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Distinctive Doping Behavior of Conjugated Polymers With
Pendant-Side Conjugation for Enhanced Thermoelectric

Properties

Hyeokjun Kim, Sang Beom Kim, Seungok Pyo, Jaeyoung Jang,* and In Hwan Jung*

Organic thermoelectric (OTE) materials are continuously evolving through
the development of novel conjugated polymers and corresponding doping
methods. FeCl; doping is the most commonly used method because of its
affordability and strong oxidizing power. However, at high dopant concentra-
tions, FeCl; interferes with the molecular ordering and negatively impacts on
the morphology, which causes a substantial decline in performance. To address
this issue, in this study, new OTE polymers with z-conjugation along the
pendant side are developed. This unique polymeric structure enables pendant
doping with FeCl; by forming a strong binding complex at the conjugated side
chains, where an abundant free volume exists. Consequently, the intermolec-
ular ordering of the OTE polymer is well preserved even under high dopant
concentration, thereby enabling a high power factor exceeding 10 4 W m~" K=2
consistently across a wide range of high dopant concentrations (16-32 mM)
for the first time. This distinctive doping behavior on the pendant side

can be considered as a semi-permanent
power supply.'®221 Typically, TE perfor-
mance is defined as ZT = S’6T/k, where
S is the Seebeck coefficient, o is the electri-
cal conductivity, T is the absolute tempera-
ture, and  is the thermal conductivity.[23-3
Because of the low value of x in or-
ganic conjugated materials,®!l most of the
efforts to improve TE performance have
been focused on increasing the S and
o values. This is collectively reflected in
the power factor (PF), which is expressed
as PF = S0, and elevating the PF be-
comes a crucial metric to enhance the
OTE performance. However, because or-
ganic conjugated materials have intrinsi-
cally low o, the chemical doping on the OTE

will provide a new opportunity to develop high-performance OTE polymers.

1. Introduction

As modern technologies come closer to human interfaces,!'] the
demand for flexiblel®®! and attachablel®'!] materials has grad-
ually increased to realize portablel!>'*l and wearablel’>"17] de-
vices. Organic thermoelectric (OTE) devices are one of the most
promising energy harvesting devices for wearable gadgets be-
cause it can directly convert human body heat to electricity, which

H. Kim, S. Pyo, I. H. Jung

Department of Organic and Nano Engineering, and Human-Tech
Convergence Program

Hanyang University

222 Wangsimni-ro, Seongdong-gu, Seoul 04763, Republic of Korea
E-mail: inhjung@hanyang.ac.kr

S.B.Kim, ). ]Jang

Department of Energy Engineering

Hanyang University

222 Wangsimni-ro, Seongdong-gu, Seoul 04763, Republic of Korea
E-mail: jyjang15@hanyang.ac.kr

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adfm.202422778

© 2025 The Author(s). Advanced Functional Materials published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution-NonCommercial-NoDerivs License,
which permits use and distribution in any medium, provided the original
work is properly cited, the use is non-commercial and no modifications
or adaptations are made.

DOI: 10.1002/adfm.202422778

Adv. Funct. Mater. 2025, 35, 2422778 2422778 (1 of 14)

materials is fundamental to achieve good
OTE performance.’3% One of the well-
developed doping systems is using FeCl, as
a p-type dopant,***! which shows unique
advantages of low-cost, good solubility in common organic sol-
vents, efficient diffusion into the polymer films, and strong oxi-
dizing characteristics. Geng et al. reported novel ambipolar OTE
polymers through immersion doping of dilute FeCl, solution
(5 mM), which demonstrated a promising ¢ of 168 S cm™, a S
of 118.9 uV K71, and a PF of 237.5 uW m~! K-2.[* Ding et al.
reported benzothiadiazole-based p-type OTE polymers with vary-
ing alkyl side chains using immersion doping of dilute FeCl,
solution (6 mM) and achieved a high ¢ of 118.7 S cm™!, a S
of 43.5 uV K71, and a PF of 22.4 uW m™" K=2.[*1] Suh et al. re-
ported cyclopentadithiophene (CPDT)-based OTE polymer with a
shallow highest occupied molecular orbital (HOMO) energy level
through the sequential spin coating of low-concentration FeCl,
solution (6 mM), which resulted in a ¢ of 0.91 S cm™, a S of
32 uV K71, and a PF of 0.1 uyW m~! K~2.[*2] Liu et al. reported
diketopyrrolopyrrole-based OTE polymer containing ethylene-
dioxythiophene building blocks using the sequential spin coat-
ing of very low-concentration FeCl, solution (0.5 mM), which ex-
hibited a highly promising ¢ 0£ 99.2 S cm™!, S of 174.2 uV K71,
and PF of 298.2 yW m~! K23 Although numerous OTE poly-
mers have demonstrated high TE performance through FeCl,
doping, a significant issue remains: at high concentrations of
FeCl;, the OTE performance decreases remarkably because the
FeCl,” counter anion acts as an impurity, which disrupts the
z-m stacking ordering of the OTE polymers and compromises
the doping stability.[*° Therefore, the development of OTE
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polymers that can maintain high performances at high dopant
concentration is important to address this problem in the FeCl,
doping system.

In this study, novel OTE polymers capable of maintaining
an ordered polymeric architecture even under heavy doping of
FeCl, were designed by promoting pendant doping. Accordingly,
a novel electron-withdrawing building block, dibrominated
2-(thieno[3,4-b]thiophen-2-ylmethylene)malononitrile (TTMN),
was synthesized and incorporated into a polymeric backbone
structure to promote pendant doping. TTMN has a strong
electron-withdrawing malononitrile functional group at the
end of the thieno[3,4-bthiophene, which increases the elec-
tron density and dipole moment toward the pendant side
of the polymer when it is incorporated into the polymer
chain. We believe that this unique molecular structure of
TTMN can improve the z-conjugation of the polymers along
the pendant side and form a strong binding complex with
FeCl,” counter anions at the pendant side where abundant
free volume exists. Therefore, pendant doping is considered
an effective method for high-concentration FeCl; doping
without disrupting the molecular ordering of the polymer
chains.

To build TTMN-based OTE polymers, three building blocks,
4H-cyclopenta[2,1-b:3,4-b"|dithiophene (CPDT), benzo[1,2-b:4,5-
b"|dithiophene (BDT), and indaceno[l,2-b:5,6-b"]dithiophene
(IDT), which have different electron-donating strengths,
were copolymerized with TTMN through the Stille cou-
pling reaction, and three novel OTE polymers, poly[(4,4-
bis(2-ethylhexyl)-4 H-cyclopenta[2,1-b:3,4-b"|dithiophene-2,6-
diyl)-alt-(2-(thieno[3,4-b]thiophen-2-ylmethylene)malononitrile-
4,6-diyl)] (PTMN1), poly[(4,8-bis(5-(2-ethylhexyl)thiophen-2-
yl)benzo[1,2-b:4,5-b"|dithiophene-2,6-diyl)-alt-(2-(thieno[3,4-
blthiophen-2-ylmethylene)malononitrile-4,6-diyl)] (PTMNZ2), and
poly[(4,4,9,9-tetrakis(4-hexylphenyl)-4,9-dihydro-s-indaceno[1,2-
b:5,6-b"|dithiophene-2,7-diyl-alt-(2-(thieno|3,4-b]thiophen-2-
ylmethylene)malononitrile-4,6-diyl)] (PTMN3), were synthe-
sized, respectively. All the synthesized polymers had an alter-
nating donor-acceptor (D-A) backbone structure with identical
TTMN A moieties and varying electron-donating strengths.
The stronger electron-donating strength intensified the z-
conjugation and z-bond delocalization along the conjugated
polymer backbone, which favored backbone doping with FeCl,
(PTMNI1). In contrast, the weaker electron-donating moiety
could not facilitate efficient backbone conjugation. As an al-
ternative, pendant doping at the end of the TTMN moiety was
activated in PTMN2. Notably, the intermolecular ordering of
PTMN1 was significantly decreased by backbone doping with
FeCl;, which resulted in low ¢ and PF at high dopant concen-
trations. Conversely, the intermolecular ordering of PTMN2 was
well preserved even under high-concentration doping owing
to pendant doping with FeCl,, which resulted in the highest
o and S. The PF of PTMN2 reached 12.8 uW m~! K2, which
was 44 times higher than that of PTMN1 (0.29 uW m™" K72).
Interestingly, the high PF value of PTMN2 was not just a singular
occurrence; rather, the high PF values exceeding 10 4yW m~" K=
were consistently maintained across a broad range of dopant
concentrations (16-32 mM). The preferred pendant doping
in PTMN2 improved the OTE performances at high dopant
concentrations because FeCl,” counter anions were captured at
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the end of the TTMN moiety, which minimized morphological
disorder of the polymers under the doped states.

2. Results and Discussion

2.1. Synthesis and Characterization

A novel TTMN building block, which incorporates strong
electron-withdrawing malononitrile groups at the pendant posi-
tion of TTe, was synthesized as depicted in Scheme 1. Compound
1 was synthesized by the formylation of 3,4-dibromothiophene
using dimethylformamide through a lithium-halogen exchange
reaction, which was subsequently subjected to a ring-closing
reaction with ethyl thioglycolate to obtain compound 2. Com-
pound 3 was synthesized by reducing compound 2 using a
lithium aluminum hydroxide (LiAlH,) solution, and this com-
pound was conducted oxidation to aldehyde using pyridinium
chlorochromate (PCC) to obtain compound 4. TTMN was
synthesized through activated aluminum oxide-assisted Kno-
evenagel condensation between malononitrile and compound
4, as previously reported.’!l The final monomer, compound
5, was obtained by the dibromination of TTMN using two
equivalents of N-bromosuccinimide (NBS). To synthesize novel
OTE polymers based on TTMN, three different stannylated
comonomers (4,4-bis(2-butyloctyl)-4 H-cyclopenta[2,1-b:3,4-
b"]dithiophene-2,6-diyl)bis(trimethylstannane) (CPDT), (4,8-
bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-b"|dithiophene-
2,6-diyl)bis(trimethylstannane) (BDT),  (4,4,9,9-tetrakis(4-
hexylphenyl)-4,9-dihydro-s-indaceno[1,2-b:5,6-b’'|dithiophene-
2,7-diyl)bis(trimethylstannane) (IDT), were copolymerized with
the dibrominated TTMN (compound 5) through microwave-
assisted Stille polymerization, which yielded the final OTE
copolymers named PTMN1, PTMN2, and PTMN3, respectively.
All polymers demonstrated sufficient solubility in common
organic solvents such as methylene chloride, chloroform, and
tetrahydrofuran. The molecular weights of the OTE polymers
were evaluated by gel permeation chromatography (GPC);
the average molecular weights (M,) of PTMN1, PTMN2, and
PTMN3 were 9.3, 4.6, and 6.5 kDa, respectively, and the weight-
average molecular weights (M,,) were 14.8, 11.0, and 11.2 kDa,
respectively. All the synthesized monomers and polymers were
identified using 'H NMR spectroscopy, and the detailed charac-
terization results are described in Supporting Information.

The optical properties were investigated by UV-Vis spec-
troscopy, both in chloroform solution and in the film state
Figure (1a,b). The maximum absorption peak (4,,,,) of PTMN1,
PTMN2, and PTMN3 in solution state appeared at 844, 696,
and 728 nm, respectively. Because all the polymers had D-A
type conjugated backbone structure, the degree of intramolecular
charge transfer (ICT) interactions between the electron-donating
building blocks (CPDT, BDT, and IDT) and electron-withdrawing
TTMN directly influenced the extent of the bathochromic shift in
the absorption peak. PTMN1, which had the strongest electron-
donating CPDT moiety, exhibited the most red-shifted absorp-
tion compared to the other polymers, which indicates a strongest
ICT interaction in PTMN1. The absorption behaviors of PTMN2
and PTMN3 were similar, indicating a similar degree of ICT in-
teraction. Interestingly, in the film states, the 4, of PTMN2
strongly red-shifted from 696 to 711 nm, while that of PTMN1
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Scheme 1. Synthesis of thieno[3,4-b]thiophene derivative monomers and OTE polymers.
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Figure 1. UV-vis absorption spectrum of OTE polymers a) in solution and b) in film state. c) Cyclic voltammograms of OTE polymers and d) energy
level diagrams of OTE polymers in neutral state.
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Table 1. Summary of optical and electrochemical properties.

www.afm-journal.de

Amax [nmM] Aonset [nm] ;%% [eV] Onset potential [V] Eromo [eV] Eumo [eV]
Solution Film Eoy E. Eferr
PTMN1 844,539,373 821,539, 375 1144 1.08 0.76 -0.61 0.37 -5.19 -3.82
PTMN2 696, 497, 356 711, 503, 365 960 1.29 0.83 —-0.89 0.37 —5.26 —3.54
PTMN3 728, 509, 369 705, 504, 378 917 1.35 0.79 -0.91 0.37 -5.22 -3.52

and PTMN3 experienced a blue-shift from 844 to 821 nm and
from 728 to 705 nm, respectively. This indicates that the inter-
molecular interactions of PTMN2 were improved in the film
state, whereas those of PTMN1 and PTMN3 were weakened in
the film state. PTMN2 has a more favorable structure for in-
termolecular ordering. The optical bandgap (E,°*) of PTMN1,
PTMNZ2, and PTMN3 evaluated from the thin-film absorption on-
set wavelength (4,,..;) was 1.08, 1.29, and 1.35 eV, respectively.
Owing to the strong electron-withdrawing properties of TTMN,
all the OTE polymers exhibited a low bandgap of less than 1.4 eV.
However, PTMN1 exhibited an extremely low bandgap, almost
close to ~1 eV, implying highly efficient z-conjugation along the
conjugated polymer backbone. This characteristic is favorable for
backbone doping with FeCl,.

The HOMO and lowest unoccupied molecular orbital (LUMO)
energy levels were estimated by cyclic voltammetry (CV) based
on the oxidation (E,) and reduction (E,.) onset potentials, re-
spectively (Figure 1c). The E,, of PTMN1, PTMN2 and PTMN3
were 0.76, 0.83, and 0.79 V, respectively, corresponding to the
HOMO energy levels of —5.19, —5.26, and —5.22 eV, respectively.
As shown in Figure 1d, the HOMO energy level of PTMN1 was
higher than those of PTMN2 and PTMN3 because of the strong
electron-donating properties of the CPDT building block. The
E, of PTMN1, PTMN2, and PTMN3 were —0.61, —0.89, and
—0.91 V, respectively, corresponding to the LUMO energy lev-
els of —3.82, —3.54, and —3.52 eV, respectively. Given that all the
polymers shared an identical electron-withdrawing TTMN moi-
ety, the low-lying LUMO energy level of PTMN1 suggests an ef-
fective z-conjugation between the CPDT and TTMN moieties,
which was facilitated by their strong ICT interaction. The electro-
chemical bandgap (E,“) of PTMN1, PTMN2, and PTMN3 was
calculated to be —1.37, —1.72, and —1.70 eV, respectively. EgCV ex-
hibited a trend similar to E,°?": PTMN1 had a lower bandgap than
PTMN2 and PTMN3, whereas PTMN2 and PTMN3 had similar
bandgaps. The optical and electrochemical properties of the OTE
polymers are summarized in Table 1.

2.2. Doping Characteristics

Doping is essential to increase the o value of intrinsically
non-conductive conjugated polymers. The doping characteris-
tics of the OTE polymers were investigated using UV-Vis—NIR
spectroscopy as a function of the FeCl, dopant concentration
(Figure 2a—d). As the dopant concentration increased, the absorp-
tion peak ~500 nm (ICT band, non-doped state) gradually de-
creased, whereas that ~1000-2500 nm (bipolaronic band, doped
state) increased. This indicates that cationic charge carriers were
successfully generated in the conjugated backbone by FeCl,
p-doping. Interestingly, PTMN1 demonstrated different doping
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behaviors than PTMN2 and PTMN3. As shown in Figure 2a—c,
after FeCl, doping, almost all the absorption peaks of PTMN1
in the neutral state disappeared; however, the polaron/bipolaron
absorption substantially increased and manifested as a single
prominent absorption peak in the range of 1000-2500 nm. How-
ever, for PTMN2 and PTMNS3, although the intensities of the
absorption peaks in the neutral state decreased as the dopant
concentration increased, their shapes were retained during dop-
ing. Furthermore, the absorption of polarons at #1000 nm and
bipolarons near 2500 nm was clearly distinguishable and gradu-
ally increased with the dopant concentration. This implies that
PTMN1 underwent facile doping, which resulted in extensive
charge delocalization along the conjugated polymer backbones,
whereas PTMN2 and PTMN3 appeared to have relatively low
doping efficiencies and a limited range of charge delocalization
along the conjugated backbone. The doping efficiency was eval-
uated using a linear plot of the bipolaronic band (2500 nm) to
the ICT band (%500 nm) ratio in the region where the dopant
concentration and this ratio maintain a linear relationship,®?! as
shown in Figure 2d and Figure S16 (supporting Information).
The bipolaronic-to-ICT absorption ratio (I,s49/I;cr) of PTMN1 in-
creased sharply with increasing dopant concentrations and even-
tually saturated at 4 mM. In contrast, the I,50,/I,cr values of
PTMN2 increased relatively slowly with increasing dopant con-
centrations and maintained linearity even at high dopant concen-
trations (32 mM). In the case of PTMNS3, the L,,,/I;cr ratio re-
sembles that of PTMN2 at low dopant concentrations (0—6 mM),
but beyond this range, it follows a trend similar to PTMN1,
with the bipolaron peak gradually saturating. The slopes of the
Lysoo/Iicr lines for PTMN1, PTMN2, and PTMN3 were 0.885 (0—
4 mM), 0.021 (0-32 mM), and 0.139 (0-6 mM, 1st)/ 0.451 (6-
16 mM, 2nd), respectively. This clearly indicates that the doping
efficiency increased in the order PTMN1 > PTMN3 > PTMN2,
and PTMNI1 exhibited an outstanding doping efficiency com-
pared to the others. The strong ICT interaction between CPDT
and TTMN was key to improving the doping efficiency by pro-
moting charge delocalization along the PTMN1 conjugated back-
bone.

The doping levels of the doped polymer films were also es-
timated using XPS analysis by measuring the oxidation and
neutral states of sulfur in the polymer backbone, to calculate
the ratios of neutral, polaron, and bipolaron states in the films.
The S 2p peaks were fitted using a Gaussian-Lorentz sum mix
and a simplex fitting algorithm.>3] Additionally, the formation
of polaron and bipolaron leading to shift of the neutral com-
ponent to higher binding energy by 0.7-0.8 and 2.0-2.1 eV,
respectively.>*>%] Interestingly, oxide sulfur peaks (polaron and
bipolaron) were observed even in the undoped films, with in-
creasing their ratio in the order of PTMN2 (0.07/0.93 = 7.5 (%)),
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Figure 2. UV-vis-NIR absoroption spectra of OTE polymers as function of dopant concentration; a) PTMN1, b) PTMN2 and c¢) PTMN3. d) The bipola-

ronic peak (l500) to neutral peak (lc1) of PTMNT1 (black line), PTMN2 (red

PTMN3 (0.04 X 2/0.96 = 8.3 (%)), and PTMN1 (0.07 x 2/0.93
=15.1 (%)) (Figure S17a—c, Supporting Information). PTMN1-3
films were deposited on a gold layer, to prevent accumulated
charges that cause binding energy shifts in XPS spectra. Since
the work function of gold (5.1-5.4 eV) is deeper than the HOMO
levels of the PTMN polymers (-5.19 to —5.26 eV), the oxide sul-
fur peaks (polaron and bipolaron) in the pristine films likely re-
sulted from charge transfer between the gold contact electrode
and the PTMN1-3 polymers.[>®! As shown in Figure S17d—f (Sup-
porting Information), the polaron and bipolaron peaks increased
in FeCl;-doped PTMN1-3 films, with a remarkable increase in
these peaks for FeCl;-doped PTMN1 and PTMN3 compared to
PTMN2. Additionally, the precise doping levels, calculated from
the ratios of polaron and bipolaron states to neutral states, are as
follows: PTMNT1 ((0.14 X 2+0.11)/0.75 = 52.0 (%)), PTMN2 ((0.05
X 2+0.05)/0.9 = 16.7 (%)), and PTMN3 ((0.07 X 2+0.20)/0.75 =
45.9 (%)) (Figure S17g-i, Supporting Information). These results
are consistent with the UV-Vis—NIR data presented in Figure 2.

2.3. Thermoelectric Properties

First, o of PTMN1-3 films were optimized as a function of an-
nealing temperature while keeping the FeCl, concentration con-

Adv. Funct. Mater. 2025, 35, 2422778 2422778 (5 0f14)

line) and PTMN3 (blue line).

stant (Figure S18, Supporting Information). PTMN2 exhibited
a l-order increase in o with increasing annealing temperature,
whereas PTMN1 and PTMN3 maintained relatively constant o.
This is probably due to the significant improvement in molecu-
lar ordering with increasing annealing temperature in PTMN2,
in contrast to the minimal changes in PTMN1 and PTMN3 after
thermal annealing.

Next, an OTE device was fabricated to measure the TE perfor-
mance of the OTE polymers with varying FeCl, dopant concen-
trations (Figure 3a—d) and the film thickness information were
shown in Figure S19 (Supporting Information). As shown in
Figure 3b, PTMN1 exhibited a high o value of 1.3 X 1072 S cm™'
in the lightly-doped state. In contrast, PTMN3 began to show ¢
0f 6.0 x 10 S cm~! at 2 mM dopant concentration, and PTMN2
started to show o 0f 1.0 X 107> S cm™ even at higher dopant con-
centration (4 mM). This clearly implies that the higher the doping
efficiency of the OTE polymers, the lower the dopant concentra-
tion required to establish o. Very interestingly, the & of PTMN1
saturated early at lower dopant concentrations (4 mM) owing to
its high doping efficiency; however, its maximum value remained
low at alevel of 0.15 S cm™'. Conversely, PTMN2 demonstrated a
gradual increase in o relative to the dopant concentration, which
was attributed to its lower doping efficiency. However, it achieved
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Figure 3. a) Schematic illustration of thermoelectric device and thermoelectric performance of annealed OTE polymers; b) Electrical conductivity,

c) Seebeck coefficient, and d) power factor.

an exceptionally high ¢ 0f 5.9 S cm~! at much higher dopant con-
centrations (32 mM). In the case of PTMN3, the ¢ curve exhibited
a trend between those of PTMN1 and PTMN2.

Given that all three OTE polymers exhibited a similar molec-
ular structure based on TTMN, the remarkably different trends
in ¢ are not only intriguing but also suggest the presence of dis-
tinct doping mechanisms among PTMN1-3. Doping with OTE
polymers induced a positive charge on the conjugated backbone,
which was stabilized by delocalization along the conjugated back-
bone. Therefore, understanding how the cationic charge carrier
stabilizes in a conjugated backbone facilitates the understanding
of the difference in doping efficiency and ¢. The electron donat-
ing building blocks (BDT, CPDT, and IDT) feature z-conjugation
along the conjugated backbone direction, whereas the electron-
withdrawing TTMN building block enables z-conjugation along
the pendant direction. As shown in Figure 4a, because the strong
electron-donating CPDT building block forms highly efficient z-
conjugation along the conjugated backbone direction, FeCl; dop-
ing on the CPDT ring can make efficient charge delocalization
along the backbone chain direction by stabilizing the quinoidal
structure of the PTMN1, which is referred to as “backbone dop-
ing.” The shallow HOMO energy level and high doping efficiency
of PTMNT1 are highly suitable for efficient backbone doping. In
contrast, the weak electron-donating BDT moiety does not fa-
vor backbone doping because PTMN2 has a deep HOMO energy
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level and the lowest doping efficiency. However, it is expected that
if the backbone doping is not preferred, TTMN pendant groups
can act as a doping site by making a strong binding complex with
FeCl,~ counter anion in the pendant side where large free vol-
ume exists. As shown in Figure 4b, if the TTMN*/FeCl,~ bind-
ing complex are generated, the quinoidal structure of the TTMN
pendant group is simultaneously developed, which enables effi-
cient charge delocalization between the BDT and TTMN units.
Consequently, pendant doping on the TTMN side can cause re-
sults similar to those of backbone doping. Importantly, pendant
doping allows the dopants to make easier contact with the OTE
polymer. Since conjugated backbones make strong intermolecu-
lar -7 stacking, direct backbone doping is not easy if the polymer
does not have sufficient electron donating nature. Thus, PTMN2
with a deep HOMO energy level prefers pendant doping because
FeCl, doping can occur in the lamellar ordering area where large
free volume exists. Consequently, backbone doping on electron-
sufficient PTMN1 boosted up the doping efficiency; however, it
deteriorated o at the high level of dopant concentration because
FeCl,™ counter anions were working as impurities to interfere
intermolecular ordering of PTMN1. In contrast, pendant doping
of relatively electron-deficient PTMN2 exhibited a low doping ef-
ficiency; however, it interferes less with the intermolecular order-
ing of PTMN2 during the doping process because the process
occurs outside the main backbone chain. In case of PTMN3, it
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Figure 4. Suggested different doping mechanisms of a) PTMN1 and b) PTMN2 with FeCl; dopant.

showed different doping behavior with that of PTMN2. PTMN2
consistently showed linear I,5,,/I,c ratio until 32 mM of FeCl,,
while PTMN3 showed steep increase of bipolaronic absorption
higher than 6 mM of FeCl, (Figure 2). This strongly implies that
PTMN3 initially prefers pendant doping like PTMN2, but as the
dopant concentration increases, it gradually transitions to back-
bone doping, similar to PTMN1. Thus, the coexistence of back-
bone and pendant doping in PTMN3 appears to result in OTE
properties that are intermediate between those of PTMN1 and
PTMN2.

X-ray photoelectron spectroscopy (XPS) was performed to
demonstrate the possibility of pendant doping. The strong elec-
trostatic interaction between the bipolaronic cation of TTMN
pendant and FeCl,” counter anion affects the binding en-
ergy of the surrounding molecules. Particularly, because ni-
trogen is present only at the TTMN terminus in the poly-
mer structure, the change in the nitrogen binding energy af-
ter doping signifies pendant doping with FeCl;. As shown
in Figure 5a, the N1s peaks of neat PTMN1, PTMN2, and
PTMN3 films appeared at 399.5, 399.1, and 399.4 eV, respec-
tively, with weak z—z* satellite peaks, respectively, at 401.8,
401.4, and 401.9 eV, which refer to nitrogen of the TTMN build-
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ing blocks. After FeCl, doping, the N1s peaks of the PTMNI,
PTMN2, and PTMN3 films shifted to higher binding ener-
gies of 399.6, 399.5, and 399.9 eV, respectively. This implies
that FeCl, doping reduced the electron density on the nitro-
gen atom by increasing its cationic characteristics. The de-
gree of the Nls binding energy shifts for PTMN1, PTMN2,
and PTMN3 were 0.1, 0.4, and 0.5 eV, respectively. The N1s
binding energy of PTMN2 and PTMN3 significantly increased,
which indicates pendant doping by forming strong interaction
between the bipolaronic cation of TTMN pendant and FeCl,~
counter anion. In contrast, a small change in the N1s bind-
ing energy of PTMN1 indicates no preference for pendant
doping.

Temperature-dependent ¢ was measured at temperatures in
the range of 289 — 300 K, where the thermal de-doping process
did not occur. Because the o of the doped polymer films was pro-
portional to temperature in this range, the Arrhenius correlation
equation between the activation energy (E,) and the ¢ can be ex-
pressed as Equation 1,

In (0) =In(o,) - - T (1)
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Figure 5. a) X-ray photoelectron spectroscopy (XPS) of N1s peaks of PTMN1 (black line), PTMN2 (red line), and PTMN3 (blue line). b) The Arrhenius plot
of electrical conductivity of OTE polymers. The FeCl; concentrations for the PTMN1, PTMN2, and PTMN3 samples are 4, 32, and 16 mM, respectively.

where o is the temperature independent prefactor, E, is the ther-
mal activation energy, and k is the Boltzmann constant. As shown
in Figure 5b and Figures S21 and S22 (Supporting Information),
the fitted Arrhenius curve-derived E, values were 183, 74.6, and
143 meV for PTMN1, PTMN2, and PTMN3, respectively. The
E, of PTMN2 was significantly lower than that of PTMN1 and
PTMN3, indicating that hopping-type charge transport was facil-
itated in the doped PTMN?2 film. This indicates that the doped
PTMN2 film had the most efficient charge transport pathway,
which can be attributed to pendant doping preventing dopant in-
tercalation between the z-z stacking interfaces, thereby minimiz-
ing perturbation of the polymer morphology. In contrast, PTMN1
exhibited the highest E, value, which indicates that hopping-type
charge transport was not preferred owing to significant deteriora-
tion in the z-7 stacking morphology of PTMN1 film by backbone
doping.

The S of the OTE polymers was measured as a function of
the FeCl; dopant concentration. It is well known that S has an
inverse relationship with charge-carrier density in devices. Ac-
cordingly, the S values of the OTE polymers gradually decreased
as the dopant concentration increased, as shown in Figure 3c.
The S value of PTMN1 dropped sharply to close to zero in the
early stage of FeCl; doping, whereas that of PTMN2 was much
higher and maintained the high values, even at high dopant con-
centrations. The high doping efficiency and backbone doping of
PTMNT significantly increased the charge-carrier density, which
significantly reduced S. As shown in Figure S23 (Supporting In-
formation), backbone doping enhances z-conjugation along the
polymer backbone direction, while forming some non-bonding
interactions in the pendant direction. On the other hand, pen-
dant doping of PTMN?2 also increased the charge-carrier density
on the conjugated backbone; however, it introduced partial non-
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bonding interactions in the conjugated backbones as quinoidal
structures developed along the pendant direction, as shown in
Figure 4b and Figure S23 (Supporting Information). It is pre-
sumed that the non-bonding interactions of the doped PTMN2
reduce the metallic characteristics and maintain high S values
even at high dopant concentrations. The thermoelectric perfor-
mances of PTMNT1, 2, and 3 were evaluated by measuring the PF
exhibited in Figure 3d.

Because only PTMN2 exhibited high ¢ and S, the PF of
PTMN2 was the highest; that is, 12.8 yW m™! K2 at 16 mM
FeCl; doping, which was 44 times higher than that of PTMN1
(0.29 uW m~! K=2) and 38 times higher than that of PTMN3
(0.34 uW m~! K7?) at the optimum doping condition. Notably,
the high PF value of PTMN2 was not just a singular point value;
rather, high PF values exceeding 10 yW m~" K2 were consis-
tently maintained across a broad range of dopant concentrations
(16-32 mM). The preferred pendant doping of PTMN2 appears
to improve the OTE performance at high dopant concentrations
by minimizing the morphological disorder of the polymers in the
doped states.

Doping stability was measured by the changes in TE properties
of FeCl;-doped PTMN1-3 films over time under N, conditions
(Figure S24, Supporting Information). FeCl;-doped PTMN1 and
PTMN3 films exhibited negligible changes in o, S, and PF, while
PTMN2 showed a decrease in ¢ but an increase in S over time,
resulting in a constant PF that maintained over 90% of its initial
value after three days (PTMN1: 6.1% increase, PTMN3: 18.5% de-
crease). Considering that PTMN2 contains 2 times and 8 times
higher dopant concentration than PTMN3 and PTMN1, respec-
tively, the maintenance of a high PF suggests that the pendant
doping contributes to the stabilization of the excessive dopant
residues in the devices. Additionally, the doping stability of
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Figure 6. 2D-GIXD pattern images of PTMN1-3 with various FeCl; concentrations. a) PTMN1 (200 °C, 4-16 mM), b) PTMN2 (250 °C, 4-16 mM), and

c) PTMN3 (200 °C, 4-16 mM) with color bars.

FeCl,-doped poly(3-hexylthiophene-2,5-diyl) (P3HT), a represen-
tative conjugated polymer in OTE devices, was compared to that
of PTMN1-3 films. FeCl,-doped P3HT films also showed a reduc-
tionin o, but a slight increase in the S of P3HT films, resulting in
a 38.5% decrease in PF after three days. Therefore, the pendant
doping of PTMN2 could contribute to maintaining a high PF in
OTE devices by promoting high S values.

2.4. Morphological Properties

To investigate the morphological properties of the synthesized
OTE polymers, 2D grazing incident X-ray diffraction (2D-GIXD)
patterns were obtained as functions of the annealing temper-
ature (Figure S25a-c, Supporting Information) with the line-
cut profiles along the g, and g, axes (Figure S26a-f, Support-
ing Information). (100) lamellar ordering peaks of PTMN1 and
PTMN3 were not very clear along the g, and g,, axes; how-
ever, that of PTMN2 appeared sharply at 0.28 A~" along the Ty
axis, corresponding to the d-spacing distance of 22.3 A. Only
PTMN2 exhibited excellent lamellar stacking ordering in the pris-
tine films. In the case of (010) z—z stacking ordering area (1.4—
1.8 A-'), the PTMN1 and PTMN3 pristine films showed domi-
nant broad diffraction peak at 1.5 A-1, whereas PTMN2 exhibited
dual diffraction peak at 1.4 and 1.7 A~" of similar intensities along
the g, axis. Only PTMN2 showed a clear (010) diffraction peak at
~1.7 A~', which corresponds to the d-spacing of 3.6 A. Morpho-
logical changes in the pristine films were observed by thermal
annealing, as shown in Figure S25a—c (Supporting Information).
The z—z stacking ordering of PTMN1 was gradually enhanced at
annealing temperatures up to 200 °C; however, it drastically de-
creased above this temperature. In the case of PTMN2, (100) peak
along the g, axis and (010) peaks along the g, axis became clearer
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and stronger even at 250 °C, which indicates enhanced face-on
orientation during the annealing process. Meanwhile, PTMN3
did not show any strong diffraction peaks during thermal anneal-
ing, indicating its dominantly amorphous nature. To visualize the
changes in the (010) 7—z stacking ordering peak with respect to
the annealing temperature, the azimuthal cut of the (010) peak
along g, as a function of the annealing temperature was extracted
as shown in Figure S27a—c (Supporting Information). The (010)
peaks of pristine PTMN1 and PTMN3 films were diminished at
high annealing temperature, whereas those of pristine PTMN2
film gradually increased and maximized at 250 °C. Consequently,
PTMN2 exhibited better molecular ordering and orientation in
the face-on mode.

To investigate the morphological changes in the OTE poly-
mers during FeCl; doping, the 2D-GIXD diffraction pattern of
the doped OTE polymer films was determined as a function of the
dopant concentration (Figure 6a—c) with line-cut profiles along
the q,, and q, axes (Figure 7a—f). As shown in Figure 6a, the broad
(010) z-7 stacking peak of PTMNT1 film gradually disappeared as
the dopant concentration increased, indicating that its molecu-
lar ordering has been deteriorated by FeCl,. Furthermore, the d-
spacing of the (010) peak of PTMNT at 1.7 A~! increased from
4.2 to 4.4 A along the Gy, axis and from 3.5 to 3.7 A along the g,
axis depending on the dopant concentration, which strongly indi-
cates that FeCl; dopant weakens the z—z stacking of PTMN1. In
contrast, the (010) z—r stacking peak of PTMN2 films remained
strong even at high dopant concentration (Figure 6b), indicat-
ing that FeCl, dopant does not have a significant impact on the
n—n stacking of PTMN2. As expected, the backbone doping on
PTMN1 weakened the z-7 stacking ordering, whereas the pen-
dant doping on PTMN2 gave little impact on the z—z stacking
ordering even at high dopant concentration. PTMN3 exhibited
the weakest diffraction pattern; its molecular ordering weakened

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

85U8017 SUOWWIOD) BAIIERID 3(dedl|dde ) Aq peussnob ae Ssjpie O ‘8sN JO Sa|nJ 10} ARiq178UlJUO AB]1M UO (SUONIPUOD-pUe-SWBI W00 A8 |1MAeiq Ul |uo//Sdiy) SUOIPUOD pue swie | au1 89S *[6202/80/2T] uo Akeidiauliuo A1 ‘Ariqi AseAun BueAueH Ad 8//zzy202 WiPe/z00T 0T/10p/uod A3 1M Ateiq 1 puljuo’psoueApe//SANY Wol) peapeojumoq ‘€2 ‘5202 ‘820£9TIT


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

(a) (b)

www.afm-journal.de

(c)

PTMN1 In plane

PTMN2 In plane

PTMNS3 In plane

| —200°c —4mM —8mm o |—2s00c —a4mmMm —s8mm| __ [—200°C 4mM——8mM
S |[—12mMm ——16mm $[——12mm 16 mMm 5 [—12mm ——16mm
3 o c:é | (100) 3 : (100) (010)
SR N ——— ¢ k ~
e | —]
05 1.0 15 2.0 05 10 15 2.0 05 10 1.5 2.0
_ -1 -1
qu (A 1) qu (A ) qu (A )

(d) (e)

(f)

PTMN1 Out-of-plane
——200°C 4mM ——8mM

——250°C
——12mM

—12mM ——16mM
(010)

Intensity (a.u.)

PTMN2 Out-of-plane
4mM——8mM
16 mM

(010) |

PTMN3 Out-of-plane
——200°C——4 mM——8 mM
——12mM ——16mM

Intensity (a.u.)

Intensity (a.u.)

0.5 1.0
q, (A7)

15 20 05 1.0 15 20
q, (A™)

Figure 7. The line-cut profiles of doped OTE polymers with different dopant concentration along the a—c) q,, axis, and d-f) g, axis; PTMNT1 (black line),
PTMN2 (red line), PTMN3 (blue line). The magenta and green lines indicate deconvoluted (010) peak of OTE polymers.

as the dopant concentration increased and the d-spacing distance
increased.

Additionally, the g, line-cut profiles relative to the background
intensity (0.75-1.0 A~') were normalized to compare the change
in the 2D-GIXD peak intensities as a function of dopant con-
centration. As shown in Figure S28 (Supporting Information),
PTMN?2 exhibited minimal changes in the intensity of the (010)
peak with increasing FeCl; concentration. In contrast, PTMN1
showed a significant change in the (010) peak intensity, as well
as a notable decrease in peak intensity of 0.5 A~! after doping,
clearly indicating the disruption of molecular ordering. Similarly,
PTMN3 also showed a decrease in peak intensity ~0.3-0.5 A1,

Consequently, a significant decrease in ¢ and PF of PTMN1
was caused by the disrupted intermolecular ordering owing to
FeCl, doping, whereas the high electrical conductivity and PF of
PTMN2 under heavy doping were attributed to the retained ex-
cellent face-on ordering during the doping process. In detail, the
preferred pendant doping in PTMN2 promotes efficient Coulom-
bic interactions between the positively charged malononitrile
group in the pendant side and the FeCl,~ anion (Figure 4b), pre-
venting morphological deterioration of the polymer films and
resulting in higher OTE performance even at high dopant con-
centrations (232 mM). PTMN3, containing bulky IDT backbone,
exhibited amorphous ordering characteristics, which resulted in
lower ¢ and PF values than those of PTMN2.

2.5. Thermal Conductivity and ZT Values
Thermal conductivities (k) of doped PTMN1-3 films at 300 K

were measured via 3-omega method with dual membrane cor-
rection to increase the measurement accuracy. The FeCl;-doped
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PTMNI (4 mM), PTMN2 (32 mM), PTMN3 (16 mM) films ex-
hibited x values of 0.189, 0.212, and 0.262 W m~! K™, respec-
tively, which are in the range of the k values for amorphous con-
jugated polymers (0.15-0.4 W m~! K~!).3!] Notably, the PTMN2
film with a high dopant concentration still exhibited low « values,
comparable to those of PTMN1 films with a low dopant concen-
tration. In the case of PTMN3, it exhibited higher x values (0.26—
0.30 W m~! K1) than those of the other polymers, but the values
decreased at higher dopant concentrations. To understand the
different k behaviors, the relationship between polymer structure
and « values was analyzed. In general, « is given by the sum of
the lattice contribution (k) and the electronic contribution (x,)
(k¢ = k| + k). According to the Wiedemann-Franz law (x, = Lo T,
where L is the Lorenz factor of 2.45 x 1078 V2 K=2), the «, can be
evaluated from the measured .78 The calculated upper limit
of k. values was as low as 0.0001, 0.0043, and 0.0001 for doped
PTMNT1, PTMN2, and PTMN3, respectively. Thus, k| is the dom-
inant factor determining the x values, which strongly depend on
the microstructure of the conjugated polymer films.
Rodriguez-Martinez et al. suggested that the x; values de-
creased with increasing free volume fraction within the polymer
films, thereby interfering heat dissipation.®!! Thus, the free vol-
ume fraction of the PTMN1-3 films was compared using the mo-
lar mass of the side chains (Da) and unit cell volume (A%) of the
PTMN1-3 polymers (unit cell volumes were estimated from the
crystallographic parameters in Tables S3-S8, Supporting Infor-
mation). As shown in Table S9 (Supporting Information), calcu-
lated molar mass of side chain per unit cell of the polymer was
clearly higher for PTMN3 (0.517 Da/A’) compared to PTMN1
(0.345 Da/A%) and PTMN2 (0.394 Da/A%), indicating that PTMN3
film have the lowest free volume fraction among the polymers.
This result implied that the higher x values on doped PTMN3
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Material FeCl; concentration [mM] Z[Scm™ S[uv K] PF [uW m~1 K72] K[Wm™ K zT
PTMN1? 2 0.103 (+0.016) 168 0.19 - -
(+2.0) (0.02)
4 0.147 (+0.014) 40.5 0.02 0.189 3.17x 107°
(£2.2) (£0.002) (+0.02) (€3 x 107°)
PTMN2?) 16 1.792 (+0.284) 268 12.8 0.190 0.020
(+1.2) (+2.04) (+0.02) (+0.003)
32 5.885 (+1.110) 131 10.1 0.212 0.014
(+1.4) (+1.90) (0.02) (+0.003)
PTMN3? 4 0.019 (+0.004) 42.4 0.34 0.298 3.42x 1074
(£1.2) (+0.07) (+0.03) (+7.0x 107%)
16 0.152 (+0.020) 22 0.01 0.262 1.15x 1074
(+2.5) (+0.001) (+0.03) (+1.3x 107°)

Annealed at ¥200 °C and 250 °C.

films than those of doped PTMN1 and PTMN2 films are due to
the higher density of side chains, which assist the propagation
of heat through the polymer films. Finally, the ZT values were
calculated from the PF and x values, which was 3.17x10~ for
PTMN1 (4 mM), 0.020 for PTMN2 (16 mM) and 3.42x10~* for
PTMN3 (4 mM), respectively. The molecular structure of PTMN2
not only enhances the S through pendant doping, but also facil-
itates a reduction in «, making it a promising material for TE
applications. The TE performance is summarized in Table 2 and
Figure S2 (Supporting Information).

Furthermore, since the lattice contribution to x was highly
dominant while the electronic contribution was very small (<
0.001 W m~! K1), it is expected that the changes in k values of
PTMN2 and PTMN3 with increasing FeCl, concentration were
not due to changes in o, but rather the result of changes in
the microstructure of the films caused by FeCl; doping. As con-
firmed by 2D-GIXD analysis (Figure 6; Figure S28, Supporting
Information), the molecular ordering of PTMN1 and PTMN3
was significantly disrupted by FeCl, doping. Thus, the disorder-
induced phonon scattering hindered heat transport,>°! leading
to the decrease of k values of PTMN3 from 0.298 W m~! K~!
(4 mM) to 0.262 W m~! K~! (16 mM). Contrarily, FeCl;-doped
PTMN2 maintained its molecular ordering well through the pen-
dant doping mechanism, preventing disorder-induced phonon
scattering, which might have led to an increase in « values from
0.190 Wm~' K~! (16 mM) t0 0.212 W m~' K-! (32 mM). Although
the pendant doping mechanism of PTMN2 slightly increased «
values by maintaining molecular ordering, we believe that it con-
tributes to improved ZT due to its more significant impact on
enhancing o.

3. Conclusion

An electron-withdrawing TTMN monomer was synthesized and
copolymerized with three different electron-donating conjugated
building blocks (CPDT, BDT, and IDT) through the Stille cou-
pling reaction, which resulted in novel TTMN-based conjugated
polymers named PTMN1, PTMN2, and PTMN3. All the synthe-
sized OTE polymers possessed extended z-conjugation along the
pendant side owing to the unique molecular structure of the
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TTMN moiety. Interestingly, PTMN1 and PTMN?2 exhibited com-
pletely different doping characteristics depending on the dopant
concentration. PTMN1 exhibited excellent doping efficiency with
strong bipolaron absorption after FeCl; doping, whereas PTMN2
demonstrated the lowest doping efficiency with the coexistence
of neutral and bipolaron absorption, even under heavy doping.
Furthermore, from the XPS study, it was found that the TTMN
moiety on PTMN2 had strong binding with FeCl,~ counter an-
ions, indicating pendant doping, whereas PTMN1 did not show
any evidence for pendant doping. Therefore, it is suggested
that PTMN1 having shallow HOMO energy levels and electron-
sufficient backbone chains prefer backbone doping with excel-
lent doping efficiency, whereas PTMN2 having deep HOMO en-
ergy levels and less electron-sufficient backbone chains do not
prefer efficient backbone doping (low doping efficiency), how-
ever, they rather prefer pendant doping by forming strong bind-
ing complex between TTMN and FeCl, . Notably, the intermolec-
ular ordering of PTMN1 was significantly decreased by back-
bone doping with FeCl,, which resulted in low ¢ and PF at high
dopant concentrations. However, the intermolecular ordering of
PTMN2 was well preserved even under high-concentration dop-
ing, which is attributed to pendant doping with FeCl, and re-
sulted in the highest ¢ and S. Consequently, the PF of PTMN2
reached 12.8 yW m~! K2, which was 44 times higher than that
of PTMNT1 (0.29 uW m~! K=2). Interestingly, the high PF value of
PTMN2 was not just a singular point value; rather, high PF values
exceeding 10 uW m~' K2 were consistently maintained across
a broad range of high dopant concentrations (16-32 mM). The
favored pendant doping in PTMN2 enhanced the OTE perfor-
mance at high dopant concentrations by retaining FeCl, ~ counter
anion at the terminal end of the TTMN moiety, which minimized
the morphological disorder in the doped polymers. This unique
doping behavior on the pendant side opens up new possibilities
for the development of high-performance OTE polymers.

4. Experimental Section

Measurement: The absorption spectra of the thermoelectric polymers
were measured using a JASCO V-730 UV-vis spectrometer. The UV-
vis—NIR absorption spectra of the doped thermoelectric polymers were
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recorded using a JASCO V-670 spectrometer. The 'H nuclear magnetic res-
onance (NMR) spectra of the thieno[3,4-b]thiophene derivative monomers
and thermoelectric polymers were recorded at 25 °C using a VNMRS spec-
trometer and a Bruker Ascend TM-400 spectrometer for 600 and 400 MHz,
respectively. Cyclic voltammetry measurements were performed at a scan
rate of 20 mV s™! using a WonATech potentiostat/galvanostat/impedance
analyzer ZIVE SP1(1A), with a three-electrode cell and a 0.1 M Bu,NPFg
solution in acetonitrile as the electrolyte. The working electrode was coated
with the polymer films by dipping them into their solutions in chloro-
form. The molecular weight measurement of thermoelectric polymers was
recorded by Agilent 1260 Infinity Il GPC at 35 °C. The thermal stability
measurement was performed by thermogravimetric analysis using TA in-
struments Discovery TGA550 Auto, under nitrogen flow with a heat rate
of 10 °C mins~! and a temperature range from 30 to 500 °C. 2D graz-
ing incident X-ray diffraction (2D-GIXD) measurements were performed
using a high-resolution synchrotron X-ray beam source (beam energy =
9.3 keV) with a grazing incidence angle of ~0.16° at the 3C beamline of
the Pohang Accelerator Laboratory (PAL) in Pohang, Korea. The d-spacing
values were calculated using the following relation: g = 2x/d, where q de-
notes the specific diffraction peak position. The sheet resistances (RS) of
FeCl; doped OTE polymers were measured using a 4-point probe (where
each tip was separated by 1 mm) connected to a Keithley 2400 source me-
ter in an N,-filled glove box. The film thicknesses were measured using a
surface profiler (Alpha Step 1Q, KLA Tencor). Then, ¢ was calculated us-
ing the measured RS and thickness values. The S value was measured
in a Ny-filled glove box using the same in-house setup developed and
used in the previous studies.l°¢-53] The OTE polymer-based samples were
placed between two Peltier devices (separated by 1 cm), each of which
was operated using a Keithley 2400 source meter to induce a temperature
gradient. Thermovoltages were measured using a Keithley 4200-SCS pa-
rameter analyzer, and temperatures were measured using a Keithley 2700
multimeter.

OTE Device Fabrication: Soda-lime glass substrates (2 X 2 cm) were
cleaned using bath sonication in deionized water with detergent, fol-
lowed by successive sonication in acetone and ethanol for 20 min each.
Titanium/gold (4 nm/40 nm) electrodes were deposited on top of the
cleaned substrates by thermal evaporation through a shadow mask (inter-
electrode distance: 8 mm) to measure the S value. The OTE polymers and
FeCl; were dissolved in chloroform and acetonitrile with a concentration of
10 mg mL~" and 1-32 mM, respectively. The polymer solutions were spin-
coated at 1000 rpm for 45 s on UV/ozone-treated glass substrates and
then annealed at various temperatures for 15 min on a hotplate. There-
after, FeCl; solutions were poured onto the annealed films during spin
coating at 4000 rpm for 20 s.

Materials:  All anhydrous solvents were purchased from Sigma-—
Aldrich. Tetrakis (triphenylphosphine)palladium(0) was purchased from
Sejin-Cl (South Korea). 3,4-dibromothiophene, (4,8-bis(5-(2-ethylhexyl)
thiophen-2-yl)benzo[1,2-b:4,5-b"]dithiophene-2,6-diyl) bis (trimethylstan-
nane) and (4,4,9,9-tetrakis(4-hexylphenyl)-4,9-dihydro-s-indacenol[1,2-
b:5,6-b"|dithiophene-2,7-diyl)bis (trimethylstannane) were provided by
J's science (South Korea). All chemicals were used without further
purification. Compounds 1-4 were synthesized according to previously
reported procedures.[®4] TTMN and compound 5 were synthesized using
a procedure similar to that reported in the literature.[']

Synthesis  of  thieno[3,4-b]thiophene  Derivative ~ Monomers: 4-
bromothiophene-3-carbaldehyde (1): 3,4-dibromothiophene (10 g,
41.33 mmol) was dissolved in dry diethyl ether (100 mL) and stirred at
room temperature for 10 min. As the reaction mixture was cooled down
to —78 °C with a dry ice dewar, n-butyl lithium (2.5 M, 16.5 mL) was slowly
added dropwise. After 30 min, dimethylformamide (3.32 g, 41.33 mmol)
was added, and the mixture was stirred for 2 h. The crude mixture was
then poured into water: diethyl ether (1:1) solution. The combined organic
layers were extracted three times with diethyl ether and washed with water
and brine. The organic layer was then dried using MgSO, and filtered.
The solvent was removed using a rotary evaporator to obtain compound
1 as a brownish liquid (6.48 g, 82.1%) without further purification. 'H
NMR (600 MHz, CDCl3), & (ppm): 9.90 (s, TH), 8.12 (d, TH, J = 3.6 Hz),
7.33 (d, H, J = 3.6 Hz).
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Ethyl thieno[3,4-b]thiophene-2-carboxylate (2): Potassium carbonate
(10.9 g, 78.6 mmol) and copper oxide nano-powder (62.8 mg, 0.79 mmol)
were suspended in dry dimethyl formamide (50 mL) and refluxed at 60 °C.
As the reaction temperature was attained, ethyl thioglycolate (3.15 g,
26.2 mmol) and 4-bromothiophene-3-carbaldehyde (compound 1; 5 g,
26.2 mmol) were added and refluxed overnight. The crude mixture was
filtered to remove residual inorganic salts, and the filtrate was poured
into a water: ethyl acetate (1:1) solution. The combined organic layers
were extracted three times with ethyl acetate and washed with water and
brine. Thereafter, the organic layer was dried using MgSOy,, and the sol-
vent was removed using a rotary evaporator. The crude product was puri-
fied by column chromatography using ethyl acetate: hexane (1:10) as the
eluent. Compound 2 was obtained as an off-white powder (2.32 g, 41.7%)
by recrystallization from methylene chloride: hexane at —20 °C. "H NMR
(400 MHz, CDCly), 6 (ppm): 7.70 (sd, TH, J = 0.8 Hz), 7.59 (d, TH, J =
2.4 Hz), 7.29 (dd, TH, J = 2.8 Hz, 0.8 Hz), 439 (g, 2H, J = 7.2 Hz), 1.40
(t, 3H,J = 7.2 Hz). BC NMR (100 MHz, CDCl;), § (ppm): 163.29, 146.06,
139.92, 123.61, 116.74, 111.50, 61.78, 14.44.

Thieno[3,4-b]thiophen-2-ylmethanol (3): Ethylthieno [3,4-b]thiophene-2-
carboxylate (compound 2; 2 g, 9.42 mmol) was dissolved in dry diethyl
ether (30 mL) and stirred at room temperature. Lithium aluminum hy-
dride (4 M in diethyl ether, 2.36 mL) was slowly added to the reaction mix-
ture and stirred for 2 h. The crude mixture was poured into chloroform
(150 mL) and stirred. The 1.0 M sodium hydroxide solution (100 mL) was
added dropwise to the crude mixture using a glass pipette. (Caution: A
large amount of gas and heat was released during this step.) The crude
mixture was stirred for 1 h to remove any reactive species before extracting
the combined organic layer three times with ethyl acetate. The extracted
organic layers were washed with water and brine and dried using MgSOy,,
and the solvent was removed using a rotary evaporator. Thereafter, the
crude product was purified through column chromatography using hex-
ane: ethyl acetate (1:8) as the eluent. Compound 3 was obtained as a white
powder (920.5 mg, 57.4%) by recrystallization from methylene chloride:
hexane at —20 °C. 'H NMR (600 MHz, CDCl;),  (ppm): 7.27 (sd, TH,
J =24 Hz), 721 (sd, TH, J = 2.4 Hz), 6.84 (s, TH), 4.78 (s, 2H), 1.89
(br, TH). C NMR (100 MHz, CDCls), § (ppm): 150.88, 146.87, 138.90,
114.48, 112.20, 111.04, 61.71.

Thieno[3,4-b]thiophene-2-carbaldehyde  (4): Thieno[3,4-b]thiophen-2-
ylmethanol (compound 3; 1 g, 5.87 mmol) was dissolved in methylene
chloride (15 mL), and the mixture was stirred. Pyridinium chlorochromate
(PCGC; 1.27 g, 5.87 mmol) was added in several portions. The reaction
mixture was stirred overnight, and the residual PCC and inorganic salts
were filtered out. The brownish filtrate was poured into water:methylene
chloride (1:1) solution and the combined organic layer was extracted three
times with methylene chloride and washed several times with water and
brine. The organic layer was then dried using MgSO,. The solvent was
removed using a rotary evaporator to obtain compound 4 as a brownish,
dense liquid, which was immediately used for the next step. '"H NMR
(600 MHz, CDCl3), 6 (ppm): 10.0 (s, 1H), 7.76 (d, TH, J = 2.4 Hz), 7.68
(s, TH), 7.33 (d, TH, ] = 3.0 Hz).

2-(thieno[3,4-b]thiophen-2-ylmethylene) malononitrile (TTMN):
Thieno[3,4-b]thiophene-2-carbaldehyde (compound 4; 1 g, 5.94 mmol),
malononitrile (431.64 mg, 6.53 mmol), and an excess amount of
aluminum oxide (activated, neutral, Brockmann) were suspended in
methylene chloride (30 mL) and stirred overnight at room temperature.
After the reaction was complete, the reaction mixture was filtered to
remove residual aluminum oxide. The reaction mixture was then poured
into a water: methylene chloride (1:1) solution. The combined organic
layers were extracted three times with methylene chloride and washed
several times with water and brine. Thereafter, the organic layer was dried
using MgSOy,, and the solvent was removed using a rotary evaporator.
TTMN was obtained as a yellow solid (993.1 mg, 77.3%) by recrystal-
lization from methylene chloride: hexane. "TH NMR (600 MHz, CDCl;), 6
(ppm): 7.83 (s, TH), 7.79 (d, TH, J = 3.6 Hz), 7.60 (s, 1H), 7.37 (d, 1H,
J = 2.4 Hz). BC NMR (100 MHz, DMSO-d6), 6 (ppm): 155.16, 144.47,
140.89, 138.89, 132.60, 122.11, 114.33, 113.70, 113.29, 112.14, 78.43.

2-((4,6-dibromothieno[3,4-b]thiophen-2-yl) methylene) malononitrile
(5): TTMN (1 g, 4.62 mmol) and N-bromosuccinimide (904.19 mg,
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5.08 mmol) were dissolved in dimethyl formamide (30 mL) and stirred
at 0 °C overnight. The progress of the reaction was monitored through
thin-layer chromatography. Once the reaction was complete, the mixture
was poured into a water: methylene chloride (1:1) solution. The combined
organic layers were extracted three times with methylene chloride and
washed several times with water and brine. Thereafter, the organic layer
was dried using MgSOy,, and the solvent was removed using a rotary
evaporator. The crude product was purified through column chromatog-
raphy using methylene chloride: hexane (1:1) as the eluent. Compound 5
was obtained as an orange solid (1.51 g, 87.2%) by recrystallization from
methylene chloride: hexane. "H NMR (600 MHz, CDCl;), § (ppm): 7.78
(s, TH), 7.41 (s, TH).

General  Procedure  for  Polymerization: Compound 5 (1
equiv), the respective stannyl compound (1 equiv), and
tetrakis (triphenylphosphine) palladium(0) (0.03 eq) were added to a
10 mL reaction vial for microwave irradiation. The reaction vial was evac-
uated and refilled with N, gas three times, and dry toluene/DMF (5 mL,
7:3 ratio) was added. The reaction was performed in a Biotage microwave
reactor at 170 °C for 2 h. After the polymerization, the crude polymer
was filtered through a Celite 545 filter and precipitated in methanol. The
collected polymers were extracted by using a Soxhlet extractor containing
methanol, acetone, and chloroform. Chloroform was concentrated and
subsequently precipitated in methanol. The final thermoelectric polymer
was collected by filtration and dried under vacuum.

Poly[(4,4-bis (2-butyloctyl)-4H-cyclopenta[2,1-b:3,4-b"|dithiophene-2,6-
diyl)-alt-(2- (thieno[3,4-b]thiophen-2-ylmethylene) malononitrile-4,6-diyl)]
(PTMNT)

(4,4-Bis(2-butyloctyl)-4H-cyclopenta[2,1-b:3,4-b’|dithiophene-2,6-
diyl)bis(trimethylstannane) (252.16 mg, 0.3 mmol), and compound 5
(112.22 mg, 0.3 mmol) were used for the polymerization of PTMN1
as stannyl- and bromo-compounds, respectively. The final polymer was
obtained as a dark solid (116.93 mg, 53.6%).

Poly[(4,8-bis (5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-
b:4,5-b’|dithiophene-2,6-diyl)-alt-2- (thieno[3,4-b]thiophen-2-
ylmethylene)malononitrile-4,6-diyl] (PTMN2)

(4,8-Bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-b’|dithiophene-
2,6-diyl)bis (trimethylstannane) (271.37 mg, 0.3 mmol), and compound
5 (112.22 mg, 0.3 mmol) were used for the polymerization of PTMN2
as stannyl- and bromo-compounds, respectively. The final polymer was
obtained as a dark solid (159.27 mg, 67.1%).

Poly[(4,4,9,9-tetrakis (4-hexylphenyl)-4,9-dihydro-s-indacenol[1,2-
b:5,6-b’]dithiophene-2,7-diyl)-alt-2- (thieno[3,4-b]thiophen-2-
ylmethylene) malononitrile-4,6-diyl] (PTMN3)

(4,4,9,9-Tetrakis (4-hexylphenyl)-4,9-dihydro-s-indaceno[1,2-b:5,6-
b'|dithiophene-2,7-diyl)bis (trimethylstannane) (369.91 mg, 0.3 mmol),
and compound 5 (112.22 mg, 0.3 mmol) were used for the polymerization
of PTMN3 as stannyl- and bromo-compounds, respectively. The final
polymer was obtained as a dark solid (228.92 mg, 59.5%).
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