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To date, extensive efforts have been devoted to
designing new conjugated polymers with long alkyl

or ethylene glycol sidechains. However, these W!?Ie; AN
sidechains are insulators, limiting further perfor- 3 IO,.O
mance enhancement in doped conjugated polymers. ?0&
Moreover, the most widely used chlorinated solvents %6
are toxic, limiting the practical applications of many \/ \®
conjugated polymers. Here, we report a water/ [ o “
alcohol processable n-type conjugated polymer ; ® C_' s b
P(Py2FT), featuring side chain-free cationic back- — /_\@ W

bones. P(Py2FT) exhibits a high n-type electrical \ Dopant el E D
conductivity of up to 28.1 S cm™ and a high thermo- \ HOMON . . = ‘9"’
electric power factor of up to 28.7 yW m~' K2, com- N\ A \ Folymer / \Neutral, y”(:)g
parable to some conventional n-type conjugated \ %’ —— LUMO /\' é,b,,,,,
polymers reported recently. More importantly, cat- $ ~4:025eN Torsion angle oQ,,,
ionic polymers display tight molecular packings and %,oed \6/ g

interesting enhanced backbone planarity after
n-doping, which, we envision, provides a new re-
search direction to address the sidechain issue in
conventional conjugated polymers. Our work
demonstrates that sidechain-free cationic polymers
have great potential for green-solvent-processed Keywords: cationic polymers, organic thermoelec-
heavily doped organic electronics. trics, n-doping, backbone planarity, charge transport
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Introduction

Organic thermoelectrics (OTEs) have attracted increas-
ing interest in recent years due to their low toxicity, light
weight, good solution processability, and high mechani-
cal flexibility.! To achieve high energy-conversion effi-
ciency, both high-performance complementary p-type
and n-type OTEs are required. To date, p-type conjugat-
ed polymers have demonstrated excellent conductivities
over 1000 S cm™, together with high power factors (PFs)
over 100 pW m™ K=2%* In contrast, only a few n-type
conjugated polymers have shown conductivities over
10 S cm™, with PFs exceeding 10 pW m™ K257

Many high-performance n-type conjugated polymers are
based on conventional polymer designs (Figure 1a)8™
These polymers are typically linked by carbon-carbon
single bonds, resulting in significant conformational dis-
order. To lock the backbone rotation, complex structures
with specifically designed noncovalent interactions are
necessary.”™ To address this issue, double-bond-linked
polymers were designed (Figure 1b)."* While these dou-
ble bonds contributed to rigid rod-like backbones, the
double bonds largely stretched out in doped states,
leading to lower rotational barriers, considerable ener-
getic disorder, and poor charge-carrier mobility.”® Addi-
tionally, most of these traditional conjugated polymers
require long alkyl or ethylene glycol sidechains to guar-
antee good solution processability. However, these sol-
ubilizing sidechains are insulators, hindering the further
enhancement of the thermoelectric performance.®™
Thus, sidechain-free polymers such as PBFDO or PBDF
were reported, which exhibited impressively high n-type
electrical conductivities, suggesting that sidechain-free
polymer design is a new trend for highly conductive
n-type polymers.?®?' However, controlling the doping

level and further modifying the chemical structure in such
kind of intrinsically doped polymer remains challenging.
Furthermore, the polymer requires high-boiling-point
solvents, such as dimethyl sulfoxide, for processing,
which limits its facile processability.

Here, we designed and synthesized a novel cationic
conjugated polymer, P(Py2FT), to explore the potential
of cationic polymers for OTEs (Figure 1c). Compared to
traditional polymers with long sidechains, our cationic
polymer displayed a significantly reduced lamellar dis-
tance and a comparable n-r stacking distance, promoting
more compact molecular packing for efficient charge
transport. P(Py2FT) exhibited a high n-type electrical
conductivity of up to 281 S cm™ and an impressive
thermoelectric PF of up to 28.7 yW m™ K2 In addition,
we demonstrated that cationic building blocks strongly
increased the electron density of the lowest unoccupied
molecular orbital (LUMO) across the linkages. This results
in a shorter C-C single bond and, consequently, en-
hanced backbone planarity after doping. Therefore, in-
troducing cationic building blocks is an effective way to
enhance the backbone planarity and thus charge trans-
port performance in doped states.

Experimental Methods
Film preparation and doping

Glass substrates were cleaned by ultrasonication in suc-
cessive baths of pure water, acetone, and isopropanol,
with each bath lasting 5 min, followed by plasma treat-
ment with O, for 10 min. Before film fabrication, both
P(Py2FT) and P(PyT) were dissolved in a 1:1 mixture of
2,2,2-trifluoroethanol (CFzCH,OH) and water at a con-
centration of 3 g/L and stirred at 65 °C for two hours in a
nitrogen atmosphere. Thin films were deposited onto
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Figure 1| Chemical structures and features of different types of high-performance n-type conjugated polymers (CPs).
We categorize these polymers into (a) conventional CPs, (b) CPs with double-bond linkages, and (c) cationic CPs.
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glass substrates by spin-coating the polymer solution at
2000 rpm for 60 s. The dopant, tetrakis(dimethylamino)
ethylene (TDAE), was purchased from Sigma-Aldrich
(Shanghai, China). The polymer films were exposed to
TDAE vapor for various times at room temperature with-
in a glove box under the N, atmosphere.

Thermoelectric properties measurement

All devices for conductivity and Seebeck coefficient
measurement devices were constructed using glass sub-
strates. The conductivities and Seebeck coefficients were
collected by four probe measurements within the same
N, glove box, employing a KeysightB1500A semiconduc-
tor parameter analyzer (KEYSIGHT, Colorado Springs,
USA). For Seebeck measurement, self-built equipment
was used to set the temperature difference. The Seebeck
coefficient was calculated by S=AViherm/AT. AVtherm IS
the thermal voltage between the hot and cold ends of the
device at a temperature gradient AT. The AVinerm Was
continuously monitored using the Keysight BISO0A, and
the temperature difference was established by Joule heat
(heater) and a circulating water-cooling system. To en-
sure accuracy, we corrected for the temperature differ-
ence AT between the two contact pads with two
temperature sensing wires (5 nm Cr/20 nm Au bilayer).
By tracking changes in the resistance of these tempera-
ture-sensing electrodes, the accurate temperature of the
contact pads was obtained. The device architecture for
Seebeck measurement is shown in Supporting Informa-
tion Figure S3.

Characterization

Molecular weights were determined by gel permeation
chromatography (GPC) on a Waters 1515 instrument
(Waters, Milford, USA) at room temperature using chlo-
roform as the eluent. Thermal gravity analyses (TGA)
were carried out on a TA Instrument Q600 analyzer (TA
Instruments, Shanghai, China). Cyclic voltammetry (CV)
measurements were performed on a BASI Epsilon work-
station (BASi Corporate Headquarters, West Lafayette,
USA). Absorption spectra were recorded on PerkinElmer
Lambda 750 UV-vis spectrometer (PerkinElmer, Shelton,
USA). Ultraviolet photoemission spectroscopy (UPS) and
X-ray photoelectron spectroscopy (XPS) were conducted
using a Kratos AXIS Ultra Photoelectron Spectrometer
(Kratos Analytical Ltd, Manchester, U.K.) under ultrahigh
vacuum conditions (approximately 3 x 10~° Torr) with an
unfiltered He | gas discharge lamp source (21.22 eV)and a
monochromatic Al Ka source (1486.7 eV, 6 = 90°) as the
excitation source. Continuous-wave electron paramag-
netic resonance (EPR) measurements were conducted
on a Bruker Elexsys E580 spectrometer using an ER 4122
SHQE Resonator highly sensitive EPR cavity (Bruker,
Massachusetts, USA). The grazing-incidence wide-angle

X-ray scattering (GIWAXS) experiments were performed
on a XenocsXuess 2.0 beamline (Xenocs Inc, Holyoke,
USA), with an incident X-ray angle of 0.2 deg and wave-
length of .54 A. The scattered signals were collected by a
Pilatus 1M detector at a sample-to-detector distance of
150 mm. All density functional theory (DFT) calculations
were performed using the Gaussian 16 package.??

Results and Discussion

Conjugated polymers with cationic backbones have been
previously reported, known for their low LUMO energy
levels that are suitable for n-doping.2**?® However, these
polymers have not received enough attention over the
years, particularly in the field of OTE applications. The
relationship between their structure and thermoelectric
performance remains poorly understood. To delve into
the molecular design strategy, we designed and synthe-
sized a new cationic polymer, namely P(Py2FT). For
comparison, the previously reported polymer P(PyT) was
also synthesized.?® Scheme 1 illustrates the synthetic
routes to both cationic polymers. The B(bpin), was
synthesized through five synthetic procedures with the
initial compound 1,4-dibromo-2,5-dimethylbenzene, fol-
lowing the procedures in previous literature.?* It is worth
noting that the previous reaction and polymerization
conditions often resulted in more side products, low
molecular weight polymers, and incomplete ring closure,
leading to notable structural defects and poor device
performance. Here, to improve the regioselective of the
Suzuki coupling reaction, we substituted 2,5-dibromo-
pyridine with 5-bromo-2-iodopyridine to react with
B(bpin), to give the critical monomer, Py2Br. In the next
polymerization step, we strategically replaced the cata-
lyst Pd(PPhz), with Pd,(dba)z+P(o-Tol)s, which en-
hanced the molecular weights (Supporting Information
Section 3). Using the 2,5-bis(trimethylstannyl)—3,4-
difluorothiophene (2FT) as the organotin reagent to
copolymerize with Py2Br by Stille coupling reaction, the
cationic polymer precursor was obtained. The polymer
precursor was purified by Soxhlet extraction, and the
chloroform portion was collected. Further reacting with
SOCI; to close the ring under a modified reaction condi-
tion, the new cationic polymer, P(Py2FT), can be
obtained. The reference polymer P(PyT) was synthesized
using a similar route. After modifying the reaction con-
ditions, we obtained defect-free cationic polymers,
which benefit the charge-carrier transport and the repro-
ducibility of the device performance. The chemical struc-
tures of these synthesized compounds were verified by
TH NMR and 13C NMR spectra (Supporting Information
Figures S25-S35). GPC was used to characterize the
molecular weights of the precursor of cationic polymers
[P(Py2FT) precursor: Mn =18.8 kDa, polydispersity index
(PDI) = 2.33; P(PyT) precursor: Mn =17.6 kDa, PDI = 2.67;
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Scheme 1| Synthetic routes to P(Py2FT) and P(PyT).
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Figure 2 | (a) DFT-optimized geometries for (Py2FT);*" and (PyT)>*. The number 4 represents four positive charges.
(b) Relaxed PES of the torsion angle between two repeating units for (Py2FT)>* and (PyT)>*. DFT calculations were
carried out at the B3LYP/6-311G(d,p) level. (c) Normalized UV-vis spectroscopy of cationic polymers in CFzCH>OH
dilute solutions (solid lines) and thin films (dashed lines). (d) Electrical conductivities (c), (e) Seebeck coefficient (S),
and (f) PF of TDAE doped P(Py2FT) and P(PyT) with various doping times.
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Figure 3 | (a) UPS binding energy, (b) UV-vis-NIR spectra, and (c) continuous wave EPR spectra of both P(Py2FT)
(top) and P(PyT) (bottom) films in their pristine and TDAE-doped states. The doping time presents TDAE exposure

time.

Supporting Information Figure S1 and Table S1]. Both
cationic polymers showed good thermal stability with
decomposition temperatures over 200 °C (Supporting
Information Figure S2).

Figure 2a shows the DFT-optimized molecular struc-
tures of the cationic backbones. For (Py2FT),*, the
F...H distances (2.16 A) are notably smaller than the
sum of their van der Waals radii (2.67 A), indicating the
presence of stabilizing intramolecular interactions.?¢%
Consequently, the introduction of F substituents in
(Py2FT),* reduced the torsion angles to 24.9°. In con-
trast, (PyT),* obviously deviates from planarity by 35.4°.
Relaxed potential energy scans (PES) further revealed
that (PyT),*" had a minimum energy conformation at a
torsion angle of approximately 30°, with a modest barrier
height of 2.2 kcal/mol (Figure 2b). However, (Py2FT),*"
exhibited a flat energy surface from O to 20°, followed by
a steeper and higher torsion barrier. These calculations
consistently underscore the finding that P(Py2FT) pos-
sesses a more planar and rigid backbone than P(PyT).

Figure 2c depicts the ultraviolet-visible-near-infrared
(UV-vis-NIR) absorption spectra of cationic polymers in
both dilute solutions and films. In solution, both P(Py2FT)
and P(PyT) exhibit similar absorption characteristics,
with peak maxima at 452 and 466 nm, respectively.
When transitioning to the film state, a notable redshift
of absorption was observed for both polymers, suggest-
ing enhanced backbone planarity in the solid state.”
Moreover, P(Py2FT) exhibited narrower absorption
peaks in the film compared to P(PyT), which can be
attributed to its reduced conformational disorder.?® CV
measurements revealed that introducing electron-with-
drawing F substituents in P(Py2FT) reduces its LUMO
energy level to 4.02 eV, which is 0.24 eV lower than
P(PyT) (Supporting Information Figure S4 and Table S3).
This deepening of LUMO is beneficial for efficient n-type
doping in conjugated polymers.?®*° We selected TDAE as

the n-dopant, due to its strong reducibility and small
molecular size.>®' Unlike conventional conjugated poly-
mers using toxic solvents, both cationic polymers can be
processed with water, offering more sustainable, effi-
cient, and low-cost fabrication methods. To optimize
their electrical performance, both polymers were dis-
solved in a 1:1 mixture of water and CFzCH,OH (Support-
ing Information Figures S5-S7). In the pristine state,
these cationic polymers exhibited low electrical conduc-
tivities, approximately 0.001 S cm™. Upon TDAE doping,
their conductivities increased significantly by three
orders of magnitude (Figure 2d). After a 3-minute expo-
sure to TDAE, P(Py2FT) achieved a maximum electrical
conductivity of 28.1 S cm™, six-fold higher than that of
P(PyT) (4.70 S cm™). Further increasing the doping time,
the conductivities for both cationic polymers slightly
decreased, which might be due to several factors, such
as dopant-induced morphology change® or the forma-
tion of defects within the polymer due to doping.** The
negative Seebeck coefficients suggest an electron-dom-
inated transport in these cationic polymers (Figure 2e).
As the doping time increased, the Seebeck coefficient of
P(Py2FT) consistently remained lower than that of
P(PyT), suggesting that P(Py2FT) may exhibit a higher
doping level. Ultimately, the maximum PFs for P(Py2FT)
and P(PyT) reached 28.7 and 24.7 pyW m™ K, respec-
tively (Figure 2f). These values are comparable to some
conventional n-type conjugated polymers reported
recently .03

UPS were collected to measure the doping level
(Figure 3a). The secondary electron cutoff of P(Py2FT)
shifted by 0.21 eV when exposed to TDAE vapor for
30 min, equivalent to an upward movement of its
Fermi level by 0.21 eV. This shift was notably larger than
that observed in P(PyT) (0.14 eV) under the same doping
time. This result indicates a higher doping level in
P(Py2FT), which is further supported by XPS
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measurement (Supporting Information Figure S10). Upon
doping, the XPS sulfur 2p spectra of P(Py2FT) films
exhibited a larger shift to a lower binding energy, which
is attributed to the formation of negatively charged
polaronic S atoms on the doped polymer backbone. In
contrast, this shift in the doped P(PyT) was less pro-
nounced, indicating a lower doping level. The XPS esti-
mated carrier concentration for P(Py2FT) doped for
30 min was 3.06 x 10%° cm™~, which was three times higher
than that of P(PyT) (Supporting Information Figure S11
and Table S1). To monitor the doping process, UV-vis-
NIR absorption spectroscopy was employed (Figure 3b).
Upon doping, the absorption spectra revealed that the
neutral bands of both cationic polymers became
bleached along with the emergence of new absorbance
peaks at 640 nm and beyond 2000 nm. As the doping
level increased, the broad peak beyond 2000 nm de-
creased and eventually disappeared, while the absorp-
tion peak at 640 nm consistently grew. This opposite
behavior of these two absorption bands indicates the
presence of different types of species during the doping
process.*® To further identify these species, EPR spec-
troscopy was used (Figure 3c). After one minute of TDAE
doping, the EPR signatures of both polymers significantly
increased, indicating that species at low doping levels
were primarily paramagnetic polarons. As the doping
time increased, the EPR intensity gradually decreased to
zero, confirming the transition from polarons to spinless
bipolarons.***” Notably, the EPR signal of P(Py2FT) was
still observable after 5 min of TDAE doping, whereas the
EPR signal of P(PyT) almost disappeared, suggesting
that polarons in P(PyT) can transition to bipolarons at
a relatively lower doping level (Supporting Information
Figure S15).

Time-dependent density functional theory (TD-DFT)
calculations were employed to simulate the absorption
spectra, which agree well with the experimental results
(Supporting Information Figures S12-S14). At low doping
levels, polarons dominated, exhibiting a characteristic
absorption around 2000 nm. At high doping levels,
polarons combined to form doubly charged bipolarons,
resulting in enhanced bipolaron absorption below
1000 nm and a decrease in the intensity of polaron peaks.
Interestingly, our calculations demonstrated that these
bipolarons delocalized across neighboring polymer
chains, which differs from the typical observation where
bipolarons originate within the same chain.*>* The for-
mation of bipolarons can be attributed to many factors,
such as polymer interchain coupling,*® dopant/counter-
ion effects,*** and polymer structures.® In this system,
we assumed that these sidechain-free cationic polymers
exhibited tight molecular packings, facilitating the for-
mation of interchain bipolarons, similar to what has been
observed in poly(3,4-ethylenedioxythiophene) polysty-
rene sulfonate (PEDOT:PSS).#?

This assumption was further confirmed by GIWAXS
measurements (Figure 4a,b and Supporting Information
Figure S16). The cell parameters are summarized in Sup-
porting Information Table S2. Both cationic polymers
exhibited notably small lamellar stacking distances, mea-
suring 9.35 A for P(Py2FT) and 8.36 A for P(PyT). Despite
conventional wisdom that suggests charge repulsion
between ionic species,** we observed that the n-r stack-
ing distances of these cationic polymers were below
3.6 A, similar to those observed in conventional conju-
gated polymers.*““6 However, there are still differences
between the two cationic polymers: The P(PyT) sample
shows a predominantly face-on texture, as is evident
from the lack of a pronounced in-plane n-x stacking peak.
In contrast, the obvious n-x diffraction peaks in both the
in-plane and out-of-plane directions suggest a coexis-
tence of face-on and edge-on crystallites in P(Py2FT)
(Figure 4a,b). This mixed orientation promoted the
formation of three-dimensional (3D) conduction chan-
nels for more effective charge transport in P(Py2FT)
(Figure 4c¢),”74"*® potentially affecting its charge-carrier
mobility after doping. After TDAE doping for 30 min,
P(Py2FT) exhibited a three-fold increase in carrier con-
centration and simultaneously a five-fold increase in
conductivity compared to P(PyT), indicating a 1.6 times
higher mobility for P(Py2FT). Additionally, we noted a
reduction in the rn-n stacking distance from 3.59 A
(P(PyT)) to 3.51 A (P(Py2FT)), which is consistent with
the improved backbone planarity of P(Py2FT). Typically,
the introduction of dopants tends to distort molecular
conformations and disrupt molecular packing, resulting
in expanded stacking distances and increased paracrys-
talline disorder.3?49%° |nterestingly, doped P(Py2FT)
exhibited a simultaneous decrease in both n-n stacking
and lamellar distances (Figure 4a,b and Supporting In-
formation Figure S17). Additionally, the paracrystallinity
parameter g, dropped with respect to undoped
P(Py2FT), indicating a reduction in structural disorder.
These findings suggest enhanced backbone planarity
and improved molecular packing order within P(Py2FT)
after molecular doping.

The discovery of doping-enhanced backbone planarity
has triggered our great interest. Previous studies mainly
focused on designing planar polymer backbones in neu-
tral states.®"*? However, many applications, such as OTEs,
need heavily-doped materials for effective operation.
Therefore, more efforts should be devoted to molecular
designs that consider polymer properties in doped
states. To elucidate how doping improves backbone
planarity, we performed relaxed PES calculations for
dimers of cationic polymers in doped states
(Figure 4d). Compared to neutral states, the predomi-
nant conformations of doped (Py2FT), exhibited a tor-
sion angle around 0°, with the barrier height increasing
by 6.11 kcal mol™. However, (PyT), displayed a flatter
torsion potential around the minimum and less increase
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Figure 4 | (a) Out-of-plane and (b) in-plane 1D scattering intensity plots of pristine and doped polymer films,
measured by GIWAXS. (c) Schematic illustration of the 3D conduction channel. (d) Relaxed PES of dimers in undoped
states [(Py2FT);* and (PyT);*'] and doped states [(Py2FT),*" and (PyT)>,>*]. (e) Bond length analysis (BLA) of
(Py2FT)> and (PyT),. The bond length difference refers to the variation in bond length between the undoped and
doped states of dimers. Specifically, the C-C bonds connecting the cationic building blocks and thiophenes are
highlighted with dark circles. (f) Molecular orbital wavefunctions of the LUMO bands for undoped dimers. The
indicated percentages denote the contribution from the C-C linkages between the thiophene and the cationic building
block to the LUMO, according to the natural atomic orbital population analysis.

in the barrier height after doping. Since the backbone
planarity is particularly sensitive to the length of chemical
bonds, we analyzed the difference in bond lengths be-
tween neutral and doped polymer dimers. The conven-
tion used for the bond numbering is indicated in
Supporting Information Figure S21, and the C-C bond
that links the repeating units is highlighted with a dark
circle in Figure 4e. After n-doping, the C-C linkage sig-
nificantly shortened for both cationic polymers, indicat-
ing an increased double-bond character. Specifically, the
C-C linkage of (Py2FT), decreased by 0.030 A, which is
larger than that for P(PyT), (0.024 A). The doping-en-
hanced backbone planarity of both polymers can be
attributed to the composition of their frontier molecular
orbitals. Compared to (PyT),*, the fluorine substituents
within (Py2FT),*" stabilize the LUMO, resulting in a larger
contribution from the C-C linkage to the LUMO: 6.3% for
(Py2FT),* and 4.1% for (PyT),*" (Figure 4f). In the singly
occupied molecular orbital split from LUMO upon dop-
ing, we observed the consistently larger contribution
from the C-C linkage of P(Py2FT) compared to P(PyT)

(Supporting Information Figure S22). This increased
electron density along the C-C linkage led to a more
pronounced enhancement in bond strength after doping,
thus resulting in higher backbone planarity. We extended
our analysis to investigate the backbone planarity of
other advanced conjugated polymers in doped states
(Supporting Information Figures S23 and S24). Among
conventional n-type conjugated polymers, the contribu-
tion of the C-C linkage to LUMO generally remains below
4.1%, with only a slight improvement in backbone planar-
ity after doping. These results indicate that introducing
cationic building blocks is an effective method to
improve the backbone planarity of n-type conjugated
polymers at doped states.

Conclusion

In summary, we have designed and synthesized a water/
alcohol processable n-type conjugated polymer,
P(Py2FT). Compared to its reference polymer, P(Py2FT)
displays a lower LUMO level, higher doping efficiency,
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enhanced backbone planarity, and better molecular
packing. With P(Py2FT), we have achieved a higher
n-type electrical conductivity of up to 281 S cm™ and a
maximum thermoelectric PF of 28.7 pyW m~ K=, compa-
rable to some conventional n-type conjugated polymers
reported recently. Furthermore, our study has demon-
strated that the introduction of cationic building blocks
can bring about tight polymer packing and enhanced
backbone planarity, especially under heavily doped
states. Our research not only provides a new molecular
design guideline for enhancing the performance of cat-
ionic conjugated polymers, but it also presents a viable
approach to tackle the sidechain challenges in traditional
conjugated polymers. We anticipate that our findings will
encourage more researchers to devote their efforts to
sidechain-free cationic polymers, ultimately elevating
their performance to rival or even surpass that of tradi-
tional conjugated polymers.

Supporting Information

Supporting Information is available and includes device
fabrication details; GPC, TGA, and CV traces; UV-vis-NIR
spectra; XPS data; GIWAXS images and analysis; DFT
calculations; and monomer and polymer synthesis and
characterization.
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