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Abstract

Most of organic luminescent dyes usually show poor emission in solid due to
aggregation-cause quenching (ACQ) caused by non-specific intermolecular interaction,
such as m—n stacking. Furthermore, since commodity molecules having near-infrared
(NIR) emission properties tend to have extended n-conjugated systems, development of
luminescent organic materials with solid-state NIR emission has been still challenging.
Herein, we synthesized the series of the azobenzene complexes with the
perpendicularly-protruded aryl derivative at the boron atom toward n-conjugated system.
From the optical measurements, it was shown that these complexes can show
crystallization-induced emission enhancement (CIEE) behaviors. We also synthesized
the donor—acceptor (D-A) type m-conjugated polymers composed of the azobenzene
complexes. We obtained highly-efficient NIR emission from the phenyl-substituted
polymers both in solution (ApL = 742 nm, @pL = 15%) and film states (ApL = 793 nm, drL
= 9%). Furthermore, emission wavelengths can be tuned by changing the substituent at
the boron atom to the modified aryl groups. From mechanistic studies including
theoretical calculations, it was shown that electronic interaction is allowable between

the aryl substituent to the n-conjugated system through the tetradentate boron.



1. Introduction

Solid-state emission is essential for realizing luminescent devices, such as organic
light emitting devices (OLEDs)!"! and luminescent chemical sensors.>¥ In particular,
organic-based m-conjugated polymers received much attention owing to good material
properties, such as lightness, processability and flexibility as well as electronic
properties, such as luminescence, conductivity and property tunability by chemical
modification.[*! In particular, because of permeability in various media, near-infrared
(NIR) light is utilized for night vision camera, optical communication, identification of
target materials and bioimaging.'>® Since m-conjugated polymers have a suitable
structure for realizing a narrow energy gap which is the origin to generate NIR emission,
a wide variety of conjugated polymers with emission in the NIR region have been
developed.l®2%! Moreover, by the combination with strong donor and acceptor units,
luminescent polymers have been also obtained. However, it is still challenging to obtain
NIR emission in film.®!

Non-specific intermolecular interactions often lead to loss of excited energy
through transport the exciton among n—m interaction.?!! This emission annihilation in
solid is called as aggregation-caused quenching (ACQ) or concentration quenching. To
improve device efficiency in OLEDs and robust luminescent bioprobes for quantitative
analyses, elaborate molecular structures for avoiding ACQ are needed.!*?*! Insulated
molecular wires (IMWs) are known to be one of sophisticated ideas for obtaining

solid-state emission.!*!

By wrapping each n-conjugated main chain with bulky
substituents at the side chains, intermolecular interactions are inhibited. As a result,

emission properties in the diluted solution can be preserved in the condensed state.

Following this concept, bright emissive n-conjugated polymers have been developed.-



21 However, the complicated synthetic processes are required for applying this concept
to extended m-conjugated systems which are capable of presenting NIR luminescence.
As another strategy, the class of molecules having aggregation-induced emission (AIE)
or crystallized-induced emission enhancement (CIEE) properties, which show emission
only in solid or emission enhancement in crystal, respectively, have recently attracted
attention.**=2! Simply by using AIE- and/or CIEE molecules as a monomer, solid-state
luminescent polymers have been obtained.*>38! However, most of AIE molecules have
twisted molecular structures for inhibiting intermolecular interactions in aggregation,
and extension of m-electron delocalization should be also disturbed. Therefore, in
principle, it is difficult to apply conventional AIE molecules as a monomer for obtaining
narrow-energy-gap polymers.

Recently, we have proposed the design concept based on “element-blocks” which
is a minimum functional unit containing heteroatoms.***!! By employing unique
properties of heteroatoms, various types of luminescent dyes and polymers have been
developed.**>* As a luminescent “element-block”, we focused on the complexes
having a tetracoordinated boron atom.’! Boron complexation has been used for
reinforcing molecular rigidity and planarity. Because these structural features are
suitable for extending m-conjugation, a huge number of luminescent complexes, such as
boron dipyrromethene (BODIPY), have been developed.”® However, due to high
planarity of these complexes, non-specific intermolecular interactions such as m—m
stacking, followed by excitation decay, critically occurs in condensed states. Therefore,
we usually suffer from ACQ for obtaining solid-state luminescent materials. Meanwhile,
we found boron ketoiminate and boron diiminate complexes exhibited AIE and CIEE

properties which are promising characters for creating solid-state emissive materials.[’~



671 More recently, the tetracoordinated boron complexes with azomethine and

azobenzene-based tridentate ligands were found to show AIE and CIEE in deep red
regions.[®®74 From the mechanistic studies, it is proposed that -conjugated system can
be well expanded through whole molecules although the structures of these complexes
are slightly bent. Furthermore, the perpendicularly-protruded fluorine substituents at the
boron atom toward main-chain conjugation should disturb intermolecular interaction in
the crystalline state.[*7'72! From these results, we presumed that much narrower band
gaps and more intense solid-state luminescence could be realized in the azobenzene
complex.

From this standpoint, we focused on unique chemical conformation of the
tetracoordinated boron. It is presumed that introduction of a bulky substituent on boron
is expected to inhibit non-specific m—n interaction in the condensed state owing to the
perpendicularly-protruded geometry against n-surface. To evaluate validity of this idea
and to accomplish NIR emission especially in solid by suppressing ACQ, we designed
the boron complexes with the azobenzene tridentate ligand, which is capable of working
as a strong acceptor by combining boron atom,”>”74 having the aryl substituents at the
boron atom. Herein, we report syntheses and optical properties of the series of the
complexes and polymers containing the modified azobenzene structures. We found that
these materials can show efficient NIR emission. In particular, emission properties can
be tuned by the substituent effect at the boron atom. From theoretical and kinetic
investigations, we discuss the roles of the substituents. We demonstrate the simple and
effective design strategy utilizing the feature of heteroatom for constructing

bright-emissive n-conjugated polymers.



2.1 Synthesis

Scheme 1 shows the synthesis of the boron-fused complexes with various aryl
groups at the boron atom (BAz-C6F5, BAz-Ph and BAz-Mes). The ligand,
6,6'-(diazene-1,2-diyl)bis(3-bromophenol) (L-Az), was prepared according to the
previous report.’”? The complex BAz-C6F5 was synthesized by the condensation
reaction between L-Az and 2,3,4,5,6-pentafluorophenylboronic acid (CsFsB(OH)2) in
acetonitrile under reflux condition for 72 h in 43% isolated yield. The mixture of L-Az
and dichlorophenylborane (PhBCl2) in toluene and EtsN was reacted at 100 °C for 24 h,
then the target complex BAz-Ph was obtained in 44% isolated yield. BAz-Mes was also
synthesized from L-Az and dimesitylfluoroborane (Mes:BF) by the same manner with
BAz-Ph in 43% isolated yield. BAz-F was also prepared according to the literature for
comparison.!””! Next, by using the obtained boron-fused azobenzene (BAz) complexes
as a monomer, electron donor—acceptor (D-A) type m-conjugated copolymers with a
bithiophene co-monomer were prepared (Scheme 2 and Table 1). Migita—Kosugi—Stille
cross-coupling polymerizations>’%! with BAz-C6F5, BAz-Ph or BAz-Mes and
5,5'-bis(trimethylstannyl)-3,3'-didodecyl-2,2'-bithiophene (BT) were executed in a
catalytic ~system involving Pdx(dba); (dba = dibenzylideneacetone) and
2-dicyclohexylphosphino-2',4',6'-triisopropylbiphenyl (XPhos) to afford a copolymer
P-BAz-C6FS, P-BAz-Ph, P-BAz-Mes, respectively. The synthetic results and polymer
data are listed in Table 1. In this research, the data from P-BAz-F in our previous work
is also cited as comparison.””! All synthesized compounds showed good solubility in
common organic solvents such as toluene, chloroform, dichloromethane and

tetrahydrofuran (THF) and can be characterized by 'H, 13C, !'B NMR, MS spectra (see



Supporting Information). From these characterization data, we concluded

samples have the desired structures and enough purity for further analyses.
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Table 1. Molecular weights and reaction yields of the synthesized polymers

R M, /kDa M,"/kDa  M,/M, yield /%
P-BAz-F? F 214 55.6 25 85
P-BAz-C6F5 CeFs 15.9 39.1 25 95
P-BAz-Ph Ph 13.8 29.8 22 94
P-BAz-Mes Mes 17.1 45.1 2.6 86

“ Determined by a gel permeation chromatography (GPC) with polystyrene standards
b ref 72.

2.2 Optical measurements

To examine the substituent effect on the electronic structures in the ground state,
UV-vis absorption measurements (1.0x10~> M) were carried out in toluene (Figures 1,
2A, S1 and Table 2). The order of the wavelengths of absorption maxima (4abs) of the
BAz complexes seems to be correlated with the type of the substituent at the boron atom.
By increasing electron-donating ability, the bathochromic effect on the peak wavelength
was observed, meaning that narrower energy gaps are inducible by the

electron-donating substituent effect, similarly to conventional conjugated systems. It



should be noted that the perpendicularly-protruded substituent at the boron atom is able
to perturb the electronic properties of the BAz complexes in the ground state.

The polymers exhibited their absorption bands in the longer wavelength regions
than those of the corresponding monomers. It is likely that strong electronic D-A
interaction through polymer chains involving the N=N double bonds with the
bithiophene units should contribute to red-shifted absorption spectra.l””! Moreover, as
observed in the monomers, it was shown that the electron-donating ability of the
substituent at the boron atom seems to be responsible for the bathochromic shift of the
absorption bands, meaning that the substituent effect is applicable for tuning electronic
properties of main-chain conjugation. Homogeneous thin films were able to be easily
prepared with the commodity spin-coated method owing to good film-formability of the
synthesized polymers. In Figure 2B and Table 3, the slight bathochromic shifts and
broader absorption bands were observed from the film samples compared to those in the
diluted solutions. The aryl derivative-substituted polymers provided narrower spectra
than P-BAz-F, implying that the bulky substituents might be favorable for suppressing

intermolecular interaction between polymer chains even in the condensed state.
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Figure 1. UV-vis absorption spectra of the BAz complexes in toluene (1.0x107> M).

The inserted chart denotes enlarged view at edge of the spectra for estimation of optical
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Figure 2. UV-vis absorption (dotted line) and PL spectra (solid line) of the BAz

polymers (A) in toluene (1.0x107> M per repeating unit) and (B) in film with the

excitation light at each absorption maximum. (C) Photos of the BAz polymers in

toluene (NIR filter cuts the light under 700 nm) and (D) in film.



Table 2. Optical data of the BAz monomers and polymers in toluene

Aabs® /MM ApL? /nm Dp P % ¢ (a) /ns ke /10857 ko 110357

BAz-F 490 616 <1 - —¢ —e

BAz-C6F5 514 628 <1 - - —e

BAz-Ph 526 635 <1 - - —e

BAz-Mes 535 651 <1 —¢ - —e

P-BAz-F 632 751 25 0.68 3.7 11

P-BAz-C6F5 651 767 14 0.38 (80%) 3.0 18
0.67 (20%)

P-BAz-Ph 646 742 15 0.27 (715%) 4.3 24
0.49 (25%)

P-BAz-Mes 653 736 4 0.13 (94%) 1.7 46
0.52 (6%)

¢ 1.0x107> M for monomers and 1.0x107> M per repeating unit for polymers; excited at
absorption maxima for PL.

b Absolute PL quantum yield excited at absorption maxima.

¢ Emission lifetime at ApL.

4 ke = @pL/Tav, knr = (1 — PpL)/Tav, Tav = Zoiti>/Taiti, o: relative amplitude.

¢ Not detected.



Table 3. Optical data of BAz monomers and polymers in solid state

Aabs® /MM ApL? /nm Dp P % ¢ (a) /ns ke /10857 ko 110357

BAz-F —¢ 652 8 0.74 1.1 13

BAz-C6F5 =€ 644 7 0.66 (14%) 0.48 6.5
1.5 (86%)

BAz-Ph =€ 659 12 0.58 (3%) 0.35 2.6
3.4 (97%)

BAz-Mes _e 662 2 026 (77%) 045 28
0.52 (23%)

P-BAz-F 661 818 4 - —€ —e

P-BAz-C6F5 665 814 6 - —€ —e

P-BAz-Ph 662 793 9 - - —

P-BAz-Mes 668 787 5 - —€ —e

@ Solid state for monomers and spin-coated film on the quartz substrate (0.9 cmx5 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.

b Absolute PL quantum yield excited at absorption maxima.

¢ Emission lifetime at ApL.

4 ke = @pL/Tav, knr = (1=PpL)/Tav, Tav = Toiti?/Zaii, o: relative amplitude.

¢ Not detected.



To evaluate electronic structures of the BAz complexes in the excited state, the
photoluminescence (PL) properties were evaluated in toluene (1.0x10~> M, Figure S2)
and crystal. It was clearly demonstrated that CIEE properties were obtained from the
complexes (Table 3). The emission intensity was obviously very weak in solution (®pL
< 1%), whereas intense emission was observed in crystal (Figure 3). According to the
previous work, the critical emission quenching in solution should be caused by
excitation-driven bending motions as shown in the series of tetracoordinated boron with
the tridentate ligand.!%®727"] These molecular motions, which are promised to induce
excitation decay, would be effectively suppressed by structural restriction in crystal
packing. Furthermore, the perpendicularly-protruded substituents should play
significant roles in inhibition of intermolecular interaction in the condensed state.
[68.71.72] Consequently, CIEE properties should be obtained from the BAz complexes. For
obtaining information on the mechanism, we calculated a radiative rate constant (kr) and
a non-radiative rate constant (knr) from the PL lifetime measurements (Figure S3 and
Table 3). Due to low emission intensity in solution, the kinetic data were obtained only
in the solid state. The aryl substituents tend to exhibit lower knr values in comparison to
BAz-F. It is probably because intermolecular interaction should be disturbed by the
bulky substituents. The larger knr value of BAz-Mes implies that molecular tumbling at
the methyl substituents might promote non-radiative deactivation pathways. The simple
and bulky structure of the phenyl group is favorable for the presavation of the excited
state (7 = 3.4 ns). The unusual large k: value was obtained from BAz-F, and the similar
extraordinal rapid process was also detected in the crystalline sample of the boron
azomethine complex where one of nitrogens in the azobenzene skeleton is replaced to

carbon.[®®"!] Tight packing might contribute to accelating radiative decay processes



followed by emission enhancment in crystal.
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In contrast to the environment-sensitive luminescent behaviors of the monomers,
intense NIR emission was obtained from the polymers in the solution state (Figure 2A
and Table 2). According to the ApLs and @pLs of the synthesized polymers, it can be said
that the BAz skeleton should be the versatile n-conjugated scaffold for constructing
NIR-emissive “element-blocks”. By incorporating the complexes into the polymer
chains, the excitation-driven molecular motions would be prohibited.’>””! As a result,
emission should be induced in solution. Significant enhancement of k- (>10® s™') was
achieved by the expansion of m-conjugation and formation of D—A interaction with the
bithiophene units. Lager knr values of the BAz polymers with the aryl substituents were
observed. Intramolecular skeletal bending can be prohibited by the polymerization,
while molecular motions at the substituents at the boron atom occur and activate

non-radiative decay channels.

In the films, the BAz polymers exhibited intense emission (Figure 2B and Table
3). It should be emphasized that the emission peak wavelengths were drastically varied
by changing the type of the substituents without critical losses of emission efficiencies.
From 787 nm to 818 nm, peak positions were altered, representing that the
perpendicular-protruded substituents significantly affect electronic structures of the
polymer conjugations in the excited state. By suppressing molecular motions including
intramolecular bending and tumbling at the substituent as well as intramolecular
interactions by the substituent at the boron atoms, solid-state NIR emission with
relatively-larger emission efficiency can be obtained. In the case of P-BAz-F, larger
degree of ACQ was observed with the peak position in the longer wavelength region

than those of the others. Intermolecular interaction among polymer chains could occur



in film and self-absorption caused by the broader absorption band should sharpen the PL
spectrum. This result proposes that the aryl substituents could be advantageous for
preserving emission properties in the condensed state. By employing the azobenzene
structure with the aryl substituents, not only suppression of ACQ but also tuning of

luminescent wavelengths in the NIR region can be demonstrated.

2.3 Cyclic voltammetry

To collect further information on the substituent effect, we evaluated energy levels
with cyclic voltammetry (CV). The results are shown in Figure 4 and Table 4. The
LUMO energy levels were estimated from the onset of the reduction curve. In both of
BAz monomers and polymers, it was found that LUMO energy levels were affected by
the inductive effect of substituents at the boron atom. The higher electron-accepting
ability of BAz-C6F5 and the lower ones of BAz-Ph and BAz-Mes were good
agreement with the order of ApL of the D—A polymers. In other words, the low-lying
LUMO energy level constructed strong charge transfer (CT) state. In BAz monomers,
the HOMO energy levels were not able to be estimated from the cyclic voltammograms
because oxidation peaks were out of the potential window. Instead, we calculated the
HOMO energy levels using optical band gaps (Egopt) obtained from the UV-vis
absorption spectra. Accordingly, it was shown that the HOMO energy levels were
elevated by the electron-donating substituents. In summary, it was confirmed that
energy levels of frontier orbitals can be tuned by the substituent effect at the boron

atom.
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Table 4. Energy levels of molecular orbitals of BAz complexes

Jabsedge “ /MM Egon®/eV  Egne™i€/V Erumo ¢ /eV Enomo ¢ /eV
BAz-F 550 2.25 —-0.80 -4.00 -6.25
BAz-C6F5 579 2.14 -0.79 —4.01 -6.15
BAz-Ph 592 2.09 -0.91 -3.89 -5.98
BAz-Mes 606 2.05 -0.92 -3.88 -5.93
P-BAz-F 700 1.77 -0.86 -3.94 -5.71
P-BAz-C6F5 721 1.72 —-0.88 -3.92 -5.64
P-BAz-Ph 699 1.77 -1.01 -3.79 -5.57
P-BAz-Mes 711 1.74 —-0.98 -3.82 -5.56

¢ In toluene (1.0x10™> M for monomers, 1.0x10> M per repeating unit for polymers),
estimated from Figure 1 and Figure S1.

b Egopt = 1240/ Aabs cdge.

¢ In dichloromethane (1.0x10™> M for monomers, 1.0x10> M per repeating unit for
polymers) containing nBusNPFs (0.10 M) at room temperature with a scan rate of 0.1 V
-1

S

4 ELumo = —(4.8—Eonset™®) (€ V)13 Enomo = ELuMO—Eqg opt.



2.4 Theoretical calculation

Theoretical ~ calculation  with  density  functional theory (DFT) at
B3LYP/6-311G(d,p) level was performed to support experimental results. The results
are shown in Figure 5. The tendency of calculated HOMO and LUMO energy levels
and the energy gaps of allowed transition bands were almost good agreements with the
results from optical and electrochemical measurements (Figures SA and 5B). The
electronic distribution at the aryl substituents was clearly observed in HOMOs,
especially in BAz-Ph and BAz-Mes (Figure 5C). These data can strongly support the
experimental results that the perpendicularly-protruded aryl groups are capable of
perturbing electronic structures of the main-chain conjugation. To estimate influence on
the electronic structures in polymers, the model compounds modified with the BT units
in both sides of BAz complexes were used for calculations (Figures 6, S5 and Table
S1). Slight MO distribution was observed in HOMO, meaning that electronic structures
at the BAz complex should be sensitive to the connecting molecules. It is shown that
optical properties of the BAz polymers can be tuned by selecting the substituent at the

boron atom as well as the comonomer.
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3. Conclusion

The substituent effects at the boron atom in the boron-fused azobenzene (BAz)
complexes were investigated. The n-delocalized electronic interaction by the aryl rings
raised HOMO energy levels and induced bathochromic shifts of absorption bands. The
synthesized BAz complexes showed CIEE properties. Finally, we obtained solid-state
NIR-luminescent polymers including the BAz complex modified with the aryl
substituents. In the molecular design for deep-red and NIR luminescent polymers,
extension of m-conjugation and/or incorporation of strong electron donor and acceptor
into the extended m-conjugated systems are conventional. In contrast, we demonstrate
here that the perpendicular-protruded aryl groups can perturb electronic conjugation not
only in the azobenzene ligand but also in the conjugated polymers. Moreover, owing to
steric hindrance, solid-state luminescence is inducible in solid and film by suppressing
intermolecular interactions followed by ACQ. We think that new intrinsic characters of

the tetracoordinated born can be revealed in this study.
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General

'H, C and "B NMR spectra were recorded on JEOL EX400 and AL400 instruments at 400, 100
and 128 MHz, respectively. Samples were analyzed in CDCl;. The chemical shift values were expressed
relative to Me4Si for 'H and '*C NMR as an internal standard in CDCl; and BF5-Et,O for !'B 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. 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 spectra were recorded on a SHIMADZU UV-3600 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. Absolute
photoluminescence quantum efficiency (@pL) was recorded on a Hamamatsu Photonics Quantaurus-QY
Plus C13534-01. The PL lifetime measurement was performed on a Horiba FluoreCube
spectrofluorometer system; excitation was carried out using UV and visible diode lasers (NanoLED 375
nm and 532 nm). 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~!. The NIR

filter (SCF-50S-70R) was purchased from SIGMAKOKI CO.,LTD.



Materials

Commercially available compounds used without purification:

4-Bromo-2-methoxy aniline (1) (FUJIFILM Wako Pure Chemical Industries, Ltd.)
Manganese(IV) Oxide, Powder (MnO,) (FUJIFILM Wako Pure Chemical Industries, Ltd.)

Boron tribromide (17% in CH»Cl,, ca. 1 M) (BBr3 in CH>Cl,) (Tokyo Chemical Industry Co, Ltd.)
Dimesitylfluoroborane (FUJIFILM Wako Pure Chemical Industries, Ltd.)

Dichlorophenylborane (FUJIFILM Wako Pure Chemical Industries, Ltd.)
2,3,4,5,6-Pentafluorophenylboronic acid (FUJIFILM Wako Pure Chemical Industries, Ltd.)
Pd,(dba); (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.), toluene (deoxidized grade, FUJIFILM Wako
Pure Chemical Industries, Ltd.) CH>Cl» (deoxidized grade, FUJIFILM Wako Pure Chemical Industries,
Ltd.) used without purification. EtsN (Kanto Chemical Co., Inc.), purified by passage through solvent

purification columns under N, pressure.

Compounds prepared as described in the literatures:

6,6'-(Diazene-1,2-diyl)bis(3-bromophenol) (L-Az) [!

5,5"-Bis(trimethylstannyl)-3,3'-didodecyl-2,2'-bithiophene (BT) [2/3!



Synthetic Procedures and Characterization

Synthesis of BAz-C6F5

[ )\/N
\\N
oR CgF5B(OH), Br 1 ; >'Br
Br N‘ O’B\
N Br — R o
acetonitrile

reflux
L-Az 72 h

BAz-C6F5, 43%

6,6'-(Diazene-1,2-diyl)bis(3-bromophenol) (L-Az) (186 mg, 0.50 mmol) and
2,3,4,5,6-pentafluorophenylboronic acid (212 mg, 1.00 mmol) were placed in a round-bottom flask
equipped with a magnetic stirring bar. After degassing and filling N, three times, acetonitrile (25 mL) was
added to the flask and refluxed for 72 h. After the reaction, the solvent was removed with a rotary
evaporator. The residue was semi-purified by column chromatography on SiO, (CH,Clo/hexane = 1/2 v/v)
and further purification was carried out by recrystallization with hexane to afford BAz-C6F5 (117 mg,

0.21 mmol, 43%) as a red crystal.

Re=0.63 (CH,Cly/hexane = 1/2 v/v). "H NMR (CHCls, 400 MHz) 5 7.72 (d, J = 8.8 Hz, 1H), 7.71 (d,
J=85Hz, 1H), 7.39 (d, J = 2.0 Hz, 1H), 7.37 (d, J = 1.6 Hz, 1H), 7.30 (dd, J = 8.8, 1.9 Hz, 1H), 7.25 (dd,
J =8.6, 1.7 Hz, 1H) ppm; 13C NMR (CDCl;, 100 MHz) § 162.1, 148.2 (d, Jor = 244.3 Hz), 144.3, 141.0
(d, Jor = 251.7 Hz), 139.6, 137.1 (d, Jor = 249.2 Hz), 133.4, 132.6, 132.3, 131.8, 126.7, 125.8, 123.7,
120.0, 117.9 ppm; "B NMR (CDCl;, 128 MHz) § 4.02 ppm. HRMS (ESI) caled. for CisHsBBrFsN,0,

[M]™: 545.8815, found: 545.8815.
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Chart 2. '*C NMR spectrum of BAz-C6F5 in CDCl;.
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Synthesis of P-BAz-C6F5

Ci2Hzs
N, N,
O/B\O Me3Sn<__S. / \ XPhos o-B~ \ _/ S"‘n
F F * \ ) s~ ~snMe > F. Y
3 toluene F CizHas
80 °C
F F CizHzs 2 h F .
F BT F
BAz-C6F5 P-BAz-C6F5, 95%
A mixture of BAz-C6F5 274 mg, 0.050 mmol),

5,5'-bis(trimethylstannyl)-3,3’-didodecyl-2,2'"-bithiophene (BT) (41.4 mg, 0.050 mmol), Pd,(dba); (1.4
mg, 0.0015 mmol), XPhos (1.4 mg, 0.0030 mmol) was placed in a round-bottom flask equipped with a
magnetic stirring bar. After degassing and filling Ar three times, toluene (1.0 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 CHCIl3, and then the product was reprecipitated from MeOH. The
polymer collected by filtration was dried in vacuo to afford P-BAz-C6F5 (42.2 mg, 95%) as a black
solid.

M, = 15,900, M, = 39,100, M/M, = 2.5. "H NMR (CDCls, 400 MHz) 6 7.85 (d, J = 8.8 Hz, 1H),
7.81 (d, J = 8.8 Hz, 1H), 7.44-7.38 (br, 6H), 2.60 (br, 4H), 1.61 (br, 4H), 1.29-1.23 (br, 36H), 0.86 (t, J =
6.8 Hz, 6H) ppm; '3*C NMR (CDCls, 100 MHz) 6 162.0, 149.4, 147.0, 145.0, 144.8, 144.8, 144.6, 114.6,
143.0, 142.7, 142.6, 142.3, 142.2, 142.0, 140.3, 139.5, 138.2, 135.9, 132.9, 131.9, 131.8, 131.5, 131.1,
130.9, 128.4, 127.7, 120.1, 120.0, 117.4, 115.6, 111.6, 31.9, 30.7, 29.7, 29.7, 29.6, 29.4, 29.4, 29.2, 22.7,

14.1 ppm; "B NMR (CDCls, 128 MHz) § 3.83 ppm.
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Synthesis of BAz-Ph

N,
OH PhBC|2 ~ N Br
EtzN Br !
Br N o0-B~
I\ —_— O
N Br toluene
100 °C
L-Az 24 h

OH

BAz-Ph, 44%

6,6'-(Diazene-1,2-diyl)bis(3-bromophenol) (L-Az) (372 mg, 1.00 mmol) was placed in a
round-bottom flask equipped with a magnetic stirring bar. After degassing and filling N, three times,
toluene (90 mL) was added to the flask. Dichlorophenylborane (0.40 mL, 3.00 mmol) and Et;N (0.21 mL,
1.5 mmol) were added to the mixture. After finishing the addition, the reaction was carried out at 100 °C
for 17 h. After the reaction, MeOH was added for quenching the reaction, and the solvent was removed
with a rotary evaporator. The residue was semi-purified by column chromatography on SiO,
(CH2Cly/hexane = 1/2 v/v as an eluent) and further purification was carried out by recrystallization with
hexane to afford BAz-Ph (377 mg, 0.823 mmol, 82%) as a dark red crystal.

R¢=0.38 (CH2Cly/hexane = 1/2 v/v). '"H NMR (CHCl3, 400 MHz) d 7.65 (d, J = 8.6 Hz, 1H), 7.59 (d,
J = 8.8 Hz, 1H), 7.42 (d, J = 2.0Hz, 1H), 7.40 (d, J = 1.7 Hz, 1H), 7.24-7.14 (m, 7H) ppm; *C NMR
(CDCl3, 100 MHz) J 163.0, 146.3, 139.4, 132.7, 132.5, 132.1, 131.9, 131.6, 128.7, 127.8, 125.6, 125.1,
1234, 119.9, 117.8 ppm; "B NMR (CDCls, 128 MHz) ¢ 6.38 ppm. HRMS (ESI) calcd. for

CisHi1BBraN>NaO, [M+Na]*: 478.9178, found: 478.9167.
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Synthesis of P-BAz-Ph

Ci2Hzs

N, N
Br,Q/ NQBr CioHas Pd,(dba)s @ N s M
o-B- Messnw XPhos | B \ / s"/n

N

o . 07"™o
@ W s~ ~SnMe; toluene @ C3Has
80 °C
CizHzs 24 h

BAz-Ph BT P-BAz-Ph, 94%
A mixture of BAz-Ph 45.8 mg, 0.10 mmol),
5,5'-bis(trimethylstannyl)-3,3’-didodecyl-2,2'"-bithiophene (BT) (82.9 mg, 0.10 mmol), Pd>(dba); (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 N, 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 CHCI3, and then the product was reprecipitated from MeOH. The
polymer collected by filtration was dried in vacuo to afford P-BAz-Ph (74.8 mg, 94%) as a black solid.
M, = 13,300, M, = 29,800, M/M, = 2.2. 'H NMR (CDCls, 400 MHz) 6 7.78 (d, J = 8.3 Hz, 1H),
7.70 (d, J = 8.5 Hz, 1H), 7.47-7.32 (br, TH), 7.21-7.15 (br, 4H), 2.61 (br, 4H), 1.63 (br, 4H), 1.24 (br,
36H), 0.86 (t, J = 6.6 Hz, 6H) ppm; '3C NMR (CDCl;, 100 MHz) J 162.9, 146.9,144.6, 144.5, 142.8,
142.4, 142.2, 140.3, 133.2, 131.8, 131.6, 131.4, 131.3, 130.8, 128.3, 127.9, 127.7, 127.4, 1194, 119.1,
117.3, 115.5, 111.7, 31.9, 30.7, 29.7, 29.7, 29.6, 29.5, 29.4, 29.4, 29.2, 22.7, 14.1 ppm; "B NMR

(CDCls, 128 MHz) ¢ 5.30 ppm.
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Synthesis of BAz-Mes

N,
(Mes),BF Br/@/ NQBr
OoR EtsN o-B<
Br N, e o)
N Br toluene

OH 100 °C
L-Az 24 h

BAz-Mes, 44%

L-Az (50 mg, 0.20 mmol) and dimesitylfluoroborane were placed in a round-bottom flask equipped
with a magnetic stirring bar. After degassing and filling Ar three times, toluene (50 mL) was added to the
flask, then EtzN (0.10 mL, 0.75 mmol) was added to the mixture. After finishing the addition, the reaction
was carried out at 100 °C for 24 h. After the reaction, the solvent was removed with a rotary evaporator.
The residue was purified by column chromatography on SiO, (CH:Cly/hexane = 1/1 v/v) to afford
BAz-Mes (110 mg, 0.22 mmol, 44%) as a dark red solid.

Ri = 0.39 (CH,Cly/hexane = 1/2 v/v). 'H NMR (CHCls, 400 MHz) § 7.67 (d, J = 8.6 Hz, 1H), 7.63 (d,
J=8.8Hz, 1H), 7.27 (d, J = 1.7 Hz, 1H), 7.25 (d, J = 1.9 Hz, 1H), 7.17 (dd, J = 9.0, 2.0 Hz, 1H), 7.15 (dd,
J =8.8, 1.7 Hz, 1H), 6.65 (s, 2H), 2.35 (s, 6H), 2.14 (s, 3H) ppm; *C NMR (CDCls, 100 MHz) § 162.7,
150.0, 141.1, 140.2, 137.1, 133.2, 132.7, 131.5, 131.1, 129.2, 125.8, 124.8, 123.5, 120.3, 117.8, 22.9, 20.8
ppm; NMR (CDCls, 128 MHz) 6 6.67 ppm. HRMS (ESI) caled. for C21Hi7BBrN>O, [M]™: 497.9750,

found: 497.9758.

17



QOSSP INWNQ0O MO W wn = [22] (=]
LDOoOUWOUNNNOI e~ e e e = = WD [l ] [*p] o
PR L L B ~N N o S
Ty, et |
M Al |
ppm(*H)
T T T T T T
8 7 6 4 3 1 0
Chart 13. 'H NMR spectrum of BAz-Mes in CDCl;.
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Chart 14. '*C NMR spectrum of BAz-Mes in CDCls.
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Chart 15. "B NMR spectrum of BAz-Mes in CDCl;.
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Synthesis of P-BAz-Mes
Ny N
Br NQBF CizHas Pdy(dba)z Q N s T\
o-B~ Me3Sn<__S. / \ XPhos B \ _/ S ’n

(0] + _— (O e}
I/Z/Q\SnMeg, toluene CizHas
80 °C
CizHas 24 h

BT
BAz-Mes P-BAz-Mes, 86%

A mixture of BAz-Mes (50.0 mg, 0.10 mmol),
5,5'-bis(trimethylstannyl)-3,3’-didodecyl-2,2'"-bithiophene (BT) (82.9 mg, 0.10 mmol), Pd>(dba); (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 a small amount of CHCI3, and then the product was reprecipitated from MeOH. The
polymer collected by filtration was dried in vacuo to afford P-BAz-Mes (72.0 mg, 86%) as a black solid.

M, = 17,200, M, = 45,100, M/M, = 2.6. 'H NMR (CDCl, 400 MHz) 6 7.80 (d, J = 9.3 Hz, 1H),
7.74 (d, J = 8.8 Hz, 1H), 7.33-7.24 (br, 6H), 6.66 (s, 2H), 2.56 (br, 4H), 2.44 (s, 6H), 2.14 (s, 3H), 1.58
(br, 4H), 1.23 (br, 36H), 0.86 (t, J = 5.8 Hz, 6H) ppm; '*C NMR (CDCls, 100 MHz) § 162.6, 145.6, 144.4,
142.9, 142.5, 142.3, 141.7, 141.3, 141.1, 140.0, 136.7, 133.7, 130.7, 129.2, 127.8, 127.2, 119.5, 119.2,
117.2, 115.5, 112.1, 31.9, 30.7, 29.7, 29.7, 29.7, 29.6, 29.4, 29.4, 29.4, 29.2, 23.0, 22.7, 20.8, 14.1 ppm;

''B NMR (CDCl, 128 MHz) 6 3.44 ppm.
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Chart 16. 'H NMR spectrum of P-BAz-Mes in CDCl;.
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Chart 17. *C NMR spectrum of P-BAz-Mes in CDCl;.
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Chart 18. ''B NMR spectrum of P-BAz-Mes in CDCl;.
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UV-vis absorption spectra of BAz polymers

0.7 — P-BAz-F
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Figure S1. UV-vis absorption spectra of BAz polymers in toluene (1.0x1075 M per repeating unit). The

inserted chart denotes enlarged view at edge of the spectra for estimation of optical band gaps.

PL spectra of BAz complexes

— BAz-F
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~—— BAz-Ph
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Normalized intensity
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Figure S2. PL spectra of BAz complexes in toluene (1.0x1075 M) with the excitation light at each

absorption maximum.
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PL lifetime decay curves
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Figure S3. PL lifetime decay curves of BAz complexes in solid state and polymers in toluene (1.0x1073

M) at room temperature (excited at 375 nm with a LED laser, and 532 nm with a LED). Their emissions

at the PL peak tops were monitored.
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Computational details for theoretical calculation

The Gaussian 16 program package!* was used for computation. We optimized the structures of the
BAz-F, BAz-C6F5, BAz-Ph, BAz-Mes, BAz-F-BT, BAz-C6F5-BT, BAz-Ph-BT and BAz-Mes-BT, in
the ground Sy states and calculated their molecular orbitals. The DFT was applied for the optimization of
the structures in the Sy states at B3LYP/6-311G(d,p) level. We calculated the energy of the transitions
with optimized geometries in the S states by time-dependent (TD) DFT at B3LYP/6-311G(d,p) level. The
structure of model compounds, BAz-F-BT, BAz-C6F5-BT, BAz-Ph-BT and BAz-Mes-BT, are shown

below.
C12Hzs CizHas C12H2s CioHas
N N
I\ S “!\1 S I\ /\ S “5\1 S. /- \
S S
L) el L) s Vel L) s
CizHas F CizHzs Ci2Hzs F C12Has
BAz-F-BT F F
BAz-C6F5-BT
Ci2Has CiaHos Ci2Has C1oHas
N N
I N s N s A\ I N s N s A\
S S
() o-Beg ) s L) 0By Y
Ci2Has Ci2Hos CazHas C12Has
BAz-Ph-BT
BAz-Mes-BT
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Table S1. Results of representative transitions of BAz complexes from TD-DFT calculations

Energy gap Wavelength Oscillator transition Assignment (Weight) (Contribution)
/eV /nm Strength
BAz-F 2.6788 462.83 0.5457 So— S HOMO — LUMO (0.68044) (93%)
HOMO-1 — LUMO (0.11833) (3%)
HOMO-2 — LUMO (0.13842) (4%)
BAz-C6F5 2.5302 490.01 0.4124 So— S, HOMO — LUMO (0.68307) (93%)
HOMO-3 — LUMO (0.17437) (6%)
BAz-Ph 2.4165 513.06 0.2648 So— Sy HOMO — LUMO (0.65456) (86%)
HOMO-1 — LUMO (-0.22580) (10%)
HOMO-4 — LUMO (-0.11410) (3%)
BAz-Mes 2.0327 609.96 0.0170 So— S HOMO — LUMO (0.68373) (93%)
HOMO-2 — LUMO (-0.16578) (5%)
2.1617 573.56 0.0038 So— S, HOMO-1 — LUMO (0.69254) (96%)
HOMO-2 — LUMO (0.11108) (2%)
2.4273 510.79 0.3108 So— S; HOMO — LUMO (0.14603) (4%)
HOMO-1 — LUMO (-0.12091) (3%)
HOMO-2 — LUMO (0.65809) (87%)
HOMO-4 — LUMO (-0.15645) (5%)
BAz-F-BT 2.1932 565.31 1.5942 So— Sy HOMO — LUMO (0.70518) (99%)
BAz-C6F5-BT  2.1230 584.01 1.4616 So— Sy HOMO — LUMO (0.70480) (99%)
BAz-Ph-BT 2.1366 580.29 1.3138 So— Sy HOMO — LUMO (0.69877) (98%)
BAz-Mes-BT 2.0531 603.90 0.4690 So— Sy HOMO — LUMO (0.52321) (55%)
HOMO-1 — LUMO (0.45475) (41%)
HOMO-2 — LUMO (=0.12277) (3%)
2.1542 575.54 0.7715 So— S HOMO — LUMO (-0.45801) (42%)

HOMO-1 — LUMO (0.52518) (55%)
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Molecular orbitals of BAz complexes
BAz-F BAz-C6F5 BAz-Ph BAz-Mes
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Figure S4. Selected Kohn—Sham orbitals of BAz complexes obtained with DFT calculations (isovalue =

0.02). Hydrogens were omitted for clarity.
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Selected Kohn—-Sham orbitals of model compounds
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Figure S5. Selected Kohn—-Sham orbitals of model compounds BAz-F-BT, BAz-C6F5-BT and

BAz-Mes-BT main transition band and contributed MOs with rate of contribution (f: oscillator strength)

obtained with DFT or TD-DFT calculations (isovalue = 0.02). Hydrogens were omitted for clarity.
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