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ABSTRACT

Asphaltenes represent a novel class of carbon nanofillers that are of potential interest for many applications, including polymer nanocom-
posites, solar cells, and domestic heat storage devices. In this work, we developed a realistic coarse-grained Martini model that was refined
against the thermodynamic data extracted from atomistic simulations. This allowed us to explore the aggregation behavior of thousands of
asphaltene molecules in liquid paraffin on a microsecond time scale. Our computational findings show that native asphaltenes with aliphatic
side groups form small clusters that are uniformly distributed in paraffin. The chemical modification of asphaltenes via cutting off their
aliphatic periphery changes their aggregation behavior: modified asphaltenes form extended stacks whose size increases with asphaltene con-
centration. At a certain large concentration (44 mol. %), the stacks of modified asphaltenes partly overlap, leading to the formation of large,
disordered super-aggregates. Importantly, the size of such super-aggregates increases with the simulation box due to phase separation in
the paraffin-asphaltene system. The mobility of native asphaltenes is systematically lower than that of their modified counterparts since the
aliphatic side groups mix with paraffin chains, slowing down the diffusion of native asphaltenes. We also show that diffusion coefficients of
asphaltenes are not very sensitive to the system size: enlarging the simulation box results in some increase in diffusion coefficients, with the
effect being less pronounced at high asphaltene concentrations. Overall, our findings provide valuable insight into the aggregation behavior
of asphaltenes on spatial and time scales that are normally beyond the scales accessible for atomistic simulations.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0153741

I. INTRODUCTION

Asphaltenes represent one of the heaviest aromatic frac-
tions of crude oil.! Asphaltene molecules readily aggregate, which
makes them responsible for the increased oil viscosity, plugging
of pipelines, and equipment downtime.”” Due to its negative eco-
nomic impact, an asphaltene fraction is normally extracted from
crude oil, so asphaltenes can be considered low-cost side prod-
ucts of deep oil refining. Besides petroleum, asphaltene molecules
can also be isolated from ethylene tar, a side product of ethylene
production.’

As such, asphaltenes are defined as aromatic compounds that
are soluble in toluene and insoluble in n-heptane."” Although
this definition is applicable to a vast variety of molecular archi-
tectures, most asphaltene molecules consist of a relatively small

polycyclic aromatic core (more rarely, several cores) decorated with
short alkane chains." The polycyclic planar cores of asphaltenes
can interact via m-m interactions that most likely govern asphaltene
aggregation.‘w

Recently, due to their abundance, ability to aggregate, and low
cost, asphaltene molecules have attracted attention as a promis-
ing class of carbon nanofillers. In particular, asphaltenes were
used to improve the thermal and mechanical properties of poly-
mer and epoxy nanocomposites.'’'* The electronic conductivity of
asphaltenes inspired attempts to probe them as acceptor materials
for bulk heterojunction solar cells.'” Last but not least, asphaltenes
were proposed to be used as non-expensive carbon nanofillers to
enhance the thermal conductivity of organic phase-change materials
such as paraffin.”’*"> For most of the above-mentioned applica-
tions, it is highly desirable to promote the stacking of asphaltene
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molecules, which can be achieved by reducing the fraction of periph-
eral aliphatic chains in asphaltene molecules,*'* thereby enhanc-
ing the m—m interactions between asphaltene’s polycyclic aromatic
cores. As far as organic phase-change materials are concerned,
extended stacks of asphaltenes can form thermal conduction paths,
thereby accelerating heat transfer. Indeed, as demonstrated in Ref.
6, an appropriate chemical modification aimed at removing the
asphaltene’s aliphatic side chains made it possible to considerably
increase (by 72%) the thermal conductivity of paraffin-asphaltene
composite systems.

Remarkably, similar effects were also observed in our recent
atomistic computer simulations of paraffin samples filled with
asphaltene molecules.”” One of the advantages of computer mod-
eling is that it provides precise control over the chemical structure
of asphaltene molecules at hand; unlike experimental methods, sim-
ulations allow one to completely cut off the aliphatic periphery of
asphaltenes. Correspondingly, computer simulations showed that
adding asphaltenes with aliphatic chains cut off to liquid paraffin
could drastically enhance the thermal conductivity of the result-
ing composite systems.'” It is also noteworthy that the relatively
small polycyclic aromatic cores of asphaltenes resemble model
polyaromatic hydrocarbons (such as coronene or ovalene) that
form discotic liquid crystals.””*" Therefore, studying the aggrega-
tion of modified asphaltenes without aliphatic periphery could also
shed light on the packing properties of discotic liquid crystalline
molecules.

Although atomistic computer modeling provides unprece-
dented insight into the microscopic structure and properties of
molecular systems, it has obvious limitations regarding the time
and length scales accessible. In particular, the impact of system
size on the details of asphaltene aggregation is still an open ques-
tion.”” Indeed, most published atomistic simulation studies were
limited to the systems of a hundred asphaltene molecules, which
were normally simulated over several hundred nanoseconds at
best.”” ** A way forward is to employ coarse-grained models;””
they allow one to probe larger systems for longer periods, pro-
vided that most molecular details of the system at hand are well
preserved.

In this paper, we develop a realistic coarse-grained model for
studying the aggregation behavior of asphaltene molecules in lig-
uid paraffin. The model was based on the Martini force field that
has been successfully applied for mesoscale simulations of vari-
ous carbon nano-objects such as fullerenes,* carbon nanotubes,””*°
graphene,‘g’—‘j‘\' bitumen,’” and asphaltenes.’’ Furthermore, the Mar-
tini model was extensively validated for the description of liquid n-
alkanes."”"" Our coarse-grained model was refined against atomistic
simulation data (the free energy of asphaltene dimerization). This
allowed us for the first time to follow the aggregation of thousands
of asphaltene molecules in paraffin at a near-atomistic resolution
on a microsecond time scale. The outcome of the mesoscopic sim-
ulations was systematically compared to the computational results
obtained independently with the use of two different full-atom force
fields. In particular, our mesoscale simulations made it possible to
identify which physical properties of paraffin-asphaltene systems
should be considered with caution due to finite-size effects and phase
separation.

ARTICLE scitation.org/journalljcp

Il. METHODS
A. Coarse-grained simulations

We performed coarse-grained molecular dynamics simulations
of paraffin filled with asphaltene molecules. A short-chain alkane,
n-eicosane (CyHyz), was used to mimic paraffin. As for asphaltenes,
we considered a model asphaltene molecule with seven fused aro-
matic rings and one sulfur heteroatom, which was decorated by
several alkane side fragments,""* " see Fig. 1(a). This asphal-
tene molecule complies with the solubility/insolubility definition of
asphaltenes™ as well as with the typical molecular architecture of
petroleum asphaltenes according to experimental data (one polyaro-
matic core with on average seven fused rings).! Importantly, this
choice of system allows us to perform a direct comparison of the
outcome of mesoscale simulations with the atomic-scale simulation
data available for the same system.'”

To access the aggregation behavior of thousands of asphaltene
molecules in the paraffin matrix, the coarse-grained (CG) Martini
force field (version 2.2) was employed. 16-48 According to the stan-
dard Martini representation, four CH, groups of paraffin chains
and aliphatic side fragments of asphaltenes were represented by a
single C1 bead, while three SC5 coarse-grained beads were used to
describe an aromatic ring of the asphaltene’s core; >’ see Fig. 1 for
mapping details. The standard masses of the C1 and SC5 Martini
beads were reduced to 56 and 25, respectively, to match the actual
masses of the corresponding atomic groups. The Martini mapping
resulted in a considerable reduction in the number of interaction
sites compared to the atomistic representation: 5 CG beads vs 62
atoms for n-eicosane, 21 CG beads vs 114 atoms for asphaltenes,
and 14 CG beads vs 39 atoms for asphaltene’s cores (or modified
asphaltenes).

Two sets of systems were studied. The first set consisted of 500
paraffin molecules and (from 21 to 396) asphaltenes and coincided
with the systems considered in our earlier atomistic computational

FIG. 1. The chemical structure and mapping of a model asphaltene molecule (a)
and a paraffin chain (b). Coarse-grained C1 beads are denoted by red circles,
while SC5 beads are denoted by blue circles.
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study.'” This allowed us to perform a direct comparison of coarse-
grained and atomistic simulations of paraffin samples filled with
asphaltenes. The second set contained much larger systems, in which
the number of molecules was increased by a factor of 10. Similar
to Ref. 19, to get insight into the impact of aliphatic side chains
on the aggregation behavior of asphaltenes, all the simulations
were repeated twice with native asphaltenes (PAR-ASP systems)
and with modified asphaltenes with the aliphatic periphery cut off
(PAR-ASPM systems). All studied coarse-grained systems are listed
in Table I.

The Lennard-Jones interactions were cut off at 1.1 nm.*’ The
systems were simulated in the NpT ensemble at p = 1 bar and
T = 450 K. The pressure was controlled isotropically with the
Parrinello-Rahman barostat™ (a coupling constant of 20 ps). To
control temperature, we employed a velocity-rescaling thermostat’’
with a coupling constant of 1 ps. The time step was set to 20 fs. Each
system listed in Table I was simulated for 1 us. All simulations were
performed using the Gromacs suite (v. 2018.6).7%%

The temperature of 450 K was chosen to be well above the phase
transition temperature of n-eicosane (310 K)°* so that the simu-
lated systems were in the liquid state. It has to be emphasized that
in the Martini representation, n-eicosane does not crystallize when
the temperature drops below the transition temperature. To demon-
strate that, we cooled down the n-eicosane sample (the PAR system
in Table I) in a stepwise manner from 450 to 200 K at a cooling rate
of 6 x 10° K/min.” Our cooling-rate computer simulations showed
a lack of an abrupt change in the temperature dependence of the
n-eicosane mass density in Martini simulations, which was observed

TABLE |. Simulated coarse-grained systems. Shown are the number of paraffin
molecules, Npar; the number of asphaltenes, Naspn; the molar concentration of
asphaltenes, C,spn; and the total number of beads, Nygads.

SYStem Npar Nasph Casph (mol. %) Nbeads

PAR 500 oo oo 2500
PAR-ASP-4 500 21 4 2941
PAR-ASP-8 500 44 8 3424
PAR-ASP-17 500 99 17 4579
PAR-ASP-30 500 214 30 6994
PAR-ASP-44 500 396 44 10816
PAR-ASPM-4 500 21 4 2794
PAR-ASPM-8 500 44 8 3116
PAR-ASPM-17 500 99 17 3886
PAR-ASPM-30 500 214 30 5496
PAR-ASPM-44 500 396 44 8044
PAR-Large 5000 e e 25000
PAR-ASP-4-Large 5000 210 4 29410
PAR-ASP-8-Large 5000 440 8 34240
PAR-ASP-17-Large 5000 990 17 45790
PAR-ASP-30-Large 5000 2140 30 69 940
PAR-ASP-44-Large 5000 3960 44 108 160
PAR-ASPM-4-Large 5000 210 4 27940
PAR-ASPM-8-Large 5000 440 8 31160
PAR-ASPM-17-Large 5000 990 17 38860
PAR-ASPM-30-Large 5000 2140 30 54960
PAR-ASPM-44-Large 5000 3960 44 80440
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in experiments’*”” and atomistic simulations; """ see Fig. S1. How-
ever, this finding agrees with Ref. 60, where a similar behavior was
also witnessed in coarse-grained simulations of polyethylene, pro-
vided that the mapping was 4:1 or coarser. In particular, this implies
that the Martini force field is applicable only to studying liquid
paraffin, which is the subject of our study.

Since our preliminary test simulations showed that the stan-
dard Martini force field considerably overestimates the asphaltene
aggregation, the interaction parameters for SC5-SC5 (asphaltene
core-asphaltene core) and SC5-C1 (asphaltene core—paraffin) pairs
were fine-tuned. To this end, we used the free energy (the potential
of mean force, PMF) of asphaltene dimerization and adjusted it to
the PMF profile evaluated from atomistic simulations; see Sec. I1T A
for details. To calculate the free energy of asphaltene dimeriza-
tion, the umbrella sampling technique was used.®’ As the aromatic
cores of asphaltenes are mainly responsible for their aggregation, we
focused on the interactions of two modified asphaltene molecules
without aliphatic side chains in liquid paraffin. The system con-
sisted of two modified asphaltenes and 140 n-eicosane chains (728
CG beads in total). We generated 18 configurations (windows), with
the distance between the centers of mass of the asphaltenes varying
from 0.3 to 2.0 nm with a step of 0.1 nm. Each umbrella window was
simulated for 100 ns with a force constant of 1000 kJ mol™! nm~2,
and the last 60 ns of trajectories were used for computing the PMF
by the weighted histogram analysis (WHAM) method.”**’ We also
repeated the PMF calculations in vacuum with an increased force
constant of 2000 kJ mol ™! nm 2.

Finally, the enthalpy of solvation of an asphaltene molecule in
liquid paraffin was calculated as a difference in the enthalpies of a
single asphaltene in paraffin (140 n-eicosane chains) and in vacuum.

B. Atomistic simulations

Most atomistic simulation data were taken from our earlier
work,'” where paraffin-asphaltene systems were studied with the use
of two all-atom force fields, General AMBER Force Field (GAFF)**
and CHARMM36.”%° In particular, atomistic analogs of systems
PAR-ASP-4, PAR-ASP-8, PAR-ASP-17, PAR-ASP-30, PAR-ASP-
44, PAR-ASPM-4, PAR-ASPM-8, PAR-ASPM-17, PAR-ASPM-30,
and PAR-ASPM-44 (see Table I) were studied in Ref. 19. Further-
more, several additional systems were considered in this paper for
the sake of comparison with the outcome of mesoscale simula-
tions. These include the PAR system (GAFF and CHARMM36 force
fields), the PAR-ASPM-44 system with modified charge sets (GAFF
and CHARMM36 force fields), and the compressed PAR-ASPM-44
system (the GAFF force field).

According to the original parameterization, the Lennard-Jones
interactions were cut off at 0.9 nm (the GAFF force field)** and
1.2 nm (the CHARMMS36 force field).”*° The CHARMM36 force
field also employs a function that smoothly switches the forces to
zero between 1.0 and 1.2 nm.””*® To handle electrostatic interac-
tions, the particle-mesh Ewald method was employed.®” The bonds
between carbon and hydrogen atoms were constrained with the
P-LINCS algorithm.”® The systems were simulated in the NpT
ensemble at p = 1 bar and T = 450 K, except for the com-
pressed PAR-ASPM-44 system, where the NVT ensemble was
employed. The temperature and pressure were controlled by the
Nose-Hoover thermostat™ "’ (with a time constant of 1 ps) and the
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Parrinello-Rahman barostat®’ (with a time constant of 5 ps), respec-
tively. The time step was set to 2 fs. Each additional system was
simulated for 200 ns. The Gromacs suite (v. 2018.6) was used for
all simulations.””’

In addition, we evaluated the free energy of dimerization of
modified asphaltenes in liquid paraffin (the CHARMM36 force
field). We used the umbrella sampling technique to calculate the
PMEF profile for two asphaltenes in the paraffin environment. The
overall approach for calculating the PMF profile from atomistic sim-
ulations was the same as that employed for mesoscale simulations;
see Sec. I A. The system consisted of two modified asphaltenes and
135 n-eicosane chains (8500 atoms in total). The distance between
the centers of mass of the asphaltenes was varied from 0.3 to 2.0 nm
with a step of 0.1 nm, resulting in 18 different configurations. Each
window for umbrella sampling was simulated for 50 ns with a force
constant of 1000 kJ mol™' nm~2, and the last 30 ns of trajectories
were used for computing the potential of the mean force. Further-
more, the asphaltene-asphaltene PMF in vacuum and the solvation
enthalpy of an asphaltene in a paraffin environment were calculated
in the same fashion as in Martini simulations.

lll. RESULTS

A. Refining the force field: free energy
of asphaltene dimerization

Initial test runs of paraffin-asphaltene systems revealed severe
issues with the standard Martini force field. When modified
asphaltenes without aliphatic side groups were considered, we
observed irreversible aggregation of asphaltene molecules at the very
beginning of simulations, which resulted in phase separation at large
asphaltene concentrations. The translational mobility of asphaltenes
in such aggregates turned out to be very limited; the normal diffu-
sion of asphaltenes was not achieved on a microsecond time scale.
Such behavior was not witnessed in atomistic simulations of the
same systems as reported in our earlier study.!” Therefore, one can
conclude that the standard Martini force field considerably over-
estimates the asphaltene-asphaltene interactions as compared to
atomistic models.

To quantify this effect, we calculated the free energy of asphal-
tene dimerization from both coarse-grained and atomistic simu-
lations. Since asphaltene aggregation is mainly governed by the
7-T interactions between the asphaltene’s aromatic cores, for such
calculations we considered modified asphaltenes with aliphatic side
chains cut off. Furthermore, it was shown that among the atomistic
GAFF and CHARMM36 force fields used for computer simulations
of asphaltenes of the same type, the latter gave stronger aggregation
of asphaltenes.!” Therefore, we chose to compare the free energies of
asphaltene dimerization of the standard coarse-grained Martini and
atomistic CHARMM36 force fields; see Fig. 2.

As is evident from Fig. 2, both PMF profiles have minima at
small distances between the two asphaltenes (binding of asphaltene
aromatic cores) and become zero at large distances (no asphaltene
interactions). For the atomistic CHARMMS36 force field, the PMF
minimum is located at 0.36 nm, and its depth (corresponding to
the dimerization free energy) amounts to 11.1 kJ/mol. We note
that the obtained aggregation energy agrees well with that reported
in Ref. 30 for other types of asphaltenes and the GROMOS 54A7
force field. In turn, for the standard Martini force field, the PMF
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FIG. 2. Free energy profiles for the binding of two asphaltene molecules (asphal-
tene dimerization) in liquid paraffin as a function of the distance between the cen-
ters of mass of asphaltenes. Shown are the results for the atomistic CHARMM36
force field as well as for the standard and refined Martini force fields.

minimum is found farther away (at 0.44 nm), and the free energy
of asphaltene dimerization equals 54.4 kJ/mol, which exceeds by
41.3 kJ/mol the free energy obtained from atomistic simulations.
Therefore, the standard Martini force field indeed overestimates
asphaltene dimerization.

To get insight into the source of such a discrepancy, we cal-
culated the free energy of asphaltene dimerization in vacuum as
well as the enthalpy of solvation of a single asphaltene in liquid
paraffin. The free energy profiles in vacuum are very noisy; never-
theless, the free energy of asphaltene dimerization in vacuum can
roughly be estimated as 161 + 10 kJ/mol for the Martini model and
80 + 10 kJ/mol for the CHARMMS36 force field. The enthalpy of
solvation of a single asphaltene in paraffin is found to be —4075
kJ/mol in Martini simulations, implying that the asphaltene-paraffin
interactions are stronger than the interactions between paraffin
molecules. In contrast, for the CHARMM36 force field, the enthalpy
is large and positive (70 760 kJ/mol), which is a sign of strong inter-
actions between paraffin molecules rather than between paraffin and
asphaltenes. Therefore, we can conclude that the standard Martini
model considerably overestimates both asphaltene-asphaltene and
asphaltene—paraffin interactions. However, based on Fig. 2, interac-
tions between asphaltene molecules are overestimated to a greater
degree.

To make the Martini force field more realistic, we iter-
atively weakened the asphaltene-asphaltene (SC5-SC5) and
asphaltene—paraffin (SC5-C1) interactions until the position of
the PMF minimum, as well as the depth of the well, practically
coincided for both coarse-grained and atomistic simulations. All
in all, we performed around 30 iterations, and for each new set of
Martini force field parameters, we recalculated the PMF profile of
asphaltene dimerization.” Finally, we ended up with a CG para-
meter set that provides the best match with atomistic simulations:
the dimerization free energy of 10.8 kJ/mol and the position of
the PMF minimum at 0.36 nm; see Fig. 2. A new, refined set of
Martini parameters is presented in Table SI. In the following, this
parameter set will be employed for all coarse-grained simulations of
paraffin-asphaltene systems.
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B. Aggregation behavior of asphaltenes

In Fig. 3, we show typical snapshots of paraffin samples filled
with native and modified asphaltenes of different concentrations. It
is seen that asphaltenes with aliphatic side groups are distributed
more evenly over paraffin samples as compared to their modi-
fied counterparts. This difference, which is more clearly seen in
Figs. 3(b) and 3(e) for moderate concentrations of asphaltenes, orig-
inates from much weaker interactions between asphaltenes that have
aliphatic periphery. It is also translated into the mass density of
paraffin-asphaltene samples; see Fig. 4. For unfilled paraffin (Cysph
= 0), the mass density of the Martini system exceeds the densities of
both the atomistic CHARMM36 and GAFF samples. Therefore, the
Martini coarse-grained force field follows the same trend as united-
atom models, in which a CH; group is treated as a single interaction
site. Our previous computational study showed that the united-atom
models generally led to higher densities of liquid n-eicosane as com-
pared to their all-atom counterparts.””” Tt is also noteworthy that
our earlier atomistic study of the same systems'’ gave us an oppor-
tunity to compare the outcome of mesoscale simulations with that of
atomistic simulations performed with two different force fields. This
is important because, in this way, we can emphasize the fact that the
results of atomistic simulations can vary considerably depending on
the model. In particular, the difference in the n-eicosane density of
Martini and CHARMM36 samples is very close to that observed for
atomistic CHARMM36 and GAFF models; see Fig. 4.

As for the mass densities of paraffin—asphaltene systems,
we observe somewhat different trends for native and modified

ARTICLE scitation.org/journalljcp

asphaltenes. The density of paraffin samples grows almost linearly
with the concentration of modified asphaltenes without aliphatic
chains; see Fig. 4(b). This implies that most modified asphaltenes
are incorporated into aggregates whose density is higher than the
density of paraffin; the larger the fraction of the aggregates, the
higher the density. In turn, the density plots p(C,epn) for native
asphaltenes deviate from the linear dependence; see Fig. 4(a). The
reason for that is twofold. First, native asphaltenes mix much better
with paraffin due to their aliphatic side chains, so there is a fraction
of asphaltenes that do not aggregate. And second, part of the native
asphaltene molecules (the aliphatic periphery) has the same density
as paraffin.

To quantify the asphaltene aggregation, we carried out a clus-
ter analysis of asphaltene molecules with the use of the Gromacs
routine gmx clustsize.”” For the sake of comparison with atomistic
simulations, the analysis was performed according to the protocol
developed in our earlier studies.'””* For both native and modified
asphaltenes, the cluster analysis was applied only to the asphaltene’s
aromatic cores.”” Two asphaltene molecules were treated as being in
the same aggregate if the smallest distance between the core beads
of the asphaltenes did not exceed a cutoff radius of 0.45 nm. Once
asphaltene molecules were assigned to aggregates, we computed the
average number of asphaltenes per aggregate (the aggregate size) and
the average number of aggregates in the system.

In Fig. 5, we present both these characteristics for paraffin sam-
ples filled with native asphaltenes. It is seen that CG asphaltenes
follow the same pattern as their atomistic counterparts: one has
a slow increase in aggregate size with asphaltene concentration;

FIG. 3. Representative snapshots of paraffin samples filled with native [(a), (b), and (c)] and modified [(d), (€), and (f)] asphaltenes. Shown are the snapshots for asphaltene
concentrations of 4 [(a) and (d)], 17 [(b) and (e)], and 44 [(c) and (f)] mol. %. ASP and ASPM are shown in yellow; paraffin chains are shown in cyan.
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FIG. 4. Mass density of paraffin-asphaltene systems as a function of the concen-
tration of native (a) and modified (b) asphaltenes. Shown are the results for the
coarse-grained Martini force field as well as for the atomistic CHARMM36 and
GAFF models.

see Fig. 5(a). On average, the CG aggregates are larger than those
in the CHARMM36 and GAFF simulations, which implies that
the coarse-graining of aliphatic side chains reduces their steric
constraints, thereby promoting the asphaltene’s aggregation. How-
ever, the absolute values of the average aggregate size remain
relatively small after coarse-graining, so the Martini force field pro-
vides a reasonable description of the aggregation of asphaltenes
with peripheral aliphatic groups. The same applies to the average
number of aggregates, which increases linearly with asphaltene con-
centration, although mesoscale simulations give a flatter dependence
compared to atomistic ones; see Fig. 5(b).

When it comes to asphaltene molecules with aliphatic side
groups cut off, the situation becomes more involved. Two aspects are
to be noticed from the concentration dependence of the aggregate
size in Fig. 6(a): (i) for moderate asphaltene concentrations (up to
30 mol. %), the aggregate size in CG simulations practically coincides
with that in GAFF (but notin CHARMM36) simulations, and (ii) the
average size of aggregates in CG simulations becomes abnormally
large at the highest asphaltene concentration of 44 mol. %.
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FIG. 5. The average number of asphaltenes per aggregate (a) and the average
number of aggregates (b) as a function of the concentration of native asphaltenes
(ASP) in the system. Shown are the results for the coarse-grained Martini force
field as well as the atomistic CHARMM36 and GAFF force fields.

We recall that the CHARMM36 force field was used for refin-
ing the Martini model; therefore, it is rather surprising that the
aggregation behavior in Martini simulations is much closer to what
is observed in GAFF simulations. In simple terms, this implies
that fitting the dimerization energy is not enough to capture the
aggregation behavior observed in CHARMM36 simulations. The
dimerization is responsible for the formation of extended stacks of
asphaltenes. However, in CHARMM36 simulations, one can also
witness the interactions of different stacks with each other, result-
ing in the formation of an ordered columnar super-aggregate.'” The
possible nature of such “stack-stack” interactions is electrostatics.
However, since the CG asphaltene model developed in this work
does not include any partial charges, we do not account for these
interactions in our CG model.

Whether to include charges in the CG model of asphaltenes is
not a simple question, although some related studies chose to do
s0.” Here, having at hand the results of atomistic simulations per-
formed with two different force fields (CHARMM?36 and GAFF)
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FIG. 6. The average number of asphaltenes per aggregate (a) and the aver-
age number of aggregates (b) as a function of the concentration of modified
asphaltenes (ASPM) in the system. Shown are the results for the coarse-grained
Martini force field as well as the atomistic CHARMM36 and GAFF force fields. The
filled triangle corresponds to the compressed PAR-ASPM-44 system (the GAFF
force field).

allows us to get the bigger picture. The atomistic GAFF force field
does include the partial charges; however, the charges themselves
cannot ensure that a columnar super-aggregate is formed, in con-
trast to the CHARMM36 force field."” This could indicate that
strong “stack-stack” interactions are most likely a specific feature
of the CHARMMS36 force field. Indeed, replacing the GAFF par-
tial charges with the CHARMM36 charges in GAFF simulations of
the PAR-ASPM-44 system does lead to the formation of a columnar
super-aggregate; see Fig. S2. Vice versa, incorporating GAFF partial
charges into CHARMM36 simulations destroys the columnar super-
aggregate in the PAR-ASPM-44 system (data not shown). Due to the
lack of direct comparison with experimental data, it is hard to judge
which atomistic force field provides a better description. Therefore,
we can conclude that our CG model performs reasonably well at
moderate asphaltene concentrations as it agrees with at least one of
the atomistic models; see Fig. 6(a).

ARTICLE scitation.org/journalljcp

As for the abnormally large size of CG aggregates at Cyepp
= 44 mol. %, this could be due to the larger density of CG systems as
compared to atomistic ones; see Fig. 4(b). As was discussed above,
the extended asphaltene stacks in CG simulations do not form reg-
ular columnar super-aggregates. However, they can partly overlap
when the system density increases (or the free volume drops), so
most asphaltene molecules belong to a large disordered aggregate;
see Fig. 3(f). To test this hypothesis, we compressed the GAFF sam-
ple of the PAR-ASPM-44 system to a state where the mass density
of both the Martini and GAFF systems was the same. The cluster
analysis performed for the compressed GAFF sample showed that
its average aggregate size, indeed, became very close to that of the
Martini sample [see Fig. 6(a)], confirming the key role of the system
density.

It is also important to note that the average size of asphaltene
aggregates can be considered an indirect measure of cluster stabil-
ity. At high asphaltene concentrations, very large clusters can also
be formed in the CHARMM36 and GAFF simulations. To illus-
trate this, in Fig. S3, we present the average number of modified
asphaltenes in the largest aggregate. It is seen that at Cypn = 44
mol. %, the sizes of the largest clusters almost coincide in the
Martini, CHARMMS36, and GAFF simulations. However, the
asphaltene clusters are considerably less stable in atomistic sim-
ulations compared to the situation when a coarse-grained model
is employed, leading to a smaller average size of aggregates; see
Fig. 6(a).

Another interesting feature of the aggregation of modified
asphaltenes is the non-monotonic concentration dependence of the
number of aggregates; see Fig. 6(b). When asphaltene concentration
is low, asphaltene molecules prefer to form relatively small clusters,
so the number of clusters increases with concentration. However,
at higher concentrations (Cypn > 17 mol. %), these small clusters
start to merge into larger aggregates, and the number of aggregates
drops with asphaltene concentration. As is obvious from Fig. 6(b),
our CG model for asphaltene aggregation successfully reproduces
such a non-monotonic behavior.

A more detailed insight into the changes in the aggregation
behavior of modified asphaltenes with concentration can be gained
from the distribution of cluster sizes; see Fig. S4. At asphaltene
concentrations of 17 mol. % (and smaller), one has the forma-
tion of finite clusters of relatively small sizes. At a concentration
of 30 mol. %, the distribution of cluster sizes becomes bimodal:
in addition to the peak corresponding to small clusters, a sec-
ond peak develops. This peak is located in the domain of large
aggregate sizes and indicates a tendency of the system to phase
separation. However, this separation does not occur: there are still
a considerable number of clusters of intermediate sizes (between
the two peaks), implying that the formation of large clusters is a
reversible process. Note that the overall picture resembles results
reported in earlier coarse-grained simulations of asphaltenes in n-
heptane.”” At the maximal asphaltene concentration (44 mol. %),
the distribution remains bimodal, but all the intermediate states
between the two peaks disappear; see Fig. S4. In fact, we witness
a situation when only very small clusters of asphaltenes (up to 15
molecules) can be found in the paraffin phase. Once their aggregate
size exceeds this threshold, the small cluster becomes part of a large
asphaltene super-aggregate. Such a behavior is a signature of phase
separation.
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Although the thermal conductivity of paraffin-asphaltene com-
posites is beyond the scope of the present study, it is important
to qualitatively link the asphaltenes’ aggregation behavior with the
thermally conductive properties of the systems at hand. As shown
above, removing aliphatic side groups from asphaltenes promotes
the formation of ordered stacks of asphaltene molecules. Such
asphaltene aggregates could serve as thermal conduction paths,
thereby accelerating heat transfer. Therefore, we can expect that
chemical modification of asphaltenes dispersed in paraffin enhances
the thermal conductivity of the composites. This was, indeed,
observed in atomistic computer simulations of paraffin-asphaltene
systems. '’

Another important aspect to consider is the polydispersity of
asphaltene molecules, which makes computer modeling of such
systems very challenging.”” In our study, we chose a typical
representative of petroleum asphaltenes as predicted by experi-
ments: a single small polyaromatic core decorated with aliphatic
groups.! As we have shown, such native asphaltenes form reac-
tively small clusters due to steric restraints imposed by the aliphatic
periphery; see Fig. 5. Therefore, one can expect that a polydisperse
asphaltene system exhibits a similar behavior, provided that the
asphaltenes’ aromatic cores are still relatively small and the suffi-
ciently massive aliphatic groups are present in asphaltenes. When
the aliphatic periphery is very small or completely cut off, as in our
case, the situation becomes less certain. However, one could spec-
ulate that the presence of polycyclic hydrocarbon molecules with
aromatic cores of various sizes could stabilize asphaltene aggre-
gates, as such molecules could more effectively fill the defects in the
aggregates.

C. Diffusion properties

The asphaltene’s aggregation behavior can also be character-
ized by the translational mobility of asphaltene molecules in liquid
paraffin. As mentioned in Sec. I1I A, the standard Martini force field
considerably overestimated the asphaltene aggregation, leading to a
very low mobility of asphaltenes. The refined Martini model shows
a much more realistic behavior: the aggregation of asphaltenes is
not irreversible anymore, and the normal diffusion is already easily
achieved after tens of nanoseconds. This allowed us to compute the
diffusion coefficients from the mean-squared displacement curves;
the results for paraffin systems filled with both native and modified
asphaltenes are presented in Fig. 7.

Remarkably, the diffusion coefficients of CG asphaltenes show
very good agreement with those obtained from CHARMM36 sim-
ulations. We recall that the dimerization energy of CG asphaltenes
was fitted to the CHARMM?36 data. Therefore, one can conclude that
the lateral mobility of asphaltenes is mostly governed by asphaltene
dimerization rather than interactions between asphaltene stacks.
Interestingly, the diffusion coefficients of modified asphaltenes are
systematically larger than those measured for native asphaltenes
with aliphatic side groups (by ~2 to 2.5 times); see Fig. 7. This finding
seems counterintuitive since modified asphaltenes form much larger
aggregates than native asphaltenes do; see Figs. 5 and 6. As men-
tioned above, the native asphaltenes are embedded in the paraffin
environment to a greater extent compared to their modified coun-
terparts because the aliphatic side groups of the native asphaltenes
are able to mix (and interact) with paraffin chains. This factor seems
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FIG. 7. Diffusion coefficients of asphaltene molecules as a function of the con-
centration of native (a) and modified (b) asphaltenes. Shown are the results for
the coarse-grained Martini force field as well as for the atomistic CHARMM36 and
GAFF models.

to have a larger impact on the lateral mobility of asphaltenes as
compared to the ability of asphaltenes to aggregate.

Besides asphaltenes, we also considered the lateral mobility of
paraffin chains in paraffin-asphaltene systems at hand; see Fig. 8.
It is seen that the concentration dependence of diffusion coeffi-
cients of CG paraffin chains is in between the corresponding curves
obtained from CHARMM36 and GAFF simulations, indicating a
reasonable agreement between mesoscale and atomistic simulations.
Adding asphaltenes to the paraffin matrix slows down the mobility
of paraffin chains; this effect is more pronounced for high asphal-
tene concentrations as well as for native asphaltenes with aliphatic
side groups; see Fig. 8. However, there is a noticeable exception:
when a small fraction of modified CG asphaltenes (4 mol. %) is
introduced into paraffin, the diffusion coefficient of paraffin chains
slightly increases; see Fig. 8(b). We attribute this unusual effect to
the small size of the simulation box. Indeed, if a simulation box
in CG simulations of unfilled paraffin is too small, this could lead
to the artificial cutting off of long-range hydrodynamic interac-
tions and correspondingly reduce the diffusion coefficient of paraffin
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I D. Large systems

30F (3 00 — J
| ( ) D—Dlé/[l?lr./gﬁi\/IM | As demonstrated in Secs. III B and III C, our refined coarse-
V-V GAFF grained model for asphaltene aggregation performed reasonably well

when compared to the outcome of atomistic simulations. Now, we
can use the advantages of the coarse-grained Martini force field and
consider significantly larger systems. To this end, we increased the
number of molecules in paraffin-asphaltene systems by a factor of
10 and performed simulations of the large systems on a microsecond
time scale. In particular, the largest system at hand comprises almost
4000 asphaltene molecules; see Table I.

In Fig. 9, we present the average size of asphaltene aggregates
for both standard and large systems. For native asphaltenes, we do
not witness any size effects in the asphaltene’s aggregation behav-
ior; the asphaltene clusters remain relatively small. For modified
asphaltenes without aliphatic side groups, this also holds for moder-
ate asphaltene concentrations up to 30 mol. %. An obvious exclusion
is the PAR-ASPM-44-Large system. As mentioned above, at such a
large concentration, different stacks of modified asphaltenes overlap

—T—
30F (b) 8_'8 gﬁ&i&M i with a formation of big, disordered aggregates; see Figs. 3(f) and 6(a).

" v—v GAFF i Furthermore, the cluster size distribution suggests that the system
23 is separated into two phases; see Fig. S4. Therefore, it is not sur-
L~ ¢ prising that the asphaltene super-aggregates (the asphaltene phase)
g 24 grow when the size of the system increases, as is clearly shown in
" Fig. 9. Remarkably, the distribution of cluster sizes for the PAR-
2 s ASPM-44-Large system follows the same pattern as the system of
al smaller size (Fig. S4): there are two peaks corresponding to small and

very large aggregates with no intermediate states (data not shown).
What is more, the ratio of the asphaltenes in super-aggregates to
- . the asphaltenes dispersed in paraffin amounts to ~98 and remains

o

st e e unchanged with the size of the system.
C . mol% As for the diffusion properties of paraffin-asphaltene systems,
asph® the system size slightly increases the translational mobility of asphal-

P - , . tene molecules; see Fig. 10(a). This effect almost vanishes at high
FIG. 8. Diffusion coefficients of paraffin molecules as a function of the concen- hal . hile i b di
tration of native (a) and modified (b) asphaltenes. Shown are the results for the asphaltene concentrations, while it can be more pronounced in sys-

coarse-grained Martini force field as well as for the atomistic CHARMM36 and tems with low contents of modified asphaltenes. Accordingly, the
GAFF models. largest increase in the diffusion coefficient (around 25%) is observed

chains.”"’* Adding a small fraction of asphaltenes to paraffin screens SHLEE B L L L L L

the hydrodynamic interactions and increases the diffusion coeffi- 100l [@—@PAR-ASP F i
cient. Note that this holds only for a very small concentration of O- -OPAR-ASP-Large /

0 - |E—8 PAR-ASPM / .
asphaltenes (4 mol. %) because asphaltene molecules themselves are O -0 PAR-ASPM-Large /

able to slow down the mobility of paraffin chains.

To conclude this section, it is worth discussing how the time
scales of atomistic and coarse-grained models are related. In gen-
eral, coarse-graining makes the energy landscape smoother, which
could potentially enhance the sampling of energy states and speed
up dynamics. In coarse-grained Martini simulations, one often
applies a speed-up factor of 4 when comparing self-diffusion with
the outcome of atomistic simulations.”® However, this speed-up
factor is not universal and is system-specific. In particular, for alka-
nes, a speed-up is known to be small (if present at all).”® This is
exactly what we observed for paraffin (n-eicosane) in our system;
see Fig. 8. Furthermore, a comparison of the diffusion coefficients
of asphaltenes in Martini and CHARMM simulations also indicates FIG. 9. The average number of asphaltenes per aggregate as a function of asphal-
that coarse-graining does not speed up the dynamics of asphaltene }ene concentration. Shown are the results for the CG systems of standard and
molecules (Fig. 7). arge sizes.
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FIG. 10. Diffusion coefficients of asphaltenes (a) and paraffin chains (b) as a func-
tion of asphaltene concentration. Shown are the results for the CG systems of
standard and large sizes.

for the PAR-ASPM-4-Large system; see Fig. 10(a). As in smaller sys-
tems, the mobility of modified asphaltenes is systematically higher
than that of native molecules whose aliphatic side groups mix with
paraffin chains.

In turn, the concentration dependences of the diffusion coef-
ficients of paraffin chains become smoother when the system size
increases; see Fig. 10(b). It is noteworthy that the abnormal increase
in the diffusion coefficient of paraffin chains at small asphaltene con-
centrations disappears in the case of large systems. As mentioned in
Sec. III D, this abnormal behavior was due to size effects. There-
fore, increasing the number of molecules in the system considerably
weakened the artifacts associated with the finite size of a simulation
box. In particular, we observe a noticeable increase in the diffusion
coefficient of n-eicosane chains in unfilled paraffin samples when the
system size becomes larger: AD = 0.26 x 10~ cm?/s when the length
of a cubic simulation box L increases from 6.9 nm (the PAR sys-
tem) to 14.7 nm (the PAR-Large system). It is interesting to compare
this computational result with theoretical predictions for diffusion
coefficients in simulations under periodic boundary conditions.”
According to Ref. 73, the diffusion coefficient Dppc measured in
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a system of finite size should be corrected as follows: Dy = Dpps
+2.837297 kpT/(6mnL), where n) is the shear viscosity of the solvent.
Following the procedure outlined in our previous paper,”® the shear
viscosity of liquid #n-eicosane in the framework of the Martini model
was estimated to be 0.5 m Pa s, which is rather close to the experi-
mental value of 0.594 m Pa s; see Ref. 74. It is noteworthy that the
computed value of the shear viscosity turned out to be insensitive to
the system size. Correspondingly, substituting the values of n and L
into the equation, we obtain AD = 0.15 x 10~ cm?/s. Therefore, the
theoretical prediction for the increase in the diffusion coefficient of
liquid paraffin agrees reasonably well with the outcome of mesoscale
computer simulations (0.26 x 107° cm?/s).

IV. CONCLUSIONS

Asphaltenes are abundant and non-expensive aromatic side
products of the deep refining of crude oil. Asphaltene molecules
represent a new promising class of carbon nanofillers that could be
used in polymer nanocomposites, solar cells, domestic heat stor-
age devices, etc. As the polycyclic aromatic core of asphaltenes
is normally decorated with aliphatic side groups, the aggregation
behavior of asphaltenes can be considerably enhanced through an
appropriate chemical modification that minimizes the aliphatic frac-
tion of asphaltenes. Besides numerous experimental studies in the
field, asphaltenes have recently attracted attention from several
computational research groups.

In this work, we developed a realistic coarse-grained model for
studying the aggregation behavior of asphaltenes in liquid paraf-
fin. This type of system is of particular interest from the point of
view of heat storage devices based on organic phase-change mate-
rials. Both native asphaltenes and chemically modified asphaltenes
with aliphatic side groups cut off were considered. Our coarse-
grained model was based on the Martini force field. To refine the
model, the free energy of asphaltene dimerization was adjusted to the
outcome of atomistic simulations. The resulting coarse-grained
description of asphaltene molecules allowed us to reproduce the
aggregation behavior and diffusion properties of asphaltenes, which
were observed in computer simulations performed with high-
resolution models. Importantly, the results of mesoscale simulations
were compared to the outcome of simulations carried out with
two different full-atom force fields (CHARMM36 and GAFF). This
allowed us to verify our coarse-grained model and also to better
understand the differences between various atomistic models.

With the realistic coarse-grained model at hand, we explored
for the first time the aggregation of thousands of asphaltene
molecules in liquid paraffin on a microsecond time scale. We showed
that native asphaltenes with aliphatic side groups were distributed
rather evenly over the system at all considered asphaltene concen-
trations. Their aggregation behavior was found to be insensitive to
the size of a simulation box. In the case of modified asphaltenes
without aliphatic periphery, we observed the formation of extended
stacks of asphaltenes. When the asphaltene concentration becomes
very large (44 mol. %), these stacks partly overlap, leading to the for-
mation of large, disordered super-aggregates and correspondingly
to phase separation. Because of the phase separation, the size of the
super-aggregates depends on the system size. In turn, diffusion coef-
ficients of asphaltenes were found to be not very sensitive to the size
of a simulation box: enlarging the system leads to some increase in
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the diffusion coefficient; this effect vanishes at high asphaltene con-
centrations. The mobility of modified asphaltenes is systematically
higher than that of their native counterparts because the aliphatic
periphery of native asphaltenes mixes with paraffin chains, slowing
down the asphaltene diffusion.

Overall, our computational findings highlight the possible
inherent limitations of computer modeling when it comes to study-
ing asphaltene aggregation in liquid paraffin. In particular, we show
that the asphaltene aggregate size measured in simulations should
be taken with caution, as it can depend on the system size when
the system undergoes a phase transition. It is also noteworthy that
most computational findings for the aggregation of modified asphal-
tene molecules without aliphatic periphery can be transferred to the
aggregation behavior of polycyclic aromatic hydrocarbons, such as
coronene, ovalene, and hexabenzocoronene.

SUPPLEMENTARY MATERIAL

See the supplementary material for more information
about the parameters of the coarse-grained force field, cooling-
rate simulations of paraffin samples, atomistic simulations of
paraffin-asphaltene systems, and the cluster analysis.
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