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a b s t r a c t

Direct viscosification of CO2 offers promising alternative for mobility control and reduction in residual 
brine saturation, thus to improve the CO2 trapping in saline aquifers. Hydrocarbon oligomers, recog
nized for their exceptional properties, are considered as one of the most promising viscosifiers  in 
displacement of brine-saturated porous media. However, the molecular-level mechanisms governing 
the solubility and viscosification of hydrocarbon oligomers in scCO2 remain poorly understood. In this 
study, we employ coarse-grained molecular models to advance our understanding in the effects of 
molecular structure of hydrocarbon oligomers on their solubility in scCO2. The coarse-grained models of 
five hydrocarbon oligomers with different numbers of methyl-branch (n-C32, P1D-2, P1D-3, P1D-6 and 
squalane) are established to investigate their effects on solubilization in scCO2. We demonstrate that the 
number of methyl groups has a monotonic correlation with the solubility of hydrocarbon oligomers 
when the molecular weights of oligomers are comparable. The radial distribution function reveals n- 
C32, P1D and squalane are uniformly dispersed with separation distances of approximately 1.0–2.0 nm. 
The interaction energy between hydrocarbon oligomers and CO2 shows that the number of methyl- 
branch in hydrocarbon oligomers can directly influence  their solubility in scCO2. Molecular simula
tion results demonstrate that the interaction distances between the methyl-branch and CO2 are smaller 
than those of other molecular fragments. There are approximately 20% more CO2 molecules interacting 
with methyl-branch than with other parts. This work sets the stage for our future molecular dynamics 
study in viscosification  by hydrocarbon oligomers with different branching length and interfacial 
phenomena in multiphase systems.
© 2025 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

Carbon capture, utilization, and storage (CCUS) technology is an 
indispensable and important means to achieve carbon neutrality 
(Middleton et al., 2015; Hou et al., 2017). Sites selected for CO2 
storage include saline aquifers, depleted oil and gas reservoirs, coal 
seams, etc. Among them, saline aquifers have been found in most 
continent, demonstrating enormous carbon storage capacity 
(Firoozabadi and Myint, 2010). The mechanisms of CO2 storage in 
saline aquifers include structural and stratigraphic trapping, re
sidual trapping, solubility trapping, and mineral trapping.

Due to low CO2 viscosity at the subsurface often found in su
percritical conditions, the injected CO2 may spread quickly at the 
formation top below the caprock. This results in a high probability 
of CO2 leakage (Al-Abri et al., 2012; Shokrollahi et al., 2013). 
Several techniques have been developed in the past decades to 
improve the mobility ratio of CO2 to in-situ resident fluids, such as 
water-alternating-gas (WAG) injection (Christensen et al., 2001), 
carbonated water injection (Riazi et al. 2011a, 2011b), CO2 foam 
(Rossen et al. 2022), and direct viscosification (Heller et al., 1985). 
The WAG method can effectively reduce the preferential flow of 
water and lower the risk of waterflooding. However, this technique 
involves frequent injection operations and requires precise control 
over the injection ratios and timing of CO2 and water (Christensen 
et al., 2001). The carbonated water injection can significantly 
reduce the oil-water interfacial tension and improve oil mobility. * Corresponding author.
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However, the acidic components in carbonate water may cause 
corrosion to pipelines and equipment (Riazi et al. 2011a, 2011b). 
The CO2 foam barriers in the reservoir can promote selective 
driving of the oil layer (Ding et al. 2020, Ding et al., 2021). How
ever, the surfactants used in the foam preparation process tend to 
adsorb onto the rock surfaces, which may lead to pore blockage 
and disrupt flow pathways. Additionally, CO2 foam usually re
quires high pumping pressure, causing an injection concern 
(Rossen et al. 2022). Compared to these three methods, there is no 
requirement of water injection for the direct viscosification of CO2. 
CO2 viscosification may also be helpful for improved oil recovery 
(Song et al., 2019) and geothermal development (Feng et al., 2021; 
Feng and Firoozabadi, 2023). Takuma et al. (2024) clarify that CO2 
fracturing is superior to water fracturing in creating a more com
plex fracture pattern at a lower injection pressure, but it is not 
suitable for creating large-aperture fractures in rocks with rela
tively low porosity/permeability. Therefore, they propose com
bined CO2-water fracturing, in which CO2 creates fractures first, 
and then water opens/propagates the fractures. Li and Zhang 
(2019) propose that scCO2 fracturing followed by viscosified CO2 
fracturing can readily create complex fracture networks and carry 
proppants to keep fractures open. A good fracturing performance 
can effectively enhance the permeability of geothermal reservoirs, 
which is beneficial for the heat extraction.

Traditional CO2 viscosifiers generally include fluorinated poly
mers, siloxane polymers, and hydrocarbon polymers (Li et al., 
2024). Each type of these viscosifiers has its advantages and dis
advantages. Fluorinated polymers exhibit strong interactions with 
CO2 due to their low cohesive energy density and strong CO2 af
finity, resulting in excellent solubility (Hoefling et al. 1991). Fluo
rinated compounds are currently the most effective viscosifiers 
reported. These polymers, characterized by carbon-fluorine bonds, 
can increase CO2 viscosity without co-solvents (Shen et al., 2003). 
Despite their effectiveness in enhancing CO2 viscosity, fluoropol
ymers typically require dissolution pressures exceeding 30 MPa. 
The adsorption of these molecules onto the rock surface is strong 
(Zaberi et al. 2020). In addition, the fluorinated  polymers are 
generally expensive for synthesis and the difficult  degradation 
poses environmental concerns (Gandomkar et al., 2023). These 
factors limit their widespread application. Siloxane polymers, 
consisting of Si–O–Si main chain structures, are modified  by 
introducing functional groups on their side chains or chain ends to 
improve CO2 solubility and hinder CO2 molecular mobility, thereby 
exhibiting significant CO2 viscosification properties (Li et al., 2018). 
While more CO2-philic than hydrocarbon polymers, siloxane 
polymers do not achieve effective CO2 viscosification without the 
addition of substantial amounts of co-solvents. Their strong 
adsorption onto the rock surface makes siloxane polymers un
suitable for field applications, considering the costs and co-solvent 
usage (Li et al., 2024). Based on the drawbacks of other polymers, 
researchers have turned their attention to hydrocarbon polymers. 
Composed primarily of carbon and hydrogen atoms, hydrocarbon 
polymers are simple, readily available, and environmentally 
friendly (Goicochea and Firoozabadi, 2019; Kar and Firoozabadi, 
2022; Ricky et al., 2023). Afra et al. (2023) conducted brine 
displacement experiments with scCO2 in sandstone. The experi
mental results showed that a concentration of 1.5 wt% viscosifier 
increased the viscosity of scCO2 by 4.8 times at a pressure of 3,500 
psi and a temperature of 194 ◦F. The viscosified CO2 had a reduced 
mobility and CO2 breakthrough was delayed by 200%–300%. To 
accurately acquire the in-situ saturation of the scCO2 in the 
sandstone core, Ding et al. (2024b) utilize the X-ray CT imaging 
techniques to investigate neat and viscosified CO2 in displacement 

of brine-saturated porous media. They demonstrate the effec
tiveness of the oligomer of 1-decene with 17 repeat units (P1D-17, 
average MW = 2,900 g/mol) in improvements in brine production 
and breakthrough delay at a low concentration of 0.6 wt%. Addi
tionally, they design and synthesize a new molecule; it is an 
oligomer with branches of 1-dodecene with 6 repeat units and 1- 
hexadecene also with 6 repeat units (average MW = 2,500 g/mol). 
The new oligomer is reported to increase residual trapping of CO2 
in saline aquifers by about 35 %. More recently, Ding et al. (2024a)
examined the sweep efficiency and residual brine saturation in the 
layered cores by effective viscosification  with two engineered 
molecules by X-ray CT imaging. In comparison to the neat CO2 
injection, the synergistic effect of the mobility control and in
creases in interfacial elasticity by injection of vis-CO2 results in 
delay in breakthrough by a factor of 2 and about 95% higher brine 
production. The design and selection of the viscosifier molecules 
are mainly based on the following criteria: desired solubility in 
CO2; effective CO2 viscosification;  very low adsorption onto the 
rock surfaces; very low solubility in water; high partitioning in CO2 
in the presence of an oil phase; mild effect from brine and tem
perature; and environmental friendliness (Kar and Firoozabadi, 
2022). However, CO2 viscosification  by hydrocarbon polymers 
remain controversial, primarily focused on the following two 
points. Firstly, the research on the CO2 viscosification  of the 
currently most representative hydrocarbon oligomer, poly-1- 
decene (P1D), has led to different conclusions among various 
scholars. The early work by Heller et al. (1985) and recent works by 
Lemaire et al. (2021) and Shah et al. (2024) show that P1D with six 
repeat units has a marginal effect on viscosification  of scCO2. 
However, the works by Kar and Firoozabadi (2022), Al-Hinai et al. 
(2018) and Zhang et al. (2011) show that P1D may achieve a more 
than 40% viscosity increase. Ding et al. (2024b) have discussed and 
listed the potential causes on the differences in the experimental 
measurements by the above-stated literature. Secondly, the vis
cosification  mechanism of hydrocarbon polymers is still highly 
controversial. Some scholars believe that hydrocarbon polymers 
thicken CO2 primarily through chain entanglement, while others 
suggest that the polymers are singly-dispersed in CO2 (Hong et al., 
2008). Additionally, Kobayashi and Firoozabadi (2023) found that 
the solubility of poly(1-decene) with nine repeat units is higher in 
CO2 than poly(1-dodecene) with six repeat units. It indicates that 
the polymer branching also plays an important role in CO2 visco
sification. Therefore, further research is urgently needed to eluci
date the viscosification  mechanism of hydrocarbon polymers in 
CO2.

The goal of this work is to investigate the structural de
pendency of hydrocarbon oligomer solubility in CO2 and elucidate 
the intrinsic mechanism of solubilization at the molecular level, 
advancing our understanding of dissolution mechanisms of vis
cosifier  molecules in scCO2. Here, we screen hydrocarbon oligo
mers with various methyl-branched structures and calculate their 
solubility in scCO2 through molecular dynamics simulation (MD). 
This study explores the relationship between the number of 
methyl groups in hydrocarbon oligomers and their solubility in 
scCO2. Additionally, we investigate the distribution morphology of 
hydrocarbon oligomers in scCO2 and further examine the inter
action strength between different parts of the oligomer molecules 
and CO2. This study reveals the mechanisms of solubilization and 
viscosification  of hydrocarbon oligomers in scCO2. Our research 
provides theoretical support for the application of CO2 viscosifi
cation in CO2 geological sequestration, CO2-enhanced oil and gas 
recovery, geothermal development, and CO2 fracturing.
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2. Methods

2.1. Molecular dynamics simulation

The MD is performed using the GROMACS (Van der Spoel et al., 
2005; Schmid et al., 2011) 2022.5 package with a time step of 1 fs. 
Simulations are performed in the NPT ensemble with the tem
perature and pressure controlled using the V-rescale thermostat 
and the Parrinello-Rahman barostat (Parrinello and Rahman, 
1981), respectively. Referring to the work of Kobayashi and 
Firoozabadi (2023), a cutoff length of 1.4 nm is applied for 
nonbonded interactions. Particle mesh Ewald summation (Darden 
et al., 1993) is utilized to calculate long-range electrostatic in
teractions with a short-range cutoff of 1.4 nm. Considering the 
simulation time and system size, we employed the coarse-grained 
models in this study (shown in Fig. 1).

The coarse-grained model of n-C32 (molecular weight, 
MW = 450 g/mol) is from An et al. (2018). This model could predict 
the experimental properties with different timesteps, system 
sizes, and temperatures with reasonable accuracy (An et al., 2018). 
To reflect the chain structure of the squalane, a united atom force 
field  is used which has been proven to effectively reflect  the 
interfacial phenomena of squalane (MW = 422 g/mol) (Martin and 
Siepmann, 1999). The coarse-grained molecular parameters rep
resenting P1D-2 (P1D with two repeat units, MW = 283 g/mol), 
P1D-3 (P1D with three repeat units, MW = 423 g/mol) and P1D-6 
(P1D with six repeat units, MW = 843 g/mol) come from 
Kobayashi and Firoozabadi (2023). A single-site model of CO2 
(MW = 44 g/mol) is proposed by Higashi et al. (1998). The model 
reproduces pressure dependency of the density of CO2 and is used 

to investigate the phase behavior of binary systems (Senapati et al., 
2002).

2.2. The solubility calculation method

We used the direct coexistence method (DCM) to calculate the 
solubility of hydrocarbon oligomers in scCO2. In this method, we 
placed the solute and solvent in the same simulation box and 
directly measured the solubility by allowing the system to reach 
equilibrium through simulation (Manzanilla-Granados et al., 2015; 
Espinosa et al., 2016). Firstly, the direct coexistence interfacial 
system is established (shown in Fig. 2). We ensured that an excess 
of oligomer molecules is added to each oligomer-CO2 interfacial 
system. For different systems, we kept the number of added 
molecules (600 oligomer and 50,000 CO2 molecules) and the 
initial size of the simulation box (10 nm × 10 nm × 40 nm) 
consistent. To prepare initial configurations, the individual equil
ibration simulations of pure CO2 and pure oligomers systems un
der the conditions required for solubility calculations are needed. 
Secondly, we employed the NPT ensemble, using the Nos�e-Hoover 
thermostat (Nose, 1984; Hoover, 1985) and the Parrinello-Rahman 
barostat (Parrinello and Rahman, 1981) to maintain stable tem
perature and pressure in the system. The simulations are run for a 
sufficient  duration to ensure that the system reached complete 
equilibrium. Finally, we utilized the density profile to calculate the 
concentrations of the solute and solvent at equilibrium, thereby 
obtaining accurate solubility. The illustration of the calculation 
method is shown in Fig. 3(a). The last 10 ns of the simulation 
trajectory is selected to compute partial densities across the box, 
and the average density variation values of the hydrocarbon 

Fig. 1. The coarse-grained model of (a) n-C32, (b) P1D-2, (c) P1D-3, (d) P1D-6, (e) squalane and (f) CO2.
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oligomer and CO2 along the Z-axis direction of the simulation box 
are extracted. Based on the density variation data, select the 
dissolution stable region and calculate the average density of the 
oligomer (Do) and the CO2 density (DCO2

) in the stable region. Then, 
calculate the solubility (So− CO2

) using the formula: So− CO2
= Do=

(Do + DCO2
).

2.3. The scaled solute-solvent distance method

To better match the simulated predictions of oligomer solubi
lity with experimental values, we employ a simple and effective 
method, scaled solute-solvent distance (SSSD), which specifically 
optimizes the force field parameters (Sun et al., 2023). In the SSSD 
method, the parameters in the short-range potentials that relate to 
the distance between solute and solvent (e.g., σ in the LJ potential 
and ρ in the Buckingham potential) are multiplied by a scaling 
factor λ, σscaled = λσ (Fig. 3(b)). The scaling factors are adjusted until 
the predicted solubility by the modified  force field  matches the 
experimental measurements. We choose to scale the parameter 
related to the solute-solvent distances for two reasons. First, 
adjusting the cross-term parameters (i.e., the parameters to 

describe the solute-solvent interactions) does not affect the 
solute-solute and solvent-solvent interactions, thus avoiding rep
arameterization. Second, adjusting the distance-related parame
ters can change the potential energies more effectively compared 
to adjusting the energy-related parameters.

2.4. The radial distribution function (RDF)

The RDF, also known as gAB(r), is a measure used in statistical 
mechanics and MD to describe how particle density varies as a 
function of distance from a reference particle. It provides detailed 
insights into the spatial distribution and structure of particles in a 
system, particularly in liquids (Brehm and Kirchner, 2011). The 
definition  of g(r) is the ratio of the average particle density be
tween r and r + Δr to the overall average particle density, as shown 
in Eq. (1) (Hu et al., 2015; Sun et al., 2018). 

gAB(r) =
1

ρAB⋅4πr2⋅Δr

∑NAB
j=1ΔNAB(r→r + Δr)

NAB
(1) 

where gAB(r) is the RDF value, ρAB is the bulk density, NAB is the 

Fig. 3. Illustration of simulation methods: (a) the direct coexistence simulation method, in which solute solubility is determined in the stable region; (b) the scaled solute-solvent 
distance (SSSD) method (Sun et al., 2023).

Fig. 2. The direct coexistence interfacial system of (a) n-C32, (b) P1D-2, (c) P1D-3, (d) squalane, (e) P1D-6 and CO2.

Y. Sun, B. Wang, H. Wang et al. Petroleum Science 22 (2025) 2630–2641

2633



Fig. 4. Comparison of our simulation results with previous work. solubility of (a) n-C32, (b) P1D-2, P1D-3, (c) P1D-6 and (d) squalane, in scCO2 at T = 308, 318, 334 K.

Fig. 5. Solubility of (a) n-C32, (b) P1D-2, (c) P1D-3, (d) P1D-6 and (e) squalane in CO2 at different pressures and 308 K. The red dotted box describes the dissolution at 24 MPa.
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number of particles A and B, and ΔNAB means the particle number 
of A (or B) around B (or A) from r to r + Δr.

2.5. The interaction energy calculation method

The interaction energy can quantitatively describe the strength 
of the hydrocarbon oligomer-CO2 interaction, where a larger ab
solute value indicates a stronger interaction between the hydro
carbon oligomer and CO2 (Ho et al., 2010). The interaction energy 
could be used to predict compatibility among the components of 
the system. By simulating the total energy of each system under 
stable structures, the interaction energy between polymer chains 
and CO2 can be calculated using the following expression (Hu et al., 
2015): 

Einter = Eoligomer+CO2
−
(

Eoligomer + ECO2

)
(2) 

where Einter represents the interaction energy between the poly
mer chain and CO2, which is equal to the negative value of the 
binding energy Ebinding. Eoligomer+CO2 

is the total energy of the hy
drocarbon oligomer dissolved in the CO2 system. Eoligomer is the 
energy of the pure hydrocarbon oligomer system. And ECO2 

is the 
energy of the pure CO2 system.

3. Results and discussion

3.1. The solubility of hydrocarbon oligomers in CO2

Hydrocarbon oligomers are simple, readily available, and 
environmentally friendly, and they are currently considered to 
have great potential as CO2 viscosifiers. The ability to dissolve in 
scCO2 is a prerequisite for effective viscosification performance by 
hydrocarbon oligomers. Therefore, we calculated the solubility of 
n-C32 (with two methyl groups), P1D-2 (with three methyl 
groups), P1D-3 (with four methyl groups), P1D-6 (with seven 
methyl groups) and squalane (with eight methyl groups) under 
different pressures and temperatures. The simulation results are 
compared with experimental data as shown in Fig. 4.

In Fig. 4, it can be observed that the solubility values predicted 
by our simulation (dashed lines) closely match the experimentally 
measured solubility values (points). This demonstrates that our 
simulation method is reasonable and that the values obtained 
from the simulation are accurate, effectively verifying the reli
ability of our simulation. Furthermore, from the results, we can 
observe that the pressure has a significant impact on the solubility 
of hydrocarbon oligomers in scCO2. The solubility of different hy
drocarbon oligomers in scCO2 increases with rising pressure, but 
the extent of their increase varies greatly. To illustrate more 
intuitively the changes in solubility of different hydrocarbon 
oligomers at various pressure levels, we extract the final  frame 
image from the simulations, as shown in Fig. 5.

In Fig. 5, it is evident that the solubilities of n-C32, squalane, 
P1D-2, P1D-3 and P1D-6 increase significantly  with rising pres
sure. However, the solubility of different hydrocarbon oligomers at 
the same pressure varies considerably. For instance, at 24 MPa, the 
solubility of squalane (3.8 wt%) is much higher than that of other 
hydrocarbon polymers, among which n-C32 has the lowest solu
bility, only 0.2 wt%.

We compare the solubility under various temperature and 
pressure conditions of n-C32 with two methyl groups, P1D-2 with 
three methyl groups, P1D-3 with four methyl groups, P1D-6 with 
seven methyl groups, and squalane with eight methyl groups. 
Fig. 6 shows the solubility of hydrocarbon oligomers as a func
tion of the number of methyl groups. There is a positive correlation 

between the number of methyl groups and their solubility in scCO2 
when the molecular weight of the hydrocarbon oligomers is 
comparable.

3.2. Distribution morphology of hydrocarbon oligomers

We investigate the distribution morphology of hydrocarbon 
oligomers in scCO2 to elucidate the viscosification mechanism of 
hydrocarbon oligomers in scCO2. We construct three cubic simu
lation boxes that have the same initial size 
(20 nm × 20 nm × 20 nm). All the boxes contain the same number 
of CO2 molecules (100,000) and different numbers of hydrocarbon 
oligomer molecules. We determine the number of hydrocarbon 
oligomer molecules to be added based on solubility calculations 
under various pressures. Ensuring the addition of hydrocarbon 
oligomer molecules, the concentration of these oligomers in the 
simulation boxes is slightly lower than their theoretical solubility 
values. To more intuitively observe the distribution morphology of 
different hydrocarbon oligomers in scCO2, we extract images of the 
final  frames of the simulation boxes for n-C32, squalane, P1D-2, 
P1D-3 and P1D-6 under various pressure conditions as shown in 
Fig. 7. In Fig. 7, we observe that the n-C32, P1D-2, P1D-3, P1D-6 
and squalane molecules are present in a dispersed state within 
scCO2. One may conclude that the viscosification  by the hydro
carbon oligomers is not achieved through the molecular entan
glement, but rather through the molecular interaction of the 
dispersed molecules with scCO2.

To more accurately elucidate the distribution morphology be
tween the oligomer and oligomer molecules, we calculate the RDF 
as shown in Fig. 8. In Fig. 8, all RDFs for the five types of hydro
carbon oligomer exhibit two distinct peaks. At these peaks, the 
density ratios of the hydrocarbon oligomers are significantly 
greater than 1, indicating that the densities of the hydrocarbon 
oligomers at these points are higher than the average density of 
the system. The distribution patterns of n-C32 and P1Ds (P1D-2, 
P1D-3 and P1D-6) are quite similar, with the first significant peak 
in their RDFs appearing at approximately 2.5 nm. This indicates a 
typical separation distance of 2.5 nm between n-C32-n-C32 and 
P1D-P1D molecules. In the spatial range of 0–2 nm, the RDF values 
of the hydrocarbon oligomers (n-C32 and P1D) are close to 0. This 
indicates that the probability of one hydrocarbon oligomer 

Fig. 6. Solubility of n-C32, P1D-2, P1D-3, P1D-6 and Squalane in scCO2 at T = 308, 
318 K and P = 24 MPa.
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molecule appearing within a 2 nm radius of a reference hydro
carbon oligomer molecule is nearly 0. Combined with the distri
bution morphology of the hydrocarbon oligomers diagram as 
shown in Fig. 7, it demonstrates that when the hydrocarbon olig
omers dissolve in scCO2, there is approximately a 2 nm spatial 
distance between the molecules. The separation distance between 
squalane molecules is smaller than that of the other two hydro
carbon oligomers, with an average spacing of about 1.5 nm. Similar 
to P1Ds and n-C32, the RDF value of squalane approaches 0 at 
distances less than 1 nm. This indicates that although squalane has 
a more compact distribution morphology in scCO2 compared to 
P1Ds and n-C32, there is still a 1 nm spatial distance between 
molecules, without any entanglement or connection. In the 
context of the distribution morphology of hydrocarbon oligomers 
in scCO2, the RDF quantifies  the spatial distances between the 
oligomer molecules. One may conclude that the hydrocarbon 
oligomers are uniformly dispersed and exhibit some preferred 
separation distances of approximately 1–2 nm. This demonstrates 
that the hydrocarbon oligomers exist in a dispersed state within 
scCO2. This morphology of molecular distribution sets the stage for 
elucidating the mechanism how these hydrocarbon oligomers 
viscosify CO2 in our future molecular simulation.

3.3. The interactions between hydrocarbon oligomers and CO2

In the hydrocarbon oligomer-CO2 system, the interaction be
tween the hydrocarbon oligomer and CO2 serves as a critical 
driving force influencing  the solubility of the hydrocarbon olig
omer. A whole in its ground state has lower energy compared to 
the separated phases, which is why this system can remain in a 
stable state.

Therefore, we need to establish separate simulation systems for 
pure CO2 and hydrocarbon oligomers, as well as a simulation 
system where hydrocarbon oligomers are dissolved in CO2, as 
shown in Fig. 9. We ensure that the quantity of oligomer molecules 
and CO2 molecules added in different hydrocarbon oligomer sys
tems remains consistent, only varying the types of oligomers.

The energy of 50,000 CO2 molecules, the energies of eight 
molecules for different types of hydrocarbon oligomer (n-C32, 
squalane, P1D-2, P1D-3 and P1D-6), and the total energy of the 
system after thorough mixing of the eight hydrocarbon oligomer 
molecules with 50,000 CO2 molecules are obtained through mo
lecular dynamics simulations. In terms of Eq. (7), we calculate the 
interaction energies between different types of hydrocarbon 
oligomers and CO2 at 24 MPa and 308 K, with the results presented 
in Table 1.

As shown in Table 1, the interaction energy of squalane with 
CO2 is significantly  greater than that of the other hydrocarbon 
oligomers. The absolute value is 6100 kJ/mol. This indicates that 
squalane has the highest solubility in CO2, which may be attrib
uted to its maximum number of methyl groups. The interaction of 
n-C32 with CO2 is also the lowest among the five  hydrocarbon 
oligomers, only 4200 kJ/mol. And the absolute value of the inter
action energy of P1D-3 with CO2 is 5311 kJ/mol. Although squa
lane, n-C32 and P1D-3 have comparable molecular weights, 
squalane has 8 methyl groups which is larger than 4 methyl groups 
of P1D-3 and 2 methyl groups of n-C32. As a result, the interaction 
of squalane with CO2 is higher than that of P1D-3 and n-C32. In 
addition, the absolute values of the interaction energy of P1D-2 
and P1D-6 with CO2 are 5372 kJ/mol and 5039 kJ/mol, respec
tively. The comparison of results indicates that the number of 
methyl groups in hydrocarbon oligomers can directly influence the 
magnitude of their interaction with CO2. And the magnitude of 
interaction between hydrocarbon oligomers and CO2 directly af
fects their solubility in scCO2.

3.4. The impact of methyl branching on the solubility

To further investigate the impact of methyl branching on sol
ubility, we examine the interactions between different segments 
of hydrocarbon oligomers and CO2. Based on the coarse-grained 
modeling approach, we divide the n-C32, squalane, P1D-2, P1D-3 
and P1D-6 molecules into distinct segments as shown in Fig. 10. 
The n-C32 molecule is divided into methyl-containing end-chain 
beads (C2E) and methyl-free main-chain beads (C2M). The squa
lane molecule is divided into methine (C1), methylene (C2), and 
methyl (C3) beads. The P1D molecules (P1D-2, P1D-3 and P1D-6) 
are divided into main-chain head beads (C2EB), main-chain 
beads (C2MB), mid-branch beads (C2M), and end-chain beads 
(C2E). To elucidate the interaction distances between different 
fragments of hydrocarbon polymer molecules and CO2 molecules, 
we plot the RDF of different fragments with CO2 in n-C32, squa
lane, and P1D molecules as shown in left column in Fig. 11.

In left column in Fig. 11, the interaction distances between the 
methyl-bearing fragments (C2E, C3) and CO2 are smaller than 
those of other types of molecular fragments. Taking squalane as an 
example, the interaction distance between the methyl group (C3) 
and CO2 is only 3.05 Å, while the methylene group (C2) is 3.15 Å, 

Fig. 7. Distribution morphology of (a) n-C32, (b) P1D-2, (c) P1D-3, (d) P1D-6 and (e) 
squalane under various pressures and temperature of 308 K.
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Fig. 8. The RDFs of (a) n-C32, (b) P1D-2, (c) P1D-3, (d) P1D-6 and (e) squalane under various pressures and 308 K.

Fig. 9. Three kinds of systems. (a) The hydrocarbon oligomer systems with eight molecules; (b) The CO2 system with 50,000 CO2 molecules; (c) The hydrocarbon oligomer-CO2 

systems with eight oligomer and 50,000 CO2 molecules.
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and the methine group (C1) has the largest interaction distance at 
3.35 Å. In an RDF graph, a shorter interaction distance generally 
indicates a greater attraction. Fig. 11 clearly demonstrates a 
stronger interaction between the methyl group and CO2.

Generally, a stronger interaction means more CO2 molecules 
are surrounding the methylated fragment. To further explore the 
strength of the interaction between different fragments of hy
drocarbon oligomer molecules and CO2 molecules, we conduct a 
detailed study on the number of interactions between different 
fragments and CO2. Based on the RDFs, we select the endpoint of 
the first shell of CO2 molecules surrounding different fragments in 
n-C32, squalane, P1D-2, P1D-3 and P1D-6. We count the number of 
CO2 molecules interacting with different pieces within the 
selected spatial range in the hydrocarbon oligomer simulation 
systems. And then, we calculate the average number of CO2 mol
ecules surrounding each fragment type. The results are shown in 
the right column in Fig. 11.

The right column in Fig. 11 shows that the number of methyl- 
containing particles in hydrocarbon oligomers interacting with 
CO2 is significantly  greater than that of other particles in the 
oligomer molecules. For example, in the squalane molecule, 
methyl particles (C3) interact with an average of 11.48 CO2 mole
cules within the selected space, which is significantly higher than 
that of methylene(C1) and methine(C2) particles. On average, 20% 
more CO2 molecules interacted with particles containing methyl 
groups than with other parts of the hydrocarbon oligomers. 
Therefore, we can understand that compared to other parts, the 
number of interactions between methylated fragment and CO2 
molecules attracted is the greatest and the interaction strength is 
the highest.

4. Conclusions

This study investigates the solubility of five hydrocarbon olig
omers (n-C32, P1D-2, P1D-3, P1D-6, and squalane) in scCO2 using 
MD, elucidating the effect of molecular structure on their 
solubility.

(1) We employ a coarse-grained molecular model and utilized 
the DCM method to calculate the solubility of hydrocarbon 
oligomers in scCO2. We find  that the number of methyl 
groups and solubility positively correlate when molecular 
weights are similar. For example, the molecular weights of 
n-C32, P1D-3, and squalane are similar, with the number of 
methyl groups in their molecules gradually increasing (2, 4, 
and 8 methyl groups, respectively). Their solubility in scCO2 
under the same conditions also increases accordingly (0.2, 
1.7, and 3.7 wt%, respectively).

(2) The simulation results indicate that the increase in molec
ular weight of hydrocarbon oligomers weakens their solu
bility in scCO2. However, the solubilities of P1D-2, P1D-3, 
and P1D-6 do not differ significantly (1.8, 1.7, and 1.6 wt%, 
respectively). This is mainly because, as the number of P1D 
repeating units increases, the molecular weight rises, and at 
the same time, the number of methyl groups within the 
molecule also increases.

(3) We study the distribution morphology of hydrocarbon 
oligomers in scCO2. The RDF analysis indicates that the 
minimum interaction distance between n-C32, P1D-2, P1D- 
3, and P1D-6 molecules exceeds 2 nm, while for squalane, it 
is approximately 1.5 nm. This suggests that hydrocarbon 
oligomer molecules do not viscosify through entanglement 
but exist as single dispersion in scCO2. Thus, the interaction 
between hydrocarbon oligomer molecules and CO2 mole
cules is key to their solubility.

(4) In further analysis, we calculate the interaction energies of 
the five  hydrocarbon oligomers with CO2 under the same 
conditions. Results indicate that squalane exhibits the 
strongest interaction with CO2 (6,100 kJ/mol), followed by 
P1D-2 (5,372 kJ/mol), P1D-3 (5,311 kJ/mol), and P1D-6 
(5,039 kJ/mol). n-C32 shows the weakest interaction 
(4,200 kJ/mol). This indicates that the number of methyl 
groups in hydrocarbon oligomers affects their interaction 

Table 1 
Interaction energies between different types of hydrocarbon oligomers and CO2 at 
308 K and 24 MPa (energy unit: kJ/mol).

Types Eoligomer+CO2
Eoligomer ECO2

Einter

CO2 + n-C32 − 208,011 − 881 − 202,929 − 4,200
CO2 + P1D-2 − 208,728 − 426 − 202,929 − 5,372
CO2 + P1D-3 − 208,789 − 548 − 202,929 − 5,311
CO2 + P1D-6 − 208,678 − 709 − 202,929 − 5,039
CO2 + squalane − 207,508 − 478 − 202,929 − 6,100

Fig. 10. The method for segmenting hydrocarbon oligomer molecules into distinct fragments.
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Fig. 11. Interaction between different hydrocarbon polymer fragments and CO2 at 308 K and 24 MPa for different oligomers: (a) n-C32; (b) P1D-2; (c) P1D-3; (d) P1D-6 and (e) 
Squalane. The left column shows the RDF results while the right column describes the average number of CO2 molecules surrounding each fragment type.
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energy with CO2, which is critical for determining their 
solubility.

(5) To specifically  illustrate the impact of methyl branches on 
solubility, we divide the hydrocarbon oligomer molecules 
into different segments and examined the interactions of 
various segments with CO2. The RDF results show that the 
interaction distance between the methyl group and the CO2 
molecule is significantly smaller than that of other groups. 
For instance, in squalane, the interaction distance between 
the C3 (methyl) and the CO2 molecule is 3.05 Å, which is 
much shorter than the distances for C2 (methylene) and C1 
(methine), which are 3.15 Å and 3.35 Å, respectively.

(6) Additionally, the number of interactions between CO2 mol
ecules and segments containing methyl groups is, on 
average, 20% higher than with other segments. This in
dicates that the presence of methyl groups significantly 
enhances the interactions between hydrocarbon oligomers 
and CO2.

In summary, we explore the solubility differences of various 
hydrocarbon oligomers in scCO2 and reveals the mechanism by 
which methyl groups influence their solubility. We also challenge 
the traditional theory that CO2 viscosification  polymers rely on 
molecular entanglement, emphasizing the dispersed state of hy
drocarbon oligomers in scCO2. Even though the squalane demon
strates better solubility compared to P1D-3, the viscosification is 
more effective for P1D-3. We attribute this to the synergistic effect 
between the methyl group and branching length. This work sets 
the stage for our ongoing molecular dynamics study in viscosifi
cation by hydrocarbon oligomers with different branching length 
and interfacial phenomenon of multiple systems.
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