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a b s t r a c t
Solvation behavior of o-hydroxybenzoic acid (o-HBA) and m-hydroxybenzoic acid (m-HBA) in CO2 and
methanol mixtures was investigated by molecular dynamics simulation. The results indicated that the
distribution of methanol around o-, m-HBA molecules was different, and it was ascribed to the different
hydrogen bonding numbers formed between methanol and HBA molecules. Moreover, the interaction
or hydrogen bonds between m-HBA and methanol was much stronger than that between o-HBA and
methanol, and with the increasing of CO2 pressure, it did not change for the former, but decreased for
the latter. In addition, the local mole fraction enhancement was also studied. It was demonstrated that
the methanol molecules become less aggregate with increasing CO2 pressure.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
Supercritical ﬂuids (SCF) are very useful solvents in the extraction and fractionation of organic substances because the ﬂuid
density can be tuned over a wide range by slightly changing the
pressure and temperature [1–4]. However, the relatively high pressure and low solvent ability discourage their applications. It is
well-known that the addition of a co-solvent to a SCF often leads
to an enhancement of the solubility of a solute [5,6]. A general
explanation is that the speciﬁc interactions between co-solvent and
solute alter the solubility of SCF, based on the results of spectroscopic studies [7–9] and molecular simulation [10,11]. For example,
Yamamoto et al. measured Fourier transform infrared (FTIR) spectra of carboxylic acid in supercritical CO2 (scCO2 ) and conﬁrmed
that the solubility enhancement by ethanol as an entrainer in scCO2
relates to the amount of hydrogen bonding between carboxylic
and ethanol [7]. In addition, the structure and interaction between
co-solvents and solutes in supercritical ﬂuids were studied with
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ﬂuorescence and UV absorption experiments by Tomasko et al.
[8], and the results suggested that the co-solvent could be used
to tailor supercritical ﬂuid solvents by increasing solvent polarity and forming the speciﬁc interaction with solutes. Anderson
and Siepmann used Monte Carlo simulations to investigate the
effect of pressure and the addition of entrainers like n-octane and
methanol on the solubility of low-volatility species in CO2 [10].
They reported that the presence of an entrainer could enhance the
solubility of solute, in particular for the solute which has a similar
polarity to the entrainer. Till now, although the solubility enhancement in scCO2 by co-solvent has been studied extensively, the
effect of solute structure on the enhancement of solubility was less
explored. Gohres et al. have used absorption spectra and molecular
dynamics (MD) simulation to investigate the solvation of ﬁve heterocyclic molecules in CO2 -expanded methanol and demonstrated
the importance of solute structure for solvation [12].
In this study, o-HBA and m-HBA, which are shown in Fig. 1,
were chosen as model solutes by virtue of the available solubility data in CO2 –methanol co-solvent system [13]. The solubility
of m-HBA in scCO2 at 328 K was enhanced by more than two
orders of magnitude with the addition of 3.5 mol% methanol, while
the enhancement for o-HBA was only one order of magnitude.
Furthermore, the solubilities increase with the increase of CO2
pressure, but their enhancement decreases, indicating that the
functional group and steric position of solutes are very important
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in governing their solubility. It was assumed that the difference
in the solubility enhancement might be ascribed to the difference of the intra/intermolecular hydrogen bondings among HBA
and/or methanol molecules. Therefore, the main objective of this
work is to shed light on the interaction and solvation structure of
co-solvent around solutes with different steric structures by MD
simulation. Our results provide a clear explanation for the difference of enhancement of solubility of m-/o-HBA in scCO2 with the
addition of methanol.
2. Computation details
Molecular dynamics (MD) simulations were performed using
the Gromacs 4.0.4 software package [14–18]. The studied system
is based on an equilibrated cubic, periodic simulation box containing 1 solute molecule, 350 methanol and 9650 CO2 molecules. For
CO2 solvent, the “EMP2” potential parameters were used, which
were constructed to reproduce the coexistence curve of the real
CO2 ﬂuids [19]. The united-atom version of the transferable potential for phase equilibra (TraPPE-UA) force ﬁeld was used to model
the methanol molecule [20]. In the TraPPE-UA, the methyl groups
were represented by pseudo-atoms placing at the carbon sites,
and the oxygen and hydrogen in hydroxyl were modeled explicitly. For the o-HBA and m-HBA molecules, the OPLS-AA force ﬁeld
was used [21]. The intramolecular interactions were modeled using
constraints for the bonds, while the harmonic potentials for angular
degrees of freedom can be expressed as:
Uangle () =

1
2
k( − 0 )
2

(1)

where k, , and  0 are the force constant, bending angle, and equilibrium bending angle. The dihedral angle potentials for torsional
interaction is:
Udihebral () =

1
1
a1 (1 + cos()) + a2 (1 − cos(2))
2
2
+

1
a3 (1 + cos(3))
2

(2)

where ai and  are the force constant and equilibrium torsion
angle, respectively. Periodic boundary conditions (PBCs) were used
throughout, coulombic interactions were handled using the Ewald
summation method.
The simulations were performed on 10 ns in the NPT ensemble at constant temperature 328 K and pressures 10, 14, 20 MPa
for o-HBA and 14, 20, 30 MPa for m-HBA in order to obtain the

Fig. 2. SDFs of methanol around m-HBA (a) and o-HBA (b) at 14 MPa and 328 K. The
SDFs are drawn at an isosurface value of 330.

average box length. The value of the box length was used to carry
out further MD simulations under constant NVT conditions using a
Nose-Hoover thermostat. The equations of motion were integrated
using a leapfrog scheme with a 1 fs time step. This simulation data
were obtained in production run of 3 ns that were started after
an equilibration period of 1 ns. To estimate statistical errors, each
MD production run was divided into three consecutive blocks. Values calculated from these blocks were used to estimate standard
deviation.
3. Results and discussion
3.1. Preferential solvation

Fig. 1. Structure of the solutes with all the atoms numbered.

One mechanism proposed for the solubility enhancement in
CO2 –methanol system is that the co-solvent, methanol, may form
favorable clusters around solute in CO2 [22]. In literature, the
MD simulation was usually used to provide the local solvation
structures via spatial distribution functions (SDFs), which gives
the direct information of an atom in the three-dimensional space
around a center molecule [23,24]. Fig. 2 is the SDFs of methanol
around o-HBA and m-HBA in the presence of 14 MPa CO2 at 328 K.
It clearly shows that for m-HBA, the methanol molecules aggregated around both the carboxyl and hydroxyl groups of m-HBA
(Fig. 2a). A quite different distribution was found for o-HBA (Fig. 2b),
in which the methanol molecules mainly distributed in the vicinity
of carboxyl group with a ring shape cluster. This is not surpris-
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Fig. 3. Snapshot of methanol hydrogen-bonded cluster with o-HBA that was taken
from MD simulation at pressure 14 MPa and temperature 328 K (oxygen in red,
hydrogen in white and carbon in cyan), and dot lines indicate the presence of hydrogen bonding between neighboring molecules. (For interpretation of the references
to color in this ﬁgure legend, the reader is referred to the web version of this article.)

ing because a methanol molecule has one hydroxyl group, which
can form intermolecular hydrogen-bonded methanol, forming a
ring cluster around carboxyl group of o-HBA (Fig. 3). The difference of the methanol distribution around m-HBA and o-HBA
should ascribe to their different structures, which will be discussed
later.
In order to get further insight into the solvation structures of
methanol around HBA isomers, the radial distribution functions
(RDFs) for methanol around the carboxyl group and hydroxyl group

of m-/o-HBA were calculated at 14 MPa and 328 K (Fig. 4). It is
easy to ﬁnd that the RDFs for methanol around carboxyl group
of o-HBA (Fig. 4a) and m-HBA (Fig. 4c) were very similar. The
most pronounced peak is H14-OH (for atom labels see Fig. 1)
RDF for the oxygen (OH) of methanol around the hydrogen (H14)
of carboxyl group located at ∼0.16 nm. The second peak is O12HO RDF for the hydrogen (HO) of hydroxyl group in methanol
around the oxygen (O12) of carbonyl group located at ∼0.17 nm.
Both of the above distances are located in the range of typical
hydrogen bond (rO· · ·H ≤ 2.6 Å) [25]. The peak height for m-HBA
(200–270 in Fig. 4c) is a little higher than that for o-HBA (190–270
in Fig. 4a), indicating that more hydrogen bonds were formed
between methanol and carboxyl group of m-HBA compared to
those with o-HBA.
In contrast, the RDFs for methanol around hydroxyl group of
o-HBA (Fig. 4b) and m-HBA (Fig. 4d) are remarkably different. For oHBA, most of the methanol molecules distributed far from 0.4 nm to
the O15 or H16 of hydroxyl group, which was out of hydrogen bond
distance. While for the m-HBA, most of the methanol molecules
appeared within 0.2 nm around O15 and H16 of hydroxyl group,
which means that the typical hydrogen bond was formed between
them. Moreover, the peak heights are ∼325 and ∼225, respectively,
higher than those of methanol around the carboxyl group, suggesting that the hydrogen bonds formed between methanol and
hydroxyl group was much stronger than those between methanol
and the carboxyl group in the m-HBA molecules. By contrast, for
o-HBA the hydrogen bonds mainly formed between methanol and
the carboxyl groups of o-HBA, but very less with hydroxyl group.
These are in agreement with the SDFs shown in Fig. 2, in which the
methanol molecules aggregated only around carboxyl group of oHBA, while they aggregated around both the carboxyl and hydroxyl
groups of m-HBA. From the location of the ﬁrst peak of RDFs for mHBA and o-HBA, it was demonstrated that the co-solvent methanol
distribution in scCO2 was via hydrogen bonding interaction. A more
detailed analysis of hydrogen bonding is provided in the following
section.

Fig. 4. Radial distribution function (RDF) for methanol surrounding (a) carboxyl group of o-HBA, (b) hydroxyl group of o-HBA, (c) carboxyl group of m-HBA, and (d) hydroxyl
group of m-HBA at 14 MPa and 328 K. O12-HO is the hydrogen (HO) of methanol distributed around the oxygen (O12) of carboxyl group; and O13-HO is that around oxygen
(O13) of carboxyl group. H14-OH is oxygen of methanol (OH) around hydrogen (H14) of carboxyl. O15-HO is methanol hydrogen (OH) around hydroxyl oxygen (O15) and
H16-OH is methanol oxygen (OH) around hydroxyl hydrogen (H16).
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Fig. 5. Distribution of hydrogen bonding number, P(n), between o-HBA and methanol molecules at pressures 10, 14 and 20 MPa. (a) PCOOH–MET (n): the hydrogen bonding
between carboxyl group (COOH) of o-HBA and methanol (MET). (b) POH–MET (n): the hydrogen bonding between hydroxyl group (OH) of o-HBA and methanol (MET). The error
bar for the data presented was estimated and it was less than 0.6%.

3.2. Hydrogen bonding
By using a deﬁnition of hydrogen bonding between two
molecules with the following geometric criteria: rO· · ·O ≤ 3.5 Å,
rO· · ·H ≤ 2.6 Å, and ∠H–O· · ·O ≤ 30◦ [25], the distribution of hydrogen bonding number between o/m-HBA and methanol molecules,
P(n), and the number of hydrogen bonding, n, were estimated at
different pressures and shown in Figs. 5 and 6, respectively. For

o-HBA, it is found that the P(2) was ∼99% at all the pressures
examined (Fig. 5a). This means that two hydrogen bonds were
formed between the carboxyl group of o-HBA and methanol. The
same situation was also found for m-HBA (Fig. 6a). On the other
hand, in Fig. 5b, it is noted that P(1) had a considerable proportion
at 10 MPa, but P(0) became dominant with the pressure increasing from 14 MPa to 20 MPa. This indicates that hydrogen bonding
did not exist between hydroxyl group of o-HBA and methanol

Fig. 6. Distribution of hydrogen bonding number, P(n), between m-HBA and methanol molecules at pressures 14, 20 and 30 MPa. (a) PCOOH–MET (n): the hydrogen bonding
between carboxyl group (COOH) of m-HBA and methanol (MET). (b) POH–MET (n): the hydrogen bonding between hydroxyl group (OH) of m-HBA and methanol (MET). The
error bar for the data presented was estimated and it was less than 0.6%.
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Fig. 7. Total number of hydrogen bonding, Ntotal , between HBA and methanol
molecules at different pressures (full symbols). Open symbols: value of solubility
enhancement, S, for HBA in CO2 –methanol co-solvent system [13].

molecules at pressures above 14 MPa. In contrast, in Fig. 6b, we
found that P(3) reached ∼99% and has only a tiny change with
the increase of pressure, indicating that there are three hydrogen
bonds between hydroxyl group of m-HBA and methanol. The difference of hydrogen bonding numbers for hydroxyl group in o-HBA
and m-HBA may be resulted from the intramolecular hydrogen
bonding, which exists between hydroxyl and carboxyl in o-HBA
molecules, inducing a decrease in the intermolecular hydrogen
bonding between hydroxyl group and methanol molecules, while
it is opposite for m-HBA.
The total hydrogen bonding number, Ntotal , was calculated from
PCOOH–MET (n) and POH–MET (n), as shown in Fig. 7. It was found that
the total hydrogen bonding number between m-HBA and methanol
was larger than that between o-HBA and methanol, suggesting that
the interaction between m-HBA and methanol was stronger than
that between o-HBA and methanol. This may be a good explanation for the fact that the enhancement of solubility of m-HBA
is higher than that of o-HBA in CO2 –methanol co-solvent system. The difference of total hydrogen bonding numbers is mainly
from the hydrogen bonding numbers between hydroxyl group and
methanol, which can be seen in Figs. 5b and 6b. Moreover, it is also
observed that for m-HBA the value of Ntotal was almost the same
with the increase of pressure, but for o-HBA the Ntotal decreases,
indicating that the interactions between o-HBA and methanol were
weakened by the increase of pressure.
The solubility enhancement values, S (Fig. 7), which are
deﬁned as the ratio of the solubility obtained with the presence of
cosolvent ethanol to that obtained within neat CO2 [13]. Comparing
S with Ntotal , it can be seen that with the increase in pressure, both
Ntotal and S decrease for o-HBA, while for m-HBA, S decreases,
but nearly no change for Ntotal . This demonstrated that the decrease
of hydrogen bonding number is an important factor for decreasing
the enhancement of solubility of o-HBA.
o-HBA has less opportunity to form the dimer due to the
intramolecular interaction between carboxyl group and hydroxyl
group, but m-HBA prefers to form dimer. Thus, we also simulated
the system containing 2 m-HBA molecule, 350 methanol and 9650
CO2 molecules at 30 MPa and 328 K. The distribution of hydrogen
bonding number of m-HBA is calculated and shown in Supporting
Information (Fig. S1 and S2). The results show that distribution of
hydrogen bonding number of system containing 2 m-HBA is same
as that of the system containing 1 m-HBA molecule (Fig. 6). This
might suggest that the interaction between solute and solute could
be negligible.

Fig. 8. Number integrals, N(r), for methanol molecules around o-HBA at pressure of
10 MPa (black line), 14 MPa (red line) and 20 MPa (blue line). (For interpretation of
the references to color in this ﬁgure legend, the reader is referred to the web version
of this article.)

3.3. Local mole fraction enhancement
The co-solvent cluster around the solute can form a more favorable local environment compared to the bulk solvent. Han and
co-workers pointed out that the local environment around solute
has an effect on the solubility enhancement [5]. Therefore the
aggregation of methanol around m-HBA and o-HBA in supercritical CO2 was examined at pressures 10, 14 and 20 MPa. Because
the results obtained for both solutes are similar, we will only use
the data from o-HBA for discussion. In Fig. 8, the number integrals for the methanol center of mass and o-HBA center of mass
was calculated. It is found that the number integrals decrease from
10 to 20 MPa, suggesting that the increase in pressure reduces the
aggregation of methanol molecules. The same conclusion was also
obtained by Stubbs and Siepmann [26]. We also calculated the number integrals of CO2 around o-HBA at pressures 10, 14 and 20 MPa
(Fig. 9). It is found that the number integrals increase with the
increase in pressure. In other words, with the increase in pressure
more and more CO2 molecules aggregate around o-HBA.
Using the number integrals as shown in Figs. 8 and 9, it is possible to determine a local mole fraction xlocal,MeOH (r) that is distance

Fig. 9. Number integrals, N(r), for CO2 around o-HBA at pressure of 10 MPa (black
line), 14 MPa (red line) and 20 MPa (blue line). (For interpretation of the references
to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 10. Local mole fraction of methanol around o-HBA at T = 328 K, 10 MPa (black
line), 14 MPa (red line) and 20 MPa (blue line). (For interpretation of the references
to color in this ﬁgure legend, the reader is referred to the web version of this article.)

dependent and deﬁned by the equation as described in literature
[26].
xlocal,

MeOH (r)

=

Nneighbors,

MeOH (r)

Nneighbors, MeOH (r) + Nneighbors,

CO2 (r)

(3)

with Nneighbors,A (r) being the average number of neighbors of type
A inside a sphere of radius r around o-HBA. A plot of the local
mole fractions at 328 K and different pressures is shown in Fig. 10.
It is found that the local mole fraction is enhanced at r = 0.4 nm.
When the pressure increases from 10 to 14 MPa, the decrease of the
local mole fraction enhancement is very small. When the pressure
reaches 20 MPa, the local mole fraction enhancement decreases signiﬁcantly. It means that with the pressure increasing, the local mole
fraction enhancement around o-HBA decreases. This was mainly
due to the increase of the number of CO2 around o-HBA and the
decrease of the number of methanol around o-HBA with the pressure increasing, which can be seen from Figs. 8 and 9. The change of
local mole fraction enhancement of methanol around o-HBA with
pressure signals that the increase of pressure could diminish the
aggregation of methanol around o-HBA.
4. Conclusions
The solvation structures of o-/m-HBA in CO2 and methanol mixtures were investigated by molecular dynamics simulation. The
SDFs and RDFs at 14 MPa show that methanol clusters were formed
around the solutes through hydrogen bonding. The methanol
molecules were preferred to aggregate around carboxyl group and
hydroxyl group of m-HBA, but around only hydroxyl group of oHBA.
Based on the analysis of the total number of hydrogen bondings,
the interaction between m-HBA and methanol was much stronger
than that between o-HBA and methanol, and with increasing CO2
pressure it does not change for the former, but decreases for the latter. The calculation of the local mole fraction of methanol around
solutes revealed that increasing pressure could diminish the aggregation of methanol around solutes. The decreased enhancement
of solubility can be ascribed to the following two factors, i.e., the
decease of hydrogen bonding and the less aggregation of methanol
around solutes with the increase of pressure. In a word, the solute
structure and interaction between co-solvent and solute were very
important for solvation, which would have implications for extraction and puriﬁcation techniques.
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