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1. Introduction

Crude oil is generally categorised into four different groups based 
on their solubility: saturates, aromatics, resins and asphaltenes 
(SARA) (Burya et al 2001). Asphaltenes are referred as a class 
of complex polyaromatic compounds without a defined chemical 
structure and composition, that are soluble in aromatic solvents, 
such as toluene, whilst insoluble in n-alkanes, such as n-heptane 
and pentane (Wang et al 2012). Asphaltenes, consisting of mul-
tiple aromatic rings and various proportions of aliphatic chains, 
comprise the heaviest fraction of crude oil (Mullins et al 2007).

Due to their tendency to form aggregates upon changes 
in temperature, pressure, solvent quality, and chemical 
structure, asphaltenes contribute significantly to technical 

challenges that plague the oil and gas industry. For example, 
the aggregation of asphaltenes often results in wellbore 
clogging and fouling of pipelines (Sheu and Mullins 2013); 
and coke formation in crude oil has been identified as the 
consequence of asphaltenes aggregation in the pyrolysis 
process of petroleum thermal degradation (García Barneto 
et al 2015). Additionally, studies confirmed that asphaltenes 
play a significant role in stabilizing water-in-oil emulsion 
where natural asphaltene molecules form a densely packed 
layer at the liquid interface to prevent coalescence of water 
droplets (McLean and Kilpatrick 1997, Kokal 2007, Sedghi 
et al 2013). Concerns related to asphaltenes are particularly 
important in the locations where enhanced oil recovery strat-
egies (EOR) are required (Alvarez et al 2009, Hu et al 2016).

Journal of Physics: Condensed Matter

Aggregation of model asphaltenes:  
a molecular dynamics study

J L L F S Costa1,3, D Simionesie2, Z J Zhang2 and P A Mulheran1

1 Department of Chemical and Process Engineering, University of Strathclyde, James Weir Building,  
75 Montrose Street, Glasgow G1 1XJ, UK
2 School of Chemical Engineering, University of Birmingham, Edgbaston, Birmingham, B15 2TT, UK
3 Curso de Engenharia Química, Universidade Federal de Alagoas, Campus A.C. Simões, Maceió,  
AL 57072-900, Brazil

E-mail: paul.mulheran@strath.ac.uk and z.j.zhang@bham.ac.uk

Received 1 February 2016, revised 25 May 2016
Accepted for publication 28 June 2016
Published 28 July 2016

Abstract
Natural asphaltenes are defined as polyaromatic compounds whose chemical composition 
and structure are dependent on their geological origin and production history, hence are 
regarded as complex molecules with aromatic cores and aliphatic tails that occur in the 
heaviest fraction of crude oil. The aggregation of asphaltenes presents a range of technical 
challenges to the production and processing of oil. In this work we study the behaviour of the 
model asphaltene-like molecule hexa-tert-butylhexa-peri-hexabenzocoronene (HTBHBC) 
using molecular dynamics simulation. It was found that the regular arrangement of the tert-
butyl side chains prevents the formation of strongly-bound dimers by severely restricting 
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The chemical structure and composition of asphaltenes 
vary with the origin of crude oil as well as the method used 
for extraction. It is recognised that these compounds have an 
average molecular weight between 500 and 750 Da, with aro-
matic cores of 4–10 aromatic rings, and aliphatic tails ranging 
from 3 to 7 carbons. The aromaticity factor (fa) of asphaltenes, 
which is the ratio of the number of aromatic carbons to the 
total number of carbons in the molecule, is usually in the 
range 0.35–0.65. In typical asphaltene molecules, in addi-
tion to hydrogen and carbon atoms (H/C atomic ratios from 
1.0 to 1.2), there are heteroatoms such as N, O, S, and traces 
of metals like nickel and vanadium (Spiecker et  al 2003, 
Sheremata et al 2004). As such, they are a complex and ill-
defined group of different compounds with no known rules 
to interpret their behaviour. Therefore, it is highly desired to 
acquire a thorough understanding of the complex behaviour of 
asphaltenes in order to address the aforementioned challenges.

Experimental results confirmed that there are various heter-
oatoms contained in natural asphaltenes (Spiecker et al 2003, 
Sheremata et  al 2004). In the Yen model, because of their 
critical aggregation concentration, asphaltenes are compared 
to surfactants that have critical micelle concentration (Dickie 
and Yen 1967). However, the driving forces of the asphaltenes 
aggregation are still not well understood (Sheu and Mullins 
2013). Van der Waals interactions are believed to be one of the 
key factors that explain the stacking of the polyaromatic units. 
However, it is recognised that the π-electron binding competes 
with the steric repulsion caused by the alkane chains, which 
can increase solubility to a considerable extent (Teklebrhan 
et al 2012). Polar interactions may also play an important role, 
depending on the polarizability of the molecular structure. 
This effect can be evaluated when comparing the increased 
solubility in very polar solvents such as acetone (Mullins 
et  al 2007). On the other hand, variables such as pressure, 
temperature, and composition of the environment around the 
asphaltene molecules cannot be neglected, adding even more 
complexity to the topic (Diallo et al 2000).

Despite the range of experimental methodologies that have 
been employed (Ali et al 1990, Spiecker et al 2003, Mullins 
et  al 2007, Sheu and Mullins 2013), there remains a sig-
nificant knowledge gap in understanding precisely the para-
meters that determine the aggregation mechanism of natural 
asphaltenes (Mullins et al 2007). Molecular simulations have 
a pronounced impact in the petroleum industry, owing to the 
fact that the computational approach can provide a route from 
the microscopic properties of a model molecule (atomic com-
position, molecular geometry, intermolecular interactions, and 
so on) to macroscopic outcomes that can be compared with 
real experiments (Allen and Tildesley 1989). In other words, 
one can simulate the influence of each variable involved in 
the system of interest (e.g. number of aromatic rings within a 
polyaromatic core) in similar conditions to those of practical 
interest.

Of the available atomistic modelling approaches, molec-
ular dynamics (MD) simulation has shown great potential to 
predict the molecular aggregation mechanisms of asphaltenes. 
Boek et al used a quantitative molecular representation (QMR) 
algorithm to generate a range of molecular representations, 

which showed that the consistency between MD simulation 
and experimental data when the island model was imple-
mented (Boek et al 2009). Moreover, the behaviour of model 
asphaltenes in toluene or heptane is being widely studied, with 
the conclusion to date that heptane permits stronger interac-
tions between the model molecules, although both solvents 
frequently exhibit similar trends (Kuznicki et al 2008, Headen 
et al 2009). In these studies, potential of mean force (PMF) of 
association have confirmed the role of van der Waals interac-
tions as a key property for the aggregation of asphaltene-like 
molecules (Sedghi et al 2013).

In an attempt to isolate the various chemical components 
of asphaltenes and to create a link between molecular struc-
ture and observable behaviour, chemical compounds have 
been synthesised to replicate the asphaltene molecules behav-
iour for both experimental and computational methodologies. 
The synthetic polyaromatic molecules, with well character-
ised chemical structure, will enable us to identify the driving 
force for molecular aggregation. Synthetic compounds, 
with a controlled range of molecular structures, shapes, and 
sizes, have been used in both simulation and experimental 
studies to develop better understanding of the behaviour of 
natural asphaltenes. The polyaromatic compound examined 
in this study, hexa-tert-butylhexa-peri-hexabenzocoronene 
(HTBHBC), was selected due to the aromatic core that could 
potentially promote π–π stacking interaction between the 
molecules (Breure et al 2013). HTBHBC and its derivatives 
have been studied extensively for their applications in organic 
photovoltaics research, as they form self-organised columnar 
structures (liquid crystals) due to π–π stacking (Schmidt-
Mende et  al 2001). Hexabenzocoronene (HBC) molecules 
with tert-butyl functional groups, prefer a monomeric state 
when suspended in organic solvents (tetrachloroethane-d2 
and dichloromethane-d2), while its derivatives (with long 
aliphatic tail-groups) will aggregate (Kastler et al 2005). In 
other computer simulation studies, HBC derivatives are found 
to not only aggregate, but self-organise into columnar struc-
tures, however the nature of the solvent is rarely taken into 
consideration and more attention is given to HTC derivatives 
with aliphatic tails (Andrienko et al 2006).

Constructing model molecules to represent natural 
asphaltenes, a number of studies focus on measuring the 
hydrodynamic radii of clusters suspended in a toluene/heptane  
mixture that appear to have recorded the aggregation of 
HTBHBC with dynamic light scattering (DLS) (Breure et al 
2013). Heptane is known to force aggregation and precipita-
tion within asphaltene/toluene suspensions, and will be used 
in this study. Such computational approach will also provide 
generic guideline for experimental work that is focused on 
how structural variations influence the aggregation mech-
anism of HTBHBC.

Table 1. Toluene properties from this work and published data.

Publisheda This work

Enthalpy of vaporization (KJ mol−1) 38.01 37.55

Liquid density (kg m−3) 864 866

a PubChem Compound Database; CID  =  1140, 2015.
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In order to explore the possibility of using synthesized mol-
ecules to model asphaltene aggregation, a molecule with aro-
matic cores and short side-groups was chosen to explore one 
of the driving mechanisms of asphaltene aggregation. Here, 
the molecular model for HTBHBC is constructed, suspended 
in n-heptane, and used in MD simulations. The extent of the 
aggregation, and the pathways that lead to aggregation, are 
explored. In particular, we study the behaviour of contrasting 
molecules to reveal the role that molecular structure plays in 
the aggregation process.

2. Methods

2.1. MD simulations

MD simulations were performed with the GROMACS v4.6.5 
simulation package that has been widely used to examine 
biological systems, such as lipids and proteins in aqueous 
environments (van der Spoel 2013). The optimised poten-
tial for liquid simulation/all atoms (OPLS/AA) force field 
was employed due to its precision in the representation of 
aromatic compound properties, such as enthalpy of vapor-
ization and density (Jorgensen et al 1996). The same force 
field had been used in previous work where asphaltene mol-
ecules were examined (Boek et al 2009, Headen et al 2009,  
Sedghi et al 2013).

Different simulation strategies were used to analyse the 
ability of the synthetic molecules to mimic the behaviour of 
real asphaltenes: (1) The HTBHBC molecules were explicitly 
solvated in heptane at a 7% weight concentration to verify 
any natural tendency to form aggregates (see section  2.2); 
(2) Pulling simulations were performed to generate the PMF 
profiles for asphaltene dimers through the umbrella sampling 
technique (see section  2.3); (3) Unconstrained simulations 
were executed using some of the initial configurations of the 
PMF windows to study in detail the stability of the molecular 
dimers (section 2.4).

The force field parameters used in these simulations 
were validated through preliminary MD simulations for an 
organic solvent (toluene) at average pressure and temper-
ature conditions. The standard methodology (Caleman et al 
2012) adopted to calculate the enthalpy of vaporization and 
density agrees well with experimental data, as shown in 
table 1.

A 3D model of the HTBHBC compound was designed 
for use in MD simulations. Furthermore, in order to examine 
how tert-butyl groups influence the aggregation process 
of HTBHBC, half of the tails was removed to construct a 
mHTBHBC compound (figure 1). The effect the missing 
tails would have on the aggregation will underpin the driving 
forces, and hence provide insight to interpret our experimental 

study (Simionesie et al). Detailed features of the HTBHBC 
model and its modification are shown in table 2 and all relevant 
information concerning asphaltenes and solvent molecules 
used are included in the supplementary materials (stacks.iop.
org/JPhysCM/28/394002/mmedia). While the aromaticity 
factor of mHTBHBC is rather high to be considered as a 
model asphaltene, it does serve to illustrate the role of the side 
groups as discussed below. In a previous study (Breure et al 
2013), HTBHBC molecules were suspended in toluene, with 
different amount of heptane introduced. By monitoring the 
effect the heptane has on the HTBHBC and the mHTBHBC, a 
more direct link between the synthetic, model asphaltenes and 
the natural ones may be drawn.

The first stage in the construction of the models con-
sists of obtaining the chemical structure, then generating 
3D coordinates for the atoms, and lastly setting up the para-
meters required by the force field (bond lengths and angles, 
etc). The Accelrys Draw package was employed to connect 
the atoms to their correct positions (Accelrys 2007). These 
were then translated to 3D models according to the force 
field para meterization. The MKTOP application was used to 
generate the appropriate OPLS topologies for the HTBHBC, 
mHTBHBC and heptane molecules, with the exception of 
the partial charges (Ribeiro et  al 2008). These were manu-
ally inserted following the strategy adopted elsewhere (Hibi 
et al 2014) that requires the constructor to assign the charge 
of individual atoms by linking them to the OPLS/AA library 
to ensure that the total charge of the molecule is still neutral.

2.2. Asphaltene aggregation

The aggregation process of the HTBHBC molecules in 
heptane was studied through standard MD simulations. A 
7.0 nm cubic box was initially employed to accommodate 
6 HTBHBC molecules surrounded by heptane molecules, 
replicating a 7% weight concentration. Energy minimiza-
tion was then performed to ensure a stable initial configu-
ration. Short equilibration step (100 ps) was performed to 
prepare the simulation for the production trajectory. The 
velocity-rescaling thermostat was used for the NVT simu-
lations, and the Berendsen algorithm was adopted to relax 
the systems to 298 K and 1 atm pressure. Once steady 
fluctuations reached the average volume, 100 ns simula-
tions were performed with an integration time step of 2 fs. 
The Nose–Hoover thermostat was used alongside with the 
Parrinello–Rahman barostat to couple both asphaltene and 
solvent molecules.

Particle-mesh Ewald (PME) algorithm was used to com-
pute the long range electrostatic interactions (Darden et  al 
1993). A cut-off of 1.0 nm was used for van der Waals inter-
actions and periodic boundary conditions were also applied 
to the systems. Radial distribution functions (RDF) were 

Table 2. Characteristics of the polyaromatic compounds used in the present work.

Model No. aromatic carbons No. aliphatic tails Mw (g mol−1) Aromaticity factor (fa) H/C

HTBHBC 42 6 859.2 0.64 1
mHTBHBC 42 3 690.9 0.78 0.78

J. Phys.: Condens. Matter 28 (2016) 394002
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used to analyse the occurrence of aggregation events in this 
case. Both .pdb and .itp files for the asphaltenes and solvent 
models are provided in the supplementary material, as well 
as the .mdp files containing information about the parameters 
used.

2.3. Umbrella sampling

Estimation of the dimerization free energies for the synth-
etic asphaltenes was obtained from the PMF profile. Two 
HTBHBC molecules were simulated in explicit solvent 
through the umbrella sampling technique. The pull code 
implemented within the GROMACS simulation package 
was applied for this purpose, pulling the centre-of-mass 
(COM) of one of the HTBHBC molecules while the COM of 
the other one was restrained at a fixed position. A 1.0 nm ns−1 
pulling rate was used and the distance between each subse-
quent umbrella window was approximately 0.25 nm. Each 
window was simulated for 10–20 ns to enable the dimers to 
explore different configurations. The g_wham tool was used 
to generate the energy profiles and the Bayesian bootstrap 
algorithm was chosen to compute the histograms (Hub et al 
2010).

2.4. Unconstrained simulations

Unconstrained simulation was performed to examine the 
behaviour of the HTBHBC molecules and their propen-
sity to aggregation. The windows adopted from the pulling 
simulation were used as different starting configurations for 
standard MD simulations. This work will verify how the 
initial distances between the aromatic cores would affect 
their subsequent behaviour in unconstrained simulations. 
These unconstrained simulations lasted for 2 ns, since this 
proved adequate to reveal the behaviour. The same simu-
lation parameters from the standard MD simulations were 
adopted for this case. Afterwards, RDF were generated for 
all these simulations in order to verify whether the two mol-
ecules would keep their initial distance or change to a dif-
ferent configuration.

Figure 2. Standard MD simulation of HTBHBC in heptane. The 
simulations lasted for (a) 20, (b) 50 and (c) 100 ns respectively. 
Solvent molecules are represented in green (left), and are then 
removed for clarity (right).

Figure 3. RDF at 20, 50, 100 ns for the original HTBHBC system 
(red, blue and green curves) and the mHTBHBC system at 20 ns 
(black curve).

Figure 1. Molecular structure of (a) HTBHBC and  
(b) mHTBHBC.

J. Phys.: Condens. Matter 28 (2016) 394002
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2.5. Analysis tools

Visual molecular dynamics (VMD) software (Humphrey et al 
1996) was used to investigate the characteristics of the molec-
ular models during the simulations. Further information, such 
as RDF and PMF profiles, were generated by GROMACS 
built-in analysis tools.

3. Results and discussion

Different simulation strategies were used to observe how the 
HTBHBC model would behave in an organic solvent. The 
strength of the interaction between the synthetic molecules 
is similar to that of other models, reported in the literature. 
However, in this particular case the repulsion of the tails is 
very pronounced and affects considerably the propensity 
to aggregation. Details obtained from each simulation are 
described below.

3.1. Asphaltene aggregation

To examine the aggregation mechanisms, MD simulations 
were performed for both HTBHBC and mHTBHBC in hep-
tane. The HTBHBC simulation showed signs of weak aggre-
gation as the simulation proceeds, as illustrated in figure 2. 
A video of this trajectory is provided in the supplementary 
materials. The RDFs presented in figure 3 show that no signs 
of aggregation events were observed throughout the first 20 ns 
of the simulation. Nonetheless, as the simulations progressed 
it could be seen that HTBHBC molecules have a preferred 
COM separation of 0.8 nm. However, this does not represent 
the strong dimer formation we might have anticipated, since 
it is apparent in figure 2 that the molecules are interspersed 
with solvent molecules and hence are not strongly bound by 
the van der Waals interactions between the aromatic cores. 
During the simulation, the HTBHBC molecules are free 
to diffuse and often approach one another to form loosely 
bound aggregates that subsequently break apart. Such pro-
cess has been observed for multiple times during the trajec-
tory, as shown in the video provided in the supplementary 
material. We hypothesise that the lack of strong dimerization 
in this system is attributed to the steric repulsion, caused by 
the symmetric distribution of the tert-butyl chains illustrated 

in figure 1, which severely restricts the path by which two 
identical molecules can form a unit structure, without the 
loss of atoms, by non-covalent interactions.

To investigate the influence of this chemical structure, 
more specifically the number and configuration of the tert-
butyl side groups, on the aggregation of HTBHBC, the mod-
ified chemical structure was designed as described above. 
In the modified molecule mHTBHBC, only three tert-butyl 
groups are present on one side of the aromatic core as illus-
trated in figure 1. As shown in figure 4, after 20 ns of simu-
lation we already observe a significant difference in their 
aggregation characteristics, suggesting that the mHTBHBC 
show behaviour expected from real asphaltenes where the 
longer side chains have more flexibility than the butyl 
chains used in the experiments. A movie for this trajec-
tory (mHTBmv.mp4) is also provided in the supplementary 
materials, and shows the very strong tendency for stacking 
with this modified molecule. As well as the stacking of the 
aromatic cores into dimers with no solvent interspersing 
the molecules, we observe T-shaped aggregations as pre-
viously reported for similar systems (Headen et al 2009). 
T-stacking or T-shape aggregation occurs when a dimer has 
a metastable (or even stable) configuration where the cores 
are perpendicular to each other rather than parallel as with π 
stacking. The RDFs of figure 3 show the strong preference 

Figure 4. Details of mHTBHBC simulation after 20 ns. (a) Overall details of the simulation box, illustrating the formation of dimers and 
T-shaped interactions. The dimer formation is displayed in (b) and (c), highlighting the opposition of the tert-butyl side chains.

Figure 5. Free energy of HTBHBC molecules in heptane with 10 ns 
(red) and 20 ns (black) of simulation time in each window.

J. Phys.: Condens. Matter 28 (2016) 394002
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for the mHTBHBC dimer formation, with a marked peak 
at the separation 0.45 nm between the molecular cores in 
figure 5.

3.2. Umbrella sampling simulations

The absence of the dimer formation with tightly bound aro-
matic cores in the original HTBHBC system suggests that the 
tert-butyl side chains provide significant repulsion between 
the molecules. However, for a simulation starting with pre-
formed HTBHBC dimers with an inter-core separation of 
0.45 nm, similar to those found in the modified molecular 
system, it was observed that these dimers are in a stable state, 
with the side chains inter-digitated to minimise the steric 
repulsion. It is therefore unclear why such strongly-bound 
species do not form spontaneously during an unconstrained 
simulation.

To probe this further, we performed pulling simulations as 
described above to create the PMF between HTBHBC mol-
ecules, starting from the tightly-bound dimer and pulling the 
COMs apart. In figure 5, results from the calculations, using 10 
ns and 20 ns duration trajectories, are presented in each window 
to examine the degree of convergence and hence uncertainty on 
these curves. From the PMF profile, it is clear that the dimer for-
mation is strongly favoured energetically (by ~14 kT). However, 
it was also noted that the inter-molecule separation needs to be 
less than ~0.7 nm for the dimer to form. In the HTBHBC uncon-
strained simulation, we did not observe such a close approach, 
as confirmed by the RDFs of figure 3. For separation beyond 
~0.7 nm the PMF profile has a plateau, suggesting the mol-
ecules are free to diffuse. This suggests that the diffusive motion 
is unlikely by chance alone to allow freely-moving molecules 
to find the pathway that leads to the strong dimerization. We 
explore this explanation further in the next section.

3.3. Unconstrained simulations

We perform further, unconstrained simulations of the 
HTBHBC dimer starting with configurations taken from 

the various umbrella sampling simulations. In this way, we 
probe the behaviour of the molecules starting from different 
initial COM separations. We observed that for distances 
below 0.75 nm between the HTBHBC cores, there was a very 
pronounced propensity to return to the dimer conformation 
with 0.45 nm COM separation, as illustrated in figure  6(a). 
However, for distances beyond ~0.8 nm, the molecules dif-
fused apart and did not form the dimer. At this separation, 
illustrated in figure 6(b), there is enough exposed HTBHBC 
core surface to permit a solvent molecule to ‘wet’ the cores. 
This seems to be an important driver for the molecules to be 
unable to reconnect as a dimer, since it requires cooperative 
motion of the solvent molecules. The side-chain configuration 
of the HTBHBC also provide very limited scope for the rela-
tive orientations of the molecules if they are to successfully 
form the strongly-bound dimer. The pulling simulation shows 
that the pathway requires careful packing of the tert-butyl side 
chains along the pathway of figures 6(a)–(c). Together with 
the solvent wetting effect, this makes the formation of the 
dimer a rare event unlikely to be spontaneously observed in 
unconstrained simulations.

4. Summary and conclusion

In the present work, several MD simulation approaches were 
employed to investigate the molecular interactions between 
HTBHBC polyaromatic compounds, designed to mimic nat-
ural asphaltenes, in heptane. We summarise the behaviour of 
the HTBHBC simulations as follows:

 i. In the simulated time window, the unconstrained tra-
jectories show that the HTBHBC molecules do not 
spontaneously form strongly bound dimers;

 ii. Trajectories starting with dimers show they are stable, 
and the PMF curves generated from pulling simulations 
confirms the stability;

 iii. However the free energy profile plateaus at longer separa-
tions, so there is no long-range driving force for dimer 
formation;

Figure 6. Top and side view of key positions according to the umbrella potentials: (a) stable dimers formed at 0.5 nm COM separations; 
(b) at 0.8 nm the steric effects start to prevent dimer formation; (c) at 1.0 nm the interaction between the polyaromatic cores is no longer 
relevant.

J. Phys.: Condens. Matter 28 (2016) 394002
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 iv. Consequently, dimer formation appears to be kinetically 
limited, with the HTBHBC molecules required to diffuse 
together in a very particular relative orientation before 
dimer formation can proceed;

 v. Such rare events are difficult to probe—longer, larger 
unconstrained simulations could be performed, but it is 
difficult to know how much computational power would 
be required to have a reasonable chance of seeing such a 
kinetically limited event.

Even though it seems counterintuitive that the π–π stacking 
interaction and van der Waals forces between aromatic 
rings did not result in significant aggregation, we ultimately 
attribute this to the steric repulsion between tert-butyl func-
tional groups surrounding the aromatic core. Such a result is 
in general agreement with the parallel experimental measure-
ments underway in our laboratories in which the aggregation 
of HTBHBC molecules is monitored by DLS as a function of 
concentration and solvent quality (Simionesie et al).

Comparison of the aggregation results between HTBHBC 
and mHTBHBC molecule further confirm the rationale that 
tert-butyl groups influence significantly the aggregation 
mechanism of this specific polyaromatic compound. With 
only 3 tert-butyl groups along one side of the molecule, they 
stack much more readily, showing the kinetic constraints on 
how the molecules must approach one another to form dimers 
are greatly reduced.

This underpinning knowledge offers a strong foundation to 
develop more polyaromatic compounds that could effectively 
be used to understand the behaviour of natural asphaltenes. 
Furthermore, we have shown how a combination of tradi-
tional, PMF and unconstrained simulations that start from the 
umbrella windows provide a useful methodology to probe the 
interaction between the molecules.

Supplementary materials

Supplementary materials used in the present work are  
also available at doi:10.15129/bbd7ee68-2b55-4c75- 
8c9c-0db2154371b2.
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