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ol of an assembled system by
water soluble macrocyclic chiral sources with
planar chirality†
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Herein, we report the synthesis and planar chiral properties of a pair of water-soluble cationic pillar[5]

arenes with stereogenic carbons. Interestingly, although units of the molecules were rotatable, only

one planar chiral diastereomer existed in water in both cases. As a new type of chiral source, these

molecules transmitted chiral information from the planar chiral cavities to the assembly of a water-

soluble extended p-conjugated compound, affording circularly polarized luminescence (CPL). The

chirality transfer process and resulting CPL were extremely sensitive to the feed ratio of the chiral

pillar[5]arenes owing to the combined action of their planar chirality, bulkiness, and strong binding

properties. When a limited amount of chiral source was added, further assembly of the extended p-

conjugated compound into helical fibers with CPL was triggered. Unexpectedly, larger amounts of

chiral source destroyed the helical fiber assemblies, resulting in elimination of the chirality and CPL

properties from the assembled structures.
Introduction

Chirality is a widespread physical phenomenon in nature that
is not only essential for various sophisticated biological
activities, but has also been applied extensively in the eld of
materials science.1 Among all research on chiral systems,
functional materials with circularly polarized luminescence
(CPL) have received extensive attention owing to their poten-
tial photonic applications, including sensors,2 photoelectric
devices,3 chiroptical materials,4 and 3D imaging.5 In general,
the fabrication of CPL materials can be achieved by two
strategies. The rst involves covalently connecting the chiral
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and uorescent units to generate chiral luminescent small
molecules6 or polymers7 and their assemblies.8 This results in
the two units being close together and enables the systems to
possess relatively high dissymmetry values (jglumj). Extended
p-conjugated moieties were widely present in such systems
and successfully produced CPL materials with high jglumj.9 In
especial, pyrene moieties were frequently used as the uores-
cent units.10 Pyrene can show excimer uorescence. It was
demonstrated that the excimer of pyrene gave rise to higher
CPL, promising CPL control by controlling the emission
modes of pyrene derivatives. However, these systems some-
times suffer from cumbersome synthetic routes to introduce
chiral units covalently. The other strategy uses the concept of
chirality transfer to connect the chiral unit and uorescent
unit non-covalently and has produced various of successful
CPL materials,11 despite that the binding affinity of non-
covalent bonds might turn to be low compared with covalent
bonds.

Chiral macrocyclic molecules12 with an intrinsic cavity
might provide new candidates for a different mode of chirality
transfer to uorescent units owing to their bulky size, special
chirality, and generally strong and specic host–guest com-
plexing properties. This is promising for the fabrication of new
supramolecular CPL materials.13 However, this eld remains
underexplored owing to difficulties in the synthesis of chiral
macrocycles and establishing effective chiral cavities. Only
a few CPL materials based on host–guest interactions between
uorophores and cyclodextrins have been reported.14 In
© 2022 The Author(s). Published by the Royal Society of Chemistry
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contrast to cyclodextrins, which have only one chirality, and
most other macrocyclic molecules, which lack intrinsic
chirality in general, pillar[n]arenes15 are pillar-shaped macro-
cyclic hosts that exhibit planar chirality originating from the
direction of substituents on their rims. These compounds
possess two stable planar chiral isomers (pR and pS), and
consequently produce two types of stable chiral cavity
(Fig. 1).16 These remarkable features have led to a few early-
stage examples of CPL materials based on the single-
molecule luminescence of functional pillar[n]arenes.17

Despite promising applications as supramolecular chiral
sources, pillar[n]arenes with highly planar chiral purity have
rarely been explored because ipping of their phenyl units
leads to fast inversion of the planar chiral isomers.18 Bulky
groups on rims can inhibit the unit ip and generate two
unconvertable enantiomers.19 However, their isolation using
chiral column chromatography is usually time-consuming and
labor-intensive. Chiral control and regulation of pillar[5]are-
nes have also been performed by introducing stereogenic
carbons onto their rims to form diastereomers.20 However, the
diastereomeric excess (de) was oen low. Therefore, obtaining
pillar[5]arenes with high planar chiral purity in a facile
manner is among the most intriguing pillar[n]arene research
areas. Herein, we report the rst examples of cationic water-
soluble planar chiral pillar[5]arenes with stereogenic carbons
(S-1 and R-1 in Fig. 1), which were, unexpectedly, diaster-
eomerically pure in water. By controlling the on/off trans-
mission of planar chiral information from S-1 and R-1 to APy,
a dendritic molecule fusing four linear alkyl acids with a p-
conjugated core, using the feed amount of chiral pillar[5]are-
nes, CPL on/off-control of the assembly of APy was achieved.
To our knowledge, this is the rst example of a CPL on/off-
Fig. 1 Rational design of new supramolecular CPL on/off controllable
materials using water-soluble planar chiral pillar[5]arenes S-1 and R-1.

© 2022 The Author(s). Published by the Royal Society of Chemistry
control system dependent on the feed amount of the planar
chiral sources.
Results and discussion
Synthesis, planar chiral properties, and host–guest properties
of 1 in water

Synthesis of S-1 and R-1. Cationic water-soluble chiral pillar
[5]arenes S-1 and R-1 (Fig. 1) were obtained by reuxing a solu-
tion of trimethylamine in ethanol with chiral pillar[5]arene
precursors bearing 1-bromo-2-methylpropoxy groups on both
rims (Scheme S1†). In principle, both S-1 and R-1 bearing ten
stereogenic carbons on the rims possessed two stable planar
chiral conformers, namely (S, pS)- and (S, pR)-conformers for S-
1, and (R, pS)- and (R, pR)-conformers for R-1.

Solvent-dependent planar chiral expression of S-1 and R-1.
The UV-vis spectra of 1 showed an absorption band at approx.
295 nm, which was attributed to p–p* transitions in the pillar[5]
arene backbones (Fig. 2a and S1a†).21 In the CD spectra, the
positive Cotton effect in the p–p* transition region suggested
the pR-rich planar chirality of S-1 induced by the stereogenic
carbon centers on the rims (Fig. 2a and S1b†).22 Interestingly,
the CD spectra of S-1 were critically affected by the solvent
employed. For example, the CD intensity of S-1 in water was four
times that in DMSO (Fig. S1b†). This indicated the unit-ip
ability of S-1, meaning that conversion between the pR and pS
planar chiral conformers of S-1 could occur at room
temperature.

1H NMR spectra of S-1 in aprotic solvents afforded two clear
sets of resonance signals (Fig. 2b, S2 and S3†), indicating that S-
1 possessed both pS and pR conformations in these solvents.23

For example, the de values of S-1 in DMSO-d6 and acetonitrile-d3
Fig. 2 (a) CD and UV-vis spectra of S-1 and R-1 (2 � 10�5 M) in water.
(b) 1H NMR spectra of S-1 (400 MHz) in D2O and DMSO-d6. All spectra
were recorded at 25 �C. (c) Illustration of the unit flip of S-1 and R-1 in
DMSO and inhibition of the unit flip in water.

Chem. Sci., 2022, 13, 5846–5853 | 5847
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Fig. 3 (a) Plots of CD increase at 304 nm for S-1 and R-1 (2 � 10�5 M)
upon addition of C4–C9. All spectra were recorded in water at 25 �C.
(b) Molecular structures of C4–C9 and APh.
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View Article Online
were determined to be approx. 60% and 26%, respectively.
Unexpectedly, all protons on S-1 showed only one set of reso-
nance signals in D2O (Fig. 2b).24 Furthermore, the resonance
signal of proton Hb in proximity to the pillar[5]arene core was
split and hardly coalesced in D2O, even at 80 �C (Fig. S5†),
indicating that ipping of the pillar[5]arene units was inhibited
or slow on the NMR timescale, and that interconversion
between conformers was difficult in D2O. Additionally, the
dissymmetry value (g) of the induced CD intensity of S-1 in water
was 5.9 � 10�3 (Fig. S6†), which was around twice the g value of
the previously reported water-soluble planar chiral pillar[5]
arene with almost 100% diastereomeric purity,25 and closer to
those of enantiopure pillar[5]arenes in organic solvents (Table
S1†).19b,c,26 These observations implied that only the conformer
with pR planar chirality ((S, pR)-conformer) existed in the
aqueous solution of S-1. The CD spectra of R-1 and S-1 were
mirror images (Fig. 2a), suggesting that R-1 was diaster-
eomerically pure in water with pS planar chirality (the (R, pS)-
conformer).

The above results demonstrated that the bulkiness of the
substituents on rims was turned out to be not enough to prevent
the unit ip of the pillar[5]arenes, so the expression of planar
chirality of S-1 and R-1 was critically affected by the solvent
employed. Such solvent-dependent planar chiral expression was
rst caused by the solvation of the substituents on both rims. In
water, the relatively strong repulsion between the hydrated tri-
methyl ammonium groups inhibited ipping of the pillar[5]
arene units (Fig. 2c). In contrast, as an organic solvent, DMSO
might not only fail to fully ionize the trimethylammoniums and
their counter anions (Br�), but also reduced the repulsion
between the solvated trimethylammonium salts, which led to
easier ipping of the pillar[5]arene units. In addition, the
different orientations of substituents of 1 in different solvents
also contributed to the solvent-dependent planar chiral
expression according to our previous ndings.20a,23 There are
two branches on each stereogenic carbon of 1, one is the tri-
methylammonium, which is larger in polarity and volume, and
the other is the methyl group, which is smaller in polarity and
volume. In water, the branched methyl groups probably favored
being located in the pillar[5]arene cavity, while the trimethy-
lammoniums favored being outside due to hydration, leading to
highly selective orientation of the side chains of 1, which
resulted in the high de value. Furthermore, this “open”-form
with small groups inside and large groups outside oen results
in the pR chirality of S-1 and pS chirality of R-1.20a,23 In contrast,
the difference in the location of the methyl branch and trime-
thylammonium branch decreased in aprotic solvent (such as
DMSO), which further decreased the de value of 1.

Host–guest properties of S-1 and R-1. Pillar[5]arenes with
ippable units usually show low de values in solution.20 The
high planar chiral purity of S-1 and R-1 in water made them
perfect candidates as chiral sources with effective chiral cavities
that might show strong host–guest interactions with specic
guest molecules.

Both S-1 and R-1 were able to form complexes with linear
carboxylic acids C4–C9 (Fig. 3 and S7–S15, and detailed
discussion in the ESI†), because the pillar[5]arene cavity bound
5848 | Chem. Sci., 2022, 13, 5846–5853
the alkyl moieties via multiple C–H/p interactions,27 and the
trimethyl ammonium groups of 1 interacted with the acid
groups of C4–C9.28 The binding affinity increased signicantly
with increasing length of the guest molecules (Table S2†). For
example, the association constants (Ka) of the complexes of S-1
and R-1 with C8 reached 6.3 � 10�5 M�1 and 5.3 � 10�5 M�1,
respectively.
Chirality transfer on/off control from chiral 1 to APy in water

Molecular design and self-assembly of APy. Based on the
binding properties of 1 in water, compound APy bearing four
peripheral aliphatic acid chains and an extended p-conjugated
core was synthesized (Fig. 1 and Scheme S3†). The aliphatic acid
chains with the same linker as C8 were expected to enable
strong complexation between APy and 1. The triazole moieties
of APy also aid complexation according to previous reports.29

The assembly properties of APy in water due to p-oligomer-
ization were initially investigated by concentration-variable
uorescence measurements (Fig. S16 and S17†). The critical
assembly concentration (CAC) of APy was determined to be
approx. 2 � 10�5 M in water, which was accordant with the
concentration-dependent and temperature-variable 1H NMR
measurements (Fig. S18 and S19†).30,31 All subsequent experi-
ments were performed with an APy concentration of 6 �
10�5 M, which was higher than the CAC.

Two-step complexing process of Apy with 1. Complexation
between APy and S-1 was conrmed by 1H NMR titration
(Fig. S20†). Although the spectra were complicated, the signals
corresponding to the linear alkyl chains of APy clearly showed
dramatic upeld shi to around�1 to�2 ppm upon addition of
S-1. This observation indicated the strong shielding effect
resulting from the inclusion of these protons in the cavity of S-1.
The binding mode and affinity between APy and S-1 were esti-
mated by investigating the binding between S-1 and APh
(Fig. 3b), which was the unit model of APy (Fig. S21–S24†). The
association constant between S-1 and APh was 8.0 � 105 M�1

(Fig. S24†), suggesting a strong binding.
Carefully examination of the 1H NMR spectra of APy upon

addition of S-1 showed a two-step complexing process
(Fig. S20†). With less than 0.6 equiv. of S-1, all resonance signals
of APy underwent an upeld shi, while a gradual downeld
© 2022 The Author(s). Published by the Royal Society of Chemistry
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shi was observed with further addition of S-1. UV titration also
suggested the same two-step process. In the aqueous solution,
APy gave rise to absorption maxima at 253, 299, and 385 nm in
a wide concentration range (Fig. S25†). The absorption band at
approx. 385 nm decreased, broadened, and underwent a red-
shi when less than 0.6 equiv. of planar chiral 1 was added,
while adding more 1 resulted in the same band intensifying
again (Fig. S26 and S27†).

Two-step chirality transfer from chiral 1 to Apy. As both S-1
and R-1 possess pure planar chirality in water, the chiral effect
of 1 on APy was investigated (Fig. 4). Gratifyingly, both S-1 and
R-1 induced the chirality in APy, as evidenced by the appearance
of a CD signal at approx. 400 nm from the pyrene moiety upon
addition of 1 (Fig. 4a). The CD signals indicated that S-1
induced a positive Cotton effect on APy, while R-1 induced
a negative Cotton effect. Interestingly, the chiral induction
ability of 1 exactly followed the trend of the two-step complexing
process of APy (Fig. 4b and S28†), which was conrmed by 1H
NMR and UV titrations. Upon addition of less than 0.6 equiv. of
chiral 1 to the aqueous solution of APy, the CD signals emerged
gradually. Conversely, further addition of 1 caused a decrease in
the chirality of APy previously acquired. When 2.0 equiv. of
chiral 1 was added, the induced CD signals disappeared
completely.

Such a two-step chiral induction process was beyond our
expectation, because it behaved differently from most chirality
transfer systems, where additional feeding of chiral sources
usually improves the chirality transfer efficiency. As control
experiments, the unit model of 1 (R-unit in Fig. 1) and l-valine
methyl ester hydrochloride (L-Val) only caused a continuous
decrease in the absorption at approx. 385 nm in the UV spec-
trum upon addition (Fig. S29†). Furthermore, these additives
failed to transfer chirality to APy, even when added in large
Fig. 4 (a) UV-vis and CD spectra of APy (6� 10�5 M) with 0.6 equiv. of
S-1 and R-1. (b) Plots of CD at 415 nm for APy (6 � 10�5 M) upon
addition of S-1 and R-1. All spectra were recorded in water at 25 �C. (c)
TEM images of Apy (left), and mixtures of APy with chiral 1 ([R-1]/[APy]
¼ 0.6 (middle); [S-1]/[APy] ¼ 2.0 (right)).

© 2022 The Author(s). Published by the Royal Society of Chemistry
excess, except for causing random signals at approx. 400 nm
that could be considered noise (Fig. S30 and S31†). These
observations indicated that planar chiral 1 was effective
compared with non-macrocyclic chiral sources and ensured
successful two-step chirality transfer from the chiral source to
APy in this system.

Transmission electron microscopy (TEM) images more
clearly showed the effect of 1 on chirality transfer “on and off”
control (Fig. 4c and S32†). Monolayered nanotubes of APy with
a thickness of around 2.5 nm were changed to short bundle
structures with partial helicity by adding 0.6 equiv. of chiral 1,
while further addition of 1 completely destroyed the assemblies
of APy and only amorphous aggregates were observed.
Mechanism of the two-step complexation and chirality
transfer between chiral 1 and APy in water

To further clarify the two-step complexation and chirality
transfer phenomena, the uorescence change of APy caused by
chiral 1 was investigated. On the uorescence spectrum of APy,
there are two emissions at approx. 426 nm and 531 nm (Fig. 5a),
whose lifetimes were determined to be approx. 2.6 ns and 94 ns,
respectively, which veried that the two emissions represented
the monomeric APy and the excimer formed by stacking,
respectively (Fig. S34†). Interestingly, upon adding chiral 1 to
the aqueous solution of APy, a drastic spectral change was
observed (Fig. 5a and S33†). Only 0.4 equiv. of S-1 led to
disappearance of the uorescence band at approx. 426 nm and
broadened the uorescence band at approx. 531 nm (Fig. 5a).
When S-1 was further increased to 0.6 equiv., the emission
maximum underwent a red-shi to approx. 545 nm, and the
emission lifetime increased to 135 ns (Fig. S34†). The emission
color gradually changed from light green to yellow during this
process (Fig. 5b). These observations clearly suggested that S-1
triggered oligomerization of APy through p–p stacking of
extended pyrene moieties effectively. However, the emission at
approx. 545 nm was gradually decreased and blue-shied,
accompanied by emergence of the band at approx. 426 nm
upon addition of more than 0.6 equiv. of S-1. When 2.0 equiv. of
S-1 was added, the emission at approx. 545 nm disappeared and
the emission color changed to blue, which indicated complete
disassembly of APy to the monomeric state. The two-step
complexation between 1 and APy were fast and efficient, as
evidenced by that the uorescent spectra of each titration were
hardly changed within 9 hours at room temperature.

As shown in Fig. 5c, the neutralization of anions on APy by
cations on 1 upon initial addition of 1 decreased repulsion
between the molecules of APy, which had weakened the stack-
ing of pyrene moieties, resulting in the assembly of APy.
Theoretically, 0.4 equiv. of 1 possessed equal and opposite
charges to APy. This was likely the reason for the monomeric
emission disappearing in the uorescence spectra of APy when
0.4 equiv. of 1 was added. A slight excess of 1 (0.6 equiv.) might
regulate the assembly of APy and cause longer-range assembly.
Taking advantage of the strong binding between 1 and APy, the
assembly of APy obtained chiral information from planar chiral
1. The CD signals shown in Fig. 4a indicated that S-1 induced P-
Chem. Sci., 2022, 13, 5846–5853 | 5849
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Fig. 5 (a) Fluorescence spectra (lex¼ 385 nm) and (b) images of APy (6
� 10�5 M) upon addition of S-1 under visible (top) and UV light (365
nm). All spectra were recorded in water at 25 �C. (c) Schematic illus-
tration of the proposed two-step chirality transfer between S-1 and
APy upon changing the feed amount of S-1. The four peripheral chains
of APy are shown in different colors for clarifying.

Fig. 6 CPL (top) and fluorescence (bottom) spectra of Apy (6 � 10�5

M) in the presence of 0.6 equiv. (solid lines) and 2.0 equiv. (dashed
lines) of chiral 1. All spectra were recorded in water at 25 �C.
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helicity in the assembly of APy, while R-1 induced M-helicity.
Further addition of 1 caused repulsion between the stable
complex (APy$1n) owing to excess cations and steric hindrance
between the bulky pillar[5]arenes, leading APy to depolymerize
and the previously acquired chirality to gradually disappear.
CPL on/off control of the assembled system of APy by chiral 1
in water

The acquired helical assemblies of APy (6 � 10�5 M) possessed
relatively strong uorescence emission. For example, the
quantum yields in the presence of 0.6 equiv. of S-1 and R-1 were
5850 | Chem. Sci., 2022, 13, 5846–5853
0.43 and 0.47, respectively (Table S3†). Therefore, the unusual
chiral-source-concentration-dependent CPL property of APy was
investigated. In the presence of 0.6 equiv. of chiral 1, CPL
activity with emission maxima consistent with those in the
uorescence spectra were observed (Fig. 6). The jglumj value
reached approx. 1.7 � 10�3 at 550 nm (Fig. S37†). To our
knowledge, this is the highest glum value reported to date for
pillar[n]arene-containing systems capable of CPL properties in
solution.17a,c Furthermore, further feeding with the chiral source
eliminated the CPL of APy owing to decreased CD induction and
emission, indicating that CPL on/off control was achieved by
continuous addition of planar chiral pillar[5]arenes.
Conclusions

In conclusion, we synthesized cationic water-soluble planar-
chiral pillar[5]arenes S-1 and R-1, which were diastereomeri-
cally pure in water (pR for S-1, pS for R-1). Compared with simple
chiral molecules (such as R-unit and L-Val), planar chiral pillar
[5]arene 1 readily transferred chiral information to guest
molecule APy through host–guest interactions. Interestingly,
the chirality transfer efficiency and subsequent CPL properties
were sensitive to the host–guest feed ratio owing to the bulki-
ness of planar chiral macrocycle 1. Adding a small amount of 1
(0.6 equiv.) resulted in CPL of APy. The strategy of using readily
obtained chiral macrocyclic molecules as the chiral source
makes the chirality transfer process more diverse and inter-
esting, and can be nely regulated, which might provide new
possibilities in the area of supramolecular CPL materials. In
particular, planar chiral pillar[5]arenes strongly bound the
linear aliphatic chains of uorescent guest molecules, with only
a minor impact on the physical properties of the uorophores.
However, complexation of linear aliphatic chains in the supra-
molecular assemblies of Apy resulted in effective chiral trans-
mission from planar chiral pillar[5]arenes to the uorescent
guest molecules. Various uorescent supramolecular assem-
blies composed of linear aliphatic chains and uorophore(s)
© 2022 The Author(s). Published by the Royal Society of Chemistry
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have been reported,32 so whether pillar[5]arenes 1 can transfer
chiral information to them should be investigated. This is
currently under investigation in our group.

Data availability

All analytical data is provided in the narrative and in the ESI.†
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