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polyfluorenes induced by chiral solvation: axial and
supramolecular chirality†
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The introduction of chirality in an achiral systemwill not only help avoid the tedious and expensive synthesis

of chiral substances or catalysts but also greatly expand the ranges of chiral compounds. Herein, the

induction of chirality in achiral polyfluorene (PF2/6 and PF8) with different alkyl chains at the C9 position

of fluorene was achieved using a binary solvent system, in which ethanol was used as a poor solvent and

chiral limonene was employed simultaneously as a good solvent and chiral solvent. The circular

dichroism (CD), UV-vis and photoluminescence (PL) spectra demonstrated that the structures of PFs

with linear/branched alkyl side chains and the volume fractions of the cosolvents had an obvious effect

on the generation of chirality driven by chiral solvation. During the chiral assembly processes of PFs, PF8

with a linear alkyl side chain demonstrated the obvious chiral b phase, while PF2/6 with a branched alkyl

side chain only showed the chiral a phase. WAXD data also confirmed the existence of quite different

phases of PF8 and PF2/6. The first induced chirality of PF with a branched alkyl side chain (PF2/6) will

help the further understanding of the chiral assembly mechanism of PFs driven by chiral solvation. The

induced chirality of PF2/6 was axial chirality of the PF chain but the chirality of PF8 was from the

supramolecular chiral assembly of the PF chains. The linear dependence of the maximum CD and gCD
values on the enantiomeric purity of chiral limonene demonstrated that the achiral PFs have a potential

application as chiral sensors to detect the ee value of limonene.
Introduction

As one of the most important structural characteristics of life,
much attention has been paid to design chiroptical materials at
a molecular to supramolecular level by a self-assembly strategy.1

Generally speaking, the chirality of supramolecular systems is
generated by the assembly of chiral components through non-
covalent interactions, such as hydrogen bonding,2 p–p stack-
ing,3,4 and van der Waals interaction.5 Meanwhile, achiral
building blocks such as small molecules, oligomers and poly-
mers have been employed to produce chiral supramolecules
with the help of circularly polarized light (CPL),6,7 asymmetric
liquid crystal eld,8,9 chiral solvent,10–13 gelation14,15 and other
chiral sources.16–18 Compared with the former, the latter strategy
can help avoid the tedious and expensive design and synthesis
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hemistry 2019
of chiral substances or catalysts. Chiral solvation has been
proven to be an efficient and versatile protocol for inducing
chirality in achiral systems, including achiral small molecules,19

oligomers2 and polymers.20–22 In contrast to other chiral
solvents, chiral limonene is a good candidate for a chiral source
because it is harmless, commercially available, cheap and effi-
cient. Würthner et al. reported the chiral limonene-induced
supramolecular chiral assembly of achiral perylene bisimide
(PBI) dyes.23 Chiral limonene was rst employed to induce
chirality in syndiotactic polystyrene (s-PS) by Guerra et al.24

Recently, limonene was used as an efficient chiral solvent to
induce supramolecular chirality in achiral p-conjugated poly-
mers including linear polyuorene (PF) derivatives,25–28 poly(-
diphenylacetylene)s (PDPAs)29 and hyperbranched PFs30 and
further in achiral side chain azobenzene-containing polymer
systems.22,31–33

The promising optoelectronic properties of chiral p-conju-
gated polymers have attracted considerable interests due to the
potential applications in circularly polarized light (CPL) emis-
sion,34–37 chiral sensors38 and chiroptical switch materials.39

Among them, chiral polyuorenes (PFs) have been intensely
studied due to their excellent thermal, chemical and photo-
chemical stabilities and high uorescence quantum efficiency
beneting from their rigid structures.36,37,40,41 The induction of
chirality in achiral PFs has been achieved by means of CPL,42,43
RSC Adv., 2019, 9, 38257–38264 | 38257
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View Article Online
chiral solvents25–28,44 and chiral polymers.45 It is noteworthy that
the process of the formation of chiral PFs is oen accompanied
by chain conformation transformation. Nakano and coworkers
rst reported the CPL-induced chirality of PFs, in which the
existence of the b phase was the key factor. For example, the
lower-molar-mass poly(9,9-dioctyluorene-2,7-diyl) (poly(DOF))
and poly(9,9-dihexyluorene-2,7-diyl) (poly(DHF)) without the
b phase could not respond to CPL irradiation, but the higher-
molar-mass poly(DOF) with the b phase could respond to CPL
irradiation.43 The importance of b phase for chiral solvent-
induced chirality of PFs was also reported by our group.21,27,44

The CD intensity of PF8 aggregate gradually increased with the
progressively propagated b phase on prolonging the cooling
time. The chirality could not be generated from achiral PFs
driven by chiral limonene both in ternary solvent system (good
solvent/chiral solvent/poor solvent) and neat limonene if no
b phase formed in aggregate state. Actually, the a phase indi-
cates that the dihedral angle between adjacent uorene units is
135�, while the b phase describes a much more coplanar
structure with a torsion angle of 165�.46 The backbone of
b phase has a high degree of order, which results in a longer
effective conjugation length.47 The different properties of a and
b phase may result in different chiral assembly mechanisms.
Therefore, it is signicant to study the limonene-induced chiral
assembly behaviour of PFs dominated by different phases.

In our previous work, PF derivatives with different linear side
chains could self-assemble to form chiral supramolecular
structures induced by limonene at low temperature, which was
controlled by the odd–even effect of side alkyl chains.44

However, PF2/6, with branched side alkyl chains, could not
perform chiral assembly in similar conditions, but it could be
induced to adopt a preferred-handed helicity in the achiral/
chiral polyuorene blended thin lm.48 In this contribution,
we rst present the different phase-dominated chiral induction
and generation in achiral PFs (PF2/6 and PF8) with different
mechanisms. In the binary solvent (chiral limonene as a good
solvent and chiral solvent, ethanol as a poor solvent) system, the
obvious CD signals were observed in the a phase region for PF2/
6 aggregates, while in the a and b phase region for PF8 aggre-
gates. The chirality of PF2/6 aggregates is derived from the axial
chirality of the twisted uorene units in the PF chain, but
supramolecular chirality with PF chains as the building blocks
is responsible for the chirality of PF8 aggregates. The successful
induction of chirality in achiral PF2/6 will produce the circularly
polarized electroluminescence material, which is commonly
generated from chiral PFs.36,37

Experimental section
Materials

Polyuorenes (PF2/6 and PF8, Fig. S1†) were designed and
synthesized by the typical Yamamoto coupling polymerization
or Kumada catalyst transfer polycondensation (KCTP) accord-
ing to previous literature.44 The GPC curves and molecular mass
characteristics of PF2/6 and PF8 are shown in Fig. S1 and Table
S1.† (R)-(+)-Limonene (1R, TCI, >95.0%, [a]24589 ¼ +99.62�) and
(S)-(�)-limonene (1S, TCI, >95.0%, [a]24589 ¼ �97.72�) were used
38258 | RSC Adv., 2019, 9, 38257–38264
without further purication. All the other chemicals were ob-
tained from Shanghai Development Co., Ltd (Shanghai, China)
and used as received.

Preparation of optically active PF aggregates

Solutions of PFs (3.0 � 10�3 mol L�1) in neat 1R or 1S were
prepared previously in a 20 mL ask equipped with a stopcock
by reuxing with vigorous stirring at 90 �C for 1 h to ensure the
complete dissolution of polymers. Aer cooling to room
temperature, the solutions were further ltered through 0.45
mm PTFE lters to remove the dust particles. A 0.05 mL PF/
limonene solution was transferred to a SQ-cuvette. Aer that,
a certain volume of limonene of 1S or 1R and EtOH were added.
The aggregates were obtained aer slight shaking. The other
polymer aggregates were produced in a similar way.

Preparation of WAXD samples

The PF aggregates prepared in the binary solvent system with
a volume fraction of 1/2 (1S or 1R/EtOH) were transferred to
glass plates by drop-coating and dried in vacuum for 12 h at
60 �C.

Measurements

The molar mass and polydispersity (Đ ¼ Mw/Mn) of the polymer
were determined using a TOSOH HLC-8320 size exclusion
chromatograph (SEC) (Tokyo, Japan) equipped with refractive
index and UV detectors using two TSKgel Super Multipore HZ-N
columns (4.6 � 150 mm, 3 mm particle size) enabling molecular
weight analysis ranging from 7 � 102 to 2 � 105 g mol�1. THF
was used as the eluent at a ow rate of 0.35 mL min�1 at 40 �C.
The samples were calibrated with polystyrene standards
(TOSOH). The CD spectra were measured on a JASCO (Hachioji-
Tokyo, Japan) J-815 spectropolarimeter at 25 �C, using a SQ-
grade cuvette, a bandwidth of 2 nm, a scanning rate of 200
nm min�1, a response time of 2 s, a single accumulation, and
a path length of 10 mm. The UV-vis spectra were recorded on
a Shimadzu UV-3150 spectrophotometer (Shimadzu, Japan).
The photoluminescence (PL) spectra were recorded on a Perki-
nElmer LS-50B spectrouorometer with 370 nm as the excita-
tion wavelength at 25 �C. The WAXD data were obtained on an
X'Pert-Pro MPD X-ray powder diffractometer (Panalytical,
Holland) equipped with a copper target, at a scan speed of
0.375151� s�1 and at a scattering angle range of 2q ¼ 5–40�.
Transmission electron microscopy (TEM) images were taken
with a Hitachi HT7700 operated at an accelerating voltage of
120 kV. The absorption dissymmetry ratio, gCD, is dened as
2(AL � AR)/(AL + AR), where AL and AR are the absorbance of le
and right circularly polarized light, respectively. Aer trans-
formation, gCD ¼ [q]/(32 980 � Abs).

Results and discussion
Effect of side alkyl chain structures in PFs on chiral assembly
behaviour

Our previous study demonstrated that PF8 could efficiently self-
assemble into a chiral supramolecular structure induced by
This journal is © The Royal Society of Chemistry 2019
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View Article Online
neat limonene at low temperature (�10 �C to�30 �C), but PF2/6
with branched side chain did not respond to limonene chirality
even at a much lower temperature (�80 �C).44 It was noted that
b phase played a key important role in supramolecular chiral
assembly of PFs induced by limonene chiral solvation. In order
to realize the chiral solvation-induced chiral assembly of PF
with branched side chain and investigate the chiral assembly
mechanism, PF2/6 and PF8 (Scheme 1) were taken as examples
to be aggregated in a binary solvent system. In the binary
solvent system, chiral limonene (1R/1S) was used as a good
solvent and chiral inducer, and ethanol (EtOH) was employed as
a poor solvent.

It is well known that the volume fraction of the poor solvent
obviously affects the chiral assembly behaviour in a multi-
solvent system.20,22,25,26 Higher or lower content of the poor
solvent will result in a weak assembly and precipitation of the
polymer from the multi-solvent system. UV-visible (UV-vis),
photoluminescence (PL) and circular dichroism (CD) spectros-
copy were employed to investigate the chiroptical properties of
PF aggregates in different volume fractions of limonene and
ethanol. When the PF chains were completely dissolved in neat
limonene at the molecular level, a typical absorption peak for
a phase was observed at around 380 nm for both PF2/6 and PF8
in the UV-vis spectra (Fig. 1). In this case, the planar angle
between adjacent uorene units in the polymer main chain is
about 135�. With the gradual increase in the proportion of the
poor solvent (EtOH), the UV-vis absorption intensity of PF2/6
decreased step by step, indicating the formation of aggre-
gates. For PF8, it was remarkable that an obvious absorption
shoulder peak appeared near 435 nm, and the absorption
intensity increased gradually with the increase in the poor
solvent fraction. This is a characteristic absorption of a confor-
mational intramolecular isomer (b phase), in which the intra-
chain torsion angle is about 165�. Studies have shown that the
formation mechanism of b phase is divided into two steps.46

The rst step is the energy storage process. The poor solvent
reduces the interaction between the PF chains and the good
solvent, and increases the force between the PF chains, which
causes the formation of aggregates. A further increase in the
poor solvent fraction results in strong aggregation, making the
PF backbone planar. Compared with the a phase, the more
planar b phase of PF increases the effective conjugation length
Scheme 1 Chemical structures of poly(9,9-bis(2-ethylhexyl)-fluo-
rene) (PF2/6), poly(9,9-dioctyl-fluorene) (PF8), limonene (1R and 1S)
and achiral poor solvent.

Fig. 1 UV-vis spectra of PF2/6 and PF8 solutions and aggregates in
binary solvent with different 1S/EtOH and 1R/EtOH volume fractions.
The concentration of polymer repeating units was 5 � 10�5 mol L�1.

This journal is © The Royal Society of Chemistry 2019
of polymer chains,47 which is benecial to the p–p stacking
between the PF backbones. It is found that as the volume of
EtOH increases, the b phase content tends to gradually increase
RSC Adv., 2019, 9, 38257–38264 | 38259
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Fig. 2 PL spectra of PF2/6 and PF8 solutions and aggregates in binary
solvent with different 1S/EtOH or 1R/EtOH volume fractions. The
concentration of polymer repeating units was 5 � 10�5 mol L�1.
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and nally reach about 40% (Fig. S2†), which is consistent with
the saturation value as recently reported.49 Not only that, when
the volume ratio of limonene to EtOH is 1.7/1.3, the UV-vis
absorption peak of PF8 changes signicantly from 386 nm to
403 nm with a 17 nm red shi. However, the UV-vis absorption
shows a very different behaviour for PF2/6. During the process
of forming the aggregates, the absorption peak (at 380 nm) of
PF2/6 only changes in absorption intensity without an obvious
red shi. This phenomenon indicates that the phase of PF2/6
main chain is still the a phase and has not been converted
into the b phase during the assembly process.

The photoluminescence (PL) emission spectra of the poly-
mer solution and the aggregate solution were investigated
under an excitation of 370 nm as presented in Fig. 2. It can be
seen from Fig. 2 that the polymer solutions of both PF2/6 and
PF8 exhibit typical emission peaks of the a phase, that is, three
vibrational spectral bands: 0–00 (411–416 nm), 0–10 (432–440
nm), 0–20 (464–466 nm).44 The information expressed by the PL
spectra is consistent with that by the UV-vis spectra. From the
PL spectra of the aggregate solution of PFs, we can see that with
the increase in the poor solvent fraction, the PL emission peak
of PF2/6 maintains the same shape but changes slightly from
411 nm to 418 nm with a 7 nm red shi. Its intensity shows
a trend of slight increase rst and then a sharp decrease
(Fig. S3†). The possible reason for this phenomenon is that the
addition of a poor solvent (ethanol) in the initial stage increases
the polarity of the cosolvent, which causes an increase in the PL
emission intensity. When the binary solvent ratio reached 1.7/
1.3 (limonene/EtOH, v/v), the polymer chain began to aggre-
gate (as indicated by the DLS data, Fig. S4†). On account of the
aggregation caused quenching (ACQ), the PL emission intensity
of PF2/6 gradually decreased. These results indicated that the
PF2/6 chain had the same conformation as the a phase in the
solution and aggregate state. Nevertheless the PL emission peak
of PF8 at 416 nm gradually weakened and nally disappeared
with the progress of aggregation. Meanwhile, the emission peak
at 440 nm and 466 nm gradually increased, and a new emission
peak appeared at 498 nm. These features of the change in
emission peaks indicate that the conformation of PF8 changes
from a phase to b phase, and the dihedral angle between the
adjacent repeat units of PF8 changes from 135� to 165� with the
occurrence of aggregation.

The above spectral data indicated that PF8 had a conforma-
tion conversion during the process of aggregation, while PF2/6
did not. Our previous study indicated that the supramolecular
chiral aggregation of PF8 could be successfully induced by neat
limonene at low temperature (�10 �C to �30 �C); however, PF2/
6 could not perform chiral assembly even at a much lower
temperature (�80 �C).44 Then, the chiral assembly behaviour of
PF2/6 and PF8 in the current binary solvent system (limonene/
EtOH) was further studied. More interestingly, the CD spectra
of PF2/6 aggregates in 1R or 1S/EtOH showed a positive/negative
signal with nearly ideal mirror-image in the proper volume
fraction of each solvent (Fig. 3(a)). This is the rst report on the
chiral induction in achiral PF with branched side alkyl chains
by chiral solvation. The maximum CD amplitude of PF2/6
aggregates was affected by the limonene/EtOH volume
38260 | RSC Adv., 2019, 9, 38257–38264
fraction. The CD signal appeared and gradually increased when
the volume fraction of limonene/EtOH changed from 1.7/1.3 to
0.1/2.9. This change is attributed to the weak aggregation when
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 UV-vis absorption and CD spectra of PF2/6 (a) and PF8 (b)
aggregates in binary solvent with different (1S or 1R)/EtOH volume
fractions. The maximum CD (c) and gCD (d) values of PF aggregates at
around 390 nm (PF2/6) and 410 nm (PF8) in binary solvent with
different (1S or 1R)/EtOH volume fractions. The concentration of
polymer repeating units was 5 � 10�5 mol L�1.

This journal is © The Royal Society of Chemistry 2019
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the poor solvent content is relatively lower, as claried in our
previous studies.32 However, it is abnormal that the CD intensity
increased sharply with the volume fraction of 0.9/2.1 and 0.7/2.3
(1R/EtOH). The reason for it is unclear so far, which may be due
to the polarity or refractive index change with different volume
fractions of the cosolvents, as reported previously.50 Meanwhile
PF2/6 aggregates exhibited three CD signal peaks, typically for
the a phase, at the rst (420–417 nm), second (377–391 nm),
and third (341 nm) cotton bands, showing gradual red shis
with the increase in the poor solvent fraction. A possible reason
is the accumulation of polymer chains in the aggregates.

As compared to PF2/6, a similar dependence of CD intensity
of PF8 aggregates on the volume fraction of limonene/EtOH was
observed (Fig. 3(b)), i.e. an increase with the gradual increase in
the poor solvent volume fraction. Nevertheless PF8 exhibited
four CD signal peaks at the rst (around 445 nm), second
(around 433 nm), third (around 405 nm), and fourth (around
356 nm) cotton band with the proper volume fraction of
limonene/EtOH. The cotton bands at around 445 nm and
433 nm are typically derived from the chiral b phase, which is
due to the helical p–p stacked structures of fully extended anti-
coplanar PF8 chains. It was noticeable that the positive/negative
signal of PF2/6 was not centred on the maximum absorption
position, in contrast with that of PF8, which may be a proof that
interchain exciton coupling is not the origin of CD in PF2/6
(intrachain helicity) but it is so in PF8 (interchain helicilty).

The dependence of the maximum CD values and dissym-
metry factors in absorption, gCD, on limonene/EtOH volume
fraction are summarized in Fig. 3(c) and (d), respectively. As
presented in Fig. 3, the gCD and the maximum CD values of PF2/
6 show an increasing trend with the enhancement of the poor
solvent volume ratio, except in the case of 0.9/2.1 and 0.7/2.3
(1R/EtOH). It is noted that the b phase of PF8 appears at 2.7/
0.3 (limonene/EtOH), but the CD signal is observed at 2.1/0.9
(limonene/EtOH) with the b phase content of 10%. It means
that chiral supramolecular aggregation only occurs when
a certain extent of accumulation of b phase is reached. By
comparing the gCD and b phase content of PF8, some interesting
results can be found. The b phase begins to appear at a ratio of
Scheme 2 The proposed chiral assembly mechanism of PF2/6 and
PF8.

RSC Adv., 2019, 9, 38257–38264 | 38261
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2.7/0.3 (limonene/EtOH, v/v), and the content increases sharply
to approximately 35% at 1.7/1.3. The gCD data shows that PF8 is
induced to demonstrate chirality at a ratio of 2.1/0.9 (limonene/
EtOH, v/v) and the gCD data begins to increase gradually at
a ratio of 1.7/1.3. These results indicate that it is very important
for PF8 to undergo a conformation transition from a phase to
b phase during the process of chiral induction.

Considering the above results, it can be concluded that the
mechanism of chiral self-assembly of PF2/6 and that of PF8 are
quite different as proposed in Scheme 2. PF2/6 may assume an
exact alternately twisted structure in the optically inactive state.
Due to the free rotation about the single bonds between the
adjacent uorene rings, the PF2/6 main chain can switch
between le and right helix. PF2/6 retains a single polymer
chain in the poor solvent,51 and no conformation transition
occurs during the process of chiral induction. The main chain
of PF2/6 can rotate to form the preferred twist with the aid of
chiral limonene without a conformation change, which results
in excess of P- or M-helix. PF8 undergoes a conformational
transformation during the process of aggregation,27 resulting in
Fig. 4 WAXD profiles of PF2/6 and PF8 films. The PF films were cast
from freshly prepared aggregate solutions of 10 mgmL�1 PFs in binary
solvent, and the volume fraction of (1S or 1R)/EtOH was 1.0/2.0.

38262 | RSC Adv., 2019, 9, 38257–38264
a more planar b phase, which is to the benet of the p–p

stacking of PF8 main chain. Meanwhile, the interdigitation of
the side alkyl chains is possible in PF8 but it may be prevented
in PF2/6 by the bulk of the branched alkyl chains, which also
helps the PF8 chain to form the supramolecular structure. With
the help of intermolecular chiral CH–p interactions between
the alkyl chains and chiral limonene and intermolecular chiral
p–p interactions among main chains, the PF8 chain self-
assembles into a helical supramolecular structure.

In order to obtain further information on PF2/6 and PF8
aggregates, WAXD and TEM results were acquired as shown in
Fig. 4 and S6.† The WAXD prole of PF8 exhibited two obvious
peaks at around 2q ¼ 7� and 21�. The rst peak is the charac-
teristic peak of b phase. The 21� peak may be the common
characteristic of many polymers substituted by side chains and
indicates the degree of disorder in the packing of the alkyl side
chains of PF8.52 The WAXD prole of PF2/6 exhibited a broad
peak at 2q¼ 11�, which may correspond to the hexagonal phase
and a higher degree of interchain disorder.53 The TEM images
Fig. 5 Plots of maximum CD and gCD values of PF aggregates at
around 390 nm (PF2/6) and 410 nm (PF8) in binary solvent measured
with different enantiopurity values of limonene. The volume fraction of
(1S or 1R)/EtOH was 0.3/2.7. The concentration of polymer repeating
units was 5 � 10�5 mol L�1. The maximum CD and gCD values were
taken and calculated from Fig. S5.†

This journal is © The Royal Society of Chemistry 2019
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showed that both PF2/6 and PF8 aggregates had nanober
morphology. However, the helical sense was difficult to be
observed clearly.

In previous reports, the chirality of linear p-conjugate poly-
mer aggregates was linearly controlled by the enantiomeric
purity of the chiral solvent.20,22 To investigate whether PF2/6 and
PF8 follow this rule, the effect of the enantiomeric purity of
chiral limonene on the maximum value of CD and the gCD
values was studied, as presented in Fig. 5. The volume fraction
of binary solvents was maintained as 0.3/2.7 for both PF2/6 and
PF8, just changing the chiral solvent (1R/1S) ratio. The
maximum value of CD and the gCD values were almost linearly
controlled by the respective molar ratio of enantiomers (1R/1S),
indicating that no obvious chiral amplication occurred in the
current system.

Conclusions

In summary, we demonstrated that polyuorene (PF) deriva-
tives with branched (PF2/6) and linear (PF8) side alkyl chains
performed chiral assembly with different mechanisms in
a binary solvent system for the rst time. The chirality of PF2/6
aggregates is from the axial chirality of the polymer chain with
the a phase conformation; however, that of PF8 is derived from
the chiral supramolecular assembly of PF8 main chains along
with the more coplanar b phase conformation, induced by
chiral limonene solvation. The rst successful chirality induc-
tion in PF derivatives with branched side chains not only
enriches the construction of PF-based chiral materials from
achiral counterparts, but also gives further insight into the
chiral assembly mechanism of PFs with different topological
side chain structures.
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