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PUBLIC SUMMARY

= To amplify chirality by the reconstruction of hydrogen-bonding interactions in cellulose.

= A scale-up process to produce circularly polarized room-temperature phosphorescent (CP-RTP) materials.
= The gabs and glum of CP-RTP materials were as high as 0.48 and 0.16, respectively.

= CP-RTP materials showed a visual recognition performance to many enantiomers.
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Circularly polarized luminescence (CPL) materials have attracted great
attention because of their rich optical information and excellent sensitivity.
However, the strategy to prepare CPL materials with a high dissymmetry
factor (g) is still limited. Herein, we demonstrate a facile route to scale up
the fabrication of circularly polarized organic room-temperature phospho-
rescent (CP-RTP) materials with a high g value, outstanding flexibility and
complete biodegradability, via the reconstruction and enhancement of
hydrogen-bonding interactions of cellulose. The absorption dissymmetry
factor (g.ps) and luminescence dissymmetry factor (gy,,) of the CP-RTP
materials are as high as 0.48 and 0.16, respectively, which are one or two
orders of magnitude larger than previous records. These cellulose-based
CP-RTP materials have full-color emission, and can be processed into
different format. In particular, the CP-RTP materials exhibit chiral recogni-
tion performance in an instrument-free visual mode. They give a change of
RTP performance once meeting different enantiomers, including lysine,
histidine, cysteine, 2-chloromandelic acid, and 1-(2-naphthyl) ethanol. The
novel strategy and new CP-RTP materials could promote the enrichment
and practical applications of CPL materials.

INTRODUCTION

Circularly polarized luminescence (CPL) materials have broad application
prospects in 3D displays, optical devices, bio-imaging, anti-counterfeiting,
information storage and asymmetric synthesis, owing to their rich optical
information and excellent sensitivity.' Traditionally, CPL can be achieved by
using a linear polarizer and a quarter-wave plate. However, this method
requires complex optical system, and causes the energy loss during the plate
transition process. Alternatively, CPL materials have been developed to
generate directly circularly polarized light, including CPL-active chiral
molecules,”"’ aggregation-induced emission (AIE) aggregates,’'* metal-
ligand coordination compounds,'”"® supramolecular assemblies,'** liquid
crystals,”*" and polymers.”™’ For example, Nie et al. prepared a series of Zn-
L-Histidine complexes with color-tunable circularly polarized room tempera-
ture phosphorescence (CP-RTP).”' Du et al. have reported a solution-inter-
face assembly strategy to fabricate hierarchically self-assembled helical
microtoroids with circularly polarized fluorescence (CPF) performance.'” Ma
et al. mixed a series of chiral small molecular fluorophores with an optically
inactive helical polymer to prepare multicolor CPL-active films.” However,
practical applications for most of the reported CPL materials are limited due
to their low luminescence dissymmetry factor (g, of only 107°-107%
Recently, the CPL materials with a high gy, value (> 0.10) have been reported
using a liquid-crystal strategy. Liu et al. fabricated CP-RTP materials with a
bilayer architecture by adding a small amount of RTP polymers into the liquid
crystal system, and obtained bright and stable CPL materials with a high |gj,|
of 1.49.* However, due to the internal filtering effect of the liquid crystal
phase, the resultant CPL materials lose more than half of the energy.” In
addition, liquid-crystal strategy has many restrictions for scaling up the
preparation of CPL materials, such as the poor uniformity, time and energy
consumption, high cost and low environmental friendliness. Therefore, there
is still a demand to develop new methods to scale up the preparation of CPL
materials with a high gy, value, which would promote the enrichment and
practical applications of CPL materials.

Phosphorescence is originated from triple excitons to the ground state (Sp)
by radiative decay, and has the advantages of large Stokes shift, long lifetime,

and long emission time. These characteristics enable CP-RTP materials to be
used in a wide range of applications such as advanced data security, opto-
electronic materials, and photodynamic therapy.®*’ Zhang et al. constructed
a pair of linear axially chiral conjugated polymers in a facile manner with
ultralong afterglow of 33 s and g, value of 0.01.* Huang et al. doped
bidibenzofuran compound into poly(vinyl alcohol) (PVA), which exhibited
strong CP-RTP with RTP efficiency of 14.8%, g, value of 0.12, and lifetime of
0.56 s.* Chen et al. designed and incubated a pair of chiral organic ionic
crystals, terephtalic (R/S)-phenylethyamine (TPA-(R/S)-PEA), which gener-
ated CP-RTP with lifetime up to 862 ms and gy, value up to 0.02.”" However,
the low g, values limit practical application of CP-RTP materials.

Polymers are great candidates for preparing CPL materials owing to their
excellent processability, mechanical properties, flexibility and stability.*
Huang et al. dispersed a chiral helical polyacetylene into a poly(methyl
methacrylate) (PMMA) matrix to produce a photoinduced CP-RTP material
with an absorption dissymmetry factor (guss) and gy, of 0.029 and 0.019,
respectively.” Gu et al. synthesized chiral binaphthalene and further polymer-
ized the chiral monomer to obtain CP-RTP materials with a lifetime of 680 ms
and a g, value of 0.0094.% So far, polymer-based CPL materials still suffer
from complicated synthesis, low g, value, poor luminescence efficiency, and
low biodegradability. Natural polymers have also been used to fabricate the
CPL materials. Xu et al. used cellulose nanocrystals as the raw materials to
obtain cellulose photonic crystal films with an absorption of left circularly
polarized light and an emission of right circularly polarized light, via an evapo-
ration-induced self-assembly process.”” However, the preparation process is
time-consuming and difficult to scale up the process. Guo et al. embedded
fluorenes into cellulose triacetate (CTA) and cellulose acetate butyrate (CAB)
films, which showed a clear CPL with a gy, value of 107" Itis still a chal-
lenge to obtain polymer-based high-performance CPL materials through a
simple, efficient and easy-to-scale strategy.

In this work, we report a new principle to construct and amplify chirality via
reconstruction and enhancement of hydrogen-bonding interactions in cellu-
lose chains. Based on this principle, a scale-up and continuous process was
developed to produce CP-RTP materials with high g value, large area, excel-
lent mechanical property, tunable colors and complete biodegradation. The
Gaps @Nd gy, Of the obtained CP-RTP materials were as high as 0.48 and 0.16,
respectively. It is expected that this cellulose-based CP-RTP materials have
great potential application in optical devices, anti-counterfeiting and visual
sensing.

MATERIALS AND METHODS
Materials

Cellulose acetate was supplied by Sichuan Push Acetati Co., Ltd. N,N-
dimethylformamide (DMF), trichloromethane, tetrahydrofuran (THF) and
methanol (MeOH) were chromatographic grade and obtained from Concord
Technology (Tianjin) Co., Ltd. Sodium hydroxide (NaOH) was purchased from
Sinopharm Chemical Reagent Co., Ltd. Rhodamine 110 (Rh110), Rhodamine
123 (Rh123) and Rhodamine 6G (Rh6G) were purchased from J&K Scientific.
Rhodamine B (RhB) was obtained from TCI Development Co., Ltd. Sulforho-
damine 101 (Rh101) was purchased from Acros Organics. 1-Allyl-3-
methylimidazolium chloride (AmimCl) was provided by Shangdong Henglian
New Materials Co., Ltd. Dimethylsulfoxide-ds (DMSO-ds, for NMR, 99.8
atom% D, with 0.03% (V/V) TMS) and all enantiomers were purchased from
Beijing InnoChem Science & Technology Co., Ltd.
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Figure 1. Schematic illustration of full-color CPL materials with high g value from natural cellulose.

Preparation of CA film

DMF was added into CA in a two-necked flask under stirring at 80 C to
obtain a CA/DMF solution with a concentration of 15-20 wt%. The CA/DMF
solution was spread out on the glass plate by a scraping process. The solvent
was evaporated at 40 °C to obtain the CA film.

Preparation of Cellulose (Cell) film

The CA film was soaked in NaOH solution (0.02 M-6 M) and was treated at
40°C for 6 h to obtain Cell/NaOH hydrogel. Then, half-volume of NaOH solu-
tion was removed, and the same volume of ultrapure water was slowly
added. This process was repeated until the pH value reached around 7.0 to
obtain the Cell hydrogel. Finally, the hydrogel was dried in air at room temper-
ature for 12 h, and then dried in vacuum at 80°C for 8 h to obtain the Cell film.

Preparation of Cell@Rhs films

Cell hydrogels were immersed in methanol to obtain Cell methanol gels.
The Cell methanol gels were soaked in Rhs/MeOH solutions (0.05-10
mg/mL) for 12 h. Subsequently, the above gels were placed in water to obtain
Cell@Rhs hydrogels. The Cell@Rhs hydrogels were dried in air at room
temperature for 12 h, and then dried in vacuum at 80°C for 8 h to obtain
Cell@Rhs films.

Preparation of Cell fibers

CA/acetone solution was used to produce CA fibers by a dry spinning
process. Subsequently, the CA fibers were treated with NaOH solution (0.2
M), washed with water and freeze-dried to obtain cellulose fibers.

Preparation of Cell aerogel
The tows or films of CA, were treated with NaOH solution (2 M), washed
with water and freeze-dried to obtain cellulose aerogels.

Degradation test
A 1.5 cm x 1.5 cm film of CA or cellulose was buried in soil. The film was
taken out to observe its shape and record its weight at certain time intervals.

Characterization

3C-NMR spectrum was obtained on a Bruker AV400 NMR spectrometer by
dissolving CA in DMSO-d; with TMS as the internal standard. Solid-state '*C-
NMR spectrum was measured on a Bruker NEO 600 WB spectrometer oper-

ating at 150 MHz for '*C using cross polarization and magic angle spinning
(CP/MAS). Fourier transform infrared (FTIR) spectrum was recorded on a
Nicolet 6700 (Thermal Fisher) spectrometer. X-ray diffraction (XRD) pattern
was recorded in the angular range of 4-40° (26) with a scanning speed of 5
°/min by using an X-ray diffractometer (PANalytical, Netherlands). Circular
dichroism (CD) spectrum and dissymmetric factor (g,,s) Were obtained on a
JASCO J-1500 spectrometer at 200 nm/min. Circularly polarized lumines-
cence (CPL) spectrum and dissymmetric factor (g,,) were obtained on a
JASCO CPL-300 spectrometer at 200 nm/min. Fluorescence and phospho-
rescence spectra were recorded with a Hitachi F-7000 fluorescence spec-
trophotometer. Time-resolved decay spectrum was obtained on an Edin-
burgh FLS980 spectrophotometer equipped with a microsecond flash. Fluo-
rescence and phosphorescence photographs were taken by a Sony a7
camera. Scanning electron microscopy (SEM) was carried out on a Hitachi
SU8020 instrument with an accelerating voltage of 5 kV. Mechanical proper-
ties were tested on a universal tensile machine. The films were cut into 10
mm x 50 mm rectangular specimens. The tensile test was carried out at a
tensile rate of 1 mm/min with a gauge length of 20 mm.

RESULTS AND DISCUSSION
Preparation of CP-RTP materials

Natural cellulose and its derivatives were selected as the raw materials. As
the most abundant biopolymer in nature, cellulose has many advantages,
such as bio-renewability, complete biodegradability, and excellent biocom-
patibility.** In particular, cellulose chain can form a helical structure,
because it is made up of glucose units linked by B-(1,4) glycosidic bonds.
Moreover, large numbers of hydroxyl groups are periodically distributed on
the cellulose molecular chain. After chemical modification, various groups
can be introduced into the cellulose side chain to obtain functional cellulose
derivatives.”*" Cellulose acetate (CA) is the simplest cellulose derivative with
excellent processability and formability, thus being applied in the fields of
apparel, pharmaceuticals, tobacco, separations, and printing.”*” CA does not
possess room temperature phosphorescence (RTP) property (Figure T1).
When CA was saponified to remove the acetyl group, the resulting cellulose
exhibited excellent CP-RTP performance. The g,,s and g, were as high as
0.48 and 0.16, respectively, which were much higher than those of previously
reported CPL materials (g, = 107°-1072). After doping rhodamines (Rhs) into
the cellulose film, the obtained materials not only showed full-color long-lived
afterglow, but also exhibited CPL performance, owing to the chiral transfer
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Figure 2. Preparation and properties of cellulose-based CP-RTP materials (A) Synthetic route, (B) FTIR spectra, (C) NMR spectra, (D) fluorescence and phosphorescence spec-
tra, (E) phosphorescence lifetime, (F) fluorescence and phosphorescence photographs, (G) CD spectra, and (H) CPL spectra of CA and cellulose (Cell). (I) Comparison of gim

values of CP-RTP materials obtained using non-liquid-crystal method from literatures.

from cellulose to Rhs (Figure 1). In addition, the as-prepared CPL materials
contain mainly cellulose, which enables these materials biodegradable in soll,
realizing a green recycling process of "originating from nature and returning
to nature” (Figure 1).

CA undergoes a saponification process to remove the acetyl groups and
obtain cellulose in alkaline solution (Figure 2A). As for CA, the peaks at 1735
cm™ and 1210 cm™ in the FTIR spectrum are assigned to C=0 stretching
vibration peak and (0=C)-O-C stretching vibration peak, respectively. These
peaks completely disappeared after NaOH treatment, accompanying with the
great increase of the O-H stretching vibration peak at 3320 cm™ (Figure 2B).
¥*C-NMR spectra showed that the peaks of C=0 at 170 ppm and CHj at 21
ppm completely disappeared after NaOH treatment (Figure 2C). XRD patterns
showed that CA was amorphous (Figure S1). After NaOH treatment, the
obtained cellulose material was a typical cellulose II with a crystallinity of
79.3% (Figure S1). These results confirmed the successful removal of acetyl
groups after the saponification process of CA.

The fluorescence emission of CA was very weak, and almost no phospho-
rescence emission was observed at room temperature (Figures 2D-F). After
NaOH treatment, the resulting cellulose material showed both fluorescence
emission (343 nm) and phosphorescence emission (478 nm) (Figures 2D-F),
achieving a phosphorescence lifetime of 561 ms (Figure 2E & Table S1). This
is because cellulose contains a large number of 0-O clusters which act as
luminescent centers.”"”* Meanwhile, cellulose has strong intramolecular and
intermolecular hydrogen-bonding interactions, which prevent the motion of

chains and groups to inhibit non-radiative relaxation, thus promoting the
fluorescence and phosphorescence emission. By contrast, CA has a high
content of acetyl group and a low content of hydroxyl group, which not only
reduces the O-O clusters, but also severely disturbs the hydrogen-bonding
interactions. Therefore, very weak fluorescence and phosphorescence are
observed for CA. The fluorescence and phosphorescence emission of cellu-
lose exhibited an obvious characteristic of cluster-induced emission, which
indicated the fluorescence and phosphorescence emission were excitation-
dependence. The emission wavelength gradually red-shifted as the excita-
tion wavelength increased (Figure S2). The obtained cellulose film showed
purple fluorescence and cyan phosphorescence at 280 nm excitation, while
emitted blue fluorescence and green phosphorescence at 365 nm excitation.
These phenomena indicate the presence of multiple cluster luminescence
centers in the as-prepared cellulose material.

CD spectrum showed that CA had a low g, of 1.07 x 107 (Figure 2G), and
the CPL spectrum showed that CA had not CPL property (Figure 2H). These
results indicated that the CA film had a negligible chirality. After NaOH treat-
ment, the obtained cellulose film exhibited a strong chirality with a high g, of
0.48 (Figures 2H & S4). CPL spectra showed that the fluorescence emission
peak (347 nm) and phosphorescence emission peak (465 nm) had circularly
polarized property with a high g, of 0.16, which is the highest value among
all the reported materials prepared using non-liquid-crystal methods
(Figure 21).
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Mechanism of CP-RTP materials

The chirality change of CA after the deacetylation process was investi-
gated in detail (Figure 3). CA film exhibited weak chirality with a positive
Cotton effect (Figures 3B & S3). CD value of CA film was only 45 mdeg at 209
nm, and the g, was only 1.07 x 107 After NaOH treatment, the acetyl
groups detached from the cellulose chains, leading to exposure of hydroxyl
groups and formation of a large amount of free space around the cellulose
chains. As a result, the intrachain hydrogen-bonding interactions of cellulose
were greatly enhanced. This was confirmed by the appearance of the O-H
peaks at 3514 cm™, 3440 cm™ and 3328 cm™' in FTIR spectrum (Figures 3F-
G), corresponding to the intrachain hydrogen-bonding interactions of cellu-
lose. Meanwhile, the greatly increased free space around the cellulose chain,
facilitating cellulose chains to form chiral helical structure. The CD and g.ps
values increased to 1.75 x 10° mdeg and 0.20, respectively (Figure 3B).
Subsequently, the free OH", CH;COO™ and Na* ions were displaced with water.
Chirality of the treated CA film was further improved with increased CD and
Gaps Values of 3.06 x 10° mdeg and 0.45, respectively. This is because free
OH", CH;COO™ and Na* ions can form strong interactions with the hydroxyl
groups of cellulose, weakening the intrachain hydrogen-bonding interactions.
As the removal of OH", CH;CO0™ and Na* ions, the intrachain hydrogen-bond-

ing interactions in cellulose were further enhanced, leading to improve chiral
characteristic. Finally, the drying process removed water from the cellulose
hydrogel, which led to further enhancement of intrachain (O-H peaks at
3494cm™, 3438 cm™ and 3328 cm™) and interchain (O-H peaks at 3234
cm™ and 3116 cm™) hydrogen-bonding interactions (Figures 3H-1),*"*° thus
the cellulose film exhibited the strongest chiral characteristic among all the
tested samples. The CD and g, values increased to 5.40 x 10° mdeg and
0.48, respectively. In brief, during the saponification process of CA, hydroxyl
groups were released to restore intrachain hydrogen-bonding interactions of
cellulose, resulting in the formation of a chiral helical structure (Figure 3A).
The intrachain and interchain hydrogen-bonding interactions were further
enhanced during the washing and drying steps, thus improving the chirality of
the material. Based on the reconstruction and enhancement of hydrogen-
bonding interactions in cellulose, chirality can be effectively constructed and
amplified to obtain cellulose-based CP-RTP materials.

Chirality of the resulting cellulose materials varied with the NaOH concen-
tration during the treatment, owing to the different deacetylation rate and the
swollen degree of cellulose (Figures 3C & S5). When the NaOH concentration
increased from 0.02 M to 2 M, the CD and g, values increased from 3.55 x
10° mdeg and 0.25 to 5.40 x 10° mdeg and 0.48, respectively. This is because
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Figure 4. Preparation and performance of full-color CPL materials (A) Schematic of the mechanism of full-color CPL. (B) Fluorescence and phosphorescence photographs of
full-color CPL materials, and the molecular structure of the Rhs used. (C) Full-color fluorescence spectra and (D) CIE color coordinates of Cell@Rhs. (E) Full-color phosphores-
cence spectra and (F) CIE color coordinates of Cell@Rhs. (G) Full-color CPL spectra and (H) CIE color coordinates of Cell@Rhs.

higher concentration NaOH solution resulted in faster deacetylation rate and
higher swollen degree of cellulose. However, further increase of NaOH
concentration to 6 M led to decreased CD and g, values of 1.26 x 10° mdeg
and 0.14, respectively. This mainly attributed to increased amount of NaOH
which could form strong interactions with the hydroxyl groups of cellulose,
preventing the formation of intrachain hydrogen-bonding interactions in
cellulose. In addition, the removal rate of free OH", CH;COO™ and Na* ions also
had an important effect on the chirality of cellulose film (Figures 3D & S6-S7).
When Cell/NaOH hydrogel was directly immersed into water for a rapid
removal of free ions, the CD and g, values of the resulting cellulose film
were 1.55 x 10° mdeg and 0.072, respectively. When Cell/NaOH hydrogel was
immersed into NaOH solutions with gradient concentrations, the CD and g,
values of the resulting cellulose film were 4.68 x 10° mdeg and 0.32, respec-
tively. Rapid solvent exchange rate made a sharp decrease of the swollen
degree of cellulose, which is adverse to the change of cellulose chain confor-
mation to form the chiral helical structure. Moreover, drying method also had

a significant effect on the chirality of cellulose film (Figure S8). When the
cellulose hydrogel was rapidly dried in a vacuum oven at 60°C, the CD and
Gaps Values of the cellulose film were 3.31 x 10° mdeg and 0.23, respectively.
This is compared with an increase CD and gy, values (3.73 x 10° mdeg and
0.32) for the cellulose film when the cellulose hydrogel was slowly dried at
room temperature.

To further elucidate the mechanism, regenerated cellulose (Re-Cell) hydro-
gel and film were prepared by using 1-allyl-3-methylimidazolium chloride
(AmimClI) ionic liquid as the solvent and water as the precipitant (Figure 3E).
CD spectra showed that the Re-Cell hydrogel and Re-Cell film had almost no
chirality and no chiral signal was observed even after treating with NaOH
solution. These results suggest that the saponification process enabled the
removal of acetyl groups and promoted the formation of large free space,
which plays an essential role in the formation of the chiral helical structure of
cellulose chains.
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Figure 5. Large-scale preparation of full-color CPL films (A) Schematic diagram of continuous large-scale production of cellulose CP-RTP films. (B) Visible, fluorescence and
phosphorescence photographs of an airplane folded with cellulose film. (C) Visible photograph of a large-size cellulose film. (D) Tensile curves of cellulose films. (E) Weight loss
rate of CA and cellulose films in soil. (F) Photographs of the degradation process of CA and cellulose films in soil.

Full-color CPL materials

Cellulose CP-RTP film with a high g value was used as a substrate. After
doping commercial rhodamines (Rhs) dyes, full-color long-lived CPL materi-
als were obtained (Figures 4A-B). Fluorescence emission of the resulting
materials ranged from 412 nm to 614 nm (Figure 4C), and the fluorescence
colors changed from blue-violet (Cell), to green (Cell@Rh110), yellow
(Cell@Rh6G), orange (Cell@RhB), and red (Cell@Rh101) (Figures 4B-D & S9-
S13). The phosphorescent emission ranged from 467 nm to 609 nm (Figure
4E), and the phosphorescent colors changed from cyan (Cell), to green
(Cell@Rh110), yellow (Cell@Rh6G), orange (Cell@RhB), and red (Cell@Rh101)
(Figures 4B, E-F, S9-S14, & Table S2). Modulating the content of Rhs could
finely regulate the fluorescent and phosphorescent properties of the resulting
materials. The fluorescence and phosphorescence emission intensity of Cell
decreased as increasing the content of Rhs (Figures S15-S17). Meanwhile,
the phosphorescence lifetime of Cell at 478 nm (A, = 270 nm) also
decreased with the increase of Rhs content (Figure S18 & Table S3). These
results demonstrate that the full color fluorescence emission and phospho-
rescence emission are achieved by T-S energy transfer between Cell and
RhS.'IU,?'\

The resulting cellulose@Rhs materials exhibited full-color CPL emission
due to the chiral transfer effect (Figures 4G-H & S19-522). The CD and CPL
spectra showed the cellulose@Rhs films had strong chirality with g,,s as high

as 0.30 and gy, as high as 0.11 (Figure S19-S21). The wavelength of the CPL
emission red-shifted from 465 nm (Cell) to 514 nm (Cell@Rh110), 560 nm
(Cell@Rh6G), 586 nm (Cell@RhB), 630 nm (Cell@Rh101) (Figure 4G). Further
modulation of the Rhs content could get a full-color CPL materials with a
super-wide color gamut (Figure 4H).

Scale-up preparation and application of full-color CPL materials

CA has the excellent processability and formability. The CP-RTP could be
easily fabricated into different material forms, including film, fiber, aerogel, 3D
object and patterns via a continuous process of "solution processing, saponi-
fication, washing and drying" in a large scale (Figures 5-6). For example, large-
size CP-RTP films (g, = 0.13) were obtained by using commercial CA film
(Figure 5A). The CP-RTP film had excellent flexibility and could be folded
repeatedly into various 3D objects, such as an "airplane” model (Figure 5B &
S23). In addition, the CP-RTP film had a high transparency and excellent
mechanical properties with a tensile strength of 86.8 + 7.0 MPa and an elon-
gation at break of 8.1 + 1.0% (Figures 5C-D). Furthermore, the CP-RTP film
was completely degradable in the natural environment (Figures 5E-F). More
than 60% mass was achieved within 21 days in soil, and the material
completely disappeared after 49 days. This CP-RTP material can be
discarded directly after use without causing environmental pollution, realizing
the green recycling process of "originating from nature and returning to
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Figure 6. Large-scale preparation and application of full-color CPL materials (A) Cel
fibers and aerogel. (C) Visual identification of enantiomers. (D) Visual labels for irreversibl
nature”. This environmentally-friendly CP-RTP material has great promising
application in many fields, such as flexible 3D display and environmentally-
friendly optical devices.

CA with designed patterns can be obtained by pouring CA/DMF solution
into the mold followed by solvent evaporation. Subsequently, after a process
of saponification, washing, doping and drying, full-color patterns with long-
lived afterglow performance were obtained (Figure 6A). This makes the CA
material a great candidature as environmentally-friendly phosphorescent anti-

lulose-based full-color phosphorescent patterns. (B) Cellulose-based phosphorescent

e moisture responsiveness.

counterfeiting label. CA fibers produced by a dry spinning process were
treated to obtain green phosphorescent fibers (Figure 6B). After treating
commercial CA tows and films with 2M NaOH solution, cellulose aerogels
with weak fluorescence and phosphorescence emission were obtained
(Figure 6B).

Because of the high sensitivity, the as-prepared CP-RTP films and patterns
could recognize many enantiomers in a visual mode, including lysine, histi-
dine, cysteine, 2-chloromandelic acid, and 1-(2-naphthyl) ethanol (Figures 6C-
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D & S24). For example, L-lysine extended the phosphorescence lifetime and
brightened the phosphorescence emission of Cell and Cell@Rh110 films,
while D-lysine had an opposite effect. When L-histidine was used,
Cell@Rh110 showed a color change from yellow to yellowish green. The D-
cysteine enabled Cell@Rh110 change color from yellow to green. After the
addition of the S-1-(2-naphthyl) ethanol, Cell exhibited an obvious change of
the fluorescence color and a quenching of the RTP. The addition of (S)-(+)-2-
chloromandelic acid to Cell showed a similar phenomenon. In addition, the
above cellulose aerogel exhibited irreversible humidity responsiveness (Figure
6D). It was used as the irreversible humidity label. The discoloration silica gel
was used as the common humidity label. The initial cellulose aerogel had a
weak phosphorescence, and the silica gel was blue. Once exposed to mois-
ture, the silica gel turned into red. The silica gel restored blue after drying to
remove water, while the cellulose label emitted brightly green phosphores-
cence. During this process, the loose structure of cellulose aerogel was
transformed into a dense structure, enhancing the cellulose chain interac-
tions and preventing the entry of oxygen and water. Thus, the phosphores-
cence performance significantly enhanced. This process cannot be restored
to its original state. Therefore, the cellulose aerogel can be used as a visual
and unfalsified label to monitor whether items have been exposed to a high-
humidity environment, which is crucial for the storage of humidity-sensitive
materials, such as food and medicine.

This novel and straight-forward strategy can be used to prepare various
large-size CP-CRT materials with a high g value, excellent mechanical prop-
erty, and complete biodegradation. The resultant cellulose-based CP-CRT
materials exhibit great application prospects in the fields of 3D display, flexi-
ble optical devices, molecular recognition, environmental monitoring, infor-
mation storage, anti-counterfeiting and encryption.

CONCLUSION

We demonstrated an effective strategy to construct and amplify chirality by
controlling the reconstruction and enhancement of hydrogen-bonding inter-
actions in cellulose. A scale-up and continuous process was successfully
developed to produce CP-RTP materials with a high g value, large size, flexi-
bility, excellent mechanical property, tunable colors and complete biodegra-
dation. The CP-RTP materials could be easily processed into flexible films,
fibers, aerogels, 3D objects and patterns with full-color emission. The g,ps
and gy, of the resulting materials were as high as 0.48 and 0.16, respectively,
which were the highest value among all the reported materials obtained using
non-liquid-crystal methods. The phosphorescence lifetime was as high as
561 ms. When CP-RTP was made into an aerogel, it exhibited an irreversible
humidity responsiveness, making it a great candidature for an unforgeable
tag to monitor the environment change and food freshness. Importantly, the
CP-RTP materials showed a distinct change of RTP performance after the
addition of different enantiomers, including lysine, histidine, cysteine, 2-
chloromandelic acid, and 1-(2-naphthyl) ethanol. This work opens a new
doorway to guide further design of advanced CP-RTP materials for a broad
range of applications.
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