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ABSTRACT: Conventional room temperature phosphorescence
(RTP) polymer materials lack a dynamic structural change
mechanism for on-demand phosphorescence emission, limiting
their application in specific scenarios, such as smart devices.
However, the development of RTP polymer materials with an on-
demand emission capability is highly attractive yet rather
challenging. Herein, we report a novel RTP polymer material
that doped purely organic chromophores into a polymer network
with numerous free hydroxyl side chains. This unique polymer
material can be 3D printed with RTP activated through thermal-
triggered nonequilibrium transesterification, where on-demand
phosphorescence emission is achieved because of the increased cross-linking degrees such that the thermal motion of chromophores
is effectively restricted. As a result, ultralong RTP emission is successfully observed due to enhanced stiffness in the polymer network.
Importantly, the modulus changes of the polymer during nonequilibrium transesterification are intuitively visualized based on the
intensity of phosphorescence emission. Through liquid crystal display (LCD) 3D printing, complex shaped and multimaterial
structured objects are demonstrated, targeting the information encryption of printed objects and on-demand regional emission of
multicolored phosphorescence. This study would provide an avenue to control RTP with on-demand emission and contributes to
the field of anticounterfeiting and detection applications for intelligent RTP materials.

■ INTRODUCTION
Room temperature phosphorescence (RTP) materials, featured
by their long-lived triplet excitons and larger Stokes shift, are
increasingly gaining attention in various fields such as
information encryption, medical imaging, and optical dis-
plays.1−3 Compared with noble metal based RTP materials,
purely organic ones have become attractive alternatives due to
their low toxicity, high transparency, and low cost.4−6 However,
the development of long-lived RTP systems remains a significant
challenge due to the strong nonradiative decay caused by the
quenching of long-lived triplet states by thermal vibrations,
oxygen, and other factors and intersystem crossing (ISC)
theoretically prohibited.7,8 In recent years, various strategies
have effectively enhanced RTP such as special molecular design
and performance enhancement techniques including crystal-
lization,9,10 host−guest interactions,11−14 H-aggregation,15,16

heavy-atom effects,17−19 and rigid polymer doping.20−22

Although many long-lived RTP systems have been achieved in
the crystalline state, their practical applications are hindered
significantly due to poor reproducibility in crystal growth, harsh
growth conditions, and lack of flexibility.23,24

Polymer based RTP materials, on the other hand, offer broad
application prospects due to their better processability, high
flexibility, and large-scale production capabilities.25,26 Impor-
tantly, polymer RTP materials provide enormous opportunities
for three-dimensional (3D) printing, allowing for the fabrication
of complex shapes and structures of solid objects.27 Traditional
RTP polymer materials are usually static and lack the
mechanism of dynamic structural change for allowing on-
demand phosphorescence emission, thus limiting their broader
applications in specific scenarios, such as smart devices.
Therefore, developing RTP polymer materials with on-demand
emission is highly appealing yet rather challenging.28−31

Published: February 23, 2024

Letterpubs.acs.org/ChemBioEng

© 2024 The Authors. Co-published by
Zhejiang University and American

Chemical Society 133
https://doi.org/10.1021/cbe.3c00128

Chem Bio Eng. 2024, 1, 133−140

ACS Partner Journal

This article is licensed under CC-BY-NC-ND 4.0

https://pubs.acs.org/page/virtual-collections.html?journal=cbehb5&ref=feature
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhen+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chuanzhen+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wenhuan+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chenhui+Cui"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kexiang+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhiyuan+He"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ting+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Haoqing+Teng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Haoqing+Teng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhishen+Ge"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaoqing+Ming"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yanfeng+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/cbe.3c00128&ref=pdf
https://pubs.acs.org/doi/10.1021/cbe.3c00128?ref=pdf
https://pubs.acs.org/doi/10.1021/cbe.3c00128?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/cbe.3c00128?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/cbe.3c00128?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/cbe.3c00128?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/cbehb5/1/2?ref=pdf
https://pubs.acs.org/toc/cbehb5/1/2?ref=pdf
https://pubs.acs.org/toc/cbehb5/1/2?ref=pdf
https://pubs.acs.org/toc/cbehb5/1/2?ref=pdf
pubs.acs.org/ChemBioEng?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/cbe.3c00128?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/ChemBioEng?ref=pdf
https://pubs.acs.org/ChemBioEng?ref=pdf
https://pubs.acs.org/ACS_partner_journals?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


To enable the development of on-demand RTP polymer
materials, inspirations can be drawn from biological organisms
that adapt to daily challenges such as support and hunting and
alter their structures and modulus on-demand through complex
large-scale transport and exchange.32,33 Inspired from this, we
seek to design a polymer system that could be self-stiffened in
modulus in a programmable process. The change in modulus of
the polymer involves variations in the network’s free volume or
cross-linking density, and the emission of RTP from
chromophores is closely related to the rigid environment of
the polymer and can be programmably modulated on demand.
For example, the rigid environment of the polymer can constrain
the rotational and vibrational thermal motions of organic
chromophores, thereby inhibiting the nonradiative decay of
triplet excitons and achieving RTP.34 However, constructing
such a self-stiffening polymer system is highly difficult if not
impossible.
In recent years, materials with dynamic structures that can

rearrange internal topological networks to adapt to the external
environment have garnered increasing attention. A key strategy
for such adaptive systems involves introducing dynamic covalent
chemistry, where specific bonds can undergo reversible breaking
and recombination reactions in response to external stim-
uli.35−37 Although these materials are dynamic, they manifest a
nearly constant modulus, unable to meet our design principle of
mechanical stiffening.38 Recently, Cui et al.39 proposed a self-
stiffening approach based on nonequilibrium transesterification,
allowing the initial elastomer to evolve from rubber to plastic
with a modulus change of three orders of magnitude, and the
stiffening process is also spatially controllable. Based on this
strategy, it is envisioned that on-demand RTP emission in
polymer materials can be realized.
Herein, we report a novel RTP polymer material with self-

stiffening properties by doped purely organic chromophores
into a polymer network with numerous free hydroxyl side chains.
By utilizing thermally triggered nonequilibrium transesterifica-
tion, the thermal motion of chromophores is effectively
restricted because of the increased cross-linking degree and

reduced free volume in the polymer network, resulting in
successful RTP emission with on-demand modulation. This
unique RTP polymer material based on nonequilibrium
transesterification exhibits an ultralong lifetime and allows
visualization of the material modulus based on changes in
phosphorescence intensity and afterglow. Furthermore, the
increased network cross-linking degree induced by trans-
esterification can be spatially controlled by seeding a catalyst
in the polymer films, thus selectively activating RTP in specific
regions as needed. Moreover, our RTP material can be 3D
printed and allows for the fabrication of irregular complex shapes
and multimaterial structures. By utilizing on-demand stiffening
for encrypting information, the intelligent 3D-printable RTP
material demonstrates higher advantages in application fields
such as anticounterfeiting and detection.

■ RESULTS AND DISCUSSION
For the molecular design, the system capable of undergoing a
nonequilibrium transesterification consists of an acrylate
monomer (4-hydroxybutyl acrylate, HBA), a cross-linker (1,6-
hexanediol diacrylate, HDA), a photoinitiator ((2,4,6-
trimethylbenzoyldiphenyl)phosphine oxide, TPO), a non-
metallic transesterification catalyst (triazobicyclodecene,
TBD), and an organic chromophore (3,6-biphenyl-9H-
carbazole, DPCz and 3,4,5,6-dibenzocarbazol, DBCz), as
depicted in the chemical structures shown in Figure 1a. Under
365 nm ultraviolet irradiation, they can also undergo photo-
polymerization for 3D printing, as illustrated in Figure 1b. The
cross-linked polymer network obtained through photopolyme-
rization contains a large number of hydroxyl-terminated side
chains. In the presence of the transesterification catalyst TBD,
thermally triggered exchange reactions rapidly occur between
side-chain hydroxyls and ester bonds. Notably, butanediol
molecules generated during the transesterification process can
continuously escape from the network at high temperature,
thereby persistently driving the transesterification and gradually
increasing the degree of cross-linking (Figure 1c).

Figure 1. Schematic diagram of chemical structure and transesterification. (a) Chemical structures of monomer, cross-linker, initiator, and
chromophores. (b) Schematic illustrations of LCD 3D printing. (c) Polymer network after photopolymerization and the nonequilibrium
transesterification.
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Figure 2. Monitoring the stiffening process. (a) Stress−strain curves, (b) weight loss with and without catalyst (TBD), (c) differential scanning
calorimetry (DSC), and (d) gel fraction of HBA-HDA0.2% after annealing at 150 °C for different time.

Figure 3. Photophysical properties of DPCz and DBCz doped HBA-HDA0.2% films. (a) The HOMO and LUMO energy levels of the HBA-HDA
(segments) and chromophores. The prompt and delayed phosphorescence spectra of (b) DPCz and (c) DBCz doped HBA-HDA0.2% films. Lifetime
decay curve for the phosphorescence emission peak of (d) HBA-HDA0.2%-DPCz (λem = 485 nm) and (e) HBA-HDA0.2%-DBCz (λem = 566 nm) films.
(f) CIE coordinate diagram of the films. Annealing conditions: 150 °C for 48 h.
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For 3D printing, the ratio of the monomer (HBA) to cross-
linker (HDA) was first screened. By comparing the tensile
strength and elongation at break of polymers with different
monomer ratios (HBA-HDAx) from uniaxial tensile experi-
ments, the 3D printing ink was determined finally. Within the
range 0−3 wt % of the cross-linker HDA, the HBA-HDAx
polymers exhibited moderate elasticity at room temperature.
The stress−strain curves show that as the mass ratio of HDA
increased, the elongation at break initially increased and then
decreased, while the tensile strength exhibited a slow increase
followed by a stable trend (Figure S1 and Table S1). Fracture
work is another important factor that needs to be considered,
which refers to the energy required per unit area for crack
propagation under tensile load. It is an important indicator for
measuring material resistance to stress failure, representing
fracture toughness.40 The fracture work of HBA-HDAx,
calculated from the stress−strain curve, initially increased and
then decreased (Figure S2). This is because appropriate cross-
linking can enhance the mechanical properties of the material.
However, when the degree of cross-linking exceeds a certain
threshold, the toughness of material is weakened due to
restricted polymer chain movements. Collectively, samples at
0.2 wt % of HDA showed the optimummechanical performance
in terms of tensile strength, elongation at break, and fracture
work. Therefore, HBA-HDA0.2% polymer was selected for
further study, unless otherwise specified.
To assess the stiffening behavior of the HBA-HDA0.2%

material, we preliminarily monitored the transesterification-
induced cross-linking reaction process. After the sample was
annealed at 150 °C for 5 h, the tensile strength increased from
0.6 to 15 MPa due to transesterification (Figure S3). In
comparison, samples without the transesterification catalyst
TBD were treated under the same conditions, and no significant
stiffening was observed, indicating the transesterification-
induced stiffening mechanism.
Moreover, the stiffening process was dependent on the

annealing time at 150 °C.With increasing annealing time (0−48
h), the uniaxial tensile modulus of HBA-HDA0.2% gradually
increased from 0.5 to 617 MPa, and the tensile strength
increased from 0.6 to 44.7 MPa, while the elongation at break
significantly decreased from 645% to 11% (Figure 2a and Table
S2). This significant change in mechanical properties is
attributed to the increased cross-linking density induced by
nonequilibrium transesterification. To confirm the occurrence
of transesterification, weight of the sample was monitored.
Results show that due to the evaporation of the byproduct
butanediol, the stiffening process was always accompanied by a
decrease in sample weight, whereas the mass of samples without
the transesterification catalyst TBD remained almost unchanged
(Figure 2b). Attenuated total reflection Fourier transform
infrared spectroscopy (ATR-FTIR) showed that the vibrational
intensity of −OH (∼3420 cm−1) and C−H (∼2919 and 2852
cm−1) significantly decreased, also confirming the removal of
butanediol (Figure S4). During the annealing process, the glass
transition temperature (Tg) presented a dramatic elevation from
−28 to 50 °C due to an increased degree of cross-linking,
indicating a transition from rubbery to glassy state well
consistent with the stiffening phenomenon (Figure 2c). In
addition, the gel fraction of the polymer, determined by mass
changes after dissolution equilibrium, increased from 90% to
99% with extended annealing time, confirming that stiffening is
accompanied by an increase in the polymer’s cross-linking

density (Figure 2d). The higher cross-linking degree also results
in a lower swelling ratio (Figure S5).
The highly cross-linked and rigid polymer environment

obtained after nonequilibrium transesterification effectively
restricts the thermal motion of organic chromophores,
suppressing the nonradiative decay of triplet excitons, thus
achieving RTP emission. Therefore, it is essential to first
examine the frontier orbitals and energy levels of HBA-HDA and
the chromophores (DPCz and DBCz). As shown in Table S3
and Figure 3a, the energy gap of the HBA-HDA polymer matrix
(6.05 eV) is sufficiently large to cover the energy gaps of both
chromophores (DPCz and DBCz), avoiding electron transfer
between the polymer matrix and the fluorophores.41 These
results indicate that the HBA-HDA polymer matrix is an ideal
carrier for preparing a purely organic RTP polymer system.
To further validate this, the organic chromophores DPCz and

DBCz were simply doped into the monomer HBA, cross-linker
HDA, and catalyst TBD for photopolymerization. Surprisingly,
after annealing for 48 h via nonequilibrium transesterification, a
dense three-dimensional cross-linked network could effectively
constrain the thermal motion, including rotation and vibration
of the chromophores, successfully establishing a purely organic
RTP polymer system. At room temperature, after removing 365
nm UV irradiation, both HBA-HDA0.2%-DPCz and HBA-
HDA0.2%-DBCz exhibited intense afterglow (blue and yellow)
visible to the naked eye, with ultralong emission lasting for 10
and 6 s, respectively (Figure S6). The lack of sharp and strong
peaks in the X-ray diffraction (XRD) patterns indicates that
HBA-HDA0.2% doped with DPCz and DBCz exhibited an
amorphous phase (Figure S7).
To investigate the impact of the chromophores (DPCz and

DBCz) on transesterification, samples doped with DPCz and
DBCz, denoted as HBA-HDA0.2%-DPCz and HBA-HDA0.2%-
DBCz, exhibited mechanical properties similar to those of HBA-
HDA0.2% after annealing at 150 °C (Figure S8). Their tensile
strengths were 16 and 17 MPa, respectively, indicating
comparable levels of stiffening induced by transesterification.
Furthermore, both DPCz and DBCz-doped samples of HBA-
HDA0.2% displayed a significant decrease in vibrational intensity
for −OH (∼3420 cm−1) and C−H (∼2919 and 2852 cm−1),
again confirming the removal of butanediol (Figure S9). The
stiffening process also accompanied a change in Tg, with HBA-
HDA0.2%-DPCz/DBCz samples showing an increase in Tg from
−28 and−30 °C to 49 and 52 °C, respectively, after 48 h of heat
treatment (Figure S10). In comparison to those of the purely
HBA-HDA0.2% sample, the Tg values were nearly identical.
These experiments conclusively demonstrate that the introduc-
tion of chromophores has no significant impact on the
nonequilibrium transesterification in the system because of
their extremely small doping amounts.
Furthermore, to examine the source of RTP in HBA-

HDA0.2%-DPCz/DBCz, steady-state and transient spectra were
recorded. All RTP polymers exhibited dual-emission features, as
shown in Figure 3b,c. For example, the emission at 485 nm from
HBA-HDA0.2%-DPCz lasted for 0.554 s (Figure 3d), with a
lifetime of 8.20 at 384 nm (Figure S11). It is reported that dual-
emission features can be attributed to the fluorescence and
phosphorescence of the chromophores doped in the polymer.42

Phosphorescence spectra measured in dilute solutions (DPCz
and DBCz) at a low temperature (77 K) further supported this
result, exhibiting the same electronic structure as the polymer at
room temperature (Figure S12). Simultaneously, a long-lived
yellow RTP emission (τ = 0.726 s) was successfully obtained
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from HBA-HDA0.2%-DBCz (Figure 3e). The Commission
Internationale de l’Eclairage (CIE) coordinate diagrams were
calculated for their phosphorescence spectra using spectrograph
software (Figure 3f), resulting in coordinates (0.22, 0.37) for
DPCz and (0.43, 0.53) for DBCz, respectively. The long lifetime
of this purely organic RTP polymer material primarily originated
from the rigid environment in the cross-linked polymer matrix.
Annealing time has great influence on the reaction degree of

transesterification, thus leading to different degrees of cross-
linking and rigidity. The phosphorescence emission of the
chromophores is closely related to the rigid structure of the
polymer matrix. It is reasoned that the soft-to-stiff transition of
polymers can be visualized through the RTP emission intensity
of the chromophores. To verify this hypothesis, HBA-HDA0.2%-
DPCz samples were heat-treated for various durations (0−48 h),
and their phosphorescence emissions were recorded. As shown
in Figure 4a, with increasing heat treatment time, phosphor-

escence gradually appeared, and polymer films annealed for
different times exhibited distinct phosphorescence intensity and
afterglow time. Phosphorescent intensity and afterglow time
increased with annealing time (Figure 4b). Additionally, after
annealing for more than 8 h, the phosphorescent intensity and
afterglow time remained relatively constant. Calculations
showed that after 8 h of annealing, the gel fraction of the
material was 99%, indicating that the polymer matrix was in a
highly cross-linked state. Moreover, as shown in Figure 4c
polymers with gradient moduli obtained from different degrees
of transesterification also exhibit gradient variations in
phosphorescence intensity and afterglow, suggesting that the

cross-linking degree and modulus of polymeric materials can be
successfully visualized in a nondestructive manner with a shape-
independent measurement. To further demonstrate the
universality of this strategy, as shown in Figures S13 and S14,
the same annealing conditions were applied to HBA-HDA0.2%-
DBCz. With an increasing annealing time, HBA-HDA0.2%-DBCz
exhibited a similar trend of changes in phosphorescence
intensity and afterglow time. These findings indicate that the
RTP emission intensity of the chromophores depends on the
cross-linking density of polymer matrix, making this strategy
promising for the modulus visualization of polymer materials.
The specific process of increasing network cross-linking

density through transesterification can be selectively controlled
by spatially seeding a catalyst in the sample. As illustrated in
Figure 5a, a solution of transesterification catalyst TBD was

selectively dripped onto the surface of the prepared HBA-
HDA0.2%-DPCz/DBCz sample without the transesterification
catalyst. After annealing for 24 h, the region where the
transesterification catalyst TBD was seeded exhibited an
increased degree of localized cross-linking, suppressing the
nonradiative transitions of the chromophores DPCz and DBCz,
resulting in patterned RTP materials. As shown in Figure 5b,c,
various patterned phosphorescence emissions were achieved
through catalyst seeding, successfully obtaining blue and yellow
RTP with patterns such as “Ester”, “Carbazole”, “XJTU”, and
“3D” (Supporting Movies S1−S6). Their afterglow spectra were
recorded (Figure S15), showing that transesterification catalyst
TBD incorporated in a way (mixing and dripping) that it did not
affect the electronic structure of the chromophores. Using heat
to activate RTP, particularly in polymeric systems, is rarely
explored,43−45 and thanks to the spatially regionalized control

Figure 4. Photophysical properties of HBA-HDA0.2%-DPCz films after
nonequilibrium transesterification for different times. (a) Phosphor-
escence photographs of HBA-HDA0.2%-DPCz films (Φ = 15 mm) after
annealing at 150 °C for different times at room temperature.
Phosphorescence intensity and afterglow of HBA-HDA0.2%-DPCz
films for (b) different annealing times and (c) different Young’s
modulus.

Figure 5. Patterned phosphorescence by nonequilibrium trans-
esterification. (a) Process of obtaining regionalized phosphorescence.
Photographs of (b) HBA-HDA0.2%-DPCz and (c) HBA-HDA0.2%-
DBCz films with writing by TBD solution before and after turning off
the UV irradiation at room temperature (annealing conditions: 150 °C
for 24 h).
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property of on-demand hardening, this is a novel RTP thermally
activated patterning strategy enhancing the advantages of smart
RTP materials in application fields such as anticounterfeiting,
sensing, and detection.
3D-printable RTP materials are of interest due to the growing

demand for irregular shapes and multimaterial structures.46,47

3D printing, also known as additive manufacturing (AM), has
become an advanced and versatile technology for rapid on-
demand fabrication of solid objects.48 Unlike traditional
manufacturing processes, additive manufacturing tools can
produce arbitrarily complex shapes characterized by layered
and intricate structures, featuring hollow features and multi-
material structures. In contrast to traditional 3D printing, this
3D printing ink is doped with chromophores, enabling the
localized activation of phosphorescence after thermally triggered
transesterification, achieving a diversity of shapes in smart RTP
materials. As shown in Figure 6, a series of samples with complex

three-dimensional structures were obtained using liquid crystal
display (LCD) 3D printing. These samples exhibited elasticity at
room temperature and could withstand deformations. By
controlling the seeding position of the transesterification catalyst
TBD in the 3D-printed samples, continuous nonequilibrium
transesterification was triggered through heat treatment. After
annealing for 24 h, the localized cross-linking density increased
in the region where the catalyst was seeded, resulting in material
stiffening and activation of phosphorescent emission. In Figure
6a, a cube with pattern information was printed using 3D
printing, and the catalyst TBD was seeded in part of the routes.
After heat treatment, the routes seeded with TBD exhibited a
distinct blue RTP emission, while the unstiffened routes showed

no RTP emission (Supporting Movie S7), providing a new
method for visualizing anticounterfeiting encryption of 3D
printed materials. Similarly, different examples of 3D-printed
shapes with regionally activated blue phosphorescence emission
such as “tail of fox” and “tentacles of octopus” (Supporting
Movies S8 and S9), as well as yellow RTP emission like “feeler”
were obtained through spatially activated RTP (Figure 6b,c and
Figure S16). Notably, due to the layered characteristics of 3D
printing, multimaterial structures can be prepared in 3D-printed
samples, enabling the realization of regionally dual-color
phosphorescent emission resembling the Oriental Pearl tower
(Figure 6d and Supporting Movie S10). 3D printing offers
diversity in the shape and structure of smart RTP materials,
showcasing significant potential for practical applications of 3D-
printable intelligent RTP materials.

■ CONCLUSION
In summary, we have successfully developed a purely organic
RTP polymer material that can be selectively activated on
demand by incorporating chromophores into the polymer. This
material is amenable to 3D printing and can achieve on-demand,
ultralong multicolor RTP emission through transesterification
reactions. Within a certain range, the phosphorescence intensity
and afterglow time are positively correlated with the material’s
modulus, allowing for the intuitive detection of modulus
changes during nonequilibrium transesterification. Additionally,
various patterned RTP materials can be obtained by selectively
seeding transesterification catalysts on the polymer films, as
needed. Combining with 3D printing, we demonstrate
information encryption visualization in 3D printed objects
with complex shapes and multimaterial structures and on-
demand regionally emitted multicolor RTP. This work provides
a strategy for the on-demandmodulation of smart RTPmaterials
in the fields of anticounterfeiting encryption and modulus
detection.
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