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ABSTRACT: P3HT, a typical conjugated polymer, is widely applied in field- ~ Living Polymerization & Mild Conditions & High Yield
effect transistors and photovoltaic devices owing to its excellent properties, Ri

. . . o R4: alkyl or ester group PEL
relatively low cost, and synthetic versatility. However, existing P3HT PEL, - < /j\; DEts

synthesis methods suffer from poor atom economy, complicated procedures, Ri R—=—pd-Cl — \ s Pd-Br

PEt;

Well-defined End-group &
Living Polymer Chains

n

and environmental pollution. Herein, we present a living direct arylation m PEt,
polymerization method via C—H bond activation, which eliminates the need g~ ~Br

for cumbersome Grignard, boron, and stannylated reagents. Polythiophene

synthesis is achieved with 90% regioregularity, a narrow molecular weight

distribution (M,,/M,), and controlled molecular weight (M,) by using an air-stable palladium catalyst via catalyst-transfer
polycondensation. The chemical structures of the resulting polythiophenes, which feature the Pd(II) complex at polymer chain ends,
were confirmed by nuclear magnetic resonance spectroscopy, matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry with end-group analysis, and chain-extension experiments. Furthermore, amphipathic polythiophene block copolymers
and polythiophene-block-poly(phenyl isocyanide) were synthesized by using the isolated P3HT-Pd(II) as the macroinitiator, and
their self-assembly was systematically investigated. The self-assembled amphipathic polythiophene block copolymers demonstrate
intriguing fluorescence characteristics and emit white fluorescent light.

B INTRODUCTION mental impact, and producing only harmless byproducts
compared to earlier polymerization methods.”>*® DArP has
been extensively researched for over a decade and stands as a

Conjugated polymers, especially polythiophene, are employed
in organic electronic devices, including solar cells, light-

emitting diodes, memory devices, and sensing technologies.l_3 promising27a_})3p0roach for synthesizing well-defined conjugated
However, device performance is closely linked to the polymers. Synthesizing high-quality polymers with less
conjugated polymer structure, necessitating the development toxic reagents and fewer steps than earlier methods makes
of novel and precise synthesis methods.” Chain growth (or DArP a viable option for industrial-scale conjugated polymer
living) polymerization plays a central role in polymer production.’”** However, the high C—H bond energy makes
chemistry, enabling precise control over molecular weight direct polymerization difficult, especially in living polymer-
distribution and polymer design, including the synthesis of ization.

block copolymers with well-defined terminal structures.”® The development of living DArP with controlled molecular
Conjugated polymers are commonly synthesized via Kumada, weight (M,) and narrow molar mass dispersity (M,/M,)
Sonogashira, Suzuki, and Stille cross-coupling polymerization distribution holds scientific significance.” Polymerization
reactions using nickel or palladium catalysts, achieving quasi- depends on forming a metal—polymer z-complex, allowing
living catalyst-transfer polymerization.3 However, these tradi- the catalyst to migrate to the growing polymer chain end and
tional methods often require halogenated and metallic promoting intramolecular oxidative addition.'”'® Recently,
functional groups and have notable drawbacks. For example, Luscombe et al. reported the living DArP of P3HT with
their need for prefunctionalized monomers often involves the orthogonal reactivity utilizing dual-metal catalysis.33’34 How-

use of cumbersome reagents such as Grignard, boron, and
stannylated compounds. Additionally, these methods suffer
from low atom economy, complex procedures, and environ-
mental pollution, which increase synthesis complexity and
costs.””"® Recent advancements in direct arylation polymer-
ization (DArP) include single-step activation and arylation of )
aromatic C—H bonds to simplify and efliciently synthesize Revised:  February 19, 2025
conjugated polymers.'”~** Direct (hetero)arylation polymer- Accepted: February 20, 2025
ization was initially reported by Lemaire et al. in 1999.”** Published: February 27, 2025
This approach follows a C—H activation pathway, enhancing

atom efficiency, reducing synthetic steps, minimizing environ-

ever, DArP typically requires high temperature, high pressure,
and long polymerization times, resulting in high energy
consumption and low reaction control.*> Developing living
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Table 1. Optimization of the DArP Condition with 2-Bromo-3-Hexylthiophene (1) Using Palladium Catalysts

Coltis Pd(ll), base Coftis (CH;0-Pd: PEL,
@\Br NDA, solvent, 55 °c */@;* HacOO%P:d*CI
1 poly-1., PEts
run Pd solvent base M, (kDa)® M,/M," Yield®
1 Pd(dppf)Cl, DMA K,PO, 693 1.72 90%
2 Pd(OAC), DMA K,PO, 12.64 313 92%
3 Pd(PPh,), DMA K,;PO, - - -
4 Pd(PPhs),Cl, DMA K,PO, 7.06 1.67 85%
s Pd(COD)Cl, DMA K,PO, 8.53 2.89 81%
6 Pd,(dba), DMA K,PO, 7.39 247 92%
7 CH;0-Pd DMA K;PO, 437 1.23 91%
8 CH,0-Pd THF K,PO,
9 CH,O-Pd Tol. K,PO, - - -
10 CH,0-Pd DMF K,PO, 7.52 176 45%
11 CH,0-Pd CHCI, K,PO,
12 CH,O-Pd EA K,PO,
13 CH;0-Pd DMA K,CO, - - -
14 CH;0-Pd DMA Cs,CO; 3.12 1.48 27%
15 CH;0-Pd DMA Na,CO;
16 CH,O-Pd DMA Et;N - - -
17 CH,0-Pd DMA/THF (3/1) K,PO, 471 1.10 92%
18 CH,0-Pd DMA/THF (3/3) K,PO, 1224 225 90%
19 CH,O-Pd DMA/THE/H,O (3/1/0.1) K,PO, 512 124 95%

“These polymers were synthesized according to Scheme in Table 1. The same polymerization conditions was [1], = 0.1 M, [1]o/[Pd(II)], = 30, 55
°C, 24 h. ®The M, and M, /M, values were determined by SEC with reference to polystyrene standards. “The isolated yields. ¥Not detected.

DArP under mild conditions while controlling M,,/M, and M,
is meaningful.’® By employing an air-stable Pd(II) catalyst
during thiophene polymerization, Pd(II) complexes at polymer
chain ends can be efficiently recovered, enhancing the
ecofriendliness of the process.””’ ™" Subsequently, these living
polymer chains can be end-capped or chain extended to
synthesize block copolymers. For example, in the synthesis of
poly(3-hexylthiophene)-block-poly(phenyl isocyanide)
(P3HT-b-PPI), initiating the polymerization of isocyanide
with a palladium complex at the chain end yields higher
stereoregular polyisocyanides, in contrast to P3HT-b-PPI
synthesized using a nickel complex as the initiator.”*”*’
Polythiophene block copolymers exhibit remarkable self-
assembly and luminescence, making them highly suitable for
semiconductor applications.*"**

Herein, we describe a novel method for synthesizing
polythiophene via living DArP. The initiation reaction
proceeds faster than the propagation reaction during polymer-
ization, and the structures of the propagating species remain
well-defined owing to the stability of the terminal group. This
method enables the efficient precision synthesis of poly-
thiophene with a narrow M, /M, distribution and controlled
M, at lower temperatures and faster reaction rates compared to
previous polymerization methods. The synthesized polymers
were systematically characterized, and the presence of active
end groups was confirmed through matrix-assisted laser
desorption-ionization time-of-flight mass spectrometry
(MALDI-TOF MS), 'H nuclear magnetic resonance spectros-
copy (NMR), *'P NMR, and chain-extension reactions.
Importantly, our living DArP method enables the synthesis
of functional polythiophene with ester substituents, which is
impossible via traditional Kumada coupling polymerization. In
addition, the synthesis of P3HT block copolymers employing
the isolated P3HT-PA(II) as the macroinitiator via identical
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(poly(1,,-b-4,)) and different (poly(1,,-b-5,)) block polymer-
ization mechanisms was explored. Finally, the self-assembly
behavior and fluorescence properties of polythiophene block
copolymers were investigated.

B RESULTS AND DISCUSSION

Monomer 1 was utilized as a model to optimize the
polymerization conditions, as listed in Table 1. Determination
of the optimal polymerization conditions was contingent upon
the selection of a suitable Pd catalyst, solvent, and base.
Polymerization reactions of 1 using Pd catalysts were
conducted under a nitrogen atmosphere at 55 °C in neo-
decanoic acid (NDA, 0.3 equiv) for 24 h ([1], = 0.1 M, [1]o/
[Pd(II)], = 30). The post-treatment procedure involved
cooling the reaction system to room temperature, adding a
large amount of MeOH to remove low-molecular-weight
impurities, and centrifuging to obtain the polymer, which was
subsequently dried and weighed to determine the yield. First,
we conducted a series of experiments using different Pd
complexes (runs 1—7, Table 1). Polymerization reactions
employing Pd(dppf)Cl,, Pd(OAc),, Pd(PPh,),, Pd(PPh;),CL,
Pd(COD)Cl,, and Pd,(dba); afforded poly-1,, with a wide
M,/M, distribution (Figure S1); however, using CH;0—
Pd(1I) as the initiator afforded poly-1,, with a narrow M,,/M,
distribution and in high yield (run 7, Table 1). Subsequently,
we explored different solvents (runs 7—12, Table 1), including
N,N-dimethylacetamide (DMA), tetrahydrofuran (THF),
toluene (tol.), N,N-dimethylformamide (DMF), CHCl,;, and
ethyl acetate (EA), using CH;O—Pd(II) as the initiator,
discovering that polymerization could be completed in DMA
and DMF. DMA was the best solvent, affording polymers with
a narrow M, /M, distribution (runs 7 and 10, Table 1 and
Figure S2). Finally, we explored different bases, such as K;PO,,
K,CO3, Na,COj3, and Et;N (runs 13—16, Table 1), discovering
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Figure 1. (a) SEC of poly-1,, prepared with different initial monomer (1)-to-catalyst (CH;O0—Pd(Il)) feed ratios. (b) Plots of M, and M, /M,
values of poly-1,, with different initial monomer (1)-to-catalyst (CH;O—Pd(II)) feed ratios (SEC conditions: eluent, THF; temperature, 40 °C).

Scheme 1. Chain-Extension Polymerization in One-Pot

DMA/THF/H,0, 55 °C
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that polymerization could be achieved in K;PO, and Cs,CO;.
K;PO, was the best base, affording poly-1,,, with a narrow M,/
M, distribution and desired M, (Figure S3). Adding THF to
the polymerization system facilitated the synthesis of poly-1,,
with a higher M, (runs 17 and 18, Table 1 and Figure S4) but
a wider M, /M, distribution. Monomer conversion reached
41% after 12 h, which increased to 94% after 48 h (Figure SS).
Furthermore, adding 0.1 mL of H,O to the DMA/THF (3/1,
v/v) system accelerated polymerization, affording polymers
with the desired M, and narrow M, /M, distribution (run 19,
Table 1). The reaction system transitioned from light yellow to
red after 12 h (Figure S6).

The best polymerization conditions were determined to be
CH,O—Pd(II) as the initiator, K;PO, as the base, in DMA/
THF/H,0 (3/1/0.1), at 55 °C, and [1] = 0.1 M. The isolated
poly-1;, (footnote indicating the initial monomer-to-catalyst
feed ratio) had an M, of 5.12 kDa, and a low M,,/M, value of
1.24, which suggested that polymerization proceeded via a
living chain growth mechanism. To validate this hypothesis,
polymerization reactions of 1 using CH;O—Pd(Il) as the
catalyst were conducted in DMA/THF/H,0 (3/1/0.1) at 55
°C under identical experimental conditions but various initial
monomer-to-catalyst feed ratios. The polymerization reactions
proceeded smoothly with high yields (>85%) of the expected
polymers (Table S1). As depicted in Figure 1, the isolated
polymers displayed unimodal, symmetrical SEC elution peaks,
shifting toward higher M, with increased monomer (1)-to-
catalyst (CH;O—Pd(II)) ratio while maintaining a low M,,/M,
value (<1.29).

To verify the living nature of the chain ends of the resulting
poly-1,-Pd(II), one-pot, two-step chain-extension experiments
were performed with 1 using poly-1,5-Pd(II) (M, = 4.08 kDa,
M, /M, = 1.28) as the macroinitiator (Scheme 1). First, 1 was
treated with poly-1,s-Pd(Il) to verify the living nature of the
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Pd(II) complex terminus of the poly-1, segment ([1],/
[PA(II)], = 15). As shown in Figure 2, the elution peak of the

—
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Figure 2. SEC chromatograms of chain-extended polymers: poly-1,s,
poly(1,5-b-1;5), and poly(15-b-25).

resulting chain-extended poly-1,5-Pd(II) shifted toward a
higher M, as compared to the poly-1,5-Pd(II) precursor. The
M, value of poly-1,-Pd(II) increased to 6.57 kDa (M,,/M, =
1.28). To better understand this chain-extension polymer-
ization, one-pot, two-step experiments were performed with
monomer 2 using poly-1,5-Pd(II) as the macroinitiator ([2] =
0.2 M, [2],/[Pd(II)], = 20). After 48 h of reaction, the
polymerization solution was precipitated by using a large
amount of MeOH. The resulting block copolymer, poly(1,5-b-
2,), was centrifuged in 80% yield. The M, value of poly(1,5-b-
2,y) was estimated to be 9.23 kDa, exhibiting a symmetrical
and unimodal elution curve during SEC with a narrow M, /M,
distribution (Figure 2). Poly(1,5-b-2,,) was further charac-
terized by '"H NMR, Fourier-transform infrared spectroscopy
(FT-IR), and UV—Vis spectroscopy (Figures S7—S9). The
results unequivocally demonstrated the successful occurrence
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Figure 3. (a) Time-dependent SEC chromatograms of P3HT for the polymerization of monomer 1, using polystyrene (M, = 126 kDa, M,,/M,, =
1.04) as the internal standard, initiated by CH;0—Pd(1I) in DMA/THF/H,0 (3/1/0.1, v/v/v) at 55 °C. (b) Plots of M, and monomer
conversion. (c) Plots of conversion and first-order kinetics of monomer 1 with polymerization time.
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Figure 4. (a) "H NMR spectrum of poly-1,, and (b) *'P NMR spectra of CH;O—Pd(II) and poly-1,,. (c) MALDI-TOF MS spectrum of poly-1,,
produced by living DArP. (d) Plots of m/z versus number of repeating 1 units.

and progression of chain-extension polymerization in a living
manner.

To verify the absence of chain transfer and termination
reactions during the polymerization process, experiments were
conducted to explore whether monomers were exclusively
utilized in chain growth reactions. The polymerization of
monomer 1 with CH;O—Pd(II) was conducted in DMA/
THF/H,0 (3/1/0.1, v/v/v) at 55 °C, using polystyrene (M, =
126 kDa, M,/M, = 1.04) as an internal standard, and the
resulting polymers were characterized by SEC to assess
monomer conversion, M, and M,/M, at various polymer-
ization times (Figure 3a). The monomer concentration
gradually decreased, and polymers emerged with increasing
polymerization time, accompanied by an increase in M;, owing
to monomer transformation. Notably, the M,,/M, distribution
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remained consistently narrow throughout the process (Figure
3a,b). Monomer conversion reached 80% after polymerization
for 12 h, affording a polymer with an M, value of 6.20 kDa.
Consequently, the entire polymerization process could be
regarded as a living chain growth mechanism. Notably,
polymerization was revealed to obey first-order reaction
kinetics (Figure 3c). The polymer appearance rate constant
was estimated to be 3.68 X 107° s7!, further confirming the
living nature of the polymerization process. The monomer
conversion rate measured by SEC was only 80% due to the
influence of certain low-molecular-weight additives in the
reaction system, such as NDA and DMA. To accurately
determine the conversion rate of the polymerization system,
we employed 'H NMR at different reaction times (Figure
S10), revealing 94% conversion after 15 h.
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Scheme 2. Proposed Plausible Mechanism for the Catalyst Transfer Living DArP
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In addition to SEC analysis, the well-defined polymers were
characterized by 'H and 3'P NMR, MALDI-TOF MS, and FT-
IR (Figures 4 and S11). Integrating the a-methylene signals of
the 3-hexyl groups at § 2.81 (HT) and 2.58 (HH) revealed
90% regioregularity (Figure 4a).*>** During defect analysis in
the aromatic region, the 4-position of the 3-hexylthiophene
unit in the HT—HT linkage was observed at 6 6.98, and major
signals were assignable to other regioisomers and pS-
defects.*>** Moreover, weak signals attributed to the ArH
and CH;O groups of the terminal unit were observed at § 7.16
(f), 6.83 (e), and 3.81 (d) ppm, respectively. The >'P NMR
spectrum of CH;O—Pd(1I) exhibited a single peak at 5 17.81
ppm (Figure 4b), which vanished upon polymerization of
3HT, accompanied by the emergence of a new broad peak at §
17.18 ppm, which corresponded to the resulting polymer
P3HT. These results suggested that Pd(II) units were located
at the terminal groups of the polymers and were stable.
Further, we conducted MALDI-TOF MS to determine the
chain initiation and termination end groups of P3HT. The
obtained mass spectrum exhibited two different types of
molecular ions (Figure 4c) that were ascribed to CH;OPh-
P3HT-Pd(PEt;),Br ionized by Na* and CH;OPh-P3HT-H
ionized by K'. The relationship between the m/z values of the
CH,OPh-P3HT-Pd(PEt;),Br + Na* ions in the MS spectrum
and the number of repeating 3HT units was expressed as y =
166.28x + 576.78, where y is the m/z values of polymer ions
and «x is the number of 3HT units (Figure 4d). The interval
between the two sets of peaks was ~166.28 g/mol, which
aligned with the molecular weight of the 3HT unit. To clearly
characterize the terminal groups of the polymers, F—Pd was
synthesized as an initiator for the polymerization of 3HT. To
accurately ascertain the structure of its end groups, the isolated
polymers were characterized by SEC, 'H, F, and 3P NMR,
and MALDI-TOF MS (Figures S12—S14). The '"F NMR
spectrum exhibited a resonance at 6 —113.87 ppm, indicative
of the presence of end-group fluorobenzene structures (Figure
S14a). The *'P NMR spectrum of the isolated P3HT exhibited
a resonance similar to the spectrum of P3HT synthesized using
CH;0—Pd(II) as the initiator (Figure S14b). Thus, MALDI-
TOF MS analysis indicated the presence of initiating and
terminating chain ends (Figure S14c). These results confirmed
the formation of polymers with well-defined termination end
groups and structures, supporting the generation of active
living chain ends.

Thiophene polymers featuring ester functionalities exhibit
exceptional properties, rendering them highly versatile for the
development of advanced device materials."*® Our established
living DArP method offers the benefits of polymerization of
thiophene monomers bearing side-chain esters in high yield

2361

with controllable M,
(Figures S15—S19).

Most Pd-catalyzed cross-coupling reactions with (hetero)
aryl molecules proceed through a similar catalytic cycle.”’
The proposed mechanism for living DArP is outlined in
Scheme 2. First, 1 reacts with CH;0—Pd(1l), yielding the
organopalladium(II) compound. The organopalladium(II)
compound subsequently undergoes reductive elimination and
oxidative addition to generate new Pd complexes. To
understand the initiation polymerization reaction, stoichio-
metric reactions were monitored via '"H NMR. The initiation
polymerization reaction followed first-order kinetics with a rate
constant of 1.18 X 107> s~ (Figure S20), indicating that the
chain initiation rate was greater than the chain growth rate.
Thus, polymer chain growth proceeds via the sequential
insertion of monomers, as illustrated in the reaction cycle, with
the Pd(II) moiety consistently serving as the polymer chain’s
end group.

Synthesis of Polythiophene Block Copolymers Using
“Living” P3HT-Pd(Il) Macroinitiator. To prove that its
activity was maintained, isolated poly-1,;-Pd(II) was employed
as the macroinitiator in the polymerization of monomer 4 for
the synthesis of all-conjugated amphiphilic polythiophene
diblock copolymers, poly(1,,-b-4,), according to Scheme 3.

and a narrow M,/M, distribution

Scheme 3. Synthesis of Amphiphilic Poly(1,,-b-4,) Block
Copolymers

CeHia
PEts o
Pd Br
S m PEt3 /
‘Living’ Polymer
for Macroinitiator
K3PO,, NDA, Amphiphilic O%
DMA/THF/H,0, 55 °C poly(1,,-b-4,,)

The SEC elution curve of poly(1,5-b-4,5) (M, = 7.42 kDa,
M, /M, = 1.29) revealed a shorter retention time than that of
the macroinitiator P3HT-Pd(II), with a symmetric and
unimodal elution peak (Figure Sa). Poly(1,5-b-4,,) was
characterized by '"H NMR (Figure S21), showing resonances
at 0 6.98, 2.80, and 1.70—0.85 ppm for the poly-1, segment
and at 6 7.90, 4.46, and 3.81-3.35 ppm for the poly-4,
segment. Further characterization of poly(1,-b-4,) was
performed by using FT-IR (Figure S22).

Moreover, the all-conjugated amphiphilic polythiophene
diblock copolymers possessed the ability to crystallize and self-
assemble in selective solvents.*” Poly(1,5-b-4,,) was dissolved
in toluene, a solvent compatible with both blocks. Aggregation
was triggered by adding MeOH, which selectively solvated the
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Figure S. (a) SEC chromatograms of the P3HT-Pd(II) macroinitiator and poly(1,5-b-4,,) block copolymer. (b) UV—vis and (c) emission spectra
of poly(1,5-b-4,¢) in tol./MeOH (c = 0.2 mg/mL, A, = 365 nm). (d) AFM, (e) SEM, and (f) TEM images of poly(1,5-b-4,,) in tol./MeOH (8/2,

v/v, ¢ = 0.2 mg/mL).

poly-4, block. The UV—Vis absorption spectra of poly(1,5-b-
4,) in tol./MeOH are presented in Figure Sb. Poly(1,5-b-4,,)
in tol. exhibited a substantial absorption band in the longer
wavelength region with a maximum absorption peak at 439
nm, which was attributed to polythiophenes. Upon adding
MeOH, this peak intensity decreased, accompanied by a red
shift, while two new peaks emerged at 546 and 602 nm,
indicating w—n stacking and crystalline aggregation of the
P3HT block (Figure Sb). The photoluminescence spectrum of
poly(1,5-b-4,,) in tol./MeOH (Figure Sc) revealed that the
emission intensity in the 495—700 nm region gradually
decreased with increasing MeOH content, whereas that in
the 384—495 nm region increased. These emission changes
were attributed to the solvophobic effect of amphiphilic
poly(1,5-b-4,,), which induced self-assembly and led to the
formation of distinct supramolecular architectures. The block
copolymers self-assembled into nanofiber structures in
toluene/MeOH (8/2, v/v), as evidenced by the atomic force
microscopy (AFM) image shown in Figure Sd, with
approximate diameters and heights of 150 and 8 nm,
respectively. Formation of these supramolecular structures
was further confirmed by scanning electron microscopy (SEM)
(Figure Se) and transmission electron microscopy (TEM)
(Figure 5f). The results supported the successful synthesis of
all-conjugated amphiphilic polythiophene diblock copolymers
by using the isolated macroinitiator. We investigated the effect
of temperature on the morphology of block copolymers
poly(1,5-b-4,,) in tol./MeOH (8/2, v/v). The morphology
was characterized by SEM (Figure S23ab). SEM images
revealed that at 40 °C, the copolymers formed both spherical
and fibrous nanoparticles, whereas at 50 °C, all nanoparticles
were spherical with an average diameter of approximately 40
nm. The decrease in particle size with increasing temperature
was attributed to the thermoresponsiveness of the amphiphilic
polymer, which enhances aggregation at higher temperatures.
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Emission spectra and fluorescence photograph measurements
at different temperatures showed slight variations (Figure
S23c¢).

Phenyl isocyanides readllg 7polymerize using a Pd(II)
complex as the initiator.”'”*” Thus, the isolated living
P3HT-PA(II) was utilized as a macroinitiator for the
polymerization of monomer § in toluene at 90 °C with
varying initial monomer $ to macroinitiator P3HT-Pd(II) feed
ratios, aiming to synthesize P3HT-b-PPI block copolymers
according to Scheme 4 ([S], = 0.2 M, [5],/[P3HT-PA(II)], =

Scheme 4. Synthesis of P3HT-b-PPI Block Copolymers

CeH1z CgH1s
/ { PEt3 EtsR
R Pd Br pd Br
S m pe PEt3
‘Living' Polymer
for Macroinitiator 5 COZC1°H21
........................ toluene, 90 °C
: H3CO—®{ : CO2C1gH21
! 1

poly(1y,-b-5,)

10—100). We also attempted the polymerization of monomer
S in THF at 55 °C; however, the reaction proceeded slowly,
yielding less than 60% polymer after 12 h, with a significant
amount of unreacted monomer. Insertion of the PPI block
occurred through a polymerization mechanism that differed
from that of the P3HT block. After 12 h of reaction, the
polymerization solution was precipitated in excess MeOH, and
the solid was collected by centrifugation, affording block
copolymers in high yields. Successful polymerization was
determined by SEC. As shown in Figure 6a, the resulting
polymers exhibited symmetric and unimodal elution peaks.
The SEC chromatograms of the resulting block copolymers
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Figure 6. (a) SEC of poly(155-b-5,) block copolymers with different ratios of monomer to P3HT-Pd(II) macroinitiator. (b) Plot of M, and M, /M,

values of poly(155-b-5,) block copolymers.

exhibited shorter retention times than that of the macro-
initiator P3HT-Pd(II). Plots of the M, and M,,/M, values of
the block copolymers with various initial monomer § to
macroinitiator PZHT-Pd(II) feed ratios are presented in Figure
6b. M, of the block copolymers increased linearly and
proportionately with the initial monomer § to macroinitiator
P3HT-PA(II) feed ratio, demonstrating a narrow M,/M,
distribution. These results indicated that the isolated living
P3HT could initiate the polymerization of isocyanide
monomers in a living chain growth manner. In addition to
SEC analysis, the chemical structures of the resulting block
polymers were verified by 'H NMR and FT-IR (Figures S24
and $25). The 'H NMR spectrum of poly(1,,-b-5,) copolymer
displayed resonances at 6 6.98 and 2.80 ppm, corresponding to
the aryl and CH, protons of the P3HT segment, respectively.
Additionally, signals at § 7.45—7.04 and 5.95—5.34 ppm were
attributed to the aryl protons of the PPI segment, while the
resonance at 0 4.21—3.56 ppm was assigned to the CO,CH,
proton of the PPI block. The FT-IR spectrum of poly(1,,-b-5,)
exhibited characteristic peaks at 1604 and 1720 cm™’,
corresponding to the C=N group of the PPI main chain
and ester groups of the side chains, respectively (Figure S25).
Photographs of poly(1;5-b-55) in tol./MeOH mixture at
different volume ratios, captured under room light and under
UV-365 nm, are shown in Figure S26. Due to the solvophobic
and z—7 interaction of the P3HT block, the emission color
shifted from yellow to red. Additionally, P3HT-b-PPI block
copolymers were successfully synthesized via a one-pot process
through the sequential addition of monomer 1 and monomer
S. The formation of poly-1,-Pd(Il) and P3HT-b-PPI was
confirmed by SEC (Figure S27), while the structure of P3HT-
b-PPI was further verified by '"H NMR (Figure S28).

B CONCLUSIONS

Herein, we describe a novel living DArP method that enables
polythiophene synthesis with controlled M,, a narrow M, /M,
distribution, and well-defined end groups. Interestingly, the
isolated polymer chains continue to possess activity at their
chain ends and are involved in identical and different block
polymerization mechanisms. The controlled self-assembly of
block copolymers was systematically investigated. The
amphipathic polythiophene block copolymers demonstrate
intriguing fluorescence characteristics and emit white fluo-
rescent light during different self-assembly states. The present
study expands the scope of catalyst-transfer polycondensation
during living polymerization and introduces a remarkably
simple, mild, atom-economical, and ecofriendly approach for
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generating high-quality polymers with potential applications in
diverse fields, including semiconducting, biomedicine, and
optoelectronics.
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