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Imprinting supramolecular chirality on silica from
natural triterpenoid-regulated helical ribbons†
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Yong Ju*ad

Supramolecular chirality has attracted significant attention because of its critical roles in the life and

material sciences. In this study, a natural triterpenoid-tailored amphiphilic molecule C4-MOP was

designed and synthesized, in which the pyridinium head group was modified on the skeleton of

triterpenoid through an alkyl linker. The introduction of pyridinium not only offers a hydrophilic cation to

promote the assembly process but also renders itself as the nucleation point to adsorb silica precursors.

The results showed that by adjusting the solvent compositions and the concentration of C4-MOP,

well-ordered helical nanoribbons with both right- and left-handedness were fabricated by the assembly

of C4-MOP, where the hydrophilic pyridinium cations were helically displayed on the surface of ribbons.

Subsequently, by taking advantage of electrostatic interactions between pyridinium and the silica

precursor, the supramolecular chirality of C4-MOP was successfully imprinted onto the silica nano-

structures using the gel–sol mineralization process. Our work provides a simple yet useful strategy to

prepare chiral silica, which could promote the applications of chiral natural products in material science.

Introduction

Chirality is an intriguing phenomenon in organisms, where
the chiral biomolecules largely direct the biological processes
and the biofunctionality. To improve the understanding of
the assembly mechanism of well-ordered hierarchical chiral
structures in organisms, biomineralization, especially silica
biomineralization, is widely used as a biomimetic ‘‘bottom-up’’
route to transcribe the intrinsic information from biomolecules to
inorganic materials.1,2 Several classes of chiral biomolecules like
DNA,3 amino acids4–8 and steroids9 have already been explored
as templates for silica biomineralization, with imprinting of the
unique supramolecular chirality on silica materials which have

been utilized in recognition,10 chiroptical switch11 and enantio-
selective separation.4,6,12,13

As one kind of central biomolecules in living organisms,
natural triterpenoids have attracted immense attention for
their prominent biological activities over the past decades.14

They are usually classified to acyclic linear type, mono-cyclic,
and fused-polycyclic structures (bicyclic, tricyclic, tetracyclic,
and pentacyclic) based on the carbon skeleton.15,16 Among
them, pentacyclic triterpenoids are particularly appealing not
only due to their significant contribution to pharmacology but
also their intriguing performance in supramolecular chemistry.
Recently, they were recognized as the ideal building blocks
for creating supramolecular nano/micro-structures because of
their inherent superiorities, such as the rigid hydrophobic
skeleton, multiple functional groups, unique chiral nature,
good biocompatibility, and biological activity.17,18 To date,
a number of triterpenoid-derived functional molecules have
been applied in emulsion,19 catalysis,20 in situ heavy metal
reduction,21 self-healing materials22 etc. However, the study of
triterpenoid-directed chiral silica mineralization replication
has never been reported, which might be due to the difficulty
in fabricating well-ordered chiral assemblies of triterpenoids as
well as the weak interactions between the silica precursors and
the triterpenoid skeletons.

Herein, we provided a simple yet useful strategy to prepare
chiral silica material by imprinting triterpenoid-regulated
helical ribbons. Oleanolic acid (OA), one of the typical penta-
cyclic triterpenoids, was selected as the central building block
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for constructing supramolecular chiral structures. OA features
five fused structures consisting of six-member rings bearing
hydroxyl and carboxylic groups at the C-3 position and C-28
position, respectively (chemical structure see Scheme S1, ESI†).
The hydroxyl group was modified with a cationic hydrophilic
pyridinium ion with an alkyl spacer allowing for an efficient
interaction with anionic charges of the silica precursor,
tetraethyl orthosilicate (TEOS).23,24 The carboxylic group was
replaced by a methyl ester group to efficiently boost the
hydrophobicity of OA framework. Such elaborate modification
affords an ideal amphiphilic molecule C4-MOP, which owns a
rigid hydrophobic skeleton and a flexible hydrophilic head-
group (Scheme S1, ESI†). The results showed that by adjusting
the solvent compositions and concentration, C4-MOP could
be regulated into uniform helical ribbons in methanol/water.
Using them as a template, chiral silica materials have been
generated successfully via a sol–gel silica mineralization process,
driven by the electrostatic attractions between the positively
charged pyridinium cation and the negatively charged TEOS
(Scheme 1), thus realizing supramolecular chirality imprints on
silica from natural chiral biomolecules.

Results and discussion

Considering that a water-containing solvent is necessary for the
hydrolysis of the silica precursor during the sol–gel process, the
assembly of C4-MOP was investigated in methanol/water to
appoint the organic chiral template. As can be seen from Table S1
(ESI†), under high concentrations of 5.0 mg mL�1, C4-MOP
formed transparent gels when the percentage of water exceeded
50%, (entries 3 and 4), but the gel was not strong and tended to
flow after long term inversion. As for low concentrations of
0.5 mg mL�1, C4-MOP required a higher water percentage
(75%) to form the partial gel (entries 6 and 7). Evidently,
the increase in either concentration or water content could
accelerate the assembly process of C4-MOP.

Transmission electron microscopy (TEM) was employed
to investigate the gel morphologies of C4-MOP. As shown in
Fig. 1a, abundant thin nanofibers with diameters around
20 nm occurred under the 2 : 1 ratio. With the increase in water
percentage, the nanofibers entangled with each other to generate
robust ribbons with a certain helical sense (Fig. 1b, marked by
arrows). When the water content reached 67%, well-ordered
helical nanoribbons appeared, where the pitch was in the range
of 0.8–2.0 mm, with the length at several micrometers and the
width varied from 0.1 mm to 0.3 mm (Fig. 1c). It is noteworthy that
both left-handed (M) and right-handed (P) nanoribbons existed
in the system, as indicated by the arrows. After careful statistics,
the P helices were numerically higher than the M helices.
As the uneven helices could give rise to a CD signal, a strong
negative Cotton effect at 264 nm was observed in Fig. 2a, which
experimentally proved the excess of P helices. This hierarchical
assembly process could also be verified by the morphology
transformation of C4-MOP at a low concentration (0.5 mg mL�1).
As shown in Fig. S1 (ESI†), the bundling and fusion process of
the nanofibers into helical ribbons was clearly observed under
both 1 : 2 and 1 : 3 ratio. On the basis of the amphiphilic nature of
C4-MOP, the above morphology transformation was primarily
attributed to the hydrophobic effects of the triterpenoid backbone,
thus reducing the exposure of hydrophobic regions to the
surrounding polar environment and making them energetically
favourable.25,26 In this process, spontaneous symmetry breaking
occurred and a particular symmetry was lost, consequently leading
to the unequal numbers of mixed helices.27,28 It is well-known that
the handedness of the ribbons depends not only on the molecular
chirality but also the molecular orientation, which can be affected
by the molecular geometries, solvents, ultrasound and ions.29

Scheme 1 Schematic of the fabrication of helical ribbons assembled from
C4-MOP and its chirality imprinting to inorganic silica.

Fig. 1 TEM images of C4-MOP assemblies (5.0 mg mL�1) in the mixed
solvents of methanol and water with different volume ratios: (a) 2 : 1,
(b) 1 : 1, and (c) 1 : 2.

Fig. 2 (a) CD spectra of C4-MOP assemblies in the mixed solvents of
methanol and water with different volume ratios; (b) XRD pattern of helical
ribbons assembled from C4-MOP (inset: the enlarged peaks between
2 degree and 22 degree).
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However, the factor that affected the tilt direction and symmetry
breaking in our case is still unclear so far.

In addition, more chirality information about these assem-
blies is shown in Fig. 2a. The 2 : 1 and 1 : 1 systems exhibited
similar CD signals, where the intensity of the negative Cotton
effect at 220 nm increased slightly as the water content
increased. It demonstrated that the assemblies in these systems
had the similar chirality, which was consistent with the
morphologies observed under TEM. Although a small percen-
tage of helical ribbons appeared in the 1 : 1 system, nanofibers
were still the dominant structures. Considering that the CD
spectra reflected the comprehensive chirality information of the
system, the chirality of the dominant morphology (nanofibers)
would be detected as the final result. Thus, the 2 : 1 and 1 : 1
systems exhibited similar CD performance.30,31 The small
enhancement at 220 nm was probably due to the rearrangement
of C4-MOP into more ordered assemblies. It should be pointed out
that the 1 : 2 system showed a markedly different CD spectrum, in
which another negative Cotton effect at 264 nm was observed
besides the one at 220 nm. This can be explained by the close
chiral packing of the pyridinium groups. In comparison with the
2 : 1 and 1 : 1 systems, C4-MOP molecules in the 1 : 2 system were
arranged in a more orderly manner on account of the increasing
hydrophobic effect, leading to homogeneous helical ribbons. That
is to say, the increase of water caused the differences in assemblies
shapes and chiral arrays, which may affect differently the chromo-
phores and their absorption maxima. Within the helical ribbons of
the 1 : 2 system, pyridinium groups arranged in close proximity to
each other in a chiral manner, resulting in an exciton-coupled
absorption at 264 nm that was typically distinct from those
nanofibers in the 2 : 1 and 1 : 1 systems.32 This phenomenon was
further confirmed by the CD spectra of C4-MOP assemblies under
the low concentration, in which a similar negative Cotton effect
at 264 nm strengthened with water increasing (Fig. S2, ESI†).
Apparently, the molecular chirality of C4-MOP has been translated
into the supramolecular level via the self-assembly and amplified
by the water-induced hydrophobic interactions.

To gain insight into the arrangement of C4-MOP within the
helical ribbons, UV-vis, theoretical computational and X-ray
diffraction (XRD) measurements were conducted. As shown in
Fig. S3 (ESI†), there was no obvious change in the intensity or
shape of the UV-vis spectra, and the slight enhancement in
intensity at 260 nm was probably due to scattering by the larger
assemblies as the water content increased.33 Moreover, four
reflection peaks corresponding to d-spacing of 4.75 nm,
2.42 nm, 1.25 nm, 0.72 nm were observed in XRD patterns
(Fig. 2b), which was close to the ratio of 1 : 1/2 : 1/4 : 1/6, verifying
the lamellar structures in the helical ribbons. Since the d-spacing
of 4.75 nm corresponded closely to twice that of the theoretical
molecular length (2.21 nm in Fig. S4, ESI†), helical ribbons were
considered to be fabricated by the basic bilayer structures with
the rejection of the hydrophilic pyridinium cation on the outer
surface (Scheme 1). Initially, the molecules assembled into bilayer
structures under non-covalent interactions, the growth of which
along the long axis resulted in fibrils; subsequently, these fibrils
further stacked orderly and evolved into larger nanofibers

(Fig. 1a). Driven by the increasing hydrophobic interactions,
the nanofibers tend to form more stable structures to shield the
hydrophobic part, thus bundling with each other to form wide
ribbons (Fig. 1b), during which the intrinsic molecular chirality
caused the emergence of asymmetric supramolecular morpho-
logies (Fig. 1c). This hierarchical assembly process from the
bilayer structures to fibrils, nanofibers, and helical ribbons
realized the multi-step translation and magnification of chiral
information.

Based on the above findings, C4-MOP showed excellent
chiral assembly behaviors in methanol/water, i.e. well-ordered
helical ribbons under both high concentration (5.0 mg mL�1,
methanol/water = 1 : 2, v/v) and low concentration (0.5 mg mL�1,
methanol/water = 1 : 3, v/v). It should be noted that the assembly
under the low concentration was quite slow; hence, the samples
needed to be incubated at room temperature for at least 2 weeks.
Thus, the condition (5.0 mg mL�1, methanol/water = 1 : 2, v/v)
was used to prepare the helical ribbons, which only needed 1 day
before its mineralization replication from organic chirality to
inorganic silica materials.

Having a negative charge, TEOS was selected as the pre-
cursor to generate silica on the surface of the helical ribbons,
mainly promoted by electrostatic attractions. In general, TEOS
was pre-hydrolyzed in water for 10 h and then placed in contact
with helical ribbons at room temperature. Both the co-assembly
and the pre-assembly methods were employed (Fig. S5 and S6,
ESI†). TEM images in Fig. 3a and Fig. S7 (ESI†) showed that the
chiral silica ribbons were produced successfully through both
the co-assembly and the pre-assembly methods. The length
of these hybrid helical ribbons was about several micrometers,
the width ranged from 150 nm to 350 nm, and the pitch was
around 1.7 mm, which was a duplicate of the triterpenoid-
regulated helical ribbons. Therefore, it could be concluded that
the hydrolysis products of TEOS did not disturb the assembly of
C4-MOP and would further adsorbed on their surfaces through
electrostatic attractions. Upon polymerization and mineralization,
chiral nanostructures were successfully imprinted into the silica

Fig. 3 (a) TEM, (b) SEM, and (c) AFM images of organic–inorganic hybrid
helical ribbons prepared by the pre-assembly method; HRTEM-EDS
mapping images of organic–inorganic hybrid helical ribbons: (d) HRTEM
image, (e) silicon mapping and (f) oxygen mapping.
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materials. In addition, the thickness of these hybrid ribbons
increased with the aging time, a near 10 nm increase occurred
after one week of incubation, as a result of the continuous sol–gel
polymerization process (Fig. S8, ESI†). These hybrid helical struc-
tures were further verified by SEM and AFM images (Fig. 3b and c),
based on which the thickness of the hybrid structures was
measured as 25 nm. Notably, few spherical particles could be
observed in these images, which may be caused by insufficient
contact between the hydrolysis products of TEOS and the organic
chiral templates.

Besides morphologies, their elemental compositions were
characterized by high-resolution transmission electron microscopy
(HRTEM) images with mapping mode and energy dispersive
spectroscopy (EDS). As shown in Fig. 3d–f, the silicon and oxygen
elements, marked in green and yellow, respectively, showed a well-
defined helical distribution. The EDS measurement further corro-
borated the formation of silica, where silicon and oxygen are the
major constituents of the ribbons with a ratio close to 1 : 2 (Fig. S9,
ESI†). It was unambiguous that the chiral information of the
triterpenoid-regulated helical ribbons had been successfully
imprinted to the inorganic silica materials.

In order to get the pure chiral inorganic silica, the C4-MOP
template was removed by chemical extraction. As can be seen from
Fig. 4a, the helical features still remained after the extraction,
although the surface became a little rougher. The elimination of
the template was further confirmed by FTIR spectra. As shown in
Fig. 4b, both the C4-MOP solid and the organic–inorganic hybrid
materials showed a stretching vibration at 1725 cm�1, which was
attributed to a CQO group on C4-MOP. After extraction, the
stretching vibration at 1725 cm�1 disappeared, while only the
Si–O vibrations between 800 cm�1 and 1200 cm�1 were left, which
was almost the same as the pure silica.34 This result strongly
demonstrated the successful extraction of C4-MOP. Besides,

thermogravimetric analysis (TGA) was also performed to demon-
strate the elimination of C4-MOP. As shown in Fig. 4c, a
10% weight loss was observed for organic–inorganic hybrid silica
and the template-removed silica materials around 50–120 1C,
which may result from the adsorbed water and methanol
molecules by the porous structures. Moreover, the C4-MOP solid
and the organic–inorganic hybrid material exhibited a 98% and
10% weight loss between 200–520 1C, respectively, as a result of
the degradation of C4-MOP. No other indication of weight loss
was observed for the template-removed silica, revealing the
almost complete removal of the templates.

Furthermore, the porosity of the template-removed chiral
silica was characterized by Brunauer–Emmett–Teller (BET)
surface-area measurement, during which the sample was first
pre-degassed at 120 1C for 12 h, and then measured at the
boiling temperature of nitrogen (77 K). As shown in Fig. 4d,
nitrogen adsorption–desorption isotherms of the silica ribbons
could be classified into type II, where the monolayer coverage
was reached at a low relative pressure (P/P0 o 0.1) and unrest-
ricted multilayer adsorption happened within the high P/P0

range from 0.9 to 1.0, revealing the macroporous structures of
the helical silica.35,36 The wide pore-size distribution curve
calculated by the Barrett–Joyner–Halenda (BJH) model further
confirmed the porous nature of the silica with non-uniform
pores, where most were in the range of 10–100 nm and few were
around 3.80 nm (Fig. S10, ESI†). The BET surface area and pore
volume were 336.85 m2 g�1 and 0.76 cm3 g�1, respectively.

A possible mechanism for the formation of helical silica
ribbons is presented in Scheme 1. Initially, C4-MOP molecules
assembled into the helical nanoribbons, mainly driven by
hydrophobic interactions with embedding of the triterpenoid
skeletons inside and projection of the pyridinium cations on
the outside surface. Subsequently, these pyridinium cations
served as the nucleation points to adsorb the hydrolysis
products of TEOS, resulting in the polycondensation of TEOS
on the surface of the helical ribbons through the electrostatic
attractions. Consequently, the hydrolysis products of TEOS
were aligned on the helical ribbons, imprinting the supra-
molecular chirality to the inorganic silica materials.

Conclusion

In summary, by introducing the pyridinium cation into the natural
triterpenoid skeleton, an amphiphilic molecule C4-MOP was regu-
lated into helical ribbons with both left- and right-handedness
in methanol/water. Promoted by the electrostatic attractions,
the pyridinium cations on the surface of the helical ribbons
would serve as the nucleation points to adsorb the negatively
charged hydrolysis products of TEOS. Upon polymerization and
mineralization, uniform chiral silica materials were successfully
constructed with imprinting of the supramolecular chirality on
the silica from the natural triterpenoid-regulated organic helical
ribbons. This work provides not only a simple and useful strategy
to prepare chiral silica but can also promote the application of
chiral natural products in material science.

Fig. 4 (a) TEM image of the template-removed helical silica (insert
showed the enlarged view); (b) FTIR spectra of C4-MOP solid, pure silica,
organic–inorganic hybrid silica and the template-removed helical silica;
(c) TGA of the C4-MOP solid, organic–inorganic hybrid silica, and the
template-removed helical silica; (d) nitrogen adsorption–desorption
isotherms of the template-removed helical silica.
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Experimental section
Materials

The following reagents were local commercial products and
used as received: oleanolic acid (OA, 498.0%) was purchased
from Shaanxi Huike Botanical Development Co., Ltd, Xi’an,
China; 4-bromobutyric acid (98.0%), 4-dimethylaminopyridine
(DMAP, 98.0%), dicyclohexylcarbodiimide (DCC, Z99.0%),
tetraethyl orthosilicate (TEOS, 99.0%), dimethylsulphoxide-d6

(DMSO-d6, 499.8%), and methanol (99.9%) were purchased
from J&K Chemical Ltd, Beijing, China; methyl iodide (99.0%),
pyridine (Z99.5%), dichloromethane (DCM, Z99.5%),
N,N-dimethylformamide (DMF, Z99.0%) were supplied by
the Beijing Chemical Works, Beijing, China. All organic
solvents were dried and distilled before use.

Instruments
1H and 13C nuclear magnetic resonance (NMR) spectra were
recorded on a JOEL JNM-ECA 400 apparatus (JEOL Ltd, Tokyo,
Japan); electrospray ionization mass spectrometry (ESI-MS) and
high-resolution mass spectrometry (HRMS) were performed on
a Bruker ESQUIRE-LC spectrometer (Bruker Daltonik, Bremen,
Germany) and a quadrupole time-of-flight (Q-ToF) instrument,
respectively.

Scanning electron microscopy (SEM) images were taken on
a SU-8010 instrument (Hitachi Ltd, Tokyo, Japan) with an
accelerating voltage of 10 kV; transmission electron microscopy
(TEM) images were obtained using a Hitachi H-7650B electron
microscope (Hitachi Ltd, Tokyo, Japan), operating at the acce-
lerating voltage of 80 kV; high resolution transmission electron
microscopy (HRTEM) images were taken on JEM 2100F (JEOL
Ltd, Tokyo, Japan) with an accelerating voltage of 120 kV;
samples were prepared by drop-casting the sol on the carbon-
coated copper grid, and allowed to stand for 1 min. Then, the
excess sample solution was wiped away by the filter paper and
dried in air; atomic force microscope (AFM) images were
acquired continuously in the tapping mode using SPM-9600
(Shimadzu Co., Kyoto, Japan) under ambient conditions. Sam-
ples were placed on a freshly-cleaved mica plate and dried in air
before the test.

UV-vis spectra were recorded on a TU-1901 instrument
(Beijing Persee General Instrument Co. Ltd, Beijing, China);
circular dichroism (CD) spectra were recorded on a Pistar p-180
instrument (Applied Photophysics Ltd, Leatherhead, UK) with a
150 W xenon lamp as the light source; X-ray diffraction (XRD)
measurements were recorded on a Rigaku D/max 2500v X-ray
diffractometer (Rigaku Co., Tokyo, Japan) with CuKa radiation
(l = 1.5406 Å), operating at a voltage of 45 kV and a current
of 100 mA; FTIR spectra were recorded on a Perkin Elmer
spectrum 100 FTIR spectrometer (Perkin Elmer, Waltham, MA,
USA) in situ.

Energy dispersive spectroscopy (EDS) chemical element
analysis and mapping were performed on a JEM 2100F (JEOL
Ltd, Tokyo, Japan) with an accelerating voltage of 120 kV;
thermogravimetric analysis (TGA) measurements were performed
with a TA Instruments Q50 thermal gravimetric analyzer

(TA Instruments, New Castle, USA) under the nitrogen atmosphere.
10 mg sample was placed in an aluminium crucible and heated
from room temperature to 520 1C, at a heating rate of 10 1C min�1.

Nitrogen adsorption/desorption isotherms were recorded
on a Micromeritics ASAP2020 instrument (Micromeritics
Instrument Co., USA). The sample was predegassed at 120 1C
for 12 h before the experiment, and then measured at the
boiling temperature of nitrogen (77 K). The specific surface area
was calculated according to the Brunauer–Emmett–Teller (BET)
method, whereas the pore volume and pore size were estimated
by the Barrett–Joyner–Halenda (BJH) method.

The theoretical calculation was realized using ChemBio 3D
Ultra software (CambridgeSoft, USA).

Synthesis of C4-MOP. The synthesis of C4-MOP was carried
out as described previously.37 ESI-MS (+): m/z 618; HRMS (ESI):
m/z calcd for C40H60NO4: 618.4522, found 618.4519; 1H NMR
(400 MHz, DMSO-d6, ppm): d = 9.09 (d, 2 � 1H, J = 5.96 Hz,
pyridinium-H), 8.61 (t, 1H, J = 7.80 Hz, pyridinium-H), 8.16
(t, 2 � 1H, J = 6.84 Hz, pyridinium-H), 5.18 (t, 1H, 12-CHQC),
4.63 (t, 2H, J = 7.36 Hz, N–CH2), 4.38 (m, 1H, 3-CH–O–), 3.53
(s, 3H, OCH3), 2.45 (t, 2H, J = 8.72 Hz, OQC–CH2), 2.21 (m, 2H,
NCH2C�H2), 1.10, 0.88, 0.80, 0.79, 0.65 (s, 7 � 3H, 7 � CH3);
13C NMR (100 MHz, CDCl3, ppm): 178.33 (OQ�C–OCH3),
172.2 (3-O–CQO), 145.6 (CHQ�C–), 145.3, 143.9, 128.6 (5C,
pyridinium-C), 122.2 (�CHQC–), 81.9 (3-CH–O), 60.8, 55.3,
51.6, 47.6, 46.7, 45.9, 41.7, 41.3, 39.3, 38.1, 37.8, 36.9, 33.9,
33.1, 32.6, 32.4, 30.7, 30.6, 28.3, 27.7, 27.3, 26.0, 23.7, 23.5, 23.1,
18.3, 16.8, 15.4.

Preparation of chiral template. A typical procedure for
the preparation of the chiral template is as follows: a certain
amount of C4-MOP is dissolved in methanol to form a clear
solution, followed by the gradual addition of water. Subsequently,
the mixture is incubated at room temperature without heating
or ultrasound. The concentration is fixed at 5.0 mg mL�1

(or 0.5 mg mL�1) and the percentage of water in the mixture
ranges from 0% to 67% (or 67% to 100%), respectively.
Different assemblies were formed by C4-MOP depending on
the solvent compositions.

Preparation of chiral silica using assemblies of C4-MOP
as the template. The experiment was divided into three steps:
preparation of pre-hydrolyzed TEOS solutions, sol–gel transcription,
and extraction of C4-MOP template:

(i) Preparation of pre-hydrolyzed TEOS solutions. TEOS was
placed in aqueous solution (pH 5.8) with the ratio of 15% (v/v)
under constant agitation for 10 h before transcription experiments;

(ii) Sol–gel transcription. Two methods were used to tran-
scribe the helical sense of the template to the silica: the
co-assembly method and the pre-assembly method. The only
difference between them is the sequence of replicating processes.
As for the co-assembly method, the formation of organic helical
ribbons and the sol–gel polymerization process happened
simultaneously. That is, 5 mg C4-MOP was initially dissolved
in 335 mL methanol to form a homogeneous solution, and then
500 mL pre-hydrolyzed silica precursor suspension and 165 mL
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DI-water were added. The volume ratio of methanol/water in this
system should be in accordance with the condition, where chiral
assemblies of C4-MOP formed (methanol/water = 1 : 2, v/v).
Upon incubation at room temperature for a week the mixture
formed a uniform, translucent and stable gel. Moreover, for the
pre-assembly method, the organic helical ribbons were formed
initially, and then the sol–gel polymerization process of TEOS
occurred on the surface of these ribbons. As follows: 1 mL chiral
assemblies (5 mg mL�1, methanol/water = 1 : 2, v/v) were prepared,
and subsequently 500 mL pre-hydrolyzed silica precursor suspension
in DI-water was introduced. The mixture was vortexed (2000 rpm)
for a few seconds to increase contact, and then left in static
conditions for a week.

(iii) Extraction of the C4-MOP template. The organic template
was removed by extracting with methanol and then dried in air.
Before the extraction, the hybrid materials were aged at 80 1C
for 24 h to make the structures more stable, and then dispersed
into methanol with stirring at room temperature. This procedure
was repeated at least five times to make sure that the C4-MOP
templates were removed completely.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This work is supported by NSFC (No. 21472108, 21604085,
21772112, 21802166), National Key R&D Program of China
(No. 2017YFD0200302), the Fundamental Research Funds
for the Central Universities (No. ZY1831), and Jilin Science
Foundation for Youths (No. 20160520135JH). J. H. and Y. J. thank
the support of State Key Laboratory of Polymer Physics and
Chemistry, CIAC.

Notes and references

1 B. Liu, Y. Cao, Z. Huang, Y. Duan and S. Che, Adv. Mater.,
2015, 27, 479–497.

2 C. J. Bueno-Alejo, L. A. Villaescusa and A. E. Garcia-Bennett,
Angew. Chem., Int. Ed., 2014, 53, 12106–12110.

3 B. Liu, L. Han and S. Che, Angew. Chem., Int. Ed., 2012, 51,
923–927.

4 S. Lacasta, V. Sebastián, C. Casado, Á. Mayoral, P. Romero,
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