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ABSTRACT: Four p-type polymers were synthesized by
modifying poly(bisdodecylquaterthiophene) (PQT12) to increase oxidizability by p-dopants. A sulfur atom is inserted
between the thiophene rings and dodecyl chains, and/or 3,4ethylenedioxy groups are appended to thiophene rings of
PQT12. Doped with NOBF4, PQTS12 (with sulfur in side
chains) shows a conductivity of 350 S cm−1, the highest reported
nonionic conductivity among ﬁlms made from dopant−polymer
solutions. Doped with tetraﬂuorotetracyanoquinodimethane
(F4TCNQ), PDTDE12 (with 3,4-ethylenedioxy groups on
thiophene rings) shows a conductivity of 140 S cm−1. The
converse combinations of polymer and dopant and formulations
using a polymer with both the sulfur and ethylenedioxy
modiﬁcations showed lower conductivities. The conductivities are stable in air without extrinsic ion contributions associated
with PEDOT:PSS that cannot support sustained current or thermoelectric voltage. Eﬃcient charge transfer, tighter π−π stacking,
and strong intermolecular coupling are responsible for the conductivity. Values of nontransient Seebeck coeﬃcient and
conductivity agree with empirical modeling for materials with these levels of pure hole conductivity; the power factor compares
favorably with prior p-type polymers made by the alternative process of immersion of polymer ﬁlms into dopant solutions.
Models and conductivities point to signiﬁcant mobility increases induced by dopants on the order of 1−5 cm2 V−1 s−1, supported
by ﬁeld-eﬀect transistor studies of slightly doped samples. The thermal conductivities were in the range of 0.2−0.5 W m−1 K−1,
typical for conductive polymers. The results point to further enhancements that could be obtained by increasing doped polymer
mobilities.

■

the ﬁlm composition, thickness, and morphology. These similar
drawbacks exist in several works about other polythiophenes
containing the EDOT subunit synthesized by electrochemical
polymerization.10−12 On the other hand, the high thermoelectric eﬃciency of PEDOT:PSS can be partly attributed to an
ionic Seebeck eﬀect,13 which is transient and sensitive to
humidity, making the output power unstable and complicating
the data analysis.14,15 Most importantly, the ionic transport
contributes an unsustainable current to an external circuit,
which is detrimental to the operation.
The thermoelectric ﬁgure of merit, ZT = σS2T/λ, is used to
estimate the performance of thermoelectric material, where σ
and λ are electrical and thermal conductivity, respectively, S is
the Seebeck coeﬃcient, and T is absolute temperature. Lacking
precise data on λ, thermoelectric performance is often assessed

INTRODUCTION
Doped polymeric semiconductors applied to thermoelectric
research have attracted increased attention because they show
useful attributes such as low thermal conductivity, structural
and compositional tunability, and amenability to ﬂexible,
printable, large area applications.1,2 Poly(3,4-ethylenedioxythiophene) (PEDOT) is among the most widely used doped
polymers and has been investigated intensively in the ﬁelds of
thin-ﬁlm conductive coatings and organic electronics because of
its environmental stability and wide range of conductivity.3−6
By using poly(styrenesulfonic acid) (PSS) as the counterion,
PEDOT:PSS shows high conductivity and solution processability.7,8 Replacing PSS by small anions, such as tosylate (Tos),
PEDOT:Tos can reach electrical conductivity values exceeding
1000 S cm−1 and a high reported thermoelectric eﬃciency.9
However, PEDOT itself is insoluble in common organic
solvents so that the polymer is mainly prepared by electrochemical polymerization, which results in diﬃculty controlling
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Figure 1. Chemical structures of polymers and dopants and their HOMO and LUMO energy levels, respectively.

and p-dopants. An electrical conductivity of 350 S cm−1 was
obtained by doping PQTS12 with NOBF4, which is the highest
value attained for single solution-deposited p-type materials without
ionic conductivity, while high electrical conductivity of 140 S
cm−1 was obtained by doping PDTDE12 with F4TCNQ. This
result suggests that the structural diﬀerences between the
substituents (sulfur atoms or ethylenedioxy group) incorporated onto PQT12 is responsible for the higher performance
with diﬀerent dopants. Combining the results of doping level
determinations and morphology observations, obtained by
absorption and grazing incidence X-ray scattering, respectively,
we postulate that NOBF4 is prone to interact with sulfur in side
chains without unduly disturbing the packing of the polymer
backbone, while π-conjugated F4TCNQ mainly impacts the
packing of polymer backbone and side chains, simultaneously.
Furthermore, no ionic contribution to Seebeck eﬀect is
observed in the doped polymers with high conductivities,
which is unlike PEDOT materials.33 The relationship of σ and S
is in agreement with Chabinyc’s empirical model of extensive
prior thermoelectric data23 and ﬁts the high performance part
of a more detailed model most recently reported by Snyder.15

via a parameter called the power factor (PF), which equals
σS2.16,17 Chemical doping in solution is a key means of
increasing the carrier concentration and mobility of the active
layer while maintaining processing simplicity.18 Besides the
highest reported performance of PEDOT:PSS processed via
aqueous suspensions, high power factors were obtained by
immersing polymer ﬁlms into dopant solutions19−21 or
exposing ﬁlms to dopant vapors.22−25 For instance, immersing
a P3HT ﬁlm in a solvent containing ferric triﬂimide provides a
conductivity of 82 S cm−1 and PF of 20 μW m−1 K−2.20
Evaporating F4TCNQ or (tridecaﬂuoro-1,1,2,2tetrahydrooctyl)trichlorosilane (FTS) on top of a PBTTT14
ﬁlm yields high σ over 200 S cm−1 and a large power factor of
∼100 μW m−1 K−2.22,24 All-solution drop-casting or spincoating methods are easier to implement for ﬂexible or largearea devices and increase the accuracy with which the doping
level can be controlled. For instance, doped with the strong
acceptor F4TCNQ, σ of P3HT and PBTTT can be improved
from 10−6 S cm−1 for pure polymers up to 1−4 S cm−1.26−28
Kang et al. reported a signiﬁcant increase of the conductivity by
further doping of PEDOT:PSS with a small amount of
F4TCNQ.29 Very recently, Müller et al. reported an oligo
ethylene glycol functionalized polythiophene doped with
F4TCNQ resulting in an electrical conductivity of up to 100
S cm−1.30 Donor−acceptor (D−A) polymers with high mobility
are also developed as all-solution thermoelectric materials.
Recently, a diketopyrrolopyrrole-based polymer doped by a
strong acceptor (CN6-CP) demonstrated a highest σ of 70 S
cm−1.31 However, the comparatively low-lying highest occupied
molecular orbit (HOMO) level of D−A polymers requires new
dopants with much lower lowest unoccupied molecular orbit
(LUMO) levels to achieve high doping eﬃciency. For instance,
when this polymer is doped with a weaker acceptor
(F6TCNNQ), the conductivity decreases to 2 S cm−1 because
of a slightly negative oﬀset between the HOMO level of the
polymer and the LUMO level of the dopant.32 The further
improvement of performance will require more rational
molecular design and understanding of structure−property
relationships beyond PEDOT and PBTTT.
To expand our knowledge of the relationship between
polymer structure and conductivity, we synthesized four
conductive polymers, including two new EDOT copolymers.
Taking the prototypical polymer PQT12 as structural reference,
we introduce sulfur atoms into the side chains to obtain
poly(bisdodecylthioquaterthiophene) (PQTS12) and/or an
ethylenedioxy group by modifying the thiophene rings to
obtain biEDOT copolymers (PDTDE12 and PDTDES12). All
structures are shown in Figure 1. The introduction of sulfur
atoms or the ethylenedioxy groups into the PQT12 raises the
HOMO level of the new polymers and endows them with a
larger driving force to achieve charge transfer between polymer

■

RESULTS AND DISCUSSION

PQT12 and PQTS12 were synthesized via Stille coupling, while
PDTDE12 and PDTDES12 were synthesized by using a direct
C−H coupling reaction34−36 that avoids using toxic stannylated
compounds. The detailed synthesis procedures can be found in
the Supporting Information. This method was investigated to
link EDOT subunits with other co-monomers.37−39 By using
this method, Imae et al. synthesized an EDOT copolymer and
reported the highest conductivity of 10 S cm−1 via in situ
electrochemical measurements.37 To obtain soluble polymers,
monomers 1 and 2 were functionalized with long alkyl chains.
Monomer 3 was synthesized via previously reported methodologies.40 The molecular weights of the two biEDOT-based
polymers were controlled by adjusting the amount of Pd
catalyst, volume of solvent, and in particular, the reaction time.
PQT12 and PQTS12 have good solubility in chloroform and
chlorobenzene, while PDTDE12 and PDTDES12 show limited
solubility in chloroform but good solubility in chlorobenzene
and dichlorobenzene. The molecular weights are summarized in
Table 1. The molecular weights of PDTDE12 and PDTDES12
might be underestimated due to high-molecular-weight
polymer ﬁltered out of THF prior to testing by gel permeation
chromatography. However, all thin-ﬁlm devices were prepared
with chlorobenzene solution, which weakens the eﬀect of
degree of polymerization diﬀerence. Also, as seen later, mobility
was not apparently correlated with polymer molecular weight.
Compared with PQT12, the inﬂuence of sulfurs on HOMO
energy level of PQTS12 is not pronounced, but the
introduction of ethylenedioxy groups signiﬁcantly raises the
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exist in PQT12 and PQTS12 ﬁlms. The charge transfer occurs
with the addition of the dopant because the neutral state of
polymers is bleached with simultaneous occurrence of new
absorption bands around 700 nm and >1200 nm originating
from polaronic transitions. Furthermore, negatively charged
F4TCNQ molecules are observed at 410, 765, and 870 nm.41
The overlap of absorption between the cation of the polymer
and anion of F4TCNQ makes the features diﬃcult to
distinguish. Therefore, we use the ratio of integrated area
between band I (700−1200 nm) and band II (400−700 nm) as
an indication that greater AI/AII implies a higher doping level
(Table S1). According to the values of AI/AII, we can reach the
conclusions that (1) for a certain polymer, NOBF4 gives a
higher ratio than that of F4TCNQ, resulting from higher
oxidizing activity of NOBF4; (2) for all NOBF4-doped
polymers, the ratio of AI/AII increases with the rising HOMO
level of the polymers, indicating that eﬃcient doping can be
attributed to the large driving force of charge transfer; and (3)
for F4TCNQ-doped polymers, the ratio of AI/AII also increases
with the rising HOMO level of the polymers, but PDTDES12
seems to be an exception. Ultraviolet photoemission spectroscopy (UPS) was employed to investigate the electronic
properties of undoped and doped polymers. As shown in
Figure S3, compared to undoped polymers, the HOMO edges
of doped PDTDE12 and PDTDES12 shift obviously toward
the Fermi level (EF = 0 eV), together with the cutoﬀs, as
expected for p-doping.42 Although it is diﬃcult to obtain the
UPS spectra of pure PQT12 and PQTS12 because of
photohole accumulation shifting and distorting the spectrum
of these relatively insulating polymers,43 the larger shifts of
doped PDTDE12 and PDTDES12 are observed than those of
doped PQT12 and PQTS12 indicating a higher doping level
exists in doped PDTDE12 and PDTDES12, which is consistent
with the result of absorption spectra.
The thermoelectric parameters σ, S, and PF were measured
under the same molar ratio (0.5) of dopant molecule to repeat
unit (Figure S4). The data are summarized in Table S2. The
value of σ was measured via a four-point-probe method. The
Seebeck coeﬃcient was obtained by linear ﬁtting of a data series
taken by imposing temperature diﬀerences across the samples
and measuring the thermovoltages. Thin ﬁlms were drop cast
from solution mixtures (see the Supporting Information). For
the NOBF4-doped polymers, PQTS12 shows the highest
conductivity of up to 350 S cm−1. For F4TCNQ-doped
polymers, PDTDE12 gives the highest conductivity of 65 S
cm−1. We adjust the ratio of dopant for these two combinations
to further optimize the performance. Figure 3 shows the device
parameters as a function of molar doping ratio of NOBF4 or
F4TCNQ. The σ values of ﬁlms change dramatically with
increasing the concentration of dopants into polymers. For
PQTS12, the addition of NOBF4 with molar ratio of 0.5 results
in the highest conductivity and an optimized PF of 8 μW m−1
K−2. An increase of σ, from 65 to 140 S cm−1, is observed after
a 2-fold increase in molar doping ratio from 0.5 to 1.1 for
F4TCNQ-doped PDTDE12. The best balance between the σ
and S gives a high power factor of 11 μW m−1 K−2 for
PDTDE12 at a molar ratio of 0.85. Combined with the data
from absorption spectra, we ﬁnd that the conductivities show
no proportional correlation with the increase of AI/AII. Even
though PDTDES12/NOBF4 shows the highest ratio of AI/AII,
the electrical conductivity of the ﬁlm is still low. That means
that even if every dopant molecule undergoes a charge-transfer
process within the polymer not all these charge carrier pairs

Table 1. Summary of the Molecular Weights and
Electrochemical Properties of Four Polymers

a

polymer

Mn (kDa)

PDI

DPa

Eoxb (V)

HOMO (eV)

PQT12
PQTS12
PDTDE12
PDTDES12

10.7
30.9
7.5
16.4

1.17
1.81
1.32
1.09

16
42
10
19

0.45
0.40
0.19
0.03

−5.09
−5.04
−4.83
−4.67

Degree of polymerization. bOnset oxidation potential.

HOMO energy levels of PDTDE12 and PDTDES12 (Figure
S1). The detailed calculations of HOMO energy levels of
polymers and LUMO energy level of NOBF4 are described in
the SI. Employing DFT calculations (Figure S2, left column),
we ﬁnd the HOMOs of PDTDE12 and PDTDES12 can be
delocalized on the oxygen atoms of ethylenedioxy group, which
make these two polymers easy to oxidize.
UV−vis−NIR absorption spectra were employed to verify
the formation of charge-transfer complexes of the four
polymers with diﬀerent dopants (Figure 2). Doped ﬁlms

Figure 2. Thickness-normalized absorption spectra of undoped and
doped polymers. All ﬁlms were annealed at 120 °C in nitrogen for 10
min: (a) PQT12 and PQTS12; (b) PDTDE12 and PDTDES12.

were prepared by combining separate polymer solution and
NOBF4 solution or F4TCNQ solution according to the desired
doping concentration and then drop casting the mixture onto a
glass substrate. The molar ratio of all doped polymers
mentioned below is 0.5 unless indicated otherwise, meaning
one NOBF4 or F4TCNQ molecule is added per two repeat
units of polymer (one repeat unit contains four thiophene
rings). For the four pure polymers, the ﬁlm absorption ranges
are between 400 and 700 nm, and the ﬁner absorption peaks of
PQT12 and PQTS12 (Figure 2a) compared to PDTDE12 and
PDTDES12 (Figure 2b) indicate that more ordered structures
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fractions in PDTDE12 and PDTDES12 ﬁlm (Figure 5).
Meanwhile, edge-on and face-on orientations are simultaneously observed in pure PDTDES12 (Figure 5b). Quantumchemical calculations (B3LYP/6-31G) were performed to
predict the optimized conﬁguration of four polymer backbones
(Figure S2, right column). PQT12 and PQTS12 possess a
planar backbone, while PDTDE12 and PDTDES12 show a
distortion along their backbone due to the steric eﬀect of the
ethylenedioxy group.46 Thus, the insertion of sulfur does not
aﬀect the planarity of PQT12 and leads to the highly ordered
packing structure in PQTS12 ﬁlms. However, the introduction
of the ethylenedioxy group into PQT12 changes the steric
conﬁguration of the backbone. PDTDE12 and PDTDES12
show similar changes after doping with NOBF4; that is, the
lamellar distance increases and π−π stacking becomes intense.
Additionally, the lamellar distance of PDTDES12 doped with
NOBF4 signiﬁcantly increases (Δ = 4.0 Å) compared with
PDTDE12 (Δ = 2.0 Å) (Table S4). This conﬁrms that the
NOBF4 preferentially interacts with sulfur atoms on the side
chains. As shown in Figure 5g,h, F4TCNQ-doped polymers
show indistinct peaks around 1.6−1.8 Å−1 along the qxy axis.
However, the crystallinity of the lamellar structure is
signiﬁcantly improved for F4TCNQ-doped PDTDE12 and
the lamellar distance slightly decreases compared with pure
PDTDE12, indicating the ethylenedioxy group probably draws
F4TCNQ closer to the polymer backbone and away from the
side chains. For F4TCNQ-doped PDTDES12, the existence of
sulfur in the side chains leads F4TCNQ to unduly disturb the
polymer packing, and the scattering from isolated domains of
neutral F4TCNQ indicates reduced miscibility.
According to the diﬀraction information above, we propose a
packing geometry of polymers with diﬀerent dopants, as shown
in Figure 6. The insertion of sulfur promotes NOBF4 to
interact with side chains without interfering with the packing of
backbone, while the ethylenedioxy group brings F4TCNQ
closer to the polymer backbone. The addition of NOBF4 into
the polymer induces a more signiﬁcant increase of the lamellar
distance of polymer chains than that of F4TCNQ but makes
the conjugated backbone packing closer, which hinders the
charge transport between lamellar layers but enhances the
charge transport along the direction of π−π stacking.47
Therefore, the microstructure of PQTS12/NOBF4 ﬁlm is
beneﬁcial for eﬃcient transport of holes. Although the addition
of F4TCNQ is prone to disturb the packing of polymers and
increase the proportion of disordered structure, the lamellar
structures of PDTDE12 is negligibly aﬀected and the higher
conductivity can be improved by heavily doping with a much
higher concentration of F4TCNQ molecules. There is no
observation of two separate narrow peaks between qxy = 1.3−
1.8 Å−1 as observed in PBTTT/F4TCNQ ﬁlm,28 so we cannot
conﬁrm that the F4TCNQ and repeat polymer backbone order
in a cofacial arrangement. However, the observation of
scattering from F4TCNQ domains and the existence of weak
scattering between qxy = 1.3−1.6 Å−1 provide evidence that the
packing structure is somewhat similar to P3HT/F4TCNQ
blends.27
The surface morphologies were investigated by atomic force
microscopy (AFM) (Figures S5 and S6). Both pure PQT12
and PQTS12 ﬁlm show crystalline domains after slow
evaporation of solvent due to the high crystallinity of the
polymer backbone. Upon doping with NOBF4, the roughness
signiﬁcantly increases, indicating the molecular structure
changes upon doping. This is consistent with the result that

Figure 3. Thermoelectric properties of NOBF4-doped PQTS12 (a)
and F4TCNQ-doped PDTDE12 (b) at diﬀerent molar doping ratios.

contribute to electrical conductivity.44 Therefore, the high
conductivity of PQTS12/NOBF4 and PDTDE12/F4TCNQ
can not be attributed only to the high doping level. The
microstructure of the doped ﬁlms may give more information
on how these charge-carrier pairs are available for electrical
conduction.
The molecular packing of pure polymers and doped
polymers was examined by using two-dimensional grazing
incidence X-ray scattering (GIXRS). As shown in Figure 4a−f,
PQT12, PQTS12, and corresponding doped ﬁlms were
compared. Both the pure polymer and doped polymer show
multiordered diﬀractions representative of lamellar structure (qz
= 0.25−1.5 Å−1) and π−π stacking structure (qxy ≈ 1.7 Å−1),
indicating the predominant edge-on orientation in all ﬁlms.
Doped with NOBF4, PQTS12 shows the ﬁfth order of
diﬀraction along the qz axis and a clearer π-stacking peak
along the qxy axis compared with NOBF4-doped PQT12. In
contrast, F4TCNQ-doped PQT12 show higher crystallinity
because of the appearance of the ﬁfth order of diﬀraction and
absence of oﬀ-axis scattering. Parts g and h of Figure 4 show the
line cuts along qz and qxy axis, respectively. The data are shown
in Table S3. After doping, the lamellar spacing increases but
π−π stacking distance decreases for doped polymers compared
with the pure polymers. Further, the lamellar spacing of
NOBF4-doped PQTS12 has a signiﬁcant increase (Δ = 3.3 Å),
and the ﬁlm shows shortest π−π stacking of 3.53 Å (qxy = 1.78
Å−1). This means the addition of NOBF4 increases the lamellar
packing distance and causes the intense packing of backbones
which induces strong coupling.45 The addition of F4TCNQ
also increases the distance of lamellar structure; however, the
scattering itself appears at qxy = 0.81 Å−1 in the in-plane pattern
of doped-PQTS12.
Diﬀerent from the ordered structure of PQT12 and PQTS12,
there are some large arcing diﬀractions indicating disoriented
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Figure 4. 2D-GIXRS images of the PQT12 ﬁlm (a), PQTS12 ﬁlm (b), PQT12/NOBF4 ﬁlm (c), PQTS12/NOBF4 ﬁlm (d), PQT12/F4TCNQ ﬁlm
(e), and PQTS12/F4TCNQ ﬁlm (f). Out-of-plane (g) and in-plane (h) GIXRS patterns of the PQT12 ﬁlm, PQTS12 ﬁlm, and doped ﬁlms.

without any further actions to exclude the exposure of light or
humidity. Furthermore, this molecular doping by solution
processing can avoid dedoping during the measurement that
was reported to occur after vapor doping.23
To further understand the origins of σ of these polymers, we
evaluated the mobility by fabricating thin-ﬁlm transistors based
on pure polymers and doped polymers. The transistors of
PQT12 show a hole mobility of 0.027 ± 0.004 cm2 V−1 s−1, and
PQTS12 ﬁlms exhibit a hole mobility of 0.010 ± 0.002 cm2 V−1
s−1.48 The transfer and output characteristics of pure PDTDE12
and PDTDES12 are shown in Figure S9. The mobility of
PDTDE12 is 2.0 × 10−3 ± 0.3 × 10−3 cm2 V−1 s−1 in the
saturation regime, based on the measurement of six transistor
devices. From an analogous experiment, the mobility of
PDTDES12 is 1.5 × 10−4 ± 0.2 × 10−4 cm2 V−1 s−1, which
is one order lower than that of PDTDE12. Compared with
pure PQT12, the introduction of substituents decreases the
mobility of the polymers. We ﬁnd that the variation trend of
electrical conductivity of doped polymers is not consistent with
the mobility of pure polymers. This suggests the mobility of
pure polymers cannot represent the charge transport ability of
doped ﬁlms. The mobility of doped ﬁlms with high electrical
conductivity cannot be readily determined using transistors
because of signiﬁcant bulk conduction which impacts the

these polymers show relatively higher electrical conductivity
when doping with NOBF4 due to strong coupling between πconjugated backbones. Further, the amount and size of
crystalline domains in PQTS12/NOBF4 signiﬁcantly increase
compared with other combinations. Except for PDTDE12/
F4TCNQ, the addition of F4TCNQ makes negligible diﬀerence to the roughness of ﬁlms, suggesting this dopant may not
contribute to the optimization of backbone packing.
The relationship between S and σ of all doped polymers ﬁts
well with the empirical model reported by Chabinyc (Figure
S7),23 especially for high σ values, which fall on the highestperforming region of the model plot. This makes it less likely
that the Seebeck coeﬃcient does not include contributions
from ion transport, as is the case for PEDOT.13 Further
evidence against contributions to Seebeck coeﬃcient from
mobile ions is shown in Figure 7. The thermoelectric voltages
remain constant when measured in applied temperature
intervals, which is diﬀerent from the type of transient in ΔV
induced by ΔT that had been previously reported as originating
from ions in PEDOT:PSS.33 Additionally, we tested the
stability of devices in air under diﬀerent humidity levels (Figure
S8). The conductivity of PQTS12/NOBF4 and PDTDE12/
F4TCNQ did not increase even under high humidity, and it
still keeps a relatively high value even after one month in air
11153
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Figure 5. 2D-GIXRS images of the PDTDE12 ﬁlm (a), PDTDES12 ﬁlm (b), PDTDE12/NOBF4 ﬁlm (c), PDTDES12/NOBF4 ﬁlm (d),
PDTDE12/F4TCNQ ﬁlm (e), and PDTDES12/F4TCNQ ﬁlm (f). Out-of-plane (g) and in-plane (h) GIXRS patterns of the PDTDE12 ﬁlm,
PDTDES12 ﬁlm, and doped ﬁlms.

charge carrier mobility accompanying the doping. The estimation
of mobility is supported by Snyder’s model (Figure S11). For
pure polymer ﬁlms with thickness of 100 nm and a gate oxide
capacitance of 10 nF cm−2, the charge density estimated from
the output curves is on the order of 0.01 C cm−3 assuming that
a 5 V gate voltage moves the device from the oﬀ to the on state
for PQTS12 ﬁlm (10 V gate voltage needed for PDTDE12
ﬁlm). The mobility would be 0.6−6 cm2 V−1 s−1 (0.3−3 cm2
V−1 s−1 for PDTDE12 ﬁlm) for the σE0 interval between 3 ×
10−3 to 3 × 10−2 S cm−1, which indicates that the estimated
mobilities of PQTS12/NOBF4 and highly doped PDTDE12
samples agree well with this model (red pentagram). For other
doped ﬁlms, the points are also in agreement with the model.
To complete the estimate of the ﬁgure of merit, ZT, we
measure the thermal conductivities of four doped polymer
ﬁlms: F4TCNQ doped PDTDE12 and PDTDES12 along with
NOBF4 doped PQT12 and PQTS12, using a pump−probe
thermoreﬂectance-based technique (time domain thermoreﬂectance).49−51 In short, this is a noncontact optical technique
which uses a modulated laser pulse to heat the surface of the
sample, and then measures the temporal thermal decay as a
function of the change in reﬂection of the sample surface. We
ﬁt a cylindrically symmetric, multilayer Fourier heat conduction

extraction of accurate carrier mobility. Typical transistor
characteristics could not even be obtained for 2 wt %
F4TCNQ-doped PDTDE12 or PDTDES12. Therefore, we
chose two combinations, PQTS12/NOBF4 (3 wt %, molar
ratio = 0.2) and PDTDE12/F4TCNQ (0.5 wt %, molar ratio =
0.01), to fabricate transistors to test the mobilities (Figure S10).
The mobility of doped PQTS12 (0.045 ± 0.2 × 10−2 cm2 V−1
s−1) and doped PDTDE12 (0.011 ± 0.2 × 10−2 cm2 V−1 s−1) is
about ﬁve times higher than that of the pure polymer,
respectively. These data indicate the addition of small amounts
of dopant can signiﬁcantly increase the carrier density in bulk
ﬁlm. If half of the repeat units of PQTS12 are assumed to be
doped (molar ratio is 0.5) in the ﬁlm of PQTS12/NOBF4 (the
weight of the mixture is 1 g), the carrier concentration could
reach 4.2 × 1020 cm−3. The carrier concentration could reach
5.5 × 1020 cm−3 in the ﬁlm of PDTDE12/F4TCNQ (molar
ratio is 1.1) if all repeat units are assumed to be doped (detailed
calculations are included in the SI). According to the equation
σ = neμ, where n is carrier concentration and e is the
fundamental charge, the mobility μ is up to 5.2 cm2 V−1 s−1 for
doped PQTS12 and 1.6 cm2 V−1 s−1 for doped PDTDE12,
respectively. This further means that the high conductivity of
PQTS12/NOBF4 can be partly ascribed to an increase of the
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Figure 6. Illustration of doping process and packing models doped by NOBF4 and F4TCNQ, respectively.

Figure 7. Time-dependent thermoelectric voltage response under diﬀerent temperature gradients ΔT: (a) PQTS12/NOBF4 (molar ratio = 0.5), (b)
PDTDE12/F4TCNQ (molar ratio = 1.1).

■

CONCLUSION
In conclusion, we have designed and synthesized a series of ptype polymers via the structural modiﬁcation of PQT12. Two
EDOT copolymers were obtained via direct C−H arylation and
applied to solution-deposited thin-ﬁlm thermoelectrics for the
ﬁrst time. The highest σ up to 350 S cm−1 and 140 S cm−1 were
achieved for PQTS12 doped with NOBF4 and PDTDE12
doped with F4TCNQ, respectively. The electrical conductivity
value is comparatively high among nonionic, polymeric
thermoelectric materials deposited by dopant-polymer solution
processing and exhibits good stability in air on the one month
time scale. The high conductivity mainly depends on the bulk
molecular packing and charge transport in the doped ﬁlm. Our
results indicate that the mobility of the pure polymer is not a
dominant factor for achieving a high electrical conductivity,
which can be obtained by doping with the appropriate dopant,
because the doping process can change the packing of bulk ﬁlm

model to the thermal decay curve to back out thermal
properties of interest, such as thermal conductivity. Details of
the measurement, analysis, and uncertainties are discussed
further in the Supporting Information (Figure S12). The cross
plane thermal conductivity of highly F4TCNQ-doped
PDTDE12 (molar ratio = 0.85) is 0.232 ± 0.098 W m−1 K−1
with a maximum value of ZT = 0.014, and the value for
PQTS12 doped with NOBF4 (molar ratio = 0.5) is 0.461 ±
0.152 W m−1 K−1 with a maximum value of ZT = 5.11 × 10−3.
We note that these thermal conductivity values are in line with
typical thermal conductivities of electrically conducting
polymers or PEDOT:PSS.8,9,52−55
Compared with the representative examples of p-doped
conjugated polymers summarized in Table S5, the results
reported here demonstrate a signiﬁcant improvement upon the
electrical conductivity taking into account the solution mixing
of dopant and polymer and characterization in air.
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which signiﬁcantly impacts charge transport. The data ﬁt well
with two recent models of the dependence of the Seebeck
coeﬃcient on electrical conductivity and point toward further
increases in doped polymer mobilities are a likely route to
further increases in ZT for single-phase polymers.
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