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ABSTRACT: Here we report the use of two high spin pro-quinoid benzo[1,2-c;4,5-c’]bisthiadiazole (BBT) polymers for high
performance solution-processable polymer thermoelectrics. Sequential solution-phase doping using FeCl3 as p-dopant
results in very high electrical conductivities of over 300 S cm-1, even though these BBT polymers take on face-on orientation.
By optimizing the level of doping, the best thermoelectric performance with an average electrical conductivity of 232.7 ±
23.7 S cm-1, Seebeck coefficient of 49.4 ± 3.6 µV K-1 and power factor of 56.5 ± 4.3 µW m-1 K-2 is achieved. The importance of
polaron/bipolarons delocalization and triplet bipolarons to achieve high electrical conductivity and Seebeck coefficient
simultaneously is rationalized.

Benzo[1,2-c;4,5-c’]bisthiadiazole (BBT) is a strong acceptor moiety that has been incorporated into many high performance p-type, n-type and ambipolar organic small molecules and conjugated polymers for high performance
field-effect transistors (FETs).1-10 While high charge mobilities of BBT materials have been mainly attributed to their
strong π-π stacking and intermolecular S···N interactions,1,
4, 5 density functional theory (DFT) calculations revealed
that BBT polymers possess small effective mass as a result
of small bond length alternation along the polymer backbone,11 arising from its strong pro-quinoid character.12-16
DFT calculations also showed that simple BBT molecules
have open-shell singlet ground state,17-20 and such openshell singlet ground state is also known to have small singlet-triplet energy gap.21
Previously, we have shown that conjugated polymers
based on pro-quinoid weak acceptor like benzo[1,2-d;4,5d']bistriazole (BBTa26)15, 20, 22-24 can yield relatively good
performances in thermoelectrics despite their amorphous
nature due to the formation of highly delocalized polarons
that enhances Seebeck coefficient via carrier-induced softening.25 Organic thermoelectrics are becoming of interest
to the research community now as cheap, lightweight and
non-toxic wearable thermoelectrics can potentially be realized.26-32 By replacing it with a stronger pro-quinoid moiety like BBT, here we will show that it is possible to achieve
high spin triplet ground state conjugated polymers that
can simultaneously possess high electrical conductivities

() and high Seebeck coefficient when doped with FeCl3.
Our results hint that it is possible to enhance Seebeck coefficient not only via carrier-induced softening but also via
spin entropy contribution from triplet bipolaron.

Figure 1. Chemical structures of the BBT polymers used in this
manuscript.

We re-synthesized two BBT polymers (Figure 1) pBBT2T-TT and pBBT-2T-2T that were reported to possess high
FET charge mobilities ().4, 5 The two BBT polymers were
synthesized via Stille polymerization, and very high molecular weights of 103 kDa and 132 kDa were obtained for
pBBT-2T-TT and pBBT-2T-2T, respectively (Figure S2,
Supporting Information). The optical bandgaps (Eg,opt) of
pBBT-2T-TT and pBBT-2T-2T were estimated to be 0.52
eV and 0.70 eV from their thin film UV-Vis-NIR absorption
spectra, respectively. From the onset of the first oxidation
and reduction peaks in thin film cyclic voltammograms
(Figure S3, Supporting Information), the HOMO and
LUMO values of pBBT-2T-TT were estimated to be -5.09

eV and -3.84 eV, and those of pBBT-2T-2T were estimated
to be -5.06 eV and -3.79 eV, respectively. The HOMO values of these BBT polymers are similar those of the BBTa26
polymers, thus allowing effective doping (infra vide).25
a)

b)

c)

d)

Figure 2. Figure 1. a,c) GISAXS and b,d) GIWAXS linecuts of
the BBT polymers thin films annealed at 250 ℃… a,b) in-plane.
c,d) out-of-plane.

Glazing incident small and wide angle X-ray scattering
(GISAXS and GIWAXS) linecuts reveal that both BBT polymers have substantial long-range order with scattering reflexes up to the third order in the (h00) lamellae stacking
direction and the first order in the (010) π-π stacking direction when annealed at 250 ℃ (Figure 2). Without any
surface treatment on the substrates, both BBT polymers
prefer to take face-on orientation on the substrate with π
-π stacking peak at 1.79 Å −1 and 1.82 Å −1 in the out-of-plane
GIWAXS linecut for pBBT-2T-TT and pBBT-2T-2T, respectively. This differs greatly from the observed edge-on
orientation on decyltrichlorosilane-modified SiO2/Si substrates.4, 5 Regardless of polymer orientations, the π-π
stacking distances were determined to be 3.51 Å and 3.45 Å
respectively and agree very well with reported values.4, 5
The peaks centered at around 1.4 Å −1 to 1.5 Å −1 for both BBT
polymers in the in-plane and out-of-plane GIWAXS linecut
corresponded to alkyl interactions. The lack of edge-on π
-π stacking is supported by the near absence of the lamellar stacking peak in the out-of-plane GISAXS and GIWAXS
linecuts. The lamellar stacking peaks of pBBT-2T-TT and
pBBT-2T-2T were found at ～0.265 Å −1, corresponding to
23.71 Å and 23.64 Å , respectively. Based on the full width at
half maximum of all the peaks, pBBT-2T-2T appeared to
be more crystalline than pBBT-2T-TT.

Figure 3. Solid-state VT-EPR for pristine a) pBBT-2T-TT and
b) pBBT-2T-2T. Inset: structures of the BBT polymers (bottom)
and DFT calculated spin density of their ground state triplet
(for 2 repeating unit). SQUID data at 8000 Oe for pristine c)
pBBT-2T-TT and d) pBBT-2T-2T fitted using a modified
Bleaney-Bowers equation (red line).

Density functional theory (DFT) calculations for their dimers in the gas phase were found to possess open-shell triplet ground states (Figure 3a & 3b, inset). From time-dependent DFT (TDDFT) calculations, the dimer of pBBT2T-TT has T1 and T2 that are 8.53 kcal/mol and 5.53
kcal/mol lower in energy than the open-shell S1, respectively. The dimer of pBBT-2T-2T has T1 and T2 that are 8.30
kcal/mol and 6.69 kcal/mol lower in energy than the openshell S1, respectively. The dimers also show perfectly planar
structures with all dihedral angles found to be 0 ° (Figure
S4, Supporting Information). Variable-temperature electron paramagnetic resonance (VT-EPR) measurements of
the BBT polymers in the solid state (Figure 3a & 3b) revealed that their EPR intensities increase with decreasing
temperature, indicating triplet ground state.33 Such high
spin triplet ground state organic materials with isolatable
stability are considerably rare,21 and there is only one very
recent report for conjugated polymer (without radical pendant groups) having a singlet-triplet gap of 9.3 x 10-3
kcal/mol.34 To experimentally determine the singlet-triplet
gap of the BBT polymers, we measured the temperaturedependent magnetic susceptibility using superconducting
quantum interference device (SQUID). Taking into account the highly planar polymer backbone and the substantial long-range order in GISAXS/GIWAXS of the BBT
polymers, we foresee that their triplet states will have antiferromagnetic coupling between polymer chains, similar
to the antiferromagnetic coupling observed in π -radical/biradical.35-37 For simplicity, we assumed this interchain antiferromagnetic coupling is independent of the intrachain ferromagnetic coupling in the triplet state. Thus

the measured magnetic susceptibility of the overall system
measured takes the form:

measured = AFM + FM + TIP
where FM is the magnetic susceptibility due to the ferromagnetic coupling from the triplet state, AFM is the magnetic susceptibility due to the antiferromagnetic coupling
between polymer chains and TIP is the temperature-independent paramagnetism arising from the coupling between a magnetic ground state and non-thermally populated excited states.38 Both FM and AFM can be expressed
by the Bleaney-Bowers equation.39 Careful fitting the
SQUID data (Figure 3c & 3d) resulted in ferromagnetic
coupling constant (JFM) and antiferromagnetic coupling
constants (JAFM) of +0.09 and -0.55 kcal per mole repeating
unit for pBBT-2T-TT and +0.02 and -0.63 kcal per mole repeating unit for pBBT-2T-2T, respectively. The average
number of repeating units in the BBT polymers was estimated to be at least 20 based on their molecular weights.
This leads to a JFM and JAFM of at least +1.75 and -11.05
kcal/mol for pBBT-2T-TT and +0.36 and -12.50 kcal/mol
for pBBT-2T-2T. Both JFM and JAFM trends agree well with
the DFT calculated S0-T1 gaps and the GISAXS/GIWAXS
data; a larger calculated S0-T1 gap corresponded to a larger
|2JFM| (S0-T1 gap  2JFM), a higher crystallinity and a smaller
π-π stacking distance corresponded to a larger |JAFM|.

Figure 4. Evolution of thin film UV-Vis-NIR absorption spectra of a) pBBT-2T-TT and b) pBBT-2T-2T polymers immersed
in 5 mM solution of FeCl3 in acetonitrile as a function of time.
Electrical conductivity, Seebeck coefficient and power factor
of c) pBBT-2T-TT and d) pBBT-2T-2T devices immersed in 5
mM solution of FeCl3 in acetonitrile as a function of time.

The polymer films were p-doped by immersing the spincoated films into 5 mM FeCl3 solution in acetonitrile for
different durations. We note that the film thickness affects
the level of doping as the doping process is diffusion-limited. In our experiments, the thicknesses of the films were

consistently kept at around 60 nm. The UV-Vis-NIR absorption spectra of the doped films are shown in Figure 4a
and 4b. Even in such a dilute FeCl3 solution, the BBT polymers can be easily doped and the extent of doping can be
controlled by the duration of the immersion. The polaron/bipolaron absorptions at longer and shorter wavelength are assigned to be the P1/BP1 and P2/BP2 transitions
of lightly doped conjugated polymers, respectively.40, 41 The
P1/BP1 transition λmax for both BBT polymers occurred at
wavelength greater than 3100 nm (or lower than 0.4 eV),
suggesting the polarons/bipolarons in these polymers are
highly delocalized.42, 43 As a comparison, we also measured
the solution UV-Vis-NIR absorption of FeCl3-doped BBT
polymers (Figure S7, Supporting Information) and found
that the P1/BP1 transition λmax for both polymers occurs at
wavelength greater than 3100 nm, indicating that even in
the absence of intermolecular interactions the polarons/bipolarons are highly delocalized within the polymer backbone and this is a result of the highly planar polymer backbone and quinoid character arising from the BBT moiety.
The TE properties of the FeCl3-doped BBT polymers are
shown in Figure 4c and 4d. Electrical resistance (R) was
measured across the gold contacts at room temperature.
The doped polymer films have thicknesses (t) around 60
nm. σ was obtained from the device using the formula σ =
W/(R x t x L) where W = width of channel between the gold
electrodes (0.2 cm), R = measured resistance, t = thickness
of film and L = length of electrode (1.7 cm). The Seebeck
coefficient was measured by a custom-made setup with a
Peltier heater (298 K + ΔT) and a Peltier cooler (298 K)
used to vary the temperature gradient (≈ 2 K) across the
two ends of the coated thin film and induce a thermal voltage. Two K-type thermocouples, with a diameter of 0.20
mm, were placed on the coated thin film alongside two
electrical probes which were connected to a Keithley 2400
sourcemeter. The Seebeck coefficient value was then derived from a linear fit of the measured ΔV versus ΔT graph.
At least 5 devices were fabricated and measured for each
polymer and immersion time. With increasing immersion
time from 1 to 10 sec,  increases from an average value of
69.9 S cm-1 to 287.0 S cm-1 for pBBT-2T-TT and 100.6 S cm1 to 313.9 S cm-1 for pBBT-2T-2T. The very high  came as a
surprise as these BBT polymers were found to possess faceon orientation that does not permit high . Indeed our
field-effect measurements revealed the  for pBBT-2T-TT
and pBBT-2T-2T were 0.02 cm2 V-1 s-1 and 0.25 cm2 V-1 s-1,
respectively. These values are one to two orders of magnitude lower than the reported ones due to the absence of
substrate surface treatments.4, 5 The high  after p-doping
despite the low  in pristine films suggests that the polarons/bipolarons are very well-delocalized in doped BBT polymer films. As compared to our previous work on another
pro-quinoid moiety based on 2,6-dialkylated benzobistriazole,25 the highly crystalline BBT polymers have well delocalized polarons/bipolarons not only within the polymer
chain (intramolecular) but also between polymer chains
(intermolecular) due to their crystalline nature. The latter
is made possible by their very high molecular weights44

since these BBT polymers have exclusive face-on orientation on the substrate that does not permit high lateral .
The extensive intra- and intermolecular delocalized polaron/bipolarons resulted in not only very high σ but also
enhancement in the Seebeck coefficient via carrier-induced softening.25, 45 The Seebeck coefficient measured decreases from an average value of 65.4 to 37.5 µV K-1 for
pBBT-2T-TT and 46.6 to 32.8 µV K-1 for pBBT-2T-2T.
These measured Seebeck coefficients are very respected
values as compared to conjugated polymers with comparable .46 As a result of the high  and Seebeck coefficient,
the highest average power factor achieved was 56.5 µW m1 K-2 for pBBT-2T-TT and 34.0 µW m-1 K-2 for pBBT-2T-2T.
The best power factor achieved was 65.2 µW m-1 K-2 for
pBBT-2T-TT and 43.5 µW m-1 K-2 for pBBT-2T-2T. These
power factors are one of the highest reported for solution
doped conjugated polymers.
We note that the Seebeck coefficient of pBBT-2T-TT is
larger than that of pBBT-2T-2T at all doping levels. We
used the equation  = ηeμ to calculate the carrier concentration of the doped films, where η is the mobile carrier
concentration and e is the elementary charge. Based on the
field-effect transistor μ, η of pBBT-2T-TT is estimated to
be about an order of magnitude higher than pBBT-2T-2T
at all measured doping levels, which should lead to a lower
Seebeck coefficient. From their π-π stacking distances
and crystallinity, the enhancement in Seebeck coefficient
in pBBT-2T-TT due to carrier-induced softening should be
equal or if not lower than pBBT-2T-2T. However in materials with strong electron–electron interaction, the spin degrees are predicted to produce a large contribution of the
Heikes form:
Seebeck coefficient per electron =

𝑘𝐵 ln(𝑔𝑠 𝑔𝑐 )
𝑒

where kB is the Boltzmann constant, gs and gc are spin and
configuration degeneracy, and e = elementary charge.47-50
Hence we speculate that the BBT polymers form not only
polarons upon doping but also bipolarons, in which the latter consists of a substantial amount of triplet bipolarons
instead of singlet bipolarons for pBBT-2T-TT while
only/predominantly singlet bipolarons for pBBT-2T-2T
based on their S0-T1 gaps. This is supported by DFT calculations for the dications of their dimers, where the pBBT2T-TT dimer dication has triplet ground state and the
pBBT-2T-2T dimer dication has open-shell singlet ground
state (Figure S5, Supporting Information). The S0-T1 gaps
for pBBT-2T-TT and pBBT-2T-2T dimer dications were
calculated to be 4.90 kcal/mol and -9.90 kcal/mol, respectively. The large negative S0-T1 gap for pBBT-2T-2T dimer
dication suggests that even with larger number of repeating units, the bipolarons of pBBT-2T-2T are likely to remain as open-shell singlet. The theoretical spin entropy
contribution to the Seebeck coefficient from the triplet bi𝑘
polaron is 𝐵 𝑙𝑛3 ≈ 95 µV K-1. However, due to the strong
𝑒
interchain JAFM (JAFM ≈ 6.3 x JFM in the pristine pBBT-2T-TT.
Here we assume that JAFM ≈ 6.3 x JFM in the doped pBBT2T-TT as well.), the overall spin entropy contribution is expected to be diminished by a factor of 6.3, i.e., the observable spin entropy contribution should be around 15 µV K-1.

This additional spin entropy contribution from pBBT-2TTT’s triplet bipolaron to Seebeck coefficient is consistently
observed for pBBT-2T-TT at moderate level of doping
when we compare the Seebeck coefficient of pBBT-2T-TT
to that of pBBT-2T-2T (Figure S8, Supporting Information),
where the latter is expected to form singlet bipolaron according to DFT calculations. At high level of doping (immersion time 10s), it is possible that trications (doublet)
are formed for both BBT polymers, thereby removing the
triplet bipolaron spin entropy contribution.
In conclusion, we have demonstrated the use of proquinoid moiety in conjugated polymers to be an effective
strategy to achieve excellent performance in thermoelectrics when the polymers possess high long-range order.
The strong quinoid character of the BBT polymers allows
extensive intramolecular delocalization of the polarons/bipolarons upon doping while their strong π-π stackings
and long-range order allow extensive intermolecular delocalization despite having face-on orientation, leading to
very high  of over 300 S cm-1. Such extensive intra- and
intermolecular delocalization of polarons/bipolarons also
leads to huge enhancement in Seebeck coefficient via carrier-induced softening. Based on DFT calculations, triplet
bipolaron was found to be more stable in pBBT-2T-TT
while singlet bipolaron was found to be more stable for
pBBT-2T-2T. We believe the formation of triplet bipolaron
in doped pBBT-2T-TT is the origin of its larger Seebeck coefficient despite its high . By optimizing the level of doping, the best thermoelectric performance with an average
 of 232.7 ± 23.7 S cm-1, Seebeck coefficient of 49.4 ± 3.6 µV
K-1 and power factor of 56.5 ± 4.3 µW m-1 K-2 was achieved,
making these BBT polymers one of the best performing solution-phase doped conjugated polymers for thermoelectrics. Based on our results, it is envisaged that it is possible
to simultaneously achieve high  and Seebeck coefficient
by introducing pro-quinoid structures into conjugated polymers, as well as utilizing triplet bipolarons to further enhance Seebeck coefficient.
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