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Macroscopic regulation of chiral supramolecular nanostructures in liquid-crystalline block copolymers is of
great significance in photonics and nanotechnology. Although fabricating helical phase structures via chiral
doping and microphase separation has been widely reported, the chiral memory and self-recovery capacity
of asymmetric phase structures are the major challenge and still deeply rely on the presence of chiral
additives. Herein, we demonstrate the first controllable chiral microphase separation in an achiral
amphiphilic block copolymer consisting of poly(ethylene oxide) and azobenzene (Azo) groups. Chirality
can be transferred to the fabricated helical nanostructures by doping with chiral additives (tartaric acid,
TA). After the removal of the chiral additives and then performing cross-linking, the formed helical

Received 29th October 2022 nanostructures will completely dispense with the chiral source. The supramolecular chirality and the
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micron-scale phase structure can be maintained under UV irradiation and heating-cooling treatment,
DOI: 10.1039/d25c05975d enabling a reversible “on-off” chiroptical switch feature. This work is expected to avoid the tedious

rsc.li/chemical-science synthesis and expensive raw materials and shows a great application prospect in chiral separation and so on.
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Introduction

The manipulation and fabrication of chiral topological structures
are often considered to show a close relationship with the origin
and the evolution of life.’” Generally speaking, hierarchical self-
assembly of multiscale building units can be generated by
breaking the symmetry using external chiral additives, including
circularly polarized light (CPL),>® asymmetric liquid-crystal
fields,*” chiral dopants,>®® and chiral solvent'®** and even vortex
mixing.”* Through the design and operation of molecular or
supramolecular self-assembly, the mechanisms of chiral transfer
at different levels can be further understood.'*™ These research
studies are of great significance in fundamental science and guide
the design of novel chiral materials.**>

Self-assembly of block copolymers (BCPs), a typical bottom-up
strategy for the facile fabrication of multi-morphological nano-
structures,*” has also been applied to design and construct
advanced chiral materials with regular periodicity and controlled
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handedness.”®** By providing one or two BCP fragments contain-
ing chiral centers, transfer of chiral characteristics from the
molecular level to the morphological level would occur during bulk
microphase separation (MPS).***** Ho et al. reported the fabri-
cation of a 3D chiral superstructure through self-assembly of
polystyrene-block-poly(t/p-lactide) (PS-b-PL/DLA), demonstrating
a controlled chirality evolution.*® Jinnai** and Watkins® et al.
demonstrated the construction of helical morphology from achiral
triblock terpolymer polystyrene-b-polybuta-diene-b-poly(methyl
methacrylate) and diblock copolymer poly-(ethylene oxide)-b-pol-
y(tert-butyl acrylate) through the triggering of non-covalent inter-
actions between blocks and chiral additives, respectively.
Accompanying the introduction of functional liquid crystal (Azo-
benzene, Azo) groups in copolymer side chains, as reported by Yu*
and Lu® et al, rapid manipulation of these chiral nanostructures
can be realized in a non-contact way, which provides new oppor-
tunities to construct new functional chiroptical materials.
Despite the extensive research, the evolution of chiral MPS is,
however, still plagued with challenges where the chiral interac-
tions from additives always played a vital role in the formation of
helical morphologies. An ideal system is expected where this
mirror symmetry breaking can occur spontaneously independent
of external chiral sources, and which allows fabrication of func-
tional chiral materials from achiral polymers and avoids tedious
synthesis and expensive raw materials. Inspired by chiral self-
recovery (CSR)*** of achiral liquid crystalline polymers, where
the storage of supramolecular chirality in side chains by the cross-
linking strategy can reinduce the destroyed chiral organized
structures, here we set out to create a chiral covalent network in
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Scheme 1 Schematic diagram showing the fabrication, fixation and
reversible manipulation of chiral micron-scale structures in an achiral
liquid crystalline BCP film.

achiral liquid crystalline block copolymers (LCBCs) by cross-
linking. Different from polymer networks prepared by “chiral
imprinting” strategies,”* here cross-linking occurs after forming
a well-organized chiral structure and removing the dopants or
template molecules, which reflects more of the self-assembly of
polymers (especially MPS of amphiphilic block copolymers) and
the fixation of the formed superstructures. The expectation of our
design emphasizes that the locked-in chiral information can
provide a spontaneous self-recovery catalyst in the chiral micro-
phase separation process, overcoming the absolute dependence of
modulating traditional chiral MPS structures on external chiral
sources.

Periodic chiral superstructures were induced in achiral LCBC,
poly(ethylene oxide)-b-Azo containing poly(methyl methacrylate)
(PEO-b-(Az-AzOH)), through simple doping with enantiopure tar-
taric acid (TA), followed by thermal annealing of the resulting film.
Intermolecular hydrogen bonding between TA and PEO/carbonyl
groups of the MMA (Azo) segment is widely considered the main
driving force for the MPS.*** In order to permanently store the
chirality information after removing the TA molecules, cross-
linkable hydroxyl groups were randomly introduced at the termi-
nals of the Azo segment side chains for the following acetal reac-
tion.”® Combining with the breaking of the ordered structure
triggered by trans—cis photoisomerization of Azo groups** and
chiral self-recovery of cross-linked covalent networks, we speculate
that manipulation of chiral ordered MPS structures can be realized
in the absence of chiral resources (Scheme 1).

Results and discussion

Detailed procedures for preparing the Azo-containing monomers
and the diblock copolymers are provided in the experimental
section of the ESIL.f The chemical structures and ratio of hydroxyl
groups in diblock copolymers were confirmed using gel perme-
ation chromatography (GPC) curves and '"H NMR spectra (Fig. S1
and S2).f The molar ratio of Az and AzOH groups in diblock
copolymers calculated by "H NMR is 1/0.53. The differential
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scanning calorimetry (DSC) profile of the diblock copolymer solid
exhibited a sharp peak at around 40 °C and a wider phase tran-
sition at around 110 °C, which is attributed to the crystallization of
the PEO segment and the clearing point temperature (7;) of the LC
segment (Fig. 1a), respectively. The polymer films were prepared by
dropping a small amount of the polymer solution (with or without
p/i-TA in THF; for the composite film, the molar ratio of PEO and
TA was fixed at 1.2/1.0 and the relative weight ratio of TA and LC-
BCP was 3.0/5.0; the polymer concentration of all samples was
maintained at 2.5 mg mL™") onto a clean quartz or silicon
substrate and slowly evaporating the solvent in a THF atmosphere.
After removal of the solvent by vacuum drying, the polymer films
were annealed at 125 °C (beyond T;) for 2 h for topography and
structural analyses. Originally, ordered microphase structures
could be formed after annealing at 125 °C (close to the clearing
temperature) without adding TA. The 1D small-angle X-ray scat-
tering (SAXS) peaks at g ratios of 1:+/3:/7 suggest a hexagonally
packed cylinder phase (Fig. 1b). The d-spacing is 18.36 nm, which
is consistent with the d-spacing (17.67 nm) observed in atomic
force microscopy (AFM) images (Fig. 1d). Besides, no diffraction
peaks were observed in the small angle region in which smectic
layer diffractions are usually detected, indicating that the nematic
phase of the LC segment was formed (Fig. 1b). Furthermore, the
annealed copolymer films without external orientation also show
that PEO nanocylinders aligned perpendicular to the film surface
in AFM images, which might be attributed to the supramolecular
cooperative motion of the microphase-separated PEO segment
with the out-of-plane arranged Azo mesogens (Fig. 1d).>***

A similar envision can be found from the change in UV-vis
absorption spectrum of the LCBC film. For the as-prepared
sample (in a range of 100 nm-200 nm), three peaks appeared
at the band at about 270 nm, 375 nm and 435 nm, owing to the
absorption of PEO, trans-Azo (m—m* transitions) and cis-Azo (n-
T* transition), respectively. After annealing the polymer film at
125 °C, multiple peaks decreased greatly, indicating the out-of-
plane arrangement of the Azo mesogens in the thin films
(Fig. 1b).

After annealing the composite film beyond T;, chirality transfer
from the molecular level to the whole MPS structure level occurred.
The PEO-b-(Az-AzOH)/p-TA solid exhibited no PEO crystallization
peak due to the effect of the TA-PEO hydrogen bond. AFM images
demonstrated that the cylinder morphology of the hybrid film
disappeared, and instead a periodic layered phase separated
structure appeared with a d-spacing of ~16.67 nm, which is
consistent with the d-spacing observed in SAXS spectra (Fig. 1e). It
may have resulted from the superior intermiscibility between TA
molecules and PEO segments that may slightly increase the block
volume fraction (f) of the polymer, leading to further evolution of
the MPS structure, according to the phase diagram of the block
copolymer.®

Even though no obvious helical phase structure was observed in
AFM images, helical packing of Azo units at the molecular level
occurred. This is proven by the change in circular dichroism (CD)
spectra and polarizing optical microscopy (POM) images of the TA
hybrid thin films. As shown in Fig. 2a, the CD spectrum of the film
showed only mirror-symmetric chiral signals at around 230 nm
before annealing, corresponding to chirality transfer from TA

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) DSC curves of PEO-b-(Az-AzOH) and PEO-b-(Az-AzOH) doped with p-TA. (b) UV-vis absorption spectra of the as-prepared and

annealed PEO-b-(Az-AzOH) films. (c) Changes in SAXS patterns of the polymer films, recorded before and after chiral doping. (d) and (e) AFM
phase structure and height image of the PEO-b-(Az-AzOH) (d) and composite film (e) measured after thermal annealing.

molecules to the PEO phase via hydrogen bonding interaction. As
expected, an intense Cotton effect with a positive maximum at
around 375 nm and a negative maximum at around 315 nm was
observed after annealing the p-TA doped polymer film at 125 °C for
2 hours. In the case of doping with -TA, mirror-image Cotton
effects were detected. The exciton couplet centred at 331 nm in the
Cotton band could have resulted from the splitting of an H-band
corresponding to the helically stacked Azo groups*** (Fig. 2b).
This results from the formation of a chiral nematic phase, in which
the orientation of the molecules is slightly twisted with respect to
their neighbours and then leads to the formation of a long-range
helical periodic superstructure under the command of chiral TA
molecules.
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Fig.2 CD and UV-vis spectra of PEO-b-(Az-AzOH) doped with p/L-TA
before (a) and after (b) heating-cooling treatment. POM images of
PEO-b-(Az-AzOH) (c) and the composite film (d) recorded after
thermal annealing.
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The appearance of periodic striped texture in POM corresponds
to the parallelly lying helical axis of the superstructure on the
substrate,”*** which can also prove the above inference (Fig. 2c
and d). Two stripe periods are approximately equal to the whole
pitch length of the helical superstructure.

Remarkably, this supramolecular chirality can be memorized in
the normal state even after complete removal of the chiral addi-
tives. After inducing the chiral packing by doping with p/t-TA and
thermal annealing, the polymer films were then immersed in LiBr/
ethanol solution to destroy the hydrogen bonds between TA
molecules and PEO segments, followed by washing with pure
ethanol. These procedures ensure the complete removal of the
chiral dopant from the polymer films, which was confirmed using
IR and '"H NMR spectra (Fig. S31). Meanwhile, the soaking process
did not affect the original chiral phase separated structure as
confirmed by the layered structure in AFM images, the scattering
peak in SAXS patterns and the constant CD signal (Fig. 3b-d).
Besides, heating the chiral polymer films beyond their T; could
cause the erasure of the original chiral structure due to the removal
of the chiral dopant (as shown in Fig. S3ct).

Then the polymer films were placed into an HCHO and HCI
vapor atmosphere for covalent cross-linking via the acetal reaction
(Fig. 3a). Differences in the solubility of the polymer films before
and after cross-linking in THF revealed the success of cross-linking
reactions (Fig. 3¢).**>*® Besides, the shoulder peak at 286.3 eV in
the C;; X-ray photoelectron spectroscopy (XPS) spectrum dis-
appeared after cross-linking (Fig. S4t), which means that C-OH in
the polymer terminal had been completely transformed into C-O-
C. It is noteworthy that the separated chiral phase structure was
perfectly locked in the achiral block copolymer throughout the
cross-linking procedure, as confirmed by the following evidence.
Firstly, almost identical ellipticity values in the CD spectra of the

Chem. Sci., 2023, 14, 1673-1678 | 1675
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(a) Schematic diagram of the reaction method during cross-linking. (b) CD and UV-vis spectra of the chiral polymer films recorded before

and after cross-linking. (c) SAXS patterns of the chiral polymer films recorded after removing the TA molecules and after cross-linking; inside:
pictures of the chiral polymer films in THF solution before and after cross-linking; (d) and (e) AFM phase and height images of the immersed (d)

and cross-linked (e) chiral polymer films.

polymer films can be detected after cross-linking reactions
(Fig. 3b). Secondly, AFM images of the cross-linked samples still
displayed an ordered layered structure, with a d-spacing of about
16 nm, which is well consistent with the SAXS results (Fig. 3c-e).

To gain a deeper understanding of the storing capability of
chiral superstructures, we investigated the self-recovery behav-
iour of supramolecular chirality and the cross-linked MPS
structures upon exposure to UV light irradiation. As reported
previously, trans—cis photoisomerization of Azo groups is often
used to trigger manipulation of aggregation chirality, which
could also assist the control of MPS helical structures. However,
the presence of the chiral source (chiral TA) is indispensable
during the traditional chiral recovery process. In this work, the
well-organized chiral superstructure from trans-Azo is easily
destroyed under UV light irradiation for 180 s, as confirmed by
the disappearance of the CD signals corresponding to the
contribution of Azo groups as shown in Fig. 4a. The disap-
pearance of CD signals is attributed to a decrease in the trans-
isomers and an increase in the cis-isomer percentage, and the
non-coplanar structure of cis-isomers destroyed the formed
ordered chiral structures (Fig. S51). However, the chiral infor-
mation still existed in the cross-linked networks contributed by
the helical tendency of the polymer chains, which cannot be
detected using CD spectra due to the destroyed helical packing
of the chromophores.

Interestingly, the shapes and intensities of the CD spectra can
return to their original states via a simple heating-cooling process
(heating to 115 °C, keeping for 40 min and then cooling down to
room temperature), without any help from other chiral sources

1676 | Chem. Sci,, 2023, 14, 1673-1678
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Fig. 4 (a) Changes in the CD spectra of the cross-linked chiral poly-
mer films (induced by b/L-TA) during 365 nm light irradiation. (b)
Thermal recovery of CD intensity of the irradiated cross-linked chiral
polymer films. (c) Cycle switches of the gcp values recorded in the
above process (calculated from Fig. S6%). (d) llustration for the
photoinduced breaking and regeneration processes of the chiral MPS
structure in absolute achiral liquid crystalline BCPs. (e) Evolution of the
topological structure of the chiral polymer films (induced by b-TA)
measured during the UV light irradiation and thermal recovery treat-
ment (Fig. 4e: AFM phase images; Fig. S8:1 AFM height images). (f)
Changes in the SAXS patterns of the cross-linked chiral polymer films
(induced by p-TA) recorded in the above process.
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(Fig. 4b). The results indicate that the organized cross-linked Azo
units can provide cryptochirality to trigger the complete recovery of
the whole chiral structure. This chiral “on-off” switch of achiral
LCBC films could be performed at least five times without any
visible loss of CD values (Fig. 4c and S67).

Furthermore, we tracked the transformation of MPS nano-
structures of the cross-linked LCBC films by AFM and SAXS. As
presented in Fig. 4e, f and S71, the periodic layered structure in
AFM images disappeared after ¢trans—cis photoisomerization of Azo
units, due to the destruction of a liquid crystal field composed of
regularly arranged Azo groups. At the same time, the scattering
peak in the SAXS profiles of the irradiated samples also dis-
appeared. Interestingly, both the chiral MPS morphology (AFM
images) and the scattering peak in SAXS recovered after heating-
cooling due to the existence of a cross-linked chiral covalent
network.

Conclusions

Overall, the reversible manipulation of a chiral MPS structure in an
achiral diblock system was first achieved. The interchain cross-
linking structure successfully stored the chiral information in
the MPS structure induced by a chiral additive (p-/i-tartaric acid).
After the complete removal of chiral additives, the stored chiral
information in the cross-linking structure can trigger the self-
recovery of the chiral MPS structure by simple annealing treat-
ment. The micron-scale phase structure and chiral optical prop-
erties could be manipulated by the trans—cis isomerization of Azo
groups through ultraviolet irradiation and thermal annealing,
where the “on-off” chiroptical switch can be achieved in an
absolutely achiral system. We speculate that the novel construction
of this chirality-storing diblock copolymer MPS structure and the
reversible chiroptical switch will provide a new idea for developing
future chiral materials.
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