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General Introduction 

1. Conjugated Organoboron Polymers 

π-Conjugated polymers (Figure 1) are versatile candidates for various applications because of 

their unique electronic properties, low manufacturing cost and capability for flexible conditions. 

Specifically, they are supposed to be suitable for optoelectronic applications such as organic light 

emitting diodes, photovoltaic cells, field effect transistors, etc.1 The character of conjugated 

polymers can be tuned for each application. To tune the character of conjugated polymers, 

introduction of hetero atoms is one of the modulation methods. Therefore, various conjugated 

polymers including hetero atoms were developed. For example, polythiophene, polypyrrole, 

polyaniline, etc. are well-known hetero atom-containing conjugated polymers and applied to 

organic devices (Figure 2).2 

 

Figure 1. Structures of π-conjugated polymers. 

 

Figure 2. Hetero atom containing π-conjugated polymers. 
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Boron was also introduced into conjugated systems. The conjugated polymers including 

tricoordinate boron complexes are promising materials for fabrication of electronic devices as an 

n-type semiconductor. Tricoordinate boron complexes have vacant p-orbital, and the conjugation 

of polymer can expand through via this vacant orbital.3 Moreover, tricoordinate boron have Lewis 

acidity and sensitivity to Lewis base. In the previous work, the conjugated polymer having 

tricoordinate boron in the main-chain acted as optical sensors for fluoride anion (Scheme 1).3c The 

coordination of fluoride anions to boron atoms interrupt the main-chain conjugation of the polymer, 

then the blue emission disappeared.  

 

Scheme 1. Reaction of fluoride anion sensing with organoboron polymer 

 

 

Boron can also form tetracoordinate structures such as boron quinolate, boron diketonete, boron 

ketoiminate, boron dipyrromethene (BODIPY) (Figure 3). They have higher stability than 

tricoordinate boron compounds because a vacant p-orbital of boron atom are filled by a lone pair. 

Therefore, it is easy to handle tetracoordinate boron compounds under ambient conditions, and it 

is expected to be useful for material applications. Especially, they are attractive for optoelectronic 

materials because they have good absorption and emission properties. Examples are shown below. 

The conjugated polymer based on boron quinolate showed not only strong emission but also 

high electron mobility.4 This value was comparable to the value of Alq3 which is the most well-
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known electron-transport and luminescent material for OLEDs. Boron ketoiminates exhibits 

aggregation induced emission (AIE).5 The conjugated polymer including boron ketoiminates in 

main chain showed emission in films.6 These results indicate that the conjugated polymer 

including organoboron compounds have possibility to be used as optoelectronic materials in 

various fields.  

 

 

Figure 3. Examples of tetracoordinate organoboron compounds. 

 

2. Boron Dipyrromethenes 

Boron dipyrromethenes (BODIPYs) are one of the most famous luminescent dyes, and it is 

known that they have various advantages such as large absorption and luminescent abilities in the 

narrow wavelength regions, high photo-stability, and environment-resistant emissive properties.7 

BODIPYs can be modified with their structures easily to modulate the character, especially optical 

properties. Therefore, various BODIPY derivatives have been developed by modification with 

substituents so far (Figure 4). Aza-BODIPYs have nitrogen atoms at the meso-position and lower 

LUMO energy levels than those of common BODIPYs because of the strong electronegativity of 

the nitrogen atom in the meso-position.8 Therefore, aza-BODIPYs showed absorption and 
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emission bands in the longer wavelength region than common BODIPYs. From these properties, 

the conjugated polymers based on aza-BODIPYs can work as a near-infrared (NIR) dyes9 or 

electron-transporting materials.10 BODIPYs usually have two fluorine atoms on their boron atoms. 

These fluorine atoms can be replaced by other substituents. For example, the aryl substituents can 

be introduced into the boron center of BODIPYs by organometallic reagents.11 By selecting the 

organometallic reactions, the number of substituents in the boron center in BODIPY can be 

modulated. Ring-fused structures are also adopted for BODIPYs. The conjugation of BODIPY can 

be expanded by a fused ring. The ring-fused BODIPYs and their polymers were developed to show 

strong emission in the NIR region.12 As stated above, BODIPYs have possibility to be applied in 

various applications via tuning properties with modification of their structures. 

 

 

Figure 4. Examples of modified BODIPYs. (a) Aza-BODIPY, (b) BODIPY bearing aromatic 

groups on boron center, (c) ring-fused BODIPYs. 
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3. Survey of this Thesis 

This thesis describes the synthesis and characterization of novel optically-functional materials 

by modified BODIPYs with unique structures. Details will be discussed in the following chapters. 

In Chapter 1, solid-emissive BODIPYs are presented. By the organometallic reactions, single- 

or dual-phenyl groups were introduced into the boron center in BODIPY. These substituents were 

valid for avoiding the concentration quenching in the solid state. In the solution state, the dual-

phenyl substituted BODIPY provided broad and red-shifted photoluminescence spectrum, 

however the emission property was recovered not only in the solid state but also in the viscous 

solvent. It was revealed that the suppression of the molecular motion should play a crucial role in 

the enhancement of the emission properties of the dual-substituted BODIPY. 

 

Chapter 1 

In Chapter 2, the synthesis and electronic structures of the modified BODIPY derivatives 

containing the cardo boron are shown. The aryl substituents with electron-donating groups and/or 

electron-withdrawing groups were introduced into boron atoms of BODIPYs. By the optical and 

electrochemical measurements, it was clarify that the cardo boron can efficiently isolate the main-

chain conjugation from the electronic interaction with the side chains. 
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Chapter 2 

In Chapter 3, the synthesis and optical properties of the dual-emissive polymer based on the 

cardo BODIPYs are presented. From the results of Chapter 2, the electronic structure of the main-

chain conjugation in the polymer can be isolated from influence of the side-chains. Therefore, the 

conjugated polymer having anthracenes via the cardo substituents was designed to obtain dual 

emission. The synthetic polymer showed emission in red and blue regions derived from polymer 

main-chain and anthracene moieties, respectively.  

 

Chapter 3 

In Chapter 4, the thiophene-fused BODIPY derivatives are presented. The absorption 

wavelength was tuned by substituents. By introducing iodine groups, the bathochromic shifts of 

the peak positions (+15 nm) and the enhancement of molar extinct coefficients. The 

trifluoromethyl group also contributed to the large bathochromic shift (+60 nm). They are useful 

for efficient light absorbers because of their absorption properties. 
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Chapter 4 

In Chapter 5, furan-substituted aza-BODIPY with strong and sharp NIR emission was developed. 

Comparing with the well-known aza-BODIPY, the furan-substituted aza-BODIPY showed 

emission band in the longer wavelength with the peak at 735 nm, and the quantum yield was 

similar value. From these results, the introduction of furanyl groups into aza-BODIPY is an 

effective strategy to realize strong emission in the NIR region. 

 

Chapter 5 

In Chapter 6, the strong and deep NIR absorbing conjugated polymer was synthesized based on 

thiophene-substituted aza-BODIPY. From the optical measurement, it was revealed that the 

absorption band of the polymer reached to more than 800 nm. The cyclic voltammetry analyses 

revealed that the polymer had a low-lying LUMO energy level which was similar to the LUMO 

of monomer aza-BODIPYs. 
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Chapter 6 

In Chapter 7, the organic liquid scintillators based on the emissive polymers are reported. 

BODIPY-based conjugated polymers showed emission in the NIR region by both photo- and X-

ray excitations, and the emission bands were observed in similar regions regardless of excitation 

methods. These data propose that the organoboron conjugated polymers are attractive platforms to 

obtain an organic liquid scintillator with the emission in the NIR region. 

 

Chapter 7 
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Chapter 1 

Simple and Valid Strategy for the Enhancement of  

the Solid-Emissive Property of Boron Dipyrromethenes 

 

ABSTRACT: This manuscript presents the strategy for obtaining solid-emissive properties from 

the BODIPY dyes. It is demonstrated that the emission properties can be preserved from the 

aggregation-caused quenching (ACQ) by introducing the phenyl groups into their boron center. 

The author established the synthetic procedures for the introduction of single or dual phenyl groups 

into the boron center in BODIPYs. The synthesized BODIPYs having single and dual-phenyl 

groups showed unimodal photoluminescence spectra both in the solution and solid states with 

sufficient quantum yields. The pristine and the single-phenyl substituted BODIPYs showed similar 

optical properties in the solution state. In contrast, the dual-phenyl substituted BODIPY provided 

broad and red-shifted photoluminescence spectrum. Interestingly, the emission property of the 

dual-substituted BODIPY was recovered not only in the solid state but also in the viscous solvent. 

It was revealed that the suppression of the molecular motion should play a crucial role in the 

enhancement of the emission properties of the dual-substituted BODIPY. Furthermore, it is also 

presented that the steric hindrance by the phenyl groups can inhibit ACQ in the condensed state. 
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Introduction 

Boron dipyrromethenes (BODIPYs) are well known as a commodity luminescent dye because 

of their various advantages such as large absorption and luminescent abilities in the narrow 

wavelength regions, high photo-stability, and environment-resistant emissive properties.1 Based 

on these useful characteristics, Chujo et. al. regarded BODIPY derivatives as an attractive element 

block which is defined as a functional building block including heteroatoms for constructing 

advanced materials.2 Indeed, BODIPYs and their derivatives have been applied not only for 

emissive materials in an organic optical device3 but also for the molecular probes as a biotechnical 

tool.4 However, optical properties of BODIPYs would be drastically changed in the aggregation 

state5a,b and sometimes spoiled in the condensed states via the aggregation-induced quenching 

(ACQ).5c,d The planarity of the dipyrromethene ligand can be greatly enhanced by the 

complexation with boron. Subsequently, specific or non-specific intermolecular interactions via 

stacking and adhesion readily occur in the condensed states, resulting in the undesired changes or 

the loss of the bright green-light emission.5c,d In particular, since materials are used as a thin film 

in the common organic devices, the crucial changes in the optical properties of BODIPYs in the 

solid materials should be still the emerging problem to be solved. 

One of the most common strategies for avoiding ACQ is to introduce the bulky substituents into 

the molecules. There are the series of successful examples based on conjugated molecules for 

realizing solid emissions based on this strategy.6 By combining the bulky groups or other units 

which can hardly influence on the electronic state of the conjugation system, the emission 
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properties in the diluted solution were maintained in the condensed state. Chujo et. al. recently 

reported the validity of the cardo structure in polyfluorene for improving the emissive properties 

in the film state.7 The introduction of the dual-phenyl groups into the fluorene moiety played a 

crucial role in the preservation of the emissions even in the film state. Furthermore, this strategy 

was also applied for obtaining the solid-emissive BODIPYs.8 The modified BODIPYs with the 

bulky substituents at the ligand moiety showed significant emissions even in the solid state in the 

previous reports.8 Although the emission quantum efficiencies were apparently maintained in the 

solid state in these researches, the shapes of the emission spectra were often divergent from that 

of the general BODIPY dyes. Therefore, the molecular design strategy to preserve the optical 

properties of BODIPYs is still required for realizing the highly-efficient emissive solid materials. 

Most of BODIPYs have two fluorine atoms on their boron atoms. In particular, these fluorine 

atoms can be replaced by other substituents. Ziessel et al. reported the BODIPYs bearing aryl 

substituents at the boron center.9 Matsui et al. reported the solid-emissive BODIPY by introducing 

two phenyl groups at boron atom.10 However, to the best of the author’s knowledge, the report on 

the solid emission of the modified BODIPY with heterogeneous types of the aryl substituents at 

the boron center was still very few although several synthetic routes for have been established.11  

Herein, the author presents syntheses and optical properties of the phenyl-substituted BODIPYs. 

Initially, the synthetic procedures were established for preparing the BODIPY derivatives having 

single or dual phenyl groups at the boron center. Next, with the series of optical measurements, 

the emissive properties of the synthesized BODIPYs were examined. Especially, the influence of 
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the phenyl groups on the emissive properties in the solid state was evaluated. The mechanisms on 

the solid emissive properties were also mentioned in this manuscript 

 

Results and Discussion 

The modification of the boron in the BODIPYs is outlined in Scheme 1. The author used the 

difluorinated compound B0 as a starting material.12 The bright emission was obtained from the 

solid state in the Matsui’s work.10 However, the multi-modal emission bands were observed. In 

this report, it was suggested that the local inhomogeneity such as crystal formation could provide 

the diverse emission bands. To achieve homogeneous amorphous state in the solid sample, the 

longer alkyl chains were introduced into the meso position. The introduction of the single phenyl 

group required the sensitive control of the reaction condition. In the reference 9, the substitution 

reaction proceeded at 0 °C in the presence of 2 eq. of a Grignard reagent. On the other hand, the 

reaction hardly occurred at 0 °C in this case. In addition, the dual substitution was observed by 

increasing reaction time. Thus, the author performed the reaction with reflux temperature for 1 h. 

Finally, the single-substituted BODIPY B1 was obtained from B0 with a good yield. To proceed 

the substitution reaction for obtaining the dual-substituted BODIPY B2, the lithiation with n-

butyllithium was applied. The products showed good solubility in the common organic solvents 

such as chloroform, THF, and ethanol. The structures of all compounds were confirmed by 1H, 11B, 

13C NMR spectroscopies and ionization mass measurements (Figures 1 and 2). 

  



Chapter 1 

17 

Scheme 1. Modifications of the boron atoms for preparing phenyl-substituted BODIPYs 
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(a) 

 

(b) 

 

Figure 1. (a) 1H and (b) 13C NMR spectra of B1 in dichloromethane. 
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(a) 

 

(b) 

 

Figure 2. (a) 1H and (b) 13C NMR spectra of B2 in dichloromethane. 
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Initially, the UV−vis absorption spectra were compared to evaluate the influence of the 

modification at the boron center on the electronic states in the ground state (Figure 3a). The optical 

properties are listed in Table 1. From the solutions in chloroform (1.0 ×10−5 mol/L), similar 

absorption spectra were obtained from all three BODIPYs. Typical spectra to the common 

BODIPYs were observed; large molar extinction coefficients and sharp absorption bands with the 

peaks at 500 nm attributable to S0→S1 (π→π*) transition. These data indicate that the electronic 

structures in the ground state should be hardly influenced by the substituents. 

Figure 3b shows the photoluminescence spectra of the modified BODIPYs in chloroform (1.0 

×10−5 mol/L). Interestingly, the emission spectrum of B2 was different from those of B0 and B1. 

B0 and B1 showed typical emission properties of BODIPYs. In contrast, B2 showed a broad and 

red-shifted emission band. The emission color of B2 was varied from those of B0 and B1. The 

quantum yield of B2 was crucially lower than those of B0 and B1. From the lifetime measurements, 

it was confirmed that all BODIPYs showed fluorescence emission. Significantly, B2 presented the 

shorter lifetime than those of B0 and B1 (Table 1). From these data, it can be summarized that the 

second phenyl substituent in B2 should perturb the electronic structure of BODIPY only in the 

excited state.  
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Table 1. Optical properties of the modified BODIPYs in the solutionsa 

 λabs(nm) ε ( M−1cm−1)b λem (nm)c
 

ФPL
d τ (ns)e 

B0 500 92,000 511 0.81 6.35 

B1 500 89,200 511 0.79 6.22 

B2 497 88,000 539 0.34 3.36 

aIn chloroform (1.0 × 10−5 M). bDetermined at the peak in the longest wavelength band. cExcited 

at 473 nm (for B0 and B1) and 469 nm (for B2). dDetermined as an absolute value. eExcited at 375 

nm. 

 

 

Figure 3. (a) UV–vis absorption and (b) photoluminescence spectra of the modified BODIPY in 

chloroform (1×10–5 M). 
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To receive the information on the electronic states of the synthesized compounds, the computer 

calculations were performed. the author optimized the geometries of the modified BODIPYs by 

the density functional theory (DFT) and calculated their transitions from S0 to S1 by the time-

dependent DFT (TD-DFT). The calculation results are shown in Figure 4. It was clearly shown 

that all highest occupied molecular orbitals (HOMOs) and lowest unoccupied molecular orbitals 

(LUMOs) delocalized through the whole dippyromethene ligands in all three BODIPYs. Moreover, 

the energy level of HOMO or LUMO and energy band gap were very similar in all three 

compounds. These data are corresponded to the experimental results obtained from the similar 

absorption spectra from all three BODIPYs. 

Next, the author performed the theoretical calculation using TD-DFT to presume the most stable 

structure at the excited state (Figure 5). The phenyl ring at boron of B1 hardly moves from the 

original position before and after the transition. In contrast, it is revealed that the one phenyl ring 

at boron center in B2 should rotate at the excited state. This result suggests that the broadening of 

the emission band and the decrease of quantum yield of B2 should be derived from molecular 

motion at the phenyl group induced by the excitation. The electron acceptability of the boron in 

B1 could be still remained by the strong electron withdrawing from the single fluorine substitution. 

Therefore, the mobility of the phenyl group on the boron should be suppressed via the tight 

coordination with the dipyrromethene ligand. The boron atom in B2 could have slight longer 

electron acceptability because of two phenyl substituents. Consequently, it is proposed that the 

flexibility around boron center could be enhanced. As a result, the perpendicular phenyl group to 
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the dipyrromethene ligand can obtain the mobility in the excited state. To confirm the structural 

alteration in the excited state, the author carried out further experiments. 

 

 

Figure 4. Structures and molecular orbital diagrams for LUMO and HOMO of B0-model, B1-

model and B2-model calculated with DFT (B3LYP/6-31G(d)//B3LYP/6-31G(d)). 

 

 

Figure 5. Structural changes of B1 and B2 during excitation. Optimized geometries in the excited 

states were estimated with TD-DFT (B3LYP/6-31+G(d)).  
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To understand the mechanism of the differences in the emission properties according to the 

theoretical investigation, the effect of molecular motion was experimentally examined. Optical 

measurements by altering the solvent viscosity were performed. Glycerin-ethanol mixture system 

with various proportions of each component was used for modulating the solvent viscosity. 

Similarly in chloroform, the absorption spectra were almost same in all proportions (Figure 6). In 

addition, the photoluminescence spectra of B0 and B1 were also almost same in all proportions 

(Figures 7a and 7b). In contrast, it was observed that the emission intensity of B2 increased when 

the viscosity of solvents increased (Figures 7c and 7d). Moreover, the spectrum was similar to 

those of B0 and B1 in relatively-higher viscosity solvent (80 vol% of glycerin content). From these 

results, it is strongly supported that the broad spectra of B2 should be caused by the molecular 

motion of the one phenyl group induced only in the excited state. 
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Figure 6. UV−vis absorption spectra of (a) B0, (b) B1 and (c) B2 in variable viscosity solutions. 

 

Figure 7.  PL spectra of (a) B0, (b) B1 and (c) B2 in variable viscosity solutions. (d) Photographs 

of the solution samples of B2 under UV irradiation (365 nm).  
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Finally, the solid-emissive properties were examined with the powder samples of the modified 

BODIPYs. Figure 8 shows the photoluminescence spectra of B0, B1 and B2 in the solid state, and 

the optical properties are listed in Table 2. From B0, the typical behavior was observed: Very weak 

emission with quite low quantum yield (Φ = 0.09) was detected. This value was almost 10% of 

that in solution. The spectrum of B0 in the solid state shifted much longer wavelength than that in 

solution. The shape of spectrum of B0 was broad and multimodal. Because of high planarity of 

B0, stacking and non-specific aggregation should readily occur in the amorphous state, resulting 

in the peak shifts and ACQ of the emission. On the other hand, B1 and B2 showed bright 

photoluminescence in the solid state. B1 and B2 presented narrow emission bands with good 

quantum yields (Φ = 0.25 and 0.30, respectively). It should be mentioned that the quantum yield 

of B2 in the solid state was similar to that in the solution state (Φ = 0.34). Furthermore, narrow 

and unimodal emission bands were observed. From these data, the introduction of phenyl groups 

into the boron center in BODIPY should be valid for enhancing the solid-emissive property. It is 

proposed that the steric hindrance of the phenyl group could play a significant role in the inhibition 

of ACQ of BODIPY. 
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Figure 8. (a) PL spectra of B0, B1 and B2 in the solid state. (b) Photographs of the powder samples 

of B0, B1 and B2 under UV irradiation (365 nm). 

 

Table 2. Emission properties of the modified BODIPYs in the solid state 

 λem (nm)a ФPL
b τ (ns)c 

B0 614 0.09 4.46 

B1 569 0.25 4.10 (52%) 7.37 (48%) 

B2 577 0.30 3.50 (76%) 22.5 (24%) 

aExcited at the corresponding λabs in their solutions. bDetermined as an absolute value.cExcited at 

375 nm. Parentheses represent the proportion of each element. 
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Conclusion 

This manuscript describes the valid strategy for obtaining the solid-emissive property from 

BOIDPYs. By selecting the organometallic reactions, the number of substituents in the boron 

center in BODIPY can be modulated. By introducing phenyl groups into the boron atom in the 

BODIPY, the planarity of the six-membered ring including boron was lowered. In addition, 

because of the molecular motion at the phenyl group, the peak broadening and the decrease of 

emission quantum yields were induced in the solution state. However, interestingly, these 

substituents played a favorable role in improving the solid-emissive properties of BODIPY. It was 

clearly demonstrated that the introduction of the phenyl groups were valid for avoiding the 

concentration quenching by inhibiting the intermolecular interaction in the solid state. In addition, 

the molecular motion was suppressed in the solid state. As a result, the solid emission with the 

sharp and unimodal peak can be accomplished. From these data, it can be said that the minimum 

modification method was accomplished for solid emission based on BODIPY without 

modification at the ligand moiety. It is implied that the solid emission might be obtained with the 

strategy based on the conventional BODIPY derivatives such as deep red or NIR-emissive 

molecules which are useful for the direct application not only to organic opto-electronics devices 

but also to the bioimaging probes.  
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Experimental Section 

General: 1H (400 MHz), 13C (100 MHz) and 11B (128 MHz) NMR spectra were recorded on a 

JEOL JNM EX400 spectrometer. 11B NMR spectra were referenced externally to BF3·OEt2 (sealed 

capillary). Analytical thin-layer chromatography (TLC) was performed with silica gel 60 Merck 

F254 plates. Column chromatography was performed with Wakogel C-300 silica gel. UV–vis 

spectra were recorded on a Shimadzu UV-3600 spectrophotometer. Fluorescence emission spectra 

were recorded on a HORIBA JOBIN YVON Fluoromax-4 spectrofluorometer, and the absolute 

quantum yield was calculated by integrating sphere method on the HORIBA JOBIN YVON 

Fluoromax-4 spectrofluorometer in chloroform. Fluorescence lifetime analysis was carried out on 

a HORIBA FluoreCube spectrofluorometer system; excitation at 375 nm was carried out using a 

UV diode laser (NanoLED-375L).  

Computational Details: The Gaussian 09 program package13 was used for computation. The 

author optimized the structures of BODIPYs in the ground S0 and excited S1 states with the density 

functional theory (DFT) at the B3LYP/6-31G(d)//B3LYP/6-31G(d) level and the time-dependent 

DFT (TD-DFT) at the B3LYP/6-31+G(d) level, respectively.  

Synthesis of B0: The synthesis and identification of B0 were performed according to the previous 

literature (Vincent et al. Tetrahedron Lett. 2013, 54, 2050). Decanoyl Chloride (5.0 g, 26 mmol) 

was added to the solution of 2,4-dimetylpyrrole (5.0 g, 53 mmol) in dichloromethane solution at 

r.t under argon atmosphere. After the reaction mixture was stirred at 50 °C for 2 h, the solvent was 

removed by a rotary evaporator. To the residue, dry toluene (150 mL) and dry dichloromethane 
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(50 mL) were added under argon, and then triethylamine (17 mL, 0.12 mol) was added. After the 

mixture was stirred at r. t. for 30 min, boron trifluoride diethyl etherate (29 mL, 0.44 mmol) was 

added. After the mixture solution was stirred at 50 °C for 3 h, water (300 mL) was added to the 

reaction mixture to quench the reaction. After the mixture was stirred for overnight, the product 

was extracted with toluene and washed with water and brine. After the organic phase was dried 

over MgSO4, the solvent was removed by a rotary evaporator. The product was purified by column 

chromatography with hexane/ethyl acetate (9:1). The eluent was recrystallized from methanol to 

give desired product as a metallic orange solid B0 (4.0 g, 40%). 1H NMR (CDCl3): δ = 6.04 (2H, 

s), 2.95 (2H, t, J = 10.23 Hz), 2.51 (6H, s), 2.41 (6H, s), 1.67−1.58 (2H, m), 1.52−1.42 (2H, m), 

1.35−1.28 (10H, m), 0.88 (3H, t, J = 6.94 Hz) ppm. Melting point: 84−85 °C. 

Synthesis of B1: Bromobenzene (0.67 g, 4.3 mmol) in THF (40 mL) was added to magnesium 

(0.11 g, 4.7 mmol) at r.t. under argon atmosphere. The reaction solution was stirred at 60 °C for 2 

h. The resulting solution was cooled to r.t. and transferred via cannula to a solution of B0 (0.8 g, 

2.1 mmol) in THF. After the mixture solution was stirred at reflux temperature for 1 h, water (100 

mL) was added to the reaction mixture to quench the reaction. The solution was extracted with 

dichloromethane and washed with water and brine. After the organic phase was dried over MgSO4, 

the solvent was removed by a rotary evaporator. The product was purified by column 

chromatography with hexane/dichloromethane (3:1). The isolated product was dissolved in a small 

amount of dichloromethane, and the product was precipitated from methanol to give pure B1 as a 

metallic orange solid (0.67 g, 53%). 1H NMR (CD2Cl2): δ = 7.27 (2H, dd, J1 = 7.8 Hz, J2 = 1.5 
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Hz), 7.16−7.07 (3H, m), 6.00 (2H, s), 3.06 (2H, t, J = 8.3 Hz), 2.47 (6H, s), 2.14 (6H, s), 1.73 (2H, 

s), 1.59−1.52 (2H, m), 1.41−1.30 (10H, m), 0.90 (3H, t, J = 9.1 Hz) ppm. 13C NMR (CD2Cl2): δ = 

153.9, 147.8, 139.8, 132.04, 132.02, 131.5, 127.2, 126.4, 122.0, 32.6, 32.3, 30.7, 30.0, 29.9, 29.7, 

29.0, 23.1, 16.7, 15.3, 15.2, 14.3 ppm. 11B NMR (CDCl3): δ = 2.54 (br) ppm. HRMS (ESI): Calcd. 

for [M+H] +, 433.3185; found, m/z 433.3179. Melting point: 79−82 °C. 

Synthesis of B2: n-BuLi (5.5 mL, 1.60 mol/L in hexane) was added to the solution of 

bromobenzene (1.4 g, 8.8 mmol) in THF (18 mL) at −78 °C under argon atmosphere. The reaction 

mixture was stirred for 1 h. Then, the solution of B0 (1.5 g, 4.0 mmol in 38 mL of THF) was added 

to the reaction mixture via cannula. After the reaction mixture was stirred for 1h at −78 °C and 

subsequently for 10 min at 0 °C, cooled saturated ammonium chloride aqueous solution was added. 

The solution was extracted with dichloromethane and washed with water and brine. After the 

organic phase was dried over MgSO4, the solvent was removed by a rotary evaporator. The product 

was purified by column chromatography with hexane/dichloromethane (4:1). The isolated product 

was dissolved in a small amount of CH2Cl2, and the product was precipitated from methanol to 

give pure B2 as a metallic orange solid (0.45 g, 23%). 1H NMR (CD2Cl2): δ = 7.25 (4H, d, J = 6.3 

Hz), 7.20−7.10 (6H, m), 6.02 (2H, s), 3.07 (2H, t, J = 8.4 Hz), 2.48 (6H, s), 1.70 (6H, s),1.67−1.60 

(2H, m), 1.48−1.42 (2H, m), 1.28 (10H, br), 0.89 (3H, t, J = 6.9 Hz) ppm. 13C NMR (CD2Cl2): δ 

= 153.2, 150.5, 148.0, 138.3, 134.0, 132.2, 127.8, 127.5, 126.0, 32.7, 32.3, 30.6, 30.0, 29,9, 29.7, 

29.1, 23.1, 17.1, 17.0, 14.3 ppm. 11B NMR (CDCl3): δ = −0.49 (br) ppm. HRMS (ESI): Calcd. for 

[M+H] +, 491.3592; found, m/z 491.3583. Melting point: 100−103 °C.  
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Chapter 2 

Preservation of Main-Chain Conjugation through BODIPY-

Containing Alternating Polymers from Electronic Interactions with 

Side-Chain Substituents by Cardo Boron Structures 

 

ABSTRACT:  This manuscript describes the synthesis and electronic structures of the modified 

boron dipyrromethene derivatives containing the cardo boron. By the organometallic reagents, the 

replacements of fluorine groups to the aryl substituents with electron-donating groups and/or 

electron-withdrawing groups were accomplished, resulting in the formation of the cardo boron. 

From the theoretical calculations and optical measurements, electronic structures in the main-chain 

conjugation were evaluated. In summary, it was clearly shown that the cardo boron can efficiently 

isolate the main-chain conjugation from the electronic interaction with the side chains since the 

optical properties were highly preserved from the introduction of the side-chain substituents. These 

findings should be fundamentally significant for the application of the cardo boron-containing 

conjugated polymers as a scaffold to construct the multi-functional unit by the assembly of 

functional units. 
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Introduction 

By using the cardo structure as a platform for assembling functional units in the conjugated 

polymers, multi-functionalities can be introduced based on the preprogrammed design.1 For 

example, the series of the conjugated polymers composed of the modified cardo fluorenes have 

been synthesized, and their unique emissive behaviors were revealed.2 It was shown that 

significant emission from the main-chain conjugation can be maintained even in the film state 

from the aggregation-caused quenching (ACQ) owing to the substituents connected via the cardo 

carbon. Especially, it was found that the main-chain conjugation can be efficiently preserved even 

in the presence of the electron-donating and/or -withdrawing units at the end of the side groups 

via the cardo carbons. In addition, by placing several dyes with orthogonal directions of each 

transition moment, the energy transfer between the fluorescent dyes at the side chains and the 

main-chain conjugation can be modulated.3,4 Finally, by selecting the type of the fluorescent dyes 

at the side chains and the copolymers in the main chain, not only the light-harvesting materials but 

also the multi-emissive polymer films were readily obtained.3,4 These results suggest that the 

construction of the cardo structure in the conjugated molecules including polymers should be 

feasible for realizing the multi-functional materials as the preprogrammed designs. 

The nano-building blocks composed of heteroatoms are called as an “element-block”.5 The class 

of conjugated molecules and polymers containing functional “element-blocks” such as 

organoboron complexes and their unique optical properties have attracted much attention 

particularly to the applications for producing advanced opto-electric devices. For instance, 
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commodity emissive dyes readily show ACQ in the solid state. On the contrary, it was found that 

some kinds of organoboron emissive materials involving conjugated polymers presented the strong 

emission only in the aggregation state.6 Thus, versatility of the organoboron conjugation is 

vigorously increasing for the emissive materials. Boron dipyrromethene (BODIPY) is known to 

be one of stable and highly-emissive organoboron complexes.7 Since BODIPYs intrinsically have 

large light-absorption abilities and emissive properties, BODIPYs have been applied in wide 

variety fields including material chemistry8 and biomedical9. Although BODIPYs also showed 

critical ACQ, several valid strategies to maintain the optical properties have been developed by 

the chemical modifications.10,11 Moreover, by replacing from fluorine atoms to other functional 

units such as aryl groups,12 various types of optical properties have been achieved such as energy-

transfer donors or acceptors13 and solid emission14,15. I focused on the boron atom in BODIPYs as 

a scaffold for constructing the cardo structure. In particular, we expected that the interesting optical 

and electronic characteristics could be obtained from the assembly of the emissive functional units 

on the cardo boron in the BODIPY-containing conjugated polymers to obtain useful functions for 

organic opto-electronic devices.16 However, to design the functional materials based on the cardo 

structure in BODIPYs, it is preliminary essential to examine the influence of the substituent effect 

on the electronic state of the main-chain conjugation. In particular, the degree of perturbation 

toward the main-chain conjugation should be evaluated by introducing the electron-donating 

(EDG) and/or -withdrawing (EWG) groups into the cardo boron. 

Herein, the construction of the cardo boron in BODIPY and fundamental properties of the 
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modified BODIPYs bearing the EDG and/or EWG to the boron center are reported to prove the 

isolation of the main-chain conjugation in the conjugated polymers from the electronic interaction 

with the side chains by the cardo boron. The series of modified BODIPYs with 

trifluoromethylphenyl groups as an EWG and/or methoxyphenyl groups as an EDG at the boron 

atom and the alternating polymers of these BODIPYs using fluorene and bithiophene as a 

comonomer unit were prepared. From the optical measurements, the electronic states of the 

BODIPY ligand and the main-chain conjugation through the polymers were evaluated by changing 

the substituents via the cardo boron. The energy diagrams and orbital shapes from the theoretical 

calculation support the discussions on the electronic substituent effect. This is the first example, 

to the best of the author’s knowledge, to offer the systematic study from a new standpoint about 

the electronic states of BODIPY-containing conjugated materials. 

 

Results and Discussion 

To estimate the electronic correlation between the polymer main-chain and side-chains via the 

cardo structure, the quantum calculation was performed with the models of the polymers using 

density-functional theory (DFT). The optimized structures and the electronic transitions were 

calculated at the B3LYP/6-31G(d) level by DFT and time-dependent DFT (TD-DFT), respectively. 

The models of the polymers were composed of the single repeat unit linked to the BODIPY moiety 

at both sides. Figures 1-5 exhibit highest occupied molecular orbitals (HOMOs), lowest 

unoccupied molecular orbitals (LUMOs), the values of energy levels and optimized structures of 
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the models. It was shown that both of the HOMOs and LUMOs in the models were located on the 

ligand moiety. The HOMOs and LUMOs of models containing the cardo structures hardly localize 

on their phenyl groups. It should be mentioned that the electron orbitals and the energy levels were 

slightly influenced by the types of the substituents at the cardo boron. From this fact, it is assumed 

that the conjugation systems on the BODIPY ligand and the BODIPY-containing polymers could 

be independent from the side-chain substituents. 

 

 

Figure 1. Structures and frontier orbitals of the model compounds of (a) PFB2 and (b) PTB2 

(B3LYP/6-31G(d)// B3LYP/6-31G(d)). 
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Figure 2. Structure of the model compounds for DFT caluculation. 

  

 

Figure 3. Frontier orbitals and energy diagrams of B0’, B2’, DM’ , DF’  and MF’ . 
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Figure 4. Frontier orbitals and energy diagrams of PFB0’, PFB2’, PFDM’ , PFDF’ and PFMF’ . 

 

 

Figure 5. Frontier orbitals and energy diagrams of PTB0’, PTB2’, PTDM’ , PTDF’  and 

PTMF’ . 
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The modified BODIPYs containing the cardo structures with the dual EDGs, bis((4-

methoxy)phenyl)-substituted BODIPY (DM ), with the dual EWGs, bis((4-

trifluoromethyl)phenyl)-substituted BODIPY (DF), and with the coexisting single EDG and EWG, 

(4-trifluoromethyl)phenyl-(4-methoxy)phenyl-substituted BODIPY (MF ) were synthesized by 

employing the author’s previous reports according to Scheme 1.15,17 By treating with the 

aryllithium reagents, the modification with EDGs and EWGs were achieved. The introduction of 

the heterogeneous types of the substituents for MF  was accomplished by the tandem reactions 

with the Grignard reagents. Initially, by replacing from one of the fluorine groups to the EWG, the 

desired product was obtained. Then, the replacement of another fluorine group yielded to the 

desired molecule MF . The diiode monomers B0-I, B2-I, DM-I , DF-I and MF-I  were obtained 

from the corresponded compounds by treating with N-iodosuccinimide. All compounds were 

characterized by 1H, 13C and 11B NMR spectroscopies and mass measurements. Decomposition 

or photo-degradation was hardly observed under ambient conditions. Good solubilities were 

observed in common organic solvents owing to the alkyl chains. 
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Scheme 1. Synthetic routes for the monomersa 

 

aReagents and conditions: (i) Aryllithium (> 2 eq.), THF or diethyl ether, −78 °C, 1 h; (ii) (4-

(trifluoromethyl)phenyl)magnesium bromide (2.5 eq.), THF, reflux, 1 h; (iii) (4-

methoxyphenyl)magnesium bromide (2.5 eq.), THF, 50 °C, 1 h; (iv) N-iodosuccinimide (2.5 eq.), 

dichloromethane, r.t., 30 min. 
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Fluorene is one of typical comonomers for constructing main-chain conjugation through the 

alternating copolymer and can often present bright emission in the polymers. Bithiophene is known 

to work as a strong electron-donor. By the combination with electron-accepting units, strong 

electron coupling can be formed, leading to the bright emission in the red regions. By introducing 

EDGs and EWGs, the optical properties such as emission color can be modulated. To examine the 

roles of the cardo BODIPY-containing main-chain conjugation, the two series of copolymers were 

synthesized. The polymerizations with the diiodo monomers via the Suzuki−Miyaura coupling in 

the presence of Pd catalyst were executed as shown in Scheme 2. The polymers containing 

difluoroboron and diphenyl-substituted polymers were synthesized for comparing the electronic 

structures of the modified BODIPYs. The polymer properties determined from the GPC analysis 

are shown in Table 1. To remove the metal species originated from the catalyst thoroughly, the 

reprecipitation from methanol was repeated at least three times. The polymers were obtained as 

red or purple solids in good yields (59–97%). The number-average molecular weights (Mn) and 

the molecular weight distributions (Mw/Mn) of the polymers, measured by the size-exclusion 

chromatography (SEC) in chloroform toward polystyrene standards were from 6,200 to 11,500 

with 1.7 to 2.5, respectively. Enough solubilities in common organic solvents such as chloroform, 

dichloromethane and tetrahydrofuran were observed for optical measurements by suppressing 

molecular weights of the polymers. The data for structural analysis by 1H, 13C and 11B NMR 

measurements were corresponded to those of the single molecular units. Thus, the author 

concluded that the polymers possess the designed chemical structures. The synthesized polymers 
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hardly showed degradation by air, moisture and visible light exposure during the synthesis and 

optical measurements. Even after the UV (365 nm) irradiation for 30 min, significant changes were 

hardly observed in 1H NMR spectra (Figure 6). These data represent high stabilities of the 

polymers. 

 

Scheme 2. Synthetic routes for the polymers 
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Table 1. Physical properties of the synthesized polymersa 

 Mn Mw Mw/Mn nb Yield [%]c 

PFB0 10,200 27,400 2.7 11.7 89 

PFB2  6,600 14,300 2.2  6.7 53 

PFDM  7,400 14,100 1.9  7.1 59 

PFDF  6,000 10,200 1.7  5.3 69 

PFMF  8,400 21,000 2.5  7.8 87 

PTB0  9,500 16,500 1.7 10.9 97 

PTB2 11,500 21,100 1.8 11.6 79 

PTDM  7,800 13,300 1.7  7.4 90 

PTDF  9,100 17,200 1.9  8.1 90 

PTMF 11,400 20,400 1.8 10.4 84 

aEstimated from SEC with the polystyrene standards in chloroform. bAverage number of repeating 

units calculated from Mn and molecular weights of repeating units. cIsolated yields after 

reprecipitation. 
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Figure 6. 1H NMR spectra of PFB2 in chloroform before and after UV (365 nm) irradiation for 

30 min at ambient temperature. 
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To survey the electronic structures of the polymers in the ground state, the UV−vis absorptions 

were measured with the chloroform solutions (Figure 7). The results from the absorption behaviors 

are summarized in Table 2. The characteristic absorption bands were observed from the modified 

BODIPYs with the peaks around 500 nm attributable to the π–π* transition (Figure 7a).15 In 

addition, the magnitudes of the molar extinct coefficients were almost same. This result means that 

the electronic interaction should hardly influence on the conjugation in the ligand moiety. From 

the absorption spectra of the polymers composed of fluorene, the absorption bands were detected 

in the longer wavelength regions with the peaks around 540 nm than those of the corresponded 

BODIPYs (Figure 7b). These peak shifts represent the extension of the conjugation through the 

polymer main-chain. Interestingly, the degree of peak shift was independent from the side-chain 

substituents via the cardo boron. The peak positions of the modified polymers with EDGs and/or 

EWGs appeared at the same position to PFB2 which has diphenyl substituents at the cardo boron. 

In addition, the absorption onsets of the polymers, which are often used to define the optical gap 

(Eg
opt), are in the range from 566 nm (2.18 eV) to 568 nm (2.18 eV) (Table 3). In particular, the 

differences in the HOMO–LUMO gaps of the polymers having EDGs, EWGs, or both groups were 

within 0.01 eV. Moreover, the HOMO and LUMO levels of the compounds were estimated from 

the cyclic voltammetry (CV) analyses as well as the band gaps (Eg
CV) (Figures 8 −11, Table 3). It 

was shown that all of the aryl substituted BODIPYs had similar HOMO and LUMO energy levels 

regardless of the substituents at the para position on their phenyl groups. The Eg
CV of the polymers 

bearing the cardo structures were comparable to their optical band gaps (Eg
opt). These data 
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significantly indicate that the electronic structures of the polymer main-chains should be isolated 

from the influences from the EDG and the EWG connected to the cardo boron, and the energy 

levels of the polymer main-chains were preserved in the ground states. 

 

 

Figure 7. UV−vis absorption spectra of (a) B0, modified BODIPYs, (b) corresponding fluorene 

copolymers and (c) bithiophene copolymers in chloroform (1.0 × 10−5 M). 
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Table 2. Optical properties of the compoundsa 

 λabs [nm] ε [M−1 cm−1]b λPL [nm] ΦPL
c 

B0 500  92,000 511d 0.81 d 

B2 497  88,000 539 d 0.34 d 

DM 497  88,000 538 d 0.34 d 

DF 496  82,000 537 d 0.32 d 

MF 497  89,300 535 d 0.31 d 

PFB0 550  96,900 579 e 0.75 e 

PFB2 541 102,000 610 e 0.57 e 

PFDM 542  83,800 597 e 0.49 e 

PFDF 540  86,200 599 e 0.50 e 

PFMF 542 102,000 599 e 0.51 e 

PTB0 547  41,600 644 f 0.05 f 

PTB2 541  52,900 649 f 0.07 f 

PTDM 540  49,000 647 f 0.06 f 

PTDF 540  56,700 648 f 0.05 f 

PTMF 540  54,100 649 f 0.05 f 

aMeasured in chloroform (1.0 × 10−5 M). bMolar absorption coefficients of the absorption 

maxima. cAbsolute fluorescence quantum yields determined using integrated sphere method. 

dB0, B2, DM , DF and MF  were excited at 473, 469, 470, 469 and 469 nm, respectively. eExcited 

at 500 nm. fExcited at 510 nm.  
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Table 3. Results of the electrochemical and optical measurement 

 

 

 

 

 

 

 

 

 

 

 

 

 

aThe onset wavelength of the UV−vis spectra in chloroform. bOptical band gaps were estimated 

from the corresponding λonset.  

 

  

 Eonset, ox 

[V] 

Eonset, red 

[V] 

EHOMO 

[eV] 

ELUMO 

[eV] 

Eg
CV 

[eV] 

λonset 

[nm] 

Eg
opt 

[eV] 

B0 0.64 −1.71 −5.44 −3.09 2.35 512 2.42 

B2 0.46 −1.98 −5.26 −2.82 2.44 510 2.43 

DM 0.46 −1.91 −5.26 −2.89 2.37 510 2.43 

DF 0.60 −1.83 −5.40 −2.97 2.43 510 2.43 

MF 0.55 −1.88 −5.35 −2.92 2.43 510 2.43 

PFB0 0.54 −1.67 −5.34 −3.13 2.21 576 2.15 

PFB2 0.37 −1.92 −5.17 −2.88 2.29 566 2.19 

PFDM 0.36 −1.86 −5.16 −2.94 2.23 567 2.19 

PFDF 0.52 −1.76 −5.32 −3.04 2.28 566 2.19 

PFMF 0.45 −1.81 −5.25 −2.99 2.26 568 2.18 

PTB0 0.43 −1.49 −5.23 −3.31 1.92 600 2.07 

PTB2 0.37 −1.78 −5.17 −3.02 2.14 587 2.11 

PTDM 0.34 −1.80 −5.14 −3.00 2.14 586 2.12 

PTDF 0.42 −1.68 −5.22 −3.12 2.10 589 2.11 

PTMF 0.38 −1.71 −5.18 −3.08 2.10 588 2.11 
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Figure 8. Energy diagrams of (a) B0, modified BODIPYs, (b) corresponding fluorene copolymers 

and (c) bithiophene copolymers calculated from the data of the cyclic voltammetry measurements. 
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Figure 9. Cyclic voltammograms of the B0, B2, DM , DF and MF  in (a) negative and (b) positive 

sweeps in dichloromethane (1.0 × 10−3 M) with 0.1 M tetrabutylammonium chloride as supporting 

electrolyte, Ag/AgCl as reference electrode, glassy carbon as working electrode, Pt as counter 

electrode, and scan rate at 0.05 V/s under argon. 

 

 

Figure 10. Cyclic voltammograms of the PFB0, PFB2, PFDM, PFDF and PFMF in (a) negative 

and (b) positive sweeps in dichloromethane (1.0 × 10−3 M) with 0.1 M tetrabutylammonium 

chloride as supporting electrolyte, Ag/AgCl as reference electrode, glassy carbon as working 

electrode, Pt as counter electrode, and scan rate at 0.05 V/s under argon. 
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Figure 11. Cyclic voltammograms of the PTB0, PTB2, PTDM , PTDF and PTMF  in (a) negative 

and (b) positive sweeps in dichloromethane (1.0 × 10−3 M) with 0.1 M tetrabutylammonium 

chloride as supporting electrolyte, Ag/AgCl as reference electrode, glassy carbon as working 

electrode, Pt as counter electrode, and scan rate at 0.05 V/s under argon. 

 

To evaluate the electronic structures of the main-chain conjugation in the excited states, the 

emission properties were investigated in the solution state (Figure 12, Table 2). The polymers were 

dissolved in chloroform, and the photoluminescence spectra were obtained with the excitation light 

at 500 nm. All polymers composed of fluorene involving PFB0 and PFB2 showed the emission 

bands with the peaks around 570 nm attributable to the S0−S1 transitions in BODIPYs. Comparing 

to the peak positions of the modified BODIPYs, the red-shifted emission bands were obtained. 

Similarly to the absorption data, the extension of the conjugation in the excited state should be 

indicated. PFB2 showed the broader emission band than PFB0. It is known that the molecular 

motions at the substituents often induced the critical changes in the optical properties of 

BODIPYs.15a,18 From the X-ray structural analysis with the aryl-substituted BODIPY, it was found 
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that the position of the boron was out of the plane involving the dipyrromethene ligand.13a In other 

words, the planarity of the complex was lowered by introducing the aryl group. In addition, it was 

demonstrated that the phenyl rings can rotate in the excited state from the TD-DFT calculation.15 

From these results, it is suggested that the molecular motions at the phenyl groups should 

vigorously occur, leading to the peak broadening in the emission spectra. Significantly, PFDM, 

PFDF and PFMF presented almost same shapes of spectra and same absolute emission 

efficiencies (Table 2). This result means that the electronic states of the main-chain conjugation 

can be preserved from the introduction of the substituents at the cardo boron. The electronic 

interaction should hardly exist via the cardo boron. The emissions should be attributable to 

fluorescence of BODIPY. Moreover, as suggested above, the electronic environments were almost 

same in the solution states of the modified BODIPYs and polymers. The emission spectra of 

PFDM, PFDF and PFMF were, however, sharper than that of PFB2 although these polymers 

provided the similar absorption spectra. These data mean that the substituent effects were exhibited 

only in the excited state. From the TD-DFT calculation for estimating the structure and the energy 

in the excited state, the rotation of the phenyl ring was presented.15 From this result, it is implied 

that the peak sharpening might be caused mainly by suppressing the molecular motions by the 

substitution at the para positions on the phenyl groups of these compounds. 
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Figure 12. Photoluminescence spectra of (a) B0, modified BODIPYs, (b) corresponding fluorene 

copolymers and (c) bithiophene copolymers in chloroform (1.0 × 10−5 M). 
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To estimate the influence of the cardo boron on the formation of intermolecular interactions, the 

emission spectra with variable concentrations were monitored (Figures 13 and 14). The red-shifted 

emission bands were obtained from the concentrated solutions of B0 and PFB0. On the other hand, 

the peak positions in the modified BODIPYs and polymers were hardly changed by increasing 

concentrations. This result clearly indicates that the cardo boron should also inhibit the 

intermolecular interactions. It is likely that the steric hindrance of the substituents suppress the 

accessibility of the molecules. The narrower emission bands were observed from the solutions 

with relatively-higher concentrations. The molecular tumbling at the phenyl ring in the cardo 

structure induces the broadening of the emission peaks.15 By inhibiting the molecular motions, the 

peak broadening should be inhibited in the higher concentrations, resulting in the sharp emission 

bands with good emission efficiencies. 

 Similar tendencies were obtained from the bithiophene-containing polymers in the optical 

properties. From the alternating polymers, the absorption bands with the peaks around 540 nm 

attributable to the π–π* transition in BODIPY were obtained (Figure 7c). The red-shifted spectra 

of the polymers compared to those of the corresponding BODIPYs indicate the extension of the 

conjugation through the polymer main-chain. Comparing to the optical and electrochemical 

(Figure 8) properties of PTB2, the modified polymers with EDGs and/or EWGs presented the 

similar characteristics. These data indicate that the electronic structures can be preserved from the 

introduction of the side-chain substituents even through the polymer main-chain having strong 

electronic coupling in the ground state. 
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In the series of the bithiophene copolymers, similar behaviors were also obtained about the 

emission spectra with the polymers composed of fluorene (Figure 12c and 15). The red-shifted 

emission bands from the strong electronic coupling were observed from the polymers compared 

to those of the corresponded BODIPYs. This result represents the extension of the conjugation 

through the polymer-main chains. Similar shapes and emission efficiencies were detected from the 

polymers. It should be mentioned that both of the bi-substituted EDGs and EWGs hardly cause 

the change in the intrinsic optical properties of the emission bands. These data clearly indicate that 

the main-chain conjugation can be preserved, and the cardo structure at the boron center should 

play a significant role in the electronic isolation of the main-chain conjugation from EDGs and/or 

EWGs in the side chains. 

 

Figure 13. Photoluminescence spectra of (a) B0, (b) B2, (c) DM , (d) DF and (e) MF  in chloroform 

with various concentrations. 
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Figure 14. Photoluminescence spectra of (a) PFB0, (b) PFB2, (c) PFDM, (d) PFDF and (e) 

PFMF in chloroform with various concentrations. 

 

Figure 15. Photoluminescence spectra of (a) PTB0, (b) PTB2, (c) PTDM , (d) PTDF and (e) 

PTMF  in chloroform with various concentrations. 
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Conclusion 

The series of the alternating polymers composed of the aryl-bearing BODIPYs with EDGs 

and/or EWGs were synthesized. From optical measurements, the isolation of the main-chain 

conjugation from the modification with EDGs and/or EWGs at the side chains via the cardo boron 

was presented in this manuscript. This result suggests that the BODIPY polymers with the cardo 

boron could be potential platforms for assembling the functional units with the suppression of non-

specific interactions and for achieving multi-functional nanomaterials with preprogrammed 

designs. Advanced optical materials such as multi-emissive devices with the emissions not only 

from the polymer main-chains but also from the substituents at the cardo boron can be expected 

based on the author’s strategy.  

 

Experimental Sections 

General: 1H (400 MHz), 13C (100 MHz), and 11B (128 MHz) NMR spectra were recorded on 

JEOL JNM-EX400 spectrometers. In 1H and 13C NMR spectra, tetramethylsilane (TMS) was used 

as an internal standard in CDCl3. 11B NMR spectra were referenced externally with BF3·OEt2 

(sealed capillary). Analytical thin-layer chromatography (TLC) was performed with silica gel 60 

Merck F254 plates. Column chromatography was performed with a Wakogel C-300 silica gel. 

Number-average molecular weight (Mn) and molecular weight distribution (Mw/Mn) values of all 

polymers were estimated by size exclusion chromatography (SEC) with a TOSOH 8020 series [a 

dual pump system (DP-8020), a column oven (CO-8020), and a degasser (SD-8020)] equipped 
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with three consecutive polystyrene gel columns [TOSOH TSKgel: G2000H, G3000H and 

G4000H] and refractive-index (RI-8020) and ultraviolet detectors (UV-8020) at 40 °C. The system 

was operated at a flow rate of 1.0 mL/min with CHCl3 as an eluent. Polystyrene standards were 

employed for calibration. UV−vis spectra were recorded on a SHIMADZU UV–3600 

spectrophotometer. Fluorescence emission spectra were measured with a HORIBA JOBIN YVON 

Fluoromax-4P spectrofluorometer, and the absolute quantum yield was calculated by integrating 

sphere method on a HORIBA JOBIN YVON Fluoromax-P spectrofluorometer. 

Photoluminescence (PL) lifetime was measured by a Horiba FluoreCube spectrofluorometer 

system, and excitation was carried out at 375nm using UV diode laser (NanoLED 375 nm). Cyclic 

voltammetry (CV) was carried out on a BAS ALS-Electrochemical-Analyzer Model 600D with a 

glassy carbon (GC) working electrode, a Pt counter electrode, an Ag/Ag+ reference electrode, and 

the ferrocene/ferrocenium external reference at a scan rate of 50 mVs−1. Ferrocene (Aldrich 

Chemical, Co.) was used as received. All reactions were performed under argon atmosphere. 

Computational Details: The Gaussian 09 program package19 was used for computations of the 

compounds. The optimized structures  was obtained by DFT calculation at the B3LYP/6-31G(d) 

level of theory. TD-DFT calculation was carried out at the B3LYP/6-31G(d) level for the electronic 

transitions. 

Materials:  2,4-Dimethylpyrrole (Tokyo Kasei Kogyo, Co.), decanoyl chloride (Tokyo Kasei 

Kogyo, Co.), 4-bromoanisole (Tokyo Kasei Kogyo, Co.), 4-bromobenzotrifluoride (Tokyo Kasei 

Kogyo, Co.), n-butyllithium (n-BuLi, 1.6 mol/L in hexane, Kanto Chemical, Co., Inc.), boron 
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trifluoride diethyl etherate (BF3·OEt2, Aldrich Chemical, Co.), N-iodosuccinimide (NIS, Tokyo 

Kasei Kogyo, Co.), [9,9-bis(2-dodecyl)-9H-fluorene-2,7-diyl]bisboronic acid (Aldrich Chemical, 

Co.), 2-dicyclohexylphosphino-2',6'-dimethoxybiphenyl (S-Phos, Wako Chemical, Co.), 

tris(dibenzylideneacetone dipalladium(0)) (Pd2(dba)3, Wako Chemical, Co.), dichloromethane 

(Wako Chemical, Co.) and toluene (Wako Chemical, Co.) were used as received. Tetrahydrofuran 

(THF), diethyl ether and triethylamine were purified using a two-column solid-state purification 

system (Glasscoutour System, Joerg Meyer, Irvine, CA). B017, B215 and 2,2'-(3,3'-didodecyl-[2,2'-

bithiophene]-5,5'-diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane)20 were prepared according to 

the previous reports.  

Synthesis of DM: n-BuLi (4.1 mL, 1.55 mol/L in hexane, 6.4 mmol) was added to the solution of 

4-bromoanisole (0.80 mL, 6.4 mmol) in THF (120 mL) at −78 °C. The reaction mixture was stirred 

for 1 h. Then, the solution of B0 (0.60 g, 1.6 mmol, dissolved in 15 mL of THF) was added to the 

mixture via a cannula. After the reaction mixture was stirred for 30 min at 0 °C, cooled saturated 

aqueous solution of ammonium chloride was added. The solution was extracted with 

dichloromethane, and the organic layer was washed with water and brine. After drying over 

MgSO4, the solvent was removed by a rotary evaporator. The product was purified by silica gel 

column chromatography with the mixed solvents of hexane/toluene (1/2) as an eluent. The product 

was obtained as an orange powder (0.46 g, 52%). 1H NMR (CD2Cl2): δ = 7.17 (4H, d, J = 7.19 Hz, 

Ar-H), 6.76 (4H, d, J = 8.22 Hz, Ar-H), 5.97 (2H, s, Ar-H), 3.76 (6H, s, -OCH3), 3.02 (2H, t, J = 

7.80 Hz, Ar-CH2), 2.45 (6H, s, Ar-CH3), 1.80–1.60 (8H, m, Ar-CH3, -CH2-), 1.49–1.20 (12H, br, -
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CH2-), 0.89 (3H, t, J = 6.70 Hz, -CH3) ppm. 13C NMR (CDCl3): δ = 158.00, 153.02, 147.34, 137.50, 

134.87, 132.05, 122.52, 112.85, 55.06, 32.51, 32.03, 30.33, 29.72, 29.70, 29.44, 28.86, 22.81, 

17.10, 17.03, 14.21 ppm. 11B NMR (CD2Cl2): δ = −0.39 ppm. HRMS (ESI) m/z calcd. [M+H]+: 

551.3803, found: 551.3798. 

Synthesis of DF: n-BuLi (0.92 mL, 1.55 mol/L in hexane, 6.7 mmol) was added to the solution of 

4-bromobenzotrifluoride (0.92 mL, 6.7 mmol) in diethyl ether (12.5 mL) at −78 °C. The reaction 

mixture was stirred for 1.5 h. Then, the solution of B0 (1.0 g, 2.7 mmol in 25 mL of diethyl ether) 

was added to the mixture via a cannula. After the reaction mixture was stirred for 1.5 h at −78 °C, 

methanol was added. The solution was extracted with dichloromethane, and the organic layer was 

washed with water and brine. After drying over MgSO4, the solvent was removed by a rotary 

evaporator. The product was purified by silica gel column chromatography with the mixed solvents 

of hexane/ethyl acetate (50/1) as an eluent. The isolated product was dissolved in a small amount 

of THF, and the product was reprecipitated from cold methanol to give pure DF as a candy-like 

orange paste (0.19 g, 11%). 1H NMR (CD2Cl2): δ = 7.44 (4H, d, J = 7.98 Hz, Ar-H), 7.35 (4H, br 

s, Ar-H), 6.02 (2H, s, Ar-H), 3.06 (2H, t, J = 8.22 Hz, Ar-CH2-), 2.47 (6H, s, Ar-CH3), 1.70–1.60 

(8H, br, Ar-CH3, -CH2-), 1.42 (2H, quint, -CH2-), 1.36–1.20 (10H, br, -CH2-), 0.88 (3H, t, J = 6.94 

Hz, -CH3) ppm. 13C NMR (CDCl3): δ = 152.81, 147.96, 138.40, 133.65, 131.98, 128.31, 128.00, 

126.16, 124.02, 123.99, 123.95, 123.91, 122.83, 32.36, 31.88, 30.12, 29.56, 29.27, 28.82, 22.67, 

17.05, 16.90, 14.06 ppm. 11B NMR (CD2Cl2): δ = −1.37 ppm. HRMS (APCI) m/z calcd. [M+H]+: 

627.3340, found: 627.3336. 



Chapter 2 

66 

Synthesis of F:  4-Bromobenzotrifluoride (1.48 mL, 10.7 mmol) in THF (70 mL) was added to 

magnesium (0.38 g, 16 mmol) at r.t. under argon atmosphere. The reaction solution was stirred at 

60 °C for 30 min. The resulting solution was cooled to r.t. and transferred via a cannula to a solution 

of B0 (1.0 g, 2.7 mmol) in THF (50 mL). After the mixture solution was stirred at reflux 

temperature for 1 h, water was added to the reaction mixture to quench the reaction. The solution 

was extracted with dichloromethane, and the organic layer was washed with water and brine. After 

drying over MgSO4, the solvent was removed by a rotary evaporator. The product was purified by 

column chromatography with hexane/ethyl acetate (24/1). The isolated product was dissolved in a 

small amount of THF, and the product was reprecipitated from methanol to give pure F as an 

orange powder (0.75 g, 56%). 1H NMR (CD2Cl2): δ = 7.41 (4H, br, Ar-H), 6.01 (2H, s, Ar-H), 3.09 

(2H, br, Ar-CH2-), 2.47 (6H, s, Ar-CH3), 2.12 (6H, s, Ar-CH3), 1.74 (2H, br, -CH2-), 1.56–1.52 

(2H, m, -CH2-), 1.40–1.32 (10H, br, -CH2-), 0.89 (3H, t, J = 6.94 Hz, -CH3) ppm. 11B NMR 

(CD2Cl2): δ = 2.15 ppm. HRMS (ESI) m/z calcd. [M−H]−: 499.2913, found: 499.2918. 

Synthesis of MF: 4-Bromoanisole (0.10 mL, 0.80 mmol) in THF (5.5 mL) was added to 

magnesium (29 mg, 1.2 mmol) at r.t. under argon atmosphere. The reaction solution was stirred at 

50 °C for 1.5 h. The resulting solution was cooled to r.t. and transferred via a cannula to a solution 

of F (0.2 g, 0.4 mmol) in THF (7.6 mL). After the mixture solution was refluxed for 3 h, water 

was added to the reaction mixture to quench the reaction. The solution was extracted with 

dichloromethane, and the organic layer was washed with water and brine. After drying over 

MgSO4, the solvent was removed by a rotary evaporator. The product was purified by column 
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chromatography with hexane/toluene (3/1). The isolated product was dissolved in a small amount 

of THF, and pure MF  was obtained from the reprecipitation with cold methanol as a candy-like 

orange paste (96 mg, 41%). 1H NMR (CD2Cl2): δ = 7.41 (2H, d, J = 7.74 Hz, Ar-H), 7.28 (2H, br, 

Ar-H), 7.19 (2H, d, J = 7.80 Hz, Ar-H), 6.77 (2H, dt, J = 8.65, 2.07 Hz, Ar-H), 6.00 (2H, s, Ar-H), 

3.77 (3H, s, -OCH3), 3.04 (2H, t, J = 8.10 Hz, Ar-CH2-), 2.46 (6H, s, Ar-CH3), 1.71–1.54 (8H, m, 

CH2, Ar-CH3), 1.49–1.20 (12H, br, -CH2-), 0.88 (3H, t, J = 6.58 Hz, -CH3) ppm. 13C NMR 

(CDCl3): δ = 158.21, 152.94, 147.59, 137.91, 134.98, 133.36, 132.36, 132.01, 127.86, 127.54, 

126.29, 123.80, 123.77, 123.73, 123.69, 122.62, 112.96, 54.96, 32.37, 31.88, 30.12, 29.56, 29.28, 

28.71, 22.67, 17.00, 16.89, 14.05 ppm. 11B NMR (CD2Cl2): δ = −0.98 ppm. HRMS (ESI) m/z 

calcd. [M+H]+: 589.3572, found: 589.3564. 

Synthesis of the Iodized Monomers (B0-I, B2-I, DM-I, DF-I and MF-I) 

 General procedure: B0 (1.00 g, 2.67 mmol) and N-iodosuccinimide (2.40 g, 10.7 mmol) were 

dissolved in dichloromethane (120 mL) under argon atmosphere. After stirred at r.t. for 0.5 h, the 

solvent was removed by a rotary evaporator. The mixture was purified with flash column 

chromatography with dichloromethane as an eluent. The product B0-I was dissolved in a small 

amount of THF and precipitated from methanol as an orange solid (1.22 g, 73%). 1H NMR 

(CDCl3): δ = 3.00 (2H, t, J = 8.45 Hz, Ar-CH2-), 2.61 (6H, s, Ar-CH3), 2.48 (6H, s, Ar-CH3), 1.70–

1.42 (4H, br, -CH2-), 1.40–1.20 (10H, br, -CH2-), 0.89 (3H, t, J = 6.83 Hz, -CH3) ppm. 13C NMR 

(CDCl3): δ = 155.31, 146.48, 142.24, 131.50, 86.32, 31.84, 31.79, 30.33, 29.50, 29.43, 29.23, 

22.64, 18.98, 16.11, 14.05 ppm. 11B NMR (CDCl3): δ = 0.29 ppm. HRMS (ESI) m/z calcd. 
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[M+H] +: 625.0565; found, m/z 625.0566. 

B2-I:  An orange solid, 86% yield. 1H NMR (CDCl3): δ = 7.33–7.12(8H, br, Ar-H), 3.13 (2H, t, 

J = 8.35 Hz, Ar-CH2-), 2.54 (6H, s, Ar-CH3), 1.88 (6H, s, Ar-CH3), 1.66 (2H, quint, J = 7.98 Hz, -

CH2-), 1.46 (2H, quint, J = 7.43 Hz, -CH2-), 1.39–1.20 (10H, br, -CH2-), 0.89 (3H, t, J = 6.70 Hz, 

-CH3) ppm. 13C NMR (CDCl3): δ = 153.78, 146.83, 139.71, 133.64, 131.69, 127.42, 126.04, 87.79, 

32.22, 31.84, 30.10, 29.65, 29.51, 29.25, 22.65, 19.72, 18.61, 14.05 ppm. 11B NMR (CDCl3): δ = 

0.39 ppm. HRMS (ESI) m/z calcd. [M+H]+: 743.1525; found, m/z 743.1518. 

DM-I: A red solid, 68% yield. 1H NMR (CD2Cl2): δ = 7.17 (4H, br, Ar-H), 6.77 (4H, dt, J = 8.34 

Hz, 2.18 Hz, Ar-H), 3.77 (6H, s, -OCH3), 3.12 (2H, t, J = 8.35 Hz, Ar-CH2-), 2.54 (6H, s, Ar-CH3), 

1.89 (6H, s, Ar-CH3), 1.66 (2H, quint, J = 7.89 Hz, -CH2-), 1.46 (2H, quint, J = 7.39 Hz, -CH2-), 

1.39–1.22 (10H, br, -CH2-), 0.89 (3H, t, J = 6.83 Hz, -CH3) ppm. 13C NMR (CDCl3): δ = 158.14, 

153.73, 146.67, 139.56, 134.70, 131.63, 112.99, 87.75, 54.94, 32.22, 31.84, 30.11, 29.64, 29.54, 

29.26, 22.65, 19.69, 18.57, 14.04 ppm. 11B NMR (CDCl3): δ = 0.88 ppm. HRMS (APCI) m/z calcd. 

[M+H] +: 803.1736, found: 803.1726. 

DF-I:  A red solid, 71% yield. 1H NMR (CD2Cl2): δ = 7.47 (4H, d, J = 7.98 Hz, Ar-H), 7.36 (4H, 

br, Ar-H), 3.15 (2H, t, J = 8.26 Hz, Ar-CH2-), 2.56 (6H, s, Ar-CH3), 1.83 (6H, s, Ar-CH3), 1.66 

(2H, quint, J = 7.84 Hz, -CH2-), 1.46 (2H, quint, J = 7.25 Hz, -CH2-), 1.39–1.20 (10H, br, -CH2-), 

0.89 (3H, t, J = 6.55 Hz, -CH3) ppm. 13C NMR (CDCl3): δ = 153.73, 147.44, 140.64, 133.57, 

131.73, 128.81, 128.49, 125.99, 124.35, 124.31, 124.27, 124.24, 123.28, 88.15, 32.25, 31.84, 

30.10, 29.71, 29.52, 29.25, 22.66, 19.80, 18.81, 14.05 ppm. 11B NMR (CDCl3): δ = –0.59 ppm. 
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HRMS (APCI) m/z calcd. [M+H]+: 627.3340, found: 627.3336. 

MF-I: A red solid, 66% yield. 1H NMR (CD2Cl2): δ =7.45 (2H, d, J = 7.74 Hz, Ar-H), 7.38–7.23 

(2H, br, Ar-H), 7.18 (2H, br, Ar-H), 6.79 (2H, dt, J = 8.65, 2.17 Hz, Ar-H), 3.78 (3H, s, -OCH3), 

3.13 (2H, t, J = 7.55 Hz, Ar-CH2-), 2.55 (6H, s, Ar-CH3), 1.87 (6H, s, Ar-CH3), 1.64 (2H, br, -

CH2-), 1.53–1.20 (12H, br, -CH2-), 0.89 (3H, t, J = 6.73 Hz, -CH3) ppm. 13C NMR (CDCl3): δ = 

158.36, 153.73, 147.05, 140.08, 134.84, 133.40, 131.59, 128.25, 127.91, 126.05, 124.06, 124.03, 

123.99, 123.95, 123.35, 113.17, 87.96, 54.95, 32.19, 31.83, 30.10, 29.63, 29.50, 29.25, 22.65, 

19.74, 18.67, 14.06 ppm. 11B NMR (CD2Cl2): δ = −0.29 ppm. HRMS (ESI) m/z calcd. [M–H]–: 

839.1359, found: 839.1372. 

Synthesis of the Polymers: 

Synthesis of PFB0: Water (2.0 mL) was added to the solution of B0-I (0.15 g, 0.24 mmol), [9,9-

bis(dodecyl)-9H-fluorene-2,7-diyl]bisboronic acid (0,14 g, 0.24 mmol), Pd2(dba)3 (2.2 mg, 2.4 

µmol), S-Phos (3.9 mg, 9.6 µmol) and cesium carbonate (0.78 g, 2.4 mmol) in toluene (2.0 mL). 

The reaction mixture was stirred at 80 °C for 72 h (PFB0, PFB2) or 48 h (PFDM, PFDF, PFMF) 

under argon atmosphere, and poured into a large amount of methanol to collect the polymer by 

filtration. The precipitate was dissolved in a small amount of THF, and then the product was 

reprecipitated from ethanol. The polymer collected by filtration was dried in vacuum to give PFB0 

as a red solid (0.19 g, 89%). Mn = 10,200, Mw/Mn = 2.7. 1H NMR (CDCl3): δ = 7.90–7.60 (2H, br, 

Ar-H), 7.40–7.10 (4H, br, Ar-H), 3.14 (2H, Ar-CH2-), 2.66–2.30 (12H, Ar-CH3), 2.01 (4H, 

>C(CH2-)2), 1.77 (2H, -CH2-), 1.47–0.95 (52H, -C6H12- and –C10H20-), 0.93–0.51 (9H, -CH3) ppm. 
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13C NMR (CDCl3): δ = 152.71, 151.10, 146.88, 139.89, 136.25, 134.44, 132.64, 131.63, 129.21, 

125.12, 119.64, 55.22, 40.38, 31.94, 31.88, 30.46, 30.08, 29.66, 29.58, 29.52, 29.39, 29.36, 29.28 

ppm. 11B NMR (CDCl3): δ = 8.14 ppm. 

PFB2: A red solid, 53% yield. Mn = 6,200, Mw/Mn = 2.2. 1H NMR (CDCl3): δ = 7.90–7.00 (14H, 

br, Ar-H), 3.24 (2H, Ar-CH2-), 2.44 (6H, Ar-CH3), 2.01–1.64 (12H, >C(CH2-)2, -CH2-, and Ar-

CH3), 1.59–0.78 (55H, -C7H15 and -C10H20-), 0.61 (6H, br, -CH3) ppm. 13C NMR (CDCl3): δ = 

151.93, 150.79, 147.30, 140.97, 139.58, 134.79, 134.03, 133.42, 132.08, 129.55, 127.31, 127.21, 

125.62, 125.22, 119.19, 55.15, 55.10, 40.33, 32.49, 31.94, 31.90, 30.30, 29.99, 29.63, 29.53, 29.35, 

29.31, 23.92, 22.70, 22.67, 15.75, 15.06, 14.11, 14.08 ppm. 11B NMR (CDCl3): δ = –2.25 ppm. 

PFDM:  A red solid, 59% yield. Mn = 7,400, Mw/Mn = 1.9. 1H NMR (CDCl3): δ = 7.66 (2H, m, Ar-

H), 7.51–7.20 (4H, br, Ar-H), 7.08 (4H, m, Ar-H), 6.83 (4H, m, Ar-H), 3.80 (6H, -OCH3), 3.24 

(2H, Ar-CH2-), 2.44 (6H, Ar-CH3), 2.90–1.64 (12H, >C(CH2-)2, -CH2-, and Ar-CH3), 1.62–0.78 

(55H, -C7H15 and -C10H20-), 0.62 (6H, br, -CH3) ppm. 13C NMR (CDCl3): δ = 157.77, 151.85, 

150.73, 147.14, 139.52, 135.06, 134.66, 133.41, 133.24, 131.94, 129.53, 125.18, 119.15, 112.68, 

55.13, 54.91, 40.36, 32.47, 31.94, 31.90, 30.32, 30.30, 29.62, 29.53, 29.36, 29.32, 23.93, 22.70, 

22.67, 15.73, 15.04, 14.12, 14.10 ppm. 11B NMR (CDCl3): δ = 0.88 ppm. 

PFDF: A red solid, 89% yield. Mn = 6,000, Mw/Mn = 1.7. 1H NMR (CDCl3): δ = 7.79 (2H, m, Ar-

H), 7.62–7.39 (6H, br, Ar-H), 7.32 (2H, m, Ar-H), 7.07 (4H, m, Ar-H), 3.26 (2H, Ar-CH2-), 2.45 

(6H, Ar-CH3), 2.13–1.60 (12H, >C(CH2-)2, -CH2-, and Ar-CH3), 1.58–0.78 (55H, -C7H15 and -

C10H20-), 0.62 (6H, br, -CH3) ppm. 13C NMR (CDCl3): δ = 150.94, 150.82, 147.93, 139.75, 135.19, 
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134.34, 133.86, 132.98, 132.09, 129.52, 126.12, 125.07, 124.03, 123.42, 119.15, 55.22, 40.24, 

32.46, 31.90, 31.85, 30.22, 29.97, 29.92, 29.56, 29.50, 29.47, 29.44, 29.31, 29.27, 23.82, 22.65, 

15.58, 15.06, 14.06 ppm. 11B NMR (CDCl3): δ = –3.03 ppm. 

PFMF: A red solid, 87% yield. Mn = 8,400, Mw/Mn = 2.5. 1H NMR (CDCl3): δ = 7.68 (2H, m, Ar-

H), 7.59–7.42 (4H, br, Ar-H), 7.41–7.27 (2H, m, Ar-H), 7.08 (4H, m, Ar-H), 6.84 (2H, m, Ar-H), 

3.80 (6H, -OCH3), 3.24 (2H, Ar-CH2-), 2.44 (6H, Ar-CH3), 2.12–1.59 (12H, >C(CH2-)2, -CH2-, 

and Ar-CH3), 1.58–0.76 (55H, -C7H15 and -C10H20-), 0.62 (6H, br, -CH3) ppm. 13C NMR (CDCl3): 

δ = 158.07, 151.83, 150.82, 147.51, 139.64, 135.14, 134.92, 133.80, 133.20, 132.02, 129.54, 

126.25, 125.11, 123.80, 123.55, 119.30, 112.91, 55.17, 54.93, 40.32, 33.95, 32.47, 31.93, 31.88, 

30.27, 29.96, 29.60, 29.51, 29.34, 29.30, 23.91, 22.68, 22.66, 15.80, 15.06, 14.10, 14.08 ppm. 11B 

NMR (CDCl3): δ = 5.30 ppm. 

PTB0: A metallic purple solid, 97% yield. Mn = 9,500, Mw/Mn = 1.7. 1H NMR (CDCl3): δ = 6.79 

(2H, br, Ar-H), 3.11 (2H, Ar-CH2-), 2.74–2.36 (16H, Ar-CH3, Ar-CH2-), 1.81–0.96 (54H, -C7H14- 

and –C10H20-), 0.93–0.71 (9H, -CH3) ppm. 13C NMR (CDCl3): δ = 153.71, 147.49, 142.42, 137.84, 

134.20, 131.61, 129.87, 129.41, 126.53, 31.94, 31.84, 30.78, 30.42, 29.72, 29.69, 29.68, 29.64, 

29.55, 29.49, 29.37, 29.25, 29.08, 28.94, 22.69, 22.64, 14.67, 14.08, 14.05, 13.49 ppm. 11B NMR 

(CDCl3): δ = 0.59 ppm. 

PTB2: A metallic purple solid, 79% yield. Mn = 11,500, Mw/Mn = 1.8. 1H NMR (CDCl3): δ = 7.45–

7.07 (10H, br, Ar-H), 6.64 (2H, br, Ar-H), 3.20 (2H, Ar-CH2-), 2.60–2.32 (10H, Ar-CH3, Ar-CH2-), 

1.93–0.93 (54H, -C7H14- and –C10H20-), 0.92–0.73 (9H, -CH3) ppm. 13C NMR (CDCl3): δ = 152.79, 
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147.89, 142.19, 141.98, 135.14, 135.06, 133.85, 132.06, 129.76, 129.10, 128.71, 128.61, 127.23, 

126.62, 125.70, 32.37, 31.94, 31.87, 30.70, 30.25, 29.69, 29.65, 29.60, 29.58, 29.44, 29.38, 29.30, 

28.98, 22.71, 22.67, 15.90, 15.20, 14.12, 14.10 ppm. 11B NMR (CDCl3): δ = 5.20 ppm. 

PTDM: A metallic purple solid, 90% yield. Mn = 7,800, Mw/Mn = 1.7. 1H NMR (CDCl3): δ = 7.45–

7.10 (4H, br, Ar-H), 6.86–6.71 (4H, br, Ar-H), 6.64 (2H, br, Ar-H), 3.78 (6H, -OCH3), 3.20 (2H, 

Ar-CH2-), 2.72–2.30 (10H, Ar-CH3, Ar-CH2-), 1.99–1.00 (54H, -C7H14- and –C10H20-), 0.98–0.74 

(9H, -CH3) ppm. 13C NMR (CDCl3): δ = 157.89, 152.78, 147.67, 141.96, 135.17, 135.01, 134.87, 

132.03, 129.73, 129.11, 128.76, 128.61, 126.58, 125.10, 112.77, 54.88, 32.39, 31.93, 31.86, 30.68, 

30.25, 29.67, 29.64, 29.59, 29.44, 29.36, 29.29, 28.99, 22.69, 22.65, 15.85, 15.17, 14.09, 14.06 

ppm. 11B NMR (CDCl3): δ = –2.44 ppm. 

PTDF: A metallic purple solid, 90% yield. Mn = 9,100, Mw/Mn = 1.9. 1H NMR (CDCl3): δ = 7.56–

7.30 (8H, br, Ar-H), 6.66 (2H, br, Ar-H), 3.22 (2H, Ar-CH2-), 2.72–2.22 (10H, Ar-CH3, Ar-CH2-), 

1.93–0.95 (54H, -C7H14- and –C10H20-), 0.93–0.75 (9H, -CH3) ppm. 13C NMR (CDCl3): δ = 152.61, 

148.53, 142.22, 136.03, 134.56, 133.74, 132.05, 129.94, 129.27, 128.75, 128.41, 128.10, 127.07, 

126.04, 124.09, 123.33, 32.39, 31.91, 31.84, 30.66, 30.19, 29.64, 29.63, 29.57, 29.54, 29.42, 29.40, 

29.34, 29.26, 29.14, 28.97, 22.68, 22.65, 16.00, 15.21, 14.07, 14.06 ppm. 11B NMR (CDCl3): δ = 

–2.44 ppm. 

PTMF: A metallic purple solid, 84% yield. Mn = 11,400, Mw/Mn = 1.8. 1H NMR (CDCl3): δ = 

7.55–7.17 (6H, br, Ar-H), 6.87–6.75 (2H, br, Ar-H), 6.65 (2H, br, Ar-H), 3.79 (3H, -OCH3), 3.21 

(2H, Ar-CH2-), 2.76–2.29 (10H, Ar-CH3, Ar-CH2-), 2.02–1.01 (54H, -C7H14- and –C10H20-), 0.98–
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0.78 (9H, -CH3) ppm. 13C NMR (CDCl3): δ = 158.16, 152.75, 148.15, 142.27, 142.21, 142.09, 

135.53, 134.87, 133.54, 132.08, 129.84, 129.19, 128.62, 127.97, 127.65, 126.82, 126.17, 125.18, 

123.86, 123.47, 112.99, 54.92, 32.38, 31.92, 31.84, 30.67, 30.20, 29.66, 29.64, 29.58, 29.42, 29.35, 

29.27, 28.98, 22.68, 22.65, 15.93, 15.19, 14.08, 14.06 ppm. 11B NMR (CDCl3): δ = –2.25 ppm. 
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Chapter 3 

The Dual-Emissive Polymer Based on BODIPY Homopolymer  

Bearing Anthracene on Cardo Boron 

 

ABSTRACT: The dual-emissive polymer based on cardo BODIPYs was synthesized. Cardo 

BODIPY having anthracene as a cardo unit was constructed via organometallic reagents and 

polymerized by oxidative coupling for obtaining homopolymer. The synthetic polymer showed 

various emission color derived from the polymer main chain and anthracene moieties.  
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Introduction 

Dual-emissive polymers show the two different color emissions from a single polymer chain, 

and they are expected to be versatile materials.1 The colors of emission materials, especially white, 

are composed of the combination of multiple colors, involving red, green and blue. When different 

color emitters are connected, energy transfer often occurs between dyes. Therefore, it is 

challenging to obtain dual emission and to tune the emission color. 

Chujo et al. reported dual-emissive conjugated polymers based on cardo fluorenes.2 These 

polymers had emissive dyes on the cardo carbon. These dyes were isolated from the polymer main 

chain, and energy transfer between the cardo moieties and the polymer chain was suppressed. 

Therefore, the cardo fluorene polymers showed dual emission. 

Cardo structures can be also constructed on a hetero atom, such as boron. Boron 

dippyromethenes (BODIPYs) were used as a scaffold for constructing the cardo structure by the 

introduction of aromatic groups to boron atoms. In chapter 2, the author reported that the electronic 

states of polymer main chain were preserved from modification with electron-withdrawing and/or 

donating groups on the para-position of phenyl groups tethered to the cardo-borons of BODIPYs.3 

From these results, it is proposed that when light emitting dyes are substituted on the phenyl groups 

in the cardo BODIPYs instead of electron-withdrawing and/or donating groups, the main chain of 

polymers and dyes on cardo side chain can individually show their intrinsic emissions. Therefore, 

dual-color emission can be expected to be observed from a single polymer.  

Herein, the author designed the cardo BODIPY bearing 9,10-diphenylanthracene on the cardo 
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boron. Anthracene was chosen for a blue color emitter. In contrast, the polymer main chain was 

supposed to show different emission color from anthracene because expanded conjugation should 

show emission in longer wavelength region. Anthracene bearing cardo BODIPY, B2A, was 

synthesized via organometallic reagents and a Pd-catalyzed coupling reaction. Then, several 

homopolymers composed of cardo BODIPYs were synthesized. From the optical measurements 

of synthetic products, it was revealed that the BODIPY homopolymer showed dual emission 

properties originated from both the polymer main chain and anthracene moieties. 
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Results and Discussion 

To obtain the dual emission, anthracene was chosen for the blue emitter. B2A was designed as 

the anthracene bearing cardo BODIPY and synthesized according to scheme 1. The author used 

the difluorinated compound B0 as a starting material.4 To synthesize B2Br which has bromine 

atom at the para-position of cardo boron, 1-bromo-4-iodobenzene was transformed to the Grignard 

reagent and introduced into boron atom instead of fluorine atom. Next, the anthracene moiety was 

introduced via the Suzuki−Miyaura coupling in the presence of Pd catalyst. Then, B2Br was 

converted to B2A. The products showed good solubility in the common organic solvents such as 

chloroform, THF, and ethanol. The structures of all compounds were confirmed by 1H, 11B, 13C 

NMR spectroscopies and ionization mass measurements. 

Next, the cardo BODIPYs (B2 and B2A) and B0 were used as a monomer. B0 and B2 were 

prepared according to the previous reports.4, 5 The polymerization was accomplished by oxidative 

coupling with the BODIPY monomers in the presence of [bis(trifluoroacetoxy)iodo]benzene 

(PIFA) and BF3·OEt2 in CH2Cl2 (Scheme 2). The products showed good solubility in common 

organic solvents such as chloroform, THF, and DMF. The polymer properties determined from the 

GPC analysis are shown in Table 1.  
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Scheme 1. Synthetic routes for the cardo BODIPYs 

 

 

Scheme 2. Synthetic routes for the polymers 
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Table 1. Physical properties of the synthesized polymersa 

 reaction time [h] Mn Mw/Mn nb Yield [%]c 

PB0 1 14,000 4.1 36.2 81 

PB2 20 11,000 2.6 22.4 45 

PB2A 6  6,600 2.5 6.04 27 

aEstimated from SEC with the polystyrene standards in chloroform. bAverage number of repeating 

units calculated from Mn and molecular weights of repeating units. cIsolated yields after 

reprecipitation. 
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The UV−vis absorption spectra of the products (both monomers and polymers) were measured 

to discuss about the electronic states in the ground state (Figure 1). All monomers showed strong 

and sharp absorption bands around 500 nm. As the optical properties of B0 and B2 were clarified 

in the previous report5, those absorption peaks can be attributed to S0→S1 (π→π*) transition. 

Moreover, B2A showed other absorption bands below 450nm derived from the anthracene 

moieties.  

Polymers also showed strong and sharp absorption bands similarly to those of the monomers. 

PB0 and PB2 showed S0→S1 (π→π*) transition bands around 590 nm. On the other hand, PB2A 

based on anthracene-bearing cardo BODIPY showed the S0→S1 (π→π*) transition band with the 

peak at 560 nm. PB2A showed the absorption band attributable to anthracene similarly to its 

monomer B2A.  

Figure 2 shows the photoluminescence spectra of the monomers and polymers in chloroform 

(1.0 ×10−5 mol/L). As the author mentioned in the previous report5, B2 which has a cardo structure 

on its boron atom showed the broad and red-shifted emission band with a smaller quantum yield 

compared to B0. This difference in emission was derived from the molecular motion at the phenyl 

group. B2A showed almost same emission properties to B2. From this results, the anthracene 

moiety should rotate in the solution like as the phenyl groups in B2. 

The emission properties of polymers ware different from those of their monomers. The 

difluorinated compound B0 showed a sharp and strong emission band, and this properties are 

typical for BODIPYs. PB0 synthesized by B0 as a monomer also showed sharp emission band 
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similarly to the monomer. On the other hand, the emission properties of PB2 and PB2A were 

different from their monomers. Although cardo BODIPY monomers showed the broad emission 

spectra, their polymers (PB2 and PB2A) showed sharp emission spectra like PB0. From these 

results, the author suggests that these sharp emission spectra should be derived from suppression 

of molecular motion at polymers.  

Figure 3 shows the PB2A photoluminescence spectra which were excited at different 

wavelength in chloroform (1.0 ×10−7 mol/L). When PB2A was excited at the absorption region of 

the main-chain (500 nm), the emission band was observed around 600 nm. This emission was 

could be derived from the polymer main chain. On the other hand, when the excitation was 

performed at the absorption region of the anthracene moieties (377 nm), PB2A showed dual 

emission. The emission band in the region from 400 nm to 500 nm was also observed with the 

main-chain emission band. This blue emission should be derived from the anthracene moieties. 

From these data, it is supposed that energy transfer from the anthracene units to the polymer main 

chain should be suppressed via the cardo structure. Additionally, emission colors were varied by 

excitation wavelength, then coordination of CIE diagram changed (Figure 4). 
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Figure 1. UV–vis–NIR absorption spectra of the products in CHCl3 (1×10–5 M). 

 

Figure 2. Photoluminescence spectra of the products in chloroform (1.0 × 10−5 M). 
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Figure 3. Photoluminescence spectra of PB2A in chloroform (1.0 × 10−7 M) excited at 500 nm 

(red line) and 377 nm (blue line). 

 

Table 2. Optical properties of the compoundsa 

 
λabs (nm) ε ( M–1cm–1) b λPL

 (nm) ΦPL
c 

B0 500 92,000 511 d 0.81 d 

B2 497 88,000 539 e 0.34 e 

B2A 497 74,000 540 e 0.29 e 

PB0 591 96,000 605 f 0.35 f 

PB2 589 96,000 606 f 0.38 f 

PB2A 560 43,000 588 g 0.43 g 

aMeasured in chloroform (1.0 × 10−5 M). bMolar absorption coefficients of the absorption maxima. 

cAbsolute fluorescence quantum yields determined using integrated sphere method. dExcited at 

473 nm. eExcited at 469 nm. fExcited at 550 nm. gExcited at 500 nm. 
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Figure 4. CIE diagram of PB2A excited at (a) 500 nm, (b) 377 nm. 

 

Conclusion 

The dual-emissive materials based on a cardo structure were presented in this chapter. BODIPYs 

can be used as a scaffold for constructing cardo structures on their boron atoms. As the author 

reported that the electronic states of the polymer main chain composed of cardo BODIPYs were 

preserved from the cardo unit in the chapter 2, the conjugated polymers based on cardo BODIPYs 

can show emission from main chain without influence of side chains. Actually, the BODIPY 

conjugated polymer bearing anthracene as the cardo unit showed two distinct emissions derived 

from both polymer main chains and side chains. From these results, the homopolymer based on 

cardo BODIPYs should be a promising structure to realize multi-color emissions. 
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Experimental Section 

General: 1H (400 MHz), 13C (100 MHz) and 11B (128 MHz) NMR spectra were recorded on a 

JEOL JNM EX400 spectrometer. 11B NMR spectra were referenced externally to BF3·OEt2 (sealed 

capillary). Analytical thin-layer chromatography (TLC) was performed with silica gel 60 Merck 

F254 plates. Column chromatography was performed with Wakogel C-300 silica gel. UV–vis 

spectra were recorded on a Shimadzu UV-3600 spectrophotometer. Fluorescence emission spectra 

were recorded on a HORIBA JOBIN YVON Fluoromax-4 spectrofluorometer, and the absolute 

quantum yield was calculated by integrating sphere method on the HORIBA JOBIN YVON 

Fluoromax-4 spectrofluorometer in chloroform.  

Synthesis of B2Br: n-BuLi (5.2 mL, 1.63 mol/L in hexane) was added to the solution of 1-bromo-

4-iodobenzene (2.4 g, 8.5 mmol) in diethyl ether (16 mL) at −78 °C under argon atmosphere. The 

reaction mixture was stirred for 0.5 h at −78 °C and for 0.5 h at room temperature. Then, the 

solution of B04 (0.8 g, 2.1 mmol in 18 mL of diethyl ether) was added to the reaction mixture via 

cannula at −78 °C. After the reaction mixture was stirred for 0.5 h at −78 °C, methanol was added. 

The solution was extracted with dichloromethane and washed with water and brine. After the 

organic phase was dried over MgSO4, the solvent was removed by a rotary evaporator. The silica 

gel column chromatography with hexane/dichloromethane (9:1) gave B2Br as a orange solid (0.41 

g, 0.63 mmol, 30 %). 1H NMR (CDCl3): δ = 7.31 (4H, d, J = 8.3 Hz), 7.08 (4H, br), 6.00 (2H, s), 

3.03 (2H, d, J = 8.3 Hz), 2.45 (6H, s), 1.70 (6H, s), 1.67−1.59 (2H, m), 1.42−1.39 (2H, m), 

1.30−1.27 (10H, m), 0.88 (3H, t, J = 6.8 Hz) 13C NMR (CDCl
３

): δ = 152.7, 147.7, 138.0, 135.3, 
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131.9, 130.3, 122.7, 122.6, 120.2, 32.3, 31,9, 30.1, 29.5, 29.3, 28.6, 22.6, 17.1, 16.9, 16.9, 14.1 

ppm. 11B NMR (CDCl3): δ = −0.98 (br) ppm. HRMS (ESI): Calcd. for [M+H]+, 647.1802; found, 

m/z 647.1786. 

Synthesis of B2A: Water (8.0 mL) was added to the solution of B2B2 (0.50 g, 0.77 mmol), 10-

phenyl-9-anthraceneboronic acid (1.9 g, 3.5 mmol), Pd2(dba)3 (14 mg, 15 µmol), S-Phos (56 mg, 

0.14 mmol) and cesium carbonate (5.0 g, 15 mmol) in toluene (8.0 mL). The reaction mixture was 

stirred at 80 °C for 24 h under argon atmosphere. The solution was extracted with toluene and 

washed with water and brine. After the organic phase was dried over MgSO4, the solvent was 

removed by a rotary evaporator. The product was purified by column chromatography with 

hexane/dichloromethane (4:1). The isolated product was dissolved in a small amount of CH2Cl2, 

and the product was precipitated from methanol to give pure B2A as a orange solid (0.49 g, 64%).  

1H NMR (CDCl3): δ = 7.81 (4H, dd, J = 7.2, 3.1 Hz), 7.69−7.48 (18H, m), 7.37 (4H, d, J = 7.8 

Hz), 7.32−7.31 (8H, m), 6.18 (2H, s), 3.19 (2H, t, J = 8.3 Hz), 2.59 (6H, s), 2.15 (6H, s), 1.79−1.77 

(2H, m), 1.54−1.51 (2H, m), 1.36−1.28 (10H, m), 0.86 (3H, t, J = 6.96 Hz) ppm. 13C NMR 

(CDCl3): δ = 158.1, 149.2, 147.7, 139.4, 138.4, 137.8, 136.5, 136.0, 133.7, 132.2, 131.4, 130.2, 

130.0, 130.0, 128.4, 127.4, 127.3, 126.8, 124.9, 124.6, 122.6, 32.4, 31.8, 30.8, 30.3, 29.6, 29.3, 

28.8, 22.6, 17.4, 17.0, 14.0 ppm. 11B NMR (CDCl3): δ = −0.20 (br) ppm. HRMS (APCI): Calcd. 

for [M+H] +, 995.5470; found, m/z 995.5465. 

Synthesis of PB0: BF3·OEt2 (0.33 mL, 0.38 g, 2.7 mmol) was added to a solution of B0 (0.10 g, 

0.27 mmol) and PIFA (0.23 g, 0.53 mmol) in CH2Cl2 (2.0 mL) at −78 °C, and the solution was 
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stirred at −78 °C for 1 h. The solution was poured into MeOH (25 mL) and triethylamine (3 mL) 

to collect desired polymer by filtration. The precipitate was dissolved in a small amount of THF, 

and further reprecipitated from a large excess of EtOH twice to give PB0 as a metallic red solid 

(81 mg, 81%). Mn = 14,000, Mw/Mn = 4.1. 1H NMR (CDCl3): δ = 3.68−1.06 (28H, m), 0.96−0.82 

(3H, m) ppm. 11B NMR (CDCl3): δ = 0.59 (br) ppm. 

Synthesis of PB2: BF3·OEt2 (0.35 mL, 0.41 g, 2.9 mmol) was added to a solution of B2 (0.14 g, 

0.29 mmol) and PIFA (0.25 g, 0.57 mmol) in CH2Cl2 (2.1 mL) at −78 °C, and the solution was 

stirred at −78 °C for 20 h. The solution was poured into MeOH (30 mL) and triethylamine (3 mL) 

to collect desired polymer by filtration. The precipitate was dissolved in a small amount of THF, 

and further reprecipitated from a large excess of EtOH twice to give PB2 as a purplish red solid 

(62 mg, 45%). Mn = 11,000, Mw/Mn = 2.6. 1H NMR (CDCl3): δ = 7.48−6.92 (10H, m), 3.35−0.95 

(28H, m), 0.93−0.79 (3H, m) ppm. 11B NMR (CDCl3): δ = −1.17 (br) ppm. 

Synthesis of PB2A: BF3·OEt2 (0.20 mL, 0.23 g, 1.6 mmol) was added to a solution of B2A (0.16 

g, 0.16 mmol) and PIFA (0.14 g, 0.32 mmol) in CH2Cl2 (1.2 mL) at −78 °C, and the solution was 

stirred at −78 °C for 6 h. The solution was poured into MeOH (20 ml) and triethylamine (2 mL) 

to collect desired polymer by filtration. The precipitate was dissolved in a small amount of THF, 

and the polymeric products were reprecipitated in a large excess of EtOH. To remove monomer 

and dimers, this procedure was repeated several times, and then PB2A was collected as a purplish 

red solid (43 mg, 27%). Mn = 6,000, Mw/Mn = 2.5. 1H NMR (CDCl3): δ = 7.97−6.60 (34H, m), 

3.44−0.36 (31H, m) ppm. 11B NMR (CDCl3): δ = −3.13 (br) ppm.  
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Chapter 4 

Efficient Light Absorbers Based on Thiophene-Fused Boron 

Dipyrromethene (BODIPY) Dyes 

 

ABSTRACT: The author presents the development of the thiophene-fused boron dipyrromethene 

derivatives as efficient light absorbers. The two strategies for the evolution of the optical properties 

such as the peak positions of absorption wavelengths and molar extinct coefficients were 

established by the substituent effects: By introducing iodine groups, the bathochromic shifts of the 

peak positions (+15 nm) and the enhancement of molar extinct coefficients were simultaneously 

received owing to the heavy atom effect. Next, it was found that the modification with the 

trifluoromethyl group contributed to the large bathochromic shift (+60 nm) because of the lowering 

effect on the lowest unoccupied molecular orbital of the dye by the substituent. Finally, the author 

obtained the dyes with large molar extinct coefficients (184,140 M–1 cm–1 at 592 nm, 72,180 M–1 

cm–1 at 623 nm), sharp absorption bands, and low emissions. 
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Introduction 

Efficient light-absorbers are useful for the applications as a wide variety of optical materials in 

biochemistry and biology. For example, for the construction of artificial photosynthesis systems, 

the light-absorbing molecules which have a large molar extinct coefficient are a key material as an 

energy receiver to improve conversion efficiency from light energy to the driving force of chemical 

reactions.1 As another instance, the light-absorbing ability with the specific wavelength region is 

feasible for the regulation of photosynthesis. It is known as the Emerson enhancement effect that 

the photosynthesis in several types of algae can be enhanced by the light irradiation in the 

wavelength range around 650 nm.2,3 In contrast, the light over 690 nm can suppress the efficiency. 

These phenomena were observed in other plants.4 This fact suggests the scenario that by loading 

the efficient light absorbers to the light around 650 nm on the wall of green houses, the sunlight 

can be transformed to the light which has the suppression effect on weed growths. Thus, the lights 

with the specific wavelength region around 650 nm or over 690 nm are a valid tool for precisely 

controlling the plant growth. 

Boron dipyrromethene (BODIPY) is well known as a fluorophore for biochemical and 

biotechnological usages.5 Because of strong emission intensity, low environmental dependency of 

optical properties and high stability to photo-degradation, BODIPY can be used as a conventional 

fluorophore for a marker or a labeling reagent under various situations. Nagano and Urano et al. 

reported the bioprobes based on the photochemistry of BODIPY.6 By regulating energy transfer 

involving the BODIPYs, they can monitor the bioreactions with the changes of emission intensity 
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from the probe with high sensitivity and specificity. Moreover, hetero ring-fused BODIPYs have 

been synthesized.7–9 In particular, thiophene-fused BODIPYs (Figure 1) were reported as a 

photosensitizer to generate singlet oxygen.10 By the modification with sulfur or iodine elements 

for receiving the heavy atom effect, the intersystem crossing after photo-excitation to these 

BODIPYs can be readily induced. Accordingly, the triplet-excited states of the BODIPYs 

efficiently generate the singlet oxygen via a sensitizing reaction. The superior ability of light 

absorbing contributes to enhancing the sensitizing efficiency. It should be mentioned that these 

BODIPYs have sharp spectra of light-absorption and emission from the red-light to the near-

infrared region. Based on these optical properties of thiophene-fused BODIPYs, the author was 

inspired to develop an efficient light absorber without emission. In particular, the author aimed to 

develop new series of thiophene-fused BODIPYs to improve the light-absorption ability in the 

red-light region. 

Herein, the author reports the synthesis and the efficient light-absorbing ability of the new series 

of thiophene-fused BODIPYs. The substituent effects of two distinct groups on the optical 

properties were examined to improve molar extinct coefficients and the peak position of absorption 

wavelengths. By employing the heavy atom effect of iodine, the evolution of the optical properties 

such as the position of absorption bands, the enhancement of absorption ability, and the 

suppression of the emission can be simultaneously achieved. Next, according to the data of the 

molecular orbital of the dye calculated by computer simulation, the author was inspired the 

introduction of the trifluoromethyl group into the thiophene-fused BODIPY. Finally, the selective 
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light absorption in the red-light region was accomplished. 

 

Figure 1. Chemical structures of the thiophene-fused BODIPYs used in this study. 

Scheme 1. Synthetic outlines for thiophene-fused BODIPYsa 

 

aReagents and conditions: (a) Ethyl cyanoacetate, CuI, Cs2CO3, DMSO, 50 °C, 4 h, 61%; (b) 

NaOH, H2O, ethanol, reflux, 1 h, 95%; (c) i) trifluoroacetic acid, 50 °C, 20 min, ii) CH(OEt)3 

50 °C, 30 min, 70%; (d) i) POCl3, dichloromethane, r.t., 3 d, ii) triethylamine, BF3·Et2O, r.t., 2 d, 

10%; (e) N-iodosuccinimide, acetic acid, chloroform, r.t., 24 h, 32% for TB-I, 23% for TB-I2; 

(f) i) trifluoroacetic acid, 40 °C, 40 min, ii) trifluoroacetic anhydride, 80 °C, 1 h; (g) BF3·Et2O, 

triethylamine, toluene, 80 °C, 2 h, 0.7% (in 2 steps).  
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Results and Discussion 

The author designed the thiophene-fused BODIPYs as shown in Figure 1. The synthesis of TB 

derivatives is outlined in Scheme 1. Until the preparation of the precursors before the ligand 

formation, all reactions proceeded in good yields. Because of the instability of the aldehyde 4 and 

the ligand moiety before the introduction of boron, the reaction yields in the formation of boron 

complexes were relatively low. From the characterization with 1H and 11B NMR spectroscopies 

and mass measurements, the products have the expected structures. The dyes were obtained as 

colored solids with the solubility in conventional organic solvents such as chloroform and THF. 

During the measurements, the decomposition and photo-degradation were subtly observed. 

The optical properties of TB were investigated. The absorption band was observed with the 

peak at 562 nm from UV–vis absorption measurement (Figure 2). The molar extinct coefficient 

exceeded 105 M–1 cm–1 (Table 1). These data mean that TB possesses the sharp and large 

absorption in the visible region. From the photoluminescence spectrum, although the emission 

band was obtained with the peak at 571 nm, the quantum yield of TB can be efficiently suppressed 

(ΦF = 0.04). The low emission intensity of TB should be originated from the fact that the decay of 

the excited state of TB should proceed via the triplet-excited state. Indeed, new emission bands 

with long lifetimes at the similar peak position and in the longer wavelength region than that of 

the emission at room temperature at 77 K assigned as a delayed fluorescence and phosphorescence, 

respectively. These data clearly indicate that TB is a promising seed compound for realizing 

expected optical properties such as sharp spectra, large molar extinct coefficients and low 
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emissions. 

 

 

Figure 2. UV–vis absorption (10 µM) and photoluminescence spectra (1 µM) of TB in THF. The 

wavelength of the excitation light was at 530 nm. 

 

Table 1. Optical properties of thiophene-fused BODIPYs 

 λmax,abs [nm] ε [M –1cm–1] ΦF
a 

TB 562 127,000 0.04 

TB-I 577 170,000 <0.01 

TB-I2 592 184,000 <0.01 

TB-F 623  72,200 <0.01 

aDetermined as an absolute value. 
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Next, for tuning the optical properties of TB, an iodide group was introduced via the heavy atom 

effect. To maximize the expression of the heavy atom effect, iodide groups were directly attached 

to the thiophene rings.11 Figure 3 clearly represents that the absorption bands of TB-Is showed the 

bathochromic shifts than that of TB. By introducing a single iodide group, the peak positions were 

moved by 15 nm to the red-light region. These data can be supported by the results from computer 

calculations. The gap widths of the energy levels between the frontier orbitals were narrowed by 

increasing the number of the iodine substituents (Figure 4). Moreover, the molar extinct 

coefficients were enhanced by increasing the number of iodide groups. According to the previous 

report on the photophysical properties of iodinated BODIPY derivatives, these changes could be 

owing to the heavy atom effect.12 Indeed, the iodinated TB derivatives hardly showed emissions 

(ΦF < 0.01). The heavy atom effect of iodine could contribute to inhibiting the fluorescence 

emission. In summary, the introduction of iodine into BODIPYs is valid for regulating the peak 

positions of absorption. 
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Figure 3. Absorption changes of TB by introducing iodine groups. The spectra were obtained 

from the solutions containing the dyes (10 µM) in THF. 

 

Figure 4. The changes in energy levels and shapes of frontier orbitals by introducing a 

trifluoromethyl group into the meso-position in TB. The DFT calculations were performed with a 

B3LYP/SVP method.  



Chapter 4 

105 

To explore another method for the modulation of the peak position of absorption wavelength, 

initially I carried out the density functional theory (DFT) calculation of TB with a B3LYP/SVP 

method. According to the computer modeling on the shape of the lowest unoccupied molecular 

orbital (LUMO) of TB, the localization of the orbital was found at the meso-position (Figure 4). 

Based on this result, the author designed the new dye, TB-F, having a trifluoromethyl group. The 

strong ability of electron withdrawing can lower the energy level of LUMO and decrease the gap 

width of the energy level between the frontier orbitals. Thus, it can be expected that drastic 

bathochromic shift of the absorption band should be received. The synthesis of TB-F was executed 

with similar procedures as other TB derivatives. Because of low stability of the intermediate before 

boron complexation, the reaction yield in the formation of the BODIPY ring was low. The desired 

compound was obtained as a solid, and it was confirmed that TB-F has enough solubility in 

conventional organic solvents such as chloroform and THF for the optical measurements. During 

the measurements, less decomposition and photo-degradation were also observed with TB-F. 

Figure 5 presents the absorption spectrum of TB-F. As the author expected, TB-F showed the 

large absorption band at longer wavelength region by +60 nm than that of TB (λmax = 623 nm). 

Similarly as TB, the emission band was mainly obtained between 550 nm and 650 nm. This 

absorption wavelength is adequate for generating the light which can inhibit the photosynthesis.3 

Furthermore, the emission was subtly obtained from TB-F (ΦF < 0.01). These data suggest that 

the efficient light absorbers for the red light can be prepared based on the thiophene-fused 

BODIPYs. In addition, these optical properties suggest another possibility for using the thiophene-
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fused BODIPYs as a quencher. Comparing to the conventional efficient absorbers called as QSY 

(εmax = 90,000 cm–1M–1)15 and BHQ (εmax = 35,600 cm–1M–1)16, the thiophene-fused BODIPYs 

have several advantages as a quencher besides of the intrinsic merits of BODIPY dyes. It should 

be emphasized that the molar extinct coefficients of the thiophene-fused BODIPYs are two or three 

times larger than those of the conventional absorbers.13,14 Thus, it can be said that the thiophene-

fused BODIPYs are promised to be an efficient quencher on the biotechnological assays.15 

 

 

Figure 5. Absorption changes of TB by introducing a trifluoromethyl group. The spectra were 

obtained from the solutions containing the dyes (10 µM) in THF. 

  



Chapter 4 

107 

Conclusion 

The author demonstrates the validity of the TB skeleton for the design of an efficient light 

absorber. The author established two manners for evolving the optical properties of TB: By 

employing the heavy atom effect, the peak positions can be shifted to the red-light region. The 

enhancement of molar extinct coefficients was also obtained. It was found that the introduction of 

the strong electron-withdrawing group at the meso-position in the BODIPY skeleton was 

responsible for the drastic bathochromic shift in the absorption spectrum. Finally, the author 

obtained the series of efficient light absorbers for the red light. These compounds have suitable 

optical properties for generating the light to control photosynthesis and plant growth. Furthermore, 

thiophene-fused BODIPYs with the efficient light-absorbing ability are promised to be applicable 

for efficient sensitizers. These materials and chemical modification methods for modulating the 

optical properties presented here could be versatile for developing efficient photo-responsive bio-

related materials to control the biological activities and efficient quenchers on the biotechnological 

assays with labelled biomolecules. 
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Experimental Section 

General: 1H (400 MHz), 13C (100 MHz), and 11B (128 MHz) NMR spectra were recorded on 

JEOL JNM–EX400 spectrometers. In the 1H NMR and 13C NMR spectra was used 

tetramethylsilane (TMS) as an internal standard in CDCl3, and 11B NMR spectra were referenced 

externally to BF3·OEt2 (sealed capillary). UV–vis absorption spectra were recorded on a 

SHIMADZU UV–3600 spectrophotometer. Fluorescence emission spectra and absolute quantum 

yields were recorded on a HORIBA JOBIN YVON Fluoromax–4P spectrofluorometer equipped 

with the integrating sphere. 2-Acetyl-3-bromothiophene (1) was purchased from Aldrich and used 

without further purification. Computations were performed using the Gaussian 03 suite of 

programs.16 

Synthesis of 2: The synthesis was performed according to the previous report17: To the mixture 

containing 1 (8.62 g, 42.0 mmol), CuI (0.80 g, 4.20 mmol l), and CsCO3 (34.2 g, 105 mmol) in 

DMSO (42 mL), ethyl isocyanoacetate (5.23 g, 46.2 mmol) was added dropwise at room 

temperature. After stirring at 50 °C for 4 h, the products were extracted with dichloromethane. The 

organic layer was washed with brine twice, dried over MgSO4 and filtrated. The filtrate was 

condensed with evaporation, and the silica gel column chromatography with hexane as a mixture 

eluent (hexane : ethyl acetate = 7 : 1) gave 2 as a pale yellow solid (5.35 g, 25.6 mmol, 61 %). 1H 

NMR (CDCl3) δ: 8.88 (1H, s), 7.30 (1H, d, J = 10.51 Hz), 6.91 (1H, d, J = 10.02 Hz), 4.37 (2H, q, 

J = 28.10 Hz), 2.53 (3H, s), 1.40 (3H, t, J = 24.19 Hz). 13C NMR (CDCl3) δ: 162.3, 139.6, 129.1, 

126.6, 123.2, 120.3, 111.42, 60.5, 14.7, 12.3. HRMS (ESI) m/z calcd. [M+H]+: 210.0583, found: 
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210.0582. 

Synthesis of 3: The mixture containing 2  (6.00 g, 28.7 mmol) and NaOHaq. (17.2 g, 430 mmol 

in 120 mL) in 225 mL of ethanol was refluxed for 1 h. After cooling to room temperature, conc. 

HCl (10%) was added dropwise to acidify. The products were extracted with dichloromethane, and 

the organic layer was washed with brine, dried over MgSO4 and filtrated. Evaporation of the filtrate 

yielded 3 as a dark purple solid (4.96 g, 27.3 mmol, 95 %). 1H NMR (DMSO-d6) δ: 12.44 (1H, s), 

11.51 (1H, s), 7.46 (1H, d, J = 10.72 Hz), 6.92 (1H, d, J = 11.21 Hz), 2.40 (3H, s). 13C NMR 

(DMSO-d3) δ: 162.8, 139.8, 128.5, 124.6, 123.1, 118.0, 112.0, 11.8. HRMS (ESI) m/z calcd [M–

H]–: 180.0125, found: 180.0118. 

Synthesis of 4: The solution of 3 (11.1 g, 61.2 mmol) dissolved in trifluoroacetic acid (200 mL) 

was stirred at 50 °C for 20 min, and then triethyl orthoformate (36.3 g, 245 mmol) was added. 

After stirring at 50 °C for 30 min, excess amounts of cyclopentyl methyl ether (CPME) and sat. 

NaHCO3aq. were poured into the reaction solution. The organic layer was washed with brine and 

water, dried over MgSO4, filtrated and condensed by evaporation. The silica gel column 

chromatography with the mixture eluent (hexane : ethyl acetate = 2 : 1) afforded 4 as a brown solid 

(7.11 g, 43.0 mmol, 70 %). Because of low stability, the compound 4 was used for the next step 

immediately after checking the spectrum of 1H NMR. 1H NMR (CDCl3) δ: 9.75 (1H, s), 9.10 (1H, 

s), 7.44 (1H, d, J = 12.43 Hz), 6.94 (1H, d, J = 11.70 Hz), 2.54 (3H, s). HRMS (EI+) m/z calcd. 

[M] +: 165.0248, found: 165.0244. 

Synthesis of 5 (TB): To the solution of 4 (7.11g, 43.0 mmol) in dichloromethane (215 mL), POCl3 
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(7.92 g, 51.7 mmol) was added dropwise at 0 °C. After stirring at room temperature for 3 days in 

the dark, triethylamine (30.0 mL, 215 mmol) was added dropwise at 0 °C. After stirring at 0 °C 

for 15 min, BF3·Et2O (38 mL, 308 mmol) was added dropwise, and then the mixture was stirred 

at room temperature for 2 days. The reaction was quenched by adding 100 mL of water, and the 

products were extracted with dichloromethane. The organic layer was washed with water twice 

and brine, dried over MgSO4, filtrated, and condensed by evaporation. The residue was passed 

through the silica gel column with the mixture eluent (hexane : ethyl acetate = 3 : 1). The resulting 

product was dissolved in THF, and 5 was obtained as a red purple solid (0.684 g, 2.07 mmol, 10%) 

from the reprecipitation in methanol. 1H NMR (CDCl3) δ: 7.64 (2H, d, J = 10.26 Hz), 7.40 (1H, 

s), 7.11 (2H, d, J = 9.53 Hz), 2.47 (6H, s). 13C NMR (CDCl3) δ: 158.5, 140.9, 139.9, 132.1, 131.8, 

123.6, 114.0, 11.0. 11B NMR (CDCl3) δ: 0.39. HRMS (EI+) m/z calcd. [M]+: 332.0425, found: 

332.0425. 

Synthesis of 6(TB-I) and 7(TB-I): The mixture containing 5 (0.312 g, 0.934 mmol) and N-

iodosuccinimide (0.210 g, 0.934 mmol) in chloroform (140 mL) and acetic acid (14 mL) was 

stirred at room temperature for 24 h in the dark under Ar atomosphere. Then, the reaction solution 

was washed with NaOHaq. (2.5 M, 200 mL) twice, water, and brine, dried over MgSO4, and 

filtrated. After evaporation, the products were suspended onto silica gel. TB-I (0.137 g, 32%) and 

TB-I2 (0.129 g, 23%) were purified with the silica gel colum chromatography with toluene as an 

eluent as a green silver and a black powder, respectively. Because of poor solubility of TB-I in 

conventional organic solvents, the clear spectrum of 13C NMR was not obtained. TB-I: 1H NMR 
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(CDCl3) δ: 7.68 (1H, d, J = 12.70 Hz), 7.42 (1H, s), 7.40 (1H, s), 7.09 (1H, d, J = 14.16 Hz), 2.43 

(3H, s), 2.41 (3H, s). 11B NMR (CDCl3) δ: 0.293. HRMS (EI+) m/z calcd. [M]+ : 457.9391, found: 

457.9404. TB-I2: 1H NMR (THF-d8) δ: 7.85 (1H, s), 7.39 (2H, s), 2.42 (6H, s). 13C NMR (CDCl3) 

δ: 157.3, 139.7, 135.6, 130.7, 125.6, 123.6, 95.4, 9.7. 11B NMR (CDCl3) δ: 0.195. HRMS (ESI) 

m/z calcd [M–H]–: 582.8285, found: 582.8292. 

Synthesis of 8(TB-F): The mixture of 3 (1.0 g, 5.52 mmol) in trifluoroacetic acid (50 mL) was 

stirred at 40 °C for 40 min under Ar atomosphere, and then trifluoroacetic anhydride (2.29 mL, 

16.6 mmol) was added dropwise to the reaction solution. After stirring at 80 °C for 1 h and cooling 

to room temperature, the  deep blue solution was poured into the mixture with water (100 mL) 

and toluene (100 mL). After neutralization by adding NaHCO3, the products were extracted with 

toluene. The organic layer was washed with sat. NaHCO3aq., water, and brine, dried over MgSO4, 

and filtrated. After evaporartion, the crude products containing the aldehyde were used for the next 

step without further purification because of low stability. The residue was dissolved in 50 mL of 

toluene, and triethylamine (1.54 mL, 22.07 mmol) was added dropwise to the solution. After 

stirring at room temperature for 15 min, BF3·Et2O (2.72 mL, 22.1 mmol) was added dropwise. 

After stirring at room temperature for 10 min, the mixture was heated at 80 °C and stirred for 2 h. 

After quenching the reaction by adding water, the product was extracted with toluene. The organic 

layer was washed with brine twice, dried over MgSO4, and filtrated. After evaporation, the silica 

gel column chromatography with the mixture eluent (toluene : ethyl acetate = 9 : 1) was performed. 

The resulting solid was dissolved in THF, and TB-F was obtained from the precipitation in 
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methanol as a glossy green solid (7.2 mg, 0.7%). 1H NMR (CDCl3) δ: 7.67 (2H, d, J = 16.57 Hz), 

7.05 (2H, d, J = 16.32 Hz). 13C NMR (CDCl3) δ: 159.1, 143.8, 138.1, 136.5, 133.4, 128.6, 122.3 

(q, J = 275 Hz), 114.5, 15.4. 11B NMR (CDCl3) δ: 0.195. HRMS (EI+) m/z calcd. [M]+: 400.0299, 

found: 400.0282. 
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Chapter 5 

Synthesis of Furan-Substituted Aza-BODIPYs 

Having Strong Near-Infrared Emission 

 

ABSTRACT: Near-infrared (NIR) emissive aza-boron dipyrromethene (aza-BODIPY) was 

synthesized. To realize strong NIR emission, the furanyl groups were introduced into the aza-

BODIPY structure. The synthesized compound showed the emission band with the peak at 735 

nm. Comparing to the well-known aza-BODIPY, the emission band was found in the longer 

wavelength region by 70 nm. The quantum yield of the product was similar to the conventional 

aza-BODIPY. 
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Introduction 

NIR-emissive materials are attractive for various applications such as telecommunication, laser, 

organic light emitting diodes, biological systems, etc.1 Therefore, the development of highly 

emissive NIR materials have been strongly required. 

Boron dipyromethenes (BODIPYs) are well known to be one of beneficial light-emitting dyes 

because they have various advantages such as large absorption and luminescent abilities in the 

narrow wavelength regions, high photo-stability, and environment-resistant emissive properties.2 

It is easy to modify BODIPYs by the introduction of substituents to its core structure. The emission 

color of BODIPYs can be tuned by modification. It was reported that aza-BODIPYs having 

nitrogen atoms on the meso-position instead of methylene bridge showed emission in longer 

wavelength region than common BODIPYs because of low-lying LUMO energy level. 3 One of 

the most famous aza-BODIPYs is tetraphenyl aza-BODIPY (TPAB) which show emission in the 

red region with high quantum yield (Figure 1). Recently, thiophene-subsituted aza-BODIPYs were 

reported (Figure 1).4 These BODIPYs showed emission in much longer wavelength regions than 

TPAB. These results could be derived from less steric hindrance and electron-donating properties. 

However, the quantum yields of these thiophene-substituted aza-BODIPYs were low. These results 

were supposed to be derived from heavy atom effect of sulfur atoms. 

Herein, the author designed the new aza-BODIPY to obtain NIR emission with high quantum 

yields. To avoid heavy atom effect, furan was chosen as the substituents instead of the thiophene 

or phenyl groups. Furan has five-membered ring and works as a donor unit. Therefore, introducing 
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of furan should be effective to realize strong NIR emission. For this purpose, two furanyl groups 

having aza-BODIPY 5 (Figure 2) was synthesized. 

 

 

 

Figure 1. Structures of tetraphenyl Aza-BODIPY, diphenyldithienyl Aza-BODIPY and 

tetrathienyl Aza-BODIPY.  

 

 

Figure 2. Structure of Aza-BODIPY 5 
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Results and Discussion 

The synthetic route of furan-substituted aza-BODIPY is outlined in Scheme 1. The products 

showed good solubility in the common organic solvents such as chloroform, THF, and ethanol. 

The structures of all compounds were confirmed by 1H and 11B NMR spectroscopies and ionization 

mass measurements (Figures 3 and 4). 

 

Scheme 1. Synthetic routes for 5 
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Figure 3. 1H NMR spectrum of 5 in CDCl3. 

 

Figure 4. 11B NMR spectrum of 5 in CDCl3. 
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To receive information on the electronic states of the synthesized compounds, the computer 

calculations were performed (Figure 5). The author optimized the geometries of aza-BODIPYs by 

the density functional theory (DFT). Compared to TPAB which has four phenyl groups on its aza-

BODIPY core, the steric hindrance was reduced in 5 which has two furanyl groups at the lower 

side of aza-BODIPY core. Accordingly, the expansion of conjugation with the decrease of band 

gap energy was proposed. Therefore, 5 was expected to show absorption and emission bands in 

longer wavelength regions than TPAB. 
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Figure 5. Structures and molecular orbital diagrams for LUMO and HOMO of 5 and TPAB 

calculated with DFT (B3LYP/6-31G(d)//B3LYP/6-31G(d)). 
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The UV−vis absorption and photoluminescence (PL) properties of 5 and TPAB are presented 

in Table 1. Figure 6 shows the absorption spectra of aza-BODIPYs in chloroform solution (1.0 

×10−5 mol/L). 5 showed sharp absorption band with the peak at 722 nm, and molar extinction 

coefficient was very large (ε  = 130,000  M–1cm–1). The absorption of 5 was in the NIR region. On 

the ohter hand, the absorption band of TPAB was obsereved in shorter wavelength region than 5. 

These data indicate that more effective expansion of conjugation can occur in 5 than TPAB. It is 

inplied that the furanyl groups could have less steric hindrance compared with 6-membered rings 

such for phenyl groups. Therefore, the bandgap energy of 5 decreased from TPAB, and red-shifted 

absorption band was obsereved. 

Figure 7 shows the emission spectra of 5 and TPAB in chloroform solution (1.0 ×10−6 mol/L). 

5 showed red-shifted emission band compared with TPAB. Although the emission band of TPAB 

was still in the visible region, the emission band of 5 was observed in the NIR region with the peak 

at 735 nm. Moreover, the quantum yields of both aza-BODIPYS were similar value. In the 

previous reports4, thiophene-substituted aza-BODIPYs have much lower quantum yields than 

TPAB because sulfur atoms of thiophene caused heavy atom effect. Furan-substituted aza-

BODIPY 5 is composed without heavy atoms. Therefore, the quantum yield of 5 should be 

maintained. 
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Figure 6. UV–vis–NIR absorption spectra of 5 and TPAB in CHCl3 (1×10–5 M). 

 

Figure 7. Photoluminescence spectra of 5 and TPAB in CHCl3 (1×10–6 M). 
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Table 1. UV–vis–NIR absorption and photoluminescence data for 5 and TPAB in CHCl3. 

 λabs. (nm) a ε  ( M–1cm–1) λPL (nm) b, c ΦPL
d 

5 722 130,000 735 0.87 

TPAB 649  86,000 676 0.77 

a Measured in CHCl3 (1.0×10–5 M). b Measured in CHCl3 (1.0×10–6 M). c 5 and TPAB were 

excited at 659 nm, 600 nm, respectively. d Reported TPAB (ΦPL = 0.77, in ortho-xylene) was used 

as a standard.3 

 

Conclusion 

Furan-substituted aza-BODIPY with strong and sharp NIR emission was developed. Compound 

5 showed strong emission band in near-infrared region with the peak at 735 nm and similar 

quantum yield with TPAB. These results were derived from introducing furanyl groups which 

have a heavy-atom free structure and less steric hindrance. From these results, introduction of 

furanyl groups could be an effective strategy to obtain strong emission in the NIR region with aza-

BODIPYs. 
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Experimental Section 

General: 1H (400 MHz) and 11B (128 MHz) NMR spectra were recorded on a JEOL JNM EX400 

spectrometer. 1H NMR used tetramethylsilane (TMS) as an internal standard in CDCl3, and 11B 

NMR spectra were referenced externally to BF3･OEt2 (sealed capillary). Analytical thin-layer 

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

chromatography was performed with Wakogel C-300 silica gel. UV–vis–NIR absorption spectra 

were recorded on a SHIMADZU UV-3600 spectrophotometer, fluorescence emission spectra were 

measured on a HORIBA JOBIN YVON Fluoromax-4P spectrofluorometer. 

Computational Details: The Gaussian 09 program package5 was used for computations of the 

compounds. The optimized structures was obtained by DFT calculation at the B3LYP/6-31G(d) 

level of theory.  

Synthesis of 1: 1 was prepared according to the previous report.6 2-Acetylfuran (4.6 mL, 45 mmol) 

was dissolved in methanol (300 mL). To the solution, benzaldehyde (4.6 mL, 45 mmol) followed 

by 5% aqueous NaOH solution (45 mL) was added. The reaction mixture was kept in stirred 

condition at room temperature for 12 h. Water (200 mL) was poured into the reaction mixture and 

the precipitated solid was filtered and washed with water (200 mL) to yield a white solid (7.8 g, 

89%). 1H NMR (CDCl3) : 7.89 (1H, d, J = 15.9 Hz), 7.67–7.64 (3H, m), 7.48–7.40 (4H, m), 7.36–

7.31 (1H, m), 6.60 (1H, dd, J = 3.7, 1.72 Hz).  

Synthesis of 2: A mixture of 1 (1 g, 5 mmol), nitromethane (14 mL, 25 mmol), and K2CO3 (14 

mg, 1.1 mmol) in ethanol (10 mL) was heated to reflux for 12 h. After cooling to room temperature, 



Chapter 5 

126 

the solvent was removed by a rotary evaporator, and the oily residue was dissolved in CH2Cl2 and 

washed with water. The combined organic layers were washed with brine, dried over magnesium 

sulfate and concentrated to give the target compounds as a dark brown oily residue (1.3 g, 96%). 

The obtained 2 was used for the next reaction without purification. 1H NMR (CDCl3) : 7.57–7.55 

(1H, m), 7.34–7.24 (5H, m), 7.18 (1H, dd, J = 3.6, 0.7 Hz), 6.52 (1H, m), 4.80 (1H, dd, J = 13.0, 

6.6 Hz), 4.69 (1H, dd, J = 13.0, 8.0 Hz), 4.22–4.14 (1H, m), 3.38–3.24 (2H, m)  

Synthesis of 3: 2 (1.3 g, 4.9 mmol) was dissolved in THF (25 mL) and methanol (50 mL) at room 

temperature, and NaOMe (1.3 g, 24 mmol) was added into the mixture. After 1 h the mixture was 

added dropwise to a solution of H2SO4 (15 mL) in methanol (50 mL) at 0 °C, following the solution 

was allowed to warm to room temperature and stirred for further 1 h. The resulting mixture was 

poured into water and ice (350 mL), and the solution was neutralized with aqueous 4 M NaOH. 

Then, the products were extracted with CH2Cl2. The combined extracts were washed with water 

and brine and dried over magnesium sulfate. The solvent was removed by a rotary evaporator to 

provide acetal compound as an oil, which was used in the next stage without further purification. 

The oil was treated with acetic acid (24 mL) and NH4OAc (0.96 g, 12 mmol), and the resulting 

solution was heated at 100 °C for 2 h. The reaction mixture was cooled to room temperature and 

poured into water and ice (100 mL) and carefully neutralized with aqueous 4 M NaOH. The 

resulting precipitate was collected by filtration and was dissolved in THF again. After drying over 

magnesium sulfate, the solvent was removed by a rotary evaporator to provide black solid. The 

residue was purified by column chromatogaraphy on silica with hexane/CH2Cl2 (2/3) as an eluent 
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(138 mg, 14%). 1H NMR (CDCl3) : 8.54 (1H, bs), 7.55 (2H, m), 7.38–7.33 (1H, m), 7.21–7.18 

(1H, m), 7.10–7.09 (1H, m), 6.74–6.73 (1H, m), 6.46–6.44 (1H, m), 6.41–6.40 (1H, m) HRMS 

(APCI) calcd. for C14H11NO [M＋H] : 210.0913, found 210.0910. 

Synthesis of 4: 3 (0.53 g, 2.53 mmol) was dissolved in ethanol (3.8 mL), acetic acid (0.96 mL) 

and acetic anhydride (0.39 mL). NaNO2 (87 mg, 1.3 mmol) dissolved in H2O (0.4 mL) was added 

into the mixture. The solution was stirred for 1 h. The resulting solution was extracted with CH2Cl2 

and washed with water. After drying over magnesium sulfate, the solution was concentrated to 

give the target compounds as a dark blue solid. The residue was purified by flash column 

chromatogaraphy on silica with CH2Cl2 (103 mg, 19%). 1H NMR (CDCl3) : 8.04 (2H, d, J = 7.3 

Hz), 7.67 (1H, d, J = 1.4 Hz), 7.42–7.35 (3H, m), 7.09 (1H, s), 7.05 (1H, d, J = 3.4 Hz), 6.64 (1H, 

dd, J = 3.5, 1.8 Hz). HRMS (APCI) calcd. for C28H20N3O2 [M＋H]  : 430.1550, found 430.1539.  

Synthesis of 5: 4 (0.43 g, 1 mmol) was dissolved in dry CH2Cl2 (35 mL). Triethylamine (1.5 mL) 

was added to the reaction mixture, and the resulting mixture was stirred under nitrogen atmosphere 

at room temperature for 15 min. Then BF3･OEt2 (1.9 mL) was added, and the mixture was stirred 

under nitrogen atmosphere at room temperature for 2 h. The resulting solution was extracted with 

CH2Cl2 and washed with water. After drying over magnesium sulfate, the solution was 

concentrated to give the target compounds as a dark green solid. The solid was purified by column 

chromatogaraphy on silica with hexane/CH2Cl2 (1/3) as an eluent and dissolved in small amount 

of THF, and the product was reprecipitated from methanol to give pure 5 as a brown solid (32 mg, 

6.7%). 1H NMR (CDCl3) : 8.08–8.05 (2H, m), 7.86 (1H, d, J = 3.6 Hz), 7.71 (1H, d, J = 1.7 Hz), 
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7.48–7.38 (3H, m), 7.34 (1H, s), 6.72 (1H, dd, J = 3.7, 1.7 Hz). HRMS (APCI) calcd. for 

C28H19BF2N3O2 [M＋H]: 478.1533, found 478.1531. 
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Chapter 6 

Synthesis of the Near-Infrared Light-Absorbing Polymer 

Based On Thiophene-substituted Aza-BODIPY 

 

ABSTRACT: The strong near-infrared (NIR) light-absorbing conjugated polymer was 

synthesized based on thiophene-substituted aza-BODIPY. From the optical measurements, it was 

revealed that the polymer showed the strong absorption band in the deep NIR region with the peak 

at 864 nm. The cyclic voltammetry (CV) analyses were performed to obtain information on 

HOMO and LUMO energy levels. The polymer had deep LUMO level (–4.01 eV), and this LUMO 

level was similar to the monomer. 
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Introduction 

Near-infrared (NIR) light absorbing materials are useful for various application such as 

photovoltaics, biological systems, and so on.1 Aza-BODIPYs which have nitrogen atom on their 

meso-position in the BODIPY structure are candidate for NIR dyes because they have absorption 

and emission in the long wavelength region.2 Recently, thiophene-subsituted aza-BODIPYs were 

reported, and they showed NIR absorption and emission.3 The author also reported furan-

substituted aza-BODIPY which showed strong NIR emission in chapter 5. 

To achieve deep NIR absorption by aza-BODIPYs, the extension of π-conjugation should be 

the effective method. Chujo et al. reported the conjugated polymers containing aza-BODIPYS in 

their main chain, and those polymers showed deeply red-shifted absorption and emission bands 

from their monomers.4 In this report4a, it was revealed that conjugation can be expanded more 

effectively by introducing comonomers at the bottom phenyl group. Moreover, several groups 

reported the conjugated oligomers in which thiophene-substituted aza-BODIPYs were connected 

to π-conjugated unit by the Pd-catalyzed coupling reaction.5  

In this chapter, the conjugated polymer including thiophene-substituted aza-BODIPY as main-

chain unit was designed and synthesized. The aza-BODIPY monomer for this polymer had four 

thiophenes on aza-BODIPY core and two bromines at bottom thiophenes. The polymerization was 

performed via the Pd-catalyzed Suzuki–Miyaura coupling reaction. The polymer showed the much 

red-shifted absorption band compared to that of the monomer. The peak in the absorption spectrum 

was at 864 nm in the THF solution, and the absorption range reached to more than 1000 nm.  
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Results and Discussion 

The synthetic route of the thiophene-substituted aza-BODIPY monomer (Br2-TTAB) is 

outlined in Scheme 1. 1 and 2 were produced quantitatively. However, during the reaction for 3, 

bromine atoms were removed easily. Since it was difficult to isolate 3, purification was performed 

after complexation of boron to obtain the dibromide monomer Br2-TTAB.  

The polymerization of the dibromo monomer (Br2-TTAB) with the fluorene copolymer was 

accomplished by the Pd-catalyzed Suzuki–Miyaura coupling reaction (Scheme 2). The polymer 

properties were determined from the GPC analysis toward polystyrene standards in THF (Mn = 

1,500, Mw/Mn = 3.4). 
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Scheme 1. Synthetic routes for the BODIPYs dibromide aza-BODIPY 

 

 

Scheme 2. Synthetic route for the aza-BODIPY polymer 
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The optical properties of the synthesized polymers were investigated. Tetrathienyl aza-BODIPY 

(TTAB, Figure 1a) and the monomer (Br2-TTAB) were also analyzed for the comparison. TTAB 

was prepared according to the previous reports.3 Figure 1b shows the UV–vis absorption spectra 

in THF (1.0 ×10−5 mol/L). Both TTAB and Br2-TTAB showed strong and sharp absorption 

bands around 750 nm derived from S0→S1 (π→π*) transition. The absorption of polymer 

p(TTAB-FL) was observed at longer wavelength region than TTAB and Br2-TTAB. Strong 

S0→S1 (π→π*) transition was observed in the NIR region with the peak at 864 nm. The peak 

wavelength was shifted over 100 nm compared to that of the monomer. This result indicates that 

conjugation should be expanded by the introduction of the fluorene copolymer. 

Next, the photoluminescence (PL) properties of products were measured. However, p(TTAB-

FL) showed almost no emission. TTAB and Br2-TTAB showed PL spectra with low quantum 

yields. These results should be induced by heavy atom effect according to the previous report.3 
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Figure 1. (a) Structure of Aza-BODIPY TTAB; (b) UV–vis–NIR absorption spectra of the 

products in THF (1×10–5 M). 

 

Table 1. Optical properties of the compoundsa 

 

λabs (nm) ε ( M–1cm–1) b 

TTAB 741 100,000 

Br2-TTAB 756 120,000 

p(TTAB-FL) 864  48,000 

aMeasured in chloroform (1.0 × 10−5 M). bMolar absorption coefficients of the absorption maxima. 
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To investigate the electronic states, the cyclic voltammetry (CV) analyses were performed. 

Figure 2 shows cyclic voltammograms of the synthetic products. All three compounds showed two 

reduction peaks. These results indicate that these BODIPY compounds can easily receive electron. 

Next, the LUMO energy levels were estimated from the onsets of the first reduction waves by 

empirical formula.6 Their HOMO energy levels were calculated with the LUMO energy levels and 

optical energy band gaps (Eg
opt) of the corresponding compounds (Table 2). The LUMO energy 

level of the polymer was very similar to the monomer and TTAB. However, Eg
opt of polymer was 

smaller than that of the monomer. Therefore, the HOMO energy level was elevated by the 

expansion of conjugation after polymerization. 
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Table 2. UV–vis absorption and electrochemical properties of the products. 

 λabs. (nm)a 
optical band gap 

(Eg
opt)/eVb 

Ered./Vc,d HOMO/eVe LUMO/eVf 

TTAB 741 1.61 –0.76 –5.65 –4.04 

Br2-TTAB 756 1.58 –0.69 –5.69 –4.11 

p(TTAB-FL) 864 1.27 –0.79 –5.28 –4.01 

a UV–vis spectra of TTAB, Br2-TTAB, and p(TTAB-FL) were measured in THF solution (c = 

1.0 ×10–5 mol/L). b The optical band gap estimated from the onset wavelength of the UV–vis 

spectra in THF. c CV was carried out in dichloromethane with 0.1 M Bu4NPF6 as supporting 

electrolyte.  d Ered is the onset potential of first reduction wave. e Calculated from LUMO and 

optical band gap (Eg
opt) of the synthesized compounds, HOMO = LUMO – Eg

opt (eV). f Calculated 

from the empirical formula, LUMO = – Ered – 4.80 (eV).6  
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Figure 2. Cyclic voltammograms of (a) TTAB, (b)Br2-TTAB, and (v) p(TTAB-FL) in 

dichloromethane (c = 1×10–3 M) with 0.1 M Bu4NPF6 as supporting electrolyte, AgCl/Ag as 

reference electrode, glassy carbon as working electrode, Pt as counter electrode, and scan rate at 

100 mV/s. 

  



Chapter 6 

140 

To receive more information about the electronic states of the synthesized compounds, the 

computer calculations were performed by the density functional theory (DFT). TTAB and FL-

TTAB-FL which is model of p(TTAB-FL) were calculated (Figure 3). It was clearly shown that 

all HOMOs and LUMOs delocalized through TTAB moieties. The HOMO of FL-TTAB-FL was 

spread to the fluorene units, however LUMO was spread within the TTAB section. These results 

should be derived from electron-donating character of the fluorene units. Therefore, the HOMO 

energy level of the polymer model was higher than that of TTAB. On the other hand, the LUMO 

energy level was similar. These results are corresponded to the results of CV. 
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Figure 3. Structures and molecular orbital diagrams for LUMO and HOMO of TTAB and FL-

TTAB-FL calculated with DFT (B3LYP/6-31G(d)//B3LYP/6-31G(d)). 
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Conclusion 

The deep NIR absorbing polymer was developed. In this chapter, thiophene-substituted aza-

BODIPY was chosen as a polymer unit to expand conjugation by introducing the π-conjugated 

unit via Suzuki–Miyaura coupling polymerization. The synthetic polymer showed strong 

absorption band in the region with the peak at 864 nm. Furthermore, the LUMO energy level of 

the polymer was revealed from CV measurements. The low-lying LUMO energy of thiophene-

substituted aza-BODIPY was maintained after polymerization. From these results, this NIR 

absorbing polymer could have potential for various applications. 
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Experimental Section 

General: 1H (400 MHz) and 11B (128 MHz) NMR spectra were recorded on a JEOL JNM EX400 

spectrometer. 11B NMR spectra were referenced externally to BF3·OEt2 (sealed capillary). 

Analytical thin-layer chromatography (TLC) was performed with silica gel 60 Merck F254 plates. 

Column chromatography was performed with Wakogel C-300 silica gel. UV–vis spectra were 

recorded on a Shimadzu UV-3600 spectrophotometer. Fluorescence emission spectra were 

recorded on a HORIBA JOBIN YVON Fluoromax-4 spectrofluorometer, and the absolute 

quantum yield was calculated by integrating sphere method on the HORIBA JOBIN YVON 

Fluoromax-4 spectrofluorometer in chloroform.  

Computational Details: The Gaussian 09 program package7 was used for computation. The 

author optimized the structures of BODIPYs in the ground S0 and excited S1 states with the density 

functional theory (DFT) at the B3LYP/6-31G(d)//B3LYP/6-31G(d) level. 

Synthesis of 1: 2-Acetyl-5-bromothioophene (5 g, 24 mmol) and 2-thiophenecarbaldehyde (2.7 

mL, 3.3 g, 29 mmol) was dissolved in methanol (300 mL). To the solution, aqueous KOH solution 

(200 mL, 2.5 M) was added dropwise at 0 °C. The reaction mixture was kept under stirred 

condition at room temperature overnight. After cooling down to 0 °C, the reaction mixture was 

filtered, and the precipitated solid washed with water at first and then hexane to yield a pale yellow 

solid (7.0 g, 96%). The obtained 1 was used for the next reaction without further purification. 1H 

NMR (CDCl3): 7.95 (1H, d, J = 15.1 Hz), 7.57 (1H, d, J = 3.9 Hz), 7.44 (1H, d, J = 5.1 Hz), 7.37 

(1H, d, J = 3.4 Hz), 7.14 (1H, d, J = 4.1 Hz), 7.13–7.06 (2H, m) ppm. HRMS (ESI): Calcd. for 
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[M+H] +, 298.9194; found, m/z 298.9188. 

Synthesis of 2: A mixture of 1 (10 g, 33 mmol), nitromethane (10 g, 9.0 mL, 0.17 mol), and K2CO3 

(92 mg, 0.67 mmol) were dissolved in ethanol (200 mL) and was heated to reflux for overnight. 

After cooling to room temperature, the solvent was removed by a rotary evaporator, and the oily 

residue was dissolved in CH2Cl2 and washed with water. The combined organic layers were 

washed with brine, dried over magnesium sulfate and concentrated to give the target compounds 

as a dark brown oily residue (11 g, 89%). The obtained 2 was used for the next reaction without 

further purification. 1H NMR (CDCl3): 7.45 (1H, d, J = 3.9 Hz), 7.21 (1H, dd, J = 4.5, 1.8 Hz), 

7.10 (1H, d, J = 4.2 Hz), 6.94–6.93 (2H, m), 4.76 (2H, dq, J = 46.9, 6.5 Hz), 4.52–4.45 (1H, m), 

3.36 (2H, ddd, J =22.8, 15.8, 5.7 Hz) ppm. HRMS (ESI): Calcd. for [M+Na]+,381.9178; found, 

m/z 381.9172. 

Synthesis of Br2-TTAB: A solution of 2 (11 g, 0.07 mol) and ammonium acetate (83 g, 1.1 mol) 

in ethanol (300 mL) was stirred at reflux temperature for 24 h. After cooling to room temperature, 

the solvent was concentrated to a half of its original volume by a rotary evaporator, and the 

suspension was filtered. The isolated solid was washed with ethanol to yield the crude intermediate 

as a dark blue solid. The crude solid (1.9 g) was dissolved in dry dichloromethane (260 mL). 

Triethylamine (3.1 g, 4.2 mL, 30 mmol) was then added to the solution, and the resulting mixture 

was stirred under argon atmosphere at room temperature for 20 min. After stirring for 20 min, 

BF3·OEt2 (6.4 g, 5.6 mL, 45 mol) was added and stirred under nitrogen atmosphere at room 

temperature for 16 h. The mixture was purified with flash column chromatography with 
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dichloromethane as an eluent. The silica gel column chromatography with 

hexane/dichloromethane (1:1) gave Br2-TTAB as a dark blue solid (84 mg, 0.81%). 1H NMR 

(CDCl3): 8.00 (2H, d, J = 4.2 Hz), 7.91 (2H, dd, J = 3.7, 1.0 Hz), 7.57 (2H, dd, J = 5.1, 1.0 Hz), 

7.21–7.19 (4H, m), 6.96 (2H, s) ppm. 11B NMR (CDCl3): δ = 0.93 (t, J = 31.3 Hz) ppm. HRMS 

(ESI): Calcd. for [M+H]+, 677.8415; found, m/z 677.8416. 

Synthesis of p(TTAB-FL): Water (1.4 mL) was added to the solution of Br2-TTAB (0.10 g, 0.15 

mmol), [9,9-bis(dodecyl)-9H-fluorene-2,7-diyl]bisboronic acid (87 mg, 0.15 mmol), Pd2(dba)3 

(1.3 mg, 1.5 µmol), S-Phos (2.4 mg, 5.9 µmol) and cesium carbonate (0.48 g, 1.5 mmol) in toluene 

(1.4 mL). The reaction mixture was stirred at 80 °C for 48 h under argon atmosphere and poured 

into a large amount of methanol to collect the polymer by filtration. The precipitate was dissolved 

in a small amount of THF, and then the product was reprecipitated from ethanol (twice). The 

polymer collected by filtration was dried in vacuum to give p(TTAB-FL) as a black solid (0.14 g, 

92%). Mn = 1,500, Mw/Mn = 3.4. 1H NMR (CDCl3): δ = 8.53–7.00 (18H, m), 2.31–1.82 (4H, m), 

1.43–0.50 (46H, m) ppm. 11B NMR (CDCl3): δ = 1.22 (t, J = 31.3 Hz) ppm. 
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Chapter 7 

Liquid Scintillators with Near Infrared Emission  

Based on Organoboron Conjugated Polymers 

 

ABSTRACT: The organic liquid scintillators based on the emissive polymers are reported. A 

series of conjugated polymers containing organoboron complexes which show the luminescence 

in the near infrared (NIR) region were synthesized. The polymers showed good solubility in 

common organic solvents. From the comparison of the luminescent properties of the synthesized 

polymers between optical and radiation excitation, similar emission bands were detected. In 

addition, less significant degradation was observed. These data propose that the organoboron 

conjugated polymers are attractive platforms to work as an organic liquid scintillator with the 

emission in the NIR region. 
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Introduction 

Scintillators which present a luminescence by absorbing radiation are versatile materials not 

only for quantifying an environmental radiation dose but also for using in the modern medical 

instruments. Development of higher-performance scintillators has been still required for advanced 

radiation monitoring such as highly-sensitive detection, precise quantification and discrimination 

of the radiation species.1 Most of conventional scintillators are composed of inorganic crystals, 

and the preparation for the crystals with low cost has been radically explored.2 Organic polymers 

are intrinsically cheap, light and flexible. In particular, polymers have high processability and film-

formability which are useful properties for the preparation of the plastic-type sensors. Moreover, 

color and other optical properties can be readily tuned by altering the chemical structures, the 

introduction of element blocks which are consisted of heteroatom-containing functional units or 

groups and the conjugation with various comonomers by employing an alternating copolymer 

structure according to the preprogrammed design.3 Thus, polymer-based materials are attractive 

candidates as a platform for developing new series of scintillators. However, even the number of 

all organic scintillators is much fewer than those of inorganic ones. Although polymers have been 

used as a matrix in hybrid material-based scintillators or mixture systems, the polymer-based 

scintillator with the single chemical component is still very few.4,5 Especially, the scintillation 

emissions were observed in the different wavelength regions from the photoluminescence spectra. 

This fact means that it is still difficult to obtain the scintillation emission at the desired emission 

wavelength. In addition, there are much room to explore systematic information on the 
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relationships between chemical structure and scintillation ability. To probe the feasibility of 

organic materials as a scintillator, fundamental information on the optical properties should be 

needed. The comparison study on the luminescence by the photon excitation and the radiation 

irradiation should be essential for receiving expected scintillators based on the molecular design. 

Because of the high permeability through air and aqueous media involving vital organs, the NIR 

is applied in the sensing technology.6 The probes with the NIR emission can present the signal at 

the relatively-deeper spot inside bodies comparing to commodity fluorescence materials. 

Therefore, the development of efficient NIR-emissive materials is still a topic with high relevance.7 

Versatility of organoboron conjugated polymers have been revealed from a series of the recent 

works as a typical example of element blocks.3,8 Particularly, various NIR-emissive molecules and 

polymers have been reported.9 For example, it was found that the boron di(iso)indomethene-

containing polymers presented strong emission in the NIR region.10 Especially, the sharp emission 

bands were observed in the spectra. These properties are feasible for obtaining vivid color from 

the display and for improving the sensitivity in the bioimaging usages. As another instance, the 

NIR-emissive boron dipyrromethene (BODIPY) was introduced into the polymer main-chains.9,11 

Since the resulting polymers also showed high electron-carrier ability, the application of these 

polymers to the electroluminescent devices progresses.11 Based on the flexibility in the molecular 

design and various functions derived from a variety of chemical structures, unique characteristics 

were obtained. Thus, it can be expected that organoboron polymers are a promising platform for 

producing a new series of advanced scintillators.  
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Herein, the NIR-emissive organoboron conjugated polymers were synthesized. Particularly, the 

author aimed to obtain the similar emission spectra from the polymer solutions with both photo- 

and X-ray excitations. To fulfill the purpose of this research, the comparison study of the optical 

properties of the synthesized conjugated polymers with the optical and radiation excitation was 

performed. Emission efficiencies and the decay times were evaluated. In addition, the stability was 

also investigated. The structure-property relationship for the application to organic scintillators is 

mainly discussed. 

 

Results and Discussion 

It has been reported that the tetraphenyl-substituted BODIPY and aza-BODIPY derivatives 

showed bright emissions in deep-red and NIR regions due to the narrow band gaps (Scheme 1).9,11 

At the meso-position in the BODIPY derivatives, the lowest unoccupied molecular orbital 

(LUMO) was often delocalized.12 Thereby, by replacing the CH at the meso-position to N, only 

the energy level of LUMO can be lowered, leading to the red-shifted emission.9,11 In this study, 

the author aimed to evaluate the influence of this modification of chemical structures on the 

scintillation ability. The sharp emission spectra are advantageous for a sensing material. Especially, 

it was presented from the recent paper that these BODIPYs can have high electron-carrier 

abilities.11 Thus, it is presumed that the side-reactions or the deactivation of the excitons generated 

by the higher-energy light irradiation might be suppressed, resulting in efficient scintillation. 

However, free BODIPYs would readily form aggregation even in the diluted solution state. 
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Therefore, the chemical modification to maintain solubility should be needed to keep the 

homogeneous solution state. One of solves to improve solubility is the formation of the polymers. 

Particularly, by introducing into alternating polymers, the tunability of the electronic states as well 

as the enhancement of solubility can be expected. Thus, the author designed the BODIPY-

containing alternating polymers with alkyl-substituted fluorene which has a superior property for 

enhancing solubility and light-absorption ability. 

The monomers were prepared according to the previous report.11 The polymerization with 

fluorenyldiboronic acid via Suzuki–Miyaura coupling is illustrated in Scheme 1. To maintain the 

solubility of the products, the 9-position at the center of the fluorene unit was modified with the 

alkyl chains. After the reaction and reprecipitation from methanol to remove the metal species and 

small molecules derived from the monomers, the products were obtained. A series of 

measurements were performed to characterize the products (Table 1). The number-average 

molecular weight (Mn) and polydispersity index (Mw/Mn) of the polymer determined from GPC 

analysis were evaluated, and the values of degree of polymerization (DP) were calculated from the 

obtained molecular weights. The polymer showed moderate solubilities in conventional organic 

solvents such as chloroform, dichloromethane, and THF. From the 1H and 11B NMR spectra, 

similar signal patterns involving aza-BODIPY and the fluorene units in the polymer were obtained. 

The author concluded that the polymers should have the designed structures as the author expected. 
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Scheme 1. Synthetic scheme of the polymersa 

 

aReagents and conditions: (a) [9,9-Bis(2-ethylhexyl)-9H-fluorene-2,7-diyl]bisboronic acid, 

Pd2(dba)3, S-Phos, cesium carbonate, toluene, 80 °C, 3 d, (PC: 96%, PN: 85%). 

 

Table 1. Physical properties of the polymersa 

 PC PN 

Mn 4,300 7,700 

Mw/Mn 2.0 2.0 

DPb 4.9 8.7 

Yield (%)c 85 96 

a Estimated by size-exclusion chromatography (SEC) based on polystyrene standards in 

chloroform. b Degree of polymerization estimated by number-average molecular weight. c Isolated 

yields after precipitation. 
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The optical properties of the synthesized polymers were investigated. Figure 1 shows the UV–

vis absorption spectra in toluene. The results are summarized in Table 2. The largest absorption 

bands with the peaks at 610 nm and 703 nm assigned to the π-π* transitions at each complex were 

observed from PC and PN, respectively. Comparing the peak positions of the absorption bands to 

those of the monomers (MC: 579 nm, MN: 664 nm), the polymers provided the absorption in the 

red-shifted regions.11 These results indicate that the main-chain conjugation should be expanded 

in the ground state. In addition, the similar peak shapes were observed from the solutions. The 

unexpected inter-chain interaction or aggregation could be suppressed in the samples. For the 

measurements with the optical excitation, the samples were irradiated with the light at the 

absorption maxima. 

Photoluminescence (PL) spectra were gathered with the solutions containing the synthesized 

polymers in toluene (Figure 2). The optical properties are summarized in Table 2. Typical spectra 

were obtained from the measurements. Emission bands with the peaks at 654 nm and 750 nm 

attributable to the S0−S1 (π-π*) transition were obtained from PC and PN, respectively. These data 

mean that the polymers should be NIR-emissive materials. The peak shifts to the longer 

wavelength regions than those in each monomer were also observed (MC: 613 nm, MN: 694 

nm).11 These data indicate the elongation of the conjugation system through the polymer main-

chains in the excited state. The emission lifetimes were measured (Table 2). The kinetics of the 

emission were evaluated from the time-resolved luminescent spectra. The lifetimes were 

calculated from the fitting curves to the emission decay. It was confirmed that the emissions of the 
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synthesized polymers should be assigned as fluorescence. 

Scintillation emission spectrum under X-ray irradiation is shown in Figure 2. X-ray induced 

radioluminescence spectra of the polymers were evaluated by using the original setup.13−17 All 

samples containing 10−5 µM in toluene (10 mL) were sealed into a glass columnar bottle (height: 

4.5 cm, bottom diameter 1.5 cm), and X-ray was irradiated from the bottom. The emission bands 

were observed in the deep red and NIR regions. These data represent that the synthesized polymers 

should have the scintillation ability in the solution states. In particular, the emission peaks were 

obtained at 662 nm and 752 nm from PC and PN, respectively. It is noteworthy that the similar 

spectra were obtained with the PL spectra. The scintillation decay time profile of the synthesized 

polymers was measured. The time profiles were well reproduced by a double exponential 

assumption. Deduced decay times are listed in Table 2 and showed good correlations to those from 

the PL data. These results strongly support that the scintillation from the synthesized polymers 

should originate from the S0−S1 (π-π*) transition. In other words, the scintillation properties can 

be estimated by the PL spectra. In addition, to evaluate the durability against the X-ray irradiation, 

the author measured the PL spectra again, and similar spectra were obtained from each polymer 

solution. This result means that the degradation in both polymer samples hardly occurred after the 

radiation irradiation (360 Gy). It is implied that the synthesized polymers could have stability 

enough for the application as a scintillator. So far, there are very few scintillators involving 

inorganic materials with the emission in the NIR regions. Thereby, it is difficult to directly compare 

and quantitatively evaluate the scintillation ability to the previous materials at this stage. It is 
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implied that these materials can be used as a standard for evaluating the scintillation ability in the 

NIR region. 

 

Table 2. Photophysical properties of the polymersa 

 PC PN 

λAbs,max (nm) 610 703 

ε (M−1cm−1) 52,000 42,000 

λPL,max (nm)b 654 750 

ΦPL
c 0.47 0.028 

λX-ray,max (nm) 662 752 

τPL (ns)d 1.64 (0.04), 4.23 (0.96) 1.92 

τX-ray (ns) 0.46 (0.90), 2.91 (0.10) 0.36 (0.88), 2.22 (0.12) 

a Measured in toluene (1.0 × 10−5 M). b Measured with the excitation light at the maximum peak 

wavelength of absorption. c Absolute quantum yield. d Measured with the excitation light at 375 

nm. Parentheses mean the proportions of each element in the decay curves. 
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Figure 1. UV‒vis absorption spectra of the polymers in toluene (1.0 × 10−5 M). 

 

 

Figure 2. Emission spectra of the polymers in toluene (1.0 × 10−5 M) with the excitation light 

at the wavelength of the absorption maxima (dot line) and X-ray (solid line).   



Chapter 7 

159 

Conclusion 

The conjugated polymers with the similar emission spectra via both photo- and X-ray 

excitations were demonstrated in this study. The fundamental information on the scintillation 

abilities of the organoboron NIR-emissive polymers is also presented. It is shown that the 

organoboron-containing conjugated polymers can work as a liquid scintillator in the organic 

solvent. It should be emphasized that the scintillation properties showed good correlation to the 

luminescence by the optical excitation. These facts represent that an expected scintillation ability 

could be obtained according to the preprogrammed design. Furthermore, organoboron materials 

involving polymers are paid attention as a neutron-selective scintillator due to the intrinsic 

reactivity of boron to neutron. Therefore, the findings described here might be useful not only for 

developing organic-based advanced functional scintillators but also for constructing neutron-

selective sensors. 

 

Experimental section 

General: 1H (400 MHz), 13C (100 MHz), and 11B (128 MHz) NMR spectra were recorded on a 

JEOL JNM-EX400 spectrometer (JEOL Ltd., Tokyo, Japan). In the 1H NMR spectra and the 13C 

NMR spectra, tetramethylsilane (TMS) was used as an internal standard in CDCl3 and CD2Cl2, 

respectively. In the 11B NMR spectra, BF3·OEt2 (sealed capillary) was used as an external standard. 

MASS spectra were obtained on a JEOL JMS–SX102A. Recyclable preparative high-performance 
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liquid chromatography (HPLC) was carried out on a Japan Analytical Industry Model LC918R 

(JAIGEL-1H and 2H columns) using chloroform as an eluent (Japan Analytical Industry Co., Ltd., 

Tokyo, Japan). The number-average molecular weight (Mn) and the molecular weight distribution 

[weight-average molecular weight/number-average molecular weight (Mw/Mn)] values of all 

polymers were estimated by size-exclusion chromatography (SEC), performed on a TOSOH 

G3000HXI system equipped with three consecutive polystyrene gel columns [TOSOH gels: 

α−4000, α−3000, and α−2500] and an ultraviolet detector at 40 °C (TOSOH Corp., Tokyo, Japan). 

The system was operated at a flow rate of 1.0 mL/min with CHCl3 as an eluent. The system was 

calibrated with polystyrene standards. UV–Vis spectra were recorded on a Shimadzu UV−3600 

spectrophotometer (Shimadzu Corp., Kyoto, Japan). Fluorescence emission spectra were recorded 

on a HORIBA JOBIN YVON Fluoromax−4 spectrofluorometer, and the absolute quantum yield 

was calculated with the integrating sphere on the HORIBA JOBIN YVON Fluoromax−4 

spectrofluorometer in chloroform (HORIBA, Ltd., Kyoto, Japan). Photoluminescence (PL) 

lifetime was measured by a Horiba FluoreCube spectrofluorometer system and excitation was 

carried out at 375nm using UV diode laser (NanoLED 375 nm). Elemental analysis was performed 

at the Microanalytical Center of Kyoto University. 

 X-ray induced radioluminescence spectrum of PC was evaluated by using the original setup.13,14 

The excitation source was an X-ray generator supplied with 80 kV bias voltage and 2.5 mA tube 

current. Scintillation photons were fed into a monochromater (SR163, Andor) via optical fiber and 

into CCD (DU-420-BU2, Andor). Radioluminescence was evaluated by a transmission-type 
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measurement assuming actual applications. Then, scintillation spectrum of PN was evaluated by 

using pulse X-ray equipped streak camera system for scintillation characterization which was also 

developed by us and became a product of Hamamatsu.15,16 The mean and maximum end point 

energy of X-ray were 20 and 30 keV, respectively. Although the system was developed to evaluate 

timing property, we used it to observe scintillation spectrum since the wavelength sensitivity of 

the CCD for radioluminescence observation was up to 700 nm. By using pulse X-ray equipped 

afterglow characterization system17, we evaluated scintillation decay time profiles. All samples 

containing 10−5 µM in toluene (10 mL) were sealed into a glass columnar bottle (height: 4.5 cm, 

bottom diameter 1.5 cm), and X-ray was irradiated from the bottom. 

Synthesis of PC: Water (2.2 mL) was added to the mixture containing MC11 (0.17 g, 230 µmol), 

[9,9-bis(2-ethylhexyl)-9H-fluorene-2,7-diyl]bisboronic acid (0.11 g, 230 µmol), Pd2(dba)3 (2.1 mg, 

2.3 µmol), S-Phos (3.7 mg, 9.2 µmol), and cesium carbonate (0.75 g, 2.3 mmol) in toluene (2.2 

mL). The mixture was stirred at 80 °C for 3 days under nitrogen atmosphere. After the reaction, 

the mixture was poured into an excess amount of methanol to collect the polymer as a precipitation 

by filtration. The precipitate was dissolved again in a small amount of THF, and then the product 

was reprecipitated from ethanol. After this reprecipitation procedure was carried out twice, the 

polymer was collected by filtration and dried in vacuo to give PC as a dark blue solid (0.17 g, 

85%). Mn = 4,300, Mw/Mn = 2.0. 1H NMR (CDCl3): δ = 8.11 (4H, br) 7.87−7.32 (21H, m) 6.83 

(2H, br) 2.08 (4H, br) 1.00−0.33 (30H, m) ppm. 11B NMR (CDCl3): δ = 1.81 (t, J = 31.30 Hz) ppm. 

Synthesis of PN: PN was prepared from MN11 (0.62 g, 0.84 mmol) in 96% yield (0.71 g, black 
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solid) according to the same method for PC. Mn = 7,700, Mw/Mn = 2.0. 1H NMR (CDCl3): δ = 

8.59−7.27 (24H, m) 6.99 (2H, br) 1.85 (4H, br) 1.06−0.28 (30H, m) ppm. 11B NMR (CDCl3): δ = 

0.91 (t, J = 31.50 Hz) ppm. 
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