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ABSTRACT

Thermal fields induce thermal polarization and the buildup of a stationary net electric field in polar liquids. While the thermal polarization
effect in water has been studied before, the coupling effects between heat and polarization fluxes remain unexplored in most polar fluids. Here,
we investigate thermal transport and thermal polarization in liquid and supercritical ethanol through non-equilibrium molecular dynamics
simulations using the TraPPE force field. We discuss the thermal conductivity of ethanol under various thermodynamic conditions and its
correlation with other thermophysical properties, such as isothermal compressibility and specific heat capacity. Furthermore, we demonstrate
that thermal gradients polarize liquid and supercritical ethanol. We report an inversion in the sign of the polarization field along the liquid
branch of the liquid-vapor saturation line and discuss the microscopic origin of this inversion. Near the critical point, the thermal polarization
effect increases significantly, as observed in water. Finally, we show a correlation between the sign reversal of the thermal polarization and the
minimum in the liquid-vapor surface potential of ethanol.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0279464

I. INTRODUCTION

Understanding thermal transport in fluids is crucial for both
industry and fundamental research. Fluids are particularly valu-
able for thermal management in electrical devices and vehicles'
and energy storage solutions.”” There is also a growing interest in
enhancing thermal transport capabilities through nanofluids, which
are created by adding nanoparticles to base fluids. A key ther-
mophysical property of both pure fluids and suspensions is their
thermal conductivity.

While there are established methods for measuring the thermal
conductivity of fluids,” modeling the thermal transport of liquids is
challenging. Bridgmann introduced an empirical equation that pro-
vides a physical foundation for understanding thermal transport in
relation to parameters such as the speed of sound or the molecular
volume.”” Despite these early advancements, we still lack compre-
hensive theoretical models that can accurately predict the thermal
conductivity of liquids.

Previous studies have demonstrated that thermal gradients
induce non-equilibrium coupling effects, resulting in the forma-
tion of a stationary electrostatic field that varies linearly with the
strength of the thermal gradient.'”'" This phenomenon, known as
Thermal Polarization (TP), aligns with the principles of Linear Non-
Equilibrium Thermodynamics (LNET),'” and the TP effect arises

from the coupling of a displacement current and a heat flux. A well-
known example of a non-equilibrium coupling effect is thermodif-
fusion, initially observed by Ludwig and Soret in ionic solutions.'” "
Thermodiffusion results from the coupling of mass and heat fluxes
in mixtures, and it causes a reduction in the thermal conductivity of
the mixtures.'® According to LNET, any coupling effect, including
TP, contributes to a decrease in thermal conductivity.

Recent studies analyzed the effects of thermal polarization in
polar fluids, such as water and acetonitrile, across a wide range of
thermodynamic states.''”'¥ The thermal polarization of acetoni-
trile, an aprotic solvent, results in a measurable reduction of thermal
conductivity (by approximately 2%-5%) at typical liquid densities
and temperatures from 300 to 700 K, relative to the thermal con-
ductivity that would be obtained in the absence of the thermal
polarization effect. Additionally, molecular orientation induced by
thermal gradients has been reported in non-polar fluids."” *' In these
cases, the orientation results from the coupling of a mass dipole with
the heat flux.

The thermal polarization effect in water is quite complex.
There is an inversion in the direction of the thermally induced
electrostatic fields when a thermal field is applied in liquids and
high-density supercritical water.'"”” Atomistic non-equilibrium
molecular dynamics simulations also indicate a divergence in the
electrostatic field response at the critical point.”” Dipolar and
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quadrupolar interactions play a significant role in determining the
water properties. Theoretical studies have highlighted the impor-
tance of these electrostatic moments, showing that the molecular
dipole-to-quadrupole ratio can be used as a parameter that correlates
with the accuracy of water force fields.”* This dipole-quadrupole
ratio is also fundamental for understanding the emergence of
inversion points in the thermal polarization field of water.'"””

Understanding the role of thermal coupling effects in polar flu-
ids, and in particular thermal polarization, is essential in various
fields, including energy and optothermal materials,” electropora-
tion,” electrochemistry,” and the behavior of electrodes under
non-equilibrium conditions.”** In this study, we expand our inves-
tigation of thermal polarization to another important hydrogen-
bonded fluid: ethanol. This solvent is significant in numerous
applications. It is employed as a co-solvent with water in
catalysis,””’" oxidation processes using nanomaterials,”” nanoscale
phase separation induced by the heating of nanoparticles,”” or
nanofluids.”

Both water and ethanol form strong hydrogen bonds and have
similar dipole moments in the gas phase.”” However, the ther-
mal conductivity of ethanol is significantly lower [0.17 W/(K m)]
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compared to that of water [0.60 W/(K m)] under standard
conditions.””” This difference indicates that the non-polar alkyl
chain and reduced hydrogen bonding in ethanol hinder heat
conduction.

In this study, we use Non-Equilibrium Molecular Dynamics
(NEMD) simulations to examine the thermal transport and ther-
mal polarization of ethanol. We model the ethanol molecules using
the Transferable Potentials for Phase Equilibria (TraPPE) force field,
which applies a united-atom approach to represent alkyl groups.”
This force field accurately predicts various thermophysical proper-
ties, including the critical point, and has been used in studies of
supercritical ethanol.””*” Our findings indicate that ethanol is polar-
ized by thermal gradients. Notably, when the liquid is heated along
its saturation line or at a constant volume, it exhibits an inversion
of the thermal polarization field. This behavior is similar to the
phenomenon previously reported for water. "~~~

Il. METHODS

We conducted boundary-driven Non-Equilibrium Molecular
Dynamics (NEMD) simulations using LAMMPS (version from

400

60 80 100 120
z (A)

FIG. 1. The top panel displays the snapshot of the simulation cell used in the Non-Equilibrium Molecular Dynamics (NEMD) simulations of ethanol. The snapshot was created
using OVITO.*” The spheres are color-coded: blue represents CHs, green represents CH,, red represents oxygen (O), and white represents hydrogen (H). The bottom
panels display the temperature, density, and electrostatic potential profiles. The local curvature in the profiles emerges from spatial variations in the thermal conductivity and
thermal expansion across different thermodynamic states sampled in the non-equilibrium simulations. The lowest panel shows the total electrostatic potential, alongside the
dipolar and quadrupolar contributions. The sum of the dipolar and quadrupolar terms is shown in black and compared against the total potential to evaluate the accuracy of
the decomposition. The dipolar and quadrupolar contributions were computed using the molecular center of mass as the reference point for calculations. See Sec. Il for a
discussion on how the choice of molecular reference affects the calculation of the electrostatic moments. The regions maintained at high and low temperatures are indicated

in red and blue, respectively.
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2 Aug2023)""" to investigate the thermal transport and polarization
properties of ethanol. To establish thermal gradients within the sim-
ulation box, we applied thermostats to the ethanol molecules located
in regions at the edges and the center of the box, maintaining pre-
defined hot (The) and cold (Tcq) temperatures in those regions
(see Fig. 1). Each thermostat region had a thickness of 0.1 nm, and
the size and shape of the simulation box were defined with the ratios
{Ly:Ly:L;y={1:1:3}and Ly ~ 40 A.

We employed two Canonical Sampling Velocity Rescaling
(CSVR) thermostats*’ to regulate the temperature of ethanol at each
timestep (1 fs) with a coupling constant of 100 fs. Additionally,
we reset the center of mass momentum of the entire simulation at
every timestep. To compute the electrostatic interactions, we used
the Particle-Particle Particle-Mesh (PPPM) method,* targeting a
force accuracy of 5 x 107° keal/(mol A). We also applied the PPPM
method for long-range dispersion interactions.””*® For computing
the real and reciprocal space contributions in long-range dispersion
interactions, we set accuracies of 10™* and 2 x 107* kcal/(mol A),
respectively.

A typical NEMD simulation cell contained 2000 ethanol
molecules modeled using the TraPPE potential.”® We use the same
Lennard-Jones, bending, and torsion parameters as in the origi-
nal potential. We model the molecule with flexible bonds using
a harmonic potential, U, = k(r — ro)2 , where ro is the equilib-
rium bond length, taken from the original TraPPE force field.
We use the following force constants: kcu,-ch, = 309.93, kcu,-o
=320.08, ko-g = 552.99 kcal/(mol AZ). Initially, the simulation box
was equilibrated at the target temperature, and the simulation cell
was gradually rescaled in the x, y, and z directions to achieve the
target density of the liquid phase along the liquid coexistence line.”
The system was then pre-equilibrated at the same temperature using
the global canonical CSVR thermostat*’ for 5 nanoseconds (ns).

NEMD simulations were conducted using thermostats set to
Thot and Tcoq. We simulated density and temperature state points
along the liquid saturation line and various isochores within the
liquid region. After an additional 1 ns of simulation, the system
reached a steady state, after which we computed the density and tem-
perature profiles. All properties were calculated by averaging over
300 bins along the z-axis, resulting in bin sizes of around 0.4 A,
depending on the density. These values were subsequently used to
obtain the equation of state and thermal conductivity. NEMD pro-
duction runs lasted for a minimum of 10 ns and averaged over
10 replicas, each initialized using a different random number seed
for the thermostats. The total accumulated sampling time across all
replicas was 100 ns. To calculate the thermal polarization field, we
computed the charge density every 10° steps, collecting a total of 10°
configurations from 10 replicas for each state point.

The thermal conductivity at position z, A(z), was calculated
using Fourier’s Law,

_
VT(z)

Mz) = 1)

where VT(z) is the local temperature gradient in the direction

of heat flux J;. The heat flux was obtained from the continuity
equation,

]q = S0 (2)

ARTICLE pubs.aip.org/aipl/jcp

where Q is the total simulated heat rate, A is the cross-sectional
area of the simulation box in the direction perpendicular to the
heat flux, and factor “2” is included to account for the two heat
fluxes generated within the simulation cell (see Fig. 1). The heat
rate was determined by analyzing the energy transfer in the hot and
cold regions. In Non-Equilibrium Molecular Dynamics (NEMD)
simulations that maintain good energy conservation, the energy
transfer between the two thermostats should be equal in magni-
tude but opposite in sign. As demonstrated in Fig. 8 in Appendix A,
our NEMD method ensures excellent energy conservation, and the
heat rates from the hot and cold regions agree within the lim-
its of computational accuracy. Additionally, we compare the heat
flux calculated using the continuity route [Eq. (2)] with the micro-
scopic Irvin-Kirkwood heat flux expression truncated to first order
(IK1) (see Refs. 48 and 49). Our results are presented in Fig. 9 in
Appendix B. The agreement between the continuity equation and
the IK1 route is excellent.

To quantify the polarization coupling induced by a thermal
gradient, we calculated charge density p, (2),

1 Neharges
pu(2) = z( > qi(s(z—zf)). G
i1

The angular brackets represent the binned time average of the sum
over all charged sites, where g ; and z; are the charge and z-coordinate
of site i, respectively. In the case of the ethanol molecule mod-
eled using the TraPPE force field,” the charged sites include the
CH, group (qch, = 0.265¢), the oxygen atom (g, = —0.7¢), and the
hydrogen atom (g; = 0.435e). The electrostatic field associated with
the heat flux was projected in the direction of the heat flux, E;, and
was calculated by integrating the charge density,

1 z 4 !

E(2) = — [ pu(e) a2, (4)

& Jo
where ¢ represents the vacuum permittivity. The thermopolariza-
tion coefficient, Stp, quantifies the strength of the field induced by
the thermal gradient, and it was calculated using the equation

E.(z)
VI(z)

Stp(2) = (5)

We also integrated the electric field to obtain the induced electric
potential (¢(z) = — [," E-(z") dz’).Inthis case, Stp is obtained from
Stp(z) = —0¢(2) /0T (z) (see Fig. 10 in Appendix C).

Additionally, we calculated the dipolar (P;) and quadrupolar
(Q,,) contributions to the electrostatic charge density,”’

1o} e
p(z):_&PZ(z)'F@sz(z)‘*"', (6)

where the dipolar and quadrupolar terms are defined as

1 [ No Nonarges
P.(z) = A<Z 8(z—zm) Y. q:’,mzi,m>» (7)

iem

1 [N lNchmgcs 5
Qz(z) = n > S(Z*Zm)i > GimZim ) (8)

iem
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In the equations above, z;, is the z-coordinate of the reference point
selected for a specific ethanol molecule, which is defined as the
molecular center of mass throughout the main text. We provide a
comparison of the electrostatic moments calculated using alterna-
tive reference points in Appendix G. The effects of using various
reference points in water have been discussed recently.”! The terms
q;,, and zim represent the charge and z-coordinate, respectively, of
the ith charged site in the mth ethanol molecule. The summations in
Egs. (7) and (8) are over all molecules in the system, and the inner
sums are over every charged atom within them.

In our previous work on water, we established a correlation
between the inversion of the thermopolarization field and the change
in the sign of the gradient of the electrostatic potential of the
liquid-vapor interface as a function of temperature.'' To further
investigate this correlation, we performed equilibrium NVT simu-
lations of the liquid-vapor interface of ethanol. We started with a
pre-equilibrated simulation box, which was then elongated by 100 A
on each side in the z direction (perpendicular to the interface plane).
The setup is illustrated in Fig. 11 in Appendix D. The system was
equilibrated for 1 ns, followed by 10 ns of simulation to calcu-
late the electrostatic potential. The bottom panels in Fig. 11 show
representative density and electrostatic potential profiles.

We conducted equilibrium simulations using Gromacs
(ver. January 2024)">” to calculate fluctuation properties and
evaluate the influence of thermal polarization coupling on the
thermal conductivity of ethanol. Each simulation box contained
1728 ethanol molecules arranged in a cubic configuration, and the
simulations were carried out for a minimum of 20 ns with a timestep
of 1 fs. Following the simulations, we determined the dielectric
permittivity (&) and the Debye relaxation time (7p) to assess the
change in thermal conductivity (1) due to the thermopolarization
effect. This change in thermal conductivity is defined as follows:'”

ARTICLE pubs.aip.org/aipl/jcp
o) = STPT( e ) )
() & — 1

Additional information regarding the calculation of dielectric
permittivity and Debye relaxation time can be found in Appendix E.

Ill. RESULTS

Figure 2 illustrates the equations of state along the liquid
branch of the coexistence diagram, which were derived from the
local temperatures and densities of the Non-Equilibrium Molecular
Dynamics (NEMD) simulations. The results from these simulations
demonstrate excellent agreement with both experimental data™
and previous equilibrium simulations.”” This consistency confirms
the accuracy of the TraPPE force field regarding the coexistence
properties compared to experimental observations. Furthermore,
the consistency of the equilibrium and non-equilibrium simulation
results indicates that our simulation reproduces the state of local
equilibrium and supports the linear response for thermal gradients
employed in this work, ~1 K/A. Additionally, fluctuation proper-
ties, such as the isobaric thermal expansion coefficient, isothermal
compressibility, and isentropic (adiabatic) speed of sound in ethanol
(see Table I) obtained from equilibrium simulations, are close to
the experimental results.”” " However, the TraPPE model is slightly
more compressible and features a higher thermal expansion at 300 K
and standard pressure.

The thermal conductivities of ethanol, calculated at various
thermodynamic states along the saturation line, are shown in

Fig. 3(a). As the temperature increases and the system approaches
the critical point, the thermal conductivity decreases. This trend is
consistent with experimental findings.””" We report a consistent
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FIG. 2. Equations of state (EOS) calculated using the local temperature and density profiles obtained in the non-equilibrium molecular dynamics (NEMD) simulations.
The isobars are color-coded according to their average pressure in the NEMD simulation (see color bar for pressure values). The dashed lines represent the liquid—vapor
coexistence lines of the TraPPE model reported in Ref. 39. The black “x” marks the TraPPE critical point (509.1 K, 0.276 g/cm®), compared to the green “x,” which represents
the experimental value.>* The magenta triangles represent the coexistence lines obtained in this work through direct coexistence simulations of an epr|C|t liquid slab in the
NVT ensemble. The green square and diamond markers represent experimental data from Refs. 36 and 55, respectively.
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TABLE . Fluctuation and dielectric properties computed from equilibrium simulations at the thermodynamic states along the saturation curve using Gromacs. T is temperature,
p is density, « is the isobaric thermal expansion coefficient, x7 is the isothermal compressibility, cs is the adiabatic speed of sound, ¢ is the static dielectric constant, 7p is
the Debye relaxation time, and dA is the difference from the total thermal conductivity A associated with the thermal polarization effect and calculated using Eq. (9). Values in
parentheses represent the standard deviations calculated across independent replicas.

T(K) p(g/em®)  «(107*K™") & (107 m*™) ¢ (m/s) & o (ps) A (mWK ' m™) 81 (%)
300.0 0.781 14.7(1.2) 15.0(0.8) 1033.6(43.4) 17.51(0.10) 110.94(2.33) -0.13 0.09
350.0 0.732 18.8(1.4) 22.9(0.7) 881.8(21.0) 12.90(0.03)  24.56(0.60) ~0.39 0.30
399.9 0.673 30.4(2.6) 42.9(1.4) 721.0(182)  9.24(0.02) 8.10(0.04) ~0.03 0.003
449.9 0.590 48.7(3.4) 104.0(3.3) 528.9(14.4) 6.59(0.01) 3.45(0.01) -2.60 2.34
495.0 0.452 194.7(6.2) 818.8(9.3) 283.4(19.3) 4.53(0.01) 1.76(0.01) -65.4 66.7

underestimation of the thermal conductivity compared to experi-
mental data, resembling the discrepancies reported with the OPLS
force field.” Later studies using the OPLS-AA force field reported
higher thermal conductivities. However, those values are still below
the experimental results at temperatures around 300 K. Good
agreement between simulated and experimental thermal conductiv-
ities was achieved using a rigid non-polarizable three-site model of
ethanol.”’

The decrease in thermal conductivity with rising temperature
can be explained by the thermal expansion of the liquid. The Bridg-
man equation offers a phenomenological perspective to clarify this
behavior,”

A = Akgv 2, (10)

where A is a constant, v is the molar volume, and c is the speed
of sound. We find that the speed of sound of the liquid consis-
tently decreases along the saturation line as the temperature rises.

This trend is primarily due to the increasing isothermal compress-
ibility [see Table I and Eq. (E1) in Appendix E]. In addition, the
density of the liquid also decreases with increasing temperature.
Together, these two factors contribute to reducing heat transfer and
thermal conductivity, as indicated by Eq. (10). Notably, the simu-
lated speed of sound in Table I is consistently about 15% lower than
the experimental values reported by Ahmadi et al.”> According to
Eq. (10), this discrepancy will also lead to a reduction in thermal
conductivity.

Assael et al. proposed a correlation formula to predict the ther-
mal conductivity of ethanol based on its temperature and density.*®
This formula accurately reproduces the experimental data. When the
correlation is adjusted by a factor of 0.83, calculated from the average
difference between experimental and simulated thermal conductiv-
ity, it aligns closely with our NEMD simulation results [see Fig. 3(a)].
Notably, this scaling factor is very close to the ~10% underesti-
mation observed in the speed of sound between simulations and

700

(a) (b)
m Exp 0.825 g/cm?
0.2251 %  Corr X 0781 g/cm3 I
& NEMD ¥ 0732 glcm?® ] }
0.200 : ‘ } }
.
Z 0.1751
= Ly : ; } {
= ey ; 3
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ST |
R = k ¥
0.125 ‘i\ 1
0.100 ;
250 300 350 400 450 500 250 300 350 400 450 500 550 600 650
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FIG. 3. (a) The thermal conductivity of ethanol along the liquid-vapor saturation line. The green square markers represent the experimental thermal conductivities reported
in Ref. 36, and blue circles represent the NEMD data simulated in this work. The error bars represent the standard deviation obtained using ten replicas. The “x” markers
represent the thermal conductivity values computed with the correlation equation reported in Ref. 58, scaled by a factor of 0.83 to match the average difference between
experimental and simulated conductivities. (b) Thermal conductivities computed from NEMD simulations at 0.825, 0.781, and 0.732 g/cm?® isochores and a temperature
range of 250-700 K. The lines in panels (a) and (b) serve as a guide to the eye. Numerical values are reported in Table |I.
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FIG. 4. The thermal polarization coefficient and its dipolar and quadrupolar contri-
butions computed along the saturation line of liquid ethanol. The black horizontal
dashed lines indicate Stp = 0 V/K. The calculations for the quadrupole and dipole
terms were conducted using the center of mass of the molecule as a reference
point. The solid lines serve as a guide to the eye.

experiments at temperatures of ~300 — 350 K.”** While the Bridg-
man equation may not always provide quantitative conductivity
values, it offers meaningful physical insight. In particular, the corre-
lation between the speed of sound and thermal conductivity helps to
explain the consistent underestimation of the thermal conductivity
reported here.

In Fig. 3(b), we present the thermal conductivity of ethanol
for different high-density isochores. We also examine temperatures
up to 700 K, which result in high pressures of 4500 atm. The sim-
ulated thermal conductivity increases with density. The molecular
packing increases with density, facilitating a more efficient inter-
molecular energy transfer, as indicated by Eq. (10). Within the
high-density isochores ranging from 0.732 to 0.825 g/cm”, the ther-
mal conductivity increases linearly with temperature at a uniform
slope (~0.23 mWK > m™"). A similar rate of increase in thermal
conductivity with temperature (~ 0.3 mWK > m™") can be observed
in the experimental data,”® which supports the consistency between
simulated and experimental results.

Figure 4 illustrates the thermal polarization coefficient, Stp,
along the liquid saturation line of ethanol. Our results show that
thermal gradients induce the polarization of ethanol. The strength
of this thermal polarization is comparable to that reported in pre-
vious studies of water'' and acetonitrile.”” Notably, we observe
an inversion of the polarization field at ~400 K (see Fig. 10 in
Appendix C) for the electrostatic potential as a function of tem-
perature near the inversion point. Above this temperature, the total
polarization coefficient becomes negative. A similar inversion in the
sign of the thermal polarization field is present in water. While the
specific inversion temperature varies depending on the water force
field used, we concluded that the expected inversion in experimen-
tal observations of water is likely to occur above 400-500 K.'' This
estimate is based on the results from two accurate water models,
TIP4P/2005 and OPC, which successfully reproduced the thermal
expansion of water, a key quantity in the phenomenological theory
developed in Ref. 11

The observation of an inversion temperature in water can be
explained by considering the balance of different contributions to
the total electrostatic field. Following earlier works,””"" the charge

ARTICLE pubs.aip.org/aipl/jcp

density can be expanded in a series of terms, including dipolar P and
quadrupolar Q, contributions for systems that do not contain free
charges.

The calculation of the electrostatic moments requires the choice
of a molecular reference point. Following Ref. 50, the center of mass
is the usual choice for this molecular reference, but others are pos-
sible. The dependence of the dipolar contribution on the molecular
reference has been discussed recently.z‘\"‘;1 In our calculations, the
total electrostatic potential derived from the sum of dipolar and
quadrupolar terms for different choices is approximately equal (with
average deviations on the order of 4%-6%) to that obtained from
the integral of the charge density. This is illustrated in Fig. 1, which
shows good agreement between the electrostatic potentials calcu-
lated from the integral of the charge density and those obtained
through the molecular approach, incorporating both dipolar and
quadrupolar contributions and using the molecular center of mass
to calculate these contributions.

We analyzed how our results depend on the chosen ori-
gin. Figure 13 and Table III in Appendix G present the dipolar,
quadrupolar, and total thermal polarization coefficients for various
reference points: the molecular center of mass of ethanol, which is
commonly chosen as the center of mass,”’ as well as the locations of
CH3, CH;, O, and H.

When we bin the dipolar and quadrupolar contributions along
the heat flux vector, we observe that different molecular reference
points yield different values for the P and Q contributions to Stp due
to different assignments of the multipole to each bin. However, their
sum gives consistent Srp, and notably, the P and Q contributions
have always opposite signs, regardless of the reference point used.
This finding is significant as it allows us to understand the emergence
of an inversion temperature as a balance between the contributions
of Pand Q. This balance is preserved for all the reference points sam-
pled in our study. Hence, from now on, we will discuss our results
using the center of mass as a reference point.

As the temperature increases along the saturation line, we
observe a weakening of the dipole contribution due to a reduction
in the structural organization of molecular dipoles and a loss of their
alignment in a predominant direction. This diminishing trend has
been observed in water near its critical point.”

The structural differences between water and ethanol, par-
ticularly the presence of a nonpolar ethyl group and a weaker
hydrogen-bonding network in ethanol, make the dipole orientation
more susceptible to disruption, even under subcritical conditions.
Additionally, these differences cause the contributions from the
quadrupolar term to the thermal polarization to be less sensitive
to temperature changes up to 400 K. The inversion we observe at
~400 K can be interpreted as a balance of different molecular mul-
tipole moments, which contribute with opposite signs to the total
thermal polarization coefficient. Following the discussion in well-
recognized texts on the subject,”’ examining the various molecular
contributions provides a valuable approach to understanding the
electrostatics of molecular fluids.

Our results indicate a significant increase in thermal polariza-
tion as the liquid approaches its critical point. This enhancement in
polarization reaches values comparable to those observed near the
primary liquid-vapor critical point of water, with Stp ~ —4 mV/K.>’
A similar increase has recently been observed in simulations of
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supercooled water, where this enhancement occurs within a thermo-
dynamic region associated with the proposed liquid-liquid critical
point.'® In ethanol, we observe an enhancement in one of the
molecular moments near the critical point, which corresponds to
a notable increase in the isobaric thermal expansion coefficient
(see Table I).

Figure 5 illustrates the thermal polarization coefficient along
various isochores. In all high-density isochores [Figs. 5(a)-5(c)],
an inversion in thermal polarization is observed. This inversion
is attributed to the balance of molecular multipoles. The inver-
sion temperatures of 451, 481, and 505 K increase with the ethanol
densities of 0.732, 0.781, and 0.825 g/cmS, respectively. However,
compared to the strong enhancement observed along the coexis-
tence line as the system approaches the critical point, these liquid
isochores exhibit a weaker thermal polarization effect above the
inversion temperature, with Stp strength being less than 2 mV/K.
Additionally, we observe that Stp along the critical isochore shows
a rapid increase with decreasing temperature [see Fig. 5(d)]. These
results support the enhancement of the thermal polarization effect
under critical conditions.

Figure 6 compares the thermal polarization coefficients of
ethanol, acetonitrile,'” and water, %’ expressed in reduced units
based on their critical temperature and density. Under subcritical
conditions, water and ethanol show an inversion in their thermal
polarization coefficients Stp, changing from positive to negative val-
ues as the temperature approaches the critical point. In contrast,
acetonitrile maintains consistently negative values of Stp throughout
the entire temperature range.

The inversion of Stp in ethanol should correlate with the weak-
ening of hydrogen bonding networks as the temperature increases.
This loss of molecular order modifies the individual contributions

(a) p=0.825 g/cm?
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FIG. 6. The thermal polarization coefficient of ethanol (this study, represented
as circles), acetonitrile (Ref. 17, represented as triangles), and TIP4P/2005
water (Refs. 18 and 23, represented as squares). The data are plotted in the
temperature—density plane using reduced units based on the critical properties
of each fluid. The critical temperature and density are taken from Refs. 39, 64, and
65 for TraPPE ethanol, TraPPE acetonitrile, and TIP4P/2005 water, respectively.
The color mapping indicates both the magnitude and sign of the thermopolarization
coefficient.

of the molecular moments to the thermal polarization coefficient
of the fluid. The contributions balance each other, resulting in the
inversion and sign change in the thermal polarization coefficient.

In a previous study, we examined how the liquid-vapor inter-
facial surface potential changes with temperature.'! Earlier research

(b) p=0.781 g/cm?
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using the SPC/E water model“® reported a surface potential gradient
of -1 mV/K, which aligns with earlier experiments conducted by
Randles and Schiffrin in aqueous solutions.”” The surface potential
of water displays a minimum between 350 and 425 K. Additionally,
we found a linear correlation between the inversion temperature
of the thermal polarization effect and the minimum of the surface
potential across different water models.

We investigate now the correlation between the temper-
ature inversion of thermal polarization and the minimum in
the liquid-vapor surface potential of ethanol. We calculated the
temperature dependence of the surface potential of the ethanol
liquid-vapor interface using equilibrium simulations in the NVT
ensemble (see Fig. 11 in Appendix D). Figure 7 displays the surface
potential obtained from our equilibrium NVT simulations. Initially,
the potential decreases as the temperature increases, with a gradi-
ent of ~1 mV/K. This behavior resembles the thermal polarization
coefficients shown in Figs. 4 and 5.

The surface potential exhibits a local minimum around 450 K,
which causes an inversion in its temperature derivative, as shown in
Fig. 7. The inversion temperature for the thermal polarization coef-
ficient, ~400 K, is roughly 50 K lower than the temperature at which
the surface potential reaches its minimum. A similar phenomenon
was reported in water, where the inversion temperature for polar-
ization was also lower than the temperature corresponding to the
minimum surface potential.'! The results obtained for ethanol fur-
ther strengthen the correlation between these two properties: the
change in sign of the thermal polarization coefficient and the pres-
ence of a minimum in the surface potential at the liquid-vapor
interface.

Non-equilibrium thermodynamic theory suggests that effects
such as thermal polarization can decrease the thermal conductivity
of a fluid.!” These effects are not present at the inversion tempera-
tures mentioned earlier as there is no thermal polarization in those
conditions. To quantify the impact of thermal polarization on the
thermal conductivity of ethanol, we can use Eq. (9),"” which involves
calculating the dielectric permittivity and the Debye relaxation
time.

450 475

Table I presents our results for the static dielectric permittiv-
ity and the Debye relaxation times at various thermodynamic states
along the coexistence line, covering temperatures from 300 to 495 K.
Additional simulation details and results that clarify the calculation
of these properties from our equilibrium simulations can be found
in Appendix E.

At 300 K, the simulated dielectric permittivity is lower than the
experimental values reported at the same temperature.”*"” However,
it is similar to the results obtained by Saiz ef al.,”’ who used the OPLS
potential. The approximate 25% deviation from the experimental
data can be partly attributed to the approximations made in repre-
senting non-polarizable united atoms. As noted in Ref. 70, adding
the high-frequency dielectric permittivity (~1.85) would improve the
agreement between the simulated and experimental results.

The decrease in the dielectric constant with increasing tem-
perature occurs due to the disruption of dipole alignment caused
by enhanced thermal agitation. The Debye relaxation time, which
is obtained from fitting the total dipole moment time correlation
function to an exponential function, shows a significant decrease as
the temperature rises. This trend has been previously observed in
water, where relaxation times decrease exponentially with tempera-
ture, following the Arrhenius equation due to reduced viscosity.”"’”
Moreover, the fitted relaxation time at ambient temperature aligns
reasonably well with experimental results corresponding to the bulk
reorientation modes.”*"”

The reduction in thermal conductivity caused by the coupling
effect of thermal polarization is shown in Table I. The reduction was
calculated using Eq. (9). The reduction remains relatively small at
ambient temperatures, reaching zero at the inversion temperature
Stp = 0. In other fluids that exhibit rapid rotation, such as ace-
tonitrile, the effects of thermal polarization are more pronounced,
resulting in a reduction of ~4% at 300 K due to these effects.'” How-
ever, as the system approaches the critical point, the significantly
shorter Debye relaxation time and increased Stp lead to a notice-
able impact on the thermal conductivity of the liquid. Consequently,
as the critical point is approached, the reduction caused by thermal
polarization is significantly amplified.
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IV. SUMMARY AND CONCLUSIONS

Using non-equilibrium molecular dynamics and accurate
empirical force fields, we have investigated the thermal trans-
port properties and thermal polarization effect of ethanol across
various thermodynamic states in both its liquid and supercrit-
ical phases. The TraPPE force field accurately reproduces the
general temperature dependence of the thermal conductivity of
ethanol. In agreement with experimental results, the thermal con-
ductivity decreases along the coexistence line as the temperature
increases, but it exhibits a linear increase when heated at a constant
density.

Similarly, ethanol has much lower thermal conductivity than
water. This difference suggests that the non-polar alkyl group in
ethanol hinders heat conduction without affecting the fundamen-
tal transport process. However, the TraPPE force field systematically
underestimates the thermal conductivity of ethanol by ~15%. We
conclude that this underestimation is linked to a reduced speed of
sound or an overestimation of isothermal compressibility. Our work,
therefore, provides insights that could help refine ethanol force fields
by targeting specific thermophysical properties that can be analyzed
through fluctuations in equilibrium simulations.

Additionally, we have demonstrated that applying thermal gra-
dients to ethanol leads to the phenomenon of thermal polarization.
The inversion of the thermal polarization electric field occurs both
along the liquid saturation curve and across various liquid isochores.
This effect results from the balance between molecular multipole
moments, namely, dipolar and quadrupolar components, which
contribute with opposite signs to the total thermal polarization coef-
ficients. While we have calculated the molecular moments using
(the most common choice) the center of mass as the reference,
we acknowledge the dependence of these molecular moments on
the location of the reference point. However, for ethanol, different
reference points for calculating the electrostatic moments predict
consistent results, showing that the thermal polarization inversion
can be interpreted as the balance of two opposing electrostatic
moment contributions.

The existence of the thermal polarization coupling effect in
ethanol indicates that ethanol becomes a worse heat conductor when
this effect is significant. Large polarization responses are expected as
the fluid approaches the critical point; therefore, this coupling effect
must be included to calculate the thermal conductivity of molecular
fluids accurately.

The thermal polarization effect has been reported in theoreti-
cal studies of hydrogen-bonded solvents, such as water, and aprotic
solvents, such as acetonitrile. We have demonstrated here that this
phenomenon is also present in ethanol. It will be interesting to
expand these studies to include other solvents and obtain a complete
picture of the molecular mechanisms behind thermally induced elec-
trostatic fields and their impact on the thermal transport properties
of liquids.
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APPENDIX A: ENERCY CONSERVATION CHECK

Figure 8 shows the energy exchanged between the cold and
hot thermostat regions during a typical NEMD simulation. The

x10°
101 — cod
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FIG. 8. Energy conservation check for a representative NEMD run at an average
temperature of 397 K and a density of 0.672 g/cm?. The temperatures of the cold
and hot thermostats were set to 350 and 400 K, respectively. The blue and orange
lines denote the cumulative energy exchange vs simulation time at the cold and
hot thermostats, respectively. The green line represents the negative of the energy
exchange in the hot region for a clearer assessment of energy conservation. The
total heat rate, Q, can be obtained from the time derivative of the energy.

J. Chem. Phys. 163, 024501 (2025); doi: 10.1063/5.0279464
© Author(s) 2025

163, 024501-9

81:2€:90 G202 Jequialdas 20


https://pubs.aip.org/aip/jcp

The Journal
of Chemical Physics

agreement between the energy exchanged at the hot and cold ther-
mostats indicates that our approach demonstrates excellent energy
conservation.

APPENDIX B: COMPARISON OF CONTINUITY
AND MICROSCOPIC CALCULATIONS
OF THE HEAT FLUX

In Fig. 9, we show the microscopic heat flux vector computed
using the Irving-Kirkwood formula truncated to first order, *"” with
the implementation to perform calculation in K-space.”””*

The virial stress tensor includes contributions from both short-
and long-range interactions. The short-range terms, which consist
of pairwise, bond, angle, and dihedral interactions, were computed
using the centroid-based atomic stress formulation.”’® The agree-
ment between the microscopic heat flux and the flux calculated with
the continuity equation [Eq. (2)] demonstrates that the IK1 method
yields accurate results for the heat flux when considering a slowly
varying density field.

x10°
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FIG. 9. Comparison of the microscopic heat flux profile (blue dots), calculated using
the IK1 method, and the heat flux (dashed black line), calculated with Eq. (2). The
results are from a representative NEMD simulation, with Ty and Teqq et at 400
and 300 K, respectively. The system was simulated at an average density of 0.732
g/cm?, under the same conditions as Fig. 1.
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FIG. 10. The electrostatic potential as a function of temperature from a sample
NEMD run with hot and cold thermostats set at 450 and 350 K, respectively. This
simulation was conducted at 397 K average temperature and 0.672 g/cm® density.
The dashed black line shows a smoothed fit for clarity.

ARTICLE pubs.aip.org/aipl/jcp

APPENDIX C: POTENTIAL PROFILE NEAR
THE INVERSION TEMPERATURE

Figure 10 illustrates the relationship between the electrostatic
potential and temperature. For this plot, the local temperature and
corresponding electrostatic potential values from each bin were
extracted and rearranged in the order of increasing temperature,
allowing for a clearer visualization of the overall trend. The local
electrostatic potential was obtained by double integration of the local
charge density profile. The local electrostatic potential was obtained
by integrating the charge density to compute the electric field
[see Eq. (4)], followed by integration of the electric field. The nega-
tive first derivative of this relationship gives the thermal polarization
coefficient (S7p), as defined in Eq. (5). The figure shows a clear trend
with S7p changing sign at around 400 K.

APPENDIX D: LIQUID-VAPOR INTERFACE
SIMULATIONS

Figure 11 illustrates a sample configuration used in the equilib-
rium simulations of the ethanol liquid-vapor interface. To prevent
drift of the liquid phase, the center-of-mass momentum of the entire
system was reset at every timestep. The average density of the lig-
uid and vapor phases was obtained from the density profiles shown
in the middle panel. These densities are represented by magenta
triangle markers in Fig. 2. The surface potentials are calculated by
determining the potential difference between the average electro-
static potentials of the liquid and vapor phases (¢Ziq - ¢Wp). This
difference is visually represented in the bottom panel by the gap
between the blue and orange dashed lines.

APPENDIX E: EQUILIBRIUM SIMULATIONS
OF ETHANOL WITH GROMACS

For the calculation of the thermophysical properties of ethanol,
we performed equilibrium molecular dynamics simulations with
GROMACS (vs January 2024).°> We first ran 20 ns simulations
in the isothermal-isobaric (NPT) ensemble to test the force field
implementation and compute the equation of state. The isobaric
thermal expansion coefficient («) was calculated with (§VSH)npr
= kg T*Va, and the isothermal compressibility (xr) was calculated
with (8 Vz) ~er = VkgTxr.”” In the fluctuation relations, V denotes
the volume, H represents the enthalpy, and kg is the Boltzmann
constant. Additionally, §P = P — Pens, where “ens” represents the
ensemble average of property P. The isentropic (adiabatic) speed
of sound in ethanol was determined using mass density p, the iso-
baric (Cp = (6H2>/kBT2) and isochoric (Cy = C, — VTa* /) heat
capacities, and the isothermal compressibility,

Cs =\ / &i (E1)
Cy pxr

NVT simulations were conducted at the target density and tem-
perature equal to the average of T}, and T,y in NEMD to obtain
the dielectric properties. Additionally, we ran long simulations
(at least 100 ns) to ensure convergence in the static dielectric
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permittivity [see Fig. 12(a)]. The dielectric permittivity (e,) val-
ues were calculated using the average from the last 20 ns of the
production run with”®

by their position vector (r;) in the simulation box. To determine the

Debye relaxation time (7p), we first calculated the time correlation
function of the total dipole moment,

(P?) - (P)* (P(¢) - P(0))

r—1= , E2 Cp(t) = 75—+ (E3)

o ST (©2) "= (p(0) p(0))

where the angle brackets (-) denote a time average and P = ), g;r; 7p was then obtained by fitting the long time part of the correlation

represents the total dipole moment of the simulation box, which was

obtained by calculating a sum of the atomic charges (g;) multiplied

function to a single exponential, Cp(t) = A exp(—t/7p), as shown in
Fig. 12(b).
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FIG. 12. (a) Time evolution of the dielectric constant from 0 to 100 ns at 350 and 450 K temperatures, along the saturation line. (b) The total dipole correlation functions,
Cp(t), are shown for the same thermodynamic conditions. The dashed lines indicate the fit to the exponential function.
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TABLE II. Results of the NEMD simulations. The temperatures are in K, densities
(p) ing/em?, pressures in atmosphere, thermal conductivities (1) in W/(Km), and
thermal polarization coefficients (Srp) in the units of mV/K. oA and ¢S7p are the
standard deviations obtained from replicas.

T P P op A o) STP OSp
247.8  0.83 -42 31 0.146 0.006 0.836  0.21
298.1 0.78 -1.0 1.8 0.134  0.004 0.530  0.08
348.1 0.73 -2.9 1.9 0.128 0.004 0.469  0.06
397.3 0.67 1.2 24 0.119 0.003 0.026  0.08
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APPENDIX F: NEMD SIMULATION RESULTS

The results of the NEMD simulations are given in Table II.

APPENDIX G: DIPOLAR AND QUADRUPOLAR
CONTRIBUTIONS TO THE THERMAL POLARIZATION
FROM DIFFERENT REFERENCE POINTS

In Fig. 13, we present the total electric potential and the contri-
butions from both the dipolar and quadrupolar terms as a function
of temperature. This figure was plotted using the same procedure

4454  0.59 142 1.2 0111 0.003 -0.539 0.03 described in Appendix C. These values were computed based on dif-
490.1 045 482 06 0.098 0007 -2.129 0.08 ferent reference molecular points in the temperature range 250-350
3485 0.83 10970 2.1 0.166 0.006 0.582  0.06 and 350-450 K. Additionally, Table III provides a summary of
4482 0.83 23325 35 0191  0.005 0.147  0.06 the corresponding thermal polarization coefficients, which were
4980 0.83 29936 48 0204 0.007 0.011  0.04 calculated from various reference points.
547.8 0.83 3659.8 34 0.216 0.008 -0.081 0.04 Although the dipolar and quadrupolar terms exhibit some
597.7 0.83 43202 3.7 0.224 0.009 -0.108 0.06 variation depending on the chosen reference point, the combined
3485 0.78 429.0 23 0146  0.004 0.403  0.08 contribution of these two terms remains nearly constant and closely
3984 0.78 921.3 2.7 0.158 0.005 0.332  0.05 aligns with the total Syp calculated from the total electrostatic charge
4482  0.78 14553 2.0 0.172  0.005 0.099 0.04 density, falling well within the range of the associated error bars.
498.0 078 20155 33 0182 0.007 -0.053 0.03 The small variations observed can be attributed to fluctuations in
5477 0.78 25816 3.5 0.194 0.008 -0.102 0.04 the raw data, which affect the slope determined through linear
597.6  0.78 31500 2.7 0203 0.008 -0.160 0.04 fitting around the target temperature, and show that the multi-
647.5 078 3702.8 4.6 0209 0.008 -0.150 0.04 pole expansion, including the dipolar and quadrupolar terms, does
398.1 0.73 3562 2.6 0.139 0.004 0.269  0.04 not reproduce exactly the electrostatic potential obtained from the
4482 0.73 7882 29 0.152 0.004 0.004  0.03 double integration of the atomic charge density.
4978 073 12464 2.8 0.161 0.005 -0.115 0.05 Calculations of the octupole moment density according to*’
5478 0.73 17194 3.7 0.172 0.006 -0.163  0.06 N N,
5394  0.28 68.0 0.7 0.073 0.006 -1.536 0.03 1[& ) Qo 3
5941 028 1329 06 0075 0003 -0820 0.04 O=:(2) = 4 ; 8(z-zm)g ; q"’"'z"’*") (G
6455  0.28 1927 09 0.073 0.003 -0.444 0.03
696.0 028 2488 08 0.075 0.003 -0295 0.03 did not yield a potential contribution that accounted for the small
discrepancy between the sum of the dipolar and quadrupolar
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FIG. 13. Total electrostatic potential together with its dipolar and quadrupolar contributions as a function of temperature from sample NEMD simulations over the temperature
ranges of (a) 250-350 and (b) 350-450 K. The average temperature and density for these two runs are 298 K and 0.781 g/cm?® for (a) and 397 K and 0.672 g/cm? for (b).
The combined dipolar and quadrupolar contributions are shown in black and compared to the total potential. Different line styles represent results calculated from distinct
reference points: the ethanol molecular center of mass (solid lines), the CH, group (dashed lines), and the oxygen atom (dotted lines).
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TABLE IIl. Dipolar and quadrupolar contributions to the thermal polarization coefficient, computed from different reference
points, including the molecular center of mass, the CH3, CH, groups, and the oxygen and hydrogen atoms. The sum of
the dipolar and quadrupolar terms is compared with the total Stp, calculated from the atomic charge density. All values are
reported in units of mV/K. The results are obtained from two sample NEMD simulation runs over the 250-350 and 350-450 K
temperature ranges. Standard deviations across replicas are indicated by the + symbol.

298 K
Ref Stpp StpqQ Stpp + StpQ S1P 1ot
COM 0.785 + 0.131 —0.215 + 0.040 0.570 £ 0.137 0.530 + 0.083
CHj3 0.844 + 0.120 —0.280 + 0.042 0.564 + 0.127 0.530 + 0.083
CH, 0.683 +0.133 —0.120 + 0.088 0.563 + 0.159 0.530 + 0.083
O 0.889 + 0.149 —0.356 + 0.096 0.533 +£0.177 0.530 + 0.083
H 0.674 + 0.178 -0.112 + 0.089 0.562 + 0.199 0.530 + 0.083
397 K
Ref Stp,p Stp, Q Stpp + S1p,Q STp ot
COM 0.295 + 0.104 —0.252 + 0.042 0.043 £0.112 0.026 + 0.077
CH3; 0.332 + 0.063 -0.237 £ 0.018 0.095 + 0.066 0.026 = 0.077
CH, 0.207 + 0.024 -0.124 + 0.016 0.083 + 0.029 0.026 + 0.077
(@] 0.548 + 0.054 —0.453 + 0.033 0.095 + 0.063 0.026 + 0.077
H 0.251 + 0.040 -0.174 £ 0.015 0.077 £ 0.043 0.026 + 0.077

contributions seen in Fig. 13—this contribution was uniformly on
the order of 1.2 x10™> V over 250-350 K, with the oxygen atom as
the reference point.
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