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Abstract

Literature studies regarding the interfacial tension versus temperature between nor-

mal alcohols and water show that it increases with temperature and exhibits a maxi-

mum value at a given temperature depending on the molecular weight of the alcohol.

This very unusual behavior is supposedly accompanied by the formation of monolayers

of alcohol molecules oriented preferentially at the interface, a structural issue not con-

firmed until now. We use molecular-based models for water and alcohols in combination

with molecular dynamics simulation to provide physical insights, from a molecular per-

spective, of the structural and thermodynamic behavior at the liquid-liquid interface

of aqueous solutions of alcohols.

Introduction

When two different liquids are mixed, chemical characteristics of both components and their

affinities, at a given temperature and pressure, determine if the system is thermodynamically

stable and forms a single-stable phase, or contrary, separates spontaneously into two liquids

immiscible phases. Liquid-liquid (LL) immiscibility is an amazing phenomenon that can be

explained as a competition between energetic (enthalpic) and entropic effects.1 The energetic

contribution to the free energy of the system is determined by intermolecular interactions.

Forces between molecules of the same species are usually stronger than those between dif-

ferent components of the mixture. Consequently, the enthalpic contribution to free energy

becomes positive and the system eventually tends to demix. However, this is a part of the

story. Mixing of liquids produces a huge increase of compositional and orientational entropy,

which contributes to decrease the free energy of the system at high temperatures. The com-

petition between energetic (interactions) and entropic (mixing) contributions underlies the

formation of a single miscible phase or two immiscible phases. Usually, extend separation

decreases as temperature is increased, and the immiscibility disappears above the so-called

upper critical solution temperature (UCST) as the unfavourable interactions between unlike
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molecules are overcome by the compositional and orientational increase of entropy.1

The precise knowledge of phase behaviour of mixtures that exhibit LL immiscibility is

essential in many scientific and engineering fields.2–4 During last years, however, there have

been an increasing interest in a detailed knowledge, from a molecular perspective, of struc-

tural and intrinsic properties associated to LL interfaces, with special emphasis on intrinsic

density profiles which provide a route to obtain a truly description on the structure of inter-

facial region on LL interfaces. For a complete description and methodological approach, the

reader is redirected to the Bresme et al.5 work and references therein. This interest is not

only ascribed to theoretical fields but also to an important number of applied disciplines.

The accurate knowledge of interfacial concentrations, interfacial thickness, and interfacial

tension, as well as surface activity, among others, is key for controlling many processes and

their efficiencies in different fields, including chemical, petroleum, and environmental engi-

neering. Liquid extraction, interfacial chemical reactions, emulsification of liquids, phase

wettability, capillary pressure, and relative permeability, among others, are only a few ex-

amples of processes and phenomena in which an accurate knowledge of structural properties,

and especially interfacial tension, are required to find efficiently solutions in different areas,

such as tertiary oil recovery and gas injection in enhanced oil recovery technologies6–8 or

contaminants removal in aquifers and for groundwater remediation.9

Aqueous solutions of alcohols constitute an interesting example of systems that exhibit

LL immiscibility.1 The first members of the homologous series, from methanol up to propan-

1-ol, are completely miscible (only vapour-liquid phase separation exists in these systems).

However, from the butan-1-ol + water, the mixtures exhibit regions of LL immiscibility below

the corresponding UCSTs due to the enhancement of unfavourable energetic contribution

against the loss of entropy.1 Although in most cases LL immiscibility is enhanced as the

temperature decreases, in this case immiscibility disappears if temperature is further lowered

at a lower critical solution temperature (LCST). This behavior, due to the presence of unlike

butan-1-ol – water hydrogen bonding that overcomes any other unfavourable effect, produces
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the so-called closed-loop immiscibility and the corresponding reentrant miscibility.10–13 It is

interesting to note that the global phase equilibrium of the butan-1-ol + water binary mixture

exhibits type VI phase behavior according to the classification of Scott and Konynenburg.14,15

According to this, the type VI binary mixtures are characterized by two critical lines and

a heteroazeotropic line. One of the two critical lines is a continuum critical line connecting

their pure components critical points. In this region, the all subcritical phase equilibria are

characterized by a completely miscible liquid phase in every temperature condition. This fact

implies that all subcritical states of this zone exhibit only vapor-liquid equilibria. The second

critical line appears at the low temperature range and comes from a lower critical end point

(LCEP) to an upper critical end point (UCEP). This critical line is a liquid-liquid critical line

having a pressure maximum. In this region, the subcritical phase equilibria are characterized

liquid–liquid closed-loop immiscibility. Finally, the heteroazeotropic line connects both CEPs

and it is characterized by a vapor-liquid-liquid equilibrium. Specific aspects relate to type

VI, its construction as well as the prediction of its subcritical phase equilibrium have been

extensively described by Rowlinson and Swinton1 and Deiters and Kraska.16 However, the

LCST of the mixture is not present at low pressures since is located inside the solid boundaries

of the system.12,13 Although the phenomenon of closed-loop immiscibility has been of long-

standing interest since Hirschfelder and co-workers17 proposed in 1937 that directional forces

(hydrogen bonding) are the direct cause of the existence of an LCST, and it is common in

a large number of mixtures,1,18–25 perhaps the most interesting and nearly unique feature of

the alcohol + water systems is the unusual behaviour of the LL interfacial tension of this

homologous series.

Despite the simplicity of aqueous solutions of primary linear alcohols, the LL interfacial

tension of these mixtures exhibits a number of unusual features that make these systems very

interesting from a theoretical point of view, and particularly from a molecular perspective.

On the one hand, the interfacial tension increases with temperature at low temperatures,

it shows a parabolic shape as a function of temperature, contrary to what happens with
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most aqueous solutions of organic compounds. On the other hand, it exhibits low interfacial

energy values compared with similar systems that do not interact through specific inter-

actions (hydrogen bonding), such as mixtures of water with alkanes with nearly the same

molecular weight and structure (with the exception of the alcohol chemical group).26–29 This

phenomenon is unusual in nature and, from our knowledge, only the interfacial tension of a

few systems exhibit these characteristics and apparent counterintuitive behaviour: aqueous

solutions of alcohols,26–28 mixtures of fatty acids methyl esters with water,30 and mixtures

of 1-butyl-3-methylimidazolium thiocyante or [BMIM][SCN] ionic liquid with linear alcohols

(butan-1-ol, pentan-1-ol, and hexan-1-ol)31 and 1-ethyl-3-methylimidazolium ethyl sulfate or

1-butyl-3-methylimidazolium hexafluorophosphate with carbon dioxide.32

From a thermodynamic perspective, the variation of the LL interfacial tension with tem-

perature is directly related with the mutual solubilities of the immiscible liquids. Clearly,

cohesional forces of molecules in LL systems determine, not only the magnitude of the in-

terfacial tension but also the extent to which a given compound is soluble in a particular

solvent. Following this idea, Donahue and Bartell33 proposed a linear relation between the

LL interfacial tension of aqueous solutions of organic liquids and the logarithm of the “de-

gree of immiscibility” n1 + n2, being n1 the molar fraction of the organic compound in the

aqueous liquid phase and n2 the molar fraction of water in the organic liquid phase. They

used this relationship to correlate more than 30 organic liquids and show that interfacial

tension, at constant temperature, decreases as the degree of miscibility increases. In other

words, the temperature coefficient of the interfacial tension (variation of interfacial tension

with temperature at constant pressure) or simply surface entropy, is directly related with

the temperature coefficient of the miscibility. According to Donahue and Bartell,33 most of

the systems considered exhibit positive surface entropy values, which means that interfacial

tension should decrease with temperature. Indeed, this is the classical situation in which

interfacial tension decreases with temperature as the system approaches to the UCTS, point

of the phase diagram at which miscibility of both liquids is complete. These authors cited
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the work of Ssementschenko and co-workers34 who found that the interfacial tension of the

nicotine + water mixture increases as the temperature is raised in the region in which the

temperature coefficient of miscibility is highly negative. This system exhibits type VI phase

behavior following the classification of Scott and van Konynenburg.14,15 According to this,

at the lowest temperatures of the closed-loop of immiscibility, the mutual miscibilities of

nicotine and water decrease with temperature, following the hypothesis of Donahue and

Bartell.33 Interestingly, the same qualitative behavior is observed in the aqueous solutions

of butan-1-ol.10–13

Thirty-five years later, Villers and Platten26 measured and analyzed carefully the tem-

perature dependence of the interfacial tension of aqueous solutions of long-chain alcohols

(up to dodecan-1-ol). According to their nice results, the interfacial tension increases with

the number of carbon atoms in the alcohols and all interfacial tension curves show parabolic

profiles. Following the seminal work of Donahue and Bartell,33 these results are interpreted

in terms of mutual solubilities of water and linear alcohols. Since solubilities present minima

with the temperature, it is not surprising that interfacial tensions also exhibit maxima with

temperature. Tian et al.27 and Ghatee and Ghazipour28 have also confirmed these results

studying the interfacial tension of some aqueous mixtures of organic compounds, including

alcohols, alkanes, and hexanoic acid.

Most of the studies devoted to the analysis of aqueous organic mixtures suggest that

the polar groups of alcohols (–OH) and carboxylic acids (–COOH) of the organic molecules

should be capable of attaching to the surface of the water-rich phase and form an ori-

ented monolayer over the water surface, with the hydrophobic end alkyl groups towards

the organic-rich liquid phase.33 This behavior should be consistent with the substantially

lower interfacial tension of aqueous mixtures of alcohols and carboxylic acids in comparison

with mixtures of alkanes.27,28 It is interesting to note that this behavior is consistent with

the structural organization of surfactants in aqueous - organic interfaces. Non-ionic surfac-

tant alkyl polyoxyethylens ethers, which can be represented by the general formula CiEj
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or H(CH2)i(OCH2CH2)jOH, exhibit complex organized structures, including surfactant mi-

celles and lyotropic liquid crystalline phases, as cubic, hexatic, and lamellar structures, as

well as closed-loop immiscibility regions.12,13 In fact, primary linear alcohols can be consid-

ered as primitive surfactants and members of the CiEj surfactants with the formula CnE0.

The nature of interactions between alcohol and water molecules is in general understood from

a molecular perspective, i.e., favourable interactions mediated by specific OH - H2O hydro-

gen bondings (highly directional) and unfavourable water - alkyl groups interactions. The

exact orientation of both species at the interface has been described for the case of octan-1-ol

+ water35,36 and hexan-1-ol + water,37 where it is possible to conclude that strong orien-

tational preference is observed for the hydrogen-bonded alcohol molecules at the interface.

Apart from these studies, there is no a systematic microscopic study for aqueous solutions

of alcohols with different molecular weights on the formation of an oriented monolayer over

the water surface, as argued by Donahue and Bartell,33 neither precise information on how

the alcohols molecules adopt a preferential orientation with the hydrophilic ends pointing

towards the aqueous phase and the alkyl chains across the interface, as stated by Ghatee

and Ghazipour28 as a function of the molecular weight of alcohols.

The aim of this contribution is twofold; we use molecular simulation to understand, from

a microscopic point of view, how primary linear alcohols and water molecules are distributed

across the LL interface of aqueous solutions of alcohols, with particular emphasis on the

formation of layers of organic compounds oriented preferentially at the interface. Also, and

taking advantage of the same microscopic models, we show how molecular-based tools can

provide physical insights into the unusual behavior of the interfacial tension between long-

chain alcohols and water at both the macroscopic and molecular level.

The rest of the paper is organized as follows. In Sections 2 and 3 we summarize the

molecular models used to predict the interfacial behavior of aqueous solutions of linear pri-

mary alcohols and computer simulation details, respectively. We discuss the results obtained

in Section 4. Finally, the conclusions and presented in the last Section.
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Models

In this work, water molecules are described using the well-known TIP4P/2005 water model

proposed by Abascal and Vega.38 It is a non-polarizable model that considers four interacting

sites placed on the three atom positions (one for the oxygen atom, O, and two for the

hydrogen atoms, H) and an additional site placed in the bisector of the angle formed by the

molecule bonds (I). This model provides very accurate estimates of water bulk properties, in

comparison with the most common models of water, such as SPC, SPC/E, TIP3P, TIP4P,

TIP4P/Ew, and TIP5P, but also is remarkably proficient in the estimation of interfacial

properties.39,40 Linear alcohols are modeled using the TraPPE-UA (transferable potentials

for phase equilibria united-atoms) models of Chen et al.41

The nonbonded interactions between chemical groups separated by more than three bonds

are described by the Lennard-Jones and Coulomb intermolecular potentials

U(rij) = 4εij

[(
σij
rij

)12

−
(
σij
rij

)6
]

+
qiqj

4πε0rij
(1)

where rij is the distance between interacting sites i and j, σij and εij are the diameter and

well depth associated to the LJ intermolecular potential, qi and qj are the partial charges

on interacting sites i and j, and ε0 the permittivity of vacuum. The molecular parameters

used in this work to describe the nonbonded interactions, including partial charges values

for electrostatic interactions, are summarized in Table 1. All the LJ parameters for unlike

interactions are obtained using the Lorentz-Berthelot combining rules.

The values of the fixed bond lengths, that are taken from the original works of Abascal

and Vega38 and Chen et al.,41 are also shown in Table 2. The bending and torsional force field

parameters corresponding to the bonded interactions for the linear alcohols are obtained from

the TraPPE-UA force fields.41 The bond bending potential is controlled through a harmonic

function
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Table 1: Lennard-Jones well depth, ε, size, σ, and partial charges, q, param-
eters for the TIP4P/2005 and TraPPE-UA force fields corresponding to the
non-bonded interactions of water and linear alcohols, respectively. In the case
of linear alcohols, the letters in parenthesis indicate the atom a particular site
is bonded to. All values are taken from the works of Abascal and Vega38 and
Chen et al.41

atom ε/kB(K) σ(Å) q(e)
H2O (TIP4P/2005)

O 93.0 3.1589 0.0000
H 00.0 0.0000 0.5564
I 00.0 0.0000 -1.1128

linear alcohols (TraPPE-UA)
CH3–(CHx) 98.0 3.7500 0.0000
(CHx)–CH2–(CHy) 46.0 3.9500 0.0000
(CHx)–CH2–(O)–(H) 46.0 3.9500 0.2650
(CHx)–O–(H) 93.0 3.0200 -0.7000
(O)–H 00.0 0.0000 0.43500

Ubend(θ) =
1

2
kθ(θ − θ0)2 (2)

where θ, θ0, and kθ are the measured bending angle, the equilibrium bending angle, and the

force constant, respectively. Table 3 contains the list of the θ0, and kθ values used in this

work as proposed by Chen et al.41 According to the philosophy of the TraPPE-UA force field

approach, the dihedral rotations around bonds connecting four chemical groups are account

for the standard cosine series of the dihedral angle

Utor = c0 + c1[1 + cos(φ)] + c2[1 + cos(2φ)] + c3[1 + cos(3φ)] (3)

where the Fourier coefficients {ci}, for i = 0, . . . , 3 are listed in Table 4.

Simulation details

All the properties of interest have been obtained combining molecular dynamics (MD) com-

puter simulations and the direct coexistence technique. To study liquid-liquid (LL) interfacial
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Table 2: Bond length values of the TIP4P/2005 and TraPPE-UA force fields
corresponding to water and linear alcohols, respectively. Values are taken from
the works of Abascal and Vega38 and Chen et al.41

bond bond length (Å)
H2O (TIP4P/2005)

O–H 0.9572
O–I 0.1546
linear alcohols (TraPPE-UA)

CHx–CH−y 1.540
CHx–OH 1.430
O–H 0.945

Table 3: Bending potential parameters for the TraPPE-UA force field corre-
sponding to linear alcohols All values are taken from the work of Chen et al.41

bending θ (deg) kθ/kB (K/rad2)
CHx–CH2–CHy 114.0 62500
CHx–CHy–OH 109.5 50400
O–H 108.5 55400

Table 4: Torsional potential parameters for the TraPPE-UA force field corre-
sponding to linear alcohols. All values are taken from the work of Chen et al.41

torsion c0/kB (K) c1/kB (K) c2/kB (K) c3/kB (K)
CHx–CH2–CH2–CHy 0.00 355.03 -68.19 791.32
CHx–CH2–CH2–O 0.00 176.62 -53.34 769.93
CHx–CH2–O–H 0.00 209.82 -29.17 187.93
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properties of the mixtures considered here we have used the isothermal-isobaric or NPzAT

ensemble to ensure that temperature and pressure are constants. During the simulations the

interfacial area A = Lx×Ly is kept constant and only Lz is varied along the simulation. Here

Lx, Ly, and Lz are the dimensions of the simulation box along x, y and z axis, respectively.

For convenience, the z-axis is chosen perpendicular to the planar interfacial or parallel to the

direction along which the system exhibits the LL inhomogeneity. We use periodic boundary

conditions.

Previous to the construction of the box to simulate the LL interface, two bulk liquid

systems, one corresponding to the organic-rich phase and other to the water-rich phase, are

equilibrated independently using simulation boxes with the same Lx and Ly, but different Lz

depending on the system and thermodynamic conditions. The size of the initial bulk simula-

tion boxes are prepared using as initial values for density and composition the experimental

data taken from the literature at the same temperature.29,42 Both phases are equilibrated

at the same pressure and temperature using the NPzAT isothermal-isobaric ensemble to

ensure that Lx and Ly do not vary. All computer simulations have been performed at atmo-

spheric pressure (1 bar), and temperatures ranging from 280 up to 380 K for all the aqueous

mixtures considered from butan-1-ol to heptan-1-ol. Since we are studying binary mixtures,

the composition of the system varies with the temperature. In order to keep constant the

total number of molecules for all the systems and temperatures considered, we have used

different simulation box lengths along the z-axis. According to this, the dimensions of the

homogeneous water-rich and organic-rich simulation boxes are Lx = Ly = 4 nm and we use

different values of Lz depending on the system and temperature studied. In all cases, we con-

sider 2200 water molecules in the bulk aqueous simulation box (without alcohol molecules)

and 1400 water and alcohol molecules in the bulk organic-rich simulation box. The partic-

ular number of water and alcohol molecules in the organic-rich simulation box depends on

the mixture and temperature considered. For example, for the pentan-1-ol + water binary

mixture, we use 490 water molecules and 910 pentan-1-ol molecules at 280 K, but 700 water
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molecules and 700 pentan-1-ol molecules at 380 K. However, since the alcohol composition at

the organic-rich phase increases as the molecular weight of the alcohol increases according to

experimental data taken from the literature,42 we use 350 water molecules and 1050 heptan-

1-ol molecules at 280 K, and 520 and 880 water and heptan-1-ol molecules, respectively, at

380 K in the case of the heptan-1-ol + water binary mixture.

The interfacial simulation box is then constructed linking up three homogeneous simu-

lation boxes, the bulk water-rich simulation box surrendered by two identical copies of the

organic-rich box previously described. The simulation box contains then two LL interfacial

regions, according to the standard methodology for simulating planar interfaces using the

direct coexistence simulation technique.43–48 The final overall dimensions of the interfacial

simulation boxes (organic-rich + water-rich + organic-rich) are Lx = Ly = 4 nm and Lz

ranging from 20 to 40 nm depending on the particular system and temperature to be simu-

lated. In particular, for the butan-1-ol + water mixture, Lz = 20.6 and 19.6 nm at 280 and

380 K, respectively. In the case of the longest organic molecules considered in this work, the

heptan-1-ol + water binary mixture, Lz = 36.5 and 35 nm at 280 and 380 K, respectively.

These configurations allow to simulate exactly the same number of molecules for all the

mixtures (from butan-1-ol + heptan-1-ol + water), N = 5000. The detailed account for the

number of molecules used during the simulations and the actual values of Lz are included in

Table 5.

All MD computer simulations have been performed using the GROMACS software pack-

age (version 4.6.1).49 In order to reduce the CPU time involved in the phase equilibrium and

interfacial properties calculations, intermolecular interactions have been truncated at a cut-

off radius (rc) equal to a value of 1.975 nm. It has been shown by several authors50–52 that

such a value provides a reasonable description for the interfacial properties. Electrostatic

interactions are obtained using the Ewald sums methods. The real part of the Coulombic

potential is truncated at rc = 1.975 nm. The Fourier term of the Ewald sums is evaluated

using the particle mesh Ewald (PME) method. The width of the mesh is set equal to 1 A−1
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Table 5: Number of water molecules, N
(O)
H2O

, and alcohol molecules, N
(O)
COH, used to

simulate the initial organic-rich simulation box, and number of water molecules,
N

(W)
H2O

used to simulate the initial water-rich simulation box. N is the total num-
ber of molecules used during the simulations of the LL interface. Note that
N = 2 ×

(
N

(O)
H2O

+ N
(O)
COH

)
+ N

(W)
H2O

since we have two organic-rich simulation boxes
surrounding the water-rich simulation box in order to form the interfacial sim-
ulation box. Lz denotes the final overall dimension of the interfacial simulation
box along the z-axis (organic-rich + water-rich + organic-rich) for the alcohol
+ water mixtures considered in this work at different temperatures.

T (K) N
(O)
H2O

N
(O)
COH N

(W)
H2O

N Lz (nm)
butan-1-ol + water

280 700 700 2200 5000 20.6
300 700 700 2200 5000 20.6
320 700 700 2200 5000 20.6
340 770 630 2200 5000 20.1
360 840 560 2200 5000 19.9
380 980 420 2200 5000 19.6

pentan-1-ol + water
280 490 910 2200 5000 26.2
300 490 910 2200 5000 26.8
320 490 910 2200 5000 27.3
340 560 840 2200 5000 26.3
360 630 770 2200 5000 25.6
380 700 700 2200 5000 24.6

hexan-1-ol + water
280 420 980 2200 5000 31.3
300 420 980 2200 5000 32.0
320 420 980 2200 5000 33.6
340 480 920 2200 5000 32.3
360 480 920 2200 5000 32.3
380 570 830 2200 5000 30.9

heptan-1-ol + water
280 350 1050 2200 5000 36.5
300 350 1050 2200 5000 37.3
320 350 1050 2200 5000 38.0
340 430 970 2200 5000 36.6
360 430 970 2200 5000 37.5
380 520 880 2200 5000 35.0
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and a maximum value for the reciprocal lattice equal to 31 is used.

We have used the Verlet leapfrog53 algorithm with a time step of 0.001 ps. It is important

to note that the time step value chosen has been necessary to sample correctly the torsional

potentials of alcohols models. A Nosé-Hoover thermostat54 with a time constant equal to

2.0 ps has been used to kept constant the temperature of the system. In addition to that, a

Parrinello-Rahman barostat55 with a relaxation time of 1 ps is also used to kept the pressure

constant and equal to 1 bar. Simulations of the homogeneous liquid systems are equilibrated

during 20 ns. After this, the alcohol-rich + water-rich + alcohol-rich systems are also equi-

librated during 10 ns. After the systems reach equilibrium, the properties of the coexisting

liquid phases are obtained as appropriate averages during 50 ns. In order to estimate errors

on the variables computed, the sub-blocks average method has been applied.56 In such ap-

proach, the production period is divided into M independent blocks. The statistical error is

then deduced from the standard deviation of the average σ̄/
√
M , where σ̄ is the variance of

the block averages and M has been fixed in this work to M = 10.

The equilibrium vapour pressure, P , and interfacial tension, γ, are obtained from the

diagonal components of the pressure tensor. The vapour pressure corresponds to the normal

component, P ≡ Pzz, of the pressure tensor, while the interfacial tension is obtained using

the pressure route57–60 as:

γ =
Lz
2

[
〈Pzz〉 −

〈Pxx〉+ 〈Pyy)〉
2

]
(4)

In Eq. (4), the additional factor 1/2 comes from having two interfaces in the system, and Lz

is the size of the simulation box in the z direction, defined along the longitudinal dimension

across the interface.
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Results and discussion

In this section, we analyze the LL behavior of aqueous solutions of linear alcohols as obtained

from NPzAT MD in combination with the direct coexistence technique. This allows to

account for structural and thermodynamic properties, including density profiles of species,

coexistence densities and compositions, and interfacial tension from the evaluation of the

tangential and normal components of the pressure tensor. Results obtained in this work for

liquid densities, compositions, and interfacial tension as obtained from MD simulations are

presented in Table 6.

Fig. 1 shows the density profiles of four alcohol + water mixtures at 1 bar and several

temperatures as obtained from MD simulations. The equilibrium density profiles across the

interface vary along the z-axis since the systems are inhomogeneous in that direction due

to the LL immiscibility. The left size of the density profiles represent the alcohol-rich liquid

phase and the right side the water-rich liquid phase. The bulk liquid density of the alcohols

(in the organic-rich phases) decreases and that of water (in the organic-rich phases) increases

as the temperature is raised. This is more noticeable in the case of alcohols than in water. In

addition to that, the values of the alcohol density in the water-rich phase are nearly identical

and lower than the water density in the organic-rich phase. This is a manifestation of the

relatively low mutual solubilities of alcohols and water due to unfavourable forces between

both components, particularly alkyl - water interactions.61,62 It is clear from the inspection

of density profiles that solubilities of alcohols in water are much smaller than solubilities of

water in alcohols. Differences between solubilities increase as the molecular weight of the

alcohol increases due to the presence of more unfavourable alkyl – water interactions in the

system, as expected.

Density profiles of alcohols but also those of water exhibit an oscillatory behavior in the

organic-rich liquid phase, near the interface between z ≈ −2 and 0 nm. Particularly, the

density profiles of alcohols show two clear relative maxima or peaks between the interface

and the bulk region of the organic phase. This is especially true in the cases of hexan-1-
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Table 6: Liquid density of the water-rich phase, ρ(W), liquid density of the
organic-rich phase, ρ(O), molar fraction of water in the water-rich phase, x

(W)
1 ,

molar fraction of water in the organic-rich phase, x
(O)
1 , and interfacial tension,

γ, of alcohol + water mixtures at 1 bar and different temperatures as obtained
from MD NPzAT simulations. The errors are estimated as explained in the text.

T (K) ρ(W) (kg/m3) ρ(O) (kg/m3) x
(W)
1 x

(O)
1 γ (mN/m)

butan-1-ol + water
280 994(5) 848(4) 0.0117(5) 0.549(5) 3.0(4)
300 991(3) 824(5) 0.0099(4) 0.558(7) 3.1(5)
320 984(4) 803(4) 0.0084(6) 0.529(5) 3.3(4)
340 972(2) 798(4) 0.0093(2) 0.508(5) 3.6(4)
360 962(3) 775(4) 0.0093(5) 0.514(5) 3.1(3)
380 943(2) 761(4) 0.0098(4) 0.468(6) 2.6(2)

pentan-1-ol + water
280 996(1) 829(5) 0.0038(2) 0.67(1) 6.2(8)
300 996(2) 813(5) 0.0026(2) 0.67(1) 5.8(4)
320 991(1) 802(5) 0.0020(2) 0.648(9) 6.6(3)
340 980(1) 782(4) 0.0019(1) 0.626(6) 6.2(3)
360 969(1) 765(4) 0.0023(2) 0.585(8) 6.1(2)
380 950(1) 744(3) 0.0022(2) 0.571(4) 6.2(2)

hexan-1-ol + water
280 998(1) 829(4) 0.0010(1) 0.717(8) 7.8(9)
300 997(1) 813(4) 0.00053(9) 0.704(7) 7.5(7)
320 993(1) 800(4) 0.00052(5) 0.697(7) 9.1(4)
340 984(1) 783(4) 0.00038(5) 0.672(7) 9.6(3)
360 974(1) 770(4) 0.00051(6) 0.65(1) 8.5(4)
380 959(1) 743(5) 0.0009(1) 0.618(6) 8.0(3)

heptan-1-ol + water
280 998(1) 830(4) 0.00043(8) 0.74(1) 10.3(8)
300 998(2) 813(4) 0.00020(5) 0.75(1) 10.1(8)
320 994(1) 797(4) 0.00020(2) 0.75(1) 11.8(8)
340 986(1) 782(4) 0.00022(5) 0.71(1) 10.4(6)
360 976(1) 761(4) 0.00019(5) 0.701(9) 10.1(6)
380 962(1) 747(5) 0.00023(3) 0.617(9) 9.9(5)
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Figure 1: Simulated equilibrium density profiles ρ(z) across the LL interface of alcohol (continuous
curves) and water (dashed curves) as obtained from MD NPzAT simulations of (a) butan-1-ol +
water, (b) pentan-1-ol + water, (c) hexan-1-ol + water, and (d) heptan-1-ol + water mixtures at
1 bar and 280 (blue), 300 (orange), 320 (green), 340 (red), 360 (turquoise), and 380 K (magenta).
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ol and heptan-1-ol. Although in the cases of butan-1-ol and pentan-1-ol is less clear, the

analysis of the the behavior of molecular orientations presented below corroborates this issue.

The oscillatory shape of the density profiles suggests a strong tendency of alcohol molecules

to concentrate at the interface. A depression (desorption) of the profiles of alcohols and a

complementary peak (adsorption) associated to profiles of water are also observed in the

organic-rich phase, next to the interfacial region. These results indicate a self-organized

structure of alcohol and water molecules near the interface. Although the real nature of the

layer of alcohols and the accumulation of water molecules at the interface will be clear after

the analysis of the molecular orientation of alcohol molecules (see discussion of Fig. 4 below),

is obvious that structural ordering enhances as the molecular weight of the organic molecule

increases. In other words, self-organization of the interface becomes more important as the

number of alkyl groups (chain length) in alcohol molecules increases.

The behavior observed in the density profiles of alcohols and water molecules demon-

strates partially the early hypothesis of Donahue and Bartell,33 also followed by Ghatee and

Ghazipour28 and verified by Benjamin,35 Jedlovszky et al.,36 and Hantal et al.37 In fact,

although these authors proposed the formation of an oriented monolayer over the water sur-

face, with the alcohol molecules adopting preferential orientation with the hydrophilic ends

pointing towards the aqueous phase and the alkyl chains across the interface, our findings

suggest the formation of a bilayer of alcohol molecules together with a small accumulation

(adsorption) of water molecules in the organic-rich liquid phase. In particular, density pro-

files of Fig. 1 suggest the complete absence of water molecules in the space region between the

two peaks observed in the density profiles of alcohols. In other words, there is a water-free

region occupied mainly by the alkyl groups of the molecules forming the bilayer.

The hypothesis of the bilayer described in the previous paragraph is also corroborate

looking at the interface with the “eyes” of MD. Fig. 2 shows snapshots extracted from MD

trajectories of the simulation of butan-1-ol +, pentan-1-ol +, hexan-1-ol +, and heptan-1-ol

+ water mixtures. In the case of the butan-1-ol + water system, it is difficult to appreciate
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Figure 2: Snapshots of the LL interface obtained from MD NPzAT simulations of the butan-1-ol +
(top left), pentan-1-ol + (top right), hexan-1-ol + (bottom left), and heptan-1-ol + water (bottom
right) mixtures at 1 bar and 280 K. Green licorice representation corresponds to alkyl groups of
alcohols (CH3 and CH2 groups), orange and yellow spheres (van der Waals representation) to
oxygen and hydrogen atoms in hydroxyl groups of alcohols, respectively, and red and white spheres
to oxygen and hydrogen atoms in water molecules, respectively.
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the existence of a stable bilayer or even a single layer of alcohol molecules near the interface.

As the molecular weight of the alcohols increases, the formation of a first layer next to the

aqueous phase, showing preferential orientation, is evident. Although snapshots only provide

a static picture of these dynamic structures, movies obtained from MD simulations included

in the Supporting Information provide additional evidences of the nature of the interface.

Our main results presented in this paper concentrate on aqueous solutions of alcohols up to

heptan-1-ol. However, as the self-organized structure of alcohols in contact with the water-

rich phase enhances as the molecular weight of the alcohol is increased, we have also included

additional graphical information of another system. In Fig. 3, we have depicted a snapshot

extracted from the MD trajectory of the simulation of the octan-1-ol + water mixture. As it

is apparent, there is a preferred orientational order of the alcohol molecules at the interface.

A first layer is formed by alcohol molecules pointing its polar heads (OH groups) into the

aqueous phase. This behavior has also been described by Benjamin,35 Jedlovszky et al.,36

and Hantal et al.37 As it can be observed, the hydrophobic alkyl chain being rejected from

the water-rich phase of the system results in a first layer of alcohol molecules oriented nearly

parallel to z axis, i.e., perpendicular to the interface. A second layer of alcohol molecules

is formed in such a way that polar heads (OH groups) point towards the organic-rich liquid

phase, contrary to the first layer. Note that this second layer is located in a wider region of

the space, according to Fig. 1, and it is seen less clearly in the snapshot. By inspecting the

figure, it is easy to corroborate that the region between the two alcohol layers is water-free

due to the alkyl – water unfavourable interactions. Although it is not clear to distinguish

in the figure, a small adsorption of water molecules can be seen near the hydroxyl groups of

alcohols in the second layer, in agreement with results shown in the density profiles of water

(Fig. 1). Additional multimedia material is also included in the Supporting Information.

To gain physical insights into the structure of the interface, we analyze the molecular

orientations of the alcohol molecules with respect to the interface. To this end, we define the

end-to-end vector d that connects the centres of the two end carbon atoms of the alkyl chains
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Figure 3: Snapshot of the LL interface obtained from a MD NPzAT simulation of the octan-1-ol
+ water mixture at 1 bar and 280 K. Licorice and sphere representations are the same as in Fig. 2.

and that points towards the hydroxyl chemical group located at one end of the alcohol chain.

This vector indicates the instantaneous direction of the alcohol chains and can be used to

measure the possible orientation of the alcohol molecules with respect to the interface. Note

that the modulus of d is the well-known end-to-end distance of the molecule. We also define

the angle θ formed by the end-to-end vector with respect to the positive z-axis, the direction

perpendicular to the interface, as

d · êz = d cos θ (5)

where êz is the unit vector along the z-axis and d is the distance between the centers of the

two end atoms of the alcohol (end-to-end distance). With this definition, we compute for
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each slab ∆z along the z-direction of the simulation box the average angle formed by the

end-to-end vector with respect to the z-axis, the direction perpendicular to the interface as

< θ >=

〈
cos−1

(
d · êz
d

)〉
(6)

The average values, < θ >, are computed over all the alcohol molecules contained in each

slab and cycle, and over the simulation production period. Obviously, the angle between

the two defined vectors ranges between 0◦ and 180◦. Note that when random orientation of

the alcohol molecules exist in the slabs, averaged values of the angle θ should approach to

90◦. This value is expected when no preferential orientation exits, i.e., far away from the LL

interface, in the bulk homogeneous organic-rich and water-rich phases.

Fig. 4 shows the molecular orientations of alcohol molecules with respect to the interface.

In particular, we depict the angle formed between the end-to-end vector and the z-axis, as

a function of the position along the z-axis of the simulation box (perpendicular to the LL

interface). As in the case of density profiles, the average orientation of the alcohol molecules

along the interface normal is represented as a function of the center of mass of the molecule.

As can be seen, the average angle of about 90o obtained far enough from the interface

means a totally random orientation of the alcohol molecules in the bulk organic phase.

Oppositely, the angle values obtained near the interface indicate a preferential orientation

of the alcohol molecules, in consistency with the density profiles showed in Fig. 1 and the

snapshots presented in Fig. 2 and also in Fig. 3. In particular, we find two main relative

extrema or peaks at 40◦ and 110◦ that correspond to the two layers formed at z ≈ 0 nm

and z ≈ −1 nm, respectively. No peaks are found at 0◦ and 180◦, angles that correspond

to two layers of alcohols perfectly oriented perpendicular to the interface. This behavior is

not expected due to fluctuations in the system (thermal agitation) and flexibility of alcohol

chain molecules. It is worth noting that the fluctuating angle values in the aqueous phase are

expected due to the small amount of alcohol molecules. In summary, the results presented

in previous figures evidence the formation of a bilayer formed by alcohol molecules in the
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Figure 4: Equilibrium average angle, < θ >, formed by the end-to-end vector with respect to
the z-axis as obtained from MD NPzAT simulations of (a) butan-1-ol + water (red circles), (b)
pentan-1-ol + water (blue squares), (c) hexan-1-ol + water (green diamonds), and (d) heptan-1-ol
+ water (magenta triangles) mixtures at 1 bar and 280 K.
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interface, with the first layer with hydroxyl groups pointing towards the aqueous phase at

z ≈ 0 nm and the second one with hydroxyl groups pointing to the opposite direction at

z ≈ −1 nm. The longer the alcohol molecules are, the more stable the bilayer structure is.

It is also interesting to mention that the position of the maxima and minima correspond-

ing to different alcohols slight vary as the chain length is varied: for butan-1-ol + water

mixture, the position of the minimum is located at z ≈ −0.71 nm and the maximum at

z ≈ 0.32 nm, approximately, whereas for the case of the heptan-1-ol + water system, the

position of the minimum is located at z ≈ −0.92 nm and the maximum at z ≈ −0.07 nm,

approximately.

The direct coexistence technique can be also used to compute solubilities, coexistence

densities, and interfacial tension of mixtures. Coexistence densities in both liquid phases

can be obtained from the analysis of the density profiles in regions at which liquids are

homogeneous, i.e., the bulk regions of the simulation box. See the works of Algaba et al.46,47

and Garrido et al.63 for further details. Table 6 contains the compositions in both liquid

phases as obtained from MD simulations. According to our goals, we now turn on the

behavior of the temperature - composition or Tx projection of the phase diagrams of the

alcohol + water systems. Fig. 5 shows the Tx projections at atmospheric pressure as obtained

from MD simulations. In order to check the ability of the molecular models used in this

work for predicting the equilibrium compositions of the mixtures, we have also included

the corresponding experimental data taken from the literature.42 As can be seen, the phase

diagrams are dominated by large regions of LL immiscibility. This is a consequence of the

interplay between different effects: (1) favourable water – water and water – alcohol hydrogen

bonding interactions; (2) unfavourable alkyl – water interactions; (3) compositional and

orientational entropic effects through hydrogen bonding; and (4) excluded volume effects due

to elongation and flexibility of alcohols. Unfavourable interactions become more important

as the molecular weight of the alcohol increases since the number of water – alkyl group

interactions is larger. This effect leads to an enlargement of the closed-loop of immiscibility
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as the alcohols become longer, decreasing the mutual solubilities of both components.

Figure 5: Tx projection of the phase diagram of the butan-1-ol + (blue symbols), pentan-1-ol
+ (red symbols), (c) hexan-1-ol + (green symbols), and heptan-1-ol + water (magenta symbols)
mixtures at 1 bar. Filled symbols correspond to experimental data taken from the literature,42 open
symbols to MD NPzAT simulations obtained in this work, and dashed curves to correlations from

literature.42 x
(O)
1 and x

(W )
1 are the molar fractions of alcohols in the organic-rich and aqueous-rich

phases, respectively.

For a given member of the alcohol homologous series, immiscibility decreases as the tem-

perature is increased. This is an expected result since the contribution to the free energy

associated to compositional and orientational entropy becomes larger as the temperature is

raised. Note that thermal agitation makes less stable the water – alcohol hydrogen bonds,

resulting in an increase of both entropic contributions. As temperature is further increased,

the phase envelop of the butan-1-ol + water mixture closes at an UCST at 400 K approx-

imately. It seems that the rest of mixtures (from pentan-1-ol up to heptan-1-ol aqueous

solutions) should behave in a similar way, although unfortunately no experimental informa-

tion is available.

According to experimental data10,11 and predictions from molecular-based approaches,12,13

the mixture exhibits type VI phase behavior. This means that mutual solubilities of water

and butan-1-ol decrease as temperature is raised. This behavior is seen in Fig. 5, not only for
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experiments but also for predictions obtained from computer simulations (see the inset of the

figure in which the curvature of the phase envelope corresponding to the aqueous-rich phase

indicates that solubilities of alcohols in water decrease as temperature is increased). The

shape of the phase envelopes are clearly related with the closing of the LL immiscibility loop

at low temperatures. Unfortunately, at these conditions the LCST of the butan-1-ol + water

mixture is not present since is located inside the solid boundaries of the system, and the

situation is even worse for longer alcohols for which solid phases are stable at higher tem-

peratures.10–13 Our findings, using well-established molecular-based models and computer

simulation techniques, agree with experimental data taken from the literature42 and confirm

the original hypothesis of Donahue and Bartell,33 also followed by Villers and Platten26 and

Tian et al.,27 i.e., solubilities of alcohols in water exhibit a minima with temperature. Ac-

cording to the literature, this behavior must be related with the unusual dependence of the

interfacial tension with temperature. We check now that molecular models used in this work

are able to capture this phenomenon.

We also present here additional results obtained from MD simulations of the LL interface

of aqueous solutions of alcohols. In particular, we focus on the effect of temperature and

molecular weight of the organic component on coexistence densities. Liquid coexistence

densities can be obtained following the same approach used for compositions, i.e., from the

analysis of the density profiles along the corresponding bulk regions of both liquids.46,47,63

Coexistence density values obtained in this work from MD simulations are presented in

Table 6.

Temperature - density or Tρ projections of the phase diagram of aqueous solutions of

linear alcohols are depicted in Fig. 6. Liquid densities decrease as the temperature of the

system is increased. The decrease is more pronounced in the case of the organic phase since

density of the aqueous phase is nearly constant in a wide range of temperatures. Predictions

obtained from molecular simulations are able to capture this general behavior of the system.

This effect is related obviously with an enhancement of the molecular thermal agitation of
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Figure 6: Tρ projection of the phase diagram of the (a) butan-1-ol + (blue circles), (b) pentan-
1-ol + (red squares), (c) hexan-1-ol + (green diamonds), and (d) heptan-1-ol + water (magenta
triangles) mixtures at 1 bar. Filled symbols and curves correspond to experimental data taken from
the literature29 and open symbols to MD NPzAT simulation results obtained in this work.
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the system that induces a volume increment in both phases, with the corresponding decrease

of density as the temperature is raised. It is also interesting to analyze the effect of increasing

the molecular weight of alcohols that is less evident than in the case of temperature. Now,

the major effect, when passing from the butan-1-ol + water mixture to the pentan-1-ol +

water system, is the decrease of the density of the organic-rich phase and the increase the

density of the aqueous phase. Note that the change of density is larger in the case of the

alcohol-rich liquid phase density. A further increase of the molecular weight of the alcohol

(passing from pentan-1-ol to hexan-1-ol and heptan-1-ol) leaves the Tρ slides of the phase

diagram nearly identical. It is interesting to check that predictions from simulations are able

to capture this effect in all cases.

This behavior can be explained qualitatively in terms of unlike intermolecular inter-

actions, solubilities of alcohols in water, and excluded volume effects. In the case of the

water-rich liquid phase, the increasing of the liquid density can be explained in terms of the

unlike interactions between the alkyl chemical groups and water molecules. When passing

from butan-1-ol to pentan-1-ol, the mean number of alkyl groups in the phase increases.

Due to the alkyl-water unfavourable interactions, the solubility of the alcohol in water de-

creases (see Fig. 5 of the main article). In average, the number of pentan-1-ol molecules in

the water-rich phase decreases in comparison with those of butan-1-ol. Consequently, water

molecules can accommodate better in the available space in the phase, increasing the num-

ber of effective water hydrogen bonds (favourable interactions), and increasing effectively the

liquid density. In the case of the organic-rich liquid phase, the situation is slightly different.

Now, an increase of the length of the alcohol molecules (when passing from butan-1-ol to

pentan-1-ol) produces an increase of the excluded volume. Note that, due to packing effects,

the number of organic molecules is much larger than the number of water molecules, and

there is a small energetic penalty in the system due to the alkyl-water unfavourable inter-

molecular interactions. As a consequence of that, an increase of the average volume of the

system exists, and effectively, the density of the organic-rich liquid phase decreases. These
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effects, that occur for different reasons in both phases and produce small changes in the

phase diagram of the systems under study, become negligible in the cases of hexan-1-ol and

heptan-1-ol, observing finally a limiting behavior in both predictions and experiments.

Agreement between simulation results and experimental data taken from the literature

is in general good, especially for the density values of the aqueous phase. The density

of the organic phase is underestimated in all cases, especially for the butan-1-ol + water

binary system. As the molecular weight of the alcohol increases, differences between the

predicted and experimental organic density values decrease. The same is true for the density

of the aqueous phase although in this case the agreement between both results is really

quantitative. TIP4P/2005 is probably the best rigid and nonpolarizable water model in the

literature.38 In particular, it is able to predict a great number of thermodynamic properties,

including vapor-liquid (and solid) coexistence, vapor pressure, enthalpies of vaporization,

surface tension, etc.39,64,65 The same can be said about the molecular models for alcohols.

The TraPPE models are well established force fields that are able to provide very accurately

different thermodynamic properties, such as vapor-liquid coexistence and vapor pressure.41 In

general, one can say that these models are able to predict quantitatively the phase behavior of

pure water and alcohol systems. Then, why predictions from simulation are not quantitative,

especially in the case of the butan-1-ol + water binary mixture? Why differences between

simulation predictions and experimental data are larger in the organic-rich phase than in the

water-rich phase? Why differences seem to decrease as the molecular weight of the alcohol

is higher? And finally, why agreement between both results is better at low temperatures

and seems to be worse at high temperatures?

We think differences between simulation and experiments in both phases, but especially in

the case of the organic phase, could be answered using a combination of three arguments: (1)

the incompatibility of two sets of models, pure water and the homologous series of alcohols;

(2) the effect of temperature; and (3) the mutual solubilities of alcohols and water.

In general, discrepancies between simulation results and experimental data in both liquid
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phases are mainly observed when compositions of both components are comparable, or in

other words, when both components are significantly present in a phase, i.e., the organic-rich

liquid phase. We think the failure of the mixture model in predicting the properties of the

mixtures comes from the fact that, although the models for water and alcohol work very

well for pure systems, they were developed independently from each other, and have not

been optimized together. Obviously, the lost of accuracy in predicting mixture properties

is less pronounced in the case of the water-rich liquid phase. This phase can be considered

nearly a pure water phase since composition of alcohols is negligible in most cases (except

for the butan-1-ol + water mixture). The incompatibility of water and alcohol models is

even worse if we take into account that the alcohol + water systems that exhibit large

regions of LL immiscibility in the phase diagram. The high non-ideality of these systems is

a consequence of a delicate interplay between the water-water and water-alcohol hydrogen

bonding interactions, the unfavourable interactions between the alkyl chemical groups and

water molecules, and excluded volume effects associated with the chain-like character of

alcohol molecules. These effects could explain qualitatively why the molecular models used

in this work, the TIP4P/2005 and TraPPE force fields, are unable to account for correctly

the experimental liquid densities, especially for low molecular weight alcohols and in the

organic-rich liquid phase.

However, the incompatibility of the two models alone can not explain why differences

between simulation and experiments are higher in the organic phase than in the aqueous

phase. It is also necessary to include one of the key ingredients in this discussion: the mutual

solubilities of alcohols and water. As it is shown in Fig. 4 of the main article, the solubility

of water in the organic-rich phase is much higher than that of alcohols in water. This effect

is related with the hydrogen bonding interactions between water molecules, the unlike alkyl-

water interactions, and the difference in size between the components of the system. In

the case of the butan-1-ol + water binary mixture, the effective number of alcohol-water

interactions in the aqueous phase is smaller than in the organic phase. The incompatibility
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of the models produces errors in predictions when both components are present in the phase,

or in other words, when the number of effective interactions between both components

increases. This argument also allows to explain why the agreement between simulation

and experiment improves as the molecular weight of alcohols increases: heavier alcohols

contain more alkyl groups, decreasing the mutual solubility between both components. Since

the effective number of alcohol-water interactions also decrease, the contribution to the

intermolecular energy due to the unlike interactions is also lower, and agreement between

simulation and experiment improves. Obviously, this effect could be corrected if molecular

parameters of water and alcohol models are optimized together.

Figure 7: LL interfacial tension as a function of temperature of the butan-1-ol + (blue symbols),
pentan-1-ol + (red symbols), hexan-1-ol + (green symbols), heptan-1-ol + water (magenta sym-
bols), octan-1-ol + water (brown curve), nonan-1-ol + water (turquoise curve), decan-1-ol + water
(violet curve), and dodecan-1-ol + water (orange curve) mixtures at 1 bar. Filled symbols corre-
spond to experimental data taken from the literature,29 open symbols to MD NPzAT simulations
obtained in this work, and dashed curves to the fitting of the experimental interfacial tension values
to parabolic curves.

Temperature also affects agreement between predictions obtained from computer simu-

lation and experimental data. This is easily explained since mutual solubilities depend on

temperature. As the temperature increases, solubilities increase (especially in the case of

the organic-rich phase) as the compositional and orientational entropic contributions to the
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free energy overcome the unfavourable energetic contributions. According to our previous

discussion, an increase of the mutual solubility provokes more alcohol-water interactions, a

situation in which the incompatibility of both models increases, which results in a poorer

agreement between simulation and experiments. This effect is more noticeable for the organic

phase, as it was explained previously.

Finally, we consider in Fig. 7 the LL interfacial tension of the alcohol + water mixtures

from MD simulations. In addition to that, we have also represented the experimental data

taken from the literature29 in order to check the ability of the molecular models for predicting

this sensitive interfacial property. As can be seen in the figure, the interfacial tension of the

butan-1-ol + water mixture shows a parabolic behavior with the temperature. In particular,

the interfacial tension at low temperatures increases with the temperature and reaches a

relative maximum value. However, at high temperatures, the interfacial tension decreases as

the temperature is further increased.

The same behavior is observed for the interfacial tension curves of mixtures with heavier

alcohols. However, two important differences can be seen in curves as the chain length

of the alcohol is increased. Firstly, the range of interfacial tension values increases as the

alcohol is heavier. In particular, the relative maximum value reached by the interfacial

tension increases with increasing the molecular weight of the alcohol. These effects are

expected since interfacial tension increases as the phase separation is larger.29,42 Secondly,

the temperature at which the maximum value of the interfacial tension is reached increases

nearly linearly with the molecular weight of alcohols.

The TIP4P/2005 and TraPPE molecular models are able to capture the main features

of the behavior exhibited by the LL interfacial tension of the alcohol + water mixtures:

the parabolic behavior with temperature, the existence of a relative maximum value for the

interfacial tension, larger values of the interfacial tension as the molecular weight of alcohols

is increased, and an increase of the temperature at which the maximum of the interfacial

tension value is reached. Despite the overall qualitative agreement between computational
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and experimental results in predicting interfacial tension for our systems, quantitative differ-

ences are evident. The computed values are overestimated in about 10-30 % percent. In this

sense, it is worthwhile remarking that to accurately predict LL interfacial tension is compu-

tationally challenging. It is a property extremely sensitive to the molecular details and to

other simulation details, such as the cutoff radius, box size, and number of particles, among

others.52,66–70 Besides, it is important to recall that the molecular parameters of the models

used in this work have been independently optimized to predict the phase behavior of pure

fluids and not the mixture properties. Although the mixture model exhibits limitations for

quantitatively predicting the experimental data taken from the literature, we think it is able

to provide, in general, a good simultaneous predictions for the phase equilibria, including Tρ

and Tx projections of the phase diagram, as well as for the LL interfacial tension of complex

aqueous solutions of alcohols.

Conclusion

We have analyzed, from a microscopic perspective, LL interfaces of aqueous solutions of

alcohols, with particular emphasis on the structure and formation of layers of the organic

compounds oriented preferentially at the alcohol-water interfaces. In addition to that, and

taking advantage of the same microscopic models, we have provided physical insights into

the unusual behavior of the interfacial tension between long-chain alcohols and water, and

its connection with the apparent anomalous mutual solubilities at low temperatures from

a molecular level. Predictions are obtained combining NPzAT or isothermal-isobaric MD

simulations, the direct simulation technique, and simple but accurate molecular models for

water (TIP4P/2005) and linear alcohols (TraPPE-UA) that explicitly account for the most

salient microscopic features of aqueous solutions of alcohols. In this contribution, we have

considered aqueous mixtures of alcohols from the butan-1-ol + up to the octan-1-ol + water

system.
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Simulation results for density profiles of water and alcohols and a careful analysis of the

relative orientation of the alcohol molecules near the LL interfaces indicate that aqueous

solutions of alcohols show a self-organized structure of the organic compounds in contact

with the water-rich liquid phase that is enhanced as the molecular weight of the alcohol

increases. In particular: (a) a first layer is formed by alcohol molecules pointing its polar

heads (OH groups) into the aqueous phase; (b) the hydrophobic alkyl chains are rejected

from the water-rich phase, provoking an orientation of the molecules nearly perpendicular

to the interface; (c) a second layer of alcohol molecules is formed in such a way that polar

heads (OH) point towards the organic-rich liquid phase; (d) the region between the two

alcohol layers is water-free; and (e) a small adsorption of water molecules is formed near the

hydroxyl groups of alcohols in the second layer. Results, also corroborated by snapshots and

movies obtained from microscopic trajectories, provide a precise picture of the interfacial

behavior suggested by previous authors in the literature.28,33

We have also analyzed carefully the thermodynamic behavior of the systems, particularly

the temperature-density and temperature-composition projections of the phase diagrams.

The molecular models predict a decrease of mutual solubilities of both compounds at low

temperatures, in agreement with experiments and the hypothesis proposed by Donahue and

Bartell,33 Villers and Platten,26 and Tian et al.,27 i.e., solubilities of alcohols in water exhibit

a minima with temperature. According to the literature and our findings, this behavior must

be related with the unusual dependence of the interfacial tension with temperature.

TIP4P/2005 and TraPPE models are able to capture the main features of the behavior

shown by the LL interfacial tension of aqueous solutions of alcohols originally discovered by

Villers and Platten:26 (a) parabolic behavior with temperature; (b) existence of a relative

maximum value of interfacial tension; (c) larger values of interfacial tension as the molecular

weight of alcohols is increased; and (d) increase of the temperature at which the maximum

is reached as alcohols are longer.

Finally, agreement between simulation predictions and experimental data taken from the
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literature is good, including coexistence densities, liquid compositions, and also interfacial

tension values. This is especially true taking into account that simulation results are pre-

dictions obtained from molecular parameter values optimized independently to provide an

accurate description of the phase equilibria of alcohols and water. This means that mix-

ture properties are obtained using the well-known Lorentz-Berthelot combining rules. This

approach, which is probably the most direct and simplest way to describe mixtures from

pure components, is not particularly appropriate for highly non-ideal systems, such as aque-

ous solutions of alcohols. These mixtures are dominated by large regions of immiscibility

controlled by a delicate interplay between hydrogen bonding specific interactions (alcohol-

alcohol, water-water, and alcohol-water). Clearly, it would be possible to parameterize the

models to make them working well also for mixtures. However, it is encouraging to check

that this simple approach is able to provide the correct picture of the macroscopic and

microscopic behavior of these complex mixtures from a truly molecular perspective.
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(40) Mı́guez, J. M.; González-Salgado, D.; Legido, J. L.; Piñeiro, M. M. Calculation of

Interfacial Properties Using Molecular Simulation with the Reaction Field Method:

Results for Different Water Models. J. Chem. Phys. 2010, 132, 184102.

(41) Chen, B.; Potoff, J. J.; Siepmann, J. I. Monte Carlo Calculations for Alcohols and Their

Mixtures with Alkanes. Transferable Potentials for Phase Equilibria. 5. United-Atom

Description of Primary, Secondary, and Tertiary Alcohols. J. Phys. Chem. B 2001,

105, 3093–3104.
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ell, L. G. Vapor-liquid Interfacial Properties of Rigid-Linear Lennard-Jones Chains. J.

Chem. Phys. 2012, 137, 084706/1–11.

(70) Mart́ınez-Ruiz, F. J.; Blas, F. J.; Mendiboure, B.; Moreno-Ventas Bravo, A. I. Effect

of Dispersive Long-Range Corrections to the pressure Tensor: The Vapour-Liquid In-

terfacial Properties of the Lennard-Jones System Revisited. J. Chem. Phys. 2014, 141,

184701/1–17.

43



Graphical TOC Entry

Snapshot of the liquid-liquid interface of the octan-
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