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A facile and versatile platform for preparing
uniform π-conjugated nanofibers with controlled
length and varying shells†

Bo Xiang,a Hongluo Wu,a Rang Chen,a Xiaoyu Huang, *a,b Guolin Lua and
Chun Feng*a,c

The development of facile, efficient and versatile approaches for preparing π-conjugated-polymer-based

nanofibers (CPNFs) with controlled length, composition and surface chemistry is of paramount impor-

tance due to the promising applications of CPNFs in fields ranging from electronics to nanomedicine. In

this article, we report the generation of uniform CPNFs consisting of a π-conjugated oligo(p-phenylenevi-

nylene) (OPV5) core and coronas of diverse properties with controllable length by the combination of

activated-ester/amine chemistry and a self-seeding approach of living crystallization-driven self-assembly

(CDSA). Poly(pentafluorophenyl methacrylate) (PPFMA) is used as a versatile precursor to efficiently

prepare diverse corona-forming segments by “click-type” activated-ester/amine chemistry. Subsequently,

amine-based 18-crown-ether-6 (18C6) and dimethylamino (DMA) groups used as model functional moi-

eties were treated with the pentafluorophenyl esters of PPFMA, followed by coupling with OPV5 to afford

OPV5-containing BCPs with varying corona-forming segments. By the self-seeding approach of living

CDSA, uniform fiber-like micelles with either 18C6- or DMA-based coronas with controlled length can be

obtained. The 18C6 and DMA units enable the installation of diverse functional units, such as metal ions,

metal clusters, metal nanoparticles, chiral amines and porphyrins. This work presents a facile and versatile

platform to generate uniform CPNFs with controlled length and varying functionalities.

Introduction

π-Conjugated-polymer-based nanofibers (CPNFs) endowed
with merits of both one-dimensional (1-D) nanostructures,
known for their high aspect ratio and specific surface area,
and π-conjugated polymers, known as flexible semiconductors
with tunable electronic/optical/magnetic properties, have
promising applications in electronics, nanomedicine, catalysis
and sensing.1–4 It is well-documented that the length (dimen-
sion), composition, and surface chemistry of CPNFs are key

factors in determining their properties.5–10 Therefore, the
development of facile, efficient and versatile approaches for
preparing CPNFs with controlled length, composition and
surface chemistry has attracted increasing interest.

Self-assembly of amphiphilic block copolymers (BCPs) with
a core-forming π-conjugated segment mainly driven by the sol-
vophobic effect has been widely used to generate CPNFs.11,12

Owing to the unique morphology of fiber-like nanostructures,
morphology-pure fiber-like micelles can only be formed under
some strict experimental conditions and polymer compo-
sitions. Even if morphology-pure fiber-like micelles are
formed, their length and composition are hard to control.13,14

In recent decades, the self-assembly of coil-crystalline BCPs
predominantly driven by the crystallization effect of core-
forming crystalline segments, referred to as living crystalliza-
tion-driven self-assembly (CDSA) including seeded growth and
self-seeding approaches, has emerged. This strategy allows one
to generate morphology-pure fiber-like nanostructures with
precisely designed composition/dimension/morphology under
optimized conditions.15–19 Due to strong π–π stacking and
charge transfer interactions within the π-conjugated units, the
π-conjugated units with optimized structures/compositions
also demonstrate crystallinity.4,20–31 By taking advantage of the
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crystallinity of π-conjugated polymers (oligomers), uniform
CPNFs with controlled composition/length can be generated
by self-seeding and seeded growth approaches of living CDSA
from BCPs containing a crystalline π-conjugated segment.22,23

The examples of crystalline π-conjugated blocks that have been
used in the generation of uniform CPNFs include poly(fluor-
ene) (PF),8,24 poly(thiophene) (PT),25–27 poly(selenophene)
(PSe),28 oligo(p-phenylenevinylene) (OPV),29 oligo(p-phenylene
ethynylene) (OPE)30 and polyacetylene-derivatives.31

Previous studies revealed that the structure, including the
chemical composition and chain length, of corona-forming
segments was one of the most vital factors affecting CDSA
behaviors (self-seeding and seeded growth processes). During
the micellar evolution process in CDSA, some typical crystal-
line segments of poly(ferrocenyldimethylsilane) (PFS), poly(L-
lactide), poly(ε-caprolactone) and polyethylene23,32–34 usually
fold to form crystals to minimize the steric repulsion within
the corona-forming chains, whereas most of the π-conjugated
polymers (oligomers) are hard to fold due to their backbone
rigidity. In this context, the structures/properties of the
corona-forming segments of π-conjugated-polymer-based BCPs
exhibited much more pronounced influence on both the mor-
phology of formed micelles and the kinetics of micellar
evolution.35–39 For example, He and co-workers systematically
examined the self-assembly of PPV7-b-P2VPn (PPV = poly(p-phe-
nylenevinylene), P2VP = poly(2-vinylpyridine), n = 27 and 54) in
methanol. It was found that PPV7-b-P2VP27 self-assembled to
form scarf-like micelles, whereas PPV7-b-P2VP54 only formed
fiber-like micelles under the same conditions due to enhanced
steric repulsion within the P2VP chains.35 Kinetic studies on
the CDSA of OPV5-b-PNIPAM18 (PNIPAM = poly(N-isopropyl-
acrylamide)), OPV5-b-PNIPAM49 and OPV5-b-PNIPAM75 revealed
that only OPV5-b-PNIPAM49 followed a living micellar elonga-
tion process to give uniform fiber-like micelles with controlled
length in the seeded growth process. Due to the much faster
aggregation rate for OPV5-b-PNIPAM18 and higher steric repul-
sion within the PNIPAM75 chains of OPV5-b-PNIPAM75, self-
nucleation was prone to occur during the seeded growth
process of these systems, which led to the formation of poly-
disperse fiber-like micelles.37,38 Another report on the self-
seeding of OPV5-b-PHPMA71 and OPV5-b-PHPMA100 (PHPMA =
poly(N-(2-hydroxypropyl) methacrylamide)) showed that mono-
disperse fiber-like micelles with controlled length can be gen-
erated by self-seeding of OPV5-b-PHPMA71, whereas only poly-
disperse short fiber-like micelles with length below 100 nm
were generated for OPV5-b-PHPMA100 under similar conditions
as a consequence of the occurrence of self-nucleation/growth
that was due to much more pronounced steric repulsion
within the PHPMA100 chains.

36 Therefore, one has to optimize
the chain length and chemical composition of the corona-
forming segments of crystalline-coil block copolymers to gene-
rate uniform CPNFs with controlled composition/length by
living CDSA.

To create CPNFs with diverse functionalities, one efficient
and facile approach is to vary the properties, that is, the chemi-
cal structure/composition, of corona-forming segments. For

instance, for CPNFs containing an OPE9 core, as the corona-
forming segment of PNIPAM was replaced by poly(polypropyl-
3-methanethiol acrylate) (PMTPA), of which methylthio groups
can coordinate with metal nanoparticles/ions and undergo
click-type nucleophilic substitution to give positively charged
sulfonium groups, multi-functional CPNFs with catalytic and
antibacterial activities can be obtained.40 Although the above
two kinds of CPNFs contained the same core-forming segment
of OPE9, separate polymerization reactions were conducted to
obtain targeted corona-forming PNIPAM and PMTPA chains,
respectively. Since the monomers with different structures
usually have distinct polymerization reactivities, as one would
like to prepare different corona-forming polymers, one usually
has to devote significant efforts to the optimization of
polymerization conditions case by case to obtain targeted
corona-forming polymers with designed chain lengths.4,20,41

This routine way towards the synthesis of corona-forming
chains is tedious, and thus the development of more facile
and versatile approaches for the preparation of corona-forming
chains with diverse properties/functionalities for π-conjugated-
polymer-based BCPs is highly desired.

The pentafluorophenyl ester exhibits attractive activated-
ester/amine chemistry that shows high reactivity and wide
functional-group tolerance toward amines for introducing
diverse functional groups under mild reaction conditions.42–44

Thus, the pentafluorophenyl ester chemistry has been
employed in postpolymerization modification to prepare
various functional polymers.45 Inspired by these results,
herein, we report a facile and efficient platform to create
uniform CPNFs containing an OPV5 core and 18-crown-ether-
6- (18C6) or dimethylamino (DMA)-based coronas by the com-
bination of pentafluorophenyl ester chemistry and the self-
seeding approach of living CDSA, in which poly(pentafluoro-
phenyl methacrylate) (PPFMA) is used as the same precursor
to prepare corona-forming segments of diverse structures
(Scheme 1). Subsequently, the resulting corona-forming seg-
ments are coupled with OPV5 to give OPV5-based BCPs with
varying corona-forming segments. The self-seeding of the
resulting OPV5-containing BCPs affords monodisperse fiber-
like micelles with controlled length. By virtue of the coordinat-
ing capacities of 18C6 and DMA groups of the resulting
coronas, extra functional groups, including metal ions, metal
clusters, metal nanoparticles and porphyrins, can be incorpor-
ated into the coronas of formed micelles to afford CPNFs with
tunable structures/functionalities.

Results and discussion
Synthesis of OPV5-containing block copolymers

The pentafluorophenyl ester exhibits attractive activated-ester
chemistry that shows high reactivity and wide functional-
group tolerance toward amines for trans-esterification under
mild reaction conditions, and thus the pentafluorophenyl
ester chemistry has been widely employed in the synthesis of
polymers with varying functional groups.42–44 In this context,
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we first prepared azide-terminated poly(pentafluorophenyl
methacrylate) (PPFMA) by reversible addition–fragmentation
chain transfer (RAFT) polymerization with an azide-containing
chain transfer agent according to previous reports.42–44 Typical
peaks at −150.64, −156.59 and −161.80 ppm attributed to the
fluorine of the pentafluorophenyl unit and peaks at 2.44 and
1.39 ppm originating from the protons of the methacrylate
segment appeared in the 19F NMR and 1H spectra of the
obtained PPFMA (Fig. 1A and S1†), respectively. GPC analysis
indicates a unimodal peak with a polydispersity of 1.13
(Fig. S2†). These results verify the structure of targeted PPFMA.

Subsequently, we attempted to introduce 18-crown-ether-6
(18C6) into PPFMA to give PPFMA-co-P18C6AM by treating
PPFMA with amine-containing 18C6 with [18C6] : [PFMA] =
3 : 10 for 48 h. From the in situ 19F NMR spectrum of the reac-
tion mixture (Fig. 1B), typical peaks ‘f’, ‘e’ and ‘g’ at −169.67,
−172.32 and −188.88 ppm attributed to the fluorine of penta-
fluorophenol appeared with the persistence of peaks ‘b’, ‘c’
and ‘a’ at −152.52, −159.80 and −164.65 ppm originating from
the fluorine of the pentafluorophenyl units of PPFMA, indica-
tive of partial trans-esterification to install 18C6 moieties.

The obtained sample with the introduced 18C6 units was
further treated with 2,5,8,11,14-pentaoxahexadecan-16-amine
(OEG) to install OEG side chains to give P18C6AM-co-
POEGAM. After 5 h, the in situ 19F NMR analysis revealed that
typical peaks attributed to the fluorine of the pentafluorophe-
nyl units of PPFMA completely disappeared with the appear-
ance of peaks attributed to the fluorine of pentafluorophenol

(Fig. 1C), which indicated that all of the remaining pentafluor-
ophenyl units reacted with 2,5,8,11,14-pentaoxahexadecan-16-
amine. The installation of OEG was further verified by the
appearance of peaks at 3.32 ppm attributed to the –OCH3 of
OEG units, with the persistence of characteristic peaks at 4.02
to 3.60 ppm attributed to the –OCH2CH2O– of 18C6 units
(Fig. 1D). Additionally, GPC analysis indicated a unimodal
peak with a polydispersity of 1.15, comparable to that of pris-
tine PPFMA (Fig. S3†). All the above results showed that both
18C6 and OEG groups can be introduced to PPFMA efficiently
to give azide-terminated P18C6AM-co-POEGAM without indu-
cing chain degradation or cross-linking.

We then synthesized alkyne-terminated OPV5, which was
used as a model π-conjugated block for the preparation of
π-conjugated-polymer-based BCPs with varying corona-forming
segments, according to our previous report37 (the details about
the synthesis and characterization of alkyne-terminated OPV5

are provided in ESI Fig. S5–7†). The alkyne-terminated OPV5

and azide-terminated P18C6AM-co-POEGAM were linked by
the copper-catalyzed alkyne–azide cycloaddition (CuAAC) reac-
tion. After removal of unreacted OPV5 and P18C6AM-co-
POEGAM by repeated precipitation in n-hexane and dialysis
against ethanol (molecular weight cut-off: 50 000 g mol−1), the
purified sample was subjected to 1H NMR and GPC analyses
(Fig. 1 and S7†). A unimodal peak appeared in the GPC curve
of the resulting OPV5-b-P18C6AM-co-POEGAM (Fig. S7†),
indicative of the complete removal of OPV5 and P18C6AM-co-
POEGAM. One can note typical peaks at 4.04 ppm attributed to

Scheme 1 Preparation route of OPV5-containing CPNFs with controlled length and varying coronas by the combination of pentafluorophenyl ester
chemistry and the self-seeding approach of living CDSA.
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the alkyl side chains (–OC6H13) of OPV5, peaks at 3.56 ppm
that originated from the protons of 18C6 and peak ‘m’ at
3.31 ppm attributed to the protons of OEG side chains
(Fig. 1E). On the basis of 1H NMR results and the known mole-
cular weight of the OPV5 segment, the number of 18C6 and
OEG repeat units was estimated to be about 18 and 42, respect-
ively. All the above results indicated that OPV5-b-P18C6AM18-
co-POEGAM42 with tunable composition can be efficiently pre-
pared by the combination of pentafluorophenyl ester chem-
istry, CuAAC and RAFT polymerization.

CDSA of OPV5-b-P18C6AM18-co-POEGAM42

Polydisperse fiber-like micelles by a direct heating–cooling
protocol. Given the crystallinity of the OPV5 segment, we then
examined the CDSA of OPV5-b-P18C6AM18-co-POEGAM42. An
aliquot of OPV5-b-P18C6AM18-co-POEGAM42 in ethanol
(0.05 mg mL−1) was subjected to heating at 80 °C for 30 min
and then allowed to cool and age at 25 °C for 24 h (heating–
cooling protocol, Fig. 2A). The TEM image showed that fiber-
like micelles with a width of 16 nm and lengths up to several
micrometers were formed (Fig. 2B and C). From the UV/vis
absorption spectra of OPV5-b-P18C6AM18-co-POEGAM42 in THF
(Fig. 2D), a good solvent for both OPV5 and P18C6AM18-co-
POEGAM42 segments, and the obtained micellar solution, one
can note that the micellar solution exhibited about a 33 nm
blue-shift compared to that in THF. In addition, about a
20 nm blue-shift with about 37% decrease in fluorescence
intensity was also observed for the micellar solution in com-
parison with that of the THF solution (Fig. 2E). These results
indicated that OPV5 segments seemingly adopt a face-to-face
H-aggregate mode to form the core of micelles, which was con-
sistent with our previous reports.29,37,45

Self-seeding of OPV5-b-P18C6AM18-co-POEGAM42 with Na+

and K+ ions. Self-seeding has been considered a facile
approach for generating uniform micelles with length disper-
sity below ∼1.3 by varying annealing temperatures.29,30 To
proceed, the as-prepared fiber-like micelles of OPV5-b-
P18C6AM18-co-POEGAM42 were fragmented with mild soni-
cation (SONICS VC 750 ultrasonic processor, 50% power) at
0 °C for 30 min to obtain short fiber-like micelles (seeds, Ln =
55 nm, Lw/Ln = 1.13, Ln and Lw are number- and weight-average
length of micelles, Fig. 3A). Subsequently, aliquots of seed
micelles obtained from the same batch (0.05 mg mL−1 in
ethanol) were heated at different temperatures (40 °C, 45 °C,
50 °C, 55 °C and 60 °C) for 30 min, followed by cooling/aging
at 25 °C for 24 h. TEM analysis showed that uniform fiber-like
micelles (Lw/Ln < 1.20) were obtained (Fig. 3B–D and S8,
Table S1†). As the temperature increased from 45 °C to 50 °C,
the Ln of the obtained micelles increased from 176 nm to
321 nm (Fig. 3B and S8, Table S1†). As the temperature
increased to 65 °C, the Ln of the micelles sharply increased to
2387 nm (Fig. S8 and Table S1†). On the basis of the length of
the initial seeds (Ln,0) and the obtained micelles at different
temperatures (Ln,T), the fraction of survived seeds (PT) can be
estimated using the equation PT = Ln,0/Ln,T, assuming that
neither self-nucleation nor micellar coupling occurred during
the whole self-seeding process.29,37,45 The PT was plotted
against the annealing temperature (Fig. 3F). One can note that
PT decreased exponentially with the temperature, which is a
key characteristic of the self-seeding process.29,30 These results
indicated that the self-seeding of OPV5-b-P18C6AM18-co-
POEGAM42 followed a controlled process.

Given the high coordinating capacity of crown-ether,
especially 18C6 of OPV5-b-P18C6AM18-co-POEGAM42, with

Fig. 1 (A) 19F NMR spectra of azide-terminated PPFMA. 19F NMR spectra of amidation reaction solutions of PPFMA-co-P18C6AM (B) and P18C6AM-
co-POEGAM (C). 1H NMR spectra of azide-terminated P18C6AM-co-POEGAM (D) and OPV5-b-P18C6AM-co-POEGAM (E) (CD2Cl2).
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alkali metal ions such as Na+ and K+ with a complex constant
(logK) of 4.13 and 6.05 in ethanol,46,47 respectively, the 18C6-
containing corona chains of fiber-like micelles could be used
to introduce these alkali metal ions. We then examined the
influence of complexation of 18C6 with these alkali metal ions
on self-seeding behavior. Aliquots of seed solution were incu-
bated with CH3COONa and CH3COOK, respectively, with a
molar ratio of the 18C6 unit to metal ions of 1 : 1 and then
subjected to a self-seeding protocol similar to that described
for OPV5-b-P18C6AM18-co-POEGAM42.

Firstly, when the annealing temperatures increased from
45 °C to 65 °C, uniform fiber-like micelles (Lw/Ln < 1.25) were
obtained (Fig. 4B–D and S9 and S10, Tables S2 and S3†),
regardless of the presence of CH3COONa and CH3COOK.
Additionally, for these two sets of samples, PT decreased expo-
nentially with the temperature (Fig. 4F and S9 and S10, Tables
S2 and S3†). These results indicated a controlled fashion of
self-seeding in the presence of CH3COONa and CH3COOK.
Secondly, the Ln of the formed micelles in the presence of
CH3COONa and CH3COOK was lower than that of micelles

Fig. 2 (A) Schematic illustration of the formation of uniform fiber-like micelles of OPV5-b-P18C6AM18-co-POEGAM42 by the self-seeding approach of
living CDSA. (B) TEM image and (C) width distribution histogram of fiber-like micelles of OPV5-b-P18C6AM18-co-POEGAM42 (0.05 mg mL−1 in ethanol). (D)
UV/vis absorption and (E) fluorescence spectra of OPV5-b-P18C6AM18-co-POEGAM42 in ethanol (0.05 mg mL−1) and THF (0.05 mg mL−1).
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Fig. 3 (A) Schematic illustration of the formation of uniform fiber-like micelles of OPV5-b-P18C6AM18-co-POEGAM42 by the self-seeding approach
of living CDSA. TEM images of (B) seed micelles, and micelles formed by the self-seeding of OPV5-b-P18C6AM18-co-POEGAM42 at annealing temp-
eratures of (C) 50 °C, (D) 55 °C and (E) 60 °C. Dependence of (F) Ln of micelles formed by the self-seeding of OPV5-b-P18C6AM18-co-POEGAM42

micelles and (G) percentages of surviving seeds on annealing temperature.
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without these salts at the same temperature (Fig. 4E and
S8–10, Tables S2 and S3†). Moreover, the fraction of surviving
seeds without CH3COONa and CH3COOK was also lower than
that with CH3COONa and CH3COOK at each temperature
(Fig. 4F and S8–10, Tables S2 and S3†). This phenomenon indi-
cated that the seeds in the presence of CH3COONa and
CH3COOK had much higher resistance toward dissolution
upon annealing. Thirdly, the Ln of micelles with the addition
of CH3COOK was comparable to that with the addition of

CH3COONa at the temperature from 45 °C to 55 °C, but
became much lower at temperatures of 60 °C and 65 °C
(Fig. 4E and S9 and S10, Tables S2 and S3†). The observations
might reveal that the different self-seeding behavior should be
mainly due to the alkali metal ions Na+ and K+, not the
counter ion of CH3COO

−. Furthermore, the enhancement of
resistance of seed micelles in the presence of CH3COONa and
CH3COOK indicated that the complexation of 18C6 with Na+

and K+ ions indeed occurred over the self-seeding process

Fig. 4 (A) Schematic illustration of the self-seeding of OPV5-b-P18C6AM18-co-POEGAM42 with alkali metal ions Na+ and K+. Typical TEM images of
the fiber-like micelles of OPV5-b-P18C6AM18-co-POEGAM42 by the self-seeding approach at an annealing temperature of 60 °C (B) without and
with (C) CH3COONa and (D) CH3COOK, respectively. (E) Ln of fiber-like micelles and (F) semilogarithmic plot of the fraction of surviving seeds of
OPV5-b-P18C6AM18-co-POEGAM42 versus annealing temperature (0.05 mg mL−1 in ethanol) with and without CH3COONa and CH3COOK.
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(Fig. 4A). Additionally, the peaks attributed to 18C6 units
showed a down-field shift in the presence of Na+ and K+ ions,
which also demonstrated the complexation of 18C6 units with
Na+ and K+ ions (Fig. S11†). This notion is further supported

by a more noticeable blue-shift for OPV5-b-P18C6AM18-co-
POEGAM42 (0.05 mg mL−1 in ethanol) in the presence of
CH3COOK in temperature-dependent UV/vis absorption
spectra (Fig. S12†).

Fig. 5 (A) Schematic illustration of the co-assembly of OPV5-b-P18C6AM18-co-POEGAM42 with S-PMP and D-Leu. TEM images of the fiber-like
micelles of OPV5-b-P18C6AM18-co-POEGAM42 formed with (B) S-PMP and (C) D-Leu, respectively. (D) 1H NMR spectra of P18C6AM18-co-
POEGAM42 without and with the addition of S-PMP and D-Leu. (E) CD spectra of micellar solutions of OPV5-b-P18C6AM18-co-POEGAM42 formed
with S-PMP andD-Leu.
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Co-self-assembly of OPV5-b-P18C6AM18-co-POEGAM42 with
chiral amines. As previous results also demonstrated that 18C6
units can complex with amine units,48,49 we then attempted to
prepare helical fiber-like micelles of OPV5-b-P18C6AM18-co-
POEGAM42 using chiral amines of D-(−)-leucinol (D-Leu) and
(S)-(+)-1-(2-pyrrolidinylmethyl)pyrrolidine (S-PMP) as inducing
agents according to previous reports.50,51 Aliquots of OPV5-b-
P18C6AM18-co-POEGAM42, which were taken from the same
mother solution of OPV5-b-P18C6AM18-co-POEGAM42, in the
presence of D-Leu and S-PMP with a molar ratio of 18C6 to
amines of 5 : 1, was subjected to the heating–cooling protocol.
Firstly, TEM images showed that fiber-like micelles with a
uniform width of 17.5 nm (Fig. 5B–C and S13†), comparable to
those of fiber-like micelles without chiral amines, were still
formed in the presence of D-Leu and S-PMP. The 1H NMR
spectra of P18C6AM18-co-POEGAM42 in the presence of D-Leu
showed that the addition of D-Leu led to about a 0.14 ppm
down-field shift of peaks attributed to the –OCH2CH2O– of
18C6 from 3.58 ppm to 3.72 ppm, while the presence of S-PMP
only resulted in a 0.02 ppm down-field shift, which revealed
much stronger complexation of 18C6 with D-Leu than S-PMP
(Fig. 5D). These results illustrated that the complexation of
18C6 with D-Leu and S-PMP did not affect the formation of
fiber-like micelles by CDSA of OPV5-b-P18C6AM18-co-
POEGAM42. More interestingly, circular dichroism (CD) ana-
lysis on the resulting micellar solution indicated that the
micellar solution of OPV5-b-P18C6AM18-co-POEGAM42 in the
presence of D-Leu showed a predominantly positive Cotton
effect with peaks at 417 nm attributed to the typical absor-
bance of OPV5 segments, whereas the solution in the presence
of S-PMP exhibited a very weak Cotton effect under the same
conditions (Fig. 5E). All these results disclosed that the com-
plexation of 18C6 with chiral amines can induce the helicity of
the formed fiber-like micelles, which is an interesting topic
deserving further investigation.

Synthesis and CDSA of OPV5-b-PDMAEAM66. To demonstrate
the versatility of the PPFMA-based corona-forming precursor

in the preparation of CPNFs by the combination of pentafluor-
ophenyl ester chemistry and the self-seeding of living CDSA,
the as-prepared azide-terminated PPFMA was treated with
excess N,N-dimethylethyl-amine (Scheme 1). In situ 19F NMR
analysis on the reaction solution showed that the peaks at
−150.64, −156.59 and −161.80 ppm attributed to the fluorine
of the pentafluorophenyl units of PPFMA completely dis-
appeared with the appearance of typical peaks at −167.58,
−167.95 and −180.82 ppm that originated from pentafluoro-
phenol (Fig. 6A). In the 1H NMR spectrum of the purified
product, a typical peak at 2.22 ppm attributed to the protons
of the N,N-dimethylethyl moiety also appeared (Fig. S4†),
indicative of the introduction of the N,N-dimethylethyl unit.
Using the same protocol for the synthesis of OPV5-b-
P18C6AM18-co-POEGAM42, OPV5-b-PDMAEAM66 was prepared
(details about its synthesis and characterization are provided
in the ESI†). From the 1H NMR spectrum of OPV5-b-
PDMAEAM66, one can note typical peaks ‘c’ at 1.94 ppm and
‘h′’ at 4.06 ppm attributed to the –CH2NCH3– of PDMAEAM
and the –OCH2C5H11 of OPV5 segments, respectively (Fig. 6B).
From the integration ratio of peak “b” that originated from the
protons of –CH2CH2N(CH3)2 of PDMAEAM to peaks “b′/c′/d′/e′/
f′/g′” attributed to the protons of –ArH– and –CHvCH– of
OPV5 segments, the number of DMAEAM repeat units was esti-
mated to be about 66. GPC analysis also indicated a unimodal
peak for the purified product of OPV5-b-PDMAEAM66

(Fig. S7†). All the above results ascertained the structure of
OPV5-b-PDMAEAM66.

We then attempted to prepare fiber-like micelles of OPV5-b-
PDMAEAM66 with an amino-containing (DMA-containing)
corona by the heating–cooling protocol. The TEM image showed
that the self-assembly of OPV5-b-PDMAEAM66, similar to OPV5-b-
P18C6AM18-co-POEGAM42, also gave fiber-like micelles with a
uniform width of 15 nm and lengths up to several micrometers
(Fig. 7B). The UV/vis absorption and FL fluorescence spectra of
OPV5-b-PDMAEAM66 in THF almost overlapped with those of
OPV5-b-P18C6AM18-co-POEGAM42, which indicated that the

Fig. 6 (A) 19F NMR spectra of azide-terminated PPFMA and the reaction solution for the preparation of PDMAEAM66. (B)
1H NMR spectrum of

OPV5-b-PDMAEAM66 (CD2Cl2).
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Fig. 7 (A) Schematic illustration of the preparation of uniform fiber-like micelles of OPV5-b-PDMAEAM66. Typical TEM images of (B) polydisperse,
(C) seed and uniform fiber-like micelles of OPV5-b-PDMAEAM66 at annealing temperatures of (D) 50 °C and (E) 55 °C (0.05 mg mL−1 in ethanol). (F)
Ln of fiber-like micelles and (G) semilogarithmic plot of the fraction of surviving seeds of OPV5-b-PDMAEAM66 vs. annealing temperature (0.05 mg
mL−1 in ethanol).
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change of corona-formation segments from P18C6AM18-co-
POEGAM42 to PDMAEAM66 did not affect the photophysical pro-
perties of OPV5 in a unimolecularly dissolved state (Fig. S14†).
Additionally, in comparison with the THF solution of OPV5-b-
PDMAEAM66, the micellar solution of OPV5-b-PDMAEAM66 in
ethanol also showed a blue-shift in the UV/vis absorption spec-
trum accompanied by a decrease in fluorescence intensity. These
results also indicated that OPV5 units adopt a single-layer
H-aggregate mode to form the core of micelles.29,37,45

We further attempted to use the self-seeding approach for
generating uniform fiber-like micelles of OPV5-b-PDMAEAM66

with tunable length (Fig. 7A). To this end, aliquots of seed
micelles of OPV5-b-PDMAEAM66 (Ln = 60 nm, Lw/Ln = 1.29,
0.05 mg mL−1 in ethanol, Fig. 7C and Table S4†) were heated
at temperatures from 40 °C to 65 °C, followed by cooling/aging
at 25 °C for 24 h. TEM images showed that the Ln of the
micelles increased from 109 nm to 194 nm with the increase
in temperature from 40 °C to 50 °C and then abruptly
increased from 359 nm to 1982 nm with the increase in temp-
erature from 55 °C to 65 °C (Fig. 7D–E and S15, Table S4†).
The fraction of surviving seeds also decreased exponentially
with the temperature (Fig. 7G and Table S4†). All these results
indicated that OPV5-b-PDMAEAM66 also demonstrated typical
self-seeding behavior.29,30

Shell modification of fiber-like micelles of OPV5-b-
PDMAEAM66. We then attempted to introduce extra functional
moieties onto the surface of the resulting fiber-like micelles of
OPV5-b-PDMAEAM66 by taking advantage of the dimethyl-
amino (DMA) groups of the PDMAEAM corona, which were
supposed to be able to serve as ligands to complex with metal
ions and hydrogen-bonding acceptors. To demonstrate the for-
mation of Ag NPs in the shell of micelles by utilizing
PDMAEAM66 as ligands, an aliquot of AgPF6 in ethanol was
added into the micellar solution of OPV5-b-PDMAEAM66

(0.05 mg mL−1 in ethanol), and the resulting mixture was
allowed to age at 25 °C for 24 h (Fig. 8A). Subsequently, a
reductant of NaBH(CO2CH3)3 was added to reduce Ag+ to Ag0.
As shown in Fig. 8B and S16,† dark dots with a diameter of
∼9 nm appeared on the surface of ribbon-like micelles.
Besides, owing to the hydrogen-bonding interaction of acidic
moieties with the DMA groups of the PDMAEAM corona, an
aliquot of metal clusters of phosphotungstic acid (0.026 mL,
1 mg mL−1 in water) used as a model acidic functional unit
was added into the micellar solution of OPV5-b-PDMAEAM66

(0.05 mg mL−1 in ethanol, 0.1 mL) with a molar ratio of phos-
photungstic acid to DMA of 0.33 and then the mixture was
allowed to age at 25 °C for 24 h. From the TEM image of the
resulting micelles with the addition of phosphotungstic acid

Fig. 8 (A) Schematic illustration of the surface functionalization of OPV-based CPNFs consisting of an OPV5 core and a DMA-based corona with
phosphotungstic acid and tetra-SO3H-porphyrin moieties. TEM images of the fiber-like micelles of OPV5-b-PDMAEAM66 (B) coated with Ag NPs and
(C) after the addition of phosphotungstic acid, respectively. STEM and elemental mapping of (D) C and (E) W of the fiber-like micelles of OPV5-b-
PDMAEAM66 after the addition of phosphotungstic acid. (F) Fluorescence spectra of the micellar solution of OPV5-b-PDMAEAM66 after adding tetra-
SO3H-porphyrin moieties with varying molar ratios of [SO3H] : [DMA].
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(Fig. 8C), one can note fiber-shaped assemblies with a much
rougher shell and larger width (17 to 40 nm) in comparison
with pristine micelles before surface coating (Fig. 7B).
Scanning transmission electron microscopy (STEM) with
mapping C and W in energy-dispersive X-ray (EDX) spec-
troscopy analysis revealed that noticeable signals of W
appeared and were consistent with the frame of fiber-like
micelles (Fig. 8D and E). For further verification of interactions
between acidic groups and DMA units and to demonstrate the
versatility of DMA-based surface functionalization, different
aliquots of tetra-SO3H-porphyrin (0.01 mL, 3.86 mg mL−1 in
DMSO) were added into the micellar solution of OPV5-b-
PDMAEAM66 (0.05 mg mL−1 in ethanol, 0.3 mL) with molar
ratios of –SO3H to DMA of 1%, 5%, 12.5% and 25%, respect-
ively (Fig. 8A). The absorption and fluorescence spectra of
tetra-SO3H-porphyrin and the micellar solution of OPV5-b-
PDMAEAM66 indicated favorable energy matching to allow the
efficient Förster resonance energy transfer (FRET) from OPV5

segments to tetra-SO3H-porphyrin (Fig. 8F and S17†).8,52,53

From the fluorescence spectra of the resulting mixtures, one
can note that the fluorescence intensity at 518 nm originating
from OPV5 segments decreased with the increase in molar
ratio, which showed the occurrence of FRET from OPV5 seg-
ments to porphyrin units as indicated by the fluorescence
quenching effect for OPV5.

8 Since FRET only occurs when the
distance between the energy donors and acceptors is below
about 10 nm, the occurrence of FRET indicated the complexa-
tion of tetra-SO3H-porphyrin to the PDMAEAM shell. All these
results demonstrated that the acidic units, for example, phos-
photungstic acid and tetra-SO3H-porphyrin groups, can be
immobilized onto the PDMAEAM shell of micelles by hydro-
gen-bonding interactions using the DMA units of PDMAEAM
as hydrogen-bonding acceptors.

Conclusion

In summary, an azide-terminated PFMA was used as a versatile
precursor to generate 18C6 and DMA-containing polymers that
were subsequently coupled with alkyne-terminated OPV5 to
afford OPV5-b-P18C6AM18-co-POEGAM42 and OPV5-b-
PDMAEAM66, in which OPV5 and 18C6/DMA-containing poly-
mers were used as model π-conjugated segments and func-
tional corona-forming blocks, respectively. Uniform fiber-like
micelles with controlled length can be generated from both
OPV5-b-P18C6AM18-co-POEGAM42 and OPV5-b-PDMAEAM66. By
taking advantage of the complexation capacity of 18C6 units,
K+ and Na+ ions can be introduced into the corona. It was dis-
closed that the seed micelles of OPV5-b-P18C6AM18-co-
POEGAM42 upon complexation with K+ and Na+ ions showed
much higher resistance toward dissolution. The 18C6 units
can also complex with the chiral amines of D-Leu, which can
induce the helicity of the resulting micelles to give a positive
Cotton effect. In addition, by virtue of the coordinating ability
and basicity of DMA units, AgNPs, metal clusters of phospho-
tungstic acid and SO3H-containing porphyrins can be incor-

porated into the corona of the fiber-like micelles of OPV5-b-
PDMAEAM66. Our results demonstrate that uniform CPNFs
with varying shells can be efficiently prepared in a relatively
facile and controlled way by the combination of pentafluoro-
phenyl ester chemistry and the self-seeding of living CDSA.
This work opens a facile and general platform for the gene-
ration of desired distinct CPNFs for diverse applications
ranging from nanomedicine to (photo)catalysis.54,55
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