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� Homogeneous models of bitumen
undergo significant phase separation
of its SARA fractions after long
simulation times.

� MD models of bitumen can exhibit
heterogenous morphologies
resembling those of mixtures that
have undergone phase separation.

� Unlike homogenous bitumen
morphologies, heterogeneous models
are stable and undergo negligible
phase separation over time.

� More sophisticated techniques are
needed to measure the physical
differences between bitumen models
having different morphologies.

� Phase separation in MD models of
bitumen results in a lower and even
distribution of energies between the
atoms.
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Conventional Molecular Dynamics (MD) models of bitumen are built by homogeneously mixing mole-
cules in a volume without considering that the molecules in bitumen are known to exhibit phase behav-
ior and form distinctive molecular arrangements. These are known to have a significant impact in the
behavior of bitumen, and considering their existence is paramount in producing improved representa-
tions of bitumen using computational models. This study explores whether MD models of bitumen that
are conventionally assumed to be in equilibrium can still undergo significant phase separation over con-
siderably long simulation times. It also aims to establish a more formal pathway to build and study mod-
els with highly heterogeneous arrangements of their molecules. Moreover, it aims to evaluate whether
the presence of distinct morphologies have a significant impact in numerous physical properties of bitu-
men. The study shows that conventional and widely used models of bitumen exhibit significant molec-
ular rearrangements over long times (>360 ns). It also shows that building heterogeneous morphologies
is possible and result in energetically favorable conformations. Moreover, it proves that studying proper-
ties regularly used to validate MD models of bitumen (e.g., density) are insufficient in assessing the
impact of different morphologies; more thorough methods are required to evaluate them.

� 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Roads constitute the backbone of having a functional transport
network and keeping them well-maintained and in operation is
crucial for fomenting economic growth and stability. Therefore,
there has always been a considerable amount of effort invested
in improving the performance and durability of asphalt mixtures.
To enhance their durability and performance, scientists have
mostly focused on improving the mechanical and rheological prop-
erties of bitumen, as bitumen is known to strongly dictate whether
the physical response of an asphalt mixture is suitable for road
operations. Most of the studies performed on bituminous materials
until now have focused on describing the behavior of bitumen at
an engineering scale. However, recent technological development
and an increased awareness for sustainability have persuaded sci-
entists to utilize more fundamental methods to model bitumen at a
molecular scale, hoping that a more thorough characterization
would aid them in the design of enhanced bituminous materials.

Describing the structure of bitumen on a molecular scale has
been proven to be a remarkably challenging task. The chemical
composition of bitumen varies considerably depending on the
source, as well as on the refining and testing methods used to pro-
duce it and characterize it, resulting in a material whose formal
definition remains uncertain. Moreover, the atomic structures of
most of the molecules in bitumen are currently under dispute, as
bitumen is composed of millions of dissimilar organic molecules
that vary significantly in aromaticity, saturation, polarity, and
size[1–3]. These variations push molecules to exhibit phase behav-
ior, which results in the formation of physically separated portions
of matter that develop into complex molecular arrangements.
These molecular arrangements give each bitumen a unique mor-
phology, significantly changing the mechanical and rheological
response of the material. The existence of these molecular arrange-
ments is also known to span over several size domains, adding sig-
nificant multiscale characterization challenges that are less
prevalent in other materials like in many types of metals or
polymers.

The use of Quantum Mechanics (QM) and Molecular Dynamics
(MD) methods has aided scientists in fundamentally describing
bituminous materials at a molecular scale, but computational
resources limit their use to the structural elucidation of single
molecules or to simulations involving the dynamics of models a
few nanometers in size. Currently, scientists build atomistic mod-
els of bitumen by homogeneously mixing molecules in a simula-
tion box without considering that the difference in aromaticity,
saturation, polarity, and size between the molecules can lead to
the formation of distinctive molecular arrangements. They argue
that these form at a scale that is substantially larger than the one
characteristic of current MD simulations and that the properties
measured with current models are accurate enough to justify their
implementation. However, many research papers, whose bitumen
models are just a few molecules in size, already report the aggrega-
tion of molecules over the course of their simulations, raising the
question on whether a conventional MD model of bitumen can
undergo significant phase separation and if bituminous models
built using the same molecules are equivalent and comparable
despite having different molecular arrangements. Exploring the
impact of phase separation can aid scientists in reproducing larger
scale phenomena known to occur in bitumen and in better linking
the chemical properties of a bitumen sample with its mechanical
and rheological response. Moreover, formalizing the use of phase
separation in computational models of bitumen can aid scientists
in measuring the stability of a real bituminous mixture, as a more
fundamental explanation will assist to describe why many bitu-
mens are prone to undergo segregation and degrade over time[4].
2

The aim of this study focusses on exploring whether MDmodels
of bitumen that are conventionally assumed to be in equilibrium
can still undergo significant phase separation of its molecules over
considerably long simulation times. It also aims to establish a more
formal pathway to study molecular arrangements in these models
and evaluate whether the presence of distinct morphologies have a
significant impact in numerous physical properties of bitumen. To
achieve this, the manuscript starts with a brief background of the
research performed on bitumen to illustrate how scientists have
used both experimental and computational methods to fundamen-
tally characterize it. It then proceeds to give a description of all the
methods, assumptions, and parameters used to perform the simu-
lations of this study. The section that follows introduces two model
construction methods used to successfully build models of bitu-
men with intentionally different morphologies. The Conventional
Method, used by Greenfield et al[5,6] and other researchers to build
models of bitumen, is used to explore whether bitumen models
that are inherently homogeneous can undergo significant phase
separation. The Heterogeneous Method is proposed specifically to
build models of bitumen that have already undergone a certain
degree of phase separation, whose molecular fractions are purpos-
edly placed into clustered arrangements to produce increasingly
separated molecular morphologies. It then provides details of all
the quantities and techniques used to evaluate the validity and
morphology of the bitumen models. Among these, there are rele-
vant bulk properties such as density, cohesive energy density, heat
capacity, thermal conductivity, and self-diffusivity constants, used
to validate and compare the influence of different molecular
arrangements. Additionally, there is a cluster counting algorithm
that tracks the growth, size, and shape of asphaltene clusters, a
nearest neighbor algorithm that assesses whether the molecules
are exhibiting phase separation, and a script that tracks the local
potential energies distributions in both bulk and interfacial regions
within the bitumen model to assess whether the process is ther-
modynamically driven. The following section introduces a series
of MD tests that are performed to examine the development of
the quantities presented in the previous section. These tests
include a considerably long stability run, a heating cycle, followed
by another considerably long stability run. The last section focuses
on presenting and discussing the findings of this study. A sche-
matic of all the sections in this manuscript is presented in Fig. 1.
2. Background

2.1. Experimental

Experimental attempts to chemically characterize bitumen sep-
arate its molecules into distinct chemical fractions based on their
solubility. The earliest attempts separated bitumen into two frac-
tions: asphaltenes and maltenes, but since the latter were by far
the most numerous, separating it into just two fractions became
insufficient[7]. Corbett later separated the maltenes fraction into
saturates, aromatics, and resins using an elution-adsorption liquid
chromatography method with solvents of varying polarity and aro-
maticity[8]. This method fractionated bitumen into its so-called
SARA fractions: the Saturates, Aromatics, Resins, and Asphaltenes,
and has become a widely used technique to experimentally
describe the chemical composition of a bitumen sample[9–11].
The Saturates are a transparent liquid composed of branched and
linear aliphatic hydrocarbon chains with negligible polarity and
represent 5–15% by weight of bitumen[12]. The Aromatics consist
of a viscous liquid comprised of highly apolar hydrocarbons with
one or more aromatic rings. They represent 30–45% by weight of
bitumen. The Resins are aromatic compounds with highly polar
functional groups, mostly comprised of heteroatoms like oxygen,



Fig. 1. Diagram depicting the different sections of this manuscript.
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sulfur, or nitrogen. They represent 30–45% by weight of bitumen
and consist of a black solid[13]. The Asphaltenes consist of a dark,
solid-like substance composed of high molecular weight hydrocar-
bons with many aromatic rings and polar functional groups[14].
They represent about 5–20% by weight of bitumen and are known
to give bitumen its stiffness and viscosity[15].

The ability to separate bitumen into different chemical fractions
raised interest in understanding how these fractions with different
solubilities interact to produce a seemingly homogeneous mixture
of hydrocarbons. Rosinger and Nellesteyn were the first to raise the
thought that bitumen had a delicate nanostructure comprised of a
colloidal dispersion of asphaltenes in a solution of maltenes. They
suggested that the asphaltenes were kept in a colloidal suspension
by the action of surfactant agents present in the maltenes fraction,
which would explain how two solutions with different polarities
would remain together. Mieczyslaw[16] and Speight proposed that
the molecules in the asphaltenes fraction exhibit phase behavior,
as they appeared to agglomerate and cluster, suggesting that the
physical properties of bitumen were significantly influenced by
the number, shape, and how well dispersed and stable the asphal-
tene molecules were in the molecular arrangement of the bitumen
samples. This clustering behavior of asphaltene molecules was
attributed to the decrease in potential energy that two or more
asphaltene molecules experienced when forming a cluster[17].
The colloidal structure of bitumen was suggested to be composed
of asphaltene clusters of different shapes and sizes surrounded
3

by a shell of stabilizing resins, which in turn are dispersed in a
solution of saturates and aromatics.

Further work by Pfeiffer and Saal suggested that the arrange-
ment and interaction of these colloidal particles (in the nanome-
ter scale) can interact to form even larger arrangements (well
within the micrometer range), which they identified as sol and
the gel bitumens. The difference between these morphologies
would have a significant impact in the rheological properties
and behavior of bitumen[2]. In the sol bitumens, the low content
of asphaltenes were thought to result in non-interacting asphal-
tene clusters that were well dispersed by a (relatively) high num-
ber of resins, which functioned as surfactants to keep them in a
stable colloidal suspension. Sol bitumens exhibited high tempera-
ture susceptibility, high ductility, and lower aging rates[18]. In gel
bitumens, the high content of asphaltenes was believed to result
in an interacting self-stabilized network of asphaltene aggregates
which added rigidity to the overall structure but resulted in an
unstable colloidal structure because of the lower number of stabi-
lizing resins[19]. Gel bitumens were observed to have low tem-
perature susceptibility, low ductility, and a high aging rate
[20,21]. Most bitumens were shown to exhibit properties charac-
teristic of both bitumen types, suggesting that there exists sol or
gel morphologies that are highly influenced by the SARA compo-
sition of a bitumen sample. Researchers therefore agreed that
bitumen had molecular arrangements that spanned over multiple
size domains and understanding the stability and energy distribu-
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tion of the molecules in bitumen was key in effectively modelling
its large-scale behavior.

Until this day, however, multiple interpretations and disputes
exist on the size domain, shape, and stability of the molecular
arrangements (and morphologies) of bitumen. Moreover, there
are also disputes in what is the driving force behind the formation
of these features (e.g., difference in molecular weights, polarities,
etc.) and whether bitumen can be formally considered colloidal
in nature. The presence of distinct molecular arrangements though,
is undisputed, but a fully validated experimental interpretation of
their nature remains to be published[3]. Recent work has used the
thermodynamic principles that drive phase separation to provide a
more thorough theoretical framework to explain the formation of
different morphologies. They use special observation techniques
to measure the stability, segregation rates, and equilibrium con-
centrations of a bitumen sample, and fit them to known phase sep-
aration models to validate their findings. These techniques are
especially attractive because they provide a strong link between
the chemical nature of a bitumen sample and its mechanical and
rheological response. Moreover, they can aid in explaining the nat-
ure of the morphologies in bitumen, regardless of if they are col-
loidal or not. They are also helpful because many principles that
have already been thoroughly tested in other complex mixtures
can be applied to study bituminous materials.

2.2. Computational

The use of atomistic simulations, although challenging, have
become pivotal in aiding scientists and engineers in developing a
fundamental model of bitumen whose chemical characteristics
can be linked to its mechanical and rheological response. Early
use of QM and MDmethods focused on obtaining the atomic struc-
tures of the molecules in bitumen, where scientists proposed mul-
tiple artificial atomic structures that fitted different experimental
observations in terms of composition, functional groups, and solu-
bility [22]. This allowed them to build larger simulations com-
prised of several molecules belonging to different SARA fractions
and to study more complex intermolecular interactions. Even if
the simulations involved the study of just a few molecules,
researchers were already interested in exploring if the molecules
would aggregate or cluster to form distinctive molecular arrange-
ments. This was done mainly to show that the proposed atomistic
models behave similarly to what had been observed experimen-
tally. Many research articles found that asphaltene molecules
aggregated into clusters, and most concluded that this clustering
behavior resulted in energetically favorable conformations
[23,24]. Researchers also demonstrated that the shape of the
asphaltene molecules influenced the nature of the aggregation
and showed that these aggregates could grow, break, and rear-
range over nanosecond times [22,25–27]. Scientists also focused
on answering how the presence of additional SARA fractions could
result in energetically more favorable conformations. They demon-
strated how the potential energy of these asphaltene clusters was
substantially lower when surrounded by resinic molecules,
strengthening the argument that bitumen had to have a molecular
arrangement that favored the grouping of SARA fractions into fea-
tures that resulted in lower and more uniform potential energy
distributions [28–30].

Scientists then focused on creating a standardized set of mole-
cules that could be used to build larger scale models of bitumen
with molecules from all the SARA fractions present. These models
still accounted for the elemental ratios and functional groups of a
bitumen sample, but also differentiated between the SARA frac-
tions on a molecular level. Numerous sets of molecules were pro-
posed, each having notably different atomic structures,
complexity levels, and molecule numbers[31,32]. Greenfield et.
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Al. [6,33] did a recollection of the different models available at
the time and came up with a set of 12 molecules (2 for saturates,
2 for aromatics, 5 for resins, and 3 for asphaltenes) and different
molecule numbers (for a total of 72) so that the number of mole-
cules in each SARA category matched the elemental ratios and
spectral analysis of different bitumen samples. Greenfield’s molec-
ular set has been widely adopted as a basis to build bituminous
materials in MD simulations as the models that can be built result
in accurate and stable physical properties, account for different
SARA components in bitumen, and are highly customizable. Sev-
eral research articles have been published using Greenfield’s
molecular set [34–38], often including slight atomic modifications
to fit the models to a specific bitumen sample, or to mimic certain
conditions like those of bitumen aging.

Most of the research articles involving bitumen derived from
Greenfield’s model focus on measuring larger scale thermody-
namic, mechanical, or rheological properties. This is mainly
because researchers are ultimately interested in linking the aspects
of a fundamentally described chemical system with properties that
are more relevant to the fields of Civil and Pavement Engineering.
However, few of these articles emphasize on the clustering behav-
ior that these molecules exhibit over the course of the simulations
performed. These models are built by homogeneously distributing
all the molecules in a simulation box, creating a bitumen model
whose molecules are uniformly dispersed regardless of their SARA
fraction, and whose molecular arrangements are not accounted for
in the simulations. Measurement of their properties is done as soon
as the models attain numerical equilibrium of some of its most
fundamental thermodynamic quantities, ignoring that these ato-
mistic models of bitumen may exhibit phase behavior and rear-
range to form well-defined intermolecular arrangements.
Greenfield acknowledged this and argued that the size and time
domain needed for some of these features to manifest is signifi-
cantly larger and longer than the ones used in the MD model pro-
posed and that the results obtained were accurate enough for their
line of research [5,6]. However, subsequent simulations performed
by several scientists involving larger and more complex models
continued to use an initially homogeneous distribution of mole-
cules, raising the question on whether a bitumen model built using
this method is prone to exhibit significant phase behavior if the
model is enlarged and run over exceedingly long simulation times.

Researchers acknowledge that exploring a larger size and time
domain would be beneficial to realistically model bituminous
materials [39–43]. This is because the largest models proposed
until now do not surpass a few hundred molecules in size and
the longest simulations involve a few nanoseconds in simulation
time. Researchers also acknowledge that exploring a larger size
and time domain would have to involve the study of phase behav-
ior phenomena, where molecules of similar SARA fractions are
expected to cluster and form distinctive molecular arrangements
[44,45]. Scientists have used Coarse Grained methods to effectively
reproduce the behavior of bitumen molecules using beads that
approximate a few atoms into a single particle. This has allowed
them to increase the size and time domain explored by an order
of magnitude with a certain loss of accuracy in their molecular
models. Most of the articles published seek validation of their pro-
posed models by showing how the molecules exhibit phase behav-
ior, and how different SARA fractions rearrange, aggregate, stack, or
lump over considerably long simulations times[43–47]. They also
state that having the ability to explore the rearrangement of mole-
cules allows them to study the impact that a possible colloidal
structure would have in the thermodynamic and rheological prop-
erties of bitumen[43–46]. However, the parameters and expres-
sions used to perform these simulations vary significantly
between articles, indicating that their use, although promising, still
require further work.
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Even though researchers successfully showcase how their bitu-
men simulations exhibit phase behavior, until now, they have not
explicitly studied how far into the simulations can the models
exhibit phase behavior; they often report it as an expected conse-
quence that stems from the nature of the intermolecular interac-
tions present in their model. However, none have use special
techniques to quantify and track how each SARA fraction rear-
ranges over time. Moreover, none have studied if there exists a
molecular arrangement that result in a bitumen model that is
much closer to its equilibrium form, effectively shortening the time
(and energy) required to prepare a truly stable model of bitumen.
Having the ability to manually place molecules of different SARA
fractions into different arrangements would allow scientists to
build bitumen models with a specific phase separation degree in
a much shorter time. It could also lead to the formation and control
of well-established morphologies in numerical models found in gel
and sol bitumens, whose shape, size, and stability are known to
have considerable influence over the mechanical and rheological
properties of bitumen. Any development done to explore the
extent and the impact of phase separation could potentially benefit
both conventional MD simulations and Coarse-Grained methods,
as well as larger scale continuum methods in need of a specific
geometric arrangement of the molecules in bitumen.
3. Simulation basis

This stage consists of determining the initial basis of assump-
tions that remain constant in all the MD simulations performed.
These include determining the molecular set and numbers used
to represent bitumen (and its SARA components) in a computa-
tional environment, selecting the force field expressions, types,
and charges used to describe the atomic interactions, establishing
the numerical parameters (e.g., integration method, time step),
defining the simulation types and conditions, and determining
which set of tools are going to be used to perform the simulations
effectively and efficiently. The simulations of this study were per-
formed on the DelftBlue High Performance Computing Centre
(DHPC)[48].
3.1. Molecular set

The molecular set used in this study is from Shisong et Al.,
which is essentially Greenfield’s original set but with different
molecule numbers and small molecular modifications to match
the SARA fractions and functional analysis to those on a bitumen
sample from TotalEnergies (PEN Grade 70/100). The total number
of molecules in the bitumen models of this study is eight times lar-
ger than the one used by Shisong et al., for a total of 608 molecules
per model consisting of 24 saturates, 328 aromatics, 208 resins,
and 48 asphaltenes, with an overall atomic formula of C19528-
H26272O176N64S248, an average molecular mass of 448.51 g/mol,
and an estimated average density of 1.010 g/cm3 at 298 K and
1 atm. The size of the model is selected to be substantially larger
to allow for a clearer formation of molecular arrangements of a size
that is within the domain of colloidal dispersions (of at least 15 Å
in diameter)[49] while still keeping the simulation times within
reasonable limits. Moreover, the models of bitumen that are larger
have a lower potential energy (�1400 kJ/kg against � 1700 kJ/kg),
which could be attributed to diminished effects of periodic bound-
ary conditions and to the smaller relative size of the molecules
when compared to the size of the whole model. The list of mole-
cules and SARA fractions used to build the bitumen models of this
study are presented in Table 1. The chemical structure of the mole-
cules used is presented in Fig. 2.
5

The molecules in the bitumen models of this study are labelled
depending on the SARA fraction they belong to. The atoms belong-
ing to the Asphaltenes or the Resins are treated as separate groups
and are labelled with an A and R, respectively. The saturates and
the aromatics are grouped into a single, homogeneously mixed
phase, labeled with an Sa. The saturates and the aromatics are
grouped together because they are known to coexist in the same
phase and the number of saturate molecules in the MD model is
too small to exhibit distinctive phase behavior on its own (e.g.,
crystallization).

3.2. 3.2. Numerical integrator

MD simulations predict the properties of chemical models by
calculating the positions, velocities, and accelerations of particles,
or atoms, by using an integrator to solve the Newtonian equations
of motion under the influence of specified force fields[50,51]. The
relation between the acting forces and an atom’s position is given
by[52]

Fi ¼ @2ni

@t2
�mi ð1Þ

where Fi is the resulting force acting on atom i, n is the position
coordinate (e.g., x, y, or z), and mi is the particle’s mass. The Velocity
Verlet integrator method is used throughout this study as it is
widely used in MD simulations, and because it is accurate, efficient,
and avoids energy drifts after considerably long simulation times
[53]. The numerical integrator obtains atomic trajectories by itera-
tively computing the particles’ forces at discrete time steps (dt). The
time step must be small enough to maintain numerical stability and
accuracy, but large enough to save computational time and
resources. The time of the integration step used throughout this
study is estimated by using

dt ¼ f
10

¼ 1 fs ð2Þ

where f is the time frequency required to describe the fastest vibra-
tion term of the force field in a model composed of bitumen mole-
cules from Table 1, which corresponds to the C–H and O–H bond
vibration frequencies of approximately f ¼ 11fs (3100 cm�1)[54].
Other research papers involving bituminous models also use a dt
equal to 1 fs.

3.3. Force field

Force fields are used by the numerical solver to compute the
forces acting on the atoms of a model on each integration step.
They can be interchangeably expressed as potential energy func-
tions since the relation between the force acting on the model of
atoms and their energy is given by

F ¼ �rE ð3Þ
where F is the force field, and E is the potential energy function.
Force fields often contain multiple terms that account for the force
contribution of different types of interactions (e.g., Van der Waals,
electrostatic forces, etc.). The total potential energy in a model of
atoms governed by a force field is given by

E ¼
X

Ex ð4Þ

where x represents each of the terms. An atomic model is said to be
at equilibrium if the acting forces on all its atoms is close to zero,
resulting in stable, lower energy conformations that should resem-
ble those found in experimental observations[55]. Several force
fields (and their respective input parameters) that cover complex
organic mixtures have been published and choosing one which real-



Table 1
List of molecules and SARA fractions used in the bitumen models of this study.

Mass ratio (%)

SARA Fraction Name Chemical
formula

Mass
(g/mol)

Density
(g/cm3)

Amount
in model

Model Experiment

Sa Saturates Squalane C30H62 422.8 0.803 16 2.48 3.90
Hopane C35H62 482.9 0.913 8 1.42

Aromatics Dioctyl-cyclohexane naphthalene (DOCHN) C30H46 406.7 0.916 168 25.1 53.3
Perhydrophenanthrene naphthalene (PHPN) C35H44 464.7 1.030 160 27.8

R Resins Quinolinohopane C40H59N 553.9 1.007 24 4.88 30.3
Thioisorenieratane C40H60OS 589.0 1.010 24 5.18
Benzobisbenzothiophene C18H10OS2 306.4 1.540 104 11.7
Pyridinohopane C36H57N 503.9 0.977 24 4.43
Trimethylbenzeneoxane C29H50O 414.7 0.893 32 4.87

A Asphaltenes Phenolic* asphaltene C42H54O 574.9 1.049 16 3.37 12.8
Pyrrolic* asphaltene C66H81N 888.4 1.104 16 5.21
Thiophenic* asphaltene C51H62S 707.1 1.100 16 4.15

*Note: The names phenolic, pyrrolic, and thiophenic refer to the characteristic functional group present on each asphaltene molecule, and not to the name of the chemical
compound itself. The overall structure of the asphaltenes is artificially obtained by matching them to observations, and do not correspond to molecules known to realistically
exist.

Fig. 2. Chemical structure of the molecules used in this study. The symbols O, N, and S represent Oxygen, Nitrogen, and Sulfur respectively. The bold and dashed lines denote
the stereochemistry of the molecules.
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istically predicts the properties of a model of bitumen is important
to accurately mimic its real-life behavior. These force fields should
be able to model C, H, O, N, and S interactions and account for elec-
tron delocalization, polarity, and resonance effects, which are
known to play an important role in the molecular stacking of cer-
tain molecules and molecular arrangements in bitumen.

Three different force fields are tested to determine their capac-
ity to measure the density, specific heat capacity (at constant vol-
6

ume), and thermal expansion coefficient of three bitumen models
accurately and efficiently at 298 K and 1 atm. These are the Poly-
mer Consistent Force Field (PCFF), the Consistent Valence Force
Field (CVFF), and the COMPASS[56] force field. The results of
Table 2 indicate that the three force fields are able to realistically
predict the density, heat capacity, and thermal expansion coeffi-
cient of bitumen when compared to experimental results. How-
ever, the PCFF is substantially faster than the other two. This



Table 2
All the force fields (the PCFF, the CVFF, and the COMPASS) produced accurate results, but the PCFF was substantially faster and is therefore used in the MD simulations of this
study.

Property
(298 K, 1 atm.)

Model PCFF CVFF COMPASS Liter.

Density
[g/cm3]

1 1.031 1.031 1.031 1.010
2 1.032 1.032 1.032
3 1.031 1.031 1.031

Specific Heat Capacity
[kJ/kg/K]

1 2.11 2.13 2.10 2.05
2 2.09 2.15 2.10
3 2.09 2.16 2.11

Thermal Expansion [1/K]

(�104)

1 1.53 1.48 1.55 1.50
2 1.49 1.54 1.59
3 1.50 1.55 1.57

Time to complete (normalized to PCFF) 1 1.00 1.12 1.17 –
2 1.00 1.12 1.18
3 1.00 1.13 1.17
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could be because the PCFF handles certain situations that are ubiq-
uitous in bitumen models (e.g., electron delocalization due to the
stacking of aromatic rings) by means of using a previously com-
puted table of values instead of computing them on demand.
Moreover, instantaneous model properties (e.g., potential energy,
temperature, or density) stabilized faster with the PCFF, reducing
the computational time needed to complete simulations. As a
result, the simulations run later in this study are performed using
the PCFF.

The total potential energy in a model governed by the PCFF is
given by the sum of 12 different interaction terms,

EPCFF;total ¼
X

Eb þ Eia þ Eoa þ Et þ Ebb þ Eba þ Ebt þ Eaa þ Eat

þ Ett þ EVDW þ Ecoul ð5Þ

where each energy term Ex is described in Table 3.
To save computational time, short-range Van der Waal interac-

tions (EVDW ) with particles separated by a distance beyond
rc = 2:8r0ij are neglected using the cut-and-shift method as their
Table 3
List of potential energy terms in the PCFF. The symbols i, j, k, l, and m refer to the
group of atoms involved in the calculation, rij is the interatomic distance, hijk and vijk

are the in-plane and out-of-plane angles formed by three consecutively bonded
atoms, uijkl is the dihedral angle formed by four consecutively bonded atoms, M is the
multiplicity of the potential at which Ex becomes zero, k, r0, h0, v0, u0, s0, �ij and e0 are
force field constants that depend on the nature of the atomic group involved in the
calculation, and qi is the partial atomic charge.

Description Expression

Bond bending Eb ¼ P
ij
P4

M¼2kðmÞij rij � r0ij
� �m

In-plane angle bending Eia ¼ P
ijk

P4
M¼2k

m
a;ijk hijk � h0mð Þ; ijk

� �m

Out-of-plane angle
bending

Eoa ¼ P
ijk kijk � vijk � v0

ijk

� �2

Symmetric torsional
angle bending

Et ¼ P
ijkl

P4
m¼1kðmÞ ijkl 1þ cos muijkl �u0

ðmÞijkl
� �� �

Cross-coupling bond-
bond

Ebb ¼ P
ijklkijkl sij � s0; ij

� �
skl � s0; kl
� �

Cross-coupling bond-
angle

Eba ¼ P
ijkkijk rij � r0; ij

� �
hijk � h0; ijk
� �

Cross-coupling bond-
torsion

Ebt ¼ P
ijkl rij � r0ij

� �P3
m¼1kðmÞ ijkl cos mu mð Þ;ijkl

� �
Cross-coupling angle-

angle
Eaa ¼ P

angleijk;
anglejkl

k hijk � h0;ijk
� �

hjkl � h0; jkl
� �

Cross-coupling angle-
torsion

Eat ¼ P
ijkl hijk � h0ijk

� �P3
m¼1kðmÞijklcosðmu mð Þ;ijklÞ

Cross-coupling torsion-
torsion

Ett ¼ P
ijklmkijklmcosðuijklÞcosðujklmÞ

Van der Waals repulsive /
attractive EVdW ¼ PN

i
PN

i–j�ij 2
r0ij
rij

� �9

� 3
r0ij
rij

� �6
" #

Electrostatic (Coulomb) Ecoul ¼ 1
4pe0

PN
i
PN

i–j
qiqj
rij
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interatomic energy becomes smaller than 0.1% of the energy that
would exist if the atoms were at equilibrium positions[57]. There-
fore, the potential energy term EVDW becomes:

EVdW rij
� � ¼ E rij

� � � E rcð Þ ifrij < 2:8r0ij
0 ifrij � 2:8r0ij

(
ð6Þ

where r0ij is the non-bonded interatomic distance of EVdW . Long-
range Coulomb and Van der Waals interactions are handled with
the PPPM[58] method and by applying tail corrections[59]
respectively.

4. Simulation schemes

In this study, there are nine MD simulation schemes used to ini-
tialize, control, and achieve a desired molecular arrangement or
thermodynamic state:

4.1. Insertion

This step consists of using a Python/PyPy script to insert mole-
cules into the simulation box by using a quasi-random Sobol distri-
bution method so that the molecules are distributed more evenly
and overlap the least possible. The Sobol distribution is specifically
designed to generate an even distribution of points in three dimen-
sions likely to produce a lower energy distribution of points when
compared to less discretized methods at no additional computa-
tional cost. The molecules are not allowed to occupy positions near
other atoms already present in the simulation box (a distance r0ij=2
or less) to prevent exceedingly high potential energies that arise
from atoms being too close to each other. If needed, the molecules
can be placed away from the walls so that that they are confined
within the boundaries of the simulation box. The molecules’ bonds
and angles are kept rigid when placing and distributing them
throughout the simulation box; the molecules are translated and
rotated as a rigid group of atoms preserving their original spatial
conformation. The atomic positions for each of the molecules
inserted are initialized by using their corresponding SMILES nota-
tion, followed by a simple energy minimization step that produces
a relatively stable conformer of the molecules in three dimensions.

4.2. Minimization or optimization

This technique consists of manually changing the positions of
the atoms so that the forces between the molecules reach an equi-
librium (i.e., a local minimum on the potential energy surface of
the model). This scheme is performed using the Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS) using a
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conjugate gradients method, until there is no further decrease in
potential energy and the total forces of the model have converged
to within two decimal places.

4.3. NPT

MD run where the pressure and temperature are controlled by a
modified Nose-Hoover thermostat that incorporates a drag factor
to reduce oscillatory effects, with a pressure and temperature
damping factors equal to 100 fs, and a particle velocity drag coef-
ficient equal to 1.0.

4.4. NVT

MD run where the temperature is controlled by a modified
Nose-Hoover thermostat that incorporates a drag factor to reduce
oscillatory effects, with a temperature damping factor equal to
100 fs, and a drag coefficient equal to 1.0.

4.5. NVE

MD run where no energetic control is used. The particles’
motion is dictated entirely by the interactions computed by the
force field.

4.6. Equilibration

An equilibration stage is a period of time required for the atoms
to reach lower energy positions in response to a variation in the
model conditions, where the total forces and the potential energy
of the model need to remain constant after a certain time. It is done
using NPT or NVT dynamics and is taken to be as twice the time
required to stabilize the model’s forces and energy to within 0.5%
of their new average value. The input parameters for the NPT or
NVT stages remain unchanged unless explicitly specified.

4.7. Compression

A compression stage in this study consists of manually resizing
the boundaries of the simulation box to a desired value and repo-
sitioning all the atoms in the model in proportion to the applied
volumetric change. The compression rate involves applying a true
strain rate given by

etrue ¼
log zf

z0

� �
t

; ð7Þ

where z0 and zf are the initial and final dimensions of the simula-
tion box in the z direction, and t is the total simulation time of
the compression scheme.

4.8. Stability run

The objective of this scheme is to find out whether the molecu-
lar arrangement of the Sa, R, and A fractions within a bitumen
model would rearrange or mix over a considerably long time at
298 K and 1 atm. The bitumen models are subjected to NPT, NVT,
and NVE runs performed in series to evaluate the stability of the
bitumen models (and its properties) when exposed to environ-
ments with decreasing levels of energy control. The use of NVE
dynamics is crucial to determine whether the model is not artifi-
cially kept stable by the energy controls implemented in the inte-
grator algorithms. The length of each of the simulation stage is set
to be 50 ns long. The overall time elapsed in a stability run (150 ns)
is considered to be a significantly long simulation time in MD sim-
8

ulations of this kind. It is selected to be ten times the average time
needed for a bitumen molecule to diffuse away a distance equal to
its average diameter, given by:

s ¼ 10
d2
A

Dlit
self

; ð8Þ

where dA is taken to be equal to 8.66 Å, and Dlit
self is the average self-

diffusion coefficient of a molecule in a bitumen model at 298 K,
equal to 1e-11 m2/s (see Section 7.8, Self-diffusion Coefficient). The
integration step is kept at dt equal to 1 fs.

4.9. Heating cycle

The aim of this test is to study the effect that a high temperature
cycle has on the morphology of the bitumen models of this study,
and to evaluate whether higher temperatures would favor
increased phase behavior. The heating cycle is performed at a con-
stant pressure of 1 atm. and at a maximum temperature of 433 K,
which represent typical conditions when preparing Hot Mixed
Asphalt in which bitumen is exposed to the highest temperature
of its service life[60]. The heating cycle is performed in five stages:

(1) Constant temperature at 298 K (3 ns).
(2) Heating up to 433 K (2 ns).
(3) Constant temperature at 433 K (10 ns).
(4) Cooling down to 298 K (2 ns).
(5) Constant temperature at 298 K (3 ns).

The first step consists of running Equilibration dynamics using
NVT and NPT schemes (in that order), each 1 ns and 2 ns long
respectively to reinitialize the simulation environment and seam-
lessly reintroduce energy control schemes into the simulation.
The second step consists of running an NPT stage 2 ns long, where
the models are heated from 298 K to 433 K at a rate of 0.10 K/ps. A
slower heating rate is achieved by modifying the pressure and
temperature damping factors of the NPT scheme to 1000 fs and
changing the particle velocity drag coefficient to 1.85 to extend
the time needed for the temperature to rise to 433 K. In the third
step, the temperature is maintained for 10 ns using NPT dynamics
to test the stability of the molecular arrangements in a high tem-
perature environment for a relatively long time. The fourth step
consists of cooling the model back to 298 K for 2 ns using NPT
dynamics with the Nose-Hoover factors of the second stage. The
fifth step involves running a series of MD simulations with
decreasing levels of energy control to evaluate the state of the
model at the end of the heating cycle. This stage consists of NPT,
NVT, and NVE stages run in series, each 1 ns long.

5. Model construction methods

This section consists of initializing, controlling, and running a
series of MD simulations to successfully obtain stable models of
bitumen with a particular molecular arrangement of its Sa, R, and
A fractions. The final dimensions of the simulation boxes in the
bitumen models of this study are approximately equal to 50, 50,
and 200 Å for the x, y, and z axes respectively so that their final
density is roughly equal to 1.010 g/cm3. The length of the box’s side
in the z dimension is purposedly selected to be four times the
length of the x and the y dimensions so that there is enough space
for multiple arrangements to form across one dimension while
saving computational resources given that the size of the models
has already been chosen to be eight times larger than those built
by Greenfield. The length of z as a function of the model’s density
(q) is given by
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z qð Þ ¼ Nm �M
x � y � q � Nav

ð9Þ

where Nm is the number of molecules, M is the average molecular
mass, x and y are both equal to 48 Å, and Nav is Avogadro’s number.
The values of x and y are kept constant throughout the simulation as
the models are compressed only by shortening the length of z. Two
different methods (the Conventional Method and the Heterogeneous
Method) are attempted to build the bitumen models and are thor-
oughly described as follows.

5.1. Conventional method

The Conventional Method replicates the construction method
used by the majority of the researchers currently working on com-
putational models of bitumen, consisting of a total of five steps
performed in series. The first step in this method consists of homo-
geneously placing individual molecules in a low-density box of
dimensions x,y, and z equal to 48, 48, 1000 Å respectively by apply-
ing an Insertion step (see Simulation Schemes). A low density is nec-
essary to decrease the likelihood of having overlapping atoms
between the molecules inserted. The values of x,y, and z are
obtained using Equation (8) for an initially low density of � 0.20
g/cm3. The molecules are placed at a distance of 25 Å away from
the walls in the z-direction so that that molecules are confined
within the boundaries and the model can be uniaxially compressed
to its equilibrium density in later stages. Multiple low-density
models are generated until there are enough desired where the
maximum potential energy of the atoms is equal or less than
150 kJ/mol/atom. The latter is simply selected to be 20 times the
average potential energy of the atoms in an equilibrated bitumen
model, so that the initial positions of the atoms in the newly cre-
ated models can be equilibrated without exceedingly rigorous con-
trol techniques. The second step consists of loading the models into
LAMMPS, assigning the atoms’ force field types and charges, and
optimizing the atomic positions so that they accommodate more
natural energetic configurations in response to the more accurate
(but computationally more expensive) force field dynamics. The
latter is achieved by running a Minimization stage (see Simulation
Schemes) until the models’ molecules reach stable conformations
and the forces and the energy of the models stabilize. In the third
step, the resulting low-density models are compressed to the nat-
ural target density of bitumen of � 1.010 g/cm3 in a series of Com-
pression and Equilibration stages. The Compression stages are
performed uniaxially in the z direction, keeping the x and y dimen-
sions constant, while applying decreasingly small compressions
every 5000 integration steps (i.e., using a true engineering strain
given by Equation (7)). The Equilibration stages consist of running
NVT dynamics 50 ps long to allow the molecules to occupy lower
energy conformations in response to the strain added by the vari-
ation in the model’s geometry. The fourth step consists of remov-
ing the walls in the z direction previously used to compress the
models to subject the models to full periodic boundary conditions
with an Equilibration using an NPT dynamics stage 10 ns long. The
fifth step consists of subjecting the models to two consecutive
Equilibration stages using NVT and NVE dynamics 10 ns each so that
the molecules occupy consistent energy arrangements, and the
model’s properties remain constant over time without the need
of a barostat or a thermostat. A schematic representation of the
steps followed in the Conventional Method is presented in Fig. 3.

5.2. Heterogeneous method

Thismethod consists of inserting themolecules corresponding to
each Sa, R, and A fraction in Table 1 at separate times during a simu-
lation so that each group of molecules has time to occupymore nat-
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ural positions and formmore realisticmolecular arrangements (e.g.,
clusters, lumps, or shells) on their own. This is achieved by first
inserting the molecules of a particular Sa, R, or A fraction in a low-
density simulation box, running an NVT dynamics step, repeating
the process until all the SARA fractions are inserted, and compress-
ing the model until its pressure is 1 atm. (with target density of� 1.
010 g/cm3). The resulting model is then subjected to a series of
Equilibration steps where its thermodynamic properties reach an
equilibrium and remain stable over time. The Amolecules are added
first, the Rmolecules second, and the Samolecules third. This inser-
tion order reproduces the layering order of the proposed colloidal
nanostructure of bitumen, where asphaltenes cores surrounded by
resinic shells form colloidal particles which are dispersed in a med-
ium of saturates and aromatics.

The Heterogeneous Method consists of twelve steps which are
run in series. The first step involves inserting only the molecules
corresponding to the A fraction into a low-density box of dimen-
sions x,y, z equal to 48, 48, 1000 Å respectively by using an Insertion
step (see Simulation Schemes). The second step consists of loading
the models into LAMMPS and running a Minimization stage (see
Simulation Schemes) until the models’ molecules reach stable con-
formations and the forces and the energy of the models stabilize.
The details of steps 1 and 2 are similar to those of step 1 and 2
of the Conventional Method. The third step consists of running an
NVT dynamics stage 1 ns long, to allow the molecules to form more
natural molecular arrangements (e.g., clusters, lumps, or shells).
Different frames (or copies of the model) are extracted at various
times throughout this step so that the heterogeneity of subsequent
models can be established by the structure of the clusters at that
point in time. Highly homogeneous models are created by extract-
ing the positions of molecules at the beginning of the NVT simula-
tion, where there are no (or few) clusters formed yet, to produce
more uniformly mixed models. Heterogeneous models are gener-
ated by extracting the position of molecules at later points in time
during the NVT simulation, so that there are larger and fewer
asphaltene clusters, resulting in an increasingly differentiated dis-
tribution of the Sa, R, and A fractions. The fourth step consists of
placing the molecules corresponding R fraction into the models
extracted in step 3 by using an Insertion step. In the fifth step,
the models are loaded back into LAMMPS like in step 2. The sixth
step consists of running an NVT dynamics stage 10 ns long, where
the molecules from the A and R fractions are allowed to interact
and produce more natural molecular arrangements. In the seventh
step, the molecules corresponding to Sa fraction are placed into the
remaining empty space in the simulation box by applying an Inser-
tion step. In the eighth step, the models are loaded back into
LAMMPS like in the second and fifth step. In the ninth step, an
NVT dynamics stage of 10 ns is run to allow the newly inserted
SARA fraction to occupy more natural arrangements. In the tenth
step, the resulting low-density models are compressed to the nat-
ural target density of bitumen of � 1.010 g/cm3 in a series of Com-
pression and Equilibration stages just like in step 3 of the
Conventional Method. The eleventh step consists of removing the
walls in the z direction previously used to compress the models
to subject them to full periodic boundary conditions with an Equili-
bration stage using NPT dynamics 10 ns long. The twelfth step con-
sists of subjecting the models to two consecutive Equilibration
stages using NVT and NVE dynamics 10 ns each so that the mole-
cules occupy consistent energy arrangements, similarly to what
is done in Step 5 of the Conventional Method. A schematic represen-
tation of steps in the Heterogeneous Method is presented in Fig. 4.

6. Measurement stage

The molecular models of bitumen built using the Conventional
Method and the Heterogeneous Method are subjected to a series of



Fig. 3. In the Conventional Method, all the molecules from Table 1 are homogeneously distributed throughout the simulation box, resulting in a bitumen model whose
molecules are equally dispersed regardless of the SARA fraction they belong to.
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Fig. 4. In the Heterogeneous Method, the formation of core–shell structures inside the bitumen model is achieved by first distributing the molecules of the A fraction in a low-
density simulation box, running an NVT dynamics stage to allow for molecular clusters to form, repeating the process until all the molecules from the R, and the Sa fractions
are inserted, and compressing the model until its pressure and density are 1 atm. and � 1.010 g/cm3 respectively.
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MD runs after they have been built to assess whether these models
are computationally and thermodynamically stable and accurate,
and to track the arrangement of the Sa, R, and A fractions to eval-
uate whether their molecular arrangements is stable and in equi-
librium. These are first subjected to a stability run, followed by a
heating cycle, followed again by another stability run (see Simulation
Schemes for more details). The properties of the models are evalu-
ated and compared in each of the following points in time through-
out the simulations:

(1) At the end of the removal of the periodic boundary condi-
tions (step 4 of the Conventional Method and step 11 of the
Heterogeneous Method).

(2) At the end of the NVE Equilibration step (step 5 of the Conven-
tional Method and step 12 of the Heterogeneous Method).

(3) At the end of the first stability run.
(4) Right after the model has been heated up to 433 K.
11
(5) At the end of the high temperature segment of the heating
cycle (at 433 K).

(6) Right after the model has been cooled back down to 298 K.
(7) After the second stability run has finalized.

These numbered points are depicted in Fig. 5 and are used to
rapidly refer to relevant points of interest to analyze the results
of the MD simulations of this study.

7. Analysis

7.1. Neighboring atoms

Two atoms are considered to be neighbors if they are bonded or
if the energy between them is larger than 0.1% of the equilibrium
energy computed by the force field[51,55,61]. In other words,
neighboring atoms are those that are within non-negligible



Fig. 5. The properties of the bitumen models are measured and compared in the Results section in each of the following points in time throughout the simulations.
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interaction range given by the force field, equal to a distance equal
or less than r0ij.

7.2. Neighboring fractions

The distribution of the Sa, R, and A fractions in the bitumen
models is used to keep track of how the molecules corresponding
to each fraction rearrange throughout the simulation, indicating
if there is phase separation between the molecules. This is
achieved by counting the number of Sa, R, and A atoms that neigh-
bor each fraction Sa, R, and A in the model and determining the
percentage of neighboring atoms that belong to each fraction.
These percentages are obtained by

g xð Þ ¼ 100
PNx

i nx;iPNx
i nT;i

ð10Þ
12
where g is the fraction (Sa, R, or A) neighboring the fraction x (Sa, R,
or A), nx;i is the number of neighboring atoms of atom i correspond-
ing to fraction x,nT;i is the total number of neighboring atoms of
atom i, and Nx is the total number of atoms in the model corre-
sponding to fraction x. Therefore, in this study, there are three g xð Þ
that neighbor the Sa fraction (Sa Sað Þ, R Sað Þ, and A Sað Þ), three g xð Þ that
neighbor the R fraction (Sa Rð Þ, R Rð Þ, and A Rð Þ), and three g xð Þ that
neighbor the A fraction (Sa Að Þ, R Að Þ, and A Að Þ).

7.3. Ideally homogenous model

An ideally homogeneous model is defined as one whose Sa, R,
and A fractions are perfectly mixed, and therefore the composition
of the neighboring atoms of every atom in the model is the same
regardless of the atom type and position. This means that for the
models of bitumen created in this manuscript, composed of
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27,656 Sa atoms, 12,888 R atoms, and 5744 A atoms, a perfectly
homogeneous mixture is one whose Sa Sað Þ, Sa Rð Þ, and Sa Að Þ are equal
to 59.7%, R Sað Þ, R Rð Þ, and R Að Þ are equal to 27.8%, and A Sað Þ, A Rð Þ, and A Að Þ
are equal to 12.5%. These will be labelled with the superscript gideal

xð Þ
to use as reference throughout the simulations of this study. The
value of g xð Þ � gideal

xð Þ is used to evaluate how the arrangement of
the SARA fractions compare to those of an ideally homogeneous
model of bitumen. If g xð Þ � gideal

xð Þ � 0, then the model of bitumen
is said to be homogeneous at that point in time.

7.4. Regions of interest and potential energy distribution

The Regions of Interest are used in all the simulations of this
study to track the potential energy of the atoms (see Equation
(5)) inside these regions and obtain a local distribution of the ener-
gies within the models of bitumen throughout the simulations. The
local distribution of potential energy is believed to play an essen-
tial role in describing the nature of the molecular arrangements
that favor phase separation and clustering in MD simulations of
bitumen. There are two major regions of interest defined in this
manuscript, interface regions and bulk regions. Algorithmically, an
atom is defined to be in an interface region if the majority of its
neighboring atoms belong to a different Sa, R, or A fraction. Mean-
while, it is said to be in a bulk region if most of its neighbors belong
to the same fraction. The interface region is divided into three sub-
regions formed by an interface between asphaltenes and resins
(IAR), asphaltenes and saturates and aromatics (IASa), and resins
and saturates and aromatics (IRSa). The bulk region is divided into
three subregions composed of a bulk of asphaltenes (BA), resins
(BR), and saturates and aromatics (BSa). These regions can be visu-
alized in Fig. 6. Molecular rearrangements in homogeneous models
are expected to occur due to a high concentration of potential
energy in their interface regions[62].

7.5. Interface ratio (I%)

The interface ratio is used in parallel to the g xð Þ as a quantitative
variable created for this study to categorize bitumen models based
on how well (or not) the Sa, R, and A are mixed in the model of
bitumen at any given time in the simulation. It measures the ratio
of the number of atoms located in an interface region to the total
number of atoms in the model, given by

I% ¼ 100
NI

NI þ NB
; ð11Þ
Fig. 6. The Regions of Interest consist of Bulk regions (BA , BR , and BSA) where the
atoms are mostly surrounded by other atoms of the same Sa, R, or A fraction, and
Interface regions (IAR , IASA , and IRSA), where atoms are surrounded by mostly atoms
corresponding to another fraction.
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where NI is the number of atoms in an interface region (IAR, IASA, and
IRSA), and NB is the number of atoms in a bulk region (BA, BR, and BSA).
If the I% is close to 100%, then most of the atoms are in an interface
region, indicating that the model is highly homogeneous, and few
distinct molecular arrangements exist in the model. Highly hetero-
geneous models are expected to have a low I% because most of the
atoms are located inside bulk regions of molecular clusters.

7.6. Asphaltene clusters

Asphaltene molecules are known to show phase behavior and
aggregate into molecular clusters several molecules in size. There-
fore, a cluster counting algorithm is applied into every step of the
simulations to get the number of asphaltene clusters present in a
bitumen model at any given time. Algorithmically, an asphaltene
molecule belongs to a cluster of asphaltenes if all the carbon atoms
of one of its aromatic rings are within neighboring distance of one
carbon atom belonging to an aromatic ring of another asphaltene
molecule[42]. Single molecules are counted as clusters on their
own if there are no other molecules nearby. The latter indicates
that for a theoretical mixture of asphaltenes that are perfectly dis-
persed (where no asphaltene molecule is neighbored by another
asphaltene molecule), the number of asphaltene clusters is equal
to the number of asphaltene molecules in the model. It is used
along the g xð Þ and I% to formalize the description of the current
molecular arrangements in an MD model of bitumen.

7.7. Average volume, volume fraction, and sphericity of asphaltene
clusters

The results of the cluster counting algorithm are used to com-
pute the Volume Fraction (Vx), the Average Volume (Vavg), and
the Sphericity (So)[63] of the asphaltene clusters. These quantities
help describe the morphology of the asphaltene clusters present in
the bitumen models and simulations of this study and aids future
researchers in recreating them.

The average volume of each asphaltene clusters is given by

Vavg ¼
PNclusters

i¼1 VVdW;i

Nclusters
: ð12Þ

where VVdW;i is the volume of all the atoms in cluster i using their

corresponding Van der Waals radius (R0
ij) and Nclusters is the number

of asphaltene clusters in the model.
The volume fraction occupied by asphaltenes is given by

Vx ¼
PNclusters

i¼1 VVdW;i

V
: ð13Þ

where V is the volume of the simulation box. The average sphericity
of the asphaltene clusters is given by

So ¼ 1
Nclusters

PNclusters
1 p1

3 6VVdW; i
� �2

3

SVdW; i
; ð14Þ

where SVdW;i is the surface area of the VVdW;i region computed using
Equation (12) and (13).

7.8. Self-diffusion coefficient

The self-diffusion coefficient (Dself ) of the molecules is used to
track their net movement over time. Computing the Dself could
aid in indicating if a particular molecular arrangement in the bitu-
men models can have a considerable impact in their transport
properties. This is especially attractive because the Dself has been
shown to be directly related to more complex quantities, like vis-
cosity or thermal conductivity[64,65]. An overall decrease of
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movement in the molecules of the model is expected to occur if the
molecular arrangement remains stable over time. The Dself is com-
puted using the Stokes-Einstein relation[66]:

Dself ¼ 1
6
lim
t!1

d
dt

h rn tð Þ � rn; 0ð Þ2i ; ð15Þ

where Dself is the self-diffusivity constant in 3 dimensions, rn tð Þ is
the position vector of the particles at time t, rn;0 is the position of
the particles at time t = 0, and the brackets represent the average
over the number atoms in the model. Dself is continuously computed
over 1 ns intervals. In this study, the computed values of Dself are
compared to those obtained computationally by other researchers,

where Dlit
self equals to 1.0e-11 m2/s[67,68]. Comparing to experimen-

tally obtained values of Dself would be inaccurate because research-
ers measure Dexp

self by dissolving specific bitumen fractions in low-
viscosity mediums (e.g., dissolving asphaltenes in toluene) at very
low concentrations to avoid any display of phase behavior[69,70].
This would mean that Dexp

self measured using these methods is much
larger than those computed using a full bituminous mixture.
8. Results

The following section presents the results obtained from the
simulations of the models of bitumen built using both the Conven-
tional and Heterogeneous methods. For each method, there are two
types of result categories: Bulk andMorphological. Bulk results refer
to physical, thermodynamic, or transport properties of the models
of bitumen in their entirety (e.g., density). Morphological results
refer to quantities that are related to the local molecular arrange-
ments to formally describe the morphology of a bitumen model
(e.g., number of asphaltene clusters).

8.1. Conventional method

8.1.1. Bulk results
8.1.1.1. Density, cohesive energy, heat capacity, and thermal expan-
sion coefficient. Three bitumen models are created using the Con-
ventional Method. These are essentially equivalent, with all the
three models having the same bulk properties. Table 4 displays a
list of the bulk properties measured in the relevant points detailed
in Fig. 5, including the end of theModel Construction Method (points
4 and 5), the first and second stability runs (points 6 and 10 respec-
tively), and the heating cycle test (points 4–6). The properties in the
end of the Model Construction Method (point 2) remain stable in all
the models, with an average potential energy of 1411.1 kJ/Kg, a
T = 298.01 K, and P equal to 1 atm. The density of the models at this
stage is similar in every model with an average of q equal to
1.008 g/cm3. This density value compares well to that of bitumen
Total 70/100, at q = 1.010 g/cm3 at 298 K and 1 atm. The Cohesive
Energy Density (CED) fluctuates between 320 and 331 J/cm3

between the models, with most of the CED attributed to Van der
Waals interactions (99.2%). These compare well to a CED of
311 J/cm3 and a 99.0% Van der Waal contribution fraction obtained
by Xu et Al at these conditions[71]. Therefore, the Conventional
Method and the MD inputs and simulation parameters (e.g., the
PCFF used) effectively produce molecular models that mimic real
bituminous materials, at least in terms of properties commonly
reported in the literature. Moreover, these properties remain stable
until the end of the first stability run (point 3), which also implies
that the simulation is numerically stable without a thermostat or
a barostat. The thermal expansion coefficient (a) and the specific
heat capacity (Cp) are obtained from the heating and cooling stages
(step 4 through 6), with an a equal to 1.53e-4 1/K at 298 K and
2.38e-4 1/K at 433 K and a Cp equal to 2.11 kJ/kg/K at 298 K and
14
3.79 kJ/kg/K at 433 K. These values compare well to those found
experimentally in previous studies[72] and indicate that the simu-
lation environment is also effective in producing accurate results at
higher temperatures. The properties converge again to previous
values after cooling back to 298 K and remain stable after the sec-
ond stability run (point 7). Rendered captures of the molecular
models produced using the Homogeneous Method are shown in
Fig. 7.

8.1.1.2. Potential energy. Even though the difference in the proper-
ties of section 8.1.1.1 measured between point 1 and point 7 is too
small to draw significant attention, the potential energy of the
model is lower by the end of the Measurement Stage. The value of
E in Point 1 is equal to 1411.1 kJ/kg while in Point 7 is equal to
1375.1 kJ/kg. This suggests that any possible molecular rearrange-
ment is producing a small decrease in the overall potential energy
of the model.

8.1.1.3. Self-diffusion coefficient. The calculated values of Dself com-
pare well with those found in other studies involving MD simula-
tions of bitumen, both at 298 K and 433 K. At point 2, the Dself is
equal to 0.811e-11 m2/s. At point 5, Dself is equal to 3.04e-10 m2/
s. The value of Dself at point 7 is substantially lower than at point
1 and 2, suggesting that a more heterogeneous molecular arrange-
ment results in a lower net translation of the molecules. A decrease
of � 20% between Point 1 and Point 7 also indicates that a more
stable bitumen morphology can have a substantial impact in the
transport properties of a bituminous model, given that the value
of Dself is key in determining more complex transport properties.

8.1.2. Morphological results
8.1.2.1. Neighboring fractions. The models of bitumen produced
using the Conventional Method (point 1) have an initial Sa, R, and
A fraction distribution that resembles that of an ideally mixed
model of bitumen (g xð Þ � gideal

xð Þ � 0). This can be seen in Fig. 8,
where the g xð Þ that neighbor the Sa fraction (Sa Sað Þ, R Sað Þ, and A Sað Þ)
deviate from ideality at most by 2.5%, the g xð Þ that neighbor the R
fraction (Sa Rð Þ, R Rð Þ, and A Rð Þ) deviate at most by 4.7%, and the g xð Þ
that neighbor the A fraction (Sa Að Þ, R Að Þ, and A Að Þ) deviate at most

by 5.1%. Nonetheless, the values of Sa Sað Þ- SaidealSað Þ , R Rð Þ � Rideal
Rð Þ , and

A Að Þ � Aideal
Að Þ are the only values that are positive, suggesting that

molecules belonging to equal SARA fractions are more likely to
be neighbors. By the end of the Measurement stage (point 7), the

values of Sa Sað Þ � SaidealSað Þ , R Rð Þ � Rideal
Rð Þ , and A Að Þ � Aideal

Að Þ increase to
10.4%, 14.5%, and 16.0% respectively, indicating that the grouping
of similar fractions occurs in a considerable amount, including both
stability runs and the heating cycle.

Meanwhile, the values of g xð Þ � gideal
xð Þ belonging to different frac-

tions are mostly negative. In the case of the Sa fraction, the values

of R Sað Þ � Rideal
Sað Þ and the A Sað Þ � Aideal

Sað Þ decrease to �6.8% and �3.5% by
the end of the Measurement stage, implying that the Sa fraction is
grouping with itself and pushing both the resins and the asphalte-
nes away. In the case of the R fraction, the value of Sa Rð Þ � SaidealRð Þ

decreases to �16.3% while the A Rð Þ � Aideal
Rð Þ increases to 2.0%. This

indicates that the resins favor being neighbored by resins or
asphaltenes instead of saturates or aromatics, at least when con-
sidering the initial distribution of neighboring fractions in these
particular models. In the case of the A fraction, the Sa Að Þ � SaidealAð Þ

decreases to �18%, while the R Að Þ � Rideal
Að Þ increases to 2.0%. Asphal-

tene molecules rearrange to strongly separate from saturates or
aromatics while favoring being neighbored by resins, a phe-
nomenon that is extensively reported in the literature[74] and



Table 4
List of relevant physical properties and quantitative variables of the model a1 produced using the Conventional Method.

Property Relevant points in the simulation

build Stab. Heating cycle Stab.

1 2 3 4 5 6 7

Time elap [ns.] 10 40 190 195 205 210 360
x ¼ y[Å] 47.64 47.61 47.54 48.88 48.80 47.58 47.59
z[Å] 198.49 198.43 198.39 203.68 203.33 198.26 198.32
T [K] 298 298 298 433 433 298 298
P [atm.] 1.070 1.032 1.002 1.088 1.002 0.948 1.001
q[g/cm3] 1.005 1.006 1.015 0.9303 0.9352 1.009 1.008
a[1/K]

(�104)

1.53 1.54 1.53 2.37 2.38 1.52 1.52

Cp(kJ/kg/K) 2.11 2.12 2.11 3.81 3.79 2.13 2.10
CED[J/cm3] 331.78 330.45 325.58 282.77 280.96 324.45 322.02
PE[kJ/kg] 1411.1 1390.5 1388.0 1721.0 1715.4 1377.3 1375.5
Dself [m

2/s]

(�10�11)

0.811 0.797 0.763 3.10 3.04 0.767 0.658

Fig. 7. Side view of the MD models of bitumen built using the Conventional Method. The renders are generated using the Open Visualization Tool (OVITO) [73]. The saturates
and aromatics (Sa) fraction is represented in purple, the resins (R) in grey, and the asphaltenes (A) in black. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

Fig. 8. The subplots show the values of g xð Þ � gideal
xð Þ at different simulations steps for the homogeneous models produced using the Conventional Method. The values of

g xð Þ � gideal
xð Þ indicate that initially homogeneous models of bitumen undergo a gradual redistribution of molecules that favors the grouping of similar fractions over long

simulation times.
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one that could be used as evidence to support a colloidal model in
bitumens.

The variations of g xð Þ � gideal
xð Þ are more pronounced at the begin-

ning of theMeasurement stage, even if there is a heating cycle aiding
in the redistribution process, implying that there could be a molec-
ular arrangement that remains at equilibrium after a certain
amount of time. Exposure to higher temperatures during the heat-
ing cycle allows the molecules to move more freely, overcome local
energy barriers, and rearrange to occupy lower energy positions.
Intuitively, this suggests that higher temperatures would allow
the molecules to mix more thoroughly and produce a more homo-
geneous arrangement. However, the fraction of Sa, R, or A atoms
neighboring other atoms belonging to the same fraction increases
steadily over time, even at elevated temperatures. The results also
suggest that the models not only evolve to become decreasingly
similar to an ideally mixed model of bitumen, but also with respect
to the models of bitumen at the beginning of the Measurement

stage (point 1) (i.e., gpointi
xð Þ � gpoint1

xð Þ

��� ��� consistently increases over

time).

8.1.2.2. Asphaltene clusters. The number of asphaltene clusters at
the beginning of the Conventional Method is equal to the number
of asphaltene molecules in all the models, where Nclusters equal to
48 (each molecule is counted as one cluster). This is the result of
evenly distributing all the asphaltenes molecules throughout a
low-density simulation box. The Vavg of the clusters at this point
is equal to 545 A3 and their So is equal to 0.11. The low sphericity
value is expected, as asphaltenes molecules are mostly planar.
However, in point 1, the number of clusters decreases to 31 clus-
ters, their average volume Vavg increases to 1383 A3, and their
sphericity So increase to 0.18, indicating that even in early points
of the simulations, asphaltene molecules display clustering behav-
ior. With the gradual redistribution of the Sa, R, and A fractions
between points 2 to 7 comes a consistent decrease in the Nclusters

and Vavg and an increase in So. The Nclusters stabilizes by the end sec-
ond stability run (point 7) at an average of 16 clusters, a Vavg equal
to 2680 A3, and an So equal to 0.27. Their average length spans over
20 Å, still considerably smaller than those suspected to occur
experimentally but large enough to be within the lower end of
the size domain of colloidal particles. It is evident that clustering
is occurring over the course of the simulations. However, more
time (or other simulation conditions) are required to accelerate
or continue the process. A list of Morphological properties can be
found in Table 5.

8.1.2.3. Interfacial fraction. These models undergo a gradual, but
consistent decrease in the percentage of atoms occupying interfa-
cial regions, which is initially equal to 44.01%, but by the end of
the Measurement stage it decreases to 37.85%. This suggests that
the molecules relocate to occupy regions where they are sur-
rounded by mostly other molecules belonging to the same SARA
fraction (i.e., the Bulk regions become increasingly larger). The I%
stabilizes throughout the Measurement stage, indicating that the
model could have reached a morphology comprised of an equili-
brated arrangement of its molecules. This behavior has been thor-
oughly reported in other articles involving the study of mixtures
undergoing phase separation[75–77].

8.1.2.4. Potential energy distribution. The gradual rearrangement of
the different fractions in the initially homogeneous models of bitu-
men can be attributed to the local redistribution and gradual
decrease of mean potential energies of atoms inside the Regions
of Interest (seen in Fig. 9).

This indicates that the redistribution process is thermodynam-
ically driven, and results in a molecular arrangement of Sa, R, and A
16
fractions that is energetically more favorable. The mean potential
energies of the atoms in all the regions at the beginning of theMea-
surement stage (point 1) are significantly higher to those in the last
step (point 7). Certain regions have higher concentrations of mean
potential energies when compared to others, even between regions
containing molecules of the same fraction. The mean potential
energies of the BR and the ISaA regions are 125.10 kJ/mol/atom
and 91.2 kJ/mol/atom, both significantly higher than the mean
potential energies of atoms in other regions. The unusually high
concentration of potential energy in these regions can be attribu-
ted to how the resins are initially artificially placed and therefore
misaligned with respect to their amphiphilic poles, and by how
asphaltene and saturates and aromatics molecules are known to
produce unstable interfaces if there is no stabilizing agent in
between. However, these energies decrease steadily with simula-
tion time, and by the end of point 7, the potential energies in the
BR and the ISaA regions are equal to 14.39 kJ/mol/atom and 21.51 kJ/-
mol/atom respectively. The mean potential energy in the BSa and BA

regions is considerably lower than in other regions in all the steps
of the simulation. This could indicate that molecules in the Sa and
the A that are beyond interaction range of molecules from other
fractions are substantially more stable (their mean potential
energy is lower than 4.18 kJ/mol/atom), suggesting that molecules
of the same fraction rearrange to minimize the presence of interfa-
cial regions. This behavior is ubiquitous in mixtures undergoing
phase separation.

Intuitively, the heating cycle test results in the increase of the
mean potential energies, especially those at the interface. How-
ever, by the end of the heating cycle (point 6), the mean potential
energies are all significantly lower than those at the beginning of
the cycle. This means that the heating cycle allows molecules to
rearrange more thoroughly, escape local energy barriers, and
occupy conformations that are ultimately lower in energy. The
mean potential energies reach an equilibrium a few nanoseconds
into the second stability run and remain constant until the end.
The halt in the redistribution of energy at the end of the second sta-
bility run could explain why the Sa, R, and A fractions also stop from
rearranging (as seen in Fig. 8), insinuating that the molecular rear-
rangement of the molecules (and therefore the Sa, R, and A frac-
tions) may have reached a local potential energy equilibrium.
The kinetics of the redistribution process (both from Sa, R, and A
fractions and the energies) spans over the timescale of tens of
nanoseconds (if not hundreds), and the eventual halt in this struc-
tural rearrangement does not necessarily mean that the bitumen
model has reached an absolute minimum in potential energy.
Additional rearrangements may occur if the models are subjected
to longer simulation times, to different simulation conditions
(e.g., another heating cycle step), or to an algorithm that manually
relocates individual molecules that actively searches for more
energetically favorable conformations (e.g., like those described
in Monte Carlo methods).

8.2. Heterogeneous method

8.2.1. Bulk results
8.2.1.1. Density, cohesive energy, heat capacity, and thermal expan-
sion coefficient. Five MD models of bitumen are created using the
Heterogeneous Method. These are labelled based on the number of
asphaltene clusters present at the end of the Model Construction,
namely a5, a4, a3, a2, and a1. For example, a1 has one asphaltene
cluster, and is the most heterogeneous, while a5 has five asphal-
tene clusters and is the least heterogeneous. Rendered captures
of the molecular models produced using the Heterogeneous Method
are shown in Fig. 10.

This method is successful in producing bitumen models with
stable and realistic bulk properties. It is also effective in producing



Table 5
List of morphological properties of the models produced using the Heterogeneous Method.

Property Relevant points in the simulation

build Stab. Heating cycle Stab.

1 2 3 4 5 6 7

Time elap [ns.] 10 40 190 195 205 210 360
I% 44.01 42.17 38.78 38.75 38.41 38.39 37.85
Nclusters 31 28 22 20 18 17 16
Vavg[Å3] 1383 1532 1949 2144 2382 2523 2680
Vx 0.090 0.089 0.088 0.093 0.094 0.091 0.091
So 0.18 0.20 0.25 0.25 0.25 0.25 0.27

Fig. 9. Potential energy distribution (kJ/mol/atom) in the Regions of Interest of the
bitumen models produced with the Conventional Method throughout the Measure-
ment stage of the simulations.
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molecular arrangements similar to those shown in Fig. 4, whose
morphologies remain stable even at the end of the Measurement
stage. The bulk properties of the models (from a5 to a1) vary
slightly between each other and are comparable to those of the
homogeneous models produced with the Conventional Method.
The density in model a1 (whose molecular arrangement is the fur-
thest from that of an ideally mixed model and is expected to pro-
duce the most pronounced results) by the end of the stability run
(point 1) is equal to q = 1.011 g/cm3. Its CED is equal to 329 J/
cm3, with most of the CED attributed to Van der Waals interactions
(99.4%). Its thermal expansion coefficient (a) and specific heat
capacity (Cp) are obtained from the heating cycle (step 4 through
6) and are equal to 1.57e-4 m/K at 298 K and 2.35e-4 m/K at
433 K and a Cp equal to 2.14 kJ/kg/K at 298 K and 3.68 kJ/kg/K at
433 K. These properties are essentially equivalent to those found
in Table 4, indicating that the density, CED, thermal expansion
coefficient, and specific heat capacity are insufficient in effectively
determining the impact of having different molecular arrange-
ments. A list of bulk properties of model a1 is presented in Table 6.
8.2.1.2. Potential energy. The overall potential energy of the model,
however, decreases slightly with increasing levels of heterogene-
ity. The potential energy of model a5 is 187.29 kJ/kg, 3% lower than
in the homogeneous counterparts, while the potential energy of
model a1 is 182.99 kJ/kg, 5% lower than in the homogeneous coun-
terparts. The small difference is not indicative of a definitive pre-
17
ferred molecular arrangement, but it does suggest that the
formation of highly heterogeneous arrangements of the order A-
R-Sa of produce morphologies that are energetically comparable
(if not better) than those where all the fractions are homoge-
neously mixed.

8.2.1.3. Self-diffusion coefficient. The calculated values of Dself are
substantially lower than the ones computed for the homogeneous
models built using the Conventional Method. Moreover, they
become increasingly smaller with higher heterogeneity. The values
of Dself for the a5, a4, a3, a2, and a1 models at point 3 are equal to
0.557, 0.382, 0.359, 0.336, 0.328 e-11 m2/s respectively. This indi-
cates that the Dself in highly heterogeneous models is around half
then one of homogeneous models. Moreover, the difference
between the diffusivities in models a3, a2, and a1 is small, suggest-
ing that the value of Dself stabilizes beyond a certain degree of
heterogeneity in the morphology of the bitumen model. A smaller
Dself can result in considerably different transport properties. For
example, such a decrease can translate into a substantially higher
viscosity[64], which could aid in obtaining a better estimate for
the viscosity of bitumen, especially when currently published
methods to do so underestimate the viscosity by several hundred
centipoises.

8.2.2. Morphological results
8.2.2.1. Neighboring fractions. The Heterogeneous Method is capable
of predictably producing models whose Sa, R, and A fractions are
neighbored by an increasing number of molecules belonging to
the same fraction. This also means that this method is successful
in producing models of bitumen whose Sa, R, and A distributions
increasingly deviate away from those of an ideally mixed model
of bitumen. This can be seen in Fig. 11, where the Sa Sað Þ � SaidealSað Þ
of models a5, a4, a3, a2, and a1 at point 1 deviate from ideality by

18, 22, 28, 32, and 35% respectively, their R Rð Þ � Rideal
Rð Þ deviate from

ideality by 22, 32, 34, 40, and 46% respectively, and their

A Að Þ � Aideal
Að Þ deviate from ideality by 31, 35, 46, 50, and 56% respec-

tively. Moreover, the molecular rearrangement rate is significantly
lower in these models when compared to those of homogeneous
models built using the Conventional Method. From point 1 through
4, the values of g xð Þ � gideal

xð Þ vary at most by 0.2% (including the g xð Þ
values whose g is not equal to the fraction of x), indicating that the
neighbor composition of the Sa, R, and A fractions changes negligi-
bly over time, and that the bitumen models are not undergoing a
gradual molecular rearrangements like in the case of the bitumen
models produced using the Conventional Method. The heating cycle
(points 4 to 6) breaks the stability of the previous stages by push-
ing the values of g xð Þ to become closer to those of an ideal mixture
(by changing them at most by 5%). This means that for the models
produced using the Heterogeneous Method, a heating cycle decreases

the values of Sa Sað Þ � SaidealSað Þ , R Sað Þ � Rideal
Sað Þ , and A Sað Þ � Aideal

Sað Þ , pulling
groups of similar fractions apart. Therefore, the heating cycle of



Fig. 10. Side view of the MD models of bitumen built using the Heterogeneous Method. The renders are generated using the Open Visualization Tool (OVITO) [73]. The
saturates and aromatics (Sa) fraction is represented in purple, the resins (R) in grey, and the asphaltenes (A) in black. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Table 6
List of bulk properties of model a1 produced using the Heterogeneous Method.

Property Relevant points in the simulation

build Stab. Heating cycle Stab.

1 2 3 4 5 6 7

Time elap [ns.] 10 40 190 195 205 210 360
x ¼ y[Å] 47.64 47.61 47.54 48.88 48.80 47.58 47.59
z[Å] 198.17 198.28 198.27 203.30 203.31 198.47 198.11
T [K] 298 298 298 433 433 298 298
P [atm.] 1.054 1.039 0.999 1.082 1.003 0.98 1.001
q[g/cm3] 1.010 1.009 1.008 0.9393 0.9356 1.005 1.010
a[1/K]

(�104)

1.56 1.54 1.53 2.37 2.38 1.52 1.52

Cp[kJ/kg/K] 2.11 2.12 2.11 3.81 3.79 2.13 2.10
CED[J/cm3] 338.1 337.8 335.4 274.1 271.9 334.5 333.8
PE[kJ/kg] 1363 1351 1350 1687 1684 1372 1375
Dself [m

2/s]

(�10�11)

0.341 0.335 0.328 1.38 1.31 0.345 0.342
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Heterogeneous Method has the opposite effect of the heating cycle of
the Conventional Method; an increase in temperature results in cer-
tain individual molecules breaking away from the molecular clus-
ter they initially belong to.
18
8.2.2.2. Asphaltene clusters. The number of asphaltene clusters
remains constant throughout the simulations, including both sta-
bility runs and the heating cycle (i.e., points 1 through 7). The num-
ber of clusters in models a5, a4, a3, a2, and a1 is equal to 5, 4, 3, 2,



Fig. 11 (continued)
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and 1 respectively and remain unchanged until the end of theMea-
surement stage. The Vavg in models a5, a4, a3, a2, and a1 remain con-
19
stant at 55306, 25881, 17493, 11560, and 9570 Å3, and the So also
remain constant at 0.71, 0.91, 0.85, 0.84, and 0.82. Interestingly,



Fig. 11. The subplots show the values of g xð Þ � gideal
xð Þ at different simulations steps. The values of g xð Þ � gideal

xð Þ show that the molecular arrangement in bitumen models built
using the Heterogeneous Method remains unchanged and is not undergoing rearrangements.
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the So in model a1 is not the highest; this could be because the
morphology in model a1 resembles that of a layered model instead
of one comprised of spherical arrangements. The negligible vari-
ability of these numbers over the course of the simulations indi-
cates that clustering of asphaltene molecules is halted and does
not occur in the bitumens produced using the Heterogeneous
Method. It also implies (given by how the cluster counting algo-
rithm counts a single isolated molecule as a one cluster) that single
asphaltene molecules do not separate from the clusters they ini-
tially belong to. A list of Morphological properties can be found in
Table 7.
8.2.2.3. Interfacial fraction. For models a5, a4, a3, a2, and a1, the per-
centage of atoms in an interface region is equal to 27.5%, 25.8%,
20.3%, 15.7%, 6.2% at the beginning of the Measurement stage (point
1). This percentage remains stable through point 1 to 3, varying at
most by 0.9%. The heating cycle (point 4 through 6) increases the
values to 30.5%, 28.5%, 22.6%, 17.7%, and 7.9%, which remain stable
until the end of the Measurement stage (point 7). This suggests that
the heating cycle is causing the molecules to break out from their
initial molecular group, forming new interfacial regions or expand-
ing the size of current ones. This is proven to occur only with mole-
cules of the Sa or R fractions, as the number of asphaltene clusters
remains constant.

The increase in the number atoms occupying interfacial posi-
tions also shows how a heating cycle has an adverse effect on the
molecular arrangement of the Sa, R, and A fractions in a model of
bitumen produced using Heterogeneous Method. Models that are
more homogeneous in nature are impacted the most (given by
how the Sa, R and A fractions rearrange, their local potential ener-
gies redistribute, and by how the percentage of atoms occupying
new interface positions increases the most on these models). This
indicates that the shape, size, and arrangement are all important in
defining the stability of these features, and that an equilibrium (or
Table 7
List of morphological properties of model a1 produced using the Heterogeneous Method.

Property Relevant points in the simulation

build Stab.

1 2 3

Time elap [ns.] 10 40 190
I% 7.94 8.02 8.00
Nclusters 1 1 1
Vavg[Å3] 55,778 55,782 55,791
Vx 0.15 0.14 0.13
So[Å] 0.83 0.83 0.83
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optimal) arrangement of the Sa, R, and A fractions may exist in a
scale that is still beyond the one simulated in this study.
8.2.2.4. Potential energy distribution. Fig. 12 shows the potential
energy distribution of the atoms of models a5, and a1 in the Regions
of Interest. The average potential energies of model a5 are substan-
tially lower than those of a homogeneous model built using the
Conventional Method but are considerably higher than those of
model a1 built using the Heterogeneous Method. Model a1 has the
lowest average potential energies (from point 1 through 7), sug-
gesting that the models produced using this method result in a
more uniform local distribution of energies and that a more
heterogeneous morphology (i.e., larger, and more pronounced
molecular arrangements) results in all the energies in the Regions
of Interest to be lower.

The energies of the models from the beginning until the end of
the first stability run (point 1 to 3) vary at most by 1.2 % (against a
50.5% in the homogeneous models of the Conventional Method),
which suggests that the energy distribution remains fairly constant
over long simulation times and can be used to explain why there is
no rearrangement of Sa, R, and A fractions in the bitumens pro-
duced using the Heterogeneous Method. Interestingly, as the models
of bitumen become more heterogeneous (e.g., from models a3 to
a1), the potential energies of interfacial regions (IAR, IASa, and IRSa)
become negligible or negative. This indicates that the atoms in
these regions are in equilibrium or are not being pushed by their
surroundings. Such values of potential energies at the interfaces
could indicate why there is no thermodynamic incentive for the
models to further undergo phase separation. This could also indi-
cate that there exists a set of potential energy values for both bulk
and interfacial regions that produce equilibrated systems (e.g.,
where all the potential energies become equal).

As expected, the heating cycle (steps 4 until 7) increases the
overall potential energy values. However, the energies at the end
Heating cycle Stab.

4 5 6 7

195 205 210 360
10.25 10.45 10.53 11.12
1 1 1 1
55,812 55,810 55,811 55,764
0.12 0.12 0.12 0.12
0.83 0.83 0.83 0.83



Fig. 12. Potential energy distribution (kJ/mol/atom) in the Regions of Interestmodels a5 and a1 produced using the Heterogeneous Method throughout theMeasurement stage of
the simulations. The values of the potential energies are considerably lower than those of the Conventional Method, especially in the bitumen models with the most
heterogeneous structure. The potential energy is almost negligible in the Interfacial regions of model a1, suggesting that interfaces are stable, and explaining why there is no
further rearrangement of fractions.
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of the heating cycle (point 6) do not drop back to their initial levels
(point 3) like in those of the Conventional Method. These remain
higher throughout the rest of the Measurement Stage. The increase
in energy is more pronounced in models of lower heterogeneity
(e.g., a5) The heating cycle has a permanent adverse effect on the
energetic stability of the model, especially in the regions that have
asphaltenes and resins. This could explain why there are Sa, R, and
A fraction rearrangements as shown in Fig. 11, and why there are
isolated molecules that break away and diffuse throughout the
model. However, the potential energy values in all the Regions of
Interest still remain considerably smaller than those of the homo-
geneous models of the Conventional Method.

9. Conclusions & future work

The intent of this article focused on studying and implementing
the impact of phase separation in MD models of bitumen. This was
done as bitumen is known to exhibit phase behavior and is known
to display characteristic morphologies that are not accounted for in
conventional MD models of bitumen. These are essential in
describing it’s the behavior of bitumen and in producing a more
realistic mechanical and rheological response. This article achieved
this by assessing how the SARA fractions and the potential energy
are distributed within a model of bitumen, and by showing how
these molecules reorganize to form certain arrangements (or mor-
phologies) that result in more favorable energetic configurations
over what is currently considered to be a considerably long time
in MD. Different bitumen construction methods are also studied
to build bitumen models that resemble mixtures that have already
undergone phase separation. The results obtained yielded the fol-
lowing conclusions:

(1) Initially homogeneous models of bitumen undergo signifi-
cant phase separation of its SARA fractions over the course
of tens of nanoseconds of simulation time.

(2) The formation of highly heterogenous morphologies whose
molecular arrangements resemble those of mixtures that
have already undergone significant phase separation is pos-
sible in MD models of bitumen. Unlike their homogenous
counterparts, these heterogeneous morphologies are highly
stable and undergo negligible phase separation over time.
21
(3) Several physical properties often reported in MD studies of
bitumen (e.g., density, cohesive energy density, heat capac-
ity, and thermal conductivity) are equivalent between mod-
els of bitumen having different morphologies. More complex
techniques (like the ones used in this study) are required to
sufficiently assess the impact of different molecular arrange-
ments. Measuring transport properties (e.g., self-diffusion
coefficient, viscosity, or thermal conductivity) could be key
in differentiating models of bitumen having the same com-
position, but different morphologies.

(4) Phase separation in MD models of bitumen results in a
slightly lower overall potential energy, and in a lower and
more even distribution of potential energies between the
atoms, especially at the interface between SARA fractions.
This indicates that the process is thermodynamically driven,
and that the nature of the microstructure in bitumen could
be realistically modelled using thermodynamic principles.

(5) A bitumen morphology that results in an absolute minimum
in energy is yet to be found. The bitumen models of this
study are by no means in perfect equilibrium and are still
expected to undergo phase separation if subjected to differ-
ent conditions. Moreover, a perfectly equilibrated model
may still be in a size and time scale that is beyond the ones
studied in this article.

The value of this work resides in establishing a set of methods
and techniques that will aid scientists in developing more accurate
representations of bitumen using MD methods, allowing them to
extend their research in:

(1) Implementing large-scale molecular interactions (i.e., phase
separation, self-assembly, spinodal decomposition) in MD
models of bitumen that are numerically and thermodynam-
ically stable.

(2) Introducing the possibility to directly study the mechanism
of formation of different molecular arrangements and mor-
phologies, including those that are characteristic of Sol and
Gel bitumens, using fundamental thermodynamic principles.

(3) Further investigating whether a proper colloidal structure is
suitable in describing the nature of the morphology in
bitumen.
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(4) Developing more complex, but effective techniques to study
the impact that different molecular arrangements have on
atomistic models of a material having the same chemical
composition.

(5) Implement the findings of this study in simulations involv-
ing larger size and time scales (e.g., Coarse-grained particle
dynamics or finite element methods) to produce more real-
istic models of bitumen.
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