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Abstract 

    We demonstrate NIR-absorptive and emissive poly(p-phenylene vinylene) (PPV) 

type π-conjugated polymers based on hypervalent tin-fused azobenzene (TAz) 

complexes. Taking advantage of inherent narrow-energy-gap of TAz complexes 

originating from the three-center four-electron (3c-4e) bond and the nitrogen–tin (N–Sn) 

coordination, the synthesized polymers, TAz-PPVs, showed absorption and emission in 

the wavelength regions over 750 nm and 810 nm in diluted solution, respectively. From 

the experimental and theoretical investigations, it was shown that elevation of highest 

occupied molecular orbital (HOMO) and reduction of lowest unoccupied molecular 

orbital (LUMO) were simultaneously caused by extension of π-conjugation. The 

effective conjugation length was calculated to be n>10 (n: degree of polymerization) 

and the value was comparable to conventional PPV systems. Through this research, we 

revealed that π-conjugated systems including hypervalent bonds were able to expand the 

π-conjugation. According to the concept of “element-blocks”, development of 

heteroatom-containing narrow-energy-gap monomers should be novel approaches for 

construction of bland new NIR-absorptive and emissive materials.  

  



1. Introduction 

    Because of unique physical properties of near-infrared (NIR) light, such as 

invisibility and high permeability in various media, NIR-absorptive and emissive 

substances are versatile in a wide variety of applications, such as developments of 

security inks, night vision cameras, bioimaging probes, sensors, and optical 

communication media[1–8]. To realize future technologies relating with NIR light, not 

only photochemical functions but also material properties, such as processability and 

solubility in conventional media, are essential. Although several types of organic dyes 

have been developed as a scaffold for NIR materials, many researchers have still 

explored new molecular skeletons for obtaining NIR properties to meet increasing 

demands in the development of advanced devices, such as film-type organic light 

emitting devices (OLEDs), organic photovoltaics (OPVs), selective bioimaging and 

photoacoustic imaging (PAI)[9–20]. Most of difficulties in the design of NIR-absorptive 

and emissive materials are caused from the limited extension of conjugation length[21–

23]. Therefore, it is of great significance to establish a novel design strategy for 

realizing narrow energy gaps without extension of π-conjugation systems[24–27]. 

    We recently proposed the concept of “element-blocks”, which are structural 

functional units composed of various groups of elements, to produce advanced 

materials[28–30]. As examples of “element-blocks”, we have discovered that cubic 

silica and boron cluster compounds named polyhedral oligomeric silsesquioxane 

(POSS)[31–33] and o-carborane[34,35], respectively, have a potential to apply to 

superior luminescent materials with high durability and stimuli-responsiveness. By 

using this concept, various types of heteroatom-containing π-conjugated building blocks 

have been developed[36–40]. More recently, we have reported that boron-fused 



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

worked as unique functional building blocks[41–51]. For example, by using strong 

electron-accepting ability of BAz and BAm complexes, the π-conjugated polymers with 

highly efficient emission from visible to NIR region both in solution and film states 

were able to be prepared by construction of donor–acceptor (D–A) systems[42–45]. 

Furthermore, poly(p-phenylene vinylene) (PPV) type π-conjugated copolymers 

composed of alternating BAz and vinylene units (BAz-PPV) showed NIR-absorptive 

and emissive properties[46]. These functions should be caused from effective 

connection of the π-conjugated system having inherent narrow energy gap of the BAz 

moiety via vinylene units. These results indicate the potential of aza-substituted PPV 

systems[52] assisted by heteroatom coordination for NIR dyes, despite that 

conventional PPVs consisting of carbon–carbon double (C=C) bonds show yellow to 

orange-color absorption and emission[53–59]. Additionally, PPVs are one of 

conventional polymers for fabricating OLEDs and OPVs because of excellent 

luminescence and high carrier mobility[60–63]. Thus, PPV-based molecular designs for 

optically functional polymers are advantageous for constructing practical devices in the 

future applications. 

    Herein, we focused on tin-fused azobenzene (TAz) complexes for inducing 

narrower energy gaps by the coordination to the azobenzene moiety in the 

aza-substituted PPV system. Recently, we showed that it is possible to form the 

hypervalent state in the TAz complex having five-coordinated distorted trigonal 

bipyramidal geometry[64]. In particular, we discovered that the TAz complexes have 

absorption and emission bands in the longer wavelength regions (absorption: ~550 nm, 

emission: ~680 nm)[65,66] than the BAz complexes (absorption: ~530 nm, emission: 



~640 nm) [44–46] despite that only boron was replaced to tin in the heteroatom-fused 

azobenzene complex moieties. The quantum calculation data suggested that the large 

absorption band should be attributed to the combinational electronic interactions from 

the hypervalent tin atom which has an electron-donating three-center four-electron 

(3c-4e) bond at apical positions and an electron-accepting nitrogen–tin (N–Sn) 

coordination at equatorial positions[64]. On the basis of this unique electronic 

properties of the hypervalent tin atom, we designed the PPV-type π-conjugated 

polymers involving the TAz complexes (TAz-PPV) to achieve larger absorption and 

emission properties in the longer wavelength region than BAz-PPV (Figure 1). Finally, 

we accomplished to obtain the TAz-PPV polymers which can exhibit NIR-absorptive 

and emissive properties in the wavelength region over 750 and 810 nm, respectively. To 

the best of our knowledge, these data firstly indicate that introduction of hypervalent 

element can effectively perturb the electronic structure of main-chain conjugation of 

polymers followed by narrow energy gaps, similarly to extension of π-conjugated 

system as well as combinational substituent effects with electron-donating and 

withdrawing groups. Therefore, our approach is expected to be a bland new strategy to 

obtain NIR-absorptive and emissive materials based on conjugated polymers.  

 

Figure 1 

  



2.1 Synthesis 

    The synthetic method of TAz derivatives is shown in Scheme 1. 2-Octyldodecyl 

groups were introduced for enhancing solubility of the products to common organic 

solvents, such as chloroform, dichloromethane, tetrahydrofuran, and toluene. The 

brominated methoxy azobenzene derivative (1-Br) was prepared according to the 

previous literature[46]. Deprotection of methyl groups of 1-Br was executed by boron 

tribromide (BBr3) to afford an O,N,O-type tridentate ligand (2-Br) in 76% isolated yield. 

Then, condensation reaction with 2-Br and diphenyltin(Ⅳ) oxide (Ph2SnO) or 

dioctyltin(Ⅳ) oxide ((C8H17)2SnO) was carried out in acetone at reflux temperature to 

provide TAz-Ph-Br or TAz-C8-Br in quantitative isolated yields, respectively. As the 

non-brominated monomeric units, TAz-Ph-H and TAz-C8-H were synthesized by the 

same method from the non-brominated methoxy azobenzene derivative (1-H). Next, 

TAz-Ph-Br and TAz-C8-Br were used for polymerization with a vinylene co-monomer 

(Scheme 2). Concretely, Migita–Kosugi–Stille cross-coupling polymerizations[66,67] 

with TAz-Ph-Br or TAz-C8-Br and trans-1,2-bis(tributylstannyl)ethylene (3) were 

executed in a catalytic system involving Pd2(dba)3 (dba = dibenzylideneacetone) and 

2-dicyclohexylphosphino-2′,4′,6′-triisopropylbiphenyl (XPhos) to afford target 

copolymers, TAz-PPV-Ph or TAz-PPV-C8, in 80% and 60% isolated yields, 

respectively. 

 

Scheme 1 and 2 

 

The number and weight average molecular weights (Mn and Mw) of the obtained 

polymers were calculated to be Mn = 9,500, Mw = 30,300 (Mw/Mn = 3.2) for 



TAz-PPV-Ph and Mn = 4,600, Mw = 11,000 (Mw/Mn = 2.4) for TAz-PPV-C8 by gel 

permeation chromatography (GPC) with polystyrene standards. All synthesized 

compounds were characterized by 1H, 13C, 119Sn NMR, and mass spectra (see the 

Supplementary Information) and showed good solubility in above-mentioned organic 

solvents. In contrast to the monomers, the clear peaks were not obtained in 119Sn NMR 

spectra from the polymers. Therefore, we confirmed the existence of repeating units of 

TAz-PPV-Ph or TAz-PPV-C8 by a MALDI-TOF MS measurement. From those 

characterization data, we concluded that the products have the expected structures and 

enough purity for further analyses. 

To evaluate the effect of expanding π-conjugation in detail, the synthesized 

polymers were fractionated by molecular weight with high performance liquid 

chromatography (HPLC). The results are summarized in Figure S1 and Tables 1, S1 and 

S2. TAz-PPV-Ph and TAz-PPV-C8 were separated as six and seven fractions of Mn = 

6,000~41,000 (Mw/Mn = 1.5~2.2) and Mn = 2,200~29,000 (Mw/Mn = 1.2~1.4), 

respectively.  

 

Table 1 

 

2.2 Optical measurements 

First, we measured optical properties of the synthesized TAz derivatives to 

evaluate the effect of the expansion of π-conjugation on electronic structures in the 

ground state (Table 1). Figure 2 shows UV–vis–NIR absorption spectra of fractionated 

TAz polymers and monomeric units, TAz-Ph-H and TAz-C8-H, in the diluted 

chloroform solutions. The gradual bathochromic shifts of maximum absorption 



wavelengths (λabss) were observed as increasing degree of polymerization (DP, n), and 

finally, the absorption wavelengths reached the NIR region (Figures 2A, 2B, and 2D). 

This result indicates the hypervalent atom can contribute to the expansion of 

π-conjugation and the perturbation to conventional π-conjugated systems. The effective 

conjugation length was estimated to be n>10 by a plot of maximum absorption energy 

versus 1/n (Figure 2C). The value was almost similar to the effective conjugation length 

of the PPV system (n=8) evaluated by using oligomeric approaches[54]. In contrast, the 

value was shorter than n>50 in BAz-PPV reported in our previous work[46]. Generally, 

high co-planarity enhances the overlap of aromatic π-orbitals and increases the effective 

conjugation length. However, interestingly, our results indicate that the waving and 

flexible units by BAz derivatives (dihedral angle of azobenzene ≈ 165°)[41,45] might 

be suitable for expansion of effective conjugation length in comparison to the rigid and 

planar units by TAz derivatives (dihedral angle of azobenzene ≈ 180°)[64] (Figure S2). 

Further investigation was carried out in the theoretical calculation section. Taking 

advantage of narrow energy gap of the monomeric units (λabs ≈ 570 nm), TAz-PPV-Ph 

(λabs = 756 nm) and TAz-PPV-C8 (λabs = 752 nm) had about 50 nm larger λabss than 

BAz-PPV (λabs = 702 nm, monomeric unit: λabs = 507 nm)[46]. Another interesting 

feature of the polymerization is that normalized absorbances around 350 nm of TAz 

derivatives gradually decreased and broadened as increasing DP. Focusing on 

substitution effect at the tin atom, slightly a larger bathochromic shift of the absorption 

wavelength was observed in TAz-C8-H and TAz-PPV-C8 than in TAz-Ph-H and 

TAz-PPV-Ph at the same molecular weight.  

 

Figure 2 



 

    Next, we evaluated photoluminescence (PL) spectra of TAz polymers and 

monomeric units in chloroform. The obtained spectra are shown in Figure 3. 

Bathochromic shifts of the maximum PL wavelengths (λPLs) were monitored as rising 

the value of DP similarly to the absorption behavior, and eventually the λPL reached over 

810 nm. In addition, the shapes of spectra became sharper as increasing DP and the 

distinct vibrational structure clearly appeared. Furthermore, Stokes shifts (v) gradually 

became smaller by polymerization. These data indicate that expansion of π-conjugation 

increases rigidity of the π-conjugated system, followed by enhancement of electronic 

interaction through polymer main chains. The absolute PL quantum efficiency (ΦPL) 

was not high (ΦPL = 1~2%) and that was slightly enhanced by extension of 

π-conjugation. Interestingly, the value of ΦPL was gradually decreased as increasing DP. 

This might be attributed to energy gap law critically observed in NIR region[68–70] and 

excessive extension of π-conjugation over effective conjugation length or exciton 

diffusion length[71]. Significant substituent effects at tin were hardly observed, while 

octyl substituted complexes (TAz-C8-H and TAz-PPV-C8) showed higher ΦPLs, 

smaller Stokes shifts and shorter λPLs than phenyl substituted ones (TAz-Ph-H and 

TAz-PPV-Ph). The λPL of BAz-PPV (760 nm) was smaller than that of TAz-PPV 

derivatives and ΦPL of BAz-PPV (2.0%) was comparable to that of TAz-PPV ones[46]. 

Owing to the narrow-energy-gap monomer, deep NIR absorptive and emissive 

π-conjugated polymers can be obtained. 

 

Figure 3 

 



2.3 Cyclic voltammetry 

    To obtain further information of the π-conjugation effect on electronic states, we 

estimated energy levels of molecular orbitals (MOs) with a cyclic voltammetry (CV). 

The HOMO and LUMO energy levels were calculated from the onset of the oxidation 

and reduction curves, respectively (HOMO: highest occupied molecular orbital, LUMO: 

lowest unoccupied molecular orbital)[72,73]. The results of electrochemical properties 

are summarized in Table 2 and Figure 4. The cyclic voltammograms are shown in 

Figure S3. In polymers, higher HOMO and lower LUMO energy levels were obtained 

than those in monomers, clearly representing that π-conjugation is effectively expanded 

through the polymer main chains[74,75]. In our previous work, HOMO and LUMO 

energy levels of BAz-PPV were −5.58 and −3.98 eV, respectively, and the energy gap 

was calculated to be 1.60 eV[46]. In this study, it was indicated that the narrower energy 

gaps of TAz-PPV derivatives (1.34 and 1.36 eV) were obtained and largely attributed to 

the elevation of HOMO energy level (−5.21 and −5.15 eV). This means that 

electron-donating ability originating from the 3c-4e bond should effectively work even 

in the expanded π-conjugated system. Notably, focusing on the substituent effect of tin 

atom, it was revealed that electron donation from alkyl chain increased in both HOMO 

and LUMO energy levels. These results also indicate that unique electronic interaction 

of hypervalent tin atom, such as elevation and reduction of HOMO and LUMO, is 

applicable in main-chain conjugation through conjugated polymers. 

 

Table 2 and Figure 4 

 

2.4 Theoretical calculation 



    To elucidate the relationship between expansion of π-conjugation and energy gaps, 

we carried out theoretical calculation with density functional theory (DFT) and time 

dependent DFT (TD-DFT). Computational details are shown in the Supplementary 

Information. We used monomers (M), dimers (D), and trimers (T) of TAz-PPV-Ph′ and 

TAz-PPV-C8′ in which the long alkyl chains were replaced with methyl groups to 

reduce the calculation cost for precise evaluation of the expanded π-conjugated system. 

The results and the structures are shown in Figure 5. Kohn–Sham orbitals (HOMO and 

LUMO) are described in Figures S4 and S5. The energy gaps were gradually narrowed 

by the extension of π-conjugation in the order of monomers, dimers, and trimers (Figure 

5A). The influence on energy gaps was larger from monomer to dimer than that from 

dimer to trimer, implying existence of saturation of the conjugation length. Our 

experimental results show the effective conjugation length about n=10. Focusing on the 

absorption and emission wavelengths estimated by S0–S1 transitions (HOMO–LUMO 

transitions) in the ground and excited states, respectively, it was disclosed that extension 

of π-conjugation reduced the Stokes shift (Figures S6 and S7). Moreover, the values of 

oscillator strength (f) of dimers both in absorption and emission were larger than those 

of monomers. Indeed, oligomers experimentally showed larger ΦPLs compared to the 

monomers. Those behaviors also indicate extension of π-conjugation effectively occur 

in the TAz systems including the hypervalent bond. In contrast, calculation results 

suggest that other strong absorption bands around 350 nm of TAz monomers should be 

assigned to S0–S3 transitions (Table S3 and Figure S8). Interestingly, the transitions 

disappeared in dimers. In place of them, new two weak and slightly red-shifted 

absorption bands assigned to S0–S6 and S0–S7 transitions were generated, and the related 

MOs, HOMO−3 and HOMO−4, were not delocalized throughout the molecules unlike 



HOMO. Those theoretical results can be well explained by the fact that the normalized 

absorbances around 350 nm of TAz derivatives gradually decreased and broadened as 

increasing DP (Figure 2). We previously reported that BAz-PPV showed very long 

effective conjugation length (n>50)[46]. By comparing the energy gaps of monomers, 

dimers, and trimers of TAz-PPV derivatives and BAz-PPV, slightly larger reduction of 

the energy gaps was obtained in BAz-PPV than that of TAz-PPV derivatives (Figure 

S9) despite large dihedral angle between two benzene rings of adjacent units. (Figure 

S10). Those results suggest that the monomeric units with waving conformation flexibly 

interact each other and the slightly bending scaffold is not disadvantage for extension of 

π-conjugation. 

    In the optimized structures in the excited state, elongation of nitrogen–nitrogen 

double (N=N) bond length was observed compared to those in the ground state (Figure 

S11). The structural relaxation should cause the large Stokes shifts and the broadened 

emission spectra of planar TAz derivatives. Interestingly, values of the elongation in 

TAz dimers were smaller than those in TAz monomers. Those results imply that the 

degree of structural relaxation is decreased by extension of π-conjugation. The 

calculation results are corresponded to the experimental data that the shapes of emission 

spectra of TAz derivatives were gradually sharpened as increasing DP (Figure 3). 

 

Figure 5  



3. Conclusion 

    We synthesized PPV-type π-conjugated polymers based on the TAz complexes 

having hypervalent system with the five-coordinated distorted trigonal bipyramid 

geometry. The maximum absorption and emission wavelengths reached NIR region 

over 750 nm and 810 nm, respectively, indicating that the TAz-based system can be 

effectively extend through π-conjugated system involving C=C and N=N bonds. The 

effective conjugation length was estimated to be n>10 and the value was similar to 

conventional PPV systems. From CV and quantum calculations, it was revealed that 

increasing HOMO and decreasing LUMO energy levels should be induced by the 

extension of π-conjugation. Furthermore, enhancing ΦPL and small Stokes shift induced 

by polymerization were also experimentally and theoretically disclosed. We suggest that, 

according to the concept of “element-blocks”, construction of element-supported 

narrow-energy-gap monomers is a new method for obtaining NIR-absorptive and 

emissive materials.   
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Figure 1. Chemical structures of BAz-PPV and TAz-PPV, and the concept of this 

research. 

  



 

Scheme 1. Syntheses of monomers and model compounds of TAz derivatives.  

 

 

Scheme 2. Syntheses of PPV-type TAz polymers. 

  



Table 1. Molecular dependent optical data of the TAz derivatives in solution.  

 TAz-PPV-Ph TAz-Ph-H 

Mn /kDa a 41 33 19 12 8.3 6.0  1.046 b 

n c 39 31 18 11 7.8 5.6  − 

PDI a 2.2 1.7 1.5 1.5 1.4 2.0  − 

λabs /nm d 756 756 752 749 740 730  572 

λPL /nm d 821 818 814 814 813 812  704 

v /cm−1 1047 1003 1013 1066 1213 1383  3278 

ΦPL /% d,e 0.9 1.1 1.2 1.2 1.2 1.4  0.9 

 

 TAz-PPV-C8 TAz-C8-H 

Mn /kDa a 29 16 8.8 6.2 4.2 3.2 2.2 1.118 b 

n c 25 14 7.7 5.4 3.7 2.8 1.9 − 

PDI a 1.4 1.2 1.3 1.2 1.2 1.3 1.2 − 

λabs /nm d 752 750 744 736 723 700 667 576 

λPL /nm d 811 807 806 801 794 789 737 700 

v /cm−1 967 942 1034 1103 1237 1611 1424 3075 

ΦPL /% d,e 1.5 1.6 1.7 1.9 2.0 2.3 3.6 2.0 

a Determined by GPC with polystyrene standards for fractionated polymers with HPLC 

(PDI: poly dispersity index, Mw/Mn). 

b Molecular weights of the monomeric units, TAz-Ph-H and TAz-C8-H 

c Degree of polymerization (Mn/M(repeating unit)). 

d 1.0×10−5 M per repeating unit in chloroform, excited at an absorption maximum for 

PL. 

e Absolute PL quantum yield excited at an absorption maximum. 

  



 

Figure 2. UV–vis absorption spectra of (A) fractionated TAz-PPV-Ph (polymers) and 

TAz-Ph-H (monomer) (B) fractionated TAz-PPV-C8 (polymers) and TAz-C8-H 

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

polymers). (C) A plot of the transition energies (Eg) at maximum absorption 

wavelengths against 1/n. Inserted figure denotes an enlarged plot from 1/n = 0.0 to 0.2. 

(D) Photographs of monomer (TAz-Ph-H and TAz-C8-H) and polymer (TAz-PPV-Ph 

(n=31) and TAz-PPV-C8 (n=14)) under room light. 

  



 

Figure 3. PL spectra of (A) fractionated TAz-PPV-Ph (polymers) and TAz-Ph-H 

(monomer) (B) fractionated TAz-PPV-C8 (polymers) and TAz-C8-H (monomer) in 

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

with the excitation light at each absorption maximum. 

  



Table 2. Electrochemical data of polymers and model compounds 
 

Eonset
red /V a Eonset

ox/V a ELUMO b/eV EHOMO b/eV 

TAz-Ph-H −1.08 +0.62 −3.72 −5.42 

TAz-PPV-Ph −0.95 +0.41 −3.85 −5.21 

TAz-C8-H −1.20 +0.52 −3.60 −5.32 

TAz-PPV-C8 −0.99 +0.35 −3.81 −5.15 

a In CH2Cl2 (1.0×10−3 M for monomers, 1.0×10−3 M per repeating unit for polymers) 

containing NnBu4PF6 (0.10 M) using a glassy carbon (GC) working electrode, a Pt wire 

counter electrode, an Ag/AgCl reference electrode, and a Fc/Fc+ external standard at 

room temperature with a scan rate of 0.1 V s−1. 

b ELUMO = (−4.8−Eonset
red) (eV), EHOMO = (−4.8−Eonset

ox) (eV).  

 

 

 

Figure 4. Energy levels and widths of energy gaps of HOMOs and LUMOs estimated 

from the results of cyclic voltammetry.  

  



 

Figure 5. Results of DFT calculation at B3LYP/6-31G(d,p) for C, H, N, O and 

LanL2DZ for Sn levels. (A) Energy levels and energy gaps of HOMOs and LUMOs, 

(B) chemical structure of TAz-PPV-Ph′ and TAz-PPV-C8′. (C) Kohn–Sham orbitals in 

monomers (M), dimers (D), and trimers (T) of TAz-PPV-C8′. Hydrogen atoms were 

omitted for clarity.  
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General 

1H, 13C{1H} and 119Sn NMR spectra were recorded on JEOL AL400 and ECX400 instruments at 400, 

100 and 149 MHz, respectively. Samples were analyzed in CDCl3. The chemical shift values were 

expressed relative to Me4Si for 1H, 13C{1H} NMR as an internal standard in CDCl3 and Me4Sn for 119Sn 

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–NIR spectra were recorded on a SHIMADZU UV-3600 

spectrophotometer, and samples were analyzed at room temperature. Fluorescence emission spectra were 

measured with a HORIBA Duetta spectrofluorometer at room temperature. Absolute photoluminescence 

quantum yield (ΦPL) was recorded on a Hamamatsu Photonics Quantaurus-QY Plus C13534-01 at room 

temperature. Gel permeation chromatography (GPC) was carried out on a TOSOH G3000HXI system 

equipped with three consecutive polystyrene gel columns (TOSOH gels: α-4000, α-3000, α-2500) using 

chloroform as an eluent after calibration with standard polystyrene samples (1.0 mL/min) at 40 ºC. 

Recyclable preparative high-performance liquid chromatography (HPLC) was carried out on a Japan 

Analytical Industry Model LC-9204 (JAIGEL-2.5H and 3HH columns) using CHCl3 as an eluent at room 

temperature.  

  



S-4 

 

Materials  

Commercially available compounds used without purification: 

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

Diphenyltin(Ⅳ) oxide (Sigma-Aldrich Co. LLC.) 

Dioctyltin(Ⅳ) oxide (FUJIFILM Wako Pure Chemical Industries, Ltd.) 

trans-1,2-Bis(tributylstannyl)ethylene (Tokyo Chemical Industry Co, Ltd.)  

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.), toluene (deoxidized grade, FUJIFILM Wako 

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

Ltd.) used without purification.  

 

 

Compounds prepared as described in the literatures: 

Compound 1-Br [1] 

Compound 1-H [1] 
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Synthetic procedures and characterization  

Synthesis of Monomers 

 

Synthesis of 2-Br 

1-Br (0.400 g, 0.416 mmol, 1 equiv.) was placed in a round-bottom flask equipped with a magnetic 

stirring bar. After degassing and filling N2 three times, CH2Cl2 (10 mL) was added to the flask. After 

cooling the mixture to −78 °C, BBr3 (1 M in CH2Cl2, 2.08 mL, 2.08 mmol, 5.12 equiv.) was dropwise 

added. The reaction was carried out at room temperature for 14 h. After the reaction, MeOH was carefully 

added at 0 °C for quenching the reaction and the solvent was removed with a rotary evaporator. The 

residue was purified by column chromatography on SiO2 (hexane/CH2Cl2 = 3/1 v/v as an eluent) to afford 

2-Br (0.297 g, 0.318 mmol, 76%) as an orange oil. 

Rf = 0.75 (hexane/CH2Cl2 = 3/1 v/v). 1H NMR (CHCl3, 400 MHz) δ 12.02 (s, 2H), 7.45 (s, 2H), 7.27 

(s, 2H), 2.65 (d, J = 7.2 Hz, 4H), 1.75 (s, 2H), 1.28–1.24 (br, 64H), 0.89–0.84 (br, 12H) ppm; 13C{1H} 

NMR (CDCl3, 100 MHz) δ 151.0, 134.3, 133.5, 132.5, 130.1, 122.6, 40.0, 37.9, 33.2, 31.9, 31.9, 30.0, 

29.7, 29.6, 29.6, 29.3, 29.3, 26.5, 22.7, 22.7, 14.1 ppm; HRMS (ESI) calcd. for C52H89Br2N2O2 [M+H]+: 

931.5285, found: 931.5273.  
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Chart S1. 1H NMR spectrum of 2-Br in CDCl3. 

  

Chart S2. 13C{1H} NMR spectrum of 2-Br in CDCl3.  
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Synthesis of TAz-Ph-Br 

In a 20 mL round bottom flask, 2-Br (0.100 g, 0.107 mmol, 1 equiv.), diphenyltin(IV) oxide 

(0.0464 g, 0.161 mmol, 1.5 equiv.) and acetone (5 mL) were added under N2. Then, the solution was 

stirred at reflux temperature for 2.5 h. Insoluble products were filtered, and the solution was 

concentrated in vacuo to give TAz-Ph-Br (0.135 g, 0.107 mmol, quant.) as a violet oil. 

1H NMR (CHCl3, 400 MHz) δ 7.87–7.84 (m, 2H), 7.44–7.33 (m, 8H), 7.85 (s, 1H), 7.48 (s, 1H), 

7.35 (s, 1H), 7.33(s, 1H), 2.61–2.57 (m, 4H), 1.73 (m, 2H), 1.27–1.23 (br, 64H), 0.88–0.83 (br, 12H) 

ppm; 13C{1H} NMR (CDCl3, 100 MHz) δ 160.0, 158.5, 138.8, 136.7, 136.3, 136.1, 136.0, 135.1, 132.1, 

131.6, 131.1, 130.7, 129.0, 127.2, 124.0, 118.1, 40.2, 39.8, 37.8, 37.8, 33.2, 33.0, 33.0, 31.9, 31.9, 30.0, 

30.0, 29.7, 29.7, 29.7, 29.4, 29.3, 26.5, 26.5, 26.4, 22.7, 22.7, 22.7, 14.1, 14.1 ppm; 119Sn NMR (CDCl3, 

149 MHz) δ −363.3 ppm. HRMS (ESI) calcd. for C64H96Br2ClN2O2Sn [M+Cl]+: 1237.4528, found: 

1237.4546. 

 

 

 

Chart S3. 1H NMR spectrum of TAz-Ph-Br in CDCl3. 
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Chart S4. 13C{1H} NMR spectrum of TAz-Ph-Br in CDCl3.  

 

Chart S5. 119Sn NMR spectrum of TAz-Ph-Br in CDCl3.  

CDCl3 

TMS 
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Synthesis of TAz-C8-Br 

In a 20 mL round bottom flask, 2-Br (0.296 g, 0.317 mmol, 1 equiv.), dioctyltin(IV) oxide (0.172 g, 

0.476 mmol, 1.5 equiv.) and acetone (5 mL) were added under N2. Then, the solution was stirred at reflux 

temperature for 2.5 h. Insoluble products were filtered, and the solution was concentrated in vacuo to 

give TAz-C8-Br (0.405 g, 0.317 mmol, quant.) as a violet oil. 

1H NMR (CHCl3, 400 MHz) δ 7.47 (s, 1H), 7.30 (s, 1H), 7.07 (s, 1H), 7.03 (s, 1H), 2.60–2.58 (m, 

4H), 1.74 (m, 2H), 1.66–1.61 (m, 4H), 1.54–1.48 (br, 2H), 1.25–1.19 (br, 86H), 0.89–0.84 (m, 18H) ppm; 

13C{1H} NMR (CDCl3, 100 MHz) δ 160.6, 158.4, 136.8, 135.7, 134.5, 131.8, 130.9, 127.0, 123.7, 118.0, 

40.2, 37.8, 37.8, 33.5, 33.2, 33.1, 31.9, 31.8, 30.1, 30.1, 29.7, 29.7, 29.7, 29.7, 29.6, 29.4, 29.3, 29.1, 29.0, 

26.5, 26.4, 26.4, 24.7, 23.3, 23.3, 22.7, 22.7, 22.6, 14.1, 14.1 ppm; 119Sn NMR (CDCl3, 149 MHz) δ 

−217.5 ppm. HRMS (ESI) calcd. for C68H120Br2ClN2O2Sn [M+Cl]+: 1309.6406, found: 1309.6428. 

 

 

 

Chart S6. 1H NMR spectrum of TAz-C8-Br in CDCl3.  
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Chart S7. 13C{1H} NMR spectrum of TAz-C8-Br in CDCl3.  

 

Chart S8. 119Sn NMR spectrum of TAz-C8-Br in CDCl3.  

CDCl3 
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Synthesis of Polymers 

 

 

 

Synthesis of TAz-PPV-Ph 

In a Schlenk tube, TAz-Ph-Br (0.0830 g, 0.0883 mmol, 1 equiv.), Pd2(dba)3 (0.00243 g, 0.0265 

mmol, 0.03 equiv.), XPhos (0.00253 g, 0.00530 mmol, 0.06 equiv.) were added. Then, under N2, 

(E)-1,2-bis(tributylstannyl)ethene (0.0535 g, 0.0883 mmol, 1 equiv.) and 2.5 mL of toluene were added 

and stirred at 80 °C for 48 h. Reprecipitation from CHCl3/CH3CN gave TAz-PPV-Ph as a dark greenish 

solid (0.0856 g, 80%). 

Mn = 9,500, Mw = 30,300 Mw/Mn = 3.2. 1H NMR (CDCl3, 400 MHz) δ 7.54, 7.31, 7.30, 7.23, 7.22, 

7.11, 7.03 ppm; 13C{1H} NMR (CDCl3, 100 MHz) δ 32.0, 31.9, 30.2, 29.8, 29.5, 29.2, 29.1, 22.7, 22.7, 

14.1 ppm. 119Sn NMR signal was not detected propbably because of broadening peaks in a polymer. In 

place of 119Sn NMR, we confirmed the preservation of tin atom after polymerization by detecion of 

repeating units from a MALDI-TOF MS measurement (negative,  matrix: 

trans-2-[3-(4-tert-Butylphenyl)-2-methyl- 2-propenylidene]malononitrile (DCTB)). 
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Chart S9. 1H NMR spectrum of TAz-PPV-Ph in CDCl3.  

 

 

Chart S10. 13C{1H} NMR spectrum of TAz-PPV-Ph in CDCl3.  
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Chart S11. 119Sn NMR spectrum of TAz-PPV-Ph in CDCl3. 

 

 

Chart S12. MADLI-TOF MS spectrum of TAz-PPV-Ph. 



S-14 

 

Synthesis of TAz-PPV-C8 

In a Schlenk tube, TAz-C8-Br (0.0830 g, 0.0883 mmol, 1 equiv.), Pd2(dba)3 (0.00243 g, 0.0265 

mmol, 0.03 equiv.), XPhos (0.00253 g, 0.00530 mmol, 0.06 equiv.) were added. Then, under N2, 

(E)-1,2-bis(tributylstannyl)ethene (0.0535 g, 0.0883 mmol, 1 equiv.) and 2.5 mL of toluene were added 

and stirred at 80 °C for 48 h. Reprecipitation from CHCl3/CH3CN gave TAz-PPV-C8 as a dark greenish 

solid (0.0685 g, 60%). 

Mn = 4,600, Mw = 11,000, Mw/Mn = 2.4. 1H NMR (CDCl3, 400 MHz) δ 7.97, 7.52, 7.42, 7.29, 7.23, 

7.22, 1.36, 1.25, 1.18, 1.14, 0.83, 0.81, 0.78 ppm; 13C{1H} NMR (CDCl3, 100 MHz) δ 31.9, 30.2, 29.7, 

29.4, 22.7, 14.1 ppm. 119Sn NMR signal was not detected propbably because of broadening peaks in a 

polymer. In place of 119Sn NMR, we confirmed the preservation of tin atom after polymerization by 

detecion of repeating units from a MALDI-TOF MS measurement (negative, matrix: trans-2-[3-(4-tert- 

Butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB)). The different molecular weight of two 

main peaks was ca. 290 Da and that was asigned to a terminal unit of SnnBu3 (calcd. for C12H27Sn: 

290.16).  
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Chart S13. 1H NMR spectrum of TAz-PPV-C8 in CDCl3.  

 

Chart S14. 13C{1H} NMR spectrum of TAz-PPV-C8 in CDCl3.  
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Chart S15. 119Sn NMR spectrum of TAz-PPV-C8 in CDCl3.  

 

 

Chart S16. MADLI-TOF MS spectrum of TAz-PPV-C8. 
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Synthesis of Model Compounds 

 

Synthesis of 2-H 

Compound 1-H (0.700 g, 0.871 mmol, 1 equiv.) was placed in a round-bottom flask equipped with a 

magnetic stirring bar. After degassing and filling N2 three times, CH2Cl2 (15 mL) was added to the flask. 

After cooling the mixture to −78 °C, BBr3 (1 M in CH2Cl2, 4.36 mL, 4.36 mmol, 5 equiv.) was dropwise 

added. The reaction was carried out at room temperature for 3 h. After the reaction, MeOH was carefully 

added at 0 °C for quenching the reaction and the solvent was removed with a rotary evaporator. The 

residue was purified by column chromatography on SiO2 (hexane/CH2Cl2 = 3/1 v/v as an eluent) to afford 

2-H (0.512 g, 0.660 mmol, 76%) as an orange oil. 

Rf = 0.75 (hexane/CH2Cl2 = 3/1 v/v). 1H NMR (CHCl3, 400 MHz) δ 12.19 (s, 2H), 7.46 (d, J = 2.1 

Hz, 2H), 7.14 (d, J = 2.1 Hz, 2H), 7.14 (d, J = 2.0 Hz, 2H), 6.95 (d, J = 8.4 Hz, 2H), 2.54 (d, J = 7.3 Hz, 

2H), 1.25 (br, 64H), 0.88 (m, 14H) ppm; 13C{1H} NMR (CDCl3, 100 MHz) δ 150.9, 134.8, 134.1, 133.8, 

131.1, 118.1, 39.7, 39.5, 33.1, 31.9, 30.0, 29.7, 29.7, 29.6, 29.6, 29.3, 29.3, 26.6, 22.7, 14.1 ppm; HRMS 

(ESI) calcd. for C52H89N2O2 [M−H]−: 773.6930, found: 773.6938. 
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Chart S17. 1H NMR spectrum of 2-H in CDCl3. 

  

Chart S18. 13C{1H} NMR spectrum of 2-H in CDCl3.  
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Synthesis of TAz-Ph-H 

In a 20 mL round bottom flask, 2-H (0.114 g, 0.147 mmol, 1 equiv.), diphenyltin(IV) oxide 

(0.0637 g, 0.221 mmol, 1.5 equiv.) and 5 mL of acetone were added under N2. Then, the solution 

was stirred at reflux temperature for 5 h. Insoluble products were filtered, and the solution was 

concentrated in vacuo to give TAz-Ph-H (0.154 g, 0.147 mmol, quant.) as a violet oil. 

1H NMR (CHCl3, 400 MHz) δ 7.90 (m, 4H), 7.50 (d, J = 2.0 Hz, 1H), 7.41–7.38 (m, 6H), 7.35 (d, J 

= 2.2 Hz, 1H), 7.19–7.15 (m, 2H), 7.01–6.98 (m, 2H), 2.49–2.44 (m, 4H), 1.25 (br, 64H), 0.88–0.84 (m, 

14H) ppm; 13C{1H} NMR (CDCl3, 100 MHz) δ 160.1, 159.1, 139.5, 138.0, 137.2, 136.5 136.4, 135.6, 

134.7, 131.8, 131.8, 130.4, 128.8, 123.1, 119.7, 116.6 39.9, 39.6, 39.5, 39.3, 33.1, 31.9, 31.9, 30.0, 29.7, 

29.7, 29.6, 29.6, 29.3, 29.3, 26.6, 26.6, 22.7, 14.1 ppm; 119Sn NMR (CDCl3, 149 MHz) δ –364.3 ppm: 

HRMS (ESI) calcd. for C64H99N2O2Sn [M+H]+: 1047.6723, found: 1067.6738. 

 

 

 

Chart S19. 1H NMR spectrum of TAz-Ph-H in CDCl3.  
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Chart S20. 13C{1H} NMR spectrum of TAz-Ph-H in CDCl3.  

 

Chart S21. 119Sn NMR spectrum of TAz-Ph-H in CDCl3.  

CDCl3 
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Synthesis of TAz-C8-H 

In a 20 mL round bottom flask, 2-H (0.129 g, 0.166 mmol, 1 equiv.), dioctyltin(IV) oxide (0.0901 g, 

0.250 mmol, 1.5 equiv.) and 5 mL of acetone were added under N2. Then, the solution was stirred at 

reflux temperature for 5 h. Insoluble products were filtrated and the solution was concentrated in vacuo to 

give TAz-C8-H (0.185 g, 0.166 mmol, quant.) as a violet oil. 

1H NMR (CHCl3, 400 MHz) δ 7.50 (d, J = 1.8 Hz, 1H), 7.33 (d, J = 2.2 Hz, 1H), 7.11–7.06 (m, 2H), 

6.74 (d, J = 8.5 Hz, 1H), 6.69 (d, J = 8.5 Hz, 1H) 2.48–2.45 (m, 4H), 1.65–1.47 (br, 2H), 1.25 (br, 92H), 

0.89–0.83 (m, 18H) ppm; 13C{1H} NMR (CDCl3, 100 MHz) δ 160.6, 158.8, 137.5, 137.3, 136.9, 135.4, 

135.4, 134.3, 131.2, 122.8, 119.3, 116.6, 39.8, 39.5, 39.5, 39.3, 33.5, 33.1, 33.1, 31.9, 31.8, 31.7, 30.1, 

29.7, 29.7, 29.7, 29.4, 29.3, 29.1, 29.0, 26.6, 26.6, 24.8, 22.8, 22.7, 22.6, 22.6, 14.1, 14.1 ppm; 119Sn 

NMR (CDCl3, 149 MHz) δ −221.2 ppm: HRMS (ESI) calcd. for C68H123N2O2Sn [M+H]+: 1119.8601, 

found: 1119.8635. 

 

 

 

Chart S22. 1H NMR spectrum of TAz-C8-H in CDCl3. 
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Chart S23. 13C{1H} NMR spectrum of TAz-C8-H in CDCl3.  

 

Chart S24. 119Sn NMR spectrum of TAz-C8-H in CDCl3.  
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GPC chromatograms and properties of polymers 

 

Figure S1. Gel permeation chromatography (GPC) profiles of (A) TAz-PPV-Ph and (B) TAz-PPV-C8. 

Molecular weights were evaluated with chloroform as an eluent (1.0 mL / min) at 40 °C. (C) Photographs 

of fractionated samples under room light (the numbers denote fraction numbers).  

 

Table S1. Properties of fractionated TAz-PPV-Ph by HPLC 

Fraction 1 2 3 4 5 6 

Mn /kDa a 41 33 19 12 8.3 6.0 

n b 39 31 18 11 7.8 5.6 

PDI a 2.2 1.7 1.5 1.5 1.4 2.0 

a Determined by GPC with polystyrene standards (PDI: poly dispersity index, Mw/Mn). 

b Degree of polymerization (n = Mn/M(repeating unit)). 

 

Table S2. Properties of fractionated TAz-PPV-C8 by HPLC 

Fraction  1 2 3 4 5 6 7 

Mn /kDa a
 29 16 8.8 6.2 4.2 3.2 2.2 

n b 25 14 7.7 5.4 3.7 2.8 1.9 

PDI a 1.4 1.2 1.3 1.2 1.2 1.3 1.2 

a Determined by GPC with polystyrene standards (PDI: poly dispersity index, Mw/Mn). 

b Degree of polymerization (n = Mn/M(repeating unit)). 

  



S-24 

 

Molecular models of TAz and BAz complexes 

 

 

Figure S2. Molecular models and dihedral angles (C-N-N-C) of TAz and BAz complexes by DFT 

calculation at B3LYP/6-31G(d,p) for C, H, N, O, B and LanL2DZ for Sn levels. The calculation details 

are described below section. Hydrogen atoms were omitted for clarity. 
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Cyclic voltammograms 

 

Figure S3. Cyclic voltammograms (red: reduction, negative sweep, ox: oxidation, positive sweep) of 

TAz-Ph-H, TAz-C8-H, TAz-PPV-Ph, TAz-PPV-C8 in CH2Cl2 (1.0×10−3 M, 1.0×10−3 M per repeating 

unit for the polymers) containing NnBu4PF6 (0.10 M) using a glassy carbon (GC) working electrode, a Pt 

wire counter electrode, an Ag/AgCl reference electrode, and a Fc/Fc+
 external standard at room 

temperature with a scan rate of 0.1 V s−1. The arrow denotes sweep direction.  
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Computational details for theoretical calculation 

    The Gaussian 16 program package[2] was used for computation. We optimized the structures of the 

monomers (M), dimers (D), and trimers (T) of TAz-PPV-Ph′ and TAz-PPV-C8′ in the ground S0 states 

and calculated their molecular orbitals, respectively. TAz-PPV-Ph′ and TAz-PPV-C8′ were model 

compounds of TAz-PPV-Ph and TAz-PPV-C8 in which the long alkyl chains (2-octyldodecyl and octyl 

groups) were replaced with methyl groups to reduce calculation cost for precise evaluation of expanded 

π-conjugated system. All calculations with density functional theory (DFT) and time-dependent (TD) 

DFT were carried out at B3LYP/6-31G(d,p) for C, H, N, O, B and LanL2DZ for Sn levels. The DFT and 

TD-DFT were applied for the optimization of the structures in the S0 and S1 states, respectively. We 

calculated the energy of the S0–S1 transitions with optimized geometries in the S0 and S1 states by 

TD-DFT. We newly calculated the energy of molecular orbitals (MOs) of BAz-PPV in the S0 states to 

compare the results of TAz-PPV with those of BAz-PPV in our previous work[1]. 
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Figure S4. Chemical structures Kohn–Sham orbitals in monomers (M), dimers (D) and trimers (T) of 

TAz-PPV-Ph′. Hydrogen atoms were omitted for clarity. 
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Figure S5. Chemical structures and Kohn–Sham orbitals in monomers (M), dimers (D) and trimers (T) of 

TAz-PPV-C8′. Hydrogen atoms were omitted for clarity. 
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Figure S6. Energy diagrams of absorption and emission in monomer and dimer of TAz-PPV-Ph′ in the 

ground and excited states. 

 

 

 

 

Figure S7. Energy diagrams of absorption and emission in monomer and dimer of TAz-PPV-C8′ in the 

ground and excited states. 
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Table S3. Results of representative transitions of TAz monomers (M) and dimers (D) from TD-DFT 

calculations 

 Energy gap 

/ eV 

Wavelength 

/ nm 

Oscillator 

Strength 

transition Assignment (Coefficient) 

TAz-PPV-Ph′      

M 2.3927 518.18 0.2444 S0 → S1 HOMO → LUMO (0.69508) 

 3.4404 360.38 0.2704 S0 → S4 HOMO−2 → LUMO (0.68932) 

D 1.8931 654.93 1.5522 S0 → S1 HOMO → LUMO (0.70220) 

 2.6099 475.04 0.2746 S0 → S6 HOMO−3 → LUMO (0.63594) 

 2.7181 456.14 0.3452 S0 → S7 HOMO−4 → LUMO (0.64072) 

TAz-PPV-C8′      

M 2.3584 525.70 0.2790 S0 → S1 HOMO → LUMO (0.69598) 

 3.4448 359.92 0.2849 S0 → S4 HOMO−2 → LUMO (0.69024) 

D 1.9179 646.46 1.4546 S0 → S1 HOMO → LUMO (0.70205) 

 2.6166 473.84 0.3552 S0 → S6 HOMO−3 → LUMO (0.63863) 

 2.7409 452.36 0.3808 S0 → S7 HOMO−4 → LUMO (0.63845) 
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Figure S8. Selected Kohn–Sham orbitals for Table S3 in monomers (M), dimers (D) of TAz-PPV-Ph′ 

and TAz-PPV-C8′. Hydrogen atoms were omitted for clarity. 
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Figure S9. (A) Energy levels and energy gaps of HOMOs and LUMOs of TAz-PPV-Ph′, TAz-PPV-C8′ 

and BAz-PPV. (B) Chemical structures and Kohn–Sham orbitals in monomers (M), dimers (D) and 

trimers (T) of BAz-PPV. Hydrogen atoms were omitted for clarity.  
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Figure S10. Dihedral angles between benzene rings of adjacent units of dimers and trimers of 

TAz-PPV-Ph′, TAz-PPV-C8′ and BAz-PPV. Hydrogen atoms were omitted for clarity. 
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Figure S11. Optimized structures and N=N bond lengths in the ground and excited states of monomers 

and dimers of TAz-PPV-Ph′ and TAz-PPV-C8′. Hydrogen atoms were omitted for clarity. 
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