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ABSTRACT

The 4H-cyclopenta[2,1-b:3,4-b’]dithiophene (CPDT)-based conjugated polymers (CPs) have garnered significant
attention in various fields of organic electronics due to their strong electron-donating properties, extended n-plane, and rigid,
planar chemical structure. These unique features enable CPDT-based CPs to be highly advantageous for use in a range of
organic semiconductor devices. While CPDT-based CPs have been extensively investigated and utilized as electron donors in
various organic semiconductor devices, there is limited literature discussing the electrochemical properties of CPDT building
blocks and the representative examples of CPDT-based CPs. In this mini-review, the authors outline the electrochemical
properties of the CPDT building block, which stem from its rigid and planar chemical structure, facilitating the use of
CPDT derivative materials in the field of organic semiconductors, such as organic photovoltaics (OPVs), organic thin film
transistors (OTFTs), and organic photodetectors (OPDs). Furthermore, the authors highlight the advantages of CPDT-based
CPs, particularly, for organic thermoelectric applications (OTEs) such as strong electron-donating properties and extended
n-conjugation, which lead to facile p-type doping characteristics in CPDT-based CPs. The authors discuss the basic working
principles of OTEs, including several key parameters of OTE devices such as the Seebeck coefficient (S) and power factor
(PF). Additionally, the authors address the main challenge in OTEs: the trade-off relationship between electrical conductivity
and the Seebeck coefficient. The review presents several strategies to overcome these trade-off limitations, focusing on
CPDT and other CPs for OTE applications.
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1. Introduction

For several decades, conjugated polymers (CPs)
have garnered extensive interest for their potential as
portable and flexible semiconductors in optoelectron-
ic applications, including optical communications,
energy storage, and light harvesting devices '™,
The appeal of CPs lies in their solution-processa-
ble nature, low toxicity, and ability to produce thin,
lightweight devices. However, early CPs such as

[10]

polyacetylene """, poly(p-phenylenevinylene) ",
and polycarbazole !'” demonstrated relatively poor
device performance due to inefficient charge transfer
properties. To address this challenge, the D-A type
copolymer, consisting of alternating electron-do-
nating (D) and electron-accepting (A) moieties, has
been rigorously explored. This structure promotes
intermolecular charge transfer, extending m-conju-
gation in the polymer backbone through a push-pull
effect, thereby enhancing charge transport properties
in devices. Consequently, the selection of appropri-
ate D and A moieties is crucial for optimizing CPs
for optoelectronic applications "*. Among various
D moieties, the 4H-cyclopenta[2,1-b:3,4-b’]dithio-
phene (CPDT) moiety is one of widely used candi-
dates, due to its extensive n-extended fused aromatic
ring, strong electron-donating properties, low reso-
nance energy of the aromatic ring, and facilitation of
quinoidal population "*'*. In practice, CPDT-based
CPs have explored the applications with NIR ab-
sorption and narrow bandgap polymers. To achieve
the NIR CPs and narrow bandgap polymers, the CPs
should possess low bond length alternation energy "',
indicating an unstable resonance structure of CPs,
leading to the ready formation of quinoidal structure.
In this context, the inherent electron-donating prop-
erty towards aromatic ring direction of CPDT moiety
is highly advantageous for those applications. For in-
stance, Yoo et al. reported a CPDT-based p-type CP
that displayed NIR absorption from 700 nm to 1000
nm and ambipolar charge transport with high hole
mobility of 1.50 cm® V' s "7, Similarly, Bhat et al.
developed an NIR organic photodiode (OPD) using
a CPDT-based p-type CP, which exhibited broad ab-
sorption around 1200 nm and an NIR photocurrent

responsivity of 0.4 mA W' at —2 V under 1050 nm
illumination ¥,

Recently, CPDT building blocks have signifi-
cantly contributed to the development of p-type con-
ducting polymers (CPs) for organic thermoelectric
(OTE) devices. OTEs are emerging as promising
energy-harvesting devices for wearable electronics,
converting human body heat into electrical energy.
However, the inherent electrical conductivity of
organic materials is typically too low for effective
use in OTE devices. To overcome this limitation,
the chemical doping method has been extensively
researched "**"). This method enhances the electrical
conductivity of organic materials by either losing
(p-type) or gaining (n-type) electrons in organic
semiconductors, thereby increasing the charge car-
rier concentration, which is directly proportional to
electrical conductivity. In particular, the electrical
conductivity of p-type polymer donors can be im-
proved through reactions with strong oxidants such
as FeCly; and FATCNQ, which are recognized as
p-type dopants. In the early stages of OTE research,
benzene-based fused aromatic rings, including flu-
orene, benzodithiophene, and indacenodithiophene,
were widely utilized as p-type building blocks for
CPs. However, their limited effectiveness in p-type
doping processes, due to the difficulty in extracting
7 electrons from their aromatized structures, resulted
in poor electrical conductivity. Consequently, heter-
ocyclic fused aromatic rings, such as CPDT-based
building blocks, have been extensively employed.
These rings have a relatively unstable aromatic struc-
ture that makes them more reactive towards p-type
dopants. In this mini review, we introduce the chem-
ical structure of the CPDT moiety and discuss its ad-
vantageous features for OTE devices. We explore the
relationship between its chemical structure and elec-
trochemical properties. Additionally, we introduce
the fundamental working principles of OTE devices
and highlight key parameters, including electrical
conductivity, the Seebeck coefficient, and the power
factor. Finally, we present examples of OTE devices
that utilize CPDT-based CPs, along with their device
performance.
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2. CPDT-based CPs

In the early stages of developing conjugat-
ed polymers (CPs) and organic semiconductors,
phenylene-based polymers like poly(paraphe-
nylene) (PPP), poly(phenylene vinylene) (PPV) and
poly(2,5-dialkoxy)paraphenylene vinylene (R-PPV)
were explored as p-type donor polymers (Figure
1). These polymers were employed to improve the
chemical stability of the polymeric chain and to en-
hance processability **. However, they exhibited
limited charge transport due to their stable arom-
atized conjugated systems. To enhance the charge
transport efficiency of CPs, five-membered heter-
ocyclic compounds and their derivatives had been
exploited, such as polypyrrole (PPy), polythiophene
(PTh), and poly(3-alkylthiophene) (P3AT), because
they have lower resonance energy compared to phe-
nylene-based CPs due to its relatively high dipole
moment toward aromatic ring structure (Figure
1). This unstable aromatized structure contributes
to ready intramolecular charge transfer along the
polymeric chains, leading to an efficient charge
transport process. For instance, poly(3-hexylthio-
phene) (P3HT), a well-known p-type polymer, is ex-
tensively utilized in various organic semiconductor
applications due to its facile processability, excellent
crystallinity, and unique electrochemical properties.
Nevertheless, with these unique characteristics of
P3HT, the P3HT-based devices showed relatively
low performance due to uniformly distributed charge
carriers along polymeric backbone which limits in-
tramolecular charge transfer, resulting in inefficient
charge transport **', In this regard, the design strat-
egy for efficient charge transport polymers has been
extensively investigated. Among these demonstrated
strategies, the structure of alternating electron-donat-
ing (D) and electron-accepting (A) building blocks,
known as D-A polymers, has shown successful im-
provements in the performance of various devices.
The D-A polymers possess numerous advantages
for use as organic semiconductors, such as strong
n-nt stacking and vigorous intra- and intermolecu-
lar charge transfer, due to the dipole moment from
the D to A building block, a phenomenon known

as the “push-pull” effect. There are plenty of can-
didates for D and A building blocks, however, the
thiophene-based heterocyclic building blocks have
been investigated as D building blocks due to their
strong electron-donating characteristics . At the
beginning of the development of D building blocks,
thiophene and bithiophene were initially investigat-
ed due to their tendency to favor the elongation of
m-conjugation. Despite these advantages of using
thiophene and bithiophene as a D building block,
the rotational freedom of each thiophene building
block disturbs n-n stacking which leads to inefficient
charge transport. For this reason, the fused thiophene
derivatives, such as thieno[3,2-b]thiophene, have
attracted significant attention from researchers to
prevent their free-rotation. This strategy successfully
elongates the n-conjugated length and extends nt-pla-
nar to improve n-n stacking of CPs.

OR’
PPP PPV " RO "

R-PPV

H
PPy PTh R p3ar

Figure 1. The chemical structure of phenylene-based (top) and
heterocyclic-based (bottom) conjugated polymers.

Among those fused thiophene derivatives, CPDT
is one of the representative thiophene-based fused
aromatic rings. As illustrated in Figure 2, the m-ex-
tended conjugated structure allows the polymer to
be rigid and planar, which contributes to be more
ordered molecular structure and possesses better
crystallinity, resulting in high electron mobility and
charge transport properties in the devices. In addi-
tion, it has two acidic protons on methylene carbon
which allow CPDT to be readily functionalized with
soluble alkyl side chains. Moreover, because it has
a relatively low resonance energy than benzene, it is
advantageous to lose their n electrons through mo-
lecular doping process which is necessary to enhance
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the electrical conductivity of CPs >,
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Figure 2. The chemical and resonance structure between
benzoid and quinoid form of CPDT.

Since the first synthetic route of CPDT was
reported by Kraak et al. in 1968 ”°, and organic
semiconductors have attracted interest in the past
decades, CPDT has become one of the most widely
used candidates for p-type organic semiconductors,
and their electrical and optical properties have been
investigated for utilization as electron-donating moi-
eties in p-type polymers. Currently, a number of CP-
DT-based CPs have been developed for organic field
effect transistors (OFETs), organic photovoltaics
(OPVs), organic light emitting diodes (OLEDs) and
OTEs. Lee et al. reported CPDT-based p-type poly-
mers, P1, P2 and P3 via copolymerization between
CPDT and diketopyrrolopyrrole (DPP) derivatives
for OFETs (Figure 3). The solubility and crystallin-
ity of P1-3 were adjusted by the substitution of dif-
ferent types of alkyl side chain, resulting in different
morphological and charge transport properties. The
P3 which consists of a combination between branch
alkylated-CPDT and linear alkylated-DPP showed
the most optimized morphology, highest hole mobil-
ity of 1.13 em’ V' s, on/off ratio of 1.5 x 107, and
V,, of 3.14 V . Wang et al. reported CPDT-based
polyelectrolytes, P4 and PS5, which were copolym-
erized with diphenyl ether or thioether, respectively
(Figure 3). Those novel polyelectrolytes, which
were doped by polyoxometalate, improved the per-
formance of OPVs and OLEDs by increasing charge
transport characters due to the high optical trans-
parency, work function and electrical conductivity
which dominantly contribute to extract and transport
charge carrier, resulting in improved power conver-
sion efficiency (PCE) of 15.3% with J,. of 26.9 mA
cm’, V,, of 0.83 V and fill factor (FF) of 73% for P5
based-OPVs and reduced turn-on voltage (V,,) of 2.8

V for P5 based-OLED device **. Notably, various
CPDT-based CPs have been developed to realize
low bandgap near-infrared applications. Yoon et al.
synthesized CPDT-based p-type low bandgap CPs,
P6 and P7, which are exploited for semitransparent
organic solar cells (Figure 3). The synthesized pol-
ymers (P6-7) showed a strong NIR absorption peak
around 760 nm in film state which indicates both
polymers formed a low bandgap due to the extended
n-conjugation and favor tendency to form quinoidal
structure of CPDT. The fabricated semitransparent
OPVs with P7 showed PCE of 11.6% with J of
24.06 mA cm”, V,, of 0.70 V and FF of 69.1% *.
The performance of the mentioned CPDT-based CPs
is summarized in Table 1.

Figure 3. The chemical structures of CPDT based-CPs for

various optoelectronic devices.

Despite the facile applications of CPDT-based
CPs for various types of devices, they are more ad-
vantageous for use in OTEs due to their facile doping
characteristics with p-type dopants. It is well-known
that CPs can be oxidized or reduced by various dop-
ing methods, such as chemical and electrochemical
doping. Among the various doping mechanisms in
CPs, the integer charge transfer (ICT) doping mech-
anism is the simplest and most common process in
OTEs. The ICT mechanism involves charge carrier
exchange between CPs and dopants, resulting in the
formation of polaron/bipolaron within the polymeric
backbone of CPs and ionized dopant, as illustrated
in Figure 4. To ensure that p-type CPs have higher
electrical conductivity, it is essential to increase the
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charge carrier concentration along the polymeric
backbone through the p-doping process. The strong
electron-donating CPDT building block is advan-
tageous for upshifting the HOMO levels of CPs,
enabling CPDT-based CPs to be readily oxidized by

p-type dopants, such as ferric chloride (FeCl;) and
FATCNQ. In summary, CPDT-based CPs can be
readily oxidized by various p-type dopants via the
ICT doping mechanism, offering great potential for
OTE applications.

Table 1. Summarization of introduced CPs and their device performances.

Hole mobility

Device type Polymers (emV's™ On/off ratio  V,(V) Reference
P1 0.028 1.2 x10° —4.78
OTFT P2 0.067 8.1 x 107 0.97 g;‘;zféd [27]
P3 0.94 4.5x10° 1.98
Device type Polymers '(I:If Acem?) Voc (V) FF (%) PCE (%) Reference
Perovskite P4 19.1 0.77 71 10.47 Used as anode
Solar cell interfacial layer, [28]
PS5 22.8 1.14 78 20.1 Doped with POM
Device type Polymers Voo (V) ?gzx:l‘,z) Aems (NM) Reference
OLED Ps 2.8 48,345 526 Used as hole [28]
injection layer
Device type Polymers ‘(Ilsrf Acem?) Voc FF (%) PCE (%) Reference
P6 20.41 0.66 55.62 7.54 Donor:Y6:PCBM
OPV ternary device , [29]
P7 24.06 0.70 69.12 11.62 Transparent OPV
FEQ- cr
FeCl, (neutral)
4 Q s S 4 O \)s s \. S. Sy
Y VG W AYRY,

Polaron state (A, ~ 1000 nm)

X =viai) cI
via ii) FeCl,~

Bipolaronstate (A,,, ~ 2000 nm)

Figure 4. The schematic possible mechanism of forming polaron and bipolaron in conjugated polymer.
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3. CPDT-based CPs for OTEs

With the rapid development of the electronics
industry, electronic devices have become wireless,
light, and convenient for use in wearable systems.
However, current wearable applications rely solely
on batteries as a power source, thus necessitating an
additional continuous power supply. Notably, OTEs
(organic thermoelectric devices) offer two advantag-
es for use in wearable devices. First, OTEs possess
mechanical softness, enabling electronic devices to
be flexible and stretchable. Second, OTEs could the-
oretically provide permanent electricity to these de-
vices by converting human body heat to power. The
figure-of-merit, Z7, is a parameter used to estimate
thermoelectric performance and can be expressed as
Equation (1), where S is the Seebeck coefficient, o
is electrical conductivity, T is absolute temperature,
and « is thermal conductivity:

S%eT
Tk

ZT 1

Although ZT can quantitatively estimate the ther-
moelectric performance of metal or inorganic-based
devices, organic-based thermoelectric devices are
commonly evaluated by their power factor (PF), ex-
pressed as Equation (2), due to their intrinsically low
thermal conductivity:

PF = S%¢ )

OTEs convert thermal energy to electric ener-
gy through the Seebeck effect, a phenomenon of
converting a temperature gradient to electricity. As
shown in Figure 5, one-component OTEs can be
composed of a heat source, cold sink, and thermoe-
lectric conducting polymers (CPs) with metal elec-
trodes to measure S and PF. Once the temperature
difference between the heat source and the cold sink
is established and both ends are connected to doped
CPs, the major charge carriers in the CPs travel
through the polymer matrix with heat. In this case,
charge carrier and heat conduction are dominated by
k and o, respectively, expressed in Equations (3) and
(4):

K= K¢+ K 3)

o= qnu @)
where k. is electronic thermal conductivity, «, is lat-
tice thermal conductivity, ¢ is the elementary charge,
n is charge carrier concentration, and u is carrier
mobility. It is well known that k. is proportional to
the o of the material " Hence, in the case of organ-
ic materials with intrinsically low o, Kk, is negligible
compared to K, indicating that k can be approximat-
ed to k;. This implies that thermal transport in the
polymer matrix is predominantly determined by pho-
non transport. However, the mean free path of pho-
nons in the polymer matrix is immensely short due
to phonon scattering, crystalline defects, and grain
boundaries in the polymer ®'**. As a result, the ther-
mal conductivity of CPs is extremely low compared
with that of inorganic materials, often considered an

advantage of organic materials for OTEs.

& OTE polymer

Heat'sink:

Figure 5. Schematic illustration of one-component OTE
performance measuring system.

On the other hand, although ¢ can be improved
by enhancing charge carrier concentration through
chemical doping methods, high charge carrier con-
centration results in lower S due to their trade-off
relationship B4 For this reason, researchers have
investigated new strategies for improving ¢ without
a significant decrease in S. Cheon et al. synthesized
a CPDT-based OTE CP, T1 (Figure 6), which was
doped with two different p-type dopants, FeCl, and
tris(fluorophenyl)borane (BCF). The doped T1 ex-
hibited a highly ordered molecular packing structure
even after doping, due to its local short-range or-
dered crystals in the amorphous region, regardless of
the dopant type. As a result, the OTE performance
of T1 was measured as ¢ of 18.1 S cm', S of 130
uK V' and 30.7 pW mK’ with FeCl, doping, and ¢
of 6.4 S cm™, Sof 233 uK V' and 35.1 pW m 'K~
with BCF doping *". Another CPDT-based CP, T2
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and T3, were reported by Suh et al. (Figure 6). T2
and T3 were readily doped with FATCNQ and ex-
hibited enhanced morphological characteristics of
PCT polymers by forming an ICT complex with the
FATCNQ anion. Notably, as dopant concentrations
increased, the Seebeck coefficient was nearly main-
tained even with large amounts of dopant. Conse-
quently, T3:F4TCNQ exhibited o of 0.37 S cm ',
S of 266 uK V', and PF of 2.60 pW m 'K, and
T3:FeCl, showed ¢ of 0.36 S cm™', S of 23 pK V',
and PF of 0.019 pW m 'K **. As a p-type OTE ex-
ample without a CPDT core, Qiang et al. synthesized
two kinds of novel p-type OTE ladder-type CPs, T4
and TS5, which have different morphological charac-
teristics (Figure 6). TS showed bimodal morphology
containing both face-on and edge-on orientations,
whereas T4 exhibited only an edge-on orientation,
indicating it was morphologically more uniform and
relatively had fewer defects compared to T5. As a
result, T4 exhibited 7 times higher electron mobility
than TS, and FeCl,-doped T4 achieved much higher
thermoelectric performance, with ¢ of 36.29 S cm ',
S of 315 pK V™' and 22.7 pW mK’, as the highest
values P%. As a challenging project, n-type OTEs
have also been reported. Pei et al. reported the mor-

phological properties of an n-type CP, T6, doped by
N-DMBI (Figure 6). Although the T6 pristine film
exhibited a disordered molecular ordering pattern,
the morphological character of T6:N-DMBI doped
film was improved by enhancing molecular packing

through intermolecular interactions between CPs and
the dopant. As a result, the fabricated T6:N-DMBI-
based OTE device achieved the best performance,
with ¢ of 210 uK V' and PF of 25.5 pW mK”* "7, All
the introduced OTE polymers above are summarized
in Table 2.

"4 " c

l CaHe Hs T2 (M, =21,000 g mol)
1 My Mo T3(M, =104,000 g mol)
FeCl; Y
NC__CN
T Y S
Fj ; F
o

F

o ,_F . \;: F i
k. F NC“eN

. ey SO~

iﬂ‘?fmg; U

Figure 6. The chemical structures of organic thermoelectric

polymers.

Table 2. Summarization of introduced CPs and OTE performances.

Electrical Seebeck Power factor
Polymers Carrier type conductivity coefficient (1 Wm' K Reference
(S em™) KV
T1:FeCl, 18.1 130 30.7
[21]
T1:BCF 6.4 233 35.1
T3:FeCl, 0.37 266 2.60
[35]
T3:FATCNQ 0.36 23 0.019
p-type
T4:FeCl, 36.29 315 22.7 .
Varies on
dopant
immersion [36]
T5:FeCl, 1.40 616 1.7 time.
T6:N-DMBI n-type 6.23 -210 25.5 [37]
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4. Conclusions

We have explored CPDT-based conjugated pol-
ymers (CPs), focusing on their structure, character-
istics, and applications. The chemical structure of
CPDT, featuring two lateral thiophenes and a central
cyclopentadiene, forms a series of fused five-mem-
bered heterocyclic rings. This unique structure
enables side chain modification via the two acidic
protons on the central methylene carbon. As a result,
CPDT-based CPs exhibit high oxidative potential
and a quinoidal-favorable character, allowing CPDT
an effective p-type building block for low bandgap
CPs. In addition, we have reviewed the application
of CPDT-based CPs in various optoelectronic devic-
es, including OLEDs, OTFTs, and OPVs, with a spe-
cial focus on OTEs. We provide a detailed overview
of important parameters for OTEs, such as electrical
conductivity, the Seebeck coefficient, and the power
factor. While the power factor (PF) is directly relat-
ed to electrical conductivity and the Seebeck coeffi-
cient, a trade-off between charge carrier concentra-
tion and the Seebeck coefficient often hampers OTE
performance. Therefore, enhancing both electrical
conductivity and the Seebeck coefficient in CPs re-
quires careful doping and optimization of morpholo-
gy in doped states.
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