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ABSTRACT: Thermal conductivity measurements for organic molecules are difficult
and time-consuming. In this study, the thermal conduction of liquid aldehydes and
ketones was simulated using nonequilibrium molecular dynamics, and the thermal
conductivity at different temperatures was calculated. The deviation between the
calculated values and the experimental data of thermal conductivity is less than 4.86%.
By decomposing the heat flux, we found that thermal energy is primarily transferred
through the torsion angle, angle bending, Coulomb interaction, and kinetic energy in
the liquid state. Moreover, as the molecular chain grows, the thermal energy
transmitted through the nonbonded interaction decreases, and the thermal energy
transmitted through the intramolecular bonded interaction increases, which indicates a
significant relationship between the mechanism of heat transfer and the molecular
structure. Using molecular dynamics simulation, this research offers a preliminary
understanding of the contributions of microscopic heat transfer to the thermal
conductivities of liquid aldehydes and ketones.

1. INTRODUCTION

Thermal conductivity is a basic datum used in many fields.1

Many organic molecules are characterized by a low freezing
point, high fluidity, and efficient thermal conductivity and are
commonly used as thermal energy transfer and heat dissipation
media in production. Additionally, precise thermal conductiv-
ity in the production process leads to accurate thermal balance
calculations, improves the utilization of energy, and reduces
production costs. Therefore, determination of accurate thermal
conductivity is of significance.2,3

Understanding the mechanism of thermal conduction is
fundamental to estimating or designing the efficient thermal
conductivities of materials. In recent years, a certain amount of
progress has been made in the study of the heat transfer
mechanisms of gases,4 solids,5,6 nanomaterials,7,8 and liquid-
phase materials.9,10 However, many problems still exist in the
measurement of thermal conductivity, such as large measure-
ment errors, high time consumption, and special requirements
for equipment.11 At the same time, the developed empirical
estimation formulas based on different theories and experi-
ences generally have large calculation errors and require other
experimental data for calculation.12−14 Computational models
based on the quantitative structure−property relationship
(QSPR) are only suitable for certain organic molecules,
making it difficult to satisfy the practical requirements.15,16

In recent years, molecular dynamics (MD) simulation of the
liquid heat conduction process and estimation of thermal
conductivity has shown important progress.17−21 Certain MD

simulations are available for calculating the thermal con-
ductivities of organic molecules, as shown in Table 1.
Aldehydes and ketones are widely used in chemical production
and daily life, especially in the field of medicine. Therefore, it is
important to explore the heat transfer mechanisms of

Received: February 22, 2020
Published: April 28, 2020

Table 1. Results of Selected MD Simulations for Calculating
Thermal Conductivities of Organic Molecules

authors method compounds
deviation
(%) ref

Dysthe et al. EMD n-butane, 5−10 22
n-decane,
n-hexadecane,
2-methylbutane

Zhang et al. RNEMD benzene, <7 23
cyclohexane,
water,
n-hexane

Nieto-Draghi et al. RNEMD methylbenzenes 0.2−7.7 24
Matsubara et al. NEMD alcohols ≈24 25
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aldehydes and ketones. Currently, simulations for the thermal
conductivities of aldehydes and ketones are scarce, and thus
this study aims to fill this gap.
The advantage of MD simulations is that they can detect

microscopic information (e.g., the microscopic perspective of
thermal conduction10 and the packing fraction26,27) that is
difficult to obtain in experiments. Specifically, the heat flux,
which is divided into multiple micromodules with correspond-
ing thermal conduction modes, can be used to conveniently
explore the contributions of this information and its overall
effect.28−30 In a liquid-phase system, the heat flux content can
be divided into partial heat flux according to different
microscopic mechanisms, such as specific interaction between
different atoms,31,32 chemical structures,29,33 and vibration
modes.34 In a molecular system, the thermal conduction
consists of two components of microscopic thermal energy
transfer. One component is transmitted through the movement
of molecules produced by kinetic and potential energies, and
the other is transferred by atomic interactions, which include
bonded and nonbonded interactions.9,10,32,35

In this work, the nonequilibrium molecular dynamics
(NEMD) method was adopted to simulate the heat
conduction of liquid aldehydes and ketones at different
temperatures, and the calculated values and experimental
values of thermal conductivity were compared. Moreover, the
heat flux was decomposed to calculate the microscopic heat
transfer corresponding to each interaction. According to these
results, the relationships between multiple microscopic heat
conduction models were preliminarily explored, and the
contributions of microscopic heat transfer to the thermal
conductivities of liquid aldehydes and ketones were inves-
tigated.

2. COMPUTATIONAL DETAILS
2.1. Molecules and Potential Models. In this study, two

classes of organic molecules were examined, namely, aldehydes
and ketones. The thermal conduction of seven linear alkyl
aldehydes ranging from butanal to decanal and six linear alkyl
ketones ranging from butanone to nonanone in the liquid state
was simulated at four different temperatures.
In this paper, the polymer consistent force field (PCFF)36

was used to establish the molecular model of the organic
compounds. The potential energy of PCFF can be divided into
bonded energy and nonbonded energy. The bonded energy
contains the energy of bond stretching, angle bending, torsion,
and inversion, and the nonbonded energy includes the energy
of Coulomb and 9−6 Lennard-Jones contributions with a
cutoff distance of 12.5 Å.
2.2. NEMD Simulation. The heat conduction of organic

molecules is simulated by nonequilibrium molecular dynamics
(NEMD),37,38 as shown as Figure 1.
After the system has relaxed to an equilibrium state, the heat

of particles in the heat source increases regularly; i.e., the speed
of each particle in the heat source is transformed as follows:

v v
E

v v1 ( )s
k

sc r c
ε′ = + + Δ −

(1)

where vs is the velocity of particle s in the heat source, vc is the
centroid velocity of the heat source particles, Δε is a constant
equal to the increment of energy in the heat source, and Ek

r is
the kinetic energy of particles relative to their center of mass in
the heat source.

The rate of each particle s in the heat sink is reduced by the
following velocity transformation:

v v
E

v v1 ( )s
k

sc r c
ε′ = + − Δ −

(2)

The velocity transformation is performed every Δt, and the
heat flux can be calculated based on the heat exchanged, as
shown in eq 3. The temperature gradient can be established
when the system is stable, and the thermal conductivity is
calculated according to Fourier’s law, as shown in eq 4.

J
A t2

ε= Δ
Δ (3)

J T z(d /d )λ= − (4)

Therefore, A is the cross section of the simulation system
perpendicular to the direction of thermal energy transfer, λ
represents the thermal conductivity, dT/dz represents the
temperature gradient in the z-direction, and the negative sign
indicates that the direction of heat conduction is opposite to
the temperature gradient direction.
According to the above principle of the NEMD method, the

particular simulation steps and parameter settings are
described as follows:
1. The software package Materials Studio was used to build

the initial configuration of the simulation box. According to the
corresponding density of the simulated temperature under
actual conditions, the simulated molecules were added into the
box such that the lengths of the box in the x-, y-, and z-
directions were 27, 27, and 216 Å (x:y:z = 1:1:8), respectively.
To obtain the temperature profiles, the box was sliced into 40
pieces along the z-direction. Periodic boundary conditions
were added in the x-, y-, and z-directions to avoid the surface
effect.
2. The simulation was performed by a large-scale atomic/

molecular massively parallel simulator (LAMMPS).39−45 This
version of LAMMPS was modified by Boone et al.46 for heat
flux calculation. In the simulation process, the systematic
potential energy and the force of each particle were calculated
using the PCFF.
3. Prior to relaxation, the structure of the system was

optimized to minimize the energy of the system.
4. To achieve stability of the simulation system, 140 ps

(200 000 steps) of dynamics simulation relaxation were
performed under the NPT, NVT, and NVE ensembles to
preequilibrium, and 700 ps (1 000 000 steps) of relaxation
were performed under the NVT and NVE ensembles to ensure
that the structure was equilibrated at the average temperature
for which the thermal conductivity is required.
5. After the equilibrium was achieved, the heat conduction

was simulated under the NVE ensemble for a total of 2 ns.

Figure 1. Schematic diagram of NEMD simulation model.
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According to the asymmetric version of the enhanced heat
exchange algorithm,47 a constant energy of Δε = 0.003 kcal·
mol−1·fs−1 was applied in the heat source and sink in every
time step.
Based on the Algaer and Müller-Plathe study,2 for a system

with a length of several nanometers in the direction of heat
transfer and a number of molecules of several hundreds to
thousands, the influence of different sizes on the simulation
results is not significant. Therefore, we do not check the
dependence of different sizes and simulation results.
In the relaxation process, the velocity Verlet method was

applied for numerical integration. Because the minimum
vibrational period of the H atom is approximately 10 fs, the
time step was set to 0.7 fs. The simulation was performed at
atmospheric pressure. The temperature and pressure of the
system were controlled by a Nose−́Hoover thermostat and
barostat,48 and the time constants were set to 70 fs and 700 fs,
respectively. The Ewald summation was used to calculate the
long-range electrostatic interactions. When the heat flux,
thermal conductivity, and temperature converged or stabilized,
the data were analyzed, and the simulation results were
obtained.
2.3. Breakdown of Heat Flux. According to the different

interaction, the total heat flux Jtot generated by the external
energy exchange in the z-direction can be divided into the
corresponding partial heat flux, and it includes two main
categories: the transport term Jtrans and the interaction term
Jinteract.

25,32,33

J J Jtot trans interact= + (5)

The transport term corresponds to the transmission energy
generated by particle migration, which can be divided into
kinetic energy Jkin and potential energy Jpot:

J J J
V

v
m

v
V

Uv
1

2
1

s

s

s
s z

s
s s ztrans kin pot

CV CV

2

,
CV CV

,∑ ∑= + = +
∈ ∈

(6)

where Us, ms, and vs represent the potential energy, mass, and
velocity of atom s, respectively, VCV represents the control
volume, and the sum is taken for atoms within the control
volume.
The interaction term Jinteract refers to the heat transfer

generated by interatomic forces and its expression is written as
follows:49,50

J J J

J J J J J J

V n
f v f v z z1 1

( )( )
X s X

n n

X s s X s s s s s

interact bond nonbond

str ang tor inv vdW Cl

CV 1

1

1
, ,s , ,∑ ∑ ∑ ∑

= +

= + + + + +

= − − *
α β α∈ =

−

= +
α α β β α β

(7)

where f X,si,s (i = α, β) is the n-body force of type X on the
atoms. In this paper, the interaction term can be divided into
two components: bonded interaction Jbond and nonbonded
interaction Jnonbond. In this formulation, the bonded interaction
term Jbond consists of four components, Jstr, Jang, Jtor, and Jinv,
which correspond to bond stretching, angle bending, torsion
angle, and inversion angle, respectively. The nonbonded
interaction term Jnonbond includes two components, JvdW and

Figure 2. Thermal conductivity values obtained from NEMD simulation versus experimental values of aldehydes (a) and ketones (b).

Figure 3. Thermal conductivity values obtained from NEMD simulation compared with experimental values of aldehydes (a) and ketones (b). The
solid and dashed lines represent experimental and calculated values, respectively.
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JCl, which are related to the van der Waals and Coulomb
interactions, respectively.
Therefore, the heat flux can be divided into eight

components: kinetic energy Jkin, potential energy Jpot, bond
stretching Jstr, angle bending Jang, torsion angle Jtor, inversion
angle Jinv, van der Waals interactions JvdW, and Coulomb
interactions JCl. Similarly, the thermal conductivity λ can also
be divided into eight components according to different partial
heat fluxes, which is referred to as the partial thermal
conductivity obtained by Fourier’s law:

J T z(d /d )X Xλ= − (8)

In addition to the distant atom pair, each interatomic
interaction is considered as an atomistic heat path,33 and
thermal energy is transferred by these paths. The partial
thermal conductivity of interaction type λX equals the path
density ρX multiplied by the efficiency of heat flux ΛX as
follows:

X X Xλ ρ= Λ (9)

3. RESULTS AND DISCUSSION
A point-by-point comparison between the calculated values
and the experimental values1 of the thermal conductivities of
organic molecules is presented in this section. The thermal
conductivity distribution of aldehydes at different temperatures
obtained by the NEMD simulation is approximately 0.131−
0.155 W·m−1·K−1, and the thermal conductivity distribution of
ketones at different temperatures is approximately 0.127−
0.151 W·m−1·K−1, as plotted in Figure 2.
3.1. Thermal Conductivity. Figure 3 plots the NEMD

results of the thermal conductivities of two classes of organic
molecules: aldehydes and ketones. The corresponding values
are listed in Tables S1 and S2. The curves for aldehydes and
ketones extracted from experimental values1 are also included
for comparison in each diagram.
The thermal conductivities of the aldehydes first decrease

and subsequently increase with molecular chain extension, as
shown in Figure 3. This trend is similar to that of ketones. The
deviations between the calculated values and the experimental
values of the thermal conductivities of aldehydes and ketones
are less than 4.32 and 4.86%, respectively, and the average
deviation is 2.23%. This observation shows that the thermal
conductivity obtained by NEMD simulation is coherent with
the experimental value.
Zhang et al.23 calculated the thermal conductivities of

benzene, cyclohexane, n-hexane, and other organic com-

pounds, and the deviations between the calculated values
and the experimental values were 5.5, 93.5, and 11.7%,
respectively. Guevara-Carrion et al.51 studied the thermal
conduction of methanol and ethanol, and the deviations
between the calculated thermal conductivities and the
experimental values were 4.50 and 17.9%, respectively.
Matsubara et al.25 simulated the heat conduction processes
of propanol, butanol, octanol, and decanol, and the deviations
between the calculated values and the experimental values were
23.7, 26.4, 24.3, and 30.2%, respectively. The deviations of the
thermal conductivities of aldehydes and ketones obtained by
NEMD simulation in this paper are less than 4.32 and 4.86%,
respectively, proving that this work on molecular dynamics
simulation is better suited to calculating the thermal
conductivities of aldehydes and ketones.

3.2. Breakdown of Heat Flux. According to eqs 5−7, we
calculated the heat flux for each interaction. The magnitudes of
the partial heat fluxes corresponding to different types of
interaction are shown in Figure 4. On average, the interaction
term Jinteract (Jbond and Jnonbond) accounts for 74.8 and 66.4% for
aldehydes and ketones, respectively. The transport term Jtrans
(Jkin and Jpot) accounts for 25.2 and 33.6% for aldehydes and
ketones, respectively, on average. Therefore, the interaction
term is the main component of total heat flux,52 as is the case
in alkanes28,33 and Lennard-Jones liquid.10

In the interaction term Jinteract, on average, the bonded
interaction term Jbond accounts for 37.4 and 33.4% of the total
heat flux for aldehydes and ketones, respectively, and the
nonbonded interaction term Jnonbond of aldehydes and ketones
accounts for 37.4 and 33.0%, respectively. This observation
means that the heat fluxes of the nonbonded term Jnonbond and
bonded term Jbond are nearly equal.
As shown in Figure 4, Jang and Jtor are the dominant

components of the heat flux in the bonded term. The ratio of
Jang, Jtor, and Jstr is approximately 1.7:2.2:1 for aldehydes on
average and is 1.6:1.5:1 for ketones. The JCl is the major
component in the nonbonded term. The Coulomb interaction
JCl is 3.4 times the vdW interaction JvdW for aldehydes on
average and is approximately 3.0 times the vdW interaction
JvdW for ketones on average.
In the transport term Jtrans, the kinetic energy Jkin is the main

component. On average, the kinetic energy Jkin is 6.6 times as
large as the potential energy term Jpot in aldehydes and 2.2
times as large as that in ketones.
Viewed from above, the torsion angle term Jtor, angle

bending term Jang, Coulomb interaction term JCl, and kinetic
energy term Jkin are the major components of the heat

Figure 4. Decomposition of total heat flux into different modes of heat transfer calculated for aldehydes (a) and ketones (b) at 273 K.
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conduction of liquid aldehydes and ketones, showing that the
thermal energy is primarily transferred through the vibration of
bonding atoms within molecules, Coulomb interaction, and
molecular migration.
As shown in Figure 5, as the molecular chain grows, the heat

fluxes of the Coulomb interaction JCl and the vdW interaction
JvdW term decrease, and the JX terms of the other heat fluxes
increase. This result indicates that, as the molecular chain
grows, the thermal energy transmitted through nonbonded
interaction decreases, and the thermal energy transmitted
through intramolecular atomic vibration and molecular
migration increases. As the molecular volume increases, the
probability of intermolecular collision increases, and the heat
flux through the kinetic energy term Jkin increases. Additionally,
the number of intramolecular covalent bonds also increases
with the growth of the molecular chain, and thus the bonded
interaction terms Jbond increase, especially the torsion angle
terms Jtor. The results of this paper are consistent with those of
Matsubara et al.33 and Ohara et al.28

As shown in Figures 4 and 5, the main proportion of the
heat flux gradually changes from the nonbonded interaction
term Jnonbond to the bonded interaction term Jbond as the chain

increases, and the bonded interaction term Jbond becomes the
dominant component of the total heat flux. We speculate that
the main reason for this result is that the force field used in this
simulation belongs to the all-atom force field. Even if the
molecular framework is small, the degree of freedom of the
intramolecular motions is still increasing with the molecular
chain length, which means that the proportion of the bonded
interaction term Jbond is also large, and the proportion of the
bonded interaction term Jbond and the transport term Jtrans
increases as the molecular chain elongates. In summary, these
results indicate that a significant relationship exists between the
mechanism of thermal transfer and the molecular structure.53

3.3. Properties of the Atomic Heat Path. The analysis
in section 3.2 shows that, with elongation of the molecular
chain, the heat flux of the bonded interaction term Jbond
increases significantly and occupies a dominant portion.
Therefore, the contribution of the bonded interaction term
Jbond to the thermal conductivity is further discussed. Figure
6a−c shows the partial thermal conductivity (λX), density (ρX),
and efficiency (ΛX) values of the bond stretching, angle
bending, torsion angle, and inversion angle paths for aldehydes,
and Figure 6d−f shows the same for ketones, respectively.

Figure 5. Comparison of heat fluxes of different interactions of aldehydes (a) and ketones (b) at 273 K.

Figure 6. Partial thermal conductivity (λX), density (ρX), and efficiency (ΛX) of bond stretching, angle bending, torsion angle, and inversion angle
paths for aldehydes (a−c) and ketones (d−f) at 273 K, respectively.
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As shown in Figure 6a, the partial thermal conductivity of
the torsion angle λtor path increases with chain growth for
aldehydes, and the partial thermal conductivity attributed to
the bond stretching λstr, angle bending λang, and inversion angle
λinv paths are slightly different with the increase in the chain.
The case is the same case for ketones in Figure 6d.
Figure 6b,e shows the values of the density ρX of the heat

paths for aldehydes and ketones. The densities of the four
types of bonded terms increase with elongation of the
molecular chain. As the molecular chain grows, the number
of covalent bonds in the simulation system increases, and as
shown in Figure 6b,e, all of the path densities increase with the
chain growth, and the torsion angle path is especially
significant.
As observed from Figure 6c,f, the values of the efficiency of

bond stretching Λstr, angle bending Λang, torsion angle Λtor, and
inversion angle Λinv paths fluctuate slightly with the elongation
of the chain. For aldehydes and ketones, the efficiency of the
torsion angle term Λtor increases with the growth of the
molecular chain, whereas the bond stretching Λstr, angle
bending Λang, and inversion angle Λinv paths decrease slightly
with the growth of the molecular chain.
Through discussion of the above work, with the elongation

of the molecular chain, the number of covalent bonds
increases, which makes the proportion of bonded interaction
terms Jbond increase. Therefore, the partial thermal conductivity
of the bonded interaction term Jbond also increases. At the same
time, the nonbonded interaction term has a great influence on
heat transfer, but it decreases with growth of the molecular
chain.

4. CONCLUSIONS

1. The thermal conductivity values of the two classes of liquid
organic molecules obtained by the NEMD simulation have an
average deviation of 2.23% and a deviation of less than 4.86%
compared with the experimental values, which indicates that
no significant deviation exists between the simulation results
and the experimental results.
2. According to the results of heat flux decomposition and

the analysis of properties of the atomic heat path, the Coulomb
interaction term JCl, torsion angle term Jtor, angle bending Jang,
and kinetic energy term Jkin play major roles in the heat transfer
of liquid aldehydes and ketones.
3. Because the number of covalent bonds in the system

increases with the elongation of the molecular chain, the main
component of the heat flux gradually changes from the
nonbonded interaction term Jnonbond (Coulomb interaction
term JCl and vdW interaction term JvdW) to the bonded
interaction term Jbond (bond stretching term Jstr, angle bending
term Jang, torsion angle term Jang, and inversion angle term Jinv).
A significant relationship exists between the heat transfer
mechanism and the differentiation of the molecular structure.
The NEMD used in this work offers a microscopic

perspective of thermal conduction and sheds light on
understanding the microscopic heat transfer of liquid organic
molecules. Additionally, this study is also helpful in designing
efficient thermal energy transfer for liquid materials.
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