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Narrow bandgap conjugated polymers have received great attention due to their wide applications in
optoelectronic devices. Because of the synthetic difficulty, it is greatly challenging to develop n-type
conjugated polymers with a narrow bandgap with quinoidal character. Herein, we report an n-type
narrow-bandgap organoboron polymer with quinoidal character, PBN-TP. PBN-TP is designed with
alternating units of BNBP (double B < N bridged bipyridine) and quinoidal TP (thieno[3,4-blpyrazine).
Direct arylation polymerization of the di-bromo BNBP unit and the di-hydro TP unit affords the
organoboron polymer with a high number-average molecular weight of 28.3 kDa. Compared with
the control polymer with alternating units of BNBP and thiophene, PBN-T, the replacement of the
thiophene unit with a quinoidal TP unit reduces the bond length alternation (BLA) of carbon-carbon
bonds and planarized the polymer backbone of PBN-TP, leading to an enhanced contribution of the
polymer quinoidal resonance structure. As a result, compared with PBN-T, PBN-TP shows a much
reduced bandgap of 1.50 eV, which is among the lowest reported for n-type organoboron polymers
based on BNBP. Moreover, due to the low LUMO energy level, PBN-TP could be readily n-doped and
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used as an n-type polymer thermoelectric material. This work provides a new n-type narrow bandgap
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Introduction

Narrow bandgap conjugated polymers have received great atten-
tion because of their wide applications in organic photovoltaics
(OPV),"* organic photodetectors (PDs)>® and organic field-effect
transistors (OFETs).”® Generally, there are two strategies to design
conjugated polymers with a low bandgap, i.e. the electron donor-
acceptor (D-A) structure and quinoidal structure.”’® D-A
type conjugated polymers have been intensively studied and
have exhibited excellent organic optoelectronic device perfor-
mance.'" ™ In comparison, there are probably fewer conjugated
polymers with quinoidal character known than polymers with a
D-A structure.”®® There are fewer n-type conjugated polymers
than p-type conjugated polymers.””'® It is interesting to design
n-type narrow-bandgap conjugated polymers with quinoidal char-
acter. However, the synthesis of this kind of conjugated poly-
mers is challenging. Di-stannyl monomer or di-boronic ester
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conjugated polymer with quinoidal character.

monomers of quinoid units are rarely reported because of their
electronic structure and reactivity. Therefore, material chemists
cannot perform Stille polymerization or Suzuki polymerization to
synthesize n-type narrow-bandgap conjugated polymers with qui-
noidal character."®>'

Organoboron chemistry offers an important toolbox to
design conjugated polymers with tunable opto-electronic
properties.>>** For example, Helten et al. have reported a
boron-nitrogen analogue, poly(p-phenylene vinylene) (PPV),
and provided clear evidence for m-conjugation across the
B=N units along the polymer backbone.”* Jikle and co-
workers have confirmed that B-N functionalized ladder-type
dipyridylfluorene monomers could be used as building blocks
for the preparation of luminescent conjugated polymers with
tunable emission characteristics.>®> Our group has previously
developed an organoboron electron-accepting building block,
double B « N bridged bipyridine (BNBP), to design n-type
conjugated polymers.>® A family of D-A type conjugated poly-
mers based on BNBP unit has been synthesized and has
been successfully used in high-performance OSCs,*”>° organic
indoor photovoltaics,>® OFETs,>’ and organic thermoelec-
trics.>> However, these polymers always exhibit a medium
bandgap larger than 1.8 eV and show absorption in the visible
range. In this work, we aim to develop narrow bandgap n-type

This journal is © The Royal Society of Chemistry 2022
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conjugated polymers based on BNBP by copolymerizing with
quinoidal structures.

Recently, direct arylation polymerization (DArP) has emerged
as a new method to synthesize conjugated polymers.**~® This
method exploits the palladium-catalyzed activation of aromatic
C-H bonds for the synthesis of conjugated polymers. Compared
with Stille polymerization or Suzuki polymerization, DArP has the
great advantage of easy and facile monomer synthesis. Thieno
[3,4-b]pyrazine (TP) is a well-known quinoid-type building block
with quinoidal character to construct conjugated polymers with a
narrow bandgap.’”° In this work, we report an n-type conjugated
polymer (PBN-TP) based on alternating units of BNBP and TP,
which is synthesized by DArP with a number-average molecular
weight (M,,) of 28.3 kDa. Owing to the electron-accepting proper-
ties of the BNBP unit and the quinoidal structure of the TP unit,
PBN-TP exhibits a deep-lying LUMO energy level of —3.64 eV and a
narrow optical bandgap (Eg™) of 1.50 eV. Moreover, PBN-TP can be
readily n-doped and can be used as an n-type thermoelectric
material. This work provides a new n-type narrow bandgap
conjugated polymer with quinoidal character.

Results and discussion
Molecular design

Scheme 1a shows the chemical structure of PBN-TP, which
consists of BNBP units and TP units. TP is a widely used unit
with quinoidal character, in which the quinoidal character of
the thiophene moiety can be stabilized by the formation of an
aromatic pyrazine ring in the resonance structure. In addition,
the sp” hybrid nitrogen atoms in TP bring no additional steric
hindrance when copolymerizing with the BNBP unit, which
would be beneficial in facilitating the coplanarity of the poly-
mer backbone of PBN-TP. Two methyl groups are introduced
onto the TP unit to protect the a-H of the pyrazine ring when
performing the DArP reaction.”” Long and branched alkyl side
chains of 2-dodecylhexadecyl are introduced onto the BNBP unit
to ensure the solubility of PBN-TP. To illustrate the effect of
quinoidal TP unit on the optoelectronic properties of PBN-TP,
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Scheme 1 (a) Chemical structure of the designed polymer PBN-TP and
the control polymer PBN-T. (b) The synthetic route of PBN-TP. Reagents
and conditions: (i) Pd(OAc), (0.05 equiv.), KOAc (6.0 equiv.), BusNBr
(2.0 equiv.), toluene, 115 °C.
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we select PBN-T as the control polymer, which consists of alter-
nating units of BNBP and thiophene (Scheme 1b).*

Synthesis and characterization

Scheme 1b shows the synthetic route of PBN-TP. The di-bromo
BNBP monomer (1) and the di-hydro TP monomer (2) were
synthesized following previously reported methods. Direct ary-
lation polymerization of 1 and 2 was conducted in toluene with
palladium(u) acetate/potassium acetate/tetrabutylammonium
bromide as the catalytic system and afforded PBN-TP with a
high molecular weight. The synthetic procedures are provided
in the ESL{ The chemical structure of the polymer was con-
firmed by 'H NMR, "F NMR and elemental analysis. Gel
permeation chromatography (GPC) with 1,2,4-trichloroben-
zene as the eluent at 150 °C indicates that the M, and
polydispersity indices (PDI) of PBN-TP are 28.3 kDa and 2.36,
respectively (Table 1 and Fig. S1, ESIt). The high M,, of PBN-TP
suggests high reactivity of the di-bromo BNBP monomer and
the di-hydro TP monomer in direct arylation polymerization.
PBN-TP is readily soluble in organic solvents, such as chloro-
form and chlorobenzene. PBN-TP exhibits excellent thermal
stability with thermal decomposition temperature (T4) at 5%
weight loss over 370 °C (Table 1 and Fig. S2, ESIt).

DFT calculations

To illustrate the electronic structure and configuration of PBN-
TP and PBN-T, we carried out density functional theory (DFT)
calculations at the B3LYP/6-31G** level with their four repeat-
ing units. All the long alkyl chains have been replaced by
methyl groups for simplification. Fig. 1a shows the chemical
structures of repeat units of PBN-TP and PBN-T with carbon-
carbon bond numbers and the corresponding plots of carbon-
carbon bond length obtained by DFT calculations. The length
of C-C bonds and C=C bonds in the BNBP moiety of PBN-TP is
obviously shorter and longer than those in PBN-T, respectively,
indicating a smaller bond length alternation (BLA) of PBN-TP.*
This is ascribed to the introduction of a TP unit into the
polymer backbone, which could enhance the contribution of
the polymer quinoidal resonance structure. Fig. 1b shows the
optimized geometries of polymer backbones of PBN-TP and
PBN-T, respectively. The dihedral angle between the BNBP unit
and adjacent TP unit (0;) in PBN-TP is calculated to be 2°,
indicating a nearly coplanar polymer backbone. In comparison,

Table 1 Molecular weights (M,), polydispersity indices (PDI), thermal
decomposition temperatures at 5% weight loss (Ty), energy levels, max-
imum absorption wavelength (4max), and optical bandgap (Egp‘) of PBN-TP
and PBN-T

M, Ta Eromo”  Eromo”  max E
Polymer [kDa] PDI [°C] [eV] [eV] [nm] [ev]
PBN-TP 28.3 2.36 371 —3.64 —5.44 714 1.50
PBN-T 24.6“ 2.01% 357 —3.50 —5.77 619 1.92

“ The data are cited from ref. 26. ? Calculated by cyclic voltammetry
method usmg the equation Epymo/Enomo = —(4.80 + Eonset/Egnset) ev,
where E', /E% .. is the reduction/oxidation onset potential vs. Fe/Fc'.

¢ Measured in thin films.
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Fig. 1 (a) The chemical structures of PBN-TP and PBN-T repeat units with
carbon—carbon bond numbers and corresponding plots of carbon—carbon
bond length obtained by DFT calculations (B3LYP/6-31G**). (b) DFT-
optimized geometry of four repeating units of PBN-TP and PBN-T, dihedral
angles between the BNBP unit and TP unit (6), and between the BNBP unit
and thiophene unit (0,) are shown. All of the long alkyl chains have been
replaced by methyl groups for simplification.

the dihedral angle between the BNBP unit and adjacent thiophene
unit (6,) in PBN-T is calculated to be 22° indicating a twisted
polymer backbone. The introduction of TP units greatly facilitates
the planarity of polymer backbones, which would also be beneficial
for improving the quinoidal character of PBN-TP.

Fig. 2a and b show the calculated LUMOs/HOMOs based on
the four repeating units of PBN-TP and PBN-T, respectively.
Both PBN-TP and PBN-T show delocalized LUMOs/HOMOs
along the polymer backbone. Fig. 2c shows the alignment of
LUMO/HOMO energy levels (Epumo/Enomo) of PBN-TP and
PBN-T based on DFT calculations. Compared with PBN-T,
PBN-TP shows an obviously downshifted Epyvo and an
upshifted Eyomo by 0.23 eV and 0.32 eV, respectively, thus
leading to a much reduced bandgap. This can be ascribed to
the quinoidal structure of PBN-TP.

We further studied the electronic structure at the negatively
charged state of the two polymers based on DFT calculations at
the UnB97XD/6-31G* level with their four repeating units.*> As
shown in Fig. S3 (ESIt), the model compound of PBN-T exhibits
spin density distribution on two repeating units. In comparison,
the spin density distribution of PBN-TP covers nearly three
repeating units, indicating a well-delocalized anion polarons. This
delocalized electronic structure of PBN-TP might be ascribed to its
quinoidal character and planar polymer backbones.

Opto-electronic properties

The UV-vis-NIR absorption spectra of PBN-TP and PBN-T in thin
films are shown in Fig. 3a, and the data are summarized in
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Fig. 2 Calculated Kohn—Sham LUMOs/HOMOs based on four repeating
units of (a) PBN-TP and (b) PBN-T. (c) The alignment of the LUMO/HOMO
energy levels of PBN-T and PBN-TP based on DFT calculations. All the
long alkyl chains have been replaced by methyl groups for simplification.

Table 1. PBN-T shows one main absorption band in the visible
region with a maximum absorption (Amax) of 619 nm. According
to the onset absorption wavelength, the optical bandgap (Eg"")
of PBN-T is estimated to be 1.92 eV. In comparison, PBN-TP
shows a great redshift of the absorption band with a A;,.x of
714 nm. The EgP* of PBN-TP is estimated to be 1.50 eV, which is
much smaller than that of PBN-T. This is ascribed to the
quinoidal character of PBN-TP. The EgP* of PBN-TP is among
the lowest reported for organoboron polymers based on BNBP.
To estimate the Erumo/Enomo Of PBN-TP and PBN-T, we per-
formed cyclic voltammetry (CV) measurements with the two
polymer thin films. The cyclic voltammograms are shown in
Fig. 3b. Both the two polymers exhibit obvious reduction and
oxidation waves. According to the onset potential of the
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Fig. 3 (a) UV-vis-NIR absorption spectra and (b) cyclic voltammograms of
PBN-TP and PBN-T in thin films.
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reduction/oxidation waves, the E;ymo/Enomo values of PBN-TP
and PBN-T are estimated to be —3.64/—5.44 eV and —3.50/
—5.77 eV (Table 1), respectively. Compared with PBN-T, PBN-TP
shows an obviously reduced Epumo and an increased Exowmo,
corresponding to a narrower bandgap. The CV results are
consistent with the DFT calculations.

n-Doping and electrical conductivity

The low E;ymo of PBN-TP motivates us to investigate its electrical
conductivity after n-doping. We used tetrakis(dimethylamino)
ethylene (TDAE) (see the inset of Fig. 4; commercially available) as
the n-dopant and exposed PBN-TP thin films to the TDAE vapor for
different time periods to perform n-doping.*** We also doped PBN-
T films for comparison. The electrical conductivity (o) of these
doped films was measured with the two-probe or four-probe method
(ESLT Fig. S5). Fig. 4 shows the electrical conductivities of PBN-TP
and PBN-T thin films doped at different doping durations. Both the
pristine PBN-TP and PBN-T films show a very low electrical con-
ductivity of about 1.0 x 10~% S em™". This is attributed to the low
carrier concentration in the polymer films before n-doping. After
exposure to TDAE vapor, PBN-TP films show a dramatically
increased conductivity and gives a maximum of 1.9 x 10> S em™*
at an exposure time of 20 h. Then, the conductivity of PBN-TP
begins to drop after 20 h, which is probably ascribed to the
disruption of polymer films by excess TDAE molecules. The
maximum electrical conductivity of doped PBN-TP films is
greatly improved by more than 5 orders of magnitude com-
pared with their pristine film, implying an effective n-doping of
PBN-TP. However, the electrical conductivity of PBN-T shows no
obvious improvement after n-doping, indicating the less effi-
cient n-doping process of PBN-T films upon TDAE vapor
exposure. The effective n-doping and relatively high electrical
conductivity of PBN-TP may be attributed to its deep-lying
Erumo, which can thermodynamically facilitate electron trans-
fer from n-dopants to the polymer, and thus greatly increase
the carrier concentration. Another possible reason is that
the quinoidal character of PBN-TP backbone is beneficial
for the delocalized distribution of anion polarons, which would
facilitate free charge carrier generation and transportation.

To gain further insights into the doping process of PBN-TP
and PBN-T films, we performed UV-vis-NIR absorption and
electron paramagnetic resonance (EPR) measurements in their
pristine and doped films. As shown in Fig. 5a, the pristine PBN-
TP film shows one main absorption band peak at 714 nm. After
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Fig. 4 Electrical conductivities of PBN-TP and PBN-T films at different
doping durations. The inset shows the chemical structure of TDAE.
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Fig. 5 UV-vis-NIR absorption spectra of (a) PBN-TP and (c) PBN-T in thin
film before and after TDAE doping (tyapor = 20 h). Electron paramagnetic
resonance (EPR) spectra of (b) PBN-TP and (d) PBN-T before and after
TDAE doping (tyapor = 20 h).

exposure to TDAE vapor for 20 hours, the film shows decreased
absorbance at 714 nm accompanied by the appearance of a new
absorption band covering from 800 nm to 1050 nm. The new
absorption band is attributed to the polaron-induced electronic
transitions after n-doping.***® The n-doping behavior of
PBN-TP is further confirmed by the EPR spectra (Fig. 5b). There
is no EPR signals in the pristine film; however, strong signals
appeared in the doped film, suggesting that unpaired electrons
are present in the doped film.?**® The UV-vis-NIR absorption
and EPR results confirm the effective n-doping behavior of
PBN-TP. On the other hand, no obvious change was observed
for PBN-T films in both UV-vis-NIR absorption and EPR spectra
before and after n-doping (Fig. 5¢ and d), indicating the less
effective n-doping process of PBN-T.

Thermoelectric performance

Conjugated polymers are an important class of thermoelectric
materials due to their advantages of solution processibility at
low cost, light weight and flexibility. They are promising for
applications in wearable electronics and sensor networks.
Thermoelectric performance of conjugated polymers can be
evaluated by power factor (PF), which is determined as PF = 5,
where S is the Seebeck coefficient and ¢ is electrical conductiv-
ity. Thermoelectric modules require both p-type and n-type
polymer thermoelectric materials. However, as the number of
n-type conjugated polymers that can be readily n-doped is
lower, the development of n-type polymer thermoelectric mate-
rials lags far behind that of p-type ones.*” ™"

Motivated by the effective n-doping of PBN-TP, we further
investigated its thermoelectric performance after n-doping. The
S of the doped PBN-TP films was tested by recording the
thermovoltage (Vinerm) at a certain temperature difference
(AT) (ESLT Fig. S6). As shown in Fig. 6, all the doped PBN-TP
films show negative S values, indicating an electron-dominant
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Fig. 6 Seebeck coefficients and power factors of PBN-TP films exposed
to TDAE vapor for different time periods.

charge transport. With extending the doping time, the absolute
Svalues gradually decrease. According to these S and o values at
a certain doping time, we estimate the PF values of PBN-TP. The
results are shown in Fig. 6. The maximum PF is calculated to be
0.11 pW m ™' K2, with a Seebeck coefficient of —742.4 uv K *
and an electrical conductivity of 1.9 x 10 S ecm " at the
doping time of 20 h. This result indicates that PBN-TP can be
used as an n-type polymer thermoelectric material.

Conclusions

In summary, we reported an n-type organoboron polymer with
quinoidal character, PBN-TP. DArP of the di-bromo BNBP unit
and di-hydro TP unit afforded PBN-TP with a high M, of
28.3 kDa. Compared with the control polymer with alternating
units of BNBP and thiophene, the introduction of a TP unit
reduced the BLA of the carbon-carbon bonds and planarized
the polymer backbone of PBN-TP, leading to an enhanced
contribution of the polymer quinoidal resonance structure.
Compared with the control polymer, PBN-TP shows a down-
shifted Eyymo and an upshifted Eyomo, and thus a much
reduced bandgap of 1.50 eV. The bandgap of PBN-TP is among
the lowest reported for n-type organoboron polymers based on
BNBP. Moreover, due to the relatively low Ey yy0, PBN-TP could
be readily n-doped and used as an n-type polymer thermo-
electric material. This work provides a new n-type narrow
bandgap conjugated polymer with quinoidal character.
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