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The growing need for renewable energy sources has led to increased interest in organic thermoelectric
(OTE) materials, which are mechanically flexible, cost-effective to process, and capable of converting
thermal energy into electricity. Although p-type OTEs have shown promising efficiency, the
development of n-type OTEs has not kept pace with their p-type counterparts in terms of performance,

Received 13th January 2025,
Accepted 15th April 2025

highlighting the need for additional research and innovation. This review outlines the basic principles
and molecular design strategies for n-type OTEs. It then examines side-chain engineering in-depth,

DOI: 10.1039/d5mh00067j underscoring the complementary effects of backbone and side-chain modifications. Lastly, it discusses

the challenges and future directions in developing n-type OTEs to inform the design strategies for these

rsc.li/materials-horizons materials.

Wider impact

The side chains of conjugated macromolecules typically have insulating properties and do not conduct electrical charges. However, these side chains play a
crucial role in solution-based processing, essential for the cost-effective and large-scale production of organic electronic devices. Side-chain engineering plays a
vital role in influencing the performance of various electronic devices. This review summarizes recent advancements in the side-chain engineering of
conjugated molecules specifically for n-type organic thermoelectrics. It explores how side chain characteristics—such as polarity, length, and spatial
arrangement—affect molecular packing, charge carrier doping, intermolecular electrostatic forces, and overall thermoelectric efficiency. Particular attention
is given to the role of ethylene glycol-like side chains. The insights from this review are applicable beyond organic thermoelectrics, providing valuable
information for various electronic systems that utilize the doped configurations of conjugated molecules, including organic electrochemical transistors,
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electrochromic systems, and energy storage devices.

1. Introduction

Thermoelectric (TE) materials are used to directly convert
thermal energy into electrical energy and have gained signifi-
cant attention in recent years due to the increasing interest in
renewable energy.'™ Organic thermoelectric (OTE) materials
offer light weight,” flexibility,”” low cost,® non-toxicity,” and
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easy and scalable fabrication,'® with broad applications in

energy harvesting,”* temperature sensing," solid-state cooling,"?
and portable and wearable electric generating devices.'* In recent
decades, substantial efforts have been made to enhance the
performance of OTE materials and to gain a deeper understanding
of their fundamental physical properties. This has also led to a
better comprehension of the working principles and physical
processes of OTE devices, triggering a new wave of research into
OTE materials.

The fundamental principles that govern the performance of
thermoelectric materials are based on the Seebeck effect."”™”
This effect occurs when charge carriers move from the hot end of a
material to the cold end. This movement creates an uneven
distribution of charge carriers, which generates electricity in the
form of a potential difference and an electric current within the
material. The efficiency of thermoelectric materials is typi-
cally assessed using the dimensionless figure of merit (Z7). This
evaluation involves three key parameters: the Seebeck coeffi-
cient (S), electrical conductivity (¢), and thermal conductivity ().
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The formula for ZT is expressed as ZT = S°o'T/k, where T represents
the absolute temperature.’®'® Due to organic materials’ intrinsic
low thermal conductivities,?® the power factor (PF = $%5) is another
metric used to evaluate their thermoelectric performance. This is
especially useful when measuring « is complicated or when x does
not change considerably as the other parameters are optimized.
In recent years, we have witnessed significant advancements
in organic semiconductor materials for thermoelectrics, driven
by a well-developed synthetic toolbox, key building blocks, and
optoelectronic materials.>’>® However, research in this area
predominantly focuses on p-type OTE materials. One of the
most effective strategies for optimizing p-type materials is the
design and implementation of polymeric multi-heterojunctions.
This approach significantly enhances interfacial phonon-like scat-
tering, effectively reducing thermal conductivity while ensuring
efficient charge transport. As a result, this leads to a remarkable
improvement in thermoelectric performance, achieving a ZT value
of 1.28 at 368 K.*” The progress in developing n-type OTE materials
lags far behind the p-type counterparts.>® Another well-known
p-type material is PEDOT:PSS, which demonstrates high con-
ductivity exceeding 1000 S cm ™" after appropriate treatment.>*>"
Due to the tunable electronic properties of PEDOT:PSS, recent
studies have enhanced the thermoelectric performance of
flexible PEDOT:PSS fibers by combining them with 1-ethyl-3-
methylimidazolium dichloroacetate (EMIM:DCA) and applying
subsequent post-treatments with H,SO, and NaBH,, or by
employing a triple post-treatment involving H,SO,, NaBH,, and
EMIM:DCA.>*** Additionally, the assembled devices exhibited
notable output power density, highlighting the potential for
sustainable, self-powered wearable electronic applications.
Generally, a complete OTE device requires both p-type and
n-type thermoelectric materials with high and comparable
performance. However, the development of these materials
has been imbalanced, with more focus being directed toward
the more challenging n-type OTE materials. Fig. 1(a) shows the
trend of maximum power factor (PF,,,,) of n-type materials as a
function of publication year. Significant advancements in the
PFmax of n-type thermoelectric materials have been observed
over the last decade, driven by increasing research efforts. Prior
to 2022, only a limited number of materials achieved a PF,,x of
100 pW m ' K%, while an increasing number of studies have
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reported PF,, values exceeding 100 uW m~' K> in recent
years, indicating notable progress in the field. The conjugated
backbone of these materials plays a crucial role in determining
their electronic properties and has led to various molecular
design strategies to improve n-type OTE materials, particularly
through modifications to the backbone structure. These stra-
tegies include halogen substitution to lower the LUMO level,**
embedding sp>N*® or conformational locking®® to achieve a
planar backbone, exploring acceptor-acceptor (A-A) rather than
donor-acceptor (D-A) type backbones,®” designing fully fused
acceptor type polycyclic polymers®® and developing novel
block units.

Extensive research has focused on backbone engineering to
design n-type OTE materials that enhance charge mobility and
achieve high electrical conductivity.>”***® As shown in Table 1,
side-chain engineering is also crucial, as it influences key
properties of OTE materials, including solubility, compatibility
with dopants, molecular packing, and thin film morphology.*'~**
These factors have a significant impact on the overall performance
of OTE materials. To the best of our knowledge, there is a scarcity
of well-structured reviews addressing how side-chain engineering
impacts the overall performance of n-type OTE materials. This
review discusses how the design of side chain molecules affects
the properties and performance of n-type organic thermoelec-
tric materials. Firstly, we briefly discuss fundamental concepts
and molecular design strategies for n-type OTE materials.
We summarize the details of side-chain engineering in n-type
OTE materials and demonstrate how a versatile synthetic tool-
box can tune various parameters of these materials. Finally, we
discuss the current challenges and priorities for future side-
chain development.

2. Molecular design considerations for
n-type organic thermoelectrics
2.1 Doping principle of n-type molecular doping

Maximizing the Seebeck coefficient and electrical conductivity
is essential to achieve high TE performance in organic semi-
conductors. However, enhancing both the S and ¢ simulta-
neously in doped organic semiconductors is challenging.’
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Fig. 1 (a) Power factor of n-type thermoelectrics collected from literature vs. year of publication. (b) Absolute Seebeck coefficient and (c) power factor
as a function of electrical conductivity showing a universal trend (the majority of the data exhibited a strong correlation with a 95% prediction band
derived from the existing dataset). Table S1 (ESI) with the used literature references can be found in the supporting information.
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Table 1 Thermoelectric properties of side-chain-engineered materials
Materials Dopant Gmax (S cm ™) PFrax (MWW m ™' K?) Ref.
Alkyl side chains
PNDTI-BBT-DT N-DMBI 0.18 0.6 45
PNDTI-BBT-DP N-DMBI 5.0 14.2 45
PNB N-DMBI 0.011 0.3 46
PNB-Tz N-DMBI 0.87 9.9 46
pNB-TzDP N-DMBI 11.6 53.4 46
PNDI2T-1 N-DMBI 0.055 0.45 47
PNDI2T-2 N-DMBI 0.0022 0.00081 47
PNDI2T-1 TAM 0.061 0.33 47
PNDI2T-2 TAM 0.0012 0.0086 47
TBDOPV-2T-118 N-DMBI 0.11 0.76 48
TBDOPV-2T-318 N-DMBI 1.7 ~5.7 48
TBDOPV-2T-518 N-DMBI 8.5 23.8 48
PCBM N-DMBI 0.0116 — 42
N2200 N-DMBI 0.00086 0.01 49
Polar OEG side chains
PTEG-1 N-DMBI 2.05 16.7 42
PDEG-1 N-DMBI 1.49 9.18 50
PTeEG-1 N-DMBI 2.27 23.1 50
PPEG-1 N-DMBI 1.38 9.76 50
PTEG-2 N-DMBI 8.3 41 23
TEG-N2200 N-DMBI 0.17 0.4 49
PO8 N-DMBI 18.1 14.7 51
PO12 N-DMBI 92.0 94.3 51
PO16 N-DMBI 43.5 62.1 51
P-30 N-DMBI 9 15.3 52
P-60 N-DMBI 3.3 4.3 52
P-B30 N-DMBI 0.03 0.15 52
PNDI2TEG-2Tz N-DMBI 1.36 3.8 53
Amphipathic side chains
PNDI2CgTEG-2Tz N-DMBI 1.6 16.5 53
PNDI-20-Tz N-DMBI 0.63 11.3 54
PNDI-40-Tz N-DMBI 2.76 28.4 54
PNDI-80-Tz N-DMBI 2.97 26.2 54
OEG side chains and backbone modulation
PBTI-TEG N-DMBI 0.2 1.5 55
PDIZTI-TEG N-DMBI 34 15.7 55
f-BSeI2TEG-T N-DMBI 11.0 8.8 56
f-BSeI2TEG-FT N-DMBI 103.5 70.1 56
PDTzTI-T N-DMBI 73.9 32.4 57
PDTzTI-Se N-DMBI 98.0 34.6 57
PDTzSI-T N-DMBI 62.0 16.7 57
PDTzSI-Se N-DMBI 164 49 57
f-BTI2g-TVT N-DMBI (Au nanoparticles catalysts) 0.00053 — 34
f-BTI2g-TVTF N-DMBI (Au nanoparticles catalysts) 19.6 64.2 34
f-BTI2g-TVTCI N-DMBI (Au nanoparticles catalysts) 7.0 20.2 34
n-PT3 N-DMBI 113.8 110.0 58
n-PT4 N-DMBI 133.3 100.6 58
P-0 N-DMBI 0.012 0.002 59
P-50 N-DMBI 0.76 0.29 59
P-75 N-DMBI 12 13.2 59
As derived by Fritzsche,'® the S is described as: Then the Seebeck coefficient can be given by:
1
_ ke JE Er o(E) | ) S =———(Er — Ey) (3)

where kg is Boltzmann constant, g is elementary charge, and
o(E) is the conductivity distribution function. The charge-

kBT ag

transport level is defined as:

ET:[E

o(E)
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As implied by eqn (3), the S is determined by the energy
difference between the Fermi level (Ex) and the charge-
transport level (Er). Generally, when more charges are gener-
ated through molecular doping, the Er shifts closer to the Er,
decreasing the absolute value of S. On the other hand, both S
and ¢ are intrinsically linked to the charge-carrier density, the S
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decreases with charge-carrier density and is given by:*°

Lo

where p is charge-carrier density, m* is effective mass, and % is
Planck constant. While the electrical conductivity increases
with charge-carrier density, as described by the equation:

o Snzkgzm
T 3gh?

o = nug (5)

where n (in em™?) is the charge carrier density and u (in
em”® V' s71) is the charge carrier mobility. This trade-off is
commonly described by an empirical law of S oc ¢~ %%, imply-
ing that PF increases with ¢ according to PF oc ¢°°.°" And as
such, most efforts have focused on increasing electric conduc-
tivity to achieve a large power factor.”>°>® Fig. 1(b) and (c)
show the evolution of the S and PF as a function of conductivity
across a broad range of materials compiled from the literature
over the past decade, reconfirming the universal trend. However,
some studies reported that certain materials deviated from these
empirical laws,>®46463
molecular order, polaron extension, the changes in chemical
nature of side chains and doping-induced changes to density
of state (DOS). These observations reveal a more complex
interdependence than can be explained by empirical models,
highlighting the possibility of developing new strategies to
simultaneously enhance both electrical conductivity and the
Seebeck coefficient. As displayed by eqn (5), the electrical
conductivity of doped organic semiconductors is influenced
by both charge carrier density and charge carrier mobility ().

with proposed explanations including

a ICT

U MO —
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Consequently, to develop high-performance n-type OTE materi-
als, it is essential to achieve high electron mobility and effective
n-type doping.>>®® Therefore, increased focus on molecular
doping and the mechanisms of charge carrier transport is
necessary.

Taking typical n-type doping as an example, the molecular
doping process can be divided into three steps.®”"°® First, n-type
organic semiconductors and dopants are mixed through vapor
or solution doping. This mixing requires the dopant molecules
to disperse and closely interact with the organic semiconduc-
tors to facilitate charge transfer. Second, the electrons from the
highest occupied molecular orbital (HOMO) or singly occupied
molecular orbital (SOMO) of the dopants transfer to the lowest
unoccupied molecular orbital (LUMO) of the organic semi-
conductors (Fig. 2(a)). This transfer generates ionized species
via integer charge transfer (ICT) or partial charge transfer,
which, through molecular orbital hybridization, forms a charge
transfer complex (CTC).**’® The LUMO of organic semiconduc-
tors should be sufficiently deep to ensure that the electron
affinity (EA) of the semiconductor is equal to or greater than the
ionization energy (IE) of the dopant in the case of ICT.
In contrast, the formation of CTC does not require such energy
level alignment. The resulting ionized species, radical anions
(polaron/bipolaron), are neutralized by surrounding counter-
ions through Coulombic interactions,”" meaning they cannot
directly contribute to the free charge carriers (Fig. 2(b)). Third,
free charge carriers are generated when ionized species dis-
sociate from their dopant counterions. This dissociation is
strongly influenced by the energetic landscape and electrostatic
interactions, leading to a nonlinear variation in conductivity as

CTC
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Fig. 2 Schematic representation of the n-doping mechanism and processes: (a) ICT mechanism and partial charge transfer mechanism via the
formation of CTC, (b) illustration of doping processes (green circles represent dopants and yellow lines represent polymers).
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the doping level increases. At low doping levels, dissociation is
primarily determined by the Coulomb binding energy between
the polaron and dopant, resulting in high dissociation efficiency.
Due to trap-filling,”* conductivity increases superlinearly. At inter-
mediate doping levels, the polaron escapes the Coulomb radius
of one counterion but is captured by another, which reduces
dissociation efficiency and generates fewer free carriers. Conse-
quently, conductivity increases moderately. At very high doping
levels, the Coulomb radius of counterions overlaps, leading to
electrostatic screening. In this case, the carrier-dopant interaction
weakens, facilitating carrier mobility.”! However, with more car-
riers generated, carrier—-carrier repulsion becomes non-negligible,
which reduces conductivity.”>’* Additionally, morphological
degradation caused by excessive dopants also decreases conduc-
tivity at high doping concentrations.””> Here, we emphasize the
weakening effect of a high dielectric constant on Coulomb inter-
actions, which leads to an increase in free carriers. Fig. 3(a) shows
the chemical structures of n-type dopants mentioned in this
review.

2.2 Strategies to enhance the host/dopant miscibility

Despite significant advancements in organic semiconductors
with high electron mobility, achieving high electrical conduc-
tivity in n-type doped materials is not guaranteed when the
doping efficiency is low. For high doping efficiency, the organic
semiconductor must have good miscibility with the dopant.
This allows for close contact and facilitates effective charge
transfer. Typically, organic semiconductors with high electron
mobility exhibit tight n-n stacking and high crystallinity. How-
ever, these characteristics can impede the diffusion of dopants,
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leading to the segregation of dopants from the organic
semiconductors.”®””

In the past few years, various molecular design strategies
have been proposed, focusing on both the side chains and the
conjugated backbone of materials to address the issue of
miscibility. Side-chain engineering involves polar ethylene
glycol-type side chains and changing branching positions
within alkyl chains. This topic will be discussed in more detail
in the next section. On the other hand, conjugated backbone
engineering primarily aims to create space for accommodating
dopant molecules, which helps improve miscibility and
increase doping efficiency. For example, in BDPPV derivatives
reported by Pei (Fig. 3(b)),’® TBDPPV and TBDOPV-T with
amorphous microstructures exhibited improved host-dopant
miscibility compared with the TBDOPV-2T, which features rigid
planar backbones and ordered microstructures. Perry et al.
reported a DPP-based D-A conjugated polymer, P(BTP-DPP),
with a non-planar donor block.” This polymer achieved a high
electrical conductivity of 0.45 S cm™ " after sequential doping.
The non-planar structure of the donor component in the back-
bone creates space that enhances its miscibility with extrinsic
dopant molecules. Sommer et al. demonstrated improved host-
dopant miscibility using an NDI-2T copolymer incorporating
“kinked”” monomers.®® This design creates free space at bound-
aries, allowing for better accommodation of dopant molecules
within the matrix of conjugated polymers.

2.3 Strategies to enhance electron transfer

The energetics of the host and dopant molecules play a crucial
role in determining the doping reaction.®* Over the past decade,
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Fig. 3 (a) Chemical structures of n-type dopants mentioned in this review. (b) chemical structures of a selection of polymers mentioned in Section 2.
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significant efforts have been focused on developing n-type OTE
materials with deep LUMO levels through backbone engi-
neering.®® For instance, partially thionating the naphthalene
diimide (NDI) unit in NDI-based copolymers, such as PNDIT2,
leads to a notable decrease in the LUMO energy level, changing
from —3.75 eV in PNDIT2 to —3.96 eV in the modified
polymer.®* By replacing bithiophene in PNDIT2 with the more
electron-deficient bithiazole, the LUMO energy level of the
resulting polymer, PNDI20OD-Tz2, was lowered to —4.10 eV.
After n-type doping with TDAE vapor, the electrical conductivity
of PNDI2OD-Tz2 was enhanced to 0.1 S cm™ ", representing a
more than 30-fold increase compared with PNDIT2.** This
substantial improvement was attributed to its higher doping
efficiency and enhanced backbone planarity. Halogen atom
substitutions in conjugated polymers have been a facile way
to modulate the LUMO energy levels and charge mobilities.®*
For instance, in BDPPV derivatives, compared with pristine
BDPPV (—4.01 eV), chloride (Cl)- and fluorine (F)-substituted
derivatives, CIBDPPV and FBDPPV exhibited deeper LUMO
energy levels of —4.17 eV and —4.30 eV, respectively. Notably,
FBDPPV demonstrated the highest electrical conductivity of
14 S cm ™' and a power factor of 28 pW m™" K~ after n-type
doping. This exceptional TE performance was attributed to its
deep LUMO energy level, high doping efficiency, and high
electron mobility.

2.4 Strategies to enhance the dissociation of charge-ion pairs

The free charges contributing to the charge transport are gene-
rated by dissociating charge-ion pairs formed by the ITC and
CTC processes. The efficiency of this dissociation is affected by
multiple factors, including the frontier energy levels,®® the
types of counterions,®” and energetic disorder.®® Therefore,
meticulous molecular designs have been proposed to enhance
the charge dissociation of n-doped organic materials. For
example, Fabiano and co-workers reported that fully acceptor-
fused ladder-type conjugated polymers, such as polybenzimi-
dazobenzophenanthroline (BBL), exhibited higher TE performance
after n-type doping, compared with the traditional benchmark
n-type D-A conjugated polymer N2200.>® This was attributed to
the linear and torsion-free ladder backbones of BBL, enabling more
extensive delocalization of charge carriers. Following this design
concept, highly n-doped TE materials with fully fused conjugated
backbones, such as poly(p-phenylenevinylene) derivatives (LPPV),*
naphthalene-naphthalene (N-N),*° and poly(benzodifurandione)
(PBFDO),*® were developed and achieved high TE performance.
Koster and co-workers conducted a comparative study on
vapor doping of two n-type conjugated polymers: a twisted D-A
type copolymer N2200 and a planar A-A type copolymer
PDTZTL.’® The doped N2200 film exhibited inefficient free
charge generation, poor charge transport, and a low power
factor of 0.06 yW m ' K 2 In contrast, the doped PDTZTI
significantly enhanced free charge generation and transport,
resulting in a remarkable conductivity of 4.6 S cm™' and a
power factor of 7.6 yW m™~" K. This study suggests that OTE
materials with enhanced molecular planarity, dense molecular
packing, and an A-A character promote two-dimensional
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charge delocalization and facilitate charges escaping from the
Coulomb interaction.”*

2.5 Strategies to improve the charge transport pathway

In n-doped conjugated materials, the delocalization of polarons
is a crucial parameter dictating intrachain/interchain charge
transport.>” However, most high-performance n-type conju-
gated polymers possess D-A structures with substantial torsion
angles between the donor and acceptor building blocks. Both
theoretical and experimental studies have demonstrated that
the HOMO and LUMO orbital coefficients of most twist-
backbone D-A polymers are localized on the donor and accep-
tor fragments, respectively.’’> Consequently, this localization
of the orbital coefficients leads to the localization of polarons
within the backbone, potentially impeding intrachain trans-
port. On the other hand, the interchain transport of carriers is
strongly affected by the morphology and microstructure of the
film state. Backbone planarity is a crucial factor dictating the
conformation of polymer chains in both solution and solid
states. Therefore, to optimize n-doping, conjugated polymers
should be tailored to exhibit extended polaron delocalization in
the charged states, necessitating an exceptionally planar back-
bone structure. Currently, one effective molecular design strat-
egy is to develop building blocks and modify the backbone to
reduce the intermolecular torsion angle through backbone
chemistry, such as embedding sp>N**> or conformational
locking.?® This approach achieves a high degree of coplanarity,
which in turn improves charge mobility. In addition, side
chains can influence film morphology and microstructures,**
which affect the charge transport of conjugated polymers.

3. Side-chain engineering for n-type
organic thermoelectrics
3.1 Alkyl side chains

Generally, alkyl chains are widely incorporated into m-conju-
gated polymers to modulate their solubility.”> °> This is essen-
tial for solution processing of conjugated polymers, which
typically have rigid backbones and compact n-r stacking inter-
actions. Due to the rigid backbone, conjugated polymers exhibit
structural stability and unique electronic properties, yet the
rigidity also tends to decrease their solubility in common organic
solvents. The incorporation of flexible alkyl chains aids in increas-
ing the solubility of conjugated polymers by introducing hydro-
phobic interactions, which disrupt the tight n-n stacking and
increase the spacing between polymer chains.*””® It allows for
easier processing of conjugated polymers into thin films through
solution-based techniques such as spin-coating, dip-coating, or
printing.

The side chains also affect backbone conformation®® and
interchain interactions,”” which are crucial in influencing film
morphology and microstructures, ultimately profoundly impac-
ting charge transport. Typically, branched alkyl chains offer
advantages in solubilization over linear alkyl chains. None-
theless, the branched alkyl chain creates a steric hindrance

This journal is © The Royal Society of Chemistry 2025
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for the conjugated backbone,*” potentially affecting the n-n
stacking and molecular packing. Therefore, tuning the position
of the branching point in branched alkyl chains significantly
influences the properties of the polymers,*>*®°® such as crystal-
linity, degree of disorder in thin film, and polymer packing
orientation, ultimately affecting the device performance.

In 2017, Takimiya et al. varied branching positions to synthe-
size two n-type conjugated polymers, PNDTI-BBT-DP and PNDTI-
BBT-DT,*® which are composed of naphtho[2,3-b:6,7-b']dithio-
phenediimide (NDTI) and benzo[1,2-c:4,5-¢']-bis[1,2,5]thiadi-
azole (BBT) units (Fig. 4(a)). PNDTI-BBT-DP features a branched
3-decylpentadecyl side chain, while PNDTI-BBT-DT has a

(Out-of-plane XRD patterns)
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branched 2-decyltetradecyl side chain. The branching point,
positioned away from the backbone, improves molecular packing
and increases crystallinity in pristine and doped films. This
enhancement plays a crucial role in facilitating charge transport,
as it helps prevent damage to the crystalline domain caused by
the dopant and preserves the orderly morphology of the film.
After doping with N-DMBI, the conductivities of PNDTI-BBT-DP
and PNDTI-BBT-DT reached values of 5.0 Scm™* and 0.18 S cm ™,
respectively. The corresponding power factors for these materials
were 14.2 pfW m ™' K> and 0.6 yW m™ ' K 2.

To address the steric hindrance caused by the branched side
chain, Zhang et al. proposed a new strategy to enhance the
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(a) Molecular designing concept of PNDTI-BBT-DT and PNDTI-BBT-DP. Adapted with permission from ref. 45. Copyright 2017 American

Chemical Society. (b) Concept diagram of the side chain design for pNB, pNB-Tz, and pNB-TzDP. (c) GIWAXS patterns of pNB, pNB-Tz, and pNB-TzDP
films and corresponding cartoon representations of backbone orientations. Adapted with permission from ref. 46. Copyright 2020 Wang et al. under the
terms of the Creative Commons CC-BY license. (d) Cartoon representations of buffer chain model. (e) GIWAXS images of TBDOPV-2T-118, TBDOPV-2T-
318, and TBDOPV-2T-518 films. Adapted with permission from ref. 48. Copyright 2024 Wiley-VCH GmbH. (f) Schematic representation of the proposed
molecular packing models of FABDPPV polymers. (g) Electrical conductivities of TAM-doped FABDPPV polymers as a function of dopant fraction.

Adapted with permission from ref. 98. Copyright 2022 Wiley-VCH GmbH.
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thermoelectric performance of n-doped naphthalene diimide
(NDI)-based conjugated polymers.*” This strategy involves
replacing one of the branched side chains with a linear alkyl
chain in each NDI unit. The conjugated polymer PNDI2T-1,
which has one linear and one branched alkyl chain in each NDI
unit, showed superior electrical conductivity and a higher
power factor than PNDI2T-2. Both polymers have the same
conjugated backbone, but PNDI2T-2 features two branched side
chains, and these comparisons were made under the same
conditions. The improved thermoelectric performance of the
doped PNDI2T-1 films is due to enhanced charge mobility
and a higher degree of doping after altering side chains. The
packing orientation of conjugated polymers significantly
affects charge transport, which can also be modulated by the
branching points of the side chains.”>'% Takimiya and Wang
reported three n-type copolymers, pNB, pNB-Tz, and pNB-
TzDP,*® which consist of naphthodithiophenediimide (NDTI)
and bithiopheneimide (BTI) units, via direct arylation polymer-
ization. Incorporating thiazole units into the polymer backbone
and adjusting the branching point of the side chain led to
different backbone orientations (see Fig. 4(b)). The polymer
pNB, which contains a 2-decyltetradecyl side chain with just
one carbon atom between the branch point and the backbone,
displayed a face-on orientation with low electron mobility. In
contrast, pNB-Tz features 2-decyltetradecyl side chains and
includes thiazole units to improve backbone planarity. This
resulted in an edge-on orientation with enhanced electron
mobility. For pNB-TzDP, the backbone orientation changed
significantly, exhibiting a bimodal orientation due to the addi-
tion of thiazole units and a 3-decylpentadecyl side chain. X-ray
scattering indicated that both the film morphology and the
polymer stacking of pNB-TzDP remained unchanged after dop-
ing (see Fig. 4(c)). When the dopant ratio reached 50 mol%, the
lamellar packing distance of pNB-Tz increased slightly from
21.2 A to 22.1 A (see Fig. 4(c)). However, at lower doping
concentrations, the morphology of pNB changed considerably,
with the lamellar packing distance increasing notably from
24.9 A to 27.2 A (see Fig. 4(c)). The dopant had minimal impact
on the polymer packing of pNB-TzDP, primarily due to its larger
lamellar spacing compared with pNB and pNB-Tz. Among all
the materials studied, pNB-TzDP exhibited the highest electri-
cal conductivity of up to 11.6 S cm ™" and a power factor of up to
53.4 yW m~' K> This outstanding thermoelectric perfor-
mance can be attributed to the bimodal orientation of pNB-
TzDP, which creates three-dimensional conduction channels
and facilitates better incorporation of dopants.

Intense crystallization of the side chains may impede the
orderly n-r stacking of the conjugated backbones or disrupt the
planarity of the conjugated structure. To better understand how
branch side chains impact the packing models in semicrystal-
line conjugated polymers, Pei et al. recently proposed a buffer
chain model to describe the competition in crystallization
between conductive conjugated backbones and insulating side
chains (Fig. 4(d)).*® In this model, the buffer chain links
the backbones and branch side chains, which mitigates their
mutual restriction and provides a sufficiently free environment
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for them to crystallize separately and form ordered stacking.
Three thiophene-based TBDOPV conjugated polymers, named
TBDOPV-2T-118, TBDOPV-2T-318, and TBDOPV-2T-518, have
the same semicrystalline conjugated backbone but feature
different branch side chains. These polymers feature ethylene,
butylene, and hexylene groups as buffer chains, which exhibit
distinct molecular packing characteristics. Moving the branch-
ing point of the alkyl chain away from the backbone did not
significantly decrease the n-n distance. The polymer TBDOPV-
2T-518 exhibited higher-order diffraction signals along the Q,
direction up to the distinguishable (600) peak, a more con-
siderable crystalline coherence length (CCL), and a significant
reduction in n-n stacking paracrystalline disorder (Fig. 4(e)).
As a result, N-DMBI-doped TBDOPV-2T-518 achieved the high-
est n-type conductivity of up to 8.5 S cm ', along with the
highest power factor of 23.8 yW m™* K2,

Pei et al. reported a strategy to achieve efficient charge-transport
and improve doping miscibility in n-doped conjugated polymers
by moving the branching point far away from the conjugated
backbone.”® Three conjugated polymers, F,BDPPV-120, F,BDPPV-
318, and F,BDPPV-516, based on a tetrafluorinated benzodi-
furandione-based poly(p-phenylene vinylene) (F,BDPPV) back-
bone, with different branched alkyl chains resulting from moving
the branching point away from the conjugated backbone: 2-icosyl-
docosyl, 4-octadecyldocosyl, and 6-hexadecyldocosyl (Fig. 4(f)).
Upon molecular doping, the side chain with a more distant
branching point provides additional space for accommodating
extrinsic dopants, without disrupting the original packing of
the conjugated backbone or the charge transport channels.
Consequently, improved morphology and stable, higher con-
ductivity under overloading dopant are achieved in F,BDPPV-
516, which exhibited the maximal conductivity of 5.3 S ecm™* at
45 mol% TAM doped, when the other two polymers showed
declined conductivities (Fig. 4(g)). This work demonstrated that
the molecular interactions between polymer side-chain and
dopants can be controlled by the branch point of the side-
chain, realizing effective n-doping without sacrificing the inter-
chain n-m stacking. Fig. 5 lists the chemical structures of the
mentioned polymers featuring alkyl side chains.

3.2 Oligo (ethylene glycol) (OEG)-based side-chain
engineering

3.2.1 Polar linear OEG side chains. As discussed in the last
sections, alkyl side chains have been used to regulate the
miscibility in doped conjugated polymers. Another innovative
approach to address this issue is to adjust the polarity of the
conjugated polymers and dopants to a compatible level by
incorporating polar oligo (ethylene glycol)-type side chains.
In 2017, Koster and Liu et al. reported a strategy to achieve
efficient charge-transport and high doping miscibility in fullerene
derivate with OEG side chains (PTEG-1).*> After doping with
N-DMBI, the conductivity achieved a maximum of 2.05 S cm ™"
and a power factor of 16.7 pW m™ ' K > at 40 mol% doping
concentration (Fig. 6(b)). The doping efficiency of PTEG-1 signifi-
cantly improved to approximately 18%, compared with less than
1% for a nonpolar reference fullerene derivative, PCBM (Fig. 6(e)).

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d5mh00067j

Published on 16 April 2025. Downloaded on 4/26/2026 2:22:33 AM.

Materials Horizons

CizHas C..H %C H
1225 1021
/KCme ~'/\/\CmHm 12Ha2s
PNDTI-BBT-DT PNDTI-BBT-DP pNB
C1UH21
12H25
O N _O
OO s
W™
o l;l O
R
CioHas C H CgH
= & R= . 3187 1837
“"CioHas /\C10H21 CisHa7 /\/\C18H37
PNDI2T-1 PNDI2T-2 TBDOPV-2T-118 TBDOPV-2T-318 TBDOPV-2T-518

Fig. 5 Chemical structure of the mentioned polymer with alkyl side chains.

During molecular doping, when the ionization step of the doping
reaction occurs, the dopant becomes more polar than apolar host
molecules. The polarity difference leads to phase separation,
especially at high doping levels. In the case of PTEG-1, incor-
porating polar TEG side chains enhanced the polarity of the
host. It allowed for better dopant miscibility, facilitating charge
transfer and higher doping efficiency than PCBM. Furthermore,
the dopants were preferentially incorporated into the TEG side
chain domains, and the n-n stacking of PTEG-1 was not
disrupted and preserved, leading to enhanced thermal stability.
Inspired by this strategy, Qiu et al.’®* synthesized a novel DMBI
derivative functionalized with a triethylene glycol side chain
(TEG-DMBI) to further enhance dopant-host miscibility in the
PTEG-1 system. Compared with N-DMBI-doped PTEG-1, the
TEG-DMBI doped system demonstrated superior doping effi-
ciency at intermediate concentrations, achieving a higher PF of
19.1 pW m~ ' K% They attributed the enhanced doping effi-
ciency to better miscibility in the as-prepared state. Moreover,
different dopants exhibited varying miscibility with polymers
containing OEG side chains, leading to differences in doping
efficiency.'®® Therefore, selecting a dopant that is compatible
with the specific polymer is crucial for achieving efficient
doping. Later, this molecular design strategy was further suc-
cessfully extended to the benchmark n-type polymer, N2200,
with its naphthalenediimide-bithiophene (NDI-2T) conjugated
backbone, by the same research group,* as well as by the
Miiller group'® and Sommer group,'® respectively. Specifi-
cally, Koster and Liu et al.*® developed the n-type conjugated
polymer TEG-N2200, which carried polar triethylene glycol side
chains on the NDI unit, exhibited an optimized spatial dis-
tribution of dopants, and achieved an enhanced electron con-
ductivity of 0.17 S em™". This conductivity is 200 times greater
than that of N2200 with traditional alkyl side chains (Fig. 6(d)),

This journal is © The Royal Society of Chemistry 2025
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due to the improved dispersion of N-DMBI molecules within
the TEG-N2200 matrix and a one-order magnitude enhance-
ment in doping efficiency. Coarse-grained molecular dynamics
simulations suggested that the required free energy for trans-
ferring an N-DMBI molecule from the alkyl phase to the TEG
phase is —16 k] mol ™" therefore, the n-type dopant molecules
would rather move to the TEG phase than the alkyl chain phase
(Fig. 6(f) and (g)). Likewise, the Miiller group reported a n-type
conjugated polymer, p(gNDI-gT2), based on an NDI-T2 back-
bone with oligoethylene glycol (OEG) side chains on NDI and
2T units.'® After doping with N-DMBI, p(gNDI-gT2) achieved
an enhanced molecular doping efficiency of up to 13%, leading
to a high conductivity of above 0.1 S em ! and a power factor
of 0.4 pW m~' K2, attributed to the enhanced miscibility
of dopants in a polymer matrix. These studies highlight the
importance of OEG side chains in enhancing miscibility,
thereby improving doping efficiency.

To gain a deeper understanding of the critical role of the
OEG-type side chain in molecular doping, Koster and Liu
conducted a comparison study between PTEG-1 (dielectric
constants ¢ =& 5.9) and PCBM (¢, &~ 3.7) in a slightly doped
system.'® In this system, a very small amount of dopant
molecules is typically well-dispersed in the host matrix due to
entropy, making it a good platform for exploring the doping
mechanism at a quasi-molecular level. The doping efficiency of
lightly doped PCBM layers was limited to a few percent, but
doped PTEG-1 films exhibit very high doping efficiency approach-
ing 100%. The enhanced molecular doping of PTEG-1 is attrib-
uted to the electrostatic interaction between the charge transfer
complex and the polar environment created by the C-O bonds in
the side chains of PTEG-1. This polar environment screens the
electric fields created by counterions, facilitating the creation of
free carriers (Fig. 6(a)). In other words, the high local permittivity
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of PTEG-1 with OEG side chains reduced the Coulomb binding
energy from surrounding counter ions, which facilitated the
dissociation of CTC and resulted in a lower activation energy
for carrier generation compared with PCBM.

3.2.2 Effects of OEG Chain length and branching on n-type
organic thermoelectrics. Both the type of side chains and their

5084 | Mater. Horiz., 2025, 12, 5075-5095

geometry significantly impact molecular packing and thermo-
electric performance. Liu et al. investigated a series of fullerene
derivatives (PDEG-1, PTEG-1, PTeEG-1, PPEG-1) that have vary-
ing OEG side chain lengths, ranging from diethylene glycol to
pentaethylene glycol, to explore their impacts on n-type organic
thermoelectric behavior.>® Due to the polar OEG side chains,
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all fullerene derivatives have good miscibility with the dopant,
exhibiting less phase aggregation and increasing the doping
efficiency. In addition, the molecular packing can also be
improved by controlling the length of OEG side chains. The
PTeEG-1, with an optimal OEG side chain length, demon-
strated the highest crystallinity and most extensive superlattice

This journal is © The Royal Society of Chemistry 2025

domains, indicating superior molecular order, resulting in a
high electrical conductivity of 2.27 S cm ™" and a power factor of
23.1 yW m™ " K 2. This study also noted that fullerene deriva-
tives with excessively long OEG side chains exhibited reduced
thermoelectric performance due to the dilution of conjugated
moieties.
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Within the framework of the phonon-glass electron-crystal,
(PGEC) concept,'®®'” numerous efforts have been made to
develop ideal thermoelectric materials, but no material has yet
fully realized this concept. Moreover, the PGEC concept was
originally proposed for inorganic materials. In 2020, Koster and
Liu introduced the definition of organic PGEC: (i) the thermal
conductivity should reach the amorphous limit of the material,
and (ii) the charge carrier mobility should reach its crystalline
limit.>® Specifically, they reported a fullerene derivative, PTEG-
2, with “arm-shaped” double-triethylene-glycol-type side chains
that approach an organic PGEC material. This unique side
chain geometry induces a morphology transition from disorder
to order and promotes the formation of a thermodynamically
stable state after thermal annealing, resulting in excellent
thermal stability. When doped with N-DMBI, PTEG-2 exhibited
a high conductivity of 8.3 S cm . The bulk mobility of the
doped PTEG-2 was measured at 1.2 cm® V' s~'. Compared
with single-crystal C60, this value suggests that PTEG-2 aligns
with the electron-crystal concept. Furthermore, the thermal
conductivity of PTEG-2 was recorded at 0.086 W m™ ' K ' at
room temperature and increased slightly to 0.097 W m™* K™*
at 120 °C. This indicates that PTEG-2 closely approaches
the phonon-glass concept. Consequently, PTEG-2 achieved an
impressive ZT value of 0.34 at 120 °C.

In addition to fullerene derivatives, the geometry of side
chains can also adjust the molecular packing and doping of
conjugated polymers. Guo et al. investigated a series of fused
bithiophene imide dimer-based n-type conjugated polymers
(POS, PO12, and PO16) carrying branched OEG side chains of
varying lengths.®® As the side-chain size increases, the molecu-
lar packing changes from an edge-on orientation of P-O8 to a
bimodal orientation of PO12 and finally to a face-on orientation
of P-O16 (Fig. 7(a) and (b)). Meanwhile, the crystalline domains
of the polymer gradually decrease in size. Consequently, these
three polymers exhibit a monotonic decrease in electron mobi-
lity as the side-chain size increases, due to the gradual lowering
of film crystallinity and the change in backbone orientation.
However, after n-type molecular doping, conjugated polymer
PO12, with a moderate side chain length, exhibited the opti-
mum OTE performance (Fig. 7(c)-(e)), attributed to the high
doping efficiency, large charge mobility, and 3D conduction
channel derived from bimodal orientation.

Very recently, Koster and Chiechi reported on three n-type
conjugated polymers (P-30, P-60, and P-B30) that comprise
a naphthalenediimide-dialkoxybithiazole backbone but have
different linear lengths or branched OEG side chains.”> When
doped with N-DMBI, all these polymers exhibited good host/
dopant miscibility. In the linear OEG side-chain-based poly-
mers (P-30 and P-60), the increased volume of OEG side chains
slightly influences the planarity of backbones, thereby leading
to similar and satisfactory thermoelectric performances. P-B30,
with the same OEG volume as P-60 but adopting a branched
type, displayed a twisted backbone due to the steric hindrance
introduced by the branched OEG side chain. As a result, the
conjugated backbones exhibit reduced planarity and rigidity,
leading to critical molecular packing changes, low charge
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carrier mobility and doping efficiency, and, thus, low thermo-
electric performance. The reduced planarity of the P-B30 back-
bone was verified by density functional theory (DFT) calculations
and the red-shift of absorption maxima peak relative to P-30 and
P-60 in the UV-Vis-NIR absorption spectrum (Fig. 7(f) and (g)).
Moreover, the P-B30 exhibited the strongest quenching of neu-
tral peak in the absorption spectrum but the lowest densities of
carrier measured by MIS devices (Fig. 7(h)) after being doped with
N-DMBI at the concentration of 5 wt%. This indicated that P-B30
could easily accept the electron from dopants to form CTC states,
likely due to the increased number of reactive sites provided
by branched OEG side chains. However, the dissociation of
CTC is suppressed. There is no well-established general rule or
experimental validation regarding the impact of the length
and branching of polar OEG side chains, necessitating further
research for informed molecular structure design. Fig. 8 lists
the chemical structures of the mentioned polymer with polar
OEG side chains.

As such, the geometry of OEG side chains, including their
length and branching points, plays a crucial role in determin-
ing intermolecular interactions. This, in turn, significantly
impacts molecular ordering, film microstructure, and morpho-
logy, ultimately affecting the performance of organic thermo-
electric (OTE) materials. A thorough investigation of OEG side
chains highlights the importance of carefully fine-tuning their
lengths and branching points to enhance thermoelectric per-
formance effectively.

3.3 Amphipathic side chains for OTE

Recently, there has been a growing interest in exploring the
negative effect of Coulomb interactions between polarons/bipo-
larons and counterions on molecular doping and Seebeck coeffi-
cient and electrical conductivity in doped OTE materials.”®"%®
In a theoretical study, Koster et al. highlighted the role of
Coulomb interactions on the Seebeck coefficient. They discov-
ered that carrier—carrier interactions can decrease the Seebeck
coefficient at high dopant loading.'®® To overcome the limita-
tions caused by Coulomb interactions, Liu et al. explored
amphipathic side chains as a new molecular strategy to selec-
tively enhance the Seebeck coefficient without sacrificing elec-
trical conductivity.”> An NDI-based n-type conjugated polymer,
PNDI2C8-TEG-2Tz, was reported, whose amphipathic side
chains consist of an alkyl chain segment as a spacer between
the conjugated backbone and an ethylene glycol-type chain
segment (Fig. 9(a)). Incorporating alkyl chain spacers in the
conjugated polymer film helps reduce energetic disorder and
effectively positions dopant molecules away from the polymer
backbone. This arrangement minimizes the adverse effects of
Coulomb interactions from the counterions. Kinetic Monte
Carlo simulations have shown that increasing the distance
between the host polymer and the dopant lowers Coulombic
interactions, enhancing the Seebeck coefficient for a given
electrical conductivity. As a result, the doped polymer film with
amphipathic side chains achieved an optimized electrical con-
ductivity of 1.6 S cm ™" and a power factor of 18 yW m ™' K~ (see
Fig. 9(b) and (c)). This performance represents an approximately

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 Chemical structure of mentioned polymer with polar OEG side chains.

fivefold improvement compared with the reference polymer,
PNDI2TEG-2Tz, which features polar OEG side chains.

Recently, Liu et al. tailored amphipathic side chains by
controlling the length of the end groups.>® They reported three
n-type conjugated polymers (PNDI-20-Tz, PNDI-40-Tz, and
PNDI-80-Tz) that consist of a naphthalenediimide-dialkoxy-
bithiazole backbone and feature amphipathic side chains with
varying OEG lengths. All these polymers exhibited relatively
high Seebeck coefficient (340-490 pv K~ ') at an optimal doping
concentration compared with reported n-type OTE polymers
(with a Seebeck coefficient of 100-200 pv K '),>>°%102110-112
due to their amphipathic side chains minimizing the negative
influence of Coulomb interactions from the counterions. The
polymer with longer amphipathic side chains improves misci-
bility between the host and the dopant. Therefore, as the length
of the oligoethylene glycol end group increases, the maximum
electrical conductivity is achieved at a lower doping concen-
tration. However, excessively glycol end group can disrupt the
lamellar packing. In addition, the insulating OEG side chains
reduced the concentration of conjugated segments, thereby
hindering charge transport. As a result, the PNDI-40-Tz with a
medium-length glycol side chain exhibited optimized host/dopant
miscibility and compact packing, leading to a high conductivity
of 2.76 S em ™" and a power factor of 28.4 yW m ' K 2.

This journal is © The Royal Society of Chemistry 2025

3.4 Glycol side chains prevail in molecular design

Since polar ethylene glycol-type side chains are very effective for
facilitating doping and boosting charge transport, they have
been widely used in designing new n-type OTE polymers.
Fig. 10 lists the chemical structures of those newly designed
n-type conjugated polymers featuring ethylene glycol-type side
chains. Koster and Liu et al. tailored the DOS through backbone
chemistry.?®> They replaced two thiophene units with weaker
donor thiazole units in the PNDI2TEG-2T backbone and synthe-
sized PNDI2TEG-2Tz. Ethylene glycol-type side chains functio-
nalized both polymers for sufficient host/dopant miscibility.
The introduction of sp>-nitrogen atoms led to a downshift in
the LUMO level, enhanced the planarity of the backbone (see
Fig. 11(a)), and narrowed the DOS distribution compared
with PNDI2TEG-2T. These changes ultimately enhanced
both the conductivity and the Seebeck coefficient. Additionally,
the improved miscibility of dopants due to the OEG side
chains allowed PNDI2TEG-2Tz to achieve a high conductivity
of 1.8 S em " and a power factor of 4.5 pW m™ " K2
(Fig. 11(b) and (c)).

To systematically explore the influence of the backbone on
OTE performance, Gou et al.>® synthesized a series of thiazole
imide-based polymers, each containing a distinct backbone
type: PDTZTI-TEG-T (A-D), PDTZTI-TEG-FT (A-WD), PBTI-TEG
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(A-A), and PDTzTI-TEG (A-A), with all polymers incorporating
branched OEG side chains. Compared with PBTI-TEG, introdu-
cing thiazole units lowered the LUMO level, leading to more
efficient molecular doping and higher conductivity. With the
weakening of the donor character from PDTzTI-TEG-T to
PDTZzTI-TEG-FT and to PDTzTI-TEG, the LUMO levels lowered,
and field-effect charge mobility increased. Besides, incorporat-
ing OEG side chains enhances the dopant’s miscibility. Further,
it reduces the LUMO level compared with PDTzTI and PBTI
with alkyl side chains, facilitating the doping reaction and,
thus, enhancing OTE performance. After being doped with
N-DMBI, PDTzZTI-TEG achieved a maximum conductivity of
34Scm 'andaPFof 157 yW m ™' K 2.

The BTI-based polymers have exhibited the potential of OTE
materials but are limited by their high-lying LUMO level. Guo
and co-workers used the selenium-substitution strategy to
optimize the OTE performance and synthesize f-BSeI2TEG-FT
and nonfluorinated counterpart f-BSeI2TEG-T.*® The selenium
substitution can significantly lower the LUMO levels of the two
polymers by about 0.2 eV and improve the electron mobility
by two orders of magnitude compared with sulfur analogs.
Due to the additional electron-withdrawing fluorine atoms,
which weakened the donor character of the thiophene moiety,
f-BSeI2TEG-FT exhibited a further lowered LUMO level, resulting
in enhanced molecular doping. With the synergistic effects of
optimized backbone and OEG side chains, f-BSeI2TEG-FT finally
achieved an impressive electrical conductivity of 103.5 S cm™ " and
a power factor of 70.1 uW m~" K after sequentially doping with

5088 | Mater. Horiz., 2025,12, 5075-5095

N-DMBI using the Au nanoparticles catalyzed doping technique.
Aiming to gain deeper insights into the effects of selenium
atom incorporation, Guo and co-workers developed a series of
A-WD type polymers based on thiazole imide unit, differing in
content and position of selenophene substitution, named
PDTZTI-T, PDTZTI-Se, PDTzSI-T, and PDTzSI-Se (Fig. 11(d)).””
As the selenophene content increased, the polymers exhibited a
lower LUMO level and a more planar backbone (Fig. 11(e) and
(f)). Moreover, introducing selenium atoms reduced crystal-
linity in the neat films, which may facilitate better penetration
of dopant molecules. All selenophene-containing polymers
showed improved crystallinity after doping with N-DMBI com-
pared with the neat films. Among these polymers, PDTzSI-Se
demonstrated the best thermoelectric performance, with a
maximum conductivity of 166.3 S cm™ " and a power factor of
54.2 pW m™ ' K2,

Very recently, Guo et al. reported on two polymers that
incorporate a fused bithiophene imide dimer (f-BTI2) as the
acceptor unit, along with halogenated thienylene-vinylene-
thienylene (TVT) as the weak donor co-unit featuring branched
oligo(ethylene glycol) (OEG) side chains.>® These polymers,
named f{-BTI2g-TVTF and f-BTI2g-TVTCIl, were employed as
organic mixed ionic-electronic conductors in both organic
electrochemical transistors (OECT) and organic thermoelectric
devices (OTE). Introducing halogen groups with strong
electron-withdrawing ability into the backbone lowered the
LUMO level and increased the polarity, facilitating the doping
reaction. The fluorinated f-BTI2g-TVTF exhibited remarkable

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d5mh00067j

Published on 16 April 2025. Downloaded on 4/26/2026 2:22:33 AM.

Materials Horizons
i
0

O N0

7
Oy vSemiie
W
ON .

View Article Online

Review

O™ °N
CgHy7 o” "N" o N
’§ k(\ol\,o\/\o/ k(‘
(@] O'\’o\/\O/ O’\/ox/\o’
=y
PNDI2TEG-2Tz X=C PBTI-TEG X=H PDTzTI-TEG-T
X=N PDIzTI-TEG X=F PDTzTI-TEG-FT
O. O. O. O.
\/\O’\/ s \/\O’\’ > O\/\o/\/o\
o\/‘o’\/o\ O‘/\O’\’O\
X o o]

w48 oo omocon)
O’\’O‘/\O/ N O’\’o‘/\ o
X=H f{-BSel2TEG-T X=S, Y=S PDTzTI-T X=H f-BT|29-TVT
X=F f-BSel2TEG-FT X=S, Y=Se PDTzTI-Se X=F f{-BTI2g-TVTF
X=Se, Y=S PDTzSI-T X=Cl f-BTI2g-TVTCI
X=Se, Y=Se PDTzSI-Se

/ H2sCrz
10H21

4 n-PT3 P-75
1

p(g/NC,N)

Fig. 10 Chemical structures of backbone optimized polymers with OEG side chains, as discussed in Section 3.

performance in OTE with a conductivity of 19.6 S cm™ " and a
power factor of 64.2 yW m ™" K2,

The conductivity dramatically drops at over-high doping
loading in most cases due to the morphological degradation.
In contrast, Deng et al. developed two A-WD type polythio-
phene derivatives named n-PT3 and n-PT4 with different OEG
side chain lengths, exhibiting high doping loading tolerance.>®
OEG side chains improve the solubility in alcohol and host/
dopant miscibility. Thus, both conjugated polymers exhibited
high electrical conductivity exceeding 100 S cm ™' after being
doped with N-DMBI. Notably, they maintained this high con-
ductivity even at an exceptionally high doping concentration of
250 mol% (Fig. 11(h) and (i)). This remarkable performance
was attributed to their robust ability to mitigate backbone

This journal is © The Royal Society of Chemistry 2025

twisting and prevent morphological degradation at saturated
doping levels. Furthermore, the doping-induced molecular
order improved the crystal structure and allowed for the reten-
tion of crystallinity (Fig. 11(g)).

Leveraging the benefits of A-A type polymers and rigid
backbone, McCulloch and co-workers reported three lactone-
based fully fused polymers (named P-0, P-50, and P-75) with all
acceptor properties varying in density of lactone group, which
were enabled by adjusting the content of benzene.’® As the
benzene content increases, the polymers demonstrate a greater
electronic affinity (EA) due to a higher density of electron-
withdrawing groups, making the n-doping reaction thermo-
dynamically favourable. Additionally, the increased benzene
content promotes planarization of the polymer backbone,

Mater. Horiz., 2025, 12, 5075-5095 | 5089
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leading to stronger conjugation. This enhanced conjugation
results in extended polaron delocalization, which improves charge
carrier transport along the backbone. Moreover, the simultaneous
presence of alkyl and oligo(ethylene glycol) (OEG) side chains
helps balance self-assembly, aggregation, and the miscibility
between dopants and hosts. Ultimately, the polymer with 75%
benzene content (P-75) achieves the highest conductivity of
12 S cm " and a power factor (PF) of 13.2 yW m ' K 2.
Likewise, McCulloch and Marks group synthesized a series
of all-acceptor fully fused polymers with mixed alkyl and OEG
side chains applied as OMIECs (Fig. 11(j))."** They system-
atically adjust the content of alkyl side chains and explore the
optimal ratio of alkyl side chains content and OEG side chains
content. For OECT, the hydrophilic OEG side chain is beneficial
for swelling, and the hydrophobic alkyl can balance the adverse
effect caused by hydrated counterions. The host/dopant mis-
cibility becomes the primary factor for OTE, significantly affect-
ing the doping efficiency and ultimate OTE performance.
Finally, the p(g,NC,N) achieved a maximum electrical conduc-
tivity of 7.67 S em ™" and a power factor of 10.4 yW m™ ' K>
in OTE (Fig. 11(k)). This study highlighted the difference in
side-chain engineering between OECT and OTE materials.

4. From molecular design to device
application

Organic thermoelectric generators (OTEGs) are devices that utilize
organic materials for thermoelectric conversion. To enhance the
output voltage and power generation of thermoelectric generators,
both p-type and n-type legs are integrated into a single device.
This is achieved by connecting multiple thermoelectric legs in
arrays, where the legs are electrically connected in series to
increase the voltage and thermally connected in parallel to main-
tain a uniform temperature gradient across the device. However,
significant efforts have been devoted to fabricating OTEGs using
only p-type legs,***"'**1¢ primarily due to the poor thermo-
electric performance of n-type materials, which results in con-
siderable current and power losses in p-n OTEGs. In 2021,
Fabiano et al.™’ reported an ethanol-based n-type conductive
ink (BBL:PEI) to realize high-performance p-n legs in OTEGs.
After thermal activation, the ink achieved a high conductivity of
8 S cm™ ' and demonstrated exceptional stability under ambient
conditions. When combined with PEDOT:PSS, the fabricated p-n
legs showed a recorded high output power of 56 nW per p-n pair
at AT = 50 K. The BBL:PEI/PEDOT:PSS p-n legs were further used
to produce a device with a high density of thermocouples,''®
demonstrating the great potential of p-n legs with balanced
performance in p-type and n-type materials. While other studies
focus on identifying matchable n-type legs through side-chain
engineering of optimized molecules. As previously discussed,
PTEG-1 exhibited good OTE performance. When used as n-type
legs and combined with PEDOT:PSS p-type legs, micro-thermo-
electric generators were fabricated using direct writing techniques
and achieved a power density of 30.5 nW cm > at AT = 25 K.'*°
Pei et al reported a thermally activated triaminomethane-based

This journal is © The Royal Society of Chemistry 2025
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dopant (TAM) to address challenges in n-type doping, such as
poor stability and miscibility."** Due to its good miscibility,
the dopant tends to localize in the alkyl side-chain region of
the FBDPPV, thereby preserving crystallinity and achieving high
thermoelectric performance. Finally, the first flexible all-polymer
thermoelectric generator was fabricated by using TAM-doped
FBDPPV as n-type legs and PEDOT:PSS as p-type legs, delivering
a power output of 77 nW at AT = 46.5 K.

Air stability is a critical issue in high-performance n-type
thermoelectric materials, which limits the application of n-legs
in OTEGs."”""** Various strategies have been explored to
enhance the air stability of n-type materials, including improv-
ing crystallinity,** lowering LUMO levels®* and achieving in situ
doping.?® When designing n-type materials for thermoelectrics,
air stability must be carefully considered to ensure their suit-
ability as n-leg candidates. Some studies have suggested that
incorporating OEG side chains can improve the air stability
of n-type materials,”>'%* although the underlying mechanisms
behind this improvement remain unexplored. In the develop-
ment of air-stable n-type materials, side-chain engineering
represents a promising approach. Furthermore, OTEGs operate
under temperature gradients for extended periods, which necessi-
tates high thermal stability in materials. The strong interaction
between OEG side chains and dopants reduces the diffusion upon
thermal stress, and thus enhances the thermal stability in both
n-doped and p-doped systems.*>'**'** Additionally, OEG side
chains can bind the salt dopant through coordination and
enhance thermal stability."*® Another approach to avoid thermal
diffusion of dopants is to develop all-polymer system.'>” " These
systems exhibited excellent thermal stability, which is attributed
to the more difficult diffusion of polymer dopants. Here, we
emphasize the importance of side chains in improving the
stability under both annealing and ambient conditions, while
maintaining the solution-processability and flexibility of
organic thermoelectrics.

5. Conclusions and outlook

In this concise review, we explore and analyse the pivotal impact
of side-chain engineering on improving the performance of
n-type organic thermoelectric materials. Although the conjugated
backbone plays a crucial role in determining the electronic
properties of these materials, side-chain engineering allows for
precise adjustments in solubility, molecular packing, and thin
film morphology.

The first section of this review examines the influence of
conventional alkyl side chains on molecular packing and
charge transport in n-type organic thermoelectric materials.
Replacing bulky, branched alkyl side chains with linear ones is
a practical and straightforward approach to increasing charge
mobility and doping efficiency. This enhancement is attributed
to the reduced steric hindrance of linear alkyl side chains,
which facilitates tighter packing of polymer chains and improves
thermoelectric performance. Additionally, carefully modifying the
branching point of alkyl side chains from the backbone has
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significantly enhanced the thin film crystallinity, charge mobility,
and electrical conductivity of these materials.

The second section reviews n-type organic thermoelectric
materials featuring OEG side chains. Incorporating polar OEG
side chains on n-type conjugated molecules serves a dual
function: it increases the polarity of the host, preventing phase
separation and improving host/dopant miscibility, thereby
enhancing doping efficiency. It also raises the dielectric con-
stant of the organic thermoelectric materials, leading to stron-
ger electrostatic interactions between CTCs and the polar OEG
side chains. As a result, this promotes higher electrical con-
ductivities and improves overall thermoelectric performance.
Amphipathic side chains, which include an alkyl segment as a
spacer between the polymer backbone and an ethylene glycol-
type segment, are designed to reduce Coulomb interactions
between the conjugated backbone and dopant ions. This design
aims to enhance the Seebeck coefficient without significantly
sacrificing conductivity.

Side-chain modifications are essential to further advance
the development of n-type organic thermoelectric materials.
Key strategies include: (i) optimizing side chains and integrating
them with innovative conjugated frameworks to create organic
thermoelectric materials that exhibit high charge mobility, excel-
lent host/dopant miscibility, and air stability. (ii) New synthetic
methods are being developed to introduce a variety of functional
groups into the side chains of n-type conjugated polymers speci-
fically tailored for thermoelectric applications. A potential future
direction might involve incorporating side chains with highly
polarized groups, which could increase the dielectric constant
and promote free charge generation, thereby enhancing the
Seebeck coefficient. It is expected that continued efforts in
molecular design, coupled with a deeper understanding of the
molecular doping mechanism, will further advance the field of
organic thermoelectric materials.
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