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ønsted acid doping of solution
processable poly(thienylene vinylene) for
thermoelectric application†

Wei-Ni Wu,‡a Kei-ichiro Sato,‡b Jun-Hao Fu,c Yi-Tsu Chan, c Jhih-Min Lin,d

Shih-Huang Tung, e Tomoya Higashihara *b and Cheng-Liang Liu *af

Doped polythiophene (PT)-based semiconductors are of significant interest in the field of organic

electronics, and are designed for novel thermoelectric applications based on their remarkable electrical

properties, ease of processing, and tunable molecular structures. In the present study, the effects of the

vinyl linkers in the PTs are systematically investigated in order to understand the interdependence of the

structural properties, thin film morphologies, and thermoelectric performance. In particular, the soluble

poly(thienylene vinylene) (PTV)-based conjugated polymer, poly[3,4-bis(2-ethylhexyl)thienylene vinylene]

(P3,4EHTV), is synthesized via halogen-free and transition metal-free polymerization, and compared with

the often-studied poly[3-(ethylhexyl)thiophene] (P3EHT) analogue. In addition, the thermoelectric

properties of these two PT films doped with tris(pentafluorophenyl)borane (B(C6F5)3, BCF) are

characterized. Furthermore, the bipolaron states of the doped P3,4EHTV are retrieved via detailed ultra

violet-visible-near infrared (UV-vis-NIR) and electron paramagnetic resonance (EPR) spectral analyses.

Systematic microstructural characterizations reveal that the introduction of vinyl groups into the

conjugated polymer backbone results in good miscibility with the BCF dopant, along with enhanced

doping efficiency, thereby providing the appropriate sites for accommodating the dopant without

disrupting the original chain packing and charge transport channels. The maximum power factor (PF) is

measured as 1.47 mW m−1 K−2 for the BCF-doped P3,4EHTV with a molar ratio of 20%, due to the high

electrical conductivity (s) of 0.34 S cm−1, which is ten-fold higher than that of the P3EHT (0.17 mW m−1

K−2). The present study therefore provides a suitable methodology for the realization of doped polymers

with good host-dopant miscibility, compatible morphologies, and undisrupted microstructural packing in

order to favor an increased power factor by introducing vinylene linkers into the main chains of PTs.
Introduction

In recent years, increasing demands for renewable energy via
a green route have motivated researchers to seek innovative
methods for enhancing the efficiency of conversion of heat
energy to electricity. Traditionally, such thermoelectric effects
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f Chemistry 2023
have been realized predominantly via inorganic materials, with
the successful development of solid state devices for the appli-
cations of refrigeration and power generation. Although some
inorganic alloy-based materials have exhibited relatively high
thermoelectric performances, their applications are limited by
the high costs of the rawmaterials andmanufacturing facilities,
as well as metal toxicity and poor processability.1,2 By contrast,
organic/polymeric materials possess facile solution process-
ability, low cost, light weight, low thermal conductivity, and
exible form, all of which offer the potential for excellent
thermoelectric performance, especially for low-grade waste heat
harvesting.3–8 The optimization of the molecular doping level of
conjugated polymers is an effective approach to achieving
a balance between the electrical conductivity (s) and Seebeck
coefficient (S) at the maximum power factor (PF).9–13 However,
only a few well-known conjugated polymers have been exploited
in thermoelectric applications to-date,14–16 with the most
representative organic thermoelectric materials being the
thiophene-based conjugated polymers. Hence, it can be antici-
pated that the recent increased interest in energy harvesting will
J. Mater. Chem. A, 2023, 11, 17091–17100 | 17091
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Scheme 1 Synthetic routes for (a) P3,4EHTV via the transition-metal-
free and halogen-free Horner–Wadsworth–Emmons poly-
condensation, and (b) P3EHT via Kumada–Tamao catalyst transfer
polycondensation using Knochel's base.
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stimulate the rational design and synthesis of thermoelectric
polythiophenes (PTs) with controlled molecular structures and
doping processes. Within the PT-based thermoelectric family,
the regioregular poly(3-hexylthiophene) (P3HT) has been mostly
studied,17,18 and P3HT lms with high electrical conductivities
can be achieved by exposing them to 2,3,5,6-tetrauoro-7,7,8,8-
tetracyanoquinodimethane (F4TCNQ) vapor.19–21 However, this
approach requires tedious sequential vapor doping rather than
simple mixing of the F4TCNQ and polymer solution due to the
limited solubility of F4TCNQ in the organic solvents that are
commonly used to dissolve P3HT. Meanwhile, with the excep-
tion of oxidative doping, Lewis acid dopants such as ferric
chloride (FeCl3) provide an alternative approach for the doping
of P3HT with high doping efficiency.22–24 Unfortunately,
however, the FeCl3-doped conjugated polymers exhibit poor air
stability, which needs to be overcome.

Tris(pentauorophenyl)borane ((C6F5)3B; BCF) has been
considered as a promising p-type dopant due to its strong Lewis
acidity and high solubility in organic solvents.25–28 The doping
principle relies on the interaction between the boron atom on
BCF as the Lewis acid, and the conjugated polymer backbone as
the Lewis base, which involves the redistribution of electron
density and the formation of Lewis-acid adducts or charge
transfer complexes (CTCs). Although these adducts and CTCs
are harmful to the charge transfer ability, it has recently been
reported that the BCF molecule is able to react with water to
form a BCF-water complex, thereby inducing the Brønsted acid
doping effect without forming adducts or CTCs.29–32 In the
absence of strong Lewis basic groups, BCF can hardly react with
weak Lewis basic atoms and, hence, the doping mechanism
based on the formation of the BCF-water complex is preferable.
For instance, Suh et al. demonstrated BCF-doped P3HT ther-
moelectric materials30 with high electrical conductivities and
corresponding power factors of up to 28.3 mW m−1 K−2.
However, the applicability of BCF and its Brønsted acid effect
for doping other PT-based thermoelectric derivatives have yet to
be investigated.

Poly(thienylene vinylene)s (PTVs) are PT analogues with the
addition of vinylene units between the thiophene rings along
the main chain, and exhibit characteristic properties such as
coplanar backbone structure,33 low bandgap,34 high thermal
stability, and charge mobility.33,35 Since PTV was rst synthe-
sized by polymerization based on the Wittig reaction in the
1970s,36 versatile synthetic methods have been developed.
Typically, PTVs can be synthesized by polymerization using
transition-metal catalysts. For example, poly(3-hexylthienylene
vinylene) has been synthesized by polycondensation based on
the McMurry coupling reaction,37 while poly(3-
dodecylthienylene vinylene) was synthesized by poly-
condensation based on the Migita–Kosugi–Stille coupling
reaction between 2,5-dibromo-3-dodecylthiophene and 1,2-
bis(tributyltin)ethylene.38 In addition, acyclic diene metathesis
polymerization has been utilized for the synthesis of PTVs using
symmetric 2,5-divinyl monomers and ruthenium catalysts.39

However, it has recently become preferable to avoid using
transition-metal catalysts and halogen moieties40–42 in the
synthesis of semiconducting polymers due to their potential
17092 | J. Mater. Chem. A, 2023, 11, 17091–17100
negative impact on the environment.43,44 To this end, Horner–
Wadsworth–Emmons (HWE) condensation reaction has been
used for the transition-metal-free and halogen-free synthesis of
PTVs.45–47 For example, the present authors reported the
controlled synthesis of poly[3-(2-ethylhexyl)thienylene vinylene]
(P3EHTV) with predictable number-average molecular weights
(Mn = 1800–10 200) and relatively low molar-mass dispersities
(ĐM = 1.20–1.28) via the HWE polycondensation proceeding in
a chain-growth manner.47 However, due to the highly coplanar
backbone and, hence, low solubility of the P3EHTV, it was
difficult to obtain a high-molecular-weight sample (Mn > 11k) in
this system. Hence, for facile device fabrication and evaluation,
improvements in the molecular weights of the PTVs obtained
via the HWE polymerization are important.

In this study, poly[3,4-di(2-ethylhexyl)thienylene vinylene]
(P3,4EHTV) is rst synthesized by the transition-metal-free and
halogen-free HWE polycondensation of a newly-designed 3,4-
dialkylated thiophene monomer with two 2-ethylhexyl groups.
P3,4EHTV is shown to possess a highMn of 31 400 with excellent
solubility in organic solvents even in hexane. The effects of the
vinylene linker in the PTs are then studied by comparing poly[3-
(ethylhexyl)thiophene] (P3EHT) and P3,4EHTV, along with the
corresponding BCF doping effects, via spectral, morphological,
and microstructural analysis. Moreover, the correlation
between the structures and thermoelectric properties of these
two PT lms with various molar ratios of BCF highlights the
inuence of the doping effect and dopant distribution in
semicrystalline PT, which plays a crucial role in determining the
thermoelectric performance.

Results and discussion
Synthesis and characterizations

As shown in Scheme 1a, double side chains composed of 2-
ethylhexyl groups on a single thiophene ring were designed in
a monomer precursor (1a) having active methylene phosphate
and formyl moieties in order to improve the solubility of PTV.
Further details are provided in the Synthesis section in ESI.†
The synthesis of P3,4EHTV was achieved via the transition-
This journal is © The Royal Society of Chemistry 2023
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metal-free and halogen-free polycondensation based on the
Horner–Wadsworth–Emmons reaction employing 1a, following
the previously-reported protocol with modication.47 The poly-
merization of 1a was initiated using hexanal in tetrahydrofuran
(THF) at −78 °C in the presence of sodium bis(trimethylsilyl)
amide (NaHMDS)/15-crown-5 as a base, and the reaction
mixture was allowed to stand at −40 °C for 2 h (Scheme 1a).
Aer the polymerization, the P3,4EHTV was puried by
sequential Soxhlet extraction with methanol and acetone under
a nitrogen atmosphere. Finally, hexane was used to collect the
desired P3,4EHTV with a high Mn (SEC) of 31 400 and a ĐM of
2.09. For comparison, the regioregular poly[3-(2-ethylhexyl)
thiophene] (P3EHT) (Mn (SEC) = 22 800, ĐM = 1.28, regior-
egularity = 99%) was synthesized by Kumada–Tamao catalyst
transfer polycondensation using the Knochel's base according
to the previously-reported procedure (Scheme 1b).48 The 1H or
13C nuclear magnetic resonance (NMR) spectra for character-
ization of each monomer and the synthesized polymer are
shown in Fig. S1–S7.† The molar-mass dispersities of P3,4EHTV
measured from size exclusion chromatography are shown in
Fig. S8.†

To the best of the present authors' knowledge, this is the rst
time to that an Mn greater than 30k has been achieved for
poly(thieneylene vinylene) obtained via the transition-metal-
free and halogen-free polycondensation based on the HWE
reaction. This success is attributed to high solubility of
P3,4EHTV in THF at −40 °C provided by the double branched
side chains, which results in improved solubility of the growing
polymer without precipitation during the polymerization. Based
on the thermogravimetric analysis (TGA) in Fig. S9a,† P3,4EHTV
exhibits good thermal stability, with a 5%-weight loss temper-
ature (Td

5%) of 343 °C. Moreover, the phase transition behavior
is revealed by the differential scanning calorimetry (DSC) results
in Fig. S9b,† where the P3,4EHTV exhibits an endothermic peak
in the second heating scan due to the melting temperature (Tm
= 160 °C).

Spectroscopic studies

The optical properties of the as-synthesized polymers in diluted
CHCl3 solution and in the form of thin lms are revealed by the
UV-vis-near infrared (UV-vis-NIR) spectra in Fig. S10,† and their
corresponding maximum absorption wavelengths (lmax) and
optical bandgaps (Eg) are summarized in Table 1. In the case of
the P3EHT solution, a broad absorption with lmax at 440 nm is
observed, along with a low-intensity shoulder at 520 nm, while
Table 1 Fundamental properties of P3EHT and P3,4EHTV

Sample Mn
a ĐM

a Td
5% b (°C) Tm

c (°C)

P3,4EHTV 31 000 2.09 343 160
P3EHT 22 800 1.21 427 n.d.

a Determined from SEC (eluent: THF at 40 °C, UV detector, l = 254 nm
temperature determined by TGA. c Melting temperature determined by D
concentration of ∼3 × 10−4 mM. f Drop-cast lms on glass substrate. g Ex

This journal is © The Royal Society of Chemistry 2023
the thin lm exhibits a signicant red shi to lmax = 495 nm,
with the shoulder at 567 nm. However, the absorption spectrum
of the P3,4EHTV exhibits a more obvious red shi, with a lmax of
604 nm for the lm compared to that of P3EHT lm. In addi-
tion, P3,4EHTV solution spectrum exhibits a clear vibronic peak
at 651 nm, assigned to 0–0 transition, indicative of strong pre-
aggregation behavior due to the strong intermolecular interac-
tions of polymer conjugated backbone stabilized by the vinylene
unit. This is conrmed by the less pronounced red-shied
absorbance of thin lm compared to the solution one. Mean-
while, the absorption band of P3,4EHTV becomes broader as
compared with P3EHT due to an increase of degree of copla-
narity of the conjugated backbone.49,50 The additional vinylene
unit in the main chain also causes the changes in the 0–0 and 0–
1 transitions of the thin lm absorption. An increase in the ratio
of the absorption heights of the rst two vibronic peaks (A0–0/A0–
1) is also observed for the P3,4EHTV relative to the P3EHTV,
indicating enhanced order within the polymer aggregates and
increased conjugation length for the P3,4EHTV.51 Further, the
optical band gap (Eoptg ) of the P3,4EHTV to be determined as
1.77 eV from Tauc plot, which is lower than that of the P3EHT
(2.04 eV) due to the incorporation of the vinylene unit into the
polymer backbone.

The successful molecular doping and the extent of oxidation
of the polymers with the addition of BCF are conrmed by the
solution-state optical absorption spectra in Fig. S11,† and for
the P3EHT and P3,4EHT lms in Fig. 1a and b, respectively. As
noted above, each polymer absorbs mainly in the visible region
prior to doping. Aer doping, however, a dramatic bleaching of
the polymer absorption is observed depending upon the dopant
concentration, and is accompanied by the appearance of new
(bi)polaronic bands in the NIR region. For example, in the case
of the P3EHT lm (Fig. 1a), the peak at 495 nm is seen to have
decreased, but is not fully depleted, and two new absorption
peaks have appeared at 800 nm and >1200 nm. Similarly, at
a low doping concentration, the spectrum of the BCF-doped
P3,4EHTV lm shows the emergence of two new absorption
features at 1290 nm and above 1900 nm (Fig. 1b) due to the
generation of (bi)polarons as charge carriers. Moreover, as the
doping concentration is increased to 40%, the intensities of the
absorption bands above 1900 nm become higher than that of
the peak at 1290 nm, thereby indicating that the polymer chains
are fully oxidized.52–54 Simultaneously, the neutral polymer
absorption peak is almost fully depleted. In addition, the
absorption maximum of the P3,4EHTV lm is blue shied from
Tc
d (°C)

lmax (nm)

A0–0/A0–1 Eoptg
g (eV)Solutione Filmf

n.d. 651 604 0.85 1.77
n.d. 440 495 0.59 2.04

, ow rate = 1.0 mL min−1, polystyrene standard). b 5% weight loss
SC. d Crystallization temperature determined by DSC. e In CHCl3 with
tracted from Tauc plot.

J. Mater. Chem. A, 2023, 11, 17091–17100 | 17093
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Fig. 1 (a and b) Thickness-normalized UV-vis-NIR absorption spectra of BCF-doped (a) P3EHT and (b) P3,4EHTV thin films. (c) Doping effi-
ciencies of BCF-doped polymers as a function of doping molar ratio.

Fig. 2 EPR spectra of the undoped and various BCF-doped (a) P3EHT
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604 to 500 nm, and the (bi)polaronic absorption peak at
1290 nm is blue shied to 1250 nm, with the increase in dopant
concentration. This hypsochromic behavior further testies to
the formation of bipolarons.55,56

Due to the strong absorption overlap in the range of 750–
2400 nm, it is difficult to evaluate the degrees of charge transfer
for the polaron and bipolaron separately.54 Therefore, instead of
using the increased intensity for the (bi)polaron, the doping
efficiency (hdoping) is calculated from the reduced intensity
of the polymer absorption maximum upon doping57 by using
eqn (1):

hdoping ¼ Iundoped � Idoped

Iundoped
(1)

where Ipristine is the lmax intensity of the undoped polymer, and
Idoped is the intrinsic absorption peak intensity of the doped
polymer (for example, 547 nm for the 30% BCF-doped P3EHT
lm, and 595 nm for the 20% BCF-doped P3,4EHTV lm). The
doping efficiencies of P3EHT and P3,4EHTV lms are plotted
against the doping concentration in Fig. 1c. Here, the doping
efficiency of P3EHT lm is seen to increase moderately with the
increase in doping concentration, whereas that of the P3,4EHTV
lm rapidly increases and then saturates at the doping
concentration of 50%.

The ultraviolet photoelectron spectra (UPS) of the undoped
and doped conjugated polymer lms are provided in Fig. S12.†
These are used to extract the work functions from the secondary
electron cutoff (SECO) region, and to obtain the difference
between the Fermi level and the highest occupied molecular
orbital (HOMO) level from the onset position of the HOMO
region. The HOMO levels of the undoped P3EHT and P3,4EHTV
are −5.07 and −5.41 eV, respectively. The downshi of the
HOMO energy level in the P3,4EHTV is probably due to the two
bulky ethylhexyl side substituents,58,59 despite the incorporation
of the vinylene group into the PT backbone.60,61 It has been re-
ported that conjugated polymers with lower ionization poten-
tials (shallower HOMO levels) possess stronger Lewis basic
properties, thus providing them with the potential to generate
Lewis acid-base complexes with a dopant.62 Therefore, it is
speculated that Lewis-acid doping of the P3EHT will be more
favorable than that of the P3,4EHTV. Moreover, the increased
17094 | J. Mater. Chem. A, 2023, 11, 17091–17100
number of branched side chains on the P3,4EHTV may cause
considerable steric hindrance and impede the binding between
the sulfur atom of the thiophene with the boron atom of the
BCF, thus hindering the formation of the Lewis acid-base
adduct. Meanwhile, the effective p-doping of BCF into the
polymers, along with the downshi of the Fermi level, are
conrmed by a decrease in the work function from 3.40 to
4.17 eV for the P3EHT lm, and from 3.93 to 4.46 eV for the
P3,4EHTV lm. Similarly, the binding energy of the onset
position of the HOMO region decreases from 1.67 to 1.01 eV for
P3EHT, and from 1.48 to 1.10 eV for P3,4EHTV, due to doping.
The calculated HOMO levels of the undoped and 30%-doped
P3EHT are −5.07 and −5.18 eV, respectively, while those of
undoped and 20%-doped P3,4EHTV are −5.41 and −5.56 eV,
respectively. Similar trends in the HOMO energy levels of the
undoped and doped samples are derived from the photoelec-
tron spectra in air (PESA), as shown in Fig. S13.†

The applicability of BCF as a p-type dopant in P3EHT and
P3,4EHTV is further evaluated by the electron paramagnetic
resonance (EPR) spectra of the undoped and doped polymer
lms in Fig. 2. Here, both undoped polymers appear spin-silent
(i.e., the EPR signals remain at, thereby indicating the absence
of single-spin polarons30,63). Meanwhile, the doped P3EHT
solution exhibits a clear EPR signal centered at a g-factor of
2.003 shown in Fig. 2a, which becomes more intense as the
doping concentration is increased from 20% to 100%. This
indicates an increase in the number of polaron states as the
doping level of P3EHT increases. For the doped P3,4EHTV as
and (b) P3,4EHTV solutions.

This journal is © The Royal Society of Chemistry 2023
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shown in Fig. 2b, however, the EPR signal initially increases
with the increase in doping concentration up to 20%, but then
decreases with further doping due to the formation of unde-
tectable polaron-pairs or spinless bipolarons.63,64 These results
are comparable to the previously-reported Brønsted doping
effect, and also suggest that the BCF doping is more efficient in
the P3,4EHTV.30 Combined with the absorption spectra in
Fig. 1b, these results suggest that the formation of bipolaron
states is more likely for P3,4EHTV at doping concentrations
above 40%.

The formation of the BCF-water complex is conrmed by the
19F NMR spectra in Fig. S14.† Here, the 19F NMR spectrum of
the pure BCF exhibits three characteristic peaks at −128.1,
−142.0, and −160.0 ppm, representing the ortho-, para-, and
meta-uorine resonances, respectively.65,66 In the presence of
water, BCF can react to form a BCF-water complex, in accor-
dance with the equilibrium BCF + xH2O# BCF-(H2O)x,30,32 thus
leading to an upeld-shi and increased intensity of these
characteristic NMR peaks. Aer BCF-doping, three peaks
appear at −136.6, −157.6, and −164.5 for the P3EHT (with 30%
BCF), and at −136.8, −160.4, and −165.8 for the P3,4EHTV
(with 20% BCF), thus conrming the formation of the BCF-
water complex. Furthermore, the doped P3,4EHTV exhibits
a more noticeable upeld shi compared to that of the doped
P3EHT relative to pure BCF, thereby suggesting a more signi-
cant complexation between BCF and H2O. This, in turn,
suggests a Brønsted acid doping process for the P3,4EHTV
sample.

Next, the changes in the conformation of the PT in response
to the doping process are revealed by the Raman spectra of the
undoped and doped P3EHT and P3,4EHTV thin lms in Fig. 3.
The specic Raman modes observed for each polymer in the
region between 1200 and 1800 cm−1 are shown in Fig. S15.† The
primary characteristic peaks relate to the movements of carbon
atoms in the thiophene rings, involving atoms adjacent to the
sulfur atom (Ca) and atoms bonded to another carbon atom
(Cb). Thus, the neat P3EHT lm exhibits Raman bands at∼1378
and 1455 cm−1 due to the symmetric Cb–Cb and Ca–Cb vibra-
tions, respectively. Meanwhile, P3,4EHTV exhibits three
Fig. 3 Raman spectra of the undoped and various BCF-doped (a)
P3EHT and (b) P3,4EHTV films. The peaks identified by the dotted lines
are (from left to right) the Ca–Cb vibration and Cb–Cb vibration of the
P3EHT, and the vinyl C–H vibration, Ca–Cb vibration and vinyl C]C
vibration of the P3,4EHTV.

This journal is © The Royal Society of Chemistry 2023
characteristic Raman peaks at 1293, 1388, and 1576 cm−1 due to
the vinyl C–H bending, Ca–Cb stretching, and vinyl C]C
stretching vibrations, respectively, of the polymer backbone.67

No signicant changes are observed in the shapes of the Raman
spectra of both polymers with the increase in dopant concen-
tration. Therefore, to examine the doping-induced changes in
the conformation of each polymer chain, the shi in the ring
skeleton Ca–Cb mode upon doping is treated as representative.
This peak position and width indicate the degree of doping and
the molecular ordering in the PT lms, respectively. At the
highest investigated concentration of BCF, the Ca–Cb peak of
the doped P3EHT lm exhibits a red shi of ∼12 cm−1, while
the maximally-doped P3,4EHTV exhibits a blue shi of 6 cm−1.
This is diagnostic of the formation of polarons in the P3EHT
and bipolarons in the P3,4EHTV upon BCF doping,68,69 and is
consistent with the EPR results in Fig. 2. In addition, the
broadening of the Ca–Cb peak with increased doping concen-
tration for both polymers indicates an increase in the disorder
ad charge of the polymer chains.70
Morphology and microstructure of BCF-doped polymer lms

The surface morphologies of the undoped and doped P3EHT
and P3,4EHTV thin lms are revealed by the atomic force
microscopy (AFM) height images in Fig. 4. Here, the pristine
P3EHT (Fig. 4a) and P3,4EHTV (Fig. 4b) exhibit nanobril-like
interconnecting networks with relatively low root-mean-square
roughness (RRMS) values of 0.69 and 0.55 nm, respectively.
Meanwhile, the corresponding phase images in Fig. S17 and
S19† exhibit ne textures with small phase differences and
feature sizes of less than 10 nm. Upon doping at concentrations
of 10 to 80%, all of the P3,4EHTV lms exhibit smooth surfaces
and small RRMS values (Fig. 4b and S18†), thereby indicating
that the microscale morphology is unaffected by the incorpo-
ration of the dopant. By contrast, the doped P3EHT lms exhibit
rougher surfaces, along with considerable granular agglomer-
ation and RRMS values that gradually increase with the doping
concentration (Fig. 4a and S16†). These results indicate that
the P3,4EHTV host sustains good miscibility and high
Fig. 4 AFM height images of (a) the undoped (left), 30%-BCF doped
(middle), and 80%-BCF doped (right) P3EHT films, and (b) the undoped
(left), 30%-BCF doped (middle), and 80%-BCF-doped (right) P3,4EHTV
films (scale bar = 500 nm).

J. Mater. Chem. A, 2023, 11, 17091–17100 | 17095
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doping uniformity with the BCF dopant, whereas the P3EHT
host does not.

Themicrostructural evolution of each polymer due to doping
is further revealed by the 2D grazing-incidence wide-angle
scattering (2D GIWAXS) patterns of the undoped and doped
P3EHT in Fig. 5a and S20,† and those of the undoped and doped
P3,4EHTV in Fig. 5b and S21.† The pristine P3EHT lm exhibits
high ordered (h00) Bragg peaks (up to (300) at q = 0.42, 0.85,
and 1.28 Å−1) are observed in both the in-plane and out-of-plane
direction, indicating a (100) lamellar stacking of the alkylated
side chains at a spacing of ∼15.0 Å. These results indicate the
coexistence of mixed face-on and edge-on packing modes in the
P3EHT. In addition, the diffraction peaks of (001) at q = 0.63
Å−1 and (010) at q = 1.47 Å−1 can be observed, with spacings of
10.0 and 4.3 Å along the ring and the interplanar direction,
respectively, which is in agreement with previous reports.71,72 By
contrast, the less-ordered P3,4EHTV exhibits bimodal packing
with only two (100) and (010) reections at q = 0.46 and 1.40
Å−1, corresponding to lamellar and interplanar spacings of 13.7
and 4.5 Å, respectively. This suggests that the rigid vinylene
moieties in the P3,4EHTV backbone,60,73 along with the bulky
branched side chains74 strongly impact upon the interchain
interactions and alter the molecular ordering.

In each case, the effects of incorporating the BCF dopant into
the polymer hosts can be seen in the corresponding GIWAXS
patterns in Fig. 5a and b, and are further elucidated by the
diffractogram proles in Fig. 5c and d. Here, progressive
changes are observed in the lamellar and interlayer spacings of
each polymer as the amount of BCF doping is increased. In the
case of the doped P3EHT lm, the lamellar (100) peak at 0.42
Å−1 becomes broader, and a new peak indexed as (100)′ appears
at ∼0.30 Å−1, thus suggesting the formation of two crystalline
textures. At the doping ratio of 30%, the (100)′ peak corresponds
to a lamellar spacing of 20.7 Å, thereby indicating a highly
expanded structure due to the intercalation of the dopant
between the branched alkyl side chains of the P3EHT lattice
(i.e., type I molecular packing, which is commonly observed in
doped polymers). Meanwhile, the lamellar spacing is reduced to
Fig. 5 (a and b) 2D GIWAXS patterns of (a) the undoped and BCF-doped
the corresponding 1D line profiles.

17096 | J. Mater. Chem. A, 2023, 11, 17091–17100
13.5 Å in the (100) direction and slightly increased to ∼4.4 Å in
the (010) direction, thus suggesting a type II packing structure
in which the dopant molecules are intercalated into the back-
bone interlayers. When the doping level is further increased, the
most notable change is the complete disappearance of the (100)′

reection, which indicates that the type II crystalline texture
becomes dominant.

In addition, some diffraction spots are observed in the
GIWAXS of P3EHT at the doping concentration of 80% (right-
hand panel, Fig. 5a), which is probably due to the precipita-
tion of BCF crystals in the presence of excess dopant. Taken
together, these results suggest that the ordered packing of the
P3EHT chains is highly disrupted upon doping due to the steric
hindrance caused by the formation of charge transfer
complexes (CTCs).30 By comparison, the GIWAXS patterns of the
BCF-doped P3,4EHTV lms indicate little impact upon the
crystal lattice along the side chains and p-conjugated inter-
layers, with spacings of ∼14.0 and ∼4.5 Å, respectively, for all
doping concentrations (Fig. 5b and d). Nevertheless, a new
sharp diffraction peak is observed at qz = 0.49 Å−1 at the BCF
loading of 80% (Fig. S21†), which is consistent to the BCF
pattern in Fig. S22,† thereby indicating the formation of BCF
crystals. The largely unchanged lattice parameters can be
attributed to the fact that the less-ordered regions of P3,4EHTV
are able to accommodate the extrinsic dopants without dis-
turbing the existing microstructural packing,64,75,76 thereby
achieving host/guest (conjugated polymer/BCF) miscibility.
This is further veried by the diiodomethane contact angle
measurements in Fig. S23.†77,78 Here, the contact angle of the
BCF is 46.6°, the contact angles of the pristine and 30% BCF-
doped P3EHT samples are 62.5° and 52.3°, respectively, and
the contact angles of the pristine and 20% BCF-doped
P3,4EHTV are 60.5° and 50.6°, respectively. The smaller differ-
ence between the contact angles of the BCF dopant and the
P3,4EHTV clearly demonstrates the better dopant/P3,4EHTV
miscibility. This enhanced doping efficiency signicantly facil-
itates the doping process, as observed in the UV-vis-NIR spectra
(Fig. 1b) and AFM images (Fig. 4b).
P3EHT, and (b) the undoped and BCF-doped P3,4EHTV films; (c and d)

This journal is © The Royal Society of Chemistry 2023
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Thermoelectric properties of BCF-doped polymer lms

Since obtaining thermal conductivity of organic polymer thin
lm is challenging due to measurement deviation, the effects of
the various BCF doping levels upon the thermoelectric perfor-
mances of the P3EHT and P3,4EHTV polymer lms are evalu-
ated according to the power factor, which is obtained from
eqn (2).

PF = S2s (2)

The measured thermoelectric properties are plotted in Fig. 6
and summarized in Table S1.† Thus, while both undoped
polymers exhibit no electrical conductivity, the addition of BCF
leads to a clear increase in this parameter up to a maximum
value (smax) of 0.34 S cm−1 for the P3,4EHTV lm doped with
20% BCF. Notably, this is ve times higher than that of 30%-
BCF doped P3EHT lm. This signicant enhancement is
attributed to the better miscibility between P3,4EHTV and BCF,
which prevents the disturbance of the molecular ordering (as
demonstrated by the above microstructural analysis), thereby
leading to better doping efficiency and an efficient charge
transport pathway. However, further doping of the P3,4EHTV
lm causes a subsequent reduction in the electrical conduc-
tivity by two orders of magnitude. This is attributed to the
escalating number of bipolarons, as indicated by the above
spectroscopic analysis, which disfavor the hopping of charge
carriers due to electrostatic repulsion.79

Meanwhile, the Seebeck coefficient of the P3,4EHTV lm is
seen to decrease from 344.3 ± 21.6 to 42.4 ± 11.9 mV K−1 as the
level of BCF doping is increased from10% to 80%, whereas that of
the P3EHT only slightly decreases to 168.8 ± 22.6 mV K−1 at 100%
doping. The positive Seebeck coefficients indicate that the BCF
dopants preferentially extract electrons from the oxidized PTs,
with hole transport mainly contributing to the conducting
channel, while the gradual decrease in the Seebeck coefficient is
attributed to an inverse relationship with the doping level.
Furthermore, the noticeable reduction in the Seebeck coefficient
of the doped P3,4EHTV lm relative to that of the P3EHT lm is
attributed to the higher doping efficiency of the P3,4EHTV, as
demonstrated by the absorption spectroscopy results. Conse-
quently, the power factor follows the trend in the electrical
Fig. 6 The thermoelectric properties of the BCF-doped P3EHT and P3,
conductivity, (b) the Seebeck coefficient, and (c) the power factor.

This journal is © The Royal Society of Chemistry 2023
conductivity, giving optimized values of 0.17 and 1.47 mW m−1

K−2 for the 30%-BCF doped P3EHT and the 20%-BCF doped
P3,4EHTV, respectively. The ten times higher power factor of the
optimally-doped P3,4EHTV lm relative to the optimally-doped
P3EHT lm is attributed to the introduction of the vinylene
group into the polymer backbone, which allows the doping to
signicantly enhance the electrical conductivity without greatly
sacricing the Seebeck coefficient. Fig. S24† displays the ther-
moelectric properties of the optimized doping condition at
different temperatures, with measurements taken between 300
and 320 K to prevent de-doping at higher temperature. The elec-
trical conductivity of 20% BCF-doped P3,4EHTV increases from
0.35 to 0.4 S cm−1, while the increase of 30% BCF-doped P3EHT is
slight, going from 0.057 to 0.067 S cm−1. The enhancement of
electrical conductivity is attributed to thermal-activated charge
transport. The Seebeck coefficient for each polymer remains
relatively constant over the measured temperature range. The
temperature dependences of electrical conductivity and Seebeck
coefficient are characteristic of hopping transport, which is
commonly observed in organic semiconducting polymers.80–82

The charge transport mechanism of the BCF-doped polymer
and the effects of introducing the vinylene group are further
claried by the temperature-dependent electrical conductivity
measurements of the optimally-doped polymers in Fig. S25a.†
Here, the electrical conductivity is seen to increase as the
temperature is increased, and is well-tted with the Arrhenius
formula, eqn (3):

s ¼ s0 exp

�
� EA

kBT

�
(3)

where s0 is the pre-exponential factor (here we use electrical
conductivity measured at room temperature (303 K)), EA is the
activation energy, kB is Boltzmann's constant, and T is
temperature. This goodness of t indicates a nearest-neighbor
hopping transport process. The calculated activation energies
of the optimally-doped P3EHT and P3,4EHTV are 134.9 and
103.9 meV, respectively. The weaker dependence of the as-
doped P3,4EHTV indicates that it has a lower charge barrier
due to the better miscibility with BCF and, hence, less disrupted
molecular ordering, thus leading to a higher electrical
conductivity and power factor.
4EHTV thin films as a function of doping molar ratio: (a) the electrical

J. Mater. Chem. A, 2023, 11, 17091–17100 | 17097
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In addition, Chabinyc et al. proposed the empirical correla-
tion between the Seebeck coefficient and electrical conductivity
of a polymer lm given by eqn (4):83

S ¼ kB

q

�
s

sa

��1=4
(4)

where sa is the unclaried conductivity constant, which is tted
to be approximately 0.44 and 4.9 S cm−1, and q is the unit
charge. To compare the thermoelectric performances of the
variously-doped P3EHT and P3,4EHTV lms, the power law-
dependent S–s correlations with an exponent of −1/4 are
plotted as solid black lines in Fig. S25b,† along with three power
factor values ranging from 0.01 to 0.1 and 1 mW m−1 K−2. Here,
both doped polymer lms exhibit a scaling law dependence at
low BCF doping concentrations and a departure at high doping
concentrations. The scatter of S–s data points between the
polymer lms at low and high BCF doping concentrations
reects the increase in structural diversity and energetic
disorder with the increase in doping concentration.32

In order to demonstrate the effect of increased molecular
weight on the thermoelectric properties of P3,4EHTV, we con-
ducted a doping test and fabricated a thermoelectric device using
P3EHTV. Although P3EHTV has poor solubility and precipitates
on the tube wall in chloroform (Fig. S26a†), we still conducted
the doping test and conrmed it through UV-vis-NIR absorption
spectra (Fig. S26b†). Upon doping, the polymer aggregation peak
at 570 nm is gradually depleted, along with (bi)polaron peaks
appearing at 1230 nm and above 1800 nm. The thermoelectric
devices were fabricated using the same processing conditions
and the electrical conductivity, Seebeck coefficient, and power
factor were measured as presented in Fig. S27.† The electrical
conductivity of P3EHTV initially increases and peaks at
0.10 S cm−1 with a 30% doping molar ratio, but then decreases
with further doping. Meanwhile, the Seebeck coefficient
decreases from 189.4 to 47.4 mV K−1 as the doping level increases
from 10% to 100%. As a result, the optimized power factor is
determined to be 0.024 m−1 K−2 for the 20%-BCF doped
P3EHTV. These ndings provide strong evidence for the opti-
mized chemical structure of P3,4EHTV with an additional side
chain, as well as the impact ofmolecular weight and solubility on
doping and the thermoelectric properties.
Experimental section
Device fabrication and measurements

The conjugated polymers (10 mg mL−1) were dissolved in
chloroform, and heated at 50 °C for 30 min to enable complete
dissolution. A solution of the BCF dopant (30 or 50 mg mL−1) in
chloroform was then added to each polymer solution to achieve
dopant concentrations of 10–100% (in terms of the molar ratio
of dopant molecules to polymer repeating units). The resulting
mixture was heated at 50 °C for at least 10min until the solution
changed color, and was then vigorously stirred by using a vortex
to ensure that the polymers and dopants were well mixed, and
to assist the considerable interaction between them. Each
doping solution (50 mL) was then drop-cast onto pre-cleaned
17098 | J. Mater. Chem. A, 2023, 11, 17091–17100
glass substrates (15 mm × 7.5 mm), and the thin lms were
annealed at 50 °C for 2 h in air to remove the residual solvent
and to induce the formation of BCF-water complex. In addition,
thin lms of each polymer in the absence of a dopant were
prepared using the same approach for comparison. The
resulting lm thicknesses were measured using a prolometer
(Alpha-Step D-300, KLA), and were found to range from 2 to 6
mm. Silver paste contacts were then painted on both short sides
of each substrate, and the Seebeck coefficient, electrical
conductivity, and power factor were measured using an in-plane
thin lm thermoelectric measurement system (ZEM-3 M8
equipped with a high-resistance (∼107 U) kit; ADVANCE RIKO).
In addition, the thermoelectric data were collected at 303 K
under a low-pressure helium atmosphere. The Seebeck coeffi-
cient was estimated from the slope of the linear t of the ther-
movoltage (DV) vs. temperature difference (DT) (i.e., S= DV/DT).
Three DT values (set to 20, 30, and 40 K) were imposed on the
samples. At least ve data points for each thermoelectric device
were collected to obtain the average thermoelectric properties.

Conclusions

Herein, a soluble poly(thienylene vinylene) (PTV)-based polymer,
namely poly[3,4-bis(2-ethylhexyl)thienylene vinylene] (P3,4EHTV)
featuring vinyl linkers in the polythiophene (PT) chain was
synthesized. In addition, the effects of doping with various
concentrations of tris(pentauorophenyl)borane (BCF) were
investigated by examining the resulting thin lm morphologies/
microstructures and thermoelectric properties. The results
indicated a decrease in the bandgap and increase in the power
factor (PF) in the P3,4EHTV compared to the poly[3-(ethylhexyl)
thiophene] (P3EHT) reference polymer. Due to the low ionization
potential of the P3EHT, the generation of Lewis-acid/base charge
transfer complexes (CTCs) upon doping resulted in a low doping
efficiency and, hence, a considerable disruption of the molecular
packing, as evidenced by the grazing-incidence wide-angle scat-
tering (GIWAXS) results. This resulted in comparatively poor
electrical conductivity and a correspondingly low power factor.
By contrast, P3,4EHT exhibited a Brønsted acid doping effect,
along with a high host-dopant miscibility and a less ordered
microstructure that was not much altered by doping, thereby
yielding the highest electrical conductivity and power factor of
0.34 S cm−1 and 1.47 mWm−1 K−2 at a BCFmolar ratio of 20%. In
our study, we elucidate the relationship between varied chemical
structure of PT and thermoelectric properties upon doping with
BCF. The results of the present work further emphasize the
importance of vinyl linkers attached to the PT backbone for
thermoelectric applications.
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