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ABSTRACT: Asphaltene nanoaggregates from three diverse source materialscoal-derived asphaltenes dominated by aromatic
carbon, petroleum asphaltenes with comparable abundances of aromatic and aliphatic carbon, and immature source-rock
asphaltenes dominated by aliphatic carbonare examined by means of surface-assisted laser desorption ionization mass
spectrometry (SALDI-MS) coupled with laser desorption laser ionization mass spectrometry (L2MS). All three types of
asphaltenes form nanoaggregates with aggregation numbers close to 7. Molecular dynamics calculations for proposed island
molecular structures show the important roles that π-stacking and alkane steric hindrance play in nanoaggregate formation and
structure. These results are discussed in terms of entropy and enthalpy changes. All results are consistent with the Yen-Mullins
model, which bodes well for its expanded use in oilfield reservoir evaluations.

■ INTRODUCTION

Asphaltenes are defined as the fraction of a carbonaceous
mixture (such as petroleum) that dissolves in aromatic solvent
(such as toluene) but precipitates in aliphatic solvent (such as
n-heptane). Petroleum asphaltenes play a key role in many
aspects of oil production and refining, and as a result they have
been the subject of numerous investigations.1−3 The solubility
classification of asphaltenes (n-heptane insoluble, toluene
soluble) suggests that different asphaltenes could have similar
aggregation properties. Petroleum asphaltene aggregation has
numerous industrial consequences related to phase behavior
and flow assurance,4 coking in refining, tar mat deposition in
reservoirs,5−7 and fluid gradients in reservoirs.8−13 Thus,
characterization of asphaltenes has focused on both their
molecular structure and their aggregate structure.
Dominance of Island Architecture for Asphaltenes.

For the modeling undertaken in this work, the molecular
architecture of asphaltenes is key. A review of many studies
indicates that asphaltenes are overwhelmingly dominated by
island molecular architecture with a single PAH in the
molecule. Here, we discuss the large number of studies which
establish molecular weight of asphaltenes and the dominance of
island architecture. Petroleum asphaltenes have molecular
weights typically in the range 500−1000 Da. The molecular
weights are supported by various experimental techniques such
as molecular diffusion methods using time-resolved fluores-
cence depolarization,14−16 fluorescence correlation spectrosco-
py,17,18 Taylor dispersion,19 and NMR diffusion measure-
ments.20 Naturally, mass spectroscopy has also been critical in
molecular weight determination of asphaltenes including laser
desorption ionization mass spectrometry (LDI MS),21 laser-
induced acoustic desorption mass spectrometry (LIAD MS),22

two-step laser desorption laser ionization mass spectrometry
(L2MS),23−25 and electrospray ionization, Fourier-transform
ion cyclotron resonance mass spectrometry (ESI-FT-ICR-
MS).26 Particularly relevant is L2MS, in which asphaltenes are
volatilized by an infrared laser, ionized by an ultraviolet laser,
and finally detected by a time-of-flight mass analyzer. In L2MS,
the volatilization process involves extremely rapid heating (108

°C/s), which suppresses fragmentation. The ionization process
involves nonresonant single photon absorption, which is
approximately equally efficient for a wide range of molecular
classes. A delay between volatilization and ionization laser
pulses prevents ion-induced dipole attraction (due to plume
expansion), suppressing aggregation; and the use of time-of-
flight detection without reflection further provides approx-
imately equally efficient detection across a wide range of
molecular weights. As a result, the L2MS method has been
thoroughly investigated and found to detect asphaltenes with
minimal fragmentation, negligible aggregation, and nearly
invariant detection cross section for different molecular
structures in asphaltenes, ruling out significant bias in the
results.27,28

The island architecture or single aromatic core geometry is
supported by various experimental techniques including time-
resolved fluorescence depolarization measurements (TRFD)
demonstrating a strong correlation between rotational diffusion
time and fused ring size.14−16 While these experiments were the
first to show a single core, they are limited to molecules that
fluoresce. These TRFD results of a single aromatic core were
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subsequently supported by L2MS measurements that are
known to access virtually the entire molecular population of
asphaltenes. These L2MS studies showed that under higher
laser power, all (>10) archipelago model compounds
investigated underwent unimolecular decomposition while all
(>10) island model compounds investigated and asphaltenes
did not undergo decomposition.25 L2MS capabilities specifically
for asphaltenes and related compounds are treated at length in
Experimental Methods. Other mass spectroscopy studies also
support the dominance of island architecture. Fragmentation of
asphaltenes and model compounds by different means
supported the island architecture.29 A study examining 6
different asphaltenes by collisionally activated dissociation in
tandem mass spectrometry concluded in the abstract, “The
results obtained support the island structural model for these
asphaltenes”.30 Interfacial studies on asphaltenes and model
compounds determined the molecular contact area and also
support island architecture.31 These studies are consistent with
the direct determination of the orientation of asphaltene
molecules at the oil−water interface.32
Recently, workers at IBM Zurich and colleagues used

ultrahigh resolution molecular imaging by atomic force
microscopy (AFM) and scanning tunneling microscopy
(STM) and confirmed the dominance of island molecular
architecture of asphaltenes.33,34 A very diverse set of
asphaltenes was obtained from workers at Schlumberger,
ExxonMobil, Shell, and Chevron with hundreds of images;34

not even one traditional archipelago molecule (with PAHs
linked by an alkane bridge) was found. Moreover, exactly the
same imaging methods were shown to easily image a large
variety of traditional archipelago model compounds synthesized
in the laboratory.35 The conclusion is reached that traditional
archipelago compounds are not obtained in the imaging studies
of asphaltenes because they are not present in any significant
fraction in asphaltenes.33,34 Perhaps the instability of traditional
archipelago molecules suggested by unimolecular decomposi-
tion studies is why such molecules are not found in
asphaltenes.25

Some previous studies based on techniques such as bulk
decomposition suggested a dominance of structures with
multiple aromatic cores.36 However, it is known that bulk
decomposition methods used in these studies lead to synthesis
of archipelago compounds from island model compounds as
stated in the title of the paper.37 With such a conversion of
island models to archipelago structures in bulk decomposition
studies, it is evident that such methods are not reliable to
determine virgin molecular architectures. Moreover, it is
important to prove that reactive chemistry is not altering the
sample in any corresponding method used to identify molecular
architecture.
Aggregation of Asphaltenes. On an aggregate level,

asphaltenes are described by a hierarchical aggregation codified
in the Yen-Mullins model.2,3 As described by this model, at
concentrations exceeding the critical nanoaggregate concen-
tration (CNAC), asphaltenes form nanoaggregate structures
consisting of 5−10 molecules; at concentrations exceeding the
critical cluster concentration (CCC), asphaltenes form clusters
consisting of 5−10 nanoaggregates; and at yet higher
concentrations, asphaltenes can form larger aggregate structures
leading to flocculation. A variety of studies have shown that the
CNAC occurs at concentrations of ∼10−4 mass fraction (or
∼10−4 molar).20,38−42 These and other studies also support the
estimation of the size of the nanoaggregate at approximately 5−

10 molecular sizes.43 Additionally, asphaltene nanoaggregate
sizes have been measured by surface assisted laser desorption
ionization (SALDI) mass spectrometry. In SALDI, asphaltenes
are simultaneously volatilized from a surface and ionized by a
single ultraviolet laser pulse, prior to detection with a time-of-
flight mass analyzer.28,44 Unlike L2MS, in SALDI the
volatilization and ionization processes are not separated in
space or in time, so aggregation is not suppressed. If relatively
low laser power is employed, asphaltenes will be detected by
SALDI as nanoaggregates. Using SALDI, asphaltene nano-
aggregate masses equal to 5−10 molecular masses have been
measured.44

The structures of asphaltene nanoaggregates have been
studied experimentally and theoretically. Studies combining
small angle neutron scattering (SANS) and small-angle X-ray
scattering (SAXS) determined that asphaltene nanoaggregates
have a core of aromatic carbon surrounded by a periphery of
saturate carbon.45 Aggregation has been attributed to π-stacking
interactions between the aromatic cores of asphaltenes.38,46,47

This interaction is driven by the polarizability of the aromatic
cores, but alkane substitution can interfere with ordered PAH
stacking. Heteroatoms incorporated into the asphaltenes are
believed to play a secondary role.46,47 Asphaltenes are
sufficiently polydisperse that long-range order is precluded,
and small aggregation numbers have been predicted.2,3,48

Although much work has focused on analysis of asphaltenes
derived from petroleum, asphaltenes can be derived from other
sources. Asphaltenes derived from different sources share the
same solubility characteristics by definition (e.g., toluene
soluble, n-heptane insoluble), but the composition of
asphaltenes derived from different sources can vary greatly.
For example, a key chemical parameter that can differ is the
aromaticity (measured by 13C NMR), which for carbonaceous
materials correlates strongly with the ratio of hydrogen to
carbon.49 Virgin petroleum asphaltenes (PAs), that is,
petroleum asphaltenes that have not been subjected to any
processing such as refining, have an aromaticity near 50% and
an H:C ratio of ∼1.1.2,50 Coal-derived asphaltenes (CDAs)
have much less alkane carbon in line with the source material.
Coal originates from terrestrial plants, enriched in the aromatic
lignins, and is deposited in a more oxic environment compared
to petroleum source materials, thereby reducing hydrogen
content. Coal-derived asphaltenes are obtained from the
process of hydrogenation creating coal liquids which are then
refined. CDAs are then obtained from the corresponding
vacuum resid.16,51 CDAs have an aromaticity near 80% and an
H:C ratio of ∼0.8.50 In contrast, immature source rock
asphaltenes (ISAs) are enriched in alkane carbon, thus in
hydrogen; immature source rock has not experienced
significant catagenesis, a process that results in cleavage of
alkane substituents generating oil.52 Consequently, the
asphaltenes from immature source rock have an aromaticity
near 30% and an H:C ratio of ∼1.4.53
Analyzing asphaltenes from different sources, which have

diverse chemical compositions but identical solubilities (in
toluene and heptane), helps to elucidate how chemical
structure impacts the aggregation process. In this paper, the
aggregation numbers (number of asphaltene molecules per
nanoaggregate) of PAs, CDAs, and ISAs are determined by
L2MS measurement of molecular weight and SALDI measure-
ment of nanoaggregate weight. Structures representative of
these three asphaltene types are modeled, and the aggregation
of those models is probed by molecular dynamics simulation.

Energy & Fuels Article

DOI: 10.1021/acs.energyfuels.7b01420
Energy Fuels XXXX, XXX, XXX−XXX

B

http://dx.doi.org/10.1021/acs.energyfuels.7b01420


Modeling was performed in the gas phase to understand the
underlying structure−function relationship between various
types of asphaltenes as well as to provide an atomistic
interpretation of the gas-phase experimental work. The
structure of the nanoaggregates as a function of alkane carbon
is of particular interest. We are interested in the interactions
that are possible between asphaltene molecules and this will
provide a rigorous baseline with which to interpret future
solvent-phase studies. The results provide insight into the
relationship between molecular structure and nanoaggregate
structure as well as the role of entropy and enthalpy in
nanoaggregate formation.

■ EXPERIMENTAL METHODS
Sample Preparation. Two petroleum asphaltenes (PA) from

Kuwait, UG8 and BG5, have been examined. These petroleum
asphaltenes were extracted from crude oils by diluting the crude oil
1:40 in n-heptane and stirring for 24 h. Asphaltenes were extracted
from the solution by filtration through a nylon membrane with 0.65
μm pores. The samples were washed with additional n-heptane until
the wash solvent was colorless. Finally, the asphaltenes were washed by
Soxhlet extraction in n-heptane for 2 days.
Coal-derived asphaltenes (CDA) from Adaro coal have been

described before.51 The coals were liquefied and distilled, and the
distillation residue was then extracted to obtain coal-derived
asphaltenes. The typical liquefaction conditions were at a temperature
of 450−465 °C, a pressure of 16.8 MPa (in part from added H2), with
a gas/feed slurry ratio of 0.7 N m3/kg, and a coal concentration in the
feed slurry of 40 wt %. The distillation residue was the fraction boiling
above 538 °C. The asphaltene fraction, which is toluene soluble and n-
hexane-insoluble, was obtained by Soxhlet extraction of the distillation
residue. The Wyoming coal CDA was obtained by a similar
liquefaction and distillation process; this is also a residual asphaltene.54

Immature source rock asphaltene (ISA) was extracted from an
unweathered outcrop from an immature section of the Eagle Ford.55

The bitumen fraction of that rock was isolated by Soxhlet extraction in
90:10 dichloromethane:methanol. The asphaltene fraction of the
bitumen was then isolated from the bitumen using the same procedure
as described above for isolating the PAs from crude oil. The ISAs were
then dissolved in toluene to ensure they meet the solubility definition
of asphaltenes. It was observed that the entire asphaltene fraction,
originally dissolved in 90:10 dichloromethane:methanol, is toluene
soluble.
Mass Spectrometry. The asphaltene samples were analyzed by

L2MS and SALDI mass spectrometry at Stanford University. The
L2MS method of measuring asphaltene molecular weight has been
described in detail previously.23−25,27,44,56−61 Many methods are
available to measure the molecular weight of asphaltenes, each with
its own advantages and limitations. L2MS is perhaps the most

thoroughly investigated method of asphaltene molecular weight
analysis, and it has been found that the main advantage of L2MS is
an essentially unbiased detection of nearly all of the components in
asphaltenes (with minimal fragmentation, minimal aggregation, and
nearly identical detection sensitivities across the different classes of
compounds potentially occurring in asphaltenes) while the main
limitation is modest mass resolution and accuracy (with typical
uncertainty nearly 1 Da, preventing assignment of molecular formulas
from L2MS measurements).23−25,27,44,56,57,59−61 The nearly unbiased
detection in L2MS originates from many factors, each of which are
expected mechanistically and demonstrated experimentally. Ionization
in L2MS occurs via single photon ionization,62 with the photon energy
just above the typical ionization potential. As a result, little energy is
left over after ionization, insufficient to cause fragmentation.
Additionally, volatilization is achieved by laser desorption at rapid
heating rates (nearly 108 K/s),63 further suppressing fragmentation.
Experimentally, analysis of dozens of model compounds of widely
ranging structure found little fragmentation, with the largest signal
consistently coming from the parent ion.27,28,56,57 Ionization in L2MS
occurs after the desorbed plume of neutrals has dispersed into the
vacuum. As a result, the molecules are too far apart by the time they
are ionized to be bound together by ion-induced dipole attraction,
preventing aggregation. Experimentally, analysis of the same set of
model compounds does not result in measurable signal from any
aggregate.27,28,56,57 Similar detection sensitivities result from the
methods used for volatilization (nonselective laser desorption, in
which the entire asphaltene sample is desorbed in the area struck by
the laser pulse),28 ionization (single photon ionization, which is a
universal soft ionization method for compounds with ionization
potential below the photon energy),62 and mass analysis (by time-of-
flight, which detects components with nearly equal sensitivity over a
large, theoretically unlimited, mass range).64 Experimentally, analysis
of numerous mixtures of diverse model compounds, as well as
mixtures of model compounds with asphaltenes, using the same
methodology employed here demonstrates the detection of each
component with comparable sensitivity.25,28,57

The L2MS methodology employed here is similar to that employed
previously. A small amount of asphaltenes is fixed on a sample platter
and transferred into the vacuum chamber through a vacuum interlock.
A pulse of IR light from a CO2 laser (λ = 10.6 μm; Alltec GmbH,
model AL 882 APS) is focused to a spot (∼50 μm in diameter) on the
sample surface using a Cassegrainian microscope objective (Ealing
Optics, 15×). Desorbed neutral molecules from the platter surface
form a plume in the extraction region during a time of 10−50 μs. This
plume is then intersected perpendicularly by the VUV output of a
pulsed F2 excimer laser (λ = 157 nm; Coherent, Inc., ExciStar XS 200,
Selmsdorf, Germany), and molecules are ionized through single-
photon ionization (SPI). The resulting ions are mass-analyzed in a
home-built time-of-flight mass spectrometer (TOF-MS) employing a
modified Wiley−McLaren geometry. A dual microchannel plate

Figure 1. Initial asphaltene model compounds. 1 and 4 probed aromatic effects while 2,3 and 5,6 probed the effects of alkylation.
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(MCP; 20 cm2 active area; Burle Electro-Optics, Sturbridge, MA) set
in a chevron configuration coupled with a large collector anode
(Galileo TOF-4000) is used as a detector. Each recorded spectrum is
averaged over 50 laser shots.
The SALDI-MS method of measuring asphaltene nanoaggregate

weight has also been described previously.27,44,59−61 When low laser
pulse energies are employed, this method of measuring asphaltenes
does not suppress aggregation, such that asphaltenes are detected as
nanoaggregates.28 This section provides a brief description of the
apparatus. SALDI−MS mass spectra were obtained using a PCS4000
mass spectrometer with nonselective normal-phase NP20 arrays
(Ciphergen, Fremont, CA). The surface of the array, composed of
aluminum, was modified by the addition of silicon oxide groups. Mass
spectra were acquired using a pulsed nitrogen laser with a wavelength
of 337 nm. The laser pulse energy was scanned from 1000 to 6000 nJ
in steps of 500 nJ for petroleum asphaltenes and from 1200 to 4800 nJ
in steps of 400 nJ for coal asphaltenes. The mass spectra were
externally calibrated using a standard mixture of low-molecular-weight
peptides (Bio-Rad). Data were acquired in the positive-ion mode from
m/z 0 to 20 000 Da, focused at 4000 Da. In SALDI−MS experiments,
all asphaltenes were dissolved in toluene to form solutions with
concentrations of 2 and 0.67 mg/mL. These solutions were used to
obtain surface concentrations of 32 and 96 μg/cm2 by depositing a
drop of 2 μL solution onto a spot (outer diameter of 2.3 mm) on the
sample substrate. The surface concentration of 288 μg/cm2 was
obtained by depositing 2 μL solution of 2 mg/mL three times after the
previous drop was dried.
Computational Ensemble Analysis. Initial modeling was

performed on molecules containing 5 and 8 fused aromatic rings
and containing varying amounts of alkylation (Figure 1). These
molecules were chosen to probe fused aromatic ring size (1−3 vs 4−
6) and the effects of alkyl chain length.
We utilized CLUSTER v1.3 to sample the conformational space of

ensembles containing 5 molecules each of 1−6.65 Initial clusters were
obtained via a random arrangement of 5 molecules followed by genetic
mutation to increase the diversity (and subsequent sampling) of the
population of structures. These clusters were subsequently geometry
optimized using molecular mechanics and semiempirical character-
ization. We utilized the UFF66 and PM767,68 methodologies. The UFF
(Universal Force Field) method is a computationally efficient
molecular mechanics approach using parameters based upon the
atom type, connectivity and hybridization. The PM7 method is a

semiempirical approach based on the Hartree−Fock method that uses
parameters obtained from experimental or high level ab initio data to
approximate computationally intensive aspects of the calculations.
Both the UFF and PM7 optimizations were performed in the gas
phase to correspond with the experimental work described above.

Our second set of compounds (Figure 2) was designed using more
compositionally accurate data obtained from the spectroscopy
experiments (Tables 1 and 3). This second set of compounds

included different length and quantity of alkyl chains tuned to match
the compositional data from the ISA Eagle-Ford sample (7−9), the PA
BG5 sample (10), and the CDA Adaro Coal sample (11). Cluster v1.3
was used to generate a diverse set of initial clusters containing 5 copies
of each these molecules that were then subjected to geometry
optimization in the gas phase using the UFF method.

We also simulated the dynamics of nanoaggregation using
Molecular Dynamics with the AMBER molecular dynamics pack-
age.69,70 The simulations were performed using either AMBER 1469 or
AMBER 16.70 In all cases, partial charges were obtained via
antechamber with HF/6-31G and parameters from the GAFF force
field71 were utilized while maintaining a constant temperature of 300
K. Solvent was not included in these simulations to probe directly the
gas-phase interactions occurring in the experiments above. It should be
noted that for the classical force fields (UFF, AMBER) used in this
study the relative enthalpies should provide qualitatively accurate
information. Where possible, we have confirmed classical enthalpies

Figure 2. Second set of asphaltene model compounds (7−9, ISA; 10, PA; 11, CDA).

Table 1. Experimental Compositional Data Showing Ratio of
Elements for the ISA, PA, and CDA Asphaltene Samplesa

sample carbon hydrogen nitrogen sulfur oxygen
H/C
ratio

ISA-Eagle Ford 73.24 8.5 1.69 9.69 6.53 1.39
PA-BG5 79.2 7.82 0.98 7.61 2.45 1.18
PA-UG8 81.07 7.11 1.02 8.94 1.6 1.05
CDA-Adaro 87.29 5.9 1.57 0.09 5.25 0.81
CDA-
Wyoming

85.85 5.4 1.46 0.14 4.44 0.75

aC, H, N, and S abundances were measured by combustion, and O
was measured by pyrolysis. These three types are very different
especially in terms of H/C ratio.
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using quantum methods. Our initial MD structures were obtained by
arranging 25 copies of 1−6 regularly in a grid. We then kept every fifth
molecule generating starting structures where 5 molecules of 1−6 were
well-separated (6−30 Å) in a box. These randomly spaced starting
structures allowed us to model the process of aggregation. Each
molecular simulation contained one type of asphaltene, i.e., we did not
investigate mixtures. In addition to the MD simulations described
above where we invested a significant amount of simulation time
following aggregation from very well-spaced initial ensembles, we also
investigated the process of aggregation starting from more closely
spaced (7 Å) but still randomly aligned initial structures. We
performed this test using molecules 9−11.
For clusters of 1−6, all steps of MD were performed using the CPU

sander code of AMBER 14.69 For clusters of 9−11, all steps of MD
were performed using the GPU-accelerated pmemd code of AMBER
16.70,72,73 All the initial structures were minimized, then subjected to
unrestrained MD. A single stage energy minimization process was
performed without positional atomic restraints over a total of 500
steps. The first 250 steps were of steepest descent minimization before
conjugate gradient minimization was executed on the remaining 250
steps. Once minimized, unrestrained MD at constant temperature
(300 K) was performed with a 1 fs time-step and 999 Å nonbonded
cutoff distance. Three different random seeds were used to initiate
simulations of each cluster in order to speed surface coverage. A seed
represents the set of initial velocities assigned to each atom at the
beginning of the simulation. Simulations of clusters of 1−6 were run
until aggregation or dissociation was observed, while simulations of
clusters of 9−11 were run for a full 1.0 μs of in vacuo MD.
In the simulations containing 9−11, all trajectories ended with all 5

molecules aggregated (Table 2). AMBER’s cpptraj analysis tool was
used to cluster the molecular dynamics trajectories into conforma-
tionally similar families using the hierarchical agglomerative clustering
method.74 This method was chosen since it is especially useful when
the exact family count is unknown in advance. The clustering is based
on an atomic coordinate RMSD distance metric. It is useful to use
cpptraj for this analysis since both frame-by-frame cluster summaries
and a representative conformation for each family are provided.
Structural families with a greater than 5% representation in the overall
ensemble were considered significant. AMBER energies were averaged
over each trajectory and these average values were averaged together
to obtain the overall average enthalpy reported below.
Center of mass distances were calculated using cpptraj included in

AmberTools 16.70 Entropy values were calculated using AMBER’s
MMPBSA.py utility by calculating the vibrational frequencies of the
normal modes along various minima on the potential energy surface.75

When entropy is approximated using the normal-mode analysis, and
included in the overall free energy values, computational results are
scaled to more experimentally realistic relative values.76 Structures and
trajectories were visualized using VMD.77

As an initial test of the accuracy of the AMBER results, we also
selected the 5 lowest energy structures from each MD ensemble of 11
and compared the single-point and geometry optimized energies and
structures with results from the semiempirical PM7 precise method in
the MOPAC program,68 and with the Global Hybrid Meta-GGA
(M062X78) density functional with the 6-31G* basis set available in
the Q-Chem v4.4 program.79

■ RESULTS AND DISCUSSION

Mass Spectrometry. Figure 3 shows the results from the
determination of molecular weight by L2MS and nanoaggregate
weight by SALDI-MS for the diverse asphaltene samples. The
molecular weight for the PAs and CDAs are similar to previous
determinations by a variety of measurements. The molecular
weight of the ISA (from the Eagle Ford formation) is similar to
the molecular weight of another ISA from the Green River
formation.61 For a given sample, by dividing the nanoaggregate
weight by the molecular weight, one obtains the aggregation
number. Table 3 lists the (number-average) molecular weights

and the (number-average) nanoaggregate weights as well as the
aggregation numbers for the different samples. The molecular
weight of the ISA shows a somewhat broader range and lighter
centroid compared to the PAs. As expected, the CDAs show a
much smaller molecular weight as well as a correspondingly
narrower range of molecular weights. For each sample and class
of samples, the nanoaggregate weights are well-defined and
exhibit ranges that are comparable to the corresponding
molecular weights.
The aggregation numbers of all samples are below 10, thus

are very small. Moreover, the aggregation numbers of all
asphaltene classes are very similar, roughly 7. Previous
determinations of the critical nanoaggregate concentrations of
PAs and CDAs showed that they are very similar.38

Consistently, a series of asphaltenes spanning a range of
thermal maturities was found to have a wide variety of chemical
compositions (including different H/C ratios and molecular
weights) but similar aggregate numbers.61 Evidently, nano-
aggregate properties for diverse asphaltenes are very similar,
which aligns with the identity of the same solvency properties
of these asphaltenes: asphaltenes have a balance of
intermolecular forces that results in their being soluble in
toluene but insoluble in heptane (according to their definition),

Table 2. Duration of the Molecular Dynamics Simulations of
Compounds 1−6, 9−11, and the Number of Asphaltene
Molecules That Aggregateda

compound seed simulation time (ns) # in aggregates

1 1 0.51 3
2 1.12 3
3 0.82 4

2 1 3.45 4
2 3.31 4
3 28.4 3 and 2

3 1 10.4 3
2 25 3 and 2
3 10.4 3

4 1 0.66 4
2 102 5
3 21.3 5

5 1 7.1 5
2 5.2 2 and 2 and 1
3 5.2 3 and 2

6 1 8.5 4 and 1
2 10 5
3 10 5

9 1 1000 5
2 1000 5
3 1000 5

10 1 1000 5
2 1000 5
3 1000 5

11 1 1000 5
2 1000 5
3 1000 5

aFor instance, a “3” indicates that 3 out of 5 molecules formed a single
aggregate. The designation “2 and 2 and 1” indicates that 2 molecules
each formed 2 aggregates while 1 molecule remained separated.
Simulations on molecules 9−11 were initiated using a script that
oriented molecules 7 Å apart. Other simulations used 30 Å spacings.
Microsecond trajectories for 9−11 were simulated using the GPU-
accelerated AMBER16 software. 7 and 8 were not run with MD
because they are similar in structure to 2 and 5.
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and that balance of intermolecular forces also controls their
aggregation.
The similarity of the aggregation numbers does not mean all

chemical properties are invariant. Indeed, the ISAs are
dominated by aliphatic carbon while the CDAs are dominated
by aromatic carbon and the PAs are intermediate. Nevertheless,
steric hindrance should be a key factor on differing enthalpy
and entropy of nanoaggregate formation. In particular, the
different alkane fractions would impact steric hindrance and
thus impact the structure of nanoaggregates. Previously, small
temperature variation of CNAC for nanoaggregate formation
have been reported.20,42 As discussed in these papers, the
implication is that nanoaggregate formation occurs in large
measure as an entropic effect; the solvent entropy increases
more than the asphaltene entropy decreases upon nano-
aggregate formation. Independent of the driving force to form
nanoaggregates, the molecules will generally orient in a
nanoaggregate to optimize the enthalpy of interaction.
Similar entropy effects are well-known for micelle formation

in aqueous systems.80 For micelles in aqueous systems, the
enthalpy of formation of ionic surfactants is positive due to
incomplete neutralization of charge in the bilayer of the micelle,
and the entropy change must override these countervailing
enthalpic effects.81 Consequently, the critical micelle concen-
trations (CMC) of ionic surfactants are larger than those of
nonionic surfactants in aqueous systems.81 The reduction of

Gibbs free energy of micelle formation from Coulomb
repulsion generally causes CMCs of ionic surfactants to be
higher than for nonionic surfactants; asphaltenes are largely
nonionic. While the systems are rather different, the CNAC of
asphaltenes in toluene are comparable to CMCs of nonionic
surfacants in aqueous systems.

Computational Modeling. We explored nanoaggregate
structures of alkylaromatics as model compounds of
asphaltenes using two computational approaches: a time-
independent random sampling of conformational space with
UFF enthalpy refinement as well as a time-dependent
Molecular Dynamics approach to simulate initial aggregation
and cluster dynamics. The dominance of the polarizability term
of the Hansen parameters for asphaltenes supports these
proposed models; there is no dominant H-bonding or polar
effect in asphaltenes that would then necessitate heteroatom
concerns.82−84

1. Random Search of Intermolecular Space and Energy
Refinement with UFF. The Cluster program was used to
sample intermolecular conformational space followed by the
determination of low enthalpy conformations using the UFF
force field.66 Table 4 shows the number of unique minima and

enthalpy ranges for each asphaltene 1−11 using the UFF
method. The enthalpy range corresponds to the difference in
energy between the lowest energy aggregate and the highest
energy aggregate in the ensemble. Table 4 provides information
about the complexity of the gas-phase enthalpic surface for each
model compound. The ensembles of low energy minima
obtained on the UFF surface were also clustered into
geometrically similar families using the hierarchical agglomer-
ative clustering method available in the cpptraj module of
AMBER 14.69

It should be noted that the enthalpies in Table 4 correspond
to conformational enthalpies and not binding energies, i.e.,
these are the enthalpies associated with low energy geometric
arrangements of 5 molecules each of 1−11. The UFF enthalpy
range is small for compounds 1 and 4 without alkyl arms and
also for 11 with short alkyl arms. The number of unique
minima for 1−11 on the UFF surface ranges from 15 to 90.
Asphaltene 6 with an 8 fused ring core and dodecyl arms is
surprisingly the least conformationally diverse ensemble with
only 15 unique conformations. This may be indicative of the
difficulty of arranging long flexible arms into a tight space. The
number of conformational families for each ensemble is similar
to most molecules containing 4 or 5 representative

Figure 3. Left: Molecular weight of different asphaltenes by L2MS.
Right: Nanoaggregate weight of different asphaltenes by SALDI MS.
The Eagle Ford sample is an ISA, the BG5 and UG8 samples are PAs,
and the Adaro and Wyoming samples are CDAs.

Table 3. Experimental Aggregation Data for ISA, PA, and
CDA Samples

sample
molecule weight

(g/mol)
nanoaggregate weight

(g/mol)
aggregate
number

ISA-Eagle
Ford

528 2969 5.6

PA-BG5 646 4983 7.7
PA-UG8 582 5361 9.2
CDA-Adaro 367 2455 6.7
CDA-
Wyoming

377 1921 5.1

Table 4. Conformational Enthalpies of 1−11 Obtained with
the UFF Force Field in the Gas Phase

molecule
H/C
ratio

# of
min

enthalpy
range

(kcal/mol)

enthalpy
min

(kcal/mol)

enthalpy
max

(kcal/mol)

number
of

families

1 0.60 50 21.96 112.75 134.71 5
2 1.44 42 92.87 208.60 301.47 5
3 1.65 58 99.83 248.67 348.50 2
4 0.50 63 43.56 192.98 236.53 4
5 1.40 40 99.51 380.77 480.28 4
6 1.62 15 98.48 305.25 403.73 4
7 1.40 62 84.86 148.51 233.37
8 1.38 42 100.22 241.50 341.72 4
9 1.38 42 96.56 491.74 588.30 3
10 1.19 90 98.42 252.95 351.38 4
11 0.86 78 34.96 151.42 186.38 5
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conformations. The two lowest enthalpy conformations for
clusters of 1 are shown in Figure 4.

In the lowest enthalpy structure (Figure 4), four molecules of
1 form face-to-face, pancake-like π−π stacking interactions.
This sandwich structure is stabilized by the favorable dispersion
interactions involving the polarizable aromatic rings. The fifth
molecule adopts a T-shaped geometry (π−σ or quadrupolar
interaction), which is stabilized by quadrupolar interactions and
alkane polarizability. This structure is consistent with that
observed in benzene dimers, i.e., the quadrupole driven T-shape
dimer is slightly more stable than the slipped parallel or
sandwich structure that arises due to the polarizability of the π
electrons.84 In the second lowest energy structure, five
molecules of 1 form a perfectly π−π sandwich cluster.
However, there is only a 0.06 kcal/mol energetic difference
between the two lowest conformations indicating that in the
gas phase these structures are iso-energetic.
The lowest enthalpy structures from the UFF ensembles of

1−11 are shown in Figure 5 and Figure 6. Compounds without
alkyl arms, or with short alkyl arms, such as 1, 4, and 11, have
low energy structures with dominant π−π stacking interactions,
suggesting the enthalpic component of aggregation is driven
primarily by dispersion interactions among the π electrons.
Compounds with relatively shorter alkyl arms, such as 2, 8, and
10, adopt staggered π-stacking interactions, i.e., the planes of
the fused aromatic rings are displaced or slipped some distance
away from a perfectly stacked arrangement. We see that with an
increase in the alkyl arm length, such as compounds 5 and 9,
the intermolecular geometries change to offset π-stacked
interactions, or display partly staggered π-stacking interactions
as in compound 5. There are two types of interactions in the
compounds (molecules 3, 6, 7) with long alkyl arms: staggered
π-stacked interactions and edge-on or T-shaped geometries.
Most clusters typically form π−π stacking interactions between
2 or 3 fragments, then form edge-on or T-shaped interaction
with the remainder.
The ensemble of 3 contained 58 minima ranging over almost

100 kcal/mol but clustered into only 2 families. This indicates
that the conformational diversity of 3 is smaller. This was a bit
surprising considering that 3 contains dodecyl arms but also
reflects the difficulty associated with packing long flexible arms
into a tight space.
Figure 5 and especially Figure 6 clearly show the effect of

increased alkane substitution on the increase disorder of π-
stacking. With excessive alkane carbon such as for the ISA (9),
the planar approach of two PAHs is largely precluded, reducing
the stabilization due to dispersion interactions. As a result, the

aggregate structure bears little resemblance to an ordered stack.
For a moderate alkane fraction such as for PA (10), a
disordered π-stack is seen. For very little alkane such as with
CDAs (11), attractive dispersion interactions between aromatic
ring systems can proceed unencumbered, resulting in a highly
ordered stack. Related experimental results have recently been
reported in agreement with these results. Ultrahigh resolution
molecular imaging using AFM and STM are performed by
transferring molecules of interest to a surface. Molecules that
are planar provide excellent opportunity for imaging while
molecules that are more three-dimensional are not imaged as
well. In addition, the relatively rigid 2-D framework of PAHs
enables excellent imaging while the alkanes can be more
randomly oriented and not imaged as well. For CDAs that are
largely planar with a high fraction of aromatic carbon, the AFM
and STM images allowed identification of almost every carbon
atom.33 The PAs gave adequate imaging but the alkanes did
compromise the images somewhat.33,34 In order to validate
island molecular architecture, STM was quite successfully used

Figure 4. Lowest enthalpy conformation (left) and the second lowest
enthalpy conformation of 1 (right) obtained with the UFF method.

Figure 5. Low energy UFF “asphaltene” clusters for a variety of
alkylaromatics.

Figure 6. Low energy UFF asphaltene clusters for 9 ISA, 10 PA, and
11 CDA.
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to image the molecular orbitals and matched corresponding
molecular orbital calculations. In addition, individual molecules
were manipulated with the probe tip to determine the ability to
rotate molecular segments around bonds (thus single
bonds).33,34 The ISA molecules were the most difficult to
resolve due to the 3-D nature of the molecules and the related
large fraction of alkane carbon.34 These imaging results align
closely with the structures in Figures 5 and 6.
We analyzed the type and degree of π-stacking in the UFF

ensembles of 1−11 (Figures 5 and 6) in Figure 7. We see that
molecules 1, 4, and 11, that either lack alkyl arms or contain
very short arms, modeling CDAs, form cluster ensembles in
which the greatest percent of the conformations adopt perfectly
π-stacked sandwich structures with 4 or 5 constituents.
Molecule 3 with an 8 fused ring core and dodecyl arms,
modeling ISAs, is least likely to form sandwich structures; when
those structures occur, it is typically only between 2
constituents forming the least amount of π-stacking. Molecules
with longer arms (6, 7, and 8) adopt conformations with the
largest percentage of T-shaped clusters aggregated to
sandwiches containing 3 constituents.
2. Simulating Asphaltene Aggregation Using Molecular

Dynamics. The AMBER Molecular Dynamics package was
used to simulate the process of aggregation for most structures
1−11. Simulation times varied as shown in Table 2. We
clustered the resulting AMBER ensembles into geometrically
similar families to assess the diversity of the clusters formed.
We approximated the overall enthalpy using gas-phase AMBER
energies. We estimated the entropy by calculating the
vibrational frequencies of normal modes at minima along the
potential energy surface using MMPBSA.py.75,85

This is a difficult task; moreover, the results here are for
vacuum, and solvent effects are important for nanoaggregate
formation. It is also important to note that when using classical
force fields such as UFF and AMBER, the relative energies/
enthalpies have been shown to provide physically meaningful
results; however, the absolute energies do not.86 Coarse grain
modeling of asphaltene molecules at the oil-water interfaces

indicated related agreement; the PAH of the asphaltenes is in
plane while the alkanes remain in the organic phase,87 which is
all confirmed in experiment.32 Preliminary structural and
energetic comparisons between the AMBER minima and a
variety of quantum mechanically optimized results suggest that
the classical structures are in agreement with quantum results,
and the energetic ordering of minimum energy structures is
correct; however, the relative AMBER energies need correction.
The quantum calculations are computationally very intense
work is underway to generate a large enough data set for scaling
the classical enthalpies. Thus, we view these results as being
qualitative. We see narrow ranges of conformational diversity in
the AMBER ensembles, relative to the UFF ensembles. This is
particularly so for 1−6 and may be related to the short
simulation times for these clusters. For 9−11 we were able to
run MD for 1 μs and in those systems we see very similar
conformational flexibility with all ensembles clustering into 3−5
families regardless of structure.
It is not surprising that the classical force field based

enthalpies are all positive values suggesting a lack of
spontaneous formation in the gas phase. This is due to the
computationally efficient yet simplistic formalism underlying
molecular mechanics, and in this case, in particular, the lack of
inclusion of solvent effects. We can draw some qualitative
understanding from these results. For instance, comparing the
overall resulting free energies for 9−11; we see that 9 (with 8
fused rings and 8 pentyl arms) has the least favorable enthalpy
but the largest entropy while 11 (with 4 fused rings and 4 hexyl
arms) has the smallest enthalpy and entropy values. This would
suggest that the alkyl arms are contributing significantly to the
overall energetics (comparing 9 to 10) but the number of rings
has a smaller effect (comparing 10 to 11). This analysis is
further supported by the low energy structures shown in Figure
6. Compound 11 is very neatly packed with clear π-stacking
driving the overall structure of the cluster. As the arms increase
in length, the aggregated complex (although still aggregated),
shows less clear, organized noncovalent interactions between
asphaltenes. It is this lack of defined, consistent interactions

Figure 7. Percentage and types of π-stacking interactions found in the UFF ensembles of 1−11. (Green: strongest π-stacking interactions including
nearly perfectly 5 π-stacked or 4 π-stacked; yellow: 3 π-stacking interactions; orange: 2 π-stacking interactions; red: 1 π-stacking interaction; black:
no π-stacking interactions. Clusters represented by red and black contain only σ−σ interactions.
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between molecules that likely contributes to the higher ΔG
values for the compounds with larger alkyl arms. The increased
length of the alkyl chains shows a clear increase in the entropy
(as expected), but likely does not help in structurally stabilizing
the aggregated complex. The MD simulations from well-
separated initial structures (Table 2) suggest that the length of
the arms did not substantially change the time it took for
aggregation to occur, but the presence of alkyl arms may affect
the overall energetic stability of the aggregates once formed.
Table 5 shows that the enthalpy terms are very roughly twice

the magnitude of the entropy terms with the (vacuum)

enthalpy being large. In addition, with more alkane substitution,
the entropy effects become larger. How this translates to
solution chemistry is a subject of current investigation.
Given the longer simulation times available for 9−11, we

further analyzed the ensembles by measuring the center of mass
distances between the molecules throughout the simulation.
The initial clusters contained well-separated constituents and
after ∼200 ns of simulation had aggregated into an almost
perfectly π-stacked motif, in spite of the hexyl arms that
emanate from the 8 membered fused ring core. The data shown
in Figure 8 is representative of all the data that was obtained for
structures 9 (ISA), 10 (PA), and 11, CDA.

■ CONCLUSIONS

Asphaltenes from diverse origins are examined herein: coal-
derived asphaltenes (CDAs), petroleum asphaltenes (PAs), and
immature source-rock asphaltenes (ISAs). By definition, all
these samples have the same solubility characteristics; never-
theless, these classes of asphaltenes span a large range of
elemental composition with the H:C ratio varying from roughly
0.8 for CDAs (dominated by aromatic carbon), 1.1 for PAs
(comparable abundances of aromatic and aliphatic carbon), to
1.4 for ISAs (dominated by aliphatic carbon). Mass
spectrometry measurements show that all these diverse
asphaltenes form nanoaggregates and that all aggregation
numbers are similar and about 7. In that nanoaggregate
formation relates to intermolecular interaction and thus relates
to solution behavior, the identical solubility characteristics of
asphaltenes correlate to similarity in nanoaggregate properties.
Nevertheless, the large difference in alkane fraction for these
different asphaltenes mandates differences in steric repulsion
and consequently the extent of order in the nanoaggregate.

Table 5. Number of Conformational Families, AMBER
Enthalpies and Entropies Averaged over the 3 Trajectories,
and Resulting Free Energies of Ensembles of 1−11a

molecule
number of
families

trajectory 1 2 3
ΔH − average AMBER

enthalpies
average
TΔS ΔG

1 10 8 5 220.8
2 5 6 3 467.1
3 7 7 1 881.3
4 9 4 6 433.7
5 3 9 7 956.4
6 7 5 2 1867.8
9 (ISA) 5 4 4 1026.9 484.8 542.1
10 (PA) 3 3 5 646.0 346.0 300.0
11 (CDA) 3 4 5 356.5 130.0 226.5

aAll energies are in kcal/mol. (7 and 8 were not run because they are
similar to 2 and 5.)

Figure 8. Center of mass distances between 5 BG5 asphaltenes (top); Initial spacing of the BG5 structures (left); BG5 aggregated with each other in
the last frame of the simulation (right). BG5 corresponds to compound 10 in Figure 4.
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Molecular dynamics simulations on selected molecular
structures was used to probe nanoaggregates. For CDAs with
a small alkane fraction, nanoaggregate π-stacking is very
ordered; for PAs with their moderate alkane fraction,
nanoaggregate π-stacking is disordered as gleaned in Figure 7.
For ISAs with their large alkane fraction, π-stacking is almost
precluded. These results are consistent with recent ultrahigh
resolution imaging of the same asphaltenes.33,34
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