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Bio-Based Thermoplastic Room Temperature
Phosphorescent Materials with Closed-Loop Recyclability
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1. Introduction

Producing thermoplastic room temperature phosphorescent (RTP) materials

with closed-loop recyclability from natural sources is an attractive approach
but hard to achieve. Here, the study develops such RTP materials,
Poly(TA)/Cell, by thermally polymerizing thioctic acid in the presence of
cellulose. Specifically, polymerized thioctic acid poly(TA) forms strong
hydrogen bonding interactions with CNF, promoting formation of molecular
clusters between the oxygen-containing units. The as-formed clusters
generate humidity- and excitation-sensitive green RTP emission. Red
afterglow emission is also obtained by integrating Poly(TA)/Cell together with
Rhodamine B (RhB) via an energy transfer process. Attributed to the
thermoplastic properties, the as-obtained Poly(TA)/Cell can be thermally
molded into flexible shapes with uncompromised RTP performance.
Moreover, owing to the alkali-cleavable properties of the disulfide bond in
Poly(TA)/Cell, thioctic acid and cellulose can be successfully recycled from
Poly(TA)/Cell with a yield of 92.3% and 81.5%, respectively. As a demonstrator
for potential utility, Poly(TA)/Cell is used to fabricate materials for information

encryption.
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Organic room temperature phosphores-
cent (RTP) materials have exhibited great
potential in various applications such
as for organic light-emitting diodes,'?
biological imaging,>* sensing,’] X-ray
scintillator,!®”] passive radiative cooling,!®!
anti-counterfeiting applications,[>!% and
information encryption!!"12] because of
their inherent structural flexibility, tunable
optical performance and relatively mild
preparation.l31*] Generally, two principles
should be followed for designing organic
RTP materials: 1) the spin-orbit coupling
(SOC) of organic chromophores should
be promoted so that more triplet excitons
are generated via intersystem crossing
(ISC) processes. 2) radiative migration of
triplet excitons to the ground state should
be facilitated.'”! Following these princi-
ples, numerous RTP materials including
organic crystals,['%18] supramolecules,1%2]
polymer composites,[?1-23] covalent organic
framework (COF),2#%] metal organic framework (MOF),[26:27]
and hydrogen-bonded organic framework (HOF)[?*?° have been
developed.

Recently, using renewable natural resources to produce RTP
materials as a replacement for petrol-derived resources has at-
tracted much attention.’% This is because natural resources
in general are renewable, cheap, and abundant.3!l Thus, us-
ing natural resources for producing RTP materials greatly pro-
motes the sustainability of RTP materials while also being ben-
eficial for their practical applications. Until now, wood,?23]
cellulose,3*¥] hemicellulose,**37] lignin,383°! gelatin,!**! and
natural phenolics/** have been used for producing sustain-
able RTP materials. Among these natural materials with oxy-
gen functionality, cellulose is the most abundant sustainable
polymer in nature.[**] Tt demonstrates unique advantages such
as high mechanical strength, good renewability, low cost and
biocompatibility.l**] The rigid environment provided by cellu-
lose molecules and multiple intra- and intermolecular hydrogen
bonding interactions not only effectively stabilize triplet excitons
and protect them from quenching but also induce them to form
closer oxygen clusters for luminescence.[*]

Nevertheless, the as-obtained RTP materials could not be re-
cycled at the molecular level, compromising their sustainabil-
ity. Moreover, most of these sustainable RTP materials can only
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Figure 1. Schematic illustration for the processing and recycling of Poly(TA)/Cell with RTP.

be processed using solvent and lack thermoplasticity, hinder-
ing their practical applications. Poly(TA) as a novel kind of
high-performance dynamic polymer has been widely explored
in different fields in recent years, such as adhesives,!*®l smart
emissive materials,[’] and sensors!*l due to its self-healing,
self-adhesive, stretchable and recyclability.[*”) Some pioneering
groups have constructed similar materials and studied the prop-
erties of adhesion,[®® self-healing,®=3 and conductivity.>**!
However, most of them ignored the interesting optical perfor-
mance of such formula.

Motivated by these challenges, we developed a closed-loop
molecular-level recyclable and thermoplastic RTP material by
polymerizing renewable thioctic acid in the presence of car-
boxylated cellulose nanofibers (CNF). The abundant surface hy-
droxyl and carboxyl groups of CNF formed intensive hydro-
gen bonding interactions with the polymerized thioctic acid
in Poly(TA)/Cell,**7] suppressing the non-radiative decay of
triplet excitons, resulting enhanced afterglow emission lasting
186.3 ms. Additionally, Poly(TA)/Cell exhibits thermoplasticity,
and as such could be processed into flexible shapes after heating.
Moreover, owing to the reversible nature of the disulfide bond in
Poly(TA)/Cell, this material can achieve molecular-level closed-
loop recyclingl®®3] through the process of depolymerization us-
ing alkaline solutions followed by acidification (Figure 1).

2. Results and Discussion

2.1. Preparation and RTP of Poly(TA)/Cell

Poly(TA)/Cell was readily synthesized through a simple one-pot
reaction, where thioctic acid underwent thermally induced poly-
merization in the presence of CNF, resulting in a yellowish ma-

Adv. Sci. 2025, 12, 2414439 2414439 (2 of 9)

terial with a green afterglow emission. SEM images showed that
the CNF were well dispersed in the poly(TA) network. SEM im-
ages also indicated that the obtained Poly(TA)/Cell exhibited a
wrinkled morphology, attributed to the interface instability re-
sulting from the unstable thermal expansion ratio of the binary
mixture during the heat treatment process and the cooling pro-
cess (Figure 2a; Figure S1, Supporting Information).[%! Subse-
quently, the mechanical properties of Poly(TA)/Cell were investi-
gated using dynamic mechanical analysis (DMA). The glass tran-
sition temperature (Tg) of the Poly(TA)/Cell was determined to
be 59.9 °C, and it transitions to a rubbery state at higher temper-
atures, indicating that Poly(TA)/Cell could be thermoplastically
processed when the temperature went above 60 °C (Figure 2b).
The TGA indicated that the Poly(TA)/Cell polymer maintained
structural stability up to 231.3 °C (Figure S2, Supporting Infor-
mation).

Subsequently, the optical performance of Poly(TA)/Cell was
evaluated. Under ultraviolet (UV) irradiation, Poly(TA)/Cell ex-
hibits strong fluorescence emission at 425 nm (Figure 2c), and
green afterglow phosphorescence (RTP) emission at 500 nm was
surprisingly observed after ceasing excitation, with the quan-
tum yield was ~1.6%. Time-resolved spectroscopy indicated that
Poly(TA)/Cell has a persistent and stable afterglow emission, with
aweak phosphorescent emission lasting up to 600 ms at the same
emission wavelength (Figure 2d).

2.2. Tunable RTP Emission of Poly(TA)/Cell
The lifetime of Poly(TA)/Cell could be adjusted by changing the

mass ratio of CNF and thioctic acid. When the mass ratio of thioc-
tic acid to CNF increased from 1:0.1 to 1:2, the RTP lifetime in-
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Figure 2. Preparation and RTP emission of Poly(TA)/Cell. a) Images of Poly(TA)/Cell (left) and scanning electron microscopic (SEM) images of
Poly(TA)/Cell (right); scale bar = 5 um. b) DMA measurement of the Poly(TA)/Cell. c) Fluorescence (FL.) and phosphorescence (PL.) emission of
Poly(TA) /Cell, excitation wavelength = 300 nm, inset: images of bright field, fluorescent and RTP emission of Poly(TA) /Cell upon UV irradiation (365 nm).

d) Time-resolved RTP emission of Poly(TA)/Cell, excitation wavelength = 300 nm.

creased from 41.4 to 208.8 ms (Figure 3a). Further increases in
CNF content did not result in significant changes in the RTP in-
tensity or lifetime of the resulting Poly(TA)/Cell (Figure S3, Sup-
porting Information). Notably, the component materials, CNF
and poly(TA), exhibited relatively shorter lifetimes of 77.0 and
112.0 ms, respectively (Figures S4 and S5, Supporting Informa-
tion).

Also, the RTP emission of Poly(TA)/Cell is sensitive to the
excitation wavelength. As the excitation wavelength increases
from 260 to 400 nm the RTP emission of Poly(TA)/Cell exhib-
ited an excitation-dependent emission (Figure 3b). However, by
increasing the excitation wavelengths, the emission lifetimes
of the Poly(TA)/Cell tends to increase first and then decrease.

Adv. Sci. 2025, 12, 2414439 2414439 (3 of 9)

When excited at 300 nm, the lifetime is at its maximum (Figure
S6, Supporting Information). Additionally, Poly(TA)/Cell shows
humidity-sensitive RTP emission. As the humidity increases the
RTP lifetime decreases accordingly (Figure S7, Supporting In-
formation). When the humidity increases from 10% to 90%,
the lifetime decreases from 188.4 to 4.7 ms. The results indi-
cated that the lifetime of Poly(TA)/Cell was completely quenched
when the humidity reached 100% (Figure S8, Supporting Infor-
mation). After drying at high temperature, the RTP lifetime of
Poly(TA)/Cell can be restored. The stability of the RTP lifetime
was confirmed, where for five “wet-dry” cycles, the RTP lifetime
could be recovered, only a modest degradation in the RTP life-
time of the dried Poly(TA)/Cell was observed over the course
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Figure 3. Tunable RTP emission of Poly(TA)/Cell. a) RTP lifetime of Poly(TA)/Cell with different ratio of thioctic acid and CNF. b) Normalized RTP
emissions of Poly(TA)/Cell using different excitation wavelengths. c) RTP lifetimes of Poly(TA)/Cell after “drying-humidity” cycles. d) Fluorescence and

RTP spectra of Poly(TA)/Cell/RhB.

of repeated “humidifying-dehumidifying” cycles, confirming the
robustness of RTP emission of Poly(TA)/Cell (Figure 3c). How-
ever, the problem can be solved by coating the Poly(TA)/Cell
with a hydrophobic wax. After coating with wood wax, the life-
time of Poly(TA)/Cell did not decrease upon changes of humidity
(Figure S9, Supporting Information).

Given that Poly(TA)/Cell could coordinate with metal cations,
the RTP performance of Poly(TA)/Cell was tuned by addition
of metal cations including Fe’*, Cu?*, Co?*, Hg?*, Zn**, Cr**,
Mn?*, Pb?*, and Ca?*. Notably, the change of RTP performance
was dependent on the types of the metal ions, indicating the po-
tential of Poly(TA)/Cell as a sensor for these cations (Figures S10
and S11, Supporting Information).

Adv. Sci. 2025, 12, 2414439 2414439 (4 of 9)

Interestingly, the absorbance spectrum of RhB overlaps with
the RTP emission spectrum of Poly(TA)/Cell, suggesting pos-
sible energy transfer between RhB and Poly(TA)/Cell (Figure
S12, Supporting Information). Thus, inspired by this, the opti-
cal behavior of Poly(TA)/Cell/RhB was evaluated. As expected,
Poly(TA)/Cell/RhB exhibited similar emission wavelengths in
both fluorescence and phosphorescence spectra (Figure 3d). The
RTP lifetime of Poly(TA)/Cell/RhB was ~16.8 ms (Figure S13,
Supporting Information). Furthermore, the delayed fluorescence
and RTP characteristics of Poly(TA/Cell) after loading different
amounts of RhB were investigated. With increasing RhB load-
ing, the RTP intensity and lifetime of the Poly(TA)/Cell/RhB
decreased at 490 nm and increased at 610 nm, indicating

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 4. Mechanism for the RTP of Poly(TA)/Cell. a) XPS spectra of O Ts for the CNF and poly(TA). b) FTIR spectra of CNF, poly(TA) and Poly(TA)/Cell.
) A computational model for the interaction of different functional groups of Poly(TA)/Cell. d) Binding energy of Poly(TA)/Cell. e) RTP decay profiles of
Poly(TA)/PVA and Poly(AA)/Cell. f) XRD patterns of CNF, PVA, and polymers.

triplet-to-singlet Forster resonance energy transfer (TS-FRET) be-
tween Poly(TA)/Cell and RhB was responsible for the afterglow
red emission (Figures S14 and S15, Supporting Information).[®?]

2.3. Mechanistic Study

To understand the emissive mechanism the XPS spectra of CNF
and poly(TA) was determined. High resolution of Ols spectra
indicated that the CNF had both hydroxyl and carboxylic moi-
eties and poly(TA) had carboxylic moieties (Figure 4a).l%*%] The
interaction between poly(TA) and CNF was verified by FT-IR.
Poly(TA)/Cell exhibited signals at 1699 cm™! for C=0 and 3331
cm™! for —O—H. While, poly(TA), exhibited signals at 1701 cm ™
for C=0, and CNF exhibited signals at 3345 cm™' for —O—H,
respectively (Figure 4b). Probably because in such molecules
both the shortening and lengthening effects can be balanced,[®!
so hydrogen bond formation results in a slight red shift. Such
redshifted signals confirmed the formation of hydrogen bond-
ing interactions between poly(TA) and CNF. Theoretical simu-

Adv. Sci. 2025, 12, 2414439 2414439 (5 of 9)

lations further confirmed the hydrogen bonding interaction be-
tween CNF and poly(TA) in Poly(TA)/Cell (Figure 4c). Specifi-
cally, the calculation shows three possible interaction scenarios
formed in Poly(TA)/Cell: i. the carboxyl group of poly(TA) with
the carboxyl group of CNF; ii. the carboxyl group of poly(TA) with
the hydroxyl group of CNF; iii. the carboxyl group of poly(TA)
with both the carboxyl and hydroxyl groups of CNF. Among
these scenarios, the third interaction has the highest binding en-
ergy of —28.3 kcal mol™! (Figure 4d; Figure S16, Supporting In-
formation). The strong intermolecular interaction between CNF
and poly(TA) is beneficial for the formation of multiple molec-
ular clusters between these oxygen-incorporated units. The as-
formed multiple clusters resulted in excitation-dependent RTP
emission via through-space conjugation effect, which is illus-
trated in Figure 4c.

Having determined the origin of the RTP, the correlation
between structure and performance of poly(TA) and CNF in
Poly(TA)/Cell was further evaluated. To verify the role of poly(TA),
a control sample, Poly(AA)/Cell, was prepared via physically mix-
ing poly acrylic acid and CNF. Previous research had indicated

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 5. Applications and recyclability. a) The images of thermoplastic processability made from Poly(TA)/Cell. b) Photographs of self-healing properties
of Poly(TA)/Cell. c) The images of assembly of 2D materials made from Poly(TA)/Cell and Poly(TA)/Cell/RhB after removing the UV light source, scale
bar = 1 cm. d) Smart anti-counterfeiting logo for a medicine bottle made from different phosphors in the bright field, UV field and after removing the

UV light source. e) Photographs of the facile purification procedure of TA monomers from the degraded mixture.

that the carboxylic moieties exhibit the strongest interactions
between poly(TA) and CNF, which results in RTP emission.
However, although poly(AA) also possessed abundant carboxylic
groups the as-obtained Poly(AA)/Cell exhibited short lifetimes
(Figure 4e). This suggests that the sulfur atoms,[®! enhance the

Adv. Sci. 2025, 12, 2414439 2414439 (6 of 9)

spin-orbit coupling of the clusters in the Poly(TA)/Cell, which
also contributes to the RTP emission.

Additionally, a control sample, Poly(TA)/PVA, was prepared via
physically mixing poly thioctic acid and poly vinyl alcohol. In this
composite, PVA, which shared similar abundant hydroxyl moi-
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eties as CNF. However, Poly(TA)/PVA exhibits short RTP lifetime
0f 30.0 ms (Figure 4e). Comparison of XRD spectra between CNF
and PVA provides some clues for the reason. Specifically, XRD in-
dicates that CNF exhibits a higher crystalline structure than PVA,
which is particularly beneficial for providing a rigid environment
and is favorable for RTP emission (Figure 4f).

2D correlation spectroscopy (2DCOS) was further employed
to extract more subtle information about interaction changes
within the Poly(TA)/Cell (Figure S17, Supporting Information).
Synchronous and asynchronous spectra were generated to re-
flect synchronized and unsynchronized changes in spectral in-
tensities at specific wavenumbers, respectively. Based on Noda’s
judging rule (see determination details in Table S1, Supporting
Information),!®”~7% the responsive order of different C=0O groups
to heat was determined as follows: 1575 cm™! — 1675 cm™! —
1709 cm™ — 1610 cm™ (— means prior to or earlier than), corre-
sponding to v(COOH) (free, CNF) — »(COOH) (free, Poly(TA)) —
»(COO™) (hydrogen bond, Poly(TA)) — »(COO™) (hydrogen bond,
CNF). As such the molecular clusters formed between CNF and
poly(TA) via hydrogen bonding interactions, enhanced SOC as-
sisted by sulfur atoms in poly(TA) and rigid environment facili-
tated by crystalline CNF, collectively contribute to the RTP emis-
sion of Poly(TA)/Cell.

2.4. Processability, Applications, and Recyclability

Taking advantages of the thermoplastic processability,
Poly(TA)/Cell could be processed into flexible shapes using
heating (80 °C) and cooling treatments (Figure 5a). Notably,
the RTP lifetime was not obviously compromised after thermal
setting (Figure S18, Supporting Information). Moreover, the
thermoplastic processing samples did not show any lifetime
decrease after storage for a month (Figure S19, Supporting
Information).

More interestingly, this Poly(TA)/Cell exhibits a self-healing ef-
fect. Under low-temperature heating conditions, the material can
self-repair, which is attributed to the dynamic covalent disulfide
bonds of thioctic acid (Figure 5b). The tensile stress-strain curves
showed that Poly(TA)/Cell did not show any tensile strength
decrease significantly after self-healing (Figure S20, Support-
ing Information). Using these properties, the Poly(TA)/Cell and
Poly(TA)/Cell/RhB was assembled by heating to create 2D pat-
tern puzzles for decorations (Figure 5c).

Furthermore, an anti-counterfeiting label for a medicine bot-
tle was created using Poly(TA)/Cell (Figure 5d). The digital pat-
tern “8888” was generated using prepared Poly(TA)/Cell in dif-
ferent ratios, specifically 1:0.1 and 1:1. Under excitation using a
UV lamp, this pattern displays yellow-white fluorescence, and
the pattern “8888” in yellow—white. Upon removal of the UV light
source, an encrypted numeric pattern “2024” appears in yellow-
green phosphorescence (RTP), easily detectable by the naked eye.

Molecular recyclability of Poly(TA)/Cell was also demonstrated
(Figure 5e). Using the base-triggered cleavage of the disulfide
bonds, Poly(TA)/Cell was dissolved in dilute alkaline solution for
depolymerization. The as-obtained depolymerized products con-
sisted of water-soluble deprotonated TA monomers and CNF pre-
cipitates, which were then separated by filtration. Specifically, the
transparent filtrate containing TA monomers and excess alkali is
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acidified with 1 M hydrochloric acid (pH 3-4), protonating the
TA monomers and precipitating them as a yellow powder. The
CNF is then washed multiple times with water to remove the
alkali, followed by vacuum drying. 'H NMR analysis confirmed
that the recovered TA exhibit signals identical to the original ma-
terials (Figure S21, Supporting Information). The recovery rates
of thioctic acid and CNF used for preparing Poly(TA)/Cell were
~92.3% and 81.5%, respectively.

3. Conclusion

In summary, we have developed bio-based thermoplastic
Poly(TA)/Cell with closed-loop recyclability using CNF and thioc-
tic acid. Attributed to the multiple hydrogen bonding interac-
tions between CNF and poly(TA), Poly(TA)/Cell exhibited exci-
tation and humidity-sensitive green RTP emission. Using en-
ergy transfer between Poly(TA)/Cell and RhB, by loading RhB
into Poly(TA)/Cell red afterglow emissions were observed. The
as-obtained Poly(TA)/Cell could be thermally molded into flex-
ible shapes with uncompromised RTP performance. Moreover,
the Poly(TA)/Cell could self-repair and the monomers used for
generating Poly(TA)/Cell could be efficiently recycled, as a re-
sult of the dynamic and cleavable properties of the disulfide
bonds in Poly(TA)/Cell. As a proof of applicability demonstra-
tion, Poly(TA)/Cell was used to create visual decorations and anti-
counterfeiting materials. We anticipate that this research will en-
courage and promote the practical, large-scale and widespread
application of sustainable RTP materials.

4. Experimental Section

Preparation of Poly(TA) /Cell: ~ Thioctic acid (TA) and cellulose (carboxy-
lated cellulose nanofibers) were physically mixed at specific ratios, and the
powder was heated with stirring in a container. After cooling to room tem-
perature, Poly(TA)/Cell was obtained.

Preparation of Poly(TA)/Cell /RhB: A certain amount of RhB was
weighed and dissolved in water (20 mL) to prepare aqueous solutions of
RhB. Poly(TA)/Cell was directly immersed in the different concentrations
of RhB as aqueous solutions for 8 h at room temperature. After that, the
sample was dried at 60 °C for 3.5 h to provide Poly(TA)/Cell/RhB. The
loading capacity of Poly(TA)/Cell for RhB was calculated by measuring the
increase in weight.

Preparation of Poly(TA) /Cell-M: The Poly(TA)/Cell (1.0 cm X 1.0 cm)
was treated with 0.2 mol-L™" CaCl,, CrCly, MnCl,, FeCl;, CoCl,, HgCl,,
PbCl,, CuCl,, and ZnCl, aqueous solutions for 1 h, respectively.

Supporting Information

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