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Abstract
Most compounds of some 1,000 amu molecular weight (MW) and higher are poorly soluble in carbon dioxide (CO2). Only at very high 
pressure, there may be mild solubility. This limits the use of CO2 as a solvent and modifications of CO2 properties through additives. 
We have developed a coarse-grained molecular model to investigate the dependency of the solubility of hydrocarbon oligomers (MW 
of ∼1,000 amu) in CO2 and on the molecular structure. The coarse-grained model is optimized by the particle swarm optimization 
algorithm to reproduce density, surface tension, and enthalpy of vaporization of a highly branched hydrocarbon oligomer (poly-1- 
decene with six repeating units). We demonstrate that branching in molecular structure of oligomers significantly increases solubility 
in CO2. The branching in molecular structure results in up to 270-time enhancement of solubility in CO2 than an n-alkane with the 
same MW. The number of structural edges (methyl group) is a key in improved CO2-philicity. The solubility of poly-1-decene with 
nine repeating units (MW of 1,264.4 amu) is higher in CO2 than poly-1-dodecene with six repeating units (MW of 1,011.93 amu) 
because it has more structural edges (10 vs. 7). These results shed light on the enhancement of CO2-philicity by altering molecular 
structure rather than modifying chemical composition in compounds.
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Significance Statement

There is a considerable interest in highly soluble substances for carbon dioxide (CO2), so-called CO2-philes. Despite extensive efforts 
for decades, there is a lack of experiments even for alkanes with a chain length of C30 and beyond due to complexities in performing 
high-pressure experiments. We have developed a coarse-grained molecular model for predicting the solubility of alkanes and oligom-
ers of 1-decene and 1-dodecene with high molecular weight (∼1,000 amu). We demonstrate that higher solubility in CO2 can be at-
tained when compounds have a branching structure. This study paves the way toward improving CO2-philicity not only by 
modifying the chemical species but also by altering the molecular structure.

Introduction
The solubility of compounds in carbon dioxide (CO2) is of signifi-
cant importance in various scientific and industrial fields (1–3). 

Enhancing the solubility of compounds enables the utilization of 

CO2 as an environmentally friendly solvent (1, 2) and facilitates 

the modification of CO2 properties through additives (3–5). 

However, the majority of compounds exhibit poor solubility in li-

quid or supercritical CO2, necessitating high pressures even at low 

concentration (3, 6). Solubility enhancement can be achieved by 

introducing Lewis base groups or fluoro carbons, altering the 

chemical composition (2, 5–9). The modification of the chemical 

composition in the published literature leads to serious environ-

mental and economic burdens, which limits the practical applic-

ability of these compounds (9).
A potential approach to enhance solubility in CO2 is through 

changes in molecular structure. Silva and Orr (10) presented 

experiments on partitioning in crude oil–CO2 systems. Their find-
ings demonstrate that compounds with a branched structure ex-
hibit higher partitioning in CO2 compared with compounds with a 
straight structure for the same molecular weight (MW) (10). The 
effect becomes less pronounced for carbon chain lengths below 
12 (10). Alkanes with a branched structure have higher solubility 
in CO2 than normal alkanes with similar MWs. Various authors 
have measured the solubility of normal alkanes and branched al-
kanes (such as squalane) in CO2 (11–17). Neopentane (fully 
branched pentane with four methyl groups) shows about two 
times higher solubility than n-pentane and isopentane; n-pentane 
and isopentane have similar P–x diagram (14–17) (Fig. S1). 
Squalane has more than five times higher solubility than normal 
alkanes with similar MWs (3, 11–13). We have recently conducted 
molecular simulations to investigate this effect for alkanes up to a 
carbon number of 20 (18). It is demonstrated that branched hexa-
decane and eicosane have approximately two to three times 
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higher solubility in CO2 than normal hexadecane and eicosane 
(18). The solubility of decanes is not much affected by molecular 
structure (18). Methyl-branched surfactants are shown to have 
greater CO2-philicity in hydrocarbon surfactants (5, 19). 
Theoretical and experimental evidence suggests that the en-
hancement of solubility in CO2 through changes in molecular 
structure becomes more pronounced when the MW of com-
pounds becomes large. Our current knowledge is limited to carbon 
chain lengths up to 30. Conducting experimental investigations 
for higher MWs necessitates high-pressure experiments. 
Theoretical investigations become challenging due to increased 
computational costs. The theoretical simulations can play a cru-
cial role in elucidating the structural dependency of solubility in 
CO2 for MWs higher than C30.

CO2 direct thickeners are compounds that dissolve in CO2 to in-
crease its viscosity, thereby enhancing the efficiency of geological 
sequestration (3–6, 20–28). Practical utilization of CO2 direct thick-
eners is hindered by limited knowledge regarding the solubility in 
CO2. Al-Hinai et al. (6) conducted a study demonstrating that only 
4 of 27 polymers can dissolve in CO2. Among these four polymers, 

poly-1-decene and poly vinyl ethyl ether are found to effectively 
thicken CO2 (6). The solubility improvement observed in branched 
alkanes is suggested as a mechanism for the higher solubility of 
poly-1-decene oligomer, owing to its highly branched structure. 
To advance the development of CO2 direct thickeners, it is crucial 
to investigate the structural dependency of solubility in CO2, par-
ticularly for higher MW compounds, including oligomers and 
beyond.

The goal of this work is investigation of the structural depend-
ency of hydrocarbon oligomer solubility in CO2. To accomplish 
this, we have developed a coarse-grained molecular model that 
can accurately represent branched structures (Fig. 1A). This mod-
el is an extension of the transferable coarse-grained model used 
for normal alkanes (29). The particle swarm optimization (PSO) 
method is employed to determine interparticle and intramolecu-
lar interactions in the model (Fig. 1B). To predict the solubility of 
various poly-1-decene-type oligomers and examine the influence 
of molecular structure on CO2 solubility (Fig. 1C–F), molecular dy-
namic simulations are performed using interfacial systems 
(Fig. 1G).
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Fig. 1. Parameterization of coarse-grained molecular model of poly-1-decene for solubility calculations. A) Mapping scheme and particle type of 
coarse-grained poly-1-decene with six repeating units (2:1 mapping). B) Flowchart of parameter fitting using PSO method. C) Molecular structure and MW 
of poly-1-decene with six repeating units (P1D) for solubility calculation. D) Molecular structure and MW of poly-1-decene with nine repeating units 
(P1D9) for solubility calculation. E) Molecular structure and MW of poly-1-dodecene with six repeating units (P1DD) for solubility calculation. F) Molecular 
structure and MW of n-hexacontane (nC60) for solubility calculation. G) Interfacial system in solubility calculation. Blue particles and orange particles are 
oligomers and CO2, respectively.
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Results and discussion
Density, surface tension, and enthalpy of vaporization of poly-1- 
decene with six repeating units are calculated by all-atom molecu-
lar dynamic simulations. Five independent calculations are 
conducted to obtain better statistics. These are used as reference 
values during the PSO method. Averages and SEs over the five cal-
culations are summarized in Table 1. The largest SE is 2.9%, which 
is for surface tension. Time evolution of the systems from the five 
independent calculations is shown in Fig. S2. Poly-1-decene with 
six repeating units shows relatively slow relaxation requiring 20 
to 30 ns. The last 20 ns of trajectory is used for determining values 
from each calculation.

The coarse-grained molecular parameters representing poly-1- 
decene oligomers are determined by the PSO method using the ref-
erence values from the all-atom molecular dynamic simulations. 
Parameters for poly-1-decene oligomers are listed in Tables S1– 
S4. The model is evaluated by five independent calculations using 
the same system size and the same simulation time as the all-atom 
molecular dynamic calculations. The procedure ensures that the 
parameters reproduce properties of the poly-1-decene with six re-
peating units. The calculations during the PSO method have a 
smaller number of molecules, shorter simulation time, and only 
single calculation, which may result in large statistical error. 
Table 1 shows average and SE over the five calculations for the 
coarse-grained model. The difference between the all-atom model 
and the coarse-grained model is at maximum 2%. This difference 
is less than the SE of the all-atom calculations. We also provide 
bond length, bond angle, and dihedral angle distributions in Figs. 
S3–S5, respectively, which show fair agreement with the all-atom 
model. Transferability of the coarse-grained parameters is exam-
ined by conducting all-atom and coarse-grained molecular dy-
namic simulations for other compounds (poly-1-decene with 
nine repeating units and poly-1-dodecene with six repeating units; 
Table S5). The simulations are conducted with the same procedure 
as the cases of the poly-1-decene with six repeating units, but 70 ns 
is required for some systems to reach an equilibrium (Figs. S6 and 
S7). The results show good transferability of our model.

Mixing rule parameter (ζ) is examined by calculating mutual 
solubility in n-hexadecane and CO2 binary systems. We find that 
ζ of 0.96 well represents the solubility of n-hexadecane in CO2. 
This parameter may not reproduce solubilities in CO2 in other con-
ditions because the parameter is fitted for a combination of the 
force fields used in this study. The mixing rule parameter of 0.95 
well reproduces the phase behavior of binary systems of hydrocar-
bon and CO2 for the other combination of force fields (TraPPE-UA 
alkanes and TraPPE-small CO2) (18). Figure 2A–C shows number 
density distribution normal to interfaces at pressures of 12, 15, 
and 18 MPa, respectively, for the mixing rule parameter of 0.96. 
The figures represent time evolution 5  × 50 ns blocks by color in-
tensities. Dashed lines and dotted lines define CO2-rich phase 
and n-hexadecane-rich phase to calculate mutual solubility. For 

the bulk phase, we include the area where density is constant to 
exclude the interfacial region. The number density distributions 
in Fig. S8 are based on the mixing rule parameter of 0.95. Low sys-
tem size dependency is confirmed by conducting simulation at 
18 MPa, which has double the number of molecules, while inter-
facial area is fixed (Fig. S9). In addition to increase in computation-
al cost due to larger number of molecules, the extension of system 
size normal to the interface results in longer relaxation time (three 
times for our case) because the components diffuse longer distan-
ces in the system. Figure 2D presents P–x diagram for simulations 
results and experimental data (33, 34). The mole fractions of CO2 in 
CO2-rich phase agree with experimental data for ζ of 0.96 especial-
ly at high pressure (18 MPa; circles in the magnified panel in 
Fig. 2D), whereas the mole fractions of CO2 in n-hexadecane-rich 
phase is represented better by ζ of 0.95 than by ζ of 0.96 (circles 
and diamonds in Fig. 2D). A ζ of 0.96 better describes the 
CO2-rich phase and therefore solubility of oligomers in CO2.

We use interfacial systems to model the solubility of poly-1- 
decene (Fig. 1G). Figure 3A–C presents density distributions normal 
to interface for poly-1-decene with six repeating units and CO2 at 
pressures of 25, 35, and 45 MPa, respectively. The CO2-rich phase 
and poly-1-decene–rich phase are both modeled. Solubility for this 
system is overlaid to experimental data (Fig. 3D). One consideration 
in molecular simulations of oligomers is slow relaxation time. We in-
vestigate initial configuration dependency for poly-1-decene with six 
repeating units at a pressure of 35 MPa (Fig. S10). Our calculations in-
dicate fully relaxed state by simulation time of 1.1 µs. Initial config-
uration with uniform density distribution of poly-1-decene with six 
repeating units and CO2, namely super-saturated solution, yields 
the same solubility as the separate pure–pure initial configuration. 
Our model reproduces the solubility of poly-1-decene oligomers in 
CO2. The results are within the variation of the experimental results, 
especially align with Al-Hinai et al. (6) (up-pointing triangles in 
Fig. 3D). We may underestimate the solubility at a pressure of 
25 MPa. It must be emphasized that compounds used in the experi-
ments may have mixed polymerization degrees (i.e. average MW cor-
responds to MW of poly-1-decene with six repeating units). 
Dissipative particle dynamic simulations with poly-1-decene with 
six repeating units also show the same trend as ours, namely sharp 
increase in solubility as increasing pressure (35). Different authors 
may not have used the same chemical in their experiments. We 
are conducting nuclear magnetic resonance (NMR) analysis to find 
out the distribution of repeating units of the oligomers used in the ex-
periments. The effect on solubility in CO2 with multipolymerization 
degree will be investigated in future.

Figure 3E indicates the structural dependency of solubility in CO2 

for poly-1-decene type of oligomers. Density profiles normal to inter-
face other than poly-1-decene with six repeating units are provided 
in Figs. S11–S13. We compare the solubilities of poly-1-decene with 
six repeating units (circles in Fig. 3E and Fig. 1C for molecular struc-
ture) and n-hexacontane (down-pointing triangles in Fig. 3E and 
Fig. 1F for molecular structure) in CO2. The two compounds have 
the same MW. Branching in structure significantly increases solubil-
ity in CO2. The solubility increases by 35 and 267 times at pressures 
of 35 and 45 MPa, respectively. n-Hexacontane is waxy solid at 
344.3 K, while poly-1-decene with six repeating units is liquid at 
this temperature. We have conducted the solubility calculations of 
n-hexacontane at 385.0 K, which is above the melting point 
(Fig. S14). The results are close at the two temperatures.

As pointed out earlier, improved solubility by branching 
structure is observed experimentally and theoretically up to a 
carbon number of 30 (18). This effect becomes significant as 
MW increases. We have demonstrated that the solubility 

Table 1. Properties of poly-1-decene with six repeating units from 
the all-atom model (CGenFF) (30–32) and the coarse-grained 
model in this study.

Properties All-atom 
model

Coarse-grained 
model

Diff. 
(%)

Density (kg/m3) 838.4 ± 0.3 838.44 ± 0.02 0.01
Surface tension (mN/m) 31.5 ± 0.9 30.8 ± 0.3 2
Enthalpy of vaporization  

(kJ/mol)
248 ± 3 248.7 ± 0.4 0.2

Error represents SEs.
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increases two to three times in eicosanes (MW of 282.5 amu), 
n-eicosane and 2,2,4,6,6,8,10,10-nonmethylundecane (a struc-
tural isomer of n-eicosane) (18). In this work, we establish that 
solubility improvement by branching becomes significant when 
MW is large. Change in molecular structure, namely branching, 
rather than change in chemical composition can be an alterna-
tive strategy for the development of CO2-soluble oligomer/poly-
mer. The advantage here for the application of direct 
thickeners for CO2 geological storage is that branching does 
not lead to adsorption but change in chemical composition 
may promote adsorption to minerals (4).

Next, the effects of increasing repeating units and increasing 
length of branching part (branching length) on solubility are in-
vestigated (squares and up-pointing triangles in Fig. 3E). Both de-
crease solubility in CO2 mainly due to increase in MW in 
comparison with poly-1-decene with six repeating units (circles 
in Fig. 3E). The solubility becomes lower with an increase in 
branching length than adding units. The solubility of poly-1- 
decene with nine units (squares in Fig. 3E and Fig. 1D for molecu-
lar structure) is higher than that of poly-1-dodecene with six 
repeating units (up-pointing triangles in Fig. 3E and Fig. 1E for 
molecular structure). The MW of poly-1-decene with nine 

repeating units (1,264.4 amu) is higher than that of poly-1- 
dodecene with six repeating units (1,011.93 amu). We point out 
that number of structural edges (namely methyl group) affect 
solubility in CO2. Molecular dynamic simulations demonstrate 
that a methyl group can be surrounded by a larger number of 
CO2 molecules than methylene group (3, 18). The difference in 
solvation degree is a mechanism of solubility enhancement. We 
analyze the solvation structure of poly-1-decene with six repeat-
ing units by radial distribution function and coordination num-
bers (Fig. S15). The structural edges (C2E) have greater affinity to 
CO2 than that of middle of chains (C2M); this results in larger co-
ordination number for the structural edges. Our simulations are 
in line with experimental observations that methyl-branched sur-
factants have greater CO2-philicity (5, 19). Increase in branching 
length results in higher MW, while number of edge group is kept 
the same. Adding repeating units results in increase in both MW 
and number of edge group. This explains the difference in the ef-
fect on solubility by branching length and number of repeating 
units.

We have developed coarse-grained model of poly-1-decene 
oligomers to investigate solubility in CO2. The model reproduces 
density, surface tension, and enthalpy of vaporization calculated 

Fig. 2. Solubility of n-hexadecane. Number density profiles normal to the interface for n-hexadecane (nC16) and CO2: mixing parameter zeta (ζ) of 0.96, at 
344.3 K and at pressures of A) 12 MPa, B) 15 MPa, and C) 18 MPa. Color intensity represents time evolution for every 50 ns blocks, namely 50 ns × 5 blocks. 
Areas between dashed lines and dotted lines define CO2-rich phase and n-hexadecane-rich phase. D) P−x diagram of n-hexadecane and CO2 system with 
different mixing parameters and the experimental data at 344.3 K. The right panel represents magnified image of mole fraction of CO2 in CO2-rich phase 
(namely, solubility of n-hexadecane in CO2). SEs are smaller than the symbols.
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by all-atom model. Theoretical prediction of the solubility of 
poly-1-decene with six repeating units agrees with experimental 
data. The coarse-grained model can be used to predict structural 
dependency of solubility in CO2 extending to oligomer to polymer 
scale. Structural dependency of solubility in CO2 is investigated 
for oligomers. It is demonstrated that branching significantly in-
creases solubility in CO2; a compound with branched structure 
(oligomer of poly-1-decene) shows 35 and 267 times at 35 and 
45 MPa, respectively, larger solubility than that of straight chain 
structure with the same MW. This study sets the stage in attaining 
CO2-philicity through branched structured without altering 
chemical compositions.

Materials and methods
Molecular dynamic simulations
GROMACS (36) is used in molecular dynamic simulations in this 
study. Temperature and pressure are controlled stochastically. 
For bulk systems, a cutoff length of 1.4 nm is applied for non-
bonded interactions. In solubility calculations of binary interfacial 
systems, a cutoff length of 2.4 nm is found necessary because we 

find bulk density changes with shorter cutoff lengths. Analytical 
tail correction is applied for treating long-range dispersion poten-
tial. A previous study has highlighted the need for longer cutoff 
lengths in certain anisotropic systems (37). Particle mesh Ewald 
summation (38) is utilized to calculate long-range electrostatic in-
teractions with short-range cutoff of 1.4 nm. In this study, the fol-
lowing mixing rule is implemented:

ϵij = ζ
�����
ϵiiϵjj


(1) 

σij =
σii + σjj

2
(2) 

The value of ζ is set to 1 for unlike particles of the same type of mol-
ecule, ensuring the preservation of pure system properties. Mutual 
solubility may exhibit significant dependency on the value of ζ. In 
this study, we examine the dependency of mutual solubility on this 
parameter using binary systems of n-hexadecane and CO2.

CGenFF (30–32) is selected as an all-atom force field for modeling 
poly-1-decene with six repeating units. This force field is shown to 
accurately reproduce the properties of hydrocarbons (39). To obtain 
reference properties for fitting purposes, all-atom molecular dy-
namic simulations are conducted. These simulations include the 

Fig. 3. Solubility of poly-1-decene oligomers, a poly-1-dodecene oligomer, and n-hexacontane. Density profiles normal to the interface for the system of 
poly-1-decene with six repeating units and CO2 at 344.3 K and at pressures of (A) 25 MPa, (B) 35 MPa, and (C) 45 MPa. Color intensity represents time 
evolution for every 100 ns blocks, namely 100 ns × 5 blocks. Areas between dashed lines define CO2-rich phase from which solubility is calculated. 
Snapshots from the last configuration are overlaid, where CO2 particles are not shown for clarity. D) Solubility of poly-1-decene with six repeating units 
and experimental data. E) Structural dependency of solubility of oligomers at 344.3 K. Error bars represent SEs.

Kobayashi and Firoozabadi | 5
D

ow
nloaded from

 https://academ
ic.oup.com

/pnasnexus/article/2/11/pgad393/7420193 by guest on 30 N
ovem

ber 2023



density, surface tension, and enthalpy of vaporization. The enthalpy 
of vaporization encompasses the potential energy of both the liquid 
and vapor phases. The theoretical background for calculating the 
surface tension and enthalpy of vaporization is provided in the SI 
Appendix. The simulations are performed at a temperature of 
300 K and a pressure of 0.1 MPa, following the conditions previously 
established for coarse-grained normal alkanes (29). The systems 
consist of 500 molecules for the density and surface tension calcula-
tions, as well as for determining the potential energy of the liquid 
phase, which is utilized for the calculation of the enthalpy of vapor-
ization. Additionally, a single-molecule system is used to calculate 
the potential energy of the vapor phase. Each simulation has a dur-
ation of 50 ns, employing a timestep of 1 fs.

Interfacial systems are employed to predict solubility in this 
study (Fig. 1G). For oligomers, combination of the model devel-
oped by An et al. (29) and the newly developed coarse-grained 
model are utilized. Force field for CO2 is a single-site model pro-
posed by Higashi et al. (40). The model reproduces pressure de-
pendency of density of CO2 (41) and is used to investigate the 
phase behavior of binary systems (40, 42). To prepare initial con-
figurations, pure CO2 and pure oligomer systems are individually 
equilibrated under the conditions required for solubility calcula-
tions. A temperature of 344.3 K is used in these simulations. The 
binary systems of n-hexadecane and CO2 consist of 10,000 
n-hexadecane molecules and 100,000 CO2 molecules. The mixing 
rule (Eqs. 1 and 2) is examined using this system. For the solubility 
calculations of oligomers and n-hexacontane, the systems are 
composed of 1,200 oligomers/n-hexacontane and 100,000 CO2 

molecules. Simulations are carried out for a duration of 0.6 µs 
for the n-hexadecane systems and 1.1 µs for the oligomer systems 
using a timestep of 4 fs. The last 250 and 500 ns of trajectories are 
analyzed for the n-hexadecane and the oligomer systems, respect-
ively. SEs are defined by dividing the last trajectories into five 
blocks (e.g. 100 ns × 5 blocks for the oligomer systems). Visual mo-
lecular dynamics is used to present the snapshots of systems (43).

Coarse-grained model
The nonbonded interactions in the coarse-grained model are 
described by the Lennard–Jones potential:

ULJ
ij = 4ϵij

σij

rij

 12

−
σij

rij

 6
⎛

⎝

⎞

⎠ (3) 

where ϵij and σij are parameters of the Lennard–Jones potential, 

and rij represents the distance between particles i and j. 

Electrostatic interactions are not considered in this particular 
model. The bond, angle ( θijk), and dihedral angle (ϕ) interactions 

are represented as follows:

Ubond =
1
2

kb
ij(rij − bij)

2 (4) 

Uangle =
1
2

kθ
ijk(θijk − θ0

ijk)2 (5) 

Udihedral =


n

kϕ
n(1 + cos (nϕ − ϕs

n)) (6) 

kb
ij and bij represent the bond force constant and the equilibrium 

bond length, respectively. kθ
ijk is the angle force constant, and θ0

ijk 

is the equilibrium angle. kϕ
n is the dihedral force constant. In a pre-

vious study on coarse-grained modeling for normal alkanes, it has 
been assumed that dihedral angle interactions are not necessary 
(29). In this study, we find that the dihedral angle distributions 

are uniform when four particles have two center particles, where 
the particle type is derived from normal alkanes, specifically 
X-C2M-C2M-X (where X represents any particle type; Fig. S16A). 
This confirmation supports the assumption made in a previous 
study (29). However, we have observed nonuniformity in the dihe-
dral angle distributions for the other cases (Fig. S16B). This high-
lights the critical role of dihedral angle interactions in 
accurately representing the molecular shape of poly-1-decene.

Particle swarm optimization
The PSO method is employed to determine the parameters of the 
coarse-grained poly-1-decene model (Fig. 1B and SI Appendix). A 
swarm size of 200 is selected, resulting in a total of 600 coarse- 
grained molecular dynamic simulations per iteration considering 
the pure liquid system, interfacial system, and vapor system. 
The coarse-grained molecular dynamic simulations are conducted 
with a duration of 5 ns, using a timestep of 5 fs, and a system size of 
50 molecules of poly-1-decene with six repeating units. Initial con-
figurations are prepared by mapping the coordinate of correspond-
ing center of mass from final configurations of the all-atom 
molecular dynamic simulations. Pressure and temperature condi-
tions are kept consistent with the all-atom molecular dynamic 
simulations. Initial parameters for the bond length, bond angle, 
and the dihedral angle interactions are determined based on the 
Boltzmann assumption using the results obtained from the 
all-atom molecular dynamic simulations. Subsequently, these pa-
rameters are allowed to change by ±10% during the PSO iterations. 
For the initial guess of the Lennard–Jones parameters, random val-
ues within the predefined boundaries are chosen. The specific de-
tails of the boundary and the initial guess are presented in Table S6. 
Finally, the optimized parameters are evaluated by performing 
calculations with a duration of 50 ns, a timestep of 5 fs, and a sys-
tem size of 500 molecules. This is done to eliminate a potential sys-
tem size or simulation time dependency during the PSO iterations.
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