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co-assembling achiral chromophores with 
chiral ones which are easy to obtain, CPL 
can be facilely generated with diversi-
fied colors.[9b,10] Since there are judicious 
choice of achiral fluorescent molecules and 
diversified approaches leading to chiral 
supramolecular self-assemblies,[11] many 
extraordinary work manifesting amazing 
CPL have been created.[9b,10a,b,11c,12] In par-
ticular, chiral supramolecular assembly 
is able to amplify the chiroptical 
signal,[2e,9a,13] which is of critical impor-
tance in enhancing the efficiency of CPL 
for practical applications.

However, temperature-caused dis-
assembly or self-assembly transition 
from large to small ones[4a,14] has pro-
truded an insurmountable obstacle in 
the development of supramolecular CPL 
materials.[13a,15] CPL devices would inevi-
tably generate heat or encounter high 
temperature environment in the course of 
service. In most cases, the molecular self-
assembly becomes unstable with elevating 

temperature[14a,15c,16] due to the drastically enhanced solubility 
of the self-assembling molecules. For instance, upon increasing 
temperature, the wormlike micelles may transform into spher-
ical ones,[17] and the crystalline self-assembly of microtubes 
would turn into spherical vesicles.[16a,18] Because the generation 
of CPL requires the fluorescent chromophores to orient toward 
a specific direction, disassembly or self-assembly transition 
from one-dimensional large structures to much smaller spher-
ical ones usually causes CPL vanishing due to lose the ability 
to align fluorophores.[19] Up to date, it still remains challenging 
to endow supramolecular CPL materials with robust stability 
against variation of temperature.

In contrast to the temperature triggered disassembly, some 
coordinating hydrogels exhibit abnormal enhanced mechanical 
strength at elevated temperature.[20] Elegant examples can be 
found in the hydrogels formed with sodium cholate or folic 
acid and metal ions.[21] Specially, the sodium cholate (SC) is 
a naturally abundant chiral molecule which has no absorp-
tion in the UV–vis region. We therefore expect that the coor-
dinating hydrogels formed with SC is an ideal chiral system 
to generate CPL with desired thermal-enhanced performance. 
Herein we report that this scenario indeed comes true upon co-
assembling achiral fluorophores with the coordinating hydrogel 
formed with SC and Ca2+. Different from most self-assembled 
noncovalent interactions that would be weakened by elevating 
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1. Introduction

Circularly polarized luminescence (CPL) is very promi
sing owing to their appealing applications in photoelectric 
devices,[1] chiroptical materials,[2] 3D displays,[3] and informa-
tion storage.[4] Since CPL reflects the excited state properties of 
orderly arranged fluorescent molecules with specific chirality,[5] 
various chiral fluorescent molecules capable of self-assembling 
were created.[6] However, this usually requires complicated syn-
thetic chemistry,[7] which can be tedious and poor yield[2a,8] if 
variation of the CPL color is required.

Recent study shows that chirality transfer is an alterna-
tive approach in constructing CPL materials.[2b,h,9] Upon 
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temperature, the coordination between the carbonate groups 
and Ca2+ changes from the metastable bidentate chelating to 
the thermal stable bridging mode upon increasing temperature 
(Scheme  1). As a consequence, the original individual SC-Ca 
nanohelices bunch together to form large-scale helical bundles. 
This not only decreases the mobility of the co-assembled fluo-
rescent dyes, but also promotes their alignment. As a result, the 
CPL intensity is enhanced by about 4 times and the emission 
dissymmetry factor gem is enhanced from 0.04 to 0.1 as the tem-
perature increases from 25 to 50 °C. Since the bridging coordi-
nation is thermal stable, further variation of temperature, no 
matter increasing or lowering it, would not change the high gem 
and CPL intensity any more. With this work, we demonstrate 
that thermal stable CPL can be obtained with the aid of coor-
dinating self-assembly, which is very promising in the develop-
ment of robust CPL materials.

2. Results and Discussion

The sodium cholate (SC)-calcium (Ca2+) hydrogel established in 
literature[21a] was employed to co-assemble with the achiral fluo-
rescent dye disodium 4,4′-bis(2-sulfostyryl) biphenyl (CBS)[1a,22] 
to generate CPL in this study. Stock solutions of 100  mm SC, 
100 mm Ca2+, and 20 mm CBS were mixed at the volume of 0.4, 
0.4, and 0.01 mL, followed by addition of 1.19 mL distilled water. 
The resultant 2  mL transparent self-supporting SC-Ca-CBS 
(20-20-0.1  mm) hydrogel displayed bright blue fluorescence 
(Figure  1a). Microstructure study with AFM, TEM, and SEM 
revealed the formation of predominant flexible right-handed 
helices (Figure  1b,c and Figure S1, Supporting Information). 
The diameter for a single helix is about 10–40  nm with the 
pitches being about 70 nm (Figure 1c). Compared to the TEM 
image, the nano-helix under AFM has a relatively wider diam-
eter. This originates from AFM tip broadening effect, which 
arises when the radius of curvature of the tip is comparable 
with, or greater than, the size of the object to be imaged.[23]

The size and morphology feature of the SC-Ca-CBS nano-
helices is exactly the same with that of SC-Ca,[21a] indicating the 
addition of 0.1  mm CBS does not affect the gelation behavior. 
Indeed, rheology and XRD measurements confirm that both 
the mechanical strength and molecular packing mode are 

exactly the same in the SC-Ca-CBS and SC-Ca system (Figures 
S2 and S3, Supporting Information). However, CLSM image 
clearly shows the presence of luminescent fibers (Figure S4, 
Supporting Information), indicating CBS has been successfully 
incorporated into the SC-Ca helices. This is further evidenced by 
UV–vis measurements, which reveal that the absorption of CBS 
has red-shifted by about 3  nm (Figure  1d). 2D NMR NOESY 
(Nuclear Translimit Effect Spectroscopy) measurements are 
utilized to probe the interaction between molecules with small 
molecular weights. In line with UV–vis spectra, strong correla-
tion was observed between the protons on CBS and the SC skel-
eton in 2D HNMR (NOESY) (Figure 1e). These results suggest 
that CBS molecules have inserted into the hydrophobic pocket 
formed by the face-to-face stacked SC molecules (Figure 1e).[24] 
Owing to the separation and confinement of the hydrophobic 
pocket, the absolute quantum yield (QY) of CBS was signifi-
cantly enhanced from 62% in the 0.1 mm solution to 91% in the 
SC-Ca-CBS hydrogels. The confinement effect of a high rota-
tional resistive microenvironment formed by SC-Ca gel effec-
tively inhibited nonradiative decay, resulting in a remarkable 
increase in the QY.

The incorporation of CBS into the SC-Ca gels has triggered 
successful chirality transfer, namely, the chirality of the SC 
molecules transfers to the CBS dye through supramolecular 
interactions. As mentioned in the previous text, SC has no 
absorption in the entire UV–vis region measured, so that the 
CD signal is silent for the SC-Ca hydrogel. However, in the 
presence of achiral dye CBS, a distinct positive CD signal is 
observed at 370  nm (Figure  2a, blue line), corresponding to 
the absorption of CBS. The intensity of linear dichroism (LD) 
is nearly zero (Figure  2a, black line), thus the contribution of 
possible LD spectra on the CD signals can be excluded. Accord-
ingly, a positive CPL of CBS peaked at 430  nm is observed 
(Figure  2b). 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, is 0.04, indicating the genera-
tion of l-CPL. Since the gem of most organic fluorophores is in 
the order of 10−5–10−3,[4b,25] while the alignment of them would 
significantly promote gem owing to the positive addition of the 
handedness,[6a,26] this fairly large gem value of 0.04 indicates that 
the CBS molecules have been orderly aligned in the nanohel-
ices. During our CPL measurement, invariance of CPL ampli-
tudes upon sample rotation (through successive 45° increments 
around the optical axis) and sample flipping (i.e., by turning 
it of 180° with respect to the vertical axis) was testified: in no 
cases we could observe significant variations.[27]

It is striking that the CPL displays temperature enhanced 
intensity and gem. Figure  2b (upper panel) shows that with 
increasing temperature from 293 to 323 K, the CPL intensity has 
increased by nearly 4 times, whereas the fluorescence remains 
nearly unchanged (Figure 2b, lower panel). On the meanwhile, 
the maximum gem has been promoted by about 2.5 times, with 
the value increases from 0.04 to 0.1 (Figure 2c). This is in drastic 
contrast to the CPL reduction or silence triggered by increasing 
temperature in many other CPL systems.[15c,16a,b] In line with 
the temperature promoted CPL performance, the CD signal 
has been increased by the same amplitude (Figure  2a, upper 
panel), whereas the UV–vis absorbance (Figure 2a, lower panel) 
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Scheme 1.  Illustration of the thermo-enhanced CPL in SC-Ca-CBS 
hydrogel system.
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is not changed noticeably. This indicates that the enhanced CPL 
is originated from the better dipole–dipole coupling between 
CBS and SC. Meanwhile, Figure  2d shows that the storage 
modulus of the hydrogel has been enhanced 16 times, namely, 
increased from the original 6000  Pa at 293  K to 100 000  Pa at 
323  K. This means that increasing temperature has triggered 
much stronger networks. It is noteworthy that the temperature-
enhanced CPL and mechanical strength can be remembered by 
the system and remains stable in the broad temperature range 
of 293–343  K (Figures S5 and S6, Supporting Information). 
Figure  2c shows that the CPL intensity and the gem remains 
constant both in the process of further increasing temperature 
from 323 to 343 K (Figure 2c, red arrow) and decreasing tem-
perature from 343 to 293 K (Figure 2c, green arrow).

Microstructure study with AFM and TEM reveals that the 
average diameter of the nanohelices increases from about 
40 nm at 293 K to over 200 nm at 323 K (Figure 3 and Figure S7, 
Supporting Information). The AFM image in Figure 3a shows 

that in many places, the widths of the helical bundles are over 
600 nm at 323 K. These much larger helical bunches generate 
stronger scattering effect so that the turbidity of the hydrogel 
increased slightly (Figure S8, Supporting Information). Upon 
decreasing temperature, the turbidity would not recover, and 
microstructure study indicates that the helical bundles have 
been retained (Figure S9, Supporting Information). Further-
more, 1H NMR measurements (Figure S10, Supporting Infor-
mation) manifest that the structure of the fluorophores remains 
unchanged in the hydrogel after heating to 323  K. Clearly, 
increasing temperature has significantly promoted the hierar-
chical self-assembly of the nanohelices, which not only leads 
to significantly enhanced mechanical strength of the resulting 
hydrogels, but also significantly rigidified the environment 
where the CBS has located, which accounts for the drastically 
enhanced CPL.

To unravel what have occurred at molecular level upon 
increasing temperature, FT-IR (Fourier transform infrared) 
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Figure 1.  a) Photographs, b) AFM, c) TEM images, d) UV spectrum, e) 2D NMR (NOESY) of SC-Ca-CBS hydrogel systems employed in this study.
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measurements were conducted because it is able to distinct 
the coordination status between Ca2+ and –COO− group.[21a] 
Elemental analysis, mass spectra and energy-dispersive 
spectroscopy (EDS) measurements have proved the molar 
ratio of SC:Ca is 1:1 in the hydrogel (Figures S11, S12 and 
Table S1, Supporting Information). Figure  4a shows that 
before heating, the symmetric and asymmetric vibration of the  

−COO− group in the SC-Ca system occur at 1424 and 1540 cm−1 
(Δν  =  116  cm−1), respectively, whereas they shift to 1420 and 
1555 cm−1 (Δν = 135 cm−1) upon heating to 323 K. The Δν value 
of 135 cm−1 is close to that of SC single system (Δν = 131 cm−1, 
Figure S13, Supporting Information), whereas the Δν of 
116 cm−1 is obviously smaller than SC. This means that at 293 K, 
Ca2+ coordinate with the –COO− group of SC with a bidentate 

Adv. Optical Mater. 2022, 2201229

Figure 3.  a,b) AFM images of the SC-Ca-CBS hydrogel system at 323 K.

Figure 2.  a) CD (upper) and UV–vis spectra (lower). LD is the linear dichroism signal. b) CPL (upper) and fluorescence spectra (lower), of the SC-Ca-
CBS (20-20-0.1 mm) hydrogel at different temperatures. c) Variation of the dissymmetry factor (gem) upon increasing temperature from 293 to 343 K 
and then decreasing from 343 to 293 K. d) Dynamic rheology profiles of the SC-Ca-CBS (20-20-0.1 mm) hydrogel at different temperatures.
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Figure 4.  a) IR spectrum of SC-Ca gel before and after heating. XPS measurement of the binding energy of electrons for b) O 1s and c) Ca 2p of the SC-Ca 
hydrogel. d) XRD spectrum of SC-Ca-CBS hydrogel systems at 298 and 323 K, e) The bilayer thickness of the bidentate coordination and bridging coordina-
tion from Chem 3D. f) Schematic diagram of thermo-enhanced coordination and correlating morphological transformation from helix to helical bunches.
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chelating mode, whereas increasing temperature has triggered 
the coordination between –COO− and Ca2+ to change into 
bridging mode.[28] This can be further verified by the binding 
energy measurements of XPS (X-ray photoelectron spectros-
copy). It reveals that upon increasing temperature the binding 
energy of O 1s has increased by 0.2 eV (Figure 4b), while that for 
Ca2+ 2p electrons has decreased by 0.5 eV (Figure 4c). The vari-
ation of coordination mode from bidentate to bridging mode 
between SC and Ca2+ has also changed the interlayer distances. 
As revealed by XRD measurements in Figure 4d, the interlayer 
distances, which is determined with the Bragg equation from 
the 001 diffraction, has been shortened from 30.57 Å at 293 K 
to 29.46  Å at 323  K. Since the interlayer distances is close to 
twice of the extending length of the SC molecules, this result 
manifests that the bridging coordination has effectively linked 
two SC skeleton via the coordination bond. Compared with the 
bilayers composed of two separated SC skeleton in the biden-
tate chelating mode, the bridging coordination have sewed the 
two SC skeleton together, which therefore has a shorter length, 
as revealed by the molecular modeling of Chem 3D (Figure 4e). 
The mechanism of the thermal enhanced and retainable CPL is 
illustrated in Figure 4f.

The current strategy of thermal triggered CPL enhance-
ment can be extended to many other dyes. For example, as 
CBS was replaced by AC (Acridine yellow) or ThT (thioflavin 
T), thermal enhanced yellow (578 nm) and green (540 nm) CPL 
was observed, respectively (Figures S14 and S15, Supporting 
Information). However, dyes that has weak hydrophobic inter-
actions with the SC-Ca hydrogels failed to display this tempera-
ture enhanced and remembered CPL (Figure S16, Supporting 
Information), indicating the hydrophobic interaction between 
dyes and the SC skeleton is very crucial to build this thermal 
enhanced CPL material.

3. Conclusions

Thermo-enhanced and retainable CPL with the high gem of 
0.1 can be obtained by co-assembling commercial dyes with 
cholate-calcium hydrogels. The molecular reason lies in the 
thermo-promoted transition of the coordinating mode between 
COO− and Ca2+ from bidentate chelating to bridging mode, 
which triggers the self-assembly transition from the sepa-
rated nanohelix to the helical bundles. The dyes were further 
immobilized in the bundles which leads to better orientation 
and thermo-resistant fluorescence intensity. As a result, both 
the CPL intensity and gem are significantly enhanced. Since 
the bridging mode coordination is thermal stable, the thermal 
enhanced CPL is retainable, which stays constant with further 
variation of temperature. We envision that the coordinating 
self-assembly provides a facile route to construct thermal stable 
CPL materials with high gem, which would pave the way for the 
practical application of CPL devices.

4. Experimental Section
Materials: Sodium cholate (SC, 99%), calcium nitrate tetrahydrate 

(Ca(NO3)2⋅4H2O, AR), disodium 4,4′-bis(2-sulfostyryl) biphenyl (CBS, 

AR) were purchased from Aladdin. Distilled water was purified through 
Milli-Q Advantage A10 Ultrapure Water System. D2O (99.9%) was 
purchased from Aldrich.

Sample Preparation: Hydrogel was conveniently obtained by mixing 
stock solutions of sodium cholate, calcium nitrate, and CBS and then 
equilibrated at 25  °C for one day before further analyses. During this 
period, a self-supporting hydrogel can form.

Characterizations: TEM images were captured with a JEM-100CX 
electron microscope. A drop of sample (about 30  µL) was loaded on 
a copper grid. SEM measurements were performed using a Hitachi 
S4800 microscope at an acceleration voltage of 1  kV. Energy-dispersive 
spectroscopy (EDS) measurement was conducted using the same 
instrument at an acceleration voltage of 7 kV. AFM measurements were 
performed on OXFORD INSTRUMENTS (Cypher S) in tapping mode. 
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. Powder 
X-ray Diffraction (XRD) measurements were performed using a Rigaku 
Dmax-2400 diffractometer with Cu Kα radiation. The powder samples 
were placed on clean glass slides for tests. The lamellar period d in 
each sample was calculated using Bragg’s Law, where d  =  λ/2sinθ. 
1H-NMR and NOESY spectra experiments were performed on a 
Bruker ARX 500  MHz spectrometer at room temperature (25  ±  2°C), 
using 5  mm standard NMR tubes. Deuteroxide (99.9%) was used to 
dissolve the precipitates for 1 H-NMR spectra, all proton signals were 
calibrated with D2O signal at 4.800  ppm.; D2O (99.9%) was used to 
solve it for 2D-NOESY. Circular dichroism (CD) spectra were obtained 
on a JASCO J-810 spectrometer and used to investigate the ICD of the 
sample suspension. The light path length of the quartz cell used was 
0.5 mm. Scanning speed was set at 100 nm min−1. Data were collected 
at a response of 2 s and accumulated twice. CPL spectra were obtained 
with a JASCO CPL-200 spectrometer. The light path of the quartz cell 
was 0.5  mm. The excitation wavelength for ThT and RhB systems 
were both 400  nm. Fluorescence spectra were recorded by a FLS 920 
spectrometer (Edinburgh Instruments Ltd., UK). The UV–vis absorption 
spectra were recorded on a Shimadzu UV-1800 spectrophotometer. The 
absolute fluorescent quantum yield (FQY) of the SC-Ca-CBS hydrogels 
were conducted using Edinburgh instruments, FLS980 with R928PMT 
as the detector, a 450  W xenon lamp as the light source, and an 
integrating sphere accessory. The excitation wavelength was 340  nm. 
FT-IR spectra were carried out on Nicolet iN10 MX microscopic infrared 
spectrometer (ThermoS-7 Scientific Co., USA) in the range of 4000 to 
600  cm−1 under ambient condition. The spectrometer was equipped 
with an attenuated total reflection (ATR) accessory with a Smart iTR 
(diamond). Electrospray ionization mass spectrometry (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 30  °C; skimmer1 33.0  V, 
skimmer2 28.0  V; sheath gas nitrogen pressure 0.3  bar. An elemental 
analyzer (virioEL, Elementar Analysensysteme GmbH company) was 
used to measure the contents of C, H, and N elements. An Inductively 
Coupled Plasma-Atomic Emission Spectrometer (Prodigy 7, Leeman, 
USA) was used to measure the contents of Ca element. When lowering 
the concentration of solutions of sodium cholate and calcium  
nitrate to 10 mm, precipitation not gel could be obtained. TEM revealed 
that the precipitates are composed of right-handed helices the same 
as those in gel. Therefore, the precipitates were collected by removal  
of the supernatants and lyophilized for further constitutional analysis in  
assemblies.

Molecular Modeling: The molecular model proposed in Figure  4e 
was designed and built according to the XRD, XPS, and IR results and 
utilized to visualize the change of coordinating mode. The geometry 
optimization was performed under MM2 force field by Chem3D 19.1 
minimize energy calculation with minimum RMS gradient of 0.0100. 
ESI-MS spectra in Figure S11 (Supporting Information) had showed 
the presence of [SC-Ca-HNO3]+ and [SC-Ca-H2O]+, which proved there 
are NO3

− and H2O coordinating groups surrounding Ca2+, which could 
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neutralize and separate Ca2+, thus electrostatic repulsion was negligible 
in the neutral system.

The coordination between Ca2+ and CBS was ignored for carboxyl 
(SC) and had stronger coordinating ability than sulfonate (CBS) with 
Ca2+. Meanwhile, the ratio of CBS to SC was 1:200. Therefore, it was 
thought that the coordination between CBS and Ca2+ was negligible.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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