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Abstract 
 Atomistic molecular dynamics simulations were carried out to obtain the diffusion 
coefficients of CO2 in n-hexane, n-decane, n-hexadecane, cyclohexane and squalane at 
temperatures up to 423.15 K and pressures up to 65 MPa. Three popular models were used for 
the representation of hydrocarbons: the united atom TraPPE (TraPPE-UA), the all-atom OPLS, and 
an optimized version of OPLS, namely L-OPLS. All models qualitatively reproduce the pressure 
dependence of diffusion coefficient of CO2 in hydrocarbons measured recently, and L-OPLS was 
found to be the most accurate. Specifically for n-alkanes, L-OPLS also reproduced the measured 
viscosities and densities much more accurately than the original OPLS and TraPPE-UA models, 
indicating that the optimization of the torsional potential is crucial for the accurate description 
of transport properties of long chain molecules. The three force fields predict different 
microscopic properties such as mean square radius of gyration for the n-alkane molecules and 
pair correlation functions for the CO2 – n-alkane interactions.  CO2 diffusion coefficients in all 
hydrocarbons studied are shown to deviate significantly from the Stokes-Einstein behavior. 

 

1. Introduction 
The diffusion coefficient of CO2 in hydrocarbons is a fundamental transport property that 

is encountered in a number of industrial applications. The following two characteristic examples 
are of particular interest to the current study: (i) During tertiary oil recovery, CO2 is injected in 
the oil reservoir in order to reduce the viscosity and increase the mobility of the in-situ oil as part 
of the enhanced oil recovery process,1 (ii) In order to mitigate global climate change associated 
with the uncontrolled release of CO2 in the atmosphere, the capture and sequestration of CO2 
has been under extensive study as a possible solution.2 One of the most promising technologies 
for this is injection of CO2 in depleted oil reservoirs. In both examples, accurate models for the 
prediction of diffusion coefficients of CO2 in various hydrocarbons that make up the oil in the 
subsurface reservoirs are essential in order to design the appropriate processes, but only limited 
experimental measurements can be found in the open literature,3-16 with the majority of them 
focusing on conditions in the neighborhood of 298 K and 0.1 MPa. Design of oil recovery and 
carbon sequestration processes requires knowledge of the diffusion coefficients at higher 
pressure and temperature conditions.  

Theoretical approaches for estimating diffusion coefficients have been proposed in the 
form of semi-empirical correlations. Models based either on the kinetic theory of Chapman and 
Enskog17-20 or the hydrodynamic theory of Stokes and Einstein,19-21 are popular for such 
calculations. However, they are not easily generalizable to many fluids and require a rich 
database of experimental measurements to establish their parameters. An alternative to 
theoretical models are atomistic molecular dynamics (MD) simulations, which have been used 
extensively for the calculation of transport coefficients and thermodynamic properties.22  
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The successful implementation of MD simulations depends on the accurate description 
of the intra- and intermolecular interactions. A large number of molecular models describing 
those interactions have been proposed — these are also known as “force fields”. Two popular 
non-polarizable CO2 force fields are the “elementary physical model” (EPM2) by Harris and 
Yung,23 which gives reasonable agreement with experimental data for a variety of properties, and 
the “transferable potential for phase equilibria” (TraPPE) by Potoff and Siepmann,24 which 
accurately reproduces pure CO2 phase behavior and yields satisfactory results for mixtures with 
n-alkanes.24 More details about these and other CO2 models are discussed in the studies by Jiang 
et al.25 and Moultos et al.26-28  

Two of the most widely used force fields for hydrocarbons are the “optimized potentials 
for liquid simulations” (OPLS) model developed by Jorgensen and co-workers29-32 and the TraPPE 
model by Siepmann and co-workers.33-34 Particularly, OPLS-AA29-30 is an explicit hydrogen model, 
with most of parameters adopted from the united-atom OPLS31-32 and AMBER force fields,35 
which yields very good agreement with experimental data on thermodynamic properties for 
many organic molecules including alkanes, alkenes, alcohols and many other. On the other hand, 
TraPPE-UA is a united atom model which describes accurately the vapor-liquid coexistence curves 
and the critical properties of linear alkanes. Although, there is an explicit hydrogen version of the 
TraPPE model (TraPPE-EH),34 it is not commonly considered for the calculation of transport 
properties, as it was designed for improved phase equilibria calculations. Very recently Siu et al.36 
reported a new force field for long alkanes, the L-OPLS (“L” stands for “Long”). This model is an 
optimized form of OPLS-AA that provides better results for liquid properties of long 
hydrocarbons. Siu et al. re-optimized (a) the torsional parameters by fitting to gas-phase ab initio 
energy profiles, (b) the energy parameter of the Lennard-Jones (LJ) potential for methylene 
hydrogen atoms, and (c) the partial charges.36 Discussion on other molecular models for alkanes 
can be found in Paul et al.37 and Ungerer et al.38                  

In the current study, we performed an extensive series of MD simulations for the 
determination of diffusion coefficient of CO2 in five hydrocarbons: n-hexane, n-decane, n-
hexadecane, cyclohexane and squalane, at infinite dilution conditions, at 298.15, 323.15 and 
423.15 K and at 1, 30 and 65 MPa. This can be considered the first step towards calculating the 
diffusion coefficient of CO2 in real mixtures of hydrocarbons. This study is motivated by the recent 
availability of experimental measurements by Cadogan et al.15 and Cadogan16 covering a broad 
range of temperatures and pressures. The main objective of the work is the assessment of the 
accuracy of the force fields discussed above to predict the diffusion coefficients of CO2 in the 
hydrocarbons. There is a limited number of prior MD studies for such systems.39-41 In addition, 
liquid densities and shear viscosities of the hydrocarbons are calculated from MD simulations and 
are compared with available experimental data, in order to rationalize the observed trends in the 
prediction of diffusion coefficients of CO2, which strongly depend on the transport properties of 
the medium. In parallel, the mean square radius of gyration of the three n-alkanes at 323.15 K 
and the pair correlation function for CO2 – n–alkane are calculated for the three force fields, so 
that a microscopic understanding is developed in order to justify the differences in the physical 
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property values. Finally, the MD results are utilized to examine the validity of the Stokes-Einstein 
theory.  

 

2. Models and methods 
2.1 Intermolecular potentials. In this study, the TraPPE24 force field was used for the 
representation of CO2 molecules. Our early calculations using the EPM223 model for CO2 resulted 
in very similar values, indicating that the two force fields predict similar transport properties of 
CO2 in mixtures with hydrocarbons.  TraPPE is a rigid linear three-site model in which the 
electrostatic contributions are implemented by negative partial charges fixed on the oxygen 
atoms and a positive one on the carbon atom. 

For modelling the linear alkanes (n-hexane, n-decane and n-hexadecane) three different 
molecular models were employed; the united-atom TraPPE (TraPPE-UA),33 the all-atom OPLS 
(OPLS-AA)29-30 and the L-OPLS.36 For cyclohexane and squalane, only TraPPE and OPLS-AA were 
used since no L-OPLS parameters are currently available for cyclic or branched alkanes. In TraPPE-
UA model, CH4, CH3 and CH2 groups are modelled as different pseudo atoms with no charges. For 
the case of OPLS-AA and L-OPLS models, partial positive charges are assigned to the hydrogen 
sites and negative to the carbon ones.  

 

2.1.1 Bonded interactions. In general, bond stretching and bond angle bending interactions are 
calculated from the expressions: 

𝑈𝑈𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏(𝐫𝐫) =
𝑘𝑘𝑟𝑟
2

(𝐫𝐫 − 𝐫𝐫0)2 (1) 

 

𝑈𝑈𝑎𝑎𝑏𝑏𝑎𝑎𝑎𝑎𝑎𝑎(𝜃𝜃) =
𝑘𝑘𝜃𝜃
2

(𝜃𝜃 − 𝜃𝜃0)2 (2) 

where 𝑘𝑘𝑟𝑟 and 𝑘𝑘𝜃𝜃 are the force constants,42 while 𝑟𝑟0 and 𝜃𝜃0 are the equilibrium bond length and 
bond angle, respectively. For the case of TraPPE-UA, all pseudo-atoms along the alkane chain are 
connected with bonds of fixed length,24 while in L-OPLS force field only bonds involving 
hydrogens are of fixed length. For the case of OPLS-AA all bonds are flexible. Preliminary 
calculations using a variation of TraPPE-UA model,41 with flexible bonds resulted in almost 
identical diffusion coefficient values with the ones obtained from the original TraPPE-UA33 and 
thus they are not reported in this study.  Torsional energy in the n-alkane chains is described by 
the Ryckaert – Bellemans (RB) potential for all the models examined:43-44 

𝑈𝑈𝑡𝑡𝑏𝑏𝑟𝑟𝑡𝑡𝑡𝑡𝑏𝑏𝑏𝑏(𝜙𝜙) = �𝑐𝑐𝑏𝑏[𝑐𝑐𝑐𝑐𝑐𝑐 (𝜓𝜓)]𝑏𝑏
5

𝑏𝑏=0

 (3) 

where 𝜙𝜙 is the dihedral angle, 𝜓𝜓 = 𝜙𝜙 − 180ο and 𝑐𝑐𝑏𝑏 is constant. 
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2.1.2 Non-bonded interactions. The non-bonded intra- and intermolecular interactions are 
represented by the summation of the 12 – 6 LJ repulsion-dispersion and the Coulombic 
interactions: 

𝑈𝑈𝑏𝑏𝑏𝑏�𝑟𝑟𝑡𝑡𝑖𝑖� = 4𝜀𝜀𝑡𝑡𝑖𝑖 ��
𝜎𝜎𝑡𝑡𝑖𝑖
𝑟𝑟𝑡𝑡𝑖𝑖
�
12

− �
𝜎𝜎𝑡𝑡𝑖𝑖
𝑟𝑟𝑡𝑡𝑖𝑖
�
6

� +
𝑞𝑞𝑡𝑡𝑞𝑞𝑖𝑖

4𝜋𝜋𝜀𝜀0𝑟𝑟𝑡𝑡𝑖𝑖
 (4) 

where 𝜀𝜀𝑡𝑡𝑖𝑖,  𝜎𝜎𝑡𝑡𝑖𝑖, and 𝑟𝑟𝑡𝑡𝑖𝑖 are the LJ energy parameter, the LJ size parameter, and the distance 
between atoms i and j, respectively, and 𝜀𝜀0 is the vacuum permittivity. In the TraPPE model, the 
intramolecular 1 – 4 interactions are excluded,33 while in the OPLS-AA and L-OPLS 1 – 4 
interactions are scaled by a factor of 0.5, both for the LJ and Coulombic interactions.42 Interactions 
between unlike atoms in the TraPPE force field are computed using the Lorenz–Berthelot (LB) 
combining rules:22 

𝜀𝜀𝑡𝑡𝑖𝑖 = �𝜀𝜀𝑡𝑡𝜀𝜀𝑖𝑖�
1
2 (5) 

𝜎𝜎𝑡𝑡𝑖𝑖 =
1
2
�𝜎𝜎𝑡𝑡 + 𝜎𝜎𝑖𝑖� (6) 

while for OPLS-AA and L-OPLS 𝜀𝜀𝑡𝑡𝑖𝑖 is calculated from eq. (5) and 𝜎𝜎𝑡𝑡𝑖𝑖 from: 4 

𝜎𝜎𝑡𝑡𝑖𝑖 = �𝜎𝜎𝑡𝑡𝜎𝜎𝑖𝑖�
1
2 (7) 

Preliminary simulations with TraPPE were performed using the geometric combining rule for 𝜎𝜎𝑡𝑡𝑖𝑖 
instead of the arithmetic one (Eq. 6), but no appreciable differences were detected for  𝐷𝐷𝐶𝐶𝐶𝐶2 in 
various n-alkanes. On the other hand, phase equilibrium calculations have been shown to be 
more sensitive on the combining rules used.45-48 The values of all the bonded and non-bonded 
parameters of the force fields used in the present study are listed in Table S1 and S2 of the 
Supporting Information, for the hydrocarbons and CO2, respectively. 

 

2.2 Computational details. All MD simulations were carried out with the open-source 
package GROMACS49-50 (Version 4.6.5), in cubic boxes with periodic boundary conditions imposed 
in all directions. The general simulation scheme was the following: Initially the alkane and CO2 
molecules were placed randomly in the box and were allowed to equilibrate in the isothermal-
isobaric (NPT) ensemble for 1 – 4 ns. During this period, the density of the system and the radii 
of gyration of hydrocarbons converged to mean values. Subsequently, all properties of interest 
were calculated from 50 – 100 ns NPT production runs. In all MD simulations the long-range 
electrostatic interactions were treated by the particle mesh Ewald (PME)51-52 method and mean-
field tail corrections were applied for the energy and pressure.22  

For the TraPPE-UA simulations, the time step was set to 2 fs, while the temperature and 
pressure were maintained constant using the Nosé-Hoover53-54 thermostat and Parrinello-
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Rahman55 barostat respectively, with coupling constants equal to 1 ps. The cut-off distance was 
set to 14 Å, both for the LJ and real space components of the PME. For the OPLS-AA and L-OPLS 
simulations, the velocity rescaling56 method was used for thermostating, while the system 
pressure was coupled isotropically by the Parrinello-Rahman55 barostat with time constants 
equal to 2 and 4 ps respectively. The van der Waals interactions were treated using a switch 
function57 between 11 – 13 Å. For the simulations involving the OPLS-AA model, the time step 
used was 1 fs, while for L-OPLS the time step was 2 fs, as in the original L-OPLS paper.36  

 

2.3 Diffusion coefficient and viscosity calculations. The diffusion coefficients of CO2 in 
hydrocarbons, 𝐷𝐷𝐶𝐶𝐶𝐶2, were calculated using the Einstein’s relation, according to which the 
diffusion coefficient is the slope of the mean square displacement: 22, 58 

𝐷𝐷𝐶𝐶𝐶𝐶2 = lim
𝑡𝑡→∞

〈[𝐫𝐫𝑡𝑡(0) − 𝐫𝐫𝑡𝑡(t)]2〉
6𝑡𝑡

 (8) 

where 𝐫𝐫𝑡𝑡(𝑡𝑡) is the coordinate vector for the solute molecule i center of mass at time t, and the 
angle brackets indicate an ensemble average over all solute molecules and time origins. In order 
to achieve low statistical uncertainties each state point was calculated by averaging the results 
of 20 independent simulations, each one starting from a different initial configuration. For the 
calculation of shear viscosity, the Green-Kubo relation was used:22, 59 

𝜂𝜂(𝑡𝑡) =
𝑉𝑉
𝑘𝑘𝐵𝐵𝑇𝑇

� 〈𝑃𝑃𝛼𝛼𝛼𝛼(𝑡𝑡0)𝑃𝑃𝛼𝛼𝛼𝛼(𝑡𝑡0 + 𝑡𝑡)〉 𝑑𝑑𝑡𝑡
∞

0
 (9) 

where V  is the volume of the simulation box and the angle brackets indicate an ensemble 
average over all time origins. Pαβ denotes the off-diagonal elements of the pressure tensor: 

𝑃𝑃𝛼𝛼𝛼𝛼 =
1
𝑉𝑉
�

𝑃𝑃𝑡𝑡𝛼𝛼𝑃𝑃𝑡𝑡𝛼𝛼
𝑚𝑚𝑡𝑡𝑡𝑡

+ ��𝑟𝑟𝑡𝑡𝑖𝑖𝑎𝑎𝑓𝑓𝑡𝑡𝑖𝑖𝛼𝛼
𝑡𝑡>𝑖𝑖𝑡𝑡

 (10) 

where 𝑚𝑚𝑡𝑡 is the molecular mass, 𝑟𝑟𝑡𝑡𝑖𝑖𝑎𝑎 is the 𝛼𝛼-component of the position vector 𝒓𝒓𝑡𝑡 − 𝒓𝒓𝑖𝑖 and 𝑓𝑓𝑡𝑡𝑖𝑖𝛼𝛼 
is the 𝛽𝛽-component of force on atom i due to atom j. In order to reduce the statistical uncertainty, 
we averaged the autocorrelation functions over all independent off-diagonal tensor 
elements 𝑃𝑃𝑥𝑥𝑥𝑥, 𝑃𝑃𝑥𝑥𝑥𝑥, 𝑃𝑃𝑥𝑥𝑥𝑥; because of rotational invariance we also added the equivalent 
�𝑃𝑃𝑥𝑥𝑥𝑥 –  𝑃𝑃𝑥𝑥𝑥𝑥�/2 and �𝑃𝑃𝑥𝑥𝑥𝑥 –  𝑃𝑃𝑥𝑥𝑥𝑥�/2 terms.54 The pressure components were sampled every 5 fs. 
Viscosity at each temperature and pressure was calculated by averaging 5 independent 
simulations. This number of independent simulations was proven sufficient to obtain relatively 
low statistical uncertainties (1% - 9%), while in the same time keeping the output files’ size within 
manageable levels (1 - 5 gigabytes). In this work, for all viscosity simulations, 300 molecules were 
used.   

The number of CO2 solutes in simulations with TraPPE-UA n-hexane, n-decane, n-
hexadecane and cyclohexane was set equal to 5, while the number of solvent molecules was 
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1,000. For simulations of TraPPE squalane, and OPLS-AA and L-OPLS alkanes the number of CO2 
molecules in the system was 3, while the solvent molecules were 300. These system sizes result 
in a mole fraction for CO2 in the range of 0.005 – 0.01. The reason that more than one CO2 
molecules were used was to enhance the statistical accuracy of the calculated diffusivities. The 
conditions studied still correspond to near infinite-dilution conditions, as solute-solute 
interactions are negligible. In order to ensure that the effects of solute-solute interactions are 
negligible, simulations of systems with 1, 3 and 5 CO2 molecules dissolved in 1,000 n-hexane, n-
decane or n-hexadecane molecules, using the TraPPE-UA force field were performed. The results 
are shown in Figure S1a in the Supporting Information. The values of 𝐷𝐷𝐶𝐶𝐶𝐶2for the three systems 
almost coincide within their respective uncertainties, indicating that there is no effect of 
concentration in this range on the diffusion coefficient calculations. Additionally, the statistical 
uncertainty of 𝐷𝐷𝐶𝐶𝐶𝐶2 calculated from the system with the 5 molecules is significantly smaller.  

According to the literature,28,60,76 self-diffusion coefficients of pure components vary 
linearly with inverse system size. In Figure S1b the diffusion coefficient of CO2 is plotted as a 
function of 𝑁𝑁−1/3 , where 𝑁𝑁 is the number of solvent molecules of linear n-alkanes. System sizes 
with 125, 250, 500, 1000 and 2000 solvent molecules were examined for n-hexane, n-decane and 
n-hexadecane with the TraPPE force field. Given the statistical uncertainties in the diffusivity 
values (5 % – 18 %), system size dependences cannot be easily detected. These results are in line 
with our previous studies of the H2O – CO2 mixture.27-28  

 

3. Results and discussion  

3.1 Diffusion coefficient of CO2 in linear alkanes. In an earlier study we showed that 
the TraPPE CO2 force field predicts the self-diffusion coefficient of pure CO2 very accurately, 
exhibiting absolute deviations from the experimental data lower than 2.4 %.28 At the same time, 
it yields satisfactory results for the diffusivity calculations of the binary H2O – CO2 mixture, when 
combined with appropriate H2O force fields, for a wide range of temperatures and pressures.27-

28  

In a recent study, Cadogan et al.15 reported experimental measurements for infinitely 
diluted CO2 in various alkanes (n-hexane, n-heptane, n-octane, n-decane, n-dodecane, n-
hexadecane and squalane) obtained by the Taylor Dispersion method.61 In the present work, we 
focus on simulations of the diffusion coefficients of infinitely diluted TraPPE CO2 in most of these 
alkanes, namely: n-hexane, n-decane, n-hexadecane, cyclohexane and squalane. The 
intermediate-length linear alkanes are expected to follow similar trends as the systems studied 
here.   

The MD results for CO2 diffusion coefficient, 𝐷𝐷𝐶𝐶𝐶𝐶2, in n-hexane at 298.15, 323.15 and 
423.15 K are listed in Table 1 and plotted in Figure 1 as a function of pressure. Over the range of 
temperatures and pressures examined, simulations with the TraPPE-UA model yield the least 
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accurate results, with deviations from the experimental data in the range 19% – 65%, and with 
an average absolute deviation (AAD) for all temperature and pressures approximately equal to 
28%. The results are drastically improved with the OPLS-AA force field. For the same conditions, 
the diffusion coefficients of CO2 in n-hexane deviate from experimental data by 1% – 28%, with 
an AAD equal to 13%. L-OPLS model appears to be the most accurate one, with deviations from 
experimental data being less than 9% for all conditions studied, except for 423.15 K and 1 MPa. 
One should notice that at the particular state point of 423.15 K and 1 MPa, which corresponds to 
the lowest density considered, all models examined showed the least accurate behavior. Earlier 
studies for pure n-alkanes by Mondello et al.62-64 have shown overestimation of self-diffusion 
coefficients by UA force fields.   

In an effort to obtain a better understanding of the accuracy of various force fields, we 
proceeded in performing density and viscosity calculations for the various systems and 
temperatures and pressures. These calculations are listed in Table 1. All force fields provide very 
accurate density predictions for the lower two temperatures (i.e., 298.15 and 323.15 K) with 
AADs lower or equal to 0.5%, while at 423.15 K the deviation is approximately 4%. While all force 
fields result in accurate density calculations, important deviations are observed for the viscosity 
values. In Figure 2 (top), MD calculations for the viscosity of n-hexane at 298.15 K are plotted as 
a function of pressure. OPLS-AA and L-OPLS models show very similar behavior, with L-OPLS being 
the most accurate (AAD of approx. 7.5%), while TraPPE-UA deviations from the experimental 
results are in the range of 16% – 38%. This deviation in viscosity can partially explain the poor 
performance of TraPPE-UA model for the prediction of diffusion coefficient of CO2 in n-hexane, 
and at the same time the small differences in OPLS-AA and L-OPLS. Similar behavior in viscosity 
can be seen also for the remaining of the n-alkanes examined (Figures 2 (middle) and 2 (bottom)) 
and temperatures considered (Table 1).  

In Figure 3, the diffusion coefficient of CO2 in n-decane is plotted versus pressure at 
298.15, 323.15 and 423.15 K. Although, the qualitative behavior of the different force fields is the 
same as in n-hexane systems, all of the models exhibit worse performance. In particular, TraPPE-
UA overpredicts 𝐷𝐷𝐶𝐶𝐶𝐶2 by 28% – 64%, with an overall AAD approximately equal to 45%. The OPLS-
AA and L-OPLS results are significantly more accurate than the TraPPE-UA, with AADs equal to 
18% and 15%, respectively. It should be noted that for the highest simulated temperature of 
423.15 K, the all-atom models give drastically improved 𝐷𝐷𝐶𝐶𝐶𝐶2, with OPLS-AA being the most 
accurate, deviating from experimental measurements by 0.5% – 6%. The density and viscosity 
calculations follow the same trends observed for the case of n-hexane. All models predict the 
density very accurately (i.e., approx. 1% deviation from the experimental values), while for the 
viscosity L-OPLS is the most accurate, and TraPPE is by far the least accurate. These results are in 
line with the work by Siu et al.36 who developed the L-OPLS force field.  

The MD results for 𝐷𝐷𝐶𝐶𝐶𝐶2 in n-hexadecane are summarized in Table 1 and depicted in Figure 
4. For all temperatures and pressures studied, L-OPLS model exhibits the highest accuracy, as was 
for the cases of n-hexane and n-decane, discussed above. Additionally, the TraPPE-UA shows an 
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improved behavior in comparison with the n-decane, especially for 𝐷𝐷𝐶𝐶𝐶𝐶2 at 423.15 K. On the other 
hand, the OPLS-AA force field shows a significant underestimation of the diffusion coefficients at 
all temperatures and pressures examined, with the AAD ranging from 44% to 82%. Such a 
dramatic decrease in the quality of the OPLS-AA results can be primarily attributed to the poor 
density predictions by this model. In fact, Siu and co-workers36 developed the L-OPLS model 
motivated by similar observations for n-pentadecane. In their work they illustrated that OPLS-AA 
n-pentadecane predicts an overestimated melting temperature, 𝑇𝑇𝑚𝑚, resulting in unrealistic phase 
transitions. Siu et al.36 took into consideration the melting temperature of n-pentadecane into 
the optimization scheme and performed simulations in order to obtain more accurate gel-to-
liquid transition temperatures for the optimized model. In order to achieve that, they modified 
the hydrogen charges and optimized the torsional potentials using ab initio gas phase 
calculations. Additionally, Siu et al. 36 achieved a significant improvement in predictions of gauche 
and trans fractions by modifying the interaction parameters of the methylene hydrogen atoms. 
As can be seen in Table 1, the liquid viscosities obtained by the L-OPLS force field are fairly 
accurate (AAD from experimental data of approx. 10%). In agreement with prior calculations by 
Siu et al. 36 for the case of n-pentadecane, our viscosity calculations for n-hexadecane with the 
OPLS-AA model at 298.15 K resulted in very high values (more than two orders of magnitude 
higher) indicating that the system is in a “gel-type” phase, and thus no calculations are reported 
for n-hexadecane using this force field. Siu et al.36 have shown that the original OPLS-AA torsional 
parameters predict this kind of phase transition for long alkanes even at temperatures well above 
the experimental 𝑇𝑇𝑚𝑚. In order to accurately predict the gel-to-liquid transition temperature for 
OPLS-AA n-hexadecane, a series of simulations at various temperatures is needed.   

In an effort to explain further the differences between the various force fields, 
microscopic properties of the various systems were calculated. In Figure 5 the mean square 
radius of gyration, 〈𝑅𝑅𝑎𝑎2〉, of the n-alkanes is plotted against the carbon number for the three force 
fields studied at 323.15 K and 1 MPa. For all cases, TraPPE-UA predicts the lowest 〈𝑅𝑅𝑎𝑎2〉 followed 
by L-OPLS, while OPLS-AA shows the highest 〈𝑅𝑅𝑎𝑎2〉. In the case of n-hexadecane the difference 
becomes even more profound with OPLS-AA predicting an 〈𝑅𝑅𝑎𝑎2〉 almost 2 times higher than the 
rest of the models. Given that OPLS-AA and L-OPLS models have relatively similar values for the 
LJ parameters, this difference in 〈𝑅𝑅𝑎𝑎2〉 can be attributed to the optimized torsional potentials of 
L-OPLS. This fact can partially explain why the specific solvent force field predicts the lowest 
viscosity and, consequently, the lowest 𝐷𝐷𝐶𝐶𝐶𝐶2.  

The center of mass pair correlation function, g(r), for CO2 – n-alkane interactions was 
calculated for CO2 – n-hexane, CO2 – n-decane and CO2 – n-hexadecane at 323.15 K and 1 MPa in 
order to further understand the microscopic differences between the three force fields. Results 
are shown in Figure 6. Clearly, TraPPE predicts a much stronger CO2 – n-alkane interactions while 
the two variations of OPLS differentiate only at the longest n-alkane examined. 
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The combination of different chain sizes and solute – solvent interactions predicted by 
the three models result in different macroscopic property predictions (viscosity and diffusion 
coefficient).            

3.2 Diffusion coefficients of CO2 in cyclohexane and squalane. MD simulations 
were performed for the calculation of diffusion coefficients of CO2 in a cyclic and a branched 
hydrocarbon, namely cyclohexane and squalane, and the results are compared to the 
experimental measurements by Cadogan et al.15 and Cadogan.16 The force fields used for the 
representation of the hydrocarbons were TraPPE-UA and OPLS-AA. No simulations were 
performed using L-OPLS since there are no parameters currently available in this force field for 
cyclic or branched molecules. All MD results are listed in Table 2. 

 In Figure 7, the diffusion coefficient of CO2 in cyclohexane (top) is plotted as a function of 
pressure at 298.15 K. The simulations with TraPPE-UA result in overestimating 𝐷𝐷𝐶𝐶𝐶𝐶2 by 
approximately 54%, while the use of OPLS-AA model, although giving improved predictions, 
results in underestimating diffusivities by 25%, at the specific temperature and pressures up to 
30 MPa. In Figure 7 (middle), the viscosity of cyclohexane is plotted for the two models. 
Consistently to the simulations for linear alkanes, TraPPE-UA underestimates viscosity by almost 
a factor of 2, while OPLS-AA overshoots viscosity by approximately 68%. However, both force 
fields predict liquid densities very accurately (AAD of approx. 1%) as can be seen in Figure 7 
(bottom). The failure of both models in predicting accurately the viscosity of cyclohexane can 
partly explain the inaccurate results for diffusion coefficients.  

Similar conclusions can be drawn for calculations at 323.15 and 423.15 K, shown in Table 
2. As temperature increases, 𝐷𝐷𝐶𝐶𝐶𝐶2 predictions improve for both force fields. At 423.15 K, TraPPE-
UA overestimates diffusivity by approximately 20%, while OPLS-AA underestimates it by 13%, 
compared to the experiments by Cadogan.16 This improvement, again, can be attributed to the 
improved viscosity predictions by both models. TraPPE-UA deviates from experimental viscosity 
data65 by 22% and OPLS-AA by 4%.     

Simulations for squalane revealed a similar behavior for the various molecular models, as 
discussed up to this point. TraPPE-UA performs poorly for the prediction of 𝐷𝐷𝐶𝐶𝐶𝐶2, having an 
average deviation from experiments, over all conditions, approximately equal to 76%. The 
respective AAD for OPLS-AA is 41%. Both models give improved results at the highest 
temperature, 423.15 K, with TraPPE overestimating diffusivity of CO2 in squalane by 30% and 
OPLS-AA by 22%. No viscosities were obtained for squalane, due to the very computational–
demanding simulations, however similar behavior with the rest of the hydrocarbons studied is 
expected. Both models, predict density very accurately (AAD of approx. 1%).  

Overall, there is a strong dependence of 𝐷𝐷𝐶𝐶𝐶𝐶2 on the solvent’s molecular size because the 
motion of CO2 molecules is hindered by molecules with higher carbon number, as expected.  Our 
MD simulations were long enough so that CO2 molecules travel several times longer than the 
average size of a solvent molecule.  For example, at 323.15 K and 1 MPa the 〈𝑅𝑅𝑎𝑎2〉1/2 of n-hexane 
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using TraPPE-UA is equal to 0.21 nm while the total average displacement of the CO2 molecules 
after 10 ns is approximately 7 nm. Furthermore, 〈𝑅𝑅𝑎𝑎2〉1/2 for squalane using TraPPE is equal to 
0.83 nm while the displacement of CO2 after 10 ns is 4.1 nm. Similar results are obtained for all 
the systems and temperature/pressure conditions examined.  

 

3.3 Stokes-Einstein analysis. The translational motion of a solute in a fluid solution at 
infinite dilution can be described by the Einstein equation:19-20 

𝐷𝐷 =
𝑘𝑘𝐵𝐵𝑇𝑇
𝜁𝜁

 (11) 

where D is the diffusion coefficient, kB is the Boltzmann’s constant, T is the absolute temperature 
and 𝜁𝜁 is the friction coefficient. At the hydrodynamic limit of a sphere of radius, 𝑟𝑟, diffusing in a 
fluid having a shear viscosity, 𝜂𝜂, one can recover the Stokes-Einstein (SE) relation 

𝐷𝐷 =
𝑘𝑘𝐵𝐵𝑇𝑇
𝐶𝐶𝜋𝜋𝜂𝜂𝑟𝑟

 (12) 

where the constant C is determined by the boundary conditions and is equal to 4 or 6 for the case 
of “slip” or “stick” boundary conditions respectively. Equation 12 was originally developed for 
cases when the size of the diffusing solute is much larger than the size of the solvent. 
Nevertheless, it has been also found that the SE relation provides good results for cases that the 
diffusing object is a molecule of the same liquid (i.e., self-diffusion). Such an example is the case 
of the experimental measurements reported by Xu et al.66 who confirmed the validity of the SE 
relation for the self-diffusion coefficients of water at temperatures higher than approximately 
290 K. On the other hand, experimental studies have reported deviations for cases when the size 
of the solute is smaller or comparable to the size of the solvent. Some typical examples include 
the study of Pollack and Enyeart67 who reported experimental measurements of 133Xe in n-
alkanes. Similarly, Kowert and Dang68 performed experiments of O2 in n-alkanes. 

One approach to account for the deviation from SE relation is to consider the solute 
radius, r, as a variable to be fitted to experimental measurements.69-70 In other words, r is treated 
as an “effective hydrodynamic radius”. Such an approach was also considered in the recent 
experimental study of Cadogan et al.15 

An alternative approach is to use the fractional Stokes-Einstein (FSE) relation,71 usually 
expressed as: 

 
𝐷𝐷
𝑇𝑇
∝ �

1
𝜂𝜂
�
𝑡𝑡

 (13) 

Or: 

𝐷𝐷 ∝ �
𝑇𝑇
𝜂𝜂
�
𝑡𝑡

  (14) 
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where the exponents t and s have values different from 1 for the case of FSE, and equal to 1 for 
the case of SE.  

In the current study, we focus on the second approach. The exponents corresponding to 
different models used in the MD simulations are calculated from the slope of double logarithmic 
plots. A characteristic example is shown in Figure 8 where the logarithm of 𝐷𝐷𝐶𝐶𝐶𝐶2 is plotted as a 
function of ln(𝑇𝑇 𝜂𝜂⁄ ), for the linear alkanes examined. In addition, lines with a slope equal to s=1 
(corresponding to SE) are also shown. Deviations from the SE limit are clearly observed in all 
cases. In Table 3 the calculated exponents for all the hydrocarbons examined are listed, except 
for squalane for which no viscosity simulations were performed. The deviation from Stokes-
Einstein behavior, observed for the MD data, is in line with the experimental results by Cadogan 
et al., also shown in Figure 8 and Table 3. 

 

4. Conclusions 
 Atomistic MD simulations of the diffusion coefficients of infinitely diluted CO2 in n-
hexane, n-decane, n-hexadecane, cyclohexane and squalane were performed at 298.15, 323.15 
and 423.15 K for pressures up to 65 MPa. A comprehensive evaluation of three widely used 
molecular models for hydrocarbons, namely the TraPPE-UA, OPLS-AA and L-OPLS, were 
performed by comparing simulation results with the recently reported experimental 
measurements by Cadogan et al. 

 Overall the TraPPE-UA model, although computationally efficient due to the united atom 
representation and the absence of electrostatic contributions, was found to be on the average 
the least accurate for all hydrocarbons examined (with the exception of n-hexadecane), while L-
OPLS, an optimized form of OPLS-AA model, yielded the best results for the case of n-alkanes. 
More specifically, L-OPLS, having optimized torsional potentials and charges, was able to 
reproduce liquid density and viscosity more accurately compared to the original OPLS-AA, which 
showed an early gel-to-liquid transition and thus was unable to be used for the present study for 
the case of n-hexadecane. In addition, simulation results succeeded in qualitatively reproducing 
the pressure dependence of 𝐷𝐷𝐶𝐶𝐶𝐶2, shown in the experiments. Microscopic properties such as the 
mean square radius of gyration for the n-alkanes and the pair correlation function between CO2 
and n-alkane molecules were shown to be different from the different force fields and result in 
different macroscopic property predictions.    

 The diffusion coefficients of CO2 in all alkanes examined, and with all force fields 
employed, were shown to deviate significantly from the Stokes-Einstein behavior. These results 
are in agreement with the experimental measurements, which exhibited also fractional Stokes-
Einstein behavior. Finally, the diffusion coefficient values correlate reasonably well (linear 
behavior) with the molar volume of the hydrocarbon for each system examined. Details for these 
calculations are provided in the Supporting Information.    
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Supporting information 
 The supporting information file contains tables with the following information: 
parameters for OPLS-AA, L-OPLS and TraPPE-UA force fields for hydrocarbons, and TraPPE-UA 
force field for CO2, composition and box size lengths for the various simulations performed. It 
also contains figures with diffusion coefficients of CO2 in hydrocarbons, percentage average 
absolute deviations between experimental data and molecular simulations for the diffusion 
coefficient of CO2 in hydrocarbons, viscosity and density of various hydrocarbons and of DT0.5 of 
CO2 in n-alkanes vs. the molar volume of the corresponding n-alkane.     
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Table 1. Diffusion coefficient of CO2 in n-alkanes, densities and viscosities of linear alkanes. The statistical uncertainty is shown in 
parentheses.  

   ρ (kg m-3) 𝐷𝐷𝐶𝐶𝐶𝐶2  (10-9 m2 s-1) η (cP) 

 T (K) P (MPa) TraPPE-UA OPLS-AA L-OPLS TraPPE-UA OPLS-AA L-OPLS TraPPE-UA OPLS-AA L-OPLS 

n-
he

xa
ne

 298.15 
1 656 (2) 657 (2) 655 (3) 10 (0.8) 8 (0.8) 8.2 (0.7) 0.207 (0.009) 0.33 (0.01) 0.345 (0.006) 

30 687 (1) 683 (2) 680 (2) 8.2 (0.9) 6.1 (0.7) 6.5 (0.6) 0.264 (0.004) 0.46 (0.03) 0.450 (0.009) 
65 713 (1) 706 (2) 705 (2) 7.2 (0.7) 4.4 (0.6) 4.8 (0.7) 0.327 (0.006) 0.66 (0.02) 0.60(0.01) 

323.15 
1 633 (2) 631 (2) 626 (3) 13 (1) 9.2 (0.8) 10.2 (0.7) 0.170 (0.004) 0.25 (0.02) 0.27 (0.02) 

30 669 (1) 662 (3) 659 (3) 11 (1) 7.7 (0.8) 8.2 (0.6) 0.224 (0.005) 0.37 (0.01) 0.37 (0.01) 
65 698 (1) 686 (2) 686 (2) 9 (0.8) 5.8 (0.9) 6.7 (0.8) 0.28 (0.01) 0.48 (0.05) 0.47 (0.02) 

423.15 
1 514 (2) 496 (4) 484 (4) 31 (2) 24 (3) 26 (3) 0.080 (0.002) 0.085 (0.002) 0.090 (0.003) 

30 594 (2) 575 (3) 571 (3) 21 (2) 17 (2) 18 (1) 0.129 (0.005) 0.164 (0.002) 0.168 (0.005) 
65 693 (1) 615 (3) 614 (3) 16 (1) 12 (1) 13 (1) 0.220 (0.006) 0.288 (0.006) 0.245 (0.005) 

n-
de

ca
ne

 298.15 
1 720 (1) 732 (3) 726 (3) 6.8 (0.7) 3.5 (0.5) 3.9 (0.5) 0.27 (0.02) 1.2 (0.1) 1.04 (0.05) 

30 747 (1) 752 (3) 745 (3) 6.1 (0.5) 2.5 (0.3) 2.9 (0.3) 0.37 (0.01) 1.49 (0.09) 1.31 (0.08) 
65 770 (1) 774 (2) 764 (3) 4.5 (0.2) 2.0 (0.2) 2.1 (0.5) 0.51 (0.03) 2.1 (0.2) 2.1 (0.2) 

323.15 
1 700 (2) 709 (2) 703 (2) 8.9 (0.8) 4.8 (0.8) 5.5 (0.5) 0.23 (0.03) 0.7 (0.1) 0.79 (0.06) 

30 730 (1) 731 (3) 726 (2) 7.2 (0.7) 4.0 (0.5) 3.8 (0.2) 0.304 (0.006) 1.03 (0.05) 1.02 (0.05) 
65 756 (1) 751 (3) 746 (2) 6.0 (0.3) 3.1 (0.4) 3.4 (0.3) 0.42 (0.03) 1.362 (0.002) 1.34 (0.08) 

423.15 
1 610 (2) 606 (3) 605 (3) 21 (2) 15 (1) 17 (2) 0.13 (0.01) 0.26 (0.02) 0.257 (0.008) 

30 664 (1) 651 (3) 649 (3) 15 (1) 11 (1) 11.9 (0.5) 0.199 (0.008) 0.37 (0.05) 0.35 (0.05) 
65 702 (1) 683 (4) 681 (3) 13 (1) 9 (1) 8.7 (0.7) 0.23 (0.02) 0.54 (0.02) 0.53 (0.05) 

n-
he

xa
de

ca
ne

 

298.15 
1 782 (1) 870 (2) 770 (3) 3.7 (0.5) 0.4 (0.1) 1.8 (0.3) 1.01 (0.03)  n/a* 3.5 (0.3) 

30 802 (1) 871 (2) 789 (3) 2.8 (0.4) 0.4 (0.1) 1.3 (0.1) 1.37 (0.06) n/a 4.8 (0.1) 
65 821 (1) 887 (4) 806 (3) 2.1 (0.3) 0.20 (0.05) 0.8 (0.2) 1.84 (0.09) n/a n/a 

323.15 
1 765 (1) 854 (4) 750 (2) 5.2 (0.8) 1.4 (0.3) 2.6 (0.4) 0.73 (0.05) n/a 1.8 (0.4) 

30 786 (1) 863 (4) 769 (4) 3.9 (0.3) 0.9 (0.1) 2.1 (0.2) 0.98 (0.07) n/a 3.0 (0.2) 
65 807 (1) 872 (2) 785 (3) 3.7 (0.5) 0.44 (0.06) 1.6 (0.2) 1.27 (0.07) n/a 4.4 (0.3) 

423.15 
1 694 (1) 710 (4) 664 (2) 13 (1) 7.2 (0.7) 10.3 (0.7) 0.35 (0.02) n/a 0.56 (0.05) 

30 728 (1) 782 (4) 697 (3) 10 (1) 4.5 (0.7) 7.8 (0.7) 0.486 (0.03) n/a 0.80 (0.04) 
65 757 (1) 801 (3) 724 (4) 7.8 (0.8) 3.6 (0.6) 6.2 (0.3) 0.56 (0.02) n/a 1.07 (0.05) 

*No MD simulation data available
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Table 2. Diffusion coefficient of CO2 in cyclohexane and squalane, densities and viscosities of 
cyclohexane and squalane. The statistical uncertainty is shown in parentheses. 

   ρ (kg m-3) 𝐷𝐷𝐶𝐶𝐶𝐶2  (10-9 m2 s-1) η (cP) 

 T (K) P (MPa) TraPPE-UA OPLS-AA TraPPE-UA OPLS-AA TraPPE-UA OPLS-AA 

cy
cl

oh
ex

an
e 298.15 

1 778 (2) 776 (3) 6.7 (0.6) 3.3 (0.4) 0.42 (0.04) 1.5 (0.1) 
30 804 (2) 797 (4) 5.4 (0.6) 2.6 (0.2) 0.51 (0.04) 2.2 (0.2) 
65 828 (2) 817 (4) 4.1 (0.7) 1.8 (0.2) 0.74 (0.06) 3.3 (0.2) 

323.15 
1 756 (2) 747 (3) 8 (1) 4.9 (0.5) 0.38 (0.06) 0.86 (0.07) 

30 784 (2) 772 (3) 6.7 (0.4) 3.7 (0.4) 0.42 (0.04) 1.33 (0.09) 
65 811 (2) 796 (4) 6.0 (0.8) 2.7 (0.3) 0.56 (0.03) 2.1 (0.1) 

423.15 
1 651 (4) 615 (4) 19 (2) 17 (2) 0.153 (0.007) 0.19 (0.01) 

30 707 (3) 675 (4) 14 (1) 11 (1) 0.21 (0.01) 0.34 (0.03) 
65 746 (2) 716 (3) 12 (1) 8.7 (0.9) 0.30 (0.02) 0.53 (0.05) 

sq
ua

la
ne

 298.15 
1 802 (2) 826 (3) 1.9 (0.2) 0.8 (0.3) n/a n/a 

30 821 (1) 839 (2) 1.6 (0.2) 0.2 (0.1) n/a n/a 
65 839 (2) 850 (2) 1.2 (0.1) 0.22 (0.06) n/a n/a 

323.15 
1 788 (2) 806 (3) 3.6 (0.4) 1.0 (0.1) n/a n/a 

30 808 (2) 821 (3) 2.2 (0.4) 0.7 (0.3) n/a n/a 
65 829 (2) 835 (3) 1.6 (0.2) 0.3 (0.1) n/a n/a 

423.15 
1 728 (2) 728 (2) 10 (1) 6.3 (0.9) n/a n/a 

30 758 (2) 753 (2) 7.3 (0.8) 4.1 (0.7) n/a n/a 
65 785 (2) 775 (3) 5.5 (0.5) 3.3 (0.4) n/a n/a 
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Table 3. Calculated values for the exponents of Equations 13 and 14. The statistical uncertainty 
is shown in parentheses. 

 
 s t 

n-hexane 

Expt. 0.65 (0.02) 0.48 (0.04) 
TraPPE-UA 0.71 (0.04) 0.74 (0.05) 
OPLS-AA 0.74 (0.02) 0.63 (0.03) 
L-OPLS 0.83 (0.05) 0.67 (0.03) 

n-decane 

Expt. 0.74 (0.01) 0.68 (0.02) 
TraPPE-UA 0.90 (0.04) 0.86 (0.04) 
OPLS-AA 0.83 (0.02) 0.79 (0.02) 
L-OPLS 0.82 (0.02) 0.79 (0.04) 

n-hexadecane 
Expt. 0.67 (0.01) 0.60 (0.01) 
TraPPE-UA 0.89 (0.03) 0.86 (0.04) 
L-OPLS 0.82 (0.01) 0.79 (0.02) 

cyclohexane 
TraPPE-UA 0.78 (0.03) 0.71 (0.04) 
L-OPLS 0.68 (0.01) 0.64 (0.01) 
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Figure 1. Diffusion coefficient of TraPPE CO2 in n-hexane as a function of pressure, at 298.15 (top), 
323.15 (middle) and 423.15 K (bottom). Black diamonds connected with dotted lines correspond 
to experimental measurements by Cadogan et al.15 and Cadogan.16 Colored symbols correspond 
to different force fields for n-hexane: red circles correspond to TraPPE-UA, blue squares to OPLS-
AA and green triangles to L-OPLS. Error bars smaller than the plotting symbol are omitted. 
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Figure 2. Viscosity of n-hexane (top), n-decane (middle) and n-hexadecane (bottom) as a function 
of pressure, at 298.15 K. Experimental results for n-hexane and n-decane, depicted as black solid 
lines, are obtained from NIST database.72 Black circles and black inverse triangles correspond to 
experimental viscosities for n-hexadecane by Dymond et al.73 and by Tanaka et al.74 respectively. 
All other symbols are the same as in Figure 1.  
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Figure 3. Diffusion coefficient of TraPPE CO2 in n-decane as a function of pressure, at 298.15 (top), 
323.15 (middle) and 423.15 K (bottom). The symbols are the same as in Figure 1.  
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Figure 4. Diffusion coefficient of TraPPE CO2 in n-hexadecane as a function of pressure, at 298.15 
(top), 323.15 (middle) and 423.15 K (bottom). The symbols are the same as in Figure 1.  
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Figure 5.  The mean square radius of gyration as a function of the carbon number for the linear 
n-alkanes at 323.15 K and 1 MPa calculated from MD simulations. The symbols are the same as 
in Figure 1. 
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Figure 6.  Center of mass-center of mass pair correlation function of CO2-n-hexane (top), CO2-n-
decane (middle) and CO2-n-hexadecane (bottom) at 323.15 K and 1 MPa. The different lines 
indicate different force fields for the solvent.  
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Figure 7. Diffusion coefficient of TraPPE CO2 in cyclohexane (top), viscosity (middle) and density 
(bottom) of cyclohexane as a function of pressure, at 298.15 K. Experimental viscosities, depicted 
as black stars      connected with a dotted line, are obtained from Rajagopal et al.75 The solid 
line refers to experimental data from the NIST database.72 All other symbols are the same as 
those in Figure 1.  
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Figure 8. ln D (in m2 s-1) versus ln (T/η) (in K Pa-1 s-1) for n-hexane (left), n-decane (middle) and n-
hexadecane (right) for different force fields and experimental data. Dashed line corresponds to 
a slope of 1.  
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