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a b s t r a c t

Understanding the transport mechanisms of shale oil in kerogen nanopores is critical for optimizing 
recovery from organic-rich reservoirs. Here, molecular dynamics simulations were employed to 
investigate the spatial distribution and diffusion behavior of various hydrocarbon fractions. Results 
revealed a distinct stratified distribution within the pores; asphaltenes and resins primarily occupied 
the interface region (7.49 nm in width), while light oil dominated the central phase (5.09 nm). Quan
titatively, asphaltenes contributed 52.6% of the total contact with the kerogen matrix, significantly 
exceeding the 5.3% contribution from light oil. This intense interfacial interaction, characterized by π-π 
stacking and van der Waals forces, resulted in substantial mobility suppression, with asphaltene self- 
diffusion coefficients  being the lowest among all fractions. Specifically, asphaltene motion was 
confined to localized thermal vibrations near pore walls, whereas light oil exhibited superior pore-axis 
diffusivity. A Quantitative Structure-Activity Relationship (QSAR) model developed via a Neural Network 
Algorithm effectively predicted these diffusion disparities (R2 = 0.95), identifying molecular mass and 
electrostatic potential as governing descriptors. The wall adsorption-molecular aggregation dual 
mechanism elucidated here provides a molecular-scale rationale for the selective retention of heavy 
fractions and offers a theoretical framework for enhancing shale oil mobility through structural 
targeting.
© 2026 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This 
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc- 

nd/4.0/).

1. Introduction

The global paradigm shift toward unconventional energy re
sources has positioned shale oil as a pivotal component of the 
modern energy portfolio (Xu et al., 2022), necessitating a profound 
understanding of the complex fluid dynamics within organic-rich 
source rocks (Yang et al., 2017). Shale oil is predominantly 
sequestered within the nanoporous architecture of kerogen, a 
highly heterogeneous and disordered macromolecular organic 
matrix whose physicochemical properties differ fundamentally 
from those of conventional inorganic minerals (Bousige et al., 
2016; Yu et al., 2020). Within these ultra-confined environments, 
the transport behavior of crude oil deviates significantly  from 
bulk-phase hydrodynamics, as the characteristic pore dimensions 
often approach the molecular diameters of the constituent 

hydrocarbons (Liu and Zhang, 2019). Kerogen can retain up to 60% 
of shale oil, yet strong adsorption limits the mobility of this oil to 
less than 10%, severely restricting its recoverability (Gong et al., 
2020; Perez and Devegowda, 2019; Sang et al., 2018; Zhang 
et al., 2025b; Zhu et al., 2020). Consequently, unraveling the 
microscopic mechanisms governing the spatial distribution and 
transport properties of multicomponent oil systems is essential for 
optimizing reservoir characterization and developing advanced 
enhanced oil recovery (EOR) strategies for unconventional play 
(Yang et al., 2025a; Zhan et al., 2024).

Crude oil trapped within kerogen is a complex mixture of 
diverse chemical species, typically classified  into saturates, aro
matics, resins, and asphaltenes (Wang et al., 2023; Yang et al., 
2025b; Zhao et al., 2024). In the nanoconfined spaces of kerogen, 
the interaction between these fractions and the pore walls is 
governed by an intricate interplay of van der Waals forces, elec
trostatic interactions, and molecular-scale confinement  effects, 
leading to pronounced competitive adsorption and selective 
transport phenomena (Fei et al., 2023). Despite the importance of 
these molecular-scale interactions, conventional reservoir 
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engineering models and continuum-based fluid mechanics often 
fail to account for the discrete nature of these components, 
resulting in significant  inaccuracies when predicting the long- 
term production decline of shale reservoirs (Feng et al., 2020).

To bridge this knowledge gap, molecular dynamics (MD) 
simulations have emerged as a robust computational framework 
for probing the atomistic behavior of fluids  under extreme 
confinement  (Chen et al., 2023; Mehana et al., 2021; Xie et al., 
2024). Fei et al. used MD simulations to elucidate the coupled 
adsorption-absorption behavior of shale oil in type II kerogen 
under varying reservoir conditions (Fei et al., 2023). Dawass et al. 
combined GCMC and molecular dynamics simulations to 
investigate how gas species distribute and migrate within a 
heterogeneous kerogen-clay composite nanopore system under 
high-pressure conditions (Dawass et al., 2023). Recent studies 
demonstrate that oil components are not only adsorbed onto 
kerogen surfaces but also absorbed into aliphatic matrix spaces, a 
process highly sensitive to temperature and aqueous conditions 
(Fei et al., 2023). Within these confined environments, n-alkanes 
undergo significant  shifts in vapor-liquid equilibrium, where 
longer-chain molecules show greater adaptability to 
confinement-induced  effects (Li et al., 2025). Interfacial mecha
nisms, governed by van der Waals and electrostatic interactions, 
lead to the preferential adsorption of polar species, which sub
sequently dictates divergent transport patterns (Zhang and Lu, 
2025). Furthermore, molecular-scale displacement studies 
reveal that competitive adsorption is critical for mobilizing these 
components. For instance, CO2 exhibits higher recovery potential 
than N2 or water by effectively disrupting adsorbed oil layers and 
asphaltene aggregates (Zhang et al., 2025b). Despite recent ad
vances in this hybrid methodology, the specific  impact of heavy 
components like resins and asphaltenes on the overall diffusion 
kinetics within kerogen pores remains inadequately understood, 

particularly regarding how their structural features contribute to 
the overall resistance to flow.

In this work, a systematic investigation into the flow behavior 
of multicomponent oil systems within kerogen nanopores was 
presented by combining multiscale MD simulations with data- 
driven machine learning (ML) modeling. We first  evaluate the 
differential distribution and kinetic characteristics of light oil, 
resins, and asphaltenes, providing a quantitative assessment of 
how heavy fractions influence the mobility of the overall oil phase 
through the formation of stagnant layers and molecular clustering. 
Subsequently, we construct a comprehensive ML framework to 
evaluate the sensitivity of diffusion coefficients to a diverse set of 
molecular features, aiming to establish a generalized predictive 
model for hydrocarbon transport in organic nanopores. The results 
of this work not only offer a molecular-level explanation for the 
fractionation effects observed during shale oil extraction but also 
provide a powerful computational tool for the rapid assessment of 
fluid transport in complex, unconventional geological systems.

2. Methods

2.1. Model of kerogen nanopore

Organic-rich shale formations are characterized by an exten
sive network of carbonaceous nanopores, which function as the 
primary conduits for both the storage and migration of hydrocar
bon fluids. Within this organic framework, kerogen stands as the 
defining constituent, manifesting in various geochemical classifi
cations depending on its origin and thermal maturity (Gao et al., 
2020; Lin et al., 2023). For the present investigation, the molecu
lar architecture of type II-C kerogen was adopted, following the 
foundational structural derivations established by previous works 
(Ungerer et al., 2015; Zhang and Lu, 2025). This specific  high- 
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Fig. 1. Model building. (a) Molecular model of type II-C kerogen, (b) initial configuration  obtained from simulated annealing of kerogen molecules, (c) equilibrated kerogen 
surface structure following annealing, (d) evolution of kerogen density throughout the annealing process, (e) model of oil droplets of different compositions within kerogen 
nanopore.
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maturity variant, represented by the chemical formula 
C242H219O13N5S2 (as shown in Fig. 1(a)), has gained widespread 
recognition in the literature as a benchmark for evaluating the 
adsorptive characteristics, phase behavior, and transport dynamics 
of shale oil under diverse reservoir conditions (Yang et al., 2020). 
To construct a representative organic nanopore environment, an 
ensemble of 16 kerogen macromolecular units was integrated into 
a primary simulation cell with spatial dimensions 
(8 nm × 6 nm × 3 nm in Fig. 1(b)). To resolve potential atomic 
clashes and eliminate unphysical van der Waals overlaps, the 
initial configuration underwent a rigorous energy minimization 
protocol utilizing the conjugate gradient algorithm.

To replicate the intricate organic pore structures characteristic 
of subsurface geological environments, an initial thermal stabili
zation of 16 kerogen macromolecular units was conducted within 
the canonical ensemble. During this phase, the system was sub
jected to a sustained temperature of 900 K for a 5 ns duration, 
facilitating the spontaneous aggregation of individual molecules 
into a cohesive, centralized cluster. To further refine the structural 
integrity and mimic the long-term geochemical maturation pro
cess, this condensed block was subjected to a rigorous multi-stage 
annealing protocol under the isobaric-isosteric (NPT) ensemble 
(Zhang and Lu, 2025). This controlled cooling and compression 
sequence allowed the organic matrix to achieve a realistic surface 
morphology and internal porosity consistent with deep-earth 
conditions. The equilibrated kerogen surface structure following 
annealing was shown in Fig. 1(c). The corresponding evolution of 
the kerogen density was depicted quantitatively in Fig. 1(d). The 
simulated density profiles exhibit strong congruence with estab
lished experimental benchmarks, wherein laboratory-derived 
measurements for kerogen matrices under analogous structural 
and thermobaric conditions typically fall within the 1.18 to 1.35 g/ 
cm3 interval (Okiongbo et al., 2005). This close agreement with 
empirical literature values serves as a robust validation of the 
atomistic model's fidelity  and the reliability of the equilibrium 
configurations.  To construct the confined  pore geometries, the 
kerogen matrix segments presented in Fig. 1(c) were subjected to a 
180◦ rotation about the longitudinal z-axis, thereby creating a 
symmetrical slit-pore architecture with tunable apertures. Sub
sequently, a heterogeneous population of oil model was intro
duced into the interstitial void space. This integration process 
culminated in the establishment of the comprehensive simulation 
domain, as visualized in the composite model in Fig. 1(e).

2.2. Oil model

The synthesis of representative hydrocarbon aggregates from 
structurally heterogeneous species is fundamental to deciphering 
the relationship between molecular architecture and the subse
quent spatial partitioning and transport kinetics within the 
kerogen matrix. In the present study, a high-fidelity heavy crude 
oil surrogate was engineered through the stochastic distribution of 
a diverse molecular ensemble. This mixture comprised a stratified 
composition of two asphaltenes and six resin variants interspersed 
with a broad spectrum of light fractions (Yuan et al. 2025a, 2026a, 
2026b). The paraffinic and aromatic constituents included a series 
of linear alkanes (C6 through C9), alongside cyclic and alkyl- 
substituted hydrocarbons such as cycloheptane, cyclohexane, 
benzene, and toluene. By integrating these specific  SARA-based 
components, the model captures the intrinsic competitive in
teractions and steric effects governing fluid  behavior in organic 
nanostructures. Previous experimental studies consistently show 
that kerogen-hosted pores are predominantly nanoporous, with 
characteristic diameters mainly distributed below 10 nm 

(Clarkson et al., 2013; Ross and Marc Bustin, 2009). Therefore, oil 
molecules were then randomly inserted into the kerogen pores 
with a diameter of 10 nm (as shown in Fig. 1(e)). Finally, the system 
included 256 kerogen, 279 hexane, 230 heptane, 306 octane, 355 
nonane, 184 cyclohexane, 306 cycloheptane, 108 benzene, 296 
toluene, 63 resin 1, 41 resin 2, 55 resin 3, 54 resin 4, 41 resin 5, 49 
resin 6, 36 asphaltene 1, and 32 asphaltene 2 molecules. The 
structures of two asphaltenes and six resin molecules were pre
sented in Fig. S1.

2.3. QSAR modeling

The Quantitative Structure-Activity Relationship (QSAR) para
digm represents a robust machine learning framework, widely 
utilized for the prognostic modeling and characterization of mo
lecular behaviors in complex environmental systems (Yuan et al. 
2024b, 2025b). In this study, a multifaceted ensemble of 17 mo
lecular descriptors (detailed in Table S1) was systematically curated 
to elucidate the intrinsic connection between the diffusion 
behavior of oil molecules in kerogen nanopores and their intrinsic 
molecular attributes. This descriptor suite encompasses 3 consti
tutional parameters (NA, M, V), 14 quantum chemical descriptors 

(σ2
tot, μ, MPI, V

−

S , V
+

S , A− , A+, |Θ|, VS;max, VS;min, Anon, EHOMO, ELUMO, 
ΔEgap). An independent validation set following a 3:1 ratio (75% and 
25%, respectively). These electronic and structural features were 
derived through high-level quantum mechanical calculations per
formed at the M06-2X/def2TZVP theoretical level using the Mul
tiwfn (Lu and Chen, 2012) code. The predictive architecture was 
subsequently finalized through a rigorous hierarchical workflow, 
integrating collinearity assessment, genetic function approxima
tion (GFA), and neural network analysis (NNA) followed by 
comprehensive statistical validation to ensure model 
generalizability.

2.4. Simulations set-up

The force field  parameters for all molecular species were 
derived using the GROMOS 54a7 force field,  with topologies 
generated through the Automated Topology Builder (ATB) re
pository to ensure chemical consistency. Regarding the force field 
selection, the GROMOS force field was employed primarily due to 
its superior performance in characterizing the transport kinetics 
and self-diffusion coefficients of condensed-phase organic fluids, 
especially in kerogen-oil systems (Bui et al., 2020; Michalec and 
Lísal, 2017; Zhan et al., 2024). The production phase involved a 
100 ns trajectory propagated within the isothermal-isobaric (NPT) 
ensemble via Gromacs software. Three-dimensional periodic 
boundary conditions (PBC) were implemented across all Cartesian 
axes, utilizing an integration time step of 1 fs. Systematic pressure 
control was maintained at 30 MPa via the Berendsen barostat with 
a coupling constant of 1.0 ps, while the system temperature was 
stabilized at 365.15 K through the velocity-rescaling (v-rescale) 
thermostat. The simulation temperature (365.15 K) and pressure 
(30 MPa) reflect typical mid-to-deep reservoir conditions (Chiang 
et al., 2020; Nadeau et al., 2023), ensuring realistic oil-kerogen 
interactions and consistency with established benchmarks in 
prior MD literature (Fei et al., 2023; Wu et al., 2022; Zhang and Lu, 
2025). Long-range electrostatic interactions were accurately 
resolved using the Particle Mesh Ewald (PME) summation tech
nique. A cutoff radius of 1.4 nm was employed for the non-bonded 
interactions. Post-simulation analysis and structural rendering 
were conducted using the Visual Molecular Dynamics (VMD 1.9.4) 
software package. The pressure control via the NPT ensemble was 
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applied to the entire simulation system, including both the 
kerogen matrix and the confined fluid phase.

3. Results and discussion

3.1. Interaction between kerogen

Elucidating intermolecular interactions among kerogen units 
was essential for understanding the formation of organic nano
pores and their controlling role in hydrocarbon storage and 
transport at the molecular scale (Li et al., 2025). Therefore, the 
interaction between kerogen molecules were investigated in this 
section. The equilibrated configuration of the kerogen-oil system, 
as illustrated in the cross-sectional snapshot in Fig. 2(a), revealed a 
highly disordered and heterogeneous organic matrix that more 
faithfully replicates the chaotic nature of native shale environ
ments. Unlike conventional modeling approaches (Michalec and 
Lísal, 2017) that simplify the kerogen architecture into pre- 
aligned, uniformly layered domains, our packing procedure em
ploys a stochastic insertion of kerogen macromolecular units. This 
randomized orientation facilitates the formation of tortuous, non- 
uniform nanopore geometries, effectively capturing the structural 
anisotropy and variegated functional group exposure inherent in 
real geochemical matrices.

Fig. 2(a) illustrated the primary interaction modes between 
kerogen molecules, which were predominantly governed by π-π 
stacking. Consequently, the interaction cross-sections exhibited 
quasi-lattice-like alignment features, reflecting  the ordered self- 
assembly behavior induced by the stacking of aromatic architec
tures. The localized magnification in Fig. 2(b) further substantiated 
this π-π stacking modality, clearly demonstrating the face-to-face 
close-packing characteristics of aromatic moieties within the 
kerogen matrix. The emergence of this interaction pattern origi
nated from the abundance of aromatic and heterocyclic functional 

groups within the kerogen molecules, including 2,3,4,5- 
tetrahydropyridine (2,3,4,5-THPYR), pyrrole (PPY), N-substituted 
alkylpiperidines (N-APIP), tetrahydrofuran (THF), hydroxyl- 
containing single-bond structures, and thiophene (THIOP). These 
groups were rich in aromatic ring systems and possessed low 
molecular planarity parameters (approximately 0.3) (Wang et al., 
2025), which facilitated effective orbital overlap and fulfilled the 
geometric requirements for the formation of π-π stacking in
teractions (Grimme, 2008). Under the spatial confinement  of 
dense kerogen nanopores, these structural attributes significantly 
intensified the π-π stacking effects, leading to the development of 
robust molecular cohesion and localized ordered domains within 
the organic matrix.

Fig. 2(c) provided a quantitative characterization of the inter- 
molecular interaction energy between individual kerogen units, 
calculated as the total interaction energy of the ensemble 
normalized by the number of kerogen molecules. To determine 
specific  inter-group energies, “energygrps” were defined  in the 
mdp file, and existing trajectories were processed via the gmx rerun 
utility using the original force field parameters. The results indi
cated that the inter-molecular interactions were primarily domi
nated by van der Waals (vdW) interaction (− 831.8 kJ/mol, about 
69.1%), whereas electrostatic contributions remained relatively 
secondary (− 363.6 kJ/mol, about 36.9%). This disparity suggested 
that non-bonded weak interactions played a definitive role in 
governing the self-assembly process of the kerogen matrix. To 
further elucidate the physical underpinnings of this phenomenon, 
the Independent Gradient Model based on Hirshfeld partitioning 
(IGMH) was employed to visualize the inter-molecular vdW in
teractions via Multiwfn code (Lu, 2024; Lu and Chen, 2012, 2022). 
The representative configuration  of the kerogen dimer was 
initially extracted from the stable production trajectory of MD 
simulation. The ORCA 5.0 software package was employed to 
perform further geometry optimization and wavefunction 
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calculation (Neese, 2022; Stephens et al., 1994). As illustrated in 
Fig. 2(d), a broad and continuous distribution of vdW interaction 
domains emerged as the kerogen molecules engaged in π-π 
stacking, which significantly  amplified  the inter-molecular 
attractive intensity. This extensive interaction region originated 
from the superior spatial complementarity and orbital overlap 
inherent to the aromatic ring systems. Furthermore, the molecular 
surfaces of the kerogen units exhibited large-area distributions of 
both positive and negative electrostatic potential (ESP in Fig. 2(e) 
and Fig. S2) regions (Zhang and Lu, 2021). Upon molecular 
approach, the spatial overlap of these oppositely charged ESP do
mains contributed to a localized enhancement of the electrostatic 
interaction. Although its overall contribution was subordinate to 
the vdW interaction, the electrostatic interaction nonetheless 
exerted a supplementary regulatory effect on the localized struc
tural stability and the directional orientation of molecular 
alignment.

In summary, the robust π-π stacking and vdW-dominated 
cohesion within the kerogen matrix establish a chemically het
erogeneous template that defines  the fundamental energetic 
landscape of the organic nanopores. These architectural features, 
characterized by dense aromatic clusters and nuanced ESP distri
butions, are expected to serve as the primary determinants for the 
selective sequestration and interfacial resistance encountered by 
the infiltrating hydrocarbon phases. Building upon this established 
structural and energetic foundation, the following section 

examines how the varying affinities  of asphaltenes, resins, and 
light oil for the kerogen surface translate into distinct spatial dis
tributions. And determine the macroscopic transport efficiency 
within the shale matrix.

3.2. Equilibrium distribution of shale oil

The equilibrium adsorption snapshots presented in Fig. 3(a) 
revealed a distinct stratified  distribution of shale oil fractions 
within the kerogen nanopores, where red-colored asphaltenes 
were sequestered adjacent to the pore walls, followed by blue- 
colored resins, while cyan light oil molecules predominantly 
occupied the central channel. This spatial heterogeneity reflected 
the competitive adsorption disparities among the oil phase con
stituents at the molecular scale (Zhang and Lu, 2025). Asphaltene 
molecules (Schuler et al., 2020), owing to their high molecular 
weight, aromatic complexity, and heteroatom content, interacted 
most strongly with kerogen, leading to the highest surface affinity. 
Resins, which possessed intermediate structural complexity and 
polarity bridging asphaltenes and light oil, featured both aromatic 
motifs capable of stacking and flexible aliphatic chains, resulting in 
moderate adsorptive capacities and their consequent spatial 
positioning between the adsorbed layer and the bulk phase. In 
contrast, the light oil molecules, characterized by lower molecular 
weights, simplified topologies, and weaker polarity, demonstrated 
limited interactions with the kerogen substrate. Consequently, 
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light oil tended to partition away from the pore walls toward the 
central bulk region, exhibiting superior mobility. The qualitative 
observations of molecular stratification were further corroborated 
by the quantitative mass density profiles presented in Fig. 3(b). The 
bulk density of the kerogen matrix stabilized at approximately 
1250 kg/m3, a value consistent with established literature 
(Okiongbo et al., 2005), thereby validating the accuracy of the 
applied force field parameters and the environmental configura
tion of the simulation. In addition, the interaction energy calcu
lations reveal that light oil exhibits the strongest affinity  to the 
kerogen pore (Fig. S3), followed by resins and asphaltenes. This 
energetic trend is consistent with their spatial distribution in 
kerogen nanopores, with stronger interactions leading to higher 
accumulation near the pore surface (Fig. 3(b)).

Based on the spatial variation of the kerogen density, the 
simulation domain was rigorously demarcated into three distinct 
zones: the kerogen phase, where the density remained constant; 
the interface region, characterized by a gradual density gradient 
spanning a substantial width of 7.49 nm; and the oil phase, defined 
by the complete absence of kerogen and covering a span of 
5.09 nm. Within these defined regions, the asphaltene molecules 
exhibited a characteristic bimodal distribution concentrated 
exclusively within the upper and lower interface regions, with 
negligible presence detected in either the bulk oil or the solid 
kerogen phases. Conversely, the light oil and resin fractions dis
played a broader spatial occupancy, extending across both the bulk 
oil phase and the interfacial transition zones. Fig. 3(c)–(f) further 
illustrated the interfacial diffusion tendency of asphaltene and 
resin molecules. These quantitative findings  suggested that the 
substantial entrapment of hydrocarbon components within the 
spatially extensive interface region constituted the fundamental 

physical barrier impeding efficient shale oil recovery (Chen et al., 
2026).

3.3. Oil diffusion within kerogen nanopore

Building upon the aforementioned spatial demarcation of the 
kerogen nanopore, the specific distribution characteristics of each 
oil phase component across these distinct regions were systemat
ically evaluated. As illustrated in the quantitative proportion 
analysis in Fig. 4(a) and the corresponding three-dimensional 
visualization in Fig. S4, the kerogen phase was predominantly 
occupied by light oil molecules, which constituted approximately 
67.3% of the total composition. This predominance was primarily 
attributed to the non-polar nature, compact molecular dimensions, 
and superior diffusivity of the light alkane species, which facilitated 
their deep penetration and extensive dispersion within the dense 
organic matrix. Despite their substantial steric bulk, asphaltenes 
maintained a significant  presence (26.6%) within the kerogen 
phase, indicating that strong intermolecular interactions with the 
kerogen skeleton effectively overcame steric hindrance to promote 
retention. In contrast, resins accounted for only 6.1% of the popu
lation, suggesting that their specific structural and polar attributes 
were insufficient to sustain stable accumulation within the organic 
framework. In the interfacial region, the distribution of asphal
tenes, resins, and light crude oil molecules was relatively balanced 
(Fig. 4(b) and Fig. S5), at 23.5%, 32.1%, and 44.4%, respectively. 
Specifically, the aromatic cores and polar functional groups of 
asphaltenes and resins favored their enrichment at the kerogen-oil 
boundary, thereby mitigating the compositional disparities 
observed elsewhere. Conversely, the bulk oil phase was dominated 
by the smaller, highly mobile resin (27.2%) and light oil (68.8%) 
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fractions, whereas asphaltenes represented a mere 4.0% in Fig. 4(c). 
This sharp decline confirmed that the large molecular volume and 
restricted diffusivity of asphaltenes confined them primarily to the 
pore walls and interfacial zones, preventing their effective release 
into the free oil continuum.

The mean square displacement (MSD) and diffusion coefficient 
(D) for the crude oil phase were further calculated in Fig. 4(d)–(f) 
by the following equation (Allen and Tildesley, 1987): 

MSD(t)= 〈
1

Na

∑Na

i=1

|ri(t) − ri(0)|
2〉 (1) 

Da =
1

2dNa
lim
t→∞

d
dt

∑Na

i=1

〈[ri(t) − ri(0)]
2〉 (2) 

where Na denotes the number of atoms, while ri(t) and ri(0)
represent the positions of the i atom at time t and time 0, 
respectively, with d representing the system dimension. While oil 
components within the interfacial layers exhibit sub-diffusive 
behavior due to potent adsorption potentials, the Einstein rela
tion is employed to derive D as a robust comparative metric for 
molecular mobility (Zhang and Lu, 2025; Zhang et al., 2025a; Zhao 
et al., 2025). This methodology aligns with established protocols in 
nanoporous systems, where the linear regime of regional MSD 
curves serves as a quantitative proxy for the penetrability and 
escape probability of guest molecules. By establishing a quanti
tative hierarchy of mobility across different oil fractions, this 
approach effectively correlates the trapping effect of kerogen's 
aromatic clusters with transport kinetics, providing a consistent 
baseline for bridging microscopic structural descriptors with 
macroscopic transport properties.

Although the self-diffusion coefficient  of light oil within the 
kerogen phase was significantly higher than those of asphaltenes 
and resins, it remained remarkably low at only 5.9 × 10− 7 cm2/s in 
Fig. 4(d). This result indicated that the overall mobility of all oil 
components was severely restricted by the synergy of intense 
spatial confinement  and pronounced molecule-matrix in
teractions, hindering their effective migration and ultimate re
covery from the kerogen framework (Vasileiadis et al., 2018). In the 
interfacial region, the diffusion coefficients of the various oil phase 
components exhibited a distinct hierarchical characteristic 
(Fig. 4(e)), following the order: asphaltenes (0.18 × 10− 5 cm2/ 
s) < resins (0.31 × 10− 5 cm2/s) < light oil (1.58 × 10− 5 cm2/s). 
Asphaltenes exhibited the most significant  mobility suppression 
due to their high molecular weight, pronounced aromaticity, and 
propensity for π-π stacking and van der Waals interactions with the 
kerogen matrix. Resins, possessing intermediate structural 
complexity and polarity, displayed moderate diffusivity (as shown 
in Fig. S6). In contrast, light oil molecules, characterized by 
simplified architectures and weaker polarity, experienced the least 
confinement  within the interface regions, resulting in higher 
diffusion coefficients.  Within the bulk oil phase, the relative hi
erarchy of diffusion coefficients across all components remained 
consistent (Fig. 4(f)), further demonstrating that intrinsic molec
ular structural features exerted a dominant influence on transport 
behavior. In this context, the regional environment primarily 
modulated the absolute diffusion magnitudes by regulating the 
intensity of molecule-wall interactions.

Within the kerogen nanopores, the transport of oil molecules 
was decoupled into two primary modes: pore-axis diffusion and 
cross-pore diffusion, as illustrated in Fig. 5(a). Given that the 
migration and displacement processes of shale oil within the 
reservoir predominantly occur along the pore axis, this section 
focused on evaluating the distinct characteristics of these two 
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diffusion behaviors within the kerogen matrix. As shown in 
Fig. 5(b), the cross-pore diffusion coefficients  of oil molecules 
within the kerogen phase were significantly lower than their pore- 
axis counterparts, indicating that hydrocarbon migration within 
the kerogen nanopores was predominantly governed by axial 
diffusion. This pronounced diffusion anisotropy originated pri
marily from the geometric confinement  of the nanopore archi
tecture and the stringent constraints imposed by the pore walls on 
lateral molecular displacement. In the interface region, the diffu
sion behavior exhibited heightened sensitivity to the molecular 
structures of the oil components, whereas the disparity between 
pore-axis and cross-pore diffusion coefficients  was significantly 
attenuated (Fig. 5(c)). This reduction in anisotropy was likely 
attributable to the competitive influence of the kerogen adsorp
tion potential field and the intermolecular interactions among the 
oil phase constituents. Such a combined energetic environment 
allowed the molecules to retain a degree of lateral mobility while 
remaining near the pore walls, thereby weakening the directional 
constraints on diffusion. Within the bulk oil phase (Fig. 5(d)), the 
diffusion coefficients reverted to a state where pore-axis diffusion 
exceeded cross-pore diffusion, indicating that the pore geometry 
continued to exert a regulatory influence on the directionality of 
molecular transport even in the absence of immediate wall con
straints. However, the degree of restriction was significantly 
attenuated compared to that observed within the kerogen phase. 
Fig. 5(e) provided a visual verification of the diffusion behaviors 
from a configurational trajectory perspective at last 10 ns. It was 

observed that the asphaltene molecules remained predominantly 
confined  to the vicinity of the kerogen pore surfaces, with their 
motion characterized primarily by localized thermal vibrations 
rather than long-range migration. Conversely, the resin molecules 
demonstrated the capacity to progressively detach from the 
interfacial adsorption zones and diffuse toward the bulk oil phase 
within the pore center, thereby exhibiting superior mobility. 
Overall, the various oil phase components exhibited significant 
diffusion anisotropy within the kerogen nanopores, with their 
transport modalities being synergistically controlled by the in
tensity of molecule-matrix interactions, and the intrinsic struc
tural characteristics of the molecules themselves.

Given that the interaction between oil molecules and the 
kerogen pore walls exerts a decisive influence  on fluid  mobility, 
this section further quantitatively analyzed the dynamic contact 
behavior of different oil components within the kerogen nano
pores. An interaction was defined as an effective contact when the 
distance between an oil molecule and a kerogen atom fell below 
0.6 nm. To highlight the temporal evolution of this behavior, the 
contact counts for all oil components were initialized to zero at the 
onset of the simulation. The incremental contact counts recorded 
during the simulation were illustrated in Fig. 6(a). It was observed 
that the number of contacts between the kerogen matrix and 
various oil components increases sharply at the initial stage and 
gradually reaches a plateau after approximately 80 ns, indicating 
that the system has attained equilibrium. Besides, the asphaltene 
molecules consistently exhibited the highest frequency of contacts 
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with the kerogen matrix, followed by resins, whereas light oil 
molecules displayed the fewest interactions. This trend was highly 
consistent with the spatial distribution and diffusion characteris
tics previously observed, reflecting the dominant role of molecular 
structural complexity and intermolecular interaction strength in 
governing interfacial adsorption behavior.

The relative contributions of each component to the total 
kerogen contact number were further calculated, as presented in 
Fig. 6(b)–(d). The results indicated that asphaltenes accounted 
for a substantial 52.6% of the total contacts, followed by resins at 
42.1%, while light oil molecules contributed a mere 5.3%. This 
disparity suggested that asphaltene and resin molecules estab
lished a more stable and persistent interaction network in the 
vicinity of the pore walls, which significantly intensified interfacial 
retention effects and consequently suppressed their mobility. In 
contrast, the minimal contact frequency of light oil molecules 
resulted in significantly  attenuated interfacial confinement; 
consequently, these molecules demonstrated the highest diffusion 
coefficients  within the kerogen pores, exhibiting a distinct 
advantage in pore-axis diffusion. Although their cross-pore diffu
sion remained restricted by geometric confinement, their overall 
degree of migratory freedom was significantly superior to that of 
the asphaltene and resin fractions.

Beyond the confinement  imposed by the kerogen pore walls, 
the mobility of asphaltene molecules was further attenuated by 
multiple interactions with surrounding oil phase constituents, 
resulting in significantly  restricted diffusion behaviors. As illus
trated in Fig. 7(a), the interaction network involving asphaltenes 
encompassed not only the kerogen matrix but also fellow 
asphaltenes, resins, and light oil molecules within the oil phase. 
Notably, due to their structural complexity and pronounced 
aromaticity, the asphaltenes and resins within the oil phase were 
more prone to establishing effective contacts and forming stable 
molecular aggregates with the target asphaltene molecules. RDF 
analysis further elucidated this molecular-scale aggregation 
mechanism. As depicted in Fig. 7(b), the asphaltene–asphaltene 

RDF exhibited a distinct primary peak at approximately 0.35 nm 
and a secondary peak at roughly 0.70 nm. These peaks corre
sponded to the face-to-face stacking and offset stacking configu
rations of aromatic rings (Cui et al., 2026), respectively, indicating 
a strong propensity for self-aggregation among asphaltene mole
cules. In comparison, the peak intensity of the asphaltene-resin 
RDF was generally lower than that of the asphaltene-asphaltene 
system, suggesting a relatively weaker interaction strength. 
However, a degree of synergistic stacking persisted, as visually 
corroborated by the structural snapshot in Fig. 7(c). The quanti
tative evaluation of interaction energies provided further corrob
oration for these findings (Fig. 7(d)). Calculated on a per-molecule 
basis (total energy divide by 68 asphaltene molecules), the inter
action energy between a target asphaltene and surrounding 
asphaltene molecules was the most substantial, 
reaching − 374.6 kJ/mol. Conversely, the interaction energies be
tween asphaltenes and resins, light oil, or kerogen were compa
rable, averaging approximately − 105.5 kJ/mol. Although weaker 
than asphaltene self-aggregation, these interactions remained 
non-negligible within the confined pore environment. Collectively, 
asphaltene molecules were subjected to strong adsorption and 
spatial confinement  by the kerogen pore walls, while simulta
neously engaging in significant  self-aggregation and synergistic 
interactions with heavy components like resins to form highly 
stable localized structural networks. This dual mechanism of “wall 
adsorption-molecular aggregation” significantly  suppressed the 
translational motion of asphaltenes.

3.4. QSAR model for diffusion coefficients

The diffusion coefficients  of various oil molecules within 
distinct regions of the kerogen matrix were systematically calcu
lated to elucidate the intrinsic correlation between molecular 
migration behavior and structural attributes. The selected repre
sentative molecules encompassed light hydrocarbons (hexane, 
heptane, octane, nonane, cyclohexane, cycloheptane, benzene, 
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toluene), structurally diverse resin molecules (resin 1–resin 6), and 
asphaltenes (asphaltene 1 and asphaltene 2), thereby compre
hensively reflecting the structural heterogeneity inherent to shale 
oil components.

Fig. 8(a) presented the distribution of diffusion coefficients for 
these molecules within the interface region. A distinct cascading 
trend was observed, with diffusion coefficients  decreasing in a 
stepwise manner from light oil (approximately 1.4–2.0 × 10− 5 cm2/ 
s) to resins (0.2–0.5 × 10− 5 cm2/s), and finally to asphaltenes. This 
hierarchy indicated that molecular weight and structural 
complexity were the critical determinants constraining diffusion 
capacity. Specifically, light hydrocarbon molecules, characterized 
by lower molecular weights and simpler configurations, exhibited 
higher degrees of motional freedom, whereas the high-molecular- 
weight, highly aromatic asphaltenes suffered the most severe 
diffusion suppression. Furthermore, a comparative analysis of 
resin molecules with similar molecular weights revealed that 
Resin 5 and Resin 6, which possessed higher heteroatom contents, 
displayed significantly  lower diffusion coefficients  than their 
counterparts. This suggested that the introduction of heteroatoms 
potentiated non-bonded interactions (intermolecularly and be
tween the molecules and the kerogen matrix), thereby further 
retarding their migratory capability. Fig. 8(b) illustrated the 
diffusion coefficients  within the oil phase region. Similar to the 
interface region, the diffusion rates adhered to the fundamental 
order of asphaltenes < resins (about 0.8 × 10− 5 cm2/s) < light oil 
(about 2.8 × 10− 5 cm2/s), demonstrating the universality of the 
dominant influence exerted by intrinsic molecular structural fea
tures on transport behavior. However, compared to the interface 
region, the diffusion coefficients for all molecules in the oil phase 
increased significantly, reflecting  the regulatory impact of the 
chemical environment on migration dynamics. Within the oil 
phase, the attenuation of molecule-kerogen interactions and the 
reduction of spatial confinement  allowed the oil molecules to 
exhibit diffusion characteristics that more closely approximated 

those of bulk fluids. Collectively, these results demonstrated that 
the diffusion behavior of oil molecules within kerogen nanopores 
was the outcome of a concerted interplay between intrinsic mo
lecular attributes (e.g., molecular weight, aromaticity, and het
eroatom content) and the local chemical environment (interface 
vs. oil phase). The intensified molecule—solid interactions in the 
interface region significantly  inhibited diffusion, whereas the oil 
phase provided relatively favorable conditions for migration.

To quantitatively elucidate the structure-activity relationship 
between the diffusion behavior of oil molecules in kerogen 
nanopores and their intrinsic molecular attributes, QSAR model 
was constructed utilizing the diffusion coefficients  of 16 repre
sentative molecules within the oil phase region (Fig. 8(b)). Data 
from the oil phase region were specifically  selected to mitigate 
the confounding effects of kerogen pore wall and interfacial 
constraints, thereby isolating the dominant influence  of molec
ular structure and physicochemical properties on transport 
behavior. Drawing upon previous research, 17 molecular de
scriptors were initially introduced to comprehensively delineate 
the structural features of the various oil components (Yuan et al., 
2024a). These molecular descriptors were characterized molec
ular mass, electronic distribution, and surface properties. Subse
quently, a systematic screening of these descriptors was 
performed via correlation analysis. The correlation coefficients 
between the diffusion coefficients and individual descriptors are 
presented in Fig. 9(b), while the inter-descriptor correlation 
matrix is displayed in Fig. 9(a). The selection process adhered to 
two fundamental principles: first,  descriptors were required 
to exhibit significant correlation with the diffusion coefficient to 
ensure a clear physical indication of transport behavior; and 
second, high multicollinearity between descriptors was avoided 
to enhance the robustness and interpretability of the model. 
Following this stepwise refinement,  six key descriptors were 
retained: total molecular mass, σ2

tot, positive surface area of ESP, 
nonpolar surface area, maximal value of ESP, and positive average 
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value of ESP. These descriptors collectively reflect molecular size, 
polarity, and electrostatic potential distribution characteristics at 
the molecular scale, providing a rational framework for charac
terizing disparities in diffusivity. Then, GFA and NNA models 
were constructed, and their performances were systematically 
evaluated in Fig. 10(a) and (b). The results indicated that the NNA 
model possessed a distinct advantage in capturing the non-linear 
relationships between diffusion coefficients  and multi- 
dimensional molecular descriptors. Its predictive accuracy 
significantly  outperformed that of the GFA model, as evidenced 
by higher coefficients  of determination and lower error metrics 
(R2 = 0.95, RMSE = 0.26, MAE = 0.16). This finding suggested that 
the diffusion behavior of oil molecules in kerogen pores is 

synergistically governed by multiple molecular attributes, char
acterized by pronounced non-linear structure-activity relation
ships. The developed QSAR model quantitatively identifies 
molecular features that govern oil diffusivity in kerogen nano
pores, indicating that lighter, less polar molecules with lower 
electrostatic heterogeneity exhibit higher transport mobility. 
These results provide practical criteria for assessing the produc
ibility of different oil fractions and for selecting or tailoring 
stimulation strategies, such as thermal or solvent-based treat
ments, to preferentially mobilize low-diffusivity components. The 
model further enables rapid screening of molecular diffusivity, 
supporting data-driven optimization of shale oil recovery 
processes.
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4. Conclusions

In summary, this research established a comprehensive 
molecular-scale framework to quantify the partitioning and 
transport mechanisms of shale oil within kerogen nanopores. The 
investigation demonstrated that the pore volume is partitioned 
into distinct thermodynamic zones, where a 7.49 nm interface 
region serves as a critical entrapment zone for heavy components. 
A key finding  was the disproportionate interfacial occupancy of 
asphaltenes, which exhibited a contact frequency nearly ten-fold 
higher than that of light hydrocarbons. This disparity is funda
mentally rooted in a “dual-inhibition” mechanism: the strong 
adsorption potential of the kerogen wall coupled with the high 
propensity of asphaltenes for self-aggregation through π-π stack
ing. Such interactions effectively anchor heavy molecules near the 
pore surface, reducing their motion to localized vibrations and 
creating a stagnant layer that impedes overall fluid  mobility. 
Furthermore, the integration of machine learning confirmed that 
molecular diffusivity in these confined environments is a complex, 
non-linear function of intrinsic structural descriptors, with the 
NNA model providing superior predictive reliability. This suggests 
that the transport hierarchy (light oil > resins > asphaltenes) re
mains consistent across different pore regions, though the abso
lute magnitudes are modulated by the local chemical 
environment. The transport of shale oil is a multiscale phenome
non governed by the intricate interplay between pore geometry 
and mineralogy. Previous studies have demonstrated that while 
circular pore models are common, actual shale matrices contain 
complex slit-like and angular pores that can enhance transport 
capacity by over 100% (Yu et al. 2019, 2023). Furthermore, the 
coexistence of organic kerogen and inorganic minerals introduces 
a competition between viscous flow and surface diffusion, where 
the transport mechanism is highly sensitive to both pore width 
and reservoir pressure (Yu et al. 2018, 2020). By integrating these 
perspectives, it becomes evident that the “wall adsorption- 
molecular aggregation” mechanism identified  in our kerogen 
model represents the primary bottleneck within the organic do
mains, while inorganic matter may provide alternative pathways 
with distinct boundary conditions.

To bridge the gap between molecular-scale insights and 
reservoir-scale applications, future research should focus on hi
erarchical upscaling frameworks that integrate molecular dy
namics with pore-scale and continuum-scale models. The 
transport coefficients  and “dual-inhibition” mechanisms identi
fied in this study can serve as critical constitutive parameters for 
Lattice Boltzmann Method (LBM) or Pore Network Modeling 
(PNM) to accurately capture the evolution of apparent perme
ability in complex porous matrices (Yu et al., 2021). Furthermore, 
incorporating these fluid-solid  interaction disparities into a 
quadruple-domain Finite Element Method (FEM) approach would 
allow for a more comprehensive analysis of how hydraulic fracture 
propagation and matrix deformation synergistically influence the 
recovery of diverse oil fractions (Yu et al., 2023). By focusing on a 
10 nm model, we provide a median scenario that captures the 
essential physics of both hindered and free transport states. To 
account for the broader implications of particle size distribution in 
future iterations, our results can be integrated into PNM or sto
chastic continuum models as a size-dependent boundary 
condition.
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