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and Hai-Bo Yang

Abstract: The construction of circularly polarized lumines-
cence (CPL) switches with multiple switchable emission states
and high dissymmetry factors (g,,,) has attracted increasing
attention due to their broad applications in diverse fields such
as the development of smart devices and sensors. Herein, a new
family of AlIE-active chiral [3]rotaxanes were designed and
synthesized, from which a novel CPL switching system was
successfully constructed. The switching process was realized
through the controlled motions of the chiral pillar[5]arene
macrocycles along the axle through the addition or removal of
the acetate anions, which not only modulated the chirality
information transfer but also tuned the aggregations of the
integrated [3]rotaxanes, thus resulting in reversible transfor-
mations between two emission states with both high photo-
luminescence quantum yields (PLQYs) and high dissymmetry
factors (g,,) values.

Introduction

Attributed to its broad potential applications in photonics,
smart sensors, high-resolution three-dimensional (3D) dis-
plays, and information technologies etc., intense research
interests on circularly polarized luminescence (CPL) have
been witnessed during past few decades.!! Aiming at the
achievement of both high photoluminescence quantum yields
(PLQYs) and high dissymmetry factors (g.,) for practical
applications, diverse CPL materials, ranging from lanthanide
complexes at the early stage® to aggregation-induced emis-
sion luminogens (AIEgens) more recently,”) have been
successfully developed. In particular, for some CPL materials,
through the modification of their chemical structures, con-
formations or assembly states by external stimuli such as
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light,"” pH changes®™ or chemical inputs,® their CPL perform-
ances could be well-tuned, thus resulting in CPL switching.”!
Since CPL switching offers an promising opportunity for the
in situ regulation of different CPL emissive states without the
need for repetitive bottom-up synthesis, which is of consid-
erable interest for the development of smart devices and
sensors, it is attracting increasing attention and becoming
a research hotspot.

To date, in addition to the introduction of some classical
stimuli-responsive sites, such as cyanostilbene for light
irradiation™ or imidazole for metal coordination,® to
trigger the switching process, some novel design strategies
for CPL switching have been also witnessed. For instance, on
the basis of the cycloaddition/cleavage of a cinnamic acid
moiety, Liu, Zhang and co-workers successfully realized
photo-triggered CPL inversion.*! In addition, by introducing
the concept of molecular shuttle, Cuerva, Blanco and co-
workers demonstrated the successful construction of a [2]ro-
taxane-based CPL switch triggered by base or acid.’¥
However, in most cases reported so far, only on/off switching
with relatively low g, at the on states and moderate cycling
ability was achieved. Considering the requirements for
practical uses, the construction of novel CPL switching
systems with multiple switchable emission states and higher
Zum 18 highly desirable and under demand.

To achieve this goal, herein a novel design strategy was
developed. Based on our ongoing interest in mechanically
interlocked molecules (MIMs),®! chiral rotaxanes with the
controllable dynamic features were hypothesized to be
employed as the key platform for CPL switching. Moreover,
inspired by the rapid development of AIEgen-based CPL
systems usually with both high g, and PLQY values at the
mesoscopic level,”) we envisioned that the introduction of the
AlEgen unit into the rotaxanes would keep the emission on in
the aggregated states upon the CPL switching process.
According to such design strategy, novel chiral [3]rotaxanes
with an AIEgen unit as the center of the axle were designed
and synthesized. On the basis of the controllable stimuli-
induced motions of the chiral wheels that not only modulate
the chirality information transfer but also influence the
aggregation of the integrated [3]rotaxanes, CPL switching
between two emission states with g, values of +2.14x 10*
and + 1.36 x 10 was successfully realized, making this system
an attractive and promising candidate for practical applica-
tions.
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Results and Discussion
Design, Synthesis, and Characterizations of [3]Rotaxane 1

In our initial design strategy, in the targeted chiral
[3]rotaxane 1, the typical AIEgen 9,10-distyrylanthracene
(DSA) unit,"” which is responsive to the high PLQY in the
aggregated state, was chosen as the core, two pillar[5]arene
macrocycles (DEP[5]A), which featured interesting confor-
mation-dependent planar chirality,'!! were selected as the
wheel components and the stereogenic units. In addition, two
thiourea moieties were inserted into the alkyl chain compo-
nent as the binding sites. In the initial state, due to the
stronger hydrogen bonding interactions between the thiourea
moieties and the ethoxy group of the DEP[S]A macrocycles,
the DEP[5]A wheels were expected to be located at the
thiourea and adjacent methylene moieties (State I). Since the
thiourea moieties could serve as excellent hydrogen-bonding
donors, the addition of the acetate anion as hydrogen-bonding
acceptor with higher binding affinity to the thiourea moiety
than that of DEP[5]A would drive the translational motion of
pillar[5]arene macrocycles from the thiourea to the neutral
alkyl chain (State II). Furthermore, through the removal of
the acetate anions in the form of NaOAc precipitate by
adding Na*, the movement of the wheel components back to
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the thiourea moieties would be achieved, thus resulting in
a switchable chiral [3]rotaxane.” More importantly, along
with this proposed switchable process, two key factors that
might influence the CPL performance of the chiral [3]rotax-
ane might be tuned, which would result in the desired CPL
switch. On one hand, the distance between the chiral DEP-
[5]A wheels and the DSA core decreased upon the switching
from State I to State II, which possibly led to enhanced
chirality information transfer from the stereogenic units to
the ATEgen.'! On the other hand, accompanied by such
relocation of the chiral DEP[5]A wheels close to the DSA
unit, the AIE behaviors of not only the DSA core but also the
integrated chiral [3]rotaxane might be tuned, which would
further alter the CPL performance (Figure 1).

With above proposal in mind, the preparation of the
racemic [3]rotaxane 1 was first undertaken.'¥l On the basis of
the host-guest chemistry of DEP[5]A and alkyl chain moiety,
the threading-followed-by-stoppering strategy was employed
through the reaction of DSA-cored precursor 3 and 3, 5-
bis(trifluoromethyl)phenyl isothiocyanate in the presence of
DEP[5]A in a ratio of 1:10:10, which gave rise to the
successful synthesis of 11in a good yield (81 %) on a gram scale
(Figure 2a). In addition, the corresponding axle compound 2
was prepared as a model compound in near quantitative yield
(Scheme S2). The comparison of the 'H NMR spectra of
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Figure 1. Design strategy of novel circularly polarized luminescence (CPL) switching system based on the AlE-active chiral [3]rotaxanes upon the

addition or removal of external stimuli.
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Figure 2. a) Synthetic route of [3]rotaxane 1, and b,c) single crystal structure of [3]rotaxane 1 (the meso- form). i) CHCl;, —15°C to r.t., 81%.

1 and 2 clearly indicated the formation of the targeted
[3]rotaxane since remarkable upfield shifts of H, of the
thiourea moiety and the methylene moiety (Hs_y,) of the axle
component were observed (Figure S13). In particular, three
strongly upfield shifted signals below zero ppm were ob-
served, which represents as typical indicators for the success-
ful formation of the pillararene/alkyl chain rotaxane system.
On the basis of two-dimensional (2D) COSY analysis (Fig-
ure S14), all signals of the axle were clearly assigned. In
addition, as revealed by the 2D ROESY spectrum (Fig-
ure S15), correlations between protons on the axle and
protons of DEP[5]A, for instance, H,o, with H,, were
observed, providing additional strong support for the forma-
tion of targeted [3]rotaxane. HRMS (ESI-TOF-MS) study
further confirmed the existence of [3]rotaxane 1, in which two
peaks at m/z =2937.5288 and m/z = 1468.6790 were observed,
which were attributed to [M]" and [M+2H]*" ions, respec-
tively (Figures S18,19).

By virtue of single-crystal X-ray diffraction, the structure
of [3]rotaxane 1 was unambiguously confirmed. Single
crystals suitable for crystallographic analysis were obtained
by slow diffusion of acetone into the dichloromethane
solution of 1.'°! To our surprise, as revealed by the resultant
single crystal structure, two pillar[S]arene wheels, one with
(pS, pS, pS, pS, pS) conformation and the other with (pR, pR,
PR, pR, pR) conformation, individually encircled the axle,
affording [3]rotaxane 1 in the meso form (Detailed discussion
of the absolute configurations of 1 will be given below). As
expected, attributed to the hydrogen-bonding interactions
between the thiourea moiety as well as the trifluoromethyl
moiety and the ethoxy group of DEP[5]A, respectively, the
DEP[5]A wheels were located at the thiourea and adjacent
methylene moieties, which laid the foundation for the
investigations of its stimuli-responsive feature discussed in
the next section (Figure 2b). In addition, the DSA moiety was
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located in the center of the [3]rotaxane. In particular, due to
the non-planarity of the DSA moiety and the presence of
bulky DEP[5]A wheels that inhibited the typical cofacial mt-7t
stacking, the CH/m interactions played a key role as the
driving force in the crystal packing of meso-1. For instance,
two intermolecular CH/m interactions formed between the
anthrylene (An) core and the ethoxy group of DEP[5]A in
neighboring rotaxane with the distances of 3.126, 3.257 and
3.693 A, respectively. In addition, another two CH/m inter-
actions are formed between the phenyl ring of DSA and the
trifluoromethyl moiety (3.205 A) as well as between the
ethylene moiety of the DSA and the phenyl ring of the
DEP[5]A (3.330 A), respectively (Figure 2¢). According to
such packing form, the intermolecular interactions between
the DSA unit and the DEP[5]A wheels were proven to have
a great impact on the aggregation of the [3]rotaxane, making
the modulation of the aggregation state as well as the CPL
performance through stimuli-induced relocation of the DEP-
[5]A wheels feasible.

Stimuli-Responsive AIE Behaviors of [3]Rotaxane 1

With the targeted [3]rotaxane 1 in hand, investigations on
its stimuli-responsive AIE behaviors were then carried out.
To our delight, as suggested by the 'HNMR titration
experiments (Figure 3), the expected anion-induced transla-
tional motions of DEP[S]JA macrocycles in [3]rotaxane
1 worked very well. Remarkable changes in the 'H NMR
spectra were observed upon the sequential addition of
tetrabutylammonium acetate (TBAA) into the CD,Cl, solu-
tion of 1. In particular, significant downfield shifts of the
signals of both the protons on the thiourea moieties (H; and
H,) and the adjacent methylene moieties (Hs,;) were re-
vealed. Meanwhile, the signals of the methylene protons
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Figure 3. Cartoon representation (top) and 'H NMR spectra (CD,Cl,,
298 K, 500 MHz) (bottom) of the anion-induced motions of the
DEP[5]A macrocycles in [3]rotaxane 1.

(Hg o) close to the DSA moiety and the alkene protons (H;;)
attributed to the DSA moiety were upfield shifted (Fig-
ures S27). For instance, after the addition of 6.0 equiv of
TBAA, downfield shifts of the signals of protons H; and H,
from 4.55 to 6.60 ppm and from 8.80 to 10.25 ppm, respec-
tively, were observed. While the upfield shift of the signal of
proton Hy from 0.94 to 0.09 ppm was also revealed, clearly
suggesting the translational motions of DEP[5]A macrocycles
from the thiourea to the neutral alkyl chain. As expected,
after the complete removal of the acetate anions as NaOAc
precipitates through the subsequent addition of at least
7.0 equiv of NaPF; to the mixture of [3]rotaxane 1 and TBAA,
the DEP[5]A macrocycles were returned to the thiourea
moieties, as indicated by the nearly identical 'H NMR
spectrum as the original one. Notably, such reversible anion-
induced switching motions of DEP[5]A wheels along the axle
could be repeated at least five times without any degradation,
demonstrating the excellent cycling ability (Figure S28).
Moreover, to quantitatively evaluate this anion-induced
switching process, the binding affinity of [3]rotaxane towards
acetate anions was then evaluated. A 1:2 binding model (1:
acetate anion) with anion binding constants of K, =142.1+
5.6 Mt and K, =13.94+2.0 M~! were calculated, which was in
accord with the existence of two thiourea moieties of
[3]rotaxane 1 as binding sites (Figures S30-33). Notably,
compared with that of some previously reported bis-thiourea
receptors,'® such binding constants are smaller, which might
be caused by the competitive complexing of the DEP[5]A
macrocycles with the thiourea moieties.

After confirming the anion-induced switching of the
[3]rotaxane 1, the evaluation of its stimuli-responsive AIE
behavior was then performed. As shown in Figure 4, the
absorption spectra of 1 in dilute CH,Cl, solution (3 uM) were
first recorded. Two main absorption bands at around 295 nm
and 415nm were observed, which corresponded to the
pillar[5]arene moieties and the DSA core, respectively. Upon
the increase of the fraction of poor solvent hexane (f;,, vol% )
from 10% to 95 %, only very slight hypochromic shifts were

www.angewandte.org

Research Articles

© 2021 Wiley-VCH GmbH

dte

Chemie

Internatic

1.5

—
@ =
— 20
1.0 —»l Z
[72] a0 ]
o —50 c
< —=| £
05 =0 =
& — 80
—90
—95
0.0,
240 300 360 420 480 540 500 600 700 800

Wavelength (nm) Wavelength (nm)

20 800000

§ 20
]
10
-t

o] =

(d) Solid state 1
600000+

400000+

Intensity

200000

80 100 500 600 700 800
Wavelength (nm)

20 40 60
f. (vol%)

*T(e) ()

1000

—IRF

el |

1+ OAc’

w
o

100

Intensity
Counts

0
w

10

3.0 1
X104 0 10 20 30 40 50

1  1+OAc’ 1+OAc +Na’ Time Delay (ns)

Figure 4. Stimuli-responsive AIE behaviors of [3]rotaxane 1. a) UV-vis
absorption, b) fluorescence spectra (A, =415 nm), c) fluorescence
quantum yields, d) solid-state fluorescence spectra (A, =415 nm),

e) stimuli-responsive fluorescence intensities and f) time-resolved fluo-
rescence decay curves of [3]rotaxane 1. Inset: photographs of 1 in
CH,Cl,/n-hexane with 0% (left) and 95% (right) n-hexane fractions
taken under UV illumination (4., =365 nm) (3 uM).

observed, indicating the absence of m-m interactions in the
resultant aggregated state. Moreover, as revealed by the
fluorescence spectra, in pure CH,Cl, solution, [3]rotaxane
1 displayed very weak fluorescence with a fluorescence
quantum yield (@) of 1.0 £ 0.1 %. Upon gradually increasing
fu from 10% to 60%, the emission intensity only revealed
a slight increase. By further increasing the f, to 70% and
finally to 95 %, significant fluorescence emission enhance-
ment was observed, as observed in the photographs of the
solution of 1 with different f; values taken under A =365 nm
UV illumination (Figure 4c). As reflected by the @y values,
an impressive 26-fold enhancement (25.8+1.2%) of the
fluorescence quantum yield was observed when f;, was 95 %,
indicating that [3]rotaxane 1 is a typical AIE luminogen.
Similar to [3]rotaxane 1, the corresponding axle compound 2
also displayed typical AIE behaviors. However, compared
with that of 1, lower fluorescence emission enhancement
(15-fold) was revealed, highlighting a unique effect of the
formation of the [3]rotaxane (Figure S35). In addition,
according to the fluorescence spectra in the solid state, both
1 and 2 revealed highly emissive feature in solid state with the
fluorescence quantum yields of 36.6 +£ 0.2 % and 23.1 +1.3 %,
respectively. Such impressive emission features of 1 and 2
could be attributed to the existence of ordered packing to
block intramolecular motions in the solid state, as confirmed
by their sharp powder X-ray diffraction (PXRD) patterns
(Figures S23,24).

More importantly, by keeping f, at 95 %, the addition of
TBAA to induce DEP[5]A movement led to a further
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increase in the fluorescence emission intensity but a slight
decrease of the @ value to 24.3+2.6%. The sequential
addition of Na* to remove the acetate anions resulted in the
recovery of the emission intensity (Figure 4 e and Figure S39),
indicating that such a reversible switching process did
influence the AIE behaviors of [3]rotaxane 1. Interestingly,
for both 1 and 2, as revealed by the fluorescence lifetimes that
were recorded by the time-correlated single-photon counting
(TCSPC) technique (Figure 4f), a decrease of the fluores-
cence lifetimes upon the addition of TBAA (for 1, from
3.20 ns to 1.50 ns; for 2, from 3.22 ns to 2.74 ns, Figure S40 and
Table S1) was observed, suggesting anion-induced co-confor-
mational changes that influenced the energy of the excited
states. It is also worth noting that the fluorescence lifetimes
agree well with the mono-exponential decay model, indicat-
ing that the fluorescence originates from the sole excited state
and no competing radiative deactivation process occurs.!”)

In order to provide more information for aforementioned
stimuli-responsive AIE behaviors of 1, dynamic light scatter-
ing (DLS) was further employed to investigate the different
aggregation states of 1. According to the DLS results, no
aggregation of 1 was observed in pure CH,Cl, solution with an
average hydrodynamic diameter (D)) of 1.5 + 0.1 nm. When f;,
was increased to 95 %, the average D, remarkably increased
to 65.5+6.3 nm, clearly suggesting the formation of nano-
scale aggregates. The sequential addition of TBAA to trigger
the switching of 1 led to a further increase of the average D, to
122.0 + 8.6 nm, again confirming the anion-induced tuning of
the AIE behavior of 1. As expected, sequentially adding Na*
to drive the reversed switching process resulted in the almost
complete regeneration of the original aggregation state with
an average D, of 72.5 £4.7 nm (Figures S41).

Resolution of [3]Rotaxane 1

In principle, due to the existence of eight conformers (i.e.,
four diastereomers x two enantiomers) of DEP[5]A, there
should be 36 isomers of [3]rotaxane 1 (Figure S45). However,
as revealed by the chiral HPLC measurements, three peaks
with a ratio of peak areas of 24.2:51.1:24.6 were observed,
preliminarily indicating the existence of only three isomers in
[3]rotaxane 1 (Figure Sa,b). After isolation of these fractions
using chiral preparative HPLC column, "H NMR analysis of
each fraction was first performed. As shown in Figure S50, the
'H NMR spectrum of the first fraction is almost the same as
that of the third fraction, both of which are only slightly
different from that of the second fraction, suggesting the
isolation of the [3]rotaxane enantiomers. The CD analysis
further confirmed such hypothesis, as the CD peak patterns of
the first fraction and the third fraction mirrored each other in
both form and intensity, which is consistent with an enantio-
meric relationship. In addition, the second fraction revealed
no CD signal, indicating that it is the meso form of [3]rotaxane
1 (Figure 5c). The ratio of these three isomers was approx-
imately about 1:2:1, which matches the statistical distribu-
tions. According to these results, the formation of [3]rotaxane
1 was proven to be diastereospecifical to symmetric diaste-
reoisomers, possibly attributed to both the lower energy and
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Figure 5. a) Cartoon representation of the diastereospecific formation
of [3]rotaxane 1, b) chiral HPLC traces, and c) CD spectra (50 UM in
CH,Cl,) of the three fractions that were assigned to pS-1, meso-1, and
pR-1, respectively.

larger cavity of DEP[S]A in the (pS, pS, pS, pS, pS) and (pR,
PR, pR, pR, pR) conformers.'*!

More importantly, according to both the CD spectra and
previous reports,1™1%] the absolute configurations of the
[3]rotaxane in the first fraction (pS-1) and the third fraction
(pR-1) were assigned to be pS and pR, respectively, in which
both wheels threaded on the axle are in (pS, pS, pS, pS, pS) or
(PR, PR, pR, pR, pR) conformers, respectively. While for the
[3]rotaxane in the second fraction (meso-1), as revealed by its
X-ray single crystal structure described above, one (pS, pS, pS,
pS, pS) wheel and one (pR, pR, pR, pR, pR) wheel were
located on the axle. Notably, due to the existence of the axle
in the cavity of DEP[5]A that blocks the free rotations of the
paraphenylene methylene units, all rotaxanes displayed high
configuration stability. No racemization was observed even
after prolonged heating (Figure S51), such stability makes
them excellent candidates for novel CPL materials.

Switchable CPL of Chiral [3]Rotaxanes pS-1 and pR-1

With the targeted chiral [3]rotaxanes in hand, their
chiroptical properties were then evaluated. The solution-state
CD spectra of both pS-1 and pR-1 indicated that there was no
obvious chirality information transfer even after the addition
of acetate anions to trigger the DEP[5S]A macrocycles to
relocate near to the DSA unit, as revealed by the fact that
only slight changes in the intensity of the bands at both
250 nm and 310 nm, which could be mainly attributed to the
DEP[5]A macrocycles, were observed (Figure S52). More-
over, as suggested by the CD spectra of the cast film of pS-
1 and pR-1 (Figure S53), bands at 250 nm and 310 nm were
observed, which is consistent with the solution state CD
spectra. However, a weak band at around 400 nm, which was
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ascribed to the DSA unit, was also observed, suggesting very
weak chirality information transfer in State I. Moreover, upon
the addition of acetate anions, the CD spectra of the resultant
cast film of pS-1 and pR-1 in State II revealed an increase in
the intensity of this band at around 400 nm, clearly indicating
the expected stimuli-induced enhancement of chirality in-
formation transfer (Figure S54).

Encouraged by such stimuli-induced switching of the
chirality information transfer from the planar chiral DEP[5]A
macrocycles to the DSA unit as well as the intriguing emission
features of the [3]rotaxanes, tests of the CPL of these two
chiral [3]rotaxanes were then performed (Figure 6). To our
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Figure 6. a) Cartoon representation of CPL switching system based on
the anion-induced motions of the wheels in the chiral [3]rotaxanes,
b,c) CPL spectra and g, spectra of the cast film of pS-1 and pR-1,

d,e) CPL spectra and g, spectra of the cast film of pS-1 and pR-1 upon
the addition of TBAA, and f,g) CPL spectra and g, spectra of the cast
film of pS-1 and pR-1 after the removal of TBAA using Na*.
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delight, upon excitation with UV light (4., =360 nm), both
pS-1 and pR-1 revealed intense CPL signals at 535 nm, which
was attributed to the DSA units. As expected, these enantio-
meric [3]rotaxanes resulted in almost mirror-imaged CPL
signals with opposite g, i.€., a positive CPL signal for the
pS-1 film was observed, while the film of pR-1 revealed
a negative signal, again suggesting a pure CPL response. The
gum Vvalues for both chiral [3]rotaxanes were 42.14x 1072,
which is relatively large compared with the typical ranges
(~107°-107° order). More importantly, upon switching these
chiral [3]rotaxanes to State II with enhanced chirality
information transfer, an impressive increase in the g, value
to £1.36x102 was achieved, leading to a novel CPL
switching system with a 6.4-fold enhancement. Moreover,
this CPL switching system displayed excellent cycling ability.
For both pS-1 and pR-1, even after at least 5 cycles, no
obvious degradation was observed (Figures S56,57).

To gain a better understanding of such an attractive CPL
switching system, extensive computational simulations!"!
were then performed, and the details are shown in Section
F in the Supporting Information. To our delight, as shown in
Figure 7b, the simulated CPL spectra of pS-1 fit very well
with the experimental result, in which a positive CPL signal at
534 nm was revealed. More importantly, after the addition of
acetate anions to trigger the switching process, a remarkable
increase in the intensity of this CPL signal was suggested.
Regarding the gy,,,, the values can be roughly calculated as 4R/
D, where R and D are the rotational and dipole strengths,
respectively, relative to the first electronic transition.” In our
case, as listed in Table S5, upon the addition of acetate anions,
a remarkable increase in the R value from 4.23 to 16.55 cgs
and a slight decrease in the D value from 18.15 to 16.79 a.u.
were calculated. According to these values, a 4.3-fold
enhancement of the g, value after the acetate-induced
switching process was predicted, which is close to the
experimental result.

pS-1+OAc
() % —pSA (c) " n
—— pS-1 + OAc’
20 ¢
g S %____ a

10 R

: 0 500 600 700 800 b}

Wavelength(nm)

Figure 7. Mechanism of the CPL switching by TD-DFT calculations:

a) Optimized excited-state structures of the chiral [3]rotaxane pS-1 and
and pS-1 with the addition of two acetate anions for the distribution of
the holes (cyan) and electrons (lime), b) simulated CPL spectra, and

c) the change of dihedral of the 9,10-distyrylanthrance (DSA) unit of
the chiral [3]rotaxane pS-1 and pS-1 with the addition of two acetate
anions (the DSA unit in pS-1 with the addition of two acetate anions
was marked with yellow).
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According to the simulations, the rotation of the dihedral
of the DSA unit and the following electron-hole difference of
the chiral [3]rotaxanes pS-1 upon the addition of acetate
anions was considered to lead to the enhancement of the g,
value. As shown in Figure 7c, it was obvious that the DSA
unit rotated and the dihedral of this AIEgen group enlarged
with around 7°. The rotation of the DSA unit might occur
because of the lower stability of the excited-state structure
compared with the ground-state structure, thus the DSA unit
was affected more by the motions of the chiral DEP[5]A
macrocycles upon the addition of acetate anions. From the
electron-hole analysis, the region of hole also appeared in the
phenyl group of the DSA unit, which indicated the fluores-
cence enhancement of [3]rotaxane pS-1 after the addition of
acetate anions (Figure 7a).

The change in the dihedral of the DSA unit might further
influence the aggregation behaviors of the chiral [3]rotaxanes,
which could further contribute to the enhancement of the gy,
value. To evaluate such aggregation effect, atomic force
microscopy (AFM) analysis was carried out. For chiral
[3]rotaxane pS-1 and pR-1, homogeneous tadpole-like mor-
phology with slight cross-linking was observed, and the
average heights were 5.6+ 0.4 nm and 5.9+ 0.5 nm for pS-
1 and pR-1, respectively. After the addition of acetate anions
to induce the switching process, denser morphology with
increased cross-linking was revealed, and the average heights
increased to 14.3 £0.9 nm and 14.5 £ 0.9 nm for pS-1 and pR-
1, respectively (Figure 8). Such obvious acetate-induced
morphology transformations to the denser state were hy-
pothesized to enhance the intermolecular chirality informa-
tion transfer, which might further contribute to the increase in
the gy, value.

Conclusion

In summary, taking advantage of the unique dynamic
features of rotaxanes, a novel chiral [3]rotaxane-based CPL
switching system was successfully constructed. The introduc-
tion of the DSA unit into the chiral [3]rotaxanes endowed
them with high PLQY in both switching states. More
impressively, on the basis of the anion-induced controllable
motions of the chiral DEP[5]A wheels that not only enhanced
the chirality information transfer but also tuned the aggrega-
tion behaviors of the integrated chiral [3]rotaxanes, an
impressive switching between two CPL emission states of
the chiral [3]rotaxanes with g, values of +2.14x 10~ and
+1.36x10% was successfully realized. The relatively large
gum Values, the remarkable difference in the g, values, and
the excellent cycling ability make the current CPL switching
system an attractive candidate for the fabrication of smart
devices and sensors. Considering the recent rapid develop-
ment of chiral MIMs, especially chiral rotaxanes, and their
wide potential applications,”™ our proof-of-concept study
herein provides a feasible and promising approach that could
be employed for the construction of diverse CPL switching
systems, such as ones that could be operated in the solid state,
which would lay the foundation for the further explorations of
the practical applications of CPL switches.
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Figure 8. AFM images of the chiral [3]rotaxanes before and after the
anion-induced switching process: a,b) pS-1, the average height is
5.6+0.4 nm, c,d) pR-1, the average height is 5.94+0.5 nm, e,f) pS-

1 with the addition of TBAA, the average height is 14.3+0.9 nm,
g,h) pR-1 with the addition of TBAA, the average height is

14.54+0.9 nm.
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