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ABSTRACT: Intelligent control over the handedness of circularly
polarized luminescence (CPL) is of special significance in smart
optoelectronics, information storage, and data encryption;
however, it still remains a great challenge to rationally design a
CPL material that displays reversible handedness inversion without
changing the system composition. Herein, we show this comes true
by coupling the two scenarios of Harata−Kodaka’s rule on the
same supramolecular platform of crystalline microtubes self-
assembled from surfactant−cyclodextrin host−guest complexes.
Upon coassembling a linear dye with its electronic transition dipole
moment outside of the cavity of β-CyD, the chirality transfer from
the induced chirality of SDS in the SDS@2β-CyD microtubes to the dye generates left-handed CPL at room temperature. Upon
elevating temperature, the dye forms inclusion complex with β-CyD, so that right-handed CPL is induced because the polar group of
the dye is outside of the cavity of β-CyD. This process is completely reversible. We envision that host−guest chemistry would be
very promising in creating smart CPL inversion materials for a vast number of applications.
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■ INTRODUCTION

The origin of chirality at different scales is one of the top
puzzles of nature. Of special puzzle is the stimuli responsive
structural chirality inversion. For instance, the newborn
tendrils of many plants are nonspiral, but they develop spiral
structures when they encounter a stick which they can twine
around. To release the tension generated by spiral, inversion of
the spiral handedness occurs. So far, scientists are able to
create various chiral spiral structures via molecular self-
assembly1,2 or via macroscopic fabrication procedures,3−5 but
it still remains a great challenge to endow various chiral
structures at different scales with stimuli responsive handed-
ness inversion.
It is well-known that cyclodextrins (CyDs) are doughnut

ring-like oligosaccharides capable of forming host−guest
complexes.6,7 Because the cavities of CyD are chiral, the
chirality of CyDs can be transferred to the guest through
dipole−dipole interaction between the transition moment of a
guest molecule and the bonds composing the chiral host β-
CyD.8−14 In 1970s and 1990s, Harata15,16 and Kodaka17,18 et
al. figured out that the induced chirality of the guest is closely
related with the relative location of the chromophore and
orientation of its electronic dipole transition moment to the
cavity of CyD. For a guest with its electronic dipole transition
moment orientation parallel to the axis of the cavity of CyDs,
the induced CD signal (circular dichroism spectrum) would be

positive if the chromophore is inside the cavity; otherwise, it is
negative (Figure S1).19 In the past half-century, this principle is
mainly utilized to understand the induced supramolecular
chirality,20−23 but it has not been sufficiently employed in
creating smart chirality inversion materials.
Intelligent circularly polarized luminescence (CPL) has

promising applications in a number of important fields, such as
photoelectronics,24−27 three-dimensional displays,28,29 and
data recording.30,31 Intelligent control over the CPL handed-
ness is of special significance in smart optoelectronics,
information storage, and data encryption.32,33 So far, switching
of the CPL handedness is achieved by controlling the system
component, such as enantiomers,34,35 solvent,36−38 coordinat-
ing metal ions,39 solution pH,40 redox reaction,41−43 or other
alien chemicals.44−47 Despite the significant progress, inversion
of CPL handedness requires changing the composition of the
systems, which prohibits their application as smart CPL
materials. Although some wonderful external stimuli respon-
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sive CPL handedness inversion systems have been re-
ported,48−52 most of them are serendipitous discoveries. It
still remains a great challenge to rationally design smart CPL
inversion materials without changing the component of the
CPL system.53

Herein, we report that upon coupling the two scenarios
described in Harata−Kodaka’s rule, rational design of temper-
ature-responsive CPL inversion becomes possible. The achiral
fluorescent dye ThT, which displays chiral environment
dependent CPL,54 was coassembled on the surface of the
crystalline self-assembly of SDS@2β-CyD microtubes (Scheme
1a, b). Chirality transfer from SDS to ThT leads to left-handed

CPL because the sulfate group, which is the chromophore of
SDS, is inside the cavity of β-CyD. However, increasing
temperature from 25 to 35 °C triggers the host−guest
complexation between the hydrophobic part of ThT and β-
CyD, leaving the positive charge of ThT outside (Scheme 1b,
c). Consequently, the induced chirality inversion of the dye
occurs on the surface of the microtubes, which leads to CPL
inversion without changing the system composition. Further
increase of temperature to above 40 °C results in significant
disassembly of the SDS@2β-CyD microtubes, and CPL
vanishes. This temperature-responsive host−guest chemistry
and the self-assembly transition is completely reversible. As
such, intelligent dynamic CPL materials displaying multimode
temperature responsiveness is thus generated. We envision that
the current work may pave the way for the design of intelligent
chiral materials.

■ EXPERIMENTAL SECTION

Chemicals

Sodium dodecyl sulfate (SDS, 99%) was purchased from Acros
Organics Co. and used as received. The purity of SDS was tested by
the absence of minimum in its surface tension curve. β-Cyclodextrin
(β-CyD), Rhodamine B (RhB), and Acridine orange (AO) were
purchased from Sinopharm Chemical Reagent Co., Ltd. with a water
content of 14%. Thioflavin T (ThT) was purchased from TCI.
Distilled water was purified through Milli-Q Advantage A10 Ultrapure
Water System.

Preparation of Microtubes and Coassembly of Dye with the
Microtubes. Desired amounts of SDS, β-CyD, and water were
weighed into a vessel to give a mixture with a total concentration of
SDS and β-CyD of 10 wt % and a molar ratio between SDS and β-
CyD of 1:2. The mixture was heated to ∼60 °C to obtain a
transparent, isotropic solution, which was then cooled to room
temperature to allow for the formation of microtubes. For coassembly
experiments, desired amount of aqueous solution of dye (ThT, RhB,
AO) were added into the vessel before heating.

Circular Dichroism (CD) Measurements. CD spectra were
obtained on a JASCO J-810 spectrometer and used to investigate the
chirality of the sample suspension. The light path of the quartz cell is
0.05, 0.1, or 1 mm, depending on different measuring purposes.

Circularly Polarized Luminescence (CPL) and Fluorescence
Measurements. CPL spectra were obtained with a JASCO CPL-200
spectrometer. The light path of the quartz cell is 2 mm. The excitation
wavelength for ThT and RhB systems are both 400 nm. Fluorescence
spectra were recorded by a FLS 920 spectrometer (Edinburgh
Instruments Ltd., UK).

Nuclear Magnetic Resonance (NMR) Studies. 1H NMR and
ROESY spectra experiments were performed on a Bruker ARX 500
MHz spectrometer at room temperature (25 ± 2 °C) using 5 mm
standard NMR tubes.

Transmission Electron Microscopy (TEM) and Freeze-
Fractured TEM (FF-TEM) Measurements. A drop of sample
(about 30 μL) was loaded on a copper grid, stained with uranyl
acetate. TEM images were captured with a JEM-100CX electron
microscope. For FF-TEM, samples were frozen by liquid propane;
fracturing and replication were carried out in a freeze-fracture
apparatus (BalzersBAF400, Germany) at −140 °C. Pt/C was
deposited at an angle of 45° to shadow the replicas, and C was
deposited at an angle of 90° to consolidate the replicas. The resulting
replicas were examined in a JEM-100CX electron microscope.

Confocal Laser Scanning Microscopy (CLSM) Measure-
ments. A drop (about 30 μL) of the sample was sealed between
two slides, ready for CLSM observation. A TCS-sp inverted confocal
laser scanning microscope (Leica, Germany) was used to conduct
experiments in florescence and differential interference contrast
(DIC) modes.

Small-Angle X-ray Scattering Instrument (SAXS) Measure-
ments. SAXS measurements were performed by SAXSess (Anton-
Paar, Austria, Cu Kα, λ = 0.154 nm), in which samples were sealed in
quartz capillary tubes.

Dynamic Light Scattering (DLS) Measurements. A commer-
cialized spectrometer (Brookhaven Instruments Corporation, Holts-
ville, NY) equipped with a 100 mW solid-state laser (GXC-III, CNI,
Changchun, China) operating at 532 nm was used to conduct DLS
experiments. Photon correlation measurements in self-beating mode
were carried out at multiple scattering angles using a BITurboCo
digital correlator. The temperature was held at 60 °C.

ESI-MS Measurements. Electrospray ionization mass spectrom-
etry (ESI-MS) was carried out on an APEX IV FT-MS (Bruker,
USA). The operating conditions of the ESI source: positive ion mode;
spray voltage 3300 V; capillary voltage 3800 V, capillary temperature
230 °C; skimmer1 33.0 V, skimmer2 28.0 V; sheath gas nitrogen
pressure 0.3 bar. The 1 mM alkane/b-CD vesicle samples were diluted
10 times by methanol and introduced via direct infusion at a flow rate
of 3.00 mL min−1.

Scheme 1. Illustration of (a) the Formation of the
Crystalline Self-Assembly of SDS@2β-CyD Microtube,a (b)
the Coassembly of Fluorescent Dye ThT with the
Microtube,b and (c) Temperature-Triggered CPL Inversion
in the System of ThT- SDS@2β-CyD Microtubesc

aTwo β-CyD hosts lock one SDS molecule and form the host−guest
building block of SDS@2β-CyD, which in turn assembles into
bilayers, thereby forming chiral microtubes. bThT is highly oriented
to the surface of the microtubule via electrostatic interaction, allowing
the appearance of left-handed CPL. cTemperature triggered self-
assembly transition and the host−guest complexation between β-CyD
and the dye, inducing CPL inversion.
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■ 1RESULTS AND DISCUSSION
The crystalline self-assembly of SDS@2β-CyD microtubes,
where SDS denotes the surfactant sodium dodecyl sulfate and
β-CyD represents β-cyclodextrin (Scheme 1a), were created
using methods established in our group.55 Upon dissolving
solid β-CyD into the hot aqueous solution SDS at 60 °C at the
stoichiometry of 1:2, inclusion complex SDS@2β-CyD can be
formed.56 On cooling, this supramolecular building block can
further self-assemble into vesicles, microtubes, and lamellae
driven by hydrogen bonding between β-CyDs.57 Here,
multiwalled microtubes were obtained by cooling the hot
aqueous mixture of 40 mM SDS/80 mM β-CyD from 60 to 25
°C. The diameter of the microtubes is about 1−2 μm, but the
length is up to 50−100 μm (Figure S2). Addition of 3 mM

cationic fluorescent dye ThT does not influence the size and
morphology of the tubes noticeably (Figure 1a, b),58 but
strong fluorescence was observed on the tube walls (Figure
1c). In situ SXAS measurements reveal that the scattering
peaks in the ThT-SDS@2β-CyD system occur at smaller q
values (Figure 1d). The calculated interwall distance d is 20.2
nm in the SDS@2β-CyD system, whereas it increases to 21.8
nm upon addition of ThT. This distance d = δ + dw, with δ and
dw being the thickness of the bilayer and the water layer
between two neighbored tube walls, respectively.59,60 Because
binding of oppositely charged ThT on the tube wall would
slightly reduce the thickness of the water layer dw due to the
decreased repulsive forces,59,60 the increased distance of 21.8 −
20.2 = 1.6 nm should originate from the increased bilayer

Figure 1. (a) TEM, (b) FF-TEM images, (c) CLSM image, and (d) SAXS profile (red curve) of the microtubes composed of 3 mM ThT and 40
mM SDS@2β-CyD at 25 °C. The black curve in (d) is the SAXS profile of the pristine microtube system of 40 mM SDS@2β-CyD. The inset
shows the binding mode of the ThT molecule with the SDS@2β-CyD. The fluorescence in (c) is from ThT under fluorescent mode.

Figure 2. (a) CD/LD (upper) and UV−vis spectra (lower) of 40 mM SDS@2β-CyD microtubes; the inset in the upper panel illustrates the lattice
of SDS@2β-CyD in the microtubes; (b) CD/LD (upper) and UV−vis spectra (lower) of the microtubes composed of 3 mM ThT and 40 mM
SDS@2β-CyD; (c) CPL spectrum (upper) and direct current mode measurement for the luminescent microtubes. The insets in (c) are the binding
mode of ThT on the surface of the microtubes.
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thickness δ. Further modulation indicates that this distance of
1.6 nm is close to the length of the ThT molecule (Figure S3).
This means that ThT molecules stand on the surface of SDS@
2β-CyD using its positively charged head to bind with the
negatively charged sulfate group of SDS (inset in Figure 1d).
Because the chain length of SDS is 1.45 nm, which is shorter
than the two folds of the height of β-CyD (∼0.8 nm), the
sulfate group of SDS is inside the cavity of β-CyD. According
to Harata−Kodaka’s rule, a positive induced CD signal for SDS
would be expected. This is experimentally verified by the CD
and UV measurements in Figure 2.
Because β-CyD has no absorption in the UV−vis range

(Figure 2a, lower panel), the positive signal centered at 200 nm
in the CD spectra (Figure 2a, upper panel) corresponds to the
absorption of the sulfate group of SDS (Figure 2a, lower
panel).58 Figure 2b shows that upon addition of the positively
charged dye ThT to the SDS@2β-CyD microtubes, an extra
intensive positive CD signal corresponding to the absorbance
of ThT occurs at 405 nm (Figure 2b, upper panel). Because
the contribution of possible linear dichroism (LD) on the CD
signals can be excluded (Figure S2), this result unambiguously
verifies that the induced CD of SDS has successfully
transferred to ThT via ionic interaction, in good agreement
with literature reports by Duan and Jiang et al.58 Here, we use
this as Scenario I of the Harata−Kodaka’s rule in this study.
Figure 2c (upper panel) shows that in accordance with the
positive induced CD signal of ThT, a positive CPL peaked at
570 nm is observed. This is up to our expectation, because the
sign of the lowest energy transition of electronic CD band is
the same as the sign for CPL.61 The emission dissymmetry
factor gem, defined as 2(IL − IR)/(IL + IR), with IL and IR
denoting the emission intensities of left-handed CPL (l-CPL)
and right-handed CPL (r-CPL) component, respectively,62,63 is
0.11, indicating the generation of l-CPL (inset in Figure 2c),
which agrees well with Duan and Jiang’s study.58

Next, we build Scenario II of Harata−Kodaka’s rule by direct
threading ThT into the cavity of β-CyD. ThT and β-CyD are
able to form the host−guest complex of ThT@β-CyD at the
molar ratio of 1:1 (binding constant = 78 M−1).64 2D NMR
measurements suggest that the hydrophobic portion of ThT is
threaded into the cavity of β-CyD, leaving the positive charge
of ThT outside (Figure 3a). According to Harata−Kodaka’s
rule,65 a negative CD signal should be expected. Indeed, the
CD measurement in the small window in Figure 3b reveals a
weak negative peak at 410 nm. Accordingly, a weak r-CPL is
observed at 500 nm (Figure 3b), which is in clear contrast with
the strong l-CPL occurring at 570 nm in Figure 2c. However,
upon introducing this complex into the system of the SDS@
2β-CyD microtubes, the r-CPL redshifts to 570 nm and is
amplified 20-fold (Figure 3b) owing to the ionic binding of the
host−guest complex to the tubes (inset in Figure 3b).
The reversed induced CD signal of ThT in Scenario I and

Scenario II of Harata−Kodaka’s rule allows generation of
intelligent CPL with temperature responsive handedness
inversion. Because the solubility of β-CyD increases sharply
with temperature, the crystalline self-assembly tends to
disassemble at elevated temperature.66−68 As a consequence,
both the proportion of free β-CyD and SDS in equilibrium
with the self-assembled structures increase with increasing
temperature. This allows in situ formation of the ThT@β-CyD
(1:1) and ThT/SDS complex because ThT has comparable
binding ability with β-CyD and SDS (Figures S4−S7).

Figure 4a shows the progressive variation of the CD signal in
the temperature region of 25−40 °C. Considerable CD signal
splitting occurs with increasing temperature. The positive
signal peaked at 405 nm kept decreasing, whereas a negative
one rose up at 395 nm. It was noticed that at 25 °C, the
intensity ratio between the negative and positive peak was only
1:12, whereas it increased to 1:1.5 at 40 °C. Strikingly, the
splitting between the positive and the negative CD signal does
not coincide with the absorption of ThT (the dashed line in
Figure 4a). These features indicate that the CD signal splitting
does not originate from the Cotton effect between stacked dye
molecules, but from dyes in different environment.69,70

Electrospray ionization mass spectrometry (ESI-MS) measure-
ment suggests both ThT@β-CyD and ThT/SDS complexes
come into formation with elevating temperature (Figure S8).
In line with the formation of the two different complexes,
considerable blue shift of the UV absorbance of ThT was
observed71,72 (Figure S9). Meanwhile, fluorescence measure-
ments (lower panel of Figure 4b) revealed that the emission
blue-shifts from 574 to 494 nm with increasing temperature
from 25 to 40 °C. Control experiments suggest that the
emission of ThT@β-CyD and ThT/SDS complexes should
occur at 494 and 503 nm, respectively, and both emissions do
not blue shift with increasing temperature (Figure S10). This
result supports strongly that the CD signal splitting is due to
the formation of ThT/SDS complex and ThT@β-CyD
complex.
This conclusion is further confirmed by the CPL measure-

ments. The lower panel of Figure 4b shows that at temperature
around 30 °C, the ThT@β-CyD complex on the tube wall

Figure 3. (a) 2D NMR (Roesy, D2O, 298 K) result of ThT@β-CyD
(2:2 mM) complex; (b) CPL spectra of the microtubes composed of
ThT@β-CyD (2:2 mM) and 40 mM SDS@2β-CyD. The insets are
the enlarged CPL for the ThT@β-CyD, the scenario II described by
Harata−Kodaka’s rule for the host−guest complex of ThT@β-CyD
and its binding mode on the tube wall.
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generates r-CPL at 570 nm, whereas the ThT/SDS complex
gives l-CPL peaked at 494 nm73 (Upper panel of Figure 4b,
blue curve, and scheme in Figure 5c). It is striking that with
further increasing temperature to around 35 °C, the l-CPL at
494 nm reverses to r-CPL, too. This CPL inversion means that
the ThT molecules interacting with SDS has threaded into the
cavity of β-CyD (scheme in Figure 5c), which is further
evidenced by the 1H NMR measurements in Figure S11. As a
result, complete CPL handedness inversion occurs (upper
panel of Figure 4b, red curve).
At temperatures above 40 °C, the CPL vanishes completely.

TEM (Figure S12) and CLSM (Figures 4c, d and S13)

observation revealed that most of the tubes have transformed
into vesicles around 200 nm (Figure S14, combination with
DLS results). The vesicles start to from at 30 °C (Figures S12a
and S13a), but tubes are still dominant in the temperature
range of 30−35 °C. The population of vesicles becomes
significant at temperatures above 40 °C (Figures S12d and
Figure 4d). This means that the SDS@2β-CyD microtube
structure is very crucial for the generation of CPL because it
facilitates the ThT molecules to orient to the same direction.
In contrast, when most of the tubes transform into vesicles
around 200 nm at temperatures above 40 °C, the large
curvature of a sphere force the ThT molecules orient to

Figure 4. (a) CD and UV−vis spectra, (b) CPL spectra and FL emission, and (c, d) CLSM images of the microtubes composed of 3 mM ThT and
40 mM SDS@2β-CyD at different temperatures.

Figure 5. (a) Variation of the transmittance of the ThT-SDS@2β-CyD at 650 nm with varying temperature; (b) switchable CPL inversion cycles
(at 590 nm) of 3 mM ThT/40 mM SDS@2β-CyD suspension by alternately changing temperature. The inset in (a) is the variation of the Tyndall
effect of the sample. (c) Six basic CPL switching modes in different temperature combinations.
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different directions. As a result, CPL vanishes (Figure 4b, green
line).
Because the temperature-triggered self-assembly transition is

completely reversible (Figure 5a), the variation of the CPL
strength and handedness is reversible too. Figure 5b shows the
repeatable CPL emission at the wavelength of 494 and 570 nm
at different temperature stages. The dissymmetric factor gem is
up to 0.11 for the l-CPL at 25 °C. Although the reversed r-
CPL at 35 °C is separated into two groups peaked at 490 and
570 nm, respectively, the corresponding gem values of −0.038
(490 nm) and −0.09 (570 nm) are still very significant,
because the |gem| for most chiral organic emitters is on the
order of ∼10−3 to ∼10−5.37,74−76 This means that both the two
CPL emissions can be used to store information, which is of
special importance in creating advanced data encryption and
data security materials.33,77 Based on the data in Figure 4, 6
basic CPL switching modes are schemed in Figure 5c in the
temperature range of 25−40 °C.
The strategy of CPL handedness switches in this work can

be extended to other fluorescent dyes that could form host−
guest complex with β-CyD. For instance, as ThT is replaced by
another linear dye, acridine orange (AO), similar CPL
inversion occurs (Figure S15). However, if the dye cannot
form host−guest complex with β-CyD, such as Rhodamine B
(RhB), no CPL inversion is observed (Figure S16).

■ CONCLUSIONS

In conclusion, the two scenarios of Harata−Kodaka’s rule for
the host−guest chemistry of cyclodextrins can be employed to
create temperature responsive CPL materials. At room
temperature, coassembling the fluorescent dye ThT on the
crystalline self-assembly of SDS@2β-CyD microtubes allows
the induced chirality of SDS to transfer to the dye so that the
CPL handedness of ThT is determined by the induced
chirality of SDS. At the higher temperature of 35 °C, part of
the crystalline microtubes dissolve, and the host−guest
interaction occurs between ThT and β-CyD. The CPL of
ThT is then directly determined by its own induced chirality
by β-CyD. Because the chromophore of SDS and ThT is inside
and outside the cavity of β-CyD, respectively, CPL inversion
occurs. Both scenarios in nature are caused by the dipole−
dipole interaction between the electronic transition moment of
the guest molecule ThT and the bonds composing the chiral
host β-CyD. Upon selecting linear dye which is capable of
forming host−guest inclusion complex with β-CyD, the
crystalline self-assembly of SDS@2β-CyD microtubes are
able to amplify the left-handed CPL at room temperature
and the right-handed CPL at elevated temperature. We
envision that the crystalline self-assembly based on the host−
guest chemistry of CyDs would open up a paradigm leading to
smart chiroptical, especially CPL, materials.
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