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Thanks to the combined efforts of scientists in several research fields, the preceding decade has witnessed
considerable progress in the use of conjugated polymers as emerging thermoelectric materials leading to
significant improvements in performance and demonstration of a number of diverse applications. De-
spite these recent advances, systematic assessments of the impact of molecular design on thermoelectric
properties are scarce. Although several reviews marginally highlight the role of chemical structure, the
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1. Introduction

Owing to scarcity of resources and the continuous exploita-
tion of fossil fuels, energy and environmental issues have become
a global challenge and burden. The low energy utilization rate,
which results in more than 60% of world energy being wasted
as waste heat [1], deserves extraordinary attention and considera-
tion. Coupled with the world’s ever-growing population, there has
been a tremendous increase in energy demand and interest in re-
newable energy. Correspondingly, thermoelectric (TE) technology,
which converts waste heat into electrical energy in a quiet and
environmentally benign manner, is attracting unprecedented inter-
est [2]. Thermoelectric generators (TEGs) are being widely stud-
ied as renewable heat energy conversion devices as they do not
have any mechanical components that can break down. During the
past two decades, inorganic semiconductors based on metal alloys
have been studied as effective TE materials [3,4]. The constituent
atomic elements of these alloys, on the other hand, have a low
natural abundance and are hence exceedingly expensive [2]. More-
over, these materials often have a certain level of toxicity that is
harmful to the environment. Also, metal alloy processing requires
high temperatures, thus increasing manufacturing costs. Further-
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more, because inorganic materials are often rigid, capturing waste
heat from irregularly shaped objects is thus problematic. All of the
aforementioned drawbacks make it difficult for inorganic semicon-
ductors to be widely used for waste heat recovery.

Conjugated polymers are currently being hailed as promising
organic thermoelectric (OTE) materials [5-10], owing to the fact
that (i) their constituent atomic elements are a lot more abundant
than their inorganic counterparts, (ii) using room-temperature and
solution-based manufacturing methods, conjugated polymers can
be scaled up for mass production of thermoelectric devices at a
much lower cost [11-13], (iii) since conjugated polymers are flex-
ible and lightweight, it is possible to harvest wasted heat from
a variety of shapes [14-20], (iv) their adaptable structure allows
for reasonable design to tune their TE properties [21-23], (v) their
low toxicity makes conjugated polymers favourable as environ-
mentally friendly energy materials. Consequently, during the pre-
ceding decade, a great deal of effort has been made to develop
thermoelectric polymers, as indicated by the surge of publications
over the years (Fig. 1A) Nevertheless, having only begun in recent
years, the research of thermoelectric polymers is still in its infancy.
Firstly, performance of thermoelectric polymers is often substan-
tially inferior to that of their inorganic counterparts. Moreover, the
understanding of structure-performance relationship is still frag-
mented, and unlike inorganic TE materials, there is still a lack of
well-established structure-functional properties paradigm.

The TE figure of merit is conveyed as: ZT = oS°T/k, o be-
ing electrical conductivity, S being the Seebeck coefficient, x be-
ing thermal conductivity and T being temperature. Because the «
in a great majority of conducting polymers is innately low, the TE
properties of polymers are usually evaluated in terms of power fac-
tor (PF): PF = o'S2. For a significant number of OTE materials, es-
pecially those based on conjugated polymers, S and o follow the
empirical relationship S o« o=1/4 [8,24]. Hence, the PF and o typi-
cally follow the empirical relationship: PF « ¢ 1/2. Thus, to increase
o is of vital importance for TE polymers. Also, since getting a large
power output necessitates excellent o for practical application, a
majority of research effort is therefore being made to increase the
o of conjugated polymers, as a prerequisite and principal strategy
to improve the PFs. Currently, p-type (hole-transporting) conju-
gated polymers are well developed, reaching decent electrical con-
ductivity values up to >4000 S cm~! [25-35], with a record-high o
value of ~9000 S cm~! [34]. Nonetheless, the advancement of n-
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type (electron-transporting) polymers is considerably slower. Most
n-doped polymers exhibit limited electrical conductivity (typically
<1 S cm™1), with only a few exceptions exceeding 20 S cm™! [36-
40], with the current record o value of ~90 S cm~! [40]. As shown
in Fig. 1B, the overall electrical conductivity of n-doped conjugated
polymers is much lower than that of p-doped conjugated poly-
mers.

The logical design of next-generation thermoelectric polymers
will be enabled by a thorough understanding of their performance
limitations. Firstly, the intrinsic properties of conjugated polymers
are dictated by their chemical and electronic structure. Thus, an in-
depth understanding of structure-property relationship is essential
to guiding the design of next-generation high-performance OTEs.
On the other hand, due to the nature of disorder in conjugated
polymers, their intrinsic o is typically very low. The TE proper-
ties of pristine polymers can thus only be tuned to a very lim-
ited extent. Already being proven to be an important enabler via
reducing ohmic losses in organic semiconductor (OSC) devices in-
cluding organic field-effect transistors (OFETs) [41-43] and organic
solar cells (OSCs) [44,45], doping is also nowadays widely utilized
to delicately tune the TE properties of conjugated polymers [9].
Hereby, the redox doping happens either through the transfer of an
electron from dopant molecules to the Lowest Unoccupied Molec-
ular Orbital (LUMO) of polymer (reducing, n-doping), or through
from the Highest Occupied Molecular Orbital (HOMO) of polymer
to dopant molecules (oxidizing, p-doping) (Fig. 2, upper). Efficient
doping relies on both a good match of the energy levels for suf-
ficient thermodynamic driving force and good miscibility between
dopant molecules and polymers. Besides, different from redox dop-
ing, acid-base doping involves the transfer of hydride ions/cations
from dopant molecules to OSCs (Fig. 2, lower), such as proton
acid-base, Lewis acids and bases. Other recently developed doping
methods include ion-exchange doping in which a molecular dopant
ion after inducing the initial charge transfer is exchanged by a sta-
ble electrolyte/ionic liquid ion [46,47].

There has been a long-lasting challenge in the development of
OTEs and more generally in the whole field of thermoelectrics: S
and o are inversely interrelated as a function of charge density
(n), such that achieving high power factor suffers from the trade-
off between o and S. According to the equation o =nuq, o de-
pends on both n and charge carrier mobility(w). Typically, when
tuning the doping levels of conjugated polymers, a certain amount
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Fig. 1. (A) Number of publications on the topic “thermoelectric polymer” during the past decade, according to Web of Science. (B) State-of-the-art electrical conductivities
(those <10~ S cm™! are not shown) for typical solution-processed p-doped polymers (PEDOT-based, PBTTT-based, shown in blue, filled) and n-doped polymers (shown in

other colors, open), plotted as a function of the year in the past decade.
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Fig. 2. Schematic illustration of redox doping (upper) which involves the transfer of
an electron to the LUMO (n-doping) or from the HOMO of the OSCs (p-doping), and
acid-base doping which takes place through the transfer of hydride ions (n-doping)
or hydride cations (p-doping) to the OSCs.

of dopant needs to be blended with polymers in order to ensure
a large n and thus a good o. The large n, on the other hand,
inevitably decreases S. Moreover, the massive fraction of dopants
may disturb the film morphology and decrease wu, thus resulting
in an undesired reduction in o. Thus, decoupling S and o would
allow for further improving the PFs.

In the preceding decade, several remarkable reviews have been
published in the field of OTEs, including the topics of fundamen-
tals of TE materials, flexible TE materials, TE composites, doping,
and various applications. Herein, we will systematically discuss the
structure-functional relationships and molecular design guidelines
through reviewing the state-of-the-art TE polymers and recent de-
velopment of dopants. Furthermore, we will highlight key strate-
gies for overcoming the trade-off between S and o, and underline
some most striking applications of TE polymers.

2. Advances in p-type thermoelectric conjugated polymers and
p-dopants

The development of p-type TE polymers could be traced back
to last century since the discovery of conducting polymers based
on Polyacetylene (PA) [48]. When doped with iodine, PA exhibits
excellent ¢ of >10* S cm~! [49] and ultra-high o even exceeding
10° S cm~! [50]. Although the TE properties PA doped with iodine
[51,52] and metal halide [53] were investigated, due to its poor
ambient stability [54] and marginal solubility in organic solvents,
further investigation of PA as TE candidates was hampered.

Later, several classes of p-type conjugated polymers emerged
as promising candidates for OTEs, including the most widely
investigated poly(3,4-ethylenedioxythiophene)(PEDOT)-based
polymers, polythiophene-based classic semicrystalline poly-
mers, namely poly(3-heylthiophene) (P3HT), poly(3,3’-dialkyl-
quaterthiophene) (PQT), and poly(2,5-bis(thiophen-2-yl)thieno-
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[3,2-b]thiophene)(PBTTT), as well as donor-acceptor (D-A)
copolymers such as benzothiadiazole(BT)-based copolymers,
diketopyrrolopyrrole(DPP)-based copolymers, etc.(Fig. 3)

2.1. PEDOT:PSS as an example of PEDOT family

When initially using 3,4-ethylenedioxythiophene (EDOT) as
monomer in the late 1980s, PEDOT was successfully synthesized,
but it was both insoluble and infusible [55]. The highest o value
of 31 S cm~! was reported by measuring its pressed pellets. To
solve the processability issue, EDOT was oxidized with persul-
fates and polymerized in aqueous poly(styrenesulfonate) (PSS) so-
lution, forming aqueous dispersion of PEDOT:PSS with high stabil-
ity where PSS help both disperse and dope PEDOT [56]. While the
introduction of PSS greatly enhanced the processability of the PE-
DOT, the excess of insulating PSS in the solid-state films limits the
achievable o, and adversely disrupts the molecular packing of PE-
DOT. As a consequence, the as-deposited PEDOT:PSS films exhibit
low o of between 10-'and 1 S cm~! and modest S of less than
20 uV K71, leading to inefficient TE properties with modest PF in
the range of 10-2 uW m~! K~2 [57,58]. To address this issue, the
introduction of secondary dopants has been proven to be valid in
enhancing the TE performance of PEDOT:PSS, such as polar solvent
treatment [59,60], acids treatment [25,28,61], and surfactant treat-
ment [62]. Accordingly, the o and PF of PEDOT:PSS were greatly
enhanced.

For instance, adding a polar solvent of dimethyl sulfox-
ide (DMSO) to PEDOT:PSS solution induced morphological im-
provement and lead to a much higher maximum o of &930
S cm~! together with a highest PF of ~30 uW m~! K2
whereas post-treating PEDOT:PSS with ionic liquid (IL) 1-ethyl-3-
methylimidazolium tetrafluoroborate (EMIMBF,) further promoted
better microstructure with enhanced polaron density, improving S
and leading to a higher maximum PF of ~39 uW m~! K2 [59].
Hereby, the task of secondary dopant is to improve the charge
transport properties through the improvement of its morphology,
whereas it has negligible impact on the doping extent of PE-
DOT:PSS thus hardly affecting S. For instance, it was observed that
the crystallinity and the ordering along the through-plane were
both enhanced after the addition of ethylene glycol (EG) to the
solution of PEDOT:PSS(Fig. 4A), leading to a tremendous enhance-
ment of the charge carrier mobility of PEDOT:PSS, from 0.045 to 1.7
cm? V-1 s71 [60]. Consequently, the o of PEDOT:PSS increased to
830 S cm~! when the EG concentration reached 3%, over 2 orders
of magnitude higher that (1.2 S cm~') for the pristine PEDOT:PSS
[60].

Interestingly, when treating PEDOT:PSS with binary secondary
dopants, namely DMSO and poly(ethylene oxide) (PEO), both re-
finement of microstructure and transition of polarons to bipo-
larons were identified, and as a result, o and S were concurrently
enhanced, reaching 1300 S cm~! and 40 uV K-! and resulting
in a large PF of 1574 uW m~! K=2. [64]. Previously, vacuum-
assisted filtration was employed to fabricate free-standing flexible
PEDOT:PSS papers. When these papers were treated by formic acid
(FA), a large o of 1900 S cm~! was achieved and a decent S of
20.6 uV K1 was recorded, yielding an optimal PF of 80.6 uW m~!
K2 [65]. Remarkably, post-treating PEDOT: PSS films using Sulfu-
ric acid (H,SO4) induced structural reorganization and lead to the
origination of highly ordered polymer nanofibrils (Fig. 4B), result-
ing in an extraordinary increase in o from 1 S cm~! to 4380 S
cm~! [25].

On the other hand, since a pristine PEDOT: PSS has a rela-
tively high doping level of over 30%, which is not the optimal dop-
ing level for reaching the best PF of the material. Hence, chemi-
cal dedoping has been extensively used to tune the doping level
of PEDOT:PSS, allowing for the manipulation of band structure
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Fig. 3. Chemical structures of p-type conjugated polymers.

as well as density of states (DOS) of the conjugated polymers.
Hereby, the shape of DOS directly determines the S of conjugated
polymers [66,67]. The reducing agents that are used for dedoping
PEDOT:PSS films include tetrakis(dimethylamino)ethylene (TDAE)
[68], hydrazine [63,68,69], sodium sulfite (Na,SO3) [68,70], and
sodium borohydride (NaBH,4) [68,70], etc. For instance, after adding
5% DMSO to PEDOT:PSS solution, PEDOT:PSS films were obtained
via spin coating (Fig. 4C). After that, these films were dedoped by
covering a blend of DMSO and hydrazine, the so called overcoat-
ing (Fig. 4C). As a consequence, the excess PSS was eliminated and
neutral states of PEDOT chains were formed, thus leading to an
enhancement of S and a decrease of o. Through carefully tuning
the content of hydrazine in DMSO, the doping level could be opti-
mized and finally an optimal PF as large as 142 W m~! K~2 was
recorded, with corresponding S and o being 67 uV K-! and 578 S
cm~!, respectively [63]. In a similar fashion, when PEDOT:PSS was
treated by p-toluenesulfonic acid monohydrate (TSA), a highest o
of 1260 S cm~! and a best PF of 70.7 uW m~! K~2 were achieved,
at which the S was 24.1 uV K-'. Remarkably, when post-treating
the corresponding films with hydrazine/DMSO mixtures, the opti-
mal PF was enhanced to a very high value of 318.4 uW m~! K2
when the S was 49.3 uV K- [69]. It is worth mentioning that
the efficient thermopower of PEDOT: PSS originates from the sum
of electronic Seebeck coefficient and ionic Seebeck coefficient [71].
The ionic Seebeck contribution can lead to a transient behavior and
an initial enhancement of the Seebeck coefficient, which can how-

ever not be maintained in steady state. If not taken into account,
this can result in an overestimation of the achievable power factor
in steady state.

Besides, smaller anions were often used to substitute PSS in or-
der to minimize the insulating phase, among which tosylate (Tos)
represents a most promising milestone as it allows for enhancing
the PF of PEDOT up to 324 uW m~! K2 at room temperature
[5] and demonstrates semi-metallic behavior which is highly de-
sired for OTEs [72]. Similar to the case of PEDOT:PSS, both sec-
ondary dopant and dedoping effect help improve the o of the
PEDOT-Tos films [5,73-76]. As this review is not intended to be
a comprehensive report of the literature, we refer the readers to
several excellent recent review papers systematically summarizing
chemical synthesis, structure as well as transport and TE properties
of PEDOT-based polymers [77-80]. Generally speaking, remarkable
progress has been realized in developing PEDOT-based polymers as
efficient TE materials during the past two decades, with a wealth
of knowledge being yielded.

2.2. Classic semicrystalline polymers as promising thermoelectric
materials

2.2.1. Poly(3-heylthiophene) and its inspired research

The successful synthesis of regioregular P3HT in late 1990s rep-
resents an important milestone in the development of organic
electronics [81]. As a solution-processable benchmark p-type poly-
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mer, P3HT is semicrystalline in thin films and exhibits decent
hole mobility of ~0.1 cm? V-! s~! [82,83]. According to the well-
established paradigms during the past two decades, the charge
transport properties of semicrystalline polymers are sensitive to
regioregularity [82], molecular weight (Mw) [84], and polydisper-
sity (PDI) [85]. When doped with nitrosonium hexafluorophos-
phate (NOPF6) by immersing the polymer film in the dopant so-
lution, P3HT exhibit a maximal o of 1 S cm~! and a highest PF of
0.14 uW m~1! K2 [86]. It was observed that the PFg~ disrupted the
molecular packing of P3HT, thus affecting the overall TE properties.
Later, when immersed in the solution of ferric salt with triflimide
anion Fe(TFSI)3, the mechanically flexible P3HT films thus obtained
exhibited a much larger maximum o of ~87 S cm~! and a highest
PF exceeding 20 uW m~! K2 at room temperature [87].

The molecular dopant 2,3,5,6-Tetrafluoro-7,7,8,8-
tetracyanoquinodimethane (F4TCNQ) (Fig. 5) was employed to
dope P3HT through ground-state charge transfer forming po-
larons/bipolarons [88], where the integer charge transfer happens
from P3HT's HOMO to F4ATCNQ's LUMO [89]. Thin films of
FATCNQ-doped P3HT via mixed-solution doping typically shows a
maximum o of ca. 1-2 S cm~! [90,91]. Hereby, the mixed-solution
doping tends to form aggregates even at low doing levels, affecting

the film morphology/charge carrier mobility and limiting the max-
imum o [92]. To address this issue, sequential doping (i.e., spin
coating layers of FATCNQ on top of P3HT films, Fig. 6) produces
substantially more homogeneous nanoscale films, where dopant
molecules does not disrupt P3HT crystallites, leading to a better
maximum o of ca. 3-9 S cm~! [93-96]. As a further step, FATCNQ
was sublimated to diffuse into the pristine P3HT film, resulting in
efficient doping and to a greater extent maintaining the crystalline
structure of neat P3HT [97,98], with consequently maximum o
values of 12.7 S cm~! and 48 S cm~! being achieved. In another
approach, to solve the inadequate miscibility of polymer/dopant
in common organic solvents, oligo ethylene glycol side chains
were introduced to the P3HT backbone, yielding the analogous
p(g42T-T). Such a modification greatly improves the compatibility
of FATCNQ and p(g42T-T), resulting in a maximum o of ~100 S
cm~! together with a much higher degree of thermal stability for
the doped solid-state thin films [99].

As aforementioned, regioregularity has a huge impact on the
electronic and electrical properties of P3HT such that the doped re-
gioregular P3HT gives o values that are ca. 3 orders of magnitudes
higher than that of the regiorandom version [98,100]. The effect
of Mw on the TE properties was revealed by comparing various
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Fig. 5. Chemical structures of p-dopants.
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doped P3HT layers, where the o increases from 21kDa to 44kDa
and to 77kDa, and subsequently drops from 77kDa to 94kDa, im-
plying a trade-off between Mw and TE performance [101]. Be-
sides, the effect of heteroatom on the TE characteristic of poly(3-
alkylchalcogenophenes) was recently investigated by comparing
poly(3- alkylthiophene) (P3RT), poly(3-alkylselenophene) (P3RSe)
and Poly(3-alkyltellurophene) (P3RTe) [102]. Interestingly, P3RTe
with heaviest tellurium is the easiest to dope and reaches high-
est PF of 10 uW m~! K2 at low dopant concentrations, whereas
at greater dopant concentrations, P3RSe gives the maximum PF of
13 uW m~! K2, More recently, poly(3-heptylselenophene) (P37S)
and P3HT were statistically copolymerized to yield P37S-stat-P3HT
with controllable bandgap and valence band location through tun-
ing the contents of P37S. Generally, when sequentially doped with
FATCNQ, the higher the P37S content contained in the P37S-stat-
P3HT, the higher the o, with the highest ¢ of > 20 S cm~!achieved
for 100% pure P3ST, whereas exceptions happened for P37S-stat-
P3HT when P37S content are larger than 50% due to decreased
crystallinity in the doped state and thus lower Hall mobility [103].
Hence, it is critical to take both the crystallinity of the polymers in

their pristine state and their swellability during doping into con-
sideration when designing novel polymers.

2.3.2. Poly(3,3'-dialkyl-quaterthiophene) and analogous polymer
Poly(3,3’-dialkyl-quaterthiophene) (PQT) is another semicrys-
talline p-type polymer showing lamellar structures in the solid-
state films and a decent hole mobility of ~0.2 cm? V-1 s~ [104].
When doped with NOBF4, PQT exhibit an optimal o of ~ 35 S
cm~! [105]. Strikingly, when sulfur atom is incorporated between
the dodecyl side chains and the thiophene rings, the yielded anal-
ogous PQTS12 could be doped to a much greater of ca. 350 S cm™!,
ca.10 times higher than that of PQT12. Hereby, the enhanced elec-
trical performance could be attributed to both a greater doping ex-
tent and a larger charge carrier mobility of the doped film. Firstly,
the incorporation of sulfur atoms boosts the HOMO level of the
PQTS12, creating a stronger driving power for the charge transfer
between the PQTS12 and NOBF4. Secondly, PQTS12 exhibits tighter
m-m stacking in the pristine state, leading to stronger intermolec-
ular coupling and efficient charge transport. Thirdly, NOPF4 tends
to interact with the sulfur atom in the side chains such that the
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stacking of polymer backbones is undisturbed, facilitating efficient
charge transport even in the doped state [105].

2.3.3. Poly(2,5-bis(thiophen-2-yl)thieno- [3,2-b]thiophene)

Poly(2,5-bis(thiophen-2-yl)thieno- [3,2-b]thiophene) (PBTTT) is
an intensively investigated liquid-crystalline polymer showing pro-
nounced long-range crystallinity in the solid-state thin films
[106] and excellent charge carrier mobility up to ~1 cm? V-1 s
[107]. The high crystallinity is ascribed to both its rigid backbone
and the advantageous side-chain interdigitation [108]. When ini-
tially doped with NOPF6, the as-cast PBTTT exhibited a o of ~ 33
S cm~! and after thermal annealing, the NOPF6-doped film gave an
enhanced o of ~ 55 S cm~! [109]. The PF was improved by three
times owing to the enhanced structural order induced by ther-
mal annealing [109]. When immersed in the solution of Fe(TFSI)s,
PBTTT exhibited a large maximum o of ~220 S cm~! and a highest
PF exceeding 14 uW m~! K2 [110].

When doped with FATCNQ by mixed-solution doping, PBTTT-
C14 exhibited an optimal o of 2-3.5 S cm~! [112,113]. Similar to
the case of P3HT, doping methods play crucial roles in determin-
ing the molecular stacking and o of the doped PBTTT films. When
FATCNQ was evaporated on top of PBTTT films, the dopants selec-
tively diffuse into the electrically inert domain where the insulat-
ing alkyl chains reside (Fig. 7A) [111]. Thus, both charge carrier mo-
bility and charge density could be well manipulated by controlling
the FATCNQ diffusion, leaving the molecular packing undisrupted
even at high doping levels (Fig. 7B) [111]. Unexpectedly, the inter-
play between the PBTTT side chains and FATCNQ even promote a
stronger chain alignment/crystallites orientation, as evidenced by
the X-ray rocking scan shown in Fig. 7C where complete-width
at half-maximum values are much smaller for doped PBTTT. As
a result, a substantial Hall mobility of approx. 1.8 cm? V-1 s-!
was attained, with a maximum of o of 250 S cm~! as well as
signatures of metallic transport, such as observation of weak lo-
calization phenomena [111]. The solid-state diffusion method also
leads to a higher TE power factor which has been ascribed to a
resulting higher intrinsic mobility as well as higher free carrier
concentrations [114]. Later, a comparative study was performed
for PBTTT doped by vapor and mixed solution, where resonant
soft x-ray scattering (RSoXs) was employed to measure the ex-
act extent of polymer backbone alignment [115]. It is notewor-
thy that the vapor-doped samples have an apparently larger ori-
entation correlation length (OCL), which corresponds to noticeable
higher charge carrier mobility, leading to a remarkable highest o of
670 S cm~! [115]. Besides, when alky silane (tride-cafluoro-1,1,2,2,-
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tetrahydrooctyl)-trichlorosilane (FTS) was employed to vapor-dope
PBTTT, the films exhibited high o values of ~ 466 S cm~! [112] and
~ 1000 S cm~! [116], respectively. Although the exact doping
mechanism is not clear yet, it is assumed that FTS acts as an in-
terfacial dopant and the charge carrier are either induced by elec-
trostatic doping from the perpetual dipole or protonic doping from
the extremely acidic silanol groups [116].

2.3. Donor-acceptor copolymers as emerging efficient thermoelectric
materials

2.3.1. Benzothiadiazole(BT)- and pyridinethiadiazole(PT)-based
copolymers

The first copolymers of cyclopentadithiophene(CDT) and ben-
zothiadiazole(BT) (PCDTBT) was reported almost simultaneously
by two independent research groups with different focuses, one
on organic solar cells [117,118] and the other on organic field-
effect transistors [119,120], both showing high performance. Later,
PCDTBT was doped with FeCls, reaching a remarkably high o of
500 S cm~! and a decent PF of 19 uW m~! K~2 [121]. In com-
parison, the analogous polymer with benzene moiety PCDTB could
only be doped to a maximum o of 130 S cm~! and a highest PF of
14 uW m~! K~2 under the same doping conditions [121]. Recently,
pyridinethiadiazole (PT)-based PCDTPT and fluorinated benzothia-
diazole (FBT)-based PCDTFBT were synthesized to have shallow
LUMO values and their TE properties were investigated. When effi-
ciently doped with FATCNQ, both polymers retained good solubility
and decent molecular packing even at high load of dopants, and
thus preserved good charge carrier mobility and reached good o,
finally resulting in highest PF values of 21.8 uW m~! K~2 PCDTPT
and 31.5 W m~! K-2 for PCDTFBT [122]. Later, PCDTPT was doped
with trityl tetrakis(pentafluorophenyl) borate (TrTPFB), reaching o
of ~4 S cm~! and a maximum PF of 7 uW m~1K~2 [123].

2.3.2. Benzo [1,2-c;4,5-c’ Jbisthiadiazole(BBT)-based copolymers
Recently, several BBT-based proquinoidal polymers such
as PBBTa26-2T and PBBTa26-TT were synthesized to show
highly coplanar D-A character with a minimum dihedral an-
gle [124].When doped with F4TCNQ, both polymers exhibited
high o values, 431 S cm~! for PBBTa26-2T and 1021 S cm™!
PBBTa26-TT. The stronger quinoidal character of PBBTa26-TT allows
for better polaron delocalization along the backbone, resulting
in a superior o value. However, owing to its significantly higher
charge density in the doped state, the S of PBBTa26-TT is ob-
viously smaller than that of PBBTa26-2T. Hence, the optimized
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Fig. 7. (A) Schematic diagram of the doping method showing the evaporation procedure of FATCNQ and resulting edge-on stacking of PBTTT with FATCNQ molecules diffusing
into the interdigitated side-chain region. The molecular structures of PBTTT and FATCNQ are presented as circles of different colours representing different atoms as described
in the legend. (B) Specular scans from X-ray diffraction (XRD) measurements for the out-of-plane scattering profile along q, for doped and pristine PBTTT. The inset shows
the in-plane diffraction spectra along qyy from Grazing-Incidence Wide-Angle X-ray Scattering (GIWAXS). qxy and g, are the in-plane and the normal components of the
scattering vector, respectively. (C) Rocking scans for the (100) diffraction peaks. Black curves denote Gaussian fits, where the full-width at half-maximum values are measured
to be 0.023° for doped PBTTT and 0.032° for pristine PBTTT. [111], Copyright 2016. Reproduced with permission from Macmillan Publishers Ltd.
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maximum PF of PBBTa26-TT(6.8 uW m~1K~2) is also smaller than
that of PBBTa26-2T(11.8 ©W m~1K~2) [124]. Previously, proquinoid
BBT polymers PBBT-2T-TT and PBBT-2T-2T were reported to be
highly planar and have large carrier mobilities [125,126]. Very
recently, the aforementioned two polymers were sequentially
doped by FeCl; to investigate their TE properties. Strikingly,
their strong quinoid structure enables favorable intramolecular
polaron/bipolaron delocalization and high intermolecular order
over a long range. As a result, both polymers exhibited very high
maximum o values, 287 S cm~! for PBBT-2T-TT 313.9 S cm™!
for PBBT-2T-2T [127]. Furthermore, the substantial intra- and
intermolecular polaron/bipolaron delocalization also gave rise to
a favorable increase in their S as a result of carrier-induced soft-
ening. Consequently, high maximum PFs of 65.2 uWm~1K2 for
PBBT-2T-TT and 43.5 uWm~1K~2? for PBBT-2T-2T were achieved
[127].

2.3.3. Diketopyrrolopyrrole (DPP)-based copolymers

Due to their planar skeleton and narrow band-gap, DPP-based
D-A copolymers have attracted lots of attention and have been in-
tensively investigated in the field of OFETs and OPVs during the
past decade [128,129]. As a high-performance polymer, the DPP-
based copolymer PDPP3T exhibits a decent hole mobility of ca. 0.6
cm? V-1 571 [129]. When doped with FeCl; by carefully controlling
the dopant concentration, PDPP3T reaches outstanding optimal PF
of 276 uWm~1K~2 when its S is 226 uV K-! and its o is ca. 55
S cm~! [130]. Besides, a DPP-based copolymer PDPP5T was doped
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with FeCl3/nitromethane solutions to reach a maximum o of ~120
S cm~! and a highest PF of 11.1 uW m~! K-2. Interestingly, when
one thiophene unit of PDPP5T was replaced by EDOT, a new poly-
mer PDPP-4T-EDOT was yielded with improved HOMO level and
better planarity of backbones, leading to more efficient p-doping
and far superior TE performance (maximum o of ~270 S cm~! and
an optimal PF as high as 298.2 uW m~! K2 [131].

Recently, when doped with FeCls, PDPPS-12 gives a strikingly
highest o of ca. 318 S cm~! [132]. Previously, selenophene substi-
tution was proven to be a useful strategy for enhancing the inter-
molecular interactions as well as achieving high charge carrier mo-
bility [133,134]. For instance, DPP-selenophene copolymer PDPPSe-
12 was reported to show a very large hole mobility of over 7 cm?
V-1 s71 [135]. In comparison, when doped with FeCl;, PDPPSe-
12 gives a much larger maximum o of ca. 997 S cm~!, over 3
times higher than that of doped PDPPS-12. Since the atom radius
of selenium is obviously larger as compared to that of sulfur, the
intermolecular interaction is stronger for PDPPSe-12. As a result,
when dopant molecules are incorporated into the polymer films,
the molecular packing of PDPPSe-12 remains nearly unchanged be-
fore and after doping, whereas it becomes less ordered for PDPPS-
12 under the same doping treatment (Fig. 8A, B).

Remarkably, at a low doping level, PDPPSe-12 exhibits a very
large Hall mobility of ca. 1.9 cm? V-! s71, the record value for con-
ducting polymers, whereas PDPPS-12 shows a lower Hall mobility
of 0.92 cm? V-! s7! (Fig. 8D). Interestingly, both PDPPSe-12 and
PDPPS-12 have comparable S values at low doping levels and ex-

e

doped PDPPS-12

KA i
pristine PDPPS-12
W////% ‘)m
D T T
2.0+ s
161 -e- PDPPSe-12 -
1.2} -e- PDPPS-12 |
- 08 .
»n
> o4l i
£
A
I
01} J
5 10 15 20 25
Dopant concentration (mmol L)
F T T T T
300 -e- PDPPSe-12 |
-e- PDPPS-12
& 2001 -
E
S
2 400} 1
('8
o
or 4

12 14 16 18 20
Dopant concentration (mmol L)

Fig. 8. Illustration of molecular packing of films before and after doping for (A) PDPPS-12 and (B) PDPPSe-12. (The yellow dots represent the dopant molecules, [132],
Copyright 2019. Adapted with permission from John Wiley & Sons). (C) Electrical conductivity, (D)Hall mobility, (E) Seebeck coefficient, and (F) Power factor of PDPPS-12 and
PDPPSe-12 films with different doping conditions. [132], Copyright 2019. Reproduced with permission from John Wiley & Sons Inc.
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hibit almost identical trend with increasing doping levels (Fig. 8E).
Finally, the maximum PF of PDPPSe-12 reached > 300 uW m~1K~2,
over two times larger than that of PDPPS-12(Fig. 8F).

Recently, random copolymerization has been demonstrated as
an effective approach toward efficient DPP-based TE polymers
[136]. (Fig. 9A) When doped with FeCls, PDPP-TT exhibits a high-
est 0 of ~45 S cm~!, and an optimal PF of 43 uWm~'K-2 when
its S is ca. 94 uV K-1. Interestingly, by random copolymerization
of DPP with donor units thienothiophene (TT) and oligo ethylene
glycol substituted bithiophene (g52T), the TE performance of the
copolymers consisting DPP-TT and g32T-TT building blocks firstly
increased and then decreased with the increasing amount of g32T
(Fig. 9B, C). Consequently, at a g32T-TT content of 30%, the corre-
sponding copolymer PDPP-g352T 3 exhibited the best optimized TE
performance, reaching a significantly higher ¢ of 360 S cm~! and
an optimal PF of 110 uWm~'K~2 when its S is ca. 56 uV K.
The remarkably improved TE performance is ascribed to the intro-
duction of additional donor g32T-TT which on one hand enhanced
the HOMO level of the polymer allowing for better charge trans-
fer upon doping and on the other hand facilitated a higher dop-
ing efficiency thanks to the polar side chains. Note that Hall effect
measurement indicated a simultaneous improvement of both car-
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rier concentration and carrier mobility for PDPP-g32Tg 3, well ex-
plaining the significantly higher o observed. More recently, EDOT
was employed to copolymerize randomly with DPP-3T, yielding a
series of random copolymers (PDPP-EDOTy,, PDPP-EDOTy4, and
PDPP-EDOTj 5) with enhanced electrical conductivity compared to
the reference D-A copolymer PDPP-3T (Fig. 9D, E) [137]. When
doped with FeCls, PDPP-3T exhibited a highest o of only ~0.28
S cm~!, and an optimal PF of ca. 1.6 uWm~1K~2 when its S is ca.
242 uV K-, After doping with FeCls, their o increased to 0.76,
2.8, and 41 S cm~! for PDPP-EDOT,,, PDPP-EDOTg4, and PDPP-
EDOTys, respectively, and their S decreased to 177, 152, and 105
1V K1, respectively. At the EDOT content of 40%, the best opti-
mized TE performance was achieved, with PF of 6.4 uWm~1K—2
being achieved for PDPP-EDOTy 4, four times higher than that of
the reference copolymer PDPP-3T. Table 1 summerizes the electri-
cal and TE properties of p-type conjugated polymers.

2.4. The development of p-dopants

2.4.1. FATCNQ and its derivatives
Considering that small dopants have a strong tendency to dif-
fuse rendering the doped layers unstable under operating condi-
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Fig. 9. (A) lllustration of the random copolymerization strategy for PDPP(;_4)-g32Tx. [136], Copyright 2020. Adapted with permission from John Wiley & Sons Inc. (B) Electrical
conductivity and (C) Power factor of doped films for PDPP(;.,)-g32Tx with different content of g32T. [136], Copyright 2020. Reproduced with permission from John Wiley &
Sons Inc. (D) Electrical conductivity and (E) Power factor of doped films for PDPP;_,)-EDOTx with different EDOT content. [137], Copyright 2021. Reproduced with permission
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Table 1
A summary of Conductivity, Seebeck coefficient and Power factor of state-of-the-art p-type conjugated polymers.
Polymer Dopant (Method) * Omax [Scm™]  S[uVK']®  PFpax [WWm 1K2]  Ref.
PEDOT: PSS _(S) ~0.1-1 20 ~10-2 [57]
EG (S) 830 _ _ [60]
DMSO(S) _ _ 18.2 [59]
DMSO-PEO(S) 1300 40 157.4 [64]
DMSO(P-T) ~930.4 ~18 30.1 [59]
EMIMBF4-DMSO(P-T) ~930 ~24 38.5 [59]
FA(P-T) 1900 20.6 80.6 [65]
H,SO4(P-T) 4830 _ _ [25]
H,S04(P-T) ~4840 10.4 51.9 [28]
DMSO-Hydrazine(P-T) 578 67 142 [63]
TSA(S) 1260 _ 70.7 [69]
TSA(S)-Hydrazine(P-T) 1647 49.3 3184 [69]
MeOH (S) ; 4600 _ _ [27]
MeOH(S) , -EtOH (P-T) ,  ~8800 _ ~800 [34]
PEDOT: Tos TDAE(P-T) ~300 ~220 324 [5]
DME(S) 1500 55 453.8 [72]
DME(S) 640 ~34 78.5 [74]
Pyridine-DMF(S) ~1225 ~44 ~237 [76]
P3HT NOPF6 (Immerse) 1 _ 0.14 [86]
FATCNQ(M-S) 1/1.8 _ _ [91]/[90]
FATCNQ(Sq.) 3/5.5/9.1 _ _ [94]/193]/195]
FATCNQ(Sq.) 22 60 8 [138]
FATCNQ(Vapor) 5/12.7 , N [96]/[98]
FATCNQ(Vapor) 48 85 27 [97]
Fe(TFSI); (Immerse) 87 _ 20 [87]
Fe(TFSI); (Immerse) ; 320 39 62.4 [139]
P(g42T-T) FATCNQ(M-S) 100 _ _ [99]
PQT12 NOBF4(Immerse) 35 20.1 1.4 [105]
PQTS12 NOBF4(Immerse) 350 16.2 7.9 [105]
PBTTT NOPF6 (Immerse) 55 135 0.98 [109]
FATCNQ(M-S) 3.51 60 13 [112]
FATCNQ(Immerse) 190 77 100 [140]
FATCNQ(Vapor) 250 , N [111]
FATCNQ(Vapor) 670 42 120 [115]
Fe(TFSI); (Immerse) 220 13 14 [110]
FTS(Vapor) ~466 23 ~25 [112]
FTS(Vapor) ~1000 33 ~110 [116]
EBSA(Immerse) 1300 14 25 [116]
FeCl;-BMP TFSI(P-T) ~1100 _ _ [47]
FeCl3-BMP TFSI(P-T) |, 4345 _ 137 [35]
PCDTB FeCl3(Immerse) 130 _ 14 [121]
PCDTBT FeCl;(Immerse) 500 _ 19 [121]
PCDTPT FATCNQ(M-S) 5.13 211 218 [122]
TrTPFB(M-S) ~4 _ ~7 [123]
PCDTFBT FATCNQ(M-S) 8.73 213 31.5 [122]
PBBTa26-2T FATCNQ(M-S) 431 _ 11.8 [124]
PBBTa26-TT FATCNQ(M-S) 102.1 _ 6.8 [124]
PBBT-2T-2T FeCl3(Sq.) 313.9 _ 43.5 [127]
PBBT-2T-TT FeCl3(Sq.) 287 49.4 65.2 [127]
PDPP-3T FeCl3(Sq.) ~85 226 276 [130]
PDPP-5T FeCl;(Drop) 120 422 11.1 [131]
PDPP-4T-EDOT  FeCl;(Drop) 272 174.2 298.2 [131]
PDPPS-12 FeCl3(Immerse) 318 80 178 [132]
PDPPSe-12 FeCl;(Immerse) 997 62 364 [132]
PDPP-TT FeCl;(Immerse) 45 94 43 [136]
PDPP-g52Ty FeCl;(Immerse) ~81 63 ~39 [136]
PDPP-g52Tp 3 FeCl3(Immerse) 360 56 110 [136]
PDPP-g52Ty 5 FeCl;(Immerse) ~89 38 ~19 [136]
PDPP-3T FeCls(Immerse) 0.28 242 1.6 [137]
PDPP-EDOTy , FeCl;(Immerse) 0.76 177 2.1 [137]
PDPP-EDOT 4 FeCl;(Immerse) 2.8 152 6.4 [137]
PDPP-EDOT, 5 FeCl;(Immerse) 4.12 105 45 [137]

2 (S) via solution processing, (P-T) via post treatment, (Sq.) via sequential doping

b S values corresponding to the PFpax.

tions and leading to undesired dedoping [141], a variety of molec-
ular dopants have been developed and employed for doping of
conjugated polymers (Fig. 5). Nowadays, electron deficient dopants
such as FATCNQ and its derivatives are most widely investigated
for doping TE polymers, as discussed in the preceding sections.
Nevertheless, the thermal stability of FATCNQ is poor as it typically
sublimates at roughly 140°C under vacuum conditions. This may

10

result in a fall of doping level when the doped films get in contact
with heat sources in practical applications. Increasing the size of
the dopants can enhance the thermal stability. The FETCNNQ with
larger molecular size, for example, exhibits much higher sublima-
tion points over 200°C allowing for better control of vacuum depo-
sition and resulting in reduced diffusion [142]. On the other hand,
doping polymers with FATCNQ often causes a reduction in the
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[145], Copyright 2019. Reproduced with permission from Macmillan Publishers Ltd.

solubility of polymers, making it difficult to process doped films
[94,113]. To solve the solubility issue, alky esters were utilized
to substitute the nitrile groups of FATCNQ, resulting in a series
of highly soluble derivatives, FAMCTCNQ, FAOCTCNQ, FADMCDCNQ,
and FADOCDCNQ with minor changes in acceptor strength [143].
Besides, replacing one single fluorine atom of F4TCNQ with a bulky
adamantanyl propyl chain yielded the analogous F3TCNQ-Ad1 with
comparable electronic properties but far superior solubility, allow-
ing for easy solution processing [144].

It was previously assumed that every dopant could contribute
only a single charge carrier to its host polymer forming only one
polaron. This assumption is often based on the behavior of inor-
ganic semiconductors in which Coulomb repulsion between two
equal charges localized on the same dopant often causes an ob-
vious increase in activation energy of doping, preventing double
ionization of the dopant. However, a recent study showed that di-
anions formation — that is, double doping —can be achieved when
the ionization energy (IE) of the host polymer is lower than the
electron affinity (EA) of the negatively charged dopant (Fig. 10A, B)
[145]. In such instances, in addition to the double ionization of the
dopants, a majority of generated charge carriers take part in charge
transport, resulting in a doping efficiency as high as 170% at rela-
tively low dopant concentrations. As shown in Fig. 10C, a variety of
dopant-host combinations were investigated. The authors discov-
ered that the EA~ of both FATCNQ and F6TCNNQ is large enough
to accept a second electron from P(g42T-TT), whereas the EA~ of
F2TCNQ is substantially smaller, not allowing for double doping of
P(g42T-TT). This work paved a new path for doping of conjugated
polymers, making it possible for efficient doping with significantly
lower dopant concentrations. This not only saves materials, but it

1

also reduces the disruption of polymer film microstructure caused
by the introduction of large amounts of dopants.

2.4.2. Other representative p-type dopants

Besides F4TCNQ, 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone
(DDQ) is another common p-type dopant for hole-transporting
polymers in organic semiconducting devices. When P(g42T-T)
was doped with DDQ, it exhibited similar electrical property
as FATCNQ-doped P(g42T-T) [99]. Note that DDQ is remarkably
cheaper than FATCNQ by over a hundred of times. Nevertheless,
due to its low EA (ca. 4.6 eV), DDQ is not an efficient dopant for
most of the semicrystalline polythiophenes such as P3HT, PQT
and PBTTT. Recently, radialenes such as hexacyanotrimethylene-
cyclopropane (CN6-CP) have been developed for efficient p-doping
[146]. Thanks to it large EA of ~5.9 eV, CN6-CP is able to efficiently
dope polymers with high-lying IE such as DPP-based copolymers.
For instance, when doped with FATCNQ and F6TCNNQ, the DPP-
based copolymer exhibited a low maximum o of below 10-2 S
cm~!. By contrast, when doped with CN6-CP, the same polymer
gave a significantly enhanced o of over 30 S cm~! [146]. Nev-
ertheless, the marginal solubility of CN6-CP in common organic
solvents severely hampers it wide applicability for mix-solution
doping. To overcome the solubility issue, methyl esters were
employed to replace three of the nitrile groups of CN6-CP, yielding
the analogous TMCN3-CP with significantly improved solubility
[147]. Note that the introduction of methyl esters resulted in a
decreased EA of 5.5 eV, yet it is still high enough to effectively
dope DPP-based polymers as well as P3HT. The future success of
p-dopant design relies on the development of strong dopants with
sufficiently high electron affinity and good solubility.
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Fig. 11. Chemical structures of PNDI-based copolymers and related polymers for comparative studies.

3. Advances in n-type thermoelectric polymers and n-dopants

While the research of n-type TE conjugated polymers started
much later than their p-type counterparts, thanks to the joint ef-
forts of experimentalists and theoreticians, it has been rapid and
fruitful. During the past half decade, quite a few novel n-type
TE polymers and n-dopants have emerged. Here, we will compre-
hensively summarize the emerging empirical molecular designing
rules by presenting the recent research progress of n-type TE poly-
mers, and feature the recent advances in the development of n-
dopants.

3.1. Emerging empirical molecular designing rules inspired by
naphthalenediimide -based polymers

The research journey of n-type TE polymers started in 2014
from the pioneering work on n-doping the high performance
electron-transporting poly((N,N’-bis(2-octyldodecyl)-naphthalene-
1,4,5,8-bis(dicarboximide)-2,6-diyl)-alt-5,5"-(2,20- bithiophene))
(P(NDI20OD-T2) [148]. Since there are many analogous polymers for
n-type materials, polymer abbreviations might lead to confusion,
thus we use P1, P2, P3...to refer to n-type polymers, starting with
P1 representing (P(NDI20D-T2) (Fig. 11) Although P1 gives an
outstanding electron mobility up to 0.85 cm? V-! s-! in OFETs
[149], after being doped with (4-(1,3-dimethyl-2,3-dihydro-1H-

12

benzoimidazol-2-yl)phenyl, N-DMBI) (D1, Fig. 12), its o was only
measured to be in the range of ~10-3 S cm~! [148].

3.1.1. Understanding the performance limitation

Phase segregation was observed in the doped film limiting the
doping level, with only one percent of the dopant molecules being
eventually active owing to their extremely poor solubility in the
polymer matrix [148]. In a later work, P1 was doped with TDAE
(D2, Fig. 12) and exhibited a similarly modest o of ~0.003 S cm~!,
whereas the ladder-type poly(benzimidazobenzophenanthroline)
(BBL) (P2, Fig. 11) showed a maximum o of 24 S cm~! using
the same dopant, ca. 3 orders of magnitude larger than that of
P1 [150]. The calculated spin and polaron delocalization lengths
are significantly larger in the torsion-free P2 than that in the dis-
torted P1(Fig. 13A), well explaining the differences in the mea-
sured o at the level of a single chain. This observation is consistent
with a previous finding based on perylene diimide polymers P3-P6
(Fig. 11), that reducing D-A character increases polaron delocaliza-
tion length and thus improves o, with the acceptor-only P6 show-
ing the largest o of 0.45 S cm~! and the D-A P3 giving only 0.001
S cm~! [151]. Based on the abovementioned works, the modest o
of P1 can be attributed to both poor polymer-dopant miscibility
limiting doping level and high polaron localization due to its dis-
torted D-A feature. Keeping the performance limitations in minds,
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researchers have made corresponding efforts to rationally tailer the
structure of PNDI-based polymers.

3.1.2. Improvement of polymer-dopant miscibility

To increase the solubility of dopants in the polymer matrix, the
first attempt has been the substitute of alkyl side chain of P1 with
polar triethylene glycol (TEG) side chains, yielding the new poly-
mer P7. Thanks to the similar polarities of D1 and the TEG chains
of P7, much better polymer-dopant miscibility was achieved as be-
ing observed from AFM images and confirmed by coarse-grained
molecular dynamic simulation where TEG chains considerably in-
crease the dopant’s dispersion in the polymer matrix with respect
to the alkyl side chains (Fig. 13B) [152]. As a result, the improved
doping efficiency enabled P7 to be doped to a much higher o of
0.17 S cm™!, ca. 2 orders of magnitude higher than the analogous
P1. Correspondingly, the highest PF of P7 (~0.4 uW m~! K~2) is 40
times higher than that of P1(~0.01 uW m~! K-2) [152]. To further
improve the solubility of the dopant in the polymer matrix, polar
oligoethylene glycol side chains were inserted to both acceptor and
donor sections of the polymer, generating another analogous poly-
mer P8. After being doped with D1, P8 exhibited an even higher o
of 0.3 S cm~! and an improved air stability comparing to that of P1
[153]. Besides, by incorporating kinked monomers (i.e. The meta-
substituted monomer 1,3-bis(2-thienyl) benzene, TPT) into poly-
mer backbone of P1, it is also proven to be effective to enhance
the compatibility of the analogous polymer P9 and the dopant D1
[154]. However, due to the broken conjugation after the introduc-
tion of TPT, the charge carrier mobility of P9 is affected. Ultimately,
the maximum o of doped P9 is reduced as compared to P1, thus
remanding researchers to take the unexpected impact of molecu-
lar engineering on charge carrier mobility into consideration while
trying to achieve a higher charge carrier density.

3.1.3. Enhancement of polaron delocalization

To enhance the polaron delocalization, donor engineering has
been identified as one of the effective strategies. For instance,
substitution of the bithiophene (T2) unit in P1 with bithiazole
(Tz2) unit generates P10, and brings 2-fold benefit: (i) the more
electron-deficient Tz2 helps reduce the D-A character by elevat-
ing the electron affinity of P10; (ii) the internal steric repulsions
in Tz2 moiety are significantly lower than in T2, thus promot-
ing a more planar and rigid polymer backbone of P10 as com-
pared to P1, as indicated by computed potential energy profile
(Fig. 13C) [155]. Consequently, when exposed to the vapor of
D2, P10 was doped to a higher extent and favourably packed
tighter in the thin films, thus achieving a much higher o of
~0.1 S cm~!, 30 times higher than that of P1. Recently, an-
other electron-deficient dichlorodithienylethene (CITVT) unit was
employed to replace the T2 unit in P1, giving birth to a new
polymer PNDICITVT (P11). After being doped with D1, P11 shows
a very decent o of 011 S cm~! and a highest PF of 2.6
W m-! K2 [156]. Interestingly, further enhancement of elec-
tron affinity could be achieved by using more electron-efficient
moieties, naphtho [2,3-b:6,7-b’]-dithiophenediimide (NDTI), benzo
[1,2-c:4,5-c']bis- [1,2,5]thiadiazole (BBT), and two polymers P12,
P13 were synthesized, both of which have very low-lying LUMO
energy levels(~—4.4 eV). When doped with D1, P12 gives a de-
cent o of 0.18 S cm~! and an optimal PF of 0.6 uW m~! K~2. Re-
markably, by shifting the branching point of alkyl side chains only
one C atom further away from the P12 backbone, the analogous
P13 exhibits a strikingly higher o of 5.0 S cm~! and a remarkable
PF of 142 uW m~! K2 [157]. The pronounced increase of over
20 times is attributed to the better crystallinity of P13 that pro-
mote a higher charge carrier mobility and simultaneously inhibit
overdopping.
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3.1.4. Enhancement of both polymer-dopant miscibility and polaron
delocalization

Engineering side chains and the donor at the same time allows
for improving the polymer-dopant miscibility/doping efficiency and
simultaneously enhancing the polaron delocalization [158,159]. For
instance, the TEG substituted PNDI-Tz2-based polymer P14 exhibits
a largest o of ~1.4 S cm~!, which is ca. 3 order of magnitude
larger than the reference polymer P1, and ca. 10 times higher than
TEG-modified P7 and Tz2-replaced P10 [158]. But on the other
hand, the introduction of TEG chains causes a negative effect on
the molecular packing of P14 as compared to P1, with higher load
of dopants. To address this issue, amphipathic side chains were uti-
lized to replace the TEG chains, that is, an alkyl side chain was
inserted between the polymer backbone and the polar ethylene
glycol chains, yielding the analogous P15. As a consequence, the
alkyl chain segment spacer keeps the dopants further away from
the backbone (Fig. 13D, right), thus greatly reducing the negative
impact of counterions. Such a reduced Coulombic interaction helps
enhance the S, with P15 showing comparable largest o of ~1.6 S
cm~! but a larger S of -326 uV K~! which is nearly 2-fold that of
P14 (of -167 uV K1), thus leading to an improvement of PF by ~
ca. 5 times, from 3.8 to 16.5 uW m~! K2 [158]. By comparision,
using purely longer polar side chains to replace TEG gives a even
higher maximum o of 3.3 S cm~! for P16 but also decreases the S
to -115 uV K- resulting in a comparable PF of 4.3 uW m~! K2
to that of P14, confirming that the enhancement of S for P15 is not
from the increased length of the side chains but originates from
the use of the amphipathic side chains [158].

3.1.4. Role of regiochemistry

Besides, regiochemistry of both backbone and pendant groups
plays an essential role in the electrical properties of PNDI-based
polymers. To investigate the impact of backbone chemistry, the re-
gioirregular version of P1, namely RI-P(NDI20D-T2) (P17) was syn-
thesized and chemically/electrochemically doped [160,161]. Some-
how counterintuitively, P17 can be doped to slightly better o val-
ues than P1 irrespective of the dopants (D1, D2), contrasting the
case of classic semicrystalline P3HT [98,100]. The higher tolerance
of P17 to disorder could be ascribed to the following factors: (i)
the highly aggregating nature of the PNDI-T2 polymer even in its
RI form causes local aggregate regions to serve as bridges for in-
termolecular hopping of charges thus maintaining a decent charge
carrier mobility for P17 despite its much lower levels of crys-
tallinity [162,163](ii) the RI linkage does not cause more intrachain
steric repulsions and does alter the LUMO energy of the polymer
(iii) The asymmetric spin distribution and higher structural disor-
der of P17 facilitate a greater dopability as compared to P1, thus
resulting in a much larger charge density and finally a slightly
higher o [160]. Very recently, regiochemisry and polarity of pen-
dant groups were proven to have a huge impact on the PDNI-T2
polymer. Compared to nonpolar alkyl side chains substituted P18
which only gives an optimized o value of ~1.4x 10> S cm~!, the
introduction of polar glycol ether groups facilitates both an im-
proved polymer/dopant miscibility and an enhanced electron affin-
ity, thus elevating the dopability and improving the maximum o of
the analogous polymers, with ca. 8.2x10~4 S cm~1, 0.002 S cm™!,
and 0.08 S cm~! being achieved for P19, P20 and P21, respectively
[164]. This work emphasizes the importance of taking both iden-
tity and regiochemistry of side chains into consideration in future
design of efficient conjugated polymers.

Looking back at the development of PNDI-based n-type TE poly-
mers, research efforts of seven years has substantially improved
the o by >1000-fold (Fig. 13E) and generated a wealth of empirical
molecular designing rules that will help guide the rational design
of next generation high performance D-A copolymers. Table 2 sum-
marizes the electrical and TE properties of PNDI-based polymers.
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Table 2
A summary of conductivity, Seebeck coefficient and power factor of state-of-the-art
PNDI-based n-type conjugated polymers.

Dopant O max S [nV PFmax
Polymer  (Method) ? [S cm™] K-1]° [uWm~1K2?] Ref.
P1 D1(M-S) ~0.001 -290 0.010 [152]
D2(Vapor) 0.003 -150 0.013 [150]
D14(5q.) 0.013 -324 0.035 [165]
D17(Vapor)  0.004 _ 0.024 [166]
P2 D1(Sq.) 14 -112 1.5 [167]
D2(Vapor) 24 -60 0.43 [150]
D14(Sq.) 1.63 -199 5.37 [168]
D3(M-S) 8 ~-146 12 [169]
P3 D4(M-S) 0.004 _ _ [151]
P4 D4(M-S) 0.0021 _ _ [151]
P5 D4(M-S) 0.07 , _ [151]
P6 D4(M-S) 0.45 _ _ [151]
P7 D1(M-S) 0.17 ~-157 0.4 [152]
P8 D1(M-S) 0.3 ~-190 0.4 [153]
P9 D1(M-S) 0.0004 _ _ [154]
P10 D2(Vapor) ~0.1 -477 15 [155]
P11 D1(M-S) 0.11 -485 2.6 [156]
D15(M-S) 0.2 -1854 67 [156]
P12 D1(M-S) 0.18 -56 0.6 [157]
P13 D1(M-S) 5 -169 14.2 [157]
P14 D1(M-S) 1.36 -167 38 [158]
P15 D1(M-S) 1.6 -326 16.5 [158]
P16 D1(M-S) 33 -115 43 [158]
P17 D1(M-S) 0.0033 _ _ [160]
P18 D1(M-S) ~10-5 _ ~10-6 [164]
P19 D1(M-S) 0.00082 ~10-5 [164]
P20 D1(M-S) 0.002 ~10-5 [164]
P21 D1(M-S) 0.08 0.24 [164]

2 (M-S) via mixed-solution processing, Sq.) via sequential doping
b S values corresponding to the PFpax.

3.2. Poly(p-phenylenevinylene)-based polymers and ladder-type
polymers

3.2.1. Poly(p-phenylenevinylene)-based polymers

Another group of promising n-type TE polymers has been
the poly(p-phenylenevinylene) (PPV) based polymers. Initially re-
ported in 2015, three PPV derivatives, the benzodifurandione-
based PPV(BDPPV) (P22, Fig. 14), and the halogen substituted CIB-
DPPV(P23) and FBDPPV(P24) exhibited record n-type o values at
the time [170]. Actually, P22 was firstly synthesized in 2013 with
a low-lying LUMO energy level of —4.0 eV and applied in OFETs,
showing an impressive electron mobility of ~ 1 cm?V-1s1 [171].
When doped with D1, P22 showed an optimized o of 0.26 S cm™!
and a highest PF 1.6 uW m~! K2, whereas P23 and P24 exhibited
significantly higher o values of over 5 S cm~! and over 10 S cm™!,
respectively, with a highest ¢ of 14 S cm~! and a best PF of 28
uW m~! K2 being achieved for P24 [170]. The observed much
better electrical performance is ascribed to: (i) the of electron-
withdrawing halogen atoms helps reduce the LUMO energy, lead-
ing to a higher dopability of the analogous polymers; (ii) the in-
corporation of fluorine atoms promotes a higher charge carrier
mobility by a factor of 2-fold, thus contributing to a higher o un-
der similar doping level. Interestingly, it is observed that the ad-
dition of D1 enhanced the molecular packing which is favorable
for charge carrier mobility in the doped state [172]. The record o
value (14 S cm~') of P24 has been kept for 5 years until the same
research group synthesized a trisaminomethane derivative (TAM)
(D5, Fig. 12) as more efficient n-dopant, and D5-doped P24 gives
a maximum o of 21 S cm~! [37]. Hereby, the impact of dopants
is discussed in further depth in chapter 3.4. Soon after, the new
record value is refreshed when the same group incorporated a lin-
ear glycol-based side chain into the backbone of P24, yielding the
analogous P25. When doped with D1, P25 gives a optimal o of ca.
18 S cm~! a highest PF of 11.6 uW m~! K2, whereas when doped
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with D5, P25 exhibits a highest o of ca. 25 S cm~! a maximum PF
as high as 80 uW m~! K2 [36].

Using FBDOPV as an acceptor unit, two analogous PPV-
based polymers were synthesized by incorporating different donor
units, 9,9-dioctyl-fluorene and 3-dodecyl-2,2’-bithiophene, yield-
ing P(FBDOPV-F) and (P(FBDOPV-2T-C12)) (P26, P27). When doped
with D1, P27 exhibited o values that are ca. 4 orders of magnitudes
larger than that of P26. The superior performance of P27 is ratio-
nalized by the computed significantly smaller torsional angle favor-
ing better intermolecular packing and more delocalized polarons,
thus leading to both high electron mobility and much higher o
values [173]. Recently, an analogous polymer of P23 (P28) was
synthesized by incorporating bithiophene as donor. When doped
with D1, P28 exhibited a high o of 81 S cm~! and a maxi-
mum PF 21uW m~! K2, slightly superior to that of P23 [156].
Very recently, further step forward has been taken by develop-
ing a series of extended and planar thiophene-based PPV deriva-
tives (P29, P30) exhibiting new record o values [40]. Although
the thin films of P29 and P30 are substantially disordered as de-
tected by GIWAXS measurement, after being doped with D1, the
films exhibit exceptionally high ¢ of 90 S cm~'. The high tol-
erance to disorder is attributed to their exceptionally delocalized
polarons induced by high degree of planarity along the polymer
backbone (Fig. 15A), and to their intrinsically good miscibility with
the dopant molecules. Remarkably, the spin density of P29 extends
over nearly 5 repeating units (Fig. 15B). The extensive intrachain
conformational order of P29 and P30 endows them with efficient
charge transport properties as evidenced by the Hall-effect mea-
surement of the doped films. This finding is consistent with prior
reports that polymers with strong rigidity are more resilent to dis-
order [174,175]. By contrast, the structurally distorted P30 shows a
much lower maximum o of 2 S cm~!, still quite decent as an n-
doped polymer. By far, the extraordinarily high o of P29 has been
the newest record value, ca. 1-2 orders of magnitudes higher than
the majority of n-doped polymers.

3.2.2. Ladder-type polymers

Polycondensation of bis-lactone and bis-isatin creates the
double-stranded, quasi-torsion-free PPV derivatives P32 and P33
[177]. When doped with D1, a maximum o of 11 S cm~! and
a highest PF of 1.96 uW m~! K-2 [177] were recorded for the
P32 films. According to the computed spin density distribution, it
is convincing that the polarons are strongly delocalized along the
flat backbone of the doped P32. Also, the low-lying LUMO (—4.49
eV) makes it thermodynamically favorable for an efficient doping
and endows the polymer with good air-stability. Note that when
doped with D5, P32 gives an even higher o of 40 S cm~! and
a significantly better PF of 33.9 uW m~! K2 [36] Longer side
chains of P33 lead to larger w-m stacking distance, inferior elec-
tron mobility and thus much lower maximum o of 0.07 S cm~!
and an inferior PF of 0.25 uW m~! K2 as compared to P32.
Later, another two conformationally locked bis-lactone-alternating-
bis-isatine polymers were synthesized via metal-free aldol conden-
sation (P34, P35) [178]. Thanks to the strong electron-withdrawing
character of the monomers, both polymers have an exceptionally
high electron affinity, creating an offset large enough for efficient
doping. Consequently, when doped with D1, P34 and P35 exhibited
maximum o of 0.2 and 0.28 S cm~!, and corresponding highest
PF of 0.12 and 0.16 uW m~! K~2, respectively. Hereby, shorten-
ing the side chain length is beneficial for a higher o, in agreement
with the finding for P32 and P33 [177]. Substituting the phenyl-
bis-lactone with naphthalene-bis-lactone yields P39 with extended
ring size, though, this expansion of the aromatic ring diluted the
density of the electron deficient groups and thus reduced the elec-
tron affinity of P36. As a result, the doped film of P36 gives a
much inferior maximum o of only 0.008 S cm~! and a lower PF
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Fig. 14. Chemical structures of PPV-based copolymers and ladder-type polymers.

of 0.034 uW m~! K-2 [178]. Very recently, three ladder-type poly-
mers were synthesized and the impact of the size of the central
acene ring were systematically investigated. Interestingly, it is ob-
served that the electron affinities of the polymers increased as the
central acenene core size was reduced from two anthracenes (P39)
to mixed naphthaleneanthracene (P38) and two naphthalene cores
(P37), with their TE performance of corresponding D1-doped films
following the same trend, with o from 0.018, to 0.26, and to 0.65
S cm~! and PF from 0.25, to 1.6, and to 3.2 uW m~! K-2 for P39,
P38 and P37, respectively [179]. According to a recent study, the
persistence length of these double-stranded rig-rod behaving could
rival or even surpass their contour length and this leads to rel-
atively long hopping distances and high charge carrier mobilities.
To fully harvest the potential of these polymers, however, it will be
important to further reduce the energetic disorder encountered by
the charge carriers which leads to relatively slow hopping frequen-
cies [180]. Table 3 summarizes the electrical and TE properties of
PPV-based and ladder-type polymers.

3.3. Emerging conjugated polymers based on other building blocks

3.3.1. Diketopyrrolopyrrole-based polymers
Due to their planar skeleton and narrow band-gap and the am-
bipolar nature of their charge transport, DPP-based D-A copoly-
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mers have attracted lots of attention and have been inten-
sively studied in the field of OFETs and OPVs during the past
decade [128] and have been investigated not only for p-type
(section 2.3.3), but also for n-type TE materials. Recently, two DPP-
based copolymers with high electron mobility were doped with
D1. Interestingly, fluorine substitution of the donor moiety in P41
(Fig. 16) resulted in an enhanced electron affinity (-4.11 eV) as
compared to P40 (-3.93 eV) [181]. Moreover, the intramolecular
H-bonds network in P41 helped planarize its backbone. In ad-
dition, the bimodal distribution of face-on and edge-on orienta-
tions in the films P41 promoted a favorable dopant accommo-
dation and thus better polymer-dopant miscibility. Together, the
D1-doped P41 gives a considerably large o of 1.3 S cm™! and a
maximum PF of 4.65 uW m~! K2, over 1000 times higher than
that of P40 (0.001 S cm~! and ~10~% uW m~! K-2) [181]. Later,
pyrazine-flanked DPP (PzDPP) was employed as a stronger accep-
tor unit to copolymerize with an electron-deficient donor moiety
3,3/~ dicyano-2,2’-bithiophene, yielding the new polymer P43 with
a much lower LUMO than its thiophene-based reference polymer
P42. The pyrazine-based P43 forms intramolecular H-bonds and
displays more planar backbone conformation than P42. As a re-
sult, when doped with D1, P43 gives an excellent o of 8.4 S cm™!
a maximum PF of 57.3 uW m~! K2, much larger than that for
P42 (039 S cm~! and 9.3 W m~! K-2) [182]. Note that through
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Fig. 15. (A) Molecular dynamics simulations of the backbone conformation of TBDPPV in alkyl-chains disordered region. The alkyl-chains and hydrogen atoms are omitted for
clarity. Red, oxygen atoms; yellow, sulfur atoms; blue, nitrogen atoms. (B) Comparison of the spin densities on the anions of TBDPPV oligomers (n = 3, 4, and 5) calculated
at the UwB97XD/6-31g(d) level. [40], Copyright 2021. Adapted with permission from John Wiley & Sons Inc. (C) DFT calculation results of backbone geometry and cartoon
representations of interpolymer docking models for P49(C) and P51 (D). [176], Copyright 2020. Adapted with permission from John Wiley & Sons Inc.
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Fig. 16. Chemical structures of other n-type thermoelectric polymers.
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Table 3
A summary of conductivity, Seebeck coefficient and power factor of state-of-the-art
PPV-based and ladder-based n-type conjugated polymers.

Dopant O max [S S [nV PFmax
Polymer  (Method) ? cm!] K-1]P [uWm~1K2?] Ref.
P22 D1(M-S) 0.26 _ 16 [170]
P23 D1(M-S) 7 _ 16.5 [170]
P24 D1(M-S) 14 _ 28 [170]
D5(M-S) 21 _ 51 [37]
P25 D1(M-S) 18 94 116 [36]
D5(M-S) 25 198 80 [36]
P26 D1(M-S) 0.042 -267 03 [173]
P27 D1(M-S) ~10-5 _ B [173]
P28 D1(M-S) 8.1 _ 21 [156]
D1+D5(M-  0.75 -870 56 [156]
S)
P29 D1(M-S) 90 _ 76 [40]
P30 D1(M-S) 65 _ 106 [40]
P31 D1(M-S) 2.3 _ _ [40]
P32 D1(M-S) 1.1 170 1.96 [177]
D5(M-S) 40 204 33.9 [36]
P33 D1(M-S) 0.07 _ 025 [177]
P34 D1(M-S) 0.2 22 0.12 [178]
P35 D1(M-S) 028 21 0.16 [178]
P36 D1(M-S) 0.008 210 0.034 [178]
P37 D1(M-S) 0.65 256 3.2 [179]
P38 D1(M-S) 0.26 246 16 [179]
P39 D1(M-S) 0.018 -368 0.25 [179]

4(M-S) via mixed-solution processing
bS values corresponding to the PFpax.

modulating the aggregates of P43 in solution, the o was recently
pushed up to 321 S cm~! [39].

3.3.2. Homopolymer based on functionalized (unfunctionalized)
bithiophene imide

Recently, an imide-functionalized thiazole (DTzTI) was identi-
fied as excellent building block for all-acceptor polymers due to
their outstanding electron transport property in OFETs. A large
electron mobility up to 1.2 cm? V- s! as well as an extremely
low off current of 10-'°-10-1'A were recorded for P44 based on
its spin-coated films [183], far superior than its bithiopheneimide
(BTI)-based analogous polymer [184], even outperforming that of
the benchmark n-type P1 [149]. When doped with D1, P44 exhib-
ited an outstanding o of 4.6 S cm~! and a maximum PF of 7.6 uW
m~! K2, about 3 orders of magnitude higher than P1 [185]. The
high performance of P44 is attributed to its minimized D-A char-
acter and high planarity leading to more two-dimensionally delo-
calized polarons and much closer w-m stacking distance, which
favourably prevent Coulomb interactions of the polymer in its
doped state and facilitate the generation of free charge [185]. Very
recently, a series of BTI-analogous building blocks were designed
through the incorporation of cyano groups. Since these new build-
ing blocks are more electron deficient than BTI unit, the analogous
P45, P46, P47, and P48 are featured with much deeper LUMO en-
ergy values (-3.63eV, -4. 11eV, -3.78eV, and -3.71eV) than that of
the reference polymer PBTI (-3.48eV) [38]. When doped with D1,
all these polymers exhibit high o values of >0.1 S cm~!, with P47
reaching an ultrahigh o of 23.3 S cm~! and a maximum PF of ca.10
uW m~1 K—2, suggesting that cyano-functionalization is beneficial
for conjugated polymers using BTI as building blocks.

As aforementioned, NDTI is a favorable electron-efficient accep-
tor for n-type TE polymers. When copolymerizing NDTI with a BTI
unit, the all-acceptor polymers P49 possess a low LUMO energy
level of -4.2 eV [176]. When doped with D1, P49 gives a moder-
ate ¢ of 0.011 S cm~! and a maximum PF of ca. 0.3 uW m~! K-2.
DFT calculation reveals a wave-line backbone for P49 (Fig. 15C, up-
per), which is detrimental for molecular packing of the polymer.
Incorporation of electron-deficient thiazole units into the backbone
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of P49 yielded P50 with a (pseudo)straight-line backbone as cal-
culated by DFT(Fig. 15D, upper), which helped boost intermolecu-
lar packing ordering. When doped with D1, P50 gives a strikingly
larger o of 0.87 S cm~! and a much higher PF of 9.9 uW m™!
K—2. Motivated by their previous work [157], the authors shifted
branching point of the alkyl side chains of P50 slightly further
away from the backbone, yielding the analogous P51. Impressively,
the D1-doped P51 gives a ¢ as large as 11.6 S cm~! and a maxi-
mum PF as high as 53.4 uW m~! K2 [176]. The dramatically en-
hanced o of P51 is attributed to the bimodal orientation of the
polymer chains being able to well accommodate dopants in the
3D conduction channels without disrupting the molecular packing
[176] (Fig. 15D, lower).

3.3.3. Copolymer based on organoboron chemistry

Previously, replacing C-C unit with a strong electron-
withdrawing Boron-Nitrogen coordination (B<-N) unit was proven
to be an effective strategy to enhance the electron affinity of
conjugated polymers [186]. Such an organoboron chemistry has
been successfully employed in designing polymers with high
electron mobility in OFETs [187] and with high efficiency in OPVs
[188]. Recently, B<~N unit was incorporated into the donor part
of an isoindigo (IID)-based D-A copolymer P52 and was shown
favorable in weakening the D-A feature and downshifting the
energy levels of the polymer [189]. By comparison, the analo-
gous organoboron P53 shows a LUMO energy of 0.27eV lower.
Furthermore, the introduction of the B<-N unit also makes P53 a
regiorandom polymer with near-amorphous nature, thus enhanc-
ing the polymer-dopant miscibility. Consequently, although P52 is
not dopable, the D1-doped P53 exhibited a o of ~0.001 S cm™!
and a maximum PF of 0.02 uW m~! K2 [189]. Very recently,
the same research group synthesized two novel organoboron
polymers (P54, P55) based on a distannylated monomer of B«N
bridged bipyridine (BNBP) unit, both with ultralow LUMO energy
level of ~-4.4 eV [190]. When vapor-doped with D2, P54 shows
a low o of 6.6x10~> S cm!, whereas P55 gives a significantly
higher o of 7.8 S cm~! and a remarkable PF of ca. 24.8 uW m™!
K=2. The tremendous difference in the performance originates
from their disparity in electron mobility, with P54 exhibiting only
3.3x107% cm? V-1 57! and with P55 giving a much higher value of
0.029 cm? V-1 s71, respectively [190]. These reports render B<N
incorporation a promising strategy to modulate the energy level
and the dopability of conjugated polymers for efficient n-type
thermoelectrics.

3.3.4. Surprisingly high performance observed from nonplanar
polymers

While a majority of reports show that planarizing the backbone
is a promising strategy to enhance the polaron delocalization and
o for conjugated polymers, o as high as 0.45 S cm~! was reported
for a nonplanar, twisted DPP-based copolymer P56 when doped
with D4 [191]. The authors uncovered that the nonplanar unit of
P56 produces a steric space allowing for an efficient integration
of the dopants, resembling the effect of kinked monomer in the
backbone of P9 that help reach high doping efficiency [154]. This
work broadens the designing strategies for polymers since rules
that are regarded as negative factors for charge carrier mobility
may not necessarily be detrimental for the ultimate o after dop-
ing. Table 4 summarizes the electrical and TE properties of other
emerging n-type conjugated polymers.

3.4. Traditional and emerging n-dopants
3.4.1. Traditional n-dopants: N-DMBI family and TDAE

As a most widely used air-stable n-dopant in organic thermo-
electrics, N-DMBI(D1) was initially developed to dope semiconduc-
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Table 4
A summary of conductivity, Seebeck coefficient and power factor of other state-of-
the-art n-type conjugated polymers.

Dopant O max [S S [nV
Polymer  (Method)? cm!] K-1]P PFmax[(¢W m~1K~2] Ref.
P40 D1(M-S) 0.001 _ ~10-4 [181]
P41 D1(M-S) 13 _ 4.65 [181]
P42 D1(M-S) 039 _ 93 [182]
P43 D1(M-S) 8.4 _ 57.3 [182]

D1(M-S) 32.1 _ B [39]
P44 D2(Vapor) 46 129 76 [185]
P45 D1(M-S) 0.19 -123 0.25 [38]
P46 D1(M-S) 0.28 73 0.1 [38]
P47 D1(M-S) 233 -83 10 [38]
P48 D1(M-S) 0.56 94 033 [38]
P49 D1(M-S) 0.011 _ 03 [176]
P50 D1(M-S) 0.87 _ 9.9 [176]
P51 D1(M-S) 116 _ 53.4 [176]
P52 D1(M-S) ~10-8 _ _ [189]
P53 D1(M-S) 0.0011 454 0.02 [189]
P54 D2(Vapor)  ~10-5 _ _ [190]
P55 D2(Vapor) 7.8 -179 248 [190]
P56 D6(M-S) 0.45 _ _ [191]

2 (M-S) via mixed-solution processing
b S values corresponding to the PFpax.

tors in OFETs to enhance the air-stability of n-channel OFETs by
compensating environmentally trapped electrons [192]. Being a hy-
dride donor, although the doping mechanism of D1 has been in-
conclusive, it is acknowledged that the doping is caused by an in-
teraction between the host and the dopant that starts with hy-
dride/hydrogen atom transfer and ends with the generation of host
radical anions [193]. A recent study show that in polar media, the
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doping is dominated by direct hydride H- transfer, whereas in ap-
olar media, it is more thermodynamically preferred for doping to
be mediated by the singly occupied molecular orbital (SOMO) af-
ter H" release [194]. Introducing TEG chains to the DMBI (D7) helps
enhance the miscibility between the dopant and the host, leading
to noticeably higher doping efficiency as compared to D1 [195]. On
the other hand, the SOMO energy levels were observed to have
a noticeable effect on n-doping by comparing several benzimida-
zole derivatives with different SOMO energy levels (D8 (—3.02 eV),
D9 (—2.99 eV), D10 (—2.91 eV), D1 (—2.82 eV), D11 (-2.73 eV)).
Raising the dopant SOMO energy by ~0.3 eV (from D8 to D11, the
SOMO became less negative) resulted in an improved o by >10
times for doped P1(Fig. 17A) [196]. Remarkably, the dimer version
D12 was proven to be a direct electron donor, and its smaller and
planar counterion makes it a stronger dopant than D1 [197].

As a strong electron donor, TDAE (D2) has a sufficiently high
HOMO level and is used as a vapor dopant owing to its low boil-
ing point. Previously, D2 was employed to optimize the oxidation
levels and thus the TE performance for p-type PEDOT-Tos [5]. Later,
D2 was used to dope a variety of n-type conjugated polymers via
straightforward electron transfer from the dopant to the polymers
[150,155,160,161,185,190]. The versatility of D2 makes it appealing
for simultaneously regulating the doping levels of both p- and n-
type polymers, which is highly desirable for the production of ther-
moelectric generators. However, due to its high volatility, D2 could
diffuse out of the doped films at room temperature, not to mention
practically operating in a thermoelectric generator at higher tem-
perature [167]. As shown in Fig. 17B, upon annealing D2-doped P2
at 190°C for 10h, the o of the film declined by over 100 times,
whereas the o of D1-doped P2 films is observed to be invariant
even upon 20h’s annealing, showing the strikingly different ther-
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Fig. 17. (A) Electrical conductivity of doped P1 as a function of SOMO energy of dopants with different concentrations. [196], Copyright 2019. Reproduced with permission
from American Chemical Society. Electrical stability test of D2 vapor-doped and D1 sequentially doped P2 films by (B) annealing at 190°C for 20 h in N2 and (C) exposing
to air. [167], Copyright 2020. Reproduced with permission from American Chemical Society. (D) Air stability of 25 mol% D13-doped P23 films. [198], Copyright 2017. Repro-
duced with permission from John Wiley & Sons Inc. (E) Air stability of D5-doped P24 thick films without encapsulation. [37], Copyright 2020. Reproduced with permission
from Macmillan Publishers Ltd. (F) Evolution of electrical conductivity of D3-doped P2 in air for 24 h. [169], Copyright 2021. Reproduced with permission from Macmillan
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mal stability of D1 and D2 [167]. Another noticeable disadvantage
of D2 is its intrinsically poor air-stability due to chemilumines-
cence when exposed to oxygen [199]. As a result, the o of D2-
doped P2 films dropped instantly by ca. 2 orders of magnitude
upon exposure to ambient for half hour, and finally decreased by
ca. 4 orders of magnitude after exposure for 24h. In contrast, while
the o of D1-doped P2 also decreased over 1 order of magnitude
after 1 day of exposure, it exhibited much better ambient stability
(Fig. 17C) [167].

3.4.2. Tetrabutylammonium fluoride

Initially, a small dose of tetrabutylammonium fluoride (TBAF,
D13) was incorporated to the P1-based solution-processed OFETs
to fill the charge trap sites, resulting in a noticeable improve-
ment in electron mobility and a simultaneous enhancement in air-
stability of the devices [200]. The doping occurs through electron
transfer from radical anions to the polymer. Later, D13 was em-
ployed to dope the electron-deficient PPV-based P23 for stable TE
performance in ambient [198]. According to experimental evidence,
the n-doping takes place through electron transfer from F~ anions
to P23 via anion-m electronic interactions [198,201]. Although the
D13-doped P23 film exhibits lower ¢ (0.6 S cm~!) as compared
to the D1-doped P23, it shows a satisfying air-stability, being able
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to retain o of ca. 0.1 S cm~! after 7 days of ambient exposure
(Fig. 17D) [198].

3.4.3. Triaminomethane: the importance of smaller size

The triaminomethane-type dopant D5 was recently synthesized
with the assistance of DFT calculations, showing high n-doping
ability, good solubility and excellent stability [37]. In contrast to
D1-doped P24 that the overall o declines as film thickness in-
creases, the o of D5-doped P24 increases as film thickness in-
creases and eventually reaches 21 S cm~! at a film thickness of
10 pwm. Thanks to the self-encapsulation effect, the D5-doped P24
shows a good staiblity in ambient that after 16h of exposure to
air, and only a modest drop (ca. 5%) in its o values could be seen
(Fig. 17E) [37]. It is worth mentioning that a very recent work
based on 12 um-thick BBL films also indicated the favorable effect
of self-encapsulation (Fig. 17F) [169]. MD simulation suggests that
D3 with smaller size prefers to stay together with alky side chains
of P24 due to the decent dopant-side chain miscibility, whereas D1
tends to interact with the polymer backbone leading to undesired
Coulomb interactions. As shown in Fig. 18A and 18B, a majority
of D5* cations located within the alkyl side-chain packing zones,
whereas a considerable number of D1+ cations stayed close to
backbones [37]. The MD simulation was corroborated by GIWAXS
measurement for solid-state microstructure, which revealed that
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the distance of both lamellar packing and m-m stacking remains
nearly invariant before and after incorporation of D5, whereas both
distances increase after the addition of D1.

Similarly, when the TEG substituted P25 was doped with D1
and D5 separately, the lamellar distance of the D5-doped P25
only altered slightly between 26 A and 27 A, whereas it increased
distinctly from 26 A to 30.5 A for D1-doped P25 (Fig. 18C). At
a dopant ratio of 1mol%, D1-doped P25 had a high EA value
(243meV) that is 2 times greater than that of the D5-doped
P25(122meV). Moreover, the EA value in the D1-doped system de-
creased more dramatically as the doping level increased, indicat-
ing that the coupled ion pairs had significant Coulomb interactions
(Fig. 18D). Finally, D5-doped P25 exhibited a maximum PF that is
ca. 7 times larger than that of D1-doped P25 (Fig. 18E). Thus, the
high TE performance of D5-doped P25 is ascribed to its low ioniza-
tion and high carrier delocalization features (Fig. 18F), whereas a
majority of potential carriers are confined by intense Coulomb con-
tacts and the local energy landscape for the D1-doped P25 leading
to lower TE performance (Fig. 18G) [36].

3.4.4. Benzyl viologen radical cation

Originally, neutral benzyl viologen (BV®) was employed to dope
conjugated polymers to achieve high-performance OFETs [202,203].
Owing to the strong reduction potential of BV?, a small amount of
dopant could lead to remarkably higher charge density and thus
much higher charge carrier mobility. To avoid using water in the
synthesis of BV?, benzyl viologen radical cation (BV'*, D14) was
synthesized by reducing BV2+ in anhydrous acetonitrile [165]. Ac-
cording to a recent report, when doped with D14, P1 gives a very
decent o values of 0.013 S cm~! [165], which is 3-5 times greater
than that of P1 doped with D1, D2 and D5. Note that D14 has
a very similar SOMO energy level as compared to D2, making it
a very strong electron donor. Another advantage is that the D14-
doped films show ultralow contact resistance and higher stability
than D2-doped film. Later, it was reported that D14 is also an ef-
fective n-dopant for P3 and the corresponding doped films have
good electrical stability that the o remains nearly unchanged after
24h of heating at 100C in glovebox [204]. Very recently, D14 was
also used as n-dopant for P2, and a decent PF together with a very
good thermal-stability were achieved [168].

3.4.5. Meisenheimer complexes of NDI-TBAF as n-dopant / co-dopant

Firstly, it is worth mentioning that Meisenheimer complex is
defined as “a 1:1 reaction adduct between an arene carrying elec-
tron withdrawing groups and a nucleophile”(Wikipedia). Recently,
a Meisenheimer complex NDI-TBAF (D15) was readily prepared by
simply blending NDI and TBAF in solution and utilized as an effi-
cient n-dopant for thermoelectrics [156]. For instance, D15-doped
P11 exhibited an obvious higher maximum o value of 0.2 S cm™!
and a much larger S of -1854 uV K-1, far superior to that of D1-
doped P11 (0.11 S cm™!, ca. -500 wV K-1). Finally, D15-doped P11
gives an enhanced PF as high as 67 uW m~! K=2, over 20 times
larger than that of D1-doped P11. Besides, when using the ionic
adduct D15 together with neutral dopant D1 as co-dopants, sim-
ilar enhancing effect could be observed. This work demonstrated
that F~, in the form of Meisenheimer adduct, could be used as an
efficient n-dopant, or as a co-dopant for achieving high-performing
n-type organic thermoelectrics.

3.4.6. Nucleophilic organic molecules as efficient n-dopant
N-heterocyclic carbenes (NHCs) with strong nucleophilic ability
are recognized as excellent o-donors and have been widely uti-
lized in organic chemistry [205]. Recently, a NHC precursor 1,3-
dime- thylimidazolium-2-carboxylate (DMImC, D16) was designed
as a thermally activated air-stable n-dopant [206]. Through ther-
mal activation, DMImC could release NHC that actually n-dope
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the semiconducting polymers. As two demonstrations, P1 and P24
were separately doped with D16, resulting in maximum o values
of 0.0054 S cm~! and 8.4 S cm™1, respectively, very comparable to
those films doped with D1 [150,170,185]. Due to its limited solu-
bility in the commonly utilized halogenated solvent, D16 was only
processable through sequential doping by dissolving in acetonitrile.
Since D16 is air-stable and does not interact with semiconducting
polymers before thermal annealing, the sequential doping could be
processed in ambient. Remarkably enough, after annealing in in-
ert atmosphere, the doped films could reach comparable maximum
o to those deposited inside glovebox. Very recently, two nucle-
ophilic organic bases, namely 1,5,7-Triazabicyclo [4.4.0] dec-5-ene
(TBD, D17) and 1,5-Diazabicyclo [4.3.0] non-5-ene (DBN, D18) were
demonstrated as efficient n-dopants for semiconducting polymers
[166]. When doped with D17, P1 exhibits a maximum o value that
is almost five times higher than that of P1 doped with D1 or D2.
Strikingly, D17 and D18 are both very cheap in the cost, with a
price as low as <20 $/gram, much cheaper than that of D1 which
costs > 200 $/gram.

4. Enhancing thermoelectric performance: strategies beyond
molecular design

Beyond molecular design, there are two major strategies to de-
couple S and o: one is to utilize advanced solution processing (i.e.,
polymer chain alignment) to boost p and thus the o while keep-
ing S invariant under a given doping level; another is to use DOS
engineering to enhance S without sacrificing o.

4.1. Polymer chain alignment: boosting electrical conductivity
without degrading Seebeck coefficient

The first approach to decouple o and S is to increase the o by
improving p while keeping the n invariant in order to leave the
S unaffected. Due to the fact that charge transport is a lot faster
along the backbone direction than that along m-m stacking and
alkyl stacking directions, polymer chain alignment has been well-
recognized to have a remarkable impact on enhancing u [207,208].
During the last two decades, a group of meniscus-guided coat-
ing (MGC) approaches has been developed to achieve molecular
alignment for conjugated molecules, including zone-casting [209-
212], solution shearing [27,213-216], dip coating [120,217-220], bar-
coating [221,222], etc. An important feature of MGC methods is
that they are well suited to steady-state, continuous, and large
area deposition, such as R2R processing. For instance, when the
pre-aggregating solution of P1 was bar-coated (Fig. 19A), the re-
sulting film were highly aligned (Fig. 19B), displaying a consider-
ably greater p than that of identical polymer produced by spin
coating and resulting in a large anisotropic ratio of ~30 [221]
(Fig. 19C).

Polymer chain alignment has recently been demonstrated to be
beneficial in improving TE performance of conjugated polymers.
Taking the case of PEDOT:PSS as an example, when processed via
solution shearing approach (Fig. 19D), well-controlled phase sep-
aration and backbone alignment were achieved, with a o value
up to 4600 S cm~! recorded [27]. In addition, the corresponding
films preserved excellent optical transparency. As a result, in terms
of both device performance and figure of merit for transparent
conductors, the solution-sheared films significantly outperform the
spin-coated films. Very recently, by combining of solution-shearing
and a postdeposition solvent shearing treatment (Fig. 19E), quasi-
metallic record-high o values of 8500 + 400 S cm~! and a very
large PF of ~800 W m~! K~2 were achieved for PEDOT:PSS films
along the shearing direction [34]. Based on X-ray scattering and
optical measurements, the considerably improved o is attributed
to chain alignment of PEDOT and larger-sized domains (Fig. 19F).
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As shown in Fig. 19G, the o values of PEDOT films are highly
dependent on various deposition procedures and different solvent
treatments.

In addition, when sequentially doped with FATCNQ solution, the
aligned P3HT film gives a o of ~22 S cm~! and o, of ~3 S
cm~! [138]. Remarkably, during a temperature gradient crystalliza-
tion process, highly oriented P3HT films was fabricated using 1,3,5-
trichlorobenzene (TCB) as a template, exhibiting low defects and
high degree of charge delocalization. When doped with Fe(TFSI)s,
these highly oriented films give outstanding maximum o of ~320
S cm~! [139], the highest ever reported for doped P3HT.

Mechanical alignment techniques [224, 225] have also been
applied to PBTTT to enhance TE properties [226]. When aligned
PBTTT film was doped by immersing in FATCNQ solution, a large
o of 193 S cm~! were recorded [140]. Using a recently de-
veloped ion-exchange doping method combined with alignment
of the polymer chains by mechanical rubbing, excellent o of >

22

4000 S cm~! and PF of 137 uW m~! K2 were reported in
PBTTT for transport parallel to the polymer alignment direction
[35].

It is noteworthy that according to a recent computational in-
vestigation, while polymer chain alighment could help improve
both o and PF of conjugated polymers, the high degree of crys-
tallinity and ultra-high molecular weight could lead to undesired
large thermal conductivity (Fig. 19H) [223]. Such an effect is due
to the fact that charge carriers and phonons flow along the poly-
mer chains on different length scales, with the former having a
shorter mean free path. It is therefore essential to tune the grain
size of crystallites such that thermal and charge transport could
be decoupled. As suggested by the authors, moderately shorten-
ing the length of polymer chain and reducing the crystallinity
could significantly decrease thermal conductivity, and effectively
increase energy conversion efficiency by ca. one order of magni-
tude (Fig. 191). Favorably, the emerging class of conjugated poly-
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mers is highly suitable for the strategy of chain alignment as
most of them are high-performing low-crystalline donor-acceptor
polymers [227,228]. The short-range intermolecular aggregation in
these polymers is good enough to maintain efficient charge trans-
port [175,229,230], whereas it helps restrain the thermal trans-
port as it is typically shorter than the mean free path of phonon.
Very recently, experimental evidence shows that when long alkyl
side chains were attached to the aromatic rings of semiconduct-
ing molecule, the in-plane thermal conductivity was strongly sup-
pressed as a result of a stronger localization of vibration modes
[231]. Whether this technique for decoupling thermal and charge
transport can be applied to polymeric systems remains an open
question.

4.2. DOS engineering: enhancing Seebeck coefficient without
sacrificing electrical conductivity

Theoretically, the DOS is typically believed to be of a specific
shape and to have only one single Gaussian peak. In a frame-
work considering hopping transport within a specified, sole Gaus-
sian DOS, S and o are mainly affected by disorder and concen-
tration. Generally, the energetic disorder has a strong effect on S

23

at low carrier concentrations. With respect to unperturbed DOS,
enlarging the disorder tends to result in an increase in S due to
the broadened gap between the Fermi and transport energy. The
remaining parameters in the system either have a trivial effect,
such as the typical inter-site distance and the dielectric constant,
or act as an insubstantial scaling factor, like the attempt-to-hop
frequency.

According to the model in doped OSC systems described re-
cently [232], charge transport is highly influenced by the induced
tail of DOS, which is caused by the Coulomb potential of dopant
ions at high doping fractions [232,233]. As shown in Fig. 20,
the o, S and PF were calculated within a variable-range hopping
(VRH) and nearest-neighbor hopping (NNH) framework as a func-
tion of carrier/doping concentration. Regardless of whether the
hopping process is VRH or NNH, the PF increases significantly
with increased charge concentration due to the large improve-
ment in o, whilst the S declines. However, the energetic disorder
has negligible effect on the TE properties at high concentration
over ~1072, as shown in Fig. 20. It indicates that, for a specified
sole DOS, there is limitation to modulating the TE characteristics
by tuning disorder and concentration in both pristine and doped
0SCs.
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The concept of a delta-shaped transport distribution situated
somewhere above the Fermi energy was theoretically described
[235] and shown to achieve the optimal TE properties. Later, the
abovementioned delta-shaped transport distribution was experi-
mentally confirmed by P3HT blending in a small fraction of P3HTT
and then doped by FATCNQ, with negligible decrease in o while
obviously increasing S from ~580 to 700 pV/K [236]. Recently, this
strategy of DOS engineering was revisited and the physical under-
standing of this concept was enriched for systems consisting of
two blended OSCs [237]. As shown in Fig. 21A, assuming that there
is no interaction between the intrinsic DOS of CPs, the overall DOS
distribution of two blended CPs simply mixes the respective DOS
distributions at the energy of the respective HOMO/LUMO levels;
the altitude of the DOS sub-peaks is exactly proportionate to the
respective volume fraction. Fig. 21A also indicates the evolution of
overall HOMO DOS for distinct materials A and B as the blend frac-
tion changes. In principle, Er is dictated by the charge concentra-
tion, whereas E;- is correlated to the segment of the entire DOS
that supports or carries the charge transport. With tuning the A:B
ratio, somewhere the Er and E; will be located on distinct ma-
terials, resulting in a noticeable increase in splitting between the
two, allowing for a high S being achieved, as illustrated in Fig. 21A.
Moreover, this concept was further tested by both experimentally
and theoretically investigating the o, S and PF for blends of P3HT
with PTB7, where PTB7 with a full fraction from 0% to 100% [237].
As shown in Fig. 21B, indeed, there came out an obvious peak
value of ~ 1200 of pV/K in S at 10% P3HT mixed 90% PTB7. The
calculated result showed the similar trend and the value in S, from
the kinetic Monte Carlo (kMC) simulations done with parameters
corresponding to the taken experimental P3HT mixed PTB7 system,
as shown in Fig. 21C. It indicated a good concurrence between the
results of experiments and kMC simulations, confirming the valid-
ity of the DOS engineering. That is, DOS strategy with two blended
0SCs is an effective solution with more freedom to modulate the
TE properties, compared to a given single DOS.
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5. Emerging applications of thermoelectric polymers

Since conjugated polymers have at present lower performance
and are not resilient at extremely high temperatures, they are
not currently able to compete with their inorganic counterparts
in terms of providing large output power and high waste-heat to
electricity efficiency. In spite of this, their many advantages such
as softness, mechanical flexibility, and even stretchability make
them more beneficial for powering wearable/portable electronic
devices through the conversion of low-grade heat into electricity
with typical power output at the level of nW to uW, by harvest-
ing heat from human body or infrared radiation. Fig. 22 shows the
power consumption of various emerging devices. For instance, an
integrated temperature sensor consumes less than 100 nW [238],
whereas an Internet of things (IoT) consumes energy at the level of
UW. The state-of-the-art polymer-based TEGs could generate pow-
ers density in the range of 101-102 uW cm~2 [34,239]. Remarkably,
using novel radial device architecture and model, the most effi-
cient polymer-based TEGs are estimated to generate power density
in the range of ~1mW cm~2 [240]. Embedding TE polymers for
power harvesting and supplying into a trillion node IoTs and vari-
ous other applications will overcome the scalability and cost prob-
lem of changing batteries in such huge numbers. Especially, since
conjugated polymers can be readily produced in large scale using
solution processing, they hold significant potential for future com-
mercialization. Here, we briefly highlight some examples of poten-
tial applications.

5.1. Self-powered/multiparameter sensors

In 2015, the first flexible dual-functional sensor was reported
with the ability of concurrent sensing of both temperature and
pressure (Fig. 23A, B) [241]. The sensors, based on PEDOT:PSS
deposited on a polyurethane (PU) frame foam via dip coating
method, on one hand can detect temperature change by reading



S. Wang, G. Zuo, J. Kim et al.

Internet of Things

RFID Tag

T Sensor  Calculator Wrist watch

-  —

K

7
* - T
Ub'
L 4.0 2 L3
{11
o]«]+

CO gas detector

Wall clock

Progress in Polymer Science 129 (2022) 101548

Sensors Smart phone

Smart watch

@-

Hearing aid Wifi flash memory

Fig. 22. Power consumption associated with various applications.

the voltage shift in the current-voltage graph based on Seebeck ef-
fect, and on the other hand are able to read the pressure-induced
resistance change in the I-V curve as a result of the porous struc-
ture of the PU form. Under such strategy, temperature and pres-
sure stimuli can be dissociated from each other. Strikingly, these
sensors can be self-powered. Besides, polymeric thermoelectric
aerogel, namely PEDOT:PSS aerogel reinforced by glycidoxypropyl
trimethoxysilane (GOPS) and mechanical enhancer such nanofib-
rillated cellulose(NFC)) [242], has also been exemplified to be a
favourable choice for pressure/temperature dual parameter sen-
sors [243]. However, due to their inherent transport properties
[72], such kind of devices typically experience substantial cross-
talk in their sensing operation (Fig. 23C) [244]. To address this
issue, DMSO vapor treatment was utilized to tune the properties
of PEDOT:PSS aerogel to a unique activated free transport regime
(Fig. 23D), and finally decoupled reading of the two parameters
was achieved (Fig. 23E) [244].

Recently, mixed ionic-electronic conductors (MIECs) have been
demonstrated with the ability to transport both ions and electrons,
thus being able to sense temperature gradients and humidity [71].
Very recently, multiparameter sensor based on polymeric MIEC
aerogels (PEDOT:PSS and nanofibrillated cellulose) was fabricated
to sense pressure (read as a resistance shift, Fig. 23F), temperature
gradient (read as a stable thermovoltage, Fig. 23G), and humidity
(read as a thermovoltage peak, Fig. 23H) without significant cross-
talk [245]. These achievements bring up new avenues for multi-
purpose IoT technology that is less complex and much cheaper to
manufacture, which is highly desirable for monitoring, diagnostics
and safety applications.

5.2. Stretchable conducting polymers/thermoelectric generators

Recent advances in stretchable electronics opened up new op-
portunities for various emerging applications, such as stretchable
PLEDS [246], soft batteries [246], stretchable sensors and superca-
pacitors [247], connecting humans and machines in a variety of
possible ways, such as wearable and implantable electronic de-
vices [247-250]. One of the most attractive and widely used ma-
terials in the field of stretchable electronics is PEDOT:PSS [251].
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It is worth mentioning that the brittleness of pristine PEDOT:PSS,
i. e. high Young’s modulus and low fracture strain, makes it im-
practical for wearable electronics when used alone [252]. During
the past half decade, several powerful strategies have been shown
effective in enhancing the stretchability of PEDOT: PSS, including
blending the polymer with volatile surfactant plasticizers such as
Zonyl or Triton [253-255], adding ionic liquids (ILs) [32,256], etc.
Note that adding plasticizers enhanced the stretchability by sacri-
ficing conductivities over one order of magnitude. In comparison,
ionic additives are proven to be boosters for both stretchability and
conductivity. For instance, Bao and co-workers employed several
ionic additives to blend with PEDOT:PSS (Fig. 24A-E), and at opti-
mized conditions, the polymer film exhibit conductivities exceed-
ing 4100 S cm~lunder 100% strain, even higher than that in its
unstretched state, 3100 S cm~! [32]. Despite the aforementioned
progress, these approaches are highly dependent on their support-
ing elastomer substrates, and the films are affected by buckles in
the out-of-plane direction after multiple stretching. Moreover, as
film thickness increases, their stretchability suffers from deteriora-
tion.

Recently, water borne polyurethane (WPU) was discovered as
an effective enhancer when blended with the dispersion of PE-
DOT:PSS, yielding conducting elastic composites with both intrinsic
stretchability and water processability [258]. However, to achieve
good stretchability, a substantial amount of insulating WPU is re-
quired, leading to a low electrical performance, ca. a few tens of S
cm~!. Very recently, an intrinsically stretchable TE module was de-
veloped for the first time to have the capability of capturing energy
from body heat. The system is based on the addition of IL into the
WPU/PEDOT:PSS system, creating unique functions i.e., TE capabil-
ities thanks to the PEDOT:PSS, stretchability thanks to the water-
soluble WPU, and softness thanks to the IL (EMIM) (Fig. 24F) [257].
Remarkably, it is possible to stretch such a free-standing composite
film to over 600% and have it return to its original shape with neg-
ligible hysteresis (Fig. 24G). Although the strain-dependent resis-
tances somehow affect the output power upon applying strain, this
work does open a new avenue for intrinsically stretchable thermo-
electrics. Especially, such water-based solution-blending composite
may be printed on a variety of surfaces in a cost-effective and en-
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Sons Inc.

vironmentally sustainable manner, holding promise for widespread
use.

5.3. Other emerging applications

Photo-thermal effect is attracting more and more attention as it
allows for utilizing the inexhaustible solar energy more efficiently.
Since photovoltaics (PV) typically absorb only visible energy within
band-gap, the remaining part of sunlight is converted into thermal
energy, which could be harvested by a TEG. Therefore, developing
PV/TEG integrated devices is currently considered to be an impor-
tant research direction. Previously, integrated PV/TEG devices have
been demonstrated by using inorganic TE materials [259], and a
better overall efficiency was achieved, though, under severe con-
ditions. Reducing coupling losses must be taken into consideration
when integrating the devices. Similarly, infrared light was also di-
rectly used as the source for illuminating the photothermal ma-
terials so as to power the integrated TEG [260]. Interestingly, in
addition to being used as TE materials, conjugated polymers can
simultaneously serve as solar absorbers, thereby simplifying the
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device architecture and lowering the coupling losses. Recently, a
polymer-based solar TEG device was demonstrated for the first
time. In the case of two sun illumination, a 50K temperature gradi-
ent is established between the illuminated side and the unillumi-
nated side of a PEDOT:PSS film and finally such kind of a proof-of-
concept device could output 180 nW from 6 legs when driven by
two suns [261,262]. These advances show huge potential that re-
searchers will devote more efforts to develop next-generation con-
jugated polymers simultaneously capturing solar energy and con-
verting it into electricity.

Besides, the thermoelectrics community is looking into other
emerging applications for TE materials, such as triboelectric-
thermoelectric hybrid nanogenerators where both mechanical en-
ergy and thermal energy (produced by friction) could be har-
vested [263], thermoelectric papers [264], etc. Hereby, rather than
try to report the literature comprehensively, we showcased in
the review several most striking applications of TE polymers,
and for readers’ further interests, we recommend a most recent
review summarizing the emerging applications of TE polymers
[265].
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6. Conclusions and Outlook

In the past few decades, especially in the preceding decade,
commendable progress has been made in the field of TE polymers.
In this review, we offered a summary of molecular designing prin-
ciples of TE polymers by reviewing the most promising state-of-
the-art polymers, as well as insights into power factor improve-
ment strategies beyond molecular design, especially the method-
ologies of decoupling the electrical conductivity and Seebeck co-
efficient of TE polymers. We've also showcased some of the most
relevant potential applications for TE polymers that appear achiev-
able with current performance levels. Particularly, the cost of poly-
meric TE materials is significantly lower than that of their inor-
ganic counterparts. Today, the price of 25g high-conductivity PE-
DOT:PSS solution is less than 200 $ (Sigma-Aldrich), which can be
utilized to fabricate thermoelectric films over large areas by so-
lution processing under room temperature. By contrast, 25g Bis-
muth(Ill) telluride powder costs as high as over 300 $ (Sigma-
Aldrich). Moreover, for inorganic TE materials, much higher man-
ufacturing cost should also be taken into consideration. Although
it is a fact that thermoelectrics will never outperform steam en-
gines in the terms of energy conversion efficiency [266], with the
future rapid advancements of science and technology, there is hope
that TE polymers could be widely used in ever-present sensor net-
works, self-powered IoT, wearable electronics, smart clothes, and
in the long-term potentially a wider range of applications for con-
verting otherwise waste low-grade heat into useful electricity. Be-
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fore, however the TE polymers can be utilized in such applications,
the organic electrics community needs to overcome a number of
obstacles and challenges.

First, the performance of TE polymers, especially the n-type
polymers, is still far from satisfactory. There is still a large space
for further enhancement of both electrical conductivity and See-
beck coefficient. Another long-lasting challenge for TE polymers
has been their poor stability, including both air stability and op-
erational stability [267,268], especially for the n-doped polymers.
Upon exposure to ambient, the charge-carrying electrons are sus-
ceptible to being quenched by the redox interaction with oxy-
gen and water, resulting in a rapid loss of their TE performance.
The inherently poor stability of most n-type polymers is the ma-
jor barrier. Deepening the LUMO level of n-type polymers is an
effective strategy to enhance air stability. Recently, replacing the
imide oxygen of a PNDI-based polymer with sulfur, the thion-
ation, reduced the LUMO of the polymer by 0.2 eV leading to
better conductivity and a significantly improved air stability. The
thionated polymer exhibited a decrease in electrical conductiv-
ity of less than 2 times after 16h of exposure to the ambient,
whereas the reference polymer showed a drop of 3 orders of mag-
nitude after only 1h of exposure [269]. More recently, dichloro-
substitution of the electron-deficient BDOPV and copolymerization
with weak donor dichlorodithienylethene (CITVT) yielded a highly
conductive (16.1 S cm~!) n-type donor-acceptor copolymer PCIC-
ITVT showing remarkably high air stability, with 4.9 S cm~! being
recorded after storing in ambient for over 200 days [270]. Besides,



S. Wang, G. Zuo, J. Kim et al.

thermally assisted de-doping effect is a severe concern for doped
polymers during high-temperature operations. In this regard, self-
capsulation effect can be utilized to improve air-stability of poly-
mers. Thus, developing stable n-type polymers with low LUMO
and stable n-dopants are pressing necessities in the field of TE
polymers.

In spite of the existence of the aforementioned challenges,
conjugated polymers are now intensively studied as TE materi-
als as a result of their advantages such as mechanical flexibility,
stretchability and large-area fabrication at much lower cost, etc.
It can be foreseen that with the help of a better understanding
of molecular-structure relationship and the further advances of or-
ganic synthesis, materials processing, better comprehension of the
relevant thermoelectric physics and device engineering, significant
progress will be achieved by the scientific community in the years
to come.
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Abbreviations

BBL, poly(benzimidazobenzophenanthroline); BBT, Benzo[1,2-
c;4,5-c'|bisthiadiazole; BMP TESI, 1-butyl-1- methylpyrrolidinium
bis(trifluoromethylsulfonyl)imide; B<«-N, Boron-Nitrogen coordi-
nation; BT, benzothiadiazole; BVO, neutral benzyl viologen; BV '+,
benzyl viologen radical cation; CDT, cyclopentadithiophene; CITVT,
dichlorodithienylethene; DPP, diketopyrrolopyrrole; D-A, donor-
acceptor; DBN,1,5-Diazabicyclo [4.3.0] non-5-ene; DMSO, dimethyl
sulfoxide; DMImC, 1,3-dime- thylimidazolium-2-carboxylate;
DOS, density of states; DTzTI, imide-functionalized thiazole;
EDOT, 3,4-ethylenedioxythiophene; EG, ethylene glycol; EMIMBF,,
1-ethyl-3-methylimidazolium tetrafluoroborate; F4TCNQ, 2,3,5,6-
Tetrafluoro-7,7,8,8-tetracyanoquinodimethane; Fe(TFSI)3, ferric salt
with triflimide anion; FTS, (tride-cafluoro-1,1,2,2,-tetrahydrooctyl)-
trichlorosilane; GIWAXS, Grazing-Incidence Wide-Angle X-ray
Scattering; H,SOy4, Sulfuric acid; HOMO, Highest Occupied Molec-
ular Orbital; IE, ionization energy; IL, ionic liquid; kMC, kinetic
Monte Carlo; LUMO, Lowest Unoccupied Molecular Orbital; Mw,
molecular weight; MIECs, mixed ionic-electronic conductors;
Na,S03, sodium sulfite; NaBH4, sodium borohydride; N-DMBI,
4-(1,3-dimethyl-2,3-dihydro-1H-benzoimidazol-2-yl)phenyl; NDTI,
naphtho[2,3-b:6,7-b’|-dithiophenediimide; NHCs, N-heterocyclic
carbenes; NOPF6, nitrosonium hexafluorophosphate; OCL, ori-
entation correlation lift; OFETs, organic field-effect transistors;
OTE, organic thermoelectric; OSC, organic semiconductor; OSCs,
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organic solar cells; P37S, poly(3-heptylselenophene); P3HT, poly(3-
heylthiophene); P3RSe, poly(3-alkylselenophene); P3RT, poly(3-
alkylthiophene); P3RTe, Poly(3-alkyltellurophene); PA, Polyacety-
lene; PBTTT, poly(2,5-bis(thiophen-2-yl)thieno-[3,2-b]thiophene);
PDI, polydispersity; PEDOT, poly(3,4-ethylenedioxythiophene);
PEO, poly(ethylene oxide); PF, power factor; PV, photovoltaics;
P(NDI20OD-T2), poly((N,N’-bis(2-octyldodecyl)-naphthalene-1,4,5,8-
bis(dicarboximide)-2,6-diyl)-alt-5,5'~(2,20-  bithiophene)); PNDI,
polynaphthalenediimide; PPV, poly(p-phenylenevinylene); PQT,
poly(3,3’-dialkyl-quaterthiophene); PSS, poly(styrenesulfonate);
PT, pyridinethiadiazole; p(g42T-T), bithiophene-thienothiophene
copolymer with tetraethylene glycol side chains; PU, polyurethane;
GOPS, glycidoxypropyl trimethoxysilane; RI, regioirregular;
SOMO, singly occupied molecular orbital; RSoXs, resonant
soft x-ray scattering; T2, bithiophene; TAM, trisaminomethane

derivative; TBAF, tetrabutylammonium fluoride; TBD, 1,5,7-
Triazabicyclo [4.4.0] dec-5-ene; TCB, 1,3,5-trichlorobenzene;
TDAE, tetrakis(dimethylamino)ethylene; TE, thermoelectric;

TEG, triethylene glycol; TEGs, thermoelectric generators; TSA,
p-toluenesulfonic acid monohydrate; Tos, tosylate; TPT, meta-
substituted monomer 1,3-bis(2-thienyl) benzene; Tz2, bithiazole;
WPU, water borne polyurethane.
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