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Abstract: Acceptor-acceptor (A-A) copolymerization is an effective 
strategy to develop high-performance n-type conjugated polymers. 
However, the development of A-A type conjugated polymers is 
challenging due to the synthetic difficulty. Herein, a distannylated 
monomer of strong electron-deficient double B←N bridged bipyridine 
(BNBP) unit is readily synthesized and used to develop A-A type 
conjugated polymers by Stille polycondensation. The resulting 
polymers show ultralow LUMO energy levels of -4.4 eV, which is 
among the lowest value reported for organoboron polymers. After n-
doping, the resulting polymers exhibit electric conductivity of 7.8 S 
cm-1 and power factor of 24.8 μW m-1 K-2. This performance is 
among the best for n-type polymer thermoelectric materials. These 
results demonstrate the great potential of A-A type organoboron 
polymers for high-performance n-type thermoelectrics. 

Introduction 

Conjugated polymers have received great attention because 
of their applications in organic opto-electronics, e.g. organic light 
emitting diodes (OLEDs), organic field-effect transistors (OFETs), 
organic solar cells (OSCs), organic photodetectors (OPDs), and 
organic thermoelectrics (OTEs).[1-3] They have the great 
advantages of flexibility and solution processing with low cost.[1] 
The majority of high-performance conjugated polymers are D-A 
type polymers consisting of electron-donating (D) building blocks 
and electron-accepting (A) building blocks.[4] Recently, great 
attention has been paid to A-A type conjugated polymers 
composed of all electron-accepting building blocks.[5-9] The 
development of n-type polymer semiconductors lags far behind 
that of p-type counterparts in terms of material diversity and 
device performance.[10,11] The A-A strategy is an effective route 
to design n-type polymer semiconductors.[6] Moreover, the 
absence of intramolecular charge transfer (ICT) characteristics 
in A-A type polymers would facilitate the more delocalized 
excitons/polarons, which favor the intrachain charge 
transport.[10a,12] Therefore, device performance of A-A type 
polymers have reached some milestone, i.e. 3 cm2 V-1 s-1 
electron mobility (μe) in OFETs,[5] 14% power conversion 
efficiency (PCE) in OSCs,[9] 50 μW m-1 K-2 power factor in n-type 
OTEs.[8a]  

Despite of such promises, the development of A-A type 

 

Scheme 1. Chemical structures of the di-stannyl monomers of electron-
accepting building blocks reported a) in literatures and b) in this work, R = 
alkyl chains. c) Chemical structures of PBN-18 and PBN-19. 

polymers is challenging due to the synthetic difficulty.[6a] 
Although Suzuki polymerization, Ullmann reaction, Yamamoto 
polymerization, etc, have been used to synthesize A-A type 
polymers, the resulting polymers always show low molecular 
weights and high content of structural defects.[6a] High-
performance A-A type polymers are always prepared by Stille 
polymerization employing di-stannyl monomer and di-bromo 
monomer.[6b,13] Di-stannyl monomers of electron-accepting 
building blocks are usually unstable and are difficult to 
synthesize.[14] Moreover, in Stille polycondensation, di-stannyl 
monomers of electron-accepting building blocks often show 
poorer reactivity than that of typical di-stannyl monomers of 
electron-donating building blocks, which are used in 
conventional D-A type polymers. As a result, A-A type 
conjugated polymers prepared by Stille polycondensation also 
often show low molecular weights.[6a,15] Therefore, it is important 
but challenging to design di-stannyl monomers of electron-
accepting building blocks and prepare A-A type polymers with 
high molecular weight. 

Scheme 1a shows the chemical structures of representative 
di-stannyl monomers of strong electron-accepting building 
blocks reported in literatures, e.g. naphthalene diimide[14a] and 
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bithiophene imide.[6b] These strong electron-accepting building 
blocks are based on imide unit. Boron-nitrogen coordination 
bond (B←N) is another strategy to design electron-accepting 
building blocks.[16] Our group has previously reported double 
B←N bridged bipyridine (BNBP) as another kind of strong 
electron-accepting building block.[17] In this manuscript, we 
report the di-stannyl monomer of BNBP unit (see Scheme 1b), 
which can be readily synthesized and show excellent reactivity 
in Stille polymerization, and enable the synthesis of A-A type 
conjugated polymers with high molecular weights. The 
previously reported D-A type polymers based on BNBP exhibit 
LUMO energy levels (ELUMO) of -3.3 eV ~ -3.7 eV,[18] which are 
inadequate for n-doping and prevent n-type thermoelectric 
application.[10] In contrast, the A-A type polymers based on 
BNBP show ELUMO of as low as -4.4 eV. After n-doping, the 
BNBP-based A-A type polymers exhibits electric conductivity (σ) 
of up to 7.8 S cm-1 and power factor (PF) of as high as 24.8 μW 
m-1 K-2. This performance is among the highest for n-type 
polymer thermoelectric materials.[8,10,19] These results 
demonstrate the great potential of A-A type organoboron 
conjugated polymers for high-performance n-type 
thermoelectrics. 

Results and Discussion 

BNBP Monomer Synthesis. The di-stannyl monomers of BNBP, 
2a and 2b, were synthesized following the method reported by 
Marder et al.[14a] We have previously prepared the dibrominated 
BNBP (1a and 1b). As shown in Scheme 2, the distannylated 
BNBP were prepared by Stille coupling of dibrominated BNBP 
and excessive hexabutylditin. The distannylated monomers of 
BNBP are very stable at ambient condition and can be purified 
by silica gel chromatography. Their chemical structures were 
confirmed by 1H NMR and 13C NMR. 

Molecular Design of the Polymers. Scheme 1c shows the 
chemical structures of the two BNBP-based A-A type polymers, 
PBN-18 and PBN-19. We select benzo[1,2-c:4,5-c′]-
bis[1,2,5]thiadiazole (BBT) and thieno[3,4-c]pyrrole-4,6-dione 
(TPD) dimer as the electron-accepting copolymerizing units to 
prepare the two A-A type organoboron polymers. BBT is well 
known for its ultrastrong electron-deficient property and 
quinoidal character.[20] Copolymerization of BNBP and BBT is 
expected to give ultralow LUMO energy level of the resulting A-A 
type polymer. TPD has been widely used to design p-type 
conjugated polymers for applications in high-performance OSCs 
and OFETs because of its medium electron-deficient property 
and planar configuration.[21] However, TPD has been rarely used 
to design n-type polymer semiconductors.[22] The 
copolymerization of BNBP unit with TPD dimer unit is expected 
to give a pseudo-straight configuration of the polymer backbone, 
which would facilitate ordered stacking of the polymer chains in 
solid state.[18a] To guarantee solubility of polymers, we attach 
branched 2-dodecylhexadecyl side chains to the BNBP unit in 
PBN-18 and we use straight dodecyl side chains on both BNBP 
and TPD unit in PBN-19 (Scheme 1c). 

Synthesis and Characterization. The synthetic routes to the 
two polymers are illustrated in Scheme 2. The synthetic 
procedures are provided in the Supporting Information. The  

 

Scheme 2. Synthetic routes of PBN-18 and PBN-19. (Reagents and 
conditions: ⅰ) Sn2(n-C4H9)6, Pd2(dba)3, P(o-tolyl)3, toluene, 115 oC. ⅱ) Pd2(dba)3, 
P(o-tolyl)3, toluene, 115 oC) 

dibrominated monomer of BBT (3) was commercially available. 
The dibrominated monomer of dimeric TPD unit (4) was 
synthesized following the previously reported methods.[21] Stille 
polycondensation between 2a and 3,  2b and 4 gave PBN-18 
and PBN-19, respectively. The chemical structures of the two 
polymers were confirmed by 1H NMR and elemental analysis. 
Gel permeation chromatography (GPC) with 1,2,4-
trichlorobenzene as the eluent at 150 oC indicates number-
average molecular weights (Mn)/polydispersity indexes (PDI) of 
25.0 kDa/2.53 for PBN-18 and 15.1 kDa/2.95 for PBN-19, 
respectively (Table 1, Figure S1 of the Supporting Information). 
Most of A-A type conjugated polymers have Mn of lower than 
10.0 kDa.[6a] The high Mn of PBN-18 and PBN-19 suggest 
excellent reactivity of the distannylated monomers of BNBP in 
Stille polycondensation. PBN-18 and PBN-19 are readily soluble 
in common organic solvents, e.g. chloroform, chlorobenzene. 
According to thermogravimetric analysis (TGA), the two 
polymers show excellent thermal stability with thermal 
decomposition temperatures (Td) at 5% weight loss of higher 
than 330 oC (Table 1, Figure S2 of the Supporting Information). 

DFT Calculations. To study the configuration of the polymer 
backbones of PBN-18 and PBN-19, we performed density-
functional theory (DFT) calculations at the B3LYP/6-31G** level 
with their dimers or tetramers.[23] Figure 1a and 1b show the 
optimized configuration of the dimers of PBN-18 and PBN-19, 
respectively. The dihedral angle between the BNBP unit and the 
BBT unit (θ) in PBN-18 is 33o, indicating twisted polymer 
backbone. For PBN-19, the dihedral angle between the BNBP 
unit and the TPD unit (θ1) is 6o, the dihedral angle between the 
two adjacent TPD units (θ2) is 0o, indicating coplanar 
conformation of the polymer backbone. Furthermore, the 
distance between the O atom of the TPD unit and the H atom of 
the BNBP unit (dO-H = 2.09 Å) is smaller than the sum of van der 
Walls radii of O and H (1.40 Å and 1.20 Å), indicating the 
presence of intramolecular hydrogen bonding. The distance 
between the O atom and the S atom of the two adjacent TPD 
units is 2.88 Å, which is obviously smaller than the sum of van  
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Figure 1. DFT-optimized geometry of the dimers of the polymer backbone of 
PBN-18 a) and PBN-19 b). The calculated dihedral angles between BNBP and 
BBT units (θ), between BNBP and TPD units (θ1), between two adjacent TPD 
units (θ2), and the distances of O-H (dO-H) and O-S (dO-S) are shown. c) 
Schematic illustration of the backbone shapes of the tetramers based on DFT 
calculation. All of the long alkyl chains have been replaced by methyl groups 
for simplification. 

der Walls radii of O and S (1.40 Å and 1.84 Å). This suggests 
the presence of intramolecular non-covalent O-S interaction. 
The above results indicate that  the coplanar conformation of 
PBN-19 backbone is “locked” by the intramolecular O-H and O-
S interactions.[24] This fully-locked coplanar conformation may 
lead to strong coupling between adjacent unit, improve the 
formation of extended excitons/polarons with long delocalized 
length, and finally improve intrachain charge transport.[10] As 
shown in Figure 1c, the tetramers of both the two polymer 
backbones show (pseudo-)straight configuration, which is 
expected to facilitate ordered stacking of polymer chains in solid 
state.[18a]  

Opto-electronic Properties. The LUMO/HOMO energy levels 
(ELUMO/EHOMO) of PBN-18 and PBN-19 were estimated by cyclic 
voltammetry (CV) with their thin films. The cyclic voltammograms 
were shown in Figure 2a. The two polymers exhibit both 
reduction and oxidation waves. According to the onset potential 
of reduction/oxidation waves, the ELUMO/EHOMO of PBN-18 and 
PBN-19 are estimated to be -4.43/-5.88 eV and -4.02/-5.94 eV, 

 

Figure 2. Cyclic voltammograms a) and UV-vis absorption spectra b) of PBN-
18 and PBN-19 in thin films. 

respectively (see Table 1). The ELUMO/EHOMO values of the two A-
A type polymers are much lower than those of the BNBP-based 
D-A type conjugated polymers reported previously.[18] Moreover, 
the ELUMO value of PBN-18 is among the lowest reported so far 
for organoboron polymers.[25] The ultralow ELUMO values are 
attributed to the strong electron-withdrawing capabilities of both 
the BNBP unit and the BBT/TPD copolymerization units. Such 
ultralow ELUMO is considered to be very appealing for n-type 
thermoelectric applications. They may thermodynamically 
facilitate electron transfer between the polymers and n-dopants, 
and thus improve n-doping efficiency and enhance electric 
conductivity of the organoboron polymers.[10]  

The ultraviolet-visible (UV-vis) absorption spectra of PBN-18 
and PBN-19 in thin films are shown in Figure 2b, and the 
corresponding data are listed in Table 1. PBN-18 shows two 
absorption bands with the maximum absorption wavelength (λmax) 
at 495 nm and 753 nm, respectively. The onset absorption 
wavelength of PBN-18 is 912 nm, corresponding to a narrow 
optical bandgap (Eopt 

g ) of 1.36 eV. The ultralow Eopt 
g is attributed to 

the quinoidal character of BBT units in PBN-18.[20] PBN-19 
exhibits the maximum absorption wavelength of 655 nm. 
According to the onset absorption wavelength, the Eopt 

g of PBN-19 
is estimated to be 1.76 eV. 

To estimate the charge-transporting properties of the two 
polymers, we fabricated OFET devices with the top-gate/bottom-
contact (TG/BC) structure of Si/SiO2/Au/active layer/poly(methyl 
methacrylate) (PMMA)/Au (see Supporting Information). The 
active layers were spin-coated with the polymer solutions on Au 
deposited Si/SiO2 substrates. Both the two organoboron 

Table 1. Molecular weights (Mn), polydispersity indexes (PDI), thermal decomposition temperatures (Td), energy levels, maximum absorption wavelength (λmax), 
optical bandgap (Eopt 

g ), OFET electron mobilities (μe) of PBN-18 and PBN-19.  

Polymer Mn 
[kDa] PDI Td 

[oC] 
Ered 

onset
 

[V]a 
Eox 

onset
 

[V]a 
ELUMO 
[eV] 

EHOMO 
[eV] 

λmax 
[nm] 

Eopt 
g  

[eV] 
μe 

[cm2 V-1 s-1]b 

PBN-18 25.0 2.53 330 -0.37 1.08 -4.43 -5.88 495/753 1.36 3.3×10-6 

PBN-19 15.1 2.95 361 -0.78 1.14 -4.02 -5.94 655 1.76 2.9×10-2 
a Onset potential vs. Fc/Fc+. b Average values from four devices. 
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Figure 3. Transfer curves of the OFET device based on PBN-18 a) and PBN-
19 b). 

polymers exhibit unipolar electron transporting behaviors (Figure 
3), which are ascribed to their extremely low ELUMO/EHOMO values. 
The electron mobilities (μe) of PBN-18 and PBN-19 are 
measured to be 3.3×10-6 cm2 V-1 s-1 and 2.9×10-2 cm2 V-1 s-1, 
respectively. The unsatisfactorily low μe of PBN-18 is probably 
ascribed to its twisted polymer backbone and poor stacking of 
polymer chains in thin film (vide infra). 

 

Figure 4. XRD patterns of the drop-cast films of PBN-18 and PBN-19 in the 
out-of-plane direction a) and the in-plane direction b). 

Molecular Stacking in Thin Film. We performed X-ray 
diffraction (XRD) measurements with the drop-cast thin films of 
PBN-18 and PBN-19. Figure 4 shows the XRD patterns of the 
two polymers in the out-of-plane direction and the in-pane 
direction. PBN-18 shows broad (010) diffraction peak in the out-
of-plane direction and weak (100) diffraction peak in the in-plane 
direction, suggesting poor packing of polymer chains with 
dominant face-on orientation. According to the (010) diffraction 
peak, the π-π stacking distance (dπ-π) is estimated to be 4.3 Å. 
The low crystallinity and relatively large dπ-π of PBN-18 are due 
to its twisted polymer backbone. For PBN-19, strong (100) and 
(010) diffraction peaks can be observed in both the out-of-plane 
direction and in-plane direction, suggesting mixed face-on/edge- 

 

Figure 5. UV-vis-NIR absorption spectra of PBN-18 a), PBN-19 b) and EPR 
spectra of the two polymers c) in thin film before and after TDAE doping (tvapor 
= 10 s for PBN-18, tvapor = 3 h for PBN-19). The inset of a) is the chemical 
structure of TDAE. The inset of b) is the optical images of PBN-19 films. 

on orientation of the polymer chains. The bimodal orientation is 
appealing for thermoelectric applications because it favors 
accommodation of dopant or dopant cation in polymer film and 
facilitates charge transporting.[8a] According to the (010) 
diffraction peak, the dπ-π of PBN-19 is estimated to be 3.7 Å, 
indicating close packing of polymer chains. Besides, PBN-19 
shows high crystallinity because the (300) diffraction peak can 
be clearly observed in the out-of-plane direction. The mixed 
face-on/edge-on orientation, small π-π stacking distance and 
high crystallinity of PBN-19 suggest excellent thermoelectric 
performance.[10] 

n-Doping Behaviors. The ultralow ELUMO of PBN-18 and PBN-
19 motivate us to investigate their n-doping behaviors. To dope 
the two polymers, we used tetrakis(dimethylamino)ethylene 
(TDAE) (see the inset of Figure 5a, commercially available) as 
the n-dopant and exposed the polymer thin films to the TDAE 
vapor. The doping behaviors were studied by UV-vis-NIR 
absorption spectroscopy and electron paramagnetic resonance 
(EPR) spectroscopy (Figure 5). As shown in Figure 5a, the 
pristine PBN-18 film shows two absorption bands at 495 nm and 
753 nm. After exposure in TDAE vapor for ten seconds, the film 
shows greatly decreased absorbance at 495 nm and 753 nm 
accompanying with the appearance of a new strong absorption 
band at 900 nm - 1500 nm region. Similar trends are also 
observed for the absorption spectra of PBN-19 upon TDAE  
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Figure 6. Electrical conductivities of a) PBN-18 and b) PBN-19 films exposed 
to TDAE vapor for different periods. c) Seebeck coefficients and power factors 
of PBN-19 films exposed to TDAE vapor for different periods. 

exposure for three hours (Figure 5b). The change of absorption 
spectra is clearly reflected by the color of the films (the inset of 
Figure 5b). The intensity of the new absorption band increases 
as the TDAE exposure time increases (Figure S4 of the 
Supporting Information). The new absorption bands at the low 
energy region of the two doped polymers are attributed to the 
(bi)polaron-induced transitions. The changes of absorption 
spectra imply effective n-doping of the two polymers upon TDAE 
exposure.[10] Compared with PBN-19, PBN-18 shows more 
pronounced change in the absorption spectra even at  shorter 
doping time, implying higher doping degree. This is possibly 
ascribed to the weaker crystallinity and less compact π-stacking 
of polymer chains of PBN-18, which facilitate permeation of 
TDAE molecules into the bulk film. The n-doping of the two 
polymers is confirmed by the EPR results. As shown in Figure 
5c, the two pristine films both show no signals in the EPR 
spectra, while the films show strong signals after TDAE 
exposure, indicating the presence of unpaired electrons in the 
doped films. The n-doping behaviors are predominantly 
attributed to the ultralow ELUMO of the two A-A type organoboron 
polymers. 

Thermoelectric Performance. The electrical conductivity (σ) of 
the doped films of the two polymers was measured with the two-
probe or four-probe method (Supporting Information, Figure S5). 
Figure 6a and 6b show the dependence of σ values on TDAE 
vapor exposure time of PBN-18 and PBN-19, respectively. The 
optimal σ value of PBN-18 is obtained at the exposure time of 10 
seconds, while the optimal σ value of PBN-19 is obtained with  

Table 2. The optimal thermoelectric characteristics of PBN-18 and PBN-19 
doped with TDAE.  

Polymer σmax
 

[S cm-1] 
S[a] 

[μV K−1] 
PFmax 

[µW m−1 K−2] 

PBN-18 6.6×10-5 - - 

PBN-19 7.8 -178.8 24.8 

[a] Seebeck values at PFmax. 

the exposure time of 3 hours. The maximum σ values (σmax) are 
evaluated to be 6.6×10-5 S cm-1 for PBN-18 and 7.8 S cm-1 for 
PBN-19, respectively (Table 2). The relatively low σ value of 
doped PBN-18 is ascribed to its low electron mobility. 
Noteworthy, the σ value of PBN-19 is higher by nearly four times 
of magnitude than that in our first report of n-type organoboron 
thermoelectric polymer (σ = ca. 1×10-3 S cm-1).[12a] PBN-19 has 
moderate electron mobility, but shows high electrical 
conductivity after n-doping. The possible reason is that the 
charge carrier concentration of PBN-19 after n-doping is very 
high.[10] 

Then we estimated the Seebeck coefficients (S) of the 
doped PBN-19 films by measuring the thermovoltage (Vtherm) at 
a certain temperature difference (ΔT) (Supporting Information, 
Figure S6). We failed to collect the Vtherm of the doped PBN-18 
film due to its low electrical conductivity. The doped PBN-19 
films exhibit negative Seebeck coefficients, suggesting electron-
dominant transport. With increased n-doping time, the Seebeck 
coefficients of the doped PBN-19 films gradually decrease 
(Figure 6c) because of the negative correlation between 
Seebeck coefficients and charge carrier concentration. The 
power factors (PF) of the doped PBN-19 films were calculated 
with the formula of PF = S2σ (see Figure 6c). The maximum PF 
values (PFmax) is estimated to be 24.80 µW m−1 K−2 (Table 2). 
This value is higher by three times of magnitude than that of our 
first report of n-type organoboron thermoelectric polymer (PF = 
0.02 µW m−1 K−2).[12a] Most importantly, the PF value of PBN-19 
is fairly comparable to those of the mainstream solution-
processed n-type polymer thermoelectric materials.[8,10,19] This 
result experimentally proves the promising application of A-A 
type organoboron polymers for efficient n-type organic 
thermoelectrics. 

The morphology of the PBN-19 films before and after n-  

 

Figure 7. AFM height images (a,c) and phase images (b,d) of PBN-19 thin 
films before doping (a,b) and after doping upon TDAE exposure for 3 hours 
(c,d). The root-mean-square (rms) surface roughness is provided in the height 
images. The scale size is 3 μm × 3 μm. 
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doping was studied using atomic force microscopy (AFM) and 
XRD. Figure 7 shows the AFM height and phase images of the 
films before and after n-doping. The pristine PBN-19 film shows 
smooth surface with fibrous structures (Figure 7a,b). After 
exposed to TDAE vapor for 3 hours, the film surface become a 
little rougher while the fibrous nanostructure is preserved (Figure 
7c,d). Concurrently, the XRD pattern of PBN-19 keeps nearly 
unchanged after the n-doping (Figure S7 of the Supporting 
Information). Based on these results, we speculate that the 
doping with TDAE occurs predominantly at the amorphous 
region of the film and that the TDAE molecules do not interrupt 
the ordered stacking of polymer backbones. The doped 
morphology of PBN-19 films supports its relatively high electrical 
conductivity and thermoelectric performance. 

Conclusion 

In conclusion, a distannylated monomer of strong electron-deficient 
BNBP is readily synthesized and used to develop A-A type 
conjugated polymers with high molecular weights. The A-A type 
organoboron polymers show ultralow ELUMOs of -4.4 eV. After n-
doping by TDAE, the A-A type organoboron polymers exhibit σ of up 
to 7.8 S cm-1 and PF of as high as 24.8 μW m-1 K-2. This 
performance is among the highest for n-type polymer thermoelectric 
materials. These results demonstrate the great potential of A-A type 
organoboron conjugated polymers for high-performance n-type 
thermoelectrics. 
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A distannylated monomer of strong electron-deficient double B←N bridged bipyridine  (BNBP) is readily synthesized and used to develop 
acceptor-acceptor (A-A) type conjugated polymers by Stille polycondensation. The resulting polymers show ultralow LUMO energy levels and 
can be effectively n-doped, and thus lead to excellent thermoelectric performance.  
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