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Tuning Thermal Transport in Chain-Oriented Conducting 
Polymers for Enhanced Thermoelectric Efficiency:  
A Computational Study

Wen Shi, Zhigang Shuai, and Dong Wang*

Thermoelectric polymers should be electron-crystal and phonon-glass to 
efficiently interconvert heat and electricity. Herein, by using molecular 
dynamics simulations, it is demonstrated that engineering phonon trans-
port in conducting polymers by tailoring its degree of polymerization can 
effectively improve the energy conversion efficiency. This is based on the 
separated length scales that charge carriers and phonons travel along the 
polymer backbone. By tuning the chain length and the crystallinity of chain-
oriented poly(3,4-ethylenedioxythiophene) fibers, a dramatic decrease of the 
axial thermal conductivity to 0.97 W m−1 K−1 has been observed in rationally 
designed polymer fibers with the crystallinity of 0.49 and the relative 
molecular weight of 5600. The dimensionless thermoelectric figure of merit  
at 298 K has been enhanced to 0.48, which is approximately one order of 
magnitude higher than that in crystalline polymers.
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transport properties and poor thermal 
transport properties should simultane-
ously exist in TE materials, which is 
known as the electron-crystal and phonon-
glass criteria.[3] For conventional inorganic 
TE materials, electronic band engineering 
and phonon engineering have been dem-
onstrated as two effective strategies to 
improve the TE efficiency, and these strat-
egies are often combined to achieve the 
best TE performance.[4] The efficient TE 
materials are usually semiconductors, 
with high electrical conductivity, decent 
Seebeck coefficient, and low thermal 
conductivity.

For polymeric TE materials, efforts 
have been made to optimize charge trans-
port properties by engineered chemical or 

electrochemical doping.[5] For example, by reducing the dopant 
volume in poly(3,4-ethylenedioxythiophene) (PEDOT) doped 
by poly(styrenesulphonate) (PSS), a high zT value of 0.42 is 
achieved,[6] which has successfully improved the zT value by 
two orders of magnitude.[7] Through the accurate control of 
carrier concentration in PEDOT doped by p-toluenesulfonate 
(Tos), a zT of 0.25[8] and a record large power factor (PF = S2σ) 
of 1270 µW m−1 K−2[9] are realized. Our previous theoretical 
investigation of doping effects on TE properties of “ideal” 
crystalline lightly doped PEDOT:Tos unraveled that by tuning 
the doping level a power factor of 3150 µW m−1 K−2 along the 
polymer chain and 209 µW m−1 K−2 in the π–π stacking direc-
tion can be realized.[10] However, engineered thermal transport 
in conducting polymers for enhanced TE efficiency has never 
been reported.

Polymers are amorphous by nature and often featured 
with low thermal conductivity and low carrier mobility. High 
mobility in D–A polymers has been reported and it has been 
ascribed to the increased chain alignment of these polymers.[11] 
It is also recognized that increased structural order and molec-
ular organization in PEDOT lead to simultaneous increase of 
Seebeck coefficient and electrical conductivity, which gives rise 
to a large TE power factor.[12] Nevertheless, polymeric materials 
with ordered structures have been found to exhibit incredibly 
high lattice thermal conductivity, which is undoubtedly adverse 
to the acquisition of high zT (Figure 1a). Such as in high-quality 
ultradrawn polyethylene (PE) single crystalline nanofibers, the 
lattice thermal conductivity reaches 104 W m−1 K−1, which is 
even higher than plenty of pure metals.[13] For the above rea-
sons, both increased chain alignment and some extents of 

Thermoelectrics

1. Introduction

Thermal conductivity is a pivotal property of polymers, which 
significantly impacts the product reliability and device perfor-
mance. Lately, conducting polymers as promising candidate 
thermoelectric (TE) materials to interconvert heat and electricity 
have attracted intense interest.[1] In TE applications poor heat 
conduction often results in efficient energy conversion. The 
efficiency of a TE material is quantified by a physical parameter 
known as the dimensionless figure of merit /2σ κ=zT S T .[2] In 
solid materials, both charge carriers and lattice vibrations con-
duct heat. To achieve a high TE efficiency, excellent electrical 
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structural disorder seem indispensable in order to enhance 
zT. Assuming that the mean free paths of charge carriers and 
phonons are separated in length scales, by preparing chain-
oriented polymer fibers (Figure 1b) whose chain lengths are 
shorter than the mean free path of phonons but longer than 
that of charge carriers, thermal transport can be significantly 
suppressed due to the boundary scattering effect of phonons, 
while charge transport properties are not degraded (Figure 1c).

In this work, inspired by the state-of-the-art experimental pro-
gresses, we systematically investigate these hypotheses using 
rationally designed chain-oriented PEDOT fibers in which both 
chain length and structural disorder of backbone span a cer-
tain range (Table S1, Supporting Information), to examine dif-
ferent strategies on engineering thermal transport in PEDOT 
for enhanced TE efficiency. A multiscale theoretical approach 
combining nonequilibrium molecular dynamics (NEMD) 
simulations and first-principles calculations is employed. We 
demonstrate that the “ideal” crystalline PEDOT manifests out-
standing heat conduction in the polymer backbone direction, 
yet poor in the interchain direction. The intrachain zT of “ideal” 
crystalline PEDOT is therefore very poor in spite of its excel-
lent power factor. By tuning the chain length and the crystal-
linity of chain-oriented PEDOT fibers, a dramatic decrease 
of the axial thermal conductivity has been observed, from 
41.7 W m−1 K−1 in “ideal” crystalline PEDOT to 0.97 W m−1 K−1 
in rationally designed polymer fibers with the crystallinity of 
0.49 and relative molecular weight of 5600. The zT at 298 K has 

been enhanced to 0.48, which is around 20 times higher than 
that in the crystalline polymers.

2. Results and Discussion

2.1. “Ideal” Crystalline PEDOT

We first derive the lattice thermal conductivity of “ideal” single 
crystalline PEDOT, in either pristine or doped form. Both 
intra- and interchain interactions in PEDOT are character-
ized by the general Amber force field (GAFF), whose validity 
has been confirmed by comparing calculated mass density 
(Table S2, Supporting Information), typical structural para-
meters (Table S3, Supporting Information), glass transition 
temperature (Figure S4a, Supporting Information), volumetric 
thermal expansion coefficient (Figure S4b, Supporting Infor-
mation), featured vibrational frequencies (Figures S5 and S6 
and Table S4, Supporting Information), and heat capacity of 
PEDOT (Table S5, Supporting Information), with available 
experimental data and density functional theory (DFT) calcula-
tions. The NEMD simulation based on appropriate force fields 
has been demonstrated as a reliable approach to calculate the 
lattice thermal conductivity of organic materials,[14] see the 
Experimental Section for details. By exploiting the velocity-
exchange algorithm,[15] a heat flow is generated across the 
system. After the steady state and local thermal equilibrium 
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Figure 1. Schematic illustration of thermal and electrical transport in crystalline polymers and chain-oriented polymeric fibers. a) Anisotropic thermo-
electric transport properties of crystalline polymers in the conjugated backbone and π–π stacking directions, respectively. The chemical structures of 
PEDOT are also displayed. b) Suppression of phonon transport in chain-oriented amorphous polymer fibers. The polymer chains extend along the long 
axial direction of the fiber. The polymer chains are tailored to be shorter than the mean free path of phonons while longer than that of charge carriers 
by controlling the degree of polymerization. c) Separated length scales of thermal and charge transport in the same crystallite. In general, the mean 
free path of phonons is much longer than that of charge carriers. If the grain size is smaller than the mean free path of phonons, the phonons will be 
predominantly scattered by the grain boundary.
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have been established, a temperature distribution in the system 
is measured. The lattice thermal conductivity is derived from 
the heat current and the temperature gradient via Fourier’s law, 

Q Lκ= − ∇J T . The temperature distribution across the system is 
linear except in the region near the heat sink and heat source 
(Figure 2a) because the unphysical exchange of atomic veloci-
ties and the physical heat flow in that region are not balanced. 
Extrapolation of lattice thermal conductivities at a series of 
simulation box lengths, see the Experimental Section, has been 
performed to derive the true bulk lattice thermal conductivity 
and the phonon mean free path (Figure 2b and Figure S7, Sup-
porting Information).

The “ideal” crystalline PEDOT, either pristine or doped 
PEDOT:Tos, exhibits the lattice thermal conductivity of 
41.7 or 61.2 W m−1 K−1 in the backbone direction and 0.33 or 
0.14 W m−1 K−1 in the stacking direction (Table 1). Doping has 
little effect on the in-plane thermal transport properties since 
Tos is intercalated between PEDOT lamellas. The highly ani-
sotropic lattice thermal conductivity has also been observed 
in highly oriented PE fibers,[16] which is ≈180-fold between 
intra- and interchain directions and very close to our predic-
tion here for PEDOT. We attribute this anisotropy to the dis-
tinct bonding nature in two directions, i.e., strong covalent 
bonds in the poly mer chain direction versus weak van der Waals 
interactions in the stacking direction. Such a high anisotropy 
is unique to chain-oriented conducting polymers, which makes 

them distinguishable from small-molecule based organic semi-
conducting materials. We have surveyed the experimental data 
available in the literature, which show that lattice thermal 
conductivities of chain-aligned polymeric materials usually 
fall in the range of 10–100 W m−1 K−1 in the chain direction, 
and those in the perpendicular directions fall in the range of 
0.1–1 W m−1 K−1. The lattice thermal conductivities of amor-
phous polymers dictated by weak van der Waals interactions 
also fall within 0.1–1 W m−1 K−1 (Figure 3a). For example, 
the total thermal conductivity of amorphous PEDOT:Tos 
and PEDOT:PSS thin-films was reported to be 0.37[8] and 
0.42 W m−1 K−1,[6] respectively. Moreover, by engineered inter-
chain interactions via hydrogen bonded network, a high lattice 
thermal conductivity over 1.5 W m−1 K−1 has been observed in 
amorphous polymer blends films of poly(N-acryloyl piperidine) 
(PAP) and poly(acrylic acid) (PAA).[17]

According to the kinetic theory of gas for heat conduction, 
L V

2κ τ= c v , the lattice thermal conductivity is proportional to the 
specific heat capacity (cV), the phonon group velocity (v), and 
the phonon relaxation time (τ) arising from phonon scatterings. 
The phonon group velocity is related to the elastic constant (E) 
and the mass density (ρ) by /ρ=v E . The phonon relaxation 
time /τ = l v is derived from the phonon mean free path (l). 
Both the elastic constant and the phonon relaxation time show 
distinct anisotropy in pristine PEDOT and doped PEDOT:Tos 
crystals. The elastic constants are 190 × 109 (232 × 109) and 
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Figure 2. a) Temperature profile obtained from the NEMD simulations at 298 K. The time average of the instantaneous temperature is taken over the 
final 3 ns of the simulation after the steady state has been established. The solid red line represents a linear fit of the data points. The inset shows the 
temperature evolution with time for the heat sink (the blue curve) and heat source (the red curve). b) Eliminating the finite-size effect by extrapolation 
to derive the lattice thermal conductivity of true bulk materials. Inverse of the lattice thermal conductivity, κMD

−1 is shown as a function of inverse of 
the simulation box length, Lbox

−1 in the chain direction at 298 K. The solid red line represents a linear fit of the data points. The sizes of supercells in 
the number of primitive cells are also labeled in the figure.

Table 1. Summary of thermal and electrical transport properties for “ideal” crystalline PEDOT. Elastic constant E (in 109 J m−3), mass density ρ (in g cm−3), 
phonon group velocity v (in 103 m s−1), phonon and hole mean free paths lphonon and lhole (in Å), phonon relaxation time τ (in ps), heat capacity per 
volume at constant volume cV (in J cm−3 K−1), and lattice thermal conductivity, κL (in W m−1 K−1) for pristine PEDOT and lightly doped PEDOT:Tos in 
the b* and c* directions at 298 K.

Directions E ρ v lphonon τ cV κL lhole

Pristine b* 232 1.68 11.8 479 4.06 1.49 41.7 13.2

c* 19.0 3.36 25.0 0.74 0.33 4.17

Lightly doped b* 195 1.45 11.6 1.11 × 103 9.57 1.32 61.2 4.04

c* 46.3 5.65 17.8 0.32 0.14 1.24
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19 × 109 (46 × 109) J m−3, and the phonon relaxation times 
are 4 (9) ps and 0.7 (0.3) ps in pristine (doped) PEDOT along 
the backbone and stacking directions, respectively (Table 1). 
It has been reported that some typical polymer fibers, such as 
polybenzobisoxazole (PBO), exhibit high intrinsic axial lattice 
thermal conductivity (≈20 W m−1 K−1), large phonon relaxa-
tion time (≈3 ps), and long phonon mean free path (≈300 Å) 
at the room temperature.[18] The lattice thermal conductivity 
of crystalline PEDOT decreases rapidly with the increasing 
temperature (Figure 3b). The measured lattice thermal con-
ductivity of crystalline PE fiber also displays the analogous 
temperature dependence relationship (Figure 3b).[18] We show 
that the phonon mean free path decreases dramatically with the 
increasing temperature, while the heat capacity is insensitive 
to the temperature (Figure 3c). Because at higher temperatures 
more phonons are generated, which lead to stronger interac-
tions and substantially reduced phonon mean free path.

The 200-fold anisotropy of lattice thermal conductivities in 
“ideal” crystalline PEDOT is much higher than the tenfold ani-
sotropy of power factors. As a result, the zT value along the 
polymer backbone is 0.02 despite of its high power factor, and 
that in the stacking direction is 0.19 (Figure 4). TE conducting 
polymers are supposed to be electron-crystal and phonon-glass. 
The above results demonstrate that crystalline conjugated poly-
mers are electron-crystal in the polymer backbone direction and 
phonon-glass in the stacking and lamellar directions. To take 
advantage of the high power factor in the direction of polymer 
backbone, thermal transport in that direction has to be sup-
pressed. In the following, we show that by controlling the chain 
length of polymers and introducing structural disorders, the 
lattice thermal conductivity in the backbone direction can be 
substantially reduced.

To improve TE efficiency of conducting polymers, a chal-
lenging task is to reduce the thermal conductivity while not 
deteriorate the electrical transport properties. The hole mean 

free path, after considering acoustic phonon and ionized impu-
rity scatterings, is predicted to be 13.2 Å in pristine PEDOT and 
4.04 Å in doped PEDOT:Tos, which is more than one order of 
magnitude smaller than the phonon mean free path, 479 Å in 
pristine PEDOT and 1000 Å in doped PEDOT:Tos (Table 1). If 
the polymer chain is longer than the mean free path of charge 
carriers but shorter than that of phonons, the lattice thermal 
conductivity will be significantly reduced due to the phonon 
scattering at boundaries while charge transport will be mini-
mally affected. So engineering the chain length of polymers 
is one of effective strategies to enhance zT. The estimated 
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Figure 3. Thermal transport for the “ideal” crystalline PEDOT. a) Lattice thermal conductivities calculated for the pristine PEDOT and lightly doped 
crystalline PEDOT:Tos at 298 K in the chain (the green bar) and stacking (the blue bar) directions, respectively (in the shaded red box). The meas-
ured lattice thermal conductivities of other polymers are displayed for comparison. The related references are listed in the Supporting Information.  
b) Temperature dependence of the axial lattice thermal conductivity, κL. The experimental data of crystalline polymer PE from Ref. [18] are shown for 
comparison. c) Temperature dependence of the phonon mean free path, lphonon and heat capacity per volume at constant volume, cV. The experimental 
lphonon of crystalline PBO fibers from Ref. [18] at room temperature is also displayed.

Figure 4. Dimensionless TE figure of merit, zT for the “ideal” crystalline 
pristine PEDOT and explicit lightly doped PEDOT:Tos in the intrachain 
and interchain directions as a function of the hole concentration at 298 K.
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room-temperature hole mean free paths of crystalline pristine 
(4.2 Å) and lightly doped PEDOT (1.2 Å) in the π–π stacking 
direction are consistent with that of naphthalene single crystal 
(1.5 Å) predicted by Silbey and co-authors.[19] The relative 
molecular weight (r.m.w.) of polymers usually spans from 104 
to 106 and exhibits a distribution. To suppress thermal trans-
port in the backbone direction, the chain length of PEDOT 
should be larger than 13.2 Å and smaller than 479 Å, which 
amounts to 4–124 EDOT units and r.m.w. of 560–17 360. Based 
on the “ideal” crystalline PEDOT, we designed two polymers, 
Polymer 1 and Polymer 2, whose chain length is 156 and 391 Å, 
r.m.w. is 5600 and 14 000, containing 40 and 100 EDOT moi-
eties, respectively. We derived their lattice thermal conductivi-
ties, which are 4.84 and 9.84 W m−1 K−1, respectively, reduced 
by nine and four times with respect to the “ideal” crystalline 
PEDOT due to the size effect. The chain length of these two 
polymers is much longer than the mean free path of holes, 
so charge movement in them will be barely affected, and we 
expect the zT value be enhanced to 0.16 in Polymer 1 and 0.09 
in Polymer 2. These results clearly demonstrate that thermal 
transport in conducting polymers can be effectively suppressed 
by controlling their degree of polymerization.

2.2. Chain-Oriented PEDOT Fibers

In practice, it is difficult to grow crystalline polymers from the 
solution process, yet chain-oriented polymer fibers with struc-
tural disorder are easy to fabricate, in which heat transfer may 
be further hindered by localized vibrations. We prepared series 
of chain-oriented fibers with various degrees of structural dis-
order based on Polymer 1 and Polymer 2 by the simulated 
thermal annealing approach, see the Experimental Section. 
The structural disorder of polymer fibers is characterized by a 
physical parameter, the crystallinity, Xc. The volume crystallinity 
is defined as ( )/( )c a c aρ ρ ρ ρ= − −X , where ρ is the mass den-
sity of our samples, ρa = 1.00 g cm−3,[20] and ρc = 1.68 g cm−3  
based on our DFT calculations, represent mass densities of 
amorphous and “ideal” crystalline PEDOT, respectively. With 
the increase of structural disorder, the volume crystallinity 
decreases from 0.87 to 0.49 for Polymer 1 and from 0.89 to 
0.54 for Polymer 2. The structural disorder is also manifested 
by the radial distribution function (RDF) of sulfur–sulfur dis-
tance in the thiophene ring of 3,4-ethylenedioxythiophene 
(EDOT), which shows broader peaks in chain-oriented fibers 
than in crystalline PEDOT, except for the one contributed by 
the nearest-neighbor sulfur atoms (≈4.40 Å) along the polymer 
backbone (Figure 5). The broader distribution indicates the 
poorer crystallinity.

We derived lattice thermal conductivities of these rationally 
designed fibers by the same NEMD method. The relationship 
between the axial lattice thermal conductivity and the sample 
crystallinity is shown in Figure 6a. The lattice thermal conduc-
tivity correlated strongly with the crystallinity of polymers. As the 
crystallinity decreases from 0.87 to 0.49, the lattice thermal con-
ductivity is reduced from 4.88 to 0.97 W m−1 K−1 in Polymer 1, 
and as the crystallinity decreases from 0.89 to 0.54, the lattice 
thermal conductivity is reduced from 6.66 to 1.67 W m−1 K−1 in 
Polymer 2, in contrast to 41.7 W m−1 K−1 in “ideal” crystalline 

PEDOT. Moreover, with the crystallinity decreasing, the lattice 
thermal conductivity in polymers with longer chains drops 
faster than shorter chains, which indicates that heat propa-
gation in the latter is more seriously hindered by localized 
vibrations.

The temperature dependence of the lattice thermal con-
ductivity in amorphous PEDOT fibers is different from that 
in crystalline PEDOT. With the temperature rising, the lat-
tice thermal conductivity of chain-oriented PEDOT fibers 
increases slightly (Figure 6b), which is typical for amorphous 
materials, such as amorphous polymer blends films of PAP 
and PAA (Figure 6b).[17] The mechanisms of thermal trans-
port in amorphous solids are not yet completely understood. 
Theoretical models, including constant phonon mean free 
path picture,[21] the minimum thermal conductivity model,[22] 
Kubo based theory,[23] anharmonic interactions between local-
ized vibrations,[24] and delocalized phonon-like modes,[25] have 
been proposed to understand the thermal conductivity and 
temperature relationship. Our simulation results show that 
the specific heat capacity increases slightly with the increasing 
temperature from 250 to 450 K (Figure 6c), which gives rise to 
the slow increment of the lattice thermal conductivity. How-
ever, we cannot rule out the possibility that as the tempera-
ture increases, the anharmonic interactions between localized 
vibrations are strengthened, which results in the further incre-
ment of lattice thermal conductivity.[24] In addition, as the chain 
length increases, the lattice thermal conductivity increases 
obviously, which we attribute to the contribution of delocalized 
phonon-like modes to heat conduction.[25]

By controlling the chain length and introducing structural 
disorder, the zT value of Polymer 1, Xc of 0.49 and r.m.w. of 
5600, is enhanced to 0.48 in the axial direction (Figure 7), 
which is 20 times higher than the “ideal” crystalline PEDOT. 
Our results highlight that by tailoring the degree of polymeri-
zation and crystallization, thermal transport in chain-oriented 
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Figure 5. Radial distribution function, g(r) between sulfur atoms for 
crystalline PEDOT and two fibers with the crystallinity Xc = 0.49 and 
Xc = 0.87 at 298 K. The r.m.w. of both fibers is 5600. The insets show 
the structures of PEDOT in the backbone and π–π stacking directions, in 
which the typical distances between sulfur atoms are labeled.
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polymeric fibers can be substantially suppressed. These sem-
inal studies on engineering thermal transport in conducting 
polymers open up alternative strategies to doping optimization 
for achieving high TE efficiency.

3. Conclusions

In summary, we have shown that crystalline PEDOT is an 
excellent heat conductor in the direction of polymer backbone, 

but it is phonon-glass in the interchain directions due to its 
anisotropic chemical bonding nature, covalent versus van der 
Waals bondings. The TE efficiency of crystalline PEDOT is thus 
very poor in the chain direction despite of its electron-crystal 
nature. We highlight effective strategies to engineer thermal 
transport along the polymer backbone for achieving high TE 
figure of merit, based on the separated length scales of charge 
and phonon transport. By the rational design and tailoring the 
chain length and crystallinity of chain-oriented PEDOT fibers, 
a significant decrease of the lattice thermal conductivity from 
41.7 to 0.97 W m−1 K−1, and an impressive increase of zT from 
0.02 to 0.48 have been attained. The degree of polymerization 
and crystallization are two important factors governing thermal 
transport in polymers. Both of them can be controlled during 
fabrication and characterized experimentally. We believe that 
the strategies suggested here for engineering thermal transport 
are robust and applicable to other TE conducting polymers.

4. Experimental Section

Model Setup: “Ideal” crystalline models of pristine PEDOT and 
lightly doped PEDOT:Tos with infinitely long chain length were taken 
from Ref. [26] and the previous work.[10] It was started from the crystal 
structure of “ideal” pristine PEDOT with 18 chains in the cell and built 
model structures for Polymer 1 and Polymer 2 by retaining 40 and 
100 EDOT moieties respectively in each chain (Table S1, Supporting 
Information). Based on these two crystalline models of different 
chain lengths, chain-oriented polymer fibers were generated by the 
simulated thermal annealing approach as follows. The initial crystalline 
structures were first heated to and equilibrated at temperatures 
between 500 and 1800 K for 500 ps in the canonical (NVT) ensemble 
with Nosé–Hoover thermostat and then cooled down to 298 K at a 
rate of 0.1–5 K ps−1 under the isotropic control of pressure at 1 atm. 
The system was then equilibrated in the NVT ensemble for 500 ps and 
subsequently isothermal-isobaric (NPT) ensembles for 500 ps with 
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Figure 6. Engineering thermal transport in the chain-oriented PEDOT fibers by controlling the degree of polymerization and the crystallinity.  
a) Relationship between the axial lattice thermal conductivity, κL of chain-oriented PEDOT fibers and the sample crystallinity, Xc at 298 K. The dashed 
lines are shown to guide the eyes of the trend. b) Temperature dependence of the axial lattice thermal conductivity, κL for two chain-oriented amorphous 
PEDOT fibers. The experimental data of amorphous polymer blend films of poly(N-acryloyl piperidine) (PAP) and poly(acrylic acid) (PAA) from Ref. [17] 
are shown for comparison. c) Temperature dependence of heat capacity per volume at constant volume, cV of the same fibers as in (b).

Figure 7. Engineering dimensionless TE figure of merit in the chain-
oriented PEDOT fibers by controlling the degree of polymerization and 
the crystallinity. The dependence of TE figure of merit, zT on the sample 
crystallinity, Xc for the lightly doped PEDOT:Tos at 298 K. The dashed lines 
are shown to guide the eyes of the trend.
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Nosé–Hoover thermostat and barostat at the temperature of 298 K and 
the pressure of 1 atm. The GAFF with anharmonic interactions included 
was used to describe the bonded and nonbonded interactions of PEDOT 
and Tos.[27] The atomic partial charges were derived by the restrained 
electrostatic potential fitting method.[28] The real-space cutoff radius for 
Coulombic and Lennard-Jones interactions was set to be 10 Å. The long-
range Coulombic and 1/r6 dispersion interactions were computed by the 
particle–particle particle–mesh (pppm) method.[29] The velocity Verlet 
algorithm was used to update the positions and velocities of atoms. The 
time step for integration of the equation of motion was set to be 1 fs. 
The simulations were performed with the large-scale atomic/molecular 
massively parallel simulator package.[30]

Lattice Thermal Conductivity Calculation: The NEMD simulations were 
applied to mimic the thermal transport process.[31] In this approach, 
a heat flux JQ across the system was generated, and the resulting  
temperature gradient T was measured after the system had established 
a steady state. The lattice thermal conductivity κL can be extracted 
according to the Fourier’s law, Q Lκ= − ∇J T . Herein the Müller–Plathe 
velocity-exchange algorithm was used to generate the heat flux in the 
system.[15] The velocity swapping was conducted every 200 steps. Over 
time, this introduced a temperature gradient in the system. The total 
NEMD simulations lasted for 5 ns. To correct the finite-size effect, the 
simulations were performed at several box lengths, and the thermal 
conductivity data were extrapolated to derive the lattice thermal 
conductivity of true bulk crystal according to the formula 

1 3 3 1 2
MD V

2 MD
1

V
2

bulk box boxκ τ τ= = +

 


 ≡ +−

c v c v
v

L
A B

L  (1)

where κMD and Lbox are the lattice thermal conductivity obtained 
from the NEMD simulations and the corresponding box length 
(Figure 2b and Figure S7, Supporting Information).[32] The phonon 
mean free paths, lbulk were obtained according to Equation (1) via 
the relation /2bulk bulkτ= =l v B A, where τbulk is the phonon relaxation 
time. The more details of methods were provided in the Supporting 
Information.
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Supporting Information is available from the Wiley Online Library or 
from the author.
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