoms
are shown in red, blue and white, respectively. All the snapshots are top view of
the simulation box. Toluene and heptane molecules have been removed for

clarity.

125



The strong =-rt stacking formed among C5 Pe and PAP molecules at the
oil-water interface demonstrates the contribution of n-n interaction to the rigidity
of the film formed. The snapshots in Figure 5.15b (inset) were taken at the end of
10 ns simulation time at heptane-water interface. It is important to highlight that
the head-on or side-on molecular orientation predicted by our simulation for C5
Pe molecules at the toluene-water interface agrees well with the results of
vibrational spectroscopy obtained using sum frequency generation (SFG) by

Andrews, et al.*
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Figure 5.15 (a-b). The radial distribution function of polyaromatic cores of the
interfacial-bound molecules at the oil-water interface averaged over the last 2 ns
of the simulation time (8 ns — 10 ns) in toluene-water system (a) and heptane-
water system (b) at 298 K. The snapshots of strong n-r stacking at the heptane-
water interface of C5 Pe and PAP molecules are also shown (Inset). The snapshot

was taken at the end of the simulation time.
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5.3.5 Migration of PA Molecules from the Bulk Oil Phase
to the Oil-Water Interface Assisted by Anionic Side-
Chain Moieties

As mentioned in section 5.1 of this chapter, interfacially active molecules
are often assigned charges to the functional groups (-COOH) that protonate or
deprotonate in water. Initially PA molecules are mostly uncharged (i.e.,
protonated) in the oil phase, and the charges (i.e., deprotonation) are acquired
only when they come in contact with the water molecules at the oil-water
interface. Consequently, the initial migration of oil-dispersed PA molecules from
bulk oil to the oil-water interface is most likely dictated by polarity, n---w, dipole-
dipole interactions, etc. in the absence of a charge on the PA molecules (-COO).
The contribution of all these factors that dictate the migration of PA molecules to
the oil-water interface in the absence of a charge in the PA molecules was
characterized in detail in the previous sections. The results indicate that the
partition of the various protonated PA molecules at the oil-water interface was
found to be highly sensitive to the variations of the side chain functional group
and polarity of the oil phase. However, in this section we will only focus on the
adsorption of PA molecules assisted by anionic moieties (deprotonated carboxylic
functional group) to the oil-water interface to investigate only the molecular
orientation and arrangements of deprotonated PA molecules at the oil-water
interface. Previous studies have shown that deprotonated moieties exhibit strong
interfacial activity in oil-water systems.®*** In oil-water systems, deprotonated PA
molecules are always drawn to the interface with the charged functional groups (-

COQ) of the molecules remaining strongly associated with the water phase until
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all the interfaces are occupied.?**® Hence, simulating deprotonated PA molecules
can provide a glimpse of the long-time adsorption phenomena (i.e., molecular
orientation of the PA molecules after they come in contact with water), which
evolve through an extremely slow processes. Therefore, we simulated three
deprotonated PA molecules (C5 Pe™, PAP™ and TP7) in both toluene-water and
heptane-water systems. The only difference between the protonated and
deprotonated PA molecules are the charge distribution around the carboxylic
functional groups and the removal of all acidic hydrogens from the carboxylic
functional groups. In this study, all PA molecules are in the fully deprotonated

form.

5.3.5.1 Density Profiles of PA Molecules with Anionic Side-Chain
Moieties

We observe that deprotonated (-COQO’) PA molecules have a higher
tendency to adsorb at the interface than that of its protonated PA molecule (-
COOH) counterpart. The results indicate that once a carboxylic moiety on the PA
molecules is deprotonated, the impact of the functional group variations at the
side chain of the aromatic core on the adsorption tendency and amount of
adsorbed molecules becomes negligible. Deprotonated PA molecules possess
stronger intermolecular interactions between the water molecules and the
deprotonated carboxylic terminal group, altering the amount of adsorbed
molecules at the interface. For example, PAP molecules with deprotonated side-
chain moieties show a high tendency to adsorb to the interface than PAP

molecules with fully protonated form in both toluene-water and heptane-water
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binary systems. Figure 5.16 shows the density profiles of the deprotonated PA

molecules at the toluene-water and heptane-water systems.
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Figure 5.16. Density profiles of toluene-water and heptane-water systems
containing various deprotonated PA molecules averaged over the last 2 ns of the
simulation time at 298 K. The carboxylic acid functional groups in all of the PA

molecules in the bulk oil phase are deprotonated (-COQ").
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Regardless the solvent polarity of the oil phase and side-chain variations
of the PA molecule, all deprotonated PA molecules migrated quickly to the oil-
water interface (24 molecules). This is confirmed by large peaks at the two
interfaces, and the absence of any peaks in the bulk oil phase. Upon deprotonation
of the PA molecules in the bulk oil phase, the PA—PA intermolecular interactions
contributing to nanoaggregation in the bulk diminish drastically while PA—water
interaction increases rapidly. This phenomenon is due to the strong electrostatic
interaction between the PA and water molecules. This strong interaction between
the deprotonated carboxyl functional group of the PA molecules and the water
molecules are confirmed further by the radial distribution function of the oxygen
atom of the carboxy! functional group (O-coo-)and the oxygen atom of the water

molecules (On20) in the system as shown in Figure 5.17.
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Figure 5.17. The radial distribution function between the oxygen atom of the
deprotonated carboxyl functional group (O coo-) and the oxygen atom of the
water molecules (Oy) averaged for the last 2 ns of the simulation time. A

snapshot of TP~ molecule tethered at the oil-water interface is shown in the inset.
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All deprotonated PA molecules show very similar radial distribution
functions irrespective of the polarity of the oil phase and the side-chain variation
in the PA molecules. The sharp peak at a distance of 0.18 — 0.21 nm reflects the
strong hydration of the carboxyl functional group of the PA molecules at the oil-
water interface. Our MD results revealed that the tight-binding between the
anionic carboxyl functional group (-COO-) and the water molecules at the oil-
water interface could alter the orientation of the PA molecules at the oil-water
interface and thereby affects the n-x interactions between the aromatic core of the
PA molecules.

In Table 5.5 we report the ratio of the number of protonated (N,,) to

deprotonated (N,...,) interface-bound PA molecules, and the ratio of the number

depro

of PA molecules in the large nanoaggregate cluster of protonated ( AGG,,,) to

pro

deprotonated ( AGG,,,,,) interface-bound molecules at the oil-water interface. The

depro
criterion for determining the number of associated PA molecules in the large
aggregate cluster at the oil-water interface is determined by the linkage algorithm
in GROMACS with a cutoff distance of 0.5 nm. The hydrogen bonds between
deprotonated PA molecules and interfacial water molecules are also shown in
Table 5.5. To calculate the average number of intermolecular hydrogen bonds in
the system, a geometric criterion described in section 5.3.3 were applied.

In both toluene-water and heptane-water systems, all deprotonated PA
molecules exhibit comparable hydrogen bond tendency irrespective of the nature
and size of the side-chain moiety. Results show that all deprotonated PA
molecules approximately form six hydrogen bonds per molecule with water, a
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higher proportion compared to their protonated counterparts. These findings
suggest that a strong intermolecular interaction between deprotonated PA
molecules and the water molecules at the vicinity of the interface.

The ratio of the number of protonated to deprotonated

R,/ :(NP% ) interface-bound PA molecules adsorbed to the oil-water
depro

interface show a significant variation from one another in both heptane-water and

toluene-water interface. The R, ratio of C5 Pe molecules, for example, show a

larger value than the ratio calculated for TP molecules in both toluene-water and
heptane-water interface. The results clearly indicate that protonation or
deprotonation state of TP molecules has a stronger effect on adsorption (i.e.,
number of molecules) to the oil-water interface than C5 Pe molecules.

The results obtained from the simulation of both protonated and
deprotonated PA molecules qualitatively agree with the experimental observations
that C5 Pe lowers the interfacial tension of the toluene-water system than TP,
PAP and BisA."%!% BjsA molecules in toluene-water systems were also show
poor adsorption to the interface and as a result the interfacial tension of the
systems does not change much as compared to the other PA molecules at the

103-105 the two

toluene-water systems (except TP molecules). Experimentally,
acidic PA molecules (C5 Pe and PAP) are interfacially active molecules with
interfacial tension of 1 mN/m (C5 Pe) and 4 mN/m (PAP) at pH 9 in toluene-
water system. In contrast, the nonacidic BisA surfactant molecules can barely be
considered interfacially active PA molecules, with an interfacial tension close to

the pure toluene-water system (~36 mN/m),10%105222
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The ratio of the number of PA molecules in the large nanoaggregate

cluster of protonated to deprotonated R,q, acca :(AGGP%GG ) were also
depro

calculated to determine qualitatively the effect of deprotonation of the side-chain
carboxylic functional group on the nanoaggregate formation at the oil-water
interface. Results show that deprotonation of PA molecules slightly enhance the

number of PA molecules (except PAP) per aggregate at the oil-water interface.

Table 5. 4. The ratio of the number of protonated to deprotonated interface-bound
PA molecules, the ratio of the number of PA molecules in the large nanoaggregate
cluster of protonated to deprotonated at the oil-water interface, and the average

number of intermolecular hydrogen bonds (H-bond) in the system.

PA R —[ Nero R :(AGGP% j H-bond
molecules p/d Ndepro AGGp / AGGd AGGdepro PA-water

toluene-water

C5 Pe 0.54 0.20 5.510 + 0.068
PAP 0.42 1.00 5.710 + 0.065
TP 0.21 0.83 5.170 + 0.057

heptane-water

C5 Pe 1 0.82 6.110 + 0.060
PAP 0.46 1.11 6.200 + 0.024
TP 0.21 0.63 5.860 = 0.038
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5.3.5.2 Preferential Orientation of Deprotonated PA Molecules at
the Oil-Water Interface

The angle distributions for the deprotonated PA molecules in toluene-
water and heptane-water systems are reported in Figure 5.18 (a-b). The results
revealed that not only the protonation and deprotonation state of the molecules
have an impact on the interfacial activity but also on the preferential orientation of
the PA molecules at the interface. From the angle distribution results, it is evident
that the protonation or deprotonation of carboxylic acid of the PA molecules has a
greater impact on the orientation of the adsorbed molecules at the interface. For
example, PAP molecules in protonated state prefer to adsorb in head-on
orientation in both toluene-water and heptane-water systems. However, as soon as
the PAP molecules deprotonate at the interface the preferential orientation of the
PAP molecules start to shift towards intermediate and flat-on orientations at the
toluene-water and heptane-water interface, respectively. C5 Pe molecules in both
protonation and deprotonation states show a high tendency to adsorb in head-on
orientation in all systems. The main reason for the favorable head-on orientation
of the C5 Pe molecules at the interface could be due to the absence of a bulk
hydrophobic aromatic moiety (unlike TP and PAP) adjacent to its aliphatic
carboxylic acid side chain (i.e., B-alanine derivative).

Protonated TP molecules prefer to stay in the bulk oil phase rather than
migrating to the oil-water interface. In contrast, deprotonated TP molecules prefer
an intermediate and flat-on orientation at the toluene-water and heptane-water

interface, respectively.
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Figure 5.18. The number fraction of deprotonated PA molecules averaged over
the last 2 ns of the simulation time in toluene-water (a) and heptane-water (b) 298

K.

Various other minor angle distributions of the deprotonated C5 Pe, TP and
PAP molecules at the interface were also observed. PAP molecules, for example,
partition into 36.7.8 % flat-on, 40.1% intermediate, and 23.2 % head-on angles at
the toluene-water interface. In contrast, at heptane-water interface, PAP molecules
exhibit a 50.5 % flat-on, 26.1 % intermediate, and 23.4 % head-on angle
distribution. On the other hand, C5 Pe molecules show a 13.4 % flat-on, 40.3 %
intermediate and 46.3 % head-on angle distribution at the toluene-water interface,
in contrast to 11.7 % flat-on, 32.2 % intermediate and 56.1 % head-on angle
distribution at heptane-water interface. For TP molecules, we have seen a
dramatic difference between protonated and deprotonated TP molecules.
Although protonated TP molecules prefer to stay at the bulk oil phase and shows
poor adsorption tendency to the interface. Deprotonation of the TP molecules

completely changed their interfacial activity in oil-water systems. Deprotonated
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TP molecules show a 25.8 % flat-on, 41.8 % intermediate and 23.2 % head-on
angle distribution at the toluene-water interface, in contrast to 37.2 % flat-on, 32.4
% intermediate and 30.4 % head-on angle distribution at heptane-water interface.
Therefore, the protonation and deprotonation of the PA molecules have a great
impact on the conformational preference of the PA molecules at the oil-water

systems.

5.4 Conclusion

Adsorption of protonated PA molecules at oil-water interfaces from the bulk
oil phase was studied using molecular dynamics simulations. In toluene-water
systems, protonated PA molecules relatively prefer to stay in the bulk toluene
phase, while in heptane-water system, the molecules approach the interface and
promote the formation of larger nanoaggregate structures near the interface. The
presence of carboxylic group on the side chain in the protonated PA molecules
enhances their adsorption at the oil-water interface, mainly through hydrogen
bond of carboxylic group with the water molecules. In toluene-water systems,
fewer hydrogen bonds were observed than in heptane-water systems due to
stronger interaction (solvation) of PA molecules with toluene. Bulky aromatic
groups such as tryptophan in the PA molecules retard the adsorption process due
to the strong -7 stacking in the system. Irrespective of the side-chain substituents
and solvent polarity of the oil phase, protonated PA molecules prefer a head-on
(or side on) configuration at the oil-water interface.

Finally, none of the protonated PA molecules was observed to partition to the

aqueous phase. The protonation PA molecules always prefer to stay in the
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nonaqueous phase. Our results also revealed that the protonation or deprotonation
state of the PA molecules have a great impact on the interfacial activity,
aggregation and preferential orientation of the PA molecules at the interface.
Once the carboxylic moiety on the PA molecules is deprotonated, the impact of
the functional group variations at the side chain of the aromatic core becomes
negligible. The study sheds light on the molecular mechanisms of PA molecules
portioning at oil-water interfaces, and provides considerable insight into key
considerations necessary for the design of proper chemical demulsifiers for PA
mediated emulsions (e.g., asphaltene at the oil-water interface) formed under

specific process conditions of temperature, pressure and pH.
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Chapter 6

The Influence of Naphthenic Acid on
the Initial Partition and Aggregation of
PA Molecules at the Toluene-Water
Interface

6.1 Introduction

Although estimates vary considerably, recent research has consistently
shown an increasingly higher content of complex polyaromatic (PA) and
naphthenic acid (NA) molecules in several oil field operations and water
treatment plants.**8%1%° As a result, there has long been an interest in
understanding the influence of NA molecules on the initial adsorption and
aggregation of PA molecules at the oil-water interface. Some of the problems
associated with emulsion formation during crude oil production are believed to be
linked to the collective behavior of both PA and NA molecules in the crudes.®% |t
should be noted, however, that bulky polyaromatic molecules (i.e., asphaltenes) in
crude oil form an elastic interfacial film around water droplet, thereby, causing
emulsion stability in water-in-crude oil emulsions,*>49-°48
Naphthenic acids (NA) are among the naturally occurring components in

crude oil. The general chemical formula of NA is CyH2,+20,, where n indicates

the number of carbons in the naphthenic acid and Z is to the number of five or six
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carbon rings in the naphthenic acid (Z = between 0 to -12).%"® These NA
molecules tend to adsorb at the oil-water interface in such a way that the polar
groups are incorporated into the water phase while the hydrophobic part of the
NA molecules is resides into the oil phase.® This phenomenon usually leads to
the formation of interfacial films at the oil-water interface, which promotes
emulsification and emulsion stabilization during oil production.

In Chapters 4 and 5, we have investigated in detail the aggregation and
adsorption mechanism of various PA molecules (without NA) in the bulk oil
phase and at the oil-water interface. Our results show that a subtle change in
molecular structure and polarity of substituent side chain functional group has a
significant impact on molecular association in the bulk oil phase and adsorption at
the oil-water interface. The influence of naphthenic acid (NA) molecules on the
initial adsorption and aggregation of PA molecules at the toluene-water interface.
It should be noted, however, that the interaction between PA and NA molecules in
the bulk oil phase and at the oil-water interface is generally discussed in this chapter

in terms of the structure of NA and PA molecules in the simulated system.

6.2 Molecular Modeling and Simulation Methods

The structural characteristics of the PA molecules used in this study have
been discussed in detail in Chapters 4 and 5 (see Tables 4.1 and 5.1). The
topology and coordinate files of the PA molecules are similar to the ones
developed and used in Chapter 5. In nature, PA molecules (e.g., asphaltenes) are
often found as a mixture of many distinct compounds with different structures.

Thus, in order to investigate their property using model compounds, an
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equimolecular mixture of various PA model compounds are commonly used to
represent the average property of PA molecules in any given system. Based on the
results obtained from Chapters 4 and 5, we selected PAP and C5 Pe mixtures to
represent PA molecules in the system due to their diametrically opposite side
chain constituents and relatively high adsorption tendency to the toluene-water
interface (see Table 6.1). For example, our previous results showed that C5 Pe
molecules tend to concentrate much closer to the toluene-water interface than
PAP, TP and BisA molecules. The properties of the individual molecules (PAP
and C5 Pe) in the bulk oil phase and at the oil-water interface were discussed at
greater length in the previous two chapters. For the NA molecules, a new version
of PRODRG was used to generate the coordinate and topology files. However, the
initial molecular geometries (PDB coordinates) of these NA molecules were
obtained using Chem 3D ultra 10.0 commercial software program.’** Various NA
molecules with different number of carbon (n) and rings (z) were used in this
simulation to model naphthenic acids in nature (see Table 6.1b-h). Symbol x, a
variable, is used to describe the length of alkyl side-chains with carboxyl terminal
group.

In our simulations, toluene solvent molecules were used to model the oil
phase. The topology and coordinate files of toluene was generated from
phenylalanine amino acid fraction through the pdb2gmx routine in GROMACS
software package. For the water model, the extended simple point charge (SPC/E)
model was used in our simulation, as this water model adds the polarization

correction to the potential energy function, and gives a reasonable properties of
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water at ambient temperature (see Appendix A, for a detailed water model
comparison).

In this study, a total of seven simulation boxes were constructed with each
box containing 16 PA molecules (8 C5 Pe and 8 PAP molecules) and 8 NA
molecules in an ordered placement in vacuum in a cubic box of 10 nm size (see
Fig. 6.1). C5 Pe and PAP molecules were placed in the upper and lower layers of
the simulated box, while NA molecules were positioned in the middle layer. In
each simulation box a different type of NA molecules were added to examine the
influence of different NA molecules with varying structures on partition and
aggregation of PA molecules at the toluene-water interface. All the simulation
boxes were then solvated with toluene molecules, followed by steepest descent
energy minimization. The boxes were then stretched in the z—direction by 5 nm
and filled with SPC/E water molecules. In order to compare the effect of various
NA molecules on partition and aggregation of PA molecules at the toluene-water
interface, we also performed an additional simulation without any NA molecules
in the system (see Table 6.1a). In all the simulations, the carboxylic acid groups in
the PA and NA molecules were maintained to be protonated. The detailed system
setup is described in Table 6.2. All the simulations were done in an NPT
ensemble at 298 K temperature and 1 bar pressure using Nosé-Hoover thermostat
and Parrinello-Rahman pressure coupling algorithms implemented in GROMACS

3.3.3.1541%1% The pressure and temperature coupling constants of = 3ps and

1, =0.3ps, respectively were used in all our simulations. All the simulations were

performed for 10 ns simulation time.
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Table 6.1. Structures of Polyaromatic and Naphthenic Acid Molecules

Polyaromatic molecules

Naphthenic acid (NA)

/CO\/\/\/\CP

i
OH

NA-4

(PA)
(& No NA (b) Z2=0,x=9
CI)H
He~e~a~~So
X
NA-1
(c) Z=-2andx=1 (d Z=-4andx=1
PAP
WD G =Y “~oH “~om
+ NA-3
NA-2
oD" :_8@8_: () Z=-4andx=6 () Z=-4andx=11
C5 Pe

m/\/\/\/\/\/?
C
A

NA-5

(9) Z=-6andx=1

0 ~OH

NA-6

(hy z=-8andx=1

O OH

o

NA-7

The isothermal compressibility of water at room temperature (k(T) = 4.5

x 10" bar™) was used in all our MD simulations.'®® PBCs"* were applied in x, y,

z dimensions of the simulation box. Long-range electrostatic interactions were
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handled using the Particle-Mesh Ewald Summation (PME)™® method with a fast

Fourier transform (FFT) grid spacing of 0.16 nm and cutoff distance of 1.2 nm.

System of simulation
(8 C5 Pe + 8 PAP + 8 NA molecules)

8C5Pe 8NA 8PAP

a A A A
& = &
Toluene |||es A<—> w<>I>
10 nm § g ™ &
3 qa‘gg‘s
Water
5nm

10 nm

Figure 6.1. A schematic diagram showing the initial arrangements of PAP, C5 Pe

and NA molecules in the toluene-water systems

A cutoff of 1.4 nm was used for the van der Waals interactions. The
general MD simulation conditions and parameters used in this chapter were the
same as the ones used in Chapters 4 and 5. Finally, GROMOS96 force field with
a parameter set of 53a6 was used in all our systems. The time dependent structural
evolution of the system was analyzed and visualized using both the GROMACS

built-in analytical tools and the visual molecular dynamics software (VMD).?%
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Table 6. 2. System composition and simulation setup of PA and NA molecules in

the toluene-water systems

. . 8 PAP + 8 C5 Pe + 8 NA molecules
system | simulation type

Nioluene Nuwater
SO PA with no NA 3227 14150
S1 PA with NA-1 3206 14152
S2 PA with NA-2 3190 14161
S3 PA with NA-3 3207 14148
S4 PA with NA-4 3172 14151
S5 PA with NA-5 3154 14148
S6 PA with NA-6 3192 14146
S7 PA with NA-7 3206 14153

6.3 Results and Discussion

6.3.1 Density Profiles of PA and NA Molecules

Figure 6.2a-h shows the density profiles of the simulated species (C5 Pe,
PAP, NA, water and toluene molecules) in the system averaged over the last 2 ns
of simulation time. To compute the density distribution of the simulated species
across the simulation box, the box was divided into 50 slabs of equal thickness
along the z-direction, followed by computing the density of the desired molecule
in each slab. It should be noted that, the toluene-water interfaces in these

calculated density profiles were located at the position where toluene and water
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lines in the system intersect. From these density profiles and molecular snapshots
of the simulation box at t = 10 ns (see the insets in Figure 6.2) we can directly
observe that the partition of PA molecules (PAP and C5 Pe) at the toluene-water
interface is moderately sensitive to the presence of NA molecules in the simulated
systems. For example, in the absence of NA molecules, most C5 Pe and PAP
molecules in the system prefer to concentrate near the toluene-water interface
than staying in the bulk toluene phase. This higher affinity towards the toluene-
water interface was confirmed by the presence of relatively large and broad peaks
at the two interfaces in the density profiles shown in Figure 6.2a (PA without
NA). In contrast, PA molecules mixed with molecules of two fused hydrogenated
rings with a moderate length of aliphatic carboxylic acid at the side chain (x = 6)
create in the density profile a large and broad peak in the bulk toluene phase,
indicating that the interfacial activity of these PA molecules significantly
diminishes by the presence of NA molecules (i.e., NA-4) in the system. Thus, the
presence of NA molecules in the system has the ability to influence or alter the
partition of the PA molecules (C5 Pe and PAP) at the toluene-water interface.

To further examine the influence of the molecular structure, type and size
of the NA molecules on partition of PA molecules at the toluene-water interface,
we also compared qualitatively the density profiles of each NA-containing
simulation with our reference simulation, which is a simulation without NA
molecules in the system (Fig. 6.2a). Our results show that PA molecules mixed
with NA-5 molecules tend to form large peaks at the two interfaces, indicating

that NA molecules of two fused hydrogenated rings with a very long aliphatic
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carboxylic acid at the side chain (x = 11) enhance only slightly the migration of
PA molecules to the toluene-water interface (relative to the reference simulation).
In contrast, NA-4 molecules of two fused hydrogenated rings with a moderate
length aliphatic carboxylic acid at the side chain (x = 6) have a significant impact
on the partition of PA molecules at the toluene-water interface. These results
suggest that the length (x) of the aliphatic carboxylic acid at the side chain has a
greater impact on partition and aggregation of PA molecules at the toluene-water
interface. The larger the length of the aliphatic carboxylic acid at the side chain of
the two fused hydrogenated rings, the more PA molecules migrate to the interface.
In general, the number of hydrogenated ring (Z) and the length of the aliphatic
carboxylic acid at the side chain (x) of the NA molecules have varying degrees of
influence on the partition of PA molecules in the toluene-water systems.
Conversely, most NA molecules used in this simulation have a tendency to
disperse across the toluene-water systems (from the interface to the bulk phase),
indicating that there exists a competing intermolecular interaction among the
various species present in the system (e.g., PA, water, toluene and NA). These
intermolecular interactions could be a reason to impede the migration of NA
molecules to the toluene-water interface (see Fig. 6.2 b and f). In order to gain a
better insight into the strength of the intermolecular interactions among the
various species in the system, we calculated the radial distribution function
between different species in the system. Figure 6.3 (a-f) depicts the pair
correlation functions between PA and water, NA and water, PA and NA, and

among NA and PA molecules in toluene-water systems.
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Figure 6.2. Density profiles of various protonated PA and NA molecules in the

toluene-water systems averaged over the last 2 ns of the simulation time at 298 K.

As shown in Figure 6.3 (a-b), the pair correlation functions for all PA and

NA molecules with water increase monotonically in toluene solvent, indicating

147



that the molecules are well-embedded in the bulk toluene phase with different
molecular distributions across the system. With the exception of PA molecules
mixed with NA-5 molecules, the radial distribution function of most PA
molecules with water (Figure 6.3a) decreases by the presence of different NA
molecules in the system (relative to our reference simulation). These results
indicate that naphthenic acid molecules in the system generally hinder the
adsorption of PA molecules to the toluene-water interface, except for NA of very
long (x=11) aliphatic carboxylic acid at the side chain.

Among the simulations performed in this study, PA molecules mixed with
NA-4 show the least increase in the radial distribution function (Figure 6.3a). This
finding implies that NA molecules of two fused hydrogenated rings with a
moderate (X = 6) aliphatic carboxylic acid at the side chain greatly influence the
adsorption of the PA molecules to the toluene-water interface. It should be noted
that, the difference in structure between NA-4 (x = 6) and NA-5 (x = 11)
molecules is the length of the aliphatic carboxylic functional group at the side
chain (i.e., x).

Our results indicate that NA molecules with very long aliphatic carboxylic
functional group at the side chain enhance the adsorption of PA molecules to the
toluene-water interface. The reason could be due to the large steric effect of NA-5
molecules in the system, which creates an unfavorable environment in the bulk
for the PA molecules to associate or stay as an individual PA molecules.
Compared to other NA molecules in the system (Fig. 6.3d), NA-5 molecules show

the least associations.
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Our results further indicate that the adsorption of PA molecules at the
toluene-water interface decreases slightly with the increase in the number of
hydrogenated rings (Z) in the NA molecules (NA-2, NA-3, NA-6 and NA-7). The
result implies that the influence of the size of the hydrogenated ring (Z) is very
weak in comparison to the length of the aliphatic carboxylic acid side chain (x).
As one can see in Figure 6.3 e and f, PA molecules interact more with NA-1
molecules. This implies that small linear NA molecules have a slightly higher
tendency to weaken the molecular association and stacking of PA molecules at the
toluene-water interface (see Fig.6.3c). Therefore, depending on the type and size
of the NA molecules present in the system different interactions between PA and
NA molecules were observed. This varying degree of interactions between PA
and different NA molecules in the current system generally hinder the migration

of PA molecules to the toluene-water interface.

6.3.2 Partition of PA and NA Molecules at the Toluene-
Water Interface

The partition of mixed PA and NA molecules between the bulk toluene
phase and toluene-water interface was investigated to explore the competition
between PA and NA molecules when they migrate to the toluene-water interface.
Our focus in this section is mainly on the quantification of the PA and NA
molecules based on their affinity towards the interface. Figure 6.4 (a-c) shows the
root mean square distance (RMSD) of PAP, C5 Pe and NA molecules from the
toluene-water interface as a function of time. The root mean square distance of the

PAP, C5 Pe and NA molecules from the nearest oil-water interface was calculated
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using Equation 5.1, as described in section 5.3.2. Each line in the RMSD figure
(Figure 6.4 a-c) represents the sum of the individual PAP, C5 Pe and NA
molecules in each simulated systems. The data in Figure 6.4a, for instance,
describes the root mean square distance of PAP molecules from the nearest oil-

water interface in each simulation box as a function of time.
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Figure 6.4. The root mean square distance of PAP (a), C5 Pe (b), NA (c)
molecules from the toluene-water interface as a function of time. (d) Partition
ratio of PAP, C5 Pe and NA molecules in toluene-water systems averaged over

the last 2 ns (8 -10 ns) of the simulation time at 298 K.

As shown in Figure 6.4 (a-b), the rate of PA molecules approaching the

toluene-water interface varied greatly in the simulation systems, indicating that
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the type and size of the NA molecules present in the system greatly influence the
interfacial affinity of PA molecules in toluene-water systems. Compared with our
reference simulation, PAP and C5 Pe molecules approaching the toluene-water
interface is reduced by the presence of NA molecules exception for NA-5
molecules. Our results further indicate that the presence of NA molecules in the
system has greater influence on the molecular trajectories of C5 Pe molecules
migrating to at the toluene-water interface than PAP molecules. It is important to
note, however, that in the presence of PA molecules most protonated NA
molecules in the system generally exhibit lower interfacial affinity to the toluene-
water interface. Figure 6.4d shows the partition of PAP, C5 Pe and NA molecules
between bulk (core-bound) and toluene-water interface (interface-bound). The

partition ratio (P, =N, /N;) of PAP, C5 Pe and NA molecules between the

bulk toluene and toluene-water interface is also calculated in this section to
compare the competition between these molecules to the interface. To calculate
the number of molecules near the toluene-water interface we followed the same
methodology mentioned in section 5.3.2. As can be seen in Figure 6.3d, both PAP
and C5 Pe molecules show a higher tendency to concentrate near the toluene-
water interface than NA molecules. Furthermore, PA (C5 Pe and PAP) molecules
mixed with NA-5 molecules show the highest partition ratio while those PA
molecules mixed with NA-4 exhibit the lowest ratio at the toluene-water interface.

Various partition ratios of PAP and C5 Pe molecules were observed in our
simulations, indicating that the preference of adsorption at the interface changes

due to the presence of NA molecules. The variation in partition coefficient
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observed in our simulation indicates that the adsorption of PA molecules to the
interface decreases when NA molecules of two hydrogenated rings with a
moderate (x = 6) aliphatic carboxylic acid at the side chain is present in the

system.

6.3.3 The influence of NA Molecules on the Self-
Association of PA Molecules

In the previous section, the partition ratio of both NA and PA molecules was
computed to examine the effect of structural feature and size of the NA molecules
on the adsorption of PA molecules at the toluene-water interface. Interestingly,
our results in the previous sections clearly show a profound effect of the
molecular size and length of the aliphatic carboxylic functional group at the side
chain (i.e., x) of the NA molecules have on the adsorption of PA molecules at the
toluene-water interface. Such effect is a result of change in interactions among the
species present in the system (e.g., hydrophobic interactions, steric repulsion,
etc.).

In this section, the mean aggregate number of clusters (Ncuswers) and the
number of molecules (Nmorecutes) in the large aggregate cluster are calculated to
determine the impact of the NA molecules on the self-association of PA
molecules in the system in the absence or presence of a water phase. It should be
noted that, when water phase (in toluene-water systems) is present in the system
some of the PA and NA molecules migrate to the toluene-water interface,
resulting in the formation of aggregates both in the bulk toluene phase and at the

toluene-water interface. However, in the absence of a water phase in the system
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(i.e. pure toluene phase) the aggregates of PA molecules reside in the bulk toluene
phase. Therefore, our objective in this section is to examine the influence of
different NA molecules on the aggregation size and number of aggregate clusters
in the system in the presence and absence of a water phase. By comparing the
simulations of PA and NA molecules in pure toluene phase and toluene-water
interface, the effect of NA molecules on the self-association of PA molecules in a
wide range of scenarios was tested.

For the simulation of bulk toluene phase, everything kept the same except that
the 5 nm water layer in this simulation was removed from the initial simulation
setup and the box size were reduced to 10 nm x 10 nm x 10 nm (see Table 6.2).
Therefore, a total of 16 simulations were performed in this section, 8 simulations
in pure toluene phase and 8 simulations at the toluene-water interface.

Figure 6.5 (a-b) shows the pair correlation functions among the
polyaromatic core of the PA molecules, and PA and NA molecules in pure
toluene phase. The radial distribution function calculated for the polyaromatic
core of the PA molecules in pure toluene (Fig. 6.5a) and at the toluene-water
interface (Fig. 6.3c) exhibits similar trend. The results obtained for the m-m
stacking between the polyaromatic rings of PA molecules in the system in the
presence and absence of the water phase show a similar pattern. However, the
presence of different NA molecules in the system causes a small change in the
peak height of the radial distribution functions, indicating that the NA molecules
(except NA-1) in the system slightly enhance the n-n stacking of PA molecules.

In contrast, the RDFs between PA and NA molecules in pure toluene phase (Fig.
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6.5b) and toluene-water interface (Fig. 6.3f) are very different in the RDF peak
heights and shape. These results indicate that PA molecules interact more with
NA molecules in the presence of water phase than in bulk toluene phase, in

particular when the NA molecules are very small (NA-1 and NA-2), and very

large ( NA-5 and NA-7) in size.
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Figure 6.5 Radial distribution functions calculated from the center of mass among
the polyaromatic core of the PA molecules (a), between NA and PA (b), and the

mean aggregate number of clusters (Ncusters) in pure toluene phase (c) and at the

toluene-water interface (d).

Furthermore, the RDFs among NA molecules in pure toluene phase and

toluene-water interface also show the same trend, indicating that water phase does
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not have an influence on the association of protonated NA molecules in the
system (inset of Fig 6.5b and Fig. 6.3d).

In Table 6.3 we report the number of aggregated molecules in a large
nanoaggregate cluster (Nmolecules) and the mean aggregate number of clusters

(Neiusters) in the bulk toluene and at the toluene-water interface.

Table 6.3. The Number of Aggregated Molecules of the Large Nanoaggregate
Cluster (Nmolecutes) and the Mean Aggregate Number of Clusters (Nciusters) in the
Simulated Systems

PA molecules
bulk toluene phase toluene-water system

system (Ncluster) (Nmotecutes) (Neluster) (Nmotecutes)
aggregates Large aggregate aggregates Large aggregate

SO 9 4 7 6

S1 8 4 9 5

S2 8 4 9 3

S3 10 4 7 5

S4 9 3 6 4

S5 6 6 8 4

S6 10 3 7 4

S7 9 3 10 4

The number of associated molecules per aggregate is determined by the
linkage algorithm with a cutoff distance of 0.5 nm between the atoms of any two
given molecules. In both bulk toluene and toluene-water interface, the number of
PA molecules in the large aggregate is in the range of 3-5 molecules (except for

the case with NA-5 at the toluene-water interface). This finding suggests that the
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presence of NA molecules in the system has only a marginal influence on the
aggregation size of the PA molecules. Similar conclusions were drawn in for
number of clusters of aggregates in pure toluene and at the toluene-water
interface.

The total number of clusters of aggregates in both pure toluene and
toluene-water interface ranges between 7-10 clusters (except for the case with
NA-4 at the toluene-water interface and NA-5 at the bulk toluene phase). Only PA
molecules mixed with NA-5 in pure bulk toluene phase exhibit the formation of
large aggregates in the system, up to 6 PA molecules per the large aggregate in
the system.

Figure 6.4 shows the molecular snapshots of the system at the end of
simulation time. In the presence of NA molecules no significant variation in the
number of clusters or molecules per aggregate was observed. Visual inspection of
the MD snapshots also qualitatively reveals that all PA molecules show smaller
and less structured aggregates in both pure toluene phase and at the toluene-water
interface. It is interesting to note, however, that molecular association and

stacking between C5 Pe and PAP were observed in the simulated system.
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Figure 6.6. Snapshots of PA molecules at the end of the simulation time in bulk
toluene. Each molecule is presented by a different color to distinguish one from
the other: C5 Pe in black, PAP in tan, and NA in blue. All the molecular

snapshots are taken along z-axis.
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6.4 Conclusions

The partition of PA molecules at the toluene-water interface was found to
be sensitive to the presence of NA molecules in the simulated systems. Our results
indicate that naphtanic acid molecules in the system generally hinder the
adsorption of PA molecules to the toluene-water interface except for the case
when the length of the aliphatic carboxylic acid at the side chain is very long. The
presence of NA molecules of two fused hydrogenated rings with a very long
aliphatic carboxylic acid at the side chain enhances the migration of PA molecules
to the toluene-water interface. These results imply that in comparison to the
length of the aliphatic carboxylic acid side chain, the size of the hydrogenated
ring has a negligible effect on migration of PA molecules to toluene-water
interface.

Depending on the type and size of the NA molecules present in the system
different interactions between PA and NA molecules were observed in toluene-
water systems. With the exception of NA-5 molecules, the rate of approach of
PAP and C5 Pe molecules to the toluene-water interface is reduced by the
presence of NA molecules in all simulation systems. The presence of NA
molecules in the system has only marginal effect on the size of the large
aggregates and total number of aggregate clusters in pure toluene and at the
toluene-water interface.

Finally, the results obtained from this work supplements earlier report by
song et al. (2010)*. They found that the presence of naphthenic acid molecules

in bitumen can destabilize, moderately, the water-in-oil emulsion by lowering the
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interfacial tension. Therefore, reduces the rigidity of diluted asphaltene-water
interface due to weaker adsorption of polyaromatic molecules at the oil-water

interface.
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Chapter 7

Summary and Conclusions

Several research scientists and engineers in the area of petroleomics,
emulsion systems, thermodynamics of fluid-fluid interfaces, interfacial
phenomena, transport phenomena and fluid-particles devoted much of their time
trying to understand the fundamental governing physico-chemical properties of
complex systems and their dynamical behavior over a range of process
conditions.???” The reason is that most of the fundamental static and dynamic
properties in these area are usually related to a number of engineering problems
such as heavy organic deposition, suspensions, corrosion, fluidized beds,
lubricated transport and refinery poisoning, etc.222" 44485233 However, despite the
enormous progress made, so far our basic understanding of the underlying system
dynamics in these problems are severely limited or hampered due to the intrinsic
complexity of the system exhibited and inadequate instrumentations. %%’

Consequently, computational approaches are increasingly being integrated
with the available experimental techniques to explore the time-dependent
behavior of the system dynamics over an enormous range of spatio-temporal
domain. Not only that but also the experimental assessment of these systems are

too expensive and much restricted by the high cost and unsatisfactory

resolution.””*> However, in the last decade, most of the attempts so far made to
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model such systems are based on the continuum computational modeling
approaches in which it overlook the microscale system interactions despite the
fact that the macroscopic properties of the system emerges from the interaction at
the microscale or local interactions.”?* Several of the continuum based model
studies had to resort to simplifying assumptions of the physics of the interactions
governing the molecular associations of the compositions in the systems. This
limitation place significant restrictions on the validity of the derived solutions and
sometimes leads to inaccurate results or predictions.??%

In this thesis, the molecular association, nanoaggregate formation and
molecular dynamics of an in-house synthesized asphaltene-like or polyaromatic
model compounds were explored to understand and detect the influence of
molecular fingerprint on the first steps of molecular association into
nanoaggregates, where these aggregates represent the first level of molecular
clusters or building blocks in 3D structures. Furthermore, the initial migration of
oil-dispersed PA molecules from bulk oil to the oil-water interface was also
examined under two extreme solvent conditions to understand the influence of the
polarity, m--m, dipole-dipole interactions in the absence of a charge on the PA
molecules. The role of different functional group substituents on molecular
orientations, layering arrangements and dynamics at the oil-water interface were
also explored. The interaction between naphthenic acids and polyaromatic
molecules in a bulk oil phase and at the oil-water interface was also examined.

To explore the detailed molecular level time-dependent behavior of the

asphaltene-like and naphtanic acid molecules over an enormous range of spatio-
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temporal domain, extensive MD simulations were used throughout the research

project. From the extensive computational studies the following significant
conclusions were made about the physico-chemical properties of polyaromatic

and naphtanic acid sub-fractions of the crude oil in a bulk oil phase and at the oil-

water interface.

7.1 Major Conclusions and Contributions

Our extensive computational results show that a variation in the nature of
side chains attached to the polyaromatic core of the PA molecules has a
significant impact on molecular association, nanoaggregation dynamics,
nanoaggregate structure and aggregate stability in both heptane and toluene.
PA molecules containing functional groups such as double aliphatic in both
side chains (BisA) or phenylalanine (PAP) show smaller, less structured
aggregates while molecular moieties such as tryptophan (TP) and aliphatic
carboxylic acid (C5 Pe) at the side chains form larger aggregates in both
solvents. In particular, BisA with an aliphatic functional group in both side
chains does not form polyaromatic n-rt stacking in both solvents due to its
strong steric hindrance.

The polarity of the oil phase (toluene or heptane) has significant impact on
the nanoaggregate formation of the PA aggregates in bulk oil phase. PA
molecules tend to form large aggregates in heptane than in toluene.

During PA molecules association and n-m stacking formation the solvent
molecules are excluded from the interstices of the stacked polyaromatic cores
in nanoaggregates.
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VI.

VII.

VIII.

The substituent side chain change in the molecular structure of the PA
surfactants has a negligible impact on their self-diffusivity, but a profound
impact on their intermolecular interactions, leading to different aggregate
diffusion coefficients. PA molecules exhibit a higher self-diffusivity in
heptane than in toluene.

The strong polyaromatic n-rt stacking is the main driving force for molecular
aggregation of PA molecules in the bulk, which is greatly influenced by the
steric hindrance and polarity of its side chains. The more steric barriers the
compound possesses, the less likely they stack, in particular, in the presence
of aliphatic or alkyl side chains in its good solvent environment.

The concept of critical molecular packing parameter widely accepted for
predicting geometry of molecular aggregates in agueous solutions is
inapplicable to predicting molecular aggregation of the PA surfactants in an
organic solvent.

In toluene-water systems, uncharged PA molecules prefer to stay in the bulk
toluene phase, while in heptane-water system, the molecules approach the
interface and promote the formation of larger nanoaggregate structures near
the interface. The results indicate that the polarity of the oil phase hinders the
adsorption of the PA molecules to the oil-water interface.

The presence of carboxylic group on the side chain in the uncharged PA
molecules enhances adsorption to the oil-water interface, mainly through

hydrogen bond of carboxylic group with the water molecules.
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XI.

XII.

XII.

XIV.

XV.

Bulky aromatic groups such as tryptophan in the PA molecules retard the
adsorption process due to the strong n-m stacking in the system. In contrast,
aliphatic carboxylic acid in the PA molecules enhances the adsorption
process.

Irrespective of the side-chain substituents and solvent polarity of the oil
phase, uncharged PA molecules prefer a head-on (or side-on) orientation at
the oil-water interface.

Irrespective of the charge state of the carboxylic acid on the PA molecules,
the polyaromatic core of the PA molecules always prefers to stay in the
nonaqueous phase.

Deprotonation of the carboxylic functional group at the side chain have a
higher tendency to adsorb at the interface than that of its protonated
counterpart due strong electrostatic interaction. Once the carboxylic moiety
on the PA molecules is deprotonated, the impact of the functional group
variations at the side chain of the aromatic core becomes negligible.

The partition of PA molecules at the toluene-water interface was found to be
sensitive to the presence of NA molecules in the simulated systems.
Naphtanic acid molecules in the system generally hinder the adsorption of
PA molecules to the toluene-water interface except when the length of the
aliphatic carboxylic acid at the side chain is very long.

Our findings also revealed that NA molecules have the ability to perturb or
change the adsorption behavior of the PA molecules at the toluene-water

interface. Depending on the type and size of the NA molecules present in the
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system different interactions between PA molecules and NA were also
observed in toluene-water systems.

XVI.  The presence of NA molecules in the system has a small effect on the size of
a large aggregate and total number of aggregate clusters in the system in both

pure toluene and at the toluene-water interface.

The major contribution of this thesis is the successful atomic-scale
exploration of the mechanism of polyaromatic molecules association,
nanoaggregates formation and adsorption in organic solvent and at the oil-water
interface by using molecular dynamics simulation (MD). We have showed for the
first time the chemical and structural modification on the side-chain functional
groups (aliphatic, steric, polarity, aromaticity, etc.) of the PA molecules leads to
significant variations in molecular association, dynamics of molecular
nanoaggregation and structure of resultant nanoaggregates in organic solvents and
at the oil-water interface. The initial migration process to the oil-water interface
or the first steps of molecular association into nanoaggregates are crucial in
preventing asphaltene deposition, flocculation and emulsion formation in crude
oil systems. These initial stages are usually difficult to probe experimentally
because of the different association steps and inadequate instrumentations. In this
research we have successfully connected the microscopic information to
macroscopic observables for PA molecules or asphaltene-like model compounds
in organic solvents and at the oil-water interface. The results obtained from this

work could help:
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1) In predicting the precipitation onset of asphaltene molecules during froth
treatment processes and crude oil transportations.

2) In the rational design of appropriate chemical demulsifiers under specific
process conditions. Chemical demulsifiers are interfacial active species, and
when added to emulsion systems, they tend to adsorb to the oil-water interface
and partly dislodge the PA molecules adsorbed at the interface.

3) In developing and enriching structural and molecular databases of crude oil
components which eventually will be connected with the process engineering
databases that can provide significant insight in optimizing the upstream and

downstream process conditions.

Other contribution of the thesis lies in the development of experimentally
validated computational MD simulation protocols and molecular topologies for
the prediction of the molecular dynamics of asphaltene-like molecules in organic
solvents and at the oil-water interface. The use of appropriate molecular
topologies, simulation setup, simulation time and force field is crucial in the
successful MD simulation of a desired system. Finally, although it is fascinating
to see the capabilities of mathematical models in predicting the physico-chemical
properties of a system, however, we have to remind ourselves always that, when
using any kind of model it is imperative to know about the model and how it
works rather than just use it and get some data and interpret. This means knowing
what assumptions the model uses and what is missing in the model, all the

approximations, and the advantages and disadvantages and look back at the
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mathematical formulations will always help us interpreting the experimental or

computational findings, and setting the time frame of using it.

7.2 Suggestions for Future Research

As this research work has shown, the chemical and structural modification on
the side-chain functional groups of the PA molecules have a significant impact on
the first steps of molecular association into nanoaggregates and initial migration
process to the oil-water interface. Based on our findings a number of conclusions
were made as listed in section 7.1. In order to better understand and comprehend
the dynamics and molecular associations of crude oil constitutes the following
research works are suggested in this area.

Synthesize several polyaromatic molecules based on perylene bisimide

moieties (PBI) containing various side chain functional groups. These

functional groups include thiophenic, sulfide, pyridinic, pyrrolic, different
polyaromatic core ring size, and a variety of other basic groups which are

known to present in the asphaltene. It is well-known that asphaltenes contain a

wide range of functional groups. Examine the effect of these side-chain

substituents in bulk organic phase and at the oil-water interface. These
functional groups could be obtained from the petroleomics data bases.

Study the effect of these various side chain functional groups of asphaltenes

on the solubility, thermodynamic properties, propensity of aggregation,

interfacial activities, etc. The petroleum industry is in need of these
approximations in order to optimize the upstream and downstream process

conditions.
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VI.

It is important to note that, the extent to which the asphaltenes are solvated by
resins is one of the most important factors controlling the asphaltene
aggregations at the oil-water interface. The addition of resin to a constant
asphaltene concentration increases the resin-asphaltene ratio, and hence
decreasing the emulsion stability. Using both asphaltene (such as PA
molecules) and resin model compounds explore the mechanism of their free
energy change of the resin-solvated asphaltenic aggregates.

Study the effect of the presence of anionic and cationic species such as Ca*?,
CI*, Na™ and Mg*? in the aqueous phase on the interfacial activities of the
above mentioned asphaltene model compounds. The polar sites of the
asphaltene model compounds need to be in protonation and de-protonation
state.

In fact it is believed that naphthenic acids compete with surface-active
asphaltenes during crude oil production in the formation of emulsions. In this
thesis, we have investigated the influence and interaction of various types of
naphthenic acids (NAs) on the adsorption of PA molecules at the toluene-
water interface. However, as we have seen in Chapters 4 and 5 of this thesis
the oil aromaticity has a great impact on the aggregation and partitioning to
the oil-water interface. Thus, investigating the effect of various types of
naphthenic acids (NAs) on the adsorption of PA molecules at the heptane-
water interface is essential to determine the influence of the oil aromaticity.
Study the mechanism of the molecular re-arrangements of the interface bound PA

molecules when they come in contact with the water at the oil-water interface. PA
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molecules are mostly uncharged in the oil phase, and the charges are acquired

only through protonation/deprotonation of the molecules at the interface.
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Appendix A

Over the past few decades, advances in complex mathematical methods
and powerful computer hardware are now assisting us in narrowing the gap
between the actual property of a system and quantitative models.?** For
example, numerous water molecular models such as SPC, SPC/E, TIP3P, TIP4P,
etc. have been developed in the last few decades in order to reproduce the actual
properties of a liquid water at different conditions.””’ The applicability of these
developed water models depend on their strength to reasonably predict the actual
physical properties of the liquid water (e.g., structure of water, surface tension,
hydrogen bonding, etc.). However, each of these water models has its own
strengths and weaknesses. The detailed description and comparison of most of the
existing water models can be found on Martin Chaplin’s website.”?’ In this
appendix, however, we compared the applicability and sensitivity of two water
models (SPC and SPC/E) implemented in GROMACS software package in our
study. To compare the sensitivity of the water model used in our study, we
simulated C5 Pe molecules with both SPC and SPC/E water models. Figure Al (a
and b) shows the root mean square distance of C5 Pe molecules as a function of
time from the oil-water interface. Our results show that the rate of C5 Pe
molecules approaching the oil-water interface of both SPC and SPC/E containing
systems gave similar trends, indicating that the use of either SPC or SPC/E water

models in our study is reasonable. The partition ratio (P,,; = N, /N; ) results also

shows similar results. C5 Pe molecules exhibit the highest partition coefficient to
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the interface when the oil phase is heptane than toluene. However, the value of the
partition ratio deviates slightly with water model change when the oil phase is

toluene.
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Figure A.1 The root mean square distance of C5 Pe molecules from the oil-water
(SPC or SPC/E) interface as a function of time in toluene-water and heptane-

water systems at 298 K.
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Figure A.2 Partition ratio of the C5 Pe molecules in oil-water (SPC or SPC/E)

systems averaged over the last 2 ns of the simulation time at 298 K.
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The hydrogen bonding between C5 Pe and water (SPC and SPC/E) are also
calculated in this section to examine the sensitivity of the water model in the
system (see Table Al). The results show that SPC and SPC/E gave comparable
results, indicating that both SPC and SPC/E water models are reasonable to use
simultaneously in our study. The sensitivity and applicability of the SPC model of
water in our current study was also tested further by carrying out two simulations
on pure toluene-water and pure heptane-water systems (without C5 Pe
molecules). The simulations were run for 10 ns to calculate toluene-water and
heptane-water interfacial tension (IFT) using the SPC model of water. At ambient
temperature, the calculated interfacial tension of 36.8 and 47.0 mN/m is in
reasonable agreement with the previously published experimental value of 36.1
and 50.2 mN/m for the toluene-water and heptane-water interface, respectively.??
The computational study reported earlier also confirmed that the hydrocarbon and
SPC/E model of water could reasonably reproduce the bulk and interfacial
properties of the simulated systems.??? The IFTs of heptane with the SPC/E water
are around 50 mN/m, whereas the aromatics with SPC/E water are around 35
mN/m.?

Table A.1 The average number of intermolecular hydrogen bonds per C5 Pe

molecule (N, g..4) at 298 K temperature and 1 bar over the last 2 ns simulation

time

toluene-water system heptane-water system

C5 Pe molecules

NH—Bond NH—Bond
SPC 1.3+£0.1 26+0.1
SPC/E 14+0.2 2.7%+0.3
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