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Thermodynamics of mixing methanol with
supercritical CO2 as seen from computer
simulations and thermodynamic integration

Réka A. Horváth,a George Horvai,a Abdenacer Idrissi b and Pál Jedlovszky *c

The changes in extensive thermodynamic quantities, such as volume, energy, Helmholtz free energy and

entropy, occurring upon mixing liquid methanol with supercritical CO2, are calculated using Monte Carlo

simulations and thermodynamic integration for all eight combinations of four methanol and two CO2

potential models in the entire composition range at 313 K. The obtained results are also compared with

experimental data whenever possible. The transition of the system from liquid to a supercritical state is

found to occur at this temperature around a CO2 mole fraction value of 0.95 with all model

combinations considered. This liquid to supercritical transition is always accompanied by positive

Helmholtz free energy of mixing values and, consequently, by the non-miscibility of the two

components. Furthermore, both this non-miscibility around the liquid to supercritical transition and also

the miscibility of the two components below this transition, in the liquid regime, are found to be

primarily of the energetic rather than entropic origin; the entropy of mixing turns out to be very close to

zero, and around the liquid to supercritical transition even its qualitative behaviour is strongly model

dependent. Finally, it is found that the methanol expansion coefficient is not sensitive to the details of

the potential models, and it is always in excellent agreement with the experimental data. On the other

hand, both the volume and the energy of mixing depend strongly on the molar volume of neat CO2 in

the model being used, and in this respect the TraPPE model of CO2 [J. J. Potoff and J. I. Siepmann,

AIChE J., 2001, 47, 1676] performs considerably better than that of Zhang and Duan [Z. Zhang and

Z. Duan, J. Chem. Phys., 2005, 122, 214507].

1. Introduction

In the past few decades, supercritical fluids have been increas-
ingly used to replace conventional, toxic organic solvents in a
number of processes from nanotechnology to catalysis and
from polymer technology to the environmentally friendly
destruction of hazardous wastes.1–8 Among the possible super-
critical fluids, the most widely used solvent is clearly super-
critical CO2 (scCO2) due to its natural abundance, not very high
critical temperature, chemical inertness and non-flammability,
non-toxicity, and low cost. The solvation ability of scCO2 can
substantially be improved by adding other, co-solvent molecules
to it. The physical and chemical properties of such mixtures, often
referred to as CO2-expanded liquids,9 can then be fine tuned by
changing, besides the temperature and pressure, the composition

of the system. Furthermore, the chemical character of such
solvents can also be altered by the choice of the co-solvent
molecule, e.g., by adding a weak base or a hydrogen bonding
liquid to the non H-bonding, weak acid, CO2. In this respect,
the use of methanol as a co-solvent is of particular importance.

Mixtures of scCO2 and methanol have been intensively
studied in the past few decades in various respects, focusing
on the properties of the one-phase mixture,10–14 including its
solvation properties concerning various solutes,15–18 vapour–
liquid equilibrium,19–35 composition dependence of the critical
point,21,25,26,29,36,37 or multicomponent mixtures including
other co-solvents.19,20,26,38–40 These experimental studies have
also been accompanied by a number of theoretical13,20,41–43 and
computer simulation17,31,44–50 investigations. However, in spite
of a large number of studies concerning the thermodynamic
properties of this system, very little is known about the changes
occurring in its thermodynamic quantities upon mixing the two
neat components. More precisely, while the expansion coeffi-
cient of the co-solvent by scCO2 has been determined at various
thermodynamic states,21,28,30,31,35 we are not aware of any study
concerning the changes in the energy, entropy, enthalpy, or
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Helmholtz free energy accompanying the mixing of the two
components, although these quantities could provide a deeper
insight into the thermodynamic background, including the nature
of the driving force that governs the mixing of these molecules.

The thermodynamics of mixing can be conveniently investi-
gated using computer simulation methods,51 in which the
appropriately chosen model of the system of interest is seen
in atomistic resolution, and hence the properties of this model
system can be accessed in such detail that cannot be offered by
any experimental method. On the other hand, the validity of the
model used needs to be tested against the existing experimental
data. In calculations targeting the thermodynamics of mixing two
components, computer simulation methods are accompanied by
thermodynamic integration (TI),52,53 performed along a fictitious
path, in which the neat components are mixed in the ideal gas
state, and the mixture is brought back to the thermodynamic state
of interest.54 In the past ten years, this combination of computer
simulations and TI has been used to calculate the thermo-
dynamics of mixing of various compounds,54–60 including also
scCO2.56 It should be noted that such calculations not only offer a
deep insight into the nature of the mixture of interest at the
molecular level, but the comparison of the results with the existing
experimental data also provides a stringent test of the validity of
not only the potential models used in the simulations, but also
that of their compatibility with each other.55,57

In this paper, we investigate the thermodynamics of mixing
liquid methanol with scCO2 using Monte Carlo simulations and
thermodynamic integration in the entire composition range along
the liquid–vapour coexistence line at 313 K. Besides the volume
of mixing and the expansion coefficient, calculated on the basis
of constant pressure simulations, we also determine the energy,
entropy, and Helmholtz free energy of mixing using constant
volume simulations combined with TI. The calculations are
repeated with all possible combinations of two potential models
of CO2 and four models of methanol. The various model combina-
tions are assessed by comparing the calculated volumetric proper-
ties with the existing experimental data.

The paper is organized as follows. In Section 2, a description
of the methods used and details of the calculations performed
are given. Thus, besides explaining the calculation of the
quantities of mixing along the chosen fictitious thermo-
dynamic path and also the basic principles of the TI method,
here we provide also a description of the potential models
considered and details of the Monte Carlo simulations and
thermodynamic integrations performed. The obtained results
are presented and discussed in detail in Section 3. Finally, in
Section 4, the main conclusions of this study are summarized.

2. Methods
2.1. Calculating the changes in thermodynamic quantities
upon mixing

The changes in the volume (V) and internal energy (U) of mixing
can simply be calculated as

Vmix = V12 � x1V1 � x2V2 (1)

and

Umix = U12 � x1U1 � x2U2, (2)

where the indices 1, 2, and 12 stand for the neat components
1 and 2, and for their mixture, respectively, while x1 and x2 are
the mole fractions of the respective components (for binary
mixtures being x1 + x2 = 1). In calculating Vmix, the (molar)
volume of the neat components and the mixture can simply be
obtained by performing computer simulations of the respective
systems on the isothermal–isobaric (N,p,T) ensemble at the
temperature and pressure corresponding to the thermo-
dynamic state of interest. Having the molar volumes (and,
hence, also the densities) of the neat components and the
mixture calculated, the expansion coefficient of component 1,
a1, can be evaluated as

a1 ¼
r01 x1M1 þ x2M2ð Þ

r12x2M2
; (3)

where M1 and M2 are the molar mass of the respective neat
components, while r0

1 and r12 stand for the density of the neat
component 1 at atmospheric pressure and that of the mixture
at the pressure of interest, respectively.35 On the other hand, by
calculating Umix, the internal energy of the neat components
and the mixture can be obtained by performing simulations on
the canonical (N,V,T) ensemble, using the volume obtained
from the previous, (N,p,T) ensemble simulations.

The change of the Helmholtz free energy, A, occurring upon
mixing the neat components 1 and 2, can be calculated as

Amix = A12 � x1A1 � x2A2 + RT(x1 ln x1 + x2 ln x2), (4)

where A1, A2, and A12 denote the excess Helmholtz free energy
of the corresponding systems (with respect to the ideal gas
state), while R and T are the gas constant and temperature,
respectively. This equation can be associated with the following
fictitious thermodynamic path. In the first step, the neat
components are brought, in an isochoric way, to the ideal
gas state; this step is accompanied by the free energy change
(�x1A1 � x2A2). Then, the neat components are mixed in the
ideal gas state, accompanied by the free energy change corres-
ponding to the ideal mixing of RT(x1 ln x1 + x2 ln x2). Finally, the
mixture is brought isochorically back to the thermodynamic
state of interest, while the free energy changes by A12. This
fictitious thermodynamic path is illustrated in Fig. 1 of ref. 60.
To calculate the value of Amix by eqn (3), the quantities A1, A2,
and A12 need to be evaluated, which can be done by the method
of thermodynamic integration, as explained in the following
sub-section. Finally, having Amix and Umix already calculated,
the entropy of mixing can simply be given as

Smix ¼
Umix � Amix

T
: (5)

2.2. Thermodynamic integration

The calculation of the Helmholtz free energy using a computer
simulation is a far more demanding task than that of the internal
energy, because it is proportional to the configurational part of
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the total canonical partition function (often referred to as the
configurational integral), Q, and hence its evaluation requires
sampling the entire configurational space rather than only its
lowest energy domains. In practice, instead of the total free energy
of a given state, usually only the free energy difference between
this state of interest, Y, and a suitably chosen reference state, X, is
accessible in a computer simulation. In the method of TI,52,53

this free energy difference is calculated as an integral along a
(fictitious) path connecting the two states, i.e.,

DA ¼ AY � AX ¼
ð1
0

@AðlÞ
@l

� �
dl; (6)

where l is the coupling parameter that defines the path in such a
way that its value is 0 and 1 in the reference state, X, and in the
state of interest, Y, respectively. Considering the fundamental
relations in statistical mechanics between A, Q, and U, i.e.,

A = �kBT ln Q (7)

and

Q ¼
ð
exp �U=kBTð Þ; (8)

the integrand of eqn (6) can be rewritten as

@AðlÞ
@l
¼�kBT

QðlÞ
@QðlÞ
@l
¼

Ð @UðlÞ
@l

� �
expð�bUðlÞÞdqNÐ

expð�bUðlÞÞdqN ¼ @UðlÞ
@l

� �
l
:

(9)

In these equations, kB stands for the Boltzmann constant,
b = 1/kBT, qN represents the spatial coordinates of all the N
particles in the system, and the brackets h���il denote ensemble
averaging at a given l value.

To evaluate the ensemble average in eqn (9), first the path
connecting states X and Y or, in other words, the continuous
function U(l) needs to be chosen. The conventional choice for
this path is a fourth order polynomial, i.e.,

U(l) = l4UY + (1 � l)4UX , (10)

where UX and UY stand for the internal energies of the corres-
ponding states. The choice of the fourth power is dictated by
the fact that in systems of pairwise additive energy, where the
leading term of the potential function decays with r�12, the use
of an exponent smaller than 4 in eqn (10) leads to a singularity
(i.e., divergence of U(l)) at the l = 0 point.52 In cases when the
Helmholtz free energy difference between the (isochoric) liquid
and ideal gas states of a system is calculated,61–65 such as in the
present study, the reference state X corresponds to the ideal
gas, and hence UX � 0. As a consequence, in such cases,
eqn (10) simplifies to U(l) = l4UY, and thus, considering also
eqn (9), eqn (6) can be rewritten as

DA ¼
ð1
0

@AðlÞ
@l

� �
dl ¼

ð1
0

4l3 UYh ildl: (11)

It should be recalled that the ensemble averaging in eqn (11)
needs to be done at a given value of l, which can be done by
performing a computer simulation with the potential function U(l),

as defined in eqn (10). However, considering that, in the
present case, U(l) = l4UY, the Boltzmann factor in eqn (9),
which is evaluated in each step of a Monte Carlo simulation,
can be rewritten as

exp(�U(l)/kBT) = exp(�l4UY/kBT) = exp(�UY/kBT*) , (12)

where T* = T/l4. Therefore, technically the simulation per-
formed at the temperature T with the potential U(l) is equiva-
lent to that performed at the virtual temperature T* using the
full potential UY. In other words, instead of scaling down the
interactions to zero, the ideal gas state is approached by scaling
up the temperature (and thus the kinetic energy of the
particles) to infinity. It should again be emphasized that the
chosen path connecting the state of interest, Y, and the ideal
gas reference state, X, is fictitious, and hence the states along
this path, corresponding to the T o T* o N range of virtual
temperatures, have no physical relevance themselves.

The integrand of eqn (11) has been evaluated by performing
Monte Carlo simulations at six different l values, namely
0.046911, 0.230765, 0.5, 0.769235, 0.953089, and 1. The first
five of these values correspond to the 5-point Gaussian
quadrature,66 while simulation in l = 1 has been performed
in order to evaluate also the internal energy of the system.
In order to perform the integral of eqn (11), a fourth order
polynomial has been fitted to the obtained 4l3 hUYil vs. l data
points, and the fitted polynomial has been integrated analyti-
cally. The calculated data points along with the fitted poly-
nomials are shown in Fig. 1 as obtained at the xCO2

values of
0.1, 0.3, 0.5, 0.7, and 0.9 from the simulations performed with
the TraPPE model of CO2 in combination with all four metha-
nol models considered.

2.3. Potential models

In this study, we consider two potential models of CO2, namely
the model belonging to the TraPPE force field67 and the one
proposed by Zhang and Duan (referred to here as ZD),68 and
four models of methanol, including the potentials belonging to
the OPLS69 and TraPPE70 force fields and the ones developed by
van Leeuwen and Smit (referred to here as vLS)71 and by Walser
et al. (referred to as Walser).72 All of these potential models are
rigid, and the CH3 group of methanol is always treated as a
united atom. The bond lengths and bond angles corresponding
to these models are summarized in Table 1.

All models considered here describe the interaction energy
of a molecule pair by the sum of the Lennard-Jones and charge–
charge Coulomb interactions acting between all pairs of their
sites (i.e., atoms or united atoms). Furthermore, the total
energy of the systems is calculated as the sum of the interaction
energies of all molecule pairs, thus

U ¼
XN
i¼1

XN
j¼iþ1

Xni
a¼1

Xnj
b¼1

4eab
sab
ria; jb

� �12

� sab
ria; jb

� �6
" #

þ 1

4p 20
qaqb

ria; jb
:

(13)

In this equation, indices i and j run over the molecules in
the system, a and b run over all ni and nj interaction sites of
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molecules i and j, respectively, N is the total number of
molecules, sab and eab are the Lennard-Jones distance and
energy parameters, respectively, corresponding to the pair of
sites a and b, related to the parameters corresponding to the
individual sites through the Lorentz–Berthelot combination

rule:51

sab ¼
sa þ sb

2
(14)

and

eab ¼
ffiffiffiffiffiffiffiffi
eaeb
p

; (15)

ria,jb is the distance between the site a of molecule i and the site
b of molecule j, A0 is the vacuum permittivity, while qa and qb
are the fractional charges carried by the corresponding sites.
The interaction parameters s, e, and q corresponding to the
CO2 and methanol models considered are summarized in
Tables 2 and 3, respectively.

2.4. Monte Carlo simulations

Monte Carlo simulations of methanol–CO2 mixtures of 12
different compositions, including the two neat systems, have
been performed both on the isothermal–isobaric (N,p,T) and
canonical (N,V,T) ensembles. The systems simulated have
corresponded to the CO2 mole fraction (xCO2

) values of 0, 0.1,
0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 0.95, and 1; the cubic
simulation box has always consisted of 500 molecules (see
Table 4). Standard periodic boundary conditions have been
applied in all simulations. The (N,p,T) ensemble simulations
have been performed at a temperature of 313 K and at the
pressure corresponding to the experimental vapour–liquid
coexistence35 of the simulated temperature and composition;
these pressure values are included in Table 4. The choice of the
simulation temperature of 313 K has been dictated by the
wealth of experimental data available at this temperature,
including the data used as the input of the simulations.11,35

Fig. 1 Integrand of the thermodynamic integration (eqn (11)), obtained at
six l points for the combination of the TraPPE model of CO2 with the vLS
(top panel), Walser (second panel), OPLS (third panel), and TraPPE (bottom
panel) models of methanol (full symbols), together with the fourth order
polynomials fitted to these data (solid curves) at the CO2 mole fraction
values of 0.1 (black, squares), 0.3 (red, circles), 0.5 (green, up triangles),
0.7 (blue, down triangles), and 0.9 (orange, diamonds).

Table 1 Geometric parameters of the potential models considered

Molecule Model

Bond
between
sites

Bond
length (Å)

Angle
formed
by sites

Bond
angle
(deg)

CO2 TraPPEa CQO 1.160 OQCQO 180.00
Zhang–Duanb CQO 1.163 OQCQO 180.00

Methanol OPLSc CH3–O 1.4300 CH3–O–H 108.50
O–H 0.9450

van Leeuwen–Smitd CH3–O 1.4246 CH3–O–H 108.63
O–H 0.9451

Walsere CH3–O 1.5300 CH3–O–H 102.00
O–H 1.0000

TraPPEf CH3–O 1.4300 CH3–O–H 108.50
O–H 0.9450

a Ref. 67. b Ref. 68. c Ref. 69. d Ref. 71. e Ref. 72. f Ref. 70.

Table 2 Interaction parameters of the CO2 models condsidered

Model Atom s/Å (e/kB)/K q/e

TraPPE C 2.800 27.0 0.7000
O 3.050 79.0 �0.3500

Zhang–Duan C 2.792 28.8 0.5888
O 3.000 82.6 �0.2944

Table 3 Interaction parameters of the methanol models condsidered

Model Interaction site s/Å (e/kB)/K q/e

OPLS CH3 3.775 104.2 0.265
O 3.070 85.5 �0.700
H — — 0.435

van Leeuwen–Smit CH3 3.740 105.2 0.265
O 3.030 86.5 �0.700
H — — 0.435

Walser CH3 3.601 122.3 0.266
O 3.176 66.3 �0.674
H — — 0.408

TraPPE CH3 3.750 98.0 0.265
O 3.020 93.0 �0.700
H — — 0.435
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The (N,V,T) ensemble simulations have been performed at
313 K (to evaluate Umix), and also at the five virtual tempera-
tures corresponding to the l values of the 5-point Gaussian
quadrature (see Section 2.2), to evaluate Amix. In these simula-
tions, the volume of the cubic basic simulation box has been set
to the equilibrium volume resulting from the corresponding
(N,p,T) ensemble simulation.

Simulations have been repeated with all the eight combina-
tions of the two CO2 and four methanol models considered (see
Section 2.3), thus, a total number of more than 600 simulations
have been performed in this study. All interactions have been
truncated to zero beyond the centre–centre cut-off distance of
12.5 Å, considering the C atom of CO2 and the O atom of
methanol as the molecular centres. The long range part of the
electrostatic interaction has been accounted for by means of
the reaction field correction method,51,74,75 using the experi-
mental value of the dielectric constant11 (see Table 4) in each
system.

Simulations have been performed by the program MMC.76

In a Monte Carlo step, a randomly chosen molecule has been
attempted to be randomly translated by a distance no more
than 0.25 Å and randomly rotated around a randomly chosen

space-fixed axis by an angle no more than 101. In the case of the
(N,p,T) ensemble simulations, every 500 particle displacement
steps have been followed by a volume change attempt by no
more than 150 Å3. All moves have been accepted or rejected
according to the standard Monte Carlo acceptance criteria.51

The ratio of the successful and attempted particle displacement
and volume change moves has been about 0.5. (N,p,T) ensem-
ble simulations have been started from random arrangement of
the molecules; (N,V,T) ensemble simulations at 313 K have been
started from equilibrium configurations resulted from the
preceding (N,p,T) runs, while (N,V,T) simulations at the five
virtual temperatures have been started from the final configu-
ration of the run at the previous temperature. In the (N,p,T)
ensemble simulations, the systems have been equilibrated for
108–109 Monte Carlo steps, until the volume of the system has
fluctuated around its equilibrium value. The volume of the
system has been averaged over a subsequent, 108 Monte Carlo
steps long equilibrium trajectory. In the case of the (N,V,T)
ensemble runs, the equilibration trajectory has been 5 � 107

Monte Carlo steps long, and the energy of the system has been
equilibrated in the subsequent, 108 Monte Carlo step long run
in every case. Equilibrium snapshots of the systems corres-
ponding to the xCO2

values of 0.3, 0.7, and 0.95 are shown in
Fig. 2, as taken out from the (N,V,T) ensemble simulations
performed at 313 K with the ZD model of CO2 and the vLS
model of methanol.

3. Results and discussion
3.1. Volumetric results

The composition dependence of the molar volume and volume
of mixing of the eight model combinations of methanol and
CO2 considered is plotted in Fig. 3 and 4, respectively, using the
results obtained from the simulations. As is seen, the molar
volume of the system increases with increasing CO2 mole
fraction up to xCO2

= 0.8 in every case, reflecting the gradual
expansion of methanol by CO2. However, between the xCO2

Table 4 Characteristics of the systems simulated

xCO2
NCO2

Nmethanol p/bara ee

0.0 0 500 0.423b 28.6
0.1 50 450 18.6 25.2
0.2 100 400 36.2 19.8
0.3 150 350 49.1 14.9
0.4 200 300 60.5 11.0
0.5 250 250 69.9 7.45
0.6 300 200 74.6 4.93
0.7 350 150 78.93 3.92
0.8 400 100 82.9 2.83
0.9 450 50 87.1 2.01
0.95 475 25 95.0c 1.72
1.0 500 0 105.1bd 1.37

a Ref. 35. b Ref. 73. c Extrapolated using the data of ref. 35 and 73.
d Value along the supercritical extension of the vapour–liquid coexis-
tence curve. e Ref. 11.

Fig. 2 Equilibrium snapshots of the systems corresponding to the CO2 mole fraction values of 0.3 (left), 0.7 (middle), and 0.95 (right), as obtained from
the (N,V,T) ensemble simulations performed at 313 K with the ZD/vLS model combination. CO2 and methanol molecules are shown by green and red
sticks, respectively. In the case of the xCO2

= 0.95 system, the atoms of the methanol molecules are represented by balls, in order to emphasize their
separation from scCO2.
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values of 0.8 and 1, the systems described by different model
combinations behave in noticeably different ways. Thus, when
CO2 is described by the ZD model, V always goes through a
marked maximum in the xCO2

range of 0.9–0.95. A similar
behaviour was observed earlier in the simulations of ethanol–
CO2 and acetone–CO2 mixtures.56 The occurrence of this peak
is related to the fact that the mixture of liquid methanol and
scCO2, being in the liquid phase up to rather high CO2 mole
fractions, becomes supercritical in this composition range at
the temperature of the simulations,77 but methanol molecules
still try to form a liquid droplet in the supercritical medium
(see the rightmost panel of Fig. 2). On the other hand, in all
cases corresponding to the TraPPE model of CO2, the obtained

V(xCO2
) curve is always monotonous, although its slope between

the xCO2
values of 0.9 and 1 depends strongly on the methanol

model used. It should be emphasized, however, that the fact
that we have not found any peak of the V(xCO2

) curve here does
not necessarily mean that no such peak exists. Since this
peak is rather narrow, its width being comparable with the
composition resolution used in this study, it might also well
be the case that such a peak is located either between the
xCO2

values of 0.9 and 0.95, or between 0.95 and 1, i.e., in a
sufficiently narrow composition range that has not been
explored in the present study.

Nevertheless, the model combinations involving the ZD and
the TraPPE models of CO2 have clearly shown a different
volumetric behaviour in mixtures of a low methanol content.
Although the experimental data are scarce in this composition
range, the comparison of the molar volume of neat CO2 with
the experimental value is decisive in this respect. Thus, while
the molar volume obtained for the ZD model of CO2 at 313 K of
101.3 cm3 mol�1 overestimates the experimental value of
67.2 cm3 mol�1 78 by almost 50%, the molar volume of the
TraPPE model of 78.5 cm3 mol�1 agrees with this value within
about 15%. Similar failure of the ZD model in predicting the
pressure and density of neat CO2 was pointed out earlier by
Merker et al.79 It should also be noted that the molar volume of
scCO2 depends rather sensitively on the temperature, thus, at a
simulation pressure of neat CO2 of 105.1 bar a temperature
shift of 1 K leads to about 2 cm3 mol�1 change in the molar
volume. Thus, the 11.3 cm3 mol�1 deviation of the molar
volume of the TraPPE model with respect to the experimental
value corresponds to only a temperature shift of about 5–6 K.

The inset of Fig. 3 shows the comparison of the obtained
molar volumes with the experimental data of Aida et al.35 in the
composition range of this experimental data set, i.e., up to a
xCO2

value of about 0.6, on an enlarged scale. Not surprisingly,
in this low xCO2

range, the obtained results do not depend
noticeably on the CO2 model chosen. Among the methanol
models considered, that of Walser et al. gives a slightly better,
while OPLS a clearly worse reproduction of the experimental
data in this respect than the other ones.

The differences between the obtained volumes of the mixing
data (Fig. 4) reflect primarily the difference in the molar volume
of neat CO2 as obtained with the ZD and TraPPE models. Thus,
the Vmix(xCO2

) curves corresponding to the same CO2 model are
rather similar to each other up to xCO2

= 0.8, those corres-
ponding to the ZD model giving consistently lower Vmix values
(as the molar volume of neat CO2, weighted with xCO2

in the
mixture, is subtracted when calculating Vmix, see eqn (1)), while
those corresponding to the TraPPE model of CO2 being in a
much better agreement with the experimental curve. Furthermore,
between the xCO2

values of 0.8 and 1, the Vmix(xCO2
) curves corres-

ponding to all model combinations involving the ZD potential of
CO2 turn to positive values and go through a clear maximum,
reflecting the large molar volume of these mixtures. No such
maximum is seen, however, when the TraPPE model of CO2 is
considered, except for the tiny peak of the TraPPE/OPLS model
combination at xCO2

= 0.95.

Fig. 3 Composition dependence of the molar volume of CO2–methanol
mixtures, as obtained with the model combinations involving the ZD (full
symbols, lighter shades) and TraPPE (open symbols, darker shades) models
of CO2 and the vLS (red squares), Walser (green circles), OPLS (blue up
triangles) and TraPPE (yellow down triangles) models of methanol. The
lines connecting the points are just guides to the eye. Experimental data of
Aida et al. (ref. 35) are shown by a thick black solid curve. Error bars are
smaller than the symbols. The inset shows the comparison with the
experimental data in the composition range of their existence on a
magnified scale.

Fig. 4 Composition dependence of the volume of mixing of CO2–
methanol mixtures, as obtained from the simulations with the eight model
combinations considered. Coding of the symbols is the same as in Fig. 3.
The lines connecting the points are just a guide to the eye. Experimental
data of Aida et al. (ref. 35) are shown by a thick black solid curve.
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Finally, we have also calculated the expansion coefficient of
liquid methanol, aMeOH (see eqn (3)), for the eight model
combinations considered. The obtained results are shown
and compared with the experimental data35 in Fig. 5. As it is
seen, the value of the expansion coefficient is rather insensitive
to the details of the potential models. This is not surprising,
since the expansion coefficient does not depend on the molar
volume (or density) of neat CO2 (see eqn (3)), the only quantity
the value of which has turned out to be strongly model
dependent. Thus, the results obtained with all the eight model
combinations considered are almost indistinguishable from
each other up to xCO2

= 0.8, being also in perfect agreement
with the experimental data in the entire range of their existence
(see the inset of Fig. 5). At xCO2

4 0.8, different model
combinations behave in different ways in this respect (although
all of them result in a monotonously increasing curve), reflecting
again the large differences in their molar volumes in this composi-
tion range, and, ultimately, the difference between the molar
volumes of the ZD and TraPPE models of CO2.

3.2. Energetic results

The composition dependence of the molar energy, Helmholtz
free energy and entropy of the eight model combinations of
methanol and CO2 considered is shown in Fig. 6, while the
corresponding energies, Helmholtz free energies and entropies
of mixing are plotted in Fig. 7, as obtained from the simula-
tions. As is seen, the energy of the system increases almost
linearly with xCO2

, suggesting that the mixing of the two
components, from the energetic point of view, is close to ideal.
The molar Helmholtz free energy and entropy also increase
steadily with xCO2

, although the A(xCO2
) and S(xCO2

) curves
noticeably deviate from the linear shape. When the TraPPE
model of CO2 is considered, the shapes of all these three curves
change smoothly in the entire composition range, while in the

case of the ZD model they all exhibit a little hump in the xCO2

range of 0.9–0.95, reflecting the anomalously low density of
these systems in this composition range (see Fig. 3). It is also
seen that, at low CO2 mole fractions, the OPLS model of
methanol corresponds to noticeably higher energy and free
energy values of the mixtures than the other three methanol
models considered. This difference probably cannot simply be
explained by the 2–6% lower density of the systems involving
the OPLS methanol model than that of the others (as similar
density differences corresponding to the Walser and vLS or
TraPPE methanol models are not reflected in the U and A
values). Instead, it might well be the consequence of some
inaccuracies in the parameterization of OPLS, a model developed
1–1.5 decades earlier than the other ones considered here, which
are likely related to the neglect of the long range part of the
electrostatic interaction in the parameterization procedure.69

The free energy of mixing of the eight model combinations
behaves rather similar to each other in the entire composition
range. Thus, apart from its peak at xCO2

= 0.95, its value is always
negative, reflecting the miscibility of methanol with CO2 under
these thermodynamic conditions. However, at xCO2

= 0.95,

Fig. 5 Composition dependence of the methanol expansion coefficient
(see eqn (3)) in CO2–methanol mixtures, as obtained from the simulations
with the eight model combinations considered. Coding of the symbols is
the same as in Fig. 3. The lines connecting the points are just a guide to the
eye. Experimental data of Aida et al. (ref. 35) are shown by a thick black
solid curve. The inset shows the comparison with the experimental data in
the composition range of their existence on a magnified scale.

Fig. 6 Composition dependence of the molar energy (top panel),
Helmholtz free energy (middle panel), and entropy (bottom panel) of
CO2–methanol mixtures, as obtained from the simulations with the eight
model combinations considered. Coding of the symbols is the same as in
Fig. 3. Error bars are smaller than the symbols. The lines connecting the
points are just a guide to the eye.
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i.e., around the liquid to supercritical transition of the mixture,
this miscibility is no longer preserved, methanol is separated
from scCO2 and forms clusters of liquid-like density (see the
right most panel of Fig. 2), such as in the case of ethanol–CO2

and acetone–CO2 mixtures.56 It should also be noted that the
thermodynamic driving force of the miscibility of the two
components up to xCO2

= 0.9 is rather weak, as the Amix(xCO2
)

curves are always well above the curve corresponding to the
ideal mixing (dotted line in Fig. 7), and the magnitude of Amix

remains always below RT/2, i.e., the average kinetic energy of
the molecules along one degree of freedom. Similarly, the peak
of the Amix(xCO2

) curves at xCO2
= 0.95 is also considerably

smaller than RT/2 in every case, indicating that the thermo-
dynamic driving force of the non-miscibility of the system at
this composition is also rather weak.

As is seen from Fig. 7, the Umix(xCO2
) curve goes, for all model

combinations considered, clearly below zero up to xCO2
= 0.8,

reflecting presumably the attractive weak acid–weak base inter-
actions occurring between the CO2 and methanol molecules,
and becomes positive (with the exception of the TraPPE/Walser
system) at xCO2

= 0.95, where the two components do not mix
with each other. It is also seen that the too low density of the ZD

model of CO2, resulting also in too small energy (in magnitude)
of neat CO2, amplifies the Umix data corresponding to all model
combinations involving this model both below and above zero.
On the other hand, the Smix(xCO2

) data are rather close to zero in
the entire composition range, being even consistently negative
for certain model combinations (e.g., ZD/Walser or ZD/TraPPE).
Furthermore, Smix is clearly well below the value corresponding
to the ideal mixing for all model combinations considered in
the entire composition range. The reason for this entropy
decrease (with respect to the ideal mixing), besides the orienta-
tional restrictions implied by the aforementioned weak acid–
weak base interactions, is probably caused by the decrease of
the molar volume (see Fig. 4), or increase of the density
occurring upon mixing. Interestingly, even the qualitative
behaviour of Smix is model dependent at the non-miscibility
composition of xCO2

= 0.95. All these findings indicate that both
the miscibility of methanol and CO2 up to a xCO2

value of about
0.9 and their non-miscibility around xCO2

= 0.95 are primarily of
the energetic rather than entropic origin.

4. Summary and conclusions

In this paper we have investigated in detail the changes in several
extensive thermodynamic quantities, i.e., volume, energy,
Helmholtz free energy, and entropy, occurring upon mixing liquid
methanol and supercritical CO2 in different proportions at 313 K
on the basis of Monte Carlo computer simulations and thermo-
dynamic integration, considering all eight combinations of four
selected methanol and two CO2 potential models. It has turned
out that, with an increasing mole fraction of CO2, the system
enters into the supercritical regime in the xCO2

range of about
0.9–0.95, accompanied by either a clear maximum of the V(xCO2

)
curve, or, at least, a change of its smooth slope. We cannot
exclude the possibility that a similar maximum of V(xCO2

) occurs,
between two compositions considered in the present study, even
in the case of those model combinations for which our results do
not indicate the presence of such a maximum. This anomalous
behaviour of the V(xCO2

) curve around the liquid to supercritical
transition is also reflected in the shape of the U(xCO2

), A(xCO2
), and

S(xCO2
) data, and hence also in the corresponding changes in

these quantities occurring upon mixing. The Helmholtz free
energy of mixing is negative up to a CO2 mole fraction of 0.8
and positive around 0.95 in every case, marking the composition
ranges corresponding to the miscibility and non-miscibility,
respectively, of the methanol and CO2 molecules. It is also
found that the thermodynamic driving force is rather weak in
both cases, as the magnitude of Amix remains always below
RT/2, i.e., the average kinetic energy of the molecules along one
degree of freedom. Both the miscibility (up to xCO2

E 0.8) and
the non-miscibility (at xCO2

E 0.95) of these molecules are
found to be primarily of the energetic rather than entropic
origin, as the entropy of mixing remains close to zero in the
entire composition range, and even the qualitative behaviour of
the Smix(xCO2

) curve, unlike that of Umix(xCO2
), is also strongly

model dependent.

Fig. 7 Composition dependence of the energy (top panel), Helmholtz
free energy (middle panel), and entropy (bottom panel) of mixing of CO2–
methanol mixtures, as obtained from the simulations with the eight model
combinations considered. Coding of the symbols is the same as in Fig. 3.
The lines connecting the points are just a guide to the eye. Zero value is
indicated by dashed lines, the changes in the Helmholtz free energy and
entropy corresponding to the ideal mixing are shown by dotted lines. The
average kinetic energy of the molecules along one degree of freedom of
RT/2 (for the energy and Helmholtz free energy of mixing) and R/2 (for the
entropy of mixing) is also shown for reference by bars.
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Concerning the reliability of the various model combinations
considered it is found, in accordance with earlier claims,56,79 that
the ZD model of CO2 strongly overestimates the molar volume
(and hence underestimates the density) of neat CO2, whereas
the OPLS model of methanol somewhat overestimates the
molar volume of the methanol-rich systems, for which it also
results in smaller energies (in magnitude) than those of the
other methanol models considered. The remaining three model
combinations, i.e., TraPPE/vLS, TraPPE/Walser and TraPPE/
TraPPE, lead to rather similar results, which are also in good
agreement with the existing experimental data. Among these
three model combinations, TraPPE/Walser reproduces the
experimental molar volume of the mixtures somewhat better
than the other two in the entire composition range in which it
was measured.
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