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Abstract

Asphaltene aggregation is a subject under vivid discussion: There are several parameters one needs to determine before 
its behavior can be mastered and better target solutions can be tailored. The nature of asphaltene aggregation (colloidal or 
supramolecular) and the role of solvents and their mixtures are among the least understood parameters in asphaltene science. 
This paper addresses molecular dynamic simulations to correlate the aggregation properties of asphaltenes, their molecular 
structure and the concentration of these solvents. We show that the formation of the nanoaggregate depends, primarily, on 
the size of the conjugated core and on the eventual presence of polar groups capable of forming H-bonds. Heteroatoms on the 
conjugated core do not change their shape or type of aggregation but may induce stronger π − π interactions. The macroag-
gregation formation depends upon the length of the lateral chains of asphaltenes and also on the presence of polar groups at 
its end. Moreover, n-heptane and water may interact selectively with asphaltenes in function of their molecular architecture. 
Given this fact and the aggregation behavior observed, we advocate toward the assumption that a colloidal behavior of 
asphaltenes might be a particular case of a more general model, based on a supramolecular description.

Keywords Asphaltenes · Molecular dynamics · Aggregation · Heavy oil

1 Introduction

Among the challenges the oil industry must face, under-
standing the physical–chemical behavior of heavyweight 
fractions is crucial. These fractions have a high tendency 
to self-assemble and can precipitate out of solution when 

various crudes of different natures are mixed together, or 
even when pressure/temperature conditions are changed, 
blocking well-bores, pipelines and even entire refining pro-
cessing lines (Akbarzadeh et al. 2007). They can also be 
responsible for coke deposits, catalysis deactivation, low 
yield in fuels or chemicals, significant content of sulfur or 
metals in the output and energy consumption during the 
upgrading process (Merdrignac and Espinat 2007). Both 
the chemical composition and the molecular cartography 
(i.e, how the chemical elements form the various structures) 
play a key role in the understanding of this problematic 
phenomenon (Headen et al. 2017). In this way, a clear and 
well-determined structure–function link between molecular 
structure and aggregation behavior of asphaltenes is highly 
sought after so that these nasty effects can be avoided, and 
new refining techniques, asphaltene inhibitors and catalysts 
can be developed, and so on (Murgich et al. 1996; Takano-
hashi et al. 2003; Ortega-Rodriguez et al. 2004).

Traditionally, asphaltenes refer to molecules constituted 
of a conjugated carbon core, having heteroatoms under the 
form of heterorings, with lateral chains grafted directly 
to these cores (Dutta Majumdar et al. 2013; Schuler et al. 
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2015, 2017). If there is only one core per asphaltene mol-
ecule, one calls it an “island” (or, also, a “continent”), but 
if there are two or more conjugated cores linked together by 
aliphatic chains, they are called “archipelago” molecules. 
More importantly, asphaltenes are experimentally defined 
as the n-heptane-insoluble material in the SARA fractiona-
tion framework (Fan and Buckley 2002; Qiao et al. 2017). 
In this top-down approach, one may be missing important 
molecules that have somehow a molecular architecture simi-
lar to what is expected from asphaltenes but, due to a sin-
gle characteristic (chain length, for instance), may become 
n-heptane soluble and not be considered as an asphaltene. 
In the present work, we do not do any pre-assumption con-
sidering the n-heptane-insoluble character of the molecules 
we study as being asphaltenes. The consequences of such 
“semantic shift” concerning the definition of asphaltenes 
were already highlighted, in another context, by Qiao et al. 
(2017).

Their self-interaction and self-assembly processes 
are then believed to follow two “distinct, antagonist” 
mechanisms:

(1) The model of hierarchical asphaltene self-assembly in 
which nanoaggregates display a colloidal behavior in 
solution is called the Yen–Mullins model (Mullins et al. 
2007, 2012). Asphaltene molecules form stacks gov-
erned by π − π interactions ( π-stacking), irrespective 
of their island/archipelago character, even though much 
evidence has been given toward the predominance of 
island molecules (Headen et al. 2009; Dutta Majumdar 
et al. 2013; Ungerer et al. 2014; Ghosh et al. 2016). 
These stacks are constituted of < 10 asphaltene mole-
cules (Headen et al. 2009; Pomerantz et al. 2015), each 
having 4–9 pericondensed aromatic rings on the con-
jugated core (Dutta Majumdar et al. 2013; Ghosh et al. 
2016), even if larger ones have been proposed (Schuler 
et al. 2017). These conjugated cores are mainly respon-
sible for asphaltene self-interactions via the formation 
of van der Waals-driven π − π interactions. The alkyl 
lateral chains grafted to this core induce repulsive-
only, steric hindrance, interactions with other chains 
of neighbor asphaltene molecules (Mullins et al. 2007) 
and have a length comprised between three and eight 
carbon atoms. In this way, the so-formed asphaltene 
nanoaggregates do not grow in size if one adds more 
asphaltene molecules to the solution, since the num-
ber of high-energy surfaces available to stabilize addi-
tional asphaltene molecules (the conjugated cores) 
are limited. Instead, only the number of aggregates is 
increased (Mullins et al. 2007). Nanoaggregates, on 
their turn, can also interact among them and form mac-
roaggregates, also called clusters. Interactions between 
nanoaggregates are considerably less intense than the 

ones measured within the nanoaggregate themselves 
(Takanohashi et al. 2003; Pomerantz et al. 2015).

(2) In opposition, Gray et al. (2011) argue that the Yen–
Mullins model is not capable of describing/accepting 
experimental observations such as (a) the molecular 
complexity (the presence of porphyrins, carboxylic 
acids, nitrogen bases, etc.); (b) the heterogeneous dis-
tribution of nanoaggregates sizes; (c)the presence of 
trapped molecules in asphaltene aggregates, mainly 
nanoaggregates; (d)the porosity of asphaltene aggre-
gates; (e)the asphaltene film formation at oil–water 
interfaces; (f) the elastic properties of asphaltenes 
aggregates; (g) and the surfactant behavior of nano-
aggregates. A supramolecular model would then be a 
better description, providing a more complete context 
to understand asphaltene’s behavior. In this model, the 
driving forces are, among others, the molecular recog-
nition and host–guest interactions in three-dimensional 
porous networks. In this context, π − π interactions 
are a contributing factor rather than a dominant one. 
Moreover, even if the several physical–chemical inter-
actions that can take place in this porous, three-dimen-
sional network are weak, their cumulative effects yield 
strongly associated structures. Taking into account 
polar, Coulomb-driven interactions that are not well 
accommodated in the Yen–Mullins model, may help 
in describing some physical–chemical properties such 
as the formation of H-bond networks, for instance, as 
well as introducing acid/base, metal–organic and “rec-
ognition” interactions in the asphaltene’s description. 
One of the clear consequences of such model would be 
the “suppression” of the nanoaggregates’ size limita-
tion, since nanoaggregates, if they still can be called 
like that, could continue increasing size by forming 
H-bonds or acid–base interactions, for instance, with 
other asphaltene molecules. Particularly, we have 
recently demonstrated the possibility of existence of 
such H-bond networks (Santos Silva et al. 2017a).

A great number of experimental data advocate toward 
the colloidal, Yen–Mullins model, as indicated by Dutta 
Majumdar et al. (2017). These findings indicate that aggre-
gation among individual asphaltene molecules is primarily 
driven by π − π interactions, in a hierarchical way. Oppo-
sitely, experimental (Varadaraj and Brons 2012; Schulze 
et al. 2015; Subramanian et al. 2017) as well as simula-
tion-based evidence (Headen et al. 2009, 2017) exist cor-
roborating the supramolecular, Gray’s model. These works 
showed that asphaltene self-interaction depends also on 
acid–base and polar interactions. More particularly, Headen 
et al. (2009, 2017), using molecular dynamics simulations, 
highlight some physical–chemical phenomena that cannot 
be described by the Yen–Mullins model, mainly entrained 
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solvent within asphaltene nanoaggregates. In their simula-
tions, they observed loose, rather than rigid, stacking of 
asphaltenes, meaning that the nanoaggregates can be formed 
and unformed during the simulations. Even if this observa-
tion could be linked to the chosen molecular structure of 
their asphaltene molecules (conjugated cores that contain 
non-aromatic rings), this interesting result indicates that the 
conformation of asphaltene aggregates is somehow dynamic. 
The same authors also observed that very commonly solvent 
molecules get entrained within the nanoaggregates, chang-
ing considerably their density and number of asphaltene 
molecules constituting the nanoaggregate depending on the 
solvent being used. These authors conclude that a continu-
ous distribution of cluster sizes would better describe these 
observations than the Yen–Mullins model could.

Another point of interest for the asphaltene aggregation 
process is to determine whether resins aid the stabilization 
of asphaltenes or not. Resins are molecules displaying physi-
cal–chemical behavior and structurally in-between the aro-
matics and asphaltenes molecules, as defined by the SARA 
(saturates, aromatics, resins and asphaltenes) fractionation 
(Fan and Buckley 2002; Qiao et al. 2017). If this comes to 
be the case, in the context of the Yen–Mullins model, resins 
would be then found in-between asphaltene nanoaggregates, 
the former acting like a natural surfactant for the latter. On 
the other hand, in Gray’s model, resins would be expected 
to be found within nanoaggregates, interacting closely with 
the asphaltene molecules, probably even disturbing their 
aggregation.

Interestingly though, after years of investigation to 
answer this question, both models agree on the fact that 
resin molecules do not solvate or solubilize the asphaltene 
clusters. Mullins et al. (2007) showed that samples from 
different heights in the oil column exhibit little changes 
in the resins concentrations, whereas it is not the case for 
asphaltenes. Headen et al. (2017) showed that the forma-
tion of resin–asphaltene aggregates is only favorable in 
n-heptane solutions, induced by the entrainment/intrusion 
of resins within asphaltene aggregates. In toluene, resins 
and asphaltenes do not interact favorably probably because 
resins, having small conjugated cores and more polar struc-
tures, are more soluble than asphaltenes and have a little 
affinity with them. This “resin dichotomy” is evidence that 
both models have common points and that they can finally 
describe some physical–chemical behaviors in a similar way.

Regardless of the model being considered to study asphal-
tene aggregation, the fact that their ultimate physical–chemi-
cal behavior is dictated by their molecular structure is a solid 
consensus (Dutta Majumdar et al. 2017). The calculations of 
the major part of molecular properties of asphaltenes (aver-
age molecular weight, interaction energies, aggregation 
behavior, etc.) are dependent on their molecular structure 
and can differ significantly if different molecular structures 

are considered, as proved by the first works done by Rogel 
(1995, 2000). This is not only problematic for molecular 
modeling approaches, but also experimental techniques that 
use asphaltenes from various sources and maybe using even 
slightly, different fractionation procedures (Fan and Buckley 
2002; Kharrat et al. 2007; Sabbah et al. 2011; Langevin and 
Argillier 2016; Qiao et al. 2017).

In this sense, the access to the molecular structure of 
asphaltene molecules is a great leap toward the full com-
prehension of their physical–chemical behavior. Recently, 
Schuler et al. (2015, 2017), using atomic force microscopy 
(AFM), unveiled the molecular structure of some asphaltene 
molecules from various sources. The structures proposed in 
this work also agree with experimental, NMR-aided, pro-
posed structures (Dutta Majumdar et al. 2013). This pioneer 
work establishes a new basis for in-silico asphaltene research 
since now one can easily study the behavior of the molecules 
for different molecular architectures in a true molecular car-
tography strategy.

Taking advantage of this information and using molecu-
lar dynamics simulations, we have undertaken the construc-
tion of a rational link between the molecular structure of 
asphaltenes and their aggregation properties, regardless 
of any prior consideration of which aggregation model we 
should follow to describe and understand our results. Fol-
lowing this strategy, our group has already:

• Studied the role of heteroatom substitution on the conju-
gated core and the effect of mixing different asphaltenes 
together, showing that such substitutions do not modify 
the shape of the nanoaggregate but change considerably 
the energy of interaction between asphaltene molecules 
(Santos Silva et al. 2016);

• Presented solid arguments allowing one to identify the 
role of some heteroatoms when they are found in the 
lateral chains: Oxygen easily induces the formation of 
hydrogen bonds that change drastically how nanoaggre-
gates interact; sulfur can also induce S–O interactions 
(Sodero et al. 2016), and so on;

• Demonstrated that porphyrins, when they have no lat-
eral chain grafted to their core, have interactions with 
asphaltenes that are similar to asphaltene–asphaltene 
interactions as well, besides the fact that vanadyl porphy-
rins can also form hydrogen bonds with the asphaltenes, 
even those which have no polar lateral chain (Santos 
Silva et al. 2017b); and

• Shown that asphaltene nanoaggregation depends on the 
shape and size of the conjugated core and on the possi-
bility of forming hydrogen bonds with their environment 
(Santos Silva et al. 2017a).

Some of these observations/conclusions have been dem-
onstrated by other research groups as well (Dutta Majumdar 
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et al. 2017; Headen et al. 2017; Samieadel et al. 2018; Bik-
tagirov et al. 2017). In any case, the rational and consistent 
modification of the asphaltenes molecular structures and 
the conditions to which they are submitted to allow us to 
establish the structure–function link we intend to determine.

Even though our previous studies have been able to pro-
vide insightful trends, these molecular cartography results 
are only valid for toluene and asphaltene solutions. One 
has also to screen these properties against the presence of 
n-heptane and water alongside toluene as solvent, in order 
to gain in complexity and to describe asphaltene aggregation 
phenomena observed during exploration and refining in a 
more precise and closer-to-the-reality way. Even if studies 
on asphaltene aggregation are common in the literature, our 
strategy is based on rationally modifying experimentally 
observed asphaltene molecules so that their behavior toward 
aggregation can be studied if slightly different molecular 
parameters are changed. Concerning the study of asphaltene 
aggregation in different solvents, in our case, we aimed to 
investigate the role of low concentrations of the co-solvents 
(at the limit of water solubility in toluene, for instance). In 
this way, this paper presents molecular dynamics simulations 
in order to answer the following questions:

(1) Which is the influence of the conjugated core size on 
asphaltene’s nano- and macroaggregation in the pres-
ence of water, n-heptane or water and n-heptane in low-
concentration regimes?

(2) Which is the influence of the lateral chain length on 
asphaltene’s nano- and macroaggregation in the pres-
ence of water, n-heptane or water and n-heptane?

(3) Which is the role played by polar chain ends in such 
different solvents?

(4) Which are the roles of water and n-heptane concentra-
tions and how they are coupled together?

With such questioning, we also expect to corroborate one 
or other asphaltene aggregation model based on the molecu-
lar structures herein studied. This document is organized into 
three main blocks: simple solvent systems (toluene, water 
or n-heptane as solvents); binary solvent systems (toluene/
water or toluene/n-heptane); and ternary solvent systems 
(toluene/n-heptane/water). For the systems with more than 
one solvent, the relative concentrations have been screened 
in an interval having some physical–chemical representativ-
ity as explained in the following section.

The aim of this paper is not to be another molecular 
dynamics simulation study showing how asphaltenes aggre-
gate. Its aim is to use these results to elucidate if asphaltenes 
can indeed be understood as a solubility class or if they 
would be rather defined by a molecular structure class. This 
is clearly of utmost importance if one wants to generalize 
their behavior in crude oil samples, where they have not yet 

been precipitated by n-heptane addition. The results herein 
presented also corroborate the fact that the model describing 
asphaltene’s aggregation is highly dependent on this defini-
tion, which may not be a good approximation to the behavior 
in real oil.

2  Methodology

To determine the influence of the conjugated core size on 
the aggregation of asphaltenes, we have modeled different 
asphaltene molecules belonging to the same class and fam-
ily. Additionally, polar and apolar ends of the chain were 
considered by including or groups at the end of each chain. 
This portion of the analysis highlights any possible link 
between the aggregation and the lateral chain length and/
or ability to form H-bonds. It is also important to stress that 
these molecules were proposed in a bottom-up scheme, and 
it means that no pre-assumption was made on their solubility 
in n-heptane, but we took into account the characteristics of 
their molecules structures which could match the molecular 
(and not solubility) definition of asphaltenes.

The computational details behind the molecular dynamics 
(MD) simulations are fully presented in electronic supple-
mentary information (ESI). In brief, the simulations consist 
of using the GROMOS96 force field with the 53a6 parameter 
set (Van Gunsteren et al. 2002) within the Gromacs 5.0 (Van 
Der Spoel et al. 2005) package. This united-atom (UA) force 
field allows one to increase the size of the systems being 
treated without compromising accuracy. Moreover, bond 
vibrations have been constrained since they occur at time-
scales that have orders of magnitude faster than the physi-
cal–chemical process of interest.

The studied molecular systems are based on the so-called 
CA22 (Fig. 1a) molecule identified by Schuler et al. (2015) 
to which we have grafted two lateral chains on the opposite 
sides. Then, the length of this chain was set to be n-C6H13 or 
n-C16H33, and the number of fused rings on the conjugated 
core was set to 7 or 11, as shown in Fig. 1a, b. The so-called 
PA3 molecule type described by the above authors was also 
studied with two different lateral chains. Toluene was used 
as a solvent in order to mimic the infinite dissolution effect 
and to avoid the formation of the aggregates due to differ-
ences in polarity. The so-formed solutions have an asphal-
tene concentration on the order of ~5 wt%. These molecules 
are defined as presented in Table 1 alongside the labeling 
system used. Other physical–chemical properties of these 
molecules are presented in Table S1, found in ESI material. 

Finally, the following points need to be stressed out: 
In comparing interaction energies, as it is performed in 
this work, one cannot use them to correlate with experi-
mentally determined ones, since it lacks pressure–volume 
(pV) and temperature–entropy (TS) terms. However, given 
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the close-to-zero compressibility of liquids, the former 
term can be considered as constant and vanishes when 
comparing two energies. The latter, one the other side, is 
commonly obtained by analyzing the radial distribution 
function (RDF) plots by means of potential mean force 
analysis, for instance. Even if this is not performed in this 
work, the conclusions obtained from analyzing the RDFs 
and these internal energies are coherent with each other, 
meaning that TS terms also vanish when comparing the 
energies of two closely related systems. Also, it is worth 
saying that the RDFs herein used are not center-of-mass 
ones, but rather calculated with reference to the surface 
(-surf mol option in GROMACS RDF module) of the asphal-
tene molecules, whenever they happen to be the reference 
molecule. Also, in this text, nanoaggregation and macro-
aggregation do not have the same meaning as they tradi-
tionally do in the framework of the Yen–Mullins model: 
The former is understood as the compact agglomerate of 
asphaltene molecules interacting by π-stacking, and the 
latter is understood as the interaction between two or more 
of these agglomerates, mostly probably due to the forma-
tion of H-bonds between them.

For each asphaltene molecule, the construction of the 
simulation boxes was performed as follows:

• 45 asphaltene molecules were placed randomly within 
the box;

• They were solvated using a pre-equilibrated toluene box 
using the GROMACS SOLVATE tool;

• The average of the number of toluene molecules over all 
the asphaltene systems was calculated;

• This averaged number of toluene molecules (5482) was 
introduced in a copy of the configuration obtained in step 
1;

• The so-formed systems were simulated as is or additional 
water and/or n-heptane molecules were added, keeping 
constant the number of toluene molecules.

The introduction of water and n-heptane molecules fol-
lowed the quantities is presented in Table S3.

3  Results and discussion

3.1  Simple solvent systems: toluene, n-heptane 
or water

To construct a baseline for further comparisons, simple 
solvent systems were firstly studied. They are constituted 
of 45 asphaltene molecules of the same type with toluene, 
n-heptane or water as the unique solvent in the simula-
tion boxes. Systems containing only toluene were already 
extensively studied, and a thorough analysis of the struc-
ture–property link in this solvent can be found in our lat-
est work (Santos Silva et al. 2017a). Figure 2 presents the 
calculated CN∕N(%) (coordination number over number of 
molecules) ratios for every molecule in each solvent system 

N

N

R1 R1

R1R1

R1

R1

O
O

O

(a) (b) (c)

Fig. 1  Molecular structure of the studied molecules with increasing conjugated core size and lateral chain length. a Represents molecules of the 
type AAX (derived from CA22), having 25 π-conjugated carbon atoms; b ADX molecules, 35 π-conjugated carbon atoms. Finally, c the PA3-
type molecule, having 32 π-conjugated carbon atoms (A13 and A14). R1 chains are defined in Table 1

Table 1  Definition and labeling system of the ten molecules studied 
in this work

NC stands for the number of conjugated carbon atoms. AAX and 
ADX designates molecules derived from CA22, having 25 and 35 
π-conjugated carbon atoms, respectively. The PA3-type molecules are 
noted A13 and A14

NC n-C6H13 n-C16H33 n-C6H13/n-
C5H10COOH

n-C16H33/n-
C15H30COOH

25 AAC AAF AAH AAI

35 ADC ADF ADH ADI

32 A13 A14 – –
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as well as the calculated Kernel density estimation (KDE) 
associated with them. The ratio CN∕N(%) estimates the pro-
portion of the molecules that have a π-stacking aggregation 
pattern among the first neighbors compared to all the other 
molecules present in the system, i.e., this ratio is an index 
that compares the proportion of the number of asphaltene 
molecules within the nanoaggregates to the number of nano-
aggregates in the simulation box (an index of macroaggrega-
tion). Mathematically, it is calculated as the ratio between 
the integral of the radial distribution function (RDF) up 
to the first minimum ( r

m
 ) after the first π-stacking peak 

( r
m
= 0.6 nm) and the full RDF integral. More details can 

be found in our previous work (Santos Silva et al. 2017a). 
KDE plots are obtained as a sum of the Gaussian curves 
enveloping the histogram of CN∕N(%) values. The RDFs are 
used for such computations, and further details can be found 
in ESI material (Fig. S2).

Straightforwardly, the trends observed for the CN∕N(%) 
ratios in water do not follow those calculated for either tol-
uene or n-heptane. Although expected, it is interesting to 
note that molecules having longer lateral chains have lower 
CN∕N(%) ratios in toluene and n-heptane, whereas they pre-
sent the highest ratios when water is the sole solvent. The 
mechanism behind such phenomenon can be attributed to the 
equilibrium between π–� and �–� interactions, as reported 
by Jian et al. (2013). In the same way, the CN∕N(%) distribu-
tions from the KDE plots are bimodal with modes associated 
with the length of the lateral chain (six or 16 linear carbon 
atoms long). One can easily deduct that the main parameter 
behind the macroaggregation process in these solvents is the 
length of the lateral chains: With longer chains, nanoaggre-
gates can stay in suspension longer without any coalescence.

Figures 3, 4 and 5 present the final snapshots for each 
solvent system for eight among the ten studied molecules. 
In toluene, molecules having larger conjugated cores tend 
to form larger nanoaggregates than their equivalents with 
smaller conjugated cores and same lateral chains. On the 

other hand, molecules having the same conjugated core but 
different lateral chains behave differently with respect to the 
macroaggregation: Molecules having shorter lateral chains, 
as AAC, tend to form nanoaggregates more packed together 
than molecules having longer lateral chains, such as AAF. 
The same is true for the other pairs: ADC/ADF, AAH/AAI 
and ADH/ADI. These findings agree well with the results 
found by Takanohashi et al. (2003) several years ago.

These observations are also true for n-heptane, even 
though in this situation the conjugated core size seems to 
have a less important role (Fig. 4). Molecules having long 
lateral chains clearly form defined nanoaggregates, more 
separated than the ones formed by molecules having shorter 
lateral chains. This is also the case when the lateral chain 
has a polar group.

Generally speaking, nanoaggregates are less sparse in 
n-heptane than in toluene solutions, i.e, toluene seems to be 
a better solvent for asphaltenes, even though the solubility 
in n-heptane is increased with increasing asphaltene’s lateral 
chain lengths, in agreement with Wang et al. (2017b). This 
was already shown by the KDE plots (Fig. 2) that depicted 
the center of mass of the probability distributions shifted 
toward lower solubilities for n-heptane compared to toluene. 
Inversely, in water, molecules having longer lateral chains 
are the most sensible and they coalesce faster. All the studied 
molecules form one or two very distinct macroaggregates 
with all the lateral chains folded over themselves, which 
is typical of non-solubility in this solvent (Kuznicki et al. 
2008). Visually (Fig. 5), the most compact structures corre-
spond to the molecules with longer lateral chains, also agree-
ing with the results obtained by Headen et al. (2009, 2017). 
Surprisingly though, the polar groups of shorter chains seem 
to give the molecules a very low but visible affinity with 
water, as one can see on Fig. 5 (AAH). This seems not to be 
the case with a longer chain (AAI).

Once the parameter ruling macroaggregation is deter-
mined, the asphaltene–asphaltene interaction energies are 
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a good indicator of the nanoaggregation process and its 
relation with the molecular architecture. This is so since in 
molecular dynamics simulations, Coulomb and vdW interac-
tions are calculated within a sphere around each atom whose 
radius is called the cutoff radius, which equals 12 Å for our 
simulations. The choice of this value is done in a way that 
the simulation’s results are not impacted by it. Imposing 
such cutoff restrains the quantity of pair interactions to be 
calculated during the simulation, reducing the computational 
cost. In this way, the fact that energies are calculated within 
a given distance sphere assures that the analysis we make 

out of it concerns more the nanoaggregates rather than the 
macroaggregates.

Figure 6 presents asphaltene–asphaltene interaction ener-
gies averaged over the whole dynamics and the total KDE 
for each individual solvent. The energies can be normalized 
in two ways: 

(1) Dividing them by the number of asphaltenes within the 
simulation box; or

(2) Dividing this result further by the double bond equiva-
lent (DBE) of each molecule type.

AAC ADC AAH ADH

AAF ADF AAI ADI

25  -C π 35  -C π 25  -C π 35  -C π

Fig. 3  Snapshots of 45 asphaltene molecules after 60 ns of simulation in toluene. Toluene molecules are not shown for clarity

  

25  -C π 35  -C π 25  -C π 35  -C π

AAC ADC AAH ADH

AAF ADF AAI ADI

Fig. 4  Snapshots of 45 asphaltene molecules after 60 ns of simulation in n-heptane. n-Heptane molecules are not shown for clarity
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Whereas the first strategy highlights the energy of inter-
action in function of the molecular structure of the asphal-
tene, the second goes even further and correlates this with 
a more intrinsic parameter: the number of π-electrons in 
the structure. Both strategies were pursued: The first one 
is herein presented, and the second can be found in ESI 
material (Sect. 3.1).

In toluene, the asphaltene–asphaltene interaction ener-
gies spread from −20 up to −80 kcal/mol per molecule, 
whereas in n-heptane, it goes from − 25 up to − 95 kcal/
mol and from − 30 up to − 100 kcal/mol in water, in line 
with other results found in the literature (Pacheco-Sánchez 
et al. 2004; Headen et al. 2009; Sedghi et al. 2013; Headen 
et al. 2017). The shifts for the average and median values 
of these energies indicate that solvents have also an impact 
on the formation of the nanoaggregate. In poorer solvents, 
as macroaggregation occurs, the aggregate becomes denser 
and denser, increasing the interaction energy between 
asphaltenes.

Concerning the molecules individually, the asphaltenes 
having larger conjugated cores form more cohesive nanoag-
gregates (Takanohashi et al. 2003; Pacheco-Sánchez et al. 
2004; Sedghi et al. 2013; Liu et al. 2017; Headen et al. 2017; 
Dutta Majumdar et al. 2017). In toluene, there seem to be 
three different groups:

(1) ADI and ADH: molecules having large conjugated 
cores and polar chain ends, regardless of its length 
(Sedghi et al. 2013; Liu et al. 2017; Wang et al. 2017b);

(2) AAI, ADF, ADC, A14, AAH and A13: molecules hav-
ing large conjugated cores with apolar chains regard-
less of their length; molecules having small conjugated 

cores with polar chains regardless of their lengths; mol-
ecules having heteroatoms on the conjugated core;

(3) AAC and AAF: molecules having small conjugated 
cores with apolar lateral chains regardless of their 
length.

This demonstrates that in this solvent, the effect of the 
size of the conjugated core is coupled with the one of the 
polar chain end. This seems also to be the case for n-heptane 
(Headen et al. 2017). However, in water, this order slightly 
changes and this solvent seems to concern more intensive 
molecules having long lateral chains than shorter ones. In 
this way, the size of the conjugated core and the presence 
of polar groups in chain ends rule nanoaggregation in such 
conditions.

When the DBE renormalization condition is employed 
(see ESI—Sect. 3.1), i.e, once the size of the conjugated core 
is discarded as a parameter, the lateral chain length also has 
a role on the formation of the nanoaggregates even though 
this role is secondary. In toluene, molecules having long 
lateral chains with polar groups at the end have a tendency 
to interact more strongly than molecules having shorter 
chains with the same groups or molecules having no polar 
group at all (Sedghi et al. 2013; Liu et al. 2017; Wang et al. 
2017b). In n-heptane, the same trend is found even though 
the distribution of the energies is now tighter, indicating that 
n-heptane should discriminate more molecules in function of 
their chain length (Headen et al. 2009). In water, molecules 
with long lateral chains have the highest asphaltene–asphal-
tene interaction energies very probably because these chains 
prefer to display �–� interactions among themselves rather 
than with water (Jian et al. 2013).

25  -C π 35  -C π 25  -C π 35  -C π

AAC ADC AAH ADH

AAF ADF AAI ADI

Fig. 5  Snapshots of 45 asphaltene molecules after 60 ns of simulation in water. Water molecules are not shown for clarity
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This indicates that at a second level, the chain length is 
coupled with the presence of polar groups in the formation 
of nanoaggregates. This conclusion is corroborated by the 
analysis of the asphaltene–solvent interaction, as it is pre-
sented in Fig. S22. Asphaltenes interact more strongly with 
toluene, then n-heptane and finally with water. Neither the 
conjugated core size nor the polarity of the chain has a role 
on this type of interactions. However, the short and polar 

chains (such is the case of AAH and ADH molecules) pre-
sent Coulomb interaction with water through the formation 
of H-bonds (see ESI, Figs. S54–S56). The dispersion of 
these energies (Fig. S23) shows that, for toluene and n-hep-
tane, these interactions are divided into two groups (the two 
“modes” of the curve): one formed by the molecules having 
long lateral chains and the other formed by the molecules 
having short ones. This means that asphaltene–solvent inter-
actions are basically a function of the lateral chain length. In 
water, the polarity of the chain is coupled with its length in 
the determination of the strength of such interactions.

3.2  Binary solvent systems: toluene/water 
or toluene/n-heptane

3.2.1  Toluene/water

As already indicated in the Methodology section, stepwise 
amounts of water were added to the simulation boxes with 
a fixed quantity of toluene molecules. The lowest water 
amount was chosen to match the solubility of water in 
toluene at these T, P conditions (0.5 g/L at T = 298 K and 
P = 1 bar) (Kirchnerová and Cave 1976). Then, this concen-
tration was increased 2, 10 and 20 times. The snapshots of 
the final configurations of these simulations are given in ESI 
material, Figs. S3–S5 and section 4.4.1.

Similarly to the simple solvent systems, we analyzed the 
CN∕N(%) ratio, the associated KDE plots and the asphal-
tene–asphaltene energy of interaction. These results are 
reported in Fig. 7. The asphaltene–solvent energy of inter-
action was also taken into consideration and is presented in 
ESI (Sect. 3.2.1).

To recall, both the CN∕N(%) ratios and the KDE plots 
give insightful information on the macroaggregation behav-
ior, whereas the asphaltene–asphaltene energy of interaction 
concerns more particularly the nanoaggregation process, as 
already discussed. The CN∕N(%) ratio, regardless of the 
water concentration, follows approximately the same trend 
already observed for toluene-only solutions (see Fig. 2), 
indicating that the presence of water in the simulation box, 
at these concentrations, may have a little or no effect on 
the formation of macroaggregates. The KDE plots exhibit 
the same bimodal distribution observed for the case of pure 
toluene, only observed for the lowest concentration (i.e., the 
one in which water is soluble in toluene). When the water 
concentration is increased, this bimodal behavior is continu-
ously lost in detriment of a shift toward lower CN∕N(%) 
ratios. The “mode” being shifted is associated with the mol-
ecules having short lateral chains with ratio values close to 
the ones found for molecules having long lateral chains. This 
means that the more water we add, the more the nanoaggre-
gates formed by molecules having short lateral chains move 
away from each other, which is very surprising. A possible 
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explanation for this observation is: As we add water over its 
solubility limit, some small water droplet(s) are formed and 
intercalate in between the nanoaggregates, forcing them to 
keep away from each other (Khvostichenko et al. 2004), as 
one can note from Figs. S4.4.1–4.4.4.

The energy of interaction between asphaltene and water 
molecules (Fig. S30) shows that only the molecules having 
polar groups at the lateral chain end have a chance to interact 

with water, in agreement with the results of Kuznicki et al. 
(2008) and also corroborated by the analysis of the H-bonds 
formed throughout the simulation (Figs. S54–56). It is inter-
esting to note that, as classical molecular dynamics simula-
tions do not allow bond-breaking, these interactions exist 
even when the –OH bond is not dissociated, as it is the case 
in our simulations. For the simulations done by Kuznicki 
et al. (2008), this was not the case: They considered a depro-
tonated –COOH group. We believe that, in such toluene-
rich simulation, it is advisable to treat polar groups as not 
dissociated, in order to not induce obvious observations. 
Although measurable, this interaction is very small and 
equals ~1.4 kcal/mol per asphaltene molecule in average 
over the different water concentrations. The other asphaltene 
molecules, even the ones having heteroatoms on the conju-
gated core, have no interaction at all with water.

Concerning the formation of the nanoaggregate itself, the 
presence of water, at these concentrations, does not change 
its behavior since we retrieve the same trends and energy 
values as already observed for the toluene-only case (Fig. 6). 
All these results show that the water concentration, within 
the limits of this study, has no effect on the formation of the 
nanoaggregates and only a little effect on the interaction 
between different nanoaggregates (during macroaggrega-
tion). This is probably the case since toluene and water being 
immiscible, water droplets are formed within the toluene 
solution and do not interact with asphaltenes that are dis-
persed in the latter. In the next section, we will focus on 
toluene/n-heptane solutions which are miscible and can then 
present different behaviors.

3.2.2  Toluene/n-heptane

Similarly, we have studied systems with the stepwise 
increase in n-heptane concentration in toluene solutions. 
Being aliphatic, n-heptane has a higher affinity with asphal-
tene’s lateral chains. Moreover, it is miscible with toluene 
and can thus be in closer contact with asphaltenes rather than 
water can. The lowest n-heptane concentration was chosen 
so that the number of n-heptane molecules within the simu-
lation box equals the number of asphaltene molecules. Then, 
2, 10 and 20 times this concentration value were also stud-
ied. The final snapshots of these simulations are provided in 
ESI, Section 4.5.1. Figure 8 presents the CN∕N(%) ratio, the 
KDE associated plots and the asphaltene–asphaltene interac-
tion energy for each molecule and for each concentration.

In this case, even if the evolution of the CN∕N(%) ratio 
follows the same trends already observed for toluene or 
n-heptane alone, it seems now that the n-heptane concen-
tration has a more important impact on the macroaggrega-
tion behavior than previously. One can observe from the 
KDE plots that, with the increase in n-heptane concen-
tration, the CN∕N(%) ratio decreases for all the studied 
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asphaltene–asphaltene interaction energy by asphaltene molecule (c). 
Error bars are calculated from the standard deviation
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molecules. This is even more evident for molecules AAC 
and AAF (small conjugated core, apolar lateral chains 
regardless of their length). KDE plots shift progressively 
to the left. The explanation is the same as for water in tolu-
ene, the difference being that now n-heptane is miscible 
with toluene. But even so the same behavior of reducing 
macroaggregation is also observed.

Taking into account the asphaltene–asphaltene interac-
tion energies, one can observe that differences are present 
mainly for AAC and AAF molecules, for which the energy 
of interaction lowers with the increase in the n-heptane 
concentration. This fact, also observed in the CN∕N(%) 
curves, indicates that these molecules are slightly soluble 
in n-heptane and with the increased concentration of this 
solvent, they interact more with the solvent and less with 
each other. For the other molecules, within the concentra-
tion limits studied, adding n-heptane to the toluene solution 
has no effect on the nanoaggregation formation and stabili-
zation, in line with other works (Rogel 1995; Sedghi et al. 
2013; Wang et al. 2017a; Headen et al. 2017) In this way, 
helped by its miscibility with toluene, n-heptane can interact 
selectively with the asphaltene molecules in function of their 
lateral chain length. This fact indicates that during fractiona-
tion of asphaltene molecules following the “precipitation 
in n-heptane” procedure, it is possible that the asphaltenes 
are unwillingly selected in function of their lateral chain 
lengths (Fan and Buckley 2002; Kharrat et al. 2007; Sabbah 
et al. 2011; Langevin and Argillier 2016; Qiao et al. 2017). 
Experimental studies that are then performed on these sam-
ples might be biased by the fact that the asphaltenes have a 
narrower chain length distribution than real asphaltenes in 
crude oil conditions would have.

Figure S39 shows the asphaltene–n-heptane interac-
tion energies as function of the number of �-carbon atoms 
of the lateral chains of asphaltene molecules. This figure 
shows that this interaction is selective toward two groups 
of molecules:

(1) A14, ADI, AAF, AAI and ADF
(2) A13, ADH, AAC, AAH and ADC

 Yet, the common characteristic to each group is the length 
of their lateral chains, meaning that n-heptane interacts more 
strongly with molecules having longer lateral chains than 
shorter ones, whose consequences were above-mentioned.

3.3  Ternary solvent systems: toluene/n-heptane/
water

The effect of both water and n-heptane present simulta-
neously in the simulation boxes was studied by screening 
together both concentrations. In this way, 160 (4 × 4 × 10) 
different, full-size molecular dynamics simulations were 
performed additionally to those realized for the study of 
simple and binary solvents. Given the number of simula-
tions and the results already obtained for the simple and 
binary solvent systems, we rely, mainly, on the analysis of 
the CN∕N(%) ratio for these systems, presented in Fig. 9, 
under the form of heat maps for each asphaltene molecule. 
All of them share the same z scale. Each pixel of this figure 
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Fig. 9  CN∕N(%) for every 
molecule for each concentration 
of the co-solvent
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was obtained after a full simulation of a system with very 
particular solvent and asphaltene compositions.

These CN∕N(%) ratio heat maps show that, in a general 
way, no direct trend in the macroaggregation can be deduced 
by the increase in both water and n-heptane concentrations 
in toluene. For molecules having the same conjugated core, 
longer lateral chains coincides with the decrease in the 
CN∕N(%) ratio, corroborating the fact that they reduce the 
probability of cluster formation (Takanohashi et al. 2003; 
Pacheco-Sánchez et al. 2004; Sedghi et al. 2013; Liu et al. 
2017). However, polar lateral chains, compared to same-
length apolar analogs, do induce such clusterization effect 
(Wang et al. 2017a, b). Instead, with different conjugated 
cores for the same lateral chain, no significant/steep trends 
are observed, comforting the observation that the lateral 
chains are indeed the parameter responsible for controlling 
macroaggregation in such solvation conditions.

The asphaltene–n-heptane interactions do not vary with 
the increase in n-heptane concentration. The same behavior 
is observed for asphaltene–water interactions. This indicates 
that no permanent trapping of solvent molecules within 
asphaltene nanoaggregates is observed (which is sensibly 
different from trapping in macroaggregates), while the ini-
tial states of the simulations are the completely dissociated 
states. If such was the case, these would be dynamic inter-
actions that are somehow independent of the solvent con-
centration. Furthermore, as already observed, the intensities 
of asphaltene–n-heptane and asphaltene–water interactions 
are higher for molecules having longer lateral chains and 
molecules having polar groups at chain ends, respectively. 
This indicates that even in the presence of water, n-heptane 
continues to be selective toward the length of the asphal-
tene’s lateral chains.

Concerning the nanoaggregates, asphaltene–asphaltene 
interaction energies, presented in ESI material, Fig. S53, 
do not vary considerably as a function of water/n-heptane 
concentration, as is the case of these solvents alone. When 
renormalized, one can verify that the large conjugated core 
and the presence of polar groups on lateral chain ends con-
tinue to be the essential factor ruling the formation of the 
nanoaggregate, inversely to what is observed for the forma-
tion of the macroaggregate, governed by the length of the 
lateral chain (Sedghi et al. 2013).

3.4  Proposition of a structure–function link

To summarize all these results obtained for different solvent 
conditions, nanoaggregates formation depends on:

(1) The size of the conjugated core;
(2) The eventual presence of polar groups capable of form-

ing H-bonds.

It does not depend on the polarity of the conjugated core 
(the presence of heteroatoms) (Sedghi and Goual 2009; 
Sedghi et al. 2013), even if the stability (energy of interac-
tion) of the nanoaggregate indeed does (Santos Silva et al. 
2016). However, given the range of energies found for the 
π − π interactions, asphaltene decomposition (coke forma-
tion) would take place before any dissociation of this inter-
action could be achieved (Takanohashi et al. 2003). In this 
way, controlling macroaggregation is the sole opportunity 
one has to reduce asphaltene flocculation.

Given this, the macroaggregation depends upon:

(1) The length of the lateral chains of asphaltenes;
(2) The presence of polar groups at its end;

In the same way, it is the lateral chains the responsible 
parameter for the interactions with the solvent.

The presence of polar groups in asphaltene chain ends is 
somewhat subject to discussions (Rogel 2000), even if some 
authors have already highlighted their presence in real-world 
samples (Wang et al. Wang et al. 2017a, b). The formation 
of H-bonds is not taken into account in the Yen–Mullins 
model of asphaltene aggregation, even though aliphatic and 
aromatic esters have already been found in heavy fractions 
of crude oil (Strausz and Lown 2003). In this model, the 
aliphatic chains are considered uniquely as responsible for 
repulsion between nanoaggregates, but it is clearly not the 
case for chains capable of doing H-bonds and other polar 
interactions.

Nevertheless, when simulating “well-behaved” 
asphaltenes (medium number of aromatic cores, low number 
of aliphatic carbons on the lateral chain and absence of polar 
groups at its end), the aggregation process of asphaltenes 
is undoubtedly well described by the Yen–Mullins model. 
One can clearly corroborate this model by simply looking 
at a molecular dynamics snapshot of such systems. As we 
proposed following the indications found by several authors 
(Fan and Buckley 2002; Kharrat et al. 2007; Sabbah et al. 
2011; Langevin and Argillier 2016; Qiao et al. 2017), the 
presence of these “well-behaved” asphaltenes might be the 
result of the purification process used to isolate the asphal-
tene molecules out of the crude oil. Being selective toward 
specific molecular structures, the solvent fractionation can 
induce samples that inevitably display a colloidal behavior 
even though this is not the case in the crude oil sample.

In such a way, given the results obtained in our work, 
we believe that the Yen–Mullins model describes well 
asphaltenes molecules having small conjugated cores (4–8 
fused rings) and apolar lateral chains with a lower number 
of carbons (~6). The inclusion of molecules having larger 
conjugated cores and polar lateral chains is out of this model 
and could then be better described by Gray’s model. In our 
understanding, this does not mean that these two models of 
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asphaltene aggregation are in opposition to each other but 
only that the Yen–Mullins model seems to be a particular 
case of Gray’s model for a more precise class of molecules.

Changing this paradigm induces assuming that nanoag-
gregates (defined then as an aggregate of a few asphaltene 
molecules) could eventually be bigger than what is imaged 
up to now, and this would be a function of the asphaltene 
composition and the procedure used to isolate the asphal-
tene samples. Giving its natural origin, the geological time 
and the presence of potential catalysts (metallic porphyrins), 
there is no reason why asphaltenes would not have polar 
groups that induce polar interactions and H-bond forma-
tion. Assuming this is true, it comes as evidence that the 
colloidal understanding of asphaltenes is a concept reserved 
to a sub-fraction of the asphaltene’s zoology present in the 
crude oil. This also implies that the asphaltene’s molecular 
structure and associated physical–chemical behavior should 
meet, under real conditions, a continuum distribution. The 
discrete case, typical of the Yen–Mullins picture, would be, 
according to our understanding, a particular case of a more 
general one. The large number of experimental results in 
agreement with this model would be caused by the molecu-
lar selection done during asphaltene fractionation.

Finally, our results give evidence toward both the 
Yen–Mullins and Gray’s models of asphaltene aggregation. 
“Choosing” which model is better suited to explain the data 
depends on the molecular structure of the asphaltenes under 
study. Coupled to the fact that solvents as n-heptane and 
water are selective toward these molecular structures, this 
indicates that, very probably, the experimental observation 
of a colloidal behavior comes from the molecular selection 
unwillingly performed during asphaltene fractionation. Stud-
ies on samples not submitted to fractionation would then be 
necessary as well as molecular dynamics simulations done 
on a wide range of asphaltene molecular structures in order 
to access deeper information on the trouble-making asphal-
tene aggregation process and how to suppress it.

4  Conclusions

We gave indications toward the establishment of a struc-
ture–property link between asphaltene molecular struc-
ture and their aggregation properties in different solvent 
mixtures. In simple solvent solutions (toluene, n-heptane 
or water), the length of the lateral chains is the parameter 
behind the macroaggregation process in these solvents. 
With longer chains, nanoaggregates can stay in suspension 
longer without any coalescence. Moreover, the polarity of 
the lateral chain taken into account as possible formation 
of H-bonds with other similar molecules also helps the for-
mation of the macroaggregates, in opposition to the previ-
sions of the Yen–Mullins model. Inversely, the formation 

and stabilization of the nanoaggregates are dependent on 
the size of the conjugated core and the polarity of the lateral 
chain, both factors being coupled.

In binary (toluene/n-heptane and toluene/water) and 
ternary (toluene/n-heptane/water) solvent systems, the 
same observations were also retrieved. No permanent sol-
vent entrainment effect was observed with increasing con-
centration of the solvent. Asphaltenes interactions with 
the co-solvent occur regardless of the concentration. The 
asphaltene/n-heptane interactions are selective versus the 
length of the lateral chain. Longer lateral chains interact 
more with n-heptane molecules. Upon n-heptane addition, 
the first nanoaggregates to form clusters and probably pre-
cipitate, most probably, contain the more asphaltenes with 
short lateral chains. This effect could be responsible for 
selecting asphaltene molecules during the fractionation to 
obtain experimental samples. On the other hand, interactions 
with water are mediated by the presence of polar groups at 
chain ends able to form H-bonds. This is also independent 
on the concentration of water, indicating that polar-chain-
ended asphaltenes do not have a role in “solubilizing” water 
molecules in toluene solutions, even though some small 
interactions could be observed. Moreover, asphaltene mol-
ecules with heteroatoms on the conjugated core do not seem 
to have particular interactions with water. This indicates that 
the water–asphaltene interactions are mediated uniquely by 
the lateral chains of the latter.

Last, but not least, the properties observed in our studies 
seem to be outside the scope of the predictions made by the 
Yen–Mullins model concerning the formation of nanoaggre-
gates when different molecular architectures are considered, 
for instance. This model could be a particular case of a more 
general one: the Gray’s model.
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