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ABSTRACT: The dielectric response of fluids to electromagnetic
radiation in the microwave region originates from processes occurring
at the molecular level. Understanding these processes in more detail
is relevant to many fields, such as microwave heating, fluid mixing,
and separation technologies. In this work, we use molecular dynamics
(MD) simulations to study the dielectric spectra of ethanol/water
mixtures. We compare our predictions with experimental results at
different compositions. We show how the dielectric response can be
estimated to a high level of accuracy using three dielectric relaxations:
a dominant and slower process at microwave frequencies and two
faster processes. A deeper study of the dynamics of the hydrogen
bond network formed in these systems reveals how collective
processes between the individual species are the origin of the final
dielectric response. Our results agree with the “wait-and-switch”
mechanism, which describes the dynamics of the hydrogen bond network as the combination of two processes: the fast breakage
and formation of individual hydrogen bonds and the subsequent reorganization of the entire network once this process becomes
energetically favorable. Since the dielectric response is related to dipole reorientations in the system, it is directly linked to these
mechanisms.

■ INTRODUCTION

The interest in determining dielectric spectra of liquid mixtures
resides in studying the dynamics of these systems and
identifying possible deviations from the behavior of pure
components and their ideal mixtures. The microwave heating
efficiency in these types of binary system has been shown to
depend significantly on the nonideality of the mixture, where
higher heating rates are obtained for compositions at which
negative deviations from the ideal solution are observed and
intermolecular interactions are weaker.1 The amount of
experimental work in this area is significant and includes
systems such as alcohol/water,2−11 glycine/water,12,13 DMSO/
alcohol,14 and mixtures of acetone, DMSO, and isopropanol.15

Other authors have investigated the dielectric response of
aqueous solutions of α-D-glucose,16,17 lysine,18 and nucleo-
tides,19 mixtures of acrylic esters and alcohols,20 ionic liquids in
water21 and ethanol,22 and p-fluorophenyl acetonitile/2-
butylphenol and 2-chlor-6-fluoro-benzaldehyde/o-ethylphenol
systems.23 Mixtures of polar and nonpolar molecules such as
ethanol and benzene have also received some attention in the
literature.24−27

One of the most studied systems is the ethanol/water
mixture. Ethanol molecules are among the smallest molecules
to have both hydrophobic and hydrophilic groups. This is why

aqueous ethanol solutions are considered as a reference for the
study of interactions in biological processes, such as protein
folding, ligand binding, or membrane assembly, where
hydrophobic hydration has a significant influence.28 In addition,
ethanol/water mixtures can be found in numerous applications
ranging from their use as a solvent, biofuel, or alcoholic
beverage. Using microwaves as an alternative heating option for
these systems (e.g., for distillation or pervaporation) has also
been studied in the past.29−31

The concentration and temperature dependence of the
dielectric spectrum of this binary system have been analyzed by
several authors,2−7,11,32,33 including interpretation of the
physical origin of the different observed relaxation mechanisms.
These mixtures are generally characterized by the presence of
two relaxation processes, with a third process appearing at high
ethanol concentrations. The first and most intense relaxation
has frequently been assigned to the dynamics of the
reorganization of the entire hydrogen bond network and is
highly dependent on temperature and concentration. Despite
the presence of two different components in the mixture, their
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individual contributions cannot be clearly discerned, which
suggests a collective response appearing as a single peak in the
spectrum. A second and faster relaxation process would
correspond to the breakage and formation of individual
hydrogen bonds associated with the reorganization of the
entire structure.34 Finally, at high ethanol concentrations, an
additional intermediate relaxation process has been observed
and thought to be related to the chain-like structure of pure
ethanol.35,36 The presence of water molecules disrupts this
chain-like configuration, and this additional relaxation mecha-
nism vanishes as water becomes more predominant in the
mixture. In this context, the mechanisms leading to the
strengthening or weakening of hydrogen bond networks have
been the object of discussion for a long time.37−44 A consensus
seems to have emerged relating to the configuration of the first
hydration shell of hydrophobic groups and its influence on the
structure of the network. However, the exact mechanism by
which this configuration is established is not fully under-
stood.33,45−51

Despite the abundant literature based on experimental
studies, computational work on the determination of dielectric
properties of mixtures is not very common. Nevertheless, some
studies have led to the development of both theoretical and
empirical mixing rules for the interpolation of dielectric
properties of mixtures from their pure constituents.52−56

Additionally, Zasetsky et al. determined the dielectric spectrum
of methanol/water mixtures in the GHz/THz region using
molecular dynamics (MD) simulations.57 In their study, the
authors introduce a method to obtain the distribution of
relaxation times from the dipole moment autocorrelation
function. Analyzing the individual contribution of the two
components of the mixture, they conclude that both exhibit two
distinct relaxation modes. Additionally, accurate values of the
static dielectric constant of ethanol/water mixtures have also
been obtained using molecular dynamics simulations with
polarizable force fields.45,46 The determination of the dielectric
spectrum of ethanol/water mixtures has been mentioned as an
example of the potential of molecular dynamics simulations for
the estimation of dielectric processes.58 However, as far as we
are aware, no previous attempt has been carried out to evaluate
the accuracy of the prediction of dielectric spectra of ethanol/
water mixtures with respect to the experimental data available
in the literature.
In this work, we perform molecular dynamics simulations to

study the concentration dependence of the dielectric response
of ethanol/water mixtures, and we correlate this response to the
dynamics of the hydrogen bond network. The remainder of this
paper is organized as follows. In the next section, we provide
the details of the molecular dynamics simulations, including a
description of the force fields used to represent the
intermolecular interactions and details of the analysis of the
trajectories to determine properties of the system, such as the
dielectric spectra. We then compare the results of the
simulations with experimental measurements available from
the literature. The effect of concentration on the structure and
dynamics of the hydrogen bond network is then studied and
correlated with the dielectric response. The results obtained in
this work are therefore helpful to reach a better understanding
of changes in the dynamics of alcohol/water mixtures with
increasing alcohol concentrations and can be useful to model
microwave heating profiles of these systems. Finally, we
summarize the main conclusions of the work and provide
directions for future research.

■ COMPUTATIONAL DETAILS
In previous work,59 we analyzed the ability of different force
fields to predict the dielectric spectra of pure ethanol and water.
On the basis of this, we decided to model ethanol by means of
the TraPPE-UA force field.60,61 For water, we use a modified
version of the Fw-SPC model62 where bond stretching is
suppressed. Flexibility slows a dielectric response, resulting in
relaxation times for the Fw-SPC model that are longer than
those observed experimentally. By disallowing bond stretching,
the dielectric response of the Fw-SPC model is quickened,
while preserving its ability to reproduce the static dielectric
constant of water to an acceptable level. In addition,
compatibility between the modified Fw-SPC model and the
TraPPE-UA force field is maintained, in the sense that both are
characterized by rigid bonds and flexible angles. The
suppression of bond stretching allows the use of longer time
steps (1 fs) and reduces the duration of the simulations, while
leading to reasonable results, as shown below. Previous studies
have used polarizable force fields.45,46 However, we consider
this level of detail unnecessary for the properties we intend to
predict. In fact, by using nonpolarizable force fields, we are able
to perform simulations that are 5−10 times longer. This is
important for the accurate representation of the dielectric
response, since we ensure we are covering enough dipole
moment correlation times.
Molecular dynamics (MD) simulations are carried out using

GROMACS 4.6.3.63 Input files for all simulations performed in
this work are openly available from the University of
Strathclyde data repository at http://dx.doi.org/10.15129/
484b40b0-c5d9-42b6-9e64-581bdc710030. We study ethanol/
water mixtures of different concentrations, where all systems
consist of simulation boxes containing 1000 molecules (as
shown in Table 1) and are simulated for 25 ns. The equations

of motion are integrated by means of the leapfrog algorithm64

with a time step of 1 fs. The trajectory of the molecules is
stored every 100 fs, while the energy is recorded every 50 fs.
The simulations are performed within the NPT ensemble at
298 K and 1 bar. The Nose−́Hoover thermostat,65,66 with a
time constant of 0.1 ps, is used, while the pressure is controlled
by means of a Parrinello−Rahman barostat67,68 with a
compressibility of 4.5 × 10−5 bar−1 and a time constant of
1.0 ps. The LINCS algorithm69 is employed to constrain bond
lengths. A cutoff radius of 1.4 nm is used for the short-ranged
Lennard-Jones (LJ) interactions. Long-range electrostatics are
treated with the particle mesh Ewald (PME) method70 with a
truncation at the same distance as the LJ cutoff and a spacing
for the PME grid of 0.12 nm. Analytical tail corrections in
potential energy are used to compensate for the truncation in
LJ interactions. Cubic and tinfoil periodic boundary conditions
are used in every case, where the system and its periodic images

Table 1. Mole Fractions (xEtOH) and Number of Molecules
(NEtOH, Nwater) employed in the Molecular Dynamics
Simulations of Ethanol/Water Mixtures

xEtOH NEtOH Nwater

0.00 0 1000
0.08 80 920
0.20 200 800
0.50 500 500
0.80 800 200
1.00 1000 0
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are assumed to be immersed in a perfectly conducting medium
(infinite dielectric constant).71 Starting from independent and
equilibrated configurations, four simulations are carried out at
every concentration. The results are averaged across those four
samples to improve statistics.
Determination of Dielectric Spectrum from MD

Simulations. The total dipole moment M of a polar system
can be determined from the sum of the individual dipole
moments μi of each molecule in the system (i.e., M = ∑i

Nμi).
The MD simulations are able to generate a time series of this
quantity. With this time series, the frequency-dependent
dielectric response is directly derived from the fluctuations of
the dipole moment:72
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In eq 1, ε∞ is the infinite frequency relative permittivity, and ε0
is the zero-frequency or static dielectric constant.
In order to determine the frequency-dependent dielectric

response from eq 1, it is necessary to obtain the Fourier
transform of the dipole moment autocorrelation function ϕ(t).
However, this becomes straightforward if we make use of
predefined models for dielectric relaxation, such as the Debye
(D) and the Havriliak−Negami (HN) models. The combina-
tion of HN and Debye relaxations can be useful in cases in
which multiple processes are observed. The expression
corresponding to a 1 HN + 1 D model is given by
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where Ai and τi represent the intensity and relaxation time of
the different relaxation processes, respectively. α and β are
parameters related to the broadness and the asymmetry of the
HN signal, respectively.
The real ε′̂(ω) and imaginary ε″̂(ω) parts of the dielectric

response result in
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With the addition of a second Debye relaxation to the model (1
HN + 2 D), the frequency-dependent dielectric constant
becomes
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where the real and imaginary parts are given by
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By deriving the time domain representation of these models,
we can fit their characteristic parameters to reproduce the
dipole moment time autocorrelation functions obtained from
MD simulations. Then it is simple to obtain the frequency
dependence of the dielectric constant from the frequency
domain representation of the models (eqs 4 and 7).
The time representation of the 1 HN + 1 D model results in
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while the 1 HN + 2 D model in the time domain is given by
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where Γ is the gamma function: Γ(n) = (n − 1)!
A more detailed explanation of the procedure used to obtain

dielectric spectra from molecular dynamics simulations can be
found in a previous publication.59

■ RESULTS AND DISCUSSION
Thermodynamic Properties. We initially validate our

simulations by determining a number of thermodynamic
properties such as density, thermal expansion coefficient,
isothermal compressibility, and heat capacity of ethanol/water
mixtures. In general, the main experimental trends are
satisfactorily captured by the force fields employed in this
work, as shown in Figure S1 of the Supporting Information.

Dipole Moment Autocorrelation Function in Binary
Systems. In previous work,59 we limited ourselves to the use
of single relaxations in the analysis of the dielectric response of
one component systems. However, as mentioned in the
introduction, ethanol/water mixtures are generally modeled as
the superposition of three relaxation processes. Only in the case
of pure water does two relaxation processes suffice to reproduce
the response. As an example, in Figure 1, we compare the
performance of different models when fitting the dipole
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moment autocorrelation function (ACF) of an equimolar
ethanol/water mixture at 298 K and 1 bar. The fitting
procedure aims to reduce the sum of squares of the difference
between simulation data and model predictions and is
performed using the NLopt C++ library with the BOBYQA
algorithm.73 Only data with a dipole moment ACF greater than
0.1 is considered in the fit to avoid the noisy tails observed
below this value.
As expected, the use of a single HN relaxation provides a

better result than a single Debye process. Nevertheless, it is
clearly observed how a minimum of two relaxation processes (1
HN + 1 D model, see eq 9) is required to reproduce accurately
the result obtained in our simulations. The additional Debye
relaxation is included to take into account fast processes
occurring at very short correlation times. Moreover, the
introduction of an intermediate Debye relaxation process (1
HN + 2 D model, see eq 10) further improves the accuracy of
the fit in that region. This result is consistently observed in the
wide range of concentrations we have studied. Therefore, in the
following, we use a combination of one Havriliak−Negami and
two Debye relaxation processes to fit the dipole moment ACF
of ethanol/water mixtures, with the noted exception of pure
water, for which adding an intermediate relaxation process does
not significantly improve the fit.
Dielectric Response of Ethanol/Water Mixtures from

MD Simulations. As discussed in the introduction, the
concentration has a significant influence on the dielectric
response of binary systems.2−7,11,32,33 In Figure 2, we present
results for the concentration dependence of the dipole moment
ACF of ethanol/water mixtures, which originate from averaging
over four independent simulations. The generally low
uncertainties indicate a low variability between the different
runs for this particular system. As mentioned above, a 1 HN + 1
D model is used for pure water, while a 1 HN + 2 D fit is used
when ethanol is present in the mixture. On the basis of Figure
2, we realize that the initial relaxation at short times is
practically independent of composition. However, the influence
of concentration becomes clear when we focus on the main
relaxation process. Although it is not easily appreciated, an
intermediate and less intense process is also captured by the
model. The influence of concentration on the different
relaxation parameters given by these models is summarized in
Table 2 and Figures 3, 4, and 5.

The first aspect to note in Figure 3 is the good agreement
between the main relaxation time τ1 obtained from our
simulations and the experimental data. A slight underprediction
is observed, particularly at intermediate ethanol compositions,
but the trend in the data is equivalent. Small differences can be
attributed to the fact that most experimental studies have not
used a 1 HN + 2 D model. Some model the main relaxation by
means of the Debye model or use a lower number of
relaxations. In any case, this represents a significant achieve-
ment, particularly in terms of being able to predict microwave
heating rates, since this process is dominated by this relaxation.
According to the literature,3−7,11,32,33 this first and most intense
relaxation (τ1 ≈ 8−200 ps) corresponds to reorganization of
the hydrogen bond network and is generally modeled as a
Cole−Cole or Cole−Davidson relaxation. A fact that may
appear counterintuitive is the increase of relaxation time with a
growing ethanol concentration. Water has a stronger hydrogen
bonding structure than ethanol, and one could think that dipole
reorientation in highly aqueous systems might be more
constrained.11 In this context, a “wait-and-switch” model34

has been suggested to describe the dynamics of the liquid
phase. According to this mechanism, a “waiting” time (τ1) is
required for the hydrogen bond network to reorganize and find
the next available site to “switch” a hydrogen bond (τ2). It is
known that oscillations of free OH groups, related to the
formation and breakage of hydrogen bonds, appear as fast
relaxation processes in the spectrum (τ2 ≤ 2 ps). However, the
availability of sites to form new hydrogen bonds is limited. The
increase of the water concentration in the mixture results in an
increasing probability of finding hydrogen bonding sites, which
in turn decreases the potential energy barrier between two
dipolar orientations. Therefore, the activation energy required
to perform a molecular rotation can be more easily overcome in
mixtures with a higher water content, resulting in shorter
“waiting” times, τ1.

11 As a result, more frequent modifications of
the hydrogen bond structure will occur, leading to the faster
decays and shorter dielectric relaxation times as the mixture
approaches pure water. Additionally, according to the
experimental results, two distinct, nearly linear regions (in a
logarithmic scale) can be observed and intersect at a mole
fraction of approximately 0.2, as previously noted by Bao et al.3

Despite the reduced number of simulation results, this feature
seems to be captured by the force fields used in this work. This
mole fraction has previously been reported as a turning point
for several processes in ethanol/water mixtures. Below this
concentration, ethanol molecules are believed to disrupt
circular clusters commonly observed in pure water, at the

Figure 1. Comparison of the performance of different models used for
the fit of dipole moment autocorrelation functions of mixtures. Data in
the figure correspond to a simulation performed at 298 K and 1 bar for
an ethanol/water mixture with an ethanol mole fraction of 0.5. Black
circles represent the dipole moment autocorrelation function obtained
from simulation. Four models are compared: single Debye (orange),
single HN (green), 1 HN + 1 D (red), and 1 HN + 2 D (blue).

Figure 2. Evolution of the dipole moment autocorrelation function
with composition in ethanol/water mixtures at 298 K and 1 bar.
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price of slowing down the dielectric response.3 For higher
concentrations, self-interactions between ethanol molecules
lead to a different organization of the hydrogen bond network.
In addition, around this concentration (xEtOH = 0.2) both
activation enthalpy and activation entropy of the dominant
relaxation process reach their maximum value, and the shear
viscosity exhibits a relative minimum.4,6

Our simulations fully capture the fast relaxations associated
with the formation and breakage of hydrogen bonds, with
relaxation times τ2 ≈ 1−2 ps. However, it was not possible to
discern an additional intermediate process (τ2′ ≈ 7−12 ps), as
seen in experimental studies and related to the formation of
ethanol chains at higher ethanol concentrations.4,5,33,35,36 It is
possible that the force fields employed in this work are not able
to reproduce this phenomenon. This additional intermediate
relaxation process is thought to arise from the fluctuations of
terminal single hydrogen-bonded ethanol monomers of the
chain structure (τ2′ ≈ 7−12 ps). As water molecules are
introduced in the mixture, they tend to infiltrate the ethanol
chain structure, giving rise to shorter chains and, therefore,
increasing the number of terminal ethanol molecules. This
results in a more intense intermediate relaxation process with a
growing fraction of water in the mixture. However, when an
approximately equimolar mixture is reached, the speed-up of
the main relaxation process (τ1) results in an overlap with this

intermediate mode (τ2′), and its contribution is difficult to
observe experimentally. Both the intermediate (τ2′) and the fast
(τ2) processes can generally be modeled by means of simple
Debye relaxations.
Finally, the accurate fit of the dipole moment ACFs

generated through simulations requires an even faster process
(τ3 ≈ 0.02−0.2 ps). Since these values are greater than the time
step used in our simulations (1 fs), but less than the trajectory
sampling times (0.1 ps), this process cannot be attributed to
any physical mechanism captured by the simulations and could
be the result of the contribution of several high frequency
phenomena. Nevertheless, Li et al.33 observed relaxation times,
τ4, in this same order of magnitude for pure ethanol.
With the analyisis of the intensity of the different relaxation

processes, the relative contribution of the main process (A1) is
significantly larger than that of faster processes. The larger
magnitude of this relaxation process, which corresponds to the

Table 2. Dielectric Relaxation Parameters for Ethanol/Water Mixturesa

xEtOH 0.00 0.08 0.20 0.50 0.80 1.00
τ1/ps 8.93 ± 0.10 13.8 ± 0.3 21.3 ± 0.6 41.3 ± 0.7 85 ± 3 125 ± 3
A1 0.981 ± 0.004 0.959 ± 0.005 0.95 ± 0.02 0.943 ± 0.008 0.920 ± 0.006 0.910 ± 0.005
α 0.990 ± 0.004 0.992 ± 0.003 0.97 ± 0.02 0.94 ± 0.03 0.97 ± 0.02 0.98 ± 0.02
β 1.00 1.00 0.99 ± 0.02 1.00 1.00 1.00
τ2/ps 1.3 ± 0.4 1.3 ± 1.0 1.0 ± 0.4 1.5 ± 0.4 1.4 ± 0.4
A2 0.018 ± 0.004 0.03 ± 0.02 0.032 ± 0.004 0.046 ± 0.004 0.045 ± 0.001
τ3/ps 0.03 ± 0.01 0.066 ± 0.005 0.04 ± 0.02 0.09 ± 0.02 0.14 ± 0.02 0.18 ± 0.02
A3 0.019 ± 0.001 0.023 ± 0.001 0.016 ± 0.004 0.025 ± 0.004 0.034 ± 0.002 0.045 ± 0.004
ε0 78.4 65.6 55.1 39.2 29.4 24.7
ε0 sim 76.0 ± 0.7 62.8 ± 0.2 49.9 ± 0.4 29.2 ± 0.3 21.6 ± 0.5 17.7 ± 0.4
ε∞ 3.35 3.24 3.08 2.68 2.27 2.00

aAt 298 K and 1 bar. The experimental values of the static dielectric constant (ε0) have been obtained from different sources.2,4,5,7

Figure 3. Variation of relaxation times with concentration in ethanol/
water mixtures at 298 K and 1 bar. Circles represent the relaxation
times of the dominant HN relaxation (1), while stars, squares, and
triangles correspond to the intermediate (2′), fast (2), and very fast
(3) processes, respectively. Filled symbols correspond to the fit of the
1 HN + 2 D model to simulation data. In the case of pure water (xEtOH
= 0), a 1 HN + 1 D model is used. Open symbols correspond to
experimental data obtained from different sources: τ1,

3−6,11,33 τ2′,4,5,33
and τ2.

5,33 The dashed lines are a guide to the eye.
Figure 4. Variation of relaxation intensities with concentration in
ethanol/water mixtures at 298 K and 1 bar. Circles represent the
relaxation intensities of the dominant HN relaxation (1), while stars,
squares, and triangles correspond to the intermediate (2′), fast (2),
and very fast (3) processes, respectively. Filled symbols correspond to
the fit of the 1 HN + 2 D model to simulation data. In the case of pure
water (xEtOH = 0), a 1 HN + 1 D model is used. Open symbols
correspond to experimental data obtained from different sources:
A1,

4,5,33 A2′,4,5,33 and A2.
5,33 The dashed lines are a guide to the eye.
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reorganization of the entire hydrogen bond network,4 is
explained by the fact that the majority of the molecules in
the mixture form part of an extensive network, through multiple
hydrogen bond interactions.35 Although less intense, faster
processes seem to gain more importance as the concentration
of ethanol in the mixture increases (see Figure 4). In spite of
the fact that experimental data are somewhat scattered, the
same trend appears for the relaxation processes we are able to
reproduce (A1 and A2).
The symmetric and asymmetric deviations from the Debye

model, given by the Havriliak−Negami parameters α and β, are
both relatively weak. In the case of α, a minimum is observed
for concentrations close to the equimolar mixture, in
correspondence with experimental results.5 This could have
implications on the ideality of the mixture at those
concentrations. Another important feature to consider is the
nearly Debye behavior of the main relaxation of pure ethanol
(α = 0.98 and β = 1.00, see Table 2). This differs significantly
from results obtained previously,59 where a single HN
relaxation was used to fit the simulation data (α = 1.00 and β
= 0.77). This suggests that the asymmetric broadening in the
spectra observed for a single relaxation fit was in fact due to the
presence of additional relaxation processes at higher
frequencies.

In summary, we conclude that, although our results require
the same number of relaxation processes as the most elaborate
experimental fits,4,5,33 the intermediate relaxation (τ2′) is not
captured by our models, and a very fast process (τ3) appears,
with an uncertain physical mechanism. Even so, the excellent
results obtained for the main relaxation process (τ1) and the
fast process (τ2) allow for further interpretation of the results in
terms of the dynamics of the hydrogen bond network.
In order to obtain an accurate representation of the dielectric

spectra of ethanol/water mixtures from our simulations, we
need a good estimate of the static dielectric constant and the
infinite frequency permittivity. Previous work has shown that
the static dielectric constant (ε0) is difficult to determine
accurately through MD simulations.59,74−76 In Figure 6a, we
compare our results with available experimental data.2,4,5,7 Even
though the simulations provide a relatively good prediction, we
decided to use the experimental static dielectric constant
instead, due to the deviations observed toward higher ethanol
concentrations. However, the value of this magnitude for some
of the concentrations we have considered in our simulations is
unknown. Therefore, we decided to perform a stretched
exponential fit through the available data to obtain the missing
values:

ε
τ

= −
ε

γ⎡
⎣
⎢⎢

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟

⎤
⎦
⎥⎥A

x
exp EtOH

0
0 (11)

with A = 78.4, τε0 = 0.821, and γ = 0.740. The fit was
constrained to pass through the static dielectric constant of
pure components, which are known with a high level of
certainty. In the case of the infinite frequency permittivity (ε∞),
the available data are very scattered, as shown in Figure 6b.
Most values provided in the literature originate from fitting
experimentally determined dielectric spectra to the Debye and
the HN models. In this work, we select the results given by Li
et al.33 for pure ethanol (ε∞ = 2.00) and pure water (ε∞ = 3.35)
and use a linear interpolation for intermediate concentrations.
These authors use the 3 and 2 D relaxation models for ethanol
and water, respectively, which is a similar strategy to the 1 HN
+ 2 D and 1 HN + 1 D models we employ.
The values of ε0 and ε∞ obtained according to this

procedure, for the concentrations used in this work, are
shown in Table 2. With this in mind, and using the relaxation

Figure 5. Variation of the Havriliak−Negami parameters α and β with
concentration in ethanol/water mixtures at 298 K and 1 bar. Circles
represent values of parameter α, while triangles correspond to
parameter β. Filled symbols correspond to the fit of the 1 HN + 2
D model to simulation data. In the case of pure water (xEtOH = 0), a 1
HN + 1 D model is used. Open symbols correspond to experimental
data.5 The dashed lines are a guide to the eye.

Figure 6. Influence of concentration on (a) the static dielectric constant (ε0) and (b) the infinite frequency permittivity (ε∞) of ethanol/water
mixtures, at 298 K and 1 bar. Filled circles represent results obtained in our simulations. Open symbols correspond to experimental data for the static
dielectric constant2,4,5,7 and infinite frequency permittivity.3−5,7,33 Solid lines show fits to experimental data.
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parameters summarized in Table 2, we proceed to calculate the
dielectric spectra of ethanol/water mixtures. As previously
stated, a 1 HN + 1 D model (eq 4) was used for pure water,
while a 1 HN + 2 D model (eq 7) was employed for the
remaining systems. The resulting real and imaginary parts of
the spectra are shown in Figure 7a,b, respectively, and
compared with experimental data.

We can observe how the prediction of the dielectric spectra
of ethanol/water mixtures is outstanding, especially at low
ethanol concentrations. In particular, the dielectric loss of pure
water is extremely well-described by the semiflexible Fw-SPC
model used in this work (see Figure 7b), outperforming the
original Fw-SPC model, which was shown in previous work.59

Small deviations appear as the concentration of ethanol in the
mixture increases. However, the results are still acceptable in
those cases. As explained previously, the global dielectric
response of the mixture slows down and becomes less intense
as ethanol becomes the dominant component.
Contribution of the Different Relaxation Processes. As

a first illustration of the ability of our approach to improve the
physical understanding of dielectric responses, we study the
decomposition of the dielectric spectra into different relaxation
processes. Figure 8 shows the contribution of these processes to
the global response for all the concentrations considered in this
work. The parameters defining these processes, and their
variation with mole fraction, have been reported previously in
Table 2 and Figures 3, 4, and 5. In this representation, it
becomes clear how the different relaxation mechanisms cannot
be individually assigned to specific components of the mixture.
If we focus on the main relaxation (τ1), only one dominant
peak is observed in the spectra, and it is not formed by separate
contributions of processes with the frequencies and amplitudes
that correspond to the pure components. This reinforces the
hypothesis that the mechanism behind the dominant relaxation

originates from the global reorganization of the entire structure
of the fluid. The intensity of this process is significantly larger
than that of the remaining faster processes because more
molecules are involved in the response.35 The relaxation
mechanism shifts as a whole toward lower frequencies as the
concentration of ethanol in the mixture increases (from Figure
8a to Figure 8f), indicating that, as expected, the composition of
the mixture is an important factor in the dynamics of the
hydrogen bond network. As mentioned before, we do not
observe an intermediate relaxation process (τ2′), which had
been associated with the presence of chain-like structures
formed by ethanol molecules.35,36 However, we are able to
detect two fast processes (τ2 and τ3) that have previously been
identified in the literature as the breakage and formation of
individual hydrogen bonds.11,34

Hydrogen Bond Network. The “wait-and-switch” mech-
anism34 mentioned previously can be used to link the
observations on the dynamics of the hydrogen bond network
with the dielectric response of ethanol/water mixtures. We have
analyzed the hydrogen bond networks in our simulations.
Details are provided in the Supporting Information, along with
a discussion of their structure. In particular, we find that the
hydrogen bond network is more extensive in water than in
ethanol. For pure water, there is a hydrogen bond network that
spans the system. Significant numbers of water molecules,
however, are not bonded to this main network and form
monomers, dimers, and a series of smaller networks. As ethanol
is added to the mixture, the spanning network seems to
gradually vanish. Initially, individual ethanol molecules tend to
form hydrogen bonds with water molecules, and the weakening
of the hydrogen bond network is not too significant. However,
when the mole fraction of ethanol reaches values between 0.08
and 0.20, the ethanol molecules have more chances to cluster
with each other. When this occurs, the size of the network
decreases significantly faster due to the hydrophobic nature of
those clusters, in agreement with the conclusions reached by Li
et al.33 The extended network finally disappears at an ethanol
mole fraction between 0.50 and 0.80. At this point, monomers,
dimers, and smaller clusters are more likely to occur. The
fraction of both ethanol and water molecules belonging to
extended networks increases as the network grows larger,
confirming the hypothesis that the dynamics of the hydrogen
bond network is the result of the combined action of both
species of the mixture, which in turn has implications on the
characteristics of the dielectric response of the system.
The lower availability of hydrogen bonding sites at high

ethanol concentrations decreases the probability of dipole
reorientation in the system. Hence, the dielectric response will
be slower. As the mole fraction of water increases, more
hydrogen bonding sites become available, reducing the
potential energy barrier for dipole reorientation. This generates
a more frequent “switch” of the fluid structure and, therefore, a
faster dielectric response at higher water concentrations.
Figure 9 shows the effect of ethanol concentration on the

distribution of hydrogen bond lifetimes, plotted as a probability
density function. As expected from previous stud-
ies,4−6,11,33,77−81 most hydrogen bonds have a life expectancy
shorter than 2 ps. However, increasing ethanol concentrations
result in wider distributions extending to longer hydrogen bond
lifetimes. This confirms the previous hypothesis since it means
that fast hydrogen bond “switches” are less frequent and that
the “waiting” time for the reorganization of the hydrogen bond
network becomes longer. This is related to the slow down of

Figure 7. Evolution of the (a) real part and (b) imaginary part of the
dielectric spectra of ethanol/water mixtures with composition at 298 K
and 1 bar. Solid lines represent results obtained in our simulations,
while circles represent experimental values obtained from different
sources.2,5
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the global dielectric response at higher ethanol concentrations
(τ1 in Figure 3).

■ CONCLUSIONS
In this work, we use MD simulations to predict the dielectric
spectra of ethanol/water mixtures, one of the most studied

systems due to their simplicity and wide range of applications.
MD simulations are performed using the TraPPE-UA force
field for ethanol and a modified version of the Fw-SPC water
model. Following the methodology previously applied to the
study of single component systems, we are able to predict the
dielectric spectra of ethanol/water mixtures of different
concentrations to a high level of accuracy. This is an important
result, since it allows estimation of the dielectric response, with
a good level of confidence, at additional intermediate
concentrations that have not been determined experimentally.
In addition, it opens the possibility to study the influence on
the dielectric response of additional variables, such as
temperature. We show how, when ethanol is present in the
mixture, at least three relaxation processes are required to
model the dielectric response: a dominant process at
microwave frequencies and two additional faster processes.
Only in the case of water, two relaxation processes suffice.
Although we implemented a Havriliak−Negami model to
reproduce the dominant process, the deviations from the
Debye model are not very substantial, and a rather ideal
response is observed.

Figure 8. Dielectric spectra of ethanol/water mixtures at 298 K and 1 bar at mole fractions of ethanol of (a) 0.00, (b) 0.08, (c) 0.20, (d) 0.50, (e)
0.80, and (f) 1.00. The global response obtained through MD simulations is shown as solid lines. The contribution of different relaxation processes
to the dielectric spectra is shown as shaded regions in the figure. Open circles represent experimental values obtained from different sources.2,5

Figure 9. Effect of concentration on the distribution of hydrogen bond
lifetimes in ethanol/water mixtures at 298 K and 1 bar.
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Previous studies have suggested that the dielectric response
of ethanol/water mixtures originates from collective processes
of its extended hydrogen bond network, rather than from
individual contributions of the constituents of the mixture. A
“wait-and-switch” mechanism34 has been proposed, where the
dominant and slower relaxation process results from the
reorganization of the entire hydrogen bond network which, in
turn, requires the breakage and formation of individual
hydrogen bonds at a faster rate. The results obtained in this
work confirm the predictions of the “wait-and-switch”
hypothesis for the ethanol/water mixture. We show how the
“switching” time of individual hydrogen bonds increases as the
fraction of ethanol in the mixture becomes predominant. A
percolating network seems to exist at high water concentrations
where the large availability of hydrogen bonds makes the
“switches” more frequent and lowers the energy barrier for the
reorganization of the entire network. As ethanol becomes
predominant in the mixture, the hydrogen bond network tends
to vanish. This results in a slower reorganization of the system
and, therefore, in a slower global dielectric response at higher
ethanol concentrations.
The results presented in this work can easily be extended to

other mixtures and offer guidance for systems with limited
availability of experimental data, provided accurate and
transferable force fields exist for those systems. In addition,
the use of MD simulations can provide an even deeper level of
understanding of the mechanisms governing fluid mixtures by
studying the dynamics of the individual species of the mixture
and the correlations between them. The outcomes obtained
from MD simulations, that might not be accessible through
current experimental methods, can have significant applications
in fields such as microwave heating, fluid mixing, separation
technologies, and reaction processes in the liquid phase.
Additionally, a range of monitoring techniques could
potentially be developed based on the conclusions of this and
similar studies.
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