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ABSTRACT: Nonequilibrium molecular dynamics simulations
have been performed to study the anisotropic thermal transport
in pentacene crystal. At 300 K, a thermal conductivity of 0.72,
1.1, and 0.61 W/mK is obtained in the direction of reciprocal
lattice vectors a*, b*, and c*, respectively, in a perfect crystal with
the general Amber force ﬁeld. The performance of the OPLSUA force ﬁeld is also examined, which tends to underestimate
the thermal conductivity. Eﬀects of isotopic substitutions and
vacancies on the thermal conduction are investigated, and it is
found that the conductivity decreases rapidly with the vacancy concentration. Our investigations suggest that classical simulations
with well chosen force ﬁelds may provide reasonable predictions for the thermal transport properties of organic solids. Such
predictions are critical in the determination of thermoelectric ﬁgure of merit of materials.

’ INTRODUCTION
Organic semiconductors constitute the material basis of
organic electronic and optoelectronic devices like organic light
emitting diodes (OLED), organic ﬁeld eﬀect transistors
(OFET), and organic photovoltaic devices (OPV).1,2 In these
devices, materials with good thermal conducting properties are
desirable to avoid thermal degradation. Meanwhile, for thermoelectric applications, materials with very low thermal conductivity are preferred to enhance the thermoelectric eﬃciency.3 The
thermoelectric eﬃciency of a material is characterized by the
dimensionless thermoelectric ﬁgure of merit zT = S2σT/κ, where
S is the Seebeck coeﬃcient, σ is the electrical conductivity, and κ
is the thermal conductivity with contributions from both electrons
and lattice vibrations. The electronic thermal conductivity increases
with the carrier concentration, as does the electrical conductivity. In
not-so-heavily doped semiconductors, the lattice thermal conductivity usually dominates. Lowering the lattice thermal conductivity
has been proved an eﬀective way to improve the thermoelectric
eﬃciency. In one earlier work,4 we studied the electrical transport
properties of pentacene based on the ﬁrst-principles method and
the Boltzmann transport theory. To fully characterize the thermoelectric eﬃciency of a material, accurate determination of the lattice
thermal conductivity is required. Currently, both theoretical and
experimental studies on the lattice thermal conductivity are scarce
for organic solids. The intention of this work is to develop reliable
theoretical and computational methods for predicting the lattice
thermal conductivity of organic solids.
The methods that can be used to calculate the lattice thermal
conductivity fall mainly into two categories. One class of
approaches is based on kinetic theories such as the Boltzmann
r 2011 American Chemical Society

transport equation (BTE).5 In real materials, phonons are
scattered by defects and boundaries, in addition to other
phonons due to anharmonic lattice vibrations. Consequently, a
limited lifetime or mean free path of phonons is observed. To
apply the BTE to extracting the lattice thermal conductivity, such
parameters as phonon dispersion relations, phonon density of
states, and phonon relaxation times are necessary. However, it is
quite challenging to calculate relaxation times because various
scattering mechanisms have to be considered explicitly. Molecular dynamics (MD) simulations represent another class of
approaches that can be used to obtain the lattice thermal conductivity directly. Besides, parameters required by the BTE, such
as phonon dispersion relations and phonon density of states, can
be easily derived from these simulations. Given accurate classical
force ﬁelds developed to describe interactions between atoms,
employing MD simulations to extract thermal conductivities is
straightforward.
Both equilibrium and nonequilibrium MD simulations have
been extensively used to extract the lattice thermal conductivity.6-13 The equilibrium MD approach is based on the GreenKubo formalism derived from the linear response theory, in
which the thermal conductivity is expressed in terms of heat
current correlation functions.14 The expression for heat current
is, however, quite complicated for molecular systems where
many-body interactions are present. In the nonequilibrium
MD approach, a heat ﬂux across the system is applied, and the
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resulting temperature gradient is measured after the system has
established a steady state. The thermal conductivity is then
obtained based on Fourier’s law:
k¼ -

J
rT

ð1Þ

Diﬀerent algorithms have been proposed to generate the heat
ﬂux, such as the velocity rescaling method of Jund and Jullien,15
Ikeshoji and Hafskold,16 and the velocity exchange method of
M€uller-Plathe and Reith.17
Although lots of work has been conducted to extract the lattice
thermal conductivity of solids from MD simulations, most of
them are focused on atomic crystals such as silicon,6,18 SiC,11 diamond,12 and carbon nanotubes.19 For organic molecular crystals,
well-established force ﬁelds such as AMBER, OPLS, and COMPASS exist, but their performance in the calculation of thermal
transport properties is not known. In this work, we apply the
nonequilibrium MD method to investigating the anisotropic
thermal transport in organic molecular crystals. Two force ﬁelds,
the all-atom general Amber force ﬁeld (GAFF)20 and the unitedatom OPLS-UA21,22 force ﬁeld, are chosen. The eﬀects of isotopic substitutions and vacancies on the thermal conductivity are
of particular interest and are thoroughly investigated. These
investigations are helpful in the search for new organic thermoelectric materials.

’ METHODOLOGY
Nonequilibrium MD Method. The M€
uller-Plathe algorithm17,23 is used to generate the heat flux in the system. The idea
of the algorithm is to exchange velocities between two particles of
the same mass in different regions of the simulations box. This
induces a temperature gradient in the system. Pentacene is
known to form different crystal structures under different conditions. In the current study, the crystal structure of pentacene
film grown on SiO2 is adopted.24 To apply the nonequilibrium
MD method to calculating the thermal conductivity, the
primitive cell is first replicated in the direction of three lattice
vectors a, b, and c to form a super cell. The super cell, which
constitutes the simulation box, has to be enlonged in the
direction of heat propagation. As an illustration, a simulation
box that is enlonged in the direction of lattice vector a is
shown in Figure 1. Periodic boundary conditions are applied
in all three dimensions. The simulation box is then divided
into N = 20 layers along the a axis. Note that the simulation
box is triclinic in our case and the division is done parallel to
the box faces whose normal is in the direction of a*, so the heat
propagates in the direction of a*, not a. During the exchange of
velocities, the hottest carbon atom in the far left layer (layer 0)
and the coldest carbon atom in the middle layer (layer N/2)
are selected. The velocity swapping is performed every 500 or
1000 steps. Over time, this induces a temperature gradient in
the system. The temperature of layer 0, which acts as heat sink,
decreases, whereas that of layer N/2, which acts as heat source,
increases. The heat flux imposed is given by the energy
transferred per time and area:


1
1 2
1 2
mv - mv
ð2Þ
J ¼
2At transf ers 2 hot 2 cold

∑

where A is the cross-sectional area, m is the mass of carbon
atom, and t is the length of simulation. Under periodic

Figure 1. Schematic representation of the simulation box for nonequilibrium MD simulations. Periodic boundary conditions are applied in
three dimensions. The box is divided into N = 20 bins in the direction of
heat conduction. The velocity exchange algorithm of M€uller-Plathe has
been used for heat ﬂux generation.

boundary conditions, energy flows in two directions, so the
energy transferred should be divided by 2 in the above
equation. After a steady state is established, the local temperature of each layer is calculated from the time average of
kinetic energies of the particles in that layer.
Simulation Details. In the simulations, the system is first
equilibrated in the NPT ensemble for 500 ps with a temperature
of 300 K and a pressure of 1 atm. The box dimensions averaged
over the final 300 ps are used in the subsequent nonequilibrium
MD simulations. The nonequilibrium simulations last for 5 ns.
Typically, 1 ns is long enough to establish a steady temperature
profile. The remaining 4 ns is used for time average.
Two sources of errors, arising from the heat current and
temperature gradient, give rise to the errors in the thermal conductivity calculated according to eq 1. To estimate the standard
deviation of κ, the 4 ns production trajectory is divided into four,
each with 1 ns duration. The standard deviation σ is estimated by
σ2 ¼

1
ðk2 - k 2 Þ
N-1

ð3Þ

where N = 4 is the sample size. The statistical errors can be
reduced by perfoming longer simulations. For the OPLS-UA
force ﬁeld, the nonequilibrium MD simulations last for 10 ns, and
the initial 5 ns is used for establishing a local thermal equilibrium.
The united-atom model consists of less degrees of freedom and
no long-range electrostatic interactions, so systems can be simulated for longer times to reduce the statistical errors associated
with the thermal ﬂuctuation.
To eliminate ﬁnite size eﬀects, simulations have been performed at several system lengths. The thermal conductivity at
each ﬁnite system length is obtained. An extrapolation procedure, which will be discussed in detail in the next section, is used
to extract the thermal conductivity at inﬁnite system length.
Throughout this work, initial equilibrations in the NPT ensemble
are performed with the GROMACS25 simulation package, and
subsequent nonequilibrium MD simulations are performed with
the LAMMPS26 simulation package. The cutoﬀ for the shortrange van der Waals interactions is 10 Å. The long-range
electrostatic interactions are treated by the particle mesh Ewald
method in GROMACS and Ewald/n method in LAMMPS.

’ RESULTS AND DISCUSSION
Force Fields, Phonon Density of States, and Heat Capacity. Quite a few empirical force fields have been developed

to describe inter- and intramolecular interactions for organic
molecules, such as GAFF, OPLS, COMPASS, UFF, and DREIDING. However, these force fields have never been applied to
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Table 1. GAFF Parameters Used in the Simulations
force constant (kcal/mol Å2)

bond length

equilibrium (Å)

C-C

478.4

1.387

C-H

344.3

1.087

force constant (kcal/mol rad2)

bond angle

equilibrium (deg)

C-C—C

67.2

119.97

C-C—H

48.5

120.01

dihedral angle force constant (kcal/mol) periodicity phase angle (deg)
X—C-C—X

3.625

2

180

improper

1.1

2

180

van der Waals

ε (kcal/mol)

σ (Å)

C

0.086

3.4

H

0.015

2.6

studying thermal transport properties of organic solids. In this
work, we employ both the GAFF and the OPLS-UA force field in
the nonequilibrium simulations to extract the thermal conductivity of pentacene crystal. Two atom types are identified for
pentacene in the GAFF: aromatic carbon and aromatic hydrogen.
The partial charges of all atoms are derived from the restrained
electrostatic potential fit27,28 at the HF/6-31G* level. The GAFF
parameters for all bonded and van der Waals interactions are
summarized in Table 1. In the OPLS-UA force field, the carbon
atom and the hydrogen atom bonded to it are treated as one
united particle, and there are no partial charges on either the
united CH atoms or the fused ring carbon atoms. This not only
reduces the degrees of freedom in the system, but also removes
long-range electrostatic interactions that are computationally
costly. For bonded interactions, the parameters of the OPLSUA force field and the GAFF are similar to each other.
To examine the applicability of these two force ﬁelds in the
current study, we ﬁrst use them to calculate the phonon density
of states and heat capacity of pentacene. In MD simulations,
phonon spectral density can be extracted by suitable analysis of
the correlations in the atomic motion. In a solid, phonons
associated with wave vectors q are analogous to a set of harmonic
oscillators with frequency distribution f(ω). On the basis of the
established theory,29 the phonon spectral density f(ω) can be
obtained by the Fourier transform of mass-weighted velocity
correlation function c(t), which is deﬁned as
cðtÞ ¼ Æ

∑i mi vi ðtÞvi ð0Þæ=Æ ∑i mi v2i ð0Þæ

ð4Þ

where the summation is over all atoms in the system.
The phonon densities of states obtained with both force ﬁelds
are shown in Figure 2 for comparison. In the united-atom model,
with the removal of C-H stretching motions, peaks in the high
frequency region disappear. In the medium frequency region, we
can largely identify the correspondence between the peaks for the
two force ﬁeld models, but notable shifts in the frequencies exist.
The density of states at low frequencies is highlighted as an inset
of Figure 2, which shows little diﬀerence in the density of states in
the region. The constant volume heat capacity is calculated by
Z
x2 e x
ð5Þ
CV ¼ kB dω f ðωÞ
ðex - 1Þ2

Figure 2. Comparison of phonon density of states calculated with the
GAFF (upper panel) and the OPLS-UA (lower panel) force ﬁeld for
pentacene. The inset shows the phonon density of states at low
frequencies where the modes are thermally populated. The heat capacity
obtained with the two force ﬁelds is 272.7 and 250.2 J mol-1 K-1,
respectively.

with x = ((pω)/(kBT)). The molar heat capacity predicted with
the GAFF is 272.7 J mol-1 K-1. The result obtained with the
OPLS-UA force ﬁeld is lower, 250.2 J mol-1 K-1. The low
frequency phonons are most relevant for the heat capacity
calculation, and the diﬀerence between the density of states in
the low frequency region is small for the two force ﬁeld models,
so there is only a modest diﬀerence in the heat capacity. The heat
capacity is also calculated at the B3LYP/6-31G* level of theory with
the Gaussian 03 package,30 and the value is 269.4 J mol-1 K-1,
which agrees reasonably well with the values calculated with the
force ﬁelds. The constant pressure heat capacity from the experiment is 311.4 J/(mol K) at 298.9 K.31 Although both force ﬁelds
and ﬁrst-principles calculations have underestimated the heat
capacity in comparison with experiment, the agreement is considered reasonable.
It is noted that thermal population of the modes of the system
has to be accounted for in the heat capacity calculation. The
classical heat capacity calculated from the energy ﬂuctuations in
the NVT ensemble is 705.2 J mol-1 K-1, which is much larger
than the value we report above. The diﬀerence between the
quantum and classical heat capacities would carry over into the
thermal conductivity, because the thermal conductivity is proportional to the heat capacity according to the kinetic theory of
thermal conduction. In the studies of thermal transport in
proteins based on the kinetic theory,32-34 the eﬀects of the
quantum thermal population of modes on the thermal conductivity have been taken into account. In this work, nonequilibrium
MD simulations are used to extract the thermal conductivity
directly, and the results are not corrected for the quantum eﬀects.
Previous studies have shown that classical simulations do a
decent job in many cases with the thermal conductivity calculations,7,35 even though they substantially overestimate the heat
capacity. According to the kinetic theory of heat conduction, the
thermal conductivity is not only proportional to the heat
capacity, but also limited by the phonon mean free paths and
phonon group velocities. One possible explanation for the
applicability of classical simulations could be that high frequency
phonons that are not populated at 300 K have less signiﬁcant
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Figure 3. Temperature proﬁle along the a axis from nonequilibrium
MD simulations for box dimension 40  3  2. The average has been
taken over the ﬁnal 4 ns of simulation. A linear ﬁt of the data is shown as a
solid line. The inset shows temperature evolution with time for both heat
sink and heat source.

contribution to the thermal conductivity due to short mean free
paths and small group velocities.
Anisotropic Thermal Transport. We know that charge
transport is anisotropic in organic molecular crystals where
molecular packings vary significantly in different crystal directions. Both theoretical4,36 and experimental37 studies reveal that
the electrical conductivity of pentacene in the direction of the a
axis is about 2 orders of magnitude larger than that along the c
axis. Similarly, an anisotropic phonon transport is anticipated in
organic molecular crystals. Here, thermal conductivities in three
major crystal directions are calculated in a perfect crystal of
pentacene with the nonequilibrium MD method and the GAFF
as described in the Methodology section.
An example of the temperature proﬁle obtained in the direction of the a axis is shown in Figure 3. The proﬁle is essentially
linear, except for the region near the heat sink (layer 0) and the
heat source (layer 10). The temperature dropoﬀ at the heat sink
and pickup at the heat source are caused by the unphysical
exchange of momentum between the two layers during the MD
run, which is not well balanced by the physical heat ﬂow. The
temperature gradient can be obtained by linear regression of the
data in the linear region of the proﬁle.
A heat ﬂux on the order of 1010 W/m2 is often applied in the
nonequilibrium MD simulations, and a huge thermal gradient is
observed. The concern here is that if the temperature diﬀerence
between adjacent layers is too small relative to the thermal
ﬂuctuation in the system, it will be diﬃcult to obtain converged
results during reasonable simulation times. Although it has been
questioned whether linear response theory holds under such
extreme thermal loading, previous studies6,7 show that the
nonequilibrium MD method, when applied appropriately, can
give reasonable thermal conductivities that are comparable to
those extracted from the Green-Kubo relation in the equilibrium MD simulations and to those measured in the experiments.
The linear response region is tested in this work by exchanging
the velocities every 200, 500, and 1000 steps, and the induced
heat ﬂux changes accordingly. The computed thermal conductivity is found to be independent of the heat ﬂux. In the following
simulations, the velocity swapping is performed every 1000 or
500 steps.

ARTICLE

Figure 4. Inverse of the thermal conductivity as a function of inverse of
the system length in the direction of a. The data points are from the
nonequilibrium MD simulations with the GAFF. Linear regression of
the data yields the bulk thermal conductivity of pentacene in the
direction of a*, which is 0.72 W/mK in magnitude. The error bars for
the thermal resistivity are also shown.

An issue associated with the nonequilibrium MD approach is
that the calculated thermal conductivity depends strongly on the
box length in the direction of heat propagation. This size eﬀect,
arising from phonon scatterings at the boundaries of the simulation box, is usually nonnegligible and can only be corrected
by the extrapolation procedure.6,35 According to the kinetic
theory of thermal conduction, the thermal conductivity of an
isotropic system can be expressed as
k¼

1 Cv
1
vl ¼ Fcv v2 τ
3 V
3

ð6Þ

where Cv and cv are the constant-volume and speciﬁc heat
capacities, respectively, V is the volume, F is the mass density,
τ is the phonon relaxation time, and v and l are the eﬀective
phonon velocity and mean free path, respectively. If we assume
that phonon scatterings at the box boundaries act independently
from scatterings in the true bulk crystal, the phonon relaxation
time from the MD simulations can be decomposed into35
-1
-1
τ-1
MD ¼ τbulk þ τ box

ð7Þ

with τ-1
box = ((ν)/(L/2)) and L as the box length. The thermal
conductivity obtained from the MD simulations is then related to
the size of the simulation box by6,35


1
3 -1
3
2v
B
-1
ð8Þ
¼
τ
¼
τ þ
 Aþ
kMD
Fcv v2 MD
Fcv v2 bulk L
L
To extract the thermal conductivity for a true bulk system,
simulations at several box lengths are performed. The linear
dependence of the inverse of thermal conductivity on the inverse
of box length is conﬁrmed by the simulation data, as shown in
Figure 4. Linear extrapolation of the data gives a thermal
conductivity of 0.72 W/mK in the direction of a*. The eﬀective
phone mean free path can be extracted from the extrapolation
procedure as lbulk = ντbulk =B/2A, which gives the value of 60.3 Å
in the direction of a*. The thermal conductivities in the other two
crystal directions b* and c* are 1.1 and 0.61 W/mK, respectively.
The corresponding phonon mean free paths are 392.6 and 42.3
Å. The data points used for the extrapolation are summarized in
Table 2. The magnitude of the thermal conductivity in the
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Table 2. Thermal Conductivity and Standard Deviation Obtained at Diﬀerent Box Lengths
Lb (cells)

10

12

16

20

κ (W/mK)

0.0972

0.1147

0.1534

0.1743

σ (W/mK)

0.0039

0.0028

0.0025

0.0062

κbulk = 1.1 W/mK

La = 4 cells and Lc = 2 cells
Lc (cells)

6

8

κ (W/mK)

0.3161

0.3791

0.3682

0.4343

0.4371

0.4552

σ (W/mK)

0.0083

0.0075

0.0118

0.0224

0.0098

0.0151

La = 4 cells and Lb = 3 cells

10

12

14

16

κbulk = 0.61 W/mK

pentacene crystal exhibits an order of b* > a* > c*. This order of
magnitude for the thermal conductivity is consistent with the
order for the electrical conductivity, except that an anisotropy of
two is found for the former, whereas an anisotropy of 2 orders of
magnitude is found for the latter.
Experiments have been conducted to measure the thermal
transport properties for thin ﬁlms of pentacene and two other
organic semiconductors.38 A conductivity of 0.51 W/mK was
determined for pentacene in the direction perpendicular to the
ﬁlm plane. Our calculations predict a thermal conductivity of
0.61 W/mK in the direction of c*, which agrees reasonably well
with the experimental value. The statistical errors associated with
our simulations are estimated to be ∼5%, and extrapolation to
the inﬁnite-size limit tends to magnify statistical errors. Studies
have shown that the simulation method can result in errors in the
15-20% range.7 Meanwhile, the calculations are performed for a
perfect crystal where phonon-phonon interactions are the
only mechanism of phonon scatterings. When making comparisons with the experimental value, defect and boundary scatterings in real materials have to be taken into account. The eﬀect of
defects on the thermal conductivity will be discussed in next
subsection.
In comparison with the GAFF, simulations with the OPLS-UA
force ﬁeld predict a conductivity of 0.41, 0.73, and 0.33 W/mK,
respectively, in the direction of a*, b*, and c*. Apparently, the
thermal conductivity has been systematically underestimated
with the OPLS-UA force ﬁeld. It is noted that in the unitedatom representation not only C-H stretching motions are
removed, but also those medium frequency modes involving
hydrogen atoms disappear, for instance, the H-C-C bending
motions at about 1000 cm-1. Because phonons with lower
frequencies have longer mean free paths and larger velocities,
according to eq 6, lower frequency phonons play a more
signiﬁcant role in the thermal conduction; therefore, removal
of these modes can lead to underestimation of the thermal
conductivity. One other diﬀerence between the all-atom GAFF
and the united-atom OPLS-UA force ﬁeld is that no long-range
electrostatic interactions exist in the latter. This discrepancy of
the force ﬁeld can also cause deviation in the extracted thermal
conductivity.
Effect of Defects. At room temperature, phonon scattering
due to anharmonic lattice vibrations is the major cause of the
limited phonon lifetimes and thermal conductivity, whereas at
low temperatures defects scattering may become dominant. We
consider here two types of defects, isotopic substitutions and
vacancies. The thermal conductivity of pentacene containing the
1.1% natural abundance of 13C is calculated with the nonequilibrium MD method and the GAFF. The substitution sites
of 13C are chosen randomly. Simulations have been performed for
box dimensions of 10, 15, 20, 25, 30, and 40 cells in the direction

Figure 5. Eﬀect of isotopic substitution. Inverse of the thermal conductivity is shown versus inverse of the box length for both pure 12C
pentacene and 1.1% 13C pentacene. The box length is 10, 15, 20, 25, 30,
and 40 cells, respectively, in the direction of a.

Figure 6. Thermal conductivity of pentacene containing random
distributions of vacancies. The solid line represents ﬁtting of the data
to function eq 11, with the scaling factor R of 1.16, 0.94, 1.16, and 1.11,
respectively, for the box length of 10, 20, 30, and 40 cells in the
direction of a.

of a. Figure 5 shows the inverse of thermal conductivity versus
the inverse of box length for 1.1% 13C and pure 12C pentacene. A
general trend observed is that the thermal conductivity for
pentacene with natural abundance 13C is slightly lower than that
for pure 12C at the same box length. The extrapolated thermal
conductivity for 1.1% 13C is 0.70 W m-1 K-1, in comparison
with 0.72 W m-1 K-1 for pure 12C. The results indicate that the
isotopic effect is too little to be accurately determined with the
current calculations. It has been found that the ratio of thermal
conductivity for pure 12C with respect to that for 1.1% 13C for
diamond is 1.45 ( 0.16 from the equilibrium MD simulations.12
Our results suggest that the thermal conductivity of pentacene is
much less sensitive to the isotopic substitution than is diamond.
As a second application, the eﬀects of vacancies on the thermal
conductivity are studied. The box dimensions of 10, 20, 30, and
40 cells, respectively, in the direction of a and a random
distribution of vacancies are considered. The results in Figure 6
show that the thermal conductivity at ﬁxed box length decreases
rapidly with the vacancy concentration, nv. Assuming that vacancy
5944
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scattering is independent of phonon scattering in a perfect
crystal, the total phonon scattering time can be decomposed into
-1
-1
τ-1
tot ¼ τ perf þ τ vac

ð9Þ

where τperf is the phonon scattering time in a perfect crystal and
τvac is the scattering time induced by vacancies. If we assume that
the phonon velocity and heat capacity are not aﬀected by the
vacancies, the thermal conductivity can be written as
kperf
ð10Þ
ktot ðnv Þ ¼
1 þ kperf =kvac
Following the practice of ref 12 the results in Figure 6 are ﬁtted by
eq 10 with
kperf
ð11Þ
ktot ðnv Þ ¼
1 þ CnRv
and the scaling factor R = 1.16, 0.94, 1.16, and 1.11 is obtained for
the box length of 10, 20, 30, and 40 cells, respectively. The ﬁt in
eq 11 suggests that the vacancy contribution to the thermal
conductivity obeys a scaling law of
kvac  n-R
v

ð12Þ

The scaling factor for pentacene is larger than that found for
diamond (∼0.7),12 which indicates that the thermal conductivity
of pentacene is more sensitive to vacancies than diamond.
Finally, it is not clear whether the thermal conductivity is aﬀected
by diﬀerent positions of the defects. The inﬂuence of distributions of the defects is not studied in this work.
Thermoelectric Figure of Merit. The thermoelectric properties of pentacene have drawn great attention recently. The
Seebeck coefficient,39 the thermal conductivity,38 and the power
factor40 of pentacene thin films have been measured experimentally, with the values being 0.3-1 mV/K, 0.51 W/mK, and
2.0 μW/mK2, respectively. As mentioned earlier, the thermoelectric figure of merit of a material is determined by its Seebeck
coefficient S, electrical conductivity σ, and thermal conductivity κ
with contributions from both electrons and phonons. In our
previous study, the electrical transport properties of pentacene
have been calculated on the basis of the first-principles method.
However, to evaluate the thermoelectric figure of merit of a
material, accurate lattice thermal conductivity is necessary. In
particular, it should be kept in mind that in organic molecular
crystals both electrical and thermal transport are anisotropic. The
motivation of the current work is to examine the anisotropic
thermal transport in the crystal of pentacene and its influence on
the anisotropic thermoelectric performance of pentacene. The
experimentally determined thermal conductivity of pentacene is
0.51 W/mK, which is in the direction perpendicular to the plane
of thin films, that is, in the direction of c*. This value was used in
our earlier work to estimate the dimensionless thermoelectric
figure of merit in the direction of b, in which direction the
thermoelectric figure of merit is the largest among two other
crystal directions. Our previous estimation falls into the range of
0.8-1.1.4 In the current work, we have obtained the lattice
thermal conductivity of pentacene in three major crystal directions. The conductivity in the direction of b* is predicted to be
0.72 W/mK. Accordingly, the upper limit of thermoelectric
figure of merit is redefined, which gives the range of 0.5-0.8.
Combining our results of both electrical and thermal transport
studies of pentacene, we have come to a conclusion that the
anisotropy of charge transport is more exaggerated than that of

thermal transport, which leads to the best thermoelectric performance in the crystal direction of b and the poorest in the
direction of c.

’ CONCLUSIONS
The heat conduction in pentacene crystal has been investigated by the nonequilibrium MD simulations. The performance
of two force ﬁelds, the GAFF and the OPLS-UA force ﬁeld, has
been examined. Better agreement between theory and experiment is found with the simulations that use the all-atom model
than the united-atom model. Simulations with the OPLS-UA
force ﬁeld tend to underestimate the thermal conductivity of
pentacene. The lack of long-range electrostatic interactions in the
OPLS-UA force ﬁeld and less degrees of freedom in the unitedatom model are probably the cause of its poorer performance in
the prediction of thermal conductivity of pentacene.
The thermal conductivity has been calculated in three major
crystal directions. The largest conductivity is found in the
direction of b*. The anisotropy essentially arises from diﬀerent
molecular arrangements and interactions in diﬀerent crystal
directions of organic molecular crystals. In contrast to the
anisotropy of 2 orders of magnitude for the electrical conductivity, an anisotropy of two is predicted for the thermal conductivity.
The eﬀects of defects on the thermal conductivity have been
studied. Two types of defects, isotopic substitutions and vacancies, are considered. It is found that vacancies dramatically
decrease the thermal conductivity, and its contribution can be
described by a scaling law of n-R
ν .
Overall, our investigations suggest that molecular dynamics
simulations with accurate force ﬁeld can provide reasonable
predictions for the thermal conductivity of organic molecular
crystals. Such calculations can be very useful in the determination
of thermoelectric ﬁgure of merits, and in the search for new
thermoelectric materials.
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