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Methanol can dissolve considerable amounts of CO2 under
pressure. When this occurs, viscosity decreases and volume
increases, which is a typical feature of expanded liquids.
In this study, molecular dynamics (MD) simulations were
conducted for methanol and CO2 mixtures at 508C and high
pressures to explore features of the expanded liquid state in
terms of solution structure. Radial distribution function for
methanol–methanol molecules showed that methanol
molecules formed hydrogen bonds and nearest hydrogen
bonds distance was not changed. The self-diffusion
coefficients of both methanol and CO2 were found to
decrease monotonically from the pure CO2 side and then
not to change appreciably at methanol mole fractions
higher than about 0.5. It should also be noted that the
simulation results could qualitatively present the dielectric
spectroscopy results reported in the literature. These
results showed that methanol molecules make hydrogen
bond networks and hydrogen bond networks surrounded
CO2 molecules at mole fractions higher than about 0.5.
Further addition of CO2 into methanol caused the
hydrogen bond networks to break up and to form smaller
hydrogen bond aggregates.

Keywords: Molecular dynamics; Methanol – CO2 molecules;
Simulation; Hydrogen bond networks

INTRODUCTION

Mutual solubility between methanol and CO2 is very
low at atmospheric pressure around room tempera-
ture. However, at pressures above 10 MPa, CO2 and
methanol form homogenous mixtures over the entire
range of compositions [1]. Especially near the mixture
critical point, methanol can be considered to be in an
expanded state. Expanded liquids have much atten-
tion as solvents for high performance liquid chromato-
graphy [2], metal ion extraction [3], polymerizations

[4] and polymer coating [5] due to the highly adjustable
properties such as viscosity and solubility.

Experimental research has been performed by
various researchers to study features of expanded
liquid solutions. Reighard et al. studied the phase
behavior of methanol and CO2 mixtures at 25–1008C,
3–20 MPa [6]. They found that the range of methanol
mole fractions (XMeOH) 0.5 – 0.7, where high
pressures are required to form and maintain a single
phase at several temperatures. Smith et al. reported
dielectric spectra of methanol and CO2 mixtures at
40–508C and 11 MPa [7]. They found that the
dielectric constant increased with increasing XMeOH

and the dielectric relaxation time exhibited a
maximum around XMeOH of 0.8 over the temperature
range of 40–508C. They hypothesized that CO2

initially entered into the methanol hydrogen bond
networks and inhibited dipole movement through
strong dipole–quadrupole interactions that were
later weakened at higher CO2 mole fractions.

In this work, our objective was to elucidate some of
the mechanistic features of the results reported by
Smith et al. [7] with molecular dynamics (MD)
simulations of methanol and CO2 mixtures, and to
examine some of the solution structural features of
the expanded liquid state of methanol in terms of the
radial distribution function (RDF), self-diffusion
coefficient and dielectric properties.

SIMULATION DETAILS

The potentials used in this work were both 3-sites
flexible models for methanol [8] and CO2 [9].
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Both models can prove liquid and supercritical
state. The three sites for methanol are oxygen (O),
hydrogen (H) and methyl group (ZCH3). Both
flexible models can be represented as a sum of
intra- and inter-molecular potentials. The intra-
molecular potential used the angular form of
Toukan–Rahman (TR) potential [10]. The inter-
molecular potential used a Lennard–Jones (LJ)
12–6 potential and a Coulombic potential. We
determined LJ parameters for interactions between
methanol and CO2 molecules via [11]

112 ¼
2

ffiffiffiffiffiffiffiffi
I1I2

p

I1 þ I2

� �
26 £ s 3

1s
3
2

ðs1 þ s2Þ
6

� � ffiffiffiffiffiffiffiffiffi
1112

p
ð1Þ

s12 ¼
1

2
ðs1 þ s2Þ ð2Þ

where I is the ionized potential. We calculated
ionized potential by MOPAC6, ICH3OH ¼

46:77 kJ=mol and ICO2
¼ 55.50 kJ/mol. Tables I and

II show the LJ and Coulombic potential parameters
of methanol and CO2 that were taken from Refs. [8,9].

All simulations were performed with NVT-
ensembles for several methanol mole fractions.
We wanted to study methanol and CO2 mixtures at
508C and 11 MPa for allowing us to compare the
simulation results with the experimental result
studied by Smith et al. [7]. The number of molecules
was 500. The simulation volume of each composition
was determined for density, which was set to
correspond to 11 MPa at 508C from the experimental
data [12]. The values used in this work are
reproduced in Table III. It should be noted that
the densities in Table III exhibit a maximum when
plotted against composition. The temperature
was initially (,60 ps) controlled by momentum
scaling and afterwards (60 ps , ) by Nosè-Hoover

thermostat for computational stability. These deter-
mined conditions were nearly caused at 508C and
11 MPa. The equation of motion was integrated using
the velocity Verlet technique with multiple time scale
algorithm by Tuckerman et al. [13]. The time step was
0.2 fs for intra-dynamics and 1 fs for inter-dynamics.
Statistical sampling of the simulation was done for
3000 ps after 100 ps equilibration.

PROPERTY EVALUATION

The RDF was calculated by the following equation:

gðrÞ ¼
V

N

DnðrÞ

4pr2Dr
ð3Þ

where V is the volume of the simulation system, N
is the number of all molecules in the simulation
system and Dn(r) is the number of the molecules
in 4pr 2Dr.

The self-diffusion coefficient was calculated by
the mean square displacement (MSD) using the
Einstein relationship [14]:

D ¼
t!1
lim

1

6t
½ ~rðtÞ2 ~rð0Þ�2
� �

ð4Þ

where ~r is the position vector of molecules, t is
the time and k l means the ensemble average.

The dielectric properties, the static dielectric
constant (10) and the relaxation time (t0) were
calculated as follows [15]. The static dielectric constant
was calculated by the following equation:

10 ¼ 1 þ
4p

3NkBT
{FMMð0Þ}2
� �

ð5Þ

where kB is the Boltzmann constant and T is the
absolute temperature. The time correlation function
(TCF) of system dipole was defined and calculated
from:

FMMðtÞ ¼ ~MðtÞ · ~Mð0Þ
D E

ð6Þ

TABLE I LJ and Coulombic potential parameters for methanol [8]
and CO2 [9] molecules

Molecule Group 1 (kJ/mol) s (Å) q (e)

Methanol CH3 1.2307 3.7300 0.2650
O 0.7539 3.0645 2 0.7000
H 0.0100 0.9000 0.4350

CO2 C 0.2410 3.1260 0.5100
O 0.6906 3.2640 2 0.2550

TABLE II Intramolecular potential parameters for methanol [8]
and CO2 [9] molecules

Molecule

Methanol Bond (Å) CH3ZO 1.430
OZH 0.945

Angle (8) CH3ZOZH 108.5

CO2 Bond (Å) CvO 1.149
Angle (8) OvCvO 180.0

TABLE III Simulation conditions for methanol and CO2 mixtures
at 508C, 11 MPa

XMeOH

(-)

Experimental
density [12]

(kg/m 3)

Simulation
density
(kg/m 3)

Length of
simulation

cell (Å)

Simulation
molar density

( £ 10 4 mol/m 3)

1.0 774 785 32.36 2.453
0.9 794 805 32.49 2.425
0.8 808 819 32.68 2.381
0.7 819 830 32.91 2.332
0.6 816 827 33.31 2.247
0.5 808 819 33.78 2.216
0.4 794 805 34.33 2.054
0.3 765 776 35.10 1.921
0.2 707 717 36.39 1.724
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where ~M is the sum of all molecular dipole vectors in
the system. For the case that TCF can be described by
an exponential function, a Debye process can describe
the dielectric relaxation. The relaxation time (t0) was
determined from the following equation:

FMMðtÞ ¼ A exp 2
t

t0

� �
ð7Þ

We calculated relaxation time by average value of
separating the 3000 ps simulation time into 50 ps
sequent. The simulation data was compared with the
experimental dielectric properties measurements [7].

RESULTS AND DISCUSSION

Pure Methanol

Figure 1 shows the methanol oxygen–oxygen RDF
and Fig. 2 shows methanol oxygen–hydrogen RDF at
XMeOH of 1.0 together with another simulation data at
258C [16,17]. In Fig. 1, the position at the first
maximum peak occurred at 2.8 Å and that of the
first minimum can be seen at 3.4 Å In Fig. 2,
the position at the first maximum peak occurred
at 1.8 Å and that of the first minimum occurred at
2.6 Å. Yamaguchi et al. studied pure methanol by
empircial potential structure refinement simulation
using the H1 potential model [18] at 258C. In our
study, the positions of the oxygen–oxygen and
oxygen–hydrogen RDFs were agreed with their
results. Other simulation results of RDFs, Handgraaf
et al. by ab initio simulation at 208C [19] and
Kosztolanyi et al. by MD simulation using OPLS
potential model [20] at 258C [21] also gave similar
positions for the first maximum and first minimum
peak. Those authors proposed that the positions
of first maximum and minimum peak by oxygen–
oxygen and oxygen–hydrogen RDF were strong

related to hydrogen bonding. It should be noted
Methanol molecules can form hydrogen bond at 508C
and 11 MPa and hydrogen bond length did not
change at 20, 25 and 508C.

Methanol and CO2 Mixtures

Figure 3 shows the methanol oxygen–oxygen RDF
and Fig. 4 shows the methanol oxygen–hydrogen
RDF at XMeOH of 0.8, 0.6, 0.4 and 0.2, respectively.
In Figs. 3 and 4, the distribution was sharp with
decreasing XMeOH. The positions at the first
maximum peak and first minimum peak did not
change so much with XMeOH. These indicated that
the methanol hydrogen bond pairs seemed not to be
affected by CO2 molecules.

In Fig. 3, the methanol oxygen–oxygen RDF
peak position of second maximum and minimum
seemed not to change with increasing XMeOH.
The position of the second minimum peak
was almost constant at 6.0 Å. The number of

FIGURE 1 Methanol oxygen–oxygen RDF at XMeOH of 1.0 at 508C
(line) with the data at 258C studied by Yamaguchi et al. [15,16]
(broken line). See Table III for densities.

FIGURE 2 Methanol oxygen–hydrogen RDF at XMeOH of 1.0 at
508C (line) with the data at 258C studied by Yamaguchi et al. [16,17]
(broken line). See Table III for densities.

FIGURE 3 Methanol oxygen–oxygen RDF at XMeOH of 0.8, 0.6,
0.4 and 0.2 at 508C. See Table III for densities.
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methanol molecules n(r) within the distance r were
calculated from methanol oxygen–oxygen RDF by
integrating Eq. (3) via:

nðrÞ ¼ 4p
N

V

ðr

0

gO – OðrÞr
2 dr ð8Þ

The first shell could be defined from 0 to 3.4 Å and
the second shell from 0 to 6.0 Å from the RDF.

Figure 5 shows a plot of n(r) in the first and
second shells versus XMeOH. In the first shell, n(r) was
almost 2 at XMeOH more than 0.5. At XMeOH less than
0.5, n(r) was slightly decreased with decreasing
XMeOH. This means that a center methanol molecule
probably makes hydrogen bonds with two other
methanol molecules at XMeOH more than 0.5.
At XMeOH less than 0.5, a center methanol molecule
still seemed to form hydrogen bonds, but could not
make hydrogen bonds rigidly with two other
methanol molecules. We thought CO2 might start to
affect the hydrogen bond pairs and methanol
hydrogen bond networks around XMeOH of 0.5.

On the other hand the second shell, n(r) seemed to
decrease monotonically with decreasing XMeOH. The
number of methanol molecules in the simulation
system decreased with decreasing XMeOH and n(r)
decreased in the second shell. This shows that the
center methanol molecule had little effect on the
second shell structure that had generally weak
interactions.

Figure 6 shows simulation results for the self-
diffusion coefficients of methanol and CO2. Both the
self-diffusion coefficients decreased gradually with
increasing XMeOH. However, around XMeOH of 0.5,
there appeared to be a transition in the slope. Both self-
diffusion coefficients showed small changes with
increasing XMeOH, especially the methanol diffusivity
values at XMeOH more than 0.5. This behavior seemed
to be similar to that of the first shell n(r) in Fig. 5.
In Table III, the molar density increases with increasing
XMeOH. This might cause the collision frequency of
molecules to increase and lower the self-diffusion
coefficients for higher XMeOH. It should also be noted
that the CO2 diffusivity approaches that of methanol
at higher XMeOH, which suggests that CO2 molecules
tend to move with methanol molecules in these
compositions. From these results, we concluded that
CO2 dissolution into methanol did not seem to have
a large effect on the methanol hydrogen bond
networks as a small amount of CO2 was added to the
methanol solvent. Further increases in the number of
CO2 molecules in the system at XMeOH less
than 0.5, however, lead to the result that the system
could not maintain the integrity of the hydrogen
bonding networks.

Figure 7 shows simulation results for the static
dielectric constant from Eq. (7) together with
the experimental data [7]. Although fairly large
discrepancies exist between experimental and
simulated values, it can be seen that the simula-
tion could represent the trend of the static dielectric
constant with composition. The static dielectric
constant increased with increasing XMeOH. Increasing
the number of methanol molecules caused an increase
in the total dipole moment ~Mð0Þ of the system.

The relaxation time evaluated from dipole time
correlation and Eq. (5) was plotted against XMeOH

together with the experimental data [7] in Fig. 8.
The tendency between experimental and simulated
values seemed to be similar if the simulation results
at XMeOH ¼ 0.5 and 0.9 were excluded. We calculated
relaxation time by average value of 60 segments of
50 ps simulation segment. If we excluded some
points of large dispersion, the relaxation time was
decreased and the tendency was similar. We noted
that the data did not show a monotonic increase
of t0 with increasing XMeOH, which is evidence
for the possible existence of a maximum t0 in
the composition range, XMeOH from 0.6 to 0.8.
The dielectric relaxation time had fairly large

FIGURE 4 Methanol oxygen–hydrogen RDF at XMeOH of 0.8, 0.6,
0.4 and 0.2 at 508C. See Table III for densities.

FIGURE 5 Integrated average numbers of molecules in first and
second shells of methanol oxygen–oxygen RDF from Eq. (8) as a
function of methanol mole fraction. See Table III for densities.
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discrepancies between experimental and simulated
values for large methanol mole fractions. This is
to be expected since the dielectric relaxation is a
large-scale phenomenon and is not quantitatively
represented in this work as a limited scale MD
simulation.

From these results, we conjectured structure
of methanol and CO2 mixture. At XMeOH of 1.0,
methanol molecules make large hydrogen
bond networks. When CO2 was added to pure
methanol, CO2 existed in the hydrogen bond
networks and the networks were remaining around
XMeOH of 0.6–0.8. This might cause the methanol
self-diffusion coefficient not to change. The dielectric
relaxation time increased with an increase in the
interaction between methanol hydrogen bond
networks via the presence of CO2 molecules. Further
addition of CO2 into methanol caused the hydrogen
bond networks to break up and to form smaller
hydrogen bond aggregates. This probably causes an
increase in self-diffusion coefficient and a decrease
in relaxation time.

CONCLUSIONS

MD simulations were made on methanol and CO2

mixtures to examine some of the solution structural
features of the expanded liquid state of methanol in
terms of the RDF, self-diffusion coefficient and
dielectric properties. From RDF results, the effect of
CO2 on nearest methanol hydrogen bond pairs
occurred around XMeOH of 0.6 and the tendency of
both methanol and CO2 self-diffusion coefficients
were changed at this composition. This probably
means that the methanol hydrogen bond networks
change greatly around this composition. Simulation
of dielectric relaxation time showed the possible
existence of a maximum point in the composition
range, XMeOH from 0.6 to 0.8 in agreement with the
experimental data.
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