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Donor—acceptor conjugated polymers as
high-mobility semiconductors: prospects for
organic thermoelectrics

Prithwish Biswas, =) Lingcheng Kong and Zhiting Tian = *

Donor—acceptor conjugated polymers are emerging as a new class of organic semiconductors, where
the donor and acceptor moieties function as hole and electron transporters, respectively. The potential of
being doped as both p-type and n-type makes them attractive for scalable manufacturing, and they have
been widely explored for organic photovoltaics. They can be particularly appealing for organic thermo-
electrics, primarily due to their high interchain mobility alongside intrachain mobility. The high intrinsic
mobility, resulting from the push—pull effect of the donor—acceptor moieties, ensures high electrical con-
ductivity with minimal doping, which is crucial for maintaining a high Seebeck coefficient in thermoelec-
tric materials. In this review, we explain the molecular structure and energetics, as well as their relationship
to the electronic structure of donor—acceptor polymers. We also review the existing literature on how
structural and energetic modifications can be implemented to modulate interchain transport, intrachain
transport, and doping efficiencies. Based on these, we propose that improvements in molecular design,
characterization methods, and the integration of data science and machine learning can accelerate
research on donor—acceptor polymers for thermoelectrics and beyond.

1.

According to the US Department of Energy, 67% of energy is
discarded as waste heat,' which increases operational costs
and carbon footprint. Hence, harvesting of waste heat is essen-
tial as a major step towards solving the energy crisis, which
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has been traditionally done by inorganic thermoelectric
devices.> The performance of thermoelectric materials is
SZ
T
where o is the electrical conductivity, S is the Seebeck coeffi-
cient, k is the thermal conductivity, and T is the temperature.
Crystalline inorganic semiconductors such as metal chalco-
genides and metal oxides offer a high zT value of 2.> However,
there have been emerging efforts in employing organic semi-
conductors, particularly conjugated polymers,”> which have
the adaptability to be manufactured by scalable ink-based
printing processes while ensuring the flexibility of the manu-
factured devices.® Although some of the highest power factors
have been achieved for p-type organic materials, such as
p-doped PEDOT poly(3,4-ethylenedioxythiophene) has demon-
strated a power factor of over ~500 yW m™~" K27 there is still a
dearth of high performing n-type materials as n-type doping is
inherently unstable in ambient air because the shallow
highest occupied molecular orbital (HOMO) level of the
dopants at the neutral state results in their oxidation.®°
Donor-acceptor polymers are copolymers of hole-transport-
ing (donor) and electron-transporting (acceptor) monomers
(Fig. 1(a)). Since the donor unit can be doped as p-type or the
acceptor unit as n-type, donor-acceptor polymers facilitate
ambipolar charge transport.'®"?> The electron-rich donors
push electrons, and the acceptors with high electron affinity
pull electrons through the backbone, resulting in the succes-
sive push-pull effect at finite temperatures.'>'* Because of this
push-pull effect, the donor moieties have a partial positive
charge, whereas the acceptor moieties have a partial negative
charge when copolymerized. Additionally, by proper selection
of the donor and acceptor combinations based on the energy
offset between the HOMO level of the isolated donor molecule
and the lowest unoccupied molecular orbital (LUMO) level of
the isolated acceptor molecule, the bandgap of the resulting
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donor-acceptor can be precisely tuned leading to either semi-
conducting or metallic properties.®'®> When the HOMO of the
donor is higher than the LUMO of the acceptor, the copolymer
is metallic, whereas when the HOMO of the donor is lower
than the LUMO of the acceptor, the copolymer is semiconduct-
ing."® The LUMO of the acceptor contributes to the conduction
bands, and the HOMO of the donor contributes to the valence
bands of the copolymer (Fig. 1(b)), resulting in a narrower gap
in comparison to that of conventional hole-transporting
donor-donor or electron-transporting acceptor-acceptor conju-
gated polymers. For thermoelectrics, a narrow bandgap
between 6-10 kgT (~0.1-0.3 eV at T = 298 K) yields optimal per-
formance. This is because a narrow bandgap results in higher
o ensuring considerable population of conduction bands at
moderate temperatures. Simultaneously, the Fermi level can
be placed a few kg7 inside the conduction/valence band via
minimal doping, maintaining a large asymmetry in carrier
population, yielding a high S.'” Thus, the donor-acceptor poly-
mers where bandgap can be tuned (0-1 eV) and reduced by
proper selection of donor and acceptor moieties are attractive.
In conventional conjugated polymers, interchain transport
relies on n-w stacking, a short-range and weak van der Waals
(vdW) interaction between the aromatic rings. While n—r stack-
ing enables molecular orbital-overlap responsible for band for-
mation, such weak, local interactions are insufficient to
enforce complete alignment of all the aromatic rings on adja-
cent chains.'® In donor-acceptor polymers, long-range dipolar
interactions can facilitate alignment of the aromatic rings on
the adjacent chains and increase the probability of n-n stack-
ing, promoting band formation by extending interchain
conjugation.’®*® Additionally, the parallel stacking of donor
and acceptor moieties on different chains results in an inter-
chain push-pull effect facilitating extended band formation
(Fig. 1(a)). All of these effects collectively result in high carrier
mobilities of >1 ecm® V' s7" in donor-acceptor polymers, which
is higher than most organic semiconductors.”’ Increasing
carrier concentration by doping negatively impacts the S. Thus,
the high mobility of the donor-acceptor polymers can be lever-
aged to achieve a high ¢ with minimal extent of doping without
sacrificing the S.>*> The ability to be used as both p-type and
n-type materials also makes the large-scale fabrication of ther-
moelectric devices with donor-acceptor polymers easier.

Although extensive studies have been performed on donor-
acceptor polymers from the perspective of photovoltaic and
organic transistors, donor-acceptor polymers are relatively new
to the field of thermoelectrics. Fundamentally, they are a com-
bination of semiconductors that can be potentially doped both
p-type and n-type.>*** This not only eases manufacturing and
processability but also provides more options for high-mobility
n-type organic semiconductors, which are relatively rare.

To summarize, donor-acceptor polymers have the following
advantages over conventional conjugated polymers: (i) a
broader molecular design space that enables precise bandgap
tuning through various donor and acceptor combinations,
(ii) partial charges on donor and acceptor leads to small dipole
moments along backbone strengthening interchain coupling
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(a) The electron affinity difference between the donor and acceptor leads to the push—pull effect, which creates intrachain dipoles, which in

turn result in stronger interchain coupling relative to the conventional conjugated polymers which have weak interchain vdW coupling. (b) Before
copolymerization, the HOMO level of the donor is higher than the LUMO level of the acceptor, and after copolymerization, the donor forms the
valence band, whereas the acceptor states form the conduction band, making the donor—acceptor copolymer a semiconductor.

beyond simple vdW stacking, (iii) the ability to being doped as
both p and n type eases manufacturing. The objective of this
review is to provide an understanding of how donor-acceptor
combinations, molecular structures of donors and acceptors,
and different processing methods affect the thermoelectric
and charge transport properties of donor-acceptor polymers.
The review also highlights the perspective for further develop-
ment of donor-acceptor polymer thermoelectrics, including
the necessity for in-plane k measurements of these polymers,
alternative methods for precise measurement of carrier con-
centration and mobility, and the introduction of artificial intel-
ligence and machine learning (ML) to predict thermoelectric
properties based on structure-property relationship data.
Better understanding and characterization of structure-charge
transport relationships will encourage the use of organic ther-
moelectrics in the long run, taking a step towards bridging the
gap between inorganic and organic thermoelectrics.

2. Molecular structure of donor and
acceptor moieties

In donor-acceptor polymers, the copolymers used as building
blocks for donor and acceptor moieties are basically polymers
that can be doped p-type or n-type in an isolated form. Hence,
the donor moieties are commonly made up of thiophene
derivatives, whose molecular structure is analogous to that of
other p-type polymers such as PEDOT and P3HT. The acceptor
part is generally made of a diimide derivative such as perylene
diimide (PDI) or a derivative of diketo pyrrolopyrrole (DPP).

23898 | Nanoscale, 2025, 17, 23896-23914

Fig. 2(a) shows examples of donor-acceptor polymers,* >’

Fig. 2(b) shows some examples of commonly used acceptor
moieties, and Fig. 2(c) shows the donor moieties. Therefore,
donor-acceptor polymers possess the ability to be doped as
both n-type and p-type, as either the acceptor part can be
doped by an n-type dopant or the donor part can be doped by

a p-type dopant.

3. Energetics associated with charge
transport in donor—acceptor polymers

To understand the band structure of the donor-acceptor
polymer, one has to begin with the electronic structure of the
isolated donor and the acceptor molecules, which are the
building blocks of these polymers. Fig. 3(a) shows the HOMO
and LUMO levels of different donor and acceptor moieties. As
mentioned above, the copolymerization of donor and acceptor
systems results in either metallic or semiconducting electronic
structures. The extent of charge transfer is directly related to
the energy difference between the HOMO level of the donor
and the LUMO level of the acceptor.*® Donor-acceptor combi-
nations of Naphthalene-TCNQ, DMeO-BTBT-2,5 F,TCNQ, and
DPTTA-F,TCNQ have been investigated.”® The HOMO of the
donor is lower than the LUMO of the acceptor in Naphthalene-
TCNQ and DMeO-BTBT-2,5 F,TCNQ, making these systems
narrow bandgap semiconductors. The HOMO of the donor is
much higher than the LUMO of the acceptor in
DPTTA-F,TCNQ, resulting in the complete delocalization of
electrons along the polymer backbone leading to a metallic

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) Structure of some donor—acceptor polymers commonly used for thermoelectrics (red: donor, blue: acceptor). (b) The building block
used as an acceptor is a diimide (DI) derivative. (c) The donor moiety is a thiophene derivative.
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Fig. 3 (a) Charge transfer occurs from the higher energy HOMO level of the donor to the lower energy LUMO level of the acceptor. (b) An example
of the resulting band structure on charge transfer: the donor forms the valence band, whereas the acceptor contributes to the conduction band?®
(reproduced with permission, copyright 2019, Springer Nature). (c) Schematic showing the donor—donor/acceptor—acceptor super-exchange coup-
ling, which favors carrier delocalization, resulting in high carrier mobility. (d) The difference between the HOMO levels of the donor and acceptor
(Ag) should be minimized to obtain maximum super-exchange coupling energy (SE)*! (reproduced with permission, copyright 2020, The Royal
Society of Chemistry).
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band structure. The orbital projected band structure of
DMeO-BTBT as donor and 2,5-F,TCNQ as acceptor in Fig. 3(b)
clearly shows that the resulting charge transfer complex is a
semiconductor where the energy states of the acceptor form
the conduction bands, whereas the energy states of the donor
form the valence bands. Although metallic behavior is not suit-
able for thermoelectrics, a small gap of <1 eV is ideal.*>*°
Hence, donor-acceptor combinations need to be chosen where
the donor HOMO level is slightly lower than the acceptor
LUMO level.

Although the intuitive push—pull effect due to the electron
affinity difference between the donor and acceptor moieties is
used to classically explain the transport of electrons in donor-
acceptor polymers, a quantum description that accounts for
donor to donor (or acceptor to acceptor) tunneling is required
to account for charge transport through bands. Quantum
mechanical super-exchange coupling can explain hole trans-
port from donor to donor and electron transport from acceptor
to acceptor’® (Fig. 3(c)). The super-exchange coupling energy
was evaluated from density functional theory-tight binding
(DFTB) calculations by assuming that the charges are deloca-
lized up to the second nearest neighbor, from donor to donor
or acceptor to acceptor. From the DFTB calculations, it was
observed that the increase in super-exchange coupling energy
reduces the hole effective mass, m; and the deformation
potential, weakening electron-phonon coupling (Fig. 3(d)).
This results in high carrier mobilities, which can potentially
lead to high thermoelectric power factors. Fig. 3(d) shows that
lowering the difference between the HOMO levels of the donor
and acceptor (Ae) increases the energy of the super-exchange
coupling. Therefore, it is imperative to select donor-acceptor
combinations such that the HOMO levels of the donor and
acceptors become almost degenerate after the charge transfer
process to achieve maximum mobility.

4. Tuning thermoelectric properties
by molecular design

4.1 Changing aromatic ring constituents and donor-acceptor
sequence to maintain high S and ¢

It is well known that sharp density of states (DOS) is ideal for
thermoelectrics as it can potentially achieve both high electri-
cal ¢ and S.** Sharp DOS favors degeneracy at lower carrier
concentrations, potentially leading to a high concentration of
states around the Er, which can result in high 6.2 Thus, even
at moderate carrier concentration, it can give high o, which
will aid in retaining a high S by maintaining an asymmetry in
the number of conducting states above and below Er. Hence,
the objective should be to make the DOS narrower by modifi-
cations of the chemical structure. Liu et al.>* have recently
shown that embedding sp>-hybridized N atoms in the donor
moiety (replacing a sp*-hybridized C with a sp®>N) narrows
down the DOS of a donor-acceptor polymer, which results in a
high S and ¢ (Fig. 4(a)). Additionally, the embedding of the
N-atoms increases the backbone planarity. The planar back-
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bone facilitates the ordered stacking of chains, thereby enhan-
cing crystallinity and interchain charge transport. Therefore,
altering the molecular structure by embedding the N-atoms
enhances both inter and intrachain transport. An alternative
way to think about this, although not directly mentioned by
the study in context, is that the narrowing of the DOS results
from of the decreasing disorder in the system caused by
increased planarity of the backbone, as the disorder-to-order
transitions make the energy levels more degenerate.

Usually, conjugated polymers are either a sequence of
donor molecules or acceptor molecules and, when doped,
result in a high ¢ but a low S.?>?° In the case of the donor-
acceptor polymers, the acceptor repels p-type dopants,
whereas the donor repels n-type dopants due to opposite
charges, resulting in reduced doping efficiency.”>®” This
results in a high S but low 6. Recently, an innovative approach
of random copolymerization to generate a random sequence of
donor and acceptor moieties demonstrated both high S and
0.>' As shown in Fig. 4(b), the random copolymerization
results in three-dimensional zones of donors separated by
zones of acceptors. This leads to more efficient doping of the
donors and enhances mobility by facilitating the hopping of
charges from electron-pushing donor regions and electron-
pulling acceptor regions. This is analogous to the concept of
modulation doping for inorganics, where nanograins of a
doped semiconductor were embedded into another semicon-
ducting matrix such that the carrier from the nanograins spills
over to the undoped host.*® This significantly enhanced
charge mobility by reducing scattering from ionized dopant
impurities. High mobility ensures the attainment of a high ¢
with minimal extent of doping. This helps in retaining a high
S while maintaining a high o.

4.2 Open-shell backbone offers high intrachain mobility

In the ground state, most polymers have paired electrons in
the singlet state with spin quantum number s = 0 with a
closed-shell structure.®® In most cases, thermal transitions
from singlet to doublet (s = 1/2) and triplet (s = 1) states are
energetically unfavorable. However, for several donor and
acceptor moieties, the existence of an open-shell structure as
radicals (doublet) and diradicals (triplet) in the ground state is
energetically favorable even at room temperature. An open-
shell structure or the presence of radicals and diradicals along
the polymer backbone increases the intrinsic intrachain o.
Donor-acceptor polymers with triplet ground state can have an
intrinsic 6 of ~107> S em™".*° The high intrinsic o requires the
minimum usage of dopants, which is very advantageous, as
excessive use of dopants can greatly reduce mobility by localiz-
ation or scattering. Having the open-shell configuration has
the same effect as moderate doping, and thus, polymers with
diradicals are often termed self-doped semiconductors.*'™*?
Additionally, the use of open-shell dopants with open-shell
polymers has been proven to be an effective strategy to achieve
a 100x increase in ¢."**® This is because open-shell moieties
are devoid of ions, which localize carriers via coulombic
interactions.

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 (a) sp? N-substitution in the donor moiety makes the DOS of the donor—acceptor copolymer narrower (degenerate), which is ideal for main-
taining a high ¢ and $** (reproduced with permission, Copyright 2018, Wiley-VCH). (b) Polymers with only donors have a high ¢ and low S, polymers
with an alternate sequence of donors and acceptors have a high S due to interchain energetic disorder but low o, whereas polymers with a random
sequence of donors and acceptors have both high S and ¢** (reproduced with permission, copyright 2020, Wiley-VCH).

The singlet and triplet states are the resonant structures of
the same molecule, but the selectivity of the triplet states is
usually lower owing to their high energy. Hence, lowering the
energy difference between the singlet and triplet state (AEs_r)
increases the stability of the triplet state. A recent study”* has
shown that copolymerization of building blocks with low
AEs_r results in a low AEg_t or a high diradical character of
the donor-acceptor polymer obtained from the copolymeriza-
tion process. Fig. 5(a) shows the AEs_r of fused aromatics as
acceptor units used as building blocks of donor-acceptor poly-
mers. The decreasing AEs_r increases the stability of the open-
shell structure. Hence, the use of building blocks with stable
triplet ground states can be an effective strategy in the develop-
ment of donor-acceptor polymers with high mobility and o,

This journal is © The Royal Society of Chemistry 2025

without sacrificing S. Although the energetics of the building
blocks ensure the stability of the triplet ground state of the
copolymer, high spin densities (high concentration of diradi-
cals) in the solid state may lead to interchain spin interactions
and cancellation due to disordered alignment of chains, which
can result in the reduction of triplet state (s = 1) to doublet
state (s = 1/2). This will not happen at low spin densities where
the interactions of the spins are limited to intrachain.

Recent studies have shown that stabilizing triplet ground
states through the use of strongly proquinoidal donor and
acceptor units can significantly enhance the intrinsic charge
transport properties of donor-acceptor polymers. Donor-
acceptor backbones with extended n-delocalization and narrow
singlet-triplet energy gaps have been demonstrated to exhibit

Nanoscale, 2025, 17, 23896-23914 | 23901
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high electrical conductivities in the undoped state, reaching
values above 8 S cm™'. Moreover, polymers designed with
near-pure diradical character and enhanced spin density distri-
bution have achieved power factors exceeding 25 yW m™" K2,
while maintaining ambient stability.*® The conductivity of the
intrinsic triplet-state stabilized polymer PBBT-TT almost
matched the conductivity of a doped singlet-state polymer and
have order of magnitude higher value than intrinsic singlet-
state polymers (Fig. 5(b)). These findings highlight that tuning
of molecular structure through backbone rigidity, spin deloca-
lization, and controlled electronic coupling, can simul-
taneously promote ¢ and S, offering the path to high-perform-
ance thermoelectric materials without the need for external
dopants or with minimal dopant concentrations. However, it
should be noted that open-shell structures are inherently
prone to oxidation, and their stability must therefore be care-
fully evaluated in future studies aimed at device development.

4.3 Backbone and sidechain modification to facilitate
interchain transport

Using the inductive effect of side chains to enhance doping
efficiency is an effective strategy for doping any semiconduct-
ing polymer. For semiconducting polymers, p-type doping
involves the oxidation of a particular site, generally sulfur (S),
whereas n-type doping involves the reduction of a specific
type, which is usually a n-bonded carbon (C). In the case of
p-type doping, alkyl groups with a positive inductive effect
have been effective in pushing electrons to the oxidation site
(S), thereby lowering the electron affinity of the doped polymer

23902 | Nanoscale, 2025, 17, 23896-23914

and enhancing the effectiveness of p-type doping.*”*®

Similarly, n-type doping, halogen (F, Cl, etc.) containing func-
tional groups that have a negative inductive effect increases
the electron affinity of the doped molecule by removing elec-
trons from the reduction site (C), hence enhancing the n-type
doping efficiency (Fig. 6(a)).”> Additionally, the incorporation
of highly polar halogenated functional groups induces attrac-
tive intermolecular interactions between the polymer chains as
well as between the polymer chains and the dopants.*>>® Also,
the fluorinated groups are thought to have intrachain
H-bonding, which reduces the rotational degrees of freedom,
thereby leading to a more ordered structure.*” This results in
better packing and alignment of the polymer chains and
increases the miscibility of the polymer with the dopant
(Fig. 6(b)). The strong intermolecular interactions and closer
packing increase order (crystallinity) in the system and facili-
tate extended conjugation and band-like transport, leading to
high interchain mobility. The doping reaction may not be
limited only by energetics but can also have mass transfer
limitations, which will depend on the proximity of the polymer
chains to the dopant. Hence, better miscibility of the dopant
with the polymer can enhance the kinetics of the doping reac-
tion by removing mass transfer limitations.

Although donor-acceptor polymers have the potential to
offer high intrachain mobility, the overall transport, like other
organic systems, is still limited by the interchain hopping of
charges caused by localized states due to a lack of long-range
order in three dimensions.”*>"*> A coplanar backbone not
only aids the intrachain delocalization of the charge cloud but

This journal is © The Royal Society of Chemistry 2025
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also enhances the interchain packing and alignment by
increasing the extent of n—r stacking. n-n stacking causes the
interchain delocalization of the charge carriers (polarons and
bipolarons), promoting band-like transport, which can
improve the ¢ by orders of magnitude.*>® Prior work®” has
shown that the replacement of thiophenes with thiazoles
(Fig. 7(a)) as the donor moiety ensures a more planar back-
bone, which also results in better packing between the
polymer chains. The thiazoles restrict the rotational degrees of
freedom (Fig. 7(b)), thereby preventing random coiling and
bending of the chains, which makes the system more ordered.
The introduction of more orders ensures higher carrier mobi-
lity. On doping, the S almost remains unchanged between the
thiazole and the thiophene, but the carrier mobility and the o
drastically increase. This causes the thiazole-substituted
system to possess a ~1000x higher power factor, as shown in
Fig. 8(c) where t,.por represents the time of exposure of the
polymers to the dopant (tetrakis(dimethylamino)ethylene/
TDAE) vapor.

5. Tuning thermoelectric properties
via mesostructures

Apart from inducing intermolecular interactions by chemical
modifications, physical parameters can be tuned during the
fabrication process to control the crystallinity and mesostruc-
tural order of donor-acceptor polymer films. It is well estab-
lished that electrons undergoing band transport are scattered
by grain boundaries, or there is a transition from band to
hopping transport, resulting in a depreciation of ¢.°>"°* Hence,
bigger grain sizes have higher o. Another study®® followed a
kinetically controlled crystallization (KCC) method to grow

This journal is © The Royal Society of Chemistry 2025

P(NDI2OE-T2) films by regulating the solidification rate of the
film after spin-coating (Fig. 8(a)). As expected, a slower solidifi-
cation rate at a lower temperature led to higher crystallinity
and bigger grain sizes, which led to a mobility enhancement
of 100x.

Another way to induce crystallinity and order is by dimen-
sional confinement. A self-seeded growth method was
employed for synthesizing nanofibrils of P3HT.”® Needle-like
seeds of P3HT were initially dispersed in the solution phase,
and temperature-controlled nucleation of P3HT was performed
on the dispersed 1-D seeds, which led to the growth of highly
crystalline 1-D nanofibrils of P3HT (Fig. 8(b)). The increased
crystallinity and alignment by 1-D confinement is expected to
significantly enhance carrier mobility. The same approach can
be followed for donor-acceptor polymers.

Polymers solidify as spherulites, which contain highly crys-
talline zones with completely aligned chains separated by dis-
ordered amorphous zones. Mechanical drawing of polymers
has been traditionally used to align polymer chains and
increase the crystallinity of polymer films.®*"°® The drawing
process is usually conducted above the glass transition temp-
erature of the polymers, beyond which the polymer chains can
move freely on stretching and relax at equilibrium positions,
forming a highly ordered structure. Recently, a study®® uniaxi-
ally stretched a doped P3HT film, as shown in Fig. 8(c), with a
DMA instrument with a draw ratio of 4 and obtained a ~40x
higher ¢ with an almost unchanged S along the drawing direc-
tion. High-temperature rubbing is another mechanical process
used to improve the surface alignment of conjugated polymer
chains on the sample surface. The rubbing motion introduces
a shear on the surface of the deposited film that enhances the
alignment of polymer chains. Another study®" rubbed
P(NDI2OD-T2) thin film in one direction, applying constant

Nanoscale, 2025, 17, 23896-23914 | 23903
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random coiling of the chains, which ensures more order in the system and improves interchain carrier mobility. (c) The thiazole-substituted chain
has the same S as that of the thiophene but possesses a ~1000x higher power factor®’ (reproduced with permission, copyright 2020, Wiley-VCH).

pressure by a rotating cylinder while annealing at a high temp-
erature, and obtained a film with highly aligned chains
(Fig. 8(d)). The carrier mobility along the rubbing direction
went up by ~5x.

6. Effect of dopants
6.1 Thermodynamic limitations on doping efficiency

Donor-acceptor polymers offer the advantage of being doped
as both n-type and p-type. Prior work on organic thermoelec-
trics has mainly focused on p-type conjugated polymers, such
as PEDOT:PSS. Similarly, p-dopants have been mostly explored
for donor-acceptor polymers, and very few studies exist on
n-doped donor-acceptor polymers. Moreover, the best charge
transport properties and thermoelectric performances have
been reported for p-type polymers that outperform the n-type
polymers by orders of magnitude.®®’® Molecular doping
differs significantly from substitutional atomic doping in inor-
ganics. In inorganics, both dopant and semiconductor lattice

23904 | Nanoscale, 2025, 17, 23896-23914

are neutral at the ground state, whereas in the case of mole-
cular doping, a ground state charge transfer complex (CTC) is
formed by electron exchange between the dopant and the
semiconductor.” Hence, for p-type molecular doping, the
neutral dopant LUMO needs to be lower than the neutral host
HOMO so that an electron is transferred from the semi-
conductor host to the dopant to form the CTC. For n-doping,
the neutral dopant HOMO needs to be higher than the neutral
host LUMO at the ground state so that an electron is trans-
ferred from the dopant to the semiconductor host to form the
CTC. This leads to the formation of two gap states, out of
which one is localized on the semiconductor and the other on
the dopant. However, carriers in the semiconductor gap state
are bound to the opposite charges in the dopant state, which
must acquire thermal energy to overcome the coulombic
binding energy and hop into the extended bands to participate
in transport.”! The inferior performance of the n-type poly-
mers is due to the poor doping efficiency and stability of the
n-type dopants under standard atmospheric conditions. This
is an inherent challenge for n-type dopants as they have high

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 (a) Controlling crystallite size kinetically by controlling evaporation-driven solidification rate®® (reproduced with permission, copyright 2019,
Wiley-VCH). (b) Nucleating on 1-D seeds leads to spatial confinement and the formation of highly crystalline polymer nanofibrils®® (reproduced with
permission, copyright 2012, American Chemical Society) (c) mechanical drawing induces crystallinity by aligning polymer chains and creating an
ordered network of resistors with high carrier mobility®® (reproduced with permission, copyright 2019, American Chemical Society) (d) highly
aligned chains are obtained by mechanical rubbing at the glass transition temperature®! (reproduced with permission, copyright 2019, Wiley-VCH).

HOMO levels and are more likely to transfer electrons to
oxygen or moisture, which have a much deeper LUMO level
than that of the semiconducting polymers (Fig. 9(a)).”> The
most widely used n-type dopant is N-DMBI-H because it is rela-
tively air-stable owing to its low HOMO level. However, it
suffers from poor doping efficiency as its HOMO level is lower
than most of the organic semiconductors.”?

The doping through N-DMBI-H occurs either via (i) a
hydride ion (H™) transfer process from the N-DMBI to the
doped molecule (ii) a free-radical pathway: N-DMBI-H —
N-DMBI' + H', and the free radical transfer the electrons to
the doped molecule.”? As shown in Fig. 9(b), the HOMO
level of N-DMBI is lower than the LUMO of both the poly-
mers, A (A-DCV-DPPTT) and Q (A-DCM-DPPTT). However,
when it is activated to the free radical state, the singly occu-
pied molecular orbital (SOMO) of the free radical has a
higher energy than the LUMO of both polymers, which

This journal is © The Royal Society of Chemistry 2025

results in successful n-doping. However, the activation
energy of both the free-radical generation (80.2 kcal mol ™"~
335 kJ mol™") and the hydride transfer (74.6 kcal mol™'-
312 kJ mol™") are very high (Fig. 9(c)), resulting in slow kine-
tics of the doping reaction thereby limiting the doping
efficiency.

A recent study’* employed a layer of gold nanoparticles as a
catalyst bed between the glass substrate and a spin-coated film
of blended perylene diimide (PDI) based polymer and dopant
(N-DMBI-H). Gold as a transition metal catalyst reduces the
activation barrier of the lysis of the C-H bond of N-DMBI-H by
~32 kecal mol™ (~133 kJ mol™), thereby facilitating the
doping process involving hydride ion transfer from N-DMBI-H
to PDI, as shown in Fig. 9(d). Thus, using a bed of transition
metal catalysts is a simple and effective strategy for the devel-
opment of stable n-type devices from any organic semi-
conductors. While this catalytic strategy provides a practical

Nanoscale, 2025, 17, 23896-23914 | 23905
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Fig. 9 (a) Energy levels of different p-type and n-type dopants used for organic semiconductors in general. N-type dopants are relatively unstable

in the air as their high HOMO levels cause them to transfer electrons to oxygen/moisture instead of the doped polymer’? (reproduced with per-
mission, copyright 2020, The Royal Society of Chemistry). (b) Air-stable dopant N-DMBI-H has a lower HOMO level than the LUMO level of the poly-
mers A (A-DCV-DPPTT) and Q (A-DCM-DPPTT), but it forms a free radical as an intermediate which has a SOMO level higher than the LUMO level of
both polymers. (c) Both possible doping pathways followed by N-DMBI-H, through free radical formation and through hydride ion transfer, have
high activation energies’® (reproduced with permission, copyright 2020, The Royal Society of Chemistry). (d) The activation energy of the doping
reaction can be lowered by depositing a layer of AUNPs as catalysts between the spin-coated polymer-dopant blend and the substrate’ (reproduced

with permission, copyright 2021, Springer Nature).

route to improve the reactivity of existing dopants, recent
advances have taken alternative approaches to overcome the
intrinsic limitations of conventional n-dopants like N-DMBI-H.
One such approach utilizes photoactivable dopants that
undergo UV-triggered conversion into active hydride donors,
enabling spatially resolved n-doping down to 1 pm and achiev-

ing conductivities as high as 31 S em™" without requiring

23906 | Nanoscale, 2025, 17, 23896-23914

thermal activation. In parallel, thermally activated triamino-
methane-type dopants, designed through DFT-guided screen-
ing, exhibit high doping efficiency, exceptional air and solu-
tion stability, and excellent miscibility with polymer side
chains. Triaminomethane-type dopants achieves conductivities
up to 21 S em™" and thermoelectric power factors of 51 pW
m~ K2 in thick (>10 pm) films while preserving polymer mor-

This journal is © The Royal Society of Chemistry 2025
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phology. These new classes of dopants illustrate how mole-
cular doping barrier can be overcome catalytically or through
photo/thermal-activation, enabling stable, high-performance
n-type doping in donor-acceptor polymers.”>”®

6.2 Charge localization by dopants limits mobility

The strong coulombic binding energy of the dopants, limits
charge transport in most conjugated polymers. The dopants
are bonded to the polymers, and the highly polar character of
the strong bonds increases the coulombic binding energy,
thereby localizing charges, as mentioned in Section 4. Strong
localization effects of PSS as a dopant for PEDOT have been
observed due to ionic bonding between the PEDOT and
PSS.””77? FeCl; as a dopant also causes a significant extent of
charge localization in P3HT.®®' Although dopants increase
carrier concentration, dopants with high binding energy with
the host significantly affect mobility by charge localization. A
couple of prior work®” has followed the strategy of replacing a
small dopant such as FeCl; with a bulky dopant such as Tris
(pentafluorophenyl) borane (BCF), such that the steric inter-
actions between the polymer side chains and the bulky func-
tional groups of the dopant results in lowering of the binding
energy of the dopant with the polymer (Fig. 10). The weak cou-
lombic binding energy results in enhanced transport and high
o. Hence, the dopant structure should be modified to optimize
the electron affinity of the dopant and the bond strength
between the dopant and polymer to facilitate charge delocali-
zation along the polymer backbone. However, bulky dopants
can introduce excluded volume and may have lower miscibility
with the polymers. This will decrease the doping efficiency as
well as lower the gravimetric thermoelectric energy conversion
efficiency. Hence, one has to find a balance between the size
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of the dopant and the binding energy of the dopant with the
polymer.

7. Path forward

7.1 Decoupling seebeck from electrical conductivity

We curated S and o from various sources and represented their
correlation in Fig. 11. S decreases with ¢ as expected. The
inverse relationship implies that the ¢ enhancement in most
of the studies resulted from an increase in carrier concen-
tration which decreased S. High mobility due to inherent
structure or mobility enhancement by structural changes,
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Fig. 10 FeCls as a dopant has a strong coulomb binding energy with the polymer, which results in the localization of charges. Bulky dopant BCF
has a weaker coulombic binding energy with the polymer, which prevents charge localization and facilitates charge transport®’ (reproduced with
permission, copyright 2024, American Chemical Society).
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instead of doping, is desirable to maintain a high S and high
o, as doping increases the chemical potential of the electrons,
thereby reducing S. As mentioned in the review, structural
modifications such as sidechain and backbone engineering to
promote interchain n-n stacking, stabilizing triplet states of
the donor-acceptor moieties, randomly sequencing the donor
and acceptor moieties, and physical alignment of chains by
slow crystallization and stretching can collectively enhance the
carrier mobility, such that minimal extent of doping is
required to achieve a high ¢ while retaining a high S. Although
this review summarizes the important factors controlling the
properties of donor-acceptor polymers, further mechanistic
exploration is required to completely understand the complex
structure-function relationships. Additionally, because of dis-
order, molecular systems like donor-acceptor polymers have
Gaussian DOS. Hence, the relationship between their S and o
should differ significantly from that of parabolic semi-
conductors. Decoupling S from ¢ can bring a paradigm shift in
thermoelectrics research as it will potentially push the thermo-
electric power factor several times beyond the currently exist-
ing best-performing thermoelectric materials. However, the
mechanisms behind the decoupling of these parameters have
not been established. As molecular systems have differently
shaped DOS than inorganic semiconductors, the relationship
between S from ¢ in these systems needs to be clearly under-
stood, and the possibility of decoupling these two parameters
needs to be further explored.

7.2 Accurate mobility measurement

In traditional inorganic semiconductors, carrier mobility and
concentration are usually estimated from Hall effect measure-
ments by assuming that the carrier concentration and the mobi-
lity are independent of each other,*”"® which can be invalid for
organic semiconductors due to the following two reasons.
Primarily, the coulombic energy of the dopants localizes charge
carriers. However, with increasing extent of doping additional
carriers screen these interactions, leading to charge delocaliza-
tion and a corresponding increase in mobility. Thus, increasing
carrier concentration increases mobility and they are not inde-
pendent. Secondarily, introducing molecular dopants always
changes the polymer structure and, in turn, changes the mobi-
lity. These make the mobility dependent on the carrier concen-
tration. Hence, alternative methods to characterize the charge
carrier concentration need to be explored.

Recent work®® has shown that nuclear magnetic resonance
(NMR) peak shift can be used to estimate the carrier concen-
tration independently in organic semiconductors. The carrier
concentration induced by an F-containing dopant was esti-
mated by characterizing the peak shift in '°F NMR (Fig. 13(a)).
The shift was calibrated with different concentrations of
dopants. Simultaneously, the same samples with different con-
centrations of dopants were used for Vis-NIR absorption spec-
troscopy measurement to estimate the exciton bleach percen-
tage (Fig. 13(a)). The carrier density was obtained by correlat-
ing the exciton bleach percentage with the NMR peak shift.
The estimated n was used to calculate y through o = neu
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obtained from independent o measurements. Another fre-
quently used method that can provide an independent esti-
mation of carrier mobility is the field effect transistor (FET)
based time-of-flight method, where the time-of-flight of the
charges injected by the electrodes is used to estimate the
carrier mobility. Also, recent studies® have shown that the
DOS near the HOMO and LUMO levels of organic semi-
conductors can be characterized by energy resolved-electro-
chemical impedance spectroscopy and can be used to estimate
bandgap and carrier concentration (Fig. 13(b)).

7.3 Thermal conductivity characterization

In general, untreated polymers are disordered and have low
thermal conductivity (k) ~0.2 W m™" K '.°%%>' However,
donor-acceptor polymers can potentially have a high k when
(i) heavy doping makes ¢ ~10° S ecm™", increasing electronic
contribution to k and (ii) enhancing crystallinity by the afore-
mentioned structural changes, which also increases lattice k.°®
The enhancement of the electronic contribution to the &k has
already been observed for the conjugated polymer PEDOT:
PSS.%® Usually, polymer films are dimensionally anisotropic,
the thickness being much smaller than the length and
width.?*°”%° The confinement along the thickness (through-
plane) causes preferential alignment of the chains along the
in-plane direction, simultaneously reducing excluded volume
effects in the in-plane direction. Therefore, both electrical
carrier mobility and k will be higher along the in-plane direc-
tion,'® as shown in Fig. 12(a). A study®® found a positive
linear correlation between the in-plane ¢ and k, as stated by
the conventional Wiedemann-Franz law, with k reaching up to
~1 W m~" K" (Fig. 12(b)). However, the through-plane k is
much lower ~0.3 W m~* K, and independent of the in-plane
o. This suggests that the enhancement of k in the in-plane
direction is a result of ¢ enhancement.
The donor-acceptor polymers have been mostly character-
ized for power factor enhancement. However, the actual figure
S?c
&
reaches a high value. Different donor-acceptor poly-
mers with different interchain interactions and high inter-
chain electron mobility may have different degrees of an-
isotropy in k. Therefore, experimental and computational
exploration of the in-plane k of donor-acceptor polymers and
understanding the factors controlling their % is necessary.

of merit, zT = T, can be significantly affected when &

32,101,102

7.4 Database development and machine learning

ML algorithms can analyze vast datasets of polymer structures,
electronic properties, and thermoelectric performance metrics
to identify patterns and predict optimal donor-acceptor com-
binations for enhanced charge mobility, S coefficient, and
k.1°%1%1 Hence, a database on energetics and structure-prop-
erty relationships needs to be generated first.'*>™'%” With ML,
one can design novel polymer backbones by exploring
untapped chemical spaces and suggesting innovative struc-
tures with tailored bandgaps and doping efficiencies. The data-
base and ML model will be specifically useful for selecting

This journal is © The Royal Society of Chemistry 2025
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donor-acceptor semi-

conductors with a wide range of bandgaps. This will not only

combinations to develop organic

be useful for thermoelectrics, rather, it will be attractive to all
communities interested in bandgap modulation of semicon-
ducting polymers, including photovoltaics. Additionally, ML
models can accelerate experimental workflows by guiding syn-

This journal is © The Royal Society of Chemistry 2025

thesis priorities and reducing trial-and-error processes. These
tools can also improve understanding of structure-property
relationships, allowing researchers to fine-tune morphology,
crystallinity, and doping strategies for better thermoelectric
efficiency. Fig. 14 shows how such predictive modeling has
been used for designing small-molecule semiconductors.
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Although Fig. 14 does not depict the exact case of donor-
acceptor polymers, it illustrates that these systems can be con-
structed from many different donor and acceptor moieties.
This compositional flexibility allows broad tuning of key pro-
perties such as energy levels, charge-carrier mobility, and
thermal conductivity. Understanding these structure-property
relationships can be greatly facilitated by machine-learning
models. Mapping the electronic structure to diverse molecular
and physical descriptors will enable data-driven discovery of
novel donor-acceptor combinations, offering a pathway to
accelerate the development of high-performance organic semi-
conductors and potentially driving a paradigm shift in their
technological applications. When constructing the database, it
is important to first apply standard data cleaning procedures
to ensure consistency, followed by classification of similar
donors or acceptors (e.g., DPP-type, PDI-type). Within these
respective frameworks, regression, neural networks, or other
predictive modeling can then be performed to more reliably
analyze and predict polymer structures and properties. By inte-
grating ML with high-throughput experiments and compu-
tational simulations, the development of next-generation
donor-acceptor thermoelectric polymers can be significantly
expedited, leading to cost-effective and high-performance solu-
tions for energy conversion.

8. Summary

Favorable energy states created by the donor-acceptor
sequence led to high carrier mobility in donor-acceptor poly-
mers, and they have been extensively explored for photovoltaic
energy conversion. Due to the same reason, donor-acceptor
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polymers are also attractive for thermoelectrics since a high ¢
can be achieved with a minimum amount of doping, which is
important to maintain a high S as doping reduces S. While
PEDOT:PSS has been widely explored as a p-type semi-
conductor, its n-type counterpart with similar performance
has not been developed. Donor-acceptor polymers offer the
advantage of being doped both p-type and n-type and, hence,
are ideal for thermoelectrics. There is still a huge gap between
the performance of organic and inorganic thermoelectrics.
However, this gap is beginning to close. A recent breakthrough
reported a record-high thermoelectric figure of merit (z7T) of
0.6 at 298 K and 1.3 at 328 K for a donor-acceptor multi-het-
erojunction polymer fabricated via a periodic nanolayered
architecture (Fig. 15).'°° This structure, which combines high
charge mobility, suppressed in-plane k, and enhanced elec-
tronic entropy at the donor-acceptor interface, outperforms
even commercial inorganic thermoelectrics near room temp-
erature. To the best of our knowledge, this is highest perform-
ance ever reported in organic thermoelectric materials. Hence,
donor-acceptor polymers have the potential to bridge the gap
between organic and inorganic thermoelectrics while retaining
all the attributes of organics such as flexibility and ease of
manufacturing.

With proper measures, such as maintaining an open-shell
and planar backbone with sidechains that favor inter-chain
coupling, monomers that favor sharper DOS, and monomer
sequences that favor a high S while maintaining high ¢, a path
forward can be adopted to achieve this milestone. To mechan-
istically explain thermoelectric property enhancement through
mobility increase, the development of methods other than tra-
ditional Hall effect measurements is essential for accurate and
independent determination of carrier concentration and mobi-
lity. Also, for proper evaluation of z7, accurate measurement of
in-plane k is needed. Finally, developing a database on
different synthesis conditions, structures, and properties of
these polymers can enable the training of machine learning
models that can facilitate the fabrication of these polymers
with optimum thermoelectric properties. Thus, the integration
of donor-acceptor polymers through precise molecular design,
innovative characterization techniques, and data-driven optim-
ization has the potential to revolutionize not only thermoelec-
trics but the entire field of organic semiconductors, paving the
way for groundbreaking advancements in energy conversion,
electronics, and beyond.
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