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Interplay of Backbone Conformation, Morphology and
Thermoelectric Properties of Benzodifuranone-Isatin

Acceptor Polymers

Diego R. Hinojosa, Nathan J. Pataki, Francesca Pallini, Guillaume Freychet,
Andreas Erhardt, Kevin Schuller, Selina Olthof, Klaus Meerholz, Christopher R. McNeill,

Mario Caironi, Florian Giinther, and Michael Sommer*

Benzodifuranone (BDF)-isatin-based conjugated acceptor copolymers with
different stereoelectronic properties are designed, guided by density functional
theory calculations. syn- and anti-conformations are predicted to depend on
both the presence of chlorine substituents as well as on the steric demand of
the comonomer. Backbone torsion decreases with the comonomer of the order
thiophene (T) > furan (F) > acetylene (A). Six copolymers of BDF-isatin with
T, F, and A are prepared, referred to as H-BDF-T, CI-BDF-T, H-BDF-F, CI-BDF-F,
H-BDF-A, and CI-BDF-A. Electrochemically and spectroscopically determined
HOMO and LUMO energy levels align qualitatively and confirm a stabilization
ofthe LUMO of the chlorinated copolymers. The thin film microstructures of H-
BDF-A and CI-BDF-A, having a linear backbone, are characterized by an edge-on
orientation, while the four remaining copolymers with a more curved backbone
predominantly orient face-on. The non-chlorinated furan copolymer H-BDF-F
stands out due to its curved yet coplanar backbone, face-on orientation,

high degree of crystallinity, close z—x stacking distance, the highest electrical
conductivity of 3 S cm~', the best air stability of electrical conductivity

among the series, and an appreciably high power factor. These results
demonstrate that theory-guided design allows for optimizing nonhalogenated
n-type copolymers of low synthetic complexity for thermoelectric applications.

1. Introduction

Conjugated polymers (CPs) comprise
aromatic units, double or triple bonds
brought into conjugation, thus creat-
ing a delocalized z—system along the
backbone.[! This electronic interaction
is the basis for unique optoelectronic
properties, including charge mobility
and optical absorption. CPs have found
applications in different technological
areas such as organic light emitting
diodes (OLEDs),?3] organic field ef-
fect transistors (OFETs),*® organic
photovoltaics (OPVs),l”# and organic
thermoelectrics (OTEs).[>!% The chem-
ical structure of CPs is widely tunable,
which offers tailoring of properties.
CPs show semiconducting behavior in
their pristine, undoped form, hence,
charge carrier injection is necessary to
render them conductive, except for some
exceptions.''™3] Depending on their

electronic nature, CPs can be classified
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into p-type and n-type materials. p-type CPs are rich in elec-
tron density and commonly based on sulfur-containing heterocy-
cles such as thiophene,!'*] thienothiophene,[**] or bithiophene.[1®

This leads to macromolecules with high-lying highest occu-
pied molecular orbitals (HOMOs) resulting in relatively easy
(electro)chemical oxidation. n-type CPs require the presence of
electron-deficient functional groups such as lactones, lactams,
halogens, or nitrile groups to effectively lower the lowest unoc-
cupied molecular orbital (LUMO) energy level and favor electron
injection processes.[17-20]

The use of conjugated polymers as thermoelectric ma-
terials is an attractive alternative compared to inorganic
semiconductors.l?!22] Thermoelectric materials have the poten-
tial to transform waste heat into electricity via the Seebeck effect.
To quantify the performance of thermoelectric materials, the di-
mensionless figure of merit zT = S?6Tk™! is used. Here, S is
the Seebeck coefficient, o is the electrical conductivity, T is the
temperature, and k is the thermal conductivity. Since the thermal
conductivity is low and dominated by phonons at typical doping
levels, 23] the power factor, defined as PF = S%g, is often employed
to determine the performance of a thermoelectric material. Elec-
trical conductivity is given by 6 = p.n.e, and thus the product
of the mobility ., the charge carriers concentration n,, and the
elementary charge e. CPs need external charge carrier injection,
i.e., sub-stoichiometric oxidation or reduction, to achieve a high
o thatin turn allows for increasing the PF. As S usually decreases
with an increasing charge carrier density at the same time, an ex-
perimental modulation of the charge carrier density is required to
maximize the PF. A common way of achieving this is via chemi-
cal doping.?*! For p- and n-doping, an external oxidant and reduc-
ing agent are added, respectively.>2°) As a result, radical cations
and radical anions, respectively, form on the polymer backbone.
It is critical to optimize the LUMO level of n-type materials, since
its position determines the stability and potential re-oxidation of
the radical anion to the neutral state in the presence of oxygen,
an aspect that in turn allows for the processing and operation of
thermoelectric modules under ambient conditions.?’]

Recently, the oxidative homopolymerization of benzodifu-
ranone (BDF) was shown to furnish a self-doped CP with
high conductivity and ambient stability of the resulting rad-
ical anions due to an extremely low-lying LUMO level of
—5.18 eV.[28] While molecular doping is a complex process in-
volving diverse aspects,***") the HOMO and LUMO energy lev-
els of both the polymer (host) as well as the dopant are key
variables, in addition to dopant-polymer miscibility®'-** and
processing.[3435] Especially important is the role of the polymer
side chains, with mixed polar/alkyl side chains being particu-
larly promising.*®! Implementation of such amphiphilic struc-
ture into a diketopyrrolopyrrole-based polymer has led to a high

K. Schuller, S. Olthof, K. Meerholz

Department of Chemistry

University of Cologne

Greinstrasse 4-6, 50939 Cologne, Germany

F. Guinther

S3o Paulo State University (UNESP)

Instituto de Geociéncias e Ciéncias Exatas (IGCE)
Campus Rio Claro

Rio Claro — SP 13506-700, Brazil

Adv. Electron. Mater. 2026, 12, €00213 e00213 (2 Of12)

www.advelectronicmat.de

zT value of 0.46.7] Rigid and coplanar backbones with fused
motifs and non-covalent conformational locks are important to
achieve high charge carrier mobilities, making them common
design motifs also for organic thermoelectric materials.[738] Fur-
thermore, a detailed study on the effect of backbone curvature of
isoindigo-based CPs indicated that centrosymmetric donors led
to larger field-effect hole mobilities compared to axisymmetric
analogs.l*! This result was explained by a more linear backbone
and enhanced z—rx stacking, order, and thus improved charge
transport. Yang Lu et al. further demonstrated that backbone
symmetry has a major influence on performance. In a series
of thienoisatin-benzodifuranone copolymers, linear backbones
led to better ordering and lower electrical conductivity upon
n-doping.l*") However, while these structure-relationships have
proven insightful, a better understanding of the combined effects
of different conformations, energy levels, morphology, and per-
formance of n-type CPs used for thermoelectric applications is
still needed. Moreover, with the synthetic complexity of many
n-type CPs being relatively large, simpler structures prepared
by straightforward protocols are required. Previously, we have
designed a simple side chain that provides high solubility for
strongly aggregating n-type CPs and showed that the resulting
larger molar masses could improve the electrical conductivity
upon n-doping.[*!]

In this work, we design and synthesize synthetically simple,
isatin-flanked BDF monomers with varying LUMO levels and
link them with varying comonomers such that backbone confor-
mation and curvature, thin film morphology, and the resulting
thermoelectric properties are altered. Two major handles are ex-
ploited to modulate chemical structure. While the comonomer
mostly influences backbone curvature, substitution of the BDF-
flanking isatin with chlorine allows for lowering the LUMO en-
ergy level by ~0.2 eV.'®] The different comonomers thiophene
(T), furan (F), and acetylene (A) were selected on the basis
of density functional theory (DFT)-predicted torsion potentials
that allow to modulate syn- and anti-conformations, backbone
coplanarity, and curvature. Using a broad set of experimental
characterization tools, including ultraviolet photoelectron spec-
troscopy (UPS), inverse photoelectron spectroscopy (IPES), graz-
ing incidence wide-angle X-ray scattering (GIWAXS), thermo-
electric characterization, and electrical conductivities under am-
bient conditions, we show how stereoelectronic factors influence
backbone curvature and thus orientation in thin films. While
curved backbones tend to orient face-on, linear ones adopt an
edge-on orientation. The combined effects of backbone curva-
ture and the resulting orientation, as well as backbone copla-
narity and the resulting crystallinity, strongly influence electri-
cal conductivity and finally thermoelectric performance. We find
that a combination of slightly curved backbones, face-on orien-
tation, and improved crystallinity is most beneficial for improv-
ing the electrical conductivity and the power factor of doped
films.

2. Results and Discussion
2.1. Theory-Guided Design of Isatin-Flanked BDF Copolymers
DFT calculations were performed to guide the design of differ-

ent BDF-isatin copolymers. Chlorination was first considered as
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Scheme 1. Torsional energies of a) isatin-thiophene, b) isatin-furan, and c) isatin-acetylene-isatin models as obtained from DFT/PBE/DZVP calculations
for non-chlorinated (black) and chlorinated (red) isatin units. Dashed vertical lines indicate the minima. Note that the abbreviations of the polymers are
used in the legend, although the actual molecules calculated are models with chemical structures shown at the top of this scheme.

a structural modification to lower the LUMO level due to its
electron-withdrawing nature and straightforward synthetic im-
plementation. As comonomers, T, F, and A were chosen based
on their simplicity, overall small size that minimizes steric hin-
drance with the neighboring isatin motif, as well as commercial
availability of the corresponding stannylated forms required for
Stille cross-coupling. F is smaller than T due to the shorter C—O
bond and therefore was anticipated to allow for a greater extent
of coplanarity.**) However, both T and F would lead to curved
backbones due to their five-membered ring structure. Using A as
the comonomer allows for to formation of fully linear backbones
and coplanarity at the same time. In order to estimate linearity
and coplanarity of the backbone, models of the repeat unit termi-
nated by hydrogen atoms and side chains substituted by methyl
groups were optimized. For all models, torsion angles of about
11° between the isatin and BDF units were observed, causing
bent backbones (Figure S1, Supporting Information). This re-
sult agrees with a report by Lei et al.**! who found an angle of
7.6° from B3LYP/ 6-3114+G(d,p) calculations. Chlorination and
comonomer variation barely affected the geometry of the BDF
acceptor units, except for small variations within the certainty of
the utilized method. However, the presence of chlorine combined
with the different sizes of T, F, or A strongly influenced the isatin-
comonomer dihedral angle. Thus, H-BDF-T showed a residual
dihedral angle of 7.3°, which increased to 32° for Cl-BDF-T. The
F-based copolymers H-BDF-F and Cl-BDF-F were mostly copla-
nar with torsion angles < 0.5° in both cases. This is due to the fact
that the oxygen-carbon bond length is shorter than the sulfur-
carbon bond length, rendering F significantly less sterically
demanding.

In all cases, HOMO-LUMO gaps of 1.0 eV were obtained
irrespective of any model modification. In all cases, the fron-
tier orbitals were lowered by ~0.2 eV upon chlorination, con-
firming the H / Cl exchange as a valid strategy to enhance the
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electron-withdrawing properties of the systems. To further assess
the structural properties of the different systems, the rotation
potentials of successive units were studied by considering two-
unit models (Scheme 1). In these models, the dihedral angle was
fixed, while all remaining degrees of freedom were relaxed. The
isatin units were terminated with exo-methylene groups to repre-
sent the double bond to the BDF unit. The rotational energy for
the H-BDF-T model is shown in Scheme 1a (gray curve). It shows
that syn- and anti-conformations exhibit similar energies and a
dihedral angle of ~15°, with barriers for full coplanarity of ~10
meV. Upon exchanging H by Cl (Scheme 1a, red curve), the dihe-
dral angle increases to ~40° for both syn- and anti-conformations.
Associated barriers to full coplanarity rise to ~#40 meV due to the
higher steric demand of chlorine. Moreover, the minimum of the
syn-orientation is ~20 meV higher in energy and therefore less fa-
vorable. It is interesting to note that, due to the steric hindrance
between thiophene and chlorine, the rotation barrier at 90° de-
creased from 160 to 60 meV. This would support an energetically
favored switch from syn- to anti-conformation of CI-BDF-T. When
T is replaced by F (Scheme 1b), the syn- and anti-conformation
of H-BDF-F are again energetically similar, but this time back-
bones are fully coplanar. Upon H / Cl exchange, however, the
syn-orientation becomes nonplanar with a dihedral angle of ~30°
and energetically unfavored due to a relative difference of 100
meV compared to the anti-conformation, which remains copla-
nar. For the model with A as donor, full coplanarity between suc-
cessive isatin units is found for both syn- and anti-conformers
of H-BDF-A and CI-BDF-A (Scheme 1c). However, the syn- and
anti-conformers differ in their energies, with the anti-conformers
being favored by ~20 meV in the case of H-BDF-A and by ~60
meV in the case of Cl-BDF-A compared to the corresponding syn-
conformers. The two conformers are further separated by a rota-
tional barrier of 68 and 114 meV for H-BDF-A and CIl-BDF-A,
respectively.
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Scheme 2. Geometry-optimized structures of BDF-isatin model tetramers with a), b) thiophene and c), d) furan as comonomer.

We also studied the rotational barriers around the double bond
between isatin and BDF units (Figure S2, Supporting Informa-
tion). As expected, a large barrier of >500 meV is found, asso-
ciated with the breaking of the double. Furthermore, the orien-
tation in which both carbonyl groups point toward each other
results in a nonplanar and much less favored structure with an
energy difference of 360 meV compared to the opposite direc-
tion. The energetically most favored configuration is found for
a twist of about 10°.1*3] The barrier to the fully coplanar struc-
ture is only 5 meV and therefore much smaller than the ther-
mal energy at room temperature (kT ~ 23 meV) or the energy
gain due to 7—r stacking (> 100 meV). It can therefore be con-
cluded that BDF-isatin units tend to full coplanarity in the solid
state.

To consider how Cl substitution and the geometry of the
curved backbones with five-membered comonomers T and F af-
fect long-range structural arrangement, models featuring several
repeat units were generated (Scheme 2). The angle between the
two sides of the different donor units induces kinks into the back-
bone structures. As shown in Scheme 2, this effect is strongest for
F (Scheme 2c,d) and weaker for T (Scheme 2a,b). Two successive
syn-conformations for F and T cause a stronger backbone curva-
ture. Furthermore, two successive anti-conformations bring the
solubilizing side chains closer to each other, resulting in addi-
tional steric hindrance. Considering these contributions, a back-
bone conformation of alternating syn- and anti-conformations,
where the side chains of successive units point into opposite di-
rections, is optimal for improving crystallinity (Scheme 2c). Since
H-BDEF-F exhibits the highest degree of coplanarity and similar
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preferences for syn- and anti-conformations, improved packing
and crystallinity in comparison to T analogs are expected.

2.2. Synthesis and Characterization of BDF Polymers

With the results from DFT calculations in hand, a synthetic route
was designed for all copolymers. Chlorination was achieved via
electrophilic aromatic chlorination of commercially available 6-
bromoisatin 1a using sulfuryl chloride, furnishing 5-chloro-6-
bromoisatin 1b (Scheme 3a).[*®! N-Alkylation of the isatin with
single-oxygen side chains proceeded in a dimethylformamide
(DMF) / tetrahydrofuran (THF) mixture to yield 2a-b.*!l The
monomers were finally obtained via acid-catalyzed aldol conden-
sation of 2a-b with BDF to give 3a-b (Scheme 3b). All intermedi-
ates and products were thoroughly characterized by nuclear mag-
netic resonance (NMR) spectroscopy (Figures S3-S22, Support-
ing Information). All polymers were synthesized from 3a or 3b
and distannylated T, F, and A via Stille polymerization at 100 °Cin
toluene as described in the Supporting Information (Scheme 3c).
The crude mixtures were precipitated into methanol and purified
via Soxhlet extraction, furnishing yields between 60% to 90%.
A summary of the molecular properties of the different poly-
mers is compiled in Table 1. The relative molecular weights of
all polymers were determined using high-temperature size exclu-
sion chromatography (SEC) in 1,2,4-trichlorobenzene at 120 °C
(Figure S23, Supporting Information). The T copolymers H-BDF-
T and CI-BDF-T exhibited the highest number average molecu-
lar weights (M,), likely as a result of the increased reactivity of
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Scheme 3. Synthesis of BDF/ isatin-based copolymers used in this study. a) Chlorination of 6-bromoisatin 1a. b) Synthesis of BDF comonomers 3a-b.
c) Synthesis of polymers H-BDF-T, CI-BDF-T, H-BDF-F, CI-BDF-F, H-BDF-A and CI-BDF-A.

the T comonomer, which is thought to facilitate the rate-limiting
transmetalation step.[*l The F-based copolymers H-BDF-F and
CI-BDEF-F displayed the lowest yields, which is attributed to the
difficulty in handling the liquid distannylated F, rendering pre-
cise control over stoichiometry more challenging. M, values of
the A copolymers H-BDF-A and Cl-BDF-A were lowest as a result
of the limited purity of commercial A of only ~#97%. Considering
the linearity and therefore higher rigidity of the copolymers with
A, the obtained relatively low molecular weights may be influ-
enced by a stronger degree of overestimation of molecular weight
compared to the remaining four examples. As a result, the differ-
ence in absolute number average molecular weights between the
A copolymers and the remaining ones may be even larger.

2.3. Optoelectronic Properties

The optical properties of the polymers were investigated via UV—
vis spectroscopy in 1,2-orthodichlorobenzene (0-DCB) (Figure 1).

Table 1. Summary of molecular properties of BDF-isatin copolymers.

Polymer M,? kg mol~] M, [kg mol~'] D?) Yield %
H-BDF-T 55 143 2.6 98
Cl-BDF-T 47 104 2.2 82
H-BDF-F 20 24 1.2 60
C|-BDF-F 35 77 2.2 75
H-BDF-A 18 40 2.2 75
Cl-BDF-A 18 41 23 97

% determined by size exclusion chromatography in 1,2,4-trichlorobenzene at 120 °C
and calibrated with polystyrene standards.
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The two copolymers H-BDF-T and CI-BDF-T with T showed sim-
ilar absorption profiles. For H-BDF-T, two vibronic transitions
0-1 and 0-0 appeared at 750 and 814 nm, respectively.*>¢] Cl-
BDF-T shows a slight hypsochromic shift of #20 nm to 730 nm
and 795 nm, which is attributed to the increased dihedral an-
gle caused by the bulkier chlorine atom. According to the results
from DFT calculations, the rotational potential of CI-BDF-T ex-
hibits two minima, whereby the energy of the anti-conformation
is lower in energy (Scheme 1a). The F-based copolymers showed
a qualitatively reversed trend upon chlorination compared to the
copolymers with T. H-BDF-F exhibited a blueshifted onset of ab-
sorption compared to Cl-BDF-F, likely as a result of the increased
coplanarity of the F-based copolymers that allows the stronger ac-
ceptor unit BDF-CI to come into effect. The vibronic bands of H-
BDF-F and CI-BDF-F were generally less developed compared to
the T-based copolymers, however, both for copolymers with T and
F, chlorination led to a more intense 0-0 transition. The trends of
relative intensities of 0-0 and 0-1 transitions were also seen in
the corresponding thin film absorption spectra, indicating that
local chain packing in aggregates in solution and in thin films
is similar. The two copolymers with A exhibited hypsochromi-
cally shifted spectra compared to the other four copolymers. H-
BDF-A showed significantly better resolved vibronic transitions
at 690 and 748 nm, with the latter being the most intense vibronic
band. The non-chlorinated Cl-BDF-A showed a featureless spec-
trum with a much less steep onset of absorption.

To further investigate the nature of aggregates,
temperature-dependent absorption spectra were recorded in
o-dichlorobenzene between 30 and 150 °C (Figures S24-S26,
Supporting Information). In all cases, we assume that aggrega-
tion is strong and that aggregates are not fully dissolved within
the experimentally accessible conditions. The reduced intensity

© 2025 The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH

85UB017 SUOLILLOD AIIS.1D) 3[cfed! (dde U Aq peusenob afe o O '8sn JO S3|Nn. 10y Akeid 1 8UIIUQ AB]1A UO (SUOTIPUOD-PUR-SLLIBY WD A8 1M ARIq 1 BUTIUO//SANY) SUONIPUOD pue swis | 8y} 89S *[9202/20/0€] Uo Akeiq1auliuo A8]iM 2a001g oue|i IpmS AIsBAIUN AQ £T2005202 W IB./Z00T 0T/I0p/W09 A8 | AReiq 1 puljuo’psoueApe//sdiy Wwo.y pepeojumoq ‘9 ‘920z X09T66TZ


http://www.advancedsciencenews.com
http://www.advelectronicmat.de

ADVANCED
SCIENCE NEWS

NCED
C ONIC
M RIALS

Open Access,

www.advancedsciencenews.com

www.advelectronicmat.de

a) b) c)
= H-BDF-T ——H-BDF-F ~———H-BDF-A

| ——CI-BDF-T 7| ——CI-BDF-F 7 N/ /\ ———CI-BDF-A
Q@ |— —H-BOF-Tfim @ |— —H-BOF-Fiim ) \| — —H-BOF-Afim
Q |— -CIBOF-T film Q | — —CHBDF-Ffim O \ — ~CI-BDF-A film
C C C 7
© @© ©
o] o] Ko
— — el
[} [o} [o]
1] o w
0 Q Ko
© [\ © -
£ £ £
— — —
Q (o} [o]
c c c

460 560 660 760 860 960 1000 460 560 660
wavelength [nm]

wavelength [nm]

700 800 900 1000 400 500 600 700 800 900 1000

wavelength [nm]

Figure 1. UV-vis spectra of polymers in solution (solid lines) and in film (dashed lines). a) H-BDF-T and CI-BDF-T, b) H-BDF-F and CI-BDF-F and c)
H-BDF-A and CI-BDF-A. Solution spectra were taken in 0-DCB at 0.02 mg mL™".

of the 0-0 transition of H-BDF-T, Cl-BDF-T, and H-BDF-A upon
heating indicates J-aggregation-dominated behaviour.*”] The
changes in the temperature-dependent spectra of the F copoly-
mers and Cl-BDF-A are qualitatively similar, but due to their
less defined vibronic transitions an identification of the H- and
J-type terminology is not clear.

The energy levels were determined using two different meth-
ods, given the importance of the position of the LUMO energy
level for the stability of negative polarons (radical anions) under
ambient conditions. Cyclic voltammetry (CV) in film was mea-
sured by drop casting films from chloroform and acquiring CV
cycles in a 0.1 M tetrabutylammonium hexafluorophosphate so-
lution in acetonitrile. The electrochemical redox potentials (on-
set method) versus ferrocene/ ferrocenium are given in Table 2
with —4.8 eV as the reference potential of Fc/Fct oxidation.[*8]
The LUMO levels of the three chlorinated polymers were lower
by ~0.1-0.2 eV compared to non-chlorinated analogs (Figure 2,
for CV curves see Figures S27-S29, Supporting Information).
While all polymers exhibited good stability during multiple elec-
trochemical reduction cycles, they were unstable under positive
potentials and decomposed when subjected to more oxidizing
conditions.

In addition to the CV, the energy levels were estimated spec-
troscopically from ultraviolet photon spectroscopy (UPS) and in-
verse photoelectron spectroscopy (IPES). The spectra are shown
in Figure S30 (Supporting Information), while the extracted val-
ues for the HOMO and LUMO position are included in Table 2.

Table 2. Summary of energy levels of BDF-isatin copolymers.

Compared to the CV data, the HOMOs of different copolymers
measured by UPS are found to be up to 0.4 eV more negative,
as can be seen in Figure 2. This shift is likely related to the pres-
ence of the solvent and the electrolyte TBAPF, in the CV mea-
surement, which affects the dielectric constant of the film and
leads to better screening of the charge carriers in the case of CV.
For the same reason, the LUMO levels are up to 0.3 eV higher.
The only exception is H-BDF-F, where both HOMO and LUMO
are further upshifted relative to CV than the other compounds.
This is likely related to surface contamination, as traces of Si of
unknown origin were observed in an XPS measurement (data
not shown), which did affect the readout of the work function.
As displayed in Figure S30 (Supporting Information), the work
function is distinctly different for this sample compared to the
others. Due to the changed environment, the UPS/IPES bandgap
is measured to be 0.3 to 0.6 eV higher than the one determined
by CV, but overall, the trends in HOMO and LUMO positions are
nonetheless the same as summarized in Figure 2, meaning that
chlorination lowers the LUMO levels.

2.4. Conductivity and Thermoelectric Performance of BDF
Polymers

To investigate the electrical conductivity, the polymers were
doped using 4-(1,3-dimethyl-2,3-dihydro-1H-benzoimidazol-2-
y1)-N,N-dimethylaniline (N-DMBI) via coprocessing, i.e., dissolv-

Polymer Reduction/ oxidation onset  HOMO/LUMO from CV?)  HOMO/LUMO from UPS/ IPES  HOMO/LUMO Theory®  E,F[eV] E,UPS [eV]  E,° [eV]

potential vs Fc/Fc* [V] [eV] [eV] [eV]
H-BDF-T 0.23/-0.80 —5.40/4.02 —5.62/3.83 —5.21/-4.16 1.38 1.79 1.38
Cl-BDF-T 0.26/—0.60 —5.46/—4.22 —5.79/3.93 —5.40/—4.38 1.24 1.86 1.40
H-BDF-F 0.28/-0.71 —5.48/-4.11 —5.44/-3.68 —5.44/-3.68 137 1.76 137
CI-BDF-F 0.36/-0.60 —5.57/-4.22 —5.72/-4.07 —5.34/-4.35 135 1.65 135
H-BDF-A 0.47/-0.67 —5.68/—4.15 —5.89/3.96 —5.38/-4.29 1.53 1.93 1.55
CI-BDF-A 0.49/-0.60 —5.70/-4.22 —5.94/-4.02 —5.54/-4.11 1.48 1.92 1.45

? _4.8 eV as a reference; ®) \alues obtained from DFT/PBE/DZP.
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Figure 2. HOMO and LUMO bandgaps of polymers determined by cyclic
voltammetry (smaller gaps) and UPS/IPES (larger gaps); see also Table 2.

ing the dopant and the polymer in toluene and preparing samples
by spin coating the obtained solution in a N,-filled glovebox. UV—
vis spectroscopy was used to confirm doping of the thin films as
observed by the bleaching of the neutral band and growth of the
polaronic bands (Figure S31, Supporting Information). The elec-
trical conductivity of the doped films was measured as a function
of the molar ratio (% MR) of the dopant relative to the polymer
repeat unit, ranging between 20%-70% (Figure 3).

A broad range of conductivities between 107> t0 10° S cm™! was
found. The highest conductivities obtained were between 0.1-3
S cm™! for H-BDF-T, CI-BDF-T, and H-BDF-F. The highest value
of 3 S cm™! was observed for H-BDF-F at 60% MR doping. Poly-

1

10

H-BDF-F

CI-BDF-T

0.1+

0.01 5

&[S cm™]

0.001 4

1E-41

20 40 60
N-DMBI [MR%]

Figure 3. Electrical conductivity of co-processed thin films of H-BDF-T, Cl-
BDF-T, H-BDF-F and CI-BDF-F, H-BDF-A, and CI-BDF-A as a function of the
N-DMBI dopant concentration. Error bars for electrical conductivity values
arise from the experimental error of the film thickness measurement and
do not represent a standard deviation.

Adv. Electron. Mater. 2026, 12, 00213 €00213 (7 of 12)

www.advelectronicmat.de

mers with lower maximum conductivity (e.g., H-BDF-A and Cl-
BDF-A) reached their peak at 30—40 MR% dopant concentration,
while those with higher maximum conductivity (e.g., CI-BDF-T
and H-BDF-F) peaked at 50-60 MR%. It is interesting to note
that the performance in terms of conductivity and Seebeck coef-
ficients is very similar for the two T copolymers, H-BDF-T and
Cl-BDEF-T, irrespective of H/ Cl exchange, whereas the perfor-
mance between the two F copolymers, H-BDF-F and Cl-BDF-F, is
strikingly different. Here, the presence of chlorine appeared to be
deleterious to the electrical conductivity, as the o, achieved by
this polymer remained below 0.1 S cm™, more than an order of
magnitude lower than the 6, of 3 S cm™! achieved by the non-
chlorinated H-BDF-F. A more drastic effect of the dopant con-
centration could be observed for the polymers containing acety-
lene as comonomer, H-BDF-A and Cl-BDF-A. In these cases, the
0 max Was reached at a much lower doping concentration of 30%
MR, after which a strong drop in the electrical conductivity was
observed between 30% MR and 70% MR. In comparison to the
whole series, the A copolymers exhibited very low electrical con-
ductivities and were not considered for further characterization.
One possible cause is their low molecular weight, which has been
identified as a limiting factor for the conductivity.*!! The conduc-
tivity of H-BDF-F is, to the best of our knowledge, the highest re-
ported for BDF-isatin flanked, non-halogenated systems doped
with N-DMBL.[!8]

The Seebeck coefficients (S) of the polymers H-BDF-T, Cl-
BDEF-T, H-BDF-F, and CI-BDF-F were also measured, enabling
the calculation of the power factors PF = 5S? (Figure 4). As ex-
pected, the highest values of Seebeck coefficients were recorded
at the lowest % MR in all cases where the carrier concentration
is lowest, with CI-BDF-F showing the highest value of S = —147
uV K1, In all cases, the absolute value of the Seebeck coefficient
diminished with the increasing MR% of N-DMBI and increasing
carrier concentration, in good agreement with the trends found
in the literature.[* CI-BDF-T showed the highest PF of 0.20 pW
m~! K=2, which is close to H-BDF-F, exhibiting the second high-
est one of 0.14 yW m~! K2,

To further evaluate the effect of the LUMO en-
ergy level on the stability of electrical conductivity
under ambient conditions (room temperature, humidity not
controlled or monitored), the electrical conductivity was moni-
tored under ambient conditions (Figure 5). The three samples
H-BDF-T, Cl-BDF-T, and H-BDF-F were selected because of
their highest conductivity and their varied LUMO energy level.
In all cases, the conductivity decreased by one to two orders of
magnitude after 100 to 1000 min. However, clear differences
were evident among the three samples. First, the decrease in
conductivity of Cl-BDF-T was less pronounced compared to
H-BDF-T, confirming that the stabilization of the LUMO level of
0.2 eV is beneficial for enhancing the stability of radical anions
under ambient conditions. While we note that the value of
—4.22 eV for CI-BDF-T obtained from CV is still not sufficiently
low for a thermodynamic stability of a radical anion, kinetic
stabilization may be achieved upon further reduction of the
LUMO energy level beyond —4.0 eV.[?”5%51 Second, H-BDF-F
exhibited the least degradation of conductivity despite its slightly
more positive LUMO of —4.11 eV compared to CI-BDF-T. A
tentative explanation for this result can be found in its improved
crystallinity (vide infra, 2.5 Packing and morphology) that
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Figure 4. Electrical conductivities, Seebeck coefficients (S), and power factors (PF) of thin films of a) H-BDF-T, b) CI-BDF-T, c) H-BDF-F, and d) CI-BDF-F

versus N-DMBI dopant concentration.

potentially slows down oxygen diffusion within the film, re-
sulting in a morphological barrier. Proof of such a hypothesis
is beyond the scope of this work, however, we note that sim-
ilar correlations have been drawn for optically excited states
in conjugated polymers of varying degrees of crystallinity.>?]
Overall, we conclude that a beneficial combination of a stabilized

1& = H-BDF-T
* A CI-BDF-T
e H-BDF-F
K
»
[ |
0.1- % .
P "‘h..\ R
S~
[}
0.01 -
[ |
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Figure 5. Electrical conductivities of H-BDF-T, CI-BDF-T, and H-BDF-F un-
der ambient conditions at 60% MR N-DMBI dopant concentration.
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LUMO energy level and degree of crystallinity may be a suitable
strategy to improve kinetic stabilization of radical anions when
thermodynamic stability is not possible for reasons related to
chemical structure.

2.5. Packing and Morphology

The morphology of thin films was investigated using grazing in-
cidence wide-angle X-ray scattering (GIWAXS). Figure 6 presents
GIWAXS patterns of neat films. All polymers exhibit a semicrys-
talline microstructure with well-defined main chain side chain
separations and z—r stacking peaks. A key distinction amongst
the polymers is that the A copolymers H-BDF-A and Cl-BDF-A
exhibited an edge-on orientation of crystallites with side chain
stacking out-of-plane and z— stacking direction in-plane, while
the T- and F-containing copolymers all exhibited a face-on orien-
tation of crystallites. A possible reason for the significant differ-
ence in crystallite orientation is the geometry of the comonomer
and the resulting degree of linearity of the backbone. We propose
that the edge-on orientation of the fully linear A-based copoly-
mers is one central cause for their very low conductivity. Lin-
ear chains may also accommodate less dopant molecules com-
pared to curved backbones, an explanation that is corroborated by
the peak in electrical conductivity at lower MR. Such trends for
backbone linearity/ morphology/ conductivity relations can be
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Figure 6. GIWAXS patterns of neat films of a) H-BDF-T, b) CI-BDF-T, c) H-BDF-F, d) CI-BDF-F, ) H-BDF-A, f) CI-BDF-A.

further supported by recent results. For example, when T is used
as a comonomer in thienoisatin-based BDF-copolymers, a mixed
face-on/edge-on orientation is found along with an improvement
in electrical conductivity. If, however, bithiophene and vinylene
comonomers are used, linear backbones are obtained, leading
to edge-on orientations and lower conductivities.!*"] Completely
linear backbones may, in turn, not allow for the intercalation of
the dopant molecules and hence efficient doping at high MR. In-
stead, the curved backbones of the T-copolymers H-BDF-T and
CI-BDEF-T allow for better doping efficiency but lead to less or-
dered packing at the same time, resulting in a somewhat reduced
efficiency of interchain transport.

With doping, all copolymers retained their semicrystalline mi-
crostructure (see Figures S32-S37, Supporting Information) with

Adv. Electron. Mater. 2026, 12, €00213 e00213 (9 0f12)

only minor changes. For example, H-BDF-F exhibited a small in-
crease in the main chain side chain separation distance from ~3.8
to ~4.1 nm upon doping, along with a decrease in 7—x stack-
ing order (see Figure S36, Supporting Information). As these
changes do not reflect the amount of N-DMBI blended into the
film, it is reasonable to assume that the majority of the dopant is
located in the amorphous polymer domains. Evidence of diffrac-
tion from a crystalline phase of DMBI is not seen even for the
highest doping levels probed.

What can be further seen from the GIWAXS measurements
is that the morphology of H-BDEF-F is much better ordered com-
pared to H-BDF-T. Figure 7 shows the strong improvement in
ordering upon exchanging T by F, with H-BDF-F showing mul-
tiple orders of the 100 reflection. This is consistent with the
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Figure 7. Comparison of the GIWAXS curves of H-BDF-T and H-BDF-F for
in-plane a) and out-of-plane b) scattering directions.

enhanced coplanarity predicted in Scheme 2. In addition, a slight
decrease in 7—z-stacking distance is seen for H-BDF-F (3.44 A)
compared to H-BDF-T (3.49 A), which again is a result of the
improved coplanarity of H-BDF-F. These two aspects finally ex-
plain the high conductivity of this sample. The improvement in
order together with the formation of face-on crystallites may also
explain the slower and less strong decline of conductivity under
ambient conditions, as oxygen diffusion in the vertical direction
may be reduced.

3. Conclusion

Density functional theory (DFT) calculations were used as a start-
ing point to establish structure-function relationships of BDF-
isatin-comonomer conjugated copolymers for thermoelectric ap-
plications. Thiophene (T), furan (F), and acetylene (A) were con-
sidered as comonomers due to their varying geometries and ease
of synthesis. Chlorination of the isatin motif was additionally
considered due to easy synthetic realization and to stabilize the
LUMO energy level of the backbones. The DFT calculations re-
vealed that chlorination lowers the LUMO level by ~0.2 eV in
all cases compared to non-chlorinated analogues. The combined
effects of chlorination and varying comonomers resulted in dif-
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ferent levels of backbone torsion, conformation, and curvature.
Non-chlorinated copolymers with T and F were calculated to have
a mostly coplanar and wavy backbone structure that was pre-
served upon changing syn- and anti-conformations. In contrast,
chlorination caused steric hindrance of syn-conformers, mak-
ing coplanar anti-conformers more stable. However, the overall
degree of coplanarity of chlorinated copolymers was lower, as
the sum of conformations possible at room temperature is de-
cisive for the backbone structure. Fully coplanar backbones were
only possible for non-chlorinated A and F copolymers. Only A
copolymer had a fully linear backbone structure. Experimentally,
chlorination was achieved in a single step, and all copolymers
were readily synthesized using short routes and Stille polymer-
ization, furnishing six copolymers in good yields and molec-
ular weights. Their LUMO energy levels were determined uti-
lizing different techniques, including cyclic voltammetry and
ultraviolet photoelectron / inverse photoelectron spectroscopy,
showing good agreement with the results from DFT calculations
and confirming chlorination to reduce the LUMO levels. The
packing and crystallinity of the copolymers strongly depend on
the comonomer and chlorination, with centrosymmetric A as
comonomer showing crystalline packing and an exclusive edge-
on orientation of the backbones. T and F copolymers both showed
preferential face-on orientation, but the F copolymer exhibited
a significantly increased degree of crystallinity as a result of the
coplanar backbone structure. The combined effects of a curved,
yet coplanar backbone structure, which led to face-on orienta-
tion and high crystallinity, overall endowed the non-chlorinated
F copolymer with the highest electrical conductivity upon dop-
ing of these six copolymers. The fully linear, edge-on oriented A
copolymers did not yield any measurable electrical conductivity.
The resulting power factors were highest for the two copolymers
with the highest conductivity, H-BDF-F and Cl-BDF-T, reaching
power factor values of up to 0.2 uW m~! K=2. The small size of fu-
ran as a comonomer leads to a beneficial set of properties useful
for thermoelectric applications.

4. Experimental Section

All details regarding starting materials, methods, synthesis of
monomers and polymers, and their characterizations are given in the Sup-
porting Information.

Supporting Information

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