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Abstract

The aggregation behavior of model molecules of
asphaltene subfractions A1 and A2 dissolved in
heptane, toluene and THF were studied using
molecular dynamics simulations. The proposed
asphaltene molecular models are based on pre-
viously studied structures with two new mod-
els, including a highly aromatic model, with
a prominent island-type molecule and another
molecule with prominent archipelago-type ar-
chitecture. The aggregation mechanisms in
toluene, THF and heptane solvents were stud-
ied. The results in heptane and toluene were
consistent with the solubility of asphaltenes and
their subfractions in these solvents. The size of
the aggregates is well correlated with aromatic-
ity. When considering THF, large aggregates
are broken down into smaller aggregates. This
could lead to the mixture of high, medium, and
low molecular weight distribution bands usually
observed when GPC analyses are conducted on
asphaltene samples in THF. The size distribu-
tion extracted from the simulations shows a bi-
modal distribution with profiles similar to the
size distribution profiles usually found in GPC
analysis for asphaltene samples in THF. The

distributions of dipole moments of the aggre-
gates against the number of molecules in ag-
gregates were constructed both in THF and
toluene and reveal that the dipole moment of
the aggregates vanishes when the number of
molecules increases due to a random structure
of the aggregates. The contributions of differ-
ent molecular interactions to the aggregation
mechanism, such as w-stacking, van der Waals
and hydrogen bonds, are described.



1 Introduction

Asphaltenes are a family of compounds de-
fined experimentally by solubility, according to
the SARA classification as the fraction insol-
uble in n-alkanes (usually n-heptane) and sol-
uble in aromatic solvents (such as toluene).!
Asphaltenes are the heaviest and most polar
components of crude oil. They can precipitate
at any point in production or transport as a
result of changes in temperature, pressure, or
composition.? This simple method of defining
classes of compounds based on their solubility
led to complications in determining their molec-
ular weight, molecular structure, and chemical
properties: consequently, practical recommen-
dations to ease production and reduce undesir-
able behavior are difficult to define. In this way,
several studies have been carried out to evaluate
different models and suggest theories to deter-
mine the behavior of the asphaltene fraction in
solution. In the family of asphaltene molecules,
we usually distinguish molecules with one (con-
tinental or island type) or several (archipelago
type) aromatic carbon nuclei, including het-
eroatoms (mainly N, S and O) with alkyl side
chains of various lengths grafted onto these nu-
clei.?4

The aggregation mechanism of asphaltenes
has been a matter of much discussion over the
years. The molecular characterization of as-
phaltenes in the condensed phase is the point of
interest in most of the research published in this
field. Investigation of asphaltenes in crude oil
is complex in particular because this is a multi-
phasic system. Asphaltenes exhibit properties
derived from the theory of colloidal solutions
or colloidal models (or suspension models), and
phase behavior originating from multicompo-
nent mixtures or the solubility model. This
shows the dual nature of asphaltenes: partly
dissolved and partly colloidal.® In recent years,
attention has been focused on the colloidal
model.® It has been shown that asphaltenes
form nanocolloids in crude oil which are very
similar to the nanoaggregates they form in
toluene.® The molecular characterization of as-
phaltenes requires a detailed understanding of
the colloidal hierarchical structure. The Yen-

Mullins model predicts that the asphaltenes
form small and dense nanoaggregates of ap-
proximately 6 molecules, which are assembled
to form clusters composed of approximately
8 nanoaggregates.” The leading forces of this
aggregation mechanism are w-stacking interac-
tions between aromatic cores of asphaltenes as-
sociated with van der Waals and dipole inter-
actions. The size of the nanoaggregates is con-
trolled by steric repulsion due to the presence
of the alkyl substituents (side chains) connected
to the molecular core.®? Gray et al.'® proposed
a supramolecular assembly model, which in-
cludes more diversity in the considered molec-
ular interaction and provides a more complete
view of the physical-chemical behavior of the
aggregates and their complexity. In particu-
lar, it includes the porosity of the aggregates
and their ability to trap compounds. The self-
association of asphaltene molecules in solution
is one of their canonical properties.!! Under-
standing how the molecules interact with each
other to form aggregates, and then how th e ag-
gregates arrange themselves into flocs or clus-
ters, and ultimately precipitate, is very impor-
tant in determining the stability of the asphal-
tene fraction in heavy oil processing.'?

The study of asphaltene subfractions helps us
to better understand the composition of this
family of compounds. It has already been ob-
served that the use of p-nitrophenol makes it
possible to split the asphaltene fraction into
two subfractions called A1 and A2 which ex-
hibit differences in solubility. 31 A2 shows the
same solubility as the asphaltenes in toluene,
while A1 is very poorly soluble. A recent hy-
pothesis proposes that the mechanism for the
aggregation of asphaltenes in toluene solutions
proceeds primarily by the formation of small
and dense aggregates of Al forming nuclei that
promote phase separation in the medium, while
the intercalation of A2 molecules and their ar-
rangement at the periphery of these nuclei help
to stop the phase separation, thus forming a
lipophilic colloid. % This hypothesis is consis-
tent both with Gray’s supramolecular and with
the Yen-Mullins models. Recently our group
showed that asphaltenes form aggregates which
are stable in various solvents such as toluene



and THF. Changing the solvent will impact the
width of the hydrodynamics volumes distribu-
tion. ¢

Molecular dynamics simulations provide an
essential tool to increase our knowledge of the
behavior of the asphaltene fraction by consid-
ering, at an atomic scale, the intermolecular
interactions in relation to the molecular struc-
ture. This is useful to understand the behav-
ior of asphaltenes in solution at a nanometer
scale and to link the results with experimen-
tal results on macroscopic samples. The main
drawback of this approach is the requirement
for the molecular structure of the system to
be considered. This becomes very difficult for
asphaltenes because they are constituted by a
family of compounds; however the general ap-
proach consists of considering a subset of molec-
ular models that are representative of their be-
havior in solution.!” 2! Nevertheless, this ap-
proach allows the design of molecular models
with known chemical characteristics and uncou-
ples the key factors one seeks to investigate.
We have already worked with molecular models
that provide us with the possibility to explain
experimental behaviors associated with the Al
and A2 subfractions in toluene.?? The molecules
are derived from those proposed by Acevedo
et al.’® and were later modified to include oxy-
gen.?2% It was observed that the presence of
hydrogen bonds is a key factor in aggregation
and the structural connection between Al and
A2 20,22

In this paper, we investigate the behavior of
asphaltene molecular models in solutions with
different solvents: toluene (TOL), tetrahydro-
furan (THF) and heptane (HEPT). For each
solvent, we compute the size and the compo-
sition of the aggregates obtained after simula-
tions at equilibrium from a starting point cor-
responding to dispersed asphaltene models and
another starting point from a clustered config-
uration. Then, the driving forces of the ag-
gregation mechanisms are discussed consider-
ing the relative weight of hydrogen bonds and
dispersion interactions. Global properties of
the obtained aggregates, such as the size and
the dipole moments, are described. Finally,
these results are compared to the size distribu-

tions observed by gel permeation chromatogra-
phy separation followed by mass spectrometry
analyses using an inductively coupled plasma
for sample ionization: GPC-ICP-MS. 6

2 Methodology

2.1 Structural models of as-

phaltenes

The structure of asphaltenes is one of the
most controversial topics in petroleum chem-
istry. The controversy is centered on the or-
ganization of the aromatic cores within the
asphaltene molecule (a single aromatic core
or island against multiple aromatic cores or
archipelago). The structures of the considered
asphaltene molecular models were adopted to
represent the Al and A2 subfractions. The
main structural characteristics of A1l and A2
subfractions consist of a lower H/C ratio and
double bond equivalent (DBE) for Al. This
makes molecules from the A1 subfraction more
rigid than those from A2.2* Acevedo et al.!?
suggested two representative structures of as-
phaltene molecules which agree the above con-
ditions. In this work, we considered the models
used in a previous work, 13?2 and two additional
extreme cases were incorporated (see Figure 1).
The first, A30 is a highly aromatic molecule
derived from the Al-type of molecule, which
increases the flatness characteristic and rigid-
ity of the molecule. The second one, A40, is
an archipelago-type molecule derived from an
A2-type molecule, which has two aromatic nu-
clei connected by an aliphatic chain. These new
models will help us to consider a small H/C ra-
tio in the case of highly aromatic molecules and
a high H/C ratio in the case of an archipelago-
type molecule. Defining a set of molecular mod-
els to be representative of the asphaltene molec-
ular family and used to implement molecular
simulations may introduce a given bias in study
like the current one. Heteroatoms, such as
sulfur and aromatic nitrogen for example were
added from pyridinic and thiophen structures.
Although only a limited number of models were
considered in this study and although they are



among the lightest of the observed asphaltene
molecules, 226 they were chosen to span the
chemical diversity of the Al and A2 subfrac-
tions keeping the implementation of the molec-
ular simulations tractable.

The molecular models associated with the
Al and A2 subfractions are depicted in Fig-
ure 1. Table 1 summarizes the structural char-
acteristics of the models and their correspond-
ing labels along with the associated dipole mo-
ment obtained from an AM1-BCC calculation.
Molecules A10 to A13 and A20 to A23 corre-
spond to the structure considered in our previ-
ous work.?? Molecule A30 is a highly aromatic
molecule, and molecule A40 is an archipelago-
type molecule. Both models are proposed as
extreme cases for subfractions Al and A2, re-
spectively. In order to implement the differ-
ences in the H/C ratio and the DBE between
the A1 and A2 subfractions, the proposed Al-
type molecules have two aliphatic cycles, while
one cycle is exchanged with an n-octyl aliphatic
chain in A2-type molecules. Figure S1 shows
a general comparison of the molecules used in
this work. This set of molecules will provide
us with a way to explore the chemical space
of the asphaltene fraction, including island and
archipelago-type molecules, presence or absence
of heteroatoms, various dipole moments, size
of the aromatic nucleus and protic or aprotic
groups. These molecules provide a way to tune
the chemical interaction (hydrogen bonds and
van der Waals interaction) and the rigidity of
the molecule.

2.2 Simulation details

All simulations were carried out using the GRO-
MOS96 force field with the 53A6 parameter
set?” using the GROMACS 2019.3 computer
package.?®?® The main feature of this force
field is its united-atom parameter (used for
groups CH;, CH, and CH,), which allows an
increase in the size of systems without sacri-
ficing too much computational time. For each
molecule, the force field parameters were as-
signed using parameters from the GROMOS
force field, applying parameters from similar
already-parametrized small organic molecules,

such as pyridine, thiophene, or phenol, which
were used as building units. The charges
were adapted using the AM1-BCC semiempir-
ical method.3%3! The Antechamber program
within AmberTools20%? was used to compute
the partial charges of all molecules as suggested
by Lemkul et al.?? to produce GROMOS com-
patible force fields. The dipole moments ob-
tained from the computed atomic charges are
presented in Table 1. In the context of united
atom force fields, atomic charges of CH groups
were summed up, as performed in reference 33.
To describe hydrogen bonds, hydrogen atoms
of protic groups such as phenol and carboxylic
acids were considered explicitly. 222

For each molecule, a simulation was per-
formed in tetrahydrofuran, toluene, and hep-
tane. Two types of simulation with differ-
ent initial states were implemented, which are
schematized in Figure 2. In the first case (A),
the asphaltene molecules were randomly intro-
duced into the box. In the second case (B),
short molecular dynamics calculations were
performed at a constant volume without solvent
to promote the formation of an initial cluster
including all the molecules. Then, this clus-
ter obtained in vacuum was placed in a box
filled by the considered solvents, and the as-
phaltene aggregates were obtained from its dis-
solution. This second scheme was implemented
to provide a conceptual sketch of the experi-
mental process associated with the dissolution
of a powder containing the precipitated asphal-
tene aggregates into a given solvent before anal-
ysis.

The number of asphaltene molecules for each
simulation was fixed at N=80 with an initial
box size of 8x8x8 nm?® to obtain a concen-
tration of ~7wt.%. This number is within the
range of the amount of molecules used in pre-
vious works. 7192022 In our previous work,??
we investigated the effect of the number of
molecules used in the simulations and showed
that 80 molecules is a converged value. In
all simulations, periodic boundary conditions
were implemented along with the particle mesh
Ewalds method to manage electrostatic inter-
actions.?* A cutoff distance of 1.5 nm was con-
sidered for van der Waals interactions. All



CHs

c) A3 Highly aromatic type d) A4 archipelago type

Figure 1: Base molecular structure of the asphaltene molecules used in this study for the subfrac-
tions Al and A2. In addition, the A3 and A4 molecules are presented.



Table 1: Definition, labeling, and structural parameters of the molecules considered in this study.
The base structure is illustrated in Figure 1. MW stands for molecular weight in gram per mole.
The dipole moment was obtained from AM1-BCC calculation in order to adapt the partial charges

of the GROMOS 54a7 force field.

molecules X; Xy, X3 Xy MW DBE H/C p (D)

Al Al0 CH CH H CH; 572.836 23 1.000 1.98
All N S H CH; 591.870 23 0.976  5.09

Al12 N S OH CH; 607.870 23 0.976 5.98

Al13 N S H COOH 621.854 24 0.928 3.95

A2 A20 CH CH H CHj; 576.868 21 1.090 2.70
A21 N S H CH; 595.902 21 1.071 5.74

A22 N S OH CH; 611.902 21 1.071 6.71

A23 N S H COOH 625.886 22 1.023 6.53

A3 A30 N S OH CH; 601.737 33 0.535 6.14
A4 A40 N S OH CH; 663.978 23 1.065 2.52

bonds were constrained using the LINCS algo-
rithm.?® The time step of the simulations was
2 fs, and the neighbor list update frequency was
10 fs. An initial minimization step was used
to remove any high-energy structures using the
conjugate gradient algorithm. The system was
then allowed to reach thermal equilibrium at
300 K using the V-rescale thermostat®® in the
NVT ensemble for 200 ps. In a second equili-
bration step, the box density was adjusted in
the NPT scheme with the V-rescale thermo-
stat and the Parrinello-Rahman barostat 3738
at 1.0 bar pressure for 500 ps. Then, simula-
tions in the NPT ensemble were performed at
1.0 bar and 300 K using the Parrinello-Rahman
barostat and the Nose-Hoover thermostat.3%40
In scheme A, the initial configuration corre-
sponds to a random dispersion of the asphal-
tene molecules, and the simulations were split
into two steps. In accordance with the num-
ber of molecules included in the simulation, the
equilibration time is long. A first step of 60 ns
was performed to obtain aggregates and reach
equilibrium. At this stage, dissociation and ag-
gregation of molecules in large aggregates asso-
ciated with an equilibrium state are observed
in the simulations. Then, second step of 60
ns long was performed, which was considered
as the production run and thus used in further

analyses to compute averages and perform the
structural analyses of the aggregates. In the
case of scheme B, starting from an aggregate
state, only one step of 60 ns was implemented
to analyze the stability of the aggregates in the
different solvents.

2.3 Aggregate Analysis Methods

To perform the analyses of the aggregates ob-
tained from the simulations, several structural
parameters were considered and are illustrated
in Figure 3. Molecules were considered to be
in the same aggregate if the minimum distance
between two atoms belonging to two different
molecules (the distance of closest approach) was
less than 3.5 A. The analyses were performed
using a homemade program that identifies the
list and the composition of the molecular ag-
gregates for each configuration extracted from
the simulations. The aggregation number is the
number of molecules that constitute an aggre-
gate. This parameter is used as a guide to moni-
tor both the equilibration and the expected av-
erage asphaltene aggregate size. The average
aggregate number, Nagg, was calculated from

N 2.t Ni
Nagg = ZN (1)
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Figure 3: Structural parameters used in the
simulations. a) Aggregation number is the
number of molecules per aggregate, b) the hy-
drodynamic diameter, computed as the largest
distance between two atoms in the same aggre-
gate, ¢) the dipole moment of the overall aggre-
gate.

where N; is the number of aggregates contain-
ing 7 molecules. The sums in Equation (1) ex-
tend from ¢ = 2: that is, monomers were not
included in the analysis.

Common ways to compute the aggregate size
are either the largest distance between pairs of
atoms within the same aggregate or the gyra-
tion radius.'™?? We showed in a previous work 22
that the calculation of the aggregate size from
the largest distance is more consistent with the
hydrodynamic volume considered in gel perme-
ation chromatography (GPC)?*4! and was used
as a size indicator in this work. This distance
is recorded for each aggregate in each frame of

Initial configurations

molecules
in the box Scheme B

' Molecular dynamics with- |
'out solvent at 300K and |
' constant volume. \
| The cluster is centered in |
thebox. . 5
' Solvent molecules are in-.
i serted: Toluene and THF . |

System with
clustered
molecules

the simulation. These data are used to con-
struct the histogram of aggregate sizes over
all the simulations and provide information on
the smallest and largest sizes of the aggregates.
However, the size distribution obtained in this
way is biased by the number of molecules con-
sidered in the simulations. Indeed, considering
a total number of N molecules, a total amount
of N/2 dimers can be obtained, whereas only
one aggregate of approximately N molecules
can be obtained. In order to take this bias into
account, a distribution function f(d) as a func-
tion of the hydrodynamic diameter d of the ag-
gregate can be constructed in the following way:

=Yy D

agg 1€En>2

where N is the total number of molecules in
the system, ¢ is the number of molecules in
an aggregate, and d; is the diameter of the
current aggregate with i molecules. The first
sum runs over all aggregates obtained from all
frames of the simulation, and the second sum
runs over the number of molecules per aggre-
gate, termed 7 in the equation. Actually, the av-
erage size of aggregates containing ¢ molecules
is weighted according to the number of aggre-



gates containing the same number of molecules
that can be constructed by considering a total
of N molecules: that is, N/i.

The dipole moment was computed for each
aggregate throughout simulations using the
atomic positions and the partial charges used
in the force fields. This equation is additive
and thus assumes that the polarizability of the
solvent and the neighbor molecule is weak.

N
p=> ar (3)
=1

3 Results and discussion

3.1 Simulations in Heptane

As a first step, we considered the simulations
in heptane. These results allow us to con-
nect the aggregation behavior of the considered
molecules with the behavior observed experi-
mentally when considering the SARA classifi-
cation and the A1 and A2 subfractions. Indeed,
the asphaltene fraction is defined from the sol-
ubility of the molecule in heptane. Based on
the definition of the aggregation number, when
values close to the total number of molecules
are reached, it indicates that the solubility of
the molecules in the solvent is low, i.e., that
the aggregate state is more stable than its dis-
sociation.

Aggregation number in heptane

Model molecule

Figure 4: Average aggregation number using
heptane as solvent for all considered molecules.
Circles on the left show an example of the two
extreme cases obtained.

Figure 4 compares the aggregation numbers
of the molecules in heptane for all molecules
considered in this work. The averages are com-

puted for the last 60 ns of the simulations fol-
lowing scheme A. The aggregation number com-
monly accepted in the Yen-Mullins paradigm is
about at least 10 molecules per aggregates.®?
Molecules A10, A11, A20 and A21 present an
aggregation number lower than 10, which in-
dicates that these molecules prefer to remain
dispersed in the solvent. Molecules A10 and
A20 are hydrocarbon molecules while molecules
A1l and A21 contain few heteroatoms. How-
ever, any of them contain protic groups able to
lead to the formation of hydrogen bonds. In
that case, the only available driving force of
the aggregation is the van der Waals interac-
tions due to the aromatic nucleus or the dipole
moment, which are rather low for these models;
see Table 1. On the other hand, molecules A12,
A13, A30, A22, A23 and A40 lead to an average
aggregation number of 50 or more molecules.
This situation is associated with the formation
of large aggregates of at least 50 molecules on
average. These molecules are thus most of the
time included in large aggregates and can thus
be considered as insoluble in heptane. These
molecules include protic groups and are able to
form hydrogen bonds that ease the formation of
larger aggregates. In the following, we will con-
sider only molecules that are insoluble in hep-
tane, i.e. Al12, A13, A22, A23, A30 and A40.
This behavior agrees with the SARA classifica-
tion of asphaltenes based on their solubility.

3.2 Simulations in THF and

Toluene

This section compares the results of the simula-
tions implemented in THF and toluene follow-
ing the two schemes A and B, starting from an
initially dispersed configuration or from a clus-
tered configuration.

Figure 5 shows the histograms of the diam-
eter of the aggregates obtained from the sim-
ulations of A12, A13, A30, A22, A23 and A40
molecules in toluene and THF following scheme
B. The aggregate diameters are computed as
the largest distance between two atoms belong-
ing to the same aggregates. Only molecules
with an average aggregation number larger than
20 were considered in this part. Indeed, as in-
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Figure 5: Histograms of the diameter of the aggregates for molecules including protic groups (A12,
A13, A30, A22, A23 and A40) starting from a clustered configuration. The histograms obtained for
the same models from a dispersed configuration are available in Figure S2 in the supporting infor-
mation. Aggregate size increases from right to left for further comparison with GPC experiments.

dicated in the previous section, these molecules
are insoluble in heptane, which agrees with
the definition of the asphaltene fraction in the
SARA classification. The corresponding aver-
age aggregation numbers computed for these
molecules in toluene and THEF are presented in
Figure S3 in the supporting information.

Regardless of the considered molecule, when
comparing the aggregate sizes in toluene and
THF, the largest aggregates are obtained in
toluene. This result agrees with the values of
the experimental solubility parameters of as-
phaltenes compared to those of toluene and
THF. Indeed, the reported solubility parame-
ters of asphaltene subfractions Al and A2 are in
the range of 20.5 to 22.7,%%3 which is closer to
the solubility parameter of THF, 19.5, than to
that of toluene 18.2.%* The largest aggregates in
toluene were thus expected and obtained from
the simulations.

Considering scheme B, as shown in Figure 5
bottom panel, starting from a large aggregate,
two different behaviors are obtained. In the
case of molecules A12 and A22, the initial ag-

gregate is broken, and only small aggregates of
10 molecules or less, approximately 2.5 nm di-
ameter, are formed in the simulation, as already
obtained from scheme A. In contrast, from
the simulations with molecules A13, A30, A23
and A40, the aggregate size distribution dis-
plays a bimodal shape associated with the pres-
ence of aggregates with a diameter larger than
7 nm and on average more than 20 molecules
per aggregate (see Figure S3 in the support-
ing information). These results suggest that in
the case of molecules with structural proper-
ties such as A13, A30, A23 and A40, including
heteroatoms and free carboxylic groups, when
initially packed aggregates are placed in solu-
tion, THF and toluene solvents are not strong
enough to disrupt the aggregates and dissolve
molecules or small aggregates. This informa-
tion is of highest interest considering the exper-
imental setup for asphaltene aggregate analyses
in GPC-ICP-MS experiments where asphaltene
fractions are first precipitated and then ana-
lyzed after dissolution in THF.?#%47 This in-
dicates that under certain conditions, the ag-



gregates analyzed experimentally by GPC-ICP-
MS already existed in the crude and were pre-
served in THF.234547 The comparison with ex-
perimental results will be discussed in the last
section of the paper.

In the case of the initially dispersed systems
(see Figure S2 in the supporting information),
systems A12, A13, A22 and A23 exhibit a sim-
ilar behavior. Only a few molecules aggregate,
and the average aggregation numbers are in the
range between 5 to at most 10 molecules per
aggregate, with the smallest values obtained for
THF. Again, these results in toluene agree with
the definition of the asphaltene fraction accord-
ing to its solubility in the SARA classification,
assuming that aggregates are too small to pre-
cipitate and are thus soluble in toluene. These
molecules are thus slightly more soluble in THF
than in toluene. These results support our hy-
pothesis that aggregates observed experimen-
tally are directly those that already exist in the
crude and not formed during the analysis.

Going further in the analyses of Figure 5, the
results may be linked to the chemical character-
istics of the models and the inter-molecular en-
ergies displayed figure S10. Molecules A12 and
A22 contain nitrogen and sulfur heteroatoms
along with an OH group attached to the nu-
cleus. Although their dipole moment is strong,
the formation of large aggregates from the for-
mation of hydrogen bonds including the OH
groups is hindered due to steric effects asso-
ciated with the buried position of this protic
group. Moreover, this OH group bound easily
with THF molecules, which are small enough
to form hydrogen bounds. One can see on fig-
ure S10, that this molecules are those which
make the largest number of hydrogen bonds
with THF molecules. These phenomena limit
the aggregate size both in toluene and in THF.

Molecules A13 and A23 contain a carboxyl
group bonded to a terminal carbon atom of an
alkyl chain, and large aggregates were formed
during the simulations in THF. This is in agree-
ment with the results from other work? in-
dicating that the presence of heteroatoms in
the terminal positions of side chains enhances
a more effective self-assembly compared to the
aromatic ring positions.*®4° This ability is di-

10

rectly related to the formation of hydrogen
bonds between asphaltene molecules. One can
see on figure S10, that this molecules are those
which make the largest number of hydrogen
bonds between asphaltene molecules. But also,
a large number of hydrogen bonds with THF
molecules is obtained. In consequence, the size
of aggregates is significantly smaller when fol-
lowing scheme A starting from a dispersed sit-
uation. When the system is initially dispersed,
THF molecules act as competitive inhibitors
and limit the ability of asphaltene molecules to
form hydrogen bonds that promote 7-stacking-
type interactions. This leads to the formation
of smaller aggregates.

In the case of the A30 molecule (a highly aro-
matic molecule) and A40 molecule (archipelago
type), whatever the starting configuration, and
following scheme A or B, large aggregates with
more than 60 molecules are obtained with a
diameter larger than 10 nm. This reveals the
low solubility of these molecules in toluene or
THEF'. These models were considered to include
in the discussion a flat and rigid molecule (A30)
and a highly flexible molecule (A40). Repre-
sentative aggregates obtained from simulations
are depicted in Figure 6. In the case of the
A30 molecule (rigid, flat and with a large aro-
matic nucleus) the m-stacking interaction be-
tween molecules is clearly favored. This leads
to the formation of tubular clusters that can
be aggregated in large structures by connect-
ing the cylinders due to side chain interactions,
such as hydrogen bonds, or T-shaped interac-
tions between two aromatic nuclei. From fig-
ure S10 again, A30 molecules form only a few
amount of hydrogen bonds indicating that -
stacking interactions are favored. The combi-
nation of m-stacking interactions and side chain
interactions leads to the formation of the largest
aggregates. Representative structures of aggre-
gates obtained from simulations of A30 are de-
picted in Figure S4. Figures S5 to S8 present
the computed values of the shape anisotropy of
the aggregates, which provides an idea of the
overall shape of the aggregates. "2

In the case of molecule A40, of the archipelago
type, large aggregates are obtained from the ag-
glomeration of small globular aggregates, as dis-
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Figure 6: Representative structures of aggregates obtained from simulations with molecule A30 on
the left and molecule A40 on the right illustrating the various types of interactions.

played in Figure 6. These aggregates combine
small m-stacking interactions or T-shape inter-
actions with strong hydrogen bond interactions
between side chains allowed by the high flexi-
bility of the structure. This leads to the forma-
tion of large aggregates. In a recent work, Yang
et al. %" suggested a similar conclusion and pro-
pose that when asphaltenes become more un-
stable, an increase in the amount of m-stacking
interactions is observed, but this is concomi-
tant with the formation of disordered structure
of aggregates due to side chain interactions.

3.3 Link between simulations
and chromatography results

GPC-ICP-MS analyses of the asphaltene frac-
tion of crude oil are a common technique to
characterize such complex matrices.'®?3 The
separation of the compounds of the sample is
based on their size, with the larger compounds
requiring a longer time to pass through the
column.?**> The presence of asphaltene aggre-
gates is detected from the presence of vanadyl
porphyrins in the crude oil which are embed-
ded or linked to the aggregates.?3°152 In this
section, we show that it is possible to make a
conceptual comparison between the GPC-ICP-
MS profile and the size distribution of the ag-
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gregates obtained from the molecular dynamics
simulations. We chose molecules A12 and A22
to illustrate this comparison because they be-
long to the A1 and A2 families and their solu-
bility behaviors are representative of these frac-
tions: they are insoluble in heptane and soluble
in toluene. This choice is a strong limitation,
but the aim here is to illustrate the capability of
the coupling between the GPC techniques and
the molecular dynamics methodology to work
in synergy.

Figure 7 b) shows the chromatograms ob-
tained after GPC-ICP-MS analyses performed
by our group in a previous work? on a sample
of Hamaca crude oil. A complete description of
the experimental setup is provided in the work
of Putman et al.*'. Briefly, in order to perform
the separation, three polymeric Shodex prepar-
ative GPC columns were connected in series
with a pore size of 50, 300 and 1500 A. Three
samples were analyzed: the complete asphal-
tene fraction and then the A1 and A2 subfrac-
tions. 234647 In this sample, it was determined
that the relative proportions of Al and A2 were
40% and 60%, respectively. The graph shows
the variation in the signal intensity of the de-
tection of the ®'V isotope as a function of elu-
tion time, which is a conventional way to follow
asphaltene aggregates. The intensity of the sig-
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Figure 7: a) Size distributions in THF from
simulations of molecules A12 and A22 follow-
ing scheme B with initially clustered systems.
The combination of A12 and A22 distributions
was performed using the experimental propor-
tions of A1l and A2 of Hamaca crude oil, that
is, A1x0.4 + A2x0.6.% b) GPC-ICP-MS chro-
matograms measured for the asphaltene frac-
tions Al and A2 of a Hamaca crude oil.?
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weight (LMW) regions are labeled and delim-
ited by vertical dashed lines.
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nal is proportional to the number of molecules,
while the elution time is associated with the
size or molar mass of the molecules. We can ob-
serve the presence of four regions, labeled super
high molecular weight (SHMW), high molecu-
lar weight (HMW), medium molecular weight
(MMW) and low molecular weight (LMW). The
complete experimental setup is detailed in a
previous work 23. After precipitation of the as-
phaltene fraction and A1l and A2 subfractions,
the powder containing aggregates was dissolved
in THF and injected into the apparatus using
THEF as the eluting solvent.

In this case, we followed scheme B, consid-
ering the simulations starting from a clustered
initial configuration further dissolved in THF.
Indeed, this scheme can be associated with the
dissolution of the precipitated asphaltene in
THF before injection into the apparatus to pro-
vide us with a conceptual sketch of the experi-
mental process. The size distributions of the ag-
gregates obtained from simulations considering
A12 and A22 in THF and following scheme B
were computed using equation 2. They are de-
picted in figure 7 a) along with a reconstructed
GPC-ICP-MS profile using the relative propor-
tions of Al and A2 in the experimental sample.
First, it is observed that the shape distributions
are similar, differing in that the low molecu-
lar weight (LMW) aggregates of A22 are larger
than those of A12 by 1 nm, and A22 shows a
greater intensity in the high molecular weight
(HMW) region. From this comparison, it is pos-
sible to generate a scheme of the aggregate for-
mation during the experimental GPC-ICP-MS
measurement of subfractions A1l and A2.

Although OH groups are present in molecules
A12 and A22, once dissolved in THF, the initial
cluster is split into smaller and more stable ag-
gregates. According to this result, the clearest
interpretation is that the initial large aggregates
are split into smaller fractions, and these frac-
tions remain in equilibrium or are metastable
in the system. This interpretation is consis-
tent with Cheng’s model,®® where asphaltene
undergoes fractionation into nanoaggregates of
asphaltenes, which can be interpreted as a top-
down aggregate formation different from the
down-to-top association proposed in the micel-



lar model of Gray et al.'°. A prominent fea-
ture of the aggregate structure is the acquired
shape. Representative aggregates from simula-
tions of A12 and A22 are depicted in Figure 7
a). Whatever the size, the m-stacking interac-
tion prevails in the aggregates of A12 molecules,
leading to a dense structure. In contrast, in the
aggregates of A22 molecules, a less dense struc-
ture is observed due to the aliphatic chain of
the A2 family, and more hydrogen bonds are
involved in building large aggregates.

Additional information can be obtained from
the analyses of molecular dynamics simulations
by considering the number of molecules by ag-
gregate in each weight region. Figure 8 shows
a box-plot representation of the distribution of
the number of molecules per aggregate in each
molecule weight region of the chromatogram. It
is interesting to note that by using the results of
the simulations, we can roughly estimate both
the size of the aggregates and the number of
molecules per aggregate in each region. On
average, SHMW aggregates are composed of
60 molecules, while the value decreases to 20
for HMW aggregates, and finally, fewer than
5 molecules are enough to obtain MMW aggre-
gates. The LMW region is limited by the choice
of asphaltene molecule. Indeed, the mass val-
ues corresponding to this region range from 162
to 1,100 Da?3 corresponding to the monomers
in our case.

Al2 A22
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o

Number of molecules
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o o

=3

LMW MMW HMW SHMW
region

==

LMW MMW HMW SHMW
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Figure 8: Number of molecules present per
molecular weight region observed for these
models.
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3.4 Dipole moment analyses

In this last section, we finally analyzed the link
between the dipole moment of the aggregates
and their size or the mass region to which they
belong. Figure 9 shows the dipole moment of
the aggregates obtained during simulation as a
function of time and as a function of the num-
ber of molecules per aggregate. The colors rep-
resent the weight regions of the aggregates. Ex-
amining the dipole moment values of the indi-
vidual molecules reported in table 1, the dipole
moment of aggregates is on average lower than
the value of the individual molecule, except for
the A40 molecule. In a few cases, such as A13,
A30 or A40, a discontinuity is obtained be-
cause no aggregates were observed throughout
the simulation with those numbers of molecules.
Whatever the considered molecule, there is a
clear trend indicating that increasing the num-
ber of molecules per aggregate, and thus the
size of the aggregate, leads to a decrease in the
dipole moment of the whole aggregate. This
behavior is typical of systems grown randomly,
leading to the partial cancellation of the indi-
vidual dipole moments of the molecules com-
posing the aggregates. These results enforce the
conclusion that to obtain large aggregates, the
formation of m-stacking interactions is concomi-
tant with side chain interactions, thus leading
to more disordered structures.

In several cases, the values of the dipole mo-
ment present a wide dispersion for a given ag-
gregate size. Whatever the molecule, this is
true for small aggregates for which the combi-
nation of a small number of molecules can lead
to an addition or a subtraction of their individ-
ual dipole moment. In particular, for molecule
A40, the high flexibility of this molecule leads to
a variance of the dipole moment in the LMW
region, which is very high. However, as with
other molecules, increasing the size of the aggre-
gates ultimately leads to a decrease in the whole
dipole moment of the aggregates. Indeed, ag-
gregates obtained from flexible molecules adopt
a more globular structure for which, during
the simulation, the size, shape and relative ar-
rangement of molecules present large fluctua-
tions during the simulations. Figures S5, S6,
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S7 and S8 in the supporting information illus-
trate that point considering the dispersion of
the computed shape anisotropy.

In the case of highly aromatic systems, pre-
vious works indicated that high dipole moment
values can be attributed to a small distance be-
tween stacking layers. This small distance is a
consequence of a larger aromatic ring structure
and a larger average number of aligned stack-
ing layers.> In the case of A30 molecules, the
rigidity of the molecule leads to the formation
of these rod-like structures that produce an in-
tense dipole moment. However, large aggre-
gates are obtained by the random cohesion of
these rod-like structures, leading to the cance-
lation of the dipole moment (see Figure 6).

4 Conclusions

In this paper, considering a set of asphaltene
molecular models representative of A1 and A2
subfractions of asphaltene, we investigated the
aggregation of asphaltene molecules in heptane,
toluene and THF solvents using molecular dy-
namics simulations. The asphaltene molecules
were chosen to tune the structural characteris-
tics of the subfractions (H/C ratio, DBE) along
with the possible intermolecular interactions
and the rigidity of the molecules. Two schemes
were followed, starting either from a dispersed
configuration of the asphaltene molecules or
from a clustered configuration. The asphaltene
molecules show an acceptable response to the
expected experimental behavior. The solubil-
ity in toluene and heptane is consistent with
the definition of asphaltenes from SARA clas-
sification. The results show that the formation
of large aggregates requires the concomitant en-
gagement of w-stacking and hydrogen bonding
interactions. Implementing molecular dynam-
ics simulations starting from an initial clustered
configuration of the molecules provides a con-
ceptual sketch of the experimental process of as-
phaltene sample analysis. We showed that THF
is able to preserve large aggregates after dissolu-
tion, which validates the hypothesis that exper-
imentally analyzed aggregates are not formed
in a bottom-up sketch during the experimen-
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tal setup but are obtained from the fragmen-
tation of larger aggregates initially present in
the crude. Finally, we link the experimental
GPC-ICP-MS profile and the size distribution
of the aggregates obtained from the simula-
tions. This allows us to characterize asphaltene
aggregates belonging to the different weight re-
gions in terms of size, structure, number of
molecules and dipole moment. We showed that
the overall dipole moment decreases in accor-
dance with the number of molecules due to ran-
domness or the globular structure of the large
aggregates.
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