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Abstract

Molecular dynamics simulations were performed on supercritical mixtures of MeOH in CO, with MeOH mole
fractions in the range 0.0939-0.1173 at 323.15 K and pressure from 9.952 to 16.96 MPa. It is found that the EPM2
model of CO, with the J2 model of MeOH predicts the experimental pV'T relationship of the fluid in this region quite
good. Furthermore, the structural and hydrogen-bonding data obtained reveal the existence of MeOH type aggregates
in the mixed fluid. The latter finding was found to be in agreement with conclusions from previous experimental studies

on this system.
© 2003 Elsevier Science B.V. All rights reserved.

1. Introduction

It is well known that the properties of super-
critical fluids (SCFs) depend sensitively on pres-
sure and temperature. This makes SCFs attractive
as solvents for a variety of chemical, analytical and
material processes such as fluid extraction, chro-
matography, as well as synthesis and analysis. The
efficiency, for instance, of some SCFs for replacing
toxic industrial solvents is one of the most im-
portant reasons for the current scientific interest in
such substances. Note that many experimental and
theoretical studies have been attempted so far to
improve our knowledge concerning the behavior
of SCFs [1].
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Among several types of solvents, SC CO, ap-
pears to be an extremely interesting molecular
system, because it satisfies a significant number of
requirements for the above-mentioned applica-
tions [2-6]. For this reason CO, find a wide range
of use as a solvent in the liquid and SC state for
chemical technologies.

As it becomes apparent from earlier studies, the
solubility of organic compounds in SC CO, de-
creases dramatically when their polarity increases
[7]. On the other hand, experimental studies have
revealed [8] that a relatively small amount (less
than 10%) of a polar co-solvent can lead to an
enhancement of the solubility of these compounds
in SC CO,. It is worthwhile to note here, that
among many polar organic compounds used
widely for this purpose are certainly methanol
(MeOH), ethanol (EtOH) and 2-propanol. There-
fore, it is understandable why investigating the
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properties of pure SC CO, and its binary mixtures
with the aforementioned alcohols, becomes a very
interesting and useful task. As far as we know,
however, apart from the substantial research effort
on the pure SC CO,, thorough investigations of
the properties of these cosolvents in SC CO, are
still needed. Note that only a few experimental
papers regarding mainly the thermodynamics of
these SC mixed solvents have been published so
far. In addition, computer simulation (CS) studies
of these mixed fluids are not available except for
only one, namely, that of MeOH in SC CO, re-
ported very recently as a MD proceeding paper [9].
In that paper the densities used to simulate the
mixed fluid were set equal to the experimental
values of pure CO, at the pressures of interest.
Furthermore, the authors in that study pointed out
that no attempt was made to approximate the
experimental pVT data of the system at the SC
state points under investigation.

In this Letter, we demonstrate the first part of
our results obtained from a series of molecular
dynamics (MD) simulation studies of SC mixtures
of MeOH in CO,. Our first objective has been to
provide information regarding the accuracy of the
proposed potentials for CO, and MeOH to de-
scribe the properties of MeOH/CO, mixed solvent
especially at SC conditions. Note, however, that
our main purpose has been to investigate the
density or pressure dependence of the bulk ther-
modynamic, structural and some dynamic prop-
erties of the system.

2. Computational details

Following the literature we can notice that a
considerable number of potentials have been de-
veloped so far to model the molecular interactions
in pure CO,. According to their origin, all these
CO, potentials can be divided into two groups.
The first group contains two-body empirical
models based on experimental data, usually the
properties of liquid and solid CO,. The second
group of potentials for CO, is based on ab initio
dimmer quantum mechanical calculations. The
detailed description of all these models can be
found in previous studies [10-20]. Note that re-

garding the behavior of pure SC CO, and its bi-
nary solutions with H,O or alcohols (MeOH,
EtOH, 2-propanol), the properties of the available
CO, models have not been thoroughly examined
so far when employed to describe the CO,-CO,
interactions in the aforementioned molecular sys-
tems. Therefore, it makes sense to reassess the
properties of these SC CO, solutions for the most
accurate models of CO, in combination with
available models for the aforementioned cosol-
vents.

In the case of MeOH in SC CO,, our approach
has utilized site-site pair wise additive potentials
for the CO,—CO;, and MeOH-MeOH interactions.
Note that, the well-known condensed-phase po-
larization effects are implicitly included in the pa-
rameters of the models used in an average sense.
Concerning the simulation methodology applied
to study the fluid, all the MD simulations have
been performed under the same way described
hereinafter. For this purpose, we have carried out
trial MD runs by using the most popular inter-
molecular potentials for CO, in combination with
MeOH OPLS models. Specifically, we found that
among the potentials used here to model the fluid,
the elementary physical model EPM?2 [16] with the
OPLS model J2 for MeOH [21], provide the most
accurate results at the investigated SC conditions
of the fluid. Note that here we demonstrate only
the results based upon the EPM2/J2 models while
the concluding remarks concerning the impact of
the rest CO,/MeOH combined models employed
to simulate the fluid will be summarized elsewhere.

A complete description of the EPM2 and J2
potentials is given in Table 1. Note that in each
case the Lorentz—Berthelot combining rules were
used to obtain the Lennard-Jones (LJ) parameters
for the cross interactions. All the MD runs were
performed in the canonical ensemble (NVT) with
systems of 500 molecules in a cubic box with pe-
riodic boundary conditions. The equations of
motion were integrated with use of a leapfrog al-
gorithm and with a time step of 1 fs. The length of
each equilibrated run was 50 ps. Note also that in
order to achieve accurate statistics, the production
runs were extended to about 300 ps. In each sim-
ulation, a cut off radius at half the length of the
simulation box was applied to all interaction sites
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Table 1

Parameter values for the potential models for CO, and MeOH used in the present study to simulate their mixtures at SC conditions

CH;0H-CH;0H J2 model [21]

CO,-CO, EPM2 model [16]

ron (A) 0.945
'Me-O (A) 1.430
/HOMe (deg) 108.5
Goo (A) 3.071
80,0//{3 (01() 85.59
OnMe-Me (A) 3.775
SMe—Me/kB (K) 104.21
qo (e) -0.700
gu (e) 0.435
gme (€) 0.265
1 (D) 1.9338

reo (A) 1.149
Goo (A) 3.033
eo-olky (K) 80.507
oec (A) 2.757
SC—C/kB (K) 28.129
4o (e) —0.3256
Qmesc (€) 0.6512

among the molecules of the fluid. Long-range
corrections to the LJ potential arising from the
truncations of the site-site interactions were cal-
culated according to the well-known statistical
mechanical formulas [22]. Finally, Ewald sums
have been employed to account for the corrections
of the long-range electrostatic interactions.

The fluid was simulated at SC conditions for
which experimental volumetric data are available
[23]. Generally, volumetric data of this fluid mix-
ture in the CO,-rich region (Xpeon <0.11614)
are scarce. Concretely, we carried out MD-NVT
simulations at four different SC state points
(P,p,T,Xmeon) of the system at 323.15 K with
MeOH mole fractions, Xyeon, in the range 0.0939-
0.1173 and experimental densities, p, correspond-
ing to pressures, P, in the range 9.952-16.96 MPa.
Note that the above mentioned SC state points of
CO, with MeOH concentrations in this region are
very recently reported in the literature (see Fig. 1
and Table 1 in [23]).

3. Results and discussion

Among all the selected CO, and MeOH models,
only the four CO, potentials referred to the pa-
rameter sets as MSM [15], Exp-6 [17], EPM and
EPM2 [16] and the models J1, J2 [21], HI and H2
[21,24] for MeOH have been tested in our treat-
ment. We mention here that, the slightly modified
LJ version of the EPM2 [16] model of CO,, namely
the TraPPE force field (transferable potential for
phase equilibria) [20] developed recently to predict

the vapor-liquid equilibria (VLE) of n-alkanes/
CO, mixtures, has not been tested in our treat-
ment. The basic argument for this decision has
relied on the previous MC predictions concerning
the VLE data of pure CO, [20]. The results ob-
tained from that treatment have shown that both
the EMP2 model for CO, and its TraPPE variant
yield to a high accuracy VLE data for the pure
system. However, the original model EPM?2 [16]
was found to be somewhat superior to the TraPPE
one regarding the aforementioned data very close
to the SC point of pure CO, (see Fig. 1 in [20]).

The most important thermodynamic properties
such as the mean potential energy, U*™, and
pressure, P5™, were obtained and compared with
corresponding available data. Thus, the quality of
the predicted p/T diagrams of the system led us to
draw conclusions concerning the accuracy of the
potentials used. As mentioned in the introduction,
among the models used in this study, the EPM2
model for CO, and the MSM to a somewhat lower
extent, in combination with model J2 for MeOH
provide the most accurate results for the fluid at
these conditions. Results from our MD simula-
tions are shown below.

The MD pIT phase diagrams for the EPM2/J2
models at 323.15 K with concentrations very close
to 10 mol% of MeOH and densities or molar vol-
umes corresponding to the pressures in the range
9.9-16.7 MPa are summarized and compared
against experimental values in Table 2 and Fig. 1.
As can be observed, the calculated pressure shows
the expected behavior with density. Further, these
results are found to be in quite good agreement
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Table 2

Simulated thermodynamic state points of the SC CO, with MeOH and the corresponding number of molecules used in the MD-NVT

simulations of the fluid

Xmeon Vi (cm®) Py, [6] (MPa) Py, (MPa) Nco, Nymeon
T'=32315K
0.1173 68.409 9.952 9.917 441 59
0.1035 60.368 12.27 12.505 448 52
0.0989 57.693 14.05 14.623 451 49
0.0939 54.779 16.96 17.933 453 47
008 e
18+
0026 ] —=— CH,OH
164 0.024 -~ CO,
. 00224 t
— 14 2 o o
T 141 & 0.0204
[a
= E 0018 *
& 124 9 ot .\
0,014 =
10- T
0,012+ \.
0.010 H+—r———————T——T——T——T——T—
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Fig. 1. The experimental plVT phase diagram of the binary
mixtures of MeOH in SC CO, and that predicted in this MD
study by using the EPM2/J2 models at 323.15 K with MeOH
mole fractions very close to 0.1 and densities or molar volumes
corresponding to the pressures in the range 9.95-16.96 MPa.

with experiment. It is also interesting to notice
that the largest deviation between simulated and
experimental pressure observed is about 6%. Such
deviation has been obtained at the corresponding
state point with the highest simulated density. Note
that the aforementioned SC state point is very
close to the critical one.

The calculation of the self-diffusion coefficients
of both species has also been included in the
framework of our study. All the calculations con-
cerning this transport property were based on the
mean square displacement method. As can be
observed from the data depicted in Fig. 2, the self-
diffusion coefficients of both species change con-
siderably with pressure, as expected. Concretely,
they show the following behavior:

(a) the diffusivities of both species decrease with

increasing pressure,

Fig. 2. The pressure dependence of the simulated self-diffusion
coefficients for MeOH and CO, molecules from EPM2/J2
mixture model predicted in this MD study.

(b) The mobility of CO, decreases more rapidly
with pressure than that of MeOH in the mixed
fluid, and,
(c) the diffusion coefficients for MeOH are sig-
nificantly smaller compared to those obtained
for CO,. This result may be characterized as
an unexpected one due to the fact that the molar
mass of MeOH is smaller than that of CO,.
Unfortunately, the latter finding cannot be tested
against experiment since experimental self-diffu-
sion coefficients for this fluid are not available.
Note, however, that similar experimental self-dif-
fusion data for other diluted solutes in SC and li-
quid solvents have been reported in the literature
[25]. Tt is of interest to mention here our previous
MD study of carbonyl sulfide (OCS) diluted in
krypton (Kr) [26] at different densities, where we
found that the self-diffusion of Kr is greater
than that of OCS. On the other hand, for an
acceptable interpretation of this behavior one
needs to explore a number of factors and possible
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mechanisms, which could affect the molecular
motion in the fluid. A possible explanation of this
behavior might be the existence of some kind of
strong correlation among the MeOH molecules in
the sample. A kind of hydrogen-bonding network
or local aggregation, for instance, formed between
the MeOH molecules could affect dramatically the
mobility of the solute molecules in this fluid. The
existence of such MeOH aggregation in similar
fluids has been supported in previous experimental
spectroscopic studies of MeOH in organic liquid
and SC solvents [27,28].

The local structure in the system was investi-
gated in terms of the appropriate center of
mass—center of mass (COM) and site-site radial
distribution functions (RDFs). The calculated
COM RDFs with pressure are depicted in Fig. 3.

MeOH-MeOH 9.95MPa

—————————— MeOH-MeOH 16.96MPa

G(r)

G(r)

——— MeOH-CO, 9.95MPa
rrrrrrrrrrr MeOH-CO, 16.96MPa

CO,-CO, 9.95MPa
********** CO,-CO, 16.96MPa
0.2
0.0 T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
r [nm]

Fig. 3. Center of mass pair distribution functions for the spe-
cies in the fluid from this MD study.

By inspecting the behavior of these functions,
we may easily conclude that there is only a slight
variation of them with pressure. Moreover, the
short-range part of the COM MeOH-MeOH
correlations appears to be very sharp peaked. The
amplitude of their first peak (=13) appears to be
located around 3.1 A and sufficiently higher com-
pared to the corresponding ones of the CO,—CO,
and MeOH-CO, COM RDFs. The first conclu-
sion from these results is that the MeOH molecules
in the fluid are highly structured at relatively short
intermolecular distances. A deeper insight on the
details of the local structure around the MeOH
molecules may be gained on the basis of the H-O
(MeOH) and H-O (CO,) RDFs presented in Fig.
4. The H-O (MeOH) functions provide a very
strong sharp-peaked first maximum (~25) around
2 A. This feature indicates the existence of a
hydrogen bonded structure among the nearest
MeOH molecules in the system. In other words, a
kind of MeOH-MeOH aggregation seems to be
possible in the sample as discussed above. Con-
trary to the latter result, the H-O (CO,) RDFs do
not show a comparable behavior to the H-O
(MeOH) functions. Therefore, we may assume
that the number of MeOH-CO, hydrogen bonds
in this fluid should be very restricted at these SC
conditions. However, in order to investigate ac-
curately the hydrogen bonding in the system one
needs to apply some appropriate analysis of the
local structure in the sample.

In this work, the hydrogen bonds (HBs) in the
mixed fluid was investigated by using a geometric
criterion similar to that used in our previous study
of pure SC MeOH [29]. The parameters employed
in this criterion are summarized in Table 3. Our
calculations are extended to hydrogen-bonds sta-
tistics by estimating the percentage distribution f;
of molecules with i (=0,1,2,...) bonds per mol-
ecule. The results obtained are depicted in Fig. 5.
By inspecting the curves in this figure, we see that
the hydrogen bond distributions depend slightly
with pressure. Additionally, we see that the hy-
drogen bonding between MeOH molecules is suf-
ficiently higher compared to MeOH-CO, one.
Finally the small amount of CO, molecules par-
ticipating in one hydrogen bond, as well as the
absence of CO, molecules participating in two
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Fig. 4. Hydrogen—oxygen sitesite pair distribution functions for the species in the fluid from this MD study. The H-O MeOH-MeOH
correlations are depicted in the large scale. The insert curves correspond to the H-O MeOH-CO, predicted correlations.

Table 3
Geometric criterion for hydrogen bonds calculation
MeOH-MeOH MeOH-CO,
ro.0 (A) 3.60 3.60
ron (A) 2.50 2.60
0o-0-n (deg) 30 30
40+
A
35
30
3
S o —=—CH,OH OHB
8 e CH,OH 1HB
€ nl A--CH,OH 2HB
& —v—CH,OH 3 HB
5 ~—4—C0, 1HB
R 4v‘ L i
0 T T T T T T
10 12 14 16 18

P [MPa]

Fig. 5. Hydrogen bonding analysis for the simulated fluid
species from this MD study. Depicted are the average per-
centage f; of MeOH in SC CO, with i (0,1,2,3,...) hydrogen
bonds as a function of pressure.

HBs suggest that there is no bridging of the MeOH
by CO, molecules inside the MeOH rich region in
the system.

4. Conclusions

The binary mixtures of MeOH in CO, were
successfully simulated at SC conditions for which
experimental data are available by using the MD-
NVT simulation technique. The simulations were
carried out for fluids with concentrations of ap-
proximately 10 mol% MeOH (the CO;-rich region
of the mixture) at a temperature of 323.15 K and
experimental densities corresponding to the pres-
sures in the range 9.952-16.96 MPa. As a result,
we found that the performance of the EPM2
model for CO, in combination with the J2 model
for MeOH is quite successful in predicting the
experimental plT data of the system at SC state
points of the solution under investigation. The
transport properties as well as the local micro-
structure of both constituents were evaluated.
Both properties suggest that this fluid exhibits
strong correlation between the MeOH molecules
at these conditions. In addition, the hydrogen
bonding of the system was studied and its pressure
dependence was obtained. According to our re-
sults, a molecular network seems to be formed by
MeOH molecules at rather low concentrations and
the CO, molecules were found to participate par-
tially in this.



G. Chatzis, J. Samios | Chemical Physics Letters 374 (2003) 187-193 193

Acknowledgements

This work was carried out within the Project
No. 70/4/6424AU. The financial support of the
University of Athens is gratefully acknowledged.
The CPU time allocation on the computer systems
of the Computing Center of the University of
Athens, Greece is also gratefully acknowledged.

References

[1] Special issue dedicated to supercritical fluids, Chem. Rev.
99 (1999) 353.

[2] C.B. Roberts, J.E. Chateauneuf, J.F. Brennecke, J. Am.
Chem. Soc. 114 (1992) 8455.

[3] M.S. Curren, R.C. Burk, J. Chem. Eng. Data 42 (1997) 727.

[4] J.W. Shen, O. Kitao, K. Nakanishi, Fluid Phase Equil. 120
(1996) 81.

[5] M.J. Clarke, K.L. Harrison, K.P. Johnston, S.M. Howlde,
J. Am. Chem. Soc. 119 (1997) 6399.

[6] P. Diep, K.D. Jordan, J.K. Johnson, E.J. Beckman, J.
Phys. Chem. 102 (1998) 2231.

[7] K.P. Johnston, S. Kim, J. Coumbes, J.M.L. Penninger
(Eds.), Supercritical Fluid Science and Technology, Amer-
ican Chemical Society, Washington, 1998 (Chapter 5 and
references therein).

[8] .M. Dobbs, .M. Wong, R.J. Lahiere, K.P. Johnston, Ind.
Eng. Chem. Res. 26 (1987) 56.

[9] D.M. Pfund, J.L. Fulton, R.D. Smith, Supercritical Fluid
Engineering and Science, Fundamentals and Applications,
ACS Symposium Series 514, ACS, 1993 (Chapter 13).

[10] K. Kobashi, M. Kihara, J. Chem. Phys. 72 (1980) 3216.

[11] F.L. Hirsfeld, K. Mirsky, Acta Crystallogr. Sect. A 35
(1985) 531.

[12] A.D. Buckingham, P.W. Fowler, Can. J. Chem. 63 (1985)
2018.

[13] J.S. Muenter, J. Chem. Phys. 94 (1991) 2781.

[14] C.S. Murthy, K. Singer, .LR. McDonald, Mol. Phys. 44
(1981) 135.

[15] Murthy, S.F. O’Shea, I.LR. McDonald, Mol. Phys. 50
(1983) 531.

[16] J.G. Harris, K.H. Young, J. Phys. Chem. 99 (1995)
12021.

[17] S. Tsuzuki, T. Uchimaru, M. Mikami, K. Tanabe, T. Sako,
S. Kuwajima, Chem. Phys. Lett. 255 (1996) 347.

[18] R. Bukowski, J. Sadlej, B. Jeriorski, P. Jankowski, K.
Szalewicz, K.A. Kucharski, L.W. Hayes, B.M. Rice,
J. Chem. Phys. 110 (1999) 3785.

[19] G. Steinebrunner, A.J. Dyson, B. Kirchner, H. Huber,
J. Chem. Phys. 109 (1998) 3153.

[20] J.J. Potoff, J.I. Siepman, AIChE J. 47 (2001) 1676.

[21] W.L. Jorgensen, J. Chem. Phys. 90 (1986) 1276.

[22] M.P. Allen, D.. Tildesley, Computer Simulation of
Liquids, Clarendon Press, Oxford, 1987.

[23] D.L. Goldfarb, D.P. Fernandez, H.R. Corti, Fluid Phase
Equil. 158 (1999) 1011.

[24] M. Ferrario, M. Haughney, I.R. McDonald, M.L. Klein,
J. Chem. Phys. 93 (1990) 5156.

[25] A. Kopner, A. Hamm, J. Ellert, R. Feist, G.M. Schneider,
Chem. Eng. Sci. 42 (1987) 2213.

[26] D. Dellis, J. Samios, J. Mol. Liquid 70 (1996) 185.

[27] M.C. Symons, V.K. Thomas, Chem. Soc. Farad. Trans. 77
(1981) 1883.

[28] J.L. Fulton, G.G. Yes, R.D. Smith, J. Am. Chem. Soc. 113
(1991) 8327.

[29] M. Chalaris, J. Samios, J. Phys. Chem. B 103 (1999)
1161.



	Binary mixtures of supercritical carbon dioxide with methanol. A molecular dynamics simulation study
	Introduction
	Computational details
	Results and discussion
	Conclusions
	Acknowledgements
	References


