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Cun Hu, 2 *3< Dandan Hong,?* E. Fu,?°° Yalou Sun,?*¢ Jipeng Wang,?"¢ Li Chen,?
Xiaoyu Hu,?*< Jun Wang,?*¢ Zhaohui Hu,?*® Wenjing Shi,?*< Zhi Cao,?©
Changchun Wang®*© and Lulu Hu*@°

The aggregation of asphaltene molecules strongly affects crude oil stability and flow assurance, yet the
microscopic mechanisms remain unclear. In this study, molecular dynamics simulations were performed
on the representative island-type asphaltene to investigate the effects of solvent composition,
temperature, and pressure on its aggregation behavior. Thermodynamic and structural analyses were
conducted using total energy, solvent accessible surface area (SASA), and intermolecular hydrogen
bonding. Results show that solvent composition is the dominant factor: low toluene fractions (=30%)
enhance van der Waals interactions and promote compact aggregates, while higher toluene contents
increase solvation and suppress aggregation. Temperature exhibits a nonlinear influence — moderate
temperatures (60-70 °C) yield the lowest energy and most stable aggregates, whereas excessive or
insufficient thermal motion at high or low temperatures weakens aggregation. Pressure has a secondary
but notable effect: at moderate pressure (~2 MPa), aggregates become looser due to enhanced
solvation, while both low and high pressures favor denser, more stable configurations. Overall,
asphaltene aggregation is jointly controlled by solvent polarity, temperature, and pressure, providing
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1. Introduction

Asphaltenes are among the most complex and problematic
components of crude oil, and their aggregation and deposition
behaviors significantly affect crude oil flowability, reservoir
permeability, and the operational stability of production
systems.’® The aggregation of asphaltenes is a multiscale,
stepwise process driven by intermolecular forces such as mw-m
stacking, hydrogen bonding, and van der Waals interactions,
while being strongly modulated by environmental factors
including solvent properties, temperature, and pressure.”**
During oil production and transportation, variations in ther-
modynamic conditions alter asphaltene solubility and stability,
leading to molecular aggregation, flocculation, and eventual
deposition in the wellbore, pipelines, and reservoir pores.”*>*?
Such processes can cause severe plugging, production decline,
and equipment corrosion, making it essential to elucidate the
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molecular-level insights for predicting and mitigating asphaltene deposition in petroleum systems.

molecular mechanisms and environmental responses of
asphaltene aggregation.

Molecular dynamics (MD) simulation has become an
important tool to investigate the behavior of asphaltenes.'***
Two principal structural models have been proposed to describe
asphaltene molecular architecture: the island and archipelago
models.***® In the island model, a single large polyaromatic
core is surrounded by alkyl side chains or polar substituents,
and aggregation is primarily driven by -7 stacking between
aromatic rings, assisted by secondary van der Waals and
hydrogen bonding interactions.” These molecules often self-
assemble into ordered lamellar or columnar structures that
are more stable in nonpolar solvents (e.g., n-heptane) but
become dispersed in polar solvents (e.g., toluene). Conversely,
archipelago-type asphaltenes consist of several smaller
aromatic units linked by aliphatic bridges or heteroatom
bonds.'”**** Their aggregation is governed mainly by hydrogen
bonding and solvent-solute interactions, making them more
environmentally sensitive. Spectroscopic and molecular simu-
lation studies indicate that naturally occurring asphaltenes
more closely resemble the island model, whose strong m-m
stacking interactions and low solubility are primarily respon-
sible for deposition and flow-assurance challenges.”**

Environmental conditions play a decisive role in governing
asphaltene aggregation. Temperature affects both molecular

© 2026 The Author(s). Published by the Royal Society of Chemistry
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motion and solvent polarity: increasing temperature weakens
m-1 stacking and hydrogen bonds, promoting dispersion,
whereas cooling enhances molecular association and precipi-
tation.”>*® Pressure modifies solvent density and intermolecular
spacing; higher pressures improve solvent capability and
stabilize dispersed states, while pressure reduction leads to
light-component volatilization and asphaltene instability.””**
Solvent polarity is arguably the most critical factor-polar
solvents (such as toluene or alcohols) interact favorably with
asphaltene polar sites, enhancing solubility, whereas nonpolar
solvents (like n-heptane) promote molecular self-assembly and
flocculation.??® Beyond these, dissolved gases (e.g., methane,
CO,) alter fluid density and polarity, indirectly influencing
asphaltene stability; shear fields can disrupt aggregate struc-
tures; and mineral surface interactions affect adhesion and
wettability, further promoting deposition.>*** Collectively,
these factors highlight that asphaltene aggregation is
a complex, coupled phenomenon that demands systematic
investigation of its thermodynamic and solvent-dependent
behavior.

In this work, molecular dynamics (MD) simulations were
employed to investigate the combined effects of solvent envi-
ronment, temperature, and pressure on the aggregation
behavior of a representative island-type asphaltene molecule.
Various toluene-n-heptane solvent mixtures and thermody-
namic conditions were modeled to explore how intermolecular
interactions, aggregate structures, and stability evolve with
environmental variations. The findings provide molecular-level
insights into the environmental response mechanisms of
asphaltene aggregation and offer theoretical guidance for flow
assurance and deposition control in complex petroleum
systems.

2. Methods

2.1 Molecular models and force fields

The asphaltene molecular model employed in this study was
based on the representative island-type structure reported in
previous literature.'® The detailed 2D structural diagram of the
asphaltene molecular model used in this study was included in
the Supplementary material (Fig. S1). N-Heptane was used as
the poor solvent for asphaltene, whereas toluene acted as the
good solvent due to its higher aromaticity and stronger solva-
tion capability. The molecular structures in the simulation
system were shown in Fig. 1. The molecular structure and cor-
responding force field parameters were generated using the
web-based PolyParGen platform developed at the University of
Tokyo (http://polypargen.com/).>*** Both bonded and non-
bonded interaction parameters required for molecular
dynamics simulations were derived from the PolyParGen data-
base. The OPLS-AA force field was adopted to describe inter-
molecular interactions, where non-bonded terms were
represented as the sum of a 12-6 Lennard-Jones potential and
a coulombic electrostatic potential.’****” OPLS-AA provides
systematic parameterization for organic molecules and hydro-
carbon systems, accurately describing the bonded and non-
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Fig. 1 The molecular structures in the simulation system.

Asphaltene

bonded interactions of the aromatic core, alkyl side chains,
and hydroxyl groups in asphaltene molecules.

2.2 Simulation system

To systematically investigate the influence of environmental
conditions on the aggregation behavior of asphaltene mole-
cules, a one-factor-at-a-time simulation design was employed.
The representative island-type asphaltene molecule was
selected as the model compound, and three key factors,
including solvent composition, temperature, and pressure,
were individually examined. The classical simulation systems
were shown in Fig. S2.

2.2.1 Solvent effect. To evaluate the impact of solvent effect
on asphaltene aggregation, a series of n-heptane-toluene mixed
solvent systems were constructed. Each simulation box con-
sisted of n-heptane, toluene, and asphaltene molecules, with
toluene mass fractions of 10%, 20%, 30%, 40%, and 50% in the
total solvent. This variation in toluene content allows explora-
tion of how increasing solvent polarity regulates asphaltene
dispersion and self-assembly behavior. The detailed composi-
tion and box dimensions of each system are listed in Table S1.

2.2.2 Temperature. To examine the influence of tempera-
ture on asphaltene aggregation, the solvent composition and
pressure were kept constant (toluene mass fraction of 30% and
ambient pressure). Simulations were performed at different
temperatures to reveal the effect of thermal motion on w-m
stacking and hydrogen-bonding interactions among asphaltene
molecules. The system composition and detailed parameters
are presented in Table S2.

2.2.3 Pressure. To investigate the effect of pressure, simu-
lations were conducted under different pressures while main-
taining constant solvent composition and temperature (toluene
mass fraction of 30%). This set of simulations aims to clarify
how variations in system density and solvent capability influ-
ence the stability of asphaltene aggregates. The specific
composition and box parameters are provided in Table S3.

By comparing these three groups of single-factor simulation
systems, the coupled effects of solvent polarity, temperature,
and pressure on the aggregation behavior of island-type
asphaltenes were systematically elucidated.

RSC Adv, 2026, 16, 25040-25051 | 25041
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2.3 Simulation process

The molecular dynamics simulations consisted of three
sequential stages: energy minimization, NVT (constant
temperature, constant volume) pre-equilibration, and NPT
(constant temperature, constant pressure) production equili-
bration. The steepest descent method was used to minimize the
total potential energy, and the process was terminated when the
energy dropped below 1000.0 kJ (mol™* nm™'), ensuring
a stable configuration free of steric overlaps. Each system was
then equilibrated under the NVT ensemble for 0.05 ns to reach
the target temperature using the Berendsen thermostat with
a 2.0 ps coupling constant. Subsequently, a 100.0 ns simulation
under the NPT ensemble was performed, during which the
Berendsen barostat maintained the pressure at 0.1 MPa (or
other designated pressures) with a coupling constant of 2.0 ps.
The Particle Mesh Ewald (PME) method with a 12.5 A cutoff was
employed for long-range electrostatic interactions, and periodic
boundary conditions were applied with a 2.0 fs integration step.
System energies and configurations were recorded every 100.0
ps for subsequent analysis of aggregation behavior.

All simulations were conducted on a high-performance
computing platform equipped. Specifically, the platform is
a parallel node computer cluster with approximately 500 CPU
physical cores in total, equipped with six NVIDIA GPU acceler-
ator cards (one GeForce RTX 2080 Ti and five GeForce RTX 3090
Ti). A heterogeneous CPU-GPU acceleration scheme was adop-
ted to enhance computational efficiency: long-range
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electrostatics were computed on CPUs to maintain precision,
while Lennard-Jones and bonded interactions were accelerated
on GPU. All MD simulations were performed using the GRO-
MACS 2019 package. This hybrid architecture substantially
improved computational performance and stability, ensuring
accurate and efficient simulation of the complex asphaltene
systems.

3. Results and discussions

3.1 Equilibrium analysis of the simulation systems

The equilibrium state of each simulation system was evaluated
by monitoring the variation of total energy with simulation
time. The time evolution curves of total energy under different
environmental conditions are shown in Fig. 2. It can be
observed that after entering the NPT stage, the total energy of all
systems rapidly decreased and subsequently stabilized, indi-
cating that atomic interactions, temperature, and pressure had
equilibrated within the target ranges. This confirms that all
systems reached a dynamic equilibrium suitable for further
structural and energetic analysis.

When comparing systems with different toluene mass frac-
tions, the total energy gradually increased with higher toluene
content. The system with 10% toluene exhibited the lowest
energy, whereas the one with 50% toluene showed the highest,
with an overall variation of ~10000 k] mol ‘. This trend
suggests that as toluene, a good solvent for asphaltenes,
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Fig.2 The variation of total energy of the simulation system over time: (a) different toluene content systems; (b) different temperature systems;

(c) different pressure systems.
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becomes more dominant, the intermolecular aggregation
among asphaltene molecules is weakened, leading to higher
system energy and reduced aggregate stability. Under different
temperature conditions, the total energy increased notably with
rising temperature, and its fluctuations became more
pronounced. The system exhibited the lowest energy at 30 °C
and the highest at 90 °C, with a variation of approximately 30
000 kJ mol*. This behavior results from intensified molecular
motion at elevated temperatures, where increased kinetic
energy of asphaltene, toluene, and n-heptane molecules raises
the overall system energy. In contrast, changes in pressure
exerted a smaller effect: as the pressure increased from 0.1 MPa
to 10 MPa, the total energy slightly decreased, with a variation of
~5000 k] mol~'. Higher pressure compresses intermolecular
distances and enhances interaction strength, improving ther-
modynamic stability, though its influence remains weaker than
that of temperature or solvent composition. The energy evolu-
tion curves confirm that all systems achieved equilibrium, and
the results demonstrate that solvent polarity and temperature
are the dominant factors controlling system energy and
stability, whereas pressure exerts only a secondary effect.

3.2 Effect of solvent composition on asphaltene aggregation

3.2.1 Molecular energy. The molecular energy of asphal-
tene reflects its thermodynamic characteristics and stability
under different solvent environments. As shown in Fig. 3a, the
total energy of asphaltene molecules in systems with varying
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toluene contents decreases gradually over the course of the
simulation and eventually stabilizes, indicating that thermo-
dynamic equilibrium was achieved in all cases. However, the
rate and magnitude of energy variation strongly depend on
toluene concentration. At low toluene fractions (10%, 20%, and
30%), the total energy decreases more rapidly and significantly,
suggesting that the system becomes more stable and that the
aggregation tendency of asphaltene molecules is enhanced. In
contrast, at high toluene fractions (40% and 50%), the decrease
in total energy is much smaller and slower, implying weaker
intermolecular attractions and a more dispersed molecular
state. Particularly, in the 10% toluene system, the total energy
drops sharply in the early stage of the simulation, reflecting fast
formation of nanoaggregates, whereas in the 50% toluene
system, the decline is moderate, indicating that higher toluene
content suppresses aggregation. This observation is consistent
with the dynamic aggregation behavior discussed later.

van der Waals and electrostatic interaction energies are the
two principal components of the total molecular energy, as
illustrated in Fig. 3b and c. The variation of van der Waals
energy closely follows the trend of the total energy: at low
toluene contents, the van der Waals energy decreases rapidly
and substantially, indicating strong intermolecular attractions
that promote aggregation; at high toluene contents, the decline
is slower and less pronounced, suggesting weakened interac-
tions and hindered aggregation. The electrostatic energy, by
contrast, fluctuates more significantly across systems but
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Fig. 3 Time-dependent energy curves of asphaltene molecules in simulation systems with different toluene contents: (a) total energy; (b) van

der Waals interaction energy; (c) electrostatic interaction energy.
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generally shows a gradual decrease. At lower toluene contents,
electrostatic interactions exhibit weak attraction and contribute
slightly to aggregation, whereas at higher toluene contents, the
electrostatic energy fluctuates around zero, implying negligible
influence. Overall, van der Waals forces dominate the aggrega-
tion process of asphaltene molecules, contributing far more
than electrostatic interactions. Both total energy and van der
Waals energy decrease over time, indicating progressive ther-
modynamic stabilization. Systems with low toluene fractions
(=30%) show a greater energy decline and stronger aggregation
tendency, forming compact asphaltene clusters, while systems
with high toluene fractions (=40%) exhibit smaller energy
changes and a more dispersed molecular configuration, indi-
cating inhibited aggregation.

3.2.2 SASA. The SASA of asphaltene molecules serves as an
indicator of molecular exposure and aggregation compactness
in different solvent environments. A larger SASA indicates
a more open molecular structure with greater solvent exposure,
whereas a smaller SASA indicates a more compact structure or
aggregation with other molecules, reducing the solvent-
accessible area. As shown by the time evolution of SASA, all
systems exhibited a gradual decrease in SASA values followed by
stabilization, indicating the formation of energetically stable
aggregates. In systems with low toluene content (10 to 30%), the
SASA values declined sharply and stabilized at relatively low
levels, implying the formation of dense and compact aggregates
(Fig. 4a). In contrast, at higher toluene contents (40 to 50%), the
SASA decreased more slowly and showed slight fluctuations at
later stages, suggesting weakened intermolecular attractions
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average SASA values in the final 1 ns of simulation further
confirm these trends (Fig. 4c). At low toluene concentrations (10
to 30%), asphaltene molecules exhibited average SASA values
around 210 nm?, indicating tight aggregation structures. In
high-toluene systems (40 to 50%), SASA increased significantly
to approximately 270 to 290 nm?, reflecting stronger solvation
effects that reduce van der Waals and m— stacking interactions
between asphaltene molecules, leading to more dispersed and
less compact configurations. Overall, the SASA analysis
demonstrates that increasing toluene concentration effectively
suppresses molecular aggregation and enhances the dispersion
of asphaltene molecules within the solvent environment.

3.2.3 Number of intermolecular hydrogen bonds. The
hydroxyl groups on the asphaltene molecular side chains can
form intermolecular hydrogen bonds, which serve as an
important driving force for aggregation. Hydrogen bonds were
identified using classical geometric criteria applied to each
frame of the simulation trajectory, with a donor-acceptor
distance (D-A) =< 0.35 nm, a hydrogen-acceptor distance (H-A)
= 0.25 nm, and a donor-hydrogen-acceptor angle (£ D-H-A) =
120°. As shown in Fig. 4d, the number of hydrogen bonds in all
systems increases over time and stabilizes at later stages, indi-
cating that equilibrium was achieved. At low toluene concen-
trations (10 to 30%), the hydrogen bond number is higher and
grows faster, for example, in the 10% toluene system, it rises
from ~10 to 24, suggesting that low toluene content facilitates
hydrogen bonding and promotes aggregation. In contrast, at
higher toluene levels (40 to 50%), the hydrogen bond number is
markedly lower (increasing only from ~4 to 9), implying that the

and partial disaggregation of asphaltene clusters (Fig. 4b). The solvation effect of toluene weakens hydroxyl-hydroxyl
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Fig. 4

(@) The distribution of SASA in the 20% toluene content simulation system; (b) the distribution of SASA in the 40% toluene content

simulation system; (c) comparison of the average SASA in simulation systems; (d) the variation curve of the number of hydrogen bonds.
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interactions and suppresses aggregate formation. Overall,
higher toluene concentrations reduce hydrogen bonding and
enhance molecular dispersion, whereas lower toluene contents
strengthen hydrogen-bond interactions and favor the formation
of compact asphaltene aggregates.

3.3 Effect of temperature on asphaltene aggregation

3.3.1 Molecular energy. Temperature plays a crucial role in
determining the energy distribution and aggregation behavior
of molecular systems. As shown in Fig. 5a, the total energy of
asphaltene molecules decreases progressively over time under
all temperature conditions and eventually stabilizes, indicating
the attainment of dynamic equilibrium. During the initial stage
(0 to 20 ns), the rapid energy drop reflects strong intermolecular
attractions driving the aggregation process. In the intermediate
stage (20 to 50 ns), the energy decline slows as the system
undergoes structural rearrangement, and in the final stage, the
energy approaches a stable plateau. Among all conditions, the
systems at moderate temperatures (60 to 70 °C) exhibit the
lowest total energy and the most stable aggregates, while low-
temperature systems (30 to 50 °C) display slightly higher
energy due to limited molecular motion, and high-temperature
systems (80 to 90 °C) show elevated energy levels caused by
intensified thermal motion that disrupts aggregation stability. A
brief energy increase observed around 30 to 35 ns in the
medium- and high-temperature systems suggests a transient
imbalance between thermal agitation and intermolecular
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attraction. At these stages, enhanced molecular motion allows
some asphaltene molecules to partially detach from aggregates,
leading to temporary energy elevation. Subsequent reorganiza-
tion and re-stacking restore system stability, reflected by the
subsequent energy decline. This transient behavior highlights
that higher temperatures intensify the competition between
aggregation forces and thermal motion, affecting the stability
and morphology of aggregates. As depicted in Fig. 5b, the
variation of van der Waals interaction energy closely parallels
that of the total energy, both showing a rapid decline followed
by stabilization, confirming that van der Waals forces dominate
the aggregation process. Minor fluctuations at medium and
high temperatures correspond to temporary disassembly and
rearrangement of molecular clusters. In contrast, electrostatic
interaction energy varies little across temperatures, indicating
its limited contribution (Fig. 5¢). The aggregation of asphaltene
molecules is therefore primarily driven by van der Waals and 7—
7 stacking interactions. Comparison of the final equilibrium
energies shows that the systems at 60 to 70 °C achieve the lowest
total energy, indicating optimal thermodynamic stability, while
both low and high temperatures are less favorable for stable
aggregate formation due to insufficient or excessive molecular
motion.

3.3.2 SASA. The solvent accessible surface area (SASA) of
asphaltene molecules reflects the compactness and packing
characteristics of molecular aggregates. As shown in Fig. 6a,
SASA values at all temperatures exhibit a general trend of rapid
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number of hydrogen bonds.

initial decrease, followed by minor fluctuations and eventual
stabilization, indicating the progressive formation of stable
aggregates. At low temperature (30 °C), SASA decreases quickly
within 60 ns and stabilizes thereafter, suggesting early aggre-
gation and dense cluster formation. At moderate temperature
(70 °C), SASA shows a brief increase after an initial drop and
then decreases again to a stable level, implying that asphaltene
molecules undergo partial dispersion and structural reconfi-
guration before forming compact, thermodynamically stable
aggregates. In contrast, at high temperature (90 °C), SASA
exhibits larger fluctuations and a higher final value, indicating
looser aggregation and enhanced molecular mobility that
promotes partial disassembly and rearrangement of aggregates.

The average SASA values during the equilibrium stage
(Fig. 6b) show a nonlinear temperature dependence. The lowest
SASA values (~210 nm?) occur at moderate temperatures (60 to
70 °C), corresponding to the most compact aggregates. Slightly
higher SASA values are observed at low temperatures (30 to 50 °©
C), while further increases at high temperatures (~230 to 240
nm?) reflect the destabilization of aggregates due to intensified
thermal motion. These results confirm that moderate temper-
atures favor the formation of dense and stable asphaltene
aggregates, whereas both low and high temperatures reduce
aggregate compactness and stability.

25046 | RSC Adv, 2026, 16, 25040-25051

3.3.3 Number of intermolecular hydrogen bonds. The
evolution of intermolecular hydrogen bonds among asphaltene
molecules under different temperature conditions is shown in
Fig. 6¢c. The number of hydrogen bonds increases with simu-
lation time and eventually stabilizes at later stages, indicating
that as molecular separation decreases and aggregation
proceeds, hydrogen-bond interactions between asphaltene
molecules gradually strengthen. The initially low hydrogen
bond count rises steadily as aggregation develops, confirming
that hydrogen bonding contributes to the energetic stabiliza-
tion of the aggregates. Distinct differences are observed in the
final number of hydrogen bonds across temperature conditions
(Fig. 6d). At low temperatures (30 to 50 °C), more hydrogen
bonds are formed, suggesting that weaker thermal motion
facilitates hydrogen bond formation and retention. In contrast,
at higher temperatures (80 to 90 °C), the hydrogen bond
number decreases significantly, as intensified thermal motion
disrupts hydrogen bonding, leading to easier bond breaking
and rearrangement. Overall, the number of hydrogen bonds
declines with increasing temperature, demonstrating that
elevated temperatures weaken the contribution of hydrogen
bonding to asphaltene aggregation, whereas low and moderate
temperatures favor the formation of stable hydrogen-bond
networks and compact aggregates.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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3.4 Effect of pressure on asphaltene aggregation

3.4.1 Molecular energy. The influence of pressure on
molecular energy distribution primarily arises from changes in
intermolecular interactions and solvent compression effects. As
pressure increases, system compression enhances potential and
kinetic interactions, whereas at lower pressures, system
expansion weakens them. As shown in Fig. 7a, the total energy
of asphaltene molecules decreases with simulation time and
stabilizes under all pressure conditions, indicating that
molecular aggregation and dynamic equilibrium are achieved
across the simulations. Pressure exerts a relatively minor effect
compared to solvent composition or temperature. At low pres-
sures (0.1 to 1 MPa), energy curves nearly overlap, while at
2 MPa, a pronounced fluctuation and the highest final energy
suggest poorer thermodynamic stability of the aggregates.
When pressure increases further to 5 to 10 MPa, energy fluc-
tuations diminish and total energy slightly decreases, implying
that higher pressure enhances intermolecular attraction and
leads to more compact aggregation.

The variations in van der Waals and electrostatic interaction
energies under different pressures are shown in Fig. 7b and c.
The van der Waals energy follows the same trend as the total
energy, confirming that aggregation is primarily driven by van
der Waals forces. Increasing pressure reduces intermolecular
distances, strengthens van der Waals attraction, and promotes
denser packing of asphaltene molecules, thereby lowering the
total energy. In contrast, electrostatic interaction energy

View Article Online
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changes little with pressure, indicating its limited contribution
to aggregation. Comparative analysis shows that the final
average total energy of asphaltene molecules is lowest at
0.1 MPa (~7540 kJ mol "), representing the most stable aggre-
gate, while the highest energy occurs at 2 MPa (-6346 k] mol ),
corresponding to a looser structure. Beyond 2 MPa, total energy
gradually decreases with increasing pressure, and aggregates
become denser. These results demonstrate that pressure affects
asphaltene aggregation primarily by modulating solvent
compression and intermolecular forces, with moderate to high
pressures favoring more compact and stable aggregate
formation.

3.4.2 SASA. The solvent accessible surface area (SASA) of
asphaltene molecules under different pressures is shown in
Fig. 8a and b, exhibiting a distinct nonlinear dependence on
pressure. The system at moderate pressure (2 MPa) displays the
highest SASA value (253.15 nm?), indicating enhanced molec-
ular solvation, a looser aggregate structure, and lower overall
stability. In contrast, both low-pressure (0.1 MPa) and high-
pressure (10 MPa) systems show the lowest SASA values
(211.88 and 212.52 nm?, respectively), reflecting the formation
of dense and stable aggregates. At low pressures (<2 MPa),
increasing pressure enhances solvent compression, allowing
toluene molecules to penetrate the asphaltene clusters more
effectively and increase the solvent-accessible area. Beyond
2 MPa, further compression affects both solvent and asphaltene

molecules, inducing side-chain folding and restricting
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hydrogen bonds.

molecular motion, which leads to reduced SASA. Therefore,
pressure modulates not only the solvation behavior of asphal-
tene during aggregation but also the final compactness of the
aggregates: moderate pressures (~2 MPa) promote dispersion,
whereas low and high pressures favor the formation of denser,
more stable asphaltene clusters.

3.4.3 Number of intermolecular hydrogen bonds. The
evolution of intermolecular hydrogen bonds among asphaltene
molecules under different pressures is illustrated in Fig. 8c. In
all pressure systems, the number of hydrogen bonds increases
over time and stabilizes at later stages, indicating that as
molecular aggregation proceeds, hydrogen bonding interac-
tions become stronger and reach dynamic equilibrium. The
growth trends of hydrogen bonds are largely consistent across
pressures, suggesting that pressure has only a minor influence
on their formation process. A comparison of final hydrogen
bond numbers reveals a nonlinear relationship with pressure:
higher bond counts (~19.8) occur at 0.1 MPa and 8 MPa, while
the lowest (~14.8) appears at 1 MPa (Fig. 8d). This variation
likely arises from the random effects of pressure on asphaltene
side-chain conformations, which alter the spatial orientation
and contact probability of hydroxyl groups, leading to stochastic
hydrogen bond formation. Overall, the impact of pressure on
hydrogen bonding is non-monotonic, indirectly modulating

25048 | RSC Adv, 2026, 16, 25040-25051

bond formation and stability by influencing molecular confor-
mation and steric hindrance.

Above all, Fig. S3 concisely summarizes three typical condi-
tions that promote the formation of compact asphaltene clus-
ters: low toluene fraction (=30%), moderate temperature (ca.
60-70 °C), and either excessively low or excessively high pres-
sure (deviating from the moderate pressure range around ~2
MPa). Under low toluene fraction, van der Waals attraction is
enhanced and SASA decreases, leading to compact aggregation;
at moderate temperature, the total energy reaches its minimum,
van der Waals forces are strongest, and the hydrogen-bond
network is ordered, resulting in the most stable and compact
aggregates; at pressures that are too low or too high, both total
energy and SASA decrease, yielding denser structures, whereas
at moderate pressure (~2 MPa) the aggregates become looser.
These observations are fully consistent with the SASA and
hydrogen bond analyses and the nonlinear effects of tempera-
ture and pressure.

4. Conclusions

The aggregation behavior of asphaltene molecules critically
affects crude oil stability, flowability, and reservoir plugging
risks. A molecular-level understanding of their structural
evolution under varying environmental conditions is therefore

© 2026 The Author(s). Published by the Royal Society of Chemistry
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essential for efficient petroleum production and flow assurance.
In this work, the representative “island” asphaltene molecule
asphaltene was investigated using molecular dynamics simu-
lations to elucidate the effects of solvent composition, temper-
ature, and pressure on its aggregation behavior. The analysis
focused on molecular energy, solvent accessible surface area
(SASA), and intermolecular hydrogen bonding to reveal the
thermodynamic characteristics and structural evolution of
asphaltene aggregates.

The results demonstrate that solvent composition exerts
a dominant influence on asphaltene aggregation. Increasing
toluene content weakens van der Waals attractions, reduces
energy decline, and promotes molecular dispersion, whereas
low toluene fractions (=30%) enhance aggregation and lead to
compact clusters. van der Waals interactions are identified as
the primary driving force, while SASA and hydrogen bond
analyses confirm that higher toluene contents enhance solva-
tion and inhibit aggregation.

Temperature exhibits a distinct nonlinear effect on asphal-
tene aggregation. At moderate temperatures (60 to 70 °C), the
total energy reaches its minimum, van der Waals forces are
strongest, and the aggregates are most stable and compact. Low
temperatures restrict molecular motion and hinder optimal
stacking, while high temperatures increase thermal motion,
leading to partial disaggregation. Both SASA and hydrogen
bond trends indicate that moderate temperatures are most
favorable for stable aggregate formation.

Pressure has a relatively minor but non-negligible influence.
At moderate pressure (~2 MPa), total energy and SASA reach
their highest values, corresponding to looser aggregates and
stronger solvation effects. At low and high pressures, both
energy and SASA decrease, resulting in denser and more stable
structures. The number of hydrogen bonds varies nonlinearly
with pressure, reflecting the stochastic influence of pressure on
side-chain conformations and solvent compression effects.

In summary, the aggregation of asphaltene molecules is
governed by the synergistic effects of solvent polarity, temper-
ature, and pressure: solvent composition acts as the dominant
factor, temperature as the regulating factor, and pressure as the
secondary stabilizing factor. Moderate polarity and mid-range
temperature and pressure conditions favor the formation of
thermodynamically stable, compact aggregates. This study
provides molecular-level insights into the aggregation mecha-
nisms of asphaltenes, offering a theoretical basis for predicting
and mitigating asphaltene deposition in reservoirs and guiding
the design of stabilizing additives for complex crude oil
systems.
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