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Molecular aggregation significantly impacts the stability, rheology, and durability of asphalt binders. While
previous research has mainly focused on asphaltenes, the quantum-scale mechanisms of aggregation for all
asphalt components remain unclear. This study uses quantum chemical calculations on 50 asphalt molecules to
analyze surface electrostatic potential, n-electron properties, LOLIPOP index, and weak interaction energies to
identify favorable aggregation configurations. The findings reveal that n-1 interactions drive asphaltene aggre-
gation, resins act as modifiers, aromatics enhance solubility and dispersibility, and saturated hydrocarbons create
steric hindrance. Additionally, the length of polycyclic aromatic hydrocarbons and alkyl chains play a critical
role in determining intermolecular distance and polarity. SARA fractionation and"1H NMR analysis of four
binders show that TH asphalt, rich in n-electron-dense components with long side chains, stabilizes the micro-
structure, resulting in optimal rheological properties. AFM imaging reveals a honeycomb structure primarily
formed by asphaltene-driven aggregation. In summary, this computational-experimental framework elucidates
the molecular origins of asphalt aggregation and the distinct roles of SARA components, establishes a clear

composition-performance relationship, and provides mechanistic guidance for designing durable asphalt.

1. Introduction

Asphalt is a highly complex, multicomponent material composed of
saturates, aromatics, resins, and asphaltenes. The interplay among these
molecular constituents governs asphalt’s structural stability, rheological
behavior, and long-term performance in civil and industrial applica-
tions. Among them, asphaltenes are known to be the primary aggre-
gating species, contributing to phenomena such as flocculation, aging,
and phase separation.

Asphaltenes fragments have a structure of 7-9 condensed aromatic
rings with heteroatoms, which makes them highly polarizable and have
a strong tendency to self-aggregate [1]. Malinowski et al. have also
pointed out that asphaltenes in asphalt have the highest chemical
reactivity and electron-donating and accepting capabilities [2]. Micro-
scopically, asphaltenes aggregation is considered to be caused by pi-pi
interactions, polar induction, and electrostatic attraction between mo-
lecular sheets [3]. Wang et al. used non-covalent interaction (NCI)
analysis to reveal the structure-aggregation relationship of asphaltenes
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dimers and believed that n-r stacking interactions are the main driving
force for asphaltenes aggregation [4]. Murgich et al. investigated the
aggregation behavior of asphaltenes and resins through molecular dy-
namics [5]. The above studies mainly focus on the aggregation of
asphaltenes. Even though asphaltenes exhibit the strongest aggregation
properties in asphalt, other molecules also have a significant impact on
the aggregation process [6]. However, recent studies suggest that non-
asphaltene components-particularly resins and aromatics—may also
influence molecular aggregation through solvation, interfacial modula-
tion, or steric effects. Despite their potential impact, the specific roles of
these secondary species in aggregation remain poorly understood at the
molecular level.

Understanding the nature of intermolecular interactions in asphalt is
particularly important in the context of its colloidal behavior [7].
Asphalt is widely regarded as a colloidal system in which asphaltenes
serve as the dispersed phase, stabilized by resins within an aromatic-rich
medium [8-10]. The modified yen model refines this picture by pro-
posing a hierarchical aggregation process, where asphaltene molecules
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self-associate into nanoaggregates (~7 molecules), which can further
form clusters and flocs depending on concentration, temperature, and
solvent environment [1,11]. These multi-scale aggregates govern as-
phalt’s sol-gel transition and have a direct impact on its macroscopic
rheology. Changes in SARA composition, such as excess saturates or
depletion of aromatics, can disrupt this structural equilibrium.

Advancements in quantum chemical simulations have enabled more
precise exploration of non-covalent interactions among asphalt mole-
cules [12]. Compared with empirical or classical force field methods,
quantum-level approaches allow for accurate evaluation of electron
distribution, n—x stacking, electrostatic potentials, and energy surfaces
associated with molecular interactions.

Previous studies have applied quantum chemical methods to probe
the molecular structure and aging behavior of asphalt [13]. Ruiz-
Morales et al investigated various aromatic ring assemblies via
HOMO-LUMO gap analysis and showed that alkyl chains and hetero-
atoms have negligible effects on the gap, with asphaltenes typically
containing 5-10 fused aromatic rings arranged in peri-condensed
structures [14]. Pan et al. identified ketones and sulfoxides as the main
oxidation products during asphalt aging [15], while Mousavi et al. found
that o-tocopherol in bio-asphalt undergoes preferential oxidation,
thereby delaying asphaltene degradation [16]. Hu et al. calculated free
energy changes in asphaltene oxidation and noted that aromatization
has the lowest energy barrier among competing pathways [17]. Liu et al.
studied 12 model molecules to identify reactive sites and proposed an
aging model and anti-aging strategies [18], furthermore, she also inte-
grated WAXS/SAXS, quantum chemistry, and molecular dynamics to
elucidate the hierarchical molecular-micellar-colloidal structure of
asphalt, confirming that n-n stacking, electrostatic interactions, and
steric effects collectively govern multiscale aggregation and rheological
behavior [19]. Tang et al. analyzed interaction energies between
asphaltenes and resins during aging and regeneration [20]. Li et al
demonstrated that chemical modification using diisocyanate additives
involves covalent bonding with active sites on asphaltenes and resins
[21]. Malinowski et al. emphasized the high reactivity and oxidative
susceptibility of asphaltenes under atmospheric exposure [22].
Although still underutilized in asphalt research, quantum chemical ap-
proaches provide a rigorous framework for elucidating intermolecular
interactions, thermodynamic behavior, and reactivity in complex
multicomponent systems, thus offering essential molecular-level in-
sights to support experimental observations and guide material design.

Based on the above research and drawing on our team’s long-term
research in asphalt molecular modeling [19,23,24], this study
employed quantum chemical methods to analyze 50 representative
asphalt molecules. Surface electrostatic potential distributions and
extremum points were calculated to assess polarity and interaction
tendencies. Delocalized n electrons structures and LOLIPOP indices were
examined to reveal the aggregation behavior of typical molecules and
the influence of various asphalt component molecules on aggregation.
Simultaneously, weak interaction analysis was performed to determine
the optimal intermolecular distance for forming stable aggregates. The
intrinsic characteristics of asphalt molecule self-association and the
relationship between molecular structure and aggregation behavior
were revealed. Through experiments, a clear composition-performance
relationship was explained and established. These studies provide
mechanistic guidance for the design of durable asphalt.

2. Methodology
2.1. Computational methods

The fifty representative asphalt molecules analyzed in this study
were developed by our research group through an integrated
experimental-theoretical framework combining SARA fractionation,
NMR spectroscopy, elemental analysis, and quantum chemical optimi-
zation. The molecular library was designed to capture the compositional
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and structural diversity of the four SARA fractions. Specifically,
asphaltenes (500-1000 amu) consist of 5-10 fused aromatic rings with
peri-condensed polyaromatic structures; resins are polar aromatics
containing heteroatoms (O, N, S) and exhibit moderate dipole moments;
aromatics are low-polarity mono- or polyaromatic hydrocarbons with
short alkyl chains; and saturates are long-chain alkanes and cyclo-
alkanes representing the non-polar medium. The representativeness of
this molecular ensemble was validated by comparing dipole-moment/
molecular-mass distributions and HOMO-LUMO gap statistics with
experimental data, ensuring its reliability for quantum-scale analysis
[24,25].

All quantum chemical calculations in this study were conducted
using the GAUSSIAN 16 software package [26]. Based on asphalt mo-
lecular models previously developed by our research group [25]-
designed to capture the polarity differences among the four SARA
fractions-the computational workflow followed the procedure illus-
trated in Fig. 1. First, geometry optimization was performed using the
B3LYP27/def2-SVP level of theory. Single-point energy calculations
were then carried out at the B3LYP27/def2-TZVP level to eliminate
imaginary frequencies [27]. Dipole moment-related properties and
surface electrostatic potential distributions were calculated at the
B3LYP/6-31 + G(d,p) level for 50 asphalt molecules. Based on these
results, delocalized n-electron densities and LOLIPOP indices were
analyzed to assess aggregation tendencies. Finally, weak intermolecular
interaction analyses were performed to determine optimal configura-
tions for stable aggregate formation. All wavefunction analyses were
carried out using the Multiwfn 3.8 program [28,29], while visualization
and post-processing were completed with VMD 1.9.4.[30].

To identify electrostatic potential (ESP) extrema on the molecular
surface, Multiwfn employs a grid-based method combined with the
marching tetrahedra (MT) algorithm [29]. First, a three-dimensional
electron density grid is generated by expanding the molecular struc-
ture by a certain radius in all directions. Based on this grid, an isosurface
corresponding to an electron density of 0.001 a.u. is constructed, where
the surface is discretized into a mesh of triangular elements. Surface
vertices are refined through interpolation to improve accuracy. Redun-
dant vertices, typically arising from uneven grid density, are eliminated
using a distance-based threshold to reduce computational load. ESP
values are then evaluated at each retained vertex, and local extrema are
determined by comparing each vertex with its neighboring points.

The majority of asphalt components contain polycyclic aromatic
hydrocarbon structures, whose aggregation is influenced by n-r stacking
interactions. Since n-n interactions are widely recognized as a primary
driving force for molecular aggregation in asphalt, the LOLIPOP index,
which reflects n-electron delocalization, is employed here to evaluate
the asphalt system. The LOLIPOP index is defined as the definite integral
of the localized orbital locator for n electrons (LOL-n) at a plane 0.5 A
above the molecular plane, considering only regions where LOL-t >
0.55. The integration is performed within a cylindrical region perpen-
dicular to the molecular plane, with a radius of 1.94 A, an average
derived from the typical carbon-hydrogen distance in benzene, used to
assess the m-stacking capacity of aromatic systems Numerous studies
have shown that aromatic rings with lower LOLIPOP values exhibit
reduced n-electron delocalization and tend to have stronger n—r stacking
interactions [31].

Weak interactions refer to non-covalent forces excluding ionic bonds,
such as hydrogen bonding and van der Waals forces, which play a crucial
role in determining molecular cluster conformations, physical adsorp-
tion behavior, and supramolecular assembly. Research on weak in-
teractions generally focuses on three aspects: interaction energy,
structural responses under weak interactions, and the fundamental na-
ture of such interactions. The weak interaction energy scanning was
performed based on prior analyses of surface electrostatic potentials and
frontier molecular orbitals, and revealed distinct energy extrema for the
examined molecular pairs, indicating that, in this system, the corre-
sponding molecular configurations adopt the most stable structures at
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Fig. 1. Quantum Chemistry Theoretical Methods and Basis Set Selection.

these distances, which also represent the optimal separation required for
the formation of stable intermolecular aggregates. In this study, weak
interaction analysis was conducted by scanning the interaction energy
across varying intermolecular distances. The weak interaction energy
minima were used to identify optimal binding configurations between
different asphalt molecular components, thereby revealing how inter-
molecular distances influence potential aggregation behavior within the
asphalt matrix. Representative molecules of asphaltenes, resins, and
aromatics were first screened based on their surface electrostatic po-
tentials to identify likely candidates for weak interaction. Initial dimer
configurations were constructed and adjusted using GaussView, with
scanning positions, step size, and total steps defined using the Dimer-
Scan software [32]. Multi-step scanning input files were generated via
Molclus 1.9.9.9 [33], and quantum chemical calculations were then
carried out in Gaussian to obtain interaction energies at each scan point,
The potential energy surface (PES) scanning method used for weak
interaction analysis is illustrated in Fig. 2.

2.2. Experiment methods

Four asphalt binders, denoted as LH, TH, MM, and QL, were selected
to represent distinct compositional and colloidal characteristics. The
selection was based on SARA fractionation and"1H NMR analyses from
previous experimental data. TH asphalt contains the highest proportions
of asphaltenes and saturates, resulting in a high colloidal instability

index (CII) and classification as a sol-gel type asphalt. LH asphalt, with
lower asphaltene and higher aromatic contents, represents a sol-type
asphalt with good colloidal dispersion stability. MM asphalt shows in-
termediate composition and rheological properties between sol and
sol-gel types, while QL asphalt serves as a conventional base binder with
balanced SARA composition and moderate CII value. These four binders
were chosen to ensure representative coverage of different composi-
tional and colloidal states of asphalt.

Additionally, we included a Dynamic Shear Rheometer (DSR) fre-
quency sweep test, with a frequency range from 0.01 to 10 rad/s and a
temperature range from 4°C to 70°C, with intervals of 6°C and a con-
ditioning time of 900 s. Using the William-Landel-Ferry (WLF) equation
from the time-temperature superposition principle, we shifted the fre-
quency sweep results (with 25 °C as the reference temperature),
obtaining the master curves for storage modulus and loss modulus of the
four typical asphalt samples®*.

Atomic Force Microscopy (AFM) was used to scan the microscopic
morphology of LH, TH, MM, and QL asphalts. The AFM analysis was
conducted to visualize the surface microstructures of different asphalts
and to examine the correspondence between molecular aggregation
characteristics and the formation of bee-like domains related to
asphaltene content and SARA composition. For AFM sample prepara-
tion, the asphalt was heated to soften, and a drop of it was placed on a
glass slide. After allowing the sample to rest at room temperature for 24
h, AFM measurements were conducted under ambient laboratory
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Fig. 2. Schematic diagram of potential energy scanning of As3-R7 molecule.
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conditions (approximately 25 °C, 50 % relative humidity). During the
AFM testing, the probe was made of silicon material, with a scanning
frequency of 0.5 Hz, a tip radius of curvature of 8 nm, a scanning angle
of 90 degrees, and a scanning area of 20 x 20 pm?2.

3. Results
3.1. Surface electrostatic potential analysis of asphalt molecules

Negative charge accumulation in asphaltene molecules is primarily
concentrated over the parallel planes of polycyclic aromatic regions,
resulting in high charge density, as shown in Fig. 3. This suggests that
electrostatic interactions between these aromatic cores are repulsive in
nature. However, n—n stacking between aggregates is largely governed
by dispersion forces; when dispersion dominates over electrostatics,
asphalt molecules can still form extended and well-aligned n-n assem-
blies. The electrostatic potential maps clearly indicate that repulsive
forces in polycyclic aromatic regions may hinder ideal face-to-face
stacking, implying that parallel-displaced stacking is the more favor-
able n—r aggregation mode for asphaltenes.

To maintain charge neutrality within the molecular system, regions
outside the aromatic cores are typically enriched with positive electro-
static potential. However, these positively charged regions are more
spatially diffuse. In particular, areas surrounding alkyl side chains
exhibit relatively low positive potential density, indicating that these
chains are less likely to participate in intermolecular interactions.
Instead, they primarily contribute to steric hindrance, preventing
excessive aggregation and thereby enhancing the structural stability of
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the asphalt molecular system.

Heteroatomic functional groups introduce local perturbations in the
electrostatic potential field, suggesting they are key contributors to the
strong polarity of asphaltene molecules. For example, in molecule Asl,
the hydroxyl group gives rise to a local electrostatic potential maximum
and minimum of + 51.28 kcal/mol and -25.78 kcal/mol, respective-
ly—features that may render this site chemically reactive. A similar
pattern is observed in the pyrrole group of molecule As3, with extrema
of + 19.27 kcal/mol and -39.19 kcal/mol. In contrast, thiophene groups
appear to exert a weaker influence on surface potential. For instance, the
thiophene group in As2 exhibits a potential maximum and minimum of
+ 15.76 kcal/mol and -16.24 kcal/mol, respectively, while those in As6
are + 17.67 kcal/mol and -16.12 kcal/mol. These results suggest that
thiophene rings possess relatively low reactivity and primarily act as
electronic extensions of the polycyclic aromatic regions.

Electrostatic potential analysis of resin molecules reveals several key
characteristics:

(1) Resins typically possess smaller aromatic domains and shorter
alkyl side chains. Their negative electrostatic potential is still primarily
localized around the n-electron-rich zones formed by mono- or poly-
cyclic aromatic rings, while the regions surrounding the alkyl chains are
generally neutral or exhibit mildly positive potential. This distribution
pattern enables resin molecules to readily engage in n—r interactions
with other zn-rich components in asphalt, facilitating the formation of
localized aggregate structures.

(2) The overall electrostatic potential distribution of resins tends to
be narrower in range, and is more significantly influenced by heter-
oatomic functional groups. Due to their compact molecular volume and
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Fig. 3. Distribution of electrostatic potential surface of asphalt molecules. (a) asphaltene molecules,(b) resin molecules,(c) aromatic molecules, and (d)satu-

rate molecules.
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short side chains, other structural features in resin molecules are
insufficient to effectively shield or delocalize the accumulation of
negative potential. As a result, these molecules often display pro-
nounced electrostatic gradients on their surface, with simultaneously
concentrated regions of both negative and positive potential. This bi-
polar electrostatic character allows resins to function as interfacial
modulators within the asphalt microstructure, acting as crucial molec-
ular bridges between asphaltenes and aromatics.

(3) Taking resin molecule R9 as a representative example, each side
of its central benzene ring is substituted with a hydroxyl functional
group, leading to highly localized negative potentials around the hy-
droxyl groups (with a minimum of -37.98 kcal/mol). In contrast, the
cycloalkane region linked to the side chain displays relatively strong
positive potential (with a maximum of + 34.86 kcal/mol). Similarly,
molecule R15—although lacking side chains—exhibits a strong negative
potential minimum near the hydroxyl group (-37.74 kcal/mol), and a
symmetrical distribution of highly positive potential at the molecular
periphery (maximum of + 52.09 kcal/mol).

Such distinct electrostatic polarization enables resin molecules to
participate in aggregation via parallel-displaced or T-shaped n—r stack-
ing configurations, and simultaneously enhances their adsorption af-
finity toward mineral surfaces. Therefore, the electrostatic potential
features of resins play dual roles: influencing the aggregation behavior
within the asphalt matrix and regulating interfacial interactions at the
asphalt-aggregate boundary.

Aromatics are the smallest and lowest-molecular-weight constituents
in asphalt. After polarity-based molecular screening, most aromatic
molecules-excluding N6 and N7-exhibit relatively narrow ranges of
electrostatic potential, with extrema generally falling between -19.24
kcal/mol and + 18.14 kcal/mol. The aromatic ring remains the primary
zone of negative electrostatic potential, yet the overall molecular
structure retains its weakly polar nature. Although some aromatic
molecules contain heteroatomic functional groups, these groups are
typically symmetrically arranged, resulting in low net molecular po-
larity. These features enable aromatic molecules to maintain good sol-
ubility with both asphaltenes and resins, despite their inherently weak
polarity.

Saturates, on the other hand, possess larger spatial volumes due to
their long alkyl chains or polycyclic alicyclic structures. Their surface
electrostatic potentials are nearly neutral, with no significant localized
positive or negative charge regions. The overall ESP distribution spans a
very narrow range, from -2.49 kcal/mol to + 8.05 kcal/mol, which is
markedly lower than that observed for other asphalt fractions. More-
over, saturates lack polar functional groups and are thus intrinsically
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nonpolar. This absence of polarity implies weak electrostatic interaction
potential and low chemical reactivity with other asphalt molecules. The
role of saturates in asphalt is predominantly physical: their long, flexible
chains interpenetrate or entangle with the alkyl branches of asphaltene
and resin molecules, thereby introducing steric hindrance that pre-
vents the formation of excessively large aggregates and contributes to
the overall stability of the molecular system.

3.2. Aggregation behavior of asphalt molecules based on delocalized «
electrons

The delocalized n-electron orbitals and LOLIPOP index distributions
for representative asphaltene molecules are shown in Figs. 4(a) and (b).
The results indicate that regions with high LOL-n values form a contin-
uous ring-like structure, clearly outlining the primary pathways of
n-electron delocalization. Given the polycyclic aromatic nature of
asphaltenes, the delocalized n-electrons form multiple cyclic domains
across the molecular framework. Comparative analysis of the LOLIPOP
indices reveals that molecules As3 and As6 exhibit lower LOLIPOP
values than Asl and As2, indicating a lower degree of n-electron local-
ization. This suggests that As3 and As6 are more prone to strong 7—7
interactions and have a higher tendency to form larger asphaltene
aggregates.

The delocalized n-electron orbitals and LOLIPOP index distributions
for typical resin molecules are illustrated in Figs. 4(c) and (d). The re-
sults show that, due to the relatively small number of aromatic rings in
resin molecules, the regions of m-electron delocalization are mostly
confined to the aromatic planes. Only a limited amount of delocalized
n-electron density is observed near heteroatomic functional groups.
Comparison of LOLIPOP indices reveals that, with the exception of
molecule R9, most resin molecules exhibit higher LOLIPOP values than
asphaltenes. This indicates that resins generally have weaker n—x
stacking abilities compared to asphaltene molecules. However, R9
stands out due to its dense arrangement of aromatic rings and relatively
low LOLIPOP index, suggesting that it may have the potential to form
resin-based aggregates under favorable conditions.

The delocalized n-electron orbitals and LOLIPOP index distributions
for representative aromatic molecules are shown in Figs. 4(e) and (f).
The results indicate that aromatic molecules typically form only 1 to 3
delocalized n-electron rings, primarily localized around the benzene ring
regions. While small amounts of delocalized n-electrons are also found
near heteroatomic functional groups, the degree of delocalization is
relatively low and does not lead to extended ring structures in those
areas. According to the LOLIPOP index analysis, aromatic molecules
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Fig. 4. Schematic diagram of delocalized = orbitals and LOLIPOP index distribution diagram. (a) typical asphaltene molecules, (b) LOLIPOP index distribution
diagram of typical asphaltene molecules, (c) typical resin molecules, (d) LOLIPOP index distribution diagram of typical resins molecules, (e) typical aromatic
molecules, and (f) LOLIPOP index distribution diagram of typical aromatics molecules.
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generally exhibit higher LOLIPOP values than those of asphaltenes and
resins. This reflects a greater degree of n-electron localization within
individual molecules, which corresponds to a weaker ability to form
intermolecular n-= stacked aggregates. Consequently, aromatics are less
prone to aggregation through n-interactions compared to asphaltene and
resin fractions.

3.3. Analysis of contact characteristics between asphalt molecules

To investigate the optimal intermolecular configurations for aggre-
gation, potential energy surface (PES) scans were conducted between
representative asphaltene, resin, and aromatic molecules, as shown in
Fig. 5. The results revealed clear energy minima for each molecular pair,
indicating the presence of a most stable intermolecular distance where
aggregate formation is thermodynamically favorable. The optimal
interaction distances were found to be 4.5 A for asphaltene-asphaltene,
3.7 A for asphaltene-resin, 4.2 A for asphaltene-aromatic, 3.6 A for
resin-resin, and 3.4 A for both resin-aromatic and aromatic-aromatic
interactions. These findings show that asphaltenes tend to aggregate at
relatively larger distances, whereas aromatic molecules aggregate more
closely. Resins and mixed pairs fall in between, suggesting a gradient of
aggregation strength and molecular packing across asphalt’s SARA
components. This trend aligns well with the molecular size, polarity, and
n—r stacking potential of each component and provides insight into how
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different fractions contribute to the microstructural stability of asphalt.

According to classical colloidal theory and the modified Yen model,
intermolecular interactions between asphaltene molecules are the pri-
mary driving force behind the formation of stable aggregates in asphalt
systems. The fundamental chemical structure of asphaltenes can be
simplified into four key parameters based on experimental correlations:
(I) the number of fused aromatic rings, (II) the presence of polar het-
eroatomic functional groups, (III) the number of saturated alkyl side
chains, and (IV) the average length of these chains. These structural
features correspond, respectively, to the carbon-to-hydrogen (C/H)
ratio, heteroatom content, and the Hy and Hp hydrogen distributions
identified via®lH NMR spectroscopy, as illustrated in Fig. 5(k). In the
following analysis, the influence of these parameters on intermolecular
interactions is systematically examined, alongside variations in molec-
ular dipole moment induced by structural changes.

The effects of structural parameter variations on intermolecular
distance, dipole moment, and surface electrostatic potential in asphalt
molecules are summarized in Fig. 5(g,h,l,j). The results indicate the
following trends:

(1) Changes in the four primary structural components of asphaltene
molecules lead to corresponding variations in intermolecular behavior.

(2) When the molecular backbone transitions from perhydrobenzene
to a typical polycyclic aromatic hydrocarbon (PAH) structure, the
intermolecular distance increases from 3.5 A to 3.8 A. Concurrently, the
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Fig. 5. Interaction Energies and Structural Characteristics of Asphalt molecules and Asphaltenes. (a,b,c,d,e,f/Weak interaction energy variation curves of typical
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dipole moment rises from 0.739 Debye to 1.088 Debye, and electrostatic
potential extrema become localized in asymmetrical protruding regions
of the molecule.

(3) The introduction of heteroatomic functional groups does not
significantly alter the intermolecular distance (increasing only slightly
from 3.8 A to 3.9 A), but it causes a substantial increase in the dipole
moment—from 1.088 Debye to 2.928 Debye. In this case, the region of
concentrated electrostatic potential shifts toward the vicinity of the
heteroatomic group, with a noticeable increase in charge density.

(4) When multiple saturated alkyl side chains are added to the PAH
backbone, the intermolecular distance increases markedly from 3.9 A to
4.5 A. This suggests that these side chains introduce spatial hindrance,
significantly affecting the aggregation compactness. As the number of
side chains increases, the dipole moment decreases from 2.928 Debye to
1.870 Debye, and the location of electrostatic potential extrema shifts
accordingly.

Overall, the findings suggest that the number of fused aromatic rings
and the presence of alkyl side chains are the dominant factors influ-
encing intermolecular distance in asphaltene aggregation.

3.4. Relationship between asphalt microstructure and rheological
properties

In this study, the SARA fractionation results and"1H NMR spectra of
the four representative asphalts (LH, TH, MM, and QL) were adopted
from our previous work [25]. These data serve as the experimental basis
for molecular model construction and parameterization in the present
quantum chemical analysis. The SARA composition provided the rela-
tive proportions of saturates, aromatics, resins, and asphaltenes, while
'H NMR offered detailed insights into aromaticity, alkyl side-chain
distribution, and the presence of heteroatomic functional groups. The
key parameters derived from these datasets (C/H ratio, heteroatom
content, and H,/Hp hydrogen distribution) were directly applied to
define the four primary structural variables in the asphaltene molecular
models: (I) the number of fused aromatic rings, (II) the type and abun-
dance of polar heteroatomic functional groups, (III) the number of
saturated alkyl side chains, and (IV) the average side-chain length. The
summarized experimental data are presented in Table 1 and were used
as inputs for subsequent computational analyses.

The SARA analysis revealed that TH asphalt contains exceptionally
high proportions of asphaltenes and saturates, resulting in a colloidal
instability index (CII) far exceeding that of conventional base asphalts.
According to the classification of asphalt sol-gel types based on CII
values [34], TH asphalt is categorized as a sol-gel type, whereas the
other three asphalts fall into the sol-type category. Furthermore, ‘H
NMR results showed that TH asphalt exhibits an unusually low H, value
and a markedly high Hy value, indicating that its polycyclic aromatic
structures contain relatively few side chains or normal alkanes; how-
ever, each side chain present is composed of a relatively long, linear
alkyl chain.

The DSR frequency sweep results for the four asphalt binders were
used to construct master curves based on the time-temperature super-
position principle, as shown in Fig. 6(a). Compared with the other three
binders, TH asphalt exhibited markedly different rheological charac-
teristics: at low temperatures and high frequencies, both G' and G” values
were lower, whereas at high temperatures and low frequencies, both G’
and G” values were significantly higher. This behavior indicates that TH
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asphalt is softer under low-temperature conditions and stiffer at high
temperatures, demonstrating pronounced temperature sensitivity.

Furthermore, rutting and fatigue factors were calculated from the
rheological master curves. Using QL asphalt as the reference, the
microstructural composition and macroscopic rheological parameters of
the four binders were normalized, as illustrated in Fig. 6(b,c,d). TH
asphalt showed an exceptionally high proportion of asphaltenes and
saturates, with a colloidal instability index (CII) far exceeding that of
conventional paving-grade asphalt.

Based on the microstructural composition parameters of asphalt, the
molecular distribution of different SARA fractions in TH asphalt was
determined and compared with that of QL asphalt, as shown in Fig. 6(e).
Distinct differences were observed between the two asphalts. In TH
asphalt, asphaltenes were dominated by a higher proportion of As(6)
molecules; resins contained greater amounts of R(15) and R(22) mole-
cules; aromatics were enriched in N(2) and N(7) molecules; and satu-
rates exhibited higher proportions of S(5) and S(6) molecules. The
asphaltene, resin, and aromatic fractions in TH asphalt all contained a
high density of r-electron-rich regions, which favor stronger n—x in-
teractions. At the same time, the presence of longer alkyl side chains
hinders the formation of overly compact clusters, thereby contributing
to the stability of aggregate structures. In addition, the saturate fraction
contains abundant molecules with 1-2 cycloalkane cores and long-chain
n-alkanes, which increase the tendency to crystallize and form wax
precipitates.

The three-dimensional AFM microtopography of the four typical
asphalts is shown in Fig. 6(f,g,h,i). The results reveal that both TH and
MM asphalts display distinct bee-like structures; however, the bee-like
domains in TH asphalt are noticeably larger in size yet fewer in num-
ber compared to those in MM asphalt. In contrast, no such structures
were observed in LH or QL asphalt. The origin of bee-like structures has
become a research hotspot in recent years, with their formation closely
linked to the chemical composition of asphalt. Mainstream in-
terpretations fall into two categories. One school of thought attributes
bee-like domains to the stacking of asphaltene fractions, as composi-
tional analyses of these regions have detected aromatic-containing
organic compounds—a view supported by researchers such as Masson
[35], Hofko [36] and Xing [37] et alo Another group of scholars believe
that the bee-like structure is related to the wax content in the asphalt.
When the wax concentration in the asphalt is extremely low, AFM ob-
serves a relatively smooth surface of the asphalt, and no honeycomb
structure will be observed [38,39].

In the present study, wax content measurements were not conducted;
therefore, the possibility of wax crystallization cannot be entirely
excluded. However, examination of the microstructural composition
data reveals that asphalts displaying bee-like structures possess rela-
tively high asphaltene contents and elevated CII values, suggesting that
asphaltene concentration is a key factor in their formation. Moreover,
our earlier rheological analysis demonstrated that TH asphalt exhibits
excellent performance and favorable temperature susceptibility,
whereas increased wax content is generally associated with deteriorated
rheological behavior and heightened temperature sensitivity. On this
basis, it is unlikely that TH asphalt contains a substantial wax fraction.
We therefore infer that asphaltene aggregation, rather than wax crys-
tallization, is the primary contributor to the formation of bee-like
structures in this case.

In contrast, the absence of bee-like structures in LH and QL asphalts

Table 1
The chemical composition of 4 typical asphalt.
As Re Ar Sa CIL Ha Hp Hy C/H
TH 19.8 17.3 33.8 29.1 0.96 3.4 95.1 1.4 8.19
QL 10.4 35.6 42.3 11.8 0.28 13.3 70.5 16.2 8.17
MM 13.2 27.6 44.4 14.7 0.39 20.5 72.7 6.8 8.27
LH 6.5 64.1 12.5 16.9 0.31 9.1 89.6 1.2 8.01
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can be attributed to their relatively low asphaltene content, smaller
aromatic fractions, and lower colloidal instability indices (CII). Such
compositions indicate a weaker tendency for n-n stacking and molecular
clustering, resulting in a more homogeneous microstructure with
limited phase separation. These microstructural characteristics are
consistent with their smoother AFM surfaces and correspond to their
lower modulus and weaker temperature sensitivity observed in rheo-
logical measurements. Thus, the lack of bee-like morphology reflects a
less aggregated, more stable colloidal system dominated by aromatic
solvation rather than asphaltene-driven network formation.

4. Conclusion

This study proposes and validates a coupled quantum-chemistry-
experimental framework to decode asphalt aggregation, establishing a
direct composition-aggregation-property link. By integrating ESP map-
ping, delocalized m-electron descriptors (including LOLIPOP), weak-
interaction energy surface scans, and experiments (SARA,"1H NMR,
DSR, AFM).

Asphaltenes show strongly negative ESP on polycyclic aromatic
planes, promoting aggregation dominated by n-n interactions and offset
stacking. Resins, enriched with heteroatom functionalities, exhibit
pronounced polarity gradients and act as interfacial modifiers that
bridge asphaltenes and aromatics, stabilizing aggregate structures. Ar-
omatics are weakly polar and highly symmetric, enhancing asphaltene
solvation and dispersion, whereas saturates are nearly nonpolar and
mainly suppress over-aggregation via steric hindrance.

n-electron topology governs aggregation propensity: highly
condensed asphaltenes form extended delocalized = systems with lower
LOLIPOP values, indicating stronger n-n association; resins with dense

aromatic cores (e.g., R9) can also contribute to aggregation. Energy
surface scans define characteristic distance windows for stable aggre-
gates: 4.5 A (asphaltene-asphaltene), 3.7 A (asphaltene-resin), and
3.4-4.2 A (other pairings), reflecting competition between n-n disper-
sion and electrostatic/steric effects. PAH content and alkyl-chain length
most strongly influence interaction distance and dipole moments,
thereby controlling aggregate size and stability.

Using TH asphalt as a case, SARA and"1H NMR confirm enrichment
in m-electron-dense asphaltenes/resins and long-chain aromatics,
enabling structural stability while limiting excessive aggregation. DSR
indicates a favorable balance between high-temperature stiffness and
low-temperature compliance, and AFM reveals honeycomb-like features
associated with asphaltene aggregation. Experiments agree with calcu-
lations. Overall, we establish an operational microscopic criterion-
“n-electron density-steric hindrance-polarity gradient”-that, coupled
with rapid SARA and"1H NMR, provides mechanistic guidance for sta-
bility assessment, quality grading, and formulation optimization.
Because crude source, refining history, and modification/rejuvenation
can reshape molecular profiles, future work will expand the binder li-
brary to validate transferable descriptors and engineering-ready
standards.

This work focuses on representative molecular models and inter-
molecular interactions under idealized conditions, and therefore does
not explicitly account for the effects of asphalt aging, chemical modifi-
cation, or long-term environmental influences. We highlight that eval-
uation tools such as the LOLIPOP index and weak intermolecular
interaction energy analysis, as emerging microscopic descriptors for
asphalt systems, hold potential for broader application. Future studies
may extend the proposed framework to aged or modified asphalt sys-
tems in order to better capture the evolution of molecular interactions
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and aggregation behavior under more realistic service conditions.
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