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1.1 π-Conjugated Polymers 

Historically, polymers were used as insulators and dielectrics because of the lack of 

mobile electrons. For this reason, they possessed inefficient conductivity. Still, π-conjugated 

polyenes with alternating double and single bonds were theoretically conductive. In 1958, Natta 

synthesized polyenes (polyacetylenes) by polymerizing acetylene using a Ziegler-Natta 

catalyst,1 but they were unstable, insoluble, and infusible; therefore, they were not studied for 

a long time. In 1977, Shirakawa et al. reported that a synthesized polyacetylene film exhibited 

high conductivity owing to chemical doping. 2–4 

Although polyacetylene exhibits high electrical conductivity, it is highly susceptible to 

degradation by oxygen and moisture, and thus its use is not practical. In recent research on 

electrically conductive polymers, π-conjugated polymers including poly(p-phenylene), poly(p-

phenylene vinylene), and polyfluorene polycarbazole, polypyrrole, and polythiophene have 

been widely employed because of their aromatic main chains that are highly resistant to 

oxidation in air. 5–10 

Polypyrrole is stable in air and can be polymerized in aqueous solutions; hence, it has 

been used in polymer solid electrolytic capacitors and biosensors.11,12 Additionally, 

polythiophene has been used in organic photovoltaics (OPVs),13–15 organic field-effect 

transistors (OEFTs), 16–18 and sensor materials 19 owing to its thermal and environmental 

stabilities. Polyphenylene, polyfluorene, and polycarbazole have been used in organic light-

emitting diodes (OLEDs) 20, 21–24, 31,32 and organic memory devices 25-30, 33, 34 because of their 

high fluorescence quantum yields, thermal stabilities, and hole mobilities in addition to 

possessing good solubilities in common organic solvents (Figure 1-1). 

In addition to their oxidation stability, π-conjugated polymers with aromatic main 

chains are lightweight. They have been used in processes such as coatings while contributing 

to the miniaturization, weight reduction, and performance enhancement of electronic devices.35 
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When combined with printing technology, they will bring about a significant revolution in 

printable electronics, a bottom-up technology different from conventional electronic device 

fabrication technology. 36–38 

π-conjugated polymers usually possess alkyl groups on their side chains, which 

increase their solubility in common organic solvents. However, despite a long alkyl chain, π-

conjugated polymers aggregate due to the strong π-π stacking interaction. This leads to the 

deterioration of the electrical and fluorescent properties.39,40 There is a need for technology for 

molecularly oriented π-conjugated polymers. Nanoconfinement strategies have been proposed 

to achieve the molecular orientation of conjugated polymers. For example, π-conjugated 

polymer-containing block copolymers (conjugated BCP) have been employed to create 

microphase-separated structures, in which the π-conjugated polymer chains are confined and 

arranged in the microdomain. Furthermore, polymer blending and electrospinning approaches 

have been used to achieve molecular orientation. 41–44 

 

 

Figure 1-1. π-Structures of conjugated polymers and their applications. 

 

  

polycarbazolepoly(p-phenylene)polythiophenepolypyrrole polyfluorene
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1.2 π-Conjugated Polymer-Containing Block Copolymers 

1.2.1 Electronic Devices Based on π-Conjugated Polymers 

Among the methods used to molecularly orient π-conjugated polymers, the use of BCP 

is highly attractive. BCPs consist of two or more covalently linked polymers, which generally 

exhibit self-assembly properties. The solubility differences of the polymer segment cause them 

to spontaneously repel each other, resulting in micellar aggregates in a selective solvent and 

microphase-separated structures in the solid state.45–48 The microphase separation of BCP has 

been widely studied for application in next-generation nanotechnology because it can construct 

dense periodic structures at the nanometer scale. 49–52 The conjugated BCPs are composed of π- 

(rigid “rod segment”) and non-π-conjugated polymers (flexible “coil segment”). Among the 

BCPs, conjugated BCPs provide self-assembled structures different from conventional coil-coil 

BCPs because of the π–π stacking interaction and chain rigidity. 53–58 The device applications 

of conjugated BCPs have been reported in recent years.59 

Chen et al. have created OFET consisting of a BCP of poly(3-hexylthiophene) (P3HT) 

and syndiotactic polypropylene (sPP). They measured the field-effect mobility of this device 

and found that it was 30-fold higher than that of homo P3HT. This was due to the self-assembly 

of BCPs, which improved the packing of the P3HT segments (Figure 1-2A).60 

Segalman et al. reported that BCPs composed of poly(diethylhexyloxy-

phenylenevinylene) (PPV) and poly(vinyl oxadiazole) (OX) self-assembled into lamellar 

structures with microphase-separated structures both parallel and perpendicular to the electrode 

(Figure 1-2B). Furthermore, OLED devices fabricated from this BCP showed 2.7 times higher 

efficiency and brightness than OLEDs made from pure PPV or a blend of two similar 

homopolymers. The improved performance with microphase separation mainly resulted from 

the maximum effective interfacial area between the electron-and hole-transporting domains, 

which facilitated exciton formation.61 
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Fréchet et al. used a BCP consisting of P3HT and perylene diimide (PDI) as a 

compatibilizer for the P3HT and PDI blend as the active layer of OPVs (Figure 1-2C). They 

measured the external quantum efficiency (EQE) of the OPVs with and without the 

compatibilizer and found a 3% increase compatibilizer was used. Adding the compatibilizer to 

the mixture of P3HT and PDI reduced the interfacial tension and decreased the domain size.62 

Conjugated/elastic BCPs that combine π-conjugated polymers with elastic materials, are 

expected to be used in stretchable modern electronic devices for stretchable transistors, 63–66 

memories, 67–71 sensors,72,73 and their integrated devices. 74–79 For example, Higashihara et al. 

reported triblock copolymers of P3HT/polyisobutylene (PIB),80 and Chen et al. reported diblock 

and triblock copolymers of P3HT/poly(δ-decanolactone) (PDL) and diblock copolymers of 

PF/PDL as stretchable OFETs (Figure 1-3A, 3 B, and 3C).18,29 In addition, Kuo et al. reported 

that diblock copolymers of PF/polybutyl acrylate (PBA) and diblock copolymers of PF/PDL 

are efficient touch-responsive OLEDs with mechanical durability (Figure 1-3C and 3D).24,81 

As described above, conjugated BCPs dramatically improve the device performance over π-

conjugated homopolymers by controlling the polymer orientation through self-assembly. 

Moreover, conjugated/elastic BCPs that combine π-conjugated polymers with elastic materials 

possesing mechanical strength made it possible to create stretchable electronic devices that 

maintain their respective properties. 
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Figure 1-2. Electronic devices using P3HT and PPV-containing block copolymers. 

 

Figure 1-3. Stretchable electronic devices using conjugated BCPs. 

dsPP(200)：
7.23 Å

dsPP(020)：
5.61 Å

dP3HT(100)：
16.20 Å

dP3HT(010)：
3.82 Å

P3HT-b-sPP

ITO/Gass

PPV-b-OX

(A)

(B)

P3HT-b-PDI

(C)

Si substrate

SiO2

PDLs-b-P3HT-b-PDLs

Au Au

Si substrate

SiO2

PF-b-PDLs

Au Au

n-type

Polyurethane
Electron transport layer

PF-b-PDLs

Ag + PET

PIB-b-P3HT-b-PIB

PDLs-b-P3HT-b-PDLs

P3HT-b-PDLs

PF-b-PDLs

PF-b-PBA

PF-b-PDL

polymer fiber

(A) (B)

(C)

(D)

(E)



Chapter 1 

 

- 7 - 

 

1.2.2 Synthesis of π-Conjugated Polymer-Containing Block Copolymers 

There are two ways to synthesize π-conjugated polymer-containing BCPs, the coupling 

and the macroinitiator method. In the coupling method, a pair of end-functionalized polymers 

are synthesized first and then linked by an end-to-end coupling reaction. The examples include 

condensation reactions such as esterification, and addition reactions, for instance, copper-

catalyzed azido-alkyne cycloaddition and thiol-ene reaction (Figure 1-4A).82–94 This approach 

requires one reactant in excess to complete the reaction, making it difficult to isolate the product.  

The macroinitiator method involves the advance synthesis of end-functionalized 

polymers and their use as initiators to elongate another polymer. This is extremely useful from 

a practical point of view because it avoids tedious purification to remove unreacted components. 

The macroinitiator approach using π-conjugated polymers as the macroinitiator (rod-type 

macroinitiator method) is limited to the combination of atom transfer radical polymerization 

(ATRP),95–98, anionic ring-opening polymerization (ROP),99,100 and reversible addition-

fragmentation chain transfer (RAFT) polymerization 101 (Figure 1-4B). More complex polymer 

architectures, including rod-coil-rod triblock copolymers, are also inaccessible through the rod-

type macroinitiator method. Furthermore, the rod-type macroinitiator method often has low 

solubility in organic solvents, making it challenging to grow coil segments. 102–105 

In contrast, the coil-type macroinitiator method has a high solubility in organic 

solvents, making it easier to grow the rod segment. Therefore, the coil-type macroinitiator 

method effectively overcame the limitations of the rod-type macroinitiator method. The coil-

type macroinitiator method provides a convenient synthesis route for complex polymer 

structures, such as conjugated triblock, star, and graft copolymers, which previously required 

multiple synthetic steps to construct (Figure 1-4C). 

As mentioned, the performance of polymeric electronic devices based on conjugated 

polymers can be dramatically improved by molecularly orienting the π-conjugated polymer 
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chains by the BCP self-assembly. It has been reported that the self-assembling structure varies 

depending on the architecture of the BCPs, which is remarkable from an academic point of 

view,18,29,106 and it is expected that future research will focus on the relationship between 

polymer architectures and self-assembly properties. The conjugated BCPs had been synthesized 

by either the polymer-polymer coupling method or the macroinitiator method. A well-controlled 

polymerization system to produce well-defined π-conjugated polymers is essential, independent 

of the methods used.   

 

 

Figure 1-4. Synthesis of conjugated BCPs using approaches (A) coupling method, (B) rod-type 

macroinitiator method, and (C) coil-type macroinitiator method.  
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1.3 Controlled Polymerization of π-Conjugated Polymers 

Synthesis methods of π-conjugated polymers can be broadly classified into two types, 

electrolytic and chemical polymerization. In the electrolytic polymerization method, monomers 

are oxidized or reduced on the electrode surface for polymerization, and chemical doping is 

performed. 107–110 As a result, polymer properties, including film thickness and doping amount, 

can be controlled by monomer concentration, electrolyte composition, the magnitude of applied 

voltage, and temperature. The main drawback of this method is the narrow application range of 

copolymerization.111,112 

Chemical polymerization methods can be classified into chain- and step‐growth 

polymerization according to the polymerization mechanism. 

In step‐growth polymerization, π-conjugated polymers are synthesized by elementary 

reactions, including aromatic nucleophilic substitution,113–116 aromatic electrophilic 

substitution,117,118 transition metal-catalyzed coupling,119–127 and oxidative coupling reactions. 

128,129 Transition-metal-catalyzed coupling reactions (Suzuki-Miyaura coupling, Kumada-

Tamao-Corriu coupling, and Negishi coupling) have shown exceptionally high reactivity and 

selectivity under mild conditions, and many π-conjugated polymers have been synthesized 

using this approach.  

A variety of bifunctional monomers including aryl halide and arylboronic acid for 

Suzuki–Miyaura coupling, aryl halides, and aryl magnesium halides for Kumada–Tamao–

Corriu coupling, and aryl halide and aryl zinc halide for Negishi coupling are commercially 

available and relatively easy to design and prepare. These bifunctional monomers are used to 

synthesize π-conjugated polymers through metal-catalyzed coupling reactions. The reaction 

must proceed quantitatively to obtain a high-molecular-weight material, and high-purity 

monomers must be used to ensure the 1:1 stoichiometry of the two monomers. The number of 
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reactive groups in the polymerization system decreases as the step‐growth polymerization 

progresses, and intramolecular reactions of the linear polymer occur to produce cyclic 

polymers.130–132 Therefore, it is challenging to synthesize polymers with distinct terminal 

structures in step-growth polymerization. Overall, it has been challenging to obtain π-

conjugated polymers with well-defined structures and synthesize conjugated BCPs through a 

step-growth polymerization approach. 

Chain-growth polymerization is advantageous for producing high molecular weights 

in a short time because the activated monomer reacts to the growing chain end promptly, one 

after another.133,134 The precise synthesis of π-conjugated polymers is possible by using chain-

growth polycondensation.  

Conversely, McCullough and Yokozawa (2004) independently reported the precise 

synthesis of P3HT with high stereoregularity by Ni-catalyzed polymerization of a Grignard-

type thiophene monomer.135–137 The polymerization mechanism involves the transmetalation of 

two molecules of a Grignard-type thiophene monomer and a Ni catalyst to form a C–Ni–C bond. 

The Ni catalyst immediately reduces the dissociation and oxidation between the intramolecular 

C–Br bonds because of the weak C–Ni–C bond while being attracted to the electrons of the 

thiophene ring. The thiophene dimer generated in this reaction serves as the initiating species, 

and the condensation reaction proceeds via repeated transmetalation, reductive desorption, and 

oxidative addition. Notably, the Ni catalyst was inserted between the C and Br bonds of the 

same molecule without diffusion (Scheme 1-1). Therefore, the polymerization proceeds in a 

chain-growth rather than a step-growth manner, and this polymerization is known as catalyst-

transfer chain polycondensation (CTP). In this polymerization method, all thiophene repeating 

units are bonded in a head-to-tail fashion, except the α-end, resulting in P3HT with high 

regioregularity. 
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CTPs based on Kumada–Tamao–Corriu coupling (KCTP) and Suzuki–Miyaura 

reaction (SCTP) 138–147 were previously reported; however, a variety of CTPs based on various 

coupling reactions have recently been described, for example, Negishi coupling,148–151 

Murahashi coupling,152 Migita–Kosugi–Stille coupling,153,154 and Sonogashira–Hagihara 

coupling.   

 

Scheme 1-1. Polymerization mechanism of KCTP 
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There are still many challenges and limitations associated with chain-growth 

polycondensation. Owing to the high reactivity and low functional group tolerance of Grignard 

reagents, it is challenging to introduce reactive groups, such as hydroxyl and amino groups, to 

the polymer chain ends. Therefore, monomers containing milder transmetalating agents than 

the Grignard reagents are required during polymerization. The organotin reagent (X–Ar–SnR3) 

is probably the mildest coupling method used to date, although tin byproducts are toxic. 

Organoboron reagents have received increasing attention due to their excellent functional group 

tolerance and environmentally friendly by-products. 

In 2006, Yokozawa et al. reported the first example of the chain-growth polymerization 

of fluorene monomer using the Suzuki–Miyaura coupling reaction.141,142 Hu et al. synthesized 

end-functionalized PF by SCTP of a pinacolboronate-type fluorene monomer using 

iodobenzene para-substituted derivative (R–Ar–I)/Pd2(dba)3/t-Bu3P as the initiator.156–161 In the 

SCTP polymerization mechanism, the Pd-aryl complex of the initiator and the pinacolboronate-

type fluorene monomer are transmetalated. The reductively desorbed Pd catalyst is attracted 

onto the electrons of the fluorene ring. At the same time, oxidative addition occurs between the 

intramolecular C–Br bonds, resulting in PF with an initiating terminal residue (Scheme 1-2). 
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Scheme 1-2. Polymerization mechanism of SCTP 

 

 

It is challenging to obtain hetero-π-conjugated polymers under the reported conditions 

using the SCTP method because of the progressive protodeboronation of heteroaromatic 

boronic acid monomers (Scheme 1-3).162,163 For example, SCTP of pinacolboronate-type 

thiophene monomers produces polymers with wide dispersity. This is due to the competition 

between polymerization and protodeboronation.164 This protodeboronation reaction is 

promoted by water and a base in the reaction mixture, although they are essential components 

for the coupling reaction. 

Boronic acid C–B bonds are completely covalent and inert. 165–171 Nevertheless, by 
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adding a base to form a tetracoordination art complex, the nucleophilicity of the organic group 

increases, and transmetalation to the transition metal–X bond occurs. For this reason, the 

Suzuki–Miyaura coupling reaction must be carried out in the presence of a base. The use of 

trifluoroborate (RBF3K), trihydroxyborate sodium salt (RB(OH)3Na), triisopropylboronate 

(RB(Oi-Pr)3Li), and tetraaryl borate (Ar4B) has made it possible to carry out the Suzuki-

Miyaura coupling reaction without a base. Many limitations still need to be addressed for 

synthesizing boronic acid derivatives (Figure 1-4).172–175 Therefore, organoboron reagents do 

not require the addition of a base during the Suzuki-Miyaura coupling reaction and are easy to 

prepare. 

 

Scheme 1-3 Base catalyzed protodeboronation of thiophen boronic acids 

 

 

 

Figure 1-4. Most common boronates used in Suzuki–Miyaura coupling reaction. 
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1.4 Triolborate Salt 

Miyaura and Yamamoto developed a triolborate salt soluble in organic solvents and 

stable in air and water. Triolborate salts can be easily synthesized from boronic acid or boronic 

acid ester (Scheme 1-4).176,177 The Suzuki–Miyaura coupling reaction using triolborate salts 

proceeds even without the addition of water and base. It has also been reported that triolborate 

salts show high reactivity to heteroaromatic compounds, which are usually inactive for the 

Suzuki–Miyaura coupling reaction (Scheme 1-5).178 As described above, triolborate salts 

provide higher nucleophilicity to the organic group than other boronic acid derivatives.179 

Additionally, adding water and base for the Suzuki–Miyaura coupling reaction is unnecessary. 

Thus, it is highly expected that the side reactions in the SCTP, protodeboronation, which limits 

access to high-molecular-weight and well-defined π-conjugated polymers, can be suppressed 

by employing the triolborate salt-type aryl monomer.180 

 

Scheme 1-4. Synthesis of triolborate salts via boronic acid or a boronic acid ester 
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Scheme 1-5. The Suzuki–Miyaura coupling reaction using heteroaromatic triolborate salts 

 

 

Yokozawa et al. investigated the synthesis of P3HT through SCTP of a triolborate 

lithium salt monomer (Scheme 1-6).181 However, molecular weight control and end-

functionalization were not achieved, and no successful SCTP of triolborate salt-type monomers 

was reported. 

 

Scheme 1-6. Polymerization of triolborate lithium salt monomer 
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1.5 Objective and Outline of the Thesis 

There is a need to synthesize π-conjugated polymers that are efficient and versatile 

from the perspective of organic electronics. The self-assembly of conjugated BCPs has further 

attracted attention to enhance electronic device performance. As described in Section 1.2, it is 

necessary to synthesize conjugated BCPs simple and high-yield manner. Most π-conjugated 

polymers are synthesized by step-growth polycondensation; however, it is difficult to control 

the molecular weight, dispersity, and end group using this method. Therefore, for the precise 

synthesis of end-functionalized π-conjugated polymers, CTPs using cross-coupling reactions as 

elementary reactions have been developed over the past 20 years.  

SCTP is currently one of the most used methods for the precise synthesis of π-

conjugated polymers. It has good functional group tolerance compared to other CTPs, allowing 

the introduction of various aryl monomers end-functional groups. There are very few reported 

examples of the SCTPs of heteroaromatic boronic acids. For example, the SCTP of 

pinacolboronate-type thiophene monomers gives rise to polymers with wide dispersity because 

of the competition between polymerization and protodeboronation. For the coupling method 

and rod-type macroinitiator method to prepare conjugated BCPs, it is necessary to precisely 

synthesize π-conjugated polymer segments with a reactive group at the chain end. In the case 

of conjugated BCP synthesis using the coil-type macroinitiator method, it is necessary to have 

high functional group tolerance and high initiation efficiency when the π-conjugated polymer 

is extended from the coil-type macroinitiator. At present, SCTP is the best choice for the 

synthesis of π-conjugated polymers in terms of the functional group. There is still room for 

improvement to achieve a precise synthesis of conjugated BCP. 

It was envisioned that well-defined π-conjugated polymers could be synthesized by 

polymerizing triolborate salt-type monomers with higher nucleophilicity than other boronic 

acid derivatives. If the well-controlled SCTP can be achieved using the triolborate salt-type 
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monomers, it will be possible to easily synthesize not only conjugated linear diblock 

copolymers but also star block copolymers and graft copolymers, which have been difficult to 

synthesize in the past. 

This thesis aims to establish an SCTP using triolborate salt-type monomers, which can 

be polymerized with a minimal amount of base and water and has higher nucleophilicity than 

boronic acid derivatives for the precise synthesis of conjugated BCPs. The polymerizability of 

triolborate salt-type monomers was investigated to synthesize PF as a π-conjugated polymer. 

Following this, PF-containing block and graft copolymers were synthesized via SCTP using 

various coil macroinitiators. SCTP of triolborate salt-type carbazole monomers was also carried 

out to investigate whether triolborate salt-type monomers are helpful for heteroaromatics. These 

developments will significantly advance the fabrication of high-quality π-conjugated polymers 

with unique structures and functions, ultimately contributing to the field of organic electronics. 
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An outline of the thesis is as follows. 

 

Chapter 2 describes the SCTP of the triolborate-salt-type fluorene monomer potassium 

2-(7-bromo-9,9-dihexyl-9H-fluorene-2-yl)triolborate (M1), which is an efficient and versatile 

approach for the precise synthesis of poly[2,7-(9,9-dihexylfluorene)]s (PFs). The SCTP of the 

triolborate salt-type monomer proceeded rapidly in a THF/H2O mixed solvent at –10 °C with 

an iodobenzene derivative/Pd2(dba)3•CHCl3/t-Bu3P initiating system. Kinetic and post-

polymerization experiments revealed that the reaction proceeded following the chain-growth 

and controlled/living polymerization mechanism. The most important feature of the present 

polymerization system is that only small amounts of base and water can sufficiently promote 

the reaction. This suppressed the side reaction and improved the initiation efficiency, enabling 

the synthesis of high-molecular-weight PFs (Mn = 5–80 kg mol−1) with narrow dispersity (ÐM 

= 1.14–1.38) and α- and ω-end-functionalized PFs. Most importantly, PF-containing block and 

graft copolymers were successfully synthesized, beginning with various iodobenzene-

functionalized macroinitiators; this was difficult to achieve using the conventional SCTP of 

pinacolboronate-type fluorene monomers (Figure 1-6). 

 

 

Figure 1-6. Synthesis of PF-containing BCPs using macroinitiators. 
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Chapter 3 describes the SCTP of triolborate salt-type carbazole monomers, that is, 

potassium 3-(6-bromo-9-(2-octyldodecyl)-9H-carbazole-2- yl)triolborate (M3) and potassium 

2-(7-bromo-9-(2-octyldodecyl)-9H-carbazole-2-yl) triolborate (M4), as an efficient and 

versatile approach for the precise synthesis of poly[9-(2-octyldodecyl)-3,6-carbazole] (3,6-

PCz) and poly[9-(2-octyldodecyl)-2,7-carbazole] (2,7-PCz). SCTP of the triolborate salt-type 

carbazole monomers was performed in a mixture of THF/H2O using an initiating system 

consisting of 4-iodobenzyl alcohol, Pd2(dba)3•CHCl3, and t-Bu3P. Cyclic byproduct formation 

was confirmed in the SCTP of M3, as reported for the corresponding pinacolboronate-type 

monomer. By optimizing the reaction temperature and time, linear end-functionalized 3,6-PCz 

was successfully synthesized for the first time. The SCTP of M4 proceeded with almost no side 

reactions, yielding 2,7-PCz with a functional initiator residue at the α-chain end. Kinetic and 

block copolymerization experiments demonstrated that the SCTP of M4 proceeds in a chain-

growth and controlled/living polymerization manner. This is a novel synthesis route of 2,7-PCz 

via SCTP. High-molecular-weight 2,7-PCzs (Mn = 5–38 kg mol−1) with a relatively narrow ÐM 

(1.35–1.48) was achieved by taking advantage of the well-controlled nature of this 

polymerization system. Fluorene/carbazole copolymers and 2,7-PCz-containing diblock 

copolymers were successfully synthesized, demonstrating the versatility of the present 

polymerization system as a novel synthetic strategy for well-defined polycarbazole-based 

materials (Figure 1-7). 
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Figure 1-7. Synthesis of linear PCz and carbazole/fluorene copolymers using the triolborate 

salt-type monomer 

 

Chapter 4 summarized the overall conclusions of this dissertation. 
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2.1 Introduction 

Poly[2,7-(9,9-dialkylfluorene)]s (PFs) have attracted considerable attention for their 

applications in various organic electronic devices, such as sensors, organic photovoltaics 

(OPVs), organic field-effect transistors (OEFTs), organic light-emitting diodes (OLEDs) and 

organic memory devices,10–13 because of their high fluorescence quantum yield, high thermal 

stability, high hole mobility, and good solubility in common organic solvents.14,15 Many PFs 

have been synthesized through step-growth polycondensation based on various cross-coupling 

reactions (e.g., Suzuki–Miyaura coupling and Kumada–Tamao–Corriu coupling).16–18 However, 

gaining control over the molecular weight and dispersity (ÐM) of the synthesized polymers had 

been difficult owing to the step-growth nature of the polymerization. In 2007, Yokozawa’s 

group reported the Suzuki–Miyaura catalyst-transfer polycondensation (SCTP) of an AB-type 

monomer with PhPd(t-Bu3P)Br as the initiator, in which narrowly dispersed PFs were obtained 

(dispersity ≥ 1.33) with a controlled molecular weight. Thus, the SCTP is advantageous over 

the conventional step-growth polycondensation from the viewpoint of both polymerization and 

structural control. 19, 20 However, the reported SCTP methods require complicated reaction 

systems, consisting of a monomer, an initiator (e.g., iodobenzene or bromobenzene derivative), 

a catalyst (e.g., Pd2(dba)3), a ligand like t-Bu3P, a solvent like THF, water, a base like K3PO4, 

and a phase-transfer catalyst like crown ether. 21–27 Therefore further expansion of the synthetic 

utility of SCTP is difficult. 
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For example, synthesis of PF-containing block copolymer (BCP) has been rarely 

achieved using the coil-type macroinitiator method, which might be partly attributed to the 

insufficient initiation efficiency and limited solubility of the macroinitiator in aqueous media. 

Previously, the PF-containing BCPs had been synthesized either by the coupling reaction of 

end-functionalized PF with other functionalized polymers (coupling method) or by chain 

extension from end-functionalized PF as the macroinitiator (rod-type macroinitiator method). 

In the former approach, it is necessary to add one of the components in excess to complete the 

reaction, which makes product isolation difficult (Figures 2-1A).28–36 In contrast, the latter 

approach can avoid such complicated product isolation, making it more synthetically useful 

(Figures 2-1B). Nevertheless, the method using PF as the macroinitiator is limited to the 

combination with atom transfer radical polymerization (ATRP),37–39 anionic ring-opening 

polymerization (ROP),40 and reversible addition fragmentation chain transfer (RAFT) 

polymerization.41 Since PF-containing block and graft copolymers are promising for a wide 

variety of device applications,
4,6,10,12,13,28–42 it is of great interest to realize the synthesis of block 

and graft copolymers via PF chain extension using various macroinitiators.  

Therefore, establishing a simpler SCTP system for fluorene monomers is essential for 

the successful synthesis of PF-containing block and graft copolymers. In 2008, Miyaura and 

Yamamoto developed a triolborate salt soluble in organic solvents and stable in air and water, 

which could be used in Suzuki–Miyaura coupling, even without using water and base. 

Triolborate salts can be easily synthesized using boronic acid or a boronic acid ester.43 44 In 

addition, the triolborate salts reportedly show higher reactivity to heteroaromatic compounds, 

which are usually inactive to Suzuki–Miyaura coupling.45–47 Therefore, author envisioned that 

the SCTP of triolborate salt-type monomers could be performed using a simpler reaction system 

and eventually offer a drastic improvement in PF synthesis (Figure 2-1C).  

In this chapter, the author investigated the SCTP of a triolborate salt-type fluorene 

monomer, i.e., potassium 2-(7-bromo-9,9-dialkyl-9H-fluorene-2-yl)triolborate (M1), aiming to 
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establish a novel precise synthesis strategy for high-molecular-weight and end-functionalized 

poly[2,7-(9,9-dihexylfluorene)]s. In the presence of a minimal amount of water, 

controlled/living polymerization of M1 proceeded employing the chain-growth manner. Using 

optimized polymerization conditions, PFs with controlled molecular weights (4,800–69,400 g 

mol−1) and a relatively narrow dispersity (ÐM; 1.14–1.38) were successfully obtained. A variety 

of α- and ω-end-functionalized PFs were then synthesized by the SCTP using various functional 

initiators or terminators. The author efficiently synthesized PF-containing BCP as well as graft 

copolymers by SCTP using various macroinitiators, a task that has not been accomplished using 

conventional SCTP.  
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 Figure 2-1. Schematic for the synthesis of the PF-containing block and graft copolymers. (A) 

Coupling reaction between end-functionalized PF and the other functionalized polymer. (B) 

Chain extension from end-functionalized PF as the macroinitiator. (C) Macroinitiator approach: 

Author strategy for the synthesis of PF-containing block and graft copolymers by SCTP of 

triolborate salt-type fluorene monomer.  

coupling reaction
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2.2 Result and Discussion 

2.2.1 Suzuki–Miyaura catalyst-transfer condensation polymerization of triolborate salt-type 

monomer 

The author first attempted the polymerization of potassium 2-(7-bromo-9,9-dihexyl-

9H-fluorene-2-yl)triolborate (M1) using the 4-iodobenzyl alcohol 

(FI−CH2OH)/Pd2(dba)3•CHCl3/t-Bu3P initiating system employing a 

[M1]0/[FI−CH2OH]0/[Pd2(dba)3•CHCl3]/[t-Bu3P] ratio of 15/1/0.3/2.2 at 20 °C in a THF/water 

(v/v) = 10/1 ([M1]0 = 10 mmol L−1) solvent (Scheme 2-1; run 1 in Table 2-1). Although the 

SCTP of M1 proceeded, the obtained polymeric product (Mn,SEC = 8,500 g mol−1) has a 

relatively broad ĐM of 1.36. Nevertheless, encouraged by the promising result, author then 

attempted to thoroughly optimize the reaction conditions. To investigate the effect of the 

polymerization temperature, SCTP was carried out at −30, −10, and 0 °C without changing the 

other factors. At −30 °C (run 4), the product precipitated out during the polymerization. On the 

other hand, the products obtained at 0 and −10 °C (runs 2 and 3) exhibited narrower ĐM values 

of 1.33 and 1.18, respectively. This suggests that possible side reactions, such as chain transfer, 

were suppressed on lowering the polymerization temperature. Author also undertook SCTP at 

−10 °C with a small amount of added base (K3PO4), which resulted in a further improvement 

in the ĐM (run 5, Mn,SEC = 4800 g mol−1 (THF), ĐM = 1.14), which can be attributed to the anion 

ligand exchange of the Pd complex occurring on the addition of the base that further facilitated 

the catalysis. These results confirmed the promising potential for the triolborate salt-type 

monomer to produce PFs with a narrow ĐM (~1.2). 

The chemical structure of the obtained PF was characterized in detail by 1H NMR and 

matrix-assisted laser desorption/ionization time-of-flight mass spectroscopy (MALDI-TOF 

MS). In the 1H NMR spectrum of the product obtained from run 5 (Figure 2-2A), the major 

signals observed were due to the polyfluorene backbone (7.93–7.57 ppm: proton A) and hexyl 

side chain (2.12: proton B, 1.36–0.66 ppm: proton C and D), consistent with reported 1H NMR 
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data. In addition, a minor signal due to the benzyl proton located at the α-chain end (proton E) 

was observed at 4.79 ppm, suggesting successful incorporation of the initiator residue. 

Therefore, the obtained product could be suggested to be the expected poly[2,7-(9,9-

dihexylfluorene)] with a benzyl alcohol residue at the α-chain end (HOCH2−PF). The number-

average molecular weight (Mn,NMR) values of the HOCH2−PF (run 5), calculated by end group 

analysis based on the 1H NMR spectrum, was 4900 g mol−1. To further confirm the end group 

fidelity, MALDI-TOF MS analysis was carried out on the obtained HOCH2−PF (run 5). The 

MALDI-TOF MS spectrum showed one series of peaks with a regular interval of 333.46 Da 

corresponding to the 9,9-dihexylfluorene repeating units (Figure 2-2B). The observed peaks 

were assigned to the expected chemical structure of HOCH2−PF having a benzyl alcohol 

moiety at the α-chain end and a hydrogen atom at the ω-end because a peak at m/z of 2101.57 

matched well with the calculated mass for the 6-mer of HOCH2−PF ([M + H]+ = 2101.56 Da). 

Overall, the SCTP of M1 was found to proceed in a controlled manner to produce narrowly 

dispersed PFs with sufficient end group fidelity. 
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Scheme 2-1. Synthesis of functionalized PFs by SCTP of the triolborate salt-type fluorene 

monomer 
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Table 2-1. SCTP of M1 under various conditions a 

run [monomer]0/[FI−CH2OH]0 temp (°C) Mn,SEC
b
  

(g mol−1) 

Mn,NMR 
c 

(g mol−1) 

ÐM
b yield d (%) 

1 

2 

3 

4 

5e 

6e 

7e 

8e 

9e 

10e 

11f 

  15/1 

  15/1 

  15/1 

  15/1 

  15/1 

  30/1 

  45/1 

  90/1 

180/1 

270/1 

180/1 

  20 

    0 

−10 

−30 

−10 

−10 

−10 

−10 

−10 

−10 

−10 

8500 

8300 

5700 

― 

4800 

10,000 

14,200 

25,700 

44,700 

69,400 

24,000 

9500 

9200 

5800 

― 

4900 

12,600 

17,800 

29,400 

68,300 

83,300 

26,700 

1.36 

1.33 

1.18 

― 

1.14 

1.24 

1.25 

1.28 

1.37 

1.38 

1.48 

80.3 

85.2 

84.3 

― 

84.2 

83.2 

84.3 

85.4 

82.6 

88.9 

86.9 

 
aPolymerization conditions: Ar atmosphere; solvent, THF/water (v/v) = 10/1; [M1]0 = 10 mmol L−1; 

[FI−CH2OH]0/[Pd2(dba)3•CHCl3]/[t-Bu3P] = 1/0.3/2.2. bDetermined by SEC (PSt standards, THF, 40 °C). 

cDetermined by 1H NMR spectrum in CDCl3. 
dIsolated yields. eK3PO4 (1.5 equiv.) was added during the 

polymerization. f2-(7bromo-9,9-dihexyl-9H-fluorene-2-yl)4,4,5,5-tetramethyl-1,2,3dioxaborolane (180 

equiv.), K3PO4 (2 mol L−1 aqueous, 150 equiv.), 18-crown-6 (50 equiv.). 
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Figure 2-2. (A) 1H NMR spectrum of HOCH2−PF obtained from run 5 in Table 2-1 (solvent, 

CDCl3). (B) MALDI-TOF MS spectrum of HOCH2−PF obtained from run 5 in Table 2-1.  
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2.2.2 Living nature of SCTP of triolborate salt-type monomer 

The living nature of the SCTP of M1 was assessed by a kinetic study and post-

polymerization experiments. The time-conversion plot for the SCTP of M1 under optimized 

conditions showed that monomer conversion (conv.) reached >99% in 10 min (Figure 2-3A). 

In addition, the Mn,NMR of the obtained HOCH2−PF increased linearly with increasing 

monomer conversion while the ÐMs were maintained at less than 1.3 over the course of 

polymerization (Figure 2-3B). These results strongly suggested a chain-growth nature of 

polymerization. The kinetic plot revealed distinct first-order kinetic behavior, based on which 

the rate constant was estimated to be 0.42 s−1 mol L－1 (Figure 2-3C). The rate constant was 2.8 

times greater than that of the conventional SCTP of the corresponding pinacolborate-type 

monomer, even though the author polymerization was carried out at a temperature 10 °C 

lower.30,31 This demonstrates the excellent advantage of the present polymerization system over 

the conventional one.  

The chain extension experiment was carried out to prove the livingness of the 

propagating chain end. Under the optimized conditions, the SCTP was initially conducted using 

a [M1]0/[FI−CH2OH]0 ratio of 15/1 for 12 min to achieve full monomer conversion, affording 

an intermediate product with a Mn,NMR of 11,500 g mol−1 and ÐM of 1.28. Then, an additional 

15 eq. of M1 was added to the reacting mixture for the second polymerization. Importantly, the 

added monomer was fully consumed, as confirmed by 1H NMR analysis. The SEC traces of the 

products obtained after the first and second polymerizations are shown in Figure 2-3D, which 

demonstrates the shift in the elution peak maximum toward the higher-molecular-weight region 

after the second polymerization. This is strong evidence in favor of the second polymerization 

having been initiated from the living chain end. These results collectively suggest that 

polymerization of the triolborate salt-type monomer M1 proceeded was a controlled/living 

polymerization that proceeded with the chain-growth mechanism.  
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Figure 2-3. (A) Time against conversion plot (blue, first polymerization; red, post-

polymerization) for SCTP of M1 with [M1]0/[FI−CH2OH]0/[Pd2(dba)3•CHCl3]/[t-Bu3P] ratio 

of 15/1/0.3/2.2 in THF/water (v/v) = 10/1 at −10 °C. (B) Dependence of Mn,NMR (blue, first 

polymerization; red, post- polymerization) and ÐM (triangle, dispersity) on monomer 

conversion. (C) First-order kinetics plots for SCTP (blue, first polymerization; red, post- 

polymerization). (D) SEC traces of PFs obtained before (blue line) and after (red line) second 

polymerization (eluent, THF; flow rate, 1.0 mL min−1). 
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2.2.3 Molecular weight control 

With the optimized polymerization condition in hand, the SCTPs of M1 were 

conducted by varying the [M1]0/[FI−CH2OH]0 ratio (30/1 for run 6, 45/1 for run 7, 90/1 for 

run 8, 180/1 for run 9, and 270/1 for run 10) with the aim to synthesize PFs with higher 

molecular weights. As a result, PFs with Mn,SEC and ĐM values of 10,000–69,400 g mol−1 and 

1.24–1.38, respectively (runs 6–10, Table 2-1, Mn,NMR; 12,600–83,300 g mol−1) were 

successfully obtained. It was confirmed that the highest molecular weight achieved by the 

present polymerization system was higher than that achieved by the SCTP of the 

pinacolboronate-type fluorene monomer so far (Figure 2-4). For comparison, we examined the 

polymerization of 2-(7bromo-9,9-dihexyl-9H-fluorene-2-yl)4,4,5,5-tetramethyl-

1,2,3dioxaborolane (M2) as pinacolborate-type monomer, using the 

FI−CH2OH/Pd2(dba)3•CHCl3/t-Bu3P/K3PO4/18-crown-6 initiating system for a 

[M2]0/[FI−CH2OH]0 ratio of 180/1 at −10 °C in THF. However, the obtained HOCH2−PF had 

a much lower Mn,SEC (24,000 g mol−1) as well as a broader ĐM (1.48) compared to those obtained 

in run 11, which could be attributable to chain transfer to the monomer. These results 

demonstrate that the triolborate salt-type monomer is better suited for the synthesis of higher-

molecular-weight PFs. To the best of author knowledge, the PF obtained in run 10 (Mn,SEC of 

69,400 g mol−1) has the highest molecular weight among PFs prepared by the chain-growth 

polycondensation approach. 
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Figure 2-4. SEC traces of PF obtained using different [M1]0/[FI−CH2OH]0 ratios (purple line, 

15/1; blue line, 30/1; green line, 45/1; yellow line, 90/1; orange line, 180/1; red line, 270/1) 

detected by RI detector (eluent, THF; flow rate, 1.0 mL min−1).  

20.017.515.012.510.0

elution time (min)
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2.2.4 Synthesis of α-and ω-chain end-functionalized PFs using functional initiators and 

terminators 

To make the present polymerization more useful and versatile as a general synthetic 

tool for producing PFs, it is quite important to achieve end functionalization, which is useful 

for block copolymer synthesis and grafting to solid surfaces or nanoparticles. Thus, author first 

performed the SCTP of M1 using a variety of functional iodobenzene derivatives (FI−CH3, 

FI−OH, FI−NH2, FI−CHO, FI−COCH3, FI−COOEt, FI−CH=CH2, and FI−C≡C−TMS) as 

the initiator under the optimized reaction conditions ([FI−R1]0/[M1]0 ratio of 1/15, in THF/H2O 

= 10/1 (v/v), at −10 °C), leading to α-end-functionalized PFs (Table 2-2). All the 

polymerizations proceeded homogeneously and were quenched by adding 12 mol L−1 HCl. The 

Mn,SEC and ĐM of the obtained PFs were 4400–7800 g mol−1 and 1.25–1.37 (Figure 2-5). In the 

1H NMR spectrum of the PF obtained using FI−CH3 (run 12), a characteristic signal appeared 

at 2.45 ppm due to the methyl protons of the tolyl group (proton F) along with major signals 

for the PF backbone (Figure 2-6). Similarly, 1H NMR signals originating from the initiator 

residues were confirmed together with the those for the main chain of PF for the other products; 

the signals at 10.11 ppm (proton G) were due to the aldehyde proton of FI−CHO; those at 3.51 

ppm (H) were due to the methyl protons of FI−COCH3; those at 4.45 ppm (I) and 1.45 ppm 

(J) were due to the methylene and methyl protons of FI−COOEt; the ones at 5.93, 5.29, and 

4.74 ppm (K, L, and M) were due to the olefin protons of FI−CH=CH2; and those at 0.08 ppm 

(N) were due to the methyl protons of FI−C≡C−TMS, as seen in Figure 2-6.  
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Figure 2-5. SEC traces of (A) CH3−PF, (B)HO−PF, (C) H2N−PF, (D) OHC−PF, (E) 

CH3CO−PF, (F) EtCOO−PF, (G) CH2=CH−PF, and (H) TMS−C≡C−PF (runs 12-19 in 

Table 2-2), detected by RI detector (eluent, THF; flow rate 1.0 mL min−1). 
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(E) COCH3−PF
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ÐM = 1.36

(G) CH=CH2−PF
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(F) COOEt−PF
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ÐM = 1.23
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Mn, SEC = 6000 g mol−1

ÐM = 1.35
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Figure 2-6. 1H NMR spectra of (A) CH3−PF, (B) HO−PF, (C) H2N−PF, (D) OHC−PF, (E) 

CH3CO−PF, (F) EtCOO−PF, (G) CH2=CH−PF, and (H) TMS−C≡C−PF (runs 12-19 in 

Table 2-2) in CDCl3. 
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In order to confirm the end group fidelity, author employed MALDI-TOF MS analysis. 

For the PF obtained using FI−CH3, the MALDI-TOF MS spectrum exhibited two series of 

peaks with a regular interval of 333.11 Da (Figure 2-7A). The observed peaks denoted by closed 

circles were assigned to the expected chemical structure of CH3−PF having a tolyl moiety at 

the α-chain end and a proton at the ω-chain end, since the peak at 2085.54 Da matched well 

with the calculated mass for the 6-mer of CH3−PF ([M+H]+ = 2085.57 Da). Although peaks 

due to the CH3−PF with a bromine atom at the α-chain end were also observed (denoted by 

open circles), a tolyl group was always incorporated at the α-chain end. In the MALDI-TOF 

MS spectrum of the PFs obtained using FI−OH, FI−NH2, FI−CHO, FI−COCH3, FI−COOEt, 

FI−CH=CH2, and FI−C≡C−TMS as the initiator, the peak for the 6-mer was observed at 

20872.62, 2087.52, 2098.59, 2113.56, 2143.65, 2097.54, and 2168.60 respectively, all of which 

agreed well with the m/z values calculated for the corresponding 6-mer PF with a −OH, −CH3, 

−NH2, −CHO, −COCH3, −COOEt, −CH=CH2, and −C≡C−TMS group at the α-chain end 

(Figure 2-7). The MALDI-TOF MS analysis undoubtedly demonstrated that the obtained PFs 

were indeed the desired α-chain end tolyl-, phenol-, aniline-, aldehyde-, acetyl-, ethyl ester-, 

vinyl-, and trimethylsilylethynyl-functionalized PFs (CH3−PF, HO−PF, H2N−PF, OHC−PF, 

CH3CO−PF, EtCOO−PF, CH2=CH−PF, and TMS−C≡C−PF, respectively). More 

importantly, these results demonstrated the good functional group tolerance of the proposed 

SCTP process. 
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Figure 2-7 (continue) 

=

=

(A) CH3−PF

300025002000

m/z

4500400035003000250020001500

m/z

n = 6 n = 7 n = 8

Clcd. 2085.57 2417.82 2750.07

Found 2085.54 2418.65 2750.90

n = 6 n = 7 n = 8
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Found 2185.60 2519.66 2850.19

=

=

(B) HO−PF
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=

=

(C) NH2−PF
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n = 6 n = 7 n = 8

Clcd. 2086.00 2418.81 2751.06

Found 2087.52 2418.85 2751.12

n = 6 n = 7 n = 8

Clcd. 2187.46 2519.71 2851.96

Found 2189.04 2520.00 2852.50
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Figure 2-7 (continue) 
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Figure 2-7. MALDI-TOF MS spectra of (A) CH3−PF, (B) HO−PF, (B) H2N−PF, (D) 

OHC−PF, (E) CH3CO−PF, (F) EtCOO−PF, (G) CH2=CH−PF, and (H) TMS−C≡C−PF (runs 

12-19 in Table 2-2). 
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Table 2-2. Synthesis of α,ω-end-functionalized PFs via SCTP using various initiators and 

terminatorsa 

 
aTHF/water (v/v) = 10/1; [M1]0 = 10 mmol L−1; [M1]0/[FI−R1]0/[Pd2(dba)3•CHCl3]/[t-

Bu3P]/[K3PO4]/[FT−R2]0 = 15/1/0.3/2.2/1.5/10. bDetermined by SEC (PSt standards, THF, 40 °C). 

cDetermined by 1H NMR spectrum in CDCl3. 
dIsolated yields. eDetermined by 1H NMR. 

  

run R1 R2 
Mn, SEC

b 

(g mol−1) 

Mn, NMR
c 

(g mol−1) 
ÐM

b 
yield d 

(%) 
ω-functionalitye(%) 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

CH3 

OH 

NH2 

CHO 

COCH3 

COOEt 

CH=CH2 

C≡C−TMS 

CH2OH 

CH2OH 

C≡C−TMS 

― 

― 

― 

― 

― 

― 

― 

― 

CH2OH 

C≡C−TMS 

C≡C−TMS 

4800 

5100 

5000 

5000 

5300 

5200 

4500 

6000 

6100 

6600 

8750 

4400 

5300 

5100 

7800 

5700 

4100 

4100 

7700 

5800 

5600 

6800 

1.35 

1.27 

1.19 

1.30 

1.36 

1.23 

1.28 

1.35 

1.25 

1.31 

1.36 

86.8 

85.8 

73.0 

88.4 

83.3 

81.7 

80.8 

82.8 

78.2 

88.8 

83.6 

― 

― 

― 

― 

― 

― 

― 

― 

94.7 

92.6 

91.6 
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Next, the author investigated ω-chain end functionalization by the termination reaction 

with functional triolborate salt-type terminators, i.e., potassium 4-

hydroxymethylphenyltriolborate and potassium 4-trimetylsilylethynylphenyltriolborate 

(FT−CH2OH and FT−C≡C−TMS, respectively). Under the optimized conditions, the SCTP 

of M1 was first carried out in the presence of FI-CH2OH and FI−C≡C−TMS as the initiators 

with a [FI−R1]0/[M1]0 ratio of 15/1. After 12 min, 10 equivalents of the terminator 

(FT−CH2OH or FT−C≡C−TMS) with respect to the initiator was injected to the 

polymerization mixture (runs 20, 21, and 22 in Table 2-2). All the polymerizations produced 

well-defined PFs with predicted Mn,SECs and narrow ĐMs (Figure 2-8). The 1H NMR spectra of 

the products exhibited signals due to both the initiator and terminator moieties (Figure 2-9). For 

example, for the PF obtained from run 21, 1H NMR signals attributable to the benzyl protons 

(proton E) were seen at 4.79 ppm for the initiator residue and those arising from the methyl 

protons (proton N) were seen at 0.08 ppm for the terminator residue. Furthermore, the MALDI-

TOF MS analysis provided more direct evidence of the successful ω-chain end 

functionalization (Figure 2-10). The major series of peaks observed in the MALDI-TOF MS 

spectra for the products were assignable to the expected structures, i.e., HOCH2−PF−CH2OH 

(run 20), HOCH2−PF−C≡C−TMS (run 21), and TMS−C≡C−PF−C≡C−TMS (run 22). For 

example, the peak observed at m/z of 2274.68 in the spectrum of HOCH2−PF−C≡C−TMS 

matched with the calculated mass for the 6-mer having the expected chain end group structures. 

Such α,ω-difunctional PFs are of interest in the synthesis of ABA-type triblock copolymers and 

ABC-type triblock terpolymers, where the B block is PF. Overall, these results demonstrated 

that the present polymerization system is quite useful for the precise synthesis of end-

functionalized PFs.  
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Figure 2-8. SEC traces of (A) HOCH2−PF−CH2OH (B) HOCH2−PF−C≡C−TMS, and (C) 

TMS−C≡C−PF−C≡C−TMS (runs 20-22 in Table 2-2), detected by RI detector (eluent, THF; 

flow rate 1.0 mL min−1). 
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Figure 2-9. 1H NMR spectra of (A) HOCH2−PF−CH2OH (B) HOCH2−PF−C≡C−TMS, and 

(C) TMS−C≡C−PF−C≡C−TMS (runs 20-22 in Table 2-2) in CDCl3. 
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Figure 2-10. MALDI-TOF MS spectra of (A) HOCH2−PF−CH2OH (B) 

HOCH2−PF−C≡C−TMS, and (C) TMS−C≡C−PF−C≡C−TMS (runs 20-22 in Table 2-2).  

=

(A) HOCH2−PF−CH2OH

4500400035003000250020001500

m/z

300025002000

m/z

n = 6 n = 7 n = 8

Clcd. 2207.06 2539.85 2873.10
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=

(B) HOCH2−PF−C≡C−TMS

4500400035003000250020001500

m/z
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m/z
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450040003500300025002000

m/z
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=
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2.2.5 Synthesis of PF-containing block and graft copolymers using macroinitiator 

Given the good functional group tolerance and the well-controlled nature of the 

polymerization system described herein, a variety of polymers should be applied as the 

macroinitiator. Such an approach can be effective for the synthesis of PF-containing block and 

graft copolymers. It should be noted that the utility of the combination of the macroinitiator 

approach and catalyst-transfer polycondensation was very recently disclosed in the synthesized 

polythiophene-containing BCPs.50 Thus, author investigated the SCTP of M1 using various 

iodobenzene-functionalized macroinitiators to produce PF-containing block and graft 

copolymers. Notably, the water content in the solvent was reduced as much as possible to avoid 

possible precipitation of the macroinitiator. As summarized in Table 2-3, the water content in 

the solvent did not affect the polymerization properties, and author found that the SCTP of M1 

proceeds smoothly even in the THF/water (5000/1, v/v) solvent system.  

 

Table 2-3. Effect of M1 SCTP on varying water content in solventa 

THF/H2O  

(v/v) 

Mn,SEC
b
  

(g mol−1) 

Mn,NMR 
c 

(g mol−1) 

ÐM
b yield d  

(%) 

10/1 

100/1 

1000/1 

5000/1e 

12,300 

11,400 

11,100 

10,500 

12,600 

12,400 

12,000 

11,900 

1.24 

1.22 

1.22 

1.20 

83.2 

85.2 

84.3 

84.3 
aPolymerization conditions: Ar atmosphere; temperature, −10 °C; [M1]0 = 10 mmol L−1; 

[FI−CH2OH]0/[M1]0/[Pd2(dba)3•CHCl3]/[t-Bu3P]/[K3PO4] = 1/30/0.3/2.2/1.5. bDetermined by SEC (PSt 

standards, THF, 40 °C). cDetermined by 1H NMR spectrum in CDCl3. 
dIsolated yields. eSaturated aqueous 

solution of K3PO4. 
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Scheme 2-2. Syntheses of PSt-b-PF, PLA-b-PF, PCL-b-PF, and PEO-b-PF by SCTP using 

PSt−I, PLA−I, PCL−I, and PEO−I, respectively 

 

 

With this information in hand, author attempted the SCTP of M1 with the iodobenzene-

terminated polystyrene (PSt−I; Mn,NMR = 2,150 g mol−1, ÐM = 1.17, run 19) as the macroinitiator 

under the optimized polymerization conditions ([PSt−I]0/[M1]0 = 1/30; THF/water (v/v) = 

5000/1; Table 2-3), producing PSt-b-PF diblock copolymer in one step (Scheme 2-2). SEC 

analysis revealed that M1 polymerization indeed proceeded from PSt−I, as evidenced by a clear 

shift in the elution peak toward the higher-molecular-weight region with virtually no tailing 

(Figure 2-11A). In addition, the 1H NMR spectrum of the product showed signals attributed to 

both the PF and PSt main chain (Figure 2-12), demonstrating the successful formation of PSt-

b-PF. The Mn,NMR for the PF block was determined to be 12,700 g mol−1. To further verify the 

formation of the BCP, author employed diffusion-order NMR spectroscopy (DOSY). In the 

DOSY spectrum (Figure 2-13), only a single diffusion coefficient (D = 2.23 mm2 s−1) was 

observed for all the 1H NMR signals due to both the blocks, evidencing the covalent attachment 

between the PF and PSt blocks. These results clearly demonstrated the success in the PF-

containing BCP synthesis using the macroinitiator method. 
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Table 2-4. Polymerization of triolborate salt-type fluorene monomer using various 

macroinitiatorsa 

run macroinitiator copolymer yield d 

(%)  Mn,NMR
c
  

(g mol−1) 

ÐM
b Mn,NMR

c
  

(g mol−1) 

ÐM
b 

19 

20 

21 

22 

PSt−I 

PLA−I 

PCL−I 

PEO−I 

2150 

6000 

6700 

5300 

1.17 

1.06 

1.07 

1.25 

12,700 

15,700 

16,000 

14,200 

1.20 

1.19 

1.11 

1.50 

87.0 

90.0 

85.0 

67.3 

aPolymerization conditions: Ar atmosphere; solvent, THF/water (v/v) = 5000/1; [M1]0 = 10 mmol L−1; 

[M1]0/[macroinitiator]0/[Pd2(dba)3•CHCl3]/[t-Bu3P]/[K3PO4] = 30/1/0.5/2.2/1.5. b Determined by SEC (PSt 

standards, THF, 40 °C). c Determined by 1H NMR spectrum in CDCl3.
d Isolated yield was calculated based 

on the mass recovery of the product. 

 

 

 

Figure 2-11. SEC traces of PF-containing block and graft copolymers (red curves: A, PSt-b-

PF; B, PLA-b-PF; C, PCL-b-PF; and D, PEO-b-PF) and the corresponding macroinitiators 

(black curves: A, PSt−I; B, PLA−I; C, PCL−I; and D, PEO−I) detected by RI detector (eluent, 

THF; flow rate, 1.0 mL min−1). 
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Figure 2-12. 1H NMR spectra of (A) PSt-b-PF, (B) PLA-b-PF, (C) PCL-b-PF, and (D) PEO-

b-PF (solvent, CDCl3). 

 

 

Figure 2-13. DOSY NMR spectrum of PSt-b-PF (run 1, Table 2-4) in CDCl3 (600 MHz).  
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One of the key factors for the successful BCP synthesis should be the reduced water 

content in the solvent. To test this hypothesis, author examined the polymerization of M1 with 

PSt−I in the THF/water (10/1, v/v) solvent system. As expected, the product was a mixture of 

the diblock copolymer and the unreacted macroinitiator (Figure 2-14). The increased water 

content in the polymerization medium likely induced precipitation/aggregation of the 

macroinitiators, as evidenced by the cloudy polymerization mixture. This is in clear contrast to 

the result obtained by following the SCTP approach described herein: the polymerization 

system was homogeneous due to good solubility in the solvent with a minimal amount of water. 

To further verify the advantage of using the triolborate salt-type monomer, author performed 

BCP synthesis using M2 with PSt−I in THF/water (10/1 and 5000/1, v/v; Table 2-5). However, 

in both cases, SEC analysis of the products revealed the formation of a trace amount of the BCP 

(Figure 2-14), demonstrating that the combination of the triolborate salt-type monomer and 

reduced water content in the solvent is essential for successful BCP synthesis. 
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Table 2-5. SCTP of M1 or M2a 

run [THF]/[H2O] = v/v monomer Mn,SEC
b
  

(g mol−1) 

Mn,NMR 
c 

(g mol−1) 

ÐM
b yield d (%) 

23 

24 

10/1 

5000/1 

M2 

M1 

― 

12,700 

― 

12,700 

― 

1.20 

― 

87.0 
a Polymerization conditions: Ar atmosphere; solvent, THF/water (5000/1); [M1]0 = 10 mmol L−1; 

[macroinitiator]0/[M1]0/[Pd2(dba)3•CHCl3]/[t-Bu3P]/[K3PO4] = 1/15/0.3/2.2/1.5. b Determined by SEC (PSt 

standards, THF, 40 °C). c Determined by 1H NMR spectrum in CDCl3. 
d Isolated yields.  

 

 

Figure 2-14. SEC traces of BCPs (blue line; run 23, red line; run 24 in Table 2-5) and the 

corresponding macroinitiator (black line) detected by RI detector (eluent, THF; flow rate, 1.0 

mL min−1).  

19.018.017.016.015.014.013.0

elution time (min)

run 23

run 24

macroinitiatorrun 23run 24

macroinitiator
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The versatility of the presented BCP synthesis was further demonstrated by conducting 

SCTP with a variety of iodobenzene-terminated macroinitiators, such as linear poly(rac-lactide) 

(PLA−I; Mn,NMR = 6000 g mol−1, ÐM = 1.06, run 20 in Table 2-4), poly(ε-caprolactone) (PCL−I; 

Mn,NMR = 6700 g mol−1, ÐM = 1.07, run 21), and poly(ethylene oxide) (PEO−I; Mn,NMR = 5300 

g mol−1, ÐM = 1.25, run 22) in THF/water (5000/1, v/v; [macroinitiator]0/[M1]0 = 1:30) 

(Scheme 2-3A). Table 2-4 summarizes the polymerization results. All the polymerizations 

proceeded homogeneously and gave the corresponding diblock copolymers, i.e., PLA-b-PF, 

PCL-b-PF, and PEO-b-PF with ĐM values in the range 1.11–1.50, in good yields. Figure 2-11 

shows the SEC traces of the obtained BCPs and the corresponding macroinitiators. The elution 

peak of the macroinitiator shifted to the higher-molecular-weight region after the SCTP of M1, 

indicating that the SCTP was initiated from the corresponding macroinitiators. The 1H NMR 

spectra of the obtained BCPs exhibited characteristic signals due to the macroinitiator block, as 

well as those arising from the PF block (Figure 2-12), which further confirmed the successful 

BCP synthesis. 

To further expand this approach, author examined macroinitiators possessing multiple 

iodobenzene initiating sites (Scheme 2-3).   
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Scheme 2-3. Syntheses of PF-b-PCL-b-PF, (PCL-b-PF)3, and PBA-g-PF by SCTP using 

(PCL−I)2, (PCL−I)3, and P(BA50-co-BzI4), respectively 

 

 

Thus, the SCTP of M1 was conducted using linear ((PCL−I)2; Mn,NMR = 7900 g mol−1, 

ÐM = 1.05, [(PCL−I)2]0/[M1]0 = 1/30; run 25, in Table 2-6) and three-armed star-shaped PCLs 

having an iodobenzene at each chain end ((PCL−I)3; Mn,NMR = 7300 g mol−1, ÐM = 1.05, 

[(PCL−I)3]0/[M1]0 = 1/30; run 26 in in Table 2-6) as the macroinitiators to produce a PF-b-

PCL-b-PF triblock copolymer and (PCL-b-PF)3 three-armed star-block copolymers. In 

addition, poly(n-butyl acrylate) having multiple iodobenzene moieties on the side chain 

(P(BA50-co-BzI4); Mn,NMR = 8100 g mol−1, ÐM = 1.09, [P(BA50-co-BzI4)]0/[M1]0 = 1/40; run 

27 in Table 2-6) was employed as the macroinitiator to produce a PF-containing graft copolymer 

(PBA-g-PF). The 1H NMR and SEC analyses confirmed the successful synthesis of the targeted 

triblock, star-block, and graft copolymers (Figures 2-15 and 2-16). 
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Figure 2-15. 1H NMR spectra of (A) PF-b-PCL-b-PF, (B) (PCL-b-PF)3, and (C) PBA-g-PF 

(solvent, CDCl3). 

 

 

Figure 2-16. SEC traces of PF-containing block and graft copolymers (red curves: A, PF-b-

PCL-b-PF; B, (PCL-b-PF)3; and C, PBA-g-PF) and the corresponding macroinitiators (black 

curves: A, (PCL−I)2; B, (PCL−I)3; and C, P(BA50-co-BzI4)) detected by RI detector (eluent, 

THF; flow rate, 1.0 mL min−1). 
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Table 2-6. Polymerization of triolborate salt-type fluorene monomer using macroinitiators 

possessing multiple iodobenzene initiating sitesa 

run macroinitiator copolymer yield d 

(%)  Mn,NMR
c
  

(g mol−1) 

ÐM
b Mn,NMR

c
  

(g mol−1) 

ÐM
b 

25e 

26f 

27g 

(PCL−I)2 

(PCL−I)3 

P(BA50-co-BzI4) 

7,900 

7,300 

8,100 

1.05 

1.05 

1.09 

17,800 

17,100 

21,300 

1.10 

1.07 

1.08 

88.5 

82.6 

76.3 

aPolymerization conditions: Ar atmosphere; solvent, THF/water (v/v) = 5000/1; [M1]0 = 10 mmol L−1; 

[M1]0/[macroinitiator]0/[Pd2(dba)3•CHCl3]/[t-Bu3P]/[K3PO4] = 30/1/0.5/2.2/1.5. b Determined by SEC (PSt 

standards, THF, 40 °C). c Determined by 1H NMR spectrum in CDCl3.
d Isolated yield was calculated based 

on the mass recovery of the product. e [M1]0/[macroinitiator]0/[Pd2(dba)3•CHCl3]/[t-Bu3P]/[K3PO4] = 

30/1/4.4/3.0. f [M1]0/[macroinitiator]0/[Pd2(dba)3•CHCl3]/[t-Bu3P]/[K3PO4] = 30/1/1.5/6.6/4.5. g 

[M1]0/[macroinitiator]0/[Pd2(dba)3•CHCl3]/[t-Bu3P]/[K3PO4] = 40/1/2.0/8.8/6.0. 
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2.3 Conclusions 

In conclusion, the author successfully demonstrated that the SCTP of the triolborate 

salt-type fluorene monomer can be an efficient and versatile approach to the precise synthesis 

of high-molecular-weight and end-functionalized PFs with narrow dispersity. Kinetic and post-

polymerization experiments revealed that the SCTP proceeded rapidly through the chain growth 

and controlled/living polymerization route. Use of the triolborate salt-type fluorene monomer 

suppressed the side reactions, which is key to the successful synthesis of high-molecular-weight 

PFs as well as achieving α,ω-chain end-functionalized PFs. In addition, the well-controlled 

polymerization allowed direct access to PF-containing block and graft copolymers by 

combining with various macroinitiators by SCTP. One of the key factors for the successful 

block, triblock, star-block, and graft copolymers syntheses is the reduced water content in the 

polymerization medium, which suppressed the potential precipitation/aggregation of the 

macroinitiators. Therefore, the SCTP of the triolborate salt-type fluorene monomer offers the 

advantage of achieving precise polymerization in a simpler reaction system and affords well-

defined PFs with various functionalities at the chain ends.  
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2.4 Experimental Section 

Materials 

2-(7-Bromo-9,9-dihexyl-9H-fluorene-2-yl)4,4,5,5-tetramethyl-1,2,3dioxaborolane51 

and tris(dibenzylideneacetone)dipalladium(0)-chloroform adduct (Pd2(dba)3•CHCl3),
52 were 

prepared according to reported methods.  

Benzoic acid, 2-bromoisobutyryl bromide, n-butyl acrylate, ε-caprolactone, 18-crown-

6, 1,8-diazabicyclo[5.4.0]-undec-7-ene (DBU), 4-(dimethylamino)pyridine (DMAP), 

trans,trans-1,5-diphenyl-1,4-pentadien-3-one, diphenyl phosphate, ethyl 2-bromoisobutyrate, 

ethyl 4-iodobenzoate, 4-hydroxybutyl acrylate, 4'-iodoacetophenone, 4-iodoaniline, 4-

iodobenzaldehyde, 4-iodobenzoyl chloride, 4-iodobenzyl alcohol, 4-iodotoluene, rac-Lactide 

(rac-LA), N,N,N’,N’’,N’’-pentamethyldiethylenetriamine (PMDETA), styrene, trans-2-[3-(4-

tert-butylphenyl)-2-methyl-2-propylidene]malononitrile, triisopropyl borate, and 

trimethylolethane were purchased from Tokyo Chemical Industry Co., Ltd. (TCI), and used as 

received.  

n-Butyllithium (n-BuLi; in n-hexane as 1.6 mol L−1 solution) 2,7-dibromo-9,9-

dihexylfluorene, potassium hydroxide (KOH), and triethylamine (TEA) were purchased from 

Kanto Chemical Co., Inc., and used as received.  

4-Hydroxymethylphenylboronic acid, 4-iodostyrene, tri(t-butyl)phosphine, and 

tripotassium phosphate (K3PO4) were purchased from Fujifilm Wako Pure Chemical Co. and 

used as received.  

4-Iodophenol was purchased from Manac Co., Inc., and used as received.  

Copper(I) bromide (CuBr), (4-iodophenylethynyl)trimethylsilane, poly(ethylene 

oxide) monomethyl ether (Mn,NMR = 5,000 g mol−1), and 4-trimetylsilylethynylphenylboronic 

acid were purchased from Sigma-Aldrich Chemicals Co. and used as received.  

rac-Lactide (rac-LA; TCI, >98%) was purified by recrystallization (twice) from dry 

toluene and stored in a glovebox.  
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DBU, -CL, and styrene were purified by distillation over CaH2 under reduced 

pressure and stored in a glovebox. 

Commercially-available dry CH2Cl2 (Kanto Chemical Co., Inc., >99.5%, water 

content, <0.001%) was further purified by an MBRAUN MB SPS Compact solvent purification 

system equipped with a MB-KOL-C column and a MB-KOL-A column, which was then 

directly used for the polymerizations. Commercially-available dry THF and dry toluene (Kanto 

Chemical Co., Inc., >99.5%, water content, <0.001%) was further purified by an MBRAUN 

MB SPS Compact solvent purification system equipped with a MB-KOL-C column and a MB-

KOL-A column, which was then directly used for the polymerizations. Commercially-available 

dry toluene was further purified by MBRAUN solvent purification system (MB SPS 

COMPACT) equipped with a column of an activated alumina and a column of an activated 

copper catalyst.
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Instruments 

Polymerization was carried out in an MBRAUN stainless steel glovebox equipped 

with a gas purification system (molecular sieves and a copper catalyst) under a dry argon 

atmosphere (H2O, O2 <0.1 ppm). The moisture and oxygen contents in the glovebox were 

monitored by an MB-MO-SE 1 moisture sensor and an MB-OX-SE 1 oxygen sensor, 

respectively.  

1H (400 MHz) and 13C NMR (100 MHz) spectra were obtained using a JEOL JNM-

ECS400 instrument at 25 °C.  

DOSY NMR measurement was performed at 30 °C on a JEOL JNM-ECZ600R NMR 

spectrometer operating at 600 MHz and equipped with a ROYAL probe (NM100006) capable 

of producing gradients in the z direction with strength 90 G cm−1. The pulse sequence used was 

stimulated-echo and longitudinal eddy current delay. The gradient strength was logarithmically 

incremented in 16 steps from 50 mT up to 200 mT of the maximum gradient strength. The 

gradient duration was 2 ms and the diffusion delay was 0.1 s. The spectra were collected with 

a spectral window from −2.5 to 12.5 ppm in 8 transients and with 4 dummy transients in the 

beginning, with an acquisition time of 3 s and relaxation delay of 15 s. 

Size exclusion chromatography (SEC) was performed at 40 °C using a Jasco high-

performance liquid chromatography system (PU-2080Plus Intelligent HPLC pump, CO-

2065Plus Column oven, RI-2031Plus Intelligent RI detector, and Shodex DG-2080-54) 

equipped with a Shodex KF-G guard column (4.6 mm × 10 mm; particle size, 8 μm) and two 

Shodex KF-804 columns (linear; particle size, 7 μm; 8.0 mm × 300 mm; exclusion limit, 4 × 

105) in THF at a flow rate of 1.0 mL min−1. The number-average molecular weight (Mn,SEC) and 

dispersity (ĐM) of the polymer were calculated on the basis of a polystyrene calibration.  
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Matrix-assisted laser desorption ionization time-of-flight mass spectrometry 

(MALDI-TOF MS) measurement of the polymer was carried out in the reflector mode using an 

ABSCIEX TOF/TOF/5800 equipped with a 337 nm nitrogen laser (3 ns pulse width). The 

MALDI-TOF MS samples were prepared by depositing a mixture of the polymer and matrix in 

THF onto a sample plate. A 1/80 (v/v) ratio of [PF (1.0 g L−1 in THF)]/[trans-2-[3-(4-tert-

butylphenyl)-2-methyl-2-propylidene]malononitrile (10 g L−1 in THF)] was used. 
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Synthesis of potassium 2-(7-bromo-9,9-dihexyl-9H-fluorene-2-yl)triolborate 

Scheme 2-4. Synthesis of triolborate salt-type fluorene monomer 

 

 

To a 500 mL three-necked round bottom flask, 2,7-dibromo-9,9-dihexylfluorene 

(40.0 g, 81.2 mmol) was added and dried under vacuum at room temperature for 6 h. Dry-THF 

(320 mL) was introduced to this flask and cooled to −78 °C. n-BuLi (50.8 mL,81.2 mmol, 1.6 

M in hexane) was injected slowly via a syringe, and the whole mixture was stirred for 1.5 h 

under argon atmosphere. Triisopropyl borate (28.0 mL, 121.9 mmol) was then added to this 

reaction mixture. The mixture was gradually brought back to room temperature and stirred for 

9 h under argon atmosphere. The reaction was quenched by the addition of 12 mol L−1 HCl (30 

mL). The solvent was removed by evaporation, and the residue was dissolved in CH2Cl2 and 

washed with brine. The organic layer was dried over Na2SO4 and evaporated completely. The 

residue was purified by silica gel column chromatography (n-hexane → MeOH) to give 2-(7-

bromo-9,9-dihexyl-9H-fluorene-2-yl)diisopropyl boronate (41.7 g, yield; 90.5%) as a white 

powder.  

2-(7-Bromo-9,9-dihexyl-9H-fluorene-2-yl)diisopropyl boronate (30.0 g, 55.4 mmol) 

and trimethylolethane (6.7 g, 55.4 mmol) were then dissolved in toluene (150 ml). Isopropanol 

was removed by azeotropic distillation for 4 h by a Dean-Stark apparatus. Then, KOH (3.1 g, 

55.4 mmol) was added, and the mixture was refluxed for 4 h. The precipitate was collected by 

filtration, washed with cyclohexane, and dried under reduced pressure to give 2-(7-bromo-9,9-
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dihexyl-9H-fluorene-2-yl)triolborate (25.7 g, 44.3 mmol, 80% yield) was yellow solid. 

1H NMR (400 MHz, DMSO-d6): δ (ppm) 7.93–7.77 (m, Ar–H), 7.75–7.57 (m, Ar–H), 7.50 (d, 

Ar–H), 3.56 (s, –O(CH2)3CCH3), 2.12 (br, –CH2(CH2)4CH3), 1.36–0.66 (m, –CH2(CH2)4CH3), 

0.47 (s, –O(CH2)3CCH3). 

13C NMR (100 MHz, DMSO-d6): δ (ppm) 150, 147.8, 141.0, 140, 137.9, 134.8, 133.5, 131.4, 

130.6, 129.6, 128.4, 122.5, 69.1, 52.6, 43.9, 32.9, 31.8, 29.9, 24.4, 22.7, 14.9, 14.1. 

HRMS (ESI): m/z calcd for C30H41BO3Br−: 538.23739; found: 538.23782. 
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Synthesis of potassium aryltriolborates 

Scheme 2-5. Synthesis of terminators  

 

 

Arylboronic acid (65.8 mmol, 1.0 eq.) and trimethylolethane (65.8 mmol, 1.0 eq.) 

were dissolved in toluene (150 mL). Water was removed by azeotropic distillation for 4 h by a 

Dean-Stark apparatus. Then, KOH (65.8 mmol, 1.0 eq.) was added, and the mixture was 

refluxed for 4 h. The precipitate was collected by filtration, washed with n-hexane, and dried 

under reduced pressure to give the corresponding potassium aryltriolborate. 

 

Potassium 4-hydroxymethylphenyltriolborate 

 

14.4 g, 80% yield: White solid 

1H NMR (400 MHz, DMSO-d6): δ (ppm) 7.30 (d, J = 6.8 Hz, Ar–H), 6.98–6.88 (m, Ar–H), 

4.79 (d, –CH2OH), 3.56 (s, –O(CH2)3CCH3), 0.47 (s, –O(CH2)3CCH3) 

13C NMR (100 MHz, DMSO-d6): δ (ppm) 141.2, 137.4, 133.6, 127.1, 69.1, 64.7, 32.9, 14.9. 

HRMS (ESI): m/z calcd for C12H16BO4
−: 234.11858; found: 234.1183 

 

Potassium 4-trimetylsilylethynylphenyltriolborate 

 

18.3 g, 82% yield: White solid 
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1H NMR (400 MHz, DMSO-d6): δ (ppm) 7.30 (d, J = 6.8 Hz, Ar–H), 6.98-6.88 (m, Ar–H), 3.56 

(s, –O(CH2)3CCH3), 0.47 (s, –O(CH2)3CCH3), 0.08 (s, –Si(CH3)3) 

13C NMR (100 MHz, DMSO-d6): δ (ppm) 141.2, 133.6, 127.1, 69.1, 64.7, 32.9, 14.9. 

HRMS (ESI): m/z calcd for C16H22BO3Si−: 300.14731; found: 300.14758. 
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Synthesis of 4-iodobenzyl 2-bromo-2-methylpropanoate 

Scheme 2-6. Synthesis of initiator 

 

4-iodobenzyl alcohol (10 g, 42.7 mmol) and Et3N (7.7 mL, 55.5 mmol) in dry-CH2Cl2 

was added 2-bromo-2-dimethylpropionyl bromide (6.3 mL, 51.3 mmol). After stirring at room 

temperature for 2 h the reaction mature was filtered and extracted with Na2CO3 and 1M HCl 

solutions. The combined organic layers were then dried, evaporated to dryness (13.1 g, 80% 

yield). 

 

1H NMR (CDCl3, 400 MHz): δ (ppm) 7.22-7.49 (m, Ar–H), 5.13 (s, 2H, –CH2O–), 1.92 (s, 6H, 

–CH3). 

13C NMR (CDCl3, 100 MHz): δ (ppm) 171.3, 134.4, 131.8, 129.6, 122.4, 66.75, 55.50, 30.74. 

HRMS (EI): m/z calcd for C11H12O2BrI: 381.90610; found: 381.90653 
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Synthesis of iodobenzene-terminated poly(rac-lactide) 

Scheme 2-7. Synthesis of poly(rac-lactide) as macroinitiator 

 

 

In a glovebox, DBU (51.9 μL, 347 μmol, 1.0 eq.) was added to a stirred solution of the 

4-iodobenzyl alcohol (81.2 mg, 347 mmol, 1.0 eq.) and rac-LA (2.50 g, 17.35, 50 eq.) in dry-

CH2Cl2 (25 mL). After 10 min, an excess of benzoic acid (ca. 500 mg) was added to the reaction 

mixture to terminate the polymerization. The mixture was purified by reprecipitation using THF 

as a good solvent and cold MeOH as a poor solvent to give iodobenzene-terminated poly(rac-

lactide) as a white powder.10.4 g, 72.6% yield: white powder.  

 

Mn,SEC = 5800 g mol−1 (THF); Mn,NMR = 6000 g mol−1 (CDCl3), ĐM = 1.06.  

1H NMR (400 MHz, CDCl3): δ (ppm) 7.75 (m, Ar–H), 5.19 (m, –CH2O–, –C(=O)CHCH3O–), 

4.40–4.25 (m, –C(=O)CHCH3OH), 1.58 (m, –C(=O)CHCH3O–). 

  



Suzuki–Miyaura Catalyst-Transfer Polycondensation of  

Triolborate Salt-Type Fluorene Monomer 

 

- 76 - 

 

Synthesis of iodobenzene-terminated poly(ε-caprolactone) 

Scheme 2-8. Synthesis of poly(ε-caprolactone) as macroinitiator 

 

 

In a glovebox, DPP (73.1 mg, 292 μmol, 0.8 eq.) was added to a stirred solution of the 

4-iodobenzyl alcohol (85.4 mg, 365 μmol, 1.0 eq.) and ε-CL (2.50 g, 21.9 mmol, 60 eq.) in dry-

toluene (25 mL). After 6 h, an excess of Amberlyst® A21 was added to the reaction mixture to 

terminate the polymerization. The mixture was purified by reprecipitation using THF as a good 

solvent and cold MeOH as a poor solvent to give iodobenzene-terminated poly(ε-caprolactone) 

as a white powder. 1.91 g, 76.5%: white powder.  

 

Mn,SEC = 6500 g mol−1 (THF); Mn,NMR = 6700 g mol−1 (CDCl3), ĐM = 1.07.  

1H NMR (400 MHz, CDCl3): δ (ppm) 7.75 (m, Ar–H), 5.19 (s, –CH2O–), 4.06 (t, –COCH2–), 

3.65 (m, –CH2OH), 2.31 (t, –C(=O)CH2–), 1.60–1.70 (m, –C(=O)CH2CH2CH2CH2CH2O–), 

1.37 (m, –CO(CH2)2CH2(CH2)2O–). 
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Synthesis of iodobenzene-terminated polystyrene 

Scheme 2-9. Synthesis of polystyrene as macroinitiator 

 

 

The preparation of iodobenzene-terminated polystyrene under the typical procedure is 

as follows: CuBr (230 mg, 1.60 mmol, 1.0 eq.) was evacuated for 30 min in a Schlenk flask and 

backfilled with argon. Styrene monomer was passed basic Al2O3 column firstly in order to 

remove the inhibitor. A mixture of styrene monomer (5.0 g, 48.0 mmol, 30 eq.), PMDETA (334 

μL, 1.60 mmol, 1.0 eq.), and 4-iodobenzyl 2-bromo-2-methylpropanoate (613 mg, 1.60 mmol, 

1.0 eq.) were then mixed in anhydrous toluene was prepared and then removed gas by three 

freeze-pump-thaw cycles were applied for further purifying the mixture. Next, the liquid 

mixture was transferred to a flask including CuBr for the polymerization. The polymerization, 

which was performed in a preheated oil bath at 50 °C and the monomer conversion was 

monitored by 1H NMR at different polymerization time interval. The polymerization was 

terminated by bubbling air into the solution. The crude product was passed through a neutral 

Al2O3 column and eluted with THF to remove the catalyst. The mixture was purified by 

reprecipitation using THF as a good solvent and cold MeOH as a poor solvent to give 

iodobenzene-terminated polystyrene as white powder. 2.70 g, 53.9%. 

 

Mn,SEC = 2500 g mol−1 (THF); Mn,NMR = 2150 g mol−1 (CDCl3), ĐM = 1.17.  

1H NMR (CDCl3, 400 MHz): δ (ppm) 7.22–7.49 (m, Ar–H), 6.49–6.39 (m, Ar–H), 5.13 (s, 2H, 

–CH2O–), 2.00–1.54 (s, 2H, Ar−CH2−), 1.92 (s, 6H, –CH3).  
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Synthesis of iodobenzene-terminated polymers 

Scheme 2-10. Synthesis of macroinitiator 

 

Polymer (PEO; Mn,NMR = 5000 g mol−1 , PCL2; Mn,NMR = 7460 g mol−1 , PCL3; Mn,NMR 

= 6600 g mol−1, 2.0 mmol) was added to a 200 mL three-necked flask and was dried under 

vacuum at room temperature for 9 h. The solution of 4-iodobenzoyl chloride (600 mg, 2.4 

mmol), triethylamine (1.0 mL, 7.2 mmol), and dry CH2Cl2 (50 mL) was degassed by bubbling 

with Ar gas for 30 min and was then transferred to the three-necked flask using a cannula. The 

reaction mixture was stirred at room temperature for 24 h. The solvent was removed by rotary 

evaporation, and the residue was precipitated using THF as a good solvent and cold n-hexane 

as a poor solvent to give iodobenzene-terminated polymer as a white powder. 

 

I−PEO  

10.4 g, 99.5% yield: white powder. Mn,SEC = 3100 g mol−1 (THF); Mn,NMR = 5300 g mol−1 

(CDCl3), ĐM = 1.25.  

1H NMR (400 MHz, CDCl3): δ (ppm) 7.90–7.66 (m, Ar–H), 3.67–3.56 (m, –CH2CH2–, –CH3). 

(I−PCL)2  

9.4 g, 93.9% yield: white powder. Mn,SEC = 9400 g mol−1 (THF); Mn,NMR = 7920 g mol−1 (CDCl3), 

ĐM = 1.05.  

1H NMR (400 MHz, CDCl3): δ (ppm) 7.94–7.74 (m, Ar–H), 4.32 (t, –CH2OBz–I), 4.07 (t, –
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COCH2–), 2.32 (t, –C(=O)CH2–), 1.70–1.60 (m, –C(=O)CH2CH2CH2CH2CH2O–), 1.43–1.35 

(m, –CO(CH2)2CH2(CH2)2O–, –CH2CH3), 0.84 (s, –CH3). 

 

(I−PCL)3 

9.3 g, 93% yield: white powder. Mn,SEC = 12,350 g mol−1 (THF); Mn,NMR = 7290 g mol−1 (CDCl3), 

ĐM = 1.05.  

1H NMR (400 MHz, CDCl3): δ (ppm) 7.94–7.74 (m, Ar–H), 4.30 (t, –CH2OBz–I), 4.06 (t, –

COCH2–), 2.31 (t, –C(=O)CH2–), 1.89–1.55 (m, –C(=O)CH2CH2CH2CH2CH2O–), 1.38 (m, –

CO(CH2)2CH2(CH2)2O–), 1.00 (s, –CH3). 
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Synthesis of poly(n-butyl acrylate) having iodobenzene at the side chain 

Scheme 2-11. Synthesis of macroinitiator 

 

The preparation of poly(n-butyl acrylate) having iodobenzene at the side chain under 

the typical procedure is as follows: CuBr (336 mg, 2.34 mmol, 1.0 eq.) was evacuated for 30 

min in a Schlenk flask and backfilled with argon. n-Butyl acrylate and 4-hydroxybutyl acrylate 

were passed basic Al2O3 column firstly in order to remove the inhibitor. A mixture of n-butyl 

acrylate (15 g, 117 mmol, 50 eq.), 4-hydroxybutyl acrylate (1.69 g, 2.34 mmol, 5 eq.), PMDETA 

(489 μL, 2.34 mmol, 1.0 eq.), and ethyl 2-bromoisobutyrate (457 mg, 2.34 mmol, 1.0 eq.) were 

then mixed in anhydrous toluene was prepared and then removed gas by three freeze-pump-

thaw cycles were applied for further purifying the mixture. Next, the liquid mixture was 

transferred to a flask including CuBr for the polymerization. The polymerization, which was 

performed in a preheated oil bath at 50 °C and the monomer conversion was monitored by 1H 

NMR at different polymerization time interval. The reaction mixture was quenched in liquid 

nitrogen and allowed to warm to room temperature. After the remaining n-butyl acrylate and 4-

hydroxy acrylate were removed under reduced pressure, 4-iodobenzoyl chloride (600 mg, 2.08 

mmol), triethylamine (1.64 mL, 3.12 mmol), and dry CH2Cl2 (50 mL) were added to the residue, 

and the solution was stirred at room temperature for 24 h. The solvent was removed by rotary 

evaporation, and the residue was precipitated using THF as a good solvent and cold n-hexane 

as a poor solvent to give poly(n-butyl acrylate) having iodobenzene at the side chain as a yellow 

viscous liquid. 6.67 g, 40.0%. 
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Mn,SEC = 7630 g mol−1 (THF); Mn,NMR = 8130 g mol−1 (CDCl3), ĐM = 1.09.  

1H NMR (CDCl3, 400 MHz): δ (ppm) 7.94–7.74 (m, Ar–H), 4.35 (t, –CH2OBz–I), 4.04 (t, –

C(=O)OCH2CH2–), 2.28 (br, –CH2CH–), 1.92 (br, –CH2CH–), 1.60–1.38 (m, –(CH2)2–), 1.24 

(t, –CH2CH3), 1.09 (d, –C(=O)C(CH3)2–), 0.94 (t, –CH3).  
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Polymerization of potassium 2-(7-bromo-9,9-dihexyl-9H-fluorene-2-yl)triolborate 

Scheme 2-12. Polymerization of triolborate salt-type fluorene monomer 

 

In the glovebox, 4-iodobenzyl alcohol (FI−CH2OH; 115 μL, 57.5 μmol, as 0.50 mol 

L−1 stock solution in THF), Pd2(dba)3•CHCl3 (17.9 mg, 17.2 μmol), and t-Bu3P (253 L, 127 

μmol, as 0.5 mol L−1 stock solution in THF) were placed in a vial and dissolved in THF (5 mL). 

After stirring for 1 h at room temperature, the mixture was passed through a 0.45 μm PTFE 

filter to produce a Pd-initiator solution. The vial containing the stock solution of the Pd-initiator 

was sealed and taken out from the glovebox. In a 300 mL recovery flask, a mixture of THF (86 

mL) and deionized water (8.6 mL) was deoxygenated by argon bubbling at least for 1 h. The 

stock solution of the Pd-initiator was transferred to the flask using a cannula under an argon 

atmosphere, and the entire mixture was cooled to −10 °C. Potassium 2-(7-bromo-9,9-dihexyl-

9H-fluorene-2-yl)triolborate (M1; 3.45 mL, 0.86 mmol, as 0.25 mol L−1 stock solution in THF) 

was quickly added to the mixture under an argon atmosphere, and the entire mixture was 

vigorously stirred for 15 min at −10 °C. To the reaction mixture, 1 mol L−1 HCl (5 mL) was 

added to terminate the polymerization. The solvent was removed by evaporation, and the 

residue was dissolved in CH2Cl2 and washed with brine. The organic layer was dried over 

Na2SO4 and concentrated. The mixture was filtered, and the filtrate was evaporated under 

reduced pressure. The resulting solution was concentrated and precipitated using THF as a good 

solvent and cold acetone as a poor solvent to give HOCH2−PF. The polymerization results are 

listed in Table 2-7. 
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Table 2-7. SCTP of M1 under various conditions a 

temp (°C) Mn,SEC
b

 (g mol−1) Mn,NMR 
c(g mol−1) ÐM

b yield d (%) yield (mg) 

20 

0 

−10 

−30 

8500 

8300 

5700 

― 

9500 

9200 

5800 

― 

1.36 

1.33 

1.18 

― 

80.3 

85.2 

84.3 

― 

230 

244 

241 

― 
a Polymerization condition: Ar atmosphere; solvent, THF/water (v/v) = 10/1; [M1]0 = 10 mmol L−1; 

[M1]0/[FI−CH2OH]0/[Pd2(dba)3•CHCl3]/[t-Bu3P] = 15/1/0.3/2.2. b Determined by SEC (PSt standards, THF, 

40 °C). c Determined by 1H NMR spectrum in CDCl3. 
d Isolated yields. 
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Evaluation of the living nature of the SCTP of triolborate salt-type monomer 

Scheme 2-13. Post-polymerization experiment for the SCTP 

 

In the glovebox, FI−CH2OH (1.15 mL, 0.58 mmol, as 0.5 mol L−1 stock solution in 

THF), Pd2(dba)3•CHCl3 (178.6 mg, 0.173mmol), and t-Bu3P (2.53 mL, 1.27 mmol, as 0.5 mol 

L−1 stock solution in THF) were placed in a vial and dissolved in THF (15 mL). After stirring 

for 1 h at room temperature, the mixture was passed through a 0.45 μm PTFE filter to produce 

a Pd-initiator solution. The vial containing the stock solution of the Pd-initiator was sealed and 

taken out from the glovebox. In a 1000 mL recovery flask, a mixture of THF (860 mL) and 

water (86 mL) was deoxygenated by argon bubbling at least for 1 h. The stock solution of the 

Pd-initiator was transferred to the flask using a cannula under an argon atmosphere, and the 

entire mixture was cooled to −10 °C. M1 (34.5 mL, 8.63 mmol, as 0.25 mol L−1 stock solution 

in THF) was quickly added to the mixture under an argon atmosphere, and the entire mixture 

was vigorously stirred for 12 min at −10 °C. Then, M1 (34.5 mL, 8.63 mmol, as 0.25 mol L−1 

stock solution in THF) was added. A small aliquot (0.3 mL) of the reaction mixture was 

collected at 0.5, 1.0, 2.0, 5.0, 10, 12.5, 13, 14, 17, and 24 min. Each aliquot was quenched with 

1 mol L−1 HCl solution and extracted with CH2Cl2. The separated organic layer was evaporated 

under reduced pressure to get a residue. Half of the residue was dissolved in CDCl3 to determine 

the conversion of monomer by 1H NMR (conversions of 31%, 39%, 65%, 85%, 99%, 119%, 

146%, 161%, 176%, and 199% were observed for 0.5, 1.0, 2.0, 5.0, 10, 12.5, 13, 14, 17, and 24 

min, respectively). The other half of the residue was dissolved in THF, and the solution was 
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filtered. The filtrate was analyzed by SEC to determine the Mn and ÐM values of the polymers. 

The Mn,SEC (ÐM) values of each polymer initiated by Pd2(dba)3•CHCl3/t-Bu3P/FI−CH2OH for 

0.5, 1.0, 2.0, 5.0, 10, 12.5, 13, 14, 17, and 24 min were 1960 (1.22), 2400 (1.22), 3860 (1.23), 

4970 (1.23), 5760 (1.23), 6940 (1.25), 8450 (1.25), 9280 (1.26), 9850 (1.27), and 11460 g mol−1 

(1.28) respectively. The polymerization results are listed in Table 2-8. 

 

Table 2-8. Monomer conversion, molecular weight, and dispersity at each reaction timea 

reaction time (min) conversion (%) Mn,SEC
b

 (g mol−1) ÐM
b Mn,NMR

c
 (g mol−1) 

0.5 

1.0 

2.0 

5.0 

10.0 

12.5 

13.0 

14.0 

17.0 

24.0 

31 

39 

65 

85 

99 

119 

146 

161 

176 

199 

2100 

2500 

3700 

5000 

6100 

7100 

8600 

9400 

10,000 

12,000 

1.22 

1.22 

1.23 

1.23 

1.24 

1.25 

1.25 

1.26 

1.27 

1.28 

1960 

2400 

3860 

4970 

5760 

6940 

8450 

9280 

9850 

11,460 
a Polymerization conditions: Ar atmosphere; solvent, THF/water (v/v) = 10/1; [M1]0 = 10 mmol L−1; 

[M1]0/[FI−CH2OH]0/[Pd2(dba)3•CHCl3]/[t-Bu3P] = 15/1/0.3/2.2. b Determined by SEC (PSt standards, THF, 

40 °C). c Determined by 1H NMR spectrum in CDCl3.  
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Molecular weight control 

Scheme 2-14. Molecular weight control of PF 

 

A polymerization of M1 was conducted with the optimized condition while varying 

the [M1]0/[FI−CH2OH]0 ratio (30/1, 45/1, 90/1, 180/1 and 270/1) for aiming at synthesizing 

the higher molecular weight PFs. The final product of HOCH2−PF was obtained as a yellow 

solid. The polymerization results are listed in Table 2-9. 

 

Table 2-9. Synthesis of PFs with varied molecular weightsa 

[M1]0/[FI−CH2OH]0 degree of 

polymerizationb 

Mn,SEC 
b 

(g mol−1) 

ÐM
b Mn,NMR 

c 

(g mol−1) 

yieldd 

(%) 

 15 

 30 

 45 

90 

180 

270 

17 

37 

53 

88 

205 

250 

5700 

10,000 

14,200 

25,700 

44,700 

69,400 

1.18 

1.24 

1.25 

1.28 

1.37 

1.38 

5800 

12,600 

17,800 

29,400 

68,300 

83,300 

84.3 

83.2 

84.3 

85.4 

82.6 

88.9 
a Polymerization conditions: temperature, −10 °C; Ar atmosphere; solvent, THF/water (v/v) = 10/1; [M1]0 = 

10 mmol L−1; [FI−CH2OH]0/[Pd2(dba)3•CHCl3]/[t-Bu3P]/[K3PO4] = 1/0.3/2.2/1.5. b Determined by SEC 

(PSt standards, THF, 40 °C). c Determined by 1H NMR spectrum in CDCl3. 
d Isolated yields. 
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Synthesis of α-end-functionalized PFs using functional initiators 

Scheme 2-15. Polymerization with various initiators 

 

The α-end-functionalized PF was synthesized by the SCTP of M1 (3.45 mL, 0.86 

mmol, as 0.25 mol L−1 stock solution in THF) with aryl halide (FI−R1; 115 μL, 57.5 μmol, as 

0.50 mol L−1 stock solution in THF), Pd2(dba)3•CHCl3 (17.9 mg, 17.2 μmol), t-Bu3P (253 L, 

127 μmol, as 0.5 mol L−1 stock solution in THF) in a mixture of THF (86 mL), K3PO4 (18.3 mg, 

86.3 μmol), and deionized water (8.6μL). The final products of α-end-functionalized PF was 

obtained as a yellow solid. 

 

α-Methyl-functionalized poly(9,9-dihexyl-2,7-fluorene) 

 

248 mg, 86.8% yield: Yellow solid. Mn,SEC = 4800 g mol−1 (THF); Mn,NMR = 4400 g mol−1 

(CDCl3), ĐM = 1.35.  

1H NMR (400 MHz, CDCl3): δ (ppm) 7.93–7.77 (m, Ar–H), 7.75–7.57 (m, Ar–H), 7.50 (d, 

Ar–H), 2.45 (s, –CH3), 2.12 (br, –CH2(CH2)4CH3), 1.36–0.66 (m, –CH2(CH2)4CH3). 
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α-Hydroxyl-functionalized poly(9,9-dihexyl-2,7-fluorene) 

 

245 mg, 85.8% yield: Yellow solid. Mn,SEC = 5100 g mol−1 (THF); Mn,NMR = 5300 g mol−1 

(CDCl3), ĐM = 1.27.  

1H NMR (400 MHz, CDCl3): δ (ppm) 7.93–7.77 (m, Ar–H), 7.75–7.57 (m, Ar–H), 7.50 (d, 

Ar–H), 2.12 (br, –CH2(CH2)4CH3), 1.36–0.66 (m, –CH2(CH2)4CH3). 

 

α-Amino-functionalized poly(9,9-dihexyl-2,7-fluorene) 

 

208 mg, 73.0% yield: Yellow solid. Mn,SEC = 5000 g mol−1 (THF); Mn,NMR = 5100 g mol−1 

(CDCl3), ĐM = 1.19.  

1H NMR (400 MHz, CDCl3): δ (ppm) 7.93–7.77 (m, Ar–H), 7.75–7.57 (m, Ar–H), 7.50 (d, Ar–

H), 2.37 (s, -CH3), 2.12 (br, –CH2(CH2)4CH3), 1.36–0.66 (m, –CH2(CH2)4CH3). 

 

α-Aldehyde-functionalized poly(9,9-dihexyl-2,7-fluorene) 

 

253 mg, 88.4% yield: Yellow solid. Mn,SEC = 5000 g mol−1 (THF); Mn,NMR = 7800 g mol−1 

(CDCl3), ĐM = 1.30.  

1H NMR (400 MHz, CDCl3): δ (ppm) 10.11 (–CHO), 7.93–7.77 (m, Ar–H), 7.75–7.57 (m, Ar–

H), 7.50 (d, Ar–H) , 2.37 (s, -CH3), 2.12 (br, –CH2(CH2)4CH3), 1.36–0.66 (m, –CH2(CH2)4CH3). 
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α-Acetyl-functionalized poly(9,9-dihexyl-2,7-fluorene) 

 

238 mg, 83.3% yield: Yellow solid. Mn,SEC = 5300 g mol−1 (THF); Mn,NMR = 5700 g mol−1 

(CDCl3), ĐM = 1.36.  

1H NMR (400 MHz, CDCl3): δ (ppm) 7.93–7.77 (m, Ar–H), 7.75–7.57 (m, Ar–H), 7.50 (d, 

Ar–H), 3.51 (d, –COCH3), 2.12 (br, –CH2(CH2)4CH3), 1.36–0.66 (m, –CH2(CH2)4CH3). 

 

α-Ethyl ester-functionalized poly(9,9-dihexyl-2,7-fluorene) 

 

234 mg, 81.7% yield: Yellow solid. Mn,SEC = 5200 g mol−1 (THF); Mn,NMR = 4100 g mol−1 

(CDCl3), ĐM = 1.23.  

1H NMR (400 MHz, CDCl3): δ (ppm) 7.93–7.77 (m, Ar–H), 7.75–7.57 (m, Ar–H), 7.50 (d, 

Ar–H), 4.45 (m, –CH2CH3), 2.12 (br, –CH2(CH2)4CH3), 1.45 (–CH3), 1.36–0.66 (m, –

CH2(CH2)4CH3). 
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α-Vinyl-functionalized poly(9,9-dihexyl-2,7-fluorene) 

 

231 mg, 80.8% yield: Yellow solid. Mn,SEC = 4,500 g mol−1 (THF); Mn,NMR = 4,100 g mol−1 

(CDCl3), ĐM = 1.28.  

1H NMR (400 MHz, CDCl3): δ (ppm) 7.93–7.77 (m, Ar–H), 7.75–7.57 (m, Ar–H), 7.50 (d, 

Ar–H), 5.93 m, (–CH=CH2), 5.29, 4.74 (–CH=CH2), 2.12 (br, –CH2(CH2)4CH3), 1.36–0.66 (m, 

–CH2(CH2)4CH3). 

 

α-Trimethylsilylethynyl-functionalized poly(9,9-dihexyl-2,7-fluorene) 

 

237 mg, 82.8% yield: Yellow solid. Mn,SEC = 6000 g mol−1 (THF); Mn,NMR = 7700 g mol−1 

(CDCl3), ĐM = 1.35.  

1H NMR (400 MHz, CDCl3): δ (ppm) 7.93–7.77 (m, Ar–H), 7.75–7.57 (m, Ar–H), 7.50 (d, 

Ar–H), 2.12 (br, –CH2(CH2)4CH3), 1.36–0.66 (m, –CH2(CH2)4CH3), 0.8 (–Si–C≡C–(CH3)3). 
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Synthesis of ω-end-functionalized PF using functional terminators 

Scheme 2-16. Polymerization with various terminators 

 

In the glovebox, FI−CH2OH (115 μL, 57.5 μmol, as 0.50 mol L−1 stock solution in 

THF), Pd2(dba)3•CHCl3 (17.9 mg, 17.2 μmol), and t-Bu3P (253 L, 127 μmol, as 0.5 mol L−1 

stock solution in THF) were placed in a vial and dissolved in THF (5 mL). After stirring for 1 

h at room temperature, the mixture was passed through a 0.45 mm PTFE filter to produce a Pd-

initiator solution. The vial containing the stock solution of the Pd-initiator was sealed and taken 

out of the glovebox. In a 100 mL recovery flask, THF (86 mL), K3PO4 (18.3 mg, 86.3 μmol), 

and deionized water (8.6μL) were deoxygenated by argon bubbling at least for 1 h. The stock 

solution of the Pd-initiator was transferred to the flask using a cannula under an argon 

atmosphere, and the entire mixture was cooled to −10 °C. M1 (3.45 mL, 0.86 mmol, as 0.25 

mol L−1 stock solution in THF) was quickly added to the mixture under an argon atmosphere, 

and the entire mixture was vigorously stirred for 12 min at −10 °C. The reaction was quenched 

by injecting potassium aryltriolborate (FT−R2; 2.30 mL, 575 μmol, as 0.25 mol L−1 stock 

solution in THF) and stirred for 30 min. The solvent was removed by evaporation, and the 

residue was dissolved in CH2Cl2 and washed with brine. The organic layer was dried over 

Na2SO4 and concentrated. The mixture was filtered and the filtrate was evaporated under 

reduced pressure. The resulting solution was concentrated and precipitated using THF as a good 

solvent and cold acetone as a poor solvent to give the ω-end-functionalized PF. 
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αω-Dihydroxymethyl-functionalized poly(9,9-dihexyl-2,7-fluorene) 

 

224 mg, 78.2% yield: Yellow solid. Mn,SEC = 6100 g mol−1 (THF); Mn,NMR = 5600 g mol−1 

(CDCl3), ĐM = 1.25.  

1H NMR (400 MHz, CDCl3): δ (ppm) 7.93–7.77 (m, Ar–H), 7.75–7.57 (m, Ar–H), 7.50 (d, 

Ar–H), 4.97 (s, –CH2OH), 2.12 (br, –CH2(CH2)4CH3), 1.36–0.66 (m, –CH2(CH2)4CH3). 

 

α-Hydroxymethyl,ω-trimethylsilylethynyl-functionalized poly(9,9-dihexyl-2,7-fluorene) 

 

252 mg, 88.0% yield: Yellow solid. Mn,SEC = 6600 g mol−1 (THF); Mn,NMR = 5600 g mol−1 

(CDCl3), ĐM = 1.31.  

1H NMR (400 MHz, CDCl3): δ (ppm) 7.93–7.77 (m, Ar–H), 7.75–7.57 (m, Ar–H), 7.50 (d, 

Ar–H), 4.97 (s, –CH2OH), 2.12 (br, –CH2(CH2)4CH3), 1.36–0.66 (m, –CH2(CH2)4CH3) , 0.8 (–

Si–C≡C–(CH3)3). 
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α, ω-Bistrimethylsilylethynyl-functionalized poly(9,9-dihexyl-2,7-fluorene) 

 

252 mg, 88.0% yield: Yellow solid. Mn,SEC = 8700 g mol−1 (THF); Mn,NMR = 6800 g mol−1 

(CDCl3), ĐM = 1.36.  

1H NMR (400 MHz, CDCl3): δ (ppm) 7.93–7.77 (m, Ar–H), 7.75–7.57 (m, Ar–H), 7.50 (d, 

Ar–H), 4.97 (s, –CH2OH), 2.12 (br, –CH2(CH2)4CH3), 1.36–0.66 (m, –CH2(CH2)4CH3) , 0.8 (–

Si–C≡C–(CH3)3). 
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Effect of water content in the solvent on the polymerization properties 

Scheme 2-17. Polymerization in THF/water cosolvent with varied water content 

 

In order to elucidate the effect of water content in the solvent on the polymerization 

properties, the SCTP of M1 was performed with varying the THF/water ratio (THF/water (v/v) 

= 10/1, 100/1, 1000/1, 5000/1, and without water). The final product of HOCH2−PF was 

obtained as a yellow solid.   
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The effect on water on polymerization 

Scheme 2-18. The effect of water on SCTP 

 

 

In order to adjust the polymerization effect of water in the solvent, M1 or M2 

polymerization was performed while varying the [THF]/[water] ratio (10/1 and 5000/1). The 

final product of HOCH2−PF was obtained as a yellow solid. The polymerization results are 

listed in Table 2-5.  
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Synthesis of PF-containing block copolymers using macroinitiators 

Scheme 2-19. Synthesis of PF-containing block copolymers by SCTP with various 

macroinitiators 

 

The PF-containing block copolymers were synthesized by the SCTP of M1 (10.4 mL, 

2.59 mmol, as 0.25 mol L−1 stock solution in THF) with the macroinitiators (I−St; Mn, NMR; 

11,300, ÐM; 1.10, I−PLA; Mn, NMR; 9500, ÐM; 1.06, I−PCL; Mn, NMR; 11,300, ÐM; 1.10, I−PEO; 

Mn, NMR; 11,300, ÐM; 1.10, 86.3 μmol, 1.0 eq.), Pd2(dba)3•CHCl3 (26.8 mg, 25.9 μmol, 0.5 eq.), 

t-Bu3P (380 L, 190 μmol, as 0.5 mol L−1 stock solution in THF, 2.2 eq.) in a mixture of THF 

(248 mL), K3PO4 (2.7 mg, 130 μmol, 1.5 eq.), and deionized water (25 μL, 60 eq.). The final 

products were obtained as a yellow solid. 

 

 

PF-b-PSt 

0.93 g, 87.0% yield: Yellow solid. Mn,SEC = 12,700 g mol−1 (THF); Mn,NMR = 12,700 g mol−1 

(CDCl3), ĐM = 1.20.  

1H NMR (400 MHz, CDCl3): δ (ppm) 7.93–7.77 (m, Ar–H), 7.75–7.57 (m, Ar–H), 7.50 (d, Ar–

H), 7.30–6.30 (m, Ar–H), 2.12 (br, –CH2(CH2)4CH3), 2.00–1.54 (m, –CHCH2–), 1.36–0.66 (m, 

–CH2(CH2)4CH3). 
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PF-b-PLA 

1.30 g, 90.0% yield: Yellow solid. Mn,SEC = 16,800 g mol−1 (THF); Mn,NMR = 15,700 g mol−1 

(CDCl3), ĐM = 1.19.  

1H NMR (400 MHz, CDCl3): δ (ppm) 7.93–7.77 (m, Ar–H), 7.75–7.57 (m, Ar–H), 7.50 (d, Ar–

H), 5.29-5.11 (m, –COCH(CH3)O–), 1.66-1.43 (m, –COCH(CH3)O–), 2.12 (br, –

CH2(CH2)4CH3), 1.36–0.66 (m, –CH2(CH2)4CH3).  

PF-b-PCL 

1.33 g, 85.0% yield: Yellow solid. Mn,SEC = 17,700 g mol−1 (THF); Mn,NMR = 16,000 g mol−1 

(CDCl3), ĐM = 1.11.  

1H NMR (400 MHz, CDCl3): δ (ppm) 7.93–7.77 (m, Ar–H), 7.75–7.57 (m, Ar–H), 7.50 (d, Ar–

H), 4.06 (t, –COCH2–), 3.65 (m, –CH2OH), 2.31 (t, –COOCH2–), 2.12 (br, –CH2(CH2)4CH3), 

1.60-1.70 (m, –COCH2CH2(CH2)2CH2CH2O–),1.37 (m, –CO(CH2)2CH2(CH2)2O–), 1.36–0.66 

(m, –CH2(CH2)4CH3). 

PF-b-PEO 

1.04 g, 67.3% yield: Yellow solid. Mn,SEC = 10,300 g mol−1 (THF); Mn,NMR = 14,200 g mol−1 

(CDCl3), ĐM = 1.50.  

1H NMR (400 MHz, CDCl3): δ (ppm) 7.93–7.77 (m, Ar–H), 7.75–7.57 (m, Ar–H), 7.50 (d, Ar–

H), 3.67-3.55 (m, –OCH2CH2–, –OCH3), 2.12 (br, –CH2(CH2)4CH3), 2.00–1.54 (m, –CHCH2–), 

1.36–0.66 (m, –CH2(CH2)4CH3). 
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Synthesis of PF-containing diblock copolymer using multiple initiating sites 

Scheme 2-20. Synthesis of PF-containing diblock copolymer by SCTP with multiple initiating 

sites  

 

The PF-containing block copolymers were synthesized by the SCTP of M1 (10.4 mL, 

2.59 mmol, as 0.25 mol L−1 stock solution in THF) with the macroinitiators ((I−PCL)2; Mn,NMR 

= 7900 g mol−1, ÐM = 1.05, 68.3 mg, 86.3 μmol, 1.0 eq.), Pd2(dba)3•CHCl3 (8.9 mg, 8.63 μmol, 

1.0 eq.), t-Bu3P (76 L, 38 μmol, as 0.5 mol L−1 stock solution in THF, 4.4 eq.) in a mixture of 

THF (248 mL), K3PO4 (5.5 mg, 26 μmol, 3.0, eq.), and deionized water (25 μL, 60 eq.). The 

final products were obtained as a yellow solid. 

 

PF-b-PCL-b-PF 

96.6 mg, 88.5% yield: Yellow solid. Mn,SEC = 15,800 g mol−1 (THF); Mn,NMR = 17,800 g mol−1 

(CDCl3), ĐM = 1.10.  

1H NMR (400 MHz, CDCl3): δ (ppm) 7.94–7.74 (m, Ar–H), 7.75–7.57 (m, Ar–H), 7.50 (d, Ar–

H), 4.32 (t, –CH2OBz–I), 4.07 (t, –COCH2-), 2.32 (t, –COOCH2–), 1.70–1.60 (m, –

C(=O)CH2CH2CH2CH2CH2O–), 2.12 (br, –CH2(CH2)4CH3), 1.70–1.60 (m, –

COCH2CH2(CH2)2CH2CH2O–),1.43–1.35 (m, –CO(CH2)2CH2(CH2)2O–), 1.36–0.66 (m, –

CH2(CH2)4CH3, –CH3). 
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Synthesis of PF-containing star-block copolymer using multiple initiating sites 

Scheme 2-21. Synthesis of PF-containing star-block copolymer by SCTP with multiple 

initiating sites  

 

The PF-containing block copolymers were synthesized by the SCTP of M1 (10.4 mL, 

2.59 mmol, as 0.25 mol L−1 stock solution in THF) with the macroinitiators ((I−PCL)3; Mn,NMR 

= 7900 g mol−1, ÐM = 1.05, 62.9 mg, 86.3 μmol, 1.0e.q), Pd2(dba)3•CHCl3 (13.4 mg, 13 μmol, 

1.5 e.q), t-Bu3P (114 L, 57 μmol, as 0.5 mol L−1 stock solution in THF, 6.6 e.q) in a mixture 

of THF (248 mL), K3PO4 (8.2 mg, 39 μmol, 4.5 e.q), and deionized water (25 μL, 60 eq.). The 

final products were obtained as a yellow solid. 

 

(PCL-b-PF)3 

87.9 mg,82.6% yield: Yellow solid. Mn,SEC = 15,300 g mol−1 (THF); Mn,NMR = 17,100 g mol−1 

(CDCl3), ĐM = 1.07.  

1H NMR (400 MHz, CDCl3): δ (ppm) 7.93–7.74 (m, Ar–H), 7.75–7.57 (m, Ar–H), 7.50 (d, Ar–

H), 4.30 (t, –CH2OBz–I), 4.06 (t, –COCH2–), 2.31 (t, –C(=O)CH2–), 1.89–1.55 (m, –

C(=O)CH2CH2CH2CH2CH2O–), 2.12 (br, –CH2(CH2)4CH3), 1.60–1.70 (m, –

COCH2CH2(CH2)2CH2CH2O–), 1.38 (m, –CO(CH2)2CH2(CH2)2O–, –CH3), 1.36–0.66 (m, –

CH2(CH2)4CH3). 
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Synthesis of PF-containing graft copolymer using multiple initiating sites 

Scheme 2-22. Synthesis of PF-containing graft copolymer by SCTP with using multiple 

initiating sites 

 

The PF-containing block copolymers were synthesized by the SCTP of M1 (10.4 mL, 

2.59 mmol, as 0.25 mol L−1 stock solution in THF) with the macroinitiators (P(BAx-co-BzIy); 

Mn,NMR = 8100 g mol−1, ÐM = 1.09, 52.6 mg, 86.3 μmol, 1.0 e.q.), Pd2(dba)3•CHCl3 (21.4 mg, 

20.7 μmol, 3.2 e.q.), t-Bu3P (114 L, 57 μmol, as 0.5 mol L−1 stock solution in THF, 8.8 e.q.) 

in a mixture of THF (248 mL), K3PO4 (8.2 mg, 39 μmol, 6.0 e.q.), and deionized water (25 μL, 

60 eq.). The final products were obtained as a yellow solid. 

 

PBA-g-PF 

76.3 mg, 75.3% yield: Yellow solid. Mn,SEC = 14,900 g mol−1 (THF); Mn,NMR = 21,300 g mol−1 

(CDCl3), ĐM = 1.08.  

1H NMR (400 MHz, CDCl3): δ (ppm) 7.93–7.74 (m, Ar–H), 7.75–7.57 (m, Ar–H), 7.50 (d, Ar–

H), 4.06 (t, –COCH2–), 4.35 (t, –CH2OBz–), 4.04 (t, –C(=O)OCH2CH2–), 2.28 (br, –CH2CH–), 

2.12 (br, –CH2(CH2)4CH3), 1.92 (br, –CH2CH–), 1.60–1.38 (m, –(CH2)2–),1.36–0.66 (m, –

CH2(CH2)4CH3, –CH2CH3, –CH3). 
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3.1 Introduction 

Among the approaches to give π-conjugated polymers, catalyst transfer polymerization 

for polycarbazoles has not been extensively studied. Polycarbazoles can be distinguished based 

on the bonding positions of repeating units.1 Poly(N-alkyl-3,6-carbazole)s (3,6-PCz), with an 

m-phenylene-like configuration, have been applied to organic light-emitting diodes (OLEDs), 

flash memory devices, and devices utilizing thermally activated delayed fluorescence.2–6 In 

contrast, poly(N-alkyl-2,7-carbazole)s (2,7-PCz), possessing a p-phenylene-like configuration, 

have been used in OLEDs and organic photovoltaics (OPVs) devices.7–12 Despite their 

promising potential in many applications, the synthesis of polycarbazoles relies on the 

polycondensation of symmetric bifunctional monomers (i.e., A−A + B−B type reaction, where 

the A and B mean complementary reactive groups).13,14 However, there are only a few examples 

of chain-growth-type catalyst transfer polycondensation for synthesizing poly(N-alkyl-

carbazole)s.15 Tan et al. first reported the synthesis of poly(N-heptadecan-2,7-carbazole) and 

poly(N-octyl-3,6-carbazole) via Kumada–Tamao–Corriu catalyst-transfer polycondensation 

(KCTP).16 However, the poor functional group tolerance of the Grignard-type monomers used 

in KCTP limited the application of functional initiators to introduce reactive functional groups 

on the chain end. In contrast, due to the good functional group tolerance of organoboron species, 

Suzuki–Miyaura catalyst-transfer polycondensation (SCTP) is highly attractive for the precise 

synthesis of poly(N-alkyl-carbazole)s with functional end groups. Jager et al. reported the 

synthesis of an end-functionalized poly(N-octyl-3,6-carbazole) via the SCTP of a 

pinacolboronate-type monomer.17 However, a chain transfer reaction occurred during 

polymerization, leading to the formation of macrocyclic by-products and polymers with 

undesired end groups. To the best of author knowledge, the SCTP synthesis of 2,7-PCz has 
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never been reported. This offers room to further investigate control of the SCTP to precisely 

synthesize 3,6- and 2,7-PCzs with desired molecular weights, narrow dispersity (ÐM), and end 

groups. Accordingly, author focused on triolborate salt-type monomers, which possess higher 

nucleophilicity than conventional pinacolboronate-type monomers. Triolborate salts are known 

to show higher reactivity than other organoboron reagents,18,19 enabling reactions with 

heteroaromatic and alkyl compounds,20,21,22 which are typically inactive in Suzuki–Miyaura 

coupling. In addition, triolborate salts show good solubility in common organic solvents and 

are air-/water-stable, and hence, they can be applied for Suzuki–Miyaura coupling without the 

addition of water and a base. By utilizing these characteristics, author summarized the SCTP of 

a triolborate salt-type fluorene monomer in Chapter 2, which successfully compensated for the 

shortcomings encountered in the SCTP of conventional pinacolboronate fluorene monomers.23 

In this chapter, the author investigated the SCTP of triolborate salt-type carbazole 

monomers, i.e., potassium 3-(6-bromo-9-(2-octyldodecyl)-9H-carbazole-2-yl) triolborate (M3) 

and potassium 2-(7-bromo-9-(2-octyldodecyl)-9H-carbazole-2-yl) triolborate (M4), with the 

aim of establishing a synthetic approach for well-defined 3,6-PCzs and 2,7-PCzs. Author 

successfully achieved the selective synthesis of end-functionalized 3,6-PCz by the SCTP of M3 

at low temperatures to suppress the chain transfer reaction. The SCTP of M4 proceeded in chain 

growth and a controlled/living polymerization mechanism to produce 2,7-PCzs with controlled 

molecular weights (5080–37,900 g mol−1) and a relatively narrow ÐM (1.35–1.48). Using the 

established SCTP conditions, author successfully synthesized random copolymers of N-alkyl-

3,6- and 2,7-carbazoles, random copolymers of N-alkyl-carbazole and 9,9-dialkylfluorene, and 

2,7-PCz-containing block copolymers (BCPs). 
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3.2 Result and Discussion 

3.2.1 SCTP of M3 to produce 3,6-PCz 

The author first investigated the synthesis of end-functionalized poly[9-(2-

octyldodecyl)-3,6-carbazole] (3,6-PCz) with a narrow ĐM. Recently, Jager et al. demonstrated 

the synthesis of 3,6-PCzs by the SCTP of a pinacol boronate-type monomer, using 

bromobenzene derivative as the initiator.17 However, a significant amount of macrocyclic 

byproduct was generated owing to the chain transfer reaction, in addition to the desired linear 

polymer obtained from the bromobenzene derivative. Author hypothesized that the chain 

transfer reaction can be suppressed by using triolborate salt-type monomers because of its high 

reactivity even at low temperatures, resulting in suppressed cyclization side reactions (Scheme 

3-1). 

 

Scheme 3-1. Synthetic scheme for the end-functionalized PCzs based on the SCTP of 

triolborate salt-type carbazole monomers 
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The author first attempted the polymerization of potassium 3-(6-bromo-9-(2-

octyldodecyl)-9H-carbazole-2-yl)triolborate (M3) using an initiating system that consisted of 

FI−CH2OH, Pd2(dba)3•CHCl3, and t-Bu3P, with an 

[M3]0/[FI−CH2OH]0/[Pd2(dba)3•CHCl3]/[t-Bu3P]/[K3PO4] ratio of 15/1/0.3/2.2/1.5 at 30 °C in 

a mixture of THF/water (10/1; v/v, [M3]0 = 10 mmol L−1), based on the previously established 

conditions for polyfluorene synthesis in Chapter 2.23 Although SCTP proceeded to afford 3,6-

PCz (Mn,SEC = 5500 g mol−1), the SEC analysis revealed a bimodal distribution with a ĐM of 

1.32 (run 1, Table 3-1, Figure 3-1). The structure of the 3,6-PCz was investigated using matrix-

assisted laser desorption/ionization time-of-flight mass spectroscopy (MALDI-TOF MS). As 

shown in Figure 3-1 and 3-2, the MALDI-TOF mass spectrum exhibited six series of peaks 

with a regular interval of 445.47 Da, corresponding to 9-(2-octyldodecyl) carbazole repeating 

units. One of the observed series of peaks was assigned to HOCH2−3,6-PCz with a 

phenylmethanol residue at the α-chain end and a bromine atom at the ω-chain end (BnOH/Br); 

for example, the peak of 1969.43 at m/z matched well with the theoretical mass for the 4-mer 

of HOCH2−3,6-PCz ([M + H]+ = 1971.46 Da). However, peaks corresponding to 3,6-PCz with 

hydrogen and bromine ends (Br/H; e.g., m/z of 1864.42 Da), bromine at both ends (Br/Br; e.g., 

m/z of 1942.31 Da), and cyclic 3,6-PCz (e.g., m/z = 1783.50 Da) were observed, revealing the 

uncontrolled polymerization nature. 
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Table 3-1. SCTP of triolborate salt-type carbazole monomers under various conditionsa 

run monomer [monomer]0/[FI−CH2OH]0 temp (°C) 
Mn,SEC 

b
  

(g mol−1) 
ÐM

b 
conv. 

(%) 

yield c 

(%) 

1 M3 15/1 30 5500 1.32 83.2 80.6 

2d M3 15/1 30 5900 1.30 74.2 65.2 

3 M3 15/1 −10 6300 1.19 65.3 60.1 

4 M3 15/1 −30 ― ― ― ― 

5 M5 15/1 −10 ― ― ― ― 

6 M4 15/1 30 3700 1.23 99.2 74.8 

7 M4 15/1 −30 ― ― ― ― 

8 M4 15/1 −10 ― ― ― ― 

9 M6 15/1 30 ― ― ― ― 

10 M4 30/1 30 8600 1.35 98.6 74.2 

11 M4 60/1 30 16,400 1.45 97.6 75.6 

12 M4 90/1 30 32,000 1.48 96.4 73.2 
a Polymerization condition: atmosphere, Ar; solvent, THF/water (10/1, v/v); [monomer]0 = 10 

mmol L−1; [FI−CH2OH]0/[Pd2(dba)3•CHCl3]/[t-Bu3P]/[K3PO4] = 1/0.3/2.2/1.5. b Determined by 

SEC using PSt standards. c Isolated yields. d t-Bu3P (4.4 equiv.). 

 

 

Figure 3-1. (A) SEC trace of 3,6-PCz (run 1, Table 3-1) detected by RI detector (eluent, THF; 

flow rate, 1.0 mL min−1). (C and E) MALDI-TOF mass spectrum of 3,6-PCz obtained from run 

1 (Table 3-1). (B, D and F) SEC trace and MALDI-TOF mass spectrum of 3,6-PCz obtained 

from run 1 after preparative SEC.  

  



Chapter 3 

 

- 109 - 

 

According to a report by Jager et al.,17 the sharp SEC elution peaks observed in the 

lower-molecular-weight region and the relatively broad elution peak at high molecular weight 

in Figure 3-1 most likely arise from the cyclic by-product and linear polymer, respectively. The 

MALDI-TOF mass spectrum of the high-molecular-weight side, which was isolated by 

preparative SEC, predominantly showed peaks corresponding to 3,6-PCz, with a 

phenylmethanol residue at the end (Figure 3-1). Nevertheless, these results suggest that the 

chain transfer reaction occurred significantly, even with the triolborate salt-type monomer under 

this polymerization condition. 

 

Figure 3-2. MALDI-TOF mass spectral analysis of HOCH2−3,6-PCz obtained from 

run 1 (Table 3-1). (A) MALDI-TOF mass spectrum. (B) Expanded spectrum ranging 

from 1700 to 2600 Da. 
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To inhibit the chain transfer reaction, author optimized the polymerization conditions 

for M3. Hong et al. reported the synthesis of polyfluorene with a narrow ĐM by SCTP with the 

addition of extra t-Bu3P.24 Therefore, author conducted the polymerization of M3 by adding 4.4 

equiv. of t-Bu3P with respect to FI−CH2OH, without changing any other factors (run 2, Table 

3-3). As a result, the SEC elution peak corresponding to the cyclic by-product was reduced 

compared to that in run 1, implying that the chain transfer reaction was suppressed to some 

extent (Figure 3-1). Next, polymerization was carried out by lowering the reaction temperature 

(−30 °C and −10 °C) to further reduce the unwanted chain transfer reaction. For polymerization 

at −30 °C (run 4), M3 precipitated during SCTP. In contrast, the polymer given at −10 °C (run 

3) exhibited a nearly monomodal SEC elution peak with a narrow dispersity of 1.19 (Figure 3-

3). Consequently, lowering the reaction temperature was found to be an effective method to 

suppress the chain transfer reaction as well as cyclic by-product formation.  

 

Figure 3-3. SEC traces of 3,6-PCzs obtained from runs 2, and 3 in Table 3-1. 

 

For comparison, author examined the polymerization of a conventional 

pinacolboronate-type carbazole monomer, 3-(6-bromo-9-(2-octyldodecyl)-9H-carbazole-2-
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yl)4,4,5,5-tetramethyl-1,2,3dioxaborolane (M5), under the same conditions as for M3. 

However, no polymerization was observed at −10 °C (run 5, Table 3-1, Figure 3-4). This result 

demonstrates that the SCTP of the triolborate salt-type monomer at low temperatures is essential 

for the controlled synthesis of 3,6-PCz. 

 

 

Figure 3-4. SEC traces of crude reaction mixture for the SCTP of M5 (eluent, THF; flow rate, 

1.0 mL min−1). 

 

The structure of 3,6-PCz obtained at −10 °C (run 3) was characterized in detail by 

NMR and mass spectral analyses. In the 1H NMR spectrum (Figure 3-5A), the major signals 

were successfully assigned to the 3,6-PCz backbone (8.65–7.31 ppm: proton A) and 2-

octyldodecyl side chain (2.11 ppm: proton B, 4.12 ppm: proton C, 1.82–0.75 ppm: proton D 

and E), which is consistent with the reported 1H NMR data for poly[9-(2-octyl)-3,6-carbazole] 

synthesized via SCTP.17 More importantly, a minor signal due to the benzyl proton (proton F) 

in the α-chain end group was observed at 4.75 ppm, indicating the initiation from FI−CH2OH. 

Thus, the obtained product was identified as the expected poly[9-(2-octyldodecyl)-3,6-

carbazole] possessing a phenylmethanol residue at the α-chain end (HOCH2−3,6-PCz). The 

number-average molecular weight (Mn,NMR) of the HOCH2−3,6-PCz (run 3), determined based 
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on end group analysis of the 1H NMR spectrum, was 6,700 g mol−1. In order to confirm the 

end-group fidelity, author performed MALDI-TOF MS analysis on this sample. The MALDI-

TOF mass spectrum showed two series of peaks with a regular interval of 445.47 Da, 

corresponding to 9-(2-octyldodecyl) carbazole repeating units (Figure 3-5B). The peaks 

indicated by filled circles (●) were assignable to HOCH2−3,6-PCz possessing a 

phenylmethanol residue at the α-chain end and a bromine atom at the ω-chain end (BnOH/Br); 

for example, the peak at m/z of 1970.40 showed good agreement with the theoretical mass for 

the 4-mer ([M + H]+ = 1970.46 Da). The peaks indicated by filled triangles (▲) were assignable 

to HOCH2−3,6-PCz possessing a phenylmethanol residue at the α-chain end and a hydrogen 

atom ω-chain end (BnOH/H). Overall, the SCTP of M3 at low temperature enables better 

control, yielding narrowly dispersed 3,6-PCzs with sufficient end-group fidelity. 
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Figure 3-5. 1H NMR and MALDI-TOF mass spectral analysis of HOCH2−3,6-PCz obtained 

from run 3 (Table 3-1). (A) 1H NMR in CDCl3 (400 MHz). (B) MALDI-TOF mass spectrum 

with peak assignments.  
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To understand the polymerization properties of M3, author evaluated the time-

dependent change of the reaction product via the SEC and MALDI-TOF MS analysis of the 

crude aliquot quenched by the addition of HCl (1 mol L−1). It was expected for chain growth 

polycondensation, but SEC did not confirm an increase in molecular weight over time (Figure 

3-6). This suggests that the polymerization of M3 does not proceed in a perfect living fashion, 

even with the best polymerization conditions. It is reasonable to deduce that various side 

reactions occur in this polymerization system. MALDI-TOF MS analysis in Figure 3-7 revealed 

a complex polymerization behavior. From the beginning of polymerization to 5 h, 3,6-PCz with 

HOBn/Br (m/z of 1969.3 Da) and HOBn/H (m/z of 1969.3 Da) chain end structures were the 

major products, suggesting that polymerization was initiated from the palladium 4-iodobenzyl 

alcohol[tris(1,1-dimethylethyl)phosphine] (iodobenzyl alcohol-Pd) complex, as expected. 

However, when polymerization continued thereafter, the populations of 3,6-PCz with Br/Br 

(m/z of 1943.1 Da) and Br/H (m/z of 1863.3 Da) chain end structures increased over time 

(Figures 3-7). 
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Figure 3-6. SEC traces of crude aliquot collected from the polymerization mixture of M3 at 

selected times. 

 

Figure 3-7. Evolution of 3,6-PCz species with different chain ends over time, as determined 

by MALDI-TOF MS analysis. 
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 This complex polymerization behavior can be explained as shown in Scheme 3-2. 

The first step of polymerization involves the transmetallation between the initiator and 

monomer to yield the Pd complex (ⅰ) when the Pd(0) species, which are generated by reductive 

elimination, are intramolecularly shifted to the carbon–bromine bond at the end of the same 

molecule. Polymerization proceeds via chain growth from (ⅱ), resulting in the formation of 3,6-

PCz with a phenylmethanol residue at the initiation end (HOBn/Br or HOBn/H) (Scheme 3-

2A). However, when the Pd(0) species does not shift to the bromine end in the same molecule 

but intramolecularly shifts to the new monomer, a new initiating species (ⅲ) is generated.25–28 

The initiating species (ⅲ) generates 3,6-PCz with a triolborate residue at the α-chain end and 

bromine atom at the ω-chain end, which results in the formation of the cyclic by-product though 

the intramolecular reaction. Meanwhile, when the Pd catalyst is oxidized by a trace amount of 

oxygen,29,30 the homocoupling of two monomer molecules (ⅳ) produces another initiating 

species, which results in the formation of 3,6-PCz at the brominated α-chain end (Br/Br and 

Br/H) (Scheme 3-2B). 

Overall, even the polymerization of the triolborate salt-type monomer M3 did not 

proceed in a perfect fashion. Nevertheless, author successfully obtained 3,6-PCz with the 

desired initiator residue virtually without contamination of the cyclic by-product, by optimizing 

the polymerization temperature and time. 
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Scheme 3-2. (A) Polymerization mechanism of 3,6-PCz. (B) Plausible mechanisms for the 

formation of 3,6-PCzs with different chain end structures and cyclic 3,6-PCz 
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3.2.2 SCTP of M4 to produce 2,7-PCz 

Next, the author investigated the polymerization of potassium 2-(7-bromo-9-(2-

octyldodecyl)-9H-carbazole-2-yl)triolborate (M4). The initial attempt was carried out using an 

initiating system that consisted of FI−CH2OH, Pd2(dba)3•CHCl3, and t-Bu3P with an 

[M4]0/[FI−CH2OH]0/[Pd2(dba)3•CHCl3]/[t-Bu3P]/[K3PO4] ratio of 15/1/0.3/2.2/1.5 at 30 °C in 

a mixture of THF/water (10/1; v/v, [M4]0 = 10 mmol L−1) (Scheme 3-1; run 6 in Table 3-1), 

according to the best polymerization conditions for potassium 2-(7-bromo-9,9-dihexyl-9H-

fluorene-2-yl)triolborate.23 The SCTP of M4 successfully proceeded to afford a polymer with 

Mn,SEC = 3700 g mol−1 and ĐM = 1.23. To study the effect of the polymerization temperature, 

author carried out SCTP at −30 °C and −10 °C while fixing the other reaction parameters. At 

−30 °C (run 7), the monomer and product precipitated during the SCTP. Meanwhile, at −10 °C 

(run 8), a low monomer conversion was observed even after polymerization for 24 h. 

Consequently, it became apparent that M4 should be performed at 30 °C. For comparison, 

author examined the SCTP of a conventional pinacolboronate-type monomer, i.e., 2-(7-bromo-

9-(2-octyldodecyl)-9H-carbazole-2-yl)4,4,5,5-tetramethyl-1,2,3dioxaborolane (M6) under the 

comparable condition (run 9). As a result, no polymerization was observed even after 24 h. This 

result demonstrates the advantage of using a triolborate salt-type monomer for the synthesis of 

2,7-PCz (Figure 3-8). 

 

Figure 3-8. SEC traces of crude reaction mixture for the SCTP of M6 (eluent, THF; flow rate, 

1.0 mL min−1). 
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Then, the structure of the obtained 2,7-PCz was characterized in detail by NMR and 

MALDI-TOF mass spectral analyses. Figure 3-9A shows the 1H NMR spectrum of the product 

obtained from run 6. The major observed signals were reasonably assignable to the 2,7-PCz 

backbone (8.68–7.33 ppm: proton A) and 2-octyldodecyl side chain (2.12 ppm: proton B, 4.14 

ppm: proton C, 1.82–0.73 ppm: proton D and E), which is consistent with the reported 1H NMR 

data for poly[N-heptadecan-2,7-carbazole] synthesized via KCTP.18 More importantly, a minor 

signal at 4.75 ppm was assigned to the benzyl proton at the α-chain end (proton E), which 

confirmed the successful installation of the functional end group. Therefore, the obtained 

product was ascribed to the expected poly[9-(2-octyldodecyl)-2,7-carbazole] possessing a 

phenylmethanol residue at the α-chain end (HOCH2−2,7-PCz). The Mn,NMR of HOCH2−2,7-

PCz (run 6) was calculated to be 5,080 g mol−1 by end-group analysis of the 1H NMR spectrum. 

In order to further confirm the end-group fidelity, author performed MALDI-TOF MS analysis 

on the product from run 6. The MALDI-TOF mass spectrum mainly exhibited two series of 

peaks showing a regular interval of 445.4 Da corresponding to 9-(2-octyldodecyl) carbazole 

repeating units (Figure 3-9B). The peaks denoted by filled triangles (▲) were assignable to 

HOCH2−2,7-PCz possessing a phenylmethanol residue at the α-chain end and a bromine atom 

at the ω-chain end. For example, the peak at m/z = 2415.75 matched with the theoretical mass 

for the 5-mer (BnOH/Br; [M + H]+ = 2416.83 Da). The peaks denoted by filled circles (●) were 

assigned to HOCH2−2,7-PCz possessing a phenylmethanol residue at the α-chain end and a 

hydrogen atom at the ω-chain end (BnOH/H; [M + H]+ = 2336.92 Da). Overall, in contrast to 

the case of M3, the SCTP of M4 proceeded in a controlled/living fashion to give narrowly 

dispersed 2,7-PCzs with good end-group fidelity. 
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Figure 3-9. 1H NMR and MALDI-TOF mass spectral analysis on HOCH2−2,7-PCz obtained 

from run 6 (Table 3-1) (A) 1H NMR in CDCl3 (400 MHz). (B) MALDI-TOF mass spectrum 

with peak assignments. 
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In order to demonstrate the chain growth and controlled/living polymerization 

behaviors in the SCTP of M4, author carried out kinetic and block copolymerization 

experiments (Scheme 3-3). For the kinetic study, the polymerization of M4 using FI−CH2OH 

was performed in a mixture of THF/water (10/1, v/v, [M4]0 = 10 mmol L−1) at 30 °C with an 

[M4]0/[FI−CH2OH]0/[Pd2(dba)3•CHCl3]/[t-Bu3P]/[K3PO4] ratio of 30/1/0.3/2.2/1.5. As shown 

in Figure 3-10A, polymerization proceeds smoothly, and >98% of the monomer is consumed 

within 12 h. Figure 3-10B reveals that the Mn,SEC of the obtained 2,7-PCz linearly increases 

with the increase in the monomer conversion, while the ÐM values remain narrow (ÐM < 1.4). 

This is strong evidence for the chain-growth mechanism of the SCTP. The kinetic plot indicates 

a distinct first-order kinetic behavior for this polymerization system. According to slope of the 

kinetic plot, the rate constant was estimated to be 5.8×10−3 s−1 mol L−1 (Figure 3-10C). The rate 

constant of the M4 was found to be smaller than that of the M1 in Chapter 2 (0.42 s−1 mol L−1). 

This is because the nitrogen of the carbazole ring is electron-donating, resulting in a lower π-

electron density at the m-position (carbon at the 2,7-position) and a lower nucleophilicity of the 

triolborate. On the other hand, the π-electron density at the p-position (the 3,6-position carbon) 

is higher, so the nucleophilicity of the triolborate is stronger. Therefore, the reactivity of 

fluorene monomer and carbazole monomers increases in the order M4<M1<M3 (Figure 3-11). 

A block copolymerization experiment was further carried out to prove the 

controlled/living nature of the propagating end of 2,7-PCz. M4 was first polymerized for 12 h 

with an [M4]0/[FI−CH2OH]0/[Pd2(dba)3•CHCl3]/[t-Bu3P]/[K3PO4] ratio of 15/1/0.3/2.2/1.5, to 

yield an intermediate 2,7-PCz with an Mn,SEC of 3700 g mol−1 and ÐM of 1.23. After confirming 

full monomer conversion, 15 equiv. of potassium 2-(7-bromo-9,9-dihexyl-9H-fluorene-2-

yl)triolborate (M1) was added for chain extension, which afforded 2,7-PCz-b-PF with Mn,NMR 
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of 9400 g mol−1 and a ÐM of 1.38. The SEC traces of the products before and after block 

copolymerization are shown in Figure 3-10D, in which the SEC elution peak showed clear shift 

toward the high-molecular-weight side upon the addition of the second monomer. This result 

verified a truly controlled/living propagating end, which led to chain extension by the second 

monomer addition. Overall, the aforementioned results successfully support the chain-growth 

and controlled/living polymerization nature of the SCTP of M4. 

 

Scheme 3-3. Block copolymerization experiment to confirm controlled/living nature in the 

SCTP of M4. 
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Figure 3-10. (A) Time-conversion plot in the SCTP of M4 

([M4]0/[FI−CH2OH]0/[Pd2(dba)3•CHCl3]/[t-Bu3P]/[K3PO4] = 15/1/0.3/2.2/1.5; solvent, 

THF/water (10/1, v/v); temp., 30 °C). (B) Dependence of Mn,SEC and ÐM on the monomer 

conversion. (C) Kinetic plots for SCTP. (D) SEC traces of 2,7-PCz (black line) and 2,7-

PCz-b-PF obtained after the second polymerization (red line). 

With the optimized polymerization conditions, the SCTP of M4 was performed with 

different [M4]0/[FI−CH2OH]0 ratio (30/1 for run 10, 60/1 for run 11, and 90/1 for run 12) to 

synthesize 2,7-PCzs with different molecular weights. Thus, 2,7-PCzs with Mn,SEC and ĐM 

values of 8600–32,000 g mol−1 and 1.35–1.48, respectively (runs 10–12, Table 3-1, Mn,NMR; 

5080–37,900 g mol−1) were successfully obtained (Figure 3-12). To the best of my knowledge, 

2,7-PCz obtained from run 12 (Mn,SEC of 37,900 g mol−1) had the highest molecular weight 

among the poly[9-(2-octyldodecyl)-2,7-carbazoles] prepared by chain-growth 

polycondensation. 
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Figure 3-11. Reactivity of triolborate-type fluorene monomer and triolborate-type carbazole 

monomers. 

 

 

Figure 3-12. SEC traces of HOCH2−2,7-PCz obtained with different [M4]0/[FI−CH2OH]0 

ratios. 
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3.2.3 Random copolymerization of triolborate salt-type carbazole and fluorene monomers 

Recently, π-conjugated copolymers based on carbazole or fluorene groups with 

varying connectivity, such as at the 2,7- or 3,6-positions, were found to be useful for the 

extraction of single-walled carbon nanotubes.31 Therefore, author is interested in testing author 

SCTP system for the synthesis of poly(2,7-carbazole-co-3,6-carbazole) and poly(carbazole-co-

fluorene)s (Scheme 3-4). First, author examined the random copolymerization of M3 and M4 

using the initiating system that consisted of FI−CH2OH, Pd2(dba)3•CHCl3, and t-Bu3P, at an 

[M3]/[M4]/[FI−CH2OH]0/[Pd2(dba)3•CHCl3]/[t-Bu3P]/[K3PO4] ratio of 15/15/1/0.3/2.2/1.5, at 

30 °C in a mixture of THF/water (10/1; v/v, [monomers]0 = 10 mmol L−1) (run 13, Table 3-2 

run 13). SCTP proceeded to afford 2,7-PCz-co-3,6-PCz (Mn,SEC = 7800 g mol−1), which 

exhibited a unimodal SEC elution peak (Figure 3-13). The chemical structure of 2,7-PCz-co-

3,6-PCz was identified by 1H NMR analysis (Figure 3-14). The major signals were assigned to 

the polycarbazole backbone (8.6–7.3 ppm: proton A) and 2-octyldodecyl side chain (2.1 ppm: 

proton B, 4.1 ppm: proton C, 1.8–0.7 ppm: proton D and E). More importantly, a minor signal 

at 4.7 ppm due to the α-chain end benzyl proton (proton F) was clearly observed, confirming 

the successful installation of the functional end group. Therefore, the product identified to be 

the expected copolymer possessed a phenylmethanol residue at the α-chain end (2,7-PCz-co-

3,6-PCz). The ratio of the 2,7-carbazole unit to the 3,6-carbazole unit in the obtained copolymer 

was 14:14, which was in good agreement with the monomer feed ratio. The Mn,NMR of 2,7-PCz-

co-3,6-PCz (run 13) was calculated to be 11,500 g mol−1 by end-group analysis of the 1H NMR 

spectrum. 
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Scheme 3-4. Random copolymerization of M3/M4, M1/M3, and M1/M4 

 

In addition, random copolymerization was carried out for the combination of carbazole 

and fluorene monomers, i.e., M1/M3 and M1/M4 (Scheme 3-4). Both polymerizations 

homogeneously proceeded and afforded the corresponding random copolymers, i.e., PF-co-3,6-

PCz and PF-co-2,7-PCz, with ĐM values of 1.38 and 1.48, respectively. The 1H NMR spectra 

of the resulted random copolymers showed characteristic signals from both the fluorene and 

carbazole units (Figure 3-14), which confirmed the successful synthesis of random copolymers. 

The thermal and photophysical properties of 3,6-PCz, 2,7-PCz, and fluorene/carbazole 

copolymers were investigated. 3,6-PCz and 2,7-PCz showed thermal and photophysical 

properties comparable to the reported data.13,14 The thermal decomposition temperatures of the 

random copolymers were comparable to those of the constituent polymers. The UV-Vis and 

fluorescence spectra of the random copolymers were similar to the superposition of the spectra 

from the constituent homopolymers (Figures 3-15 and 3-16, Table 3-3). 
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Table 3-2. Synthesis of PCz and PF-containing random copolymersa 

run 

monomers random copolymers yield d 

MA MB  Mn,SEC 
b
  Mn,NMR

c 
ÐM 

b 
(%) 

(g mol−1) (g mol−1)   

13 M3 M4 2,7-PCz-co-3,6-PCz 7800 11,500 1.49 72.6 
14 M1 M3 PF-co-3,6-PCz 9300 12,800 1.38 74.6 
15 M1 M4 PF-co-2,7-PCz 7800 12,500 1.48 76.1 

a Polymerization condition: Atmosphere, Ar; solvent, THF/water (v/v) = 10/1; [MA+MB]0 = 10 mmol L−1; 

[MA]0/[MB]0/[initiator]0/[Pd2(dba)3•CHCl3]/[t-Bu3P]/[K3PO4] = 15/15/1/0.3/2.2/1.5. b Determined by SEC 

using PSt standards. c Determined by 1H NMR in CDCl3.
d Isolated yield. 

 

 

Figure 3-13. SEC traces of 2,7-PCz-co-3,6-PCz (black curve), PF-co-2,7-PCz (red curve), 

and PF-co-3,6-PCz (blue curve). 
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Figure 3-14. 1H NMR spectra of (A) 2,7-PCz-co-3,6-PCz, (B) PF-co-3,6-PCz, and (C) PF-co-

2,7-PCz (400 MHz, CDCl3).  
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Figure 3-15. Absorption (Abs.) and emission (PL) spectra of (A) homopolymers and (B) 

random copolymers in CHCl3. 

 

 

Figure 3-16. TGA results for (A) homopolymers and (B) random copolymers. 

 

Table 3-3. Thermal and photophysical properties of polymers 

sample Td, 10%(°C)a solution λmax (nm)b 

  ads. emi. 

PF 

3,6-PCz- 

2,7-PCz- 

2,7-PCz-co-3,6-PCz 
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385 

319 

274 (379) 
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aDetermined by TGA measurement. bMeasurements performed in CHCl3. 
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3.2.4 Synthesis of 2,7-PCz-containing diblock copolymers using macroinitiators. 

Finally, the author employed iodobenzene-terminated macroinitiators for the SCTP of 

M4 in order to synthesize 2,7-PCz-containing BCPs (Scheme 3-5). Based on the results in 

Chapter 2, author reduced the water content as much as possible to prevent the precipitation of 

the macroinitiator.23 Author first attempted SCTP with iodobenzene-terminated polystyrene, i.e., 

PSt−I (Mn,NMR = 8300 g mol−1, ÐM = 1.24), as the macroinitiator under the optimized conditions 

([PSt−I]0/[M4]0 = 1/15; THF/water (v/v) = 5000/1; run 16 in Table 3-4), giving a PSt-b-2,7-

PCz diblock copolymer. Importantly, the SEC elution peak clearly shifted toward the shorter 

retention time, which revealed that M4 polymerization was initiated from PSt−I (Figure 3-17). 

Moreover, the 1H NMR spectrum of the resulted product exhibited major signals attributable to 

both the 2,7-PCz and PSt blocks (Figure 3-18), confirming the successful synthesis of PSt-b-

2,7-PCz. The Mn,NMR of the 2,7-PCz block was calculated to be 15,500 g mol−1. In a similar 

manner, SCTP with the iodobenzene-terminated poly(methyl methacrylate) macroinitiator, i.e., 

PMMA−I (Mn,NMR = 8,900 g mol−1, ÐM = 1.09), was conducted (run 17 in Table 3-4), which 

afforded PMMA-b-2,7-PCz with a ĐM of 1.33 (Figures 3-17 and 3-18). These results confirmed 

the high potential of the present SCTP system for the synthesis of end-functionalized 2,7-PCz 

and 2,7-PCz-containing BCPs. 
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Scheme 3-5. Syntheses of PSt-b-2,7-PCz and PMMA-b-2,7-PCz by SCTP using PSt−I and 

PMMA−I macroinitiators, respectively 

 

Table 3-4. Polymerization of M4 using macroinitiatorsa 

a Polymerization condition: atmosphere, Ar; solvent, THF/water (v/v) = 5000/1; [M4]0 = 10 mmol L−1; 

[M4]0/[macroinitiator]0/[Pd2(dba)3•CHCl3]/[t-Bu3P]/[K3PO4] = 15/1/1.2/8.8/1.2. b Determined by SEC 

using PSt standards. c Determined by 1H NMR in CDCl3. 
dIsolated yield. 

 

 

 

 

run macroinitiator block copolymer 

 Mn,NMR
c
  

(g mol−1) 

ÐM
b  Mn,NMR

c
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ÐM
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1.09 
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78.6 

73.5 
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Figure 3-17. SEC traces of (A) PSt-b-2,7-PCz and (B) PMMA-b-2,7-PCz. The black and red 

curves represent the macroinitiators and block copolymers, respectively. 

 

 

Figure 3-18. 1H NMR spectra of (A) PSt-b-2,7-PCz and (B) PMMA-b-2,7-PCz  

(400 MHz, CDCl3).  
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3.3 Conclusions 

In this chapter, the author investigated the SCTP of triolborate salt-type carbazole 

monomers for the first time. The SCTP of potassium 3-(6-bromo-9-(2-octyldodecyl)-9H-

carbazole-2-yl)triolborate (M3) at low temperatures selectively produced end-functionalized 

3,6-PCz, while suppressing the formation of cyclic by-products. The SCTP of potassium 2-(7-

bromo-9-(2-octyldodecyl)-9H-carbazole-2-yl)triolborate (M4) proceeded in a chain-growth 

mechanism and controlled/living fashion to produce 2,7-PCzs with controlled molecular 

weights (5080–37,900 g mol−1) and a relatively narrow ÐM (1.35–1.48). Kinetic and block 

copolymerization experiments revealed that the SCTP proceeded in chain growth and a 

controlled/living polymerization manner. Overall, author found that the precise synthesis of 3,6- 

and 2,7-PCzs can be realized using a triolborate salt-type monomer with higher nucleophilicity 

than those of conventionally used pinacolboronate-type monomers. In addition, the present 

SCTP approach enabled the synthesis of random copolymers of N-alkyl-3,6- and 2,7-carbazoles, 

random copolymers of N-alkyl-carbazole and 9,9-dialkylfluorene, and 2,7-PCz-containing 

block copolymers.  
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3.4 Experimental Section 

Materials 

2,7-Dibromo-9-(2-octyldecyl)-9H-carbazole,31 3,6-dibromo-9-(2-octyldecyl)-9H-

carbazole,32 iodobenzene-terminated polystyrene (PSt−I; Mn,NMR; 8,300 g mol−1, ÐM; 1.24),22 

4-iodobenzyl 2-bromo-2-methylpropanoate,22 potassium 2-(7-bromo-9,9-dihexyl-9H-fluorene-

2-yl)triolborate,22 and tris(dibenzylideneacetone)dipalladium(0)-chloroform adduct 

(Pd2(dba)3•CHCl3)
33 were prepared according to reported methods.  

1,3-Bis(diphenylphosphino)propane (dppp), 2-Dicyclohexylphosphino-2',4',6'-

triisopropylbiphenyl (XPhos), 4-iodobenzyl alcohol, methyl methacrylate (MMA), 

N,N,N’,N’’,N’’-pentamethyldiethylenetriamine (PMDETA), pinacol, trans-2-[3-(4-tert-

butylphenyl)-2-methyl-2-propylidene]malononitrile, triisopropyl borate, and trimethylolethane 

were purchased from Tokyo Chemical Industry Co., Ltd. (TCI), and used as received. n-

Butyllithium (n-BuLi; in n-hexane as 1.6 mol L−1 solution), potassium hydroxide (KOH), and 

triethylamine (Et3N) were purchased from Kanto Chemical Co., Inc., and used as received. 2,2'-

Bipyridyl, tri(t-butyl)phosphine (t-Bu3P), and tripotassium phosphate (K3PO4) were purchased 

from Fujifilm Wako Pure Chemical Co. and used as received. Copper (I) bromide (CuBr) and 

2-Dicyclohexylphosphino-2',6'-diisopropoxybiphenyl (RuPhos) were purchased from Sigma-

Aldrich Co. and used as received.  

 

Commercially-available dry-THF and dry-toluene (Kanto Chemical Co., Inc., 

>99.5%, water content, <0.001%) were further purified by an MBRAUN MB SPS Compact 

solvent purification system equipped with a MB-KOL-C column and a MB-KOL-A column, 

which were then directly used for the polymerizations.   
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Instruments 

Polymerization was carried out in an MBRAUN stainless steel glovebox equipped 

with a gas purification system (molecular sieves and a copper catalyst) under a dry argon 

atmosphere (H2O, O2 <0.1 ppm). The moisture and oxygen contents in the glovebox were 

monitored by an MB-MO-SE 1 moisture sensor and an MB-OX-SE 1 oxygen sensor, 

respectively.  

1H (400 MHz) and 13C NMR (100 MHz) spectra were obtained using a JEOL JNM-

ECS400 instrument at 25 °C.  

Size exclusion chromatography (SEC) was performed at 40 °C using a Jasco high-

performance liquid chromatography system (PU-2080Plus Intelligent HPLC pump, CO-

2065Plus Column oven, RI-2031Plus Intelligent RI detector, and Shodex DG-2080-54) 

equipped with a Shodex KF-G guard column (4.6 mm × 10 mm; particle size, 8 μm) and two 

Shodex KF-804 columns (linear; particle size, 7 μm; 8.0 mm × 300 mm; exclusion limit, 4 × 

105) in THF at a flow rate of 1.0 mL min−1. The number-average molecular weight (Mn,SEC) and 

dispersity (ĐM) of the polymer were calculated on the basis of a polystyrene calibration.  

Matrix-assisted laser desorption ionization time-of-flight mass spectrometry 

(MALDI-TOF MS) measurement of the polymer was carried out in the reflector mode using an 

ABSCIEX TOF/TOF/5800 equipped with a 337 nm nitrogen laser (3 ns pulse width). The 

MALDI-TOF MS samples were prepared by depositing a mixture of the polymer and matrix in 

THF onto a sample plate. A 1:80 (v/v) ratio of [PCz (1.0 g L−1 in THF)]/[trans-2-[3-(4-tert-

butylphenyl)-2-methyl-2-propylidene]malononitrile (10 g L−1 in THF)] was used. 
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Thermogravimetric analysis (TGA) was performed using Hitachi STA200RV under 

nitrogen atmosphere. All polymer samples were heated up to 550 °C at the heating rate of 10 °C 

min−1. 

Differential scanning calorimetry (DSC) was carried out on a DSC7000X (Hitachi 

High-Tech Corporation) calibrated with the indium and tin standards. All the polymer samples 

were heated to 250 °C, cooled to 0 °C, and heated to 300 °C at the heating and cooling rates of 

10 °C min−1 and 5 °C min−1, respectively. 

Absorption spectra were obtained using a JASCO V-670 spectrophotometer. 

Fluorescence spectra were recorded on a JASCO FP-6500H fluorescence spectrometer at 298 

K. The excitation wavelength was 300 nm for all the polymer samples, which were determined 

by their excitation spectra. The concentration conditions for measuring the absorption and 

fluorescence spectroscopies in solution were 20 μg mL-1 and 2 μg mL-1 in CHCl3 for all the 

polymer samples, respectively. 
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Synthesis of potassium (bromo-9-(2-octyldecyl)-9H-carbazole-2-yl)triolborate 

Scheme 3-6. Synthesis of triolborate salt-type carbazole monomers 

 

A general protocol is as follows: To a 500 mL three-necked round bottom flask, 

dibromo-9-alkyl-9H-carbazole (2,7-dibromo-9-(2-octyldecyl)-9H-carbazole or 3,6-dibromo-9-

(2-octyldecyl)-9H-carbazole; 7.5 g, 12.4 mmol) was added and dried under vacuum at room 

temperature for 1.5 h. Dry-THF (100 mL) was introduced to this flask and cooled to −78 °C. n-

BuLi (8.8 mL, 13.6 mmol, 1.6 mol L−1 in n-hexane) was injected slowly via a syringe, and the 

whole mixture was stirred for 3 h under argon atmosphere. Triisopropyl borate (4.3 mL, 18.6 

mmol) was then added to this reaction mixture. The mixture was gradually brought back to 

room temperature and stirred for 12 h under argon atmosphere. The reaction was quenched by 

the addition of 1 mol L−1 HCl (30 mL). The solvent was removed by evaporation, and the 

residue was dissolved in CH2Cl2 and washed with brine. The organic layer was dried over 

Na2SO4 and evaporated completely. The residue was purified by silica gel column 

chromatography (n-hexane/Et3N = 50/1 (v/v) → n-hexane/acetone/Et3N = 10/3/1 (v/v/v)) to 

give bromo-9-alkyl-9H-carbazole-2-yl boronic acid as a yellow powder.  

Bromo-9-alkyl-9H-carbazole-2-yl boronic acid (3.5 g, 6.14 mmol) and 
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trimethylolethane (0.74 g, 6.13 mmol) were suspended in toluene (100 ml). Water was removed 

by azeotropic distillation for 1 h by a Dean-Stark apparatus. Then, KOH (0.41 g, 7.36 mmol) 

was added, and the mixture was refluxed for 2 h. The precipitate was collected by filtration, 

washed with water, and dried under reduced pressure to give potassium bromo-9-alkyl-9H-

carbazole-2-yl triolborate. 

 

Potassium 2-(7-bromo-9-(2-octyldecyl)-9H-carbazole-2-yl)triolborate 

 

3.89 g, 89.0% yield: Yellow solid 

 

1H NMR (400 MHz, MeOD-d4): δ (ppm) 8.08 (d, J = 7.8 Hz, 2H, Ar–H), 7.88 (s, 1H, Ar–H), 

7.67 (s, 1H, Ar–H), 7.59 (d, J = 7.8 Hz, 1H, Ar–H), 7.46 (d, J = 7.3 Hz, 1H, Ar–H), 4.86 (s, 6H, 

−BOCH2−), 4.14 (d, 2H, J = 7.3 Hz, −NCH2CH−), 2.16 (m, 1H, −NCH2CH−), 1.30-1.14 (m, 

32H, −CH2(CH2)7CH3, −CH2(CH2)9CH3), 0.93 (s, 3H, −B(OCH2)3CCH3), 0.86 (m, 6H, 

−(CH2)7CH3, −(CH2)9CH3). 

13C NMR (100 MHz, MeOD-d4): δ (ppm) 141.1 (Ar), 140.8 (Ar), 130.4 (Ar), 129.9 (Ar), 129.8 

(Ar), 124.3 (Ar), 123.7 (Ar), 123.4 (Ar), 119.8 (Ar), 119.6 (Ar), 114.7 (Ar), 114.3 (Ar), 72.7 

(−B(OCH2)3−), 46.9 (−NCH2CH−), 37.3 (−NCH2CH−), 36.4 (−B(OCH2)3CCH3), 31.8 

(−CH2CH2(CH2)5CH3, −CH2CH2(CH2)7CH3), 29.4 (−CH2CH2(CH2)4CH2CH3, 

−CH2CH2(CH2)6CH2CH3), 26.2 (−CH2CH2(CH2)5CH3, −CH2CH2(CH2)7CH3), 22.4 

(−(CH2)6CH2CH3, −(CH2)8CH2CH3), 16.3 (−B(OCH2)3CCH3), 13.2 (−(CH2)7CH3, 
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−(CH2)9CH3). 

HRMS (ESI): m/z calcd for C37H56BO3NBr−: 652.35366; found: 652.35591 [M–K] – 

 

Potassium 3-(6-bromo-9-(2-octyldecyl)-9H-carbazole-2-yl)triolborate 

 

4.18 g, 97.2% yield: Brown solid 

 

1H NMR (400 MHz, DMSO-d6): δ (ppm) 8.19 (d, J = 1.4 Hz, 1H, Ar–H), 8.12 (s, 1H, Ar–H), 

7.58 (d, J = 8.2 Hz, 1H, Ar–H), 7.44-7.38 (m, 2H, Ar–H), 7.22 (d, J = 8.2 Hz, 1H, Ar–H), 4.14 

(d, 2H, J = 7.3 Hz, −NCH2CH−), 3.37 (s, 6H, −BOCH2−), 2.00 (m, 1H, −NCH2CH−), 1.15-

1.24 (m, 32H, −CH2(CH2)7CH3, −CH2(CH2)9CH3), 0.84 (m, 6H, −(CH2)7CH3, −(CH2)9CH3), 

0.59 (s, 3H, −BOCH2CCH3). 

13C NMR (100 MHz, DMSO-d6): δ (ppm) 140.7 (Ar), 139.3 (Ar), 132.3 (Ar), 127.0 (Ar), 125.4 

(Ar), 124.8 (Ar), 122.5 (Ar), 120.4 (Ar), 111.2, 110.6 (Ar), 107.6 (Ar), 72.7 (−B(OCH2)3−), 

47.3 (−NCH2CH−), 37.4 (−NCH2CH−), 35.5 (−B(OCH2)3CCH3), 31.5 (−CH2CH2(CH2)5CH3, 

−CH2CH2(CH2)7CH3), 29.5 (−CH2CH2(CH2)4CH2CH3, −CH2CH2(CH2)6CH2CH3), 26.3 

(−CH2CH2(CH2)5CH3, −CH2CH2(CH2)7CH3), 22.7 (−(CH2)6CH2CH3, −(CH2)8CH2CH3), 17.0 

(−B(OCH2)3CCH3), 14.5 (−(CH2)7CH3, −(CH2)9CH3). 

HRMS (ESI): m/z calcd for C37H56BO3NBr−: 652.35366; found: 652.35580 [M–K] – 
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Synthesis of bromo-9-(2-octyldecyl)-9H-carbazole-2-yl 4,4,5,5-tetramethyl-

1,2,3dioxaborolane 

Scheme 3-7. Synthesis of pinacol boronate monomers 

 

 

A general protocol is as follows: To a 500 mL three-necked round bottom flask, 

dibromo-9-alkyl-9H-carbazole (2,7-dibromo-9-(2-octyldecyl)-9H-carbazole or 3,6-dibromo-9-

(2-octyldecyl)-9H-carbazole; 7.5 g, 12.4 mmol) was added and dried under vacuum at room 

temperature for 1.5 h. Dry-THF (100 mL) was introduced to this flask and cooled to −78 °C. n-

BuLi (8.8 mL, 13.6 mmol, 1.6 mol L−1 in n-hexane) was injected slowly via a syringe, and the 

whole mixture was stirred for 3 h under argon atmosphere. Triisopropyl borate (4.3 mL, 18.6 

mmol) was then added to this reaction mixture. The mixture was gradually brought back to 

room temperature and stirred for 12 h under argon atmosphere. The reaction was quenched by 

the addition of 1 mol L−1 HCl (30 mL). The solvent was removed by evaporation, and the 

residue was dissolved in CH2Cl2 and washed with brine. The organic layer was dried over 

Na2SO4 and evaporated completely.  

To 500 mL flask containing toluene (280 mL), the obtained residue and pinacol (1.5 

g, 13.0 mmol) were added and refluxed for 12 h. The solvent was removed by evaporation, and 

the residue was dissolved in diethylether. After wash with brine, the organic layer was dried 

over Na2SO4, and concentrated. The residue was purified by silica gel column chromatography 

(n-hexane/acetone/Et3N = 94/4/2 (v/v/v)) to give bromo-9-alkyl-9H-carbazole-2-yl 4,4,5,5-
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tetramethyl-1,2,3dioxaborolane.  

 

2-(7-Bromo-9-(2-octyldecyl)-9H-carbazole-2-yl)4,4,5,5-tetramethyl-1,2,3dioxaborolane 

 

4.20 g, 56.8% yield: Yellow liquid 

 

1H NMR (400 MHz, CDCl3): δ (ppm) 8.06 (d, J = 7.8 Hz, 2H, Ar–H), 7.87 (s, 1H, Ar–H), 7.69 

(s, 1H, Ar–H), 7.56 (d, J = 7.8 Hz, 1H, Ar–H), 7.47 (d, J = 7.3 Hz, 1H, Ar–H), 4.14 (dd, 2H, J 

= 7.3, 2.3 Hz, −NCH2CH−), 2.16 (m, 1H, −NCH2CH−), 1.19–1.40 (m, 44H, −CH(CH2)7CH3, 

−CH(CH2)9CH3, −BOC(CH3)2−), 0.85–0.89 (m, 6H, −(CH2)7CH3, −(CH2)9CH3). 

13C NMR (100 MHz, CDCl3): δ (ppm) 141.1 (Ar), 140.8 (Ar), 130.4 (Ar), 129.9 (Ar), 129.8 

(Ar), 124.3 (Ar), 123.7 (Ar), 123.4 (Ar), 119.8 (Ar), 119.6 (Ar), 114.7 (Ar), 114.3 (Ar), 73.7 

(−BOC(CH3)2−), 46.9 (−NCH2CH−), 37.9 (−NCH2CH−), 31.9 (−CH2(CH2)6CH3, −CH2 

(CH2)8CH3), 29.7 (−CH2CH2(CH2)4 CH2CH3, −CH2CH2(CH2)6CH2CH3), 26.6 

(−CH2CH2(CH2)5CH3, −CH2CH2(CH2)7CH3), 25.0 (−BOC(CH3)2−), 22.7 (−(CH2)6CH2CH3, 

−(CH2)8CH2CH3), 14.2 (−(CH2)7CH3, −(CH2)9CH3. 

HRMS (ESI): m/z calcd for C38H59BO2NBrNa+: 674.37144; found: 674.37190 [M+Na] +  
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3-(6-Bromo-9-(2-octyldecyl)-9H-carbazole-2-yl)4,4,5,5-tetramethyl-1,2,3dioxaborolane 

 

3.70 g, 46.8% yield: Yellow liquid 

 

1H NMR (400 MHz, CDCl3): δ (ppm) 8.54 (s, 1H, Ar–H), 8.23 (d, J = 1.8 Hz, 1H, Ar–H), 7.91 

(dd, J = 8.2, 0.9 Hz, 1H, Ar–H), 7.52-7.50 (m, 1H, Ar–H), 7.35 (d, J = 8.2 Hz, 1H, Ar–H), 7.25-

7.22 (m, 1H, Ar–H), 4.12 (dd, 2H, J = 7.3, 2.3 Hz, −NCH2CH−), 2.06 (m, 1H, −NCH2CH−), 

1.19–1.40 (m, 44H, −CH(CH2)7CH3, −CH(CH2)9CH3, −BOC(CH3)2−), 0.85–0.89 (m, 6H, 

−(CH2)7CH3, −(CH2)9CH3). 

13C NMR (100 MHz, CDCl3): δ (ppm) 143.3 (Ar), 139.7 (Ar), 132.7 (Ar), 128.3 (Ar), 128.0 

(Ar), 124.9 (Ar), 123.3 (Ar), 121.6 (Ar), 120.6 (Ar), 112.1 (Ar), 110.5 (Ar), 108.7 (Ar), 83.7 

(−BOC(CH3)2−), 47.9 (−NCH2CH−), 37.9 (−NCH2CH−), 31.9 (−CH2(CH2)6CH3, −CH2 

(CH2)8CH3), 29.7 (−CH2CH2(CH2)4 CH2CH3, −CH2CH2(CH2)6CH2CH3), 26.6 

(−CH2CH2(CH2)5CH3, −CH2CH2(CH2)7CH3), 25.0 (−BOC(CH3)2−), 22.7 (−(CH2)6CH2CH3, 

−(CH2)8CH2CH3), 14.2 (−(CH2)7CH3, −(CH2)9CH3. 

HRMS (ESI): m/z calcd for C38H59BO2NBrNa+: 674.37144; found: 674.37240 [M+Na] +  
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Synthesis of iodobenzene-terminated polymethyl methacrylate 

Scheme 3-8. Synthesis of iodobenzene-terminated poly(methyl methacrylate) 

 

CuBr (15.0 mg, 105 μmol, 1.0 eq.) was evacuated for 30 min in a Schlenk flask and 

backfilled with argon. Methyl methacrylate monomer was passed through a basic Al2O3 column 

in order to remove the inhibitor. A mixture of methyl methacrylate monomer (1.05 g, 10.5 mmol, 

100 eq.), 2,2’-bipyridyl (bpy; 16.3 mg, 105 μmol, 1.0 eq.), and 4-iodobenzyl 2-bromo-2-

methylpropanoate (39.9 mg, 105 μmol, 1.0 eq.) were subjected to three freeze-pump-thaw 

cycles. Next, the liquid mixture was transferred to the Schlenk flask containing CuBr for the 

polymerization. The polymerization was performed in a preheated oil bath at 90 °C, and the 

monomer conversion was monitored by 1H NMR at different polymerization time interval. The 

polymerization was terminated by bubbling air into the solution. The crude product was passed 

through a neutral Al2O3 column and eluted with THF to remove the catalyst. The mixture was 

purified by reprecipitation using THF as a good solvent and cold MeOH as a poor solvent to 

give iodobenzene-terminated polymethyl methacrylate (PMMA−I; 349 mg, 17.2% yield) as a 

white powder.  

 

Mn,SEC = 8000 g mol−1 (THF); Mn,NMR = 8900 g mol−1 (CDCl3), ĐM = 1.09.  

1H NMR (CDCl3, 400 MHz): δ (ppm) 7.71-7.10 (m, Ar–H), 6.49-6.39 (m, Ar–H), 5.01 (s, –

CH2O–), 3.60 (s, O–CH3), 2.07-1.81 (m, –CH2–), 1.44-0.83 (m, –C(=O)C(CH3)2–, –CH3). 
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Polymerization of potassium 3-(6-bromo-9-(2-octyldecyl)-9H-carbazole-2-yl)triolborate 

Scheme 3-9. Polymerization of triolborate salt-type 3,6-carbazole monomer 

 

In the glovebox, 4-iodobenzyl alcohol (FI−CH2OH; 30 μL, 1.4 μmol, as 0.050 mol 

L−1 stock solution in THF), Pd2(dba)3•CHCl3 (0.40 mg, 0.43 μmol), and t-Bu3P (6.0 μL, 3.2 

μmol, as 0.5 mol L−1 stock solution in THF) were placed in a vial and dissolved in THF (200 

μL), after stirring for 1 h at room temperature. The vial containing the stock solution of the Pd-

initiator was sealed and taken out from the glovebox. In a 30 mL recovery flask, a mixture of 

THF (3.9 mL), deionized water (388 μL), potassium 3-(6-bromo-9-(2-octyldecyl)-9H-

carbazole-2-yl)triolborate (M3; 30 mg, 0.043 mmol), and K3PO4 (0.46 mg, 2.2 μmol) were 

deoxygenated by argon bubbling at least for 1 h. The stock solution of the Pd-initiator was 

quickly added to the mixture under an argon atmosphere, and the entire mixture was vigorously 

stirred for 24 h at −10 °C. To the reaction mixture, 1 mol L−1 HCl (5 mL) was added to terminate 

the polymerization. The solvent was removed by evaporation, and the residue was dissolved in 

CH2Cl2 and washed with brine. The organic layer was dried over Na2SO4 and concentrated. The 

mixture was filtered, and the filtrate was evaporated under reduced pressure. The resulting 

solution was concentrated and precipitated using THF as a good solvent and cold poor solvent 

(MeOH/acetone = 2/1 (v/v)) to give HOCH2−3,6-PCz. The polymerization results are listed in 

Table 3-1. 
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11.6 mg, 60.1% yield: Yellow solid.  

Mn,SEC = 6300 g mol−1 (THF); Mn,NMR = 6700 g mol−1 (CDCl3), ĐM = 1.19. 

Td, 10% = 330 °C, Abs. (λmax) = 319 nm (CHCl3); Emi. (λmax) = 509 nm (CHCl3). 

1H NMR (400 MHz, CDCl3): δ (ppm) 8.62–8.23 (m, Ar–H), 7.93–7.77 (m, Ar–H), 7.54–7.36 

(m, Ar–H), 4.75 (s, –CH2O–), 4.14 (s, −NCH2CH−), 2.33–1.97 (m, −NCH2CH−), 1.49–1.06 (br, 

−CH2(CH2)7CH3, −CH2(CH2)9CH3), 0.91–0.76 (m, −(CH2)7CH3, −(CH2)9CH3). 
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Figure 3-19. Expanded MALDI-TOF mass spectra ranging from 1200 to 4000 Da of 3,6-PCz. 
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Polymerization of potassium 2-(7-bromo-9-(2-octyldecyl)-9H-carbazole-2-yl)triolborate 

Scheme 3-10. Polymerization of triolborate salt-type 2,7-carbazole monomer 

 

In the glovebox, 4-iodobenzyl alcohol (FI−CH2OH; 30 μL, 1.4 μmol, as 0.050 mol 

L−1 stock solution in THF), Pd2(dba)3•CHCl3 (0.40 mg, 0.43 μmol), and t-Bu3P (6.0 μL, 3.2 

μmol, as 0.5 mol L−1 stock solution in THF) were placed in a vial and dissolved in THF (200 

μL), after stirring for 1 h at room temperature. The vial containing the stock solution of the Pd-

initiator was sealed and taken out from the glovebox. In a 30 mL recovery flask, a mixture of 

THF (3.9 mL), deionized water (388 μL), potassium 2-(7-bromo-9-(2-octyldecyl)-9H-

carbazole-2-yl)triolborate (M4; 30 mg, 0.043 mmol), and K3PO4 (0.46 mg, 2.2 μmol) were 

deoxygenated by argon bubbling at least for 1 h. The stock solution of the Pd-initiator was 

quickly added to the mixture under an argon atmosphere, and the entire mixture was vigorously 

stirred for 12 h at −10 °C. To the reaction mixture, 1 mol L−1 HCl (5 mL) was added to terminate 

the polymerization. The solvent was removed by evaporation, and the residue was dissolved in 

CH2Cl2 and washed with brine. The organic layer was dried over Na2SO4 and concentrated. The 

mixture was filtered, and the filtrate was evaporated under reduced pressure. The resulting 

solution was concentrated and precipitated using THF as a good solvent and cold poor solvent 

(MeOH/acetone = 2/1 (v/v)) to give HOCH2−2,7-PCz. The polymerization results are listed in 

Table 3-1. 
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14.4 mg, 74.8% yield: Yellow solid.  

Mn,SEC = 3700 g mol−1 (THF); Mn,NMR = 5080 g mol−1 (CDCl3), ĐM = 1.23. 

Td, 10% = 428 °C; Tg = 122 °C, Abs. (λmax) = 379, 274 nm (CHCl3); Emi. (λmax) = 419 nm (CHCl3). 

1H NMR (400 MHz, CDCl3): δ (ppm) 8.16–7.84 (m, Ar–H), 7.77–7.50 (m, Ar–H), 4.75 (s, –

CH2O–), 4.14 (s, −NCH2CH−), 2.33–1.97 (m, −NCH2CH−), 1.49–1.06 (br, −CH2(CH2)7CH3, 

−CH2(CH2)9CH3), 0.91–0.76 (m, −(CH2)7CH3, −(CH2)9CH3). 
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Evaluation of the living nature of the SCTP of triolborate salt-type monomer 

Scheme 3-11. Kinetic study for SCTP of M4 

 

In the glovebox, FI−CH2OH (192 μL, 9.62 μmol, as 0.5 mol L−1 stock solution in 

THF), Pd2(dba)3•CHCl3 (3.0 mg, 2.87 μmol), and t-Bu3P (42.3 μL, 21.1 μmol, as 0.5 mol L−1 

stock solution in THF) were placed in a vial and dissolved in THF (3 mL), then stirring for 1 h 

at room temperature. The vial containing the stock solution of the Pd-initiator was sealed and 

taken out from the glovebox. In a 100 mL recovery flask, a mixture of THF (23 mL), deionized 

water (2.6 mL), M4 (200 mg, 0.289 mmol), and K3PO4 (3.06 mg, 14.4 μmol) were 

deoxygenated by argon bubbling at least for 1 h. The stock solution of the Pd-initiator was 

quickly added to the mixture under an argon atmosphere, and the entire mixture was vigorously 

stirred for 12 h at 30 °C. A small aliquot (2 mL) of the reaction mixture was collected at 1.0, 

3.0, 6.0, and 12 h. Each aliquot was quenched with 1 mol L−1 HCl solution and extracted with 

CH2Cl2. The separated organic layer was evaporated under reduced pressure to get a residue. 

Half of the residue was dissolved in CDCl3 to determine the conversion of monomer by 1H 

NMR (conversions of 42.3%, 63.3%, 85.6%, and 98.5% were observed for 1.0, 3.0, 6.0, and 12 

h, respectively). The other half of the residue was dissolved in THF, and the solution was filtered. 

The filtrate was analyzed by SEC to determine the Mn and ÐM values of the polymers. The 

Mn,SEC (ÐM) values of each polymer initiated by Pd2(dba)3•CHCl3/t-Bu3P/FI−CH2OH/K3PO4 

for 1.0, 3.0, 6.0, and 12 h were 3100 (1.20), 5300 (1.23), 7500 (1.30), and 9200 g mol−1 (1.31) 

respectively. The polymerization results are listed in Table 3-5. 
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Table 3-5. Monomer conversion, molecular weight, and dispersity at each reaction timea 

reaction time (h) conversion (%) Mn,SEC
b

 (g mol−1) ÐM
b Mn,NMR

c
 (g mol−1) 

  1.0 

  3.0 

  6.0 

12 

42.3 

63.3 

85.6 

98.5 

3100 

5300 

7500 

9200 

1.20 

1.23 

1.30 

1.31 

4300 

7300 

10,000 

11,500 

aPolymerization conditions: Ar atmosphere; solvent, THF/water (v/v) = 10/1; [M4]0 = 10 mmol L−1; 

[M4]0/[FI−CH2OH]0/[Pd2(dba)3•CHCl3]/[t-Bu3P]/[K3PO4] = 30/1/0.3/2.2/1.5. bDetermined by SEC (PSt 

standards, THF, 40 °C). cDetermined by 1H NMR spectrum in CDCl3.  
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Post-polymerization experiment for the SCTP of triolborate 

Scheme 3-12. Block copolymerization experiment to confirm living nature of SCTP of M4 

 

 

In the glovebox, FI−CH2OH (1.15 mL, 0.58 mmol, as 0.5 mol L−1 stock solution in 

THF), Pd2(dba)3•CHCl3 (178.6 mg, 0.173mmol), and t-Bu3P (2.53 mL, 1.27 mmol, as 0.5 mol 

L−1 stock solution in THF) were placed in a vial and dissolved in THF (15 mL), then stirring 

for 1 h at room temperature. The vial containing the stock solution of the Pd-initiator was sealed 

and taken out from the glovebox. In a 100 mL recovery flask, a mixture of THF (3.9 mL), 

deionized water (388 μL), M4 (30 mg, 0.043 mmol), and K3PO4 (0.46 mg, 2.2 μmol) were 

deoxygenated by argon bubbling at least for 1 h. The stock solution of the Pd-initiator was 

quickly added to the mixture under an argon atmosphere, and the entire mixture was vigorously 

stirred for 12 h at 30 °C. After withdrawing a small aliquot of the mixture, M1 (25 mg, 0.043 

mmol) was then added, and the whole mixture was stirred for 10 min at 30 °C. The final 

products were obtained as a yellow solid. 
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2,7-PCz-b-PF 

30 mg, 88.6% yield: Yellow solid.  

Mn,SEC = 7800 g mol−1 (THF); Mn,NMR = 9400 g mol−1 (CDCl3), ĐM = 1.38. 

1H NMR (400 MHz, CDCl3): δ (ppm) 8.16–7.50 (m, Ar–H), 4.75 (s, –CH2O–), 4.14 (s, 

−NCH2CH−), 2.33–1.97 (m, −NCH2CH−, Ar–(CH2(CH2)4CH3)2), 1.49–1.06 (br, −CH2−), 

0.91–0.66 (m, −CH3). 
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Molecular weight control  

Scheme 3-13. Molecular weight control of 2,7-PCz 

 

The SCTP of M4 was conducted with the optimized condition while varying the 

[M4]0/[FI−CH2OH]0 ratio (30/1, 60/1, and 90/1) for aiming at synthesizing the higher 

molecular weight PFs. The final product of HOCH2−PF was obtained as a yellow solid. The 

polymerization results are listed in Table 3-1.  
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Polymerization of bromo-9-(2-octyldecyl)-9H-carbazole-2-yl 4,4,5,5-tetramethyl-

1,2,3dioxaborolane  

Scheme 3-14. Polymerization of pinacolboronate-type carbazole monomers 

 

 

 

The PCzs were synthesized by the SCTP of pinacolboronate-type carbazole monomer 

(M5 or M6; 3.45 mL, 0.86 mmol) with HOCH2−PF (115 μL, 57.5 μmol, as 0.50 mol L−1 stock 

solution in THF), Pd2(dba)3•CHCl3 (17.9 mg, 17.2 μmol), t-Bu3P (253 L, 127 μmol, as 0.5 

mol L−1 stock solution in THF) in a mixture of THF (86 mL), K3PO4 (18.3 mg, 86.3 μmol), and 

deionized water (8.6 mL).   
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Synthesis of PCz or PF containing random copolymers 

Scheme 3-15. Random copolymerization of M3/M4, M1/M3, and M2/M4 

 

The PCz- or PF-containing random copolymers were synthesized by the SCTP of 

triolborate salt-type monomer (21.7 μmol) and the other monomer (21.7 μmol) with 

FI−CH2OH (58 μL, 28.9 μmol, as 0.50 mol L−1 stock solution in THF), Pd2(dba)3•CHCl3 (0.90 

mg, 8.7 μmol), t-Bu3P (127 L, 63.5 μmol, as 0.50 mol L−1 stock solution in THF) in a mixture 

of THF (3.88 mL), K3PO4 (0.92 mg, 4.3 μmol), and deionized water (388 μL). The final 

products were obtained as a yellow solid. The polymerization results are listed in Table 3-2. 
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2,7-PCz-co-3,6-PCz 

28 mg, 72.6% yield: Yellow solid.  

Mn,SEC = 7800 g mol−1 (THF); Mn,NMR = 11,500 g mol−1 (CDCl3), ĐM = 1.49. 

Td, 10% = 337 °C, Abs. (λmax) = 354, 312 nm (CHCl3); Emi. (λmax) = 413 nm (CHCl3). 

1H NMR (400 MHz, CDCl3): δ (ppm) 8.62–8.23 (m, Ar–H), 8.16–7.84 (m, Ar–H), 7.77–7.36 

(m, Ar–H), 4.75 (s, –CH2O–), 4.14 (s, −NCH2CH−), 2.33–1.97 (m, −NCH2CH−), 1.49–1.06 (br, 

−CH2(CH2)7CH3, −CH2(CH2)9CH3), 0.91–0.76 (m, −(CH2)7CH3, −(CH2)9CH3). 

 

PF-co-3,6-PCz 

25 mg, 74.6% yield: Yellow solid. 

Mn,SEC = 9300 g mol−1 (THF); Mn,NMR = 12,300 g mol−1 (CDCl3), ĐM = 1.38. 

Td, 10% = 362 °C, Abs. (λmax) = 362, 318 nm (CHCl3); Emi. (λmax) = 417 nm (CHCl3). 

1H NMR (400 MHz, CDCl3): δ (ppm) 8.62–8.23 (m, Ar–H), 8.16–7.84 (m, Ar–H), 7.77–7.36 

(m, Ar–H), 4.75 (s, –CH2O–), 4.14 (s, −NCH2CH−), 2.33–1.97 (m, −NCH2CH−, Ar–

(CH2(CH2)4CH3)2), 1.49–1.06 (br, −CH2−), 0.91–0.66 (m, −CH3). 

 

PF-co-2,7-PCz 

26 mg, 76.1% yield: Yellow solid.  

Mn,SEC = 7800 g mol−1 (THF); Mn,NMR = 12,500 g mol−1 (CDCl3), ĐM = 1.48. 

Td, 10% = 347 °C, Tg = 167 °C, Abs. (λmax) = 378, 272 nm (CHCl3); Emi. (λmax) = 419 nm (CHCl3). 

1H NMR (400 MHz, CDCl3): δ (ppm) 8.16–7.50 (m, Ar–H), 4.75 (s, –CH2O–), 4.14 (s, 

−NCH2CH−), 2.33–1.97 (m, −NCH2CH−, Ar–(CH2(CH2)4CH3)2), 1.49–1.06 (br, −CH2−), 

0.91–0.66 (m, −CH3).  
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Synthesis of 2,7-PCz-containing diblock copolymers using macroinitiators 

Scheme 3-16. Synthesis of PSt-b-2,7-PCz and PMMA-b-2,7-PCz by SCTP using 

macroinitiators 

 

The 2,7-PCz-containing diblock copolymers were synthesized by the SCTP of M4 (30 

mg, 43.3 μmol) with the macroinitiators (2.89 μmol, 1.0 eq.; PSt−I; Mn,NMR; 8300 g mol−1, ÐM; 

1.24 and PMMA−I, Mn, NMR = 8900, ÐM = 1.09), Pd2(dba)3•CHCl3 (3.6 mg, 3.47 μmol, 1.2 eq.), 

and t-Bu3P (51 L, 25.4 μmol, as 0.5 mol L−1 stock solution in THF, 8.8 eq.) in a mixture of 

THF (3.84 mL), K3PO4 (0.74 mg, 3.4 μmol, 1.2 eq.), and deionized water (0.80 μL). The 

resulting solution was concentrated and precipitated using THF as a good solvent and cold 

mixed solvent of MeOH/acetone (= 1/1 (v/v)) as a poor solvent to give the 2,7-PCz-containing 

diblock copolymers. The final products were obtained as a yellow solid. 
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PSt-b-2,7-PCz 

30 mg, 78.6% yield: Yellow solid.  

Mn,SEC = 13,600 g mol−1 (THF); Mn,NMR = 15,500 g mol−1 (CDCl3), ĐM = 1.31.  

1H NMR (400 MHz, CDCl3): δ (ppm) 8.16–7.84 (m, Ar–H), 7.77–7.50 (m, Ar–H), 6.49–6.39 

(m, Ar–H), 5.01 (s, –CH2O–), 4.14 (s, −NCH2CH−), 2.33–1.97 (m, −NCH2CH−, Ar−CH2−), 

1.92 (s, –CH3), 1.49–1.06 (br, −CH2(CH2)7CH3, −CH2(CH2)9CH3), 0.91–0.76 (m, −(CH2)7CH3, 

−(CH2)9CH3). 

 

PMMA-2,7-PCz  

33 mg, 73.5% yield: Yellow solid.  

Mn,SEC = 12,900 g mol−1 (THF); Mn,NMR = 15,700 g mol−1 (CDCl3), ĐM = 1.33.  

1H NMR (400 MHz, CDCl3): δ (ppm) 8.16–7.84 (m, Ar–H), 7.77–7.10 (m, Ar–H), 6.49-6.39 

(m, Ar–H), 5.01 (s, –CH2O–), 3.60 (s, O–CH3), 4.14 (s, −NCH2CH−), 2.33–1.97 (m, 

−NCH2CH−, –CH2–), 1.49–1.06 (br, −CH2(CH2)7CH3, −CH2(CH2)9CH3, –C(=O)C(CH3)2–), 

0.91–0.76 (m, −CH3). 
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The Suzuki–Miyaura catalyst-transfer polycondensation (SCTP) using triolborate salt-

type fluorene and carbazole monomers was performed, which are more nucleophilic than 

boronic acid derivatives. This is a novel synthesis approach for well-defined π-conjugated 

polymers and their block copolymers (BCPs). These new monomers were highly effective for 

precisely synthesizing high-molecular-weight end-functionalized polyfluorenes (PFs) and 

polycarbazoles (PCzs) with narrow dispersity. Furthermore, PF/PCz-containing BCPs were 

directly obtained by conducting SCTP using a variety of macroinitiators. The key to this 

approach was to use a solvent with reduced water content to suppress macroinitiator 

aggregation. The significant achievements and findings of this study are summarized as follows. 

 

Chapter 2 “Suzuki–Miyaura Catalyst-Transfer Polycondensation of Triolborate Salt-

Type Fluorene Monomer” 

PFs and PF-containing block and graft copolymers were successfully synthesized by 

SCTP using a triolborate salt-type fluorene monomer, viz. potassium 2-(7-bromo-9,9-dihexyl-

9H-fluorene-2-yl)triolborate. Kinetic and post-polymerization experiments revealed that SCTP 

proceeded via chain growth and controlled/living polymerization. This is the first report of 

successful chain-growth polycondensation using a triolborate salt-type monomer and 

demonstrates the suitability of this monomer for the synthesis of π-conjugated polymers for the 

first time. PF-containing block and graft copolymers were successfully synthesized by starting 

with various macroinitiators. This was complicated to achieve by the conventional SCTP of 

pinacolboronate-type fluorene monomers. The strategy proposed in this chapter is based on the 

coil-first/graft-from approach, which is an easy and convenient method to synthesize PF-

containing BCPs. 
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Chapter 3 “Suzuki–Miyaura Catalyst-Transfer Polycondensation of Triolborate Salt-

Type Carbazole” 

Given the promising results demonstrated in Chapter 2, the suitability of triolborate 

salt-type monomer for polymerization was investigated, not only for fluorene but also for 

carbazoles (3,6- and 2,7-carbazole) as a representative example of a heteroaromatic monomer. 

At low temperatures, the SCTP of potassium 3-(6-bromo-9-(2-octyldecyl)-9H-carbazole-2-

yl)triolborate selectively produced end-functionalized 3,6-PCz while suppressing the formation 

of cyclic byproducts. The existing SCTP could not achieve this. It was made possible for the 

first time by using a triolborate salt-type monomer with high nucleophilicity. The SCTP of 

potassium 2-(7-bromo-9-(2-octyldecyl)-9H-carbazole-2-yl)triolborate proceeded in a chain-

growth, and controlled/living manner produces 2,7-PCzs with controlled molecular weights and 

narrow dispersity. This is the first example of synthesizing 2,7-PCz by SCTP using a triolborate-

salt-type monomer. The current SCTP approach enables the synthesis of random copolymers of 

N-alkyl-3,6- and 2,7-carbazoles, random copolymers of N-alkyl-carbazole, and 9,9-

dialkylfluorene, and 2,7-PCz-containing block copolymers. 

In conclusion, the author successfully established precise synthesis strategies for 

narrowly dispersed, end-functionalized PF, PCz, and PF/PCz-containing BCPs by the SCTP of 

triolborate salt-type fluorene and carbazole monomers. One of the essential findings of the 

present study is that triolborate salt-type monomers can be polymerized even at low 

temperatures, thus suppressing side reactions such as protodeboronation and chain transfer 

reactions. Furthermore, while the pinacolborate-type monomers used in conventional SCTP 

require large amounts of base and water, SCTP using triolborate salt-type monomers can 

significantly reduce the amount of base and water. Moreover, the ability to carry out SCTP with 

much less water and the base has led to the developing of a new method to produce conjugated 

BCPs based on the coil-type macroinitiator method (Figure 4). Therefore, we believe that the 
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newly established SCTP system using triolborate salt-type monomers can lead to significant 

progress in fabricating high-quality π-conjugated polymers with unique structures and functions. 

This will eventually contribute to developing organic light-emitting diodes, organic field-effect 

transistors, organic photovoltaics, and organic memory devices. 

 

 

Figure 4. Suzuki–Miyaura coupling reaction for the precise synthesis of a π-conjugated 

polymer. (A) Conventional synthesis of the π-conjugated polymer by SCTP of pinacolborate-

type monomer. (B) The strategy for the precise synthesis of the π-conjugated polymer through 

SCTP of triolborate salt-type monomer. 

 

 

(A) Strategy for SCTP in previous works (B) Strategy for SCTP in this work 
transmetalation transmetalation

protodeboronation
✓ suppression of protodeboronation

✓ The most reactive of bronic acid derivatives  


