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ABSTRACT: Polymer thermoelectric devices are emerging as promising
platforms by which to convert thermal gradients into electricity directly, and
poly(3,4-ethylene dioxythiophene) doped with poly(styrenesulfonate) (PE-
DOT:PSS) is a leading candidate in a number of these thermoelectric modules.
Here, we implement the stable radical-bearing small molecule 4-hydroxy-2,2,6,6-
tetramethylpiperidin-1-oxyl (TEMPO−OH) as an intermolecular dopant in order
to tune the electrical conductivity, thermopower, and power factor of PEDOT:PSS
thin films. Specifically, we demonstrate that, at moderate loadings (∼2%, by weight) of the open-shell TEMPO−OH molecule,
the thermopower of PEDOT:PSS thin films is increased without a marked decline in the electrical conductivity of the material.
This effect, in turn, allows for an optimization of the power factor in the composite organic materials, which is a factor of 2
greater than the pristine PEDOT:PSS thin films. Furthermore, because the loading of TEMPO−OH is relatively low, we observe
that there is little change in either the crystalline nature or surface topography of the composite films relative to the pristine
PEDOT:PSS films. Instead, we determine that the increase in the thermopower is due to the presence of stable radical sites
within the PEDOT:PSS that persist despite the highly acidic environment that occurs due to the presence of the
poly(styrenesulfonate) moiety. Additionally, the oxidation−reduction-active (redox-active) nature of the TEMPO−OH small
molecules provides a means by which to filter charges of different energy values. Therefore, these results demonstrate that a
synergistic combination of an open-shell species and a conjugated polymer allows for enhanced thermoelectric properties in
macromolecular systems, and as such, it offers the promise of a new design pathway in polymer thermoelectric materials.

KEYWORDS: polymer thermoelectrics, poly(3,4-ethylene dioxythiophene) doped with poly(styrenesulfonate) (PEDOT:PSS),
stable radical species, open-shell molecular doping, nitroxide radicals

Electrically active macromolecules have been rigorously
investigated in recent years because of their potential

application in the next generation of environmentally friendly,
flexible thermoelectric modules.1−4 In addition to the direct
positive impacts thermoelectric modules could have regarding
the global energy landscape, devices fabricated from these
organic materials have distinct advantages over many of their
inorganic counterparts in that they are often composed of
highly abundant materials, and they can be processed from
solution using low-temperature, high-throughput (and, thus,
potentially low-cost) processing conditions.3−7 The utility of
these thermoelectric materials is often compared through the
direct measurement of the parameters contained within the
dimensionless figure of merit (zT), as the figure of merit helps
to define the upper limit of thermoelectric module perform-
ance.8,9 Specifically, this value can be expressed as the product
of three key parameters.
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Here, S is the thermopower (or Seebeck coefficient) of the
material, σ is the electrical conductivity, κ is the thermal
conductivity, and T is the average absolute temperature
between the hot side and cold side of the device. Polymeric

materials offer an attractive starting point for the tuning of
these critical parameters because of the inherently low thermal
conductivity (including a deviation from the Wiedemann−
Franz law normally observed in inorganic materials) typically
associated with most macromolecular species.5 In fact, it is
because of this thermally insulating nature that the majority of
thermoelectric performance enhancements in electrically active
polymers may be attributed to increases in the thermoelectric
power factor (S2σ).9,10 While organic materials are capable of
competing with the electrical conductivity of several leading
inorganic thermoelectric materials, the Seebeck coefficient of
many of the highest electrically conductive polymers falls
significantly below the corresponding thermopower of their
inorganic counterparts.8 This dearth of thermopower in organic
systems results in thermoelectric power factors that are several
orders of magnitude below leading inorganic materials. While
this has been addressed, in part, through optimizing processing
conditions organic thermoelectric systems, most of the previous
work has focused almost exclusively on enhancing the power
factor through increases in electrical conductivity.5,10,11
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However, to realize the full potential of macromolecular
thermoelectric materials, it is necessary to implement the less-
used strategy of thermopower enhancement in order to
establish the ability to manipulate the thermoelectric power
factor of the conducting polymer. Here, we demonstrate that
the addition of small molecules bearing stable radical groups is
able to alter the Seebeck coefficient of an oft-used electrically
conductive macromolecule, and that this creates a nearly 2-fold
enhancement of the power factor of the conducting polymer
thin film without needing to invoke an increase in electrical
conductivity.
Currently, the champion polymer thermoelectric material is

poly(3,4-ethylene dioxythiophene) doped with poly-
(styrenesulfonate) (PEDOT:PSS).1,5,10,11 In this hole-trans-
porting (p-type) system, charge transport is facilitated through
small crystalline domains of the conjugated polymer PEDOT
while the PSS simultaneously serves to electrically dope
(oxidize) the PEDOT moiety, as well as to disperse the
otherwise insoluble PEDOT in an aqueous medium.12 And,
while this PSS-induced oxidation of the PEDOT enhances the
electrical conductivity, it is well-established that a large degree
of oxidation in the PEDOT species has a deleterious effect on
the thermopower of the system.3 This general trend in the
competition between the thermopower and the electrical
conductivity of thermoelectric materials is due to the reduced
energy difference between the average charge carrier energy
and the Fermi energy. That is, as charge carrier density (and,
thus, the electrical conductivity) increases, charge carriers
exhibit a higher degree of symmetry around the Fermi level,
which lowers the thermopower.8

The small molecule open-shelled additive utilized in this
work, 4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl
(TEMPO−OH), partially addresses this issue through the use
of a stable and molecularly localized nitroxide radical.
Previously, both the highly robust nature of this stabilized
radical site and its ability to undergo oxidation have been well-
characterized.13,14 In addition to its high potential for one
electron chemistry, the highly polar nature of the TEMPO−
OH molecule allows for direct incorporation into the water-
based PEDOT:PSS suspension. In this way, we are able to tune
discrete variations in the PEDOT:PSS-based thermoelectric
inks in order to establish the effect of the open-shell molecule
on the thermoelectric properties of PEDOT:PSS in a
systematic manner. Specifically, we demonstrate that the
incorporation of TEMPO−OH to a PEDOT:PSS thin film at
low (<30% TEMPO−OH, by weight) loadings enables the
composite material to have a better thermoelectric response
than pristine films of PEDOT:PSS. Furthermore, the clear and
predicable changes induced through the incorporation of
TEMPO−OH into the polymer blend are well-explained
through a mechanism that mainly involves the selectively
scattering of holes after encountering the TEMPO−OH
additive. Additionally, there is a slight effect associated with
the mild oxidation of the TEMPO−OH species by the
PEDOT:PSS blend, which has the potential to impact the
thermoelectric properties (to a lesser extent) as well (vide
infra). These new physical insights provide a means by which to
utilize open-shell dopants to tailor the transport of thermo-
electrically active conjugated polymers. In particular, the
maximum power factor for the composite system occurs at
2% (by weight) TEMPO−OH loading, and represents
significant increase over the pristine PEDOT:PSS thin film.
Furthermore, the extent of the reaction of the radical site within

TEMPO−OH is observed through the emergence of a peak
associated with reduction of PEDOT, within the casting
solution. Additionally, the existence of TEMPO−OH radicals is
confirmed through analysis of radical density in the solid film
through electron paramagnetic resonance (EPR) spectroscopy.
The combined effects of selective hole scattering, and partial
dedoping of the PEDOT moiety creates shifts in the
characteristic electrical transport temperatures of the composite
materials. Finally, atomic force microscopy (AFM) and grazing-
incidence X-ray diffraction (GI-XRD) measurements indicate
that these phenomena are chemical in nature and are not
related to the topographical or crystalline nature of the
composite thin films relative to the pristine PEDOT:PSS thin
film. As such, we are able to establish that manipulating the
chemistry of the thermoelectric polymer thin films allows for
marked enhancements in both the thermopower and power
factor of a high-performing thermoelectric macromolecule. This
key design paradigm will prove useful in the manipulation of
the chemical structure of future generations of thermoelectric
polymers with both closed and open-shell macromolecular
architectures, as it differs significantly from previous attempts to
increase the thermopower of PEDOT:PSS thin films through
postprocessing treatments.
Small molecules bearing stable radical groups have been of

immense utility in a number of organic electronic applications
(e.g., magnetic devices,15 spin-controlled valves16); however,
the implementation of these functional materials in thermo-
electric devices has not been established. This is despite the fact
that having a very well-defined, low dispersity transport level
has been predicted to yield materials with remarkably high
thermopower values in single molecule systems.17,18 Further-
more, filtering of low energy holes by incorporating another
material with a transport level further removed from vacuum
(resulting in an average charge carrier energy further from the
Fermi level) has been shown to increase thermopower.19

Because open-shell systems have only a singularly occupied
molecular orbital (SOMO) energy level, they present
themselves as a means by which to obtain this idealized system
(i.e., a system where there are no tails to the transport energy
levels, which are present in conjugated electrically active
polymers).13 Here, the TEMPO−OH group was intentionally
selected due to the fact that the SOMO level is moderately
more removed from vacuum than that of the transport level of
PEDOT:PSS (5.1 eV).20 The energy level of this SOMO was
confirmed to be 5.4 eV through cyclic voltammetry measure-
ments and well-established theory (Figure 1a).21 The
combination of these two effects should increase the Seebeck
coefficient of the composite films relative to pristine
PEDOT:PSS. In fact, it is demonstrated that the inclusion of
the open-shell TEMPO−OH species nearly doubles the
thermopower of pristine PEDOT:PSS (Figure 1b). In these
systems, PEDOT:PSS and TEMPO−OH were codissolved in
water to produce a well-dispersed mixture; this mixture was
then cast into a thin film readily using a simple blade coating
technique. Specifically, the increase in thermopower becomes
apparent at very low loadings, as low as 2% TEMPO−OH by
weight (resulting in a thermopower of 22 μV K−1 compared to
14 μV K−1 for pristine PEDOT:PSS at an average temperature
of 313 K). The thermopower values of the composite materials
peak around 5% TEMPO−OH loading by weight, and the
composite materials do not exhibit substantial thermopower
increases at higher loadings of TEMPO−OH (Figure 2a). As
expected, the carrier type of the composite film does not
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change with increased TEMPO−OH. That is, the negative
slope observed in the relationship between the observed voltage

difference and temperature gradient shows that the composite
materials are hole-transporting (p-type) materials.
Although energy filtering is beneficial to the materials

thermopower, partially removing positive charge from a p-
type polymer has a deleterious effect on electrical conductivity.
And, despite the fact that the redox-active nature of the
TEMPO−OH radical does allow these small molecules to
transport charge, these charge transport reactions are not as
rapid in the solid state as that associated with the transport of
pristine PEDOT:PSS.20,22,23 Unlike the thermopower values,
this change in electrical conductivity (examples of raw data for
these calculations are shown in Figure S1) becomes more
pronounced with TEMPO−OH loadings beyond 5% loading,
by weight (Figure 2a). In turn, this trade-off results in a peak
power factor value of ∼1.6 μW m−1K−2 (Figure 2b) at a
TEMPO−OH loading of 2% TEMPO−OH, by weight.
Because the addition of another organic molecule is assumed
to not impact the thermal conductivity of the composite
system, this increase would more than double the theoretical zT
value of a thermoelectric module containing this material. We
note that the power factor of the pristine PEDOT:PSS film is
significantly lower than those reported for world-record
processing conditions;3,5 however, it is consistent with previous
reports that also utilize commercial PEDOT:PSS that has not

Figure 1. (a) Cyclic voltammogram of 67 mg TEMPO−OH dissolved
in 300 mL of dichloromethane with 9 g of tetrabutylammonium
tetrafluoroborate as the supporting electrolyte. The voltages are with
respect to an Ag/AgCl reference electrode. The SOMO energy level is
calculated through the use of a well-known relationship.21 The inset
displays the difference in energy level between the PEDOT:PSS work
function and the TEMPO-OH SOMO energy. The line thickness used
for the PEDOT:PSS work function is used to represent a wider range
in energy levels (i.e., band tails) versus the very narrow transport
energy level of TEMPO−OH. (b) Increasing the loading of TEMPO−
OH increases the thermopower of PEDOT:PSS thin films. The data in
black represent the pristine PEDOT:PSS (0% TEMPO−OH) thin
film while the blue and red lines represent blends of PEDOT:PSS and
TEMPO−OH containing 2 and 5% TEMPO−OH (by weight),
respectively. The squares represent discrete measurements taken at
each differential temperature. There are five points of data for each
temperature, and the data points overlap, in general. The dashed lines
are the linear regressions of the data points. Using these data, the hole-
transporting thermopower values calculated for the 3 samples were 14
μV K−1 for the pristine PEDOT:PSS sample, 22 μV K−1 for the 2%
TEMPO−OH-loaded sample and 26 μV K−1 for the higher loading of
TEMPO−OH sample. The molecular structures of PEDOT:PSS and
TEMPO−OH are inset into the figure.

Figure 2. (a) Electrical conductivity and thermopower of the
PEDOT:PSS thin films as a function of the TEMPO−OH loading.
The conductivity values correspond to the left vertical axis (black
points) and the thermopower values correspond to the right vertical
axis (red points). Each data point represents the average of
measurements collected on three distinct devices, and the error bars
represent one standard error from the average. If no error bars are
visible, the standard error fell within the size of the square data point
shown. (b) The resulting power factor for the TEMPO−OH-doped
PEDOT:PSS thin films calculated from the data in part a.
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been modified (e.g., through solvent washes or annealing
treatments).10 This lower power factor is mainly the result of a
lowered electrical conductivity. The lowered electrical con-
ductivity, in turn, is commonly explained as being due to the
presence of excess (i.e., beyond what is needed to dope the
PEDOT effectively) poly(styrenesulfonate) (PSS) present in
the PEDOT:PSS films. This excess PSS is electrically insulating
and lowers the overall conductivity of the composite material.
Although these world-record reports have used clever means to
increase the electrical conductivity of PEDOT:PSS,3 the
primary focus of this effort is to examine the effect of open-
shell dopants in a systematic manner.
Therefore, the relative change in the thermoelectric proper-

ties of the organic composites is of greatest concern in these
analyses.
Importantly, these changes in thermoelectric properties

cannot be correlated to changes in the nanostructure or
topology of the composite films. As shown in the grazing-
incidence X-ray diffraction (GI-XRD) scattering patterns of
Figure S2, the pristine PEDOT:PSS thin film shows the oft-
observed broad reflection for the polymer thin film.24 Similarly,
the composite film containing a loading of 50% TEMPO−OH
(by weight) demonstrates an identical scattering pattern. This
indicates that the TEMPO−OH does not disrupt the
crystallinity of the PEDOT phase. Furthermore, this also
demonstrates the relatively low loading of TEMPO−OH is
well-dispersed through the PEDOT:PSS matrix, and it does not
phase separate into distinct TEMPO−OH domains that
crystallize in a manner independently of the PEDOT:PSS
phase. Again, these effects are reflected by the lack of change in
topography between the pristine PEDOT:PSS and TEMPO−
OH-loaded PEDOT:PSS thin films (Figure S3), as imaged
through atomic force microscopy (AFM). Therefore, the
electronic structure of the pristine and composite films must
be examined in greater detail.
Specifically, the charge transport model representative of the

pristine and TEMPO−OH-loaded thin films was evaluated by
measuring the van der Pauw-extracted electrical conductivity as
a function of temperature. In particular, because of the
disordered nature of conductivity (relative to highly ordered
inorganic systems) between PEDOT nanostructures, charge is
forced to hop from site to site.25 Additionally, all of the
conductivity measurements were conducted at low temper-
atures (i.e., in the regime where variable range hopping model
is valid).26 This hypothesis regarding the conductivity
mechanism of the films was confirmed by observing a high
degree of linearity when plotting the electrical conductivity (on
a logarithmic scale) against T[−1/(1+d)] for d = 1, 2, or 3; here the
d value corresponds to the dimensionality of the charge
transport.25,27 That is, it is observed that the preferred method
of transport is one-dimensional in nature when d = 1. This
model is both physically intuitive and has been used to model
pure PEDOT:PSS in the past.25 Therefore, the electrical
conductivity of the composite system (as well as pure
PEDOT:PSS) is well-defined by one-dimensional variable
range hopping (1-D VRH) model.25,26 In general, the
conductivity of a sample that follows the 1D VRH model can
be expressed by the following equation.25−27

σ σ=
− +
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Here, T0 is the characteristic temperature, and σ0 represents an
upper bound for electrical conductivity as a function of
temperature. The data closely matched the model of one-
dimensional variable range hopping (Figure 3). Furthermore, it

was clearly observed that the characteristic temperature
increases with an increasing TEMPO−OH loading. This
increase was attributed to a larger dependence on temperature
to provide the energy necessary to hop from one localized
region to another. This is to be expected given that the small
molecule is both adding less conductive filler, and it also is
acting as a reducing agent by removing positive charges from
the PEDOT nanocrystals.
These transport data can be correlated to energy filtering,

and, to a smaller extent, the electrochemical oxidation state of
the PEDOT:PSS species and the presence of lone electron
spins present due to the TEMPO−OH loading. That is, in
addition to filtering of low energy holes, the reaction of the PSS
moiety with the alternative oxidation site provided by the
TEMPO−OH prevents the acidic PSS polymer from oxidizing
PEDOT as much as would occur in the pristine thin films. In
turn, this oxidation of the radical sites results in a termination of
the stabilized nitroxide radical moiety in TEMPO−OH, and
this reduces the amount of spin sites present in the composite
thin films. This effect may be observed through the emergence
of absorbance peaks that correspond to neutral PEDOT species
(λ ≈ 370 nm) as well as the emergence of a polaron peak (λ ≈
900 nm). As shown in Figure 4a, these peaks increase in
intensity when PEDOT:PSS and TEMPO−OH are codissolved
in water.28,29 The time-dependent increase in the absorbance of
the sample near the characteristic TEMPO−OH peak (λ ≈ 450
nm) is likely caused by the emergence of the cation form of
TEMPO−OH. The characteristic absorption spectra of both
the radical and cation form of TEMPO−OH are provided as
Figure S4.

Figure 3. Temperature dependence of the electrical conductivity
determined using the van der Pauw method for PEDOT:PSS-based
thin films. The electrical conductivity for the pristine and lightly doped
samples is relatively high (σ ≈ 30 S cm−1) and in good agreement with
a number of previous reports; however, the electrical conductivity does
decrease significantly at higher TEMPO−OH loadings (blue symbols).
The temperature trends for all of the films are good fits for the Mott
variable range hopping model. The calculated high temperature
conductivity limits and characteristic temperatures and high temper-
ature bounds of electrical conductivity are σ0 = 75.8 S cm−1, T0 = 192
K; σ0 = 68.0 S cm−1, T0 = 261 K; σ0 = 3.56 S cm−1, T0 = 684 K for the
0, 2, and 50% TEMPO−OH (by weight) samples, respectively.
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While clearly altering the total amount of lone electron sites
present, as is observed through a shift in the TEMPO−OH
absorbance spectra, the PSS moiety does not completely
eliminate the stabilized radical throughout the composite thin
films. In fact, the presence of unpaired electrons associated with
the TEMPO−OH species within composite thin films has been
confirmed through electron paramagnetic resonance (EPR)
spectroscopy. Figure 4b, c demonstrates that, as the loading of
TEMPO−OH is increased in casting solution, the signal
associated with the presence of the nitroxide radical increases in
the solid-state EPR spectra. As expected, no unpaired spins are
observed for the pristine PEDOT:PSS thin film in the field
range reported. Importantly, the TEMPO−OH EPR signal
occurs at a field strength greater than the strength normally
associated with PEDOT polarons (3310 G), and no EPR signal
was observed at this 3310 G field value.30 Critically, this
demonstrates the potential possibility of charge transport (and,
therefore, energy filtering) through TEMPO−OH domains.
This, in turn, allows for enchanced asymmetry of charge carriers
around the Fermi energy level.
PEDOT:PSS is a leading polymer thermoelectric material,

and it affords itself as an amazingly useful test bed for

elucidating mechanisms by which to enhance the thermo-
electric performance of polymeric conductors. Here, we
demonstrate a simple, one-step process capable of nearly
doubling the thermopower of pristine PEDOT:PSS thin films,
and, as such, this leads to doubling the power factor of the
organic thermoelectric composites. Note also that, unlike many
other methods, this process results in a solution that could be
directly printed without any further postprocessing conditions
(e.g., soaking in specific solvents for a given period of time)
required after film deposition. Furthermore, the mechanism for
this increase in the thermoelectric properties of PEDOT:PSS is
understood through a combination of two effects that do not
rely on the introduction of structural changes to the thin films.
The primary means of alteration is the presence of lone

electrons and the corresponding SOMO energy levels of the
open-shell TEMPO−OH moiety. In a secondary effect, the
TEMPO−OH tweaks the oxidation state of the PEDOT
moiety as it is more readily oxidized by the PSS species relative
to the PEDOT. As such, the presence of the TEMPO−OH
increases the thermopower of the PEDOT moiety by
decreasing the amount of free charge carriers present in the
polymer conductor. Importantly, this enhancement may be
achieved by the simple addition of a small molecule in solution
during the easily tuned and scalable ink formulation step.
Therefore, this work demonstrates a clear and easily
implemented method to manipulate and optimize the thermo-
electric performance of scalable conducting polymers through
the introduction of open-shell organic small molecules.
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