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Abstract 

    We demonstrate that the multi-fluorinated boron-fused azobenzene (BAz) 

complexes can work as a strong electron acceptor in the electron donor–acceptor (D–A) 

type π-conjugated polymers. Position-dependent substitution effects were revealed, and 

the energy level of the lowest unoccupied molecular orbital (LUMO) was critically 

decreased by fluorination. As a result, the obtained polymers showed near-infrared 

(NIR) emission (λPL = 758~847 nm) with high absolute photoluminescence quantum 

yield (ΦPL = 7~23%) originating from low-lying LUMO energy levels of the BAz 

moieties (−3.94~−4.25 eV). Owing to inherent solid-state emissive properties of the 

BAz units, deeper NIR emission (λPL = 852~980 nm) was detected in film state. Clear 

solvent effects prove that the NIR emission is from a charge transfer state originating 

from a strong D–A interaction. The effects of fluorination on the frontier orbitals are 

well understandable and predictable by theoretical calculation with density functional 

theory. This study demonstrates effectiveness of fluorination to the BAz units for 

producing a strong electron-accepting unit through fine tuning of energy gaps, which 

can be the promising strategy for designing NIR absorptive and emissive materials.    
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1. Introduction 

    Growing demands for high performance and sophisticated materials require finely 

predictable and controllable design strategies for constructing functional organic 

compounds. As one of the candidates for designable organic materials, π-conjugated 

polymers have attracted much attention owing to unique characteristics, such as intense 

luminescence, high electrical conductivities and good film-formability.[1] The energy 

gaps, which are defined as a width of the energy levels between a highest occupied 

molecular orbital (HOMO) and a lowest unoccupied molecular orbital (LUMO), are 

critical factors for determining the material properties.[2] In particular, electron donor–

acceptor (D–A) type π-conjugated polymers composed of an alternating array of 

electron-donor and acceptor moieties have actively studied by feature of easily 

controllable energy gaps with selecting a donor and an acceptor having desired HOMO 

and LUMO energy levels as co-monomers, respectively. From these utilities, D–A type 

π-conjugated polymers have been often applied to organic light-emitting diodes 

(OLEDs),[3] organic field effect transistors (OFETs)[4] and organic photovoltaics 

(OPVs).[5] Hence, the development of novel compounds showing electron-donating and 

accepting abilities is still necessary for preparing D–A type π-conjugated polymers.  

Narrow energy gaps of the D–A type π-conjugated polymers can be an origin of 

absorption and emission in the near-infrared (NIR) region and those were significant for 

effective use of sun light for organic film solar cells[6] and bioimaging, optical 

communication.[7] In order to construct stable π-conjugated polymers having the narrow 

energy gaps, reduction of a LUMO energy level of an acceptor unit is required because 

elevation of a HOMO energy level has a risk of oxidation by air under ambient 

conditions.[8] One of the strategies for lowering the LUMO energy level is the 
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introduction of fluorine substituents to the acceptor.[9] A fluorine atom intrinsically has 

high electron negativity and is inactive to chemical substances. Fluorination enhances 

electron-accepting ability of the organic compounds with good chemical stability.  

Recently, we proposed the concept of “element-blocks”, which are structural 

functional units consisting of various groups of elements, to create advanced 

materials.[10] According to the concept, we revealed that boron-fused 

azobenzene/azomethine (BAz/BAm) complexes, which are “element-blocks” 

constructed mainly by B, N, O, C and H, worked as a strong acceptor in D–A type 

π-conjugated polymers with highly efficient emissions including NIR region both in 

solution and film states.[11] The film-state emission is valuable because the emission is 

generally spoiled in a condensed state due to loss of excitation energy via non-radiative 

pathway mainly by intermolecular π–π interaction.[12] One of the reasons of the 

film-state emission could be attributable to the fact that the BAz/BAm complexes 

potentially enhanced their emission in solid or crystalline states although the emission is 

critically quenched in the diluted solution state.[13] These phenomena are known as 

aggregation-induced emission (AIE)[14] or crystallization-induced emission 

enhancement (CIEE) properties.[15]  

    Herein, to reinforce electron-accepting ability of the BAz skeleton, we synthesized 

fluorinated BAz complexes and corresponding D–A type π-conjugated polymers with 

bithiophene units as a donor. Azobenzene scaffolds were chosen by their inherent higher 

electron-accepting abilities than azomethine ones to prepare strong acceptors aiming to 

deeper NIR absorption and emission.[16] As a result, the LUMO energy levels, which are 

one of the indexes evaluating the degree of acceptors, were lowered depending on the 

number of introduced fluorine atoms with the BAz complexes. The obtained D–A type 
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π-conjugated polymers showed highly-efficient NIR emission (λPL = 758~847 nm) in 

diluted solution and moderate NIR emission (λPL = 852~980 nm) in film state. The 

solvent effects evaluated by Lippert-Mataga plots proved that the polymers formed clear 

D–A interactions. Moreover, the experimental data were good agreement with the 

results of theoretical calculations by density functional theory (DFT), and therefore the 

properties were predictable. We proposed that the high designability of D–A type 

π-conjugated polymers by fluorination with BAz complexes was good example for 

constructing desired functional materials having controllable energy gaps.          
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2.1 Synthesis 

    Scheme 1 shows the syntheses of three types of fluorinated BAz complexes 

modified with the fluorine atoms at 3,3′ positions (BAz-3F), 5,5′ positions (BAz-5F) 

and both 3,3′ and 5,5′ positions (BAz-35F). The pristine BAz complex, BAz, was 

prepared according to our previous report.[11b] The fluorinated BAz complexes, BAz-3F, 

BAz-5F, and BAz-35F, were isolated in high yields by the condensation reaction at 

100 °C in toluene between the corresponding azobenzene tridentate ligands, Az-3F-OH, 

Az-5F-OH and Az-35F-OH, and boron trifluoride diethyl etherate (BF3∙Et2O), 

respectively. Next, by using the obtained BAz complexes as monomers, D–A type 

-conjugated copolymers with a bithiophene co-monomer were synthesized (Scheme 2 

and Table 1). Migita–Kosugi–Stille cross-coupling polymerizations[17] with BAz-3F, 

BAz-5F or BAz-35F and 5,5′-bis(trimethylstannyl)-3,3′-didodecyl-2,2′-bithiophene 

(BT) were executed in a catalytic system involving Pd2(dba)3 (dba = 

dibenzylideneacetone) and 2-dicyclohexylphosphino-2′,4′,6′-triisopropylbiphenyl 

(XPhos) to afford target copolymers, P-BAz-3F, P-BAz-5F or P-BAz-35F, respectively. 

The synthetic results and polymer data are listed in Table 1. In the case of P-BAz-5F 

and P-BAz-35F, high molecular weight polymers were fractionated by high 

performance liquid chromatography (HPLC) in chloroform as an eluent. In this research, 

the synthetic polymer data of P-BAz were cited or recollected as comparison.[11b,d,e] All 

synthesized compounds showed good solubility in common organic solvents such as 

toluene, chloroform, dichloromethane and tetrahydrofuran, and can be characterized by 

1H, 13C, 11B NMR, MS spectra (see Supporting Information). From those 

characterization data, we concluded that the samples have the objective structures and 

enough purity for further analyses. 
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Scheme 1 and 2, Table 1 

 

2.2 Optical measurements 

To investigate the position-dependent substituent effect of fluorine atoms on the 

electronic situation in the ground state, UV–vis absorption measurements were executed 

in the diluted chloroform solutions (1.0×10−5 M) (Figures 1 and S1, Table 2). 

Interestingly, it was found that the substituent effects worked independently. By 

substitution at 3,3′ positions, the middle transition bands at around 400 nm raised and 

the energy gaps were preserved (Figures 1A and S1A). On the other hand, the 

bathochromic shifts of absorption spectra were observed by substitution at 5,5′ positions 

with retaining almost the same spectra shape. Furthermore, the two different effects had 

additive property and BAz-35F showed both substitution effects at 3,3′ and 5,5′ 

positions. As a result, BAz and BAz-3F or BAz-5F and BAz-35F had the same energy 

gap, respectively, and the bathochromic shifts of absorption spectra were detected in 

BAz-5F and BAz-35F compered to BAz and BAz-3F (Figures 1A and S1A). 

    In the D–A type π-conjugated polymers, the absorption bands were located at the 

longer wavelength regions than those of the corresponding monomers (Figures 1A and 

1B). Contrary to the monomers, the value of absorption maximum wavelength (λabs) was 

larger in the order of P-BAz-35F, P-BAz-5F, P-BAz-3F and P-BAz. Considering that 

electron-accepting ability of a compound is enhanced by fluorination, the order should 

be correlated to the strongness of D–A interaction between BAz and bithiophene units. 

In other words, the ability of BAz acceptors was able to be reinforced by fluorination. 

Moreover, homogeneous thin films were easily prepared by the commodity spin-coated 
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method because of good film-formability of the synthesized polymers. The slight 

bathochromic shifts and broader absorption bands were observed in the film samples 

compared to those in the diluted solutions (Figures 1B and 1C, Table 1). Owing to the 

strong D–A interaction leading to a narrow energy gap, the absorption maximum 

reached a NIR region. 

 

Figure 1 and Table 2 

 

    To investigate electronic situations of the BAz complexes in the excited state, the 

photoluminescence (PL) properties were evaluated in toluene (1.0×10−5 M) and in 

crystal (Figure 2 and Table 1). It was clearly demonstrated that AIE or CIEE properties 

were obtained from the complexes. The emission intensity was obviously very weak in 

solution (ΦPL < 1%), whereas intense emission was monitored in crystal (ΦPL = 2~7%) 

(Figure 2A and 2B). Our previous work proposed that the emission quenching in diluted 

solution should be caused by excitation-driven bending motions which promote 

non-radiative excitation decay.[11a,b,13a,18] In solid or crystal packing, those molecular 

motions are effectively restricted and therefore the emission should be recovered. These 

situations were often shown in the series of tetracoordinated boron with the 

azobenzene/azomethine-based tridentate ligands and those compounds also exhibited 

AIE or CIEE properties.[11,13]  

Contrary to the monomers with environment-sensitive luminescent properties, 

intense NIR emission was observed from the polymers even in the diluted solution 

(Figures 2C, 2D and Table 1). The order of the maximum PL wavelength (λPL) was the 

same with that of the λabs. The λPL and ΦPL were 758~847 nm and 7~23%, respectively, 
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and it was shown that the BAz scaffold should be good candidate for NIR-emissive 

“element-blocks”. Since the excitation-driven molecular motions of the monomeric 

units would be inhibited by incorporating into the polymer chains,[11a,b,18] the intense 

emission should be induced in diluted solution. In the films, the BAz polymers also 

showed emission in the NIR region (Figure 2D and Table 1). P-BAz showed intense 

emission even in the film (λPL = 858 nm, ΦPL = 4%).[11b,e] Although the other polymers 

exhibited weak emission (ΦPL < 1%), however the λPLs were detectable at 916~980 nm. 

Therefore, it can be said that BAz unit has potential to targeting to fabricate functional 

materials showing deeper NIR emission. 

 

Figure 2 

 

2.3 Solvent effects 

To obtain more insight about the D–A system originating from strong 

electron-accepting ability of fluorinated BAz units, we investigated solvent effects on 

UV–vis–NIR absorption and PL spectra. All the spectroscopic data are shown in Figures 

S2 and S3, Tables S1 and S2. From the Lippert–Mataga plot of BAz monomers in three 

types of solvents, toluene (Δf = 0.013, Δf: orientation polarizability), chloroform (Δf = 

0.15) and dichloromethane (Δf = 0.22), there were almost no correlations between Δf 

and Stokes shift (v) (R2 < 0.50, R: correlation coefficient) (Figure 3A). This means that 

the emission of BAz monomer is not from a charge transfer (CT) state but from a 

localized electronic (LE) state. On the other hand, BAz polymers had good correlations 

(R2 > 0.90) between Δf and v by using five types of the solvent including benzene (Δf = 

0.003) and chlorobenzene (Δf = 0.14) (Figure 3B). Although we also evaluated the 
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solvent effect in tetrahydrofuran (Δf = 0.21), the emission band was observed in a 

position separated from expectation (Figure S4). This might be because nucleophilicity 

of THF originating from lone pairs of oxygen affected the boron atom in addition to the 

solvent effect. The slopes of the approximation straight lines in Lippert–Mataga plots 

were almost the same, while those tended to be decreased by fluorination at 5,5′ 

positions.  

 

Figure 3 

 

During the investigation of the solvent effects, we found generation of the unique 

absorption band from 700 to 900 nm only from P-BAz-3F in benzene/chloroform, 

toluene/chloroform or dichloromethane/chloroform = 99/1 v/v mixed solutions (Figure 

S3). From the variable temperature (VT) UV–vis–NIR absorption measurements in 

toluene/chloroform = 99/1 v/v solution, the band gradually decreased by increasing 

temperature and subsequently disappeared at 50 °C (Figure S5A). Subsequently, the 

band was recovered by a cooling process and finally the original spectrum was 

reproduced at 10 °C (Figure S5B). Interestingly, the hysteresis was observed by holding 

each temperature for 10 minutes per 10 °C (Figure S5C). The disappearance and 

reproduction of the band slowly proceeded by monitoring at 40 °C under heating and 

cooling processes, respectively (Figure S5D). High reversibility was obtained at least 

five times (Figure S5E) and the hysteresis behavior was reproducible. Furthermore, 

weak NIR emission at around 950 nm was detectable by excitation at the absorption 

band (Figure S5F). In the case of the other polymers, P-BAz, P-BAz-5F and 

P-BAz-35F, there was no unusual temperature dependency regardless of the presence or 
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absence of fluorine substituents (Figure S6).[19] The generation of the band in longer 

wavelength region could be derived from intra- or intermolecular π–π interaction of the 

polymer chains of P-BAz-3F in solution although significant aggregation was not 

suggested from a dynamic light scattering (DLS) data.[20] According to the crystal 

packing structures of BAz and BAz-3F, it was suggested that the fluorine atom at 3′ 

position is responsible for intermolecular interaction between two molecular fractions of 

BAz-3F (Figures S7~S9, Tables S3 and S4). In particular, there were three short 

contacts in BAz-3F and they were shorter than those of BAz, respectively (Figure S9). 

As a result of the strong binding, the molecules of BAz-3F were able to have almost 

planar conformation in the condensed state. Relatively-planar conformation might be 

favorable for the formation of assembly followed by the generation of the new 

absorption band in solution.  

 

2.3 Cyclic voltammetry 

    To obtain further information on the substituent effect of fluorine atoms on 

electronic properties, we estimated molecular orbital (MO) energy levels with a cyclic 

voltammetry (CV). The results are shown in Figure 4 and Table 4. The LUMO energy 

levels were calculated from the onset of the reduction curve.[21] In both of BAz 

monomers and polymers, it was found that LUMO energy levels were critically lowered 

depending on the number of fluorine atoms. In BAz monomers, the HOMO energy 

levels were not able to be estimated from the cyclic voltammograms because the 

oxidation peaks were out of the potential window. Therefore, we calculated the HOMO 

energy levels using optical energy gaps (Eg,opt) obtained from the edge of the UV–vis–

NIR absorption spectra (Figure S1). It was shown that fluorination at 3,3′ positions, 
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both HOMO and LUMO energy levels were lowered, whereas at 5,5′ positions, only 

LUMO energy levels were reduced. The similar effect was also monitored in the 

polymers. The effects had additivity property as shown in the absorption spectra. 

Accordingly, the electron-accepting ability of BAz unit in the polymer was enhanced up 

to −4.25 eV in the LUMO energy level of P-BAz-35F. Here, although the oxidation 

peaks were detectable in the voltammograms of BAz polymers, the same estimation 

method as the monomers was adopted because the values should be compared with the 

same criteria and the substituent effect should be prominently reflected on the 

LUMO-localized acceptor moiety. The HOMO energy levels evaluated from the 

oxidation peaks in the voltammograms are shown in Figure S10 and Table S5. In 

summary, it was confirmed that energy levels of frontier orbitals can be tuned by 

fluorination at adequate positions.  

 

Figure 4 and Table 3 

 

2.4 Theoretical calculation 

    To support experimental results, we carried out theoretical calculation with density 

functional theory (DFT) and time dependent DFT (TD-DFT) at B3LYP/6-311G(d,p) 

level. The results are summarized in Figures 5, 6, S11, S12 and Tables S6, S7. In 

monomers, variation tendency of calculated HOMO and LUMO energy levels was 

precisely matched to the experimental results (Figure 5A). In LUMO, there were little 

orbital interaction of fluorine atoms both at 3,3′ and 5,5′ positions, and the only 

inductive effect of them influenced on energy levels (Figures 5B and S11). Thereby, the 

step-by-step reduction of LUMO energy levels can be accomplished as increasing the 
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number of fluorine atoms. On the other hand, in HOMO, the orbital interaction of 

fluorine atoms existed only at 5,5′ positions and electronic donation from the lone pair 

of fluorine atoms occurred in addition to inductive effect of them (Figure 5B). Hence, 

elevation of HOMO energy levels was detected in BAz-5F and BAz-35F (Figure 5A). 

Consequently, the bathochromic shifts of absorption spectra should be caused by the 

elevation of HOMO energy levels (Figure 1A and Table S5). We previously reported the 

similar effect by using bromine atoms as a unique substitution effect at 5,5′ positions of 

BAz derivatives.11d It was noted the orbital interaction at 3,3′ positions was observable 

in HOMO−2, which led to enhancement of S0→S3 transition (Figure S11 and Table S6). 

As a result, rise of the middle absorption band at around 400 nm (Figure 1A) was 

attributed to the increase of S0→S3 transition without any disturbance in HOMO–

LUMO energy gaps.  

 

Figure 5 

 

    To estimate influence of the substituent effect on the electronic structures in 

polymers, the model compounds having BT units in both sides of the BAz unit were 

used for calculations (Figures 6, S12 and Table S7). The calculation with model 

compounds well helped interpreting the situation of the polymers. Contrary to the 

monomers, BT units worked as donors and the standard HOMO energy levels were 

dramatically raised (Figure 6A). In polymers, the orbital interaction of fluorine atoms 

was still effective as shown in the monomers (Figure 6B and S12) and slight elevation 

of the HOMO energy levels was detected by fluorination at 5,5′ positions (Figure 6A). 

However, the effect was weakened probably because of large delocalization of HOMO 
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through the BT units (Figure 6B and S12). Meanwhile, relatively localized LUMO was 

strongly affected by reduction of energy levels through the inductive effect of fluorine 

atoms. From those effects, the energy gaps were narrower in the order of P-BAz-35F, 

P-BAz-5F, P-BAz-3F, P-BAz (Figure 6A and Table S7). It can be said that the optical 

properties of the BAz polymers can be finely tuned by selecting the substituent 

positions. 

 

Figure 6  
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3. Conclusion 

    Electronic properties of the multi-fluorinated BAz complexes were evaluated. 

Distinct and different substitution effects between at 3,3′ and 5,5′ positions were 

revealed. Reduction of LUMO energy level was caused by fluorination both at 3,3′ and 

5,5′ positions, whereas elevation of HOMO energy level was brought about only by 

fluorination at 5,5′ positions. The prepared BAz complexes had a potential to solid-state 

emission with CIEE properties. Owing to strong D–A interaction of π-conjugated 

polymers with fluorinated BAz and BT units, we obtained highly efficient NIR emission. 

The energy gaps of the π-conjugated polymers were finely tuned depending on 

fluorinated positions and numbers, as a result, the maximum emission wavelength 

reached 847 nm in the diluted solution and 980 nm in the film. Additionally, the solvent 

effect originating from electronic transition attributed to a CT state was clearly shown in 

the polymers. Interestingly, reversible thermo-responsiveness with generation of the 

broad absorption band in NIR region was observed in P-BAz-3F probably because of 

interaction between additional fluorine and nitrogen atoms. Furthermore, theoretical 

calculation well supported the interpretation of the effects gifted by fluorination. 

Through fluorinated BAz compounds, it was revealed that the influence of fluorination 

was systematically understandable and the fluorination was effective in controlling 

energy gaps of π-conjugated polymers. The study disclosed high potentiality of BAz 

compounds as a strong electron acceptor. 
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Scheme 1. Syntheses of monomers, BAz, BAz-3F, BAz-5F and BAz-35F with the 

name of substitution positions. 

 

 

Scheme 2. General procedure for polymer synthesis. 

 

Table 1. Molecular weights and isolated yields of the synthesized polymers 

 R1 R2 Mn
a /kDa Mw

a /kDa Mw/Mn yield /% 

P-BAz-F b H H 21.4 55.6 2.5 85 

P-BAz-3F F H 13.8 38.8 3.2 54 

P-BAz-5F c H F 24.5 48.5 2.0 54 

P-BAz-35F c F F 13.4 20.8 1.6 44 

a Determined by a gel permeation chromatography (GPC) with polystyrene standards 
b ref 11b.  
c After fractionated by HPLC.  
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Figure 1. UV–vis absorption spectra of (A) BAz monomers, (B) polymers in 

chloroform (1.0×10−5 M for monomers, 1.0×10−5 M per repeating unit for polymers) 

and (C) polymer films. 

 

 

Figure 2. PL spectra of BAz monomers (A) in chloroform (1.0×10−5 M) and (B) in solid 

state, BAz polymers (C) in chloroform (1.0×10−5 M per repeating unit) and (D) in film 

state with the excitation light at each absorption maximum. 
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Table 2. Optical data of the BAz monomers and polymers in solution and solid or film 

states.  

 solution  solid or film 

 λabs
a /nm λPL

b /nm ΦPL
b,c /%  λabs

d /nm λPL
d /nm ΦPL

c,d /% 

BAz 486 621 <1  − 645 7 

BAz-3F 480 644 <1  − 613 2 

BAz-5F 513 654 <1  − 637 6 

BAz-35F 510 688 <1  − 644 2 

P-BAz 631 758 23  660 852 4 

P-BAz-3F 643 794 8  682 926 <1 

P-BAz-5F 666 821 11  698 916 <1 

P-BAz-35F 670 847 7  717 980 <1 

a 1.0×10−5 M for monomers and 1.0×10−5 M per repeating unit for polymers in CHCl3 

b 1.0×10−5 M for monomers and 1.0×10−5 M per repeating unit for polymers in toluene, 

excited at absorption maxima for PL. 

c Absolute PL quantum yield excited at absorption maxima. 

d Solid state for monomers and spin-coated film on the quartz substrate (0.9 cm×5 cm) 

prepared from chloroform solution (0.10 mL, 1000 rpm, concentration: 1.0 mg/0.30 

mL) for polymers; excited at absorption maxima for PL. 
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Figure 3. Lippert–Mataga plots of (A) BAz monomers and (B) polymers in the diluted 

solutions (1.0×10−5 M for monomers and 1.0×10−5 M per repeating unit for polymers) at 

room temperature. The formulas of approximate straight lines are described in the same 

figures. Plotted data are listed in Tables S1 and S2. 
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Figure 4. Cyclic voltammograms of (A) BAz monomers and (B) BAz polymers in 

dichloromethane (1.0×10−3 M for monomers, 1.0×10−3 M per repeating unit for 

polymers) containing nBu4NPF6 (0.10 M) at room temperature with a scan rate of 0.1 V 

s−1 (negative scan). The black arrows denote sweep directions (negative scan). 
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Table 3. Energy levels of molecular orbitals of BAz monomers and polymers 

 λabs,edge
 a /nm Eg,opt

 b
 

/eV Eonset
red

 
c /V ELUMO d /eV  EHOMO d /eV  

BAz 546 2.27 −0.80 −4.00 −6.27 

BAz-3F 546 2.27 −0.61 −4.19 −6.46 

BAz-5F 579 2.14 −0.63 −4.17 −6.31 

BAz-35F 579 2.14 −0.46 −4.34 −6.48 

P-BAz 722 1.72 −0.86 −3.94 −5.66 

P-BAz-3F 743 1.67 −0.71 −4.09 −5.76 

P-BAz-5F 769 1.61 −0.72 −4.08 −5.69 

P-BAz-35F 787 1.58 −0.55 −4.25 −5.83 

a In chloroform (1.0×10−5 M for monomers, 1.0×10−5 M per repeating unit for 

polymers), estimated from Figure S1. 

b Eg,opt = 1240/λabs,edge. 

c In dichloromethane (1.0×10−3 M for monomers, 1.0×10−3 M per repeating unit for 

polymers) containing nBu4NPF6 (0.10 M) at room temperature with a scan rate of 0.1 V 

s−1 (negative scan). 

d ELUMO = −(4.8−Eonset
red) (eV),[21] EHOMO = ELUMO−Eg,opt.  
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Figure 5. (A) Energy diagrams of BAz monomers (solid line: from DFT calculation, 

dotted line: from CV and UV–vis absorption spectra, Table 3), (B) HOMO and LUMO 

of BAz and BAz-35F obtained from DFT calculations (isovalue = 0.03). Hydrogens 

were omitted for clarity. 

 

 

Figure 6. (A) Energy diagrams of model compounds of BAz polymers (solid line: from 

DFT calculation of model compounds, dotted line: from CV and UV–vis–NIR 

absorption spectra of BAz polymers, Table 3) and (B) chemical structures of model 

compounds, and HOMO and LUMO of BAz-BT and BAz-BT-35F with DFT 

calculations (isovalue = 0.025). Hydrogens were omitted for clarity. 
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General  

1H, 13C and 11B NMR spectra were recorded on JEOL EX400 and AL400 instruments at 400, 100 

and 128 MHz, respectively. Samples were analyzed in CDCl3, CD2Cl2, DMSO-d6 and THF-d8. The 

chemical shift values were expressed relative to Me4Si for 1H and 13C NMR as an internal standard in 

CDCl3 and BF3∙Et2O for 11B NMR as a capillary standard. Analytical thin layer chromatography (TLC) 

was performed with silica gel 60 Merck F254 plates. Column chromatography was performed with 

Wakogel® C-300 silica gel. Recyclable preparative high-performance liquid chromatography (HPLC) was 

carried out on a Japan Analytical Industry Model LaboACE LC-5060 (JAIGEL-2.5H and 3HH columns) 

using CHCl3 as an eluent. High-resolution mass (HRMS) spectrometry was performed at the Technical 

Support Office (Department of Synthetic Chemistry and Biological Chemistry, Graduate School of 

Engineering, Kyoto University), and the HRMS spectra were obtained on a Thermo Fisher Scientific 

EXACTIVE spectrometer for electrospray ionization (ESI) and a Thermo Fisher Scientific EXACTIVE 

spectrometer for atmospheric pressure chemical ionization (APCI). UV–vis–NIR spectra were recorded 

on a SHIMADZU UV-3600i plus spectrophotometer, and samples were analyzed at room temperature. 

Fluorescence emission spectra were recorded on a HORIBA Scientific Fluorolog-3 spectrofluorometer 

and samples were analyzed at room temperature with PMT P928 (250~810 nm) and DSS-IGA (810~1550 

nm) as detectors. Absolute photoluminescence quantum efficiency (ΦPL) was recorded on a Hamamatsu 

Photonics Quantaurus-QY Plus C13534-01. Cyclic voltammetry (CV) was carried out on a 

BASALS-Electrochemical-Analyzer Model 600D with a grassy carbon working electrode, a Pt counter 

electrode, an Ag/AgCl reference electrode, and the ferrocene/ferrocenium (Fc/Fc+) external reference at a 

scan rate of 0.1 V s−1. X-ray crystallographic analysis was carried out by Rigaku R-AXIS RAPID-F 

graphite-monochromated MoKα radiation diffractometer with imaging plate or Rigaku Saturn 724+ with 

MicroMax-007HF CCD diffractometer with Varimax Mo optics using graphite-monochromated MoKα 

radiation. A symmetry-related absorption correction was carried out by using the program ABSCOR.[1] 

The analysis was carried out with direct methods (SHELX-97[2]) using Yadokari-XG.[3] The program 

ORTEP3[4] and Mercury-4.2.0 were used to generate the X-ray structural diagram. 
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Materials 

Commercially available compounds used without purification: 

3-Fluoro-2-methoxyaniline (3F-a) (Combi-Blocks, Inc.) 

5-Fluoro-2-methoxyaniline (5F-a) (Tokyo Chemical Industry Co, Ltd.) 

3,5-Difluoro-2-methoxyaniline (35F-a) (Fluorochem Ltd.)  

N-Bromosuccinimide (NBS) (FUJIFILM Wako Pure Chemical Industries, Ltd.) 

Manganese(IV) Oxide, Powder (MnO2) (FUJIFILM Wako Pure Chemical Industries, Ltd.) 

Boron tribromide (17% in CH2Cl2, ca. 1 M) (BBr3 in CH2Cl2) (Tokyo Chemical Industry Co, Ltd.) 

Boron trifluoride diethyl etherate (≥46% BF3 basis) (BF3∙Et2O) (Sigma-Aldrich Co. LLC.) 

Pd2(dba)3 (dba = dibenzylideneacetone) (Tokyo Chemical Industry Co, Ltd.) 

2-Dicyclohexylphosphino-2′,4′,6′-triisopropylbiphenyl (XPhos) (Strem Chemicals, Inc.) 

 

Commercially available solvents: 

MeOH (FUJIFILM Wako Pure Chemical Industries, Ltd.), THF (FUJIFILM Wako Pure Chemical 

Industries, Ltd.), toluene (deoxidized grade, FUJIFILM Wako Pure Chemical Industries, Ltd.), CH2Cl2 

(deoxidized grade, FUJIFILM Wako Pure Chemical Industries, Ltd.) used without purification. Et3N 

(Kanto Chemical Co., Inc.), purified by passage through solvent purification columns under N2 

pressure.[5] 

 

Compounds prepared as described in the literatures: 

BAz [6] 

5,5′-Bis(trimethylstannyl)-3,3′-didodecyl-2,2′-bithiophene (BT) [7],[8] 

  

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



5 

 

Synthetic Procedures and Characterization 

Synthesis of 3F-b 

 

A mixture of 3-fluoro-2-methoxyaniline (3F-a) (2.13 g, 15.1 mmol), NBS (2.69 g, 15.1 mmol) and 

dichloromethane (38 mL) was placed in a round-bottom flask equipped with a magnetic stirring bar. The 

mixture was reacted at room temperature for 8 h. After adding H2O, the organic layer was extracted 

with CH2Cl2, and washed with brine. The organic layer was dried over MgSO4. After filtration, the 

solvent was evaporated. The residue was semi-purified by column chromatography on SiO2 

(hexane/CH2Cl2 = 1/2 v/v as an eluent). The residue was purified by reprecipitation by hexane from the 

CHCl3 solution at −78 °C to afford 3F-b (1.42 g, 6.46 mmol, 43%) as a light brown solid. 

Rf = 0.37 (hexane/CH2Cl2 = 1/2 v/v). 1H NMR (CDCl3, 400 MHz) δ 7.00 (dd, J = 8.8, 7.3 Hz, 1H), 

6.41 (dd, J = 8.8, 1.4 Hz, 1H), 3.92–3.91 (m, 5H) ppm; 13C NMR (CDCl3, 100 MHz) δ 152.7 (d, JC-F = 

243 Hz), 140.6 (d, JC-F = 5.8 Hz), 135.7 (d, JC-F = 1.4 Hz), 126.9 (d, JC-F = 1.7 Hz), 111.3 (d, JC-F = 3.3 

Hz), 96.8 (d, JC-F = 19.7 Hz), 60.9 (d, JC-F = 5.8 Hz) ppm. HRMS (APCI) calcd. for C7H8BrFN2O2 

[M+H]+: 219.9768, found: 219.9769. 
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Chart S1. 1H NMR spectrum of 3F-b in CDCl3, 400 MHz. 

 

Chart S2. 13C NMR spectrum of 3F-b in CDCl3, 100 MHz.  

CHCl3 
TMS 

H2O 

TMS 

CDCl3 
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Synthesis of Az-3F-OMe 

 

A mixture of 3F-b (1.41 g, 6.40 mmol), MnO2 (2.23 g, 25.6 mmol) and toluene (30 mL) was placed 

in a round-bottom flask equipped with a magnetic stirring bar. The mixture was reacted at reflux 

temperature for 30 h. After the reaction, MnO2 was removed by filtration and washed with CHCl3. The 

residue was purified by recrystallization with MeOH (poor solvent) and CHCl3 (good solvent) to afford 

Az-3F-OMe (642 mg, 1.47 mmol, 46%) as an orange solid. 

    1H NMR (CDCl3, 400 MHz) δ 7.38 (dd, J = 9.0, 1.7 Hz, 2H), 7.30 (dd, J = 9.0, 6.4 Hz, 2H), 4.18 (d, 

J = 1.2 Hz, 6H) ppm; 13C NMR (CDCl3, 100 MHz) δ 153.4 (d, JC-F = 247 Hz), 147.3 (d, JC-F = 13.2 Hz), 

145.8 (d, JC-F = 2.5 Hz), 126.7, 113.6 (d, JC-F = 18.9 Hz), 112.9 (d, JC-F = 4.1 Hz), 63.7 (d, JC-F = 3.3 Hz) 

ppm. HRMS (ESI) calcd. for C14H11Br2F2N2O2 [M+H]+: 434.9150, found: 434.9151. 
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Chart S3. 1H NMR spectrum of Az-3F-OMe in CDCl3, 400 MHz.  

 

 

Chart S4. 13C NMR spectrum of Az-3F-OMe in CDCl3, 100 MHz.  

CHCl3 

TMS 

H2O 

TMS 

CDCl3 
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Synthesis of Az-3F-OH 

 

Az-3F-OMe (626 mg, 1.44 mmol) was placed in a round-bottom flask equipped with a magnetic 

stirring bar. After degassing and filling N2 three times, CH2Cl2 (36 mL) was added to the flask. After 

cooling the mixture to −78 °C, BBr3 (1 M in CH2Cl2, 7.18 mL, 7.18 mmol) was dropwise added. The 

reaction was carried out at room temperature for 20 min. Then toluene (36 mL) was added to the flask 

and heated to 65 °C for 16 h. After the reaction, MeOH was carefully added at 0 °C for quenching the 

reaction. Then, the target compound was immediately precipitated. The solid was collected and washed 

with MeOH and CHCl3 to afford Az-3F-OH (205 mg, 0.502 mmol, 35%) as a yellow solid.  

1H NMR (DMSO-d6, 400 MHz) δ 11.54 (br, 2H), 7.74 (dd, J = 8.8, 1.4 Hz 2H), 7.27 (dd, J = 9.0, 6.8 

Hz, 2H) ppm; 13C NMR (DMSO-d6, 100 MHz) δ 149.1 (d, JC-F = 241 Hz), 144.8 (d, JC-F = 14.0 Hz), 

139.8 (d, JC-F = 3.3 Hz), 122.0, 115.8 (d, JC-F = 3.3 Hz), 112.7 (d, JC-F = 18.1 Hz) ppm. HRMS (ESI) calcd. 

for C12H5Br2F2N2O2 [M−H]−: 404.8691, found: 404.8796.  
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Chart S5. 1H NMR spectrum of Az-3F-OH in DMSO-d6, 400 MHz. 

 

Chart S6. 13C NMR spectrum of Az-3F-OH in DMSO-d6, 100 MHz.  
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Synthesis of BAz-3F 

 

    Az-3F-OH (195 mg, 0.478 mmol) was placed in a round-bottom flask equipped with a magnetic 

stirring bar. After degassing and filling N2 three times, toluene (5 mL) was added to the flask. BF3∙Et2O 

(0.30 mL, 2.4 mmol) and Et3N (0.17 mL, 1.2 mmol) were added to the mixture. After finishing the 

addition, the reaction was carried out at 100 °C for 9 h. After the reaction, the solvent was removed with a 

rotary evaporator. The residue was purified by column chromatography on SiO2 (hexane/CH2Cl2 = 3/2 v/v 

as an eluent) to afford BAz-3F (179 mg, 0.411 mmol, 86%) as a red crystal. 

Rf = 0.35 (hexane/CH2Cl2 = 3/2 v/v). 1H NMR (CDCl3, 400 MHz) δ 7.72 (d, J = 8.8 Hz, 1H), 7.55 (d, 

J = 8.8 Hz, 1H), 7.45 (dd, J = 8.6, 5.9 Hz, 1H), 7.32 (dd, J = 8.5, 5.6 Hz, 1H) ppm; 13C NMR (CDCl3, 100 

MHz) δ 150.4 (d, JC-F = 252 Hz), 149.7 (d, JC-F = 15.4 Hz), 148.0 (d, JC-F = 252 Hz), 139.7, 135.9 (d, JC-F 

= 14.8 Hz), 133.4, 126.7 (d, JC-F = 4.1 Hz), 126.0, 125.9 (d, JC-F = 1.7 Hz), 120.0 (d, JC-F = 18.1 Hz), 

119.1 (d, JC-F = 17.3 Hz), 112.8 (d, JC-F = 4.9 Hz), ppm. 11B NMR (CDCl3, 128 MHz) δ 1.23 (d, J = 37.1 

Hz) ppm. HRMS (ESI) calcd. for C12H4BBr2F3N2O2 [M•]−: 433.8690, found: 433.8685.  
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Chart S7. 1H NMR spectrum of BAz-3F in CDCl3, 400 MHz.  

 

Chart S8. 13C NMR spectrum of BAz-3F in CDCl3, 100 MHz. 

CHCl3 

TMS 

H2O 

TMS 

CDCl3 

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



13 

 

 

Chart S9. 11B NMR spectrum of BAz-3F in CDCl3, 128 MHz. 
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Synthesis of 5F-b 

 

A mixture of 5-fluoro-2-methoxyaniline (5F-a) (5.00 g, 35.4 mmol), NBS (6.30 g, 35.4 mmol) and 

dichloromethane (100 mL) was placed in a round-bottom flask equipped with a magnetic stirring bar. The 

mixture was reacted at room temperature for 15 h. After adding H2O, the organic layer was extracted 

with CH2Cl2, and washed with brine. The organic layer was dried over MgSO4. After filtration, the 

solvent was evaporated. The residue was semi-purified by column chromatography on SiO2 

(hexane/CH2Cl2 = 1/1 v/v as an eluent). The residue was purified by recrystallization with hexane to 

afford 5F-b (3.38 g, 15.4 mmol, 44%) as a light brown crystal. 

Rf = 0.25 (hexane/CH2Cl2 = 1/1 v/v). 1H NMR (CDCl3, 400 MHz) δ 6.84 (d, J = 6.4 Hz, 1H), 6.50 (d, 

J = 9.8 Hz, 1H), 3.91 (s, 2H), 3.82 (s, 3H) ppm; 13C NMR (CDCl3, 100 MHz) δ 153.8 (d, JC-F = 236 Hz), 

143.8 (d, JC-F = 1.6 Hz), 136.8 (d, JC-F = 9.9 Hz), 114.2 (d, JC-F = 1.6 Hz), 102.5 (d, JC-F = 27.1 Hz), 94.1 

(d, JC-F = 23.0 Hz), 56.1 ppm. HRMS (APCI) calcd. for C7H8BrFNO [M+H]+: 219.9768, found: 

219.9769. 
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Chart S10. 1H NMR spectrum of 5F-b in CDCl3, 400 MHz. 

 

Chart S11. 13C NMR spectrum of 5F-b in CDCl3, 100 MHz.  
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Synthesis of Az-5F-OMe 

 

A mixture of 5F-b (3.27 g, 14.9 mmol), MnO2 (10.3 g, 119 mmol) and toluene (100 mL) was placed 

in a round-bottom flask equipped with a magnetic stirring bar. The mixture was reacted at 70 °C for 6 h. 

After the reaction, MnO2 was removed by filtration and washed with CHCl3. The residue was purified by 

recrystallization with MeOH (poor solvent) and CHCl3 (good solvent) to afford Az-5F-OMe (2.33 g, 5.34 

mmol, 72%) as an orange solid. 

    1H NMR (CD2Cl2 400 MHz) δ 7.46 (d, J = 9.3 Hz, 2H), 7.32 (d, J = 5.9, 2H), 4.00 (s, 6H) ppm; 13C 

NMR (CD2Cl2, 100 MHz) δ 154.4 (d, JC-F = 2.5 Hz), 154.2 (d, JC-F = 241 Hz), 142.2 (d, JC-F = 4.1 Hz), 

118.3, 113.4 (d, JC-F = 23.9 Hz), 104.4 (d, JC-F = 24.7 Hz), 57.6 ppm. HRMS (APCI) calcd. for 

C14H11Br2F2N2O2 [M+H]+: 434.9150, found: 434.9155. 
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Chart S12. 1H NMR spectrum of Az-5F-OMe in CD2Cl2, 400 MHz. 

 

Chart S13. 13C NMR spectrum of Az-5F-OMe in CD2Cl2, 100 MHz.  
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Synthesis of Az-5F-OH 

 

Az-5F-OMe (2.42 g, 5.55 mmol) was placed in a round-bottom flask equipped with a magnetic 

stirring bar. After degassing and filling Ar three times, CH2Cl2 (60 mL) was added to the flask. After 

cooling the mixture to −78 °C, BBr3 (1 M in CH2Cl2, 27.8 mL, 27.8 mmol) was dropwise added. The 

reaction was carried out at room temperature for 5 h. Then toluene (60 mL) was added to the flask and 

heated to 70°C for 14 h. After the reaction, MeOH was carefully added at 0 °C for quenching the reaction. 

Then, the target compound was immediately precipitated as an orange solid. The crystal was collected 

and washed with MeOH to afford Az-5F-OH (1.30 g, 3.19 mmol, 57%) as a yellow solid.  

1H NMR (CDCl3, 400 MHz) δ 11.69 (s, 2H), 7.48 (d, J = 8.1 Hz, 2H), 7.30 (d, J = 6.1 Hz, 2H) ppm; 

13C NMR (THF-d8, 100 MHz) δ 153.0 (d, JC-F = 239 Hz), 151.7 (d, JC-F = 1.6 Hz), 137.5 (d, JC-F = 6.3 Hz), 

122.2, 114.1 (d, JC-F = 23.0 Hz), 108.8 (d, JC-F = 24.7 Hz) ppm. HRMS (ESI) calcd. for C12H5Br2F2N2O2 

[M−H]−: 404.8686, found: 404.8764. 
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Chart S14. 1H NMR spectrum of Az-5F-OH in CDCl3, 400 MHz. 

 

Chart S15. 13C NMR spectrum of Az-5F-OH in THF-d8, 100 MHz.  

CHCl3 TMS 

H2O 

THF 

THF 

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



20 

 

Synthesis of BAz-5F 

  

    Az-5F-OH (1.30 g, 3.19 mmol) was placed in a round-bottom flask equipped with a magnetic 

stirring bar. After degassing and filling Ar three times, toluene (100 mL) was added to the flask. BF3∙Et2O 

(8.0 mL, 63.7 mmol) and Et3N (4.4 mL, 31.9 mmol) were added to the mixture. After finishing the 

addition, the reaction was carried out at 100 °C for 17 h. After the reaction, the solvent was removed with 

a rotary evaporator. The residue was semi-purified by column chromatography on SiO2 (CHCl3 as an 

eluent) and further purification was carried out by recrystallization with hexane to afford BAz-5F (1.08 g, 

2.46 mmol, 77%) as a dark red crystal. 

Rf = 0.70 (hexane/CH2Cl2 = 1/1 v/v). 1H NMR (CDCl3, 400 MHz) δ 7.72 (d, J = 7.6 Hz, 1H), 7.60 (d, 

J = 2.7 Hz, 1H), 7.58 (d, J = 3.4 Hz, 1H), 7.50 (d, J = 5.4 Hz, 1H) ppm; 13C NMR (CDCl3, 100 MHz) δ 

157.7 (d, JC-F = 1.6 Hz), 154.2 (d, JC-F = 246 Hz), 154.1 (d, JC-F = 243 Hz), 142.4 (d, JC-F = 1.6 Hz), 138.4, 

131.1, 125.1, 121.9 (d, JC-F = 23.4 Hz), 121.0, 120.6 (d, JC-F = 23.9 Hz), 115.8 (d, JC-F = 24.7 Hz), 103.5 

(d, JC-F = 27.4 Hz) ppm. 11B NMR (CDCl3, 128 MHz) δ 1.32 (d, J = 37.7 Hz) ppm. HRMS (ESI) calcd. 

for C12H4Br2F3N2O2 [M•]−: 433.8690, found: 433.8693. 
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Chart S16. 1H NMR spectrum of BAz-5F in CDCl3, 400 MHz.  

 

Chart S17. 13C NMR spectrum of BAz-5F in CDCl3, 100 MHz. 
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Chart S18. 11B NMR spectrum of BAz-5F in CDCl3, 128 MHz. 

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



23 

 

Synthesis of 35F-b 

 

A mixture of 3,5-difluoro-2-methoxyaniline (35F-a) (4.86 g, 30.5 mmol) and CH2Cl2 (280 mL) was 

placed in a round-bottom flask equipped with a magnetic stirring bar. NBS (5.44 g, 30.5 mmol) was 

slowly added at 0 °C. The mixture was reacted at room temperature for 9 h. After adding H2O, the 

organic layer was extracted with CH2Cl2, and washed with brine. The organic layer was dried over 

MgSO4. After filtration, the solvent was evaporated. The residue was purified by recrystallization with 

hexane to afford 35F-b (6.06 g, 25.5 mmol, 83%) as a light brown crystal. 

1H NMR (CDCl3, 400 MHz) δ 6.34 (dd, J = 9.8, 2.2 Hz, 1H), 4.09 (s, 2H), 3.87 (s, 3H) ppm; 13C 

NMR (CDCl3, 100 MHz) δ 155.6 (dd, JC-F = 239, 5.8 Hz), 153.1 (dd, JC-F = 243, 7.4 Hz), 140.5 (dd, JC-F = 

12.3, 6.6 Hz), 131.9 (dd, JC-F = 14.8, 4.1 Hz), 97.8 (dd, JC-F = 26.3, 2.5 Hz), 84.7 (dd, JC-F = 25.5, 22.2 

Hz), 61.0 (d, JC-F = 4.9 Hz) ppm. HRMS (APCI) calcd. for C7H7BrF2NO [M+H]+: 237.9674, found: 

237.9675. 
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Chart S19. 1H NMR spectrum of 35F-b in CDCl3, 400 MHz. 

 

Chart S20. 13C NMR spectrum of 35F-b in CDCl3, 100 MHz.  
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Synthesis of Az-35F-OMe 

 

A mixture of 35F-b (5.65 g, 23.7 mmol), MnO2 (8.23 g, 94.7 mmol) and toluene (100 mL) was 

placed in a round-bottom flask equipped with a magnetic stirring bar. The mixture was reacted at 70 °C 

for 21 h. After the reaction, MnO2 was removed by filtration and washed with CHCl3. The residue was 

purified by recrystallization with MeOH (poor solvent) and CHCl3 (good solvent) to afford Az-35F-OMe 

(3.64 g, 7.71 mmol, 65%) as an orange crystal. 

    1H NMR (CDCl3, 400 MHz) δ 7.35 (dd, J = 9.0, 1.4 Hz, 2H), 4.15 (s, 6H) ppm; 13C NMR (CDCl3, 

100 MHz) δ 155.2 (dd, JC-F = 246, 4.1 Hz), 154.3 (dd, JC-F = 6.4, 4.9 Hz), 144.8 (dd, JC-F = 248, 3.9 Hz), 

144.2 (dd, JC-F = 13.2, 4.1 Hz), 103.2 (dd, JC-F = 27.1, 23.0 Hz), 98.9 (dd, JC-F = 24.7, 3.3 Hz), 64.1 (d, 

JC-F = 3.3 Hz) ppm. HRMS (APCI) calcd. for C14H9Br2F4N2O2 [M+H]+: 470.8961, found: 470.8967.  
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Chart S21. 1H NMR spectrum of Az-35F-OMe in CDCl3, 400 MHz.  

 

Chart S22. 13C NMR spectrum of Az-35F-OMe in CDCl3, 100 MHz.  
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Synthesis of Az-35F-OH 

 

Az-35F-OMe (472 mg, 1.00 mmol) was placed in a round-bottom flask equipped with a magnetic 

stirring bar. After degassing and filling N2 three times, CH2Cl2 (20 mL) was added to the flask. After 

cooling the mixture to −78 °C, BBr3 (1 M in CH2Cl2, 4.0 mL, 4.0 mmol) was dropwise added. The 

reaction was carried out at 40 °C for 3 h. After the reaction, H2O and THF were carefully added at 0 °C 

for quenching the reaction. Subsequently, MeOH was added. Then, the target compound was precipitated 

as a light brown solid. The solid was collected and washed with MeOH to afford Az-35F-OH (412 mg, 

0.928 mmol, 93%) as a light brown solid. 

1H NMR (DMSO-d6, 400 MHz) δ 11.19 (s, 2H), 7.95 (dd, J = 10.0, 2.2 Hz, 2H) ppm; 13C NMR 

(DMSO-d6, 100 MHz) δ 151.5 (dd, JC-F = 238, 3.9 Hz), 149.8 (dd, JC-F = 243, 5.4 Hz), 143.1 (dd, JC-F = 

13.6, 2.7 Hz), 138.9 (dd, JC-F = 6.2, 5.1 Hz), 102.5 (dd, JC-F = 27.6, 22.0 Hz), 99.0 (dd, JC-F = 24.9, 3.5 

Hz), ppm. HRMS (ESI) calcd. for C12H3Br2F4N2O2 [M−H]−: 440.8503, found: 440.8508. 
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Chart S23. 1H NMR spectrum of Az-35F-OH in DMSO-d6, 400 MHz. 

Chart S24. 13C NMR spectrum of Az-35F-OH in DMSO-d6, 100 MHz.  
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Synthesis of BAz-35F 

  

    Az-35F-OH (222 mg, 0.500 mmol) was placed in a round-bottom flask equipped with a magnetic 

stirring bar. After degassing and filling N2 three times, toluene (10 mL) was added to the flask. BF3∙Et2O 

(0.31 mL, 2.50 mmol) and Et3N (0.15 mL, 1.10 mmol) were added to the mixture. After finishing the 

addition, the reaction was carried out at 100 °C for 7 h. After the reaction, the solvent was removed with a 

rotary evaporator. The residue was purified by column chromatography on SiO2 (hexane/CH2Cl2 = 1/1 v/v 

as an eluent) to afford BAz-35F (226 mg, 0.479 mmol, 96%) as a red crystal. 

Rf = 0.70 (hexane/CH2Cl2 = 1/1 v/v). 1H NMR (CDCl3, 400 MHz) δ 7.64 (dd, J = 7.3, 2.2 Hz, 1H), 

7.49 (dd, J = 6.2, 2.0 Hz, 1H) ppm; 13C NMR (CDCl3, 100 MHz) δ 154.3 (dd, JC-F = 247, 1.4 Hz), 153.6 

(dd, JC-F = 245, 2.5 Hz), 151.0 (dd, JC-F = 255, 4.9 Hz), 148.5 (d, JC-F = 256 Hz), 146.7 (dd, JC-F = 15.6, 

1.7 Hz), 138.3, 132.5 (dd, JC-F = 15.0, 2.7 Hz), 131.9, 110.9 (dd, JC-F = 25.5, 4.1 Hz), 110.8 (dd, JC-F = 

27.1, 21.4 Hz), 109.8 (dd, JC-F = 26.3, 19.7 Hz), 99.1 (dd, JC-F = 28.0, 4.9 Hz) ppm. 11B NMR (CDCl3, 

128 MHz) δ 1.28 (d, J = 25.1 Hz) ppm. HRMS (ESI) calcd. for C12H2BBr2F5N2O2 [M•]−: 469.8502, 

found: 469.8504.  
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Chart S25. 1H NMR spectrum of BAz-35F in CDCl3, 400 MHz.  

 

Chart S26. 13C NMR spectrum of BAz-35F in CDCl3, 100 MHz. 
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Chart S27. 11B NMR spectrum of BAz-35F in CDCl3, 128 MHz. 
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Synthesis of P-BAz-3F 

 

A mixture of BAz-3F (43.6 mg, 0.10 mmol), 5,5′-bis(trimethylstannyl)-3,3′-didodecyl-2,2′ 

-bithiophene (BT) (82.9 mg, 0.10 mmol), Pd2(dba)3 (2.7 mg, 0.0030 mmol), XPhos (2.9 mg, 0.0060 

mmol) was placed in a round-bottom flask equipped with a magnetic stirring bar. After degassing and 

filling Ar three times, toluene (2.0 mL) was added to the mixture. The reaction was carried out at 80 °C 

for 24 h. After the reaction, the obtained polymer was redissolved in CHCl3 at 80 °C, and then the product 

was reprecipitated from CH3CN. The polymer collected by filtration was dried in vacuo to afford 

P-BAz-5F (42.0 mg, 54%) as a black solid. 

Mn = 13,500, Mw = 38,800, Mw/Mn = 3.2. 1H NMR (CDCl3, 400 MHz) δ 7.71 (br, 2H), 7.64 (br, 2H), 

7.51 (s, 1H), 7.39 (s, 1H), 2.65 (br, 4H), 1.64 (br, 4H), 1.24 (br, 36H), 0.86 (t, J = 6.3 Hz, 6H) ppm; 13C 

NMR (CDCl3, 100 MHz) δ 149.7, 147.5, 144.6, 144.6, 139.8, 136.5, 133.0, 132.0, 131.1, 129.7, 129.2, 

126.3, 120.8, 120.3, 112.3, 31.9, 30.7, 29.7, 29.7, 29.6, 29.4, 29.4, 29.2, 22.7, 14.1 ppm; 11B NMR 

(CDCl3, 128 MHz) δ 1.37 ppm.  
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Chart S28. 1H NMR spectrum of P-BAz-3F in CDCl3, 400 MHz.  

 

Chart S29. 13C NMR spectrum of P-BAz-3F in CDCl3, 100 MHz. 
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Chart S30. 11B NMR spectrum of P-BAz-3F in CDCl3, 128 MHz. 
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Synthesis of P-BAz-5F 

 

A mixture of BAz-5F (217 mg, 0.50 mmol), 5,5′-bis(trimethylstannyl)-3,3′-didodecyl-2,2′ 

-bithiophene (BT) (414.3 mg, 0.50 mmol), Pd2(dba)3 (13.7 mg, 0.015 mmol), XPhos (14.3 mg, 0.030 

mmol) was placed in a round-bottom flask equipped with a magnetic stirring bar. After degassing and 

filling N2 three times, toluene (10 mL) was added to the mixture. The reaction was carried out at 80 ˚C for 

24 h. After the reaction, the obtained polymer was redissolved in a small amount of CHCl3, and then the 

product was reprecipitated from MeOH. The high molecular weight of the polymer was fractionated by 

HPLC. The obtained fraction was redissolved in a small amount of CHCl3, and then the product was 

reprecipitated from MeOH. The polymer collected by filtration was dried in vacuo to afford P-BAz-5F 

(211 mg, 54%) as a black solid.  

Mn = 24,500, Mw = 48,500, Mw/Mn = 2.0. 1H NMR (CDCl3, 400 MHz) δ 7.71–7.67 (br, 2H), 7.59–

7.57 (br, 3H), 7.46 (d, J = 5.9 Hz, 1H), 2.65 (br, 4H), 1.64 (br, 4H), 1.24 (br, 36H), 0.86 (t, J = 6.3 Hz, 

6H) ppm; 13C NMR (CDCl3, 100 MHz) δ 157.4, 155.8, 153.3, 152.8, 144.5, 143.2, 138.5, 136.4, 135.9, 

131.8, 130.9, 117.5, 116.2, 113.1, 104.2, 103.7, 31.9, 30.7, 29.7, 29.7, 29.6, 29.4, 29.4, 29.1, 22.7, 14.1 

ppm; 11B NMR (CDCl3, 128 MHz) δ 1.37 ppm. 
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Chart S31. 1H NMR spectrum of P-BAz-5F in CDCl3, 400 MHz.  

 

Chart S32. 13C NMR spectrum of P-BAz-5F in CDCl3, 100 MHz. 
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Chart S33. 11B NMR spectrum of P-BAz-5F in CDCl3, 128 MHz.
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Synthesis of P-BAz-35F 

 

A mixture of BAz-35F (47.2 mg, 0.10 mmol), 5,5′-bis(trimethylstannyl)-3,3′-didodecyl-2,2′ 

-bithiophene (BT) (82.9 mg, 0.10 mmol), Pd2(dba)3 (2.7 mg, 0.0030 mmol), XPhos (2.9 mg, 0.0060 

mmol) was placed in a round-bottom flask equipped with a magnetic stirring bar. After degassing and 

filling N2 three times, toluene (2.0 mL) was added to the mixture. The reaction was carried out at 80 ˚C 

for 24 h. After the reaction, the obtained polymer was redissolved in a small amount of toluene, and then 

the product was purified by flash column chromatography on SiO2. The obtained polymer was 

redissolved in a small amount of toluene, and then the product was reprecipitated from MeOH. The high 

molecular weight of the polymer was fractionated by HPLC. The obtained fraction was redissolved in a 

small amount of toluene, and then the product was reprecipitated from MeOH. The polymer collected by 

filtration was dried in vacuo to afford P-BAz-35F (35.8 mg, 44%) 

Mn = 13,400, Mw = 20,800, Mw/Mn = 1.6. 1H NMR (CDCl3, 400 MHz) δ 7.89 (s, 1H), 7.78 (s, 1H), 

7.61 (d, J = 11 Hz, 1H), 7.51 (d, J = 8.5 Hz, 1H), 2.68 (br, 4H), 1.65 (br, 4H), 1.24 (br, 36H), 0.87 (t, J = 

6.1 Hz, 6H) ppm; 13C NMR (CDCl3, 100 MHz) δ 155.4, 154.4, 152.9, 152.0, 147.6, 146.7, 145.1, 143.9, 

143.7, 134.9, 134.4, 134.1, 133.3, 129.6, 111.4, 99.6, 31.9, 30.8, 29.7, 29.7, 29.6, 29.4, 29.4, 29.0, 22.7, 

14.1 ppm; 11B NMR (CDCl3, 128 MHz) δ 1.37 ppm. 
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Chart S34. 1H NMR spectrum of P-BAz-35F in CDCl3, 400 MHz.  

 

Chart S35. 13C NMR spectrum of P-BAz-35F in CDCl3, 100 MHz. 

CHCl3 
TMS 

TMS 

CDCl3 
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Chart S36. 11B NMR spectrum of P-BAz-35F in CDCl3, 128 MHz. 
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Enlarged views of UV–vis–NIR absorption spectra 

 

 

Figure S1. Enlarged views at edge of UV–vis absorption spectra of (A) BAz monomers and (B) polymers 

in chloroform (1.0×10−5 M for monomers, 1.0×10−5 M per repeating unit for polymers) for estimation of 

optical energy gaps. 
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Solvent effect of monomers 

Lippert–Mataga plots 

    The Lippert–Mataga plots were constructed by using the relation below. 

 

Figure S2. (A) UV–vis absorption (left) and PL spectra (right), (B) Lippert–Mataga plots and (C) 

spectroscopic data of BAz, BAz-3F, BAz-5F and BAz-35F in the diluted solutions (1.0×10−5 M) at room 

temperature, excited at the wavelength of the absorption maxima. 

  

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



43 

 

Solvent effect of polymers 

 

Figure S3. UV–vis–NIR absorption (left) and PL spectra (right) of P-BAz, P-BAz-3F, P-BAz-5F and 

P-BAz-35F in the diluted solutions (1.0×10−5 M per repeating unit, solvent/CHCl3 = 99/1 v/v) at room 

temperature, excited by absorption maxima. An asterisk denotes a noise peak. 
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Table S1. Spectroscopic data of P-BAz and P-BAz-3F 

a In solvent/CHCl3 = 99/1 v/v (1.0×10−5 M) 

b Excited by λabs 

c Stokes shift; v (cm−1) = 1/(λabs(nm))×107−1/(λPL(nm))×107 

dAbsolute PL quantum efficiency excited at λabs. 

 

Table S2. Spectroscopic data of P-BAz-5F and P-BAz-35F 

a In solvent/CHCl3 = 99/1 v/v (1.0×10−5 M) 

b Excited by λabs 

c Stokes shift; v (cm−1) = 1/(λabs(nm))×107−1/(λPL(nm))×107 

dAbsolute PL quantum efficiency excited at λabs. 

  

solvent 

P-BAz  P-BAz-3F 

λabs
a  

/nm 

λPL
a,b 

/nm 

vc 

/cm−1 

ΦPL
a,d 

/% 

 λabs
a  

/nm 

λPL
a,b 

/nm 

vc 

/cm−1 

ΦPL
a,d 

/% 

benzene 633 767 2760 22  648 795 2853 4 

toluene 631 758 2655 23  643 794 2958 8 

chloro- 

benzene 
638 797 3127 11  650 839 3466 6 

CHCl3 637 804 3261 7  649 838 3475 4 

CH2Cl2 637 831 3665 2  650 863 3797 <1 

THF 632 786 3100 5  650 837 3437 2 

solvent 

P-BAz-5F  P-BAz-35F 

λabs
a  

/nm 

λPL
a,b 

/nm 

vc 

/cm−1 

ΦPL
a,d 

/% 

 λabs
a  

/nm 

λPL
a,b 

/nm 

vc 

/cm−1 

ΦPL
a,d 

/% 

benzene 666 826 2908 10  667 848 3200 5 

toluene 666 821 2835 11  670 846 3105 7 

chloro- 

benzene 
672 848 3088 5  678 892 3539 2 

CHCl3 672 853 3158 3  677 897 3623 2 

CH2Cl2 671 867 3369 1  672 913 3928 <1 

THF 663 846 3263 2  650 848 3592 <1 
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Lippert–Mataga plots of polymers 

 

 

Figure S4. Lippert–Mataga plots of P-BAz, P-BAz-3F, P-BAz-5F and P-BAz-35F in the diluted 

solutions (1.0×10−5 M) at room temperature including THF data. Plotted data are listed in Tables S1 and 

S2.  
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Variable temperature absorption spectra and PL spectra 

 

Figure S5. (A–E) Variable temperature UV–vis–NIR absorption spectra of P-BAz-3F in toluene/CHCl3 = 

99/1 v/v (1.0×10−5 M per repeating unit). (A) Heating profiles with 10 min holding time at each 

temperature. (B) Cooling profiles with 10 min holding time at each temperature. (C) Monitoring 

absorbance at 800 nm of Figures S5A and S5B. (D) Reversibility of spectrum variation monitoring 

absorbance at 800 nm between at 60 °C and 10 °C with 10 min holding time at each temperature. (E) 

Monitoring absorbance at 800 nm during holding 40 °C under heating or cooling process. (F) PL spectra 

in solvent/CHCl3 = 99/1 v/v (1.0×10−5 M per repeating unit) excited at 772 nm. 
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Figure S6. Variable temperature UV–vis–NIR absorption spectra of P-BAz, P-BAz-5F and P-BAz-35F 

in toluene (1.0×10−5 M per repeating unit). 
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Single crystal X-ray structure analysis of BAz 

    Intensity data were collected on a Rigaku R-AXIS RAPID imaging plate area detector with graphite 

monochromated MoKα radiation (λ = 0.71069 Å). The structures were solved and refined by full-matrix 

least-squares procedures based on F2 (SHELX-2014).[9] 

 

Table S3. Crystallographic data of BAz 

Empirical formula C12H6BBr2FN2O2  

Formula weight 399.82 

Temperature (K) 93(2)  

Wavelength (Å) 0.71075 

Crystal system, space group Triclinic, P −1 

Unit cell dimensions a=6.9614(13) 

 b=7.2752(14) 

 c=14.275(3) 

 α=95.280(7) 

 β=97.895(7) 

 γ=115.814(8) 

Volume (Å3) 635.3(2) 

Z, calculated density (g cm–3) 2, 2.090 

Absorption coefficient 6.392 

F(000) 384 

Crystal size (mm) 0.30 × 0.20 × 0.10 

θ range for data collection 3.155-27.58 

Limiting indices –9≤h≤9, –9≤k≤9, –18≤l≤18 

Reflections collected (unique) 5835/3969 [R(int)=0.0878] 

Completeness to theta 0.994 

Max. and min. transmission 1.000, 0.063 

Goodness-of-fit on F2 1.054 

Final R indices [I > 2σ(I)]a R1 = 0.0778, wR2 = 0.2084 

R indices (all data) R1 = 0.1155, wR2 = 0.2387 

a R1 = Σ(|F0|–|Fc|)/Σ|F0|. wR2 = [Σw(F2
0–F2

c)2/Σw(F2
0)2]1/2. w = 1/[σ2(F2

0)+[(ap)2+bp]], where p = 

[max(F2
0,0)+2F2

c]/3. 
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Figure S7. (A) ORTEP drawings and (B) packing diagrams of BAz. Thermal ellipsoids are scaled to the 

50% probability level. 
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Single crystal X-ray structure analysis of BAz-3F 

    Intensity data were collected on a Rigaku Saturn 724+ with MicroMax-007HF CCD diffractometer 

with Varimax Mo optics using graphite-monochromated MoKα radiation. The structures were solved and 

refined by full-matrix least-squares procedures based on F2 (SHELXL-2014/7).[9] 

 

Table S4. Crystallographic data of BAz-3F 

Empirical formula C12H4BBr2F3N2O2 

Formula weight  435.80 

Temperature (K) 143(2) 

Wavelength (Å) 0.71075 

Crystal system, space group Monoclinic, P 21/c 

Unit cell dimensions (Å) a=8.659(6) 

 b=7.316(5) 

 c=20.883(14) 

Unit cell dimensions (º) α=90 

 β=93.436(10) 

 γ=90 

Volume (Å3) 1320.5(16) 

Z, calculated density (g cm–3) 4, 2.192 

Absorption coefficient 6.181 

F(000) 832 

Crystal size (mm) 0.17 × 0.10 × 0.05 

θ range for data collection 3.2-27.4 

Limiting indices –10≤h≤11, –9≤k≤9, –26≤l≤27 

Reflections collected (unique) 10304/1835 [R(int)=0.0859] 

Completeness to theta 0.994 

Max. and min. transmission 1.000, 0.798 

Goodness-of-fit on F2 1.009 

Final R indices [I > 2σ(I)]a R1 = 0.0570, wR2 = 0.1042 

R indices (all data) R1 = 0.0950, wR2 = 0.1189 

a R1 = Σ(|F0|–|Fc|)/Σ|F0|. wR2 = [Σw(F2
0–F2

c)2/Σw(F2
0)2]1/2. w = 1/[σ2(F2

0)+[(ap)2+bp]], where p = 

[max(F2
0,0)+2F2

c]/3. 
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Figure S8. (A) ORTEP drawings and (B) packing diagrams of BAz-3F. Thermal ellipsoids are scaled to 

the 50% probability level. 
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Intermolecular interaction in BAz and BAz-3F crystals 

 

Figure S9. Intermolecular interaction between two fractions in crystal and packing diagrams of (A) BAz 

and (B) BAz-3F. Thermal ellipsoids of ORTEP drawings are scaled to the 50% probability level. 
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Cyclic voltammetry 

 

Figure S10. Cyclic voltammograms of BAz polymers in dichloromethane (1.0×10−3 M for monomers, 

1.0×10−3 M per repeating unit for polymers) containing nBu4NPF6 (0.10 M) at room temperature with a 

scan rate of 0.1 V s−1 (positive scan). The black arrows denote sweep directions (positive scan). 

 

 

Table S5. Energy levels of molecular orbitals of BAz polymers 

 Eonset
ox a /V EHOMO b /eV  

P-BAz 0.63 −5.43 

P-BAz-3F 0.71 −5.51 

P-BAz-5F 0.81 −5.61 

P-BAz-35F 0.78 −5.58 

a In dichloromethane (1.0×10−3 M for monomers, 1.0×10−3 M per repeating unit for polymers) containing 

nBu4NPF6 (0.10 M) at room temperature with a scan rate of 0.1 V s−1 (positive scan). 

b EHOMO = −(4.8−Eonset
ox) (eV),[10] ELUMO = EHOMO+Eg,opt. 
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Computational details for theoretical calculation 

    The Gaussian 16 program package[11] was used for computation. We optimized the structures of the 

BAz, BAz-3F, BAz-5F, BAz-35F, BAz-BT, BAz-3F-BT, BAz-5F-BT and BAz-35F-BT in the ground 

S0 states and calculated their molecular orbitals. The density functional theory (DFT) was applied for the 

optimization of the structures in the S0 states at B3LYP/6-311G(d,p) level. We calculated the energy of the 

transitions with optimized geometries in the S0 states by time-dependent (TD) DFT at 

B3LYP/6-311G(d,p) level. 

 

Results of representative transitions of BAz complexes 

 

Table S6. Results of representative transitions of BAz monomers from TD-DFT calculations 

 Energy gap 

/ eV 

Wavelength 

/ nm 

Oscillator 

Strength 

transition Assignment (Weight) (Contribution) 

BAz 2.6788 462.83 0.5457 S0 → S1 HOMO → LUMO (0.68044) (93%) 

 3.0733 403.42 0.0833 S0 → S2 HOMO−1 → LUMO (0.68790) (95%) 

 3.2301 383.84 0.1318 S0 → S3 HOMO−2 → LUMO (0.62041) (77%) 

BAz-3F 2.6461 468.55 0.3538 S0 → S1 HOMO → LUMO (0.63267) (80%) 

 2.8772 430.92 0.0780 S0 → S2 HOMO−1 → LUMO (0.64190) (82%) 

 3.0293 409.28 0.3814 S0 → S3 HOMO−2 → LUMO (0.61079) (75%) 

BAz-5F 2.5189 492.21 0.4818 S0 → S1 HOMO → LUMO (0.68645) (94%) 

 2.8937 428.47 0.0560 S0 → S2 HOMO−1 → LUMO (0.69340) (96%) 

 3.1901 388.65 0.2089 S0 → S3 HOMO−2 → LUMO (0.61019) (74%) 

BAz-35F 2.4877 498.39 0.3374 S0 → S1 HOMO → LUMO (0.66468) (88%) 

 2.7311 453.97 0.0465 S0 → S2 HOMO−1 → LUMO (0.68785) (95%) 

 3.0268 409.63 0.4316 S0 → S3 HOMO−2 → LUMO (0.64342) (83%) 

 

Table S7. Results of representative transitions of BAz model compounds from TD-DFT calculations 

 Energy gap 

/ eV 

Wavelength 

/ nm 

Oscillator 

Strength 

transition Assignment (Weight) (Contribution) 

BAz-BT 2.1932 565.31 1.5942 S0 → S1 HOMO → LUMO (0.70518) (99%) 

BAz-3F-BT 2.1116 587.16 1.6778 S0 → S1 HOMO → LUMO (0.70642) (99%) 

BAz-5F-BT 2.0652 600.36 1.5958 S0 → S1 HOMO → LUMO (0.70607) (99%) 

BAz-35F-BT 1.9857 624.38 1.6409 S0 → S1 HOMO → LUMO (0.70675) (99%) 
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Molecular orbitals of BAz complexes 

 

 

 

Figure S11. Selected Kohn–Sham orbitals of BAz monomers obtained with DFT calculations (isovalue = 

0.03). Hydrogens were omitted for clarity. 
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Selected Kohn–Sham orbitals of model compounds 

 

 

 

Figure S12. Selected Kohn–Sham orbitals of model compounds BAz-BT, BAz-3F-BT, BAz-5F-BT and 

BAz-35F-BT obtained with DFT calculations (isovalue = 0.025). Hydrogens were omitted for clarity. 
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