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ABSTRACT

Sub-fractionation of asphaltenes based on their interfacial activity has begun to highlight
critical differences between those asphaltenes that are strongly interfacially active (IAA) and
the remaining asphaltenes (RA). Following the methods of Petroleomics, representative
structures of the two asphaltene fractions were determined, reflecting differences in abundant
heteroatom groups, carbon number, double bond equivalents, and single-core/multi-core
motifs. Using atomistic-potential based grid-search methods, the intermolecular interactions
between asphaltene-asphaltene and asphaltene-solvent (water, heptane and toluene) were
rapidly screened to identify the most favorable, and therefore most likely intermolecular
interactions to occur. Asphaltene-water interactions were stronger for IAA (abundance-
weighted average interaction energy of -9.29 kJ/mol) than RA (-6.32 kJ/mol), with hydrogen
bonding more significant in the I[AA-H>O interaction. Dimer interactions of IAA-IAA were
stronger than RA-RA, and from the top 100 most favored interactions, the contribution to the
total interaction energy was almost exclusively van der Waals for RA-RA (only 3%
electrostatic), while for IAA-TAA, electrostatic interactions (9%) and hydrogen bonding (2%)
were significant contributors in the most favored interactions. As the relative contribution of
the electrostatic interaction increased, the dimer orientation less resembled that of a -1 stack.
With the conception of Petroleomics and large structural databases, the grid-search method is
a useful atomic/molecular screening approach that provides an ideal triaging tool to rapidly

assess a wide range of different molecular structures and interactions. The method is



complementary to the more computationally-expensive precision molecular modelling tools

that are not suited to such workflows.

INTRODUCTION

Asphaltenes are the heavy components of crude oil which are typically defined as being soluble
in aromatic solvents and insoluble in aliphatic solvents. However, this solubility classification
provides little understanding of their physicochemical properties, even though these properties
strongly govern their problematic behavior in the crude oil. Developing a clearer understanding
of how intermolecular structure and chemistry dictate interactions between different
components within asphaltene fractions and consequently their development as nanoaggregates
is important as it strongly correlates to their stability in the crude oil. Hence, elucidating and
characterizing the prominent interactions has the potential to provide new insights at the

functional molecular scale, aiding the design better performing asphaltene dispersants.

Recent research has attempted to summarize and achieve a consensus regarding the

physicochemical properties of asphaltenes.'

Despite this, the common understanding of
asphaltene structure and their interaction mechanisms remains a matter of current debate and
one being refined. Indeed, through advancement of analytical techniques such as FT-ICR MS,
a much greater clarity has emerged about the overall chemical architecture of asphaltene
molecules. Consequently novel mechanisms describing asphaltenes intermolecular-
interactions have been proposed.*’ While the Yen-Mullins model is based on the concept of
interacting aromatic cores (m-m stacking),® contributions from asphaltene chemistry have also
been associated with polymer-like and supramolecular-like structures to account for the other
interactions associated with heteroatoms content, heteroatoms functional groups and metals
content.”!! Recently, Zhang et al. proposed a new hypothesis for asphaltenes aggregation
involving free radical interactions or pancake bonding,” where the authors comment that the
persistence of stable free radical PAHs and their interaction with diverse PAHs result in

stronger aggregate interactions. Importantly, the authors comment that pancake bonding is

complementary to n-w stacking, as well as interactions associated with the heteroatoms.

Methods to fractionate asphaltenes have begun to highlight important differences in asphaltene
chemistry associated with changes in the asphaltene aromaticity, size and polarity.'*!” Some

of these early studies fractionated asphaltenes based on their affinity to partition at either an



oil-water or 0il-CaCOs3 interface, with the subsequent characterization of these fractions
providing new insight to relate the asphaltene chemistry to asphaltenes stability and deposition
tendency. The methods to separate strongly interfacially active asphaltenes from whole
asphaltenes are described in full in Yang et al.'* and Subramanian et al..!> Elemental analysis
of the IAA fraction confirmed an increase in O and S content and a slight reduction in
asphaltene aromaticity. SANS studies also highlighted differences in the asphaltenes
nanoaggregate structures, with the behavior attributed to the functional group chemistry of the

asphaltene subfractions.?’

Interrogation of the strongly- and weakly-interfacially active
asphaltenes by FT-ICR MS has revealed an enrichment of polar, less aromatic multi-core
structures, which are strongly-interfacially active, hence presenting an enhanced picture of the

physicochemical properties of the asphaltene fraction.®

Whilst molecular dynamics (MD) simulations have been used to probe and understand the
aggregation mechanisms of asphaltenes, difficulties have often arisen due to their complex
chemistry and the computationally intensive requirements when studying such large molecules.
Kuznicki et al.?! used MD to probe the interactions between model asphaltene molecules, based
on large continental (island-like) motifs with heteroatoms in the aromatic core and attached
aliphatic chains. The heteroatoms in the aliphatic chains which were either associated or
disassociated (anionic), with the study revealing the anionic asphaltenes to preferentially
interact at the water-toluene interface. The research revealed that the aggregation mechanism
was independent of the asphaltene type with aggregation via stacking of the polyaromatic rings.
Similar observations were reported by Headen et al.>> who simulated the formation of dimers
and trimers using typical island-like an archipelago-like motifs. These authors also highlighted
the reversibility of aggregate formation in toluene, attributing this to its preferred T-stacked or
offset-stacked aggregation geometry. For the archipelago-like motif, the authors commented
on the difficulty in determining the likely interaction mechanism between two asphaltene
molecules due to the limitations of MD in terms of obtaining satisfactory statistics in reasonable
timescales. Larger multi-core structures were also considered by Yang et al.,'* who proposed
molecular representations of asphaltenes that are strongly- and weakly-interfacially active.
These authors confirmed that there was a difference in interfacial activity of the model
asphaltene motifs highlighting that there was a greater affinity for the strongly-interfacially
active asphaltenes to self-associate within the bulk solvent. Due to the physicochemical
complexity of the model asphaltene structures, the authors limited their analysis to aggregation

mechanisms involving n-n stacking and sulfur-sulfur interactions. Although n-n interactions



were found to contribute to the self-association of both asphaltene fractions, the interaction was
found to be weaker in the strongly-interfacially active asphaltenes due to a higher steric
hindrance. The work highlighted the strong polarity of sulfoxide groups promotes
intermolecular hydrogen bonding between the sulfoxide-aromatic core notably between the O
heteroatom within the sulfoxide group and hydrogen atoms near to the sulfoxide group in a

neighboring molecule.

Overall, the combination of the complex asphaltenes chemistry and the diversity of structural
types mean that modeling of the systems using MD becomes computationally expensive,
which, in turn, restricts maximum simulation times to be a few hundred nanoseconds,?>*
which is likely insufficient to determine their steady-state structures.?>?’ Such a computational
expense can be reduced through the use of meso-scale (more granular) methods such as
dissipative particle dynamics (DPD),?® which can enable longer times through coarse graining,
albeit at the expense of lowering the simulation accuracy. Using molecular grid-search
methods offer an attractive and alternative approach in that it systematically surveys the
interaction energies on the atomistic scale between interacting molecules and has been used
extensively to provide insights into solution chemistry and crystallization by calculating
solute/solute, solute/solvent and solvent/solvent interactions.?®* Similar interaction energy
calculations have been used to predict the aggregation of coronene (polycyclic aromatic
hydrocarbon with six rings) and asphaltenes.’ 3 With computational times less than one
minute on a single processor, this approach provides an attractive methodology combining the
advantage of rapid screening and atomic specific granularity, which enables calculations of
(thermodynamically) energetically stable intermolecular configurations for many molecular

structures.?! 3336

Specifically, the current study utilises a systematic, grid-search method to calculate the
interaction energies between the five most abundant asphaltene motifs in each of the two
asphaltene fractions, i.e. interfacially active asphaltenes (IAA) and remaining asphaltenes
(RA). In this study, the optimal interactions between multiple structures including asphaltene-
asphaltene and asphaltene-solvent are examined to provide greater insight into the dominant
interactions and structures of nanoaggregates in the whole asphaltene fraction. The main
objective is to show the potential of the grid-search method to rapidly screen interactions in
complex mixtures. Over the last decade the science of Petroleomics has created opportunity to

37-39

develop databases of asphaltene structures, of which tens-of-thousands of structures have



been reported. With such a large database of structures, typical modelling tools such as MD
would not be appropriate to rapidly screen molecule-molecule interactions due to the
significant computational time. This is not a limitation of the grid-search method and the
current study was used to demonstrate this principal using typical asphaltene molecules that

were determined following the methods of Petroleomics.

MATERIALS AND EXPERIMENTAL METHODS

Structure Optimization: Based on previous determinations,® the structures of RA and TAA
considered here are shown in Fig. 1. These structures were proposed based on the elemental
groups of HC, NxOy/Nx, Ox, OxSy and Sk, with the relative abundance of these groups found to
represent 93% of IAA and 91% of RA.
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Figure 1. Chemical structures of the pre-determined RA (top) and IAA (bottom) molecules.
The relative abundance of each heteroatom group is shown in parentheses. Reproduced from
Ballard et al., Molecular Characterization of Strongly and Weakly Interfacially Active
Asphaltenes by High-Resolution Mass Spectrometry. Energy & Fuels 2020, 34 (11), 13966-
13976. Copyright 2020 American Chemical Society.
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was used to perform Density functional theory (DFT) calculations to optimize
in vacuo the molecular structures of ten selected RA and IAA molecules and calculate atomic

partial charges using the Merz-Singh-Kollman (MK) scheme. The detailed results are given in



Figs. S1 and S2.%" %45 The optimization procedure was completed using the Becke three-
parameter Lee-Yang-Parr (B3LYP) exchange-correlation functional with the 6-31G* basis set
and the starting structure as exported from Avogadro.*® 47 Successful convergence was
achieved for all the molecules. B3LYP was chosen for the reliable performance over a wide

range of organic molecules.*®*

Intermolecular Grid-Search: Interaction structures and energies were calculated by a grid-
search method, through which a probe molecule is positioned at points within a spatial grid that
surrounds a target molecule.?®-3!:3%-30-32 In the current study, an orthogonal grid of dimensions
26 A x 26 A x 26 A and 9 points per axis was created such that the grid point spacing was
3.25 A, as shown in Fig. 2. A sensitivity analysis was performed on the grid parameters. At
each point on the translation grid, the probe molecule was centered and rotated as a rigid body,
using a step-size in the three Euler angles, describing the orientation of 30°, 30°, 30°. The
Dreiding interatomic potential was used to calculate a pairwise interaction energy at each
position on the six-dimensional grid.>® Furthermore, a low-pass filter (-0.5 kcal/mol, unless
otherwise stated) was applied to remove physically unreasonable or energetically insignificant
positions. The workflow applied led to an unguided, exhaustive search of the interatomic
potential between the probe and target molecules. With the molecules being treated as ‘rigid
bodies’, there is no allowance for conformational relaxation when calculating the interaction

energy.

a | b C

L | ¥ 5 5 8 B B -
Figure 2. Grid set-up for IAA (Ox), with dimensions of 26 A x 26 A x 26 A and 9 points in
each axis. Oxygen atoms are shown in red. (a) Initial orientation computed according to the
principal axes of the molecule; (b) rotation of the grid by 90° in the anticlockwise horizontal
direction; and (c) additional rotation of 90° in the vertical direction as shown by the axis arrows

in the bottom left of each image.



The Dreiding interatomic potentials were used to calculate intermolecular interactions through
summation of the van der Waals (vdW), hydrogen bonding; and electrostatic interactions

between the molecules constituent atoms (see Eqs. 1, 2 and 3 respectively).>?

Grid positions
that result in a collision of atoms would produce a strongly positive interaction energy and were
not considered. Moreover, results with an almost zero interaction energy can be removed by
setting the threshold to -0.5 kcal/mol (-2.09 kJ/mol) to filter out very weak interactions due to
extended molecule-molecule separation distances, and repulsive interactions that occur when

two molecules overlap. The vdW is calculated as follows:

By =% ((22) —2(ze)” (1)
Ly Jk Roj,k Roj,k

where Ej; is the combined repulsion and dispersion potential energy (subscript LJ is the
Lenard-Jones 12-6 type expression), D° k18 the energy well depth for the pairwise interaction
between atom types j and k, 7; . is the separation distance between atoms j and k (A), and R® ik

is the equilibrium separation distance between atoms j and k. The hydrogen bonding is

calculated by:

12
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DA

Eyp = Dyp (5 (RODA)

DA

where Eyp is the hydrogen bonding potential energy based on separation distance, 7,4 is the
distance between the hydrogen bond donor acceptor atoms in (A), Dy is the potential energy
well depth for a hydrogen bond (fixed at 7 kcal/mol),®> R®j, is the equilibrium separation
distance between a hydrogen bond donor and acceptor atom (2.75 A), and Opy, is the bond
angle subtended at the hydrogen atom between the donor and acceptor atoms. In Dreiding, the
parameters Dy 5 and R®p, are allocated the same values irrespective of the donor and acceptor
atom identity (nitrogen and oxygen). All hydrogen bonds with 8y, < 90° were not calculated,
in accordance with the Dreiding force field method. The electrostatic interaction is calculated

by:

Eo = (322.0637)Q;Qx/€Rj (3)



where Q; and @, are the charges in electron units of atoms j and k, Rjy, is the separation distance

between the atoms (A), € is the dielectric constant and 332.0637 converts E, into kcal/mol.

A sensitivity analysis on the selected grid parameters was completed which included the
spacing between grid points and the Euler angles of rotation (i.e. rotational angles). The rotation
angles (6) become more important with increasing molecule size. For example, as the distance
from the centre of the molecule increases (r), the spatial distance (s) between each rotation
increases (s = r@). The fine-grained orthogonal grid consisted of 9 points in each axis with

dimensions 20 A x 20 A x 20 A and a step-size in the three Euler angles of 10°, 10°, 10°.

Data Analysis: Using the grid setup and interrogation steps, many of the calculated interaction
energies were found to be very low due to the large separation distances, or positive due to
overlapping molecules. Therefore, data analysis predominantly considered the top 100 favored
(strongest) molecule-molecule interactions. Violin plots®* with interaction energies between -
8 and 0 kcal/mol (-33.47 and 0 kJ/mol) were created to visualize the distribution of interaction
energies, with more negative values corresponding to stronger molecular interactions. The
violin plots may be described as vertical histograms, with Kernel density estimation (KDE)

smoothing applied.

RESULTS AND DISCUSSION

Grid Granularity and Rotation Angles: A grid sensitivity analysis was conducted to assess
the influence of grid granularity and rotation angles on the interaction energies (vdW,
electrostatic and hydrogen bonding) between the probe and target molecules. For analysis, the
IAA model structure of OxSy was chosen as the probe and target molecules due to its high
relative abundance in the IAA fraction and the presence of O and S which have been noted for

their importance in governing the behavior of IAA.% 12 13.20.55

Taking the largest asphaltene molecules, the minimum grid size was determined based on twice
the radius plus the separation between two grid points, giving a minimum grid size of ~20 A.
When increasing the grid size from 20 A% to 26 A%, the spacing between the grid points

increased from 2.5 A to 3.25 A. However, the change in interaction energies was found to be



minimal, with the mean total interaction energy, based on the top 100 most favored interactions,
decreasing from -4.96 kcal/mol (-20.75 kJ/mol) for the small grid to -4.47 kcal/mol (-18.80
kJ/mol) for the large grid, a 9.4% decrease in the overall interaction energy. The contribution
from electrostatic interactions was found to increase from 16.1% (small grid) to 23.1% (large
grid), with the remaining contribution from vdW interaction only. While certain studies
may require the use of the smallest grid to elucidate the preferred orientation of the strongest
interaction, in the current study, a larger grid was of interest as it allowed multiple strong
interactions to be interrogated which was of greater interest when studying the complex
structures of interacting asphaltene molecules. The larger grid allowed for improved
agility/rapidity of the approach without sacrificing too much the precision of the results and
avoided repetition of a single interaction which can bias the data.*® In fixing the grid size, the
relative changes in total interaction energies are directly correlated to the differences in

asphaltene structure and chemistry.

Figure 3 compares the coarse-grained (CG) and fine-grained (FG) models and shows the three
most favored interactions as calculated by the grid search method. The parameters used
for the coarse- and fine-grained models were CG — grid point spacing 26 Ax26A x26A,
rotational angles 30°, 30°, 30°; and FG — grid point spacing 20 A x 20 A x 20 A, rotational
angles 10°, 10°, 10°. For the FG model, the strongest interaction energies were found to
be ~30% larger than those obtained from the CG model, and demonstrate the sensitivity of the
grid refinement on determining the optimal interaction between the two asphaltene molecules.
The interaction energies are within the range predicted for asphaltenic material elsewhere.?* 2*
However, the top 3 interactions of the FG model were all slight refinements of the same
interaction, and thus when comparing the energy contributions of the top 100 favored
interactions, the energy map would be biased by the same strong interaction. While the FG
model would be appropriate to determine the strongest interaction, it would not satisfy the
objectives of the current study. This validates the choice to use a CG model to probe different
molecular interactions rather than repeat sampling of a favored interaction. Using the FG
model, the contribution from electrostatic interactions (top 100 most favored interactions) was

26.4% of the total energy, which reduced slightly to 23.1% for the CG model.
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Figure 3. Grid refinement analysis showing the three most favored interactions between [AA
OxSy for CG and FG models. With the FG model the same interaction is refined, however, for
the CG model three different interactions between the two asphaltene molecules are revealed.

The probe and target molecules are identified by the green and gray color shadings respectively.

TAA and RA Interaction with Water: The interaction of the different asphaltene molecules
with water is particularly interesting, since the method of separating whole asphaltenes based
on their interfacial activity at oil-water interfaces has led to a new understanding of the
physicochemical properties of emulsion-stabilizing asphaltenes. Figure 4a shows the pairwise
interaction energy distribution (top 1000 strongest interactions) for IAA OxSy and RA OxSy
interacting with a water molecule. For both asphaltene molecules, and the most favored
interactions, the contribution from vdW was found to be negligible with the total interaction
energy dependent on hydrogen bonding and electrostatic interactions. For the weaker
interactions (top 100), the total interaction energy is strongly influenced by the electrostatic
interactions, and reflects the contribution from the heteroatoms, with a slightly greater
contribution from oxygen due to its higher partial charge (Fig. S1 and S2). For the most
favorable interactions (top 100), the electrostatic interactions remain, but the contribution from

hydrogen bonding becomes more significant.



The location of the strongest interactions can be visualized by color mapping the position of
the probe molecule relative to the target molecule, with the threshold minimum interaction
energy identified by blue (-0.5 kcal/mol), green (-1.0 kcal/mol), yellow (-1.5 kcal/mol), orange
(-2.0 kcal/mol) and red (-2.5 kcal/mol) spheres, see Fig. 4. For IAA OxSy, the strongest
interactions are clustered around the oxygen containing groups, with both the sulfoxide and
carboxylic groups interacting strongly with the hydrogen atoms of water. Compared to
RA OxSy, the multi-core structure and multiple heteroatoms of IAA OxSy means that it exhibits
a greater number of strong interactions at multiple locations and thus will preferentially interact

with water molecules.
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Figure 4. a) The energy contributions from vdW (blue), hydrogen bonding (red) and
electrostatic (yellow) interaction are shown for the top 1000 interactions, ranked from the most
favored (strongest) to least favored (weakest) interactions. Solid and dashed lines represent the
IAA and RA data, respectively. Interaction energy map between a water molecule (probe) and
target molecule RA OxSy and IAA OxSy. Threshold interaction energies: -0.5 kcal/mol (blue),
-1.0 kcal/mol (green), -1.5 kcal/mol (yellow), -2 kcal/mol (orange), -2.5 kcal/mol (red). The
most energetically favored positions are clustered (~3.0 A) around the heteroatoms in both RA

and TAA.

The data shown in the Fig. 5 inset highlight the relative contributions of the 3 interaction energy

contributions for each asphaltene molecule (RA and IAA contributions shown left and right of



the center axis), which is then considered as an overall abundance-weighted interaction, see
Fig. 5 (Fig. 1 provides the relative abundance of each asphaltene molecule). Considering the
interactions between a single water molecule and the 10 model asphaltene structures (5 IAA
and 5 RA), the abundance-weighted mean interaction energies of IAA—H>0O and RA-H>O were
calculated to be -2.22 and -1.51 kcal/mol (-9.29 and -6.32 kJ/mol), based on the top 100
interactions. This is a 47% increase in the interaction energy of IAA relative to RA, and
confirms the stronger interaction of IAA with H>O, verifying experimental studies which
confirmed the preference of IAA to reside at an oil-water interface. The relative contributions
of vdW, hydrogen bonding and electrostatic interaction energies were 10%, 24% and 66%
for IAA—H>0 compared to 20%, 19% and 61% for RA—H:>0. For the electrostatic interactions,
the strongest interactions are seen for heteroatoms with greater partial charges.’® For example
for IAA, the oxygen atoms in the Oy asphaltene molecule have a partial charge between -0.46
to -0.55 kcal/mol (-1.93 to -2.30 kJ/mol) compared to -0.42 to -0.48 kcal/mol (-1.76 to -2.01
kJ/mol) in the OxSy asphaltene molecule, with the higher partial charge resulting in stronger

interactions with the water molecule (inset Fig. 5).
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Figure 5. Violin plots showing the abundance-weighted mean interaction energies for RA (left
of centre axis) and IAA (right of centre axis) interacting with a single water molecule. The
interaction of the individual asphaltene molecules with water are shown inset. The
contributions from vdW, electrostatic and hydrogen bonding are shown in blue, yellow and red
respectively. The area of each color reflects the relative contribution to the overall interaction
energy. Inset: individual asphaltene molecules interacting with a single water droplet. The
asphaltene molecules were determined based on heteroatom type and are equivalent for RA
and TAA except for RA Nx and IAA NxOy, since IAA Nx was not significantly abundant in the
IAA fraction.®

Asphaltene-asphaltene Interactions: Using the grid-search method, interactions between
RA-RA molecules and TAA-IAA molecules were studied to elucidate possible modes of
interaction that will influence nanoaggregate size and shape. The 10 asphaltene molecules (5
RA and 5 TAA) are shown in Fig. 1 along with their relative abundance in each fraction. To
determine the range of interaction energies and the contributions from vdW, electrostatic and
hydrogen bonding to the total energy, the relative abundance of each asphaltene molecule was
used to determine the likelihood of an interaction in a mixture of all asphaltene molecules. The
interaction map in Fig. 6a shows all possible interactions between an asphaltene molecule and
the four other asphaltene molecules in the fraction (RA or IAA). The probability of each

interaction is calculated based on the relative abundance of each asphaltene group, with the



approach assuming that within a homogeneous mixture of asphaltene molecules, all
interactions are statistically equal with no bias. A violin plot of the abundance-weighted mean
interaction energies for the top 100 interactions of RA-RA and IAA-IAA are shown in Fig. 6b.
To do this, each heteroatom group was abundance weighted to allow for differences in

concentrations of the heteroatom groups in the overall asphaltene fraction.
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Figure 6. a) Interaction map summarizing all possible interactions (a total of 15 possible
interactions) between the five asphaltene molecules in each subfraction (Fig. 1). P(x,y) denotes
the probability of asphaltene x interacting with asphaltene y, which is calculated based on the
relative abundance of each asphaltene group. b) Violin plots showing the abundance-weighted
mean interaction energies for RA-RA (left of center axis) and IAA-IAA (right of center
axis). The contributions from vdW, electrostatic interactions and hydrogen bonding are shown
in blue, yellow and red respectively. The area of each color reflects the relative contributions
to the total interaction energy. The inset shows the same data but better highlights the

contributions from electrostatic interactions and hydrogen bonding.

From the top 100 interactions, the abundance-weighted mean interaction energies of IJAA-IAA
and RA-RA were calculated to be -4.36 and -3.80 kcal/mol (-18.24 and -15.90 kJ/mol), and
the relative contributions of vdW, hydrogen bonding and electrostatic interaction were 89%,
2% and 9% for IAA and 97%, 0% and 3% for RA. Since the grid-search method treats all
molecules as rigid bodies, the difference between the overall interaction energies would likely

increase were conformational freedom of structures considered. With a higher abundance of



multi-core structures, the IAA molecules would likely relax to form a more optimal dimer
structure that increases the total interaction energy. However, with a prevalence of single-core
motifs in the RA fraction, the contribution of molecular relaxation to a more favorable
orientation would be less significant. It is important to emphasize that the grid-search method
is the first-step in demonstrating a useful atomic/molecular screening approach which provides
an ideal triaging tool for assessing a wide range of different molecular structures. As such it is
an ideal tool that can be used to rapidly screen interactions between complex asphaltene
structures and other species and should can be considered as a tool to complement the precision

molecular modelling tools.

When considering the strongest interactions with energies less than -5 kcal/mol (-20.92
kJ/mol), a total of 167 possible interactions were identified, of which 97.6% were IAA-IAA
interactions and 2.4% were RA-RA interactions. For IAA, 78.8% of the interaction energy was
vdW, 6.1% hydrogen bonding and 15.1% electrostatic interactions, compared to 99.5% being
vdW for RA. Further lowering the interaction energy threshold to -6 kcal/mol (-25.10 kJ/mol),
all interactions were IAA-IAA. Comparing the relative contributions of vdW, hydrogen
bonding and electrostatic interactions for these IAA-IAA interactions, the contributions from

vdW, hydrogen bonding and electrostatic interactions were 64.3%, 14.3%, and 21.4%.

The dimer structures of four asphaltene fractions are shown in Fig. 7 and represent the most
favorable interactions between asphaltenes in IAA (NxOy, OxSy) and RA (Nx, OxSy) fractions.
The total interaction energies of the four asphaltene molecules are: RA Nx -6.09 kcal/mol (-
25.48 kJ/mol); RA OxSy -4.43 kcal/mol (-18.54 kJ/mol); IAA NxOy -5.92 kcal/mol (-24.77
kJ/mol); and TAA OxSy -5.50 kcal/mol (-23.01 kJ/mol). The relative contribution of vdW
energy increases in the order JAA OxSy < RA O«Sy < TAA NxOy < RA Ny, with the reverse
order determined for the relative contribution of the electrostatic interaction energy. The dimer
orientation of the two asphaltene molecules differs from =n-m stacking as the relative
contribution of the electrostatic energy increases. For IAA OxSy, the electrostatic interaction
accounts for 27% of the total interaction energy, with the sulfoxide groups strongly
contributing to the electrostatic interactions. The grid-search method verifies that the more
polar asphaltenes tend to interact via strongly electro-negative oxygen atoms, and not m-w
stacking of the aromatic cores. Such findings qualitatively complement recent structural

characterization of asphaltene nanoaggregates measured by SANS.? Studying the two



asphaltene subfractions (IAA and RA) and using a shape-independent modeling method to
determine the characteristic length and Lorentzian exponents, the nanoaggregate characteristic
length of IAA was more than double that of RA, with the Lorentzian exponents of 2.9 for [AA
as compared to 2.2 for RA. These values confirmed that RA nanoaggregates were smaller and
more compact than IAA nanoaggregates. It was hypothesized that such differences resulted
from different interaction mechanisms influenced by the higher heteroatom content of IAA.
Clarifying the nature of the interaction between IAA (strongly interfacially active asphaltenes)
provides new insights into appropriate modes of intervention that can be exploited to disperse
asphaltene molecules and prevent nanoaggregate/cluster formation. For a more quantitative

comparison between modelling and experiments an approach would be to synthesize model

1,5 1.%8,

asphaltene motifs following the methods of Wang et al.,”’ and Niu et a

IAAN,O,

RAN

Figure 7. Most favorable interactions of IAA OxSy, IAA NxOy, RA OxSyand RA N calculated
using the grid-search method. A 360° perspective of the four dimer orientations is provided in

the Supplementary Information videos.



Asphaltene-solvent Interactions: The overall interaction energies of all 10 asphaltene
molecules interacting with a single toluene or heptane molecule are shown in Fig. 8. These
two solvent molecules were chosen as they are very typical solvents in asphaltene studies and
mimic the aromatic/aliphatic components of real crude oils. For IAA and the top 100
interactions, the abundance-weighted contributions from vdW, hydrogen bonding and
electrostatic interactions were 93.6%, 0% and 6.4% with toluene, and 99.7%, 0% and
0.3% with heptane. For RA and the top 100 interactions, the abundance-weighted contributions
from vdW, hydrogen bonding and electrostatic interactions were 96.2%, 0% and 3.8% with
toluene, and 98.1%, 0% and 1.9% with heptane. Although the vdW interaction strongly
dominates behavior in both toluene and heptane, the electrostatic contribution in [AA-toluene
is 6.4%, which can be attributed to the high polarity (partial charges shown in Fig. S1 and S2)

of the IAA molecules interacting with the methyl group of toluene.

For the top 100 interactions of each asphaltene molecule, the abundance-weighted mean
interaction energies were -3.66 kcal/mol (-15.31 kJ/mol) and -3.62 kcal/mol (-15.15 kJ/mol)
for IAA-toluene and RA-toluene, and -2.98 kcal/mol (-12.47 kJ/mol) and -2.76 kcal/mol (-
11.55 kJ/mol) for IAA-heptane and RA-heptane. These differences confirm stronger
interaction between asphaltene-toluene than asphaltene-heptane, as would be expected based

on their relative solubilities in the two solvents.

L a
-2
-3 ‘P

— van der Waals
-7 Electrostatic
— Hydrogen bonding

L/b

— van der Waals
-7 Electrostatic
— Hydrogen bonding

Interaction energy (kcal/mol)

Interaction energy (kcal/mol)

RA IAA RA IAA
Figure 8. Violin plots showing the abundance-weighted mean interaction energies for RA (left
of centre axis) and IAA (right of centre axis) interacting with a single toluene molecule (a) and
a single heptane molecule (b). The contributions from vdW, electrostatic and hydrogen bonding
are shown in blue, yellow and red respectively. The area of each color reflects the relative

contribution to the overall interaction energy.



Although full solvation of an asphaltene molecule was not performed due to complexity in
determining the critical number of solvent molecules for full solvation, a comparison of the
asphaltene-solvent and asphaltene-asphaltene interaction energies can shed-light on the relative
asphaltene solubility. The stability index is based on nucleation theory, where the balance of
solute-solute, solute-solvent and solvent-solvent interactions govern solubility, and in the
current study is taken as the ratio of asphaltene-asphaltene to asphaltene-toluene interaction
energies.” A smaller stability index suggests greater solubility of the asphaltene molecule in

toluene.

The top 100 most favored asphaltene-asphaltene and asphaltene-solvent interactions for each
asphaltene molecule are compared in Table 1. While the interaction energy between
asphaltene-toluene vary slightly for the different asphaltene molecules, the more significant
variations in energy occur in the dimer formation of the different asphaltene molecules,
especially the TAA fraction. As such, the stability index for the IAA molecules tend to be
greater than those for the RA molecules, and would indicate poorer solubility of IAA relative
to RA. This is in good agreement with experiments where it has been shown that IAA is less
soluble than RA in toluene.?® The grid-search method elucidates that poorer solubility is mostly
associated with those asphaltenes that exhibit small multi-core structures and contain O and S
heteroatoms, particularly in the form of carbonyl, hydroxyl and sulfoxide functional groups.
While the output is informative, interpretation of the grid-search results are only qualitative,
with the method used as a first-step in the screening of large structural databases to identify
interactions of interest which can then be investigated further using more computationally

intensive techniques such as MD.



Table 1. Summary of interaction energies between asphaltene-asphaltene and asphaltene-
toluene. The relative solubility of each asphaltene molecule can be inferred from the stability
index which is calculated as a ratio of the interaction energies. The stability index is color coded
to visualize the changing relative solubility with dark green and red colors representing the

most stable and least soluble asphaltene groups, respectively.

HC  N./NO, O, 0:Sy S

RA - toluene 3281 3657  -3.468  -3.407  -2.966

, RA - itself 4720  -6.090  -5.041 4429  -5580
Interaction gy ability index | 0A390  1.665  1.454 1130000 1.881 |

enerey IAA -toluene | -2.654  -3.616  -2.787  -2.758  -2.982

(kcal/mol) .
IAA - itself 4727 5920 7257 5502  -4.996
Stabilityindex | 1.781 1637 |04 1995 1675
CONCLUSIONS

Prior research revealed differences in the physicochemical properties of strongly and weakly
interfacially active asphaltenes. Characteristics of the strongly interfacially active asphaltenes
include: 1) increased partitioning at oil-water interfaces; ii) lower solubility in toluene; and iii)
larger more porous nanoaggregates. >4 2055 Using the grid-search method to calculate the
structural nature and energetics associated with intermolecular interactions between probe
molecules with target molecules, the effect of the asphaltene molecular structure on those

characteristics has been further clarified.

1) The increased contributions from electrostatic interactions and hydrogen bonding
account for the stronger interaction energy between IAA-H>O than RA-H>O, with
the strong electrostatic interactions attributed to the higher partial charges of O and
S atoms.

i1) With small differences in the abundance-weighted mean interaction energies of
IAA-solvent molecule and RA-solvent molecule (dimer structures), the poorer
solubility of IAA in toluene is partly attributed to the stronger interaction energy
between two asphaltene molecules.

iii) The abundance-weighted mean interaction energy for IAA-IAA and RA-RA was -
18.24 and -15.90 kJ/mol, respectively. The RA-RA interaction was almost entirely
vdW interactions (97%), whereas electrostatic interactions (9%) and hydrogen

bonding (2%) contributed to the overall interaction energy of IAA-IAA. The



strongest interactions below the interaction energy threshold of -25.10 kJ/mol were
all IAA-TAA. With increasing contribution from electrostatic interactions, the dimer
orientation less resembles m — 7 stacking, inferring deviation from the Yen-Mullins

aggregation model when asphaltenes are small, multi-core and heteroatom rich.

The study demonstrated the potential to rapidly obtain insightful and molecular-scale
information about complex asphaltene-solvent and asphaltene-asphaltene interactions.
Combining the grid-search method with a more comprehensive database of representative
asphaltene structures, as is now possible through the growth of Petroleomics, can provide a
valuable tool for screening hundreds or thousands of interactions between asphaltenes, solvent
molecules and dispersant molecules. These calculations will assist in furthering our
understanding to design appropriate strategies to better control behavior of asphaltenes in

different chemical environments.
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