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Abstract Developing stable and solution-processable highly conduc-
tive polymers has been the research goal in organic electronics since the
first demonstration of metallic conductive polyacetylene. Here, we used
a unique quinoid-resonant building block thieno[3,4-b]thiophene (TbT)
to develop a new water-dispersible conducting polymer, PTbT-Me:PSS.
Linear polymerization and large surfactant counterion, poly(styrenesul-
fonate) (PSS™), were introduced, which enabled a high electrical
conductivity of 68 S cm~" and exhibited water-dispersible property.
Interchain bipolaron was found in PTbT-Me:PSS when compared with
polaron in PEDOT:PSS in their conducting mechanism. Moreover, we
applied this highly conductive PThT-Me:PSS as the solution-processed
polymer thermoelectric material and a decent power factor of 3.1 pW
m~' K2 was achieved.

Key words conducting polymers, solution-processed, electronic
devices, organic thermoelectric materials, energy conversion

Introduction

Organic conducting polymers exhibit great potential in
electronic markets because these conductors are able to be
solution-processed, flexible, light-weight, low-cost, and chem-
ically modified.! The milestone of conducting polymers is that
the insulating polyacetylene (PA) films exhibit metallic
behavior with an electrical conductivity exceeding 10°
Scm™! after doping with iodine.? The combination of flexibility
and high conductivity makes PA a good candidate for organic
electronics. However, the poor solubility and low stability of
doped PA greatly limit its practical application. During the
recent decades, scientists have focused on developing ambi-
ent-stable and solution-processed conducting polymers.
However, only several conducting polymers, for example,
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polyaniline (PANI)33># poly(3,4-ethylenedioxythiophene)

(PEDOT),” etc. based conducting polymers, meet the demands
and become commercial available. PEDOT holds a rigid and
planar conjugated polymer backbone, which facilitates charge
transport in charged states and is extensively investigated.
Very recently, sequential solution polymerization® and self-
doping ways’ have been developed to further improve the
chemical and electrical properties of PEDOT. The wide range of
electrical conductivity and especially the good solubility in an
environmental-friendly solvent (water) of the commercially
available PEDOT:PSS enable various modern electronic appli-
cations, for example, conducting layer for organic field-effect
transistors® and electrochromic devices,® hole transporting
layer for photovoltaics (OPVs),!® and light emitting diodes
(OLEDs),'! antistatic layers for photographic films,'? etc. More
recently, PEDOT has become attractive in organic spintronics
and organic polymer thermoelectrics, in which long spin
lifetimes and high thermoelectric efficiencies are achieved.'®
However, the limitedly tunable chemical property in PEDOT
impedes the further investigation and application. Developing
new organic conducting material systems has become
emergent and essential.

Polythieno[3,4-b]thiophene (PTbT) has been prepared and
systematically investigated since the last two decades.* The
unique quinoid-resonant effect in ThT can efficiently narrow
the bandgap and hold rigidity and planarity of the backbone,'”
which is promising in developing highly conductive organic
conductors. Besides, the rich chemical tunability in PTbT, in
comparison with PEDOT, makes it more attractive in organic
electronics. However, the previous report on PThT shows low
electrical conductivity and poor solubility.!4214>14¢ The first
water-dispersible PTbT-CO-PSS (Scheme 1) was prepared by
Sotzing et al. in 2005,'¢ by oxidative polymerization of ThT
monomer (ThT-C0) with Fe** as an oxidant and poly
(styrenesulfonate) (PSS™) as a counterion. Because of more
than two reactive sites on TbT-CO monomers, nonlinear
polymerization works in the polymerization and leads to the
network-like homo-polymers. Although the PThT-CO:PSS thin
film shows an electrical conductivity of 0.02 S cm™! under
ambient conditions, further enhancement of electrical
conductivity is necessary. Recently, we propose linear
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Scheme 1 Molecular structures of PTbT-CO:PSS, PTbT-Me:Tos, and
PTbT-Me:PSS.

polymerization and alkyl chain engineering for PTbT to enable
high electrical conductivity (450 S cm™') and excellent
thermoelectric performance in PTbT-Me:Tos, which is
even superior to PEDOT:Tos under the same conditions
(Scheme 1)."%f Because the 2-position methyl (-Me) terminal
group-substituted ThT monomer (ThT-Me) and smaller
counterion, tosylate (Tos ™), that coupled to the PThT backbone
are used for the solution-cast polymerization, the solubility is
limited in this highly conductive polymer.!4

To enable good solubility and maintain high conductivi-
ty in PTbT, we report in this work the preparation of the
water-dispersible conducting polymer PTbT-Me:PSS by the
combination of linear polymerization with highly conduc-
tive PTbT-Me as the conjugated backbone and large water-
dispersed surfactant PSS~ as the counterion (Scheme 1).
PTbhT-Me:PSS can disperse in water and this conducting
solution can be stored over several weeks under ambient
conditions. The PThT-Me:PSS thin film showed an excellent
electrical conductivity of 68 S cm™!, nearly 4 orders of
magnitude higher than the previously reported PTbT-CO:
PSS.14d Besides, in comparison with polaron-dominant
PEDOT:PSS and PThT-Me:Tos that showed paramagne-
tism,'3¢14f PTHT-Me:PSS exhibited diamagnetism and in-
terchain bipolaron-dominant hopping behavior.!® We
further applied this conducting polymer for thermoelectric
application, in which a power factor of 3.1 pW m~! K2
was achieved by the PTbT-Me:PSS thin film at room
temperature.

Results and Discussion

TbT-Me was synthesized according to the reported
procedures as white powder in a yield of 60%. ThT-Me
showed moderate stability in air, but can be stored at —10 °C
in a dark place for weeks.!#¢ According to the previous study,
ammonium persulfate [(NH4),S,0g], hydrogen peroxide
(H,0,), and ferric sulfate [Fe;(SO4);] were used as oxidants
for polymerization of ThT and the PThT-CO:PSS thin film
from [Fe,(SO4)3] oxidative polymerization gave the best
electrical conductivity.'#d Therefore, we used Fe,(SO4)3 as
the oxidant in this work. As shown in Scheme S1, Figure S1,

Fe(SO,)s; PSSH; Hy0

/B rt, 2days

Scheme 2 Preparation of conducting polymer, PTbT-Me:PSS.

and Scheme 2,'# after mixing the ThT-Me monomer,

Fe,(S04)3, and PSSH in deionized water, the mixture was
stirred at room temperature in air for 2 days with the
solution color changing from white to grey, and then
black.!” The insoluble precipitate was leached by a filter
membrane and a black solution was obtained as shown
in Figure S1. The PTbT-Me:PSS thin film was prepared by
spin-coating the polymer solution on a precleaning
substrate and then transferred onto a hot-plate for thermal
annealing.

The electrical conductivities of PTbT-Me:PSS films were
determined by a standard four-probe method. As shown
in Figure S2a, the electrical conductivity of the PThT-Me:PSS
film was determined to be 0.15 S cm™! at a low oxidant level
(molar ratio, Fe>*:ThT-Me = 0.5:1) and then increased to
0.22 S cm~ ! (Fe*":ThT-Me = 2:1). Through optimization of
mass ratio of PSSH and TbT-Me (Figure S2b), the highest
electrical conductivity of 0.6 S cm~! was achieved under
ambient conditions, when the weight ratio of PSSH:ThT-Me
was 7.2:1. After optimizing the thermal-annealing temper-
ature and preparing the PThT-Me:PSS thin film under a N,
atmosphere (Figure S3), the electrical conductivity was
significantly enhanced to 5 S cm ™.

The excess of PSSH was used for polymerization, which
not only acted as counterion in PThT-Me:PSS but also
impeded the charge transport because it was insulating.
De-doping with high-boiling point solvents to remove the
excess of PSSH has been proved to be effective to improve
electrical conductivity and achieve excellent thermoelectric
performance as shownin the case of PEDOT:PSS.!3 Therefore,
in this work, we used a hydrophilic and high-boiling point
solvent, ethylene glycol (EG), to selectively de-dope the excess
insulating PSS™. As shown in Figure 1a, after EG treatment for
10 minutes at 60 °C under a N, atmosphere, the film
thickness of PTbT-Me:PSS decreased significantly from
around 180 to 130 nm, which implied that part of PSS~
was removed. With further EG treatment, the film thickness
decreased slowly to 115 nm and almost remained constant
with even longer treatment time. Accordingly, the electrical
conductivity of PTbT-Me:PSS films increased dramatically
from 5 to 60 S cm™! after EG treatment for 10 minutes
(Figure 1b). After that, the electrical conductivity increased
only slightly from 60 to 68 S cm™! in consistent with the
changes of film thickness. The electrical conductivity
achieved in the PThT-Me:PSS film was 3 orders of magnitude
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Figure 1 (a) Film thickness and (b) electrical conductivity changes of
PTbT-Me:PSS films with EG treatment.

higher than the reported network-like conducting polymer,
PTbT-CO-PSS (0.02 S cm™!), under the same conditions,
demonstrating that linear-polymerization was important in
developing highly conductive TbT polymers.

To investigate the de-doping process, ultraviolet-visible—
near-infrared spectroscopy (UV-Vis-NIR), X-ray photoelectron
spectroscopy (XPS), and ultraviolet photoelectron spectrosco-
py (UPS) were conducted on the pristine and de-doped films
with different EG treatment times. As shown in Figure 2a, a
weak absorption in the visible region but a strong charge-
resonance absorption band extending over 2500 nm was
found in the pristine conducting polymer thin film, implying
that charge carriers can be delocalized on the PThT back-
bone. %18 After EG treatment, a slightly increased absorption
intensity in the region of 750-1750 nmwas found in de-doped
films. As shown in the XPS spectra of sulfur (2p), the peak at the
binding energy of 172-166 eV was assigned to the sulfur of
PSS~, while the peak at the binding energy of 166-162 eV was
assigned to the sulfur of PThT (Figure 2b).14%1° By calculating
theintegral areas of sulfur peakintensity on PSS~ and PThT, the
area of sulfur on PSS~ was around nine times larger than the
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Figure 2 (a) UV-Vis-NIR, (b) S (2p) XPS (normalization based on the
peak of S on PSS™), (c) the low kinetic energy region and (d) the low
binding energy region (HOMO) of UPS spectra.

sulfur peak on PThT (Spss:Sprpr = 9.25:1), which (ratio) was
much higher than the commercial PEDOT:PSS (Spss:Spepor ~
2:1, PH 1000),"3" indicating that much excess of insulating
PSS~ existed in the PTbT-Me:PSS film without coupling with
the positive charge on the PThT polymer chain. This large
amount of insulating PSS~ will wrap the PTbT conjugated
backbone and impede charge transport that is consistent with
the low conductivity of the pristine PTbT-Me:PSS film.2° After
treatment with EG for 10 minutes, the integral area of the
sulfur peakon PThT significantly increased relative to PSS~ and
the ratio decreased to Spss:Sprst = 4.15:1 as shown
in Figure 2b, suggesting that nearly half of the excess PSS~
wasremoved. Further treatment with EG, the ratio of Spss: Sprpt
decreased slightly, demonstrating that the remaining PSS~
interacted strongly with PTbT and was difficult to remove by
hydrophilic solvents. Therefore, the film thickness and
electrical conductivity of PTbT-Me:PSS™ changed slightly after
EG treatment over 30 minutes. As depicted in the low kinetic
energy region of UPS spectra (Figure 2c), the work function
shifted upward from 4.90 to 4.77 eV after EG treatment.
Accordingly, the Fermi edge shifted gradually toward the
higher binding energy as shown in the HOMO onset region of
the UPS spectra (Figure 2d), implying that the doping level
decreased slightly with EG treatment as found in the UV-Vis-
NIR spectra. As a result, the significantly increased electrical
conductivity of PTbT-Me:PSS was attributed to the removal of
excess insulating PSS~ surrounding around the PThT back-
bone, which greatly enhanced the charge transport.'3”?!
Notably, PTbT-Me:PSS showed much lower doping level than
that in PThT-Me:Tos, as concluded from the Fermi level of
PTbT-Me:Tos overlapping with the valence band.!4f

Atomic force microcopy was applied to investigate the
morphology changes of PThT-Me:PSS thin films. As shown
in Figure 3a, the pristine PThT-Me:PSS thin film exhibited a
smooth surface with a roughness of Ry = 3.27 nm, which
could be due to the excess of insulating and flexible PSS
wrapping the conjugated PThT backbone and thus led to its
low electrical conductivity as also found in pristine PEDOT:
PSS.29 After the EG treatment (Figure 3b), an obviously
continuous domain, larger roughness of Rq = 5.40 nm, was
found in the de-doped PTbT-Me:PSS films, which implied

Figure 3 AFM images of (a) pristine and (b) EG-treated (30 min) PTbT-
Me:PSS films.
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Figure 4 (a) Electrical conductivity changes of EG (30 min)-treated
PTbT-Me:PSS film with temperature and (b) ESR spectra of pristine and
EG-treated PTbT-Me:PSS film, and PTbT-Me:Tos film; (c) schematic
diagrams illustrating the three types of charge carrier: polaron, inter-
chain bipolaron, and bipolaron.

the changes of conformation after the removal of excess PSS
and thus facilitated charge transport.2°

To investigate the conduction mechanism of PThT-Me:
PSS, the electrical conductivity of EG-treated thin films
were measured with changes in temperature. As shown
in Figure 4a, the electrical conductivity increased linearly
from60to 113 Scm™! with heating, which can be attributed to
the thermally activated hopping mechanism as previously
found in PThT-Me:Tos and PEDOT:PSS.3%14%22 After fitting to
the Arrhenius equation: ¢ = o,[e("F¥/RD], the activation
energy (E,) of EG-treated PThT-Me:PSS was calculated to be
0.070 eV, which was much smaller than that of PThT-Me:Tos
(0.29 eV) and was similar to that of the reported heavily
doped PEDOT:PSS. A more efficient charge transport way
might be formed in PTbT:PSS than in PThT:Tos, which is
consistent with the smaller activation energy.?>

Different to the polaron-dominant PThT-Me:Tos exhibiting
a strong electron spin resonance (ESR) signal (paramagne-
tic),'# no ESR signal was found in both pristine and EG-treated
thin films of PThT-Me:PSS and thus it was diamagnetic
(Figure 4b). The relatively low doping level in PTbT-Me:PSS, as
concluded from the UPS spectra, should contribute to a
polaron-dominant charge carrier as shown in the previous
report.'®?2 However, the ESR measurement and the previous
result seemed to contradict each other. A possible way should
be that using PSS~ to replace Tos™ as a counterion coupled with
a PThT backbone may lead to the subtle energy changes
including electrostatic interaction and lattice distortion.??
These changes may contribute to the stronger interchain
interaction and thus interchain bipolaron is formed in PTbT-
Me:PSS (Figure 4¢). Notably, in comparison to PEDOT, the same
counterion that coupled to the conjugated backbone led to
completely different types of charge carrier in PTbT as

Table 1 Charge carrier and conduction mechanism in PEDOT and PTbT
with different counterions

PEDOT:PSS  PEDOT:Tos PTbT-Me:PSS ~ PTbT-Me:Tos
Charge carrier ~ Polaron Bipolaron Interchain Polaron
bipolaron
Conduction Hopping Semimetallic  Hopping Hopping
mechanism

summarized in Table 1. PEDOT:PSS was a polaron and
showed thermally activated hopping conducting behavior.
PEDOT-Tos’s charge carrier was a bipolaron and showed
metallic conductivity. In comparison, PTbT-Me:Tos was a
polaron and a highly positive temperature-dependent
electrical conductivity behavior was observed. Although
the reason that led to the different kinds of charge carrier
was unclear, further investigations on these polymers are
important for the future application in organic spintronic
and magnetic devices. As demonstrated before, bipolaron-
dominant PEDOT:Tos showed much higher Seebeck coef-
ficients and electrical conductivity than the polaron-
dominant PEDOT:PSS.'3¢24

Organic thermoelectric materials can directly transfer
heat into electricity, which are promising in low/medium
waste heat recycling, self-powered microelectronic devi-
ces etc., and thus have attracted great attention in the past
two decades.?>*?°"25¢ Thermoelectric performance can be
characterized by figure of merit: ZT = 6S*T/x, or power
factor: PF = 6S?, where 6 is the electrical conductivity, S is
the Seebeck coefficients, k is the thermal conductivity, and
T is the absolute temperature. In comparison with
inorganic thermoelectric materials, organic conducting
polymers normally hold low k (0.1-1 W m~! K~!), which
makes organic conducting polymers a promising candi-
date in organic thermoelectrics at the low/medium
temperature region.?®> Therefore, we used this highly
conductive PThT-Me:PSS in thermoelectric application.
The Seebeck coefficients were obtained by measuring the
thermovoltages after providing a temperature difference
on two sides of the films. As shown in Figure 5a, the

Seebeck coefficients increased gradually with EG
a b
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Figure 5 (a) Seebeck coefficients and (b) power factor changes of
PTbT-Me:PSS films with EG treatment.
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treatment from 11.5 to 22 uV K~!, which was different
from the commonly found negatively S — ¢ dependent
behavior. The simultaneously increasing Seebeck coeffi-
cients and electrical conductivity after EG treatment
should be attributed to the removal of excess PSS,
contributing to the significantly enhanced charge mobility,
which overwhelmed the slightly decreased doping lev-
els.3® As a result, the power factor of the PThT-Me:PSS
film was enhanced dramatically from 0.071 to 3.1 pW m ™!
K~2 under ambient conditions, demonstrating that this
polymer should be a good candidate for thermoelectric
conversion.

Conclusions

In summary, we designed and prepared the water-
dispersible conducting polymer PThT-Me:PSS for organic
electronics by the control of linear polymerization and
using the large surfactant counterion PSS™. PThT-Me:PSS
thin films showed an electrical conductivity as high as 68
S cm~! under ambient conditions, after EG treatment.
Intriguingly, in comparison with polaron-dominant PTbT-
Me:Tos, PTbT-Me:PSS showed an interchain bipolaron-
dominant transport behavior. We applied this conducting
polymer for thermoelectric application, in which a power
factor of 3.1 pW m~ ' K2 at room temperature was
obtained. Further optimization of the polymerization
method and posttreatment should further enhance the
electrical property. The combination of solution-pro-
cessability and highly conductive property in PTbT-Me:
PSS makes this quinoid-resonant conducting polymer very
promising in the electronic market.
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