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fluorinated substituents and side-chain lengths†
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Conjugated polymers present a compelling option for thermoelectric applications due to their low working

temperatures, good compatibility with solution-processing techniques, and high potential for scalability.

However, the inherently low electrical conductivities of the pristine conjugated polymers necessitate

improvements via doping methods. Doping effectively enhances the electrical conductivity by increasing

the charge concentration and mobility within the conjugated polymer matrix. Hence, the present study

investigates the compatibility between a ferric chloride (FeCl3) dopant and four distinct conjugated

polymers and evaluates the effects of the dopant/polymer combination on the thermoelectric properties

of the material. First, the influence of backbone engineering is investigated via a comparison between 4-

(30,40-difluoro-3,300-bis(2-hexyldecyl)-500-methyl-[2,20:50,200-terthiophen]-5-yl)-7-methylbenzo[c][1,2,5]

thiadiazole (PC16BTF) and 4-(3,300-bis(2-hexyldecyl)-500-methyl-[2,20:50,200-terthiophen]-5-yl)-7-
methylbenzo[c][1,2,5]thiadiazole (PC16BTH). These polymers differ in that PC16BTF incorporates two

fluorine-atom substituents on the thiophene ring, while PC16BTH contains hydrogen atoms in these

positions. Then, the effects of various side-chain lengths are investigated by comparing the

abovementioned PC16BTH with both 4-(3,300-bis(2-butyloctyl)-500-methyl-[2,20:50,200-terthiophen]-5-yl)-
7-methylbenzo[c][1,2,5]thiadiazole (PC12BTH) and 4-methyl-7-(500-methyl-3,300-bis(2-octyldodecyl)-
[2,20:50,200-terthiophen]-5-yl)benzo[c][1,2,5]thiadiazole (PC20BTH). The FeCl3 dopant was selected for its

suitable size and charge transfer capability, which significantly influence the thermoelectric performance

of each conjugated polymer. As a result, PC16BTH exhibits the highest power factor (PF) of 22.4 mW m−1

K−2 due to its moderate side-chain length and relatively high doping efficiency. Thus, the present study

provides valuable insights into suitable strategies for improving the compatibility between dopants and

polymers, thereby offering a promising avenue for further enhancing the thermoelectric performance of

doped conjugated polymers.
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1 Introduction

The recent escalation in global energy demand has resulted in
energy-related concerns for all of humanity. Hence, dependable
and sustainable energy sources must be identied in order to
address these challenges effectively.1–3 In this respect, thermo-
electricity stands out as a particularly promising energy source,
as it enables the conversion of temperature differences into
electrical energy without causing additional pollution. With
respect to thermoelectric materials, organic/polymeric-based
materials have advantages such as remarkably low toxicity
and good potential scalability relative to their inorganic
counterparts.2,4–9 Materials for use in thermoelectric devices are
commonly evaluated and compared based on the dimension-
less gure of merit (ZT), which is given by eqn (1):
This journal is © The Royal Society of Chemistry 2024
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ZT = S2sTk−1 (1)

where S is the Seebeck coefficient, s is the electrical conduc-
tivity, T is the absolute temperature, and k is the thermal
conductivity. However, because organic polymers generally
exhibit lower thermal conductivity than inorganic materials, the
power factor (PF) is used for a more precise description. This is
given by eqn (2):

PF = S2s (2)

and is expressed in units of mW m−1 K−2. Thus, the primary
challenge in harnessing the full thermoelectric potential of the
pristine polymeric material lies in enhancing its inherently low
electrical conductivity and, hence, its power factor, which is
determined by the charge-carrier mobility and concentration.10,11

To address this limitation,most studies adopt a strategy of doping
the polymers with various additives that enhance the concentra-
tion of either the positive or negative charge carriers (referred to as
p-type or n-type doping).12–17 Common p-type dopants include
ionic compounds and organic molecules such as ferric chloride
(FeCl3) and 2,3,5,6-tetrauoro-7,7,8,8-tetracyano-quinodimethane
(F4TCNQ), while n-type dopants include (4-(1,3-dimethyl-2,3-
dihydro-1H-benzoimidazol-2-yl)phenyl)dimethylamine (N-DMBI)
The choice of a specic dopant depends on factors such as the
energy level and dopant size, as these signicantly inuence the
doping efficiency and charge-carrier concentration.17 In addition,
the doping method is a crucial consideration, and its choice is
guided by factors such as themiscibility of the dopant with a given
solution and the electrochemical properties of the dopant.

Doped donor–acceptor (D–A) conjugated polymers have
attracted substantial attention as a highly promising class of
materials for thermoelectric applications.18–42 The inherent
advantages of D–A copolymers lie in their capacity for meticu-
lous property tailoring through the strategic manipulation of
molecular structures in both donor and acceptor components.
Notably, benzothiadiazole (BT) has emerged as an exemplary
acceptor due to its structural rigidity and pronounced electron-
withdrawing characteristics.43,44 Consequently, BT nds wide-
spread use in organic semiconductors, particularly in applica-
tions such as organic solar cells and eld effect transistors.
With the aim of advancing the utility of BT units in thermo-
electricity, Liang et al. conducted a seminal study exploring
various alkyl side-chains of D–A conjugated polymers associated
with BT units.45 The investigation focused on uorene-
containing BT-based conjugated copolymers in which dialkyl
side-chains of various lengths were added onto the uorene-
containing units. The results indicated that while the side-
chain length had only a limited effect on the Seebeck coeffi-
cient, the conjugated polymer with the dodecyl side-chains
(designated F12BT) exhibited a notably rougher thin lm
surface, which signicantly impeded the electrical conductivity.
By contrast, the shorter side-chain substituent (hexyl; desig-
nated F6BT) was found to enhance the thermoelectric perfor-
mance. As a result, F6BT exhibited a PF of 1.6 mWm−1 K−2 aer
doping with FeCl3, which was four times that of the F12BT
polymer. More recently, Yoon et al. conducted a systematic
This journal is © The Royal Society of Chemistry 2024
investigation into the molecular structure and thermoelectrical
properties obtained by introducing various branched alkyl
chains to poly(isoindigo-thienothiophene) (PIID-TT) with
F4TCNQ as the dopant. The results indicated a trade-off
between the side-chain structure and the electrical conduc-
tivity in optimizing the thermoelectric performance. Conse-
quently, the maximum power factor of 37.8 mW m−1 K−2 was
achieved by using octyldodecyl side-chains. In addition to side-
chain engineering, uorine substitution has become a preva-
lent strategy for manipulating the thermoelectric properties of
polymeric materials. For example, Wu et al. investigated three
distinct dopants applied to polymers based on thieno[3,4-b]
thiophene (TbT) derivatives, both with and without uorination
(PTbTTVT-F and PTbTTVT). The results demonstrated that,
regardless of the choice of dopant, the uorinated polymers
exhibited less uniform crystalline orientations and higher See-
beck coefficients aer doping. Moreover, the highest PF of 42.8
mW m−1 K−2 was achieved by the non-uorinated PTbT aer
doping which was primarily attributed to an enhanced electrical
conductivity. Nevertheless, despite these signicant contribu-
tions, the combined inuence of molecular structure and
dopant choice on the thermoelectric performances of closely
related materials remains unclear.

Hence, the present study is aimed at addressing this
research gap by designing a series of uorinated and non-
uorinated BT-based D–A conjugated copolymers with various
side-chain lengths and examining the respective effects of side-
chain length and uorination on the thermoelectric perfor-
mance.46 In addition, the crucial aspect of dopant miscibility is
investigated, with the aim of providing a comprehensive
understanding of these multifaceted materials for potential
applications in sustainable energy generation. The results
reveal distinct advantages for each of the synthesized polymers,
with the non-uorinated 12-carbon PC12BTH exhibiting the
lower activation energy, while the non-uorinated 20-carbon
PC20BTH displays exceptional dopant miscibility, and the
uorinated 16-carbon PC16BTF exhibits a superior Seebeck
coefficient. However, the most favorable overall thermoelectric
performance is observed for the non-uorinated 16-carbon
PC16BTH, which optimally combines a moderate side-chain
length with suitable energy levels. This research establishes
an optimized approach to the future design and fabrication of
D–A conjugated polymers for use in thermoelectric
applications.
2 Results and discussion,
experimental
2.1 Synthesis and initial characterization of the various
polymers

The synthetic routes of the polymers PC12BTH, PC16BTH,
PC20BTH, and PC16BTF are outlined in Scheme S1 of the ESI,†
where the full synthesis and characterization details are also
provided. In brief, 4,7-dibromobenzo[c][1,2,5]thiadiazole was
subjected to microwave-assisted Stille coupling with three thio-
phene derivatives with various chain lengths, namely: 4,7-bis(4-(2-
J. Mater. Chem. A, 2024, 12, 9806–9816 | 9807
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butyloctyl)thiophen-2-yl)benzo[c][1,2,5]thiadiazole, 4,7-bis(4-(2-
hexyldecyl)thiophen-2-yl)benzo[c][1,2,5]thiadiazole, and 4,7-bis(4-
(2-octyldodecyl)thiophen-2-yl)benzo[c][1,2,5]thiadiazole, with tet-
rakis(triphenylphosphine)palladium(0) (Pd(PPh3)4) as a catalyst to
obtain compounds 1a, 1b, and 1c, respectively. Subsequently,
compounds 1a, 1b, and 1c were subjected to bromination with N-
bromosuccinimide (NBS) at room temperature for 12 h in CHCl3
to yieldmonomersM1a,M1b, andM1c. The PC12BTH, PC16BTH,
PC20BTH, and PC16BTF polymers were then synthesized via the
microwave-assisted Stille coupling copolymerizations of M1a,
M1b, and M1c with either 3,4-diuoro-2,5-bis(trimethylstannyl)
thiophene (M2) or 2,5-bis(trimethylstannyl)thiophene (M3), with
Pd(PPh3)4 as the catalyst. Characterization by gel permeation
chromatography (GPC) indicated that the number-average
molecular weight (Mn) values of the PC12BTH, PC16BTH,
PC20BTH, and PC16BTF were found to be 20.6, 26.6, 12.5, and
33.1 kDa, respectively, while the corresponding weight-average
molecular weight (Mw) values were 27.2, 37.4, 21.2, and 45.3
kDa. The polydispersity index (PDI) of each polymer was around
1.5, thereby indicating well-controlled polymer synthesis. More-
over, the thermal stability of each polymer is indicated by the
thermogravimetric analysis (TGA) results in Fig. S1† Here, the
initial decomposition temperatures (Td or T95) of all four polymers
are >400 °C, where T95 indicates that only 5% of each polymer has
decomposed, and 95% remains. Furthermore, the differential
scanning calorimetry (DSC) curves in Fig. S3† clearly demonstrate
that uorination of the polymer structure leads to increases in
both the crystallization temperature (Tc) and the melting point
(Tm). This, in turn, suggests that uorination enhances the
coplanarity and chain stacking within the polymer.47,48 Mean-
while, the increase in side-chain length leads to reductions in
both Tc and Tm. This is because longer side-chains hinder the
development of a nely organized crystalline structure, thus
resulting in the formation of disorderly polymer aggregates and
the polymer structures are shown in Fig. 1.49

2.2 Spectroscopic analyses

The effects of uorination and side-chain length on the aggregate-
state structures of the as-synthesized polymers are revealed by the
UV-vis spectra in Fig. S4.† There, the PC16BTH and PC16BTF
polymers exhibit nearly identical absorption patterns, although
the main absorption peak exhibits a signicant blue shi from
547 nm for PC16BTH to 511 nm for PC16BTF. This is due to the
strong electron-withdrawing nature of the uorine atom.50 In
these two polymers, the benzothiadiazole segment serves as the
Fig. 1 Chemical structure of D–A conjugated polymers used in this
study.

9808 | J. Mater. Chem. A, 2024, 12, 9806–9816
electron acceptor, while the terthiophene segment acts as the
electron donor.51 In the case of PC16BTF, however, the electron-
withdrawing uorine atom is situated in the central thiophene
ring of the terthiophene donor segment, where it diminishes the
electron-donating capacity and, hence, the p-electron delocaliza-
tion and intramolecular charge transfer ability.52 Meanwhile,
PC20BTH exhibits a primary absorption peak at 547 nm (in
common with PC16BTH), whereas PC12BTH exhibits a red shi
in the primary peak to 560 nm.53 This is attributed to reduced
steric hindrance of the side-chains, which leads to less torsion in
the polymer backbone and, hence, more pronounced interchain
interactions.54,55 For prospective thermoelectric application,
deeper insights into the charge transfer processes in the various
pristine and doped polymer thin lms are provided by the UV-vis-
NIR spectra in Fig. 2. Here, each polymer exhibits a primary
absorption peak due to intermolecular charge transfer. However,
this peak is located at 620, 625, 632, and 630 nm for pristine
PC12BTH (Fig. 2a), PC16BTH (Fig. 2b), PC20BTH (Fig. 2c), and
PC16BTF (Fig. 2d), respectively, due to the effects of uorination
and side-chain length. In addition, the absorption peak of pristine
PC16BTF exhibits a shoulder at 695 nm (Fig. 2d), which suggests
a more pronounced p–p aggregation and, hence, closer
arrangement of the polymer chains, due to the uorination.
Furthermore, the optical band gap (Eoptg ) of each polymer is
derived from the onset absorption wavelength (lonset) values of the
respective thin lms, as detailed in the ESI.† The calculation
results indicate similar band gap values of 1.59, 1.60, 1.62, and
1.64 eV for pristine PC12BTH, PC16BTH, PC20BTH, and
PC16BTF, respectively.

Upon doping with FeCl3, the original absorption peak of
each polymer exhibits a slight redshi, thereby indicating
interactions between the polymers and the dopant. In addition,
signicant increases in the absorption intensity are observed in
the wavelength ranges of 800–1000 nm and 1600–2000 nm,
along with an expansion of each absorption range, due to the
formation of polaron and bipolaron species, respectively.56–58

Notably, these polaron and bipolaron signals become more
Fig. 2 UV-vis-NIR absorption spectra of (a) PC12BTH, (b) PC16BTH,
(c) PC20BTH, and (d) PC16BTF thin film at the different doping
concentrations.

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Low kinetic energy region and the Fermi level of (a) PC12BTH, (b) PC16BTH, (c) PC20BTH, and (d) PC16BTF thin film at the different
doping concentrations from UPS.
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pronounced as the concentration of dopant is increased.
However, PC16BTH exhibits more intense polaron and bipo-
laron peaks than does PC16BTF, thereby indicating stronger
interactions between the polymer molecules and an enhanced
charge transfer ability. Meanwhile, PC16BTH and PC20BTH
exhibit similar spectral characteristics aer doping, character-
ized by a substantial degree of polaron and bipolaron forma-
tion, whereas a noticeable reduction in absorption is observed
for PC12BTH. This can be attributed to the shorter side-chain
length of PC12BTH, which appears to hinder the compati-
bility (miscibility) of the dopant and polymer matrix.

Further information on the electronic structures of the as-
synthesized conjugated polymers is provided by the ultraviolet
photoelectron spectroscopy (UPS) results in Fig. 3. From these
results, the Fermi level (EF) of each polymer can be obtained.
The calculated energy levels are presented in Table 1. Thus, the
introduction of uorine is seen to have a noticeable impact on
the EF of pristine PC16BTF, giving a signicantly lower value of
−4.65 eV compared to −4.58 eV for PC16BTH. This can be
attributed to the strong electron affinity of uorine, which
exerts a signicant inuence on the overall electronic structure
of the conjugated polymer. Meanwhile, the EF values of the
pristine polymers remain relatively stable regardless of the side-
chain length. Upon addition of the p-type dopant, however, the
EF values are seen to decrease, as expected. Moreover, the EF of
each doped polymer is seen to decrease as the dopant concen-
tration is increased.59 This highlights the intricate interplay
Table 1 Thermal decomposition temperatures (Td), molecular weight (M
and energy level (Eoptg , EF) of the studied polymers

Polymer Td (°C) Mn (kDa) Mw (kDa)

PC12BTH 445 20.6 27.2
PC16BTH 430 26.6 37.4
PC20BTH 444 12.5 21.2
PC16BTF 401 33.1 45.3

a Eoptg = 1240/lonset.

This journal is © The Royal Society of Chemistry 2024
between doping concentration and electronic structure, which
can have profound implications for the charge-carrier mobility
and, hence, the overall performance of the thermoelectric
device. The reduction reaction of the dopant and concurrent
charge transfer onto the polymer chains are further elucidated
by the X-ray photoelectron spectroscopy (XPS) results in Fig. 4.
Thus, prior to doping (Fig. 4a), each polymer exhibits a signal at
approximately 163 eV from sulfur (S2p, green), along with
satellite peaks (yellow and orange) due to residual charge
effects.60 In the case of PC16BTF, the S2p peak is observed at
a slightly higher energy of 163.4 eV due to the interactions
between F and S. However, aer p-type doping with a concen-
tration of 6 mM, the S2p peaks of each polymer have shied
towards higher binding energy values because the polymer
backbone accepts the positive charge (Fig. 4a). Notably, aer
doping, the S2p signal of PC16BTF shied 0.2 eV, while that of
PC16BTH shied 0.4 eV, thereby indicating that the introduc-
tion of uorine diminishes the inuence of the dopant on the
polymer. Meanwhile, the Cl XPS results of the doped polymer
lms (Fig. 4b) indicate peaks in the binding energy range of
196–202 eV, which originate from the FeCl3 dopants.61–64 When
the FeCl3 is dissolved in a solvent, it dissociates into FeCl4

− and
FeCl2

+ ions. When introduced to the polymer, the FeCl2
+ ions

are reduced to FeCl2, and Cl− anions are generated. Due to
coulombic interactions, these Cl− anions coexist with the
unreacted FeCl4

− anions within the polymer chains. Hence, the
Cl peak of the doped polymer lms can be deconvoluted into
n, Mw), polydispersity index (PDI), onset absorption wavelength (lonset),

PDI
lonset
(nm) Eoptg

a (eV) EF (eV)

1.32 779 1.59 −4.55
1.41 775 1.60 −4.58
1.69 765 1.62 −4.53
1.36 756 1.64 −4.65

J. Mater. Chem. A, 2024, 12, 9806–9816 | 9809
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Fig. 4 (a) XPS analysis of pristine and 6mM doped PC16BTF, PC12BTH, PC16BTH, and PC20BTH thin film at the binding energies of the S atoms.
(b) XPS analysis of 6 mM doped PC12BTH, PC16BTH, PC20BTH, and PC16BTF thin film at the binding energies of the Cl atoms.
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three distinct peaks, including one at 197.0 eV due to the FeCl4
−

and FeCl2 species, along with peaks at 198.3 and 199.3 eV due to
the Cl− and FeCl2

+ ions, respectively. From these results, the
doping efficiency (hd) can be calculated by using eqn (3):24

hd ¼
A�

A0 þ A� (3)

where A0 is the area under the FeCl2
+ peak and A− is the

combined area under the Cl− and FeCl2 peaks. Thus, as shown
in Fig. 4b, the doped PC12BTH, PC16BTH, PC20BTH, and
PC16BTF samples have hd values of 84.3%, 82.9%, 81.1%, and
73.2% respectively. Thus, while there is no signicant variation
in hd according to the polymer chain length, PC16BTF exhibits
a signicantly lower doping efficiency than the other polymers
due to the uorination. This will have important implications
for the electrical performance of the uorinated polymer, as
discussed in more detail later. The above results indicate that
introducing a dopant into the D–A conjugated polymer leads to
a notable change in the chemical states of the elements within
the polymer, which can be attributed to the charge transfer
processes. This conrms the effectiveness of the doping strategy
for modifying the electronic properties of the polymers. Mean-
while, the lower dopant miscibility of the uorinated polymer
9810 | J. Mater. Chem. A, 2024, 12, 9806–9816
may be explained in terms of hydrophilicity, as demonstrated by
comparing the contact angle measurements of the four poly-
mers (Fig. S5†). Thus, PC16BTF exhibits the lowest surface
energy (23.4 mN m−1), thereby indicating that the introduction
of uorine increases the hydrophobicity of the polymer. This
highlights the importance of considering the chemical struc-
ture and hydrophilicity of the dopant when designing materials
for thermoelectric applications.
2.3 Morphological and microstructural analyses

The miscibility between the conjugated polymers and FeCl3
dopant is revealed by the atomic force microscopy (AFM) images
in Fig. 5. First, we discuss the properties of the four pristine
polymers, the pristine PC16BTF surface exhibits distinctive,
needle-like self-aggregated structures (Fig. 5d), which result in
root-mean-square surface roughness (Rrms) of approximately
1.3 nm compared to ∼1.2 nm for the three non-uorinated
polymers (Fig. 5a–c). This increase in surface roughness will
enable greater contact between the dopant and the PC16BTF
matrix, as the valley regions offer ideal sites for dopant deposi-
tion, thereby providing a substantial surface area for the dopant
molecules. In the comparison of different side chain lengths, the
only discernible effect of increasing side-chain length is a slight
This journal is © The Royal Society of Chemistry 2024
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Fig. 5 AFM height images and the root-mean-square surface roughness (Rrms) of (a–d) pristine and (e–h) after 6 mM FeCl3 doped polymer.

Fig. 6 XPS depth spectra at the binding energies of the Cl atoms after
6 mM FeCl3 doped for (a) PC12BTH, (b) PC16BTH, (c) PC20BTH, and
(d) PC16BTF film.
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increase in surface roughness. This can be attributed to the
molecular packing within the pristine polymer, and will be dis-
cussed later. Moving on to the discussion of doped polymers,
aer doping, there are white dots on the surfaces of all polymers.
As the doping concentration increases, more white dots are
formed. Therefore, we speculate that these white dots are caused
by the precipitation of the dopant.65 These precipitates may also
act as potential obstacles during charge transport, thereby
contributing to a reduction in conductivity.66 For the cases of all
four polymers, the surface roughness increases aer doping due
to the precipitation. For example, this results in an increase in
the Rrms from 1.2 for pristine to 1.76 nm aer 6 mM doped in the
PC12BTH thin lm. Furthermore, in the discussion of roughness,
under the same doping concentration for non-uorinated poly-
mers, more precipitation indicates poorer miscibility between
the dopant and the polymer, leading to increase of roughness.
From here, the better miscibility of PC20BTH is proved, under
6mMdoping concentration, PC20BTH has lower roughness than
the other two non-uorinated polymers. However, PC16BTF
demonstrates the lowest roughness, this is caused by the needle-
like surface mentioned before. The dopant precipitation locates
at the valley region, leading to less increase in the roughness.

Meanwhile, the vertical distribution of the FeCl3 dopant
within the polymer thin lm is revealed by the XPS depth
analysis in Fig. 6. Here, the doped PC12BTH and BC16BTH
(Fig. 6a and b) exhibit signicant dopant concentrations near
their surfaces, while the Cl signals gradually decrease with
increasing lm depth. By contrast, the doped PC20BTH exhibits
a distinctly uniform distribution of dopant throughout its
depth. This can be attributed to the longer side-chains within
this polymer structure, which increase the intermolecular
distance and facilitate the diffusion of dopant molecules
through the lm.9,50 Meanwhile, the doped PC16BTF also
exhibits a uniform distribution of dopant throughout the lm,
despite the shorter side-chains compared to PC20BTH, due to
the specic morphology provided by uorination.9 In agree-
ment with the above AFM results, these XPS results demonstrate
the considerable role of polymer morphology and microstruc-
ture in controlling the dopant distribution.
This journal is © The Royal Society of Chemistry 2024
The microstructures of the as-synthesized polymers are
further revealed by the grazing-incidence wide-angle X-ray scat-
tering (GIWAXS) results for the pristine and 6 mM FeCl3 doped
polymers in Fig. 7, and schematic diagrams of the interpreted
structures are presented in Fig. 8. Thus, the pristine PC12BTH
exhibits primarily edge-on stacking (Fig. 7a), whereas PC16BTH
(Fig. 7b) and PC20BTH (Fig. 7c) exhibit a combination of edge-on
and face-on stacking. This is because the longer side-chains are
more likely to lie on the substrate, thereby generating the face-on
arrangement. However, PC16BTF is predominately oriented in
a face-on manner, as shown in Fig. 7d, thereby demonstrating
that the molecular stacking is signicantly inuenced by the
presence of uorine atoms on the polymer backbone. Based on
the above GIWAXS analysis, the lattice spacing (d-spacing), peak
full width at half maximum (FWHM), and coherent length (Lc)
values of the pristine and doped polymers are listed in Table 2.
Thus, the increase in side-chain length leads to lamellar spacings
of 21.0, 21.6, and 22.2 Å for the pristine PC12BTH, PC16BTH, and
PC20BTH, respectively. Along with the abovementioned variation
J. Mater. Chem. A, 2024, 12, 9806–9816 | 9811
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Fig. 7 2D-GIWAXS patterns of polymer films: (a–d) pristine and (e–h) after 6 mM FeCl3 doped polymers.

Fig. 8 Illustration of the orientation of (a) pristine PC12BTH, (b) pristine PC16BTH and PC20BTH, (c) pristine PC12BTH, (d) doped PC12BTH, (e)
doped PC16BTH and PC20BTH, (f) doped PC16BTF.
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in molecular stacking, this variation in spacing highlights the
importance of side-chain length in modulating the structure of
the polymer thin lm. This, in turn, will affect the charge trans-
port ability and performance of the corresponding thermoelectric
device. Furthermore, the inclusion of uorine atoms on the
polymer backbone leads to a signicant decrease in the lamellar
and p–p spacings, from 21.6 Å and 3.47 Å, respectively, for the
pristine PC16BTH to 20.4 Å and 3.41 Å, respectively, for
PC16BTF.67 This can be attributed to the robust coulombic forces
of the uorine atoms and has the potential to improve charge-
carrier transport.

Aer doping, the molecular packing congurations of the
conjugated polymer lms are shown schematically in Fig. 8a.
Here, PC12BTH (Fig. 7e) retains its edge-on conguration, and
PC16BTF (Fig. 7h) retains its face-on conguration. However,
the combination of edge-on and face-on stacking in the pristine
PC16BTH and PC20BTH becomes predominantly edge-on aer
9812 | J. Mater. Chem. A, 2024, 12, 9806–9816
doping (Fig. 7f and g, respectively). Furthermore, aer doping,
the molecular spacings all increase due to the intercalation of
the dopants. Thus, the lamellar spacing of PC16BTH increases
from 21.6 Å before doping to 22.5 Å aerward, while the p–p

spacing increases from 3.47 to 3.53 Å (Table 2). Notably, the
difference between the lamellar spacing of PC16BTF before and
aer doping is only∼0.8 Å compared to differences of∼1.1 Å for
the other three polymers. This suggests that the molecular
stacking of the PC16BTF is less distorted than that of the non-
uorinated polymers due to the stronger molecular interac-
tions in PC16BTF. Meanwhile, the coherent lengths of the
pristine PC12BTH, PC16BTH, PC20BTH, and PC16BTF lms are
307.7 Å, 380.1 Å, 294.5 Å, and 210.4 Å, respectively (Table 2).
These lengths are related to the crystallite size of each polymer;
hence, the results indicate that the uorinated polymer
(PC16BTF) has the smallest crystallites among the four
polymers.
This journal is © The Royal Society of Chemistry 2024
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Table 2 Crystallographic parameters of pristine and doped polymers

Polymers
p–p
(010) spacing (Å)

Lamellar (100)
spacing (Å)

FWHM (100)
(Å−1)

Lc (100)
(Å)

PC12BTH Pristine 3.46 21.0 0.030 307.7
Doped 3.51 22.4 0.032 275.8

PC16BTH Pristine 3.47 21.6 0.028 380.1
Doped 3.53 22.5 0.033 269.0

PC20BTH Pristine 3.56 22.2 0.031 294.5
Doped 3.69 23.3 0.037 195.1

PC16BTF Pristine 3.41 20.4 0.038 210.4
Doped 3.46 21.2 0.039 191.9
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2.4 Charge transport properties

The charge transport properties of the as-synthesized polymers
aer doping with 6 mM FeCl3 are revealed by the Hall effect
measurements in Table S1.† Thus, the doped PC16BTF exhibits
a notably elevated charge-carrier mobility of 4.75 × 10−2 cm2

V−1 s−1 due to the stronger molecular interactions and shorter
molecular distances observed in the above mentioned GIWAXS
results. Moreover, the effect of side-chain length on the charge-
carrier mobility is clearly evident, with PC12BTH, PC16BTH,
and PC20BTH exhibiting mobilities of 3.71 × 10−2, 3.56 × 10−2,
and 3.04 × 10−2 cm2 V−1 s−1, respectively. This can be corre-
lated with the side-chain orientations obtained from the
GIWAXS analysis, with a more uniform orientation leading to
decreased charge-carrier scattering and increased mobility.
However, in the absence of a conjugated component, longer
side-chains tend to impede the charge-carrier transport and
provide spaces for dopant interception, thus leading to
increased charge-carrier concentrations compared to the
shorter side-chains.54 Furthermore, moving on to the discussion
of carrier concentration, the polymer PC20BTH, distinguished
by longer side chains, provides more space for dopant mole-
cules to reside between polymer chains. This expanded spatial
accommodation enhances the potential for charge transfer,
leading to higher carrier concentrations under 6 mM doping
concentration compared to others. Additionally, when
comparing polymers with similar side chain lengths, it becomes
apparent that PC16BTF demonstrates a lower carrier concen-
tration. This difference is attributed to the markedly lower
doping efficiency of PC16BTF compared to PC16BTH. Conse-
quently, the optimal side-chain length for electrical conduc-
tivity must be identied. With this in mind, further insights
into the semiconductor properties of the various doped poly-
mers can be gained by calculating the activation energy (Ea) of
each polymer.62 This can be obtained by measuring the elec-
trical conductivity (s) at various temperatures, and plugging the
results into eqn (4):

s ¼ smaxexp

��Ea

kBT

�
(4)

where smax is the maximum conductivity at 323 K, kB is Boltz-
mann's constant, and T is the absolute temperature. The tting
results in Fig. S8† indicate Ea values of 87, 91, 101, and 121 meV
for PC12BTH, PC16BTH, PC20BTH, and PC16BTF, respectively.
This journal is © The Royal Society of Chemistry 2024
The higher activation energy of PC16BTF is attributed to the
electron-withdrawing ability from the uorine on the thio-
phene, which impedes electron delocalization. Meanwhile,
among the three non-uorinated 6 mM doped polymers,
PC12BTH exhibits the lowest activation energy which matches
the mobility result in the Hall effect measurement. Notably, the
consistent trends in the Hall effect and electrical conductivity
measurements highlight the intricate relationship between
charge-carrier mobility and concentration.
2.5 Thermoelectric properties

The thermoelectric characteristics of the various polymers are
revealed by their Seebeck coefficients, electrical conductivities,
and PF values in Fig. 9. Here, the lower doping efficiency and
charge-carrier concentration of PC16BTF cause its electrical
conductivity to remain lower than that of the other three doped
polymers at all doping concentrations (Fig. 9d), despite the
higher charge-carrier mobility provided by its reduced lamellar
spacing. For instance, the 6 mM FeCl3 doped PC16BTF exhibits
a conductivity of only 72.1 S cm−1 compared to 118.7 S cm−1 for
the non-uorinated polymer with the same chain length
(PC16BTH) at the same doping concentration. Meanwhile, the
effect of side-chain length is demonstrated by electrical
conductivity values of 76.3, 118.7, and 98.4 S cm−1 for the 6 mM
FeCl3 doped PC12BTH, PC16BTH, and PC20BTH, respectively.
Furthermore, at reasonably low concentrations, the electrical
conductivity of each polymer is seen to increase with the
increase in doping concentration. However, once the doping
concentration exceeds 7.5 mM, the charge-carrier concentration
becomes saturated, and no further change in electrical
conductivity is observed when the doping concentration is
further increased. Given that the electrical conductivity is
directly proportional to the charge-carrier mobility and
concentration, these results, combined with the Hall effect
measurements, conrm that the optimal side-chain length for
the D–A conjugated polymer is achieved with PC16BTH. The
results in Fig. 9 also illustrate the fundamental trade-off rela-
tionship between the Seebeck coefficient and the electrical
conductivity. The Seebeck coefficient is intrinsically linked to
the charge-carrier concentration, as described in eqn (5):

S ¼ 8p2kB
2T

3eh2
m
�p

3n

�2
3 (5)
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Fig. 9 Line chart of electrical conductivity (s) and Seebeck coefficient (S) of doped (a) PC12BTH, (b) PC16BTH, (c) PC20BTH, (d) PC16BTF film at
varying doping concentrations. (e) Comparison of the power factor of four doped polymer films at varying doping concentrations.
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where kB is Boltzmann's constant, T is the absolute tempera-
ture, e is the electron charge,m is the mass of electrons, and n is
the charge-carrier concentration.4,58 Hence, the trade-off
between the Seebeck coefficient and electrical conductivity ari-
ses from the reciprocal relationship between the Seebeck coef-
cient and the charge-carrier concentration.9,68 The results in
Fig. 7d indicate that the 6 mM FeCl3 doped PC16BTF has the
highest Seebeck coefficient of 59.9 mV K−1 compared to 45–50
mV K−1 for the other polymers at the same doping concentra-
tion. This is attributed to the lower charge-carrier concentration
in PC16BTF, as evidenced by the Hall effect measurements.

As noted in the Introduction, materials for use in thermo-
electric devices are commonly evaluated and compared on the
basis of the dimensionless gure of merit (ZT), which is given as
eqn (1). This equation can be rearranged to indicate an inverse
relationship between the Seebeck coefficient and the thermal
conductivity.9 From a structural point of view, thermal
conduction can occur via two primary pathways, namely: elec-
tron transport and lattice vibration.4,17 In thin lm materials,
lattice vibrations, commonly referred to as phonons, typically
serve as the primary pathway for heat conduction. In this
respect, increased microstructural order is oen associated
with enhanced phonon transport efficiency. Consequently,
a well-established crystallinity is frequently correlated with
superior thermal conductivity and, hence, a decreased Seebeck
coefficient. The results in Fig. 9a–c indicate that the Seebeck
coefficients of the 6 mM FeCl3 doped PC12BTH, PC16BTH, and
PC20BTH lms are 49.7, 43.5, and 46.5 mV K−1, respectively,
thereby demonstrating that the side-chain length has minimal
impact on the Seebeck coefficient. However, the Seebeck coef-
cient clearly decreases with the increase in doping concen-
tration due to the reciprocal relationship between charge-
carrier concentration and the Seebeck coefficient.

Taken together, the results of this study demonstrate that
PC16BTH exhibits the most favorable thermoelectric perfor-
mance, with a higher doping efficiency and charge-carrier
9814 | J. Mater. Chem. A, 2024, 12, 9806–9816
concentration than the equivalent uorinated polymer
(PC16BTF). Thus, the superior Seebeck coefficient of PC16BTF
is not sufficient to compensate for its lower electrical conduc-
tivity. Moreover, the optimal side-chain length of PC16BTH
leads to better charge-carrier mobility and charge-carrier
concentrations relative to those of PC12BTH and PC20BTH.
Upon doping with 6 mM FeCl3, the electrical conductivity and
Seebeck coefficient of PC16BTH are 118.7 S cm−1 and 43.5 mV
K−1, respectively, yielding the highest power factor of 22.4 mW
m−1 K−2 due to the moderate side-chain length and sufficiently
high doping efficiency. These results highlight the intricate
interplay between the molecular structure, thin lm
morphology, and choice of dopant in the pursuit of optimized
polymer-based thermoelectric materials.
3 Conclusions

The present study highlighted the inuence of side-chain
length and polymer-backbone uorination on the lm
morphology, dopant miscibility, charge transfer dynamics, and
charge-carrier mobility in materials for use in thermoelectric
devices. For example, valuable insights into the charge transfer
processes aer doping with FeCl3, were provided by ultraviolet-
visible-near infrared (UV-vis-NIR) spectrometry. These results
demonstrated that uorine substitution leads to decreased
absorption, while the side-chain length inuences the forma-
tion of polarons and bipolarons. In addition, an ultraviolet
photoelectron spectroscopy (UPS) analysis indicated that the
strong affinity of the substituted uorine atoms tended to lower
the energy of the Fermi level (EF). Meanwhile, an X-ray photo-
electron spectroscopy (XPS) analysis highlighted the different
chemical states of the various polymers, which were manifested
as shis in the binding energy and variations in the doping
efficiency. Furthermore, the morphologies and microstructures
of the various polymers were examined by atomic force
microscopy (AFM) and grazing-incidence wide-angle X-ray
This journal is © The Royal Society of Chemistry 2024
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scattering (GIWAXS). The results indicated that the presence of
uorine in the polymer backbone contributes to surface
aggregation, while the side-chain length affects the dopant–
polymer miscibility. In addition, the GIWAXS analysis revealed
variations in the molecular packing distances and orientations,
thereby offering valuable insights into the charge transport
mechanisms. Notably, the GIWAXS results were consistent with
the Hall effect measurements and ultimately revealed that the
uorinated polymer with a chain length of 16 carbon atoms
(designated PC16BTF) exhibits outstanding mobility compared
to its non-uorinated counterpart (i.e., PC16BTH). Nevertheless,
the non-uorinated PC16BTH exhibited the best thermoelectric
performance, with a superior power factor of 22.4 mW m−1 K−2,
due to the trade-off relationship between the Seebeck coefficient
and electrical conductivity. This demonstrates the pivotal role
of chemical composition and microstructural considerations in
the development of doped polymer thermoelectric materials. In
brief, the comprehensive study presented herein provides
a valuable guideline for the design and synthesis of doped
conjugated polymers for use in thermoelectric applications,
with a particular emphasis on enhancing the thermoelectric
properties via judicious chemical substitution and side-chain
engineering.
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