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Abstract
The modulation of bulk properties including the cohesive strength and the solubility of the asphaltenes, due to the inclusion 
of graphene nanosheets and the thermoplastic polymer, is probed by performing all-atom classical molecular dynamics (MD) 
simulations. The impact of morphological heterogeneity, including the size of the aromatic core of the asphaltene molecule, 
the nature of the heteroatom attached to the aromatic core, the orientation of the graphene nanosheets, and the surface area 
of the nanomaterial, on the bulk properties of the model systems of nanocomposites and interfaces is explored. The cohesive 
strength of the asphaltene composites is significantly enhanced by the introduction of graphene nanosheets. The addition of 
styrene–butadiene–styrene (SBS) block copolymer into the graphene-reinforced asphaltene systems improves the cohesive 
strength, structural plasticity, and compatibility between the nanomaterial and the asphaltenes. The π–π stacking interaction 
between the graphitic surface and the aromatic core of the asphaltene is identified to be the major driving force for modulating 
the cohesive strength. The dispersion interaction maximizes in the hierarchical layered structure compared to the randomly 
oriented structure of the graphene nanosheets and the asphaltene molecules. The energetics of non-covalent interaction are 
further assessed within the framework of dispersion-corrected density functional theory (DFT)-based methods. The DFT-
derived adsorption energies and thermochemical properties substantiate the stronger interaction and the thermodynamic 
favorability of the adsorption processes in both the gas phase and solvent medium (toluene). The simulated IR and Raman 
spectra are also analyzed to reveal the nature of the interaction.
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Introduction

Asphaltene is one of the key components of asphalt and is 
identified as an intricate and multifaceted combination of 
heavy organic molecules with an average molecular weight 
of around 750 Da as determined by mass spectrometric and 
time-resolved fluorescence depolarization measurements [1, 
2]. However, a precise estimation of the molecular structures 
as well as molecular masses of the asphaltenes is an ongo-
ing challenge because of their diversity of chemical com-
position and they tend to form nanoaggregates in reservoir 
crude oil as well as in solvents that are used for experimental 

laboratory [3–5]. Asphaltenes are classified as polycyclic 
aromatic hydrocarbons (PAHs) that have a naturally occur-
ring graphitic structure. The graphitic structure leads to the 
formation of asphaltene aggregates driven by π–π stacking 
interactions of the aromatic cores, evidenced by the previous 
experimental measurements including X-ray diffraction and 
Raman spectroscopy [6–8]. Although the core structure of the 
asphaltenes is commonly described by medium to large PAHs 
(typically 4–10 aromatic rings), the asphaltene molecules also 
contain aliphatic chains with a length of three to seven carbon 
atoms, polar functional groups, and heteroatoms (N, O, and S) 
at a reduced level [9–11]. Asphaltene molecules are usually 
insoluble in n-alkanes, such as n-heptane and n-pentane, but 
they can be dissolved in aromatic solvents like toluene and 
benzene [1]. The viscosity of heavy oil is closely related to 
its asphaltene content, which is an essential factor to consider 
in the oil industry. The behavior of asphaltene molecules in 
terms of aggregation is solely responsible for the deposition, 
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emulsification, and high viscosity of heavy oil [12]. This has 
a significant impact on the utilization and value of heavy oil, 
making it vital to study asphaltene and its behavior.

Unraveling the chemical structure of the asphaltene mol-
ecules and the factors responsible for their aggregation in 
crude oil and laboratory solvents has been the focus of exten-
sive research for optimizing the refinery process of heavy 
oil. To date, numerous experimental studies [1, 12] utilizing 
a variety of characterization techniques, such as spectros-
copy, diffraction, microscopy, and chromatography, as well 
as theoretical investigations [11, 13–27] employing ab initio 
quantum chemical methods and classical molecular dynam-
ics (MD) simulations, have been carried out to explore the 
structure and physicochemical properties of asphaltenes. As 
revealed by these previous in-depth analyses, the molecular 
models of asphaltenes could be exemplified by three plausi-
ble chemical network structures, viz., island, archipelago, and 
aryl-linked structures. The island structure is characterized by 
the existence of a central aromatic core with fused aromatic 
rings surrounded by aliphatic groups. In the case of archi-
pelago model structures, several distinct polycyclic aromatic/
heteroaromatic cores are connected by saturated alkyl bridges. 
Like the island model, the aryl-linked structure also comprises 
a single aromatic core; however, the adjacent aromatic ring 
systems are not entirely fused. Such an aryl-linked structure 
contains one or more aryl linkages between aromatic moie-
ties. Furthermore, all kinds of asphaltenes undergo aggregation 
that depends on several factors including the aromaticity of 
the graphitic network, the length and polarity of the aliphatic 
chains, the existence of heteroatoms, and other fluidic prop-
erties such as temperature, pressure, and the type of solvent. 
However, the mechanistic details of the asphaltene aggrega-
tion phases starting from nanoaggregate (typically comprised 
of ~ 6–7 asphaltene molecules attaining a size of ~ 2 nm) to 
cluster formation (consisting of ~ 8 nanoaggregates producing 
a length scale of ~ 5 nm) are debatable. In this regard, two dis-
tinct models covering the modified Yen–Mullins model and 
the supramolecular structural model are widely recognized to 
elucidate the propensity of self-interaction and self-assembly 
of asphaltenes. As hypothesized by the Yen–Mullins model [9, 
10], the growth of asphaltene nanoaggregates and clusters is 
crucially facilitated by the π–π interactions between the aro-
matic cores, and the extent of aggregation is constrained by 
the steric hindrance stemming from the aliphatic side chains. 
On the other hand, as outlined by Gray et al. [28], the consid-
eration of aromatic stacking interactions exclusively cannot 
explain the substantial experimental findings including the 
complexity of asphaltene molecular structure (e.g., the exist-
ence of carboxylic acids/esters, nitrogen bases, porphyrins), 
the coagulation behavior of the aggregates, occlusion char-
acteristics of asphaltene aggregates, the presence of porosity 
within the asphaltene aggregates, the formation of viscoelastic 
films at the oil–water interface, and the factors influencing the 

mechanical responses and the chemical behavior of the asphal-
tene aggregates for interacting with resins and surfactants. To 
resolve the shortcomings of the Yen–Mullins model, Gray 
et al. [28] introduced an alternative model that focuses on the 
supramolecular assembly of asphaltene molecules. This model 
helps to rationalize the formation of aggregates/clusters that 
are assisted by cooperative binding involving acid–base inter-
actions, hydrogen bonding, hydrophobic interactions, coordi-
nation to metal complexes, and π–π aromatic stacking.

The seamless growth of asphaltene nanoaggregates and 
clusters followed by the progression of bulk phase separa-
tion of the asphaltenes caused by the inclusion of exorbi-
tant asphaltenes/solutes or by the attenuation of asphaltene 
solvency can lead to various issues in oil production and 
transportation, including pipeline and wellbore blockages, 
fouling and corrosion of equipment, and formation of stable 
oil–water emulsions [29–31]. To alleviate these problems, 
a multitude of research works has been carried out to assess 
the efficacy of diverse nanomaterials starting from inorganic 
nanoparticles to carbon-based nanostructures and polymers 
for asphaltene adsorption and oil demulsification [32–43]. 
In an earlier experimental study [44], it was demonstrated 
that the asphaltene adsorption capacity reaches the maxi-
mum for the reduced graphene oxide (rGO) compared to 
the other carbon-based nanomaterials including multiwall 
carbon nanotubes (MWCNTs), carbon black (CB), and acti-
vated carbon (AC). The adsorption affinity of the carbona-
ceous adsorbents toward the asphaltene molecules follows 
the trend: rGO > MWCNTs > CB > AC. The attainability of 
stronger π–π interactions and the availability of larger sur-
face area are suggested to be the predominant factors for 
enhancing the asphaltene adsorption capacity of rGO and 
MWCNTs. Moreover, the asphaltene adsorption capacity is 
modulated by the alteration of heptane content; however, 
the loading capacity of the adsorbents is not impacted by 
the water content. The predicted thermodynamic param-
eters manifest that the adsorption of asphaltenes on the 
carbon-based nanostructures is exothermic and sponta-
neous. The atomic-scale mechanism of destabilization of 
oil–water emulsions by adding GO into the model systems of 
asphaltenes was further explored via MD simulations [45].

Stimulated by the affirmative consequences of the inclusion 
of carbon-based nanomaterials, especially rGO, in modulating 
the asphaltene adsorption capacity, the present computational 
study focuses on estimating the role of the structural building 
block of the asphaltene molecules toward the adsorption affin-
ity of graphene-based nanostructures. Regardless of elucidating 
the asphaltene aggregation and cluster formation, we emphasize 
determining the critical factors contributing to the interfacial 
interaction due to the alteration of the aromatic core of the 
asphaltene molecules decorated by a heteroatom and the inclu-
sion of size effects of the graphene nanosheets. The compatibil-
ity between asphaltenes and graphene fillers has been assessed 
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by analyzing the cohesive energy, heat of formation, and solu-
bility parameters from the ensemble-averaged structures as 
acquired by classical MD simulations. The impact of the addi-
tion of block copolymers such as styrene–butadiene–styrene 
(SBS) on the microstructure and solubility properties of the 
graphene-modified asphaltenes is further assessed. The intro-
duction of SBS copolymer was demonstrated to be an effec-
tive strategy for improving the thermo-rheological behavior of 
the asphalt and modifying the asphalt emulsion [46–48]. The 
essence of interfacial interactions is additionally estimated from 
the finite model of the robust graphene-asphaltene system by 
computing adsorption energy, thermochemical properties, IR 
stretching frequencies, and Raman scattering activities, within 
the framework of density functional theory (DFT). The stabil-
ity of the graphene-asphaltene composite in the presence of an 
aromatic solvent (e.g., toluene) is also examined by evaluating 
the adsorption energy and thermochemical properties with the 
aid of the DFT-based polarizable continuum model (PCM).

Computational details

MD simulation of graphene‑asphaltene systems

To explore the microstructure and energetics of the gra-
phene-modified asphaltene systems, we have chosen three 
distinct asphaltene molecules comprising heteroatoms (S, 
N, and O) within the graphitic network structure, which are 
designated as A1, A2, and A3. The model systems were 
constructed based on the Yen–Mullins model and utilized 
previously as members of asphaltenes to investigate the 
properties of asphalt [49–54]. In an earlier theoretical study 
[13], it was demonstrated that the association free energy 
of the asphaltene molecules is significantly influenced by 
the presence of heteroatom on the aromatic core compared 
to the existence of heteroatom on the aliphatic chains. Fur-
thermore, the asphaltene dimerization is not impacted by 

the length and number of the aliphatic chains even though 
the size of the asphaltene aggregates is affected by the ali-
phatic chains attached to the aromatic core. The interaction 
between the aromatic cores of the asphaltene molecules is 
shown to be the key force for their association. Thus, to 
estimate the theoretical maximum limit of the interaction 
energy between the graphene surface and the asphaltene 
molecules as well as to reduce the computational cost, the 
model systems of the asphaltene molecules are further sim-
plified by excluding the aliphatic chains from the aromatic 
core. Figure 1 shows the 3D representation of the chemical 
structure of the asphaltenes considered for the present com-
putational study. To predict the influence of heteroaromatic 
core on the asphaltene adsorption capacity of the graphene 
nanostructure, the model systems of the graphene-asphaltene 
nanocomposites were generated by adding 60 asphaltene 
molecules and 8 graphene nanosheets to the simulation box. 
The structural details of the graphene-asphaltene nanocom-
posites considered for the MD simulation study are further 
provided in Table 1. To resolve the finite size effects of the 
graphene nanosheet (GNS) in characterizing interfacial 
interaction with the asphaltenes, the hierarchical models of 
graphene-asphaltene nanocomposites were further generated 
by adding 64 asphaltene molecules to the cell comprising 
two bilayer-GNS. Notably, bonds between the primary and 
neighboring cells, i.e., image bonds were invoked for simu-
lating the asphaltene matrix with the periodic multilayered 
graphene nanosheet (PMG). The structural parameters of the 
simulation cell corresponding to the hierarchical models of 
graphene-polymer nanocomposites are shown in Table 2. To 
explore the impact of copolymer on the asphaltene adsorp-
tion capacity and the solubility of the nanocomposites, the 
SBS polymer chains with 200 carbon atoms were further 
added to each graphene-asphaltene model system. All the 
model systems were constructed using the Disordered Sys-
tem Builder utility of the Schrödinger Material Science suite 
release 2020–4 (Schrödinger, LLC, New York, NY, 2020).

Fig. 1   Representation of chemi-
cal structures of the asphaltene 
molecules and styrene–butadi-
ene–styrene (SBS) block copol-
ymer used for the construction 
of model systems of nanocom-
posites and interfaces
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To perform all-atom classical MD simulations, we have 
employed the optimized OPLS4 force field parameters [55] 
for all the systems. To commensurate simulation box size 
and achieve a system with the desired density, each model 
system was fully relaxed before the execution of produc-
tion MD simulation under the isothermal-isobaric (NPT) 

ensemble. The relaxation protocol consists of 20 ps of 
Brownian dynamics within the isothermal-isochoric (NVT) 
ensemble at 10 K, followed by 20 ps of Brownian dynam-
ics under the NPT ensemble at 100 K, and 100 ps of MD 
under the NPT ensemble at 300 K. Subsequently, each sys-
tem was equilibrated by executing 10 ns of MD simulation 

Table 1   Structural details of simulated systems of nanocomposites comprising asphaltenes, graphene nanosheets (GNS), and SBS block copoly-
mer

System Component Chemical Formula No. of 
Molecules

Total No. of 
Atoms

Total Mass (amu) Final volume (Å3)

Asphaltene1 A1 C34H22S 60 3420 27,757.106 39,019.31
Asphaltene2 A2 C36H21N 60 3480 28,054.528 37,676.06
Asphaltene3 A3 C24H18O 60 2580 19,344.628 26,864.79
GNS-A1 A1 C34H22S 60 4540 38,568.831 50,475.21

GNS C110H30 8
GNS-A2 A2 C36H21N 60 4600 38,866.253 49,671.38

GNS C110H30 8
GNS-A3 A3 C24H18O 60 3700 30,156.352 38,188.50

GNS C110H30 8
GNS-A1/SBS A1 C34H22S 92 8052 63,876.619 87,885.35

GNS C110H30 8
SBS C200H222 4

GNS-A2/SBS A2 C36H21N 92 8144 64,332.665 85,838.81
GNS C110H30 8
SBS C200H222 4

GNS-A3/SBS A3 C24H18O 92 6764 50,977.484 69,649.96
GNS C110H30 8
SBS C200H222 4

Table 2   Structural details of simulated systems of interfaces comprising asphaltenes, periodic multilayered graphene nanosheets (PMG), and 
SBS block copolymer

System Component Chemical formula No. of 
molecules

Total no. of 
atoms

Total mass (amu) Final volume (Å3)

PMG-A1 A1 C34H22S 64 5952 57,281.270 62,141.67
PMG C576 4

PMG-A2 A2 C36H21N 64 6016 57,598.520 60,740.08
PMG C576 4

PMG-A3 A3 C24H18O 64 5056 48,307.959 49,794.79
PMG C576 4

PMG-A1/SBS A1 C34H22S 60 7412 65,934.793 77,234.59
PMG C576 4
SBS C200H222 4

PMG-A2/SBS A2 C36H21N 60 7472 66,232.215 77,891.91
PMG C576 4
SBS C200H222 4

PMG-A3/SBS A3 C24H18O 60 6572 57,522.315 64,964.45
PMG C576 4
SBS C200H222 4
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under the NPT ensemble. After equilibration, a production 
MD run was performed for 200 ns for each nanocomposite. 
A Nose–Hoover chain thermostat [56–58] with a relaxation 
time of 1 ps was used to keep the temperature at 300 K. For 
performing the simulations at the NPT ensemble, we have 
employed Martyna-Tobias-Klein (MTK) barostat [59] with 
a relaxation time of 2 ps to restrict the pressure fluctuation 
at 1.01325 bar. The NPT MD simulations of the nanocom-
posites comprising finite GNS were performed using the 
isotropic pressure coupling, while the semi-isotropic pres-
sure coupling was employed for simulating the hierarchical 
model systems comprising PMG. Periodic boundary condi-
tions (PBC) were applied to represent a bulk amorphous 
phase of the asphaltene-graphene systems. The MD simula-
tions were performed using the multistage simulation work-
flow of the Desmond code on GPU (Schrödinger Release 
2020–4: Desmond Molecular Dynamics System, D. E. Shaw 
Research, New York, NY, USA, 2020. Maestro-Desmond 
Interoperability Tools, Schrödinger, New York, NY, USA, 
2020) [60].

DFT computations on graphene‑asphaltene composite

To demonstrate the nature of non-covalent interactions more 
precisely, the quantum chemical calculations are further 
conducted for the strongly adsorbed graphene-asphaltene 
system as predicted from classical MD simulations of the 
nanocomposites. The structure and energetics of the molec-
ular models of the graphene-asphaltene composite were 
derived from the DFT calculations using the B3LYP hybrid 
exchange–correlation functional [61–63] and the 6-31G(d) 
basis sets for all the atoms involved in the composite. Disper-
sion corrections were added to the self-consistent electronic 
energy through Grimme’s D3 correction method together 
with Becke-Johnson damping (GD3BJ) [64]. The ground 
state geometry of the pristine materials and their adsorbed 
complex was obtained by performing full structural relaxa-
tion of the model systems without imposing any symmetry 
constraints. During the geometry optimization, the SCF 
convergence criteria on both energy and density were set to 
10−6 a.u. To verify the critical point on the potential energy 
surface (PES) that refers to the equilibrium geometry, the 
harmonic stretching frequencies of the normal modes were  
analyzed for the relaxed structures of the graphene-asphaltene  
system. Next, to assess the binding strength between 
the asphaltene molecule and the GNS in the presence of  
an aromatic solvent, the molecular geometries were reopti-
mized in an implicit solvent medium of toluene (dielectric 
constant, ε = 2.374), and the harmonic stretching frequency 
analyses were performed to locate the global minima struc-
ture on the PES. The electronic energies of the asphaltene 
molecule, GNS, and the GNS-asphaltene complex in the sol-
vent phase were derived from the DFT-based self-consistent 

reaction field (SCRF) calculations within the framework of 
integral-equation-formalism polarizable continuum model 
(IEF-PCM) [65–67]. All DFT calculations were carried out 
using the Gaussian 16 suite of programs [68].

Results and discussion

To weigh the performance of the force field parameters and 
the simulation workflows considered for the present compu-
tational study, the predicted bulk properties of the pristine 
asphaltene systems are critically analyzed and compared with 
prior research data. The equilibrium geometries of the model 
systems of asphaltene composites extracted from the 200 ns 
production NPT MD runs are delineated in Fig. 2. First, we 
probe the density of the model systems of asphaltene mol-
ecules calculated for each frame throughout the 200 ns period 
of NPT MD simulations. The computed average (Avg) density 
at 300 K along with the standard deviation (SD) of the mean 
value has been displayed in Table 3 for each asphaltene sys-
tem. The calculated ensemble-averaged density values vary 
between 1.18 and 1.24 g/cm3. Noticeably, the density value 
alters with the size of the aromatic core and the nature of the 
heteroatom (e.g., S, N, or O) attached to the aromatic core of 
the asphaltene molecule, and it reaches the maximum for the 
A2 structure comprising N-substituted aromatic moiety. The 
calculated densities for distinct asphaltene model systems cor-
roborate well with the experimentally measured values ranging 
from 1.16 to 1.25 g/cm3 [69]. To examine the conformational 
stability of the simulated systems, the evolution of the density 
of the asphaltene systems as a function of simulation time is 
depicted in Figs. S1–S3. The reliability of the MD trajectory 
for further dynamic event analyses and the equilibration of the 
simulated systems are substantiated by the steady fluctuation 
of the densities over coordinates for studied asphaltene systems 
comprising A1, A2, and A3 molecules, respectively.

To evaluate the strength of intermolecular interaction 
between the aromatic cores of the asphaltenes and the impact 
of their structural building block on the degree of solubil-
ity, we have analyzed the Hildebrand solubility parameter 
(δHild) which is related to the cohesive energy (Ecoh) of a 
condensed-phase molecular system [70]

where Vm denotes the molar volume, R is the gas constant, 
and T  is the temperature. ΔHvap refers to the heat of vapori-
zation which can be calculated as,

�Hild =

√
Ecoh

Vm

=

√
ΔHvap − RT

Vm

ΔHvap = ⟨Ecell −

N�

i=1

Ei⟩P + RT
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where Ecell is the total energy of the system, and Ei cor-
responds to the energy of the individual molecule. The 
brackets ⟨… ⟩P indicate an average over the P time samples, 
i.e., the MD trajectory acquired from the simulations under 
the NPT ensemble. The computed Ecoh , ΔHvap , and �Hild 
for the three asphaltene systems are provided in Table 3. 
As revealed by the calculated data, both the ΔHvap and Ecoh 
show a strong dependence on the model structure of the 
asphaltene and follow the trend: A2 > A1 > A3. Notably, the 
value of Ecoh increases with increasing the aromatic core 
size which in turn augments the π–π stacking interaction. 
Moreover, the relative change in Ecoh firmly supports the 
predicted trend in the density of the asphaltene systems. 
Although the Ecoh gets stronger in the case of the A2 mol-
ecule, the solubility of the studied asphaltene systems obeys 
the order: A3 > A2 > A1. The enhanced solubility of the A3 
crucially arises from the smaller molecular size compared 
to the A2 and A1, while the order of solubility is predomi-
nantly guided by the increment of Ecoh for the A2 and A1.

To determine the contribution of polar, dispersion, and 
hydrogen bond interactions toward the enhancement of 

the solubility of asphaltenes, we emphasize the estima-
tion of Hansen solubility parameters. An extension of the 
Hildebrand solubility parameter was proposed by Hansen 
[71], to assess the relative miscibility of polar and hydro-
gen bonding systems,

where �d , �p , and �h correspond to the dispersion, electro-
static, and hydrogen bond components of � , respectively. The 
components could be computed from the MD average poten-
tial energy components of the condensed phase simulation,

where Ek
c
 represents the total non-covalent energy of the 

simulated system, Ek
i
 refers to the energy components of the 

individual molecules, Vc denotes the volume of the simulated 
sample, the brackets ⟨… ⟩ define a time average quantity over 
the duration of the MD, n represents the number of mol-
ecules, k accounts for the coulomb (polar), van der Waals 

�
2 = �

2
d
+ �

2
p
+ �

2
h

�
2
k
= (

∑n

i=1
⟨Ek

i
− Ek

c
⟩

N0⟨Vc∕n⟩
)

Fig. 2   Equilibrium geometries of the composites consisting of a A1, b A2, and c A3 asphaltene molecules, as extracted from the 200 ns NPT 
MD simulations

Table 3   Comparison of 
estimated ensemble-averaged 
bulk properties of the 
asphaltene composites as 
extracted from the 200 ns 
production MD runs under NPT 
ensemble

Composites ρ (g/cm3) Ecoh 
(kcal/
mol)

δHild 
(MPa)1/2

δHan/vdW 
(MPa)1/2

δHan/Elec 
(MPa)1/2

∆Hvap (kcal/mol)

A1 Avg 1.18 35.18 19.39 18.87 4.45 35.78
SD 0.007 0.248 0.112 0.117 0.133 0.248

A2 Avg 1.24 38.76 20.71 19.51 6.94 39.36
SD 0.006 0.233 0.100 0.099 0.100 0.233

A3 Avg 1.20 31.14 21.98 19.78 9.59 31.73
SD 0.006 0.255 0.128 0.115 0.171 0.255
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(dispersion) and hydrogen bond components, respectively, 
and N0 refers to Avogadro’s number. As evidenced by the 
calculated coulomb (δHan/Elec) and van der Waals (δHan/vdW) 
counterparts of the Hansen solubility parameter displayed 
in Table 3, the intermolecular interactions are chiefly con-
trolled by the vdW forces. The dispersion component �d of 
the Hansen solubility parameter (which is represented by 
δHan/vdW in the present study) is predicted to be 18.87, 19.51, 
and 19.78, respectively, for the A1, A2, and A3. The calcu-
lated �d values are very close to the previously measured 
value of 19.6 for the asphaltenes as derived from the Ven-
ezuelan bitumen [72, 73].

Next, the binding strength between the GNS and the 
asphaltene molecules is probed by analyzing the 200 ns NPT 
MD trajectory of the GNS-asphaltene nanocomposites. The  
thermally equilibrated structures of the GNS-asphaltene 
nanocomposites produced after the accomplishment of pro-
duction MD runs are shown in Fig. 3. The calculated ensemble- 
averaged bulk properties for each nanocomposite are  
provided in Table 4. Due to the incorporation of GNS into 
the simulation cell comprising asphaltene molecules, the 
density of the nanocomposites is enhanced by 0.06–0.11 g/

cm3 compared to the pristine asphaltene composites. The 
Ecoh of the graphene-modified asphaltene systems, viz., 
GNS-A1, GNS-A2, and GNS-A3, are elevated by about 
9.2 kcal/mol, 7.8 kcal/mol, and 10.1 kcal/mol, respectively, 
with respect to the parent asphaltene composite. However, 
the predicted trends in ΔHvap and Ecoh are in consistent with 
the order obtained for pristine asphaltene systems: GNS-
A2 > GNS-A1 > GNS-A3. As evidenced by the computed 
Hildebrand solubility parameter, the solubility of the GNS-
A1, GNS-A2, and GNS-A3 nanocomposites is escalated by 
5.05%, 1.59%, and 2.72%, respectively, relative to the pure 
substances. The calculated Hansen solubility parameters 
manifest that the formation of graphene-asphaltene nano-
composites is primarily assisted by the dispersion interac-
tions. Furthermore, the contribution of the dispersion com-
ponent to the solubility is uplifted by 4.25–7.74% for the 
graphene-modified asphaltene systems, while the polar part 
is reduced by 1.12–2.12 (MPa)1/2 in comparison to parent 
asphaltene system.

To examine the influence of SBS block copolymer on the 
bulk properties of graphene-modified asphaltenes, the all-
atom MD simulations were carried out for the nanocomposites 

Fig. 3   Equilibrium geometries of the nanocomposites comprising graphene nanosheets (GNS) and asphaltene molecules: a GNS-A1, b GNS-
A2, and c GNS-A3, as extracted from the 200 ns NPT MD simulations

Table 4   Comparison 
of ensemble-averaged 
bulk properties of the 
nanocomposites comprising 
graphene nanosheets (GNS) and 
asphaltene molecules derived 
from the 200 ns production MD 
runs under NPT ensemble

Nanocomposites ρ (g/cm3) Ecoh 
(kcal/
mol)

δHild 
(MPa)1/2

δHan/vdW 
(MPa)1/2

δHan/Elec 
(MPa)1/2

∆Hvap (kcal/mol)

GNS-A1 Avg 1.27 44.35 20.37 20.10 3.33 44.94
SD 0.005 0.241 0.089 0.084 0.180 0.241

GNS-A2 Avg 1.30 46.52 21.04 20.34 5.37 47.12
SD 0.005 0.208 0.075 0.074 0.084 0.208

GNS-A3 Avg 1.31 41.21 22.58 21.31 7.47 41.80
SD 0.007 0.244 0.113 0.122 0.158 0.244
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consisting of GNS, asphaltenes, and SBS polymer chains. The 
equilibrium geometries of the SBS-modified GNS-asphaltene  
nanocomposites accumulated from the 200 ns NPT MD 
simulations are depicted in Fig. 4. The computed ensemble- 
averaged bulk properties of such nanocomposites are compared 
in Table 5. The unsaturated thermoplastic polymer like SBS 
usually enhances the elastic recovery capacities of the asphalt  
as well as improves its viscosity, cohesive strength, and duc-
tility. The estimated bulk properties of the SBS-modified 
GNS-asphaltene nanocomposites show that the density of 
the graphene-modified asphaltenes is reduced by the addition 
of SBS polymer chains, which may contribute to increasing 
the elastic recovery capacities of the material. After the addi-
tion of SBS block copolymer, the densities of the graphene- 
reinforced asphaltenes are found to be comparable with the 
pristine asphaltene systems (Tables 3 and 5). On the other hand, 
the improvement of the cohesive strength with the inclusion of 
polymer is substantiated by the predicted values of Ecoh . Like  
the graphene-reinforced asphaltenes, the cohesive strength 
of the SBS-modified graphene-asphaltene nanocomposites 
follows the order: GNS-A2/SBS > GNS-A1/SBS > GNS-A3/
SBS. The Ecoh of the SBS-modified nanocomposites is fur-
ther augmented by about 5.41%, 5.97%, and 1.92%, respec-
tively, for the A1, A2, and A3 asphaltenes compared to their 
graphene-reinforced systems (Tables 4 and 5). Moreover, the 

addition of SBS polymer also enhances the compatibility 
between the graphene nanostructures and the asphaltene mol-
ecules, as evidenced by the calculated solubility parameters. 
The predicted Hildebrand and Hansen solubility parameters 
of the SBS-modified graphene-asphaltene nanocomposites are 
very close to the values estimated for the parent asphaltene 
systems. Usually, materials with comparable �d , �p , and �h 
with respect to the asphalt components are more compatible 
in the liquid mixture, while the large deviation of the solubil-
ity parameters may lead to phase separation. The calculated 
δHan/Elec and δHan/vdW components indicate that the binding of 
SBS polymer chains with the graphene-reinforced asphaltenes 
is predominantly guided by the vdW interactions.

To measure the extent of interfacial adhesion between 
graphene nanosheets and asphaltenes, the classical MD sim-
ulations are performed for the model systems of asphaltene 
molecules together with infinite graphene sheets i.e., peri-
odic graphene layers. Figure 5 shows the thermally equili-
brated structures of the graphene-asphaltene interfaces. The 
computed bulk properties of the PMG-reinforced asphal-
tene systems as extracted from the production MD runs are 
reported in Table 6. The calculated ensemble-averaged den-
sity at 300 K is found to be enhanced by 29.66%, 26.61%, 
and 34.17%, respectively, for the PMG-A1, PMG-A2, and 
PMG-A3 interfaces compared to the pristine asphaltene 

Fig. 4   Equilibrium geometries of the nanocomposites comprising graphene nanosheets (GNS), asphaltene molecules, and SBS block copolymer: 
a GNS-A1/SBS, b GNS-A2/SBS, and c GNS-A3/SBS, as extracted from the 200 ns NPT MD simulations

Table 5   Comparison of 
ensemble-averaged bulk 
properties of the SBS-
modified GNS-asphaltene 
nanocomposites extracted from 
the 200 ns production MD runs 
under NPT ensemble

Nanocomposites ρ (g/cm3) Ecoh 
(kcal/
mol)

δHild 
(MPa)1/2

δHan/vdW 
(MPa)1/2

δHan/Elec 
(MPa)1/2

∆Hvap (kcal/mol)

GNS-A1/SBS Avg 1.21 46.75 19.61 19.23 3.84 47.35
SD 0.004 0.208 0.073 0.074 0.082 0.208

GNS-A2/SBS Avg 1.24 49.30 20.37 19.71 5.15 49.89
SD 0.004 0.199 0.064 0.065 0.083 0.199

GNS-A3/SBS Avg 1.22 42.00 20.87 19.67 6.98 42.60
SD 0.004 0.182 0.072 0.072 0.096 0.182



1067Structural Chemistry (2024) 35:1059–1073	

materials (Tables 3 and 6). The hierarchical structure of the 
graphene-asphaltene composites, which is assisted by the 
stronger π–π stacking interactions, significantly amplifies 
the cohesive strength compared to the randomly oriented 
graphene-asphaltene nanocomposites. The values of Ecoh 
for the graphene-asphaltene interfaces are raised by about 
28.03–31.97 kcal/mol relative to the nanocomposites con-
sisting of finite GNS (Tables 4 and 6). As evidenced by the 
calculated Ecoh values, the interfacial interaction intensifies 
with the size of the aromatic core of the asphaltene mol-
ecules. The values of the Hildebrand solubility parameter 
are also increased by 3.05–3.67 (MPa)1/2 for the hierarchical 
arrangement of the PMG and the asphaltene molecules. The 
strengthening of vdW interaction at the graphene-asphaltene 
interfaces compared to the GNS-asphaltene nanocomposites 
is further supported by the computed dispersion component 
of the Hansen solubility parameter.

The influence of thermoplastic elastomer on the chemical 
behavior of graphene-asphaltene interfaces is subsequently 
explored by conducting all-atom MD simulations for the 
layered assemblies of graphene, asphaltene, and SBS block 
copolymer. The equilibrium geometries of the SBS-modified 
graphene-asphaltene interfaces obtained after the comple-
tion of 200 ns production MD runs under the NPT ensem-
ble are represented in Fig. 6. The bulk properties of the 

SBS-incorporated graphene-asphaltene interfaces as derived 
from the MD trajectory analyses are displayed in Table 7. 
The comparison of calculated density values provided in 
Tables 6 and 7 indicates that the introduction of SBS poly-
mer enhances the structural plasticity of the hierarchical 
structure of the graphene-asphaltene composites. In addi-
tion to that, the cohesive strength between the PMG and the 
SBS-embedded asphaltenes is boosted by 4.23–10.47%, as 
manifested by the calculated Ecoh values. The compatibility 
between the graphene and asphaltenes is also enhanced after 
the inclusion of thermoplastic elastomer, which is evidenced 
by the diminished values of the solubility parameters as esti-
mated for the SBS-modified graphene-asphaltene interfaces. 
The examination of polar and dispersion components of the 
Hansen solubility parameter reflects that the vdW inter-
actions play the crucial role in improving the mechanical 
strength of the nanocomposites.

To elucidate the escalation of cohesive strength 
between the GNS and the asphaltene molecule comprising 
N-containing heteroaromatic core (i.e., A2), the quantum 
chemical calculations are further carried out for a finite 
model system of GNS-A2 composite as shown in Fig. 7. 
To capture the quantum effect of the π-electron cloud of 
the aromatic cores more precisely, the interaction energy 
is reevaluated by performing DFT-based calculations. 

Fig. 5   Equilibrium geometries of the interfaces comprising periodic multilayered graphene (PMG) and asphaltene molecules: a PMG-A1, b 
PMG-A2, and c PMG-A3, as extracted from the 200 ns NPT MD simulations

Table 6   Comparison 
of ensemble-averaged 
bulk properties of the 
nanocomposites comprising 
periodic multilayered 
graphene nanosheets (PMG) 
and asphaltene molecules 
accumulated from the 200 ns 
production MD runs under NPT 
ensemble

Nanocomposites ρ (g/cm3) Ecoh 
(kcal/
mol)

δHild 
(MPa)1/2

δHan/vdW 
(MPa)1/2

δHan/Elec 
(MPa)1/2

∆Hvap (kcal/mol)

PMG-A1 Avg 1.53 73.84 23.69 23.55 2.57 74.44
SD 0.005 0.215 0.060 0.063 0.130 0.215

PMG-A2 Avg 1.57 78.49 24.71 24.19 5.04 79.08
SD 0.004 0.219 0.060 0.059 0.077 0.219

PMG-A3 Avg 1.61 69.24 25.63 24.87 6.20 69.83
SD 0.004 0.222 0.063 0.062 0.153 0.222
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Herein, we have employed the dispersion-corrected DFT 
method to compute the adsorption energy in both the 
gas phase and solvent medium (toluene). The zero-point 
energy (ZPE)-corrected electronic energies, as extracted 
from the DFT calculations at the B3LYP-D3BJ/6-31G(d) 
level of theory, are used to calculate the adsorption energy,

where E(GNS), E(asphaltene), and E(GNS-asphaltene) refer 
to the ground state electronic energy of the equilibrium 
geometries of GNS, asphaltene, and GNS-asphaltene com-
posite, respectively. After the inclusion of ZPE correction, 
the predicted values of Ea are further rectified by reckoning 
the basis set superposition error (BSSE). The BSSE correc-
tion was invoked by following the counterpoise technique as 
proposed by Boys and Bernardi [74]. Furthermore, to assess 
the thermodynamic favorability of the adsorption of asphal-
tene molecules on the graphene surface, we have calculated 
changes in enthalpy (∆Ha) and free energy (∆Ga) for the 
surface-molecule interaction in a similar way,

Ea = E(GNS − asphaltene) − [E(GNS) + E(asphaltene)]

△Ha = H(GNS − asphaltene) − [H(GNS) + H(asphaltene)]

The thermal energy correction was included for each struc-
ture to predict the thermochemical properties at 298.15 K 
and 1 atm. The ideal gas, rigid rotor, and harmonic oscillator 
approximations were considered for computing the transla-
tional, rotational, and vibrational contributions to the Gibbs 
free energy. The predicted trends in adsorption energies before 
and after the ZPE and BSSE corrections, changes in enthalpy, 

△Ga = G(GNS − asphaltene) − [G(GNS) + G(asphaltene)]

Fig. 6   Equilibrium geometries of the interfaces comprising periodic multilayered graphene (PMG), asphaltene molecules, and SBS block copol-
ymer: a PMG-A1/SBS, b PMG-A2/SBS, and c PMG-A3/SBS, as extracted from the 200 ns NPT MD simulations

Table 7   Comparison of 
ensemble-averaged bulk 
properties of the SBS-
modified PMG-asphaltene 
nanocomposites acquired from 
the 200 ns production MD runs 
under NPT ensemble

Nanocomposites ρ (g/cm3) Ecoh 
(kcal/
mol)

δHild 
(MPa)1/2

δHan/vdW 
(MPa)1/2

δHan/Elec 
(MPa)1/2

∆Hvap (kcal/mol)

PMG-A1/SBS Avg 1.42 79.98 22.12 21.85 3.43 80.57
SD 0.004 0.259 0.061 0.061 0.081 0.259

PMG-A2/SBS Avg 1.41 81.81 22.28 21.72 4.95 82.41
SD 0.001 0.226 0.034 0.035 0.072 0.226

PMG-A3/SBS Avg 1.47 76.49 23.59 22.90 5.66 77.09
SD 0.004 0.237 0.061 0.060 0.099 0.237

Fig. 7   Optimized structure of the finite model of graphene-asphaltene 
(GNS-A2) composite, as obtained from the DFT computation at the 
B3LYP-D3BJ/6-31G(d) level of theory
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and free energy due to the attachment of A2 asphaltene mol-
ecule on the surface of GNS in the gas phase and solvent 
medium are provided in Table 8. The calculated ∆Ha values 
reveal that the adsorption of asphaltene on the surface of GNS 
is an exothermic process in both media. As evidenced by the 
estimated negative values of Ea and ∆Ga, the attachment of 
asphaltene on the graphene nanostructure is a kinetically and 
thermodynamically favorable process at once.

Next, we analyzed the simulated IR spectra to reveal the 
nature of the interaction between the asphaltene and the gra-
phene nanosheet. The computed IR intensities of the GNS, 
asphaltene (A2), and their composite are depicted in Fig. 8a. 
The IR spectrum of graphene usually shows no intense peak. 
However, two major IR peaks appeared at around 910 and 
3200 cm−1 in the simulated spectrum of graphene crucially 
originate from the harmonic C-H stretching and out-of-plane 
C-H bending modes, respectively, associated with terminal H 
atoms used to passivate the dangling bonds of the finite gra-
phene sheet model. The IR band around 3010–3280 cm−1 in 
the calculated spectrum of asphaltene molecule corresponds 
to the C-H stretching vibration, while the IR peak located at 
3672 cm−1 is due to the N–H stretching vibration of the pyr-
role moiety attached to the aromatic core of A2. As manifested 
by the computed IR spectrum of the GNS-A2 composite, the 
frequency of the important vibrational modes of the pristine 
materials is not significantly perturbed due to the adsorption 
of asphaltene molecule onto the graphene surface.

After that, we emphasize the analysis of simulated Raman 
spectra of the GNS, asphaltene, and their adsorbed complex. 

Table 8   Representation of predicted adsorption energies (Ea) together 
with ZPE corrected (Ea,ZPE), and ZPE + BSSE corrected (Ea,ZPE+BSSE) 
adsorption energies, enthalpies of adsorption (ΔHa), and Gibbs free 
energy changes (ΔGa) for the adsorption of A2 asphaltene molecule 
on the surface of graphene nanosheet in both gas and solvent phases 
at the B3LYP-D3BJ/6-31G(d) level of theory. All the values are in 
kcal/mol

Medium Ea Ea,ZPE Ea,ZPE+BSSE ΔHa ΔGa

Gas phase −50.81 −49.13 −36.96 −48.81 −33.41
Solvent 

phase 
(toluene)

−49.04 −46.71 −34.63 −46.70 −29.47

Fig. 8   Comparison of simulated a IR and b Raman spectra of the GNS-A2 composite, as obtained from the DFT computation at the B3LYP-
D3BJ/6-31G(d) level of theory
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For each material, the Raman scattering cross-section ( ��
�Ω
) , 

which is proportional to the Raman intensity, was estimated 
as follows:

where �j denotes the wavenumber of the jth normal mode, 
�0 corresponds to the wavenumber of the Raman excita-
tion line, Sj refers to the scattering activities, and h, c, k  
are the universal constants. The calculated Raman intensi-
ties of asphaltene (A2), GNS, and GNS-A2 composite are 
compared in Fig. 8b. As revealed by the previous experi-
mental measurement [75], the Raman spectrum of graphene 
could be differentiated by a D band at 1338 cm−1, a G band 
at 1578 cm−1, a D′ band at 1615 cm−1, and a 2D band at 
2668  cm−1. In the simulated Raman spectrum of GNS, 
the peaks appeared at 1370, 1618, and 1637 cm−1 resem-
ble the experimental D, G, and D′ bands of the graphene, 
respectively. The calculated 2D band of the graphene is red-
shifted compared to the experimental Raman spectrum and 
is located at around 3208 cm−1. There is no intense Raman 
band, as manifested by the computed Raman scattering 
activities for the asphaltene molecule. The characteristic 
Raman bands of the graphene are retained after the adsorp-
tion of asphaltene on the graphene surface. However, the 
intensity ratio of the D and G band (ID/IG) of the graphene is 
reduced from 0.34 to 0.29 due to the π–π stacking interaction 
between asphaltene and graphene.

Conclusion

The bulk properties of the model systems of asphaltenes and 
their nanocomposites reinforced by graphene nanosheets and 
SBS block copolymer are critically analyzed by performing 
all-atom classical force field–based MD simulations. The 
proposed model structures of the asphaltenes comprising 
heteroatom-substituted aromatic core in conjunction with 
modified OPLS force field parameters are found to be 
quite acceptable to reproduce the experimental density and 
solubility parameters with great accuracy. The addition of 
graphene nanosheets enhances the cohesive strength of the 
asphaltenes, and the predicted cohesive energy for the gra-
phene-asphaltene nanocomposites varies between 41.21 and 
46.52 kcal/mol. The analysis of Hansen solubility param-
eters indicates that the interaction of graphene nanostruc-
tures with the asphaltene molecules is predominantly guided 
by the vdW forces. The cohesive strength of the graphene-
asphaltene nanocomposites is significantly impacted by the 
size of the aromatic core and the nature of the heteroatom 

��j

�Ω
= (

24�4

45
)(

(�0 − �j)
4

1 − exp(
−hc�j

kT
)
)(

h

8�2c�j

)Sj

attached to the aromatic core. The inclusion of SBS block 
copolymer not only improves the cohesive strength but 
also recovers the flexibility of the graphene-asphaltene 
composites. The addition of such polymer is found to be 
advantageous for enhancing the compatibility of the mixture 
of nanomaterials and asphaltenes, as substantiated by the 
proximity between the predicted solubility parameters cor-
responding to the pristine asphaltenes and the SBS-modified 
graphene-asphaltene nanocomposites.

The extent of interfacial adhesive strength is probed by ana-
lyzing the energetics of the graphene-asphaltene interfaces. 
The cohesive strength is significantly enhanced by the hierar-
chical arrangement of the graphene nanosheets and the asphal-
tene molecules. The cohesive energy of the layered assemblies 
is augmented by 66.5–68.7% compared to the randomly ori-
ented graphene-asphaltene composites. The energy of cohe-
sion is further strengthened by the inclusion of SBS polymer 
chains into the graphene-asphaltene matrices. As evidenced by 
the calculated solubility parameters, the addition of SBS poly-
mer helps to reduce the differences in solubility parameters 
between the pristine asphaltene and the graphene-reinforced 
asphaltene systems, which in turn improves the compatibility 
between components of the interfaces.

The quantum chemical calculations are conducted to 
reevaluate the energetics of non-covalent interactions between 
the asphaltene and the graphene nanosheet, within the framework 
of DFT employing hybrid exchange–correlation functional 
and integrated schemes including dispersion correction, 
thermal energy correction, and counterpoise correction. The 
computed adsorption energies in the gas phase and solvent 
medium (toluene) support the stronger interactions between the 
graphene and the asphaltene molecule bearing N-containing 
larger aromatic core. The DFT-derived thermochemical 
properties reveal that the adsorption of asphaltene onto the 
graphene surface is an exothermic and exergonic process. The 
non-covalent interaction is further substantiated by the retention 
of characteristic IR and Raman peaks of the graphene and the 
asphaltene molecule in the simulated spectra of the graphene-
asphaltene composite. In summary, the information learned from 
the ab initio calculations combining classical MD simulations 
and DFT computations provides crucial structural insight into the 
binding mechanism of asphaltene, graphene, and thermoplastic 
polymer, which could pave the way for controlling the asphaltene 
adsorption capacity using graphene-based adsorbents during 
heavy-oil refining process and improving the cohesive strength 
and compatibility of the asphalt binders.
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