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Simple alcohols such as methanol and ethanol, are organic chemicals that can be used to store energy,
which can be used as an alternative to fossil fuels. Each alcohol has at least one hydroxyl group attached
to a carbon atom of an alkyl group. They can be considered as organic derivatives of water in which one of
the hydrogen atoms is replaced by an alkyl group. In this work, we determined the thermodynamic and
structural properties of two dimensional water-alcohol mixtures using the Monte Carlo method. We used
two-dimensional Mercedes-Benz (MB) model for water and MB based models for lower alcohols. The
structural and thermodynamic properties of the mixtures were studied by Monte Carlo simulations in
the isothermal-isobaric ensemble. We show that 2D models display similar trends in the density maxima
as in real water-alcohol mixtures. With increasing content of alcohols, the temperature of maxima
increases and upon further increase starts to decrease and at high concentrations, the density maxima
disappears.
� 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC license

(http://creativecommons.org/licenses/by-nc/4.0/).
1. Introduction

Water is an essential part of our lives. Our planet contains more
than 70 percent of the water surface. So, it is needed for life pro-
cesses on Earth, therefore the possibility of water supply is crucial
for every living organism. Water is well known of its anomalous
properties, which result from a strong orientation-dependent
hydrogen bonding and strong intermolecular associations and
enable life to exist[1]. The alcohols can be considered as the
organic derivatives of water with amphiphilic properties. Their
hydroxyl group represents the polar part and can form hydrogen
bonds (HBs) with other water and alcohol molecules in the vicinity.
Moreover, it contributes to the solubility of an alcohol in water. In
contrast, their alkyl chain represents the non-polar part. Although
lower alcohols, i.e., methanol, ethanol, propan-1-ol, isopropyl
alcohol, and even t-butanol, are miscible with water in all propor-
tions, this does not apply to higher alcohols, because of the greater
non-polar parts. As the simplest alcohol, methanol differs from
water in the presence of a methyl group. Compared to the water
molecule, methanol has only one donor and one or two HB accep-
tor sites.[2–8] Similar to water, also methanol and ethanol are
important liquids used in medicine, personal care products and
especially in the chemical industry. All homogeneous liquids and
their mixtures can be used for solvents, reagents and cleaning
agents. Methanol or ethanol can be used as petroleum diesel and
biodiesel for the use of transport[9].

Both water and alcohols and their mixtures are commonly
inspected by experimental techniques (e.g., X-ray and neutron
diffraction and by Raman spectroscopy) and computer simulations
(e.g., Monte Carlo (MC), molecular dynamics (MD) simulations and
by density functional theory calculations). The models of different
complexity have been developed to model structural and thermo-
dynamic properties of water and alcohols. For instance, water can
be modeled using computational expensive atomistic models,
which aim to incorporate realistic details and therefore include
variables describing van der Waals and Coulomb interactions,
hydrogen bonding, etc.[10–12].

Many properties of water and its solutions can be described by
simple two dimensional (2D) models[13–15]. The major advantage
of simple 2D models is that they provide greater computational
efficiency. For such models, thermodynamic properties can be
computed with computer simulations in a reasonable amount of
time. Moreover, the underlying physical principles can be thus
more extensively explored and visualized in 2D. The Mercedes-
Benz (MB) model is one of the simplest models with water-like
properties and was proposed by Ben-Naim in 1971[16]. The inter-
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action between two MB particles is a sum of two contributions, i.e.,
first is a spherical symmetric Lennard-Jones (LJ) interaction; sec-
ond is a potential that mimics formation of HBs and depends on
the distance between two particles and on their relative orienta-
tion. The water molecule is modeled as a 2D spherical disk with
three symmetrically arranged arms that mimic the formation of
HBs and are separated by a fixed angle of 120�, as in the MB logo.
The strongest HB occurs when an arm of one particle is co-linear
with the arm of another particle and when two arms are pointing
in the opposite directions.[14] It was previously shown by MC sim-
Fig. 1. Model representation of 2D MB water, methanol and ethanol.

Fig. 2. Pair distribution function of (a,b) gMB�MB, (c,d) gMB�OH, (e,f) gOH�OH for (a,c,e) meth
and different temperatures.

2

ulations in the isothermal-isobaric (NPT) ensemble that the MB
model successfully qualitatively predicts the density anomaly,
the minimum in isothermal compressibility as a function of tem-
perature, large heat capacity, and also different thermodynamic
properties of solvation of nonpolar solutes.[17–23] Analytical
methods such as thermodynamic perturbation theory, integral
equation theory and statistical mechanical modeling were also
used to study 2D MB model.[24–26,27,28] Recently, the effect of
rotational and translational degrees of freedom on structural and
thermodynamic properties of the system were studied by integral
equation theory, thermodynamic perturbation theory and MC sim-
ulations.[33–31] The 2D MB like methanol was introduced before
by Hribar-Lee and Dill[32] and Primorac et al.[33] and extended
to other alcohols by Papez and Urbic[34]. Alcohol particles were
modeled as 2D LJ disks with two arms separated by an angle of
120� (as in the MBmodel), and for each C atom in the alcohol mole-
cule, another LJ disk of the same size was added into the molecule
in the direction of a ”missing” HB. In the Hribar-Lee and Dill[32]
model, the disks were overlapped, while in the model of Primorac
et al.[33] and Papez and Urbic [34] the disks were tangential.
Hribar-Lee and Dill studied the alcohol-water mixtures, whereas
Primorac et al. compared both models of alcohols.

In this study we calculated the structural and thermodynamic
properties exhibited by mixtures of MB water and simple models
of lower alcohols, i.e., methanol, and ethanol, by conducting the
NPT MC simulations. We aim to address the questions of structure
in mixtures and compute thermodynamic properties as functions
of temperature. Besides, we are also interested in what happens
with density maxima when the content of alcohol is increasing.
anol–water and (b,d,f) ethanol–water mixtures at low content of alcohol; XAlc = 0.2
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From now on, the paper is organized as follows. In Section II A, the
MB models of water and simple alcohols are presented. The com-
putational details are provided in Section II B. Next, in Section III,
the discussion of the obtained structural and thermodynamic
results is made. In Section IV we summarize some of the main
results and conclude the paper.
2. Theoretical methods

2.1. Model details

The Mercedes-Benz (MB) water particles are modeled as a two-
dimensional disk with a Lennard-Jones (LJ) center and three bond-
ing arms separated by fixed angle of 120�.[17] These arms mimic
the formation of hydrogen bonds. The 2D MB methanol particle
is represented as the dimer of disks at a fixed separation (see
Fig. 1), where the first disk represents the hydroxyl group, and
the second corresponds to non-polar methyl group (ethanol has
3 disks, see Fig. 1). The hydroxyl group interacts with other hydro-
xyl groups and water particles through orientational dependent
hydrogen bonding (HB) interaction and with all non-polar sites
through LJ interaction.[37,34] The non-polar groups interact
between themselves and with hydroxyl groups and water only
through Lennard-Jones interaction.

The potential energy between two molecules U(Ri,Rj) is defined
as the sum of all LJ interactions (ULJ) and HB interaction (UHB):
Fig. 3. The same as Fig. 2, but for mixtures

3

UðRi;Xi;Rj;XjÞ ¼
X0;1;2
a;b¼0

ULJðjria � rjbjÞ þ UHBðri0;Xi; rj0;XjÞ; ð1Þ

where Ri and Rj are position vectors of centers-of-mass of mole-
cules i and j, respectively. Xi and Xj are orientational vectors. ria is
a position vector of site a in particle i and rjb is a position vector
of site b in particle j, respectively. The sum goes till 0 for water, 1
for methanol and 2 for ethanol. The LJ term is calculated using
the standard formula:

ULJðrÞ ¼ 4eLJ
rLJ

r

� �12
� rLJ

r

� �6
� �

: ð2Þ

Here, eLJ and rLJ are the well-depth and contact parameter, respec-
tively. The parameters for dissimilar segments are obtained from
the Lorentz-Berthelot combining rules. Hydroxyl groups are repre-
sented as 2D LJ disks with two arms separated by an angle of
120� and having angle 120� with fused LJ disks. All LJ parameters
for sites are identical. In reality, methyl groups are bigger, but since
disks are fused at contact this has a similar effect to one group being
bigger and therefore overlapping.

Water particles and hydroxyl groups of alcohols form HBs
which are modelled as a Gaussian function of separation and
angles and is summed over all arms of both interacting particles
(2 for alcohols and 3 for water):

UHBðri1;Xi; rj1;XjÞ ¼
X2;3
k;l¼1

Ukl
HBðjria � rjbj; hi; hjÞ: ð3Þ
at high content of alcohol; XAlc = 0.8.



P. Pršlja, T. Žibert and T. Urbic Journal of Molecular Liquids 368 (2022) 120692
Ukl
HB stands for the energy of interaction between two arms of differ-

ent particles:

Ukl
HBðrij; hi; hjÞ ¼ eHBGðrij � rHBÞGð~ik~uij � 1ÞGð~jl ~uij þ 1Þ; ð4Þ

Ukl
HBðrij; hi; hjÞ ¼ eHBGðrij � rHBÞGðcosðhi þ 2p

3
kÞ � 1ÞGðcosðhj

þ 2p
3

lÞ þ 1Þ; ð5Þ

where G(x) is an unnormalized Gaussian function:

GðxÞ ¼ exp � x2

2r2

� �
: ð6Þ

The unit vectors~ik and~jl represent the kth arm of the ith particle and

the lth arm of the jth particle ðk; l ¼ 1;2Þ, respectively, while ~uij

stands for the unit vector joining the center of particle i to the cen-
ter of particle j. hi and hj are the orientations of particle i and j,
respectively. The parameters eHB ¼ �1 and rHB ¼ 1 define optimal
HB energy and bond length, respectively and are the same for
water-water HBs, alcohols-water HBs and alcohol-alcohol HBs.
The same width parameter rHB ¼ 0:085 is used for both the distance
and the angle deviation of a HB. The strongest hydrogen bond
occurs when one arm of particle (i) is co-linear with the arm of
another particle (j). The size of a polar part in methanol, ethanol
is the same as in the 2D MB water model, i.e., rLJ

ab ¼ 0:7rHB. The LJ

well-depth, i.e., eLJab, is set to 0:1jeHBj.
Fig. 4. Pair distribution function of (a,b) gMB�CH3
, (c,d) gOH�CH3

, and (e

4

2.2. Monte Carlo simulations

The Metropolis MC simulations were carried out in the
isothermal-isobaric (NpT) ensemble. The initial configurations are
constructed by inserting all particles randomly in a square box
without overlap. The size of the system were between 100 and
800 of particles. At one MC step, a randomly chosen particle was
either translated to new coordinates (x, y) or rotated to a new ori-
entation. One cycle included moving and rotating of all particles
once on average, and possible modifications of the system volume.
During the equilibration as well as the production runs, the accep-
tance ratio was kept 0.5–0.6 by regulating the maximum value of
translational, rotational and volume changes in each step.[38,36]
To equilibrate the system, 10000–100000 MC cycles were needed
and the statistics is gathered over the following 20 � 30000 MC
cycles, where one cycle consists of one rotation and translation
on average per particle and volume change. The cutoff potential
is set to the half of the length of the simulation box. The periodic
boundary conditions and minimum image convention are used to
mimic the infinite system of particles.

The pressure was set to p⁄ = 0.19, and the temperature ranged
between T⁄ = 0.1 and T⁄ = 0.5. The results of mixtures with differ-
ent molar proportion of alcohol (XAlc) were studied and are pre-
sented in reduced quantities. These are given by T⁄¼ kbT=�HB,
U�

ex ¼ Uex=�HB and p⁄¼ pr3HB=�HB. The volume V⁄ and the enthalpy
H⁄ of the system were calculated as an ensemble average. From
their fluctuations we can compute thermodynamic quantities,
the heat capacity, isothermal compressibility, and coefficient of
,f) gCH3�CH3
for methanol at (a,c,e) XAlc = 0.2 and (b,d,f) XAlc = 0.8.



P. Pršlja, T. Žibert and T. Urbic Journal of Molecular Liquids 368 (2022) 120692
thermal expansion can be computed from the fluctuation formulas
(Eqs. (7)–(9))[39,36]

C�
p ¼

< H�2 > � < H�>2

NT�2 ð7Þ

j� ¼ < V�2 > � < V�>2

T� < V� >
ð8Þ

a� ¼ < H�V� > � < H� >< V� >

T�2 < V� >
ð9Þ
3. Results and Discussion

First, we studied the mixture structures of 2D MB water and 2D
MB alcohols. In Figs. 2–6 we plotted the radial distribution func-
tions (RDFs) between different sites in molecules. These RDFs con-
tain the detailed information of the structure in mixtures. The
labels gOH�OH, gOH�CH2

gOH�CH3
, gCH2�CH2

, gCH2�CH3
and gCH3�CH3

repre-
sent the pair distribution function of alcohol groups, while water-
alcohol distributions are presented with gMB�OH, gMB�CH2

and
gMB�CH3

and water-water by gMB�MB. Figs. 2 and 3 show radial dis-
tributions between MB-MB, MB-OH, and OH-OH groups for two
different compositions of the mixtures. On left we have RDFs for
methanol mixtures while on the right for ethanol mixtures. We
can see well pronounced peak at r� ¼ 1;0, which corresponds to
Fig. 5. Pair distribution function of (a,b) gMB�CH2
, (c,d) gMB�CH3

, (e,f) gOH�CH2
,

5

the formation of a hydrogen bond between those groups. In addi-
tion, two alcohol hydroxyl groups can be find in the second shell
peaks at r� ¼ 1;7, however their peak intensity decreases at higher
temperatures. Peak located at r� ¼ 1;7, corresponds to hydrogen
bonding network with one other group in between. At low temper-
ature the HB network is well formatted which is shown with high
peaks and long range structures of RDFs. At high content of alco-
hols the heights peak is slightly higher for ethanol while their posi-
tions and shape of RDFs are similar for both alcohols. At small
content of alcohols we can see different pattern especially for RDFs
between OH groups. In the second solvation shell we have two
peaks for gOH�OH for methanol. At around r� ¼ 1:4 we have one
methyl group of other methanol between two OH groups while
at r� ¼ 1:7 we have one OH group between forming HB with both
alcohols. In ethanol the peak at r� ¼ 1:4 is not present but we have
very high peak at around r� ¼ 1:8. For ethanol looks like that both
peaks are in the same position due to bigger size of non-polar
group.

Figs. 4–6 show RDFs between different sites in alcohols and
water. The peak at distance r⁄ = 0.7 represents Lennard-Jones
interaction between the two groups, which can be noticed at all
radial distributions. However, increased intensity of the peak can
be mostly noticed for CH3-CH3, CH3-OH and CH3-MB distributions,
while in case of ethanol less intense peak can be found for MB-CH2,
and OH-CH2. The distribution between hydroxyl and methyl
groups is slightly less defined. Besides the r⁄ = 0.7 peak, two peaks
located at r⁄ = 1.4 and r⁄ = 2.4 for methanol distribution were
and (g,h) gOH�CH3
for ethanol at (a,c,e,g) XAlc= 0.2 and (b,d,f,h) XAlc = 0.8.



Fig. 6. Pair distribution function of (a,b) gCH2�CH2
, (c,d) gCH2�CH3

, and (e,f) gCH3�CH3
for ethanol at (a,c,e) XAlc = 0.2 and (b,d,f) XAlc = 0.8.
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observed (see Fig. 4). Peak at r⁄ = 1.4 corresponds to second solva-
tion shell with one other molecule between in LJ contact. We
notice probability of finding two methyl groups at r⁄ = 2.1 which
accounts for two sites between each in LJ contact, which could
be between different sites of methanol or water particles. The peak
at r� ¼ 2:4 corresponds to one HB between. Graphs 5 presents
radial distribution for ethanol, where we observe peak at r⁄ = 1.4
for MB-CH2 and OH-CH2 and r⁄ = 1.4 for MB-CH3 and OH-CH3 dis-
tributions. Additionally, both distributions exhibit peak at r⁄ = 0.7,
however high intensity is noticed for MB-CH3 and OH-CH3 distri-
butions at T⁄= 0.15. Fig. 6 shows CH2-CH2, CH2-CH3, and CH3-CH3

distributions, where peak at r⁄ = 0.7 exhibits the highest intensity,
especially for CH2-CH2, CH2-CH3. Also, peaks at r⁄ = 1.4 and r⁄ = 2.1
with less intensity are observed. Overall, alcohol fraction affects
the depth and height of the peaks, but does not affect the position
of the peaks.

Next we checked the simulation snapshots for XAlc = 0.2 (see
Fig. 7 and XAlc = 0.8 (see Fig. 8) at different temperatures. Overall,
the formation of water clusters increases with decreasing temper-
ature due to strong and directional hydrogen bonds, which slows
the dynamics of the system (see Figs. 9–12). However, with Monte
Carlo method, we can only qualitatively study systems dynamics.
Molecules are rather clustered together to form cyclic structures.
Once we increase the proportion of alcohol, water molecules clus-
ter with the most of three methanol or ethanol molecules. We can
also see that non-polar parts prefer to stick together. However at
high temperatures free molecules of both water and alcohols are
6

predominant, due to heating, molecules have considerable high
kinetic energy, as a result they begin to move and thus hydrogen
bonds are broken. This is precisely why the formation of clusters
is not so noticeable. We can noticed clusters with a maximum of
three alcohol molecules and linear clusters with a larger number
of water.

Both mixtures at XAlc = 0.2 and T⁄ = 0.15 mostly form clusters
composed of five or six water molecules, due to low alcohol frac-
tion. These clusters are then combine into merged net-like cluster.
Furthermore, methanol and ethanol molecule form cyclic clusters
with most of three water molecules. At higher temperature (T⁄ =
0.2) we observed chain-like clusters in ethanol–water mixture,
while in methanol–water mixture we can still noticed cyclic struc-
tures. At T⁄ = 0.26 for methanol mixture we observed clusters
composed of four water molecules and methanol, chain-like water
clusters, and water-methanol dimers. In case of ethanol mixture
we mostly see chain-like water clusters and water–ethanol com-
bined clusters. Further, at XAlc = 0.8 and T⁄ = 0.15 we observed
alcohol chain-like (five or more) and smaller alcohol-water clus-
ters, where later clusters are composed of one or two water mole-
cules. At T⁄ = 0.20, smaller alcohol chain-like, alcohol and alcohol-
water dimers are observed. At T⁄ = 0.26 free alcohol molecules and
water-alcohol dimers can be seen.

In this part we analyse the thermodynamic properties of the
water-alcohol structural behaviour. We have calculated the den-
sity, heat capacity, thermal expansion coefficient and isothermal
compressibility as a function of composition and this is plotted



Fig. 7. Snapshots of 2D (a,b,c) methanol–water and (d,e,f) ethanol–water mixtures at XAlc = 0.2. At temperatures (a,d) T⁄ = 0.15, (b,e) T⁄ = 0.20, and (c,f) T⁄ = 0.26. Hydrogen
bonds between water molecules are presented with orange line, bonds between water and alcohol molecules are presented with brown line, and green line presents the bond
between two alcohol molecules.
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in Fig. 13 for different temperatures (T⁄ = 0.16, 0.20, 0.28), at a con-
stant pressure of p⁄ = 0.19 for methanol. In most of the content
range the properties are monotonic functions of compositions. This
changes at small fractions. The density of methanol–water mix-
tures shows the maximum between the fractions of X = 0.1 to
0.2 at all three temperatures. The decreasing trend of density is
also observed at increasing temperatures. Expansion coefficient
increases with increasing fraction of methanol, which is clearly
observed at temperatures of T⁄ = 0.16 and T⁄ = 0.20, however
the trend becomes more constant at a temperature of T⁄ = 0.28.
As the temperature increases, the expansion coefficient increases.
The isothermal compressibility coefficient increases distinctly with
increasing fraction of methanol at all three temperatures, with the
increasing trend being most evident at a temperature of T⁄ = 0.20.
In addition, the coefficient just mentioned increases with increas-
ing temperature. The heat capacity is reasonably constant with
increasing methanol fraction and decreases with increasing tem-
perature, which is most evident at the highest temperature stud-
ied. At two lower temperatures, the values overlap. In Fig. 14 we
have plotted the temperature dependence of the density for differ-
ent compositions. We can see that at small contents the density
maxima is present while at higher contents is gone. At first it
moves to high temperatures and then decreases with increasing
content as shown in Fig. 14(b) like observed for real water-
7

methanol mixtures. In Fig. 15(a) we have plotted the volumes of
mixing methanol molecules with water. In all the concentration
range changes of volume is negative which is in agreement with
the experimental results. The methanol molecules are small
enough to distribute themselves in the cavities formed by the
MB water molecules. While the volumes of mixing are an indicator
of the empty space in the solution, the enthalpy of mixing (see
Fig. 15(b)) shows the tendency of the formation of hydrogen bonds.
The enthalpies of mixing are positive in the whole range. In the
case of real liquid, an addition of methanol in the water has a struc-
ture making effect. Methanol molecules induce structure ordering
of water molecules and formation of more hydrogen bonds. As a
results, the excess enthalpies of mixing are negative. The reason
for disagreement between our model and experiment lies in the
fact that the formation of the methanol–water hydrogen bonds
breaks the two-dimensional hydrogen bonding network of water
molecules which leads to the higher enthalpy of the system. This
can be corrected by changing the strength of the alcohol-water
hydrogen bond to larger than the strength of the water-water
and methanol-methanol hydrogen bond. However, our intention
was to have as simple model as possible and see what we can
observe. The strength of the water-water, methanol-methanol
and water-methanol hydrogen bond in real liquids differs only
by few percent.



Fig. 8. Snapshots of 2D (a,b,c) methanol–water and (d,e,f) ethanol–water mixtures at XAlc = 0.8. At temperatures (a,d) T⁄ = 0.15, (b,e) T⁄ = 0.20, and (c,f) T⁄ = 0.26. Hydrogen
bonds between water molecules are presented with orange line, bonds between water and alcohol molecules are presented with brown line, and green line presents the bond
between two alcohol molecules.
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4. Conclusions

Monte Carlo simulations in an isothermal-isobaric (NPT)
ensemble were used to study the structural and thermodynamic
properties of water-methanol and water–ethanol mixtures. We
tested a simple two dimensional models for describing alcohol/wa-
ter mixtures. For modelling water molecules we used the MB
model which describes well the properties of pure water, simple
electrolytes, and hydrophobic effect, for describing simple mixed
solutes, alcohols. For modelling simple alcohol molecules we used
the MB like alcohols which describes well the properties of pure
alcohols. The model successfully describes the excess volumes of
mixing, but it fails in describing the excess enthalpy of mixing.
The latter is positive in the whole concentration range for our
model while for experiment it is negative in whole range. The mod-
8

els also correctly predict position of density maxima for mixtures
with low content of the alcohols.
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Fig. 9. Cluster size distribution for methanol in the (a) XMeOH = 0.2, (b) XMeOH = 0.5, (c) XMeOH = 0.8 mixtures at T⁄ = 0.15, T⁄ = 0.20, and T⁄ = 0.26.

Fig. 10. Cluster size distribution for water in the (a) XMeOH = 0.2, (b) XMeOH = 0.5, (c) XMeOH = 0.8 mixtures at T⁄ = 0.15, T⁄ = 0.20, and T⁄ = 0.26.

P. Pršlja, T. Žibert and T. Urbic Journal of Molecular Liquids 368 (2022) 120692

9



Fig. 11. Cluster size distribution for ethanol in the (a) XEtOH = 0.2, (b) XEtOH = 0.5, (c) XEtOH = 0.8 mixtures at T⁄ = 0.15, T⁄ = 0.20, and T⁄ = 0.26.

Fig. 12. Cluster size distribution for water in the (a) XEtOH = 0.2, (b) XEtOH = 0.5, (c) XEtOH = 0.8 mixtures at T⁄ = 0.15, T⁄ = 0.20, and T⁄ = 0.26.
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Fig. 13. (a) Dependence of density, (b) expansion coefficient, (c) isothermal compressibility and heat capacity (d) of methanol fraction at a constant p⁄ = 0.19 and different
temperatures.

Fig. 14. Temperature dependence of the density for (a) low and (b) high methanol content.
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Fig. 15. (a) Excess volume, (b) excess enthalpy of mixing as a function of methanol fraction in reduced units. (c) Temperature of density maximum as a function of methanol
content.
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