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High-Performance n-Type Organic Thermoelectrics Enabled
by Synergistically Achieving High Electron Mobility and
Doping Efficiency

Kui Feng, Junwei Wang, Sang Young Jeong, Wanli Yang, Jianfeng Li, Han Young Woo,
and Xugang Guo*

n-Doped polymers with high electrical conductivity (𝝈) are still very scarce in
organic thermoelectrics (OTEs), which limits the development of efficient
organic thermoelectric generators. A series of fused bithiophene imide
dimer-based polymers, PO8, PO12, and PO16, incorporating distinct
oligo(ethylene glycol) side-chain to optimize 𝝈 is reported here. Three
polymers show a monotonic electron mobility decrease as side-chain size
increasing due to the gradually lowered film crystallinity and change of
backbone orientation. Interestingly, polymer PO12 with a moderate side-chain
size delivers a champion 𝝈 up to 92.0 S cm−1 and a power factor (PF) as high
as 94.3 μW m−1 K−2 in the series when applied in OTE devices. The PF value
is among the highest ones for the solution-processing n-doped polymers.
In-depth morphology studies unravel that the moderate crystallinity and the
formation of 3D conduction channel derived from bimodal orientation
synergistically contribute to high doping efficiency and large charge carrier
mobility, thus resulting in high performance for the PO12-based OTEs. The
results demonstrate the great power of simple tuning of side chain in
developing n-type polymers with substantial 𝝈 for improving organic
thermoelectric performance.
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1. Introduction

Polymer semiconductors provide an
excellent opportunity to function as low-
temperature (<200 °C) thermoelectric
materials due to their advantages of solu-
tion processability, minimal toxicity, small
thermal conductivity, and excellent me-
chanical flexibility,[1–6] enabling conformal
coating at reduced device fabrication cost
for thermoelectric generators as renew-
able thermal energy conversion devices,
which are particularly important for mo-
bile devices,[7] wearable electronics,[8] and
sensor networks.[9,10] The thermoelectric
performance is assessed by a dimensionless
figure of merit of 𝑍𝑇 = 𝜎𝑆2𝑇/𝜅, where 𝜎, S,
T, and k are the electrical conductivity, See-
beck coefficient, temperature, and thermal
conductivity, respectively.[6,11,12] To realize
high-performance organic thermoelectric
modules, it is required for both p-type and
n-type materials with high and comparable
performance.[13] To date, p-type organic
thermoelectric (OTE) materials, especially

p-type OTE polymers, have been intensively investigated
and achieved the state-of-the-art performance,[14–20] exempli-
fied by the benchmark p-type polymers P3HT[11] and poly(3,4-
ethylenedioxythiophene) with ZT > 0.4, which is originated from
the high power factor (PF, PF = 𝜎𝑆2) of >300 μW m−1 K−2.[21–27]

Nevertheless, the n-type counterparts lag greatly behind with
much lower PFs typically ranging from 1 to 10 μW m−1 K−2,
mainly suffering from the inferior electrical conductivities (𝜎s)
typically in the range of 5–20 S cm−1. From the view of materi-
als development, the unsatisfactory n-type performance is mainly
restrained by the scarcity of highly electron-deficient building
blocks with good solubility, compact molecular geometry, and op-
timized electronic properties.

At beginning, the widely used electron-deficient building
blocks were the historic imide-functionalized arenes, i.e., naph-
thalene diimide (NDI)[28] and perylene diimide (PDI).[29] Their
incorporation into donor–acceptor (D-A) type polymers greatly
improved the n-type OTE performance at that time. However,
the phenyl-based NDI and PDI suffer from sizable steric hin-
drance with neighboring (hetero)arenes and hence twisted back-
bone in the resulting polymers, which significantly limits the
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electron mobility, thus leading to a poor 𝜎 (0.1–0.5 S cm−1) and PF
(0.5–2 μW m−1 K−2).[29–32] Since then, a great number of electron-
deficient building blocks have been devised to improve the per-
formance of OTEs of the resulting n-type polymers (please see
summary in Table S1, Supporting Information). They mainly in-
clude amide-functionalized (hetero)arene-based polymers,[33–36]

imide-functionalized (hetero)arene-based polymers,[37–39] boron-
nitrogen coordination bond-based polymers,[40] and ladder-type
polymers.[30,41–44] For example, Pei et al. reported an amide-
functionalized n-type polymer TBDOPV, which achieved a 𝜎 of
90 S cm−1 and a high PF of 106 μW m−1 K−2.[44] Recently, Huang
et al. reported a ladder-type poly(benzodifurandione) (PBFDO)
with low-lying LUMO and good backbone coplanarity and found
that it has ultrahigh conductivity of 2000 S cm−1 and a promis-
ing PF approaching 90 μW m−1 K−2.[45] Nevertheless, the per-
formance parameters of most polymers are still much inferior
to their p-type counterparts. Therefore, it is highly imperative to
further design and synthesize high-performance n-type polymers
for advancing the OTE field.

Based on the OTE performance parameters, it is clear that the
low 𝜎 value is the major factor limiting the performance of n-
type organic and polymer semiconductors.[46,47] According to the
equation: 𝜎 = nμq, where n, μ, and q are charge carrier concen-
tration, charge carrier mobility, and elementary charge, respec-
tively, hence both electron mobility and charge carrier concentra-
tion (i.e., n-doping levels) are equally important to realize high
𝜎s for n-type polymers.[48] Via backbone optimization, the result-
ing polymers could exhibit planar and linear backbone and high
crystallinity, which results in improved charge transport in or-
ganic thin-film transistors (OTFTs), but could be inclined to yield
poor miscibility with dopant molecules and hence low doping
level.[49,50] Therefore, it is highly challenging to simultaneously
achieve high electron mobility and doping level to improve the
𝜎s of n-doped polymers.

Bithiophene imide (BTI) and its derivatives[51] have been
proven to be the excellent electron-deficient building blocks for
accessing high-performance n-type polymers with large electron
mobility (μe,OTFT > 3 cm2 V−1 s−1)[52] achieved in OTFTs owing
to their merits of excellent solubility, good backbone coplanarity,
and high electron deficiency. Thus a great number of BTI deriva-
tives have been invented to construct donor–acceptor (D-A) and
acceptor–acceptor (or all-acceptor, A-A) polymers for OTFTs[53,54]

and all-polymer solar cells.[55,56] For example, polymer f-BTI2-
FT comprising of a fused bithiophene imide dimer (f-BTI2) with
alkyl side chains as acceptor unit and 3,4-difluorothiophene as
donor co-unit showed unipolar n-type character with a high
μe,OTFT of 1.13 cm2 V−1 s−1 in OTFTs.[54] When replacement of
alkyl chain by oligo(ethylene glycol) (OEG)-type chain, the minor
structurally modified polymer f-BTI2TEG-FT maintained a high
degree of backbone planarity and low-lying lowest unoccupied
molecular orbital (LUMO) energy level but with a much higher
degree of n-doping efficiency, thus resulting in an improved 𝜎 of
≈70 S cm−1.[37] Nevertheless, the μe,OTFT is only 6.34 × 10−4 cm2

V−1 s−1, which limited the conductivity improvement.[57] It is well
known that the introduction of thienylene–vinylene–thienylene
(TVT) unit can lead to increased conjugation length and more
planar backbone compared to thiophene unit,[58] demonstrating
the advantages of improving microstructural ordering and charge
transport in thin films for the resulting polymers (Figure 1a).

However, the electron-rich nature of TVT limits polymer n-type
performance.[59] On the other hand, cyano functionalization has
been demonstrated as a powerful strategy to construct n-type
small molecules and polymers with low-lying LUMOs, which im-
proves the n-type performance of various organic electronic de-
vices, such as organic solar cells,[60] OTFTs,[61] and organic elec-
trochemical transistors.[62]

Based on the great success of cyanation for polymers with
improved electron transport properties and TVT with mini-
mized steric hindrance, cyano-functionalized TVT (TVTCN,
Figure 1a) is expected to enable the resulting polymers with
planar backbone, low-lying LUMOs, and long conjugated length
(Figure 1a).[63] In addition to the polymeric backbone, the side-
chain also shows a significant effects on polymer chain stacking
and film crystallinity, thus greatly influencing the device perfor-
mance. In this contribution, we systematically study the impact
of side-chain size on the polymer optical/electrochemical prop-
erties, charge transport characters, n-doping efficiency, and OTE
performance. As shown in Figure 1b, PO8, PO12, and PO16
were attached with different branched OEG side chain, 3-((2-
methoxyethoxy)methyl)−2-((2-methoxyethoxy)methyl)propyl
(O8), 3-((2-(2-methoxyethoxy)ethoxy)methyl)−2-((2-(2-
methoxyethoxy)ethoxy)methyl)propyl (O12), and 13-(2,5,8,11-
tetraoxadodecyl)−2,5,8,11-tetraoxatetradecan-14-yl (O16), re-
spectively. The building blocks f-BTI2g(O8), f-BTI2g(O12), and
f-BTI2g(O16) were copolymerized with the same donor unit
TVTCN to afford polymers PO8, PO12, and PO16 (Figure 1b),
respectively. Intriguingly, three polymers show distinct opti-
cal/electrochemical properties and semicrystalline character. A
monotonic mobility decrease with increasing side-chain size
was observed from PO8 to PO12 and to PO16 when applied in
OTFTs. Among them, OTE devices based on polymer PO12 with
moderate OEG side-chain achieved a highest 𝜎 of 92 S cm−1

as well as a remarkable PF of 94.3 μW m−1 K−1, much higher
than the devices based on polymers PO8 (𝜎 = 18.1 S cm−1 and
PF = 14.7 μW m−1 K−1) and PO16 (𝜎 = 40.5 S cm−1 and PF =
62.1 μW m−1 K−1). To the best of our knowledge, the PF of 94.3
μW m−1 K−1 is among the highest values of n-doped polymers
for OTEs. The morphology analysis unravels that PO12 has a
moderate crystallinity with bimodal orientation (both face-on
and edge-on), which are beneficial to achieving high doping level
and large electron mobility simultaneously, thus yielding high
OTE performance. Overall, our work demonstrates that syn-
ergistical optimization of backbone orientation and side-chain
size provides a powerful avenue to develop n-type polymers for
high-performance OTEs.

2. Results and Discussion

2.1. Chemical Synthesis

Figure S1 (Supporting Information) illustrates the synthetic
routes to the key dibrominated monomers f-BTI2g-2Br(O8),
f-BTI2g-2Br(O12), and f-BTI2g-2Br(O16), which are then
reacted with distannylated monomer (E)−1,2-bis(-(3-cyano-5-
(trimethylstannyl)thiophene-2-yl)ethene (TVTCN-2Sn) under
typical Stille coupling-based polycondensation to afford product
polymers PO8, PO12, and PO16 with a yield of 74%, 81%, and
85%, respectively. The synthetic details can be found in the

Adv. Sci. 2023, 10, 2302629 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2302629 (2 of 10)



www.advancedsciencenews.com www.advancedscience.com

Figure 1. a) Molecular design strategy by increasing conjugation length and further incorporating cyano groups to yield TVTCN unit. b) Molec-
ular structures of f-BTI2g-based polymers PO8, PO12, and PO16 decorated with distinct OEG-type side-chain 3-((2-methoxyethoxy)methyl)−2-
((2-methoxyethoxy)methyl)propyl (O8), 3-((2-(2-methoxyethoxy)ethoxy)methyl)−2-((2-(2-methoxyethoxy)ethoxy)methyl)propyl (O12), and 13-(2,5,8,11-
tetraoxadodecyl)−2,5,8,11-tetraoxatetradecan-14-yl (O16) side-chains (O16), respectively, and the optimized geometry of polymer backbone. Calcula-
tions were based on the DFT//B3LYP/6-31G* level, and the alkyl side chains were substituted with the methyl group for calculation simplicity.

Supporting Information. After polymerization, the polymers
were precipitated into methanol and then purified by successive
Soxhlet extraction to afford the final polymer products. Using gel
permeation chromatography (GPC) with hexafluoroisopropanol
(HFIP) as the eluent, the number average molecular weight
(Mn)/dispersity (Ð) was found to be 11.7 kDa/1.6, 23.8 kDa/1.9,
and 33.1 kDa/2.1 for PO8, PO12, and PO16, respectively (Figures
S1–S3, Supporting Information). It was found that PO16 has
the highest Mn, attributed to the longest triethylene glycol side
chains which offered the highest solubility among all polymers
as the polymeric backbone extended during polymerization.
Thermogravimetric analysis (TGA) unraveled that three poly-
mers have superior thermal stability with a decomposition
temperature over 270 °C, and differential scanning calorimetry
(DSC) analysis showed no distinctive transition peaks from
30 to 250 °C for all three polymers (Figure S4, Supporting
Information).

2.2. Polymer Optical and Electrochemical Properties

The absorption properties of f-BTI2g-2Br(O8), f-BTI2g-2Br(O12),
and f-BTI2g-2Br(O16) in chloroform solution and as thin film
are depicted in Figure S5 (Supporting Information) and Figure
2a, and the related absorption parameters are summarized in

Table 1. Three monomers in solution show comparable absorp-
tion spectra with the maximum absorption wavelengths (𝜆max)
located at 463 nm. From solution to film state, all monomers
exhibit a redshift of ≈10 nm as a result of the increased back-
bone planarity and chain aggregation. After polymerized with
TVTCN unit, three polymers show distinct absorption features
in the range of 400–700 nm. For PO8, a strong absorption peak
is found at 561 nm in solution, associated with the intramolecu-
lar charge transfer (ICT) between f-BTI2 and TVTCN units, while
both PO12 and PO16 featured similar bathochromically shifted
absorption peaks at 571 nm. Compared to solution, the 𝜆max of
three polymer films exhibited a pronounced redshift of ≈20 nm
due to the fact that they have a higher degree of polymer chain
ordering in film state. The polymer optical bandgaps (Eg

opt) were
determined from the absorption onset of polymer films, corre-
sponding to 1.79, 1.77, and 1.77 eV for PO8, PO12, and PO16,
respectively.

Please note that PO12 and PO16 demonstrate significantly
bathochromically shifted absorption compared to PO8 in both
solution and film states. The temperature-dependent UV–
vis absorption was characterized to investigate the polymer
aggregation properties. As shown in Figure S6 (Supporting
Information), the peak of PO8 gradually disappeared when the
temperature was increased to 90 °C, whereas PO12 and PO16
exhibited stronger pre-aggregation character (Figures S7–S8,
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Figure 2. Normalized UV–vis absorption spectra of a) the dibrominated monomer films, and f-BTI2-based polymers b) in diluted chloroform solution
(10−5 m) and c) as thin films. d) Cyclic voltammograms of the polymer thin films in 0.1 m tetra(n-butyl)ammonium hexafluorophosphate acetonitrile
solution with Fc/Fc+ as the external standard. e) FMO energy-level alignment of polymers. f) Optimized molecular geometries for trimer of the polymer
repeating unit. The calculations were performed at the B3LYP/6-31G(d,p) level, and the alkyl chains were replaced with a methyl group for calculation
simplicity.

Table 1. Optical and electrochemical properties of the f-BTI2-based polymer semiconductors.

Polymer Mn [kDa] Ð 𝜆max
solna) [nm] 𝜆max

filmb) [nm] 𝜆onset
film [nm] Eg

optc) [eV] ELUMO
d) [eV] EHOMO

e) [eV]

PO8 11.7 1.6 560 579 693 1.79 −3.78 −5.56

PO12 23.8 1.9 617 641 699 1.77 −3.81 −5.57

PO16 33.1 2.1 617 641 699 1.77 −3.82 −5.59
a)

Absorption of polymer solution (10−5 M in chloroform)
b)

Absorption of as-cast polymer film from chloroform solution
c)

Optical bandgap (Eg
opt) derived from absorption

onset of polymer film using the equation: Eg
opt = 1240/𝜆onset

film (eV)
d)

ELUMO = −(Ered
onset + 4.80) eV, Ered

onset determined using the Fc/Fc+ external standard
e)

EHOMO =
ELUMO − Eg

opt.

Supporting Information) compared to PO8 with smaller side-
chain size even in dilute chlorobenzene, suggesting the stronger
intermolecular interaction of the longer OEG side chains (O12
and O16 side chains) compared with O8 side chain. The strong
aggregation tendency of polymers PO12 and O16 corroborates
the observed redshifted absorption spectra and narrower Eg

opt.
The frontier molecular orbital (FMO) energy levels of

three polymers were probed by cyclic voltammetry (CV) with
Ag/Ag+ as the reference electrode and ferrocene/ferrocenium
(Fc/Fc+) redox couple as the external standard in 0.1 m
tetra(n-butyl)ammonium hexafluorophosphate acetonitrile so-
lution (Figure 2d), and Table 1 summarizes the correspond-
ing parameters. The LUMO/highest occupied molecular or-
bital (HOMO) energy levels were found to be −3.79/−5.56,
−3.81/−5.57, and −3.82/−5.59 eV for PO8, PO12, and PO16, in-
dicative of a negligible effect of lateral side-chain size on their

electrochemical properties. In order to understand polymer back-
bone topology and FMOs, the density functional theory (DFT)
calculation was conducted using trimer of the polymer repeating
unit, and the long side chains were replaced by shorter methyl
groups. As shown in Figure 2f, the polymer exhibits a minimum
dihedral angle of ≈1° between BTI2 unit and the neighboring
thiophene moieties, indicating a very planar backbone of the f-
BTI2-based polymer.

2.3. Polymer Charge Transport Property

The charge transport properties of three polymers are studied by
fabricating top-gate/bottom-contact (TG/BC) OTFTs with a de-
vice structure of glass/Au/polymer/CYTOP/Al, in which a fluori-
nated perfluoro(1-butenyl vinyl ether) polymer (CYTOP) is used
as dielectric layer. The details of device fabrication are depicted in
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Figure 3. OTFT output (top) and transfer (bottom) characteristics of the f-BTI2g-based polymers: a,b) PO8, c,d) PO12, and e,f) PO16.

the Supporting Information, and the output/transfer characteris-
tics of the optimal devices are displayed in Figure 3. All polymers
exhibit nearly unipolar n-type transport character without using
any electrode-modifying layer, originated from their deep-lying
LUMO/HOMO levels. It was found that the electron mobilities
decrease monotonically with the increase of side-chain size. Af-
ter the systematical optimizations, PO8 delivered a remarkable
μe,OTFT of 0.013 ± 0.02 cm2 V−1 s−1, which was slightly higher
than both PO12 (μe,OTFT = 0.010 ± 0.03 cm2 V−1 s−1) and PO16
(μe,OTFT = 0.007 ± 0.001 cm2 V−1 s−1), indicative of a large influ-
ence of OEG chain size on charge transport in OTFTs.[64] The
OTFT mobilities of ≈0.01 cm2 V−1 s−1 achieved from PO8 device
are among the highest values for n-type polymers functionalized
with OEG-type side chains, which could be beneficial to obtaining
high electron mobility after doping. Please note that these OTFT
mobilities are significantly less than those analogues with alkyl
side chains.[54] We guess that the OEG side chain would induce
water-related electron traps because of its hydrophilicity and re-
sult in widening interfacial charge transport density of states due
to its high polarity.[65]

2.4. n-Doping of the Polymers

To explore n-doping properties, UV–vis–NIR absorption spectra
of three polymers were first investigated. The polymer films were
doped by sequential protocol instead of traditional blend doping

due to its advantage of achieving more ordered film morphol-
ogy of doped polymer.[66–69] N,N-Dimethyl-2-phenyl-2,3-dihydro-
1H-benzoimidazole (N-DMBI) was selected as the dopant for
three polymers due to its good air-stability, strong reducing abil-
ity, and excellent solution processability.[70,71] As shown in Figure
4a, three doped polymer films exhibited two typical (bi)polaron
absorption bands in the low energy band region (800–2500 nm)
accompanied by a weak ICT absorption peak in the range of 400–
700 nm, indicating that N-DMBI has successfully doped three
polymers. Compared to PO8 and PO16, PO12 exhibits much
stronger (bi)polaron absorption, which suggests more efficient
n-doping of PO12 film.

Electron paramagnetic resonance (EPR) spectroscopy
(Figure 4b) was further carried out to estimate the number
of radicals formed in the doped films, and the doped PO12 film
showed a stronger EPR intensity compared to PO8 and PO16,
which likely indicates a higher doping efficiency of PO12. The
results of UV–vis–NIR spectra and EPR spectroscopy unraveled
a higher doping level of PO12, which was expected to yield
higher 𝜎 (vide infra).

2.5. Polymer Thermoelectric Performance

Thermoelectric devices were fabricated and characterized in
glovebox to minimize interference by O2/water de-doping. The
optimal device performance of PO8 and PO16 was achieved
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Figure 4. a) UV–vis–NIR and b) electron paramagnetic resonance (EPR) spectra of the pristine and N-DMBI-doped polymer films. c) Electrical conduc-
tivity, d) Seeback coefficient, and e) power factor of three polymers-based OTE devices as function of dopant concentration. f) Electron conductivity and
power factor values of the f-BTI2g-based polymers together with high-performance n-type polymers reported in literature.

Table 2. Electron mobilities and n-type thermoelectric performance parameters of polymers PO8, PO12, and PO16-based OTE devices.

Polymer μe,OTFT
a) [cm2 V−1 s−1] 𝜎

b) [S cm−1] Sc) [μV K−1] PFc) [μW m−1 K−2]

PO8 0.015 (0.013 ± 0.02) 18.1 (17.5 ± 0.4) −110.2 (−107.2 ± 2) 14.7 (13.1 ± 1.2)

PO12 0.013 (0.010 ± 0.03) 92.0 (90.1 ± 3) −162.6 (−158 ± 2) 94.3 (92.5 ± 2)

PO16 0.007 (0.005 ± 0.001) 43.5 (40.1 ± 0.5) −95.4 (−92.1 ± 1) 62.1 (57.8 ± 4)
a)

Electron mobility from OTFT devices
b)

The conductivity of the polymers n-doped at the optimal N-DMBI concentration
c)

The power factors and the corresponding Seebeck
coefficient values. The average values in parenthesis are from at least five devices.

using chloroform as the solvent, and the optimal performance
PO12 was attained using hexafluoroisopropanol. The N-DMBI
concentration was systematically varied from 0.1 0.5, 1, 2, 3,
4 to 5 mg mL−1, and the related performance parameters are
summarized in Figure 4c–e and Table 2. Three pristine polymers
showed very low intrinsic conductivity in accordance with their
low-lying HOMO/LUMO levels.[49] After doping with a low
dopant concentration of 0.1 mg mL−1, the conductivity increases
substantially due to the generation of mobile charge carriers.
With a further increase of dopant concentration, the conductivity
was gradually enhanced, and it was found that all three polymers
yield a saturated conductivity at 4 mg mL−1 N-DMBI concentra-
tion. The average conductivities are found to be 17.5, 90.1, and
40.1 S cm−1 for PO8, PO12, and PO16, respectively. The highest 𝜎

of PO12 is over five and two times higher than those of both PO8
and PO16, respectively. In order to highlight the crucial role of
sequential doping, we also performed blending doping for three
polymers. As shown in Figure S12 (Supporting Information),
doped PO8, PO12, and PO16 films achieved the highest 𝜎s of

14.5, 51.6, and 23.5 S cm−1, respectively, at optimal dopant ratio.
Hence, compared to sequential doping, the blend doping leads
to the inferior conductivity, mainly attributed to the reduced
ordering of polymer morphology when blended with dopant.

To gain insight into the 𝜎 difference for three polymers, the
carrier concentration (n) and mobility (μe,doping) were obtained
by AC magnetic field Hall measurements. At optimized doping
concentration, the doped PO12 exhibited a significantly higher
carrier concentration of 9.04 ± 0.4 × 1020 cm−3 in comparison to
two other polymers (PO8: 6.18 ± 0.1 × 1020 and PO16: 8.30 ± 0.1
× 1020) (Table S3, Supporting Information). On the other hand,
the μe,doping of doped PO12 film reached 0.64 ± 0.3 cm2 V−1 s−1,
which is also larger than those of PO8 (0.18 ± 0.2 cm2 V−1 s−1)
and PO16 (0.33 ± 0.2 cm2 V−1 s−1). The results demonstrate that
the doped PO12 film achieved efficient charge transport and
large mobile carrier concentration synchronously, which directly
contributed to the higher conductivity. Furthermore, the doping
efficiencies of three polymers at optimized doping concentration
were estimated to be 37.6%, 63.3%, and 66.4% for PO8, PO12,
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Figure 5. 2D GIWAXS images and AFM height images (inset) of a–c) PO8, d–f) PO12, and g–i) PO16 films. The as-cast, annealed, and n-doped films
are corresponding to (a, d, g), (b, e, h), and (c, f, i), respectively. j) The corresponding in-plane and out-of-plane line-cut profiles of the 2D GIWAXS
images of the polymers.

and PO16 films, respectively, based on the carrier concentration.
Note that the values of doping efficiencies may not be the real
ones due to the great challenge of obtaining the densities for
three polymers, the comparison of the relative trends should be
meaningful. For PO12 and PO16, the large values of doping effi-
ciencies indicate higher doping levels, which is likely originated
from both relatively low crystallinity benefiting the penetration
of dopant molecules (vide infra).

The Seebeck coefficient (S) of the doped polymer films was fur-
ther probed by systematically varying temperature gradient (ΔT)
across the samples from 0 to 2.8 K with a step of 0.7 K then back
to 0 K. The related S and calculated PF values are summarized
in Figure 4d and Table 2. The S values gradually decrease as N-
DMBI concentration increases due to the fact that S is in nega-
tive correlation with charge carrier concentration.[30,33] As a re-
sult, low dopant concentration delivered significantly higher S
as compared to high concentration. By balancing 𝜎 and S, the
highest PFs are achieved at 1, 2, and 1 mg mL−1 concentration of
N-DMBI for PO8, PO12, and PO16, affording the value of 13.1
± 1.2, 92.5 ± 2, and 57.8 ± 4 μW m−1 K−2, respectively. Clearly,
the PO12-based devices attained the highest OTE performance
than the shorter branched side-chain functionalized PO8- and
longer side-chain functionalized O16-based devices, attributed to
the optimized morphology (vide infra), large charge mobility, and
high doping efficiency of polymer PO12. To the best of our knowl-
edge, the PF of 94.3 μW m−1 K−2 and conductivity of 92 S cm−1

are among the highest values for the solution-processed n-doped

polymers (Figure 4f and Table S1, Supporting Information), and
the results manifest that the side-chain engineering is a powerful
strategy to develop high-performance OTE polymers. The stabil-
ity of n-type thermoelectric devices is a crucial factor for practical
application, which was investigated by detecting the variation of
electrical conductivity of these doped films in the air (Figure S13,
Supporting Information). For these polymers, it was found that
their electrical conductivities rapidly dropped by four orders of
magnitude to be around 10−4 S cm−1 after 4 h storage in the air.
The relatively high-lying LUMOs are the main reason of the fast
decay behavior, highlighting the importance of low-lying LUMO
for enabling stable thermoelectric devices.

2.6. Film Morphology and Molecular Packing

To gain insights into the correlation between the polymer chem-
ical structure and OTE performance, the morphology of the
pristine, annealed, and doped thin films were investigated by
atomic force microscopy (AFM) first. As displayed in Figure 5,
three pristine films show relatively rough surfaces with smooth
root-mean-square (RMS) roughness values of ≈2 nm, whereas
the annealed ones feature smoother and more uniform surface
with RMS roughness values of ≈1 nm. The RMS roughness
of doped films became larger with the values of 20.5, 8.6, and
3.1 nm for PO8-, PO12-, and PO16-based doped films, respec-
tively, likely originated from the sequential doping strategy
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Figure 6. Schematic of molecular packing of a) PO8, b) PO12, and c) PO16 films with dopant.

adopted. The dopants might incline to aggregate on the film
surfaces. Interestingly, the n-doped PO12 and PO16 films exhib-
ited smaller RMS roughness than that of PO8, demonstrating
that the better miscibility of both polymers with the dopant
molecule is ascribed to the large OEG side-chain size of PO12
and PO16, which should be contributed to the higher doping
efficiency.

Two-dimensional grazing incidence wide-angle X-ray scatter-
ing (2D-GIWAXS) characterization was further employed to in-
vestigate film crystallinity and polymer packing. As shown in
Figure 5a, the pristine PO8 film adopts an edge-on orientation
with a strong hump-shaped (100) diffraction peak having a qz
value of 0.37 Å−1 (corresponding to a lamellar stacking distance
of 17.0 Å) in out-of-plane (OOP) direction and a pronounced (010)
diffraction peak at 1.79 Å−1 (corresponding to a 𝜋–𝜋 stacking dis-
tance of 3.51 Å) in plane (IP) direction.

After thermal annealing, higher order lamellar diffraction
(200) emerged in the OOP direction and a stronger (010) 𝜋–𝜋
stacking diffraction peak in the IP direction can be found for an-
nealed PO8, indicative of the improved film crystallinity in com-
parison to as-cast film. For annealed PO12 film, it was found that
the lamellar diffractions also progress up to (200) in the OOP di-
rection and obvious (010) diffraction peaks appear in both OOP
and IP directions, suggesting bimodal orientation with both face-
on and edge-on fractions. Unexpectedly, the orientation of an-
nealed PO16 changes to face-on orientation with a broadened
(010) diffraction peak along the OOP direction at qz = 1.74 Å
in combination with a (100) scattering at qxy = 0.27 Å−1 (lamel-
lar stacking distance of 23.3 Å) in IP direction. Among them,
PO8 exhibited an edge-on orientation with the strongest crys-
tallinity, which matches well with its highest electron mobility
in OTFTs.[72] After doping, three films still maintained the ori-
entations of the annealed ones, indicating negligibly disrupted
crystalline domain and molecular orientation using sequential
doping strategy. The existence of multiple parallel and perpen-
dicular orientations of polymer chains which can form 3D con-
duction channels is conducive to high charge mobility in OTE de-
vices due to the fact that grain boundaries (or traps and defects)
exist in polymer microstructures.[18,73] The relatively large ravine
of grain boundaries (or traps and defects) exist in polymer PO12
microstructures compared with PO8 and PO16 with single orien-
tations would be beneficial for dopant permeation, thus leading
to the fast doping process. Moreover, PO12 and PO16 with the
relatively low crystallinity and large packing distance of polymer

chains (both lamellar and 𝜋–𝜋 stacking distances) should better
accommodate dopant molecules than PO8 after doping due to the
fact that the dopants or dopant cations tend to exist and migrate in
the amorphous regions and irregular domains.[18,73] Thus the 3D
conduction channels together with appropriate crystalline phase
of polymer PO12 can synchronously deliver fast charge transport
and high n-doping efficiency, thus leading to the large electrical
conductivity and PF.

To better illustrate the topographic differences of doping pro-
cess between three polymers and dopant, Figure 6 shows the
schematics of the film morphology after doping. As compared
to PO12 and PO16, PO8 exhibits larger domains due to the
stronger crystallization tendency. During n-doping by the se-
quential protocol, dopant molecules may not readily penetrate
into large and highly crystalline domains for PO8 film, thus in-
clining to form pure dopant domains. In contrast, PO16 with
the largest OEG side-chain size presents the lowest crystallinity
and forms the smallest domains, which can facilitate the dif-
fuse of dopant molecules, thus resulting in the highest poly-
mer:dopant miscibility. However, this could be detrimental to
forming effective charge transport channels between small do-
mains. For PO12 with medium side-chain size, it has relatively
moderate crystallinity and stacking distance compared with PO8
and PO16, making that it not only has crystalline but not so
over-size domains. After doping, dopants can successfully infil-
trate into PO12 domains and form highly doped polymer film
with well interconnected matrix. Hence, PO12 can keep efficient
charge transport network with 3D conduction channels, which is
beneficial to yielding high electrical conductivity after doping. As
a result, the n-doped PO12 can realize high charge carrier mobil-
ity and high doping efficiency, simultaneously, by optimizing the
film crystallinity and polymer chain orientation, thus resulting in
excellent OTE performance.

3. Conclusion

In conclusion, we designed and synthesized three fused bithio-
phene imide dimer-based n-type polymers PO8, PO12, and PO16
decorated with distinct OEG side-chain. Varying the length of
side chains enables us to tune the film crystallinity and packing
orientation of polymer chains. It was found that PO12 and PO16
with larger side-chains show relatively redshifted absorption
compared with PO8 and the FMOs slightly become lower-lying
with the increase of side-chain size. When applied in OTFTs,
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PO8, PO12, and PO16 exhibited a monotonic mobility decrease
from 0.015 to 0.013 and to 0.008 cm−2 V−1s−1 with gradual
increase of side-chain size. For polymer PO8, the achieved
highest mobility is attributed to its close molecular packing and
favorable edge-on orientation as evidenced by 2D-GIWAXS char-
acterizations. Interestingly, PO12 with the medium side-chains
has moderate crystallinity and bimodal orientation, benefiting to
penetration of the dopant into polymer, which leads to formation
of well interconnected matrix with efficient charge transport net-
work and 3D conduction channels. Therefore, PO12 exhibited
a highest n-doping efficiency when n-doped with N-DMBI. As a
consequence, PO12 delivered excellent electrical conductivity of
92.0 S cm−1 and power factor of up to 94.3 μW m−1 K−1, both of
which are among the highest value for n-type polymers. Overall,
our systematic study demonstrates that tuning the oligo(ethylene
glycol)-type side-chain size is a very straightforward and powerful
approach to equilibrating the doping level and charge mobility,
leading to improved conductivity and thus promoting the OTE
performance. We believe that these findings provide important
guidelines to develop efficient n-type polymers to advance of the
OTE field.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements
K.F. and J.W. contributed equally to this work. K.F. acknowledges the fi-
nancial support by the National Natural Science Foundation of China
(22275078 and 22005135). X.G. is thankful for the financial support from
the National Natural Science Foundation of China (52173171). H.Y.W. ac-
knowledges the financial support from the National Research Foundation
of Korea (2019R1A6A1A11044070 and 2020M3H4A3081814). This work
was also supported by Center for Computational Science and Engineering
at Southern University of Science and Technology (SUSTech). The authors
acknowledge the assistance of SUSTech Core Research Facilities.

Conflict of Interest
The authors declare no conflict of interest.

Data Availability Statement
The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Keywords
electrical conductivity, electron mobility, n-doping efficiency, organic ther-
moelectrics, side-chain engineering

Received: April 25, 2023
Revised: July 3, 2023

Published online: August 8, 2023

[1] X. Guo, A. Facchetti, Nat. Mater. 2020, 19, 922.
[2] W. Zhao, J. Ding, Y. Zou, C. Di, D. Zhu, Chem. Soc. Rev. 2020, 49, 7210.
[3] S. Deng, C. Dong, J. Liu, B. Meng, J. Hu, Y. Min, H. Tian, J. Liu, L.

Wang, Angew. Chem., Int. Ed. 2023, 62, 202216049.
[4] Y. Shi, X. Zhang, T. Du, Y. Han, Y. Deng, Y. Geng, Angew. Chem., Int.

Ed. 2023, 62, 202219262.
[5] Z. Zhang, M. Liao, H. Lou, Y. Hu, X. Sun, H. Peng, Adv. Mater. 2018,

30, 1704261.
[6] B. Russ, A. Glaudell, J. J. Urban, M. L. Chabinyc, R. A. Segalman, Nat.

Rev. Mater. 2016, 1, 16050.
[7] T. O. Poehler, H. E. Katz, Energy Environ. Sci. 2012, 5, 8110.
[8] J. Y. Oh, S. Rondeau-Gagné, Y.-C. Chiu, A. Chortos, F. Lissel, G.-J. N.

Wang, B. C. Schroeder, T. Kurosawa, J. Lopez, T. Katsumata, J. Xu, C.
Zhu, X. Gu, W.-G. Bae, Y. Kim, L. Jin, J. W. Chung, J. B. H. Tok, Z. Bao,
Nature 2016, 539, 411.

[9] O. Bubnova, X. Crispin, Energy Environ. Sci. 2012, 5, 9345.
[10] O. Bubnova, M. Berggren, X. Crispin, J. Am. Chem. Soc. 2012, 134,

16456.
[11] Y. Zhong, V. Untilova, D. Muller, S. Guchait, C. Kiefer, L. Herrmann,

N. Zimmermann, M. Brosset, T. Heiser, M. Brinkmann, Adv. Funct.
Mater. 2022, 32, 2202075.

[12] G. H. Kim, L. Shao, K. Zhang, K. P. Pipe, Nat. Mater. 2013, 12, 719.
[13] Y. Lu, J.-Y. Wang, J. Pei, Chem. Mater. 2019, 31, 6412.
[14] Q. Zhang, Y. Sun, W. Xu, D. Zhu, Energy Environ. Sci. 2012, 5, 9639.
[15] S. A. Gregory, A. K. Menon, S. Ye, D. S. Seferos, J. R. Reynolds, S. K.

Yee, Adv. Energy Mater. 2018, 8, 1802419.
[16] J. Guo, G. Li, H. Reith, L. Jiang, M. Wang, Y. Li, X. Wang, Z. Zeng, H.

Zhao, X. Lu, G. Schierning, K. Nielsch, L. Liao, Y. Hu, Adv. Electron.
Mater. 2020, 6, 1900945.

[17] T. L. D. Tam, G. Wu, S. W. Chien, S. F. V. Lim, S.-W. Yang, J. Xu, ACS
Mater. Lett. 2020, 2, 147.

[18] J. Ding, Z. Liu, W. Zhao, W. Jin, L. Xiang, Z. Wang, Y. Zeng, Y. Zou, F.
Zhang, Y. Yi, Y. Diao, C. R. McNeill, C.-a. Di, D. Zhang, D. Zhu, Angew.
Chem., Int. Ed. 2019, 58, 18994.

[19] H. Li, J. Song, J. Xiao, L. Wu, H. E. Katz, L. Chen, Adv. Funct. Mater.
2020, 30, 2004378.

[20] Y. Hu, Y. Gao, P. Li, X. Gao, Z. Liu, J. Polym. Sci. 2022, 60, 1002.
[21] Z. Fan, D. Du, X. Guan, J. Ouyang, Nano Energy 2018, 51, 481.
[22] N. Kim, S. Kee, S. H. Lee, B. H. Lee, Y. H. Kahng, Y.-R. Jo, B.-J. Kim,

K. Lee, Adv. Mater. 2014, 26, 2268.
[23] C. Yi, A. Wilhite, L. Zhang, R. Hu, S. S. C. Chuang, J. Zheng, X. Gong,

ACS Appl. Mater. Interfaces 2015, 7, 8984.
[24] O. Bubnova, Z. U. Khan, A. Malti, S. Braun, M. Fahlman, M. Berggren,

X. Crispin, Nat. Mater. 2011, 10, 429.
[25] A. M. Glaudell, J. E. Cochran, S. N. Patel, M. L. Chabinyc, Adv. Energy

Mater. 2015, 5, 1401072.
[26] S. N. Patel, A. M. Glaudell, K. A. Peterson, E. M. Thomas, K. A.

O’Hara, E. Lim, M. L. Chabinyc, Sci. Adv. 2017, 3, e1700434.
[27] D. Ju, D. Kim, H. Yook, J. W. Han, K. Cho, Adv. Funct. Mater. 2019, 29,

1905590.
[28] R. A. Schlitz, F. G. Brunetti, A. M. Glaudell, P. L. Miller, M. A. Brady,

C. J. Takacs, C. J. Hawker, M. L. Chabinyc, Adv. Mater. 2014, 26, 2825.
[29] B. D. Naab, X. Gu, T. Kurosawa, J. W. F. To, A. Salleo, Z. Bao, Adv.

Electron. Mater. 2016, 2, 1600004.
[30] S. Wang, H. Sun, U. Ail, M. Vagin, P. O. Å. Persson, J. W. Andreasen,

W. Thiel, M. Berggren, X. Crispin, D. Fazzi, S. Fabiano, Adv. Mater.
2016, 28, 10764.

[31] J. Liu, L. Qiu, R. Alessandri, X. Qiu, G. Portale, J. Dong, W. Talsma, G.
Ye, A. A. Sengrian, P. C. T. Souza, M. A. Loi, R. C. Chiechi, S. J. Marrink,
J. C. Hummelen, L. J. A. Koster, Adv. Mater. 2018, 30, 1704630.

[32] J. Liu, G. Ye, H. G. O. Potgieser, M. Koopmans, S. Sami, M. I.
Nugraha, D. R. Villalva, H. Sun, J. Dong, X. Yang, X. Qiu, C. Yao, G.

Adv. Sci. 2023, 10, 2302629 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2302629 (9 of 10)



www.advancedsciencenews.com www.advancedscience.com

Portale, S. Fabiano, T. D. Anthopoulos, D. Baran, R. W. A. Havenith,
R. C. Chiechi, L. J. A. Koster, Adv. Mater. 2021, 33, 2006694.

[33] K. Shi, F. Zhang, C.-A. Di, T.-W. Yan, Y. Zou, X. Zhou, D. Zhu, J.-Y.
Wang, J. Pei, J. Am. Chem. Soc. 2015, 137, 6979.

[34] Y. Lu, Z.-D. Yu, Y. Liu, Y.-F. Ding, C.-Y. Yang, Z.-F. Yao, Z.-Y. Wang, H.-Y.
You, X.-F. Cheng, B. Tang, J.-Y. Wang, J. Pei, J. Am. Chem. Soc. 2020,
142, 15340.

[35] C.-Y. Yang, W.-L. Jin, J. Wang, Y.-F. Ding, S. Nong, K. Shi, Y. Lu, Y.-
Z. Dai, F.-D. Zhuang, T. Lei, C.-A. Di, D. Zhu, J.-Y. Wang, J. Pei, Adv.
Mater. 2018, 30, 1802850.

[36] X. Yan, M. Xiong, J.-T. Li, S. Zhang, Z. Ahmad, Y. Lu, Z.-Y. Wang, Z.-F.
Yao, J.-Y. Wang, X. Gu, T. Lei, J. Am. Chem. Soc. 2019, 141, 20215.

[37] H. Guo, C.-Y. Yang, X. Zhang, A. Motta, K. Feng, Y. XIa, Y. Shi, Z. Wu,
K. Yang, J. Chen, Q. Liao, Y. Tang, H. Sun, H. Y. Woo, S. Fabiano, A.
Facchetti, X. Guo, Nature 2021, 599, 67.

[38] K. Feng, H. Guo, J. Wang, Y. Shi, Z. Wu, M. Su, X. Zhang, J. H. Son,
H. Y. Woo, X. Guo, J. Am. Chem. Soc. 2021, 143, 1539.

[39] J. Liu, Y. Shi, J. Dong, M. I. Nugraha, X. Qiu, M. Su, R. C. Chiechi, D.
Baran, G. Portale, X. Guo, L. J. A. Koster, ACS Energy Lett. 2019, 4,
1556.

[40] C. Dong, S. Deng, B. Meng, J. Liu, L. Wang, Angew. Chem., Int. Ed.
2021, 60, 16184.

[41] Y. Lu, Z.-D. Yu, R.-Z. Zhang, Z.-F. Yao, H.-Y. You, L. Jiang, H.-I. Un,
B.-W. Dong, M. Xiong, J.-Y. Wang, J. Pei, Angew. Chem., Int. Ed. 2019,
58, 11390.

[42] H. Chen, M. Moser, S. Wang, C. Jellett, K. Thorley, G. T. Harrison,
X. Jiao, M. Xiao, B. Purushothaman, M. Alsufyani, H. Bristow, S. De
Wolf, N. Gasparini, A. Wadsworth, C. R. McNeill, H. Sirringhaus, S.
Fabiano, I. McCulloch, J. Am. Chem. Soc. 2021, 143, 260.

[43] A. Marks, X. Chen, R. Wu, R. B. Rashid, W. Jin, B. D. Paulsen, M.
Moser, X. Ji, S. Griggs, D. Meli, X. Wu, H. Bristow, J. Strzalka, N.
Gasparini, G. Costantini, S. Fabiano, J. Rivnay, I. McCulloch, J. Am.
Chem. Soc. 2022, 144, 4642.

[44] Y. Lu, Z.-D. Yu, H.-I. Un, Z.-F. Yao, H.-Y. You, W. Jin, L. Li, Z.-Y. Wang,
B.-W. Dong, S. Barlow, E. Longhi, C.-a. Di, D. Zhu, J.-Y. Wang, C. Silva,
S. R. Marder, J. Pei, Adv. Mater. 2021, 33, 2005946.

[45] H. Tang, Y. Liang, C. Liu, Z. Hu, Y. Deng, H. Guo, Z. Yu, A. Song,
H. Zhao, D. Zhao, Y. Zhang, X. Guo, J. Pei, Y. Ma, Y. Cao, F. Huang,
Nature 2022, 611, 271.

[46] S. Wang, H. Sun, T. Erdmann, G. Wang, D. Fazzi, U. Lappan, Y.
Puttisong, Z. Chen, M. Berggren, X. Crispin, A. Kiriy, B. Voit, T. J.
Marks, S. Fabiano, A. Facchetti, Adv. Mater. 2018, 30, 1801898.

[47] J. Liu, G. Ye, B. v. d. Zee, J. Dong, X. Qiu, Y. Liu, G.
Portale, R. C. Chiechi, L. J. A. Koster, Adv. Mater. 2018, 30,
1804290.

[48] D. Huang, H. Yao, Y. Cui, Y. Zou, F. Zhang, C. Wang, H. Shen, W. Jin,
J. Zhu, Y. Diao, W. Xu, C. Di, D. Zhu, J. Am. Chem. Soc. 2017, 139,
13013.

[49] Y. Wang, M. Nakano, T. Michinobu, Y. Kiyota, T. Mori, K. Takimiya,
Macromolecules 2017, 50, 857.

[50] H. Lee, B. Moon, M.-J. Kim, H. S. Kim, D.-H. Hwang, B. Kang, K. Cho,
ACS Appl. Mater. Interfaces 2022, 14, 39098.

[51] K. Feng, H. Guo, H. Sun, X. Guo, Acc. Chem. Res. 2021, 54, 3804.
[52] Y. Wang, H. Guo, A. Harbuzaru, M. A. Uddin, I. Arrechea-Marcos, S.

Ling, J. Yu, Y. Tang, H. Sun, J. T. López Navarrete, R. P. Ortiz, H. Y.
Woo, X. Guo, J. Am. Chem. Soc. 2018, 140, 6095.

[53] K. Feng, X. Zhang, Z. Wu, Y. Shi, M. Su, K. Yang, Y. Wang, H. Sun, J.
Min, Y. Zhang, X. Cheng, H. Y. Woo, X. Guo, ACS Appl. Mater. Inter-
faces 2019, 11, 35924.

[54] Y. Wang, Z. Yan, H. Guo, M. A. Uddin, S. Ling, X. Zhou, H. Su, J. Dai,
H. Y. Woo, X. Guo, Angew. Chem., Int. Ed. 2017, 56, 15304.

[55] H. Sun, Y. Tang, H. Guo, M. A. Uddin, S. Ling, R. Wang, Y. Wang, X.
Zhou, H. Y. Woo, X. Guo, Sol. RRL 2019, 3, 1800265.

[56] Y. Wang, Z. Yan, M. A. Uddin, X. Zhou, K. Yang, Y. Tang, B. Liu, Y. Shi,
H. Sun, A. Deng, J. Dai, H. Y. Woo, X. Guo, Sol. RRL 2019, 3, 1900107.

[57] K. Feng, W. Shan, S. Ma, Z. Wu, J. Chen, H. Guo, B. Liu, J. Wang, B.
Li, H. Y. Woo, S. Fabiano, W. Huang, X. Guo, Angew. Chem., Int. Ed.
2021, 60, 24198.

[58] Y. Fu, H. Cheng, R. L. Elsenbaumer, Chem. Mater. 1997, 9, 1720.
[59] H. S. Kim, G. Huseynova, Y.-Y. Noh, D.-H. Hwang, Macromolecules

2017, 50, 7550.
[60] C. Yan, S. Barlow, Z. Wang, H. Yan, A. K. Y. Jen, S. R. Marder, X. Zhan,

Nat. Rev. Mater. 2018, 3, 18003.
[61] J. Chen, J. Yang, Y. Guo, Y. Liu, Adv. Mater. 2021, 24, 2104325.
[62] K. Feng, W. Shan, J. Wang, J.-W. Lee, W. Yang, W. Wu, Y. Wang, B. J.

Kim, X. Guo, H. Guo, Adv. Mater. 2022, 34, 2201340.
[63] D. Kim, H. Zhu, A. Liu, H. S. Kim, Y.-Y. Noh, D.-H. Hwang, J. Phys.

Chem. C 2020, 124, 20784.
[64] D. Jeong, I.-Y. Jo, S. Lee, J. H. Kim, Y. Kim, D. Kim, J. R. Reynolds,

M.-H. Yoon, B. J. Kim, Adv. Funct. Mater. 2022, 32, 2111950.
[65] T. Richards, M. Bird, H. Sirringhaus, J. Chem. Phys. 2008, 128, 234905.
[66] I. E. Jacobs, E. W. Aasen, J. L. Oliveira, T. N. Fonseca, J. D. Roehling, J.

Li, G. Zhang, M. P. Augustine, M. Mascal, A. J. Moulé, J. Mater. Chem.
C 2016, 4, 3454.

[67] D. T. Scholes, P. Y. Yee, J. R. Lindemuth, H. Kang, J. Onorato, R.
Ghosh, C. K. Luscombe, F. C. Spano, S. H. Tolbert, B. J. Schwartz,
Adv. Funct. Mater. 2017, 27, 1702654.

[68] M. T. Fontana, D. A. Stanfield, D. T. Scholes, K. J. Winchell, S. H.
Tolbert, B. J. Schwartz, J. Phys. Chem. C 2019, 123, 22711.

[69] R. Kroon, D. Kiefer, D. Stegerer, L. Yu, M. Sommer, C. Müller, Adv.
Mater. 2017, 29, 1700930.

[70] L. Qiu, J. Liu, R. Alessandri, X. Qiu, M. Koopmans, R. W. A. Havenith,
S. J. Marrink, R. C. Chiechi, L. J. Anton Koster, J. C. Hummelen, J.
Mater. Chem. A 2017, 5, 21234.

[71] B. D. Naab, S. Guo, S. Olthof, E. G. B. Evans, P. Wei, G. L. Millhauser,
A. Kahn, S. Barlow, S. R. Marder, Z. Bao, J. Am. Chem. Soc. 2013, 135,
15018.

[72] S. J. Konezny, M. N. Bussac, L. Zuppiroli, Phys. Rev. B 2010, 81,
045313.

[73] Y. Wang, K. Takimiya, Adv. Mater. 2020, 32, 2002060.

Adv. Sci. 2023, 10, 2302629 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2302629 (10 of 10)


