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ABSTRACT: Understanding thermal transport in doped organic semiconductors would
promote the development of flexible electronics and organic thermoelectrics. Temperature-
dependent thermal conductivity of poly(3,4-ethylenedioxythiophene) (PEDOT) with
different doping concentration is investigated by molecular dynamics simulations in a range
of temperature from 200 to 400 K. The thermal conductivity of PEDOT is found to exhibit
anisotropy and decrease with the doping concentration. The decomposition analysis of
heat current reveals that doped PEDOT shows hybrid thermal transport characteristics
including interfacial conduction between dopants and host polymers, lattice conduction in
host polymers, and convection of dopants. For heavily-doped PEDOT at 400 K, convection
can contribute up to 45% of the cross-plane total thermal conductivity, while host polymers
remain in the solid state. The intensification of convection gives rise to positive
temperature dependence of thermal conductivity in the cross-plane direction. Our study
provides insight into the regulation of thermal transport in doped organic semiconductors.

■ INTRODUCTION
Organic semiconductors have attracted extensive research
interest recently as flexible semiconductors in wearable
electronics, and energy-storage and conversion devices due
to the advantages in high charge transport mobility, easy
processing, mechanical flexibility, light weight, and low cost.1−6

Poly(3,4-ethylenedioxythiophene) (PEDOT) is one of the
most frequently studied conductive conjugated polymers for a
wide range of utilization as organic optoelectronics,7−11

biomedical applications,12 organic electronics,13−15 and organ-
ic thermoelectrics.16−21 Among many kinds of properties
concerned, thermal conductivity is of great importance for
their applications. Low thermal conductivity is favorable to
attain high energy conversion efficiency in thermoelectric
elements, whereas excellent thermal transport is vital for heat
dissipation in organic electronics and more sophisticated and
integrated devices with high power density. With the
development of energy conversion devices and increasing
power density of electronics, there is a growing need to
understand and modulate the heat transport in conjugated
polymers such as PEDOT.
Many efforts have been devoted to exploring the thermal

transport in pure polymer chains.22−24 Zhang et al. reported
the positive relationship between thermal conductivity of

polymers and stiffness of backbone.25 The thermal transport of
polyethylene chains can be modulated by strain due to the
morphology change.26−28 Ma and Tian found that the
introduction of side chain decreases the thermal conductivity
of polymers.29

As well known, organic semiconductors (e.g., PEDOT) are
indispensably doped to optimize their performance in real
utilizations.30−33 Therefore, investigating thermal transport of
doped PEDOT is of practical significance. However, there are
only a few works about the thermal properties of doped
PEDOT. The dopants commonly used in PEDOT include
poly(styrene sulfonate) (PSS), tosylate (Tos), and halides.
Bubnova et al. obtained nearly isotropic thermal conductivity
of spin-coated PEDOT:Tos using the 3ω technique.34 By a
differential 3ω method, Kim et al. demonstrated that
engineered doping had an influence on the thermal anisotropy
factor.35 Liu et al. conducted time-domain thermoreflectance
measurements and reported the highly anisotropic thermal
conductivity of drop-casted PEDOT:PSS films with high
electrical conductivity.36 Wei et al. also observed the
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anisotropic thermal conductivity by using flash analysis
methods and attributed it to the oriented lamellar structure
of PEDOT:PSS films.37 Recently, through molecular dynamics
(MD) simulations, Shi et al. reported the along-chain thermal
conductivity values of PEDOT:Tos on the order of 10 Wm−1

K−1.38 Maeno et al.39 and Crnjar et al.40 investigated the along-
chain thermal transport in PEDOT chains by MD simulations.
Yet, the effect of dopants on thermal transport has not

attained enough attention. Some important issues such as
thermal transport characteristics of doped PEDOT and
influence of the dopants on the phonon properties of
PEDOT are not answered. Such fundamental understanding
is important because it not only assists in manipulating the
thermal transport of PEDOT, but also offers guidelines for the
optimization of doping strategies of organic thermoelectric
materials.
In this work, we evaluate the doping effect on thermal

transport in PEDOT and analyze the vibrational properties.
Keeping in view that the electrical properties of doped PEDOT
have been investigated enough, electronic thermal conductivity
can be obtained from electric conductivity based on the
widely-used Wiedemann−Franz law.36 Hence, we do not
consider the electronic thermal conductivity in this study.
Compared with polyanions, small-sized anions such as Tos are
easier to control their concentration and more convenient for
atomistic simulations. Moreover, the dopants especially
polyanions (e.g., PSS) may dramatically change the config-

urations of host polymers with a soft nature.18,21 In reality, the
polymer chains of conducting polymers are usually not well
aligned.18 Some experimental measurement works of PEDOT-
based materials show different extent of anisotropy of thermal
conductivities, indicating the uncertainty of material structures
synthesized by different fabrication processes.34−37 Therefore,
as a base study, PEDOT:Tos crystal is preferred, due to the
well-validated molecular structures and the convenience in
comparison with previous simulation studies.38,39 In addition,
it is noteworthy that single-crystal PEDOT:Tos nanowires
have been synthesized,41 suggesting the promising potential of
PEDOT:Tos. Experimental observations reported the doping
level of PEDOT:Tos to be about one Tos molecule per four
EDOT monomers.42 Based on this, previous first-principles
calculations showed the molecular structure of PEDOT:-
Tos,21,43 which is referred to as the heavily-doped one.
Through artificially removing Tos molecules in the heavily-
doped one, the lightly-doped PEDOT:Tos is obtained, whose
doping level is reduced by half to one Tos molecule per eight
EDOT monomers.21 The structures of pristine, lightly-, and
heavily-doped PEDOT crystals in ref 21 are used here. As
depicted in Figure 1, Tos molecules are placed in the region
between the PEDOT molecules in the x-direction.

■ METHODS

The MD simulation method is an effective way to obtain the
thermal transport properties of materials with anharmonic-

Figure 1. Schematic structures of (a,b) pristine, (c,d) lightly-, and (e,f) heavily-doped PEDOT crystals. The interchain, along-chain, and cross-
plane direction are the x-, y-, and z-direction, respectively.

Figure 2. (a) The normalized heat flux auto-correlation function (HCACF) and (b) its integral of pristine PEDOT. (c) Dependence of thermal
conductivity of lightly-doped PEDOT on the size of simulation cell. (d) Temperature dependence of thermal conductivity of PEDOT with
different doping concentration.
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ity.44,45 To take the anharmonic vibrations into account, class
II force field potential function including high-order terms and
cross terms are widely applied to describe the interatomic
bonded interactions depending on the structural components
(bonds, angles, and dihedrals) and nonbonded interactions.
For more accurate description of the interactions, the potential
parameters of the sulfonic group in Tos are selected from
improved force field parameters of sulfonate,46 whereas the rest
are from PCFF.47 The equilibrium MD simulations were
performed using the LAMMPS package48 (see details in
Section 1 of the Supporting Information). Green−Kubo
formula relates the equilibrium fluctuations of heat current,
in term of autocorrelation function, to thermal conductivity via
the fluctuation−dissipation theorem. That is

k T V
J J t t

1
(0) ( ) d

B
2 0

0∫κ = ⟨ · ⟩α

τ

α α

where α denotes the direction (x, y, and z), κ is the thermal
conductivity, kB is the Boltzmann constant, V is the system
volume, T is the temperature, τ0 is the integral upper limit, J is
the heat current in the direction of interest, t is the correlation
time, and the angular bracket denotes an ensemble average.49

A combination of time and ensemble sampling is used to
obtain better average statistics. The result represents the
average of five independent simulations with different initial
conditions.

■ RESULTS AND DISCUSSION

We evaluated the thermal transport in pristine, lightly-, and
heavily-doped PEDOT crystals. As can be seen in Figure 2a, at
300 K, the heat current autocorrelation function (HCACF)
curves of pristine PEDOT along the three directions decay
within 10 picoseconds, and then fluctuate around zero. Figure
2b shows the integrals of HCACF along the x-, y-, and z-
direction, which demonstrates the anisotropic thermal trans-
port. Correspondingly, its integral converges to 0.35, 15.1, and
0.41 Wm−1 K−1 for the x-, y-, and z-direction, respectively. The
HCACF and its integral of PEDOT crystals with different
doping concentrations are shown in Figure S2. For pristine
PEDOT, along-chain κy is much higher than the interchain κx
and cross-plane κz. The anisotropic thermal transport is due to
the strong covalent bonds along the chain but weak
nonbonded interactions along the interchain and cross-plane
directions. Moreover, κz is slightly larger than κx. The reason is
that the intermolecular interactions along the stacking
interactions between thiophene rings are stronger than those
along the x-direction.21,50

The along-chain thermal conductivity (κy) is lower than that
in previous MD results.38,39 This discrepancy is attributed to
different simulation method and force field. The equilibrium
MD method is widely used to simulate the thermal transport of
bulk materials.51,52 To accurately simulate an infinite system
with a finite simulation cell, periodic boundary conditions are
applied along the three directions. Because vibrational modes
with wavelength longer than the simulation cell length cannot
be considered, the convergence of thermal conductivity with
respect to the cell size was confirmed as shown in Figure 2c.
Therefore, the equilibrium MD allows us to simulate the
infinite size, that is, bulk thermal conductivity, which is
different from nonequilibrium MD method that is suited to
study the size dependence of thermal conductivity, for
instance, in nanomaterials.53−57 Note that nonequilibrium

MD simulations have also been used to study bulk thermal
conductivity by extrapolating the values calculated for various
sizes. Previous research showed that the thermal conductivity
values estimated by nonequilibrium MD for nanowires and
polymer chains are typically higher than those by equilibrium
MD method.28,58,59 In addition, the previous nonequilibrium
MD simulations by Shi et al.38 and Maeno et al.39 employed
class I force field including only quadratic terms for bonds and
angles, whereas class II force field including high-order terms
for bonds and angles is used in this work. High-order terms in
class II force field make atomic vibrations more anharmonic
compared with quadratic terms in class I force field, so the
thermal conductivity obtained from class II force field is
expected to be lower.25 In general, our value also falls into the
value range of thermal conductivity of analogous conjugated
polymers calculated using the same class II force field.25

Next, we investigated the temperature dependence of
thermal conductivity. As shown in Figure 2d, for pristine
PEDOT, thermal conductivity along the three directions
exhibits typical negative temperature dependence. Additionally,
along-chain thermal conductivity for doped PEDOT also
shows a decreasing trend. On the other hand, there exist some
anomalous thermal transport behaviors for doped PEDOT
with Tos molecules. For the interchain direction, κx of lightly-
and heavily-doped PEDOT (0.18 and 0.15 Wm−1 K−1 at 300
K, respectively) is lower than that of the pristine one (0.35
Wm−1 K−1 at 300 K). Intuitively, the Tos molecules located
between two PEDOT chains along the x-direction should be
responsible for the deteriorative interchain heat propagation.
Both PEDOT and Tos are planar conjugated molecules, but
form perpendicular arrangement. Wang et al. found a
temperature discontinuity between two planar DNTT
conjugated molecular crystals along different orientation of
molecular plane, and reported strong phonon scattering and
large Kapitza resistance in interface regions.60 Similarly,
PEDOT and Tos molecules with different plane orientation
generate thermal interfaces and significantly reduce thermal
conductivity along the x-direction. The slightly lower κx of
heavily-doped PEDOT arises from higher doping concen-
tration and thus larger volume density of interface regions
compared with lightly-doped PEDOT. Correspondingly, there
is no obvious temperature dependence of κx, which is similar to
previous results about thermal interfaces.61−63

For the cross-plane direction, the room-temperature κz
values for pristine, lightly-, and heavily-doped PEDOT are
0.41, 0.32, and 0.24 Wm−1 K−1, respectively. As for the
temperature dependence, κz of heavily-doped PEDOT exhibits
positive dependence, in contrast to the pristine and lightly-
doped ones that show the negative dependence. When
considering the contribution to heat transfer, there is only
one channel in pristine PEDOT along the z-direction, namely,
interlayer heat conduction. However, for doped PEDOT,
another additional channel is the intermolecular heat transfer
by Tos molecules between PEDOT. The anomalous temper-
ature dependence of κz of heavily-doped PEDOT is attributed
to the competing contribution of PEDOT and Tos molecules,
resulting from different heat transport characteristics as will be
discussed later.
The room-temperature along-chain thermal conductivity

decreases from 15.1 Wm−1 K−1 for pristine PEDOT to 10.1
and 8.3 Wm−1 K−1 for lightly- and heavily-doped structures,
respectively. As the addition of Tos molecules alters the
volume of the simulation system, we calculated the cross-
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sectional area of the xz-plane at 300 K for pristine, lightly-, and
heavily-doped PEDOT crystals, as shown in Table S2.
Obviously, PEDOT dominates heat transport in the along-
chain direction. Provided that the Tos molecules have no
contribution to heat transport in the y-direction, the occupied
area of Tos molecules is deleted to make the comparison of κy
legitimately. Hence, the modified κy values of PEDOT are
recalculated as 12.2 and 11.6 Wm−1 K−1 for lightly- and
heavily-doped PEDOT, respectively. As can be seen, there still
exists an approximate 1/5 reduction of thermal conductivity. It
is intuitive to ascribe the thermal conductivity suppression to
the phonon scattering induced by dopant−PEDOT inter-
actions. Further analysis will be shown later. The negative
temperature dependence of κy is consistent with those of other
typical polymer crystals.24,27 This is due to the increased
phonon scattering with increasing temperature as discussed in
Figure S3. As Figure S4 shows, the morphology character-
ization of PEDOT chains via the radial distribution function
indicates that phase change is not the reason for the reduction
in along-chain thermal conductivity.
To quantitatively analyze the thermal transport character-

istics in doped PEDOT, we decompose the total thermal
conductivity into contributions from different mechanisms.
The heat current is calculated as

J e v F v r
1
2

( )
i

N

i i
i j j i

N

ij i ij
1 1 1;

∑ ∑ ∑= + ·
= = = ≠

where ei and vi are the energy and velocity of atom i, and Fij
and rij are force and position vectors between atoms i and j,
respectively. The contribution of convection and virial to heat
current correspond to the first and second term, respectively.
Usually, virial contribution to thermal transport is dominant
owing to the weak atomic convectional motion.64 However,
because of the presence of small-sized Tos anions, convection
would make certain contribution to thermal conductivity in
doped PEDOT. The total thermal conductivity can be
decomposed into three contributions, convection (κconvection),
virial (κvirial), and the coupling between virial and convection,
denoted as κcross. Commonly, κcross is very small, and presents
the same temperature dependence as κconvection.

64 As will be
seen in Figure 3, the sum of κconvection and κvirial is close to κtotal,
so we do not discuss the value of κcross here.
Figure 3a shows the virial and convectional contribution to

thermal conductivity of lightly-doped PEDOT at different
temperatures. For thermal conductivity along the three
directions, κvirial overwhelms thermal transport and is higher
than κconvection by more than one order of magnitude. Thermal
transport in the x-direction is governed by the interfacial
thermal conduction as mentioned above, and there is no
obvious temperature dependence of κvirial. In the y- and z-
direction, κvirial shows conventional negative temperature
dependence. κconvection increases as temperature increases due
to the intensification of convection. κconvection in the y- and z-
direction are comparable and are higher than κconvection in the x-
direction because of the anisotropic motion of Tos molecules.

Figure 3. Contribution of virial and convection terms to temperature-dependent thermal conductivity of (a) lightly- and (b) heavily-doped
PEDOT.

Figure 4. (a) Along-chain SED maps of pristine, lightly-, and heavily-doped PEDOT at room temperature. Normalized wave vector ka/2π is used
due to the negligible differences of y-direction lattice constant shown in Table S2. The white dashed ellipses denote the gradual attenuation of SED
spectra of doped PEDOT in comparison with pristine PEDOT. The white solid ellipses point out the decreasing area of blue region with increasing
doping concentration. The black solid lines indicate the selected phonon modes with Lorentzian-shape peaks. (b) Lifetimes of phonon modes
denoted by dots on black solid lines in (a).
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The mean square displacement (MSD) calculation in Figure
S5c,d demonstrates larger MSD values in the y- and z-direction
compared with that in the x-direction. This means that the
motion of Tos molecules is unrestricted in the y- and z-
direction, whereas it is restricted by PEDOT in the x-direction.
As can be seen in Figure 3b, compared with lightly-doped
PEDOT, heavily-doped PEDOT shows similar results in the x-
direction. However, κconvection in the y- and z-direction of
heavily-doped PEDOT are much larger than those of the
lightly-doped one. Especially, at 400 K, κconvection reaches 45%
of the total thermal conductivity, becoming comparable to
κvirial in the z-direction. The abnormally positive temperature
dependence of thermal conductivity in the z-direction results
from the huge increase of κconvection. Figure S5a,b shows solid-
like converging and fluctuating MSD of PEDOT with running
time, which denotes that PEDOT remains in the solid state.
Morphology characterization in Figure S4 also verifies no
phase change for PEDOT. For Tos molecules, Figure S5d
demonstrates that the MSD of Tos molecules keep increasing
with running time. The linear increasing trend is confirmed in
Figure S6a and Table S3. The diffusion coefficient calculation
in Figure S6b predicts the liquid-like diffusion characteristics of
Tos molecules in heavily-doped PEDOT at 400 K,64 and thus
proves the considerable contribution from convection of Tos
molecules. Therefore, the system is partial-solid partial-liquid
at 400 K, which means that the Tos molecules diffuse like
liquid in the gaps between solid PEDOT.
To gain further understanding of the doping effect on κvirial,

the normalized spectral energy density (SED) is calculated to
qualitatively analyze the difference in along-chain heat
conduction. Through Lorentzian function fitting, the phonon
lifetimes of pristine, lightly-, and heavily-doped PEDOTs can
be obtained.54,65−67 The along-chain SED in the full-frequency
range is given in Figure S7a. Keeping in view that dominant
thermal energy carriers in crystalline polymers are usually low-
frequency phonons,68 an enlarged SED contour map in the
frequency range below 10 THz is presented in Figure 4a. As
denoted by white dashed ellipses, along the direction from the
Brillouin zone edge to the center, these optical branches of
pristine PEDOT exhibit clear spectra, whereas those of doped
PEDOT show gradual attenuation. Additionally, the area of the
blue region in the white solid ellipse gradually decreases with
the increasing doping concentration. These two phenomena
indicate the generally broader SED peaks and smaller phonon
lifetimes of doped PEDOT in comparison with the pristine
one. Besides, the phonon branches of pristine PEDOT above
the white solid ellipses are clearer than those of doped ones,
whereas those of lightly-doped PEDOT are clearer than those
of the heavily-doped one, suggesting steeper SED peaks, and
thus larger phonon lifetimes of pristine PEDOT.69

The quantification of lifetimes for all phonon modes of
PEDOT would be highly time-consuming due to the
numerous branches in the first Brillouin zone. Here, to partly
exemplify the reduction of phonon lifetimes, the SED spectra
are fitted by Lorentzian functions for several phonon modes
with Lorentzian-shape peaks. According to the SED spectra of
PEDOT shown in Figure S8, as denoted by dots on black solid
lines in Figure 4a, two acoustic phonon modes with normalized
wave number from 0.1 to 0.15 and four optical phonon modes
with normalized wave number from 0.2 to 0.4 are selected.
These phonon modes have large slopes (i.e., large group
velocities), hence considerable contributions to thermal
transport. As Figure 4b shows, lifetimes of not all but most

phonon modes in pristine PEDOT are larger than those of
doped ones, which is consistent with the nonsignificant
difference between modified κy. When roughly considering
only these phonon modes, lifetimes exhibit general decreasing
trend from pristine PEDOT to doped ones, whereas phonon
lifetimes of lightly- and heavily-doped PEDOT are close. The
general reduction of phonon lifetimes in the low-frequency
range validates the decreased along-chain thermal conductivity
of PEDOT by doping.
In the high-frequency range, the discrepancy between SED

of pristine, lightly-, and heavily-doped PEDOT are not
obvious. As depicted in Figure S9, the enlarged plot in the
frequency range of 40−50 THz shows similar SED contour
maps. In other words, dopants mainly suppress the heat
transport via low-frequency phonons because the interactions
between dopants and host polymers are nonbonded forces,
which mainly affect low-frequency atomic vibrations.

■ CONCLUSIONS
In conclusion, we have performed MD simulations of the
thermal transport in pristine, lightly-, and heavily-doped
PEDOT. The temperature dependent thermal conductivity
from 200 to 400 K demonstrates the anisotropic thermal
transport in PEDOT. Furthermore, it is found that doping
decreases the thermal conductivity of PEDOT along the three
directions at room temperature. Pristine PEDOT presents
conventional negative temperature-dependent thermal con-
ductivity. For doped PEDOT, along-chain thermal conductiv-
ity shows negative temperature dependence, whereas cross-
plane thermal conductivity exhibits a positive trend. There is
no obvious temperature dependence of interchain thermal
conductivity due to the interface-like nature of thermal
transport between PEDOT and dopants. Through the
quantitative analysis of the respective contribution to thermal
conductivity of doped PEDOT from virial and convection, it is
disclosed that κconvection increases with temperature due to the
intensification of convection. Especially, convection can
contribute up to 45% of the cross-plane total thermal
conductivity of heavily-doped PEDOT at 400 K. The analysis
of morphology and diffusion confirm the system state as
partial-solid partial-liquid at 400 K, which means that Tos
molecules diffuse like liquid in the gaps between solid PEDOT.
Moreover, along-chain and cross-plane κvirial decreases with
temperature. The SED analysis shows the general decrease of
phonon lifetimes in low-frequency range, indicating that
doping mainly affects low-frequency phonons due to the
nonbonded interactions between Tos and PEDOT. The
addition of dopants results in both volume change and
phonon scattering, thus reducing the thermal conductivity in
the y-direction. The result demonstrates the hybrid thermal
transport characteristics in doped PEDOT. Our study provides
insights into the thermal transport mechanism in doped
organic semiconductors and guides the regulation of thermal
properties for their applications in electronic devices and
energy conversion.
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states, radial distribution function, MSD and diffusion
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