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tric living copolymerization-
induced chiral self-assemblies and circularly
polarized luminescence†

Run-Tan Gao,a Shi-Yi Li,a Bing-Hao Liu,a Zheng Chen, a Na Liu,*b Li Zhou c

and Zong-Quan Wu *a

Controlled synthesis of conjugated block polymers enables the optimization of their self-assembly andmay

lead to distinct optical properties and functionalities. Herein, we report a direct chain extension of one-

handed helical poly(acyl methane) with 1-ethynyl-4-iodo-2,5-bis(octyloxy)benzene, affording well-

defined p-conjugated poly(acyl methane)-b-poly(phenylene ethynylene) copolymers. Although the

distinct monomers are polymerized via different mechanisms, the one-pot copolymerization follows

a living polymerization manner, giving the desired optically active block copolymers with controllable

molar mass and low distribution. The block copolymerization induced chiral self-assembly

simultaneously due to the one-handed helicity of the poly(acyl methane) block, giving spherical

nanoparticles, one-handed helices, and chiral micelles with controlled dimensions regarding the

composition of the generated copolymers. Interestingly, the chiral assemblies exhibit clear circularly

polarized luminescence with tunable handedness and a high dissymmetric factor.
Introduction

Chirality is ubiquitous in nature and plays important roles. For
example, the basic structural units of biomacromolecules, such
as amino acids and sugars, are all homochiral. Biopolymers also
exhibit chirality in the form of one-handed helices, such as the
double helix of DNA and the single right-handed helix of poly-
peptides and polysaccharides.1–4 These chiral helices formed by
biomacromolecules have indispensable functions, including
stereospecic enzyme catalysis, genetic storage, replication and
transcription.5–7 Inspired by biological helices, signicant
efforts have been made to create synthetic helical polymers and
supramolecular helical assemblies to develop optically active
materials for applications in chirality resolution, asymmetric
catalysis, and circularly polarized luminescence (CPL).8–17 Fully
organic CPL materials are particularly interesting because they
emit CPL light directly and have potential applications in
optical quantum information, data storage, and chirality
sensing.18–24
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Among the handful of methods that have been developed for
the synthesis of helical materials, asymmetric polymerization of
achiral monomers using a chiral catalyst/initiator is an effective
strategy because it can produce large quantities of optically
active helical polymers from achiral materials.25,26 Notably,
helical poly(acyl methane) (PAM) is a carbon–carbon main
chain polymer that carries substituents on every backbone
atom, and thus, can twist into stable helices in both a solid lm
and in solution.27–34 Therefore, we recently developed chiral
Pd(II)-catalysts bearing bidentate phosphine ligands that
initiate an asymmetric living polymerization of achiral diazo-
acetates to give one-handed PAMs with predictable molar
masses (Mn) and low dispersities (Mw/Mn).35–38 We envisioned
that the terminal Pd(II)-complex on the synthesized helical
PAMs could be subsequently activated to initiate a block copo-
lymerization of aryl monomers and fabricate p-conjugated
block copolymers. The helical PAM block would then drive
chiral self-assembly of the generated block copolymers during
the polymerization, resulting in polymerization-induced self-
assembly (PISA).39–41 Thus, various well-dened supramolec-
ular self-assembled architectures could be readily achieved.
Moreover, the helical PAM block could also induce asymmetric
self-assembly, and helical chirality transfer to the achiral p-
conjugated block would give supramolecular architectures with
chiroptical properties.

Conjugated polymers have generated considerable interest
due to their promising potential in light-emitting materials and
devices, and other similar elds.42–45 To optimize the perfor-
mance, fabricating p-conjugated block polymers with
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthesis and self-assembly of poly(1m-b-2n) copolymers.

Fig. 1 (a) SEC curves for the copolymerization of 2 initiated by R-poly-
1105 carrying the Pd(II)-terminus at different 2-to-Pd(II) ratios. (b) Plots
of Mn and Mw/Mn of R-poly(1m-b-2n)s vs. the 2-to-Pd(II) ratios.
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controlled morphologies is highly desired.46–48 Conventional
methods for synthesizing p-conjugated block copolymers
include: (1) connection of the chain ends of two pre-formed
homopolymers, and (2) functionalizing a homopolymer with
an active chain end and then initiation of a copolymerization
reaction with a second monomer.49–52 However, these methods
require tedious synthetic manipulation and are usually time-
consuming. Therefore, developing new strategies for the facile
synthesis of well-dened p-conjugated block polymers in
a controllable fashion is highly desired. Among the reported p-
conjugated polymers, poly(phenylene ethynylene)s (PPEs) have
attracted growing interest over the past decade for their exten-
sive use in light-emitting diodes, bacterial identication,
explosives detection, and molecular wires.53–55 Therefore,
developing new strategies for the controlled synthesis of PPE
block copolymers and controlling the resulting self-assembled
morphology are important research aims.

Herein, we report the asymmetric coordination polymeriza-
tion of achiral diazoacetate, naphthalen-2-ylmethyl 2-diazo-
acetate (1) using chiral Pd(II)-catalysts (R- and S–Pd(II)) to obtain
one-handed helical PAMs (R- or S-poly-1ms) with chiral Pd(II)-
complexes on the terminal chain end. Subsequent direct chain
extension of the helical PAM polymers with 1-ethynyl-4-iodo-2,5-
bis(octyloxy)benzene (2) in the same pot leads to optically active
PAM-b-PPE copolymers (R- or S-poly(1m-b-2n)). Although the
polymerization mechanism and structure of the two monomers
are different, the one-pot block copolymerization is a living
polymerization reaction and yields PAM-b-PPE copolymers with
predictable Mn and low Mw/Mn. Moreover, the chiral catalysts
induce asymmetric polymerization, resulting in R- and S-poly-
1ms with a preferred one-handed helix. The helical PAM block
and intermolecular interactions of the added PPE block syner-
gistically induce chiral self-assembly of the in situ generated R-
or S-poly(1m-b-2n) copolymers. Spherical micelles and one-
handed helical nanobers with high solid contents (ca. 53%)
are facilely obtained. Remarkably, the chiral self-assemblies
formed by the block copolymers exhibit interesting CPL with
tunable handedness and a high dissymmetric factor.

Results and discussion
Hybrid block copolymerization

At room temperature, the one-pot block copolymerization was
performed in tetrahydrofuran (THF). The chiral p-allyl Pd(II)-
catalysts (R–Pd(II) or S–Pd(II)) with either R- or S-Wei-Phos were
prepared following reported procedures.32 As shown in Scheme
1, the R–Pd(II) catalyst was directly added to a THF solution
containing monomer 1 ([1]0/[Pd]0 = 100). Size exclusion chro-
matography (SEC) analysis (Fig. 1) showed that the resulting R-
poly-1m had an Mn of 4.7 kg mol−1 and Mw/Mn of 1.15 (run 1,
Table 1). To this R-poly-1m solution, a THF solution containing
monomer 2, cuprous iodide, and diisopropylamine was added
directly ([2]0/[Pd]0 = 100). Aer 12 h, the polymerization was
quenched by precipitating the solids into n-hexane, and the
polymer was isolated with a 90% yield over the two steps. The
SEC trace of the resulting R-poly(1m-b-2n) block copolymer
showed a unimodal elution peak. The peak of the block
© 2024 The Author(s). Published by the Royal Society of Chemistry
copolymer appeared at a higher Mn compared to that of the R-
poly-1m precursor (Fig. 1a). As determined by SEC, the Mn

increased to 12.1 kgmol−1 and the dispersity remained low with
Mw/Mn = 1.18. The degrees of polymerization (DPs) of the two
blocks deduced from 1H NMR analyses are 105 and 98, which
generally agree with the feed ratios of the two monomers; thus,
the R-homopolymer and the block copolymer were denoted as
R-poly-1105 and R-poly(1105-b-298), respectively (see below). High-
Mn copolymers could also be prepared by this method. For
instance, the copolymerization of 2 with R-poly-1105 yielded the
expected R-poly(1105-b-2250) with anMn of 30.5 kgmol−1 andMw/
Mn = 1.10 (Fig. S1, ESI†).

To verify the living nature of the copolymerization reaction,
a series of block copolymers were prepared using a common
Pd(II)-terminated R-poly-1105 (Mn = 4.7 kg mol−1,Mw/Mn = 1.15)
block and varying 2-to-Pd(II) ratios. The block copolymerization
proceeded smoothly and resulted in the expected R-poly(1105-b-
2n) copolymers in high yields (runs 2–7, Table 1). SEC traces of
these copolymers contained single peaks that moved to higher
Mn values with increasing 2-to-Pd(II) ratios (Fig. 1a), and the Mn

values of the copolymers varied linearly with the 2-to-Pd(II) ratio
(Fig. 1b). Furthermore, all block copolymers had low dis-
persities with Mw/Mn < 1.25. These results conrm that the
Chem. Sci., 2024, 15, 2946–2953 | 2947
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Table 1 The results for the one-pot block copolymerization

Run Polymera Mn
b (kg mol−1) Mw/Mn

b Yieldc

1 R-Poly-1105 4.7 1.15 83%
2 R-Poly(1105-b-219) 5.7 1.23 75%
3 R-Poly(1105-b-236) 7.6 1.19 74%
4 R-Poly(1105-b-254) 9.2 1.21 76%
5 R-Poly(1105-b-273) 10.6 1.23 78%
6 R-Poly(1105-b-298) 12.1 1.18 74%
7 R-Poly(1105-b-2115) 14.2 1.20 78%
8 S-Poly-1105 5.9 1.16 85%
9 S-Poly(1105-b-225) 6.2 1.16 78%
10 S-Poly(1105-b-252) 9.8 1.19 85%
11 S-Poly(1105-b-295) 11.9 1.21 79%
12 Poly-230 6.9 1.19 90%

a The polymers were prepared according to Scheme 1 and the DPs were
determined by 1H NMR analyses. The polymers were named according
to the feed ratios used in their synthesis. b The Mn and Mw/Mn were
calculated by SEC. c Isolated yields in two steps.
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block copolymerization proceeded via a living chain-growth
reaction.

To gain further insights into the living nature of the block
copolymerization reaction, Pd(II)-terminated R-poly-1105 (Mn =

4.7 kg mol−1, Mw/Mn = 1.15) was used as a macroinitiator to
polymerize 2 ([2]0/[Pd]0 = 100). The reaction progress was fol-
lowed with SEC. As displayed in Fig. 2a, the peaks in the SEC
traces gradually shied to shorter times as the reaction pro-
gressed and remained unimodal and symmetrical throughout
the entire polymerization. Likewise, the calculated Mn of the
block copolymer increased linearly with the conversion of 2
(Fig. 2b) whileMw/Mn remained <1.25. It was found that >84% of
2 was consumed in 4 h, suggesting that the copolymerization
was quite fast (Fig. 2c). The conversion of 2 followed rst-order
reaction kinetics, and the apparent polymerization rate
constant was 1.63 × 10−4 s−1. These results further conrmed
that the one-pot block copolymerization of the two distinct
Fig. 2 (a) Time-dependent SEC for the copolymerization of 2 cata-
lyzed by Pd(II)-terminated R-poly-1105. (b) Plots ofMn andMw/Mn of R-
poly(1m-b-2n) vs. the conversion of 2. (c) Plots of conversion and
−ln([M]/[M]0) values vs. the polymerization time.

2948 | Chem. Sci., 2024, 15, 2946–2953
monomers proceeded in a living polymerization fashion, albeit
with different polymerization mechanisms and monomer
structures. Utilizing this method, a series of PAM-b-PPE copol-
ymers with expectedMn and lowMw/Mn values were prepared by
varying the ratio of the catalyst to the two monomers (runs 2–7,
Table 1). Similarly, the S-poly-1m homopolymer and the corre-
sponding S-poly(1m-b-2n) copolymers were prepared using the
S–Pd(II) catalyst (Scheme 1, and runs 8–11, Table 1). A poly-230
homopolymer was also prepared as a control experiment (run
12, Table 1, see the ESI† for details).

1H NMR spectra conrmed the chemical structure of the
synthesized PAM-b-PEE copolymers (Fig. 3). For instance, the
spectrum of R-poly(1105-b-298) showed characteristic resonance
peaks corresponding to both the R-poly-1105 and poly-298 blocks
(Fig. 3a and b). The peaks corresponding to the ArH (a) and
OCH2 (b) in the poly-298 segment appeared at 7.01 and
4.02 ppm, respectively, while the ArH (c) and ArCH2 (d) reso-
nances attributable to the R-poly-1105 block were located at
7.59–6.50 and 5.14–4.31 ppm, respectively. The peaks corre-
sponding to the CH (e) groups in the poly-1105 backbone were
between 4.22 and 3.34 ppm in the 1H NMR spectrum of R-
poly(1105-b-298). The integration of the ArCH2 (5.14–4.31) from
poly-1m and OCH2 (4.02) from poly-2n gave a block ratio of nearly
105 : 98, which was in good agreement with the ratio of the
monomers used in the block copolymerization owing to the
living polymerization mechanism of the copolymerization and
almost quantitative conversions of the monomers. The
complementary FT-IR spectra of R-poly(1105-b-298) also showed
vibrations corresponding to the R-poly-1105 and poly-298 blocks
(Fig. S2, ESI†). Thermogravimetric analysis (TGA) of R-poly(1105-
b-298) showed two decomposition temperatures corresponding
to the PAM and PPE blocks (Fig. S3, ESI†). In contrast, the
differential scanning calorimetry (DSC) prole of R-poly(1105-b-
298) showed glass transition (Tg, 60 °C) and melting (Tm, 220 °C)
temperatures assignable to PPE (Tm= 220 °C) and PAM (Tg= 50
°C) segments (Fig. S4, ESI†). These studies conrmed the
formation of the expected block copolymers.
Polymerization-induced chiral self-assembly

The chiral Pd(II)-catalysts induced the asymmetric polymeriza-
tion of achiral monomer 1. Thus, the CD spectra of R- and S-
poly-1105 polymers showed clear positive and negative absorp-
tion peaks, respectively, due to the formation of one-handed
helices (Fig. S5, ESI†). The optical activity of these polymers
remained stable over a temperature range of−10 to 55 °C and in
various solvents, regardless of their polarity; thus, suggesting
the formation of highly stable helical structures in R- and S-
poly-1ms. (Fig. S6 and S7, ESI†). The chiral Pd(II) catalysts
selectively polymerized the achiral monomer 1, forming block
copolymers with chiral self-assembly. As seen in Fig. 4a, the
solution of R-poly-1105 is nearly colorless. In contrast, the
solutions of the R-poly(1105-b-2n)s copolymers exhibited light
green and yellow colors depending on the length of the poly-2n
block, which is attributed to the p-conjugated structure of the
poly-2n block. Furthermore, the absorption and circular
dichroism (CD) spectra of R-poly-1m and corresponding R-
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 1H NMR (CDCl3, 600MHz) spectra of the polymers: R-poly-1105
(a), R-poly(1105-b-298) (b), and poly-230 (c) measured at room
temperature.
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poly(1m-b-2n) copolymers were recorded and are shown in
Fig. 4b. In R-poly-1105, the CD spectrum displayed absorption
only between 205 and 325 nm, while the copolymer exhibited an
additional intense absorption band between 325 and 510 nm.
The molecular absorption between 325 and 510 nm increases as
the length of the PPE block increases, and is accompanied by
a red shi (Fig. 4b).

The CD spectra of the block copolymers showed absorption
in the wavelength region of the achiral PPE segment, which was
counterintuitive. For instance, the CD spectrum of R-poly(1105-
b-2n) had a positive signal between 330 and 510 nm, while that
of S-poly(1m-b-2n) showed a negative peak in the same wave-
length region. The R-poly(1105-b-254) and S-poly(1105-b-252), with
similar DPs, showed mirror-imaged CD spectra. The PPE (poly-
Fig. 4 (a) Photographs of R-poly(1105-b-2n) copolymers under room
light in THF. (b) CD and UV-vis absorption spectra of poly(1105-b-2n)
copolymers (THF, 25 °C). (c) Amplified CD spectra of poly(1105-b-2n)
copolymers (THF, 25 °C). (d) CD and UV-vis absorption spectra of
poly(1105-b-2n) copolymers measured in THF at different
temperatures.

© 2024 The Author(s). Published by the Royal Society of Chemistry
2n) block is a linear p-conjugated system and does not contain
chiral moieties. Thus, the CD signal at longer wavelengths was
likely due to the chiral self-assembly of the generated block
copolymers. The g(CD) (D3/3) values at longer wavelengths
increased with increasing PPE blocks and reached the
maximum when the DP of PPE reached 73. With a further
increase in the DP of PPE, the CD of the PPE block decreased.
This can be attributed to the self-assembly of block copolymers
with different PPE lengths into different supramolecular
architectures. For instance, the g(CD) at 460 nm was +1.65 ×

10−4 for R-poly(1105-b-219), +2.76 × 10−4 for R-poly(1105-b-236),
+3.38 × 10−4 for R-poly(1105-b-254), and +4.12 × 10−4 for R-
poly(1105-b-273), respectively. Furthermore, the g(CD) values
decreased aer the DP of PPE was higher than 73. For instance,
the g(CD) at 460 nm was +3.42 × 10−4 for R-poly(1105-b-298) and
2.69 × 10−4 for R-poly(1105-b-2115) (Fig. S8, ESI†). Intriguingly,
temperature-dependent CD spectra measured via cooling–
heating cycles indicated that the CD intensity between 250 and
300 nm came from the helicity of the poly-1m block kept
constant upon heating from 25 to 55 °C. The CD intensity of the
aggregated poly-2m segment (330–510 nm) gradually decreased
upon heating, completely disappeared at 55 °C for 6 h, and
could be restored aer cooling the solution to room tempera-
ture (Fig. 4c). This result suggested that the macromolecular
helicity of the poly-1m block was thermally stable. In contrast,
the block copolymers formed chiral self-assemblies at low
temperatures that disassembled at high temperatures. The CD
and absorption analyses indicated that the optical activity of the
PPE block was due to the formation of chiral self-assembled
structures. It is also worth noting that the signals in the CD
spectra of the block copolymer between 205–245 and 250–
320 nm from the R-poly-1m block did not change signicantly
upon heating. This suggested that the PAM segment formed
a highly stable helix even in the block copolymer. Thus, it was
concluded that the chirality of the R–Pd(II)-catalyst was rst
transferred to the R-poly-1m block via the asymmetric polymer-
ization of the achiral monomer 1, resulting in poly-1m polymers
with one-handed helicity. The helical chirality was transferred
to the PPE block of the generated PAM-b-PPE copolymer via
chiral self-assembly. Note that the chain extension of the
structurally distinct PPE block induced a microphase separa-
tion of the resulting PAM-b-PPE copolymers and promoted the
p–p stacking of the p-conjugated PPE segments. Owing to the
chirality of helical PAM, the block copolymer asymmetrically
self-assembles into various chiral supramolecular architectures
depending on the helicity of PAM and the block ratio of the two
blocks (Scheme 1). Through the asymmetric self-assembly, the
PAM helical chirality was transferred to the supramolecular
architectures, endowing the aggregated-PPE block with high
optical activity and intense CD signals. Compared to the
spherical aggregates, the compacted stacking of PPE blocks in
helical nanobers showed higher CD intensity.

The polymerization-induced chirality transfer led us to
investigate the morphology of the self-assembled structures.
Atomic force microscopy (AFM) images of the structures formed
by block copolymers isolated at different polymerization stages
are shown in Fig. 5. It was found that R-poly(1105-b-219) with
Chem. Sci., 2024, 15, 2946–2953 | 2949
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Fig. 6 TEM images of R-poly(1105-b-219) (a), R-poly(1105-b-236) (b), R-
poly(1105-b-254) (c), R-poly(1105-b-273) (d), and R-poly(1105-b-298) (e),
and R-poly(1105-b-2115) (f).
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a short PPE block formed spherical nanoparticles with the
approximate diameter of ca. 48 nm. The spherical nanoparticles
were likely core–shell micelles with a PPE core and helical PAM
shell. R-poly(1105-b-236) with a slightly longer PPE block self-
assembled into right-handed helical nanobers (Fig. 5b),
which agreed with the CD spectrum. Similarly, R-poly(1105-b-254)
and R-poly(1105-b-273), with longer PPE blocks, also formed
right-handed helical nanobers (Fig. 5c and d), whereas R-
poly(1105-b-298), with longer PPE blocks, formed broader nano-
bers (Fig. 5e). Note that the diameter of the helical nanobers
increased with the DP of the PPE segment in the block copoly-
mers. Specically, the approximate diameters were 62, 82, 142,
and 184 nm for R-poly(1105-b-236), R-poly(1105-b-254), R-poly(1105-
b-273), and R-poly(1105-b-298), respectively. Meanwhile, R-
poly(1105-b-2115), with the longest PPE block, formed larger
spherical aggregates with a diameter of approximately 200 nm
(Fig. 5f). Since the self-assembly of PAM-b-PPE copolymers was
mainly induced by themicrophase separation of the structurally
distinct blocks, the chain-length ratio of the two blocks plays an
important role in the self-assembly morphology. The copoly-
mers composed of the two blocks with a similar DP of each
block tend to self-assemble into helical bres. In comparison,
the large differences in the DPs of the two blocks tend to self-
assemble into spherical aggregates.

The morphologies of the polymerization-induced chiral
assemblies were further conrmed by transmission electron
microscopy (TEM). As shown in Fig. 6a, spherical micelles of
∼52 nm diameter were seen in the TEM image of R-poly(1105-b-
219). In contrast, the TEM images of R-poly(1105-b-254), R-
poly(1105-b-273), and R-poly(1105-b-298) copolymers, with
different PPE lengths, showed nanobril morphologies
(Fig. 6b–e). In agreement with the AFM results, TEM images
showed that R-poly(1105-b-2115) self-assembled into core–shell
micelles of ∼220 nm diameter (Fig. 6f). Overall, similar
morphologies were seen in both the TEM and AFM images.

To verify that the helicity of the self-assembled nanobers
originated from the chiral Pd(II)-catalyst, the morphologies of
the structures formed by the block copolymers prepared using
the S–Pd(II)-catalyst were also investigated by AFM. As seen in
Fig. S9 and S10 in ESI,† S-poly(1105-b-225) and S-poly(1105-b-2155)
Fig. 5 AFM images of R-poly(1105-b-219) (a), R-poly(1100-b-236) (b), R-
poly(1105-b-254) (c), R-poly(1105-b-273) (d), and R-poly(1105-b-298) (e),
and R-poly(1105-b-2115) (f).

2950 | Chem. Sci., 2024, 15, 2946–2953
self-assembled into spherical aggregates with approximate
diameters of 45 and 205 nm, respectively, and formed very
similar structures to those seen in R-poly(1105-b-219) and R-
poly(1105-b-2115). As anticipated, S-poly(1105-b-232), S-poly(1105-b-
252), and S-poly(1105-b-295) formed nanobril morphologies.
However, these bres were twisted into le-handed helices, i.e.,
the opposite helicity to those prepared using the R–Pd(II) cata-
lyst. These results agreed well with the CD analyses and further
conrmed that the helicity of the polymerization-induced chiral
assemblies was determined by the chirality of the Pd(II)-cata-
lysts. Interestingly, the mixture of R- and S-copolymers showed
different self-assembly morphologies to those of the R- and S-
copolymers. For instance, the equivalent mixtures of R-
poly(1105-b-254) and S-poly(1105-b-252) self-assembled into
spherical nanoparticles under the same conditions described
above (Fig. S11–S12, ESI†), probably due to the intermolecular
interaction between the R- and S-copolymers. Detailed studies
revealed that the solid content in the polymerization-induced
self-assemblies was up to 53% (Fig. S13, ESI†).
CPL properties

It is well known that PPE is a good photoluminescent material;
thus, the emission of PAM-b-PPE copolymers was also investi-
gated. As displayed in Fig. 7, R-poly-1m showed no emission,
while the R-poly(1105-b-2m) copolymers showed a strong blue
emission at 475 and 505 nm. The emission intensities increased
as the length of the PPE segment increased, accompanied by
a slight red shi (Fig. 7b). As seen in the emission spectra, the
poly(1105-b-2n) copolymers emitted light between 450 and
550 nm with a maximum emission at 475 nm (Fig. 7b). Inter-
estingly, the chiral self-assemblies of the block copolymers
showed clear CPL. As summarized in Fig. 7c, R-poly(1105-b-2m)
exhibited positive CPL between 420 and 600 nmwhen irradiated
at 380 nm. At the same time, the S-poly(1105-b-252) showed
negative CPL in the same wavelength region under the same
irradiation conditions. Interestingly, the dissymmetric factor
(jglumj) also depended on the DP of PPE, similar to that of g(CD).
It rst increased with the increase in the DP of PPE and reached
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) Photographs of poly(1105-b-2n) copolymers under UV light
of 365 nm. (b) Emission spectra of poly(1105-b-2n) copolymers irradi-
ated at 365 nm. (c) CPL spectra of poly(1105-b-2n) irradiated at 380 nm.
The spectra were recorded in THF at 25 °C with c = 0.2 mg mL−1.
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amaximumwhen DP= 73. When DP > 73, the jglumj of the block
copolymers decreased. For instance, jglumj at 480 nm was 5.2 ×

10−3 for R-poly(1105-b-219), 6.1 × 10−3 for R-poly(1105-b-236), 8.4
× 10−3 for R-poly(1105-b-254), and 8.9 × 10−3 for R-poly(1105-b-
273) (Fig. S14 and S15, ESI†). Furthermore, jglumj decreased to
8.1 × 10−3 for R-poly(1105-b-298), and 5.9 × 10−3 for R-poly(1105-
b-2115). This study conrmed that the helical poly-1m block
induced chiral self-assembly of the p-conjugated block copoly-
mers and formed one-handed helical nanobers with clear CPL.
Conclusions

In summary, we developed a facile method for precisely syn-
thesising p-conjugated PAM-b-PPE block copolymers through
living polymerization of two monomers in one pot using
a single chiral Pd(II)-catalyst. Although the structure and poly-
merization mechanism of the twomonomers were different, the
one-pot block copolymerization proceeded via a living chain-
growth reaction, affording the desired block copolymers with
predictable Mn and low Mw/Mn. The polymerization of achiral
monomer 1 using the chiral Pd(II)-catalysts was asymmetric,
resulting in polymers that formed preferred one-handed
helices. Moreover, the Pd(II)-mediated coordination copoly-
merization of achiral monomer 2 induced chiral self-assembly
of the block copolymers. Well-dened spherical micelles and
one-handed supramolecular helical nanobers with high solid
contents were obtained. The assemblies showed high optical
activity and clear CPL. We believe this study provides a conve-
nient strategy for the precise synthesis of hybrid block copoly-
mers and a facile method for the construction of optically active
supramolecular architectures.
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29 A. I. O. Suarez, M. P. del Ŕıo, K. Remerie, J. N. H. Reek and
B. de Bruin, Rh-Mediated C1-Polymerization: Copolymers
from Diazoesters and Sulfoxonium Ylides, ACS Catal.,
2012, 2, 2046–2059.

30 E. Ihara, V. G. Young and R. F. Jordan, Cationic Aluminum
Alkyl Complexes Incorporating Aminotroponiminate
Ligands, J. Am. Chem. Soc., 1998, 120, 8277–8278.

31 Y. Ito, E. Ihara, M. Murakami and M. Shiro, New living
polymerization of 1,2-diisocyanoarenes via (quinoxalinyl)
palladium complexes. Synthesis of poly(2,3-quinoxaline), J.
Am. Chem. Soc., 1990, 112, 6446–6447.

32 J.-H. Chu, X.-H. Xu, S.-M. Kang, N. Liu and Z.-Q. Wu, Fast
Living Polymerization and Helix-Sense-Selective
Polymerization of Diazoacetates Using Air-Stable
Palladium(II) Catalysts, J. Am. Chem. Soc., 2018, 140,
17773–17781.

33 X.-Q. Yao, Y.-S. Wang and J.-B. Wang, Cp(p-Allyl)Pd-Initiated
Polymerization of Diazoacetates: Reaction Development,
Kinetic Study, and Chain Transfer with Alcohols,
Macromolecules, 2021, 54, 10914–10922.

34 S. Kang, S. J. Lu and C. W. Bielawski, C1 Polymerization of
Fluorinated Aryl Diazomethanes, ACS Macro Lett., 2022, 11,
7–14.

35 L. Zhou, R.-T. Gao, X.-J. Zhang, K. He, L. Xu, N. Liu and
Z.-Q. Wu, A Versatile Method for the End-Functionalization
of Polycarbenes, Macromol. Rapid Commun., 2022, 43,
2100630.

36 X.-H. Xu, W.-B. Liu, X. Song, L. Zhou, N. Liu, Y.-Y. Zhu and
Z.-Q. Wu, Chain-end functionalization of living helical
polyisocyanides through a Pd(II)-mediated Sonogashira
coupling reaction, Polym. Chem., 2021, 12, 4838–4845.

37 S. Kang, R. J. Ono and C. W. Bielawski, Controlled Catalyst
Transfer Polycondensation and Surface-Initiated
Polymerization of a p-Phenyleneethynylene-Based
Monomer, J. Am. Chem. Soc., 2013, 135, 4984–4987.

38 L. Zhou, X.-H. Xu, Z.-Q. Jiang, L. Xu, B.-F. Chu, N. Liu and
Z.-Q. Wu, Selective Synthesis of Single-Handed Helical
Polymers from Achiral Monomer and a Mechanism Study
on Helix-Sense-Selective Polymerization, Angew. Chem., Int.
Ed., 2021, 60, 806–812.

39 X.-X. Cheng, T.-F. Miao, Y.-F. Ma, X.-Y. Zhu, W. Zhang and
X.-L. Zhu, Controlling the Multiple Chiroptical Inversion in
Biphasic Liquid-Crystalline Polymers, Angew. Chem., Int.
Ed., 2021, 60, 24430–24436.

40 S.-L. Cai, J.-X. Chen, S. Wang, J. Zhang and X.-H. Wan,
Allostery-Mimicking Self-assembly of Helical
Poly(phenylacetylene) Block Copolymers and the Chirality
Transfer, Angew. Chem., Int. Ed., 2021, 60, 9686–9692.

41 L.-B. Gao, X.-Q. Dou, C. Xing, F.-L. Gao, Z.-C. Jiang,
K.-K. Yang, C.-L. Zhao and C.-L. Feng, Realizing Abundant
Chirality Inversion of Supramolecular Nano helices by
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc06242b


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
Ja

nu
ar

y 
20

24
. D

ow
nl

oa
de

d 
on

 3
/8

/2
02

6 
7:

01
:0

3 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Multiply Manipulating the Binding Sitesin Molecular
Blocks, Angew. Chem., Int. Ed., 2023, 62, e202303812.

42 X.-Y. Zhang, Z.-R. Xu, Y. Zhang, Y.-W. Quan and Y.-X. Cheng,
Controllable Circularly Polarized Electroluminescence
Performance Improved by the Dihedral Angle of Chiral-
Bridged Binaphthyl-Type Dopant Inducers, ACS Appl.
Mater. Interfaces, 2021, 13, 55420–55427.

43 X.-N. Han, Y. Han and C.-F. Chen, Supramolecular
tessellations by the exo-wall interactions of pagoda[4]
arene, Nat. Commun., 2021, 12, 6378.

44 M. Douverne, Y. Ning, A. Tatani, F. C. Meldrum and
S. P. Armes, How Many Phosphoric Acid Units Are
Required to Ensure Uniform Occlusion of Sterically
Stabilized Nanoparticles within Calcite?, Angew. Chem., Int.
Ed., 2019, 58, 8692–8697.

45 F. H. Sobotta, M. T. Kuchenbrod, F. V. Gruschwitz, G. Festag,
P. Bellstedt, S. Hoeppener and J. C. Brendel, Tuneable Time
Delay in the Burst Release from Oxidation-Sensitive
Polymersomes Made by PISA, Angew. Chem., Int. Ed., 2021,
60, 24716–24723.

46 L. Wan, R. Ruiz, H. Gao and T. R. Albrecht, Self-Registered
Self-Assembly of Block Copolymers, ACS Nano, 2017, 11,
7666–7673.

47 D. H. Kim, B.-L. Lee, H. Moon, H. M. Kang, E. J. Jeong,
J. Park, K.-M. Han, S. Lee, B. W. Yoo, B. W. Koo, J. Y. Kim,
W. H. Lee, K. Cho, H. A. Becerril and Z. Bao, Liquid-
Crystalline Semiconducting Copolymers with
Intramolecular Donor−Acceptor Building Blocks for High-
Stability Polymer Transistors, J. Am. Chem. Soc., 2009, 131,
6124–6132.
© 2024 The Author(s). Published by the Royal Society of Chemistry
48 Z. Geng, B.-J. Xiong, L.-Q. Wang, K. Wang, M. Ren,
L.-B. Zhang, J.-T. Zhu and Z.-Z. Yang, Moebius strips of
chiral block copolymers, Nat. Commun., 2019, 10, 4090.

49 Q.-C. Zhang, R.-M. Zeng, Y.-X. Zhang, Y. Chen, L. Zhang and
J.-B. Tan, Two Polymersome Evolution Pathways in One
Polymerization-Induced Self-Assembly (PISA) System,
Macromolecules, 2020, 53, 8982–8991.

50 Y. Zhang, M.-J. Cao, G. Han, T.-Y. Guo, T.-Y. Ying and
W.-Q. Zhang, Topology Affecting Block Copolymer
Nanoassemblies: Linear Block Copolymers versus Star
Block Copolymers under PISA Conditions, Macromolecules,
2018, 51, 5440–5449.

51 F. D'Agosto, J. Rieger and M. Lansalot, RAFT-Mediated
Polymerization-Induced Self-Assembly, Angew. Chem., Int.
Ed., 2020, 59, 8368–8392.

52 B. Fan, J. Wan, J.-L. Zhai, X.-Y. Chen and S. H. Thang,
Triggered Degradable Colloidal Particles with Ordered
Inverse Bicontinuous Cubic and Hexagonal Mesophases,
ACS Nano, 2021, 15, 4688–4698.

53 S. Kushida, E. Smarsly, N. M. Bojanowski, I. Wacker,
R. R. Schröder, O. Oki, Y. Yamamoto, C. Melzer and
U. H. F. Bunz, Dipole-Switchable Poly(para-
phenyleneethynylene)s: Ferroelectric Conjugated Polymers,
Angew. Chem., Int. Ed., 2018, 57, 17019–17022.

54 L. Arnt and G. N. Tew, New Poly(phenyleneethynylene)s with
Cationic, Facially Amphiphilic Structures, J. Am. Chem. Soc.,
2002, 124, 7664–7665.

55 J. Lim and T. M. Swager, Fluorous Biphase Synthesis of
a Poly(p-phenyleneethynylene) and its Fluorescent Aqueous
Fluorous-Phase Emulsion, Angew. Chem., Int. Ed., 2010, 49,
7486–7488.
Chem. Sci., 2024, 15, 2946–2953 | 2953

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc06242b

	One-pot asymmetric living copolymerization-induced chiral self-assemblies and circularly polarized luminescenceElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3sc06242b
	One-pot asymmetric living copolymerization-induced chiral self-assemblies and circularly polarized luminescenceElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3sc06242b
	One-pot asymmetric living copolymerization-induced chiral self-assemblies and circularly polarized luminescenceElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3sc06242b
	One-pot asymmetric living copolymerization-induced chiral self-assemblies and circularly polarized luminescenceElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3sc06242b
	One-pot asymmetric living copolymerization-induced chiral self-assemblies and circularly polarized luminescenceElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3sc06242b
	One-pot asymmetric living copolymerization-induced chiral self-assemblies and circularly polarized luminescenceElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3sc06242b

	One-pot asymmetric living copolymerization-induced chiral self-assemblies and circularly polarized luminescenceElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3sc06242b
	One-pot asymmetric living copolymerization-induced chiral self-assemblies and circularly polarized luminescenceElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3sc06242b
	One-pot asymmetric living copolymerization-induced chiral self-assemblies and circularly polarized luminescenceElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3sc06242b
	One-pot asymmetric living copolymerization-induced chiral self-assemblies and circularly polarized luminescenceElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3sc06242b
	One-pot asymmetric living copolymerization-induced chiral self-assemblies and circularly polarized luminescenceElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3sc06242b


