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Abstract B<—N coordination bond can be used to develop polymer electron acceptors for efficient all-polymer solar cells
(all-PSCs). Here, we report a new alternating conjugated polymer containing two building blocks based on B<—N unit. The
polymer exhibits strong light absorption in the visible range, low-lying LUMO/HOMO energy levels and moderate electron
mobility. The resulting all-PSC devices exhibit power conversion efficiencies of 1.50%-2.47%.
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INTRODUCTION

All-polymer solar cells (all-PSCs) use conjugated polymers as both electron donor and electron acceptor.
Compared with conventional polymer/fullerene solar cells, all-PSCs have great advantages, including enhanced
solar light absorption, tunable energy levels and bandgaps of acceptors and improved morphology stability!!#].
The power conversion efficiency (PCE) of all-PSCs has exceeded 8% and is fairly comparable to that of
polymer/fullerene solar cells®®!. Although significant progress has been made for all-PSCs recently, the
development of all-PSCs are limited by the lack of efficient polymer electron acceptors!®'%. Only some specific
conjugated polymers based on naphthalene diimide (NDI) or perylenediimide (PDI) building blocks containing
imide unit can be used as efficient polymer acceptors!!!-2%],

Organoboron compounds have been demonstrated as promising opto-electronic materials?' 2’1, For example,
Pei et al. developed BN-embedded aromatics that showed high hole mobilities in organic field-effect transistors
(OFETs)?% 271 B < N coordination bond can greatly decrease both LUMO and HOMO energy levels
(ELumomomo) of organic small molecules®3%. We have recently proposed to design polymer electron acceptors
using B<-N unit. When BN bridged thienylthiazole (BNTT) building block is incorporated into conjugated
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polymers, it can transform typical polymer electron donors to electron acceptors®': 32, In another example, a
novel electron-deficient building block based on B<—N unit, double B=—N bridged bipyridine (BNBP), has been
developed to design polymer electron acceptorst®3=331. All-PSC devices based on these polymer acceptors
containing B=—N unit exhibit PCEs of exceeding 5%, which is comparable to that of the analogous all-PSCs
using the state-of-the-art polymer acceptors based on NDI unit!!!2%!, These results encourage us to design new
polymer acceptors using B<—N unit.

In this paper, we report a new alternating conjugated polymer of two building blocks based on B~N unit,
which is denoted as P-BNBP-BNTT as shown in Scheme 1(a). P-BNBP-BNTT exhibits strong light absorption
in the visible range, low-lying LUMO/HOMO energy levels and moderate electron mobility. The versatile
applications of P-BNBP-BNTT as polymer acceptor in all-PSCs are demonstrated and PCE of 2.47% is
achieved.
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Scheme 1 (a) Schematic illustration of the molecular design of P-BNBP-BNTT, (b) synthetic route of P-BNBP-BNTT
(Ph = Phenyl)

EXPERIMENTAL

Materials

Commercially available solvents and reagents were used without further purification unless otherwise
mentioned. Ether, toluene, THF and CH»Cl, were dried using sodium or calcium hydroxide before use. n-BuLi
(2.5 mol/L in hexane) was purchased from J&K Chemical Industries and used as received.

5,5'-Dibromo-N3,N3'-di-2-octyldodecyl-[2,2'-bipyridine]-3,3 '-diamine 2

To a solution of 1 (500 mg, 1.46 mmol) in THF (45 mL) under argon was added n-BuLi (2.5 mol/L in hexane,
1.23 mL, 3.07 mmol) dropwise at —78 °C. After the mixture being stirred at —78 °C for 1 h, 1-iodine-2-
octyldodecane (2.38 g, 5.84 mmol) was added under argon. The mixture was stirred for 4 h at 75 °C. After
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removing the solvents under reduced pressure, the brown oil was purified by silica gel column chromatography
(CHyCly:hexane = 1:10, V:V). 2 was obtained as a yellow oil in 37% yield (490 mg, 0.54 mmol). 'H-NMR
(400 MHz, C¢Ds, 25 °C, 0): 10.29 (t, J= 4.4 Hz, 1H), 8.04 (d, J=2.0 Hz, 1H), 7.11 (d, J= 2.0 Hz, 1H), 2.79 (t,
J=5.2Hz, 2H), 1.68-1.62 (m, 1H), 1.41-1.31 (m, 32H), 0.95-0.91 (m, 6H). *C-NMR (100 MHz, C¢Ds, 25 °C,
0): 147.28, 138.27, 132.01, 120.23, 119.32, 46.15, 37.73, 32.98, 32.38, 30.50, 30.18, 30.17, 30.11, 30.05, 29.86,
29.84,27.28, 23.16, 14.42. Anal. Calcd for CsoHgsBroN4: C, 66.35; H, 9.80; Br, 17.66; N, 6.19. Found: C, 66.23;
H, 9.73; N, 6.30.

Dibromo-substituted BNBP 3

Under argon, BF3-Et,O solution (1.78 mL, 10.4 mmol) was added to a solution of 2 (476 mg, 0.53 mmol) and
Et;N (0.72 mL, 5.2 mmol) in dry CH>Cl, (23 mL). The mixture was stirred at 50 °C for 1 h with the color
changing from yellow to orange. After removing the solvents, the orange solid was purified by silica gel column
chromatography (CH,Cly:hexane = 1:4, V:V). 3 was obtained as an orange solid in 83% yield (430 mg,
0.43 mmol). 'H-NMR (400 MHz, C¢Ds, 9): 8.22 (d, J = 1.6 Hz, 1H), 7.28 (d, J = 1.6 Hz, 1H), 341 (d, J =
6.8 Hz, 2H), 1.78 (s, 1H), 1.39-1.28 (m, 32H), 0.94-0.90 (m, 6H). 3C-NMR (100 MHz, C¢Ds, 6): 144.69,
128.56, 125.64, 125.37, 122.28, 48.63, 36.02, 32.37, 32.34, 32.15, 30.52, 30.50, 30.14, 30.07, 29.86, 29.79,
26.87, 23.16, 23.14, 14.41. Anal. Calcd for CsoHgsB2BroFsN4: C, 60.01; H, 8.66; B, 2.16; Br, 15.97; F, 7.59; N,
5.60. Found: C, 60.13; H, 8.48; N, 5.48.

Polymer P-BNBP-BNTT

Starting materials of 3 (153 mg, 0.153 mmol), 4 (100.3 mg, 0.153 mmol), Pdy(dba);-CHCIl; (3.17 mg,
0.00306 mmol) and P(o-tolyl) (7.45 mg, 0.02448 mmol) were placed in a two-necked flask under argon, and
then dried toluene (20 mL) was added. After the mixture being stirred at 120 °C for 36 h, end-capping reaction
was carried out by adding BNTT (10 mg, 0.015 mmol) and then bromobenzene (0.1 mL, 0.425 mmol). After
cooling, the resulting organic phase was extracted with CHCl; (150 mL) and washed with water. After the
solvents being removed, the residue was dispersed in acetonitrile and the precipitate was collected. The obtained
dark solid was purified by Soxhlet extraction in acetone, hexane and CHCIls. The solid from CHCI; solution was
dispersed in acetonitrile, then collected and dried under vacuum overnight. Yield: 145 mg (81%). 'H-NMR
(400 MHz, CsD4Cl,, 100 °C, 9): 8.72 (br, 2H), 8.50 (br, 2H), 8.30 (br, 1H), 8.00 (br, 1H), 7.66 (br, 10H), 3.95
(br, 4H), 2.27 (br, 2H), 1.76-1.30 (br, 64H), 1.07 (br, 12H). GPC (TCB, polystyrene standard, 150 °C): M, =
13700, PDI = 2.22. Anal. Calcd for C49HosB3F4N;sS,: C, 70.7; H, 8.55; B, 2.77; F, 6.48; N, 5.97; S, 5.47. Found:
C, 68.79; H, 8.87; N, 6.25; S, 5.59.

RESULTS AND DISCUSSION

Synthesis and Thermal Stability

Scheme 1(b) shows the synthetic route of P-BNBP-BNTT. The two monomers were prepared following
reported procedures’®' 3’1, P-BNBP-BNTT was synthesized by Stille-polymerization of the two monomers with
Pd,(dba);- CHCI3/P(o-tolyl)s as the catalyst system. Owing to the asymmetric BNTT building block, P-BNBP-
BNTT should be regiorandom because both head-to-head and head-to-tail connections of the two building
blocks could coexist. The chemical structure of P-BNBP-BNTT was confirmed by 'H-NMR and elemental
analysis. According to gel permeation chromatography (GPC) at 150 °C with 1,2,4-trichlorobenzene as the
eluent, the number-average molecular weight (M,) of P-BNBP-BNTT was 13.7 kDa with polydispersity index
(PDI) of 2.2. P-BNBP-BNTT was readily soluble in common organic solvents, such as chloroform,
chlorobenzene and o-dichlorobenzene. Thermogravimetric analysis (TGA) showed that P-BNBP-BNTT had
good thermal stability with thermal decomposition temperature (74) at 287 °C for 5% mass loss (Fig. S1 in
supporting information).

Theoretical Calculations
To elucidate the configuration and molecular orbitals of P-BNBP-BNTT, geometry optimization and Kohn-
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Sham molecular orbital calculation were performed with the model compound at the B3LYP/6-31G* level of
theory (in the supporting information, SI). As shown in Fig. S2 (in SI), the two pendent phenyl groups of BNTT
unit adopt an average dihedral angle of 75.0° with thienylthiazole skeleton, suggesting that the two pendent
phenyl groups serve as steric hindrance to prevent the close stacking of polymer backbone in solid state. The
backbone of P-BNBP-BNTT shows a twisted conformation with the dihedral angle of about 24.5° between
BNBP and BNTT building blocks. As shown in Fig. 1, while the HOMO of P-BNBP-BNTT is localized on the
BNBP building block, the LUMO of P-BNBP-BNTT is delocalized over both the BNBP and BNTT building
blocks, which are fully consistent with that of the reported BNBP-based polymerst3-3%,
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Fig. 1 Kohn-Sham molecular orbitals of the model compound of P-BNBP-BNTT (B3LYP/6-31G*)

XRD Measurements

In grazing incident X-ray diffraction (GI-XRD) pattern of P-BNBP-BNTT (Fig. 2), we can see a lamellar (100)
peak at 20 = 4.5° and a z-x stacking (010) peak at 26 = 20.0°, indicating a lamellar packing distance of 1.96 nm
and a 77 stacking distance of 0.44 nm. The short lamellar packing distance of P-BNBP-BNTT indicates
interdigitation of the alkyl chains. The large 7~7 stacking distance is attributed to the large steric hindrance effect
of the two pendant phenyl groups of the BNTT building block. This is consistent with the geometry optimization
results.

20-45°
d=1.96 nm

20=20.0°
d=0.44nm

20(7)
Fig. 2 GI-XRD pattern of the drop-cast film of P-BNBP-BNTT

Photophysical Properties

Figure 3(a) shows the UV-Vis absorption spectra of P-BNBP-BNTT in dilute chlorobenzene solution and in thin
film. The absorption spectrum of P-BNBP-BNTT in solution shows a strong absorption band peak at 597 nm
with molar absorption coefficient of 5.94 x 10* mol-L-cm™'. This strong absorption in the visible range is
expected to improve the solar light absorption of the active layer of all-PSCs. The absorption spectrum in thin
film is red-shifted by 16 nm compared to that in solution due to intermolecular interactions in the solid state.

According to the onset absorption wavelength in the thin film, the optical band gap (£;) of P-BNBP-BNTT is
estimated to be 1.91 eV.
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Fig. 3 (a) UV/Vis absorption spectra of P-BNBP-BNTT in chlorobenzene and in film, (b) Cyclic voltammogram
of P-BNBP-BNTT, Fc = ferrocene

Electrochemical Properties and Electron Mobility

To estimate the LUMO/HOMO energy levels, cyclic voltammetry (CV) measurements were carried out with the
thin film of P-BNBP-BNTT, which show an irreversible oxidation band and two quasi-reversible reduction
bands (Fig. 3b). Based on the onset potentials of the reduction and oxidation processes, the Erumomomo of
P-BNBP-BNTT are calculated to be —3.63 eV/-5.82 eV.

Electron mobility of P-BNBP-BNTT was estimated using space-charge-limited current (SCLC) method
with current density-voltage (J-V) curve of the electron-only device (Fig. S4 in SI). P-BNBP-BNTT exhibits a
moderate electron mobility of 1.49 x 10 ¢m?>V~'s!, which is attributed to large 77 stacking distance in
polymer backbones. The low-lying LUMO/HOMO energy levels and moderate electron mobility of P-BNBP-
BNTT suggest that it can be used as polymer electron acceptor in efficient all-PSCs.

Photovoltaic Properties
To investigate the application of P-BNBP-BNTT as polymer acceptor, all-PSCs were fabricated with the
configuration of ITO/PEDOT:PSS (40 nm)/polymer donor:P-BNBP-BNTT/Ca (20 nm)/Al (100 nm). Three
typical polymer donors are selected, including poly[[9-(1-octylnonyl)-9H-carbazole-2,7-diyl]-2,5-thiophenediyl-
2,1,3-benzothiadiazole-4,7-diyl-2,5-thiophenediyl] (PCDTBT), poly[[4,8-bis[(2-ethylhexyl)oxy]|benzo[1,2-b:4,5-
b'ldithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhexy)carbonyl]thieno[3,4-b]-thiophenediyl]] (PTB7) and
poly[(ethylhexyl-thiophenyl)-benzodithiophene-(ethylhexyl)-thieno thiophene] (PTB7-Th)¢-381. Their chemical
structures are given in Fig. 4(a) and their LUMO/HOMO energy level alignments are shown in Fig. 4(b). The
Erumomomo of P-BNBP-BNTT match well with those of PCDTBT and PTB7 because of their adequate LUMO
energy level offsets (AELumo), which can ensure efficient photo-induced charge separation. The AErumo between
P-BNBP-BNTT and PTB7-Th is less than 0.3 eV, which may lead to inefficient charge separation. Figure S3 (in
SI) shows the absorption spectra of the three polymer donors and the polymer acceptor P-BNBP-BNTT. The
absorption spectrum of P-BNBP-BNTT is complementary with those of PTB7 and PTB7-Th, which is good for
light-harvesting of the blend. The narrow absorption spectrum of PCDTBT may produce weak light absorption.
Figure 5 shows the J-V curves and external quantum efficiency (EQE) spectra for the three all-PSC devices
under AM1.5G illumination (100 mW-cm2). The photovoltaic parameters are summarized in Table 1. Among
the three blends, PTB7:P-BNBP-BNTT exhibits the best photovoltaic performance with open-circuit voltage
(Vo) of 1.04 V, short-circuit current density (Js) of 6.21 mA-cm, fill factor (FF) of 0.38, corresponding to a
PCE of 2.47%. PCDTBT:P-BNBP-BNTT device shows PCE of 1.50% (Vo = 1.08 V, Jic = 4.15 mA-cm™2, FF =
0.34) and PTB7-Th:P-BNBP-BNTT device has PCE of 2.37% (Voc = 1.02 V, Jic = 7.32 mA-cm2, FF = 0.32).
These results suggest that P-BNBP-BNTT is a versatile good polymer electron acceptor to match well with
various polymer electron donors for efficient all-PSCs. The lower Js. and PCE of the PCDTBT:P-BNBP-BNTT
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device than those of the other two devices may be assigned to its narrow absorption band shown in their EQE
curves (Fig. 5b). J values calculated from the integration of EQE spectra with AM1.5G spectrum are consistent

with those obtained from J-V scans within 10% error.
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Fig. 5 (a) J-V curves and (b) EQE spectra of the all-PSC devices with P-BNBP-BNTT as electron acceptor and

PCDTBT/PTB7/PTB7-Th as electron donor

Electron and hole mobility of the three blends are measured using SCLC method with electron-only devices
(ITO/PEIE/active layer/Ca/Al) and hole-only devices (ITO/PEDOT:PSS/active layer/MoOs/Ag), respectively.
The results are listed in Table | and shown in Fig. S5. All the three devices show the low electron mobility in the
order of 107-10° cm?> V57!, leading to the unbalanced electron/hole mobility. This may be attributed to both
the moderate electron mobility of P-BNBP-BNTT itself and the poor phase separation morphology (vide infra).
PCDTBT:P-BNBP-BNTT and PTB7-Th:P-BNBP-BNTT blends exhibiting low FF values are probably due to
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their both low electron and hole mobility, though PCDTBT:P-BNBP-BNTT blend has a relatively balanced
electron/hole mobility. Among the three blends, PTB7:P-BNBP-BNTT blend shows the highest electron and
hole mobility, which is in accordance with its best photovoltaic performance.

Table 1 Summary of the all-PSC devices performance and charge transport properties

VOC JSC PCEmaX PCEHVE a
Domor vy maem? T (%) o)  FQE (cmz.l\tflll-sfl) (cm2~/\l;1-s’1) Hil e
PCDTBT _ 1.08 415 034 150 138 029 425x10°  803x107 51
PTB7 1.4 621 038 247 241 042 863x10°  139x106 621
PTB7-Th  1.02 732 032 237 230 038  349x10°  457x107 76/l

2 The average PCE value is calculated from six devices.

Nanoscale phase-separation morphology of polymer donor/polymer acceptor blend plays an important role
in all-PSC device performance. The morphologies of the active layers of the three all-PSCs are measured by
transmission electron microscopy (TEM) and the atomic force microscopy (AFM). As shown in TEM images
(Figs. 6a—6c¢), isolated domains with size of about 100 nm without interpenetrating network are observed for all
the three blends. These morphologies are detrimental for charge transport and can explain the relatively low Js
and FF for the three all-PSC devices. Figures 6(d)—6(f) give AFM height images of the three blends, which all
show smooth surfaces. PTB7:P-BNBP-BNTT shows the root-mean-square (RMS) roughness of 1.33 nm, which
is smaller than 1.71 nm for PCDTBT:P-BNBP-BNTT blend and 2.27 nm for PTB7-Th:P-BNBP-BNTT blend.
This is consistent with the best photovoltaic performance of the device of PTB7:P-BNBP-BNTT. The non-ideal
nanoscale morphologies of the three blends indicate that there is much room for all-PSC device efficiency
improvement via optimization of active layer film-formation process.

A% 12 nm

RMS roughness

RMS: roughness 33

=L 7nm -5

500_11 0 nm
Fig. 6 TEM images (top) and AFM height images (bottom) of PCDTBT/PTB7/PTB7-Th:P-BNBP-BNTT blends: (a) and (d)
PCDTBT:P-BNBP-BNTT; (b) and (¢) PTB7:P-BNBP-BNTT; (c) and (f) PTB7-Th:P-BNBP-BNTT

CONCLUSIONS

In conclusion, we have developed a new conjugated polymer composed of alternating BNBP and BNTT units
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based on B«—N unit. P-BNBP-BNTT exhibits low-lying LUMO/HOMO energy levels, strong absorption in the
visible range, and moderate electron mobility. For the blends of P-BNBP-BNTT with typical polymer donors,
despite of the un-optimized nanoscale morphology, the all-PSC devices exhibit good photovoltaic performance.
Further study on developing promising polymer acceptors using B«N unit for all-PSCs is in progress in our
laboratory.
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