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Abstract

Precision Synthesis of Various Low-
Bandgap Donor-Acceptor Alternating 

Conjugated Polymers via Living Suzuki-
Miyaura Catalyst-Transfer Polymerization

Hwangseok Kim

Organic Chemistry in Department of Chemistry

The Graduate School 

Seoul National University

Here we report that living Suzuki-Miyaura catalyst-transfer polymerization 

(SCTP) using RuPhos Pd G3 precatalyst is a versatile method for the precision 

synthesis of various donor-acceptor alternating conjugated polymers (DA ACPs). 

First, the living SCTP of biaryl monomers with combinations of both medium to 

strong A and D were optimized and DA ACPs with controlled number average 

molecular weight (Mn), narrow dispersity (Ð, 1.05–1.29) were produced in high yield 

(>87%). Moreover, the expansion of SCTP to an A1-D-A2-D quateraryl monomer 

containing diketopyrrolopyrrole (DPP; strong A) successfully obtained its controlled 

polymerization (Mn = 9.2–40.0 kg/mol). Additionally, the living SCTP even enabled 

the efficient one-pot synthesis of various diblock and triblock copolymers. Lastly, 

the DA ACPs showed tunable optical bandgap (Eg
opt, from 1.29 to 1.77 eV) and 

highest occupied molecular orbital (HOMO) level (from -5.57 to -4.75 eV), while 

their block copolymers exhibited broad absorption ranges and promising visible 

light-harvesting properties. 
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1. Introduction

Conjugated polymers (CPs) are one of the most studied 

organic semiconducting materials widely used in light-emitting 

diodes, field-effect transistors, and polymer solar cells (PSCs) 

owing to their flexibility, light weight, and solution processability.1,2

Especially, donor-acceptor alternating CPs (DA ACPs), bearing high 

coplanarity that leads to a low optical bandgap (Eg
opt), have 

significantly improved the device performance.3–6 Conventionally DA 

ACPs have been synthesized via transition-metal catalyzed Suzuki-

Miyaura7–10 and Stille cross-coupling,11–13 as well as direct arylation 

polymerization.14–17 However, most of these methods are step-

growth polymerization, resulting in uncontrolled molecular weight, 

high dispersity (Ð), low end-group fidelity, and poor batch-to-batch 

reproducibility. The lack of control may negatively affect the device 

performance.18,19

Figure 1. a) Previous works on CTP of DA ACPs showing limited scope. b) SCTP of 

various DA ACPs using RuPhos Pd G3 precatalyst.
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On the other hand, the living chain-growth polymerization is 

a powerful tool for synthesizing polymers with high precision, 

allowing the control of both molecular weight and complex 

microstructures, such as block or graft copolymers. Pioneered by 

Yokozawa’s group, catalyst-transfer polymerization (CTP), where 

the propagating catalysts do not dissociate from the growing 

polymers, has been a representative method for the chain-growth 

polymerization of (hetero)arene monomers.20–23 Thus far, CTP based 

on Kumada (KCTP),20–29 Suzuki-Miyaura (SCTP),30–36 and Stille 

cross-couplings37 have been extensively investigated for the 

polymerization of simple (hetero)arenes (e.g., thiophene, phenylene, 

fluorene, and benzotriazole), as well as DD biaryl monomers (e.g., 

thiophene-phenylene,38 bichalcogenophene,39,40 and 

cyclopentadithiophene-phenylene41). However, only a few reports 

with limited scope have demonstrated the controlled synthesis of DA 

ACPs because of challenges in efficient ring-walking between D and 

A. For example, well-known catalysts such as [1,3-

bis(diphenylphosphino)propane]dichloronickel (Ni(dppp)Cl2) and 

(tri-tert-butylphosphine)palladium (PdP(t-Bu)3) successfully 

promoted the CTP of difluorobenzotriazole-thiophene and fluorene-

benzothiadiazole,42,43 but the same catalytic system resulted in 

uncontrolled or even step-growth polymerization of thiophene-

pyridine monomer (Figure 1a).44,45 Besides, Kiriy et al. succeeded in 

the CTP of arylenediimide-dithiophene utilizing the same series of 

catalysts.46–48 Nonetheless, undesired step-growth polymerization 

occurred upon changing the monomer moiety from arylenediimide to 

isoindigo,49 and from thiophene to selenophene,50 thereby implying a 

significantly limited scope of this catalytic system (Figure 1a). In 

addition, controlled CTP of strong D-strong A to obtain a low Eg
opt

was not achieved so far, because of the low ring-walking ability of 

conventional catalytic systems on DA units with vastly different 

electronic properties.51–55 Thus, a universal methodology to 

synthesize various DA ACPs, including strong D-strong A, with 

excellent control, is still desired for the precision synthesis of 

organic semiconducting materials with tunable energy levels and Eg
opt.

Our group developed an efficient SCTP system for monomers 

with a wide range of electronic characters, from strong D (3,4-

propylenedioxythiophene) to strong A (quinoxaline, QX).56-59 The Pd 

catalyst coordinated by Buchwald ligands such as RuPhos- and 

SPhos-Pd exhibited extraordinary catalyst-transfer ability, 
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achieving a universal polymerization of (hetero)arenes with very 

distinctive electronic properties by a novel strategy that included 

utilizing N-coordinated boronates such as 4,4,8,8-tetramethyl-

1,3,6,2-dioxazaborocane (Me4DABO) and its N-benzylated 

derivative (N-BnMe4DABO). Therefore, this versatility encouraged 

us to expand the catalytic system to more challenging DA biaryl 

monomers. Herein, we report controlled SCTP to produce diverse DA 

ACPs with various combinations of D/A units (Figure 1b). First, biaryl 

monomers containing benzotriazole (BTz; medium A), quinoxaline 

(QX; strong A), thiophene (Th; medium D), and two strong D units 

(3,4-ethylenedioxythiophene (EDOT) and selenophene (Se)) were 

successfully polymerized using RuPhos Pd G3 precatalyst to produce 

four DA ACPs (PBTzEDOT, PQXTh, PQXEDOT, and PQXSe) with 

controlled number average molecular weight (Mn), narrow Ð and high 

yield. Furthermore, the SCTP was applied on a quateraryl monomer 

with another carbonyl-containing strong A, diketopyrrolopyrrole, 

which conventional KCTP is not tolerant to, and obtained the 

controlled synthesis of an A1-D-A2-D terpolymer (PBTzThDPPTh) 

showing narrow Eg
opt with near-infrared absorption. Additionally, the 

living nature of SCTP enabled the one-pot synthesis of D-DA 

(P3HT-b-PQXTh), A-DA (PQX-b-PQXSe), and novel DA-DA 

(PBTzEDOT-b-PQXTh) diblock copolymers, as well as the A-D-

DA (PQX-b-P3HT-b-PQXSe) triblock copolymer by sequential 

addition of monomers with dramatically different electronic 

characters. Lastly, P3HT-b-PQXTh and PQX-b-P3HT-b-PQXSe 

displayed wide absorption ranges, as well as light-harvesting 

properties by fluorescence resonance energy transfer (FRET).
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2. Results and Discussion

Table 1: SCTP of BTz-EDOT monomer using RuPhos Pd G3 precatalyst[a]

Entry M/I
Catalyst 

(equiv)

Ligand 

(equiv)

Temp. 

(℃)

Time 

(h)
Mn,theo

[b] Mn (Ð)[c] Yield[d](%)

1 25
RuPhos Pd 

G3 (0.04)

RuPhos 

(0.24)
45 3 13.4k

11.9k 

(1.07)
97

2 50
RuPhos Pd 

G3 (0.02)

RuPhos 

(0.12)
45 6 26.9k

29.0k 

(1.26)
90

3 50
RuPhos Pd 

G3 (0.02)

RuPhos 

(0.12)
35 11 26.9k

26.5k 

(1.18)
92

4 15
RuPhos Pd 

G3 (0.067)

RuPhos 

(0.40)
35 5 8.1k

8.0k 

(1.11)
88

5 25
RuPhos Pd 

G3 (0.04)

RuPhos 

(0.24)
35 8 13.4k

14.0k 

(1.05)
89

6 75
RuPhos Pd 

G3 (0.013)

RuPhos 

(0.08)
35 16 40.3k

36.7k 

(1.21)
94

[a] Reaction conditions: M1 (0.05 mmol, 1 equiv), RuPhos Pd G3, RuPhos, 4-

iodobenzonitrile (0.95 equiv relative to the catalyst), K3PO4 (0.3 mmol, 6 equiv) 

THF/H2O (0.01M, v/v = 30/1). [b] Estimated by multiplying molecular weight of 

repeat unit by M/I. [c] Absolute molecular weight was determined by THF SEC using 

a MALLS detector. [d] Isolated yield.

To expand SCTP toward DA ACPs with a wide range of 

energy levels and Eg
opt, we designed various biaryl monomers, as 

presented in Figure 1b. Boron moieties were introduced on phenyl-

based acceptors (BTz and QX) instead of heterocycle-based donors 

(Th, EDOT, and Se) to maximize the conversion by suppressing 

protodeboronation.60 First, BTz-EDOT monomer (medium A-strong 

D) protected with N-BnMe4DABO (M1), which was recently shown 

to be an optimal boronate for the SCTP of BTz,58 was prepared. The 

conventional SCTP conditions using RuPhos Pd G3 with 4-

iodobenzonitrile as the external initiator at a monomer to initiator 

ratio (M/I ratio) of 25 and 45 °C produced the desired PBTzEDOT 
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with Mn of 11.9 kg/mol and narrow Ð (1.07) (Table 1, entry 1). 

However, Ð broadened to 1.26 for the case of M/I = 50 (Table 1, 

entry 2). Notably, decreasing the temperature to 35 °C minimized 

chain transfer and led to improved control (Mn = 26.5 kg/mol, Ð = 

1.18; Table 1, entry 3). At these optimal conditions, PBTzEDOT, P1, 

was synthesized with linear increase in molecular weight (Mn = 8.0–

36.7 kg/mol) in a controlled manner (Ð = 1.05–1.21) over a wide 

range of M/I ratios (15–75) (Table 1, entries 3–6; Figure 2a).

Figure 2. Plots of Mn vs. M/I ratios and their corresponding Ð values for a) 

PBTzEDOT, b) PQXTh, c) PQXEDOT, d) PQXSe, and e) PBTzThDPPTh.
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Table 2: SCTP of QX-Th, QX-EDOT, and QX-Se monomers using RuPhos Pd G3 precatalyst[a]

[a] Reaction conditions: monomer (0.05 mmol, 1 equiv), RuPhos Pd G3, RuPhos, 4-

iodobenzonitrile (0.95 equiv relative to the catalyst), K3PO4 (0.3 mmol, 6 equiv). [b] Estimated 

by multiplying molecular weight of repeat unit by M/I. [c] Absolute molecular weight was 

determined by THF SEC using a MALLS detector. [d] Isolated yield. [e] conducted at 35 oC.

Entr

y
M/I

Mono

mer

Catalyst

(equiv)

Ligand

(equiv)

THF/H2O

(concn, 

v/v)

Tim

e (h)
Mn,theo

[b] Mn (Ð)[c] Yield[d]

(%)

1 25 M2
RuPhos Pd 

G3 (0.04)

RuPhos

(0.24)

0.01M, 

30/1
15 23.9k

22.5k 

(1.19)
87

2 50 M2
RuPhos Pd 

G3 (0.02)

RuPhos

(0.12)

0.01M, 

30/1
29 47.8k

48.2k 

(1.37)
82

3 50 M2
RuPhos Pd 

G3 (0.02)

RuPhos

(0.12)

0.03M, 

10/1
10 47.8k

50.9k 

(1.14)
93

4 15 M2
RuPhos Pd 

G3 (0.067)

RuPhos

(0.40)

0.03M, 

10/1
3 14.3k

15.5k 

(1.15)
88

5 25 M2
RuPhos Pd 

G3 (0.04)

RuPhos

(0.24)

0.03M, 

10/1
5 23.9k

21.9k 

(1.12)
90

6 75 M2
RuPhos Pd 

G3 (0.013)

RuPhos

(0.08)

0.03M, 

10/1
14 71.7k

72.2k 

(1.29)
92

7 15 M3
RuPhos Pd 

G3 (0.067)

RuPhos

(0.40)

0.02M, 

15/1
5 15.2k

18.8k 

(1.22)
87

8 25 M3
RuPhos Pd 

G3 (0.04)

RuPhos

(0.24)

0.02M, 

15/1
9 25.3k

28.0k 

(1.18)
94

9 50 M3
RuPhos Pd 

G3 (0.02)

RuPhos

(0.12)

0.02M, 

15/1
12 50.7k

53.3k 

(1.26)
92

10 50 M4
RuPhos Pd 

G3 (0.02)

RuPhos

(0.12)

0.02M, 

15/1
11 50.1k

61.0k 

(1.35)
90

11e 50 M4
RuPhos Pd 

G3 (0.02)

RuPhos

(0.12)

0.02M, 

15/1
18 50.1k

60.8k 

(1.22)
93

12e 15 M4
RuPhos Pd 

G3 (0.067)

RuPhos

(0.40)

0.02M, 

15/1
5 15.0k

18.0k 

(1.19)
90

13e 25 M4
RuPhos Pd 

G3 (0.04)

RuPhos

(0.24)

0.02M, 

15/1
8 25.1k

30.9k 

(1.13)
92

14e 75 M4
RuPhos Pd 

G3 (0.013)

RuPhos

(0.08)

0.02M, 

15/1
25 75.2k

86.9k 

(1.22)
95
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Encouraged by the successful SCTP of BTz-EDOT, we 

designed a series of monomers containing strong A (QX). First, we 

prepared the QX-Th monomer with –B(OH)2 moiety (M2) to target 

poly(quinoxaline-alt-thiophene) (PQXTh), which demonstrated 

high performance in PSC.18,61,62 Although the SCTP of M2 at 0.01 M 

led to Mn of 22.5 kg/mol and Ð = 1.19 at M/I = 25, an attempt to 

increase Mn under the same condition was unsatisfactory, marking 29 

h to reach full conversion at M/I = 50 and displaying broad Ð (1.37) 

(Table 2, entries 1 and 2). Accelerating transmetalation by increasing 

the reaction concentration to 0.03M enhanced both the rate (10 h) 

and controllability (Mn = 50.9 kg/mol, Ð = 1.14; Table 2, entry 3). 

Again, using these optimal conditions, we achieved SCTP of QX-Th 

with controlled Mn (15.5–72.2 kg/mol), narrow Ð (1.12–1.29), and 

high yields of over 88% at M/I ratios from 15 to 75 (Table 2, entries 

3–6; Figure 2b). These results show the excellent catalyst-transfer 

of RuPhos-Pd on DA monomers, even when a highly electron-

deficient arene is involved.

Next, we moved on to the SCTP of more challenging QX-

EDOT monomer (M3), containing stronger D of EDOT, thereby 

providing a considerably different electron density from the strong A 

unit. The same protocol using M3 led to successful controlled 

synthesis (Mn = 18.8–53.3 kg/mol, Ð = 1.18–1.26; Figure 2c) of 

poly(quinoxaline-alt-EDOT) (PQXEDOT) at M/I = 15–50 (Table 2, 

entries 7–9). Moreover, the SCTP of M4, containing a different strong 

D (selenophene), was attempted to further expand the scope, 

because selenophene is known to enhance the quinoidal character of 

CPs to absorb long-wavelength visible light and improve charge 

transfer ability.63–65 The synthesis of poly(quinoxaline-alt-
selenophene) (PQXSe) at M/I = 50 under the same conditions  led 

to  an increase in the high molecular weight shoulder (Ð = 1.35), 

presumably owing to undesired chain coupling (Table 2, entry 10). 

Nevertheless, lowering the temperature to 35 °C resulted in 

improved controllability57,66 (Mn = 60.8 kg/mol, Ð = 1.22). At these 

conditions, the controlled SCTP of M4 at M/I ratios = 15–75 to 

produce PQXSe in high yield (>90%; Table 2, entries 11–14) was 

realized (Mn = 18.0–86.9 kg/mol, Ð = 1.13–1.22; Figure 2d). In 

addition, the Mn of P1–P4 matched well with their corresponding 
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theoretical Mn values (Mn,theo) (Tables 1 and 2). These results 

highlight the excellent and universal ring-walking ability of RuPhos-

Pd between arenes with vastly different electronic properties, 

enabling the precision synthesis of strong D-strong A copolymers.

Table 3: SCTP of BTz-Th-DPP-Th monomer using RuPhos Pd G3 precatalyst[a]

[a] Reaction conditions: monomer (0.02 mmol, 1 equiv), RuPhos Pd G3, RuPhos, 
4-iodobenzonitrile (0.95 equiv relative to the catalyst), K3PO4 (0.12 mmol, 6 equiv), 
THF/H2O (0.01M, v/v = 75/1) [b] Determined by THF SEC calibrated by PS 
standards. [c] Isolated yield.

Based on the successful SCTP of various DA biaryl monomers, 

we were inspired to expand its scope even further to a more complex 

quateraryl structure. Hence, we chose an A1-D-A2-D monomer 

containing BTz, Th, and diketopyrrolopyrrole (DPP), a strong A, as 

a target because such polymers were reported to have very low Eg
opt

below 1.4 eV.67,68 Moreover, this investigation would demonstrate the 

advantage of mild conditions during SCTP as the conventional KCTP 

of DPP is prohibited owing to the incompatibility between the 

Grignard reagent and carbonyl functionality. In this context, a BTz-

Th-DPP-Th monomer (M5) containing stable Me4DABO on the BTz 

unit was prepared and polymerized at mild conditions using RuPhos 

Entry M/I Catalyst (equiv)
Ligand 

(equiv)
Time (h) Mn (Ð)[b] Yield[c]

(%)

1 5 RuPhos Pd G3 (0.20)
RuPhos 

(1.20) 12
9.2k 

(1.34) 90

2 10 RuPhos Pd G3 (0.10)
RuPhos 

(0.60) 13
17.9k 

(1.34) 91

3 20 RuPhos Pd G3 (0.05)
RuPhos 

(0.30) 13
28.4k 

(1.46) 97

4 30 RuPhos Pd G3 (0.033)
RuPhos 

(0.20) 15
40.0k 

(1.66) 98



12

Pd G3. To our delight, this SCTP produced P5 (PBTzThDPPTh) with 

a linear increase of Mn (9.2–40.0 kg/mol) at M/I = 5–30 (Table 3, 

entries 1–4; Figure 2e) and excellent yield (>90%). However, Ð

became broader (1.34–1.66) than in other cases, implying that ring-

walking on this quateraryl backbone was indeed more challenging and 

chain transfer reactions inevitably occurred especially at high DP 

(entry 4, Figure S1b).69 To the best of our knowledge, this is the first 

report of controlled polymerization using a monomer with more than 

three different arene units, demonstrating the excellent catalyst-

transfer ability of RuPhos-Pd and the high functional group tolerance 

of SCTP.
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Figure 3. MALDI-TOF spectra of a) PBTzEDOT (Table 1, entry 4), b) PQXTh 

(Table S1, entry 1), c) PQXEDOT (Table 2, entry 7), d) PQXSe (Table S1, entry 

2), and e) PBTzThDPPTh (Table S2, entry 1).
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Matrix-assisted laser desorption/ionization time-of-flight 

(MALDI-TOF) analysis was conducted to support the chain-growth 

mechanism of the SCTP.70,71 The MALDI-TOF spectra of 

PBTzEDOT (Figure 3a) and PQXEDOT (Figure 3c) revealed the high 

fidelity of the (CN)Ph/H end group, even though a minor peak series 

corresponding to H/Br appeared for PBTzEDOT. These results 

indicate highly efficient external initiation from RuPhos Pd G3 with 

4-iodobenzonitrile followed by living chain-growth polymerization. 

PQXTh and PQXSe also demonstrated high end-group fidelity of 

tolyl/H when polymerized with 2-iodotoluene as an initiator (Figure 

3b and 3d, respectively; also, see the polymerization results in Table 

S1, entries 1 and 2). Unexpectedly, PBTzThDPPTh synthesized with 

RuPhos Pd G3 showed (CN)Ph/H and significant (CN)Ph/carbazole 

end groups (Figure S1a), even though the carbazole group was not 

detected by 1H NMR spectroscopy. This observation implies that a 

few carbazoles released from the G3 precatalyst after initiation were 

capped at the end of some polymer chains, presumably via

Buchwald-Hartwig coupling.72,73 Therefore, to prevent carbazole 

capping, we tested RuPhos Pd G4 catalyst at M/I = 5, which releases 

unreactive 9-methylcarbazole instead, and obtained P5 with 

controlled molecular weight distribution by SEC analysis (Mn = 10.4 

kg/mol, Ð = 1.34; Table S2, entry 1) and nearly exclusive (CN)Ph/H 

end groups by MALDI, confirming living chain-growth 

polymerization was dominant at low DP (Figure 3e). Lastly, the 

degree of polymerization (DP) for each polymer was calculated from 
1H NMR spectra (PBTzEDOT = 14, PQXTh = 15, PQXEDOT = 15, 

PQXSe = 15; see the details in the SI). The obtained values matched 

well with their initial M/I feed ratio (15), thereby confirming the 

efficient external initiation and living nature of SCTP.
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Figure 4. Synthesis of various diblock and triblock copolymers using RuPhos Pd G3 

precatalyst and sequential addition of monomers: a) P3HT-b-PQXTh, b) PQX-b-

PQXSe, c) PBTzEDOT-b-PQXTh, and d) PQX-b-P3HT-b-PQXSe. Absolute 

molecular weight was determined by THF SEC using a MALLS detector.

Living CTP is one of the most versatile and efficient methods 

to synthesize all conjugated block copolymers (BCPs), valuable 

materials for the active layer of PSC.74,75 However, there have been 

very few reports of BCPs containing DA alternating block (DA block), 

in which the scope was limited to combinations with easily 

synthesized poly(3-hexylthiophene) (P3HT).42,44 We expected that 

the enhanced ring-walking ability of RuPhos-Pd could provide a 

versatile methodology to prepare diverse BCPs via efficient living 

SCTP. First, a macroinitiator of donor P3HT20 first block (Mn = 3.8 

kg/mol, Ð = 1.10) was prepared in situ via living SCTP, and after 

completion of the first block, 20 equiv. of the second QX-Th 

monomer (M2) was subsequently added. As a result, a D-DA BCP 
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(P3HT20-b-PQXTh20) was successfully obtained in a controlled 

manner, showing a clear shift of the SEC trace to high molecular 

weight region (Mn = 18.6 kg/mol, Ð = 1.12; Figure 4a). Similarly, 

after synthesizing the PQX20 acceptor (Mn = 16.5 kg/mol, Ð = 1.10) 

first block, 20 equiv. of QX-Se monomer (M4) was added to provide 

PQX20-b-PQXSe20 (A-DA) with a narrow Ð (Mn = 35.1 kg/mol, Ð = 

1.18; Figure 4b). Moreover, to push the system to more challenging 

BCP, we synthesized PBTzEDOT20-b-PQXTh20 (Mn = 27.0 kg/mol, 

Ð = 1.21; Figure 4c) by achieving chain elongation even from 

PBTzEDOT20, a DA block macroinitiator (Mn = 10.1 kg/mol, Ð= 1.16). 

This is the first example of controlled synthesis of a fully conjugated 

DA-DA polymer via CTP. Lastly, we even pushed our limit to the 

unprecedented one-pot synthesis of A-B-C type triblock 

copolymer (TCP) via series of chain elongation with CTP.74–77 By 

preparing acceptor PQX15 (Mn = 11.6 kg/mol, Ð = 1.12) as the first 

block, the sequential addition of the donor M6 followed by the DA 

type M4 (15 equiv. each) produced the PQX15-b-P3HT15-b-

PQXSe15 TCP (Mn = 32.7 kg/mol, Ð = 1.19) as confirmed by clear 

shift of SEC traces (Figure 4d). This successful synthesis highlights 

the capacity of RuPhos-Pd-promoted SCTP in achieving a highly 

efficient catalyst transfer among the A, D, and DA units with 

significantly distinct electronic characters. Additionally, 1H NMR 

analysis of the resulting BCPs and TCP (see the SI) revealed that the 

DP of each block was consistent with the initial feed ratio of each 

monomer (P3HT = 23 and PQXTh = 19 for P3HT20-b-PQXTh20, 

PQX = 18 and PQXSe = 21 for PQX20-b-PQXSe20, PBTzEDOT = 19

and PQXTh = 19 for PBTzEDOT20-b-PQXTh20, PQX = 14 P3HT = 

17 and PQXSe = 16 for PQX15-b-P3HT15-b-PQXSe15) to support 

the living character of SCTP on several DA monomers. 

Table 4: Optical and electrochemical properties of DA ACPs prepared by SCTP

[a] Eg
opt = 1240/λonset. [b] Measured by cyclic voltammetry. [c] Estimated by ELUMO = EHOMO

+ Eg
opt.

Entry Polymer
λmax in film 

(nm)

λonset in film 

(nm)
Eg

opt,[a](eV)
EHOMO

[b]

(eV)

ELUMO
[c]

(eV)

1 PBTzEDOT 573 701 1.77 -4.75 -2.98

2 PQXTh 631 712 1.73 -5.57 -3.84

3 PQXEDOT 639 713 1.73 -5.11 -3.38

4 PQXSe 681 759 1.64 -5.45 -3.81

5 PBTzThDPPTh 766, 845 960 1.29 -5.21 -3.92
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Figure 5. a) UV−vis absorption spectra of P3HT-b-PQXTh (black) and PQX-b-P3HT-b-

PQXSe (red) in thin films. b) Emission spectra of P3HT (0.003 g/mL) and PQXTh (0.017 g/mL) 

at 447 nm excitation (black and red, respectively), P3HT-b-PQXTh (0.020 g/mL) at 570 nm 

(blue) and 447 nm excitation (green) in CHCl3.

Notably, the broad scope of SCTP allowed for fine-tuning of 

the optical and electrochemical properties of the polymers. First, Eg
opt

values (calculated from λonset of UV-vis-NIR absorption spectra in 

thin film states; see Figure S2) between 1.64 and 1.77 eV were 

obtained from the biaryl DA ACPs (P1–P4) depending on their 

electronic character (Table 4, entries 1–4). Remarkably, Eg
opt of P5,

containing the DPP unit, significantly decreased to 1.29 eV to exhibit 

near-infrared absorption (Table 4, entry 5). Overall, all these 

polymers exhibited significantly narrower Eg
opt values compared to 

the DA ACPs previously synthesized by other CTP systems,42,43,46,47

highlighting the versatility of the current SCTP system and 

demonstrating its potential to produce applicable CPs that are widely 

used in current polymer electronics. Additionally, the highest 

occupied molecular orbital (HOMO) level measured by cyclic 

voltammetry (See Figure S5 for the cyclic voltammograms) was 

raised by a strong D or reduced by a strong A, leading to a broad 
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range of values from −5.57 to −4.75 eV (Table 4). In addition, the 

absorption spectrum of P3HT-b-PQXTh includes a full width at half 

maximum of 220 nm (460–680 nm; Figure 5a) and showed promising 

aspects for intramolecular FRET owing to the significant overlap 

between the PQXTh absorption and the P3HT emission (Figure S2 

and S3). Excitation of P3HT-b-PQXTh at 447 nm (λmax of P3HT) 

led to 88% intramolecular fluorescence quenching and amplified 

emission of the PQXTh block, which corresponds to 88% FRET 

efficiency, suggesting its potential utility in PSC (Figure 5b).80 Lastly, 

PQX-b-P3HT-b-PQXSe TCP showed vastly broad UV/Vis spectra 

with half-maximum absorption from 350 to 717 nm, absorbing all 

visible light (Figure 5a). This absorption property originates from the 

complementary contribution of all three blocks, suggesting PQX-b-

P3HT-b-PQXSe TCP as a potential material for high-performance 

light-harvesting applications.
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3. Conclusion

In summary, we report the versatile SCTP using RuPhos Pd 

G3 to achieve the precision synthesis of DA ACPs. First, various DA 

ACPs (PBTzEDOT, PQXTh, PQXEDOT, and PQXSe) were 

synthesized in controlled Mn, narrow Ð, and high yields (>87%) from 

DA biaryl monomers with medium to strong D and A. Notably, the 

precision synthesis of an A1-D-A2-D terpolymer (PBTzThDPPTh) 

containing carbonyl groups, which are intolerant of the Grignard 

nucleophiles used in conventional KCTP, further highlighted the 

excellent ring-walking ability of RuPhos-Pd and high functional 

group tolerance of SCTP. Also, MALDI-TOF and 1H NMR analyses 

supported the living chain-growth mechanism. The controlled 

polymerization of DA ACPs with a wide range of electronic properties 

granted the modulation of Eg
opt (from 1.29 to 1.77 eV) and HOMO 

level (from −5.57 to −4.75 eV). Finally, the living SCTP method led 

to the synthesis of various di(tri)block copolymers with wide 

absorption ranges and complex microstructures, such as D-DA 

(P3HT-b-PQXTh), A-DA (PQX-b-PQXSe), DA-DA 

(PBTzEDOT-b-PQXTh), and A-D-DA (PQX-b-P3HT-b-

PQXSe). The considerably expanded scope of the controlled 

synthesis of DA ACPs in this study can significantly contribute to the 

production of novel organic electronic materials. Furthermore, we are 

developing a more atom-economical methodology to produce 

structurally complex but widely used conjugated polymers.
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4. Experimental and Supporting Information

Materials

Unless otherwise noted, all reagents were purchased from commercial 

sources and used without further purification. Tetrahydrofuran (THF) was 

distilled over sodium and benzophenone, and degassed by argon bubbling for 

20 minutes before using on polymerization. For size exclusion 

chromatography (SEC) analysis, HPLC grade THF (stabilized by BHT) was 

purchased from Fisher ChemicalTM. (7-bromo-2-(2-octyldodecyl)-

2H-benzo[d][1,2,3]triazol-4-yl)boronic acid (1), (8-bromo-2,3-bis(3-

((2-octyldodecyl)oxy)p henyl)quinoxalin-5-yl)boronic acid (M7), 1,1'-

(benzylazanediyl)bis(2 -methylpropan-2-ol) (7), 1,1'-azanediylbis(2-

methylpropan-2-ol) (20), 2-(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-

yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (3), trimethyl(selenophen-

2-yl)stannane (14), and 2,5-bis(2-octyldodecyl)-3,6-bis(5-

(trimethylstannyl)thiophen-2-yl)-2,5-dihydropyrrolo [3,4-c]pyrrole-

1,4-dione (17) were prepared by the previously reported synthetic 

methods.

General analytical information

1H NMR and 13C NMR spectra were recorded by Varian/Oxford As-500 

(500 MHz for 1H; scan number 64 and relaxation delay time 5 sec for 

polymers, and 125 MHz for 13C). Size exclusion chromatography (SEC) 

analysis was carried out using Shodex GPC LF-804 column eluted with THF 

(HPLC grade, Fisher) in Waters system (1515 pump and 2707 autosampler) 

and a Wyatt Optilab TrEX refractive index detector. The flow rate was 1.0 

mL/min and temperature of the column was maintained at 35 °C. For 

injection into the SEC, samples were diluted in 0.001-0.002 wt% by THF 

and filtered through a 0.20 μm PTFE filter. For the MALLS-VIS-RI 

analysis, Wyatt triple detector equipped with 785 nm interference filters and 

Dawn 8+/Viscostar II/Optilab T-rEX were used. MALDI-TOF spectra of 

polymers were obtained by Bruker Daltonics autoflex II TOF/TOF using 

pyrene (for PBTzEDOT, PQXEDOT, and PBTzThDPPTh), TPBD (for 

PQXTh), and terthiophene (for PQXSe) as matrices. High-resolution mass 

spectroscopy (HRMS) analyses were performed by ultra-high resolution 

ESI Q-TOF mass spectrometer (Bruker, Germany) in Organic Chemistry 

Research Center, Sogang University. UV-vis absorption spectra were 

obtained by Jasco Inc. UV-vis Spectrometer V-650. Cyclic voltammetry 

(CV) measurements were carried out by CHI 601C Electrochemical 

Analyzer (CH Instruments, Inc.). Cyclic voltammograms were recorded by 
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using polymer films deposited on working electrode of Pt rod, counter 

electrode of Pt coil, and reference electrode of Ag/Ag+ (10 mM AgNO3 in 

0.1 M acetonitrile solution of n-Bu4NPF6). For calibration, the redox 

potential of Fc/Fc
+ was measured under the same conditions.

Preparation and characterization of monomers

(a) Preparation and Characterization of M1

Compound 2: To a round-bottom flask equipped with a magnetic stir bar, 

compound 1 (1.05 g, 2.0 mmol) and N-methyliminodiacetic acid (327 mg, 

2.2 mmol) were added. The reagents were dissolved in toluene (8 mL) and 

DMSO (1.6 mL). After stirring at 100 °C for 7 h, the crude mixture was 

diluted with diethyl ether, washed with water three times, dried over 

anhydrous MgSO4, and concentrated under reduced pressure. The product 

was purified by flash column chromatography on silica gel (EA:Hexane = 

2:1) to afford (MIDA)B-BTz-Br (compound 2) as white solid (1.08 g, 1.74 

mmol, 87 %). 1H NMR (500 MHz, CDCl3) δ (ppm) = 7.63 (d, J = 7.3 Hz, 

1H), 7.59 (d, J = 7.3 Hz, 1H), 4.62 (d, J = 7.0 Hz, 2H), 4.20 (d, J = 16.2 

Hz, 2H), 4.11 (d, J = 16.2 Hz, 2H), 2.61 (s, 3H), 2.23 (m, 1H), 1.35–1.15 

(m, 32H), 0.86 (td, J = 7.0, 3.7 Hz, 6H). 13C NMR (125 MHz, CDCl3) δ

(ppm) = 167.36, 146.42, 143.37, 132.83, 129.19, 112.58, 63.07, 60.70, 

47.00, 39.06, 31.89, 31.84, 31.28, 30.30, 29.82, 29.62, 29.59, 29.50, 29.45, 

29.31, 29.24, 26.13, 22.67, 22.64, 14.12, 14.10. HRMS (ESI): m/z for 

C31H50BBrNaN4O4 [M+Na]+, calcd: 655.3006, found: 655.3006.

Compound 4: To a round-bottom flask equipped with a magnetic stir bar, 

compound 2 (934 mg, 1.5 mmol), compound 3 (483 mg, 1.8 mmol), 

bis(dibenzylideneacetone)palladium(0) (43.5 mg, 0.075 mmol), SPhos(49.3 

mg, 0.12 mmol), and potassium carbonate (622 mg, 4.5 mmol) were added. 

The flask was evacuated and backfilled with argon three times. The reagents 
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were dissolved in DMF (7.5 mL). After stirring at 60 °C for 10 h, the crude 

mixture was diluted with diethyl ether, washed with water three times, dried 

over anhydrous MgSO4, and concentrated under reduced pressure. The 

product was purified by flash column chromatography on silica gel 

(EA:Hexane = 2:1) to afford (MIDA)B-BTzEDOT (compound 4) as pale 

yellow solid (861 mg, 1.24 mmol, 83 %). 1H NMR (500 MHz, CDCl3) δ

(ppm) = 8.09 (d, J = 7.3 Hz, 1H), 7.77 (d, J = 7.3 Hz, 1H), 6.50 (s, 1H), 

4.63 (d, J = 6.5 Hz, 2H), 4.37 (m, 2H), 4.27 (m, 2H), 4.22 (d, J = 16.2 Hz, 

2H), 4.11 (d, J = 16.2 Hz, 2H), 2.59 (s, 3H), 2.20 (m, 1H), 1.38–1.15 (m, 

32H), 0.86 (td, J = 7.0, 3.7 Hz, 6H). 13C NMR (125 MHz, CDCl3) δ (ppm) 

= 167.80, 146.63, 141.70, 140.87, 139.98, 132.48, 124.92, 122.91, 113.61, 

101.44, 74.98, 64.94, 64.39, 63.02, 59.91, 46.91, 39.05, 31.88, 31.86, 31.48, 

29.87, 29.80, 29.62, 29.61, 29.58, 29.52, 29.31, 29.27, 26.31, 24.83, 22.65, 

22.63, 14.09. HRMS (ESI): m/z for C37H55BNaN4O6S [M+Na]+, calcd: 

717.3833, found: 717.3834.

Compound 5: To a round-bottom flask equipped with a magnetic stir bar, 

compound 4 (861 mg, 1.24 mmol) was added and the flask was evacuated 

and backfilled with argon three times. The compound was dissolved in DMF 

(3 mL). Then, N-Bromosuccinimide (234 mg, 1.30 mmol) in DMF (2 mL) 

was added. After stirring at rt for 2 h, the crude mixture was diluted with 

diethyl ether, washed with water three times, dried over anhydrous MgSO4, 

and concentrated under reduced pressure to afford (MIDA)B-BTzEDOT-

Br (compound 5) as pale yellow solid (936 mg, 1.21 mmol, 98 %). 1H NMR 

(500 MHz, CDCl3) δ (ppm) = 8.06 (d, J = 7.3 Hz, 1H), 7.77 (d, J = 7.3 

Hz, 1H), 4.64 (d, J = 6.4 Hz, 2H), 4.38 (dd, J = 12.8, 5.0 Hz, 4H), 4.21 (d, 

J = 16.2 Hz, 2H), 4.07 (d, J = 16.2 Hz, 2H), 2.61 (s, 3H), 2.19 (m, 1H), 

1.38–1.17 (m, 32H), 0.86 (td, J = 7.0, 3.6 Hz, 6H). 13C NMR (125 MHz, 

CDCl3) δ (ppm) = 167.54, 146.51, 140.61, 139.93, 139.29, 132.54, 

124.17, 122.87, 114.04, 90.28, 64.88, 64.84, 63.04, 59.86, 46.90, 39.12, 

31.90, 31.87, 31.51, 29.92, 29.81, 29.65, 29.62, 29.57, 29.33, 29.30, 26.33, 

22.67, 22.65, 14.11. HRMS (ESI): m/z for C37H54BBrNaN4O6S [M+Na]+, 

calcd: 795.2938, found: 795.2939.

Compound 6: To a round-bottom flask equipped with a magnetic stir bar, 

compound 5 (936 mg, 1.21 mmol) was added. The compound was dissolved 

in THF (6 mL). Then, potassium phosphate tribasic (3.93 g, 18.2 mmol) in 

water (1.2 mL) was added. After stirring at rt for 15 h, the crude mixture 

was diluted with diethyl ether, washed with saturated NH4Cl(aq) two times, 

dried over anhydrous MgSO4, and concentrated under reduced pressure. 

The product was purified by trituration in EA to afford (HO)2B-BTzEDOT-

Br (compound 6) as yellow solid (580 mg, 0.93 mmol, 77 %). 1H NMR (500 

MHz, CDCl3) δ (ppm) = 8.13 (d, J = 7.3 Hz, 1H), 7.92 (d, J = 7.3 Hz, 1H), 
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5.91 (broad, 2H), 4.69 (d, J = 6.6 Hz, 2H), 4.42 (dd, J = 5.7, 2.0 Hz, 2H), 

4.38 (dd, J = 5.6, 1.9 Hz, 2H), 2.26 (m, 1H), 1.46–1.18 (m, 32H), 0.87 (td, 

J = 7.0, 3.6 Hz, 6H). 13C NMR (125 MHz, CDCl3) δ (ppm) = 148.21, 140.06, 

139.96, 139.67, 134.52, 125.62, 122.82, 114.08, 90.96, 64.91, 64.81, 59.88, 

39.13, 31.91, 31.88, 31.41, 29.88, 29.64, 29.63, 29.62, 29.56, 29.34, 29.30, 

26.25, 22.68, 22.66, 14.13. HRMS (ESI): m/z for C32H49BBrNaN3O4S

[M+Na]+, calcd: 684.2618, found: 684.2620.

M1: To a round-bottom flask equipped with a magnetic stir bar, compound 

6 (63 mg, 0.10 mmol) and MgSO4 (500 mg) were added. Then, compound 7

(25.4 mg, 0.10 mmol) in diethyl ether (1.0 mL) was added. After stirring at 

rt for 15 h, the crude mixture was filtrated, washed with diethyl ether, and 

concentrated under reduced pressure. M1 was obtained as yellow solid (86 

mg, 0.098 mmol, 98 %) and used without further purification. 1H NMR (500 

MHz, CDCl3) δ (ppm) = 8.06 (d, J = 7.3 Hz, 1H), 7.92 (d, J = 7.3 Hz, 1H), 

7.41 – 7.37 (m, 3H), 7.26 (m, 2H), 4.68 (d, J = 6.4 Hz, 2H), 4.39 (dd, J = 

11.5, 5.2 Hz, 4H), 4.21 (s, 2H), 3.54 (d, J = 12.2 Hz, 2H), 3.02 (d, J = 12.2 

Hz, 2H), 2.26 (m, 1H), 1.62 (s, 6H), 1.56 (s, 6H), 1.39 – 1.11 (m, 32H), 

0.92 – 0.85 (td, J = 7.0, 3.6 Hz, 6H). 13C NMR (125 MHz, CDCl3) δ (ppm) 

= 148.36, 141.20, 139.82, 138.23, 133.34, 133.24, 131.15, 129.03, 128.89, 

123.17, 121.63, 115.33, 88.75, 75.39, 67.88, 64.94, 64.79, 62.90, 59.79, 

39.22, 31.92, 31.87, 31.71, 31.57, 29.97, 29.86, 29.63, 29.58, 29.35, 29.28, 

26.60, 22.70, 22.67, 14.14. HRMS (ESI): m/z for C47H70BBrNaN4O4S 

[M+Na]+, calcd: 899.4292, found: 899.4293.

(b) Preparation and Characterization of M2



24

Compound 8: To a round-bottom flask equipped with a magnetic stir bar, 

M7 (1.49 g, 1.5 mmol) and N-methyliminodiacetic acid (269 mg, 1.8 mmol) 

were added. The reagents were dissolved in toluene (6 mL) and DMSO (1.2 

mL). After stirring at 100 °C for 7 h, the crude mixture was diluted with 

diethyl ether, washed with water three times, dried over anhydrous MgSO4, 

and concentrated under reduced pressure. The product was purified by flash 

column chromatography on silica gel (EA:Hexane = 1:1) to afford 

(MIDA)B-QX-Br (compound 8) as white solid (1.52 g, 1.37 mmol, 91 %). 
1H NMR (500 MHz, CDCl3) δ (ppm) = 8.14 (m, 2H), 7.34–7.30 (m, 1H), 

7.25–7.21 (m, 2H), 7.11 (d, J = 6.6 Hz, 2H), 6.97–6.88 (m, 3H), 4.82–4.21 

(broad, 2H), 3.96 (d, J = 15.0 Hz, 2H), 3.70 (d, J = 4.2 Hz, 2H), 3.62 (d, J

= 4.2 Hz, 2H), 2.70 (s, 3H), 1.71 (m, 2H), 1.40–1.18 (m, 64H), 0.90 (t, J = 

6.7 Hz, 12H). 13C NMR (125 MHz, CDCl3) δ (ppm) = 167.69, 159.46, 

159.19, 153.27, 153.15, 143.91, 139.48, 139.06, 138.90, 137.14, 133.43, 

129.82, 129.26, 126.73, 122.34, 121.58, 117.03, 116.59, 115.63, 114.48, 

71.17, 70.96, 64.50, 47.53, 37.81, 31.95, 31.28, 31.26, 30.11, 30.09, 29.77, 

29.75, 29.71, 29.67, 29.40, 26.81, 22.71, 14.14. HRMS (ESI): m/z for 

C65H99BBrNaN3O6 [M+Na]+, calcd: 1130.6708, found: 1130.6714.

Compound 10: To a round-bottom flask equipped with a magnetic stir bar, 

compound 8 (1.52 g, 1.37 mmol), compound 9 (379 mg, 1.78 mmol), 

bis(dibenzylideneacetone)palladium(0) (39.1 mg, 0.068 mmol), SPhos 

(41.8 mg, 0.102 mmol), and potassium carbonate (567 mg, 4.1 mmol) were 

added. The flask was evacuated and backfilled with argon three times. The 

reagents were dissolved in DMF (5.5 mL). After stirring at 50 °C for 12 h, 

the crude mixture was diluted with diethyl ether, washed with water three 

times, dried over anhydrous MgSO4, and concentrated under reduced 

pressure. The product was purified by flash column chromatography on 

silica gel (EA:Hexane = 1:1) to afford (MIDA)B-QXTh (compound 10) as 

yellow solid (1.33 g, 1.20 mmol, 87 %). 1H NMR (500 MHz, CDCl3) δ (ppm) 

= 8.32 (d, J = 7.5 Hz, 1H), 8.19 (d, J = 7.5 Hz, 1H), 7.93 (d, J = 3.6 Hz, 

1H), 7.54 (d, J = 5.1 Hz, 1H), 7.35–7.30 (m, 1H), 7.27–7.19 (m, 4H), 7.13 

(d, J = 7.5 Hz, 1H), 6.98–6.89 (m, 3H), 4.30 (broad, 2H), 3.94 (d, J = 15.6 

Hz, 2H), 3.74 (d, J = 5.6 Hz, 2H), 3.68 (d, J = 5.6 Hz, 2H), 2.73 (s, 3H), 

1.73 (m, 2H), 1.44–1.26 (m, 64H), 0.90 (t, J = 6.4 Hz, 12H). 13C NMR (125 

MHz, CDCl3) δ (ppm) = 167.79, 159.50, 159.19, 152.23, 151.68, 143.49, 

140.01, 139.36, 138.45, 137.43, 137.02, 134.54, 129.75, 129.23, 129.07, 

127.10, 127.03, 126.66, 122.60, 121.64, 116.80, 116.68, 115.56, 114.53, 

71.22, 71.02, 64.53, 47.48, 37.86, 31.94, 31.34, 31.28, 30.11, 29.75, 29.70, 

29.66, 29.40, 26.81, 22.70, 14.13. HRMS (ESI): m/z for C69H102BNaN3O6S 

[M+Na]+, calcd: 1134.7480, found: 1134.7482.
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Compound 11: To a round-bottom flask equipped with a magnetic stir bar, 

compound 10 (1.33 g, 1.20 mmol) was added and the flask was evacuated 

and backfilled with argon three times. The compound was dissolved in DMF 

(3 mL). Then, N-Bromosuccinimide (225 mg, 1.26 mmol) in DMF (2 mL) 

was added. After stirring at rt for 12 h, the crude mixture was diluted with

diethyl ether, washed with water three times, dried over anhydrous MgSO4, 

and concentrated under reduced pressure to afford (MIDA)B-QXTh-Br 

(compound 5) as pale yellow solid (1.36 g, 1.14 mmol, 95 %). 1H NMR (500 

MHz, CDCl3) δ (ppm) = 8.08 (d, J = 8.1 Hz, 1H), 7.98 (m, 2H), 7.52 (d, J

= 7.6 Hz, 1H), 7.42–7.35 (m, 2H), 7.28–7.24 (m, 3H), 7.00–6.93 (m, 3H), 

3.95 (d, J = 16.4 Hz, 2H), 3.85 (d, J = 16.3 Hz, 2H), 3.72 (d, J = 5.7 Hz, 

2H), 3.59 (d, J = 5.8 Hz, 2H), 2.75 (s, 3H), 1.79–1.66 (m, 2H), 1.43–1.24 

(m, 64H), 0.92–0.87 (m, 12H). 13C NMR (125 MHz, CDCl3) δ (ppm) = 

166.52, 159.35, 158.91, 153.21, 152.67, 143.32, 139.38, 139.27, 138.69, 

133.53, 133.07, 129.58, 129.30, 128.88, 127.59, 122.97, 122.56, 122.43, 

116.74, 116.49, 115.98, 115.78, 71.07, 61.44, 47.26, 37.83, 37.70, 31.95, 

31.31, 31.23, 30.10, 29.75, 29.70, 29.66, 29.40, 26.84, 26.76, 22.71, 14.14.

HRMS (ESI): m/z for C69H101BBrNaN3O6S [M+Na]+, calcd: 1212.6585, 

found: 1212.6588.

M2: To a round-bottom flask equipped with a magnetic stir bar, compound 

11 (1.36 g, 1.14 mmol) was added. The compound was dissolved in THF 

(5.5 mL). Then, potassium phosphate tribasic (3.63 g, 17.1 mmol) in water 

(1.1 mL) was added. After stirring at rt for 20 h, the crude mixture was 

diluted with diethyl ether, washed with saturated NH4Cl(aq) two times, dried 

over anhydrous MgSO4, and concentrated under reduced pressure. The 

product was purified by flash column chromatography on silica gel 

(EA:Hexane = 1:6) to afford M2 as pale yellow solid (864 mg, 0.80 mmol, 

70 %). 1H NMR (500 MHz, CDCl3) δ (ppm) = 8.38 (d, J = 7.4 Hz, 1H), 

8.16 (d, J = 7.4 Hz, 1H), 7.85 (broad s, 2H), 7.62 (d, J = 3.6 Hz, 1H), 7.40 

(s, 1H), 7.29 (t, J = 7.9 Hz, 1H), 7.24–6.94 (m, 7H), 3.83 (d, J = 5.2 Hz, 

2H), 3.71 (d, J = 5.2 Hz, 2H), 1.75 (m, 2H), 1.47–1.21 (m, 64H), 0.86 (m, 

12H). 13C NMR (125 MHz, CDCl3) δ (ppm) = 159.47, 159.41, 152.03, 

151.77, 144.65, 139.38, 139.17, 138.90, 138.21, 136.60, 134.47, 129.62, 

129.10, 129.00, 126.39, 125.65, 122.77, 121.76, 118.18, 117.03, 116.57, 

115.31, 115.10, 71.08, 71.00, 37.98, 37.79, 31.93, 31.37, 31.26, 30.11, 

30.08, 29.74, 29.69, 29.66, 29.38, 26.93, 26.81, 22.70, 14.13. HRMS (ESI): 

m/z for C64H97BBrN2O4S [M+H]+, calcd: 1079.6445, found: 1079.6457.
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(c) Preparation and Characterization of M3

Compound 12: To a round-bottom flask equipped with a magnetic stir bar, 

compound 8 (1.11 g, 1.0 mmol), compound 3 (403 mg, 1.5 mmol), 

bis(dibenzylideneacetone)palladium(0) (29 mg, 0.05 mmol), SPhos (32.9 

mg, 0.08 mmol), and potassium carbonate (415 mg, 3.0 mmol) were added. 

The flask was evacuated and backfilled with argon three times. The reagents 

were dissolved in DMF (5 mL). After stirring at 50 °C for 10 h, the crude 

mixture was diluted with diethyl ether, washed with water three times, dried 

over anhydrous MgSO4, and concentrated under reduced pressure. The 

product was purified by flash column chromatography on silica gel 

(EA:Hexane = 1:1) to afford (MIDA)B-QXEDOT (compound 12) as orange 

solid (784 mg, 0.67 mmol, 67 %). 1H NMR (500 MHz, CDCl3) δ (ppm) = 

8.63 (d, J = 7.7 Hz, 1H), 8.31 (d, J = 7.7 Hz, 1H), 7.34–7.29 (m, 2H), 7.22 

(d, J = 5.1 Hz, 2H), 7.13 (d, J = 7.5 Hz, 1H), 6.96 – 6.88 (m, 3H), 6.58 (s, 

1H), 4.48–4.31 (m, 4H), 3.93 (d, J = 15.2 Hz, 2H), 3.74 (d, J = 5.6 Hz, 2H), 

3.67 (d, J = 5.6 Hz, 2H), 2.71 (s, 3H), 1.78–1.68 (m, 2H), 1.43 – 1.18 (m, 

64H), 0.90 (t, J = 6.5 Hz, 12H). 13C NMR (125 MHz, CDCl3) δ (ppm) = 

167.87, 159.46, 159.16, 151.89, 151.00, 143.25, 141.48, 140.87, 140.08, 

139.26, 137.47, 137.21, 133.04, 129.72, 129.01, 128.85, 127.93, 122.71, 

121.67, 116.73, 116.57, 115.69, 114.54, 112.78, 103.79, 71.18, 70.99, 

65.05, 64.33, 47.45, 37.86, 37.83, 31.95, 31.33, 31.27, 30.12, 29.77, 29.72, 

29.67, 29.41, 26.82, 22.71, 14.14. HRMS (ESI): m/z for C71H104BNaN3O8S 

[M+Na]+, calcd: 1192.7535, found: 1192.7536.

Compound 13: To a round-bottom flask equipped with a magnetic stir bar, 

compound 12 (784 mg, 0.67 mmol) was added and the flask was evacuated 

and backfilled with argon three times. The compound was dissolved in DMF 

(1.5 mL). Then, N-Bromosuccinimide (126 mg, 0.70 mmol) in DMF (1.5 

mL) was added. After stirring at rt for 1 h, the crude mixture was diluted 

with diethyl ether, washed with water three times, dried over anhydrous 

MgSO4, and concentrated under reduced pressure to afford (MIDA)B-



27

QXEDOT-Br (compound 13) as orange solid (811 mg, 0.65 mmol, 97 %). 
1H NMR (500 MHz, CDCl3) δ (ppm) = 8.66 (d, J = 7.7 Hz, 1H), 8.30 (d, J

= 7.7 Hz, 1H), 7.40 (s, 1H), 7.31 (t, J = 6.3 Hz, 1H), 7.20 (t, J = 7.9 Hz, 

1H), 7.08 (dd, J = 16.1, 7.4 Hz, 2H), 6.95 (m, 3H), 4.45 (dd, J = 21.8, 3.9 

Hz, 4H), 3.91 (d, J = 15.5 Hz, 2H), 3.79 (d, J = 5.4 Hz, 2H), 3.75 (d, J = 

5.4 Hz, 2H), 2.71 (s, 3H), 1.74 (m, 2H), 1.46–1.24 (m, 64H), 0.89 (t, J = 

5.8 Hz, 12H). 13C NMR (125 MHz, CDCl3) δ (ppm) = 167.71, 159.40, 

152.18, 151.06, 143.18, 140.31, 139.91, 139.59, 138.89, 137.25, 137.00, 

132.43, 129.66, 128.93, 127.45, 122.81, 121.66, 116.87, 116.75, 115.26, 

114.47, 112.97, 93.33, 71.17, 70.92, 64.97, 64.71, 47.41, 38.01, 37.80, 

31.92, 31.35, 31.25, 30.09, 29.74, 29.70, 29.68, 29.65, 29.39, 26.93, 26.78, 

22.68, 14.11. HRMS (ESI): m/z for C71H103BBrNaN3O8S [M+Na]+, calcd: 

1270.6640, found: 1270.6639.

M3: To a round-bottom flask equipped with a magnetic stir bar, compound 

13 (811 mg, 0.65 mmol) was added. The compound was dissolved in THF 

(3.5 mL). Then, potassium phosphate tribasic (2.08 g, 9.8 mmol) in water 

(0.7 mL) was added. After stirring at rt for 20 h, the crude mixture was 

diluted with diethyl ether, washed with saturated NH4Cl(aq) two times, dried 

over anhydrous MgSO4, and concentrated under reduced pressure. The 

product was purified by flash column chromatography on silica gel 

(EA:Hexane = 1:6) to afford M3 as orange solid (558 mg, 0.49 mmol, 75 %). 
1H NMR (500 MHz, CDCl3) δ (ppm) = 8.70 (d, J = 7.3 Hz, 1H), 8.37 (d, J

= 7.6 Hz, 1H), 7.43 (broad s, 2H), 7.28 (t, J = 7.9 Hz, 2H), 7.19 (t, J = 7.9 

Hz, 1H), 7.12 (d, J = 6.9 Hz, 1H), 7.05 (m, 2H), 6.95 (d, J = 7.1 Hz, 2H), 

4.42 (dd, J = 22.0, 3.9 Hz, 4H), 3.84 (d, J = 5.4 Hz, 2H), 3.69 (d, J = 5.4 

Hz, 2H), 1.74 (m, 2H), 1.48–1.22 (m, 64H), 0.87 (t, J = 5.8 Hz, 12H). 13C 

NMR (125 MHz, CDCl3) δ (ppm) = 159.51, 159.42, 151.32, 151.22, 

144.41, 140.76, 139.60, 139.51, 138.87, 138.49, 136.76, 133.40, 130.90, 

129.60, 128.93, 127.31, 122.90, 121.82, 116.95, 116.51, 115.42, 115.17, 

112.98, 100.24, 94.15, 68.53, 64.98, 64.67, 51.22, 38.04, 37.82, 31.94, 

31.41, 31.29, 30.12, 30.09, 29.75, 29.72, 29.69, 29.65, 29.39, 26.97, 26.82, 

22.71, 14.13. HRMS (ESI): m/z for C66H98BBrNaN2O6S [M+Na]+, calcd: 

1159.6320, found: 1159.6322.
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(d) Preparation and Characterization of M4

Compound 15: To a round-bottom flask equipped with a magnetic stir bar, 

compound 8 (890 mg, 0.80 mmol), compound 14 (282 mg, 0.96 mmol), 

[1,1-bis(diphenylphosphino)ferrocene]dichloropallad ium(II) 

dichloromethane adduct (39.1 mg, 0.04 mmol), copper(I) iodide (15.2 mg, 

0.08 mmol) and cesium fluoride (243 mg, 1.6 mmol) were added. The flask 

was evacuated and backfilled with argon three times. The reagents were 

dissolved in DMF (4 mL). After stirring at 50 °C for 5 h, the crude mixture 

was diluted with diethyl ether, washed with water three times, dried over 

anhydrous MgSO4, and concentrated under reduced pressure. The product 

was purified by flash column chromatography on silica gel (EA:Hexane = 

1:1) to afford (MIDA)B-QXSe (compound 15) as yellow solid (733 mg, 0.63 

mmol, 79 %). 1H NMR (500 MHz, CDCl3) δ (ppm) = 8.28 (d, J = 7.6 Hz, 

1H), 8.26 (d, J = 7.6 Hz, 1H), 8.23 (d, J = 5.7 Hz, 1H), 8.09 (d, J = 3.9 Hz, 

1H), 7.45 (dd, J = 5.6, 4.1 Hz, 1H), 7.30 (t, J = 7.9 Hz, 1H), 7.25–7.17 (m, 

3H), 7.12 (d, J= 7.6 Hz, 1H), 6.95–6.87 (m, 3H), 4.19 (br s, 2H), 3.94 (d, 

J = 15.6 Hz, 2H), 3.71–3.63 (m, 4H), 2.69 (s, 3H), 1.71 (m, 2H), 1.41–1.24 

(m, 64H), 0.88 (t, J = 6.6 Hz, 12H). 13C NMR (125 MHz, CDCl3) δ (ppm) 

= 167.86, 159.36, 159.14, 152.47, 151.80, 143.63, 141.37, 139.78, 139.16, 

136.97, 136.73, 136.57, 135.84, 129.72, 129.02, 128.86, 127.76, 125.16, 

122.78, 121.63, 116.79, 116.58, 115.80, 114.63, 71.16, 71.04, 64.46, 47.48, 

37.84, 37.80, 31.92, 31.32, 31.26, 30.08, 29.74, 29.73, 29.68, 29.67, 29.64, 

29.38, 29.37, 26.80, 26.78, 22.68, 14.10. HRMS (ESI): m/z for 

C69H102BNaN3O6Se [M+Na]+, calcd: 1182.6925, found: 1182.6937.

Compound 16: To a round-bottom flask equipped with a magnetic stir bar, 

compound 15 (733 mg, 0.63 mmol) was added and the flask was evacuated 

and backfilled with argon three times. The compound was dissolved in DMF 

(2 mL). Then, N-Bromosuccinimide (119 mg, 0.66 mmol) in DMF (1.5 mL) 

was added. After stirring at rt for 4 h, the crude mixture was diluted with 

diethyl ether, washed with water three times, dried over anhydrous MgSO4, 

and concentrated under reduced pressure to afford (MIDA)B-QXSe-Br 
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(compound 16) as pale yellow solid (743 mg, 0.60 mmol, 95 %). 1H NMR 

(500 MHz, CDCl3) δ (ppm) = 8.33 (d, J = 7.6 Hz, 1H), 8.25 (d, J = 7.7 

Hz, 1H), 7.83 (d, J = 4.4 Hz, 1H), 7.40 (d, J = 4.4 Hz, 1H), 7.31 (t, J = 7.9 

Hz, 1H), 7.27–7.21 (m, 2H), 7.10 (d, J = 7.6 Hz, 2H), 6.98–6.88 (m, 3H), 

4.45 (broad, 2H), 3.94 (d, J = 15.7 Hz, 2H), 3.75 (d, J = 5.2 Hz, 2H), 3.71 

(d, J = 5.2 Hz, 2H), 2.73 (s, 3H), 1.81–1.67 (m, 2H), 1.42–1.24 (m, 64H), 

0.90 (t, J = 6.3 Hz, 12H). 13C NMR (125 MHz, CDCl3) δ (ppm) = 167.70, 

159.42, 159.35, 153.00, 152.06, 143.67, 142.30, 139.57, 138.81, 137.07, 

136.22, 135.22, 132.03, 129.74, 129.17, 126.66, 123.96, 123.75, 122.79, 

121.70, 116.91, 115.56, 114.58, 71.18, 64.49, 47.48, 37.95, 37.81, 31.95, 

31.34, 31.27, 30.11, 29.76, 29.71, 29.67, 29.41, 26.87, 26.81, 22.71, 14.14.

HRMS (ESI): m/z for C69H101BBrNaN3O6Se [M+Na]+, calcd: 1260.6030, 

found: 1260.6032.

M4: To a round-bottom flask equipped with a magnetic stir bar, compound 

16 (743 mg, 0.60 mmol) was added. The compound was dissolved in THF 

(3 mL). Then, potassium phosphate tribasic (1.91 g, 9.0 mmol) in water (0.6 

mL) was added. After stirring at rt for 18 h, the crude mixture was diluted 

with diethyl ether, washed with saturated NH4Cl(aq) two times, dried over 

anhydrous MgSO4, and concentrated under reduced pressure. The product 

was purified by flash column chromatography on silica gel (EA:Hexane = 

1:6) to afford M4 as yellow solid (518 mg, 0.46 mmol, 76 %). 1H NMR (500 

MHz, CDCl3) δ (ppm) = 8.39 (d, J = 7.0 Hz, 1H), 8.23 (d, J = 7.0 Hz, 1H), 

8.05 (broad s, 2H), 7.79 (d, J = 5.7 Hz, 1H), 7.47 (d, J = 5.7 Hz, 1H), 7.31–

6.90 (m, 8H), 3.80 (d, J = 5.3 Hz, 2H), 3.69 (d, J = 5.3 Hz, 2H), 1.75 (m, 

2H), 1.51–1.19 (m, 64H), 0.87 (m, 12H). 13C NMR (125 MHz, CDCl3) δ

(ppm) = 159.38, 159.36, 152.17, 152.06, 144.86, 142.13, 139.11, 138.68, 

138.26, 135.93, 132.01, 129.61, 129.14, 127.09, 124.41, 123.91, 122.82, 

121.81, 116.93, 116.68, 115.63, 115.14, 71.17, 71.09, 37.93, 37.80, 31.93, 

31.35, 31.27, 30.11, 30.09, 29.75, 29.69, 29.65, 29.40, 29.39, 26.87, 26.82, 

22.70, 14.13. HRMS (ESI): m/z for C64H96BBrNaN2O4Se [M+Na]+, calcd: 

1149.5709, found: 1149.5711.
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(e) Preparation and Characterization of M5

Compound 18

1) To a round-bottom flask equipped with a magnetic stir bar, compound 

17 (356 mg, 0.30 mmol), compound 2 (199 mg, 0.27 mmol), [1,1-

bis(diphenylphosphino)ferrocene]dichloropalladium(II) dichloromethane 

adduct (12.1 mg, 0.014 mmol), copper(I) iodide (5.0 mg, 0.027 mmol) and 

cesium fluoride (82 mg, 0.54 mmol) were added. The flask was evacuated 

and backfilled with argon three times. The reagents were dissolved in DMF 

(3 mL). After stirring at 70 °C for 6 h, the crude mixture was diluted with 

diethyl ether, washed with water three times, dried over anhydrous MgSO4, 

and concentrated under reduced pressure. 

2) The mixture from 1) was used without purification to be dissolved in 

diethyl ether (3 mL), added 1 M NaOH (1 mL), and stirred at rt for 2 h. The 

crude mixture was diluted with diethyl ether, washed with water, dried over 

anhydrous MgSO4, and concentrated under vacuum. Purification via flash 

column chromatography on silica gel (EA:Hexane = 1:6) was conducted to 

afford a purple solid (137 mg, max 0.105 mmol, 39 %) including compound 

18 as a major component. However, because of some inseparable impurity, 

the mixture obtained after column chromatography was used for the next 

step without further purification.

Compound 19: To a round-bottom flask equipped with a magnetic stir bar, 

mixture of 18 (137 mg, max 0.105 mmol) was added and the flask was 

evacuated and backfilled with argon three times. The compound was 

dissolved in CHCl3 (1 mL). Then, N-Bromosuccinimide (22.7 mg, 0.126 

mmol) in CHCl3 (1 mL) was added slowly at 0 oC. After stirring at 0 oC for 

6 h, the crude mixture was diluted with diethyl ether, washed with water, 

dried over anhydrous MgSO4, and concentrated under reduced pressure. 
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The product was purified by flash column chromatography on silica gel 

(EA:Hexane = 1:6) to afford compound 19 as purple solid (108 mg, 0.078 

mmol, 75 %). 1H NMR (500 MHz, CDCl3) δ (ppm) = 9.06 (d, J = 4.1 Hz, 

1H), 8.65 (d, J = 4.1 Hz, 1H), 8.29 (d, J = 4.2 Hz, 1H), 7.96 (d, J = 7.1 Hz, 

1H), 7.78 (d, J = 7.1 Hz, 1H), 7.22 (d, J = 4.1 Hz, 1H), 6.04 (s, 2H), 4.71 

(d, J = 6.6 Hz, 2H), 4.11 (d, J = 7.6 Hz, 2H), 3.96 (d, J = 7.6 Hz, 2H), 2.31 

(m, 1H), 2.02 (m, 1H), 1.91 (m, 1H), 1.41–1.16 (m, 96H), 0.90–0.81 (m, 

18H). 13C NMR (126 MHz, CDCl3) δ (ppm) = 161.72, 161.44, 148.69, 

145.09, 140.57, 140.48, 139.05, 138.82, 136.94, 135.12, 134.27, 131.40, 

131.34, 130.11, 128.98, 126.22, 122.99, 118.63, 108.44, 60.44, 46.46, 

39.18, 37.92, 37.81, 31.92, 31.89, 31.45, 31.24, 30.11, 30.01, 29.84, 29.65, 

29.63, 29.58, 29.52, 29.37, 29.34, 29.31, 29.28, 26.28, 26.23, 22.68, 22.66, 

14.11. HRMS (ESI): m/z for C80H131BBrNaN5O4S2 [M+Na]+, calcd: 

1402.8817, found: 1402.8821.

M5: To a round-bottom flask equipped with a magnetic stir bar, compound 

19 (108 mg, 0.078 mmol) and MgSO4 (300 mg) were added. Then, 

compound 20 (18.8 mg, 0.117 mmol) in diethyl ether (1.5 mL) was added. 

After stirring at rt for 15 h, the crude mixture was filtrated, washed with 

diethyl ether, and concentrated under reduced pressure. The product was 

purified by flash column chromatography on silica gel (EA:Hexane = 1:1.5) 

to afford M5 as blue solid (103 mg, 0.068 mmol, 87 %). 1H NMR (500 MHz, 

CDCl3) δ (ppm) = 9.12 (d, J = 4.1 Hz, 1H), 8.59 (d, J = 3.8 Hz, 1H), 8.17 

(d, J = 4.1 Hz, 1H), 7.71 (s, 2H), 7.21 (d, J = 3.9 Hz, 1H), 6.89 (broad s, 

1H), 4.65 (d, J = 6.5 Hz, 2H), 4.10 (d, J = 7.6 Hz, 2H), 3.96 (d, J = 7.5 Hz, 

2H), 3.43 (dd, J = 11.6, 3.9 Hz, 2H), 2.98 (dd, J = 11.6, 3.9 Hz, 2H), 2.24 

(m, 1H), 2.04 (m, 1H), 1.90 (m, 1H), 1.41–1.13 (m, 108H), 0.89–0.80 (m, 

18H).13C NMR (126 MHz, CDCl3) δ (ppm) = 161.91, 161.35, 147.41, 

147.32, 141.49, 140.79, 137.82, 137.61, 134.58, 131.53, 131.29, 130.48, 

128.35, 127.38, 124.45, 121.11, 117.97, 108.63, 107.65, 76.32, 65.86, 

62.17, 59.99, 46.32, 39.33, 37.94, 37.80, 31.92, 31.89, 31.88, 31.50, 31.22, 

30.10, 30.01, 29.94, 29.74, 29.67, 29.63, 29.55, 29.36, 29.35, 29.31, 26.48, 

26.26, 22.69, 22.66, 14.12. HRMS (ESI): m/z for C88H146BBrNaN6O4S2

[M+Na]+, calcd: 1528.0021, found: 1528.0025.
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Experimental procedures for polymerization

(a) Synthesis of PBTzEDOT using M1 as a monomer

To a round-bottom flask equipped with a magnetic stir bar, RuPhos Pd G3 

precatalyst (0.002 mmol), RuPhos (0.012 mmol), 4-iodobenzonitrile 

(0.0019 mmol), and K3PO4 (0.3 mmol) were added. The flask was evacuated 

and backfilled with argon three times. Degassed THF (2 mL) and H2O (0.16 

mL) were then added. The mixture was heated and stirred at 50 oC for 15 

min to prepare externally initiated catalyst. M1 (0.05 mmol where M/I = 

25/1) in degassed THF (2.8 mL) was then added to the flask, and the 

polymerization was left to stir at 35 °C for 8 h. The polymerization was 

quenched with 6N HCl solution (3 mL). The crude reaction mixture was 

diluted with CHCl3, washed with saturated NaHCO3 (aq), dried over 

anhydrous MgSO4, and concentrated under reduced pressure. The polymer 

was purified by precipitation into 2-propanol. The precipitate was collected 

by filtration, washed with 2-propanol, and dried under vacuum.

(b) Synthesis of PQXTh using M2 as a monomer

To a round-bottom flask equipped with a magnetic stir bar, RuPhos Pd G3 

precatalyst (0.002 mmol), RuPhos (0.012 mmol), 4-iodobenzonitrile 

(0.0019 mmol), and K3PO4 (0.3 mmol) were added. The flask was evacuated 

and backfilled with argon three times. Degassed THF (0.8 mL) and H2O 

(0.16 mL) were then added. The mixture was heated and stirred at 50 oC 

for 15 min to prepare externally initiated catalyst. M2 (0.05 mmol where 
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M/I = 25/1) in degassed THF (0.8 mL) was then added to the flask, and the 

polymerization was left to stir at 45 °C for 5 h. The polymerization was 

quenched with 6N HCl solution (3 mL). The crude reaction mixture was 

diluted with CHCl3, washed with saturated NaHCO3 (aq), dried over 

anhydrous MgSO4, and concentrated under reduced pressure. The polymer 

was purified by precipitation into 2-propanol/acetone (v/v = 7/3). The 

precipitate was collected by filtration, washed with 2-propanol, and dried 

under vacuum.

(c) Synthesis of PQXEDOT using M3 as a monomer
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To a round-bottom flask equipped with a magnetic stir bar, RuPhos Pd G3 

precatalyst (0.002 mmol), RuPhos (0.012 mmol), 4-iodobenzonitrile 

(0.0019 mmol), and K3PO4 (0.3 mmol) were added. The flask was evacuated 

and backfilled with argon three times. Degassed THF (1.0 mL) and H2O 

(0.16 mL) were then added. The mixture was heated and stirred at 50 oC 

for 15 min to prepare externally initiated catalyst. M3 (0.05 mmol where 

M/I = 25/1) in degassed THF (1.4 mL) was then added to the flask, and the 

polymerization was left to stir at 45 °C for 9 h. The polymerization was 

quenched with 6N HCl solution (3 mL). The crude reaction mixture was 

diluted with CHCl3, washed with saturated NaHCO3 (aq), dried over 

anhydrous MgSO4, and concentrated under reduced pressure. The polymer 

was purified by precipitation into 2-propanol/acetone (v/v = 7/3). The 

precipitate was collected by filtration, washed with 2-propanol, and dried 

under vacuum.
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(d) Synthesis of PQXSe using M4 as a monomer

To a round-bottom flask equipped with a magnetic stir bar, RuPhos Pd G3 

precatalyst (0.002 mmol), RuPhos (0.012 mmol), 4-iodobenzonitrile 

(0.0019 mmol), and K3PO4 (0.3 mmol) were added. The flask was evacuated 

and backfilled with argon three times. Degassed THF (1.0 mL) and H2O 

(0.16 mL) were then added. The mixture was heated and stirred at 50 oC 

for 15 min to prepare externally initiated catalyst. M4 (0.05 mmol where 

M/I = 25/1) in degassed THF (1.4 mL) was then added to the flask, and the 

polymerization was left to stir at 35 °C for 8 h. The polymerization was 

quenched with 6N HCl solution (3 mL). The crude reaction mixture was 

diluted with CHCl3, washed with saturated NaHCO3 (aq), dried over 

anhydrous MgSO4, and concentrated under reduced pressure. The polymer 

was purified by precipitation into 2-propanol/acetone (v/v = 7/3). The 

precipitate was collected by filtration, washed with 2-propanol, and dried 

under vacuum.

(e) Synthesis of PBTzThDPPTh using M5 as a monomer

To a round-bottom flask equipped with a magnetic stir bar, RuPhos Pd G3 

precatalyst (0.002 mmol), RuPhos (0.012 mmol), 4-iodobenzonitrile 

(0.0019 mmol), and K3PO4 (0.12 mmol) were added. The flask was 

evacuated and backfilled with argon three times. Degassed THF (1.0 mL) 

and H2O (0.027 mL) were then added. The mixture was heated and stirred 

at 50 oC for 15 min to prepare externally initiated catalyst. M5 (0.02 mmol 
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where M/I = 10/1) in degassed THF (1.0 mL) was then added to the flask, 

and the polymerization was left to stir at 55 °C for 13 h. The polymerization 

was quenched with 6N HCl solution (1 mL). The crude reaction mixture was 

diluted with CHCl3, washed with saturated NaHCO3 (aq), dried over 

anhydrous MgSO4, and concentrated under reduced pressure. The polymer 

was purified by precipitation into 2-propanol/acetone (v/v = 1/1). The 

precipitate was collected by filtration, washed with 2-propanol, and dried 

under vacuum.

(f) Synthesis of P3HT20-b-PQXTh20 by the sequential addition

To a round-bottom flask equipped with a magnetic stir bar, RuPhos Pd G3 

precatalyst (0.002 mmol), RuPhos (0.012 mmol), 4-iodobenzonitrile 

(0.0019 mmol), and K3PO4 (0.24 mmol) were added. The flask was 

evacuated and backfilled with argon three times. Degassed THF (1.5 mL) 

and H2O (0.13 mL) were then added. The mixture was heated and stirred at 

50 oC for 15 min to prepare externally initiated catalyst. M6 (0.04 mmol) in 

degassed THF (2.4 mL) was then added to the flask, and the polymerization 

was left to stir at 35 °C for 1 h. Subsequently, M2 (0.04 mmol) in degassed 

THF (0.8 mL) was added to the flask, and the polymerization was left to stir 

at 35 °C for 15 h. The polymerization was quenched with 6N HCl solution 

(3 mL). The crude reaction mixture was diluted with CHCl3, washed with 

saturated NaHCO3 (aq), dried over anhydrous MgSO4, and concentrated 

under reduced pressure. The polymer was purified by precipitation into 2-

propanol/acetone (v/v = 7/3). The precipitate was collected by filtration, 

washed with 2-propanol, and dried under vacuum.
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(g) Synthesis of PQX20-b-PQXSe20 by the sequential addition

To a round-bottom flask equipped with a magnetic stir bar, RuPhos Pd G3 

precatalyst (0.002 mmol), RuPhos (0.012 mmol), 4-iodobenzonitrile 

(0.0019 mmol), and K3PO4 (0.24 mmol) were added. The flask was 

evacuated and backfilled with argon three times. Degassed THF (1.0 mL) 

and H2O (0.13 mL) were then added. The mixture was heated and stirred at 

50 oC for 15 min to prepare externally initiated catalyst. M7 (0.04 mmol) in 

degassed THF (1.0 mL) was then added to the flask, and the polymerization 

was left to stir at 35 °C for 11 h. Subsequently, M4 (0.04 mmol) in 

degassed THF (0.8 mL) was added to the flask, and the polymerization was 

left to stir at 35 °C for 17 h. The polymerization was quenched with 6N 

HCl solution (3 mL). The crude reaction mixture was diluted with CHCl3, 

washed with saturated NaHCO3 (aq), dried over anhydrous MgSO4, and 

concentrated under reduced pressure. The polymer was purified by 

precipitation into 2-propanol/acetone (v/v = 7/3). The precipitate was 

collected by filtration, washed with 2-propanol, and dried under vacuum.
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(h) Synthesis of PBTzEDOT20-b-PQXTh20 by the sequential addition

To a round-bottom flask equipped with a magnetic stir bar, RuPhos Pd G3 

precatalyst (0.002 mmol), RuPhos (0.012 mmol), 4-iodobenzonitrile 

(0.0019 mmol), and K3PO4 (0.24 mmol) were added. The flask was 

evacuated and backfilled with argon three times. Degassed THF (1.5 mL) 

and H2O (0.13 mL) were then added. The mixture was heated and stirred at 

50 oC for 15 min to prepare externally initiated catalyst. M1 (0.04 mmol) in 

degassed THF (2.4 mL) was then added to the flask, and the polymerization 

was left to stir at 45 °C for 2.5 h. Subsequently, M2 (0.04 mmol) in 

degassed THF (0.8 mL) was added to the flask, and the polymerization was 

left to stir at 45 °C for 13 h. The polymerization was quenched with 6N 

HCl solution (3 mL). The crude reaction mixture was diluted with CHCl3, 

washed with saturated NaHCO3 (aq), dried over anhydrous MgSO4, and 

concentrated under reduced pressure. The polymer was purified by

precipitation into 2-propanol/acetone (v/v = 1/1). The precipitate was 

collected by filtration, washed with 2-propanol, and dried under vacuum.

(i) Synthesis of PQX15-b-P3HT15-b-PQXSe15 by the sequential addition

To a round-bottom flask equipped with a magnetic stir bar, RuPhos Pd G3 

precatalyst (0.002 mmol), RuPhos (0.012 mmol), 4-iodobenzonitrile 

(0.0019 mmol), and K3PO4 (0.24 mmol) were added. The flask was 

evacuated and backfilled with argon three times. Degassed THF (1.0 mL) 

and H2O (0.13 mL) were then added. The mixture was heated and stirred at 

50 oC for 15 min to prepare externally initiated catalyst. M7 (0.04 mmol) in 

degassed THF (0.9 mL) was then added to the flask, and the polymerization 
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was left to stir at 45 °C for 5 h. Subsequently, M6 (0.04 mmol) in degassed 

THF (0.8 mL) was added to the flask, and the polymerization was left to stir 

at 45 °C for 1 h. Then, M4 (0.04 mmol) in degassed THF (0.8 mL) was 

added to the flask, and the polymerization was left to stir at 45 °C for 11 

h. The polymerization was quenched with 6N HCl solution (5 mL). The crude 

reaction mixture was diluted with CHCl3, washed with saturated NaHCO3

(aq), dried over anhydrous MgSO4, and concentrated under reduced 

pressure. The polymer was purified by precipitation into 2-

propanol/acetone (v/v = 1/1). The precipitate was collected by filtration, 

washed with 2-propanol, and dried under vacuum.

Additional polymerization results: Table S1-S2 and Figure S1

Table S1: SCTP of QX-Th and QX-Se Monomers Using RuPhos Pd G3 Precatalyst 

and 2-iodotoluene Initiator[a]

Entry M/I Monomer
Catalyst

(equiv)

Ligand

(equiv)

Temp.

(oC)

THF/H2O

(concn, v/v)

Time

(h)
Mn (Ð)[b] Yield[c]

(%)

1 15 M2

RuPhos 

Pd G3

(0.067)

RuPhos

(0.40)
45 0.03M, 10/1 4

13.9k

(1.17)
88

2 15 M4

RuPhos 

Pd G3

(0.067)

RuPhos

(0.40)
35 0.02M, 15/1 5

20.1k

(1.18)
90

[a] Reaction conditions: monomer (0.05 mmol, 1 equiv), RuPhos Pd G3, RuPhos, 2-iodotoluene 

(0.95 equiv relative to the catalyst), K3PO4 (0.3 mmol, 6 equiv). [b] Absolute molecular weight 

was determined THF SEC using a MALLS detector. [c] Isolated yield.
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Table S2: SCTP of BTz-Th-DPP-Th Monomer Using RuPhos Pd G4 Precatalyst[a]

Entry M/I
Catalyst

(equiv)

Ligand

(equiv)

Time

(h)

Mn

(Ð)[b]

Yield[c]

(%)

1 5
RuPhos Pd G4

(0.20)

RuPhos

(1.20)
13

10.4k

(1.34)
86

[a] Reaction conditions: monomer (0.02 mmol, 1 equiv), RuPhos Pd G4, RuPhos, 4-

iodobenzonitrile (0.95 equiv relative to the catalyst), K3PO4 (0.12 mmol, 6 equiv), THF/H2O 

(0.01M, v/v = 75/1). [b] Determined by THF GPC calibrated by PS standards. [c] Isolated 

yield.

(a) Table 3, entry 1
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(b) Table 3, entry 4 (M/I = 30)

Figure S1: MALDI-TOF spectra of (a) PBTzThDPPTh with undesired carbazole (Cz) capping, 

(b) PBTzThDPPTh with minor peaks of H/H and H/Br end groups, indicating some competing 

chain transfer arose at M/I = 30.

UV-Vis-NIR absorption and emission spectra of polymers

(a) CHCl3 solution                             (b) Thin film

            

Figure S2: Absorption spectra of PBTzEDOT, PQXTh, PQXEDOT, PQXSe, and PBTzThDPPTh 

in (a) CHCl3 solution (0.02 g/mL), (b) thin film.
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Figure S3: Emission spectra of P3HT at 447 nm excitation, PBTzEDOT at 535 nm excitation, 

PQXTh at 570 nm excitation, PQXEDOT at 584 nm excitation, and PQXSe at 610 nm excitation 

in CHCl3 solution (0.02 g/mL). PBTzThDPPTh showed very weak PL signal.

(a) CHCl3 solution                            (b) Thin film

           

Figure S4: Absorption spectra of P3HT-b-PQXTh, PQX-b-PQXSe, PBTzEDOT-b-PQXTh, 

and PQX-b-P3HT-b-PQXSe in (a) CHCl3 solution (0.02 g/mL) and (b) thin film.
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Cyclic voltammograms of polymers

(a) PBTzEDOT                            (b) PQXTh

  

(c) PQXEDOT                             (d) PQXSe

   

(e) PBTzThDPPTh

Figure S5: Cyclic voltammograms of (a) PBTzEDOT, (b) PQXTh, (c) PQXEDOT, (d) PQXSe, 

(e) PBTzThDPPTh in thin films.
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THF SEC traces of polymers

(a) Table 1: PBTzEDOT

(b) Table 2, entries 1-6: PQXTh

(c) Table 2, entries 7-9: PQXEDOT
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(d) Table 2, entries 10-14: PQXSe

   

(e) Table 3, entries 1-4: PBTzThDPPTh

Figure S6: THF SEC traces of (a) PBTzEDOT in Table 1 (entries 1-6), (b) PQXTh in Table 2 

(entries 1-6), (c) PQXEDOT in Table 2 (entries 7-9), (d) PQXSe in Table 2 (entries 10-14), 

and (e) PBTzThDPPTh in Table 3 (entries 1-4).
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1H and 13C NMR spectra of polymers
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1H, 13C and 11B NMR spectra of new compounds (in CDCl3)
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을 통한 낮은 밴드갭을 갖는 다양한 전

자 주개-받개 교대 공중합체의 정교한

합성

김 황 석

화학부 유기화학 전공

서울대학교 대학원

본 연구에서 우리는 RuPhos Pd G3 전촉매를 이용하는 리빙 스

즈키-미야우라 촉매-이동 중합 (Suzuki-Miyaura catalyst-transfer 

polymerization, SCTP) 을 통한 다양한 전자 주개-받개 교대 공중합체

의 정교한 합성을 보고한다. 먼저, 이런 리빙 중합을 다양한 전자 주개

및 받개를 조합한 단량체들에 적용하고 조건을 최적화하여 여러 교대 공

중합체들을 조절된 평균 분자량 (Mn), 낮은 분산도 (Ð, 1.05–1.29), 그

리고 높은 수득률 (>87%) 로 얻었다. 또한, 이 방법론을 다이케토피롤

로피롤 (DPP, 강한 받개) 을 포함해 네 개의 방향족 고리를 가진 단량

체까지 확장했을 때에도 조절된 Mn (9.2–40.0 kg/mol) 의 고분자를 합

성할 수 있음을 발견하였다. 추가적으로, 이 리빙 중합법은 복잡한 구조

를 가진 다양한 다이블록 및 트라이블록 공중합체의 한 단계 합성 또한

가능케 하였다. 마지막으로, 합성된 교대 공중합체들은 조절 가능한 광

학적 밴드갭 (Eg
opt, 1.29–1.77 eV) 및 최고 피점 분자궤도함수 에너지

(HOMO, -5.57에서 -4.75 eV까지) 와 같은 광전기화학적 성질을 보여

주었고 블록 공중합체의 넓은 흡광 범위는 이 물질들의 잠재적인 높은

가시광선 활용 능력을 암시하였다.
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