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Programmable Multicolor Room-Temperature
Phosphorescence Hydrogels via the Synergy of

Freeze-Soaking and Salting-Out

Muging Si, Weihao Feng, Depeng Liu, Wen Hong, Chi Chen, Adam Hernandez,
Yat Him Cyrus Wong, Xiaobing Zuo, Hua Zhou, Wei Lu,* Tao Chen,* and Ximin He*

Room temperature phosphorescence (RTP) is rarely achieved in hydrogel
systems, as water severely quenches their emission. Achieving multicolor RTP
in hydrogels is even more challenging, despite its high potential in cutting-edge
applications such as advanced anti-counterfeiting and camouflaging skins.
Here, a universal strategy is presented to fabricate multicolor RTP hydrogels
through the cascading freeze-soaking and salting-out process (F-S method).
This method induces in situ polymer assembly around the phosphors,
providing effective confinement and protection against quenching.

As a result, RTP hydrogel (RTPgel) with strong phosphorescence (lifetime

> 200 ms and afterglow >10 s), high water content (71 %), and excellent
flexibility (stretchability > 3000%) is achieved in a modal system composed
of polycyclic aromatic boronic acids (PABAs)-grafted polyvinyl alcohol

(PVA). Since chain aggregation strongly correlates with the kosmotropic
nature of the salt solution, the phosphorescence properties, including lifetime
and intensity, are feasibly tunable by re-soaking the hydrogels in solution

with different types of salts or concentrations, enabling programmable
spatiotemporal emission patterns. Such a method is universal, adaptable

for various luminophores and polymer matrices, allowing customizable
emission colors across a wide spectrum. Moreover, it is compatible

with scalable, high-precision fabrication techniques such as fiber spinning,
direct ink writing (DIW), and digital light processing (DLP) 3D printing.

1. Introduction

Room temperature phosphorescent (RTP)
materials, featuring long afterglow and
large Stokes shifting in moderate en-
vironments, have drawn significant at-
tention in the past decade due to their
promising prospect in several cutting-edge
applications, including bio-imaging, anti-
counterfeiting, indicating, and sensing.['’]
Polymeric RTP materials have been elab-
orately investigated because of their fea-
sibility for fabrication, low cost, and
lightweight.®% In this context, elegant
strategies have been successfully applied
for achieving polymeric RTP material,
including host-guest interaction,!'*13] H-
aggregation,['*1°] clusterization,!'*'7] cryst-
allization,®*2!l and metal-organic frame-
works.[2224] To summarize, suppressing
the molecular motion for obliterating
the nonradiative decay by trapping the
phosphor in a dry and rigid matrix is the
main merit of building polymeric RTP
materials(?-28) (Figure 1A). In this context,
dry-state hydrogen-bond-rich polymeric

M. Si, W. Hong, C. Chen, A. Hernandez, Y. H. C. Wong, X. He
Department of Materials Science and Engineering

University of California

Los Angeles, CA 90095, USA

E-mail: ximinhe@ucla.edu

M. Si, W. Feng, D. Liu, W. Lu, T. Chen

State Key Laboratory of Advanced Marine Materials

Zhejiang Key Laboratory of Extreme-environmental Material Surfaces and
Interfaces

Ningbo Institute of Materials Technology and Engineering

Chinese Academy of Sciences

Ningbo 315201, China

E-mail: luwei@nimte.ac.cn;tao.chen@nimte.ac.cn

X. Zuo, H. Zhou

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adma.202518652

DOI: 10.1002/adma.202518652

Adv. Mater. 2025, 18652 e18652 (1 of 12)

X-Ray Science Division

Argonne National Laboratory
Lemont, IL 60439, USA

M. Si, W. Feng, D. Liu, W. Lu, T. Chen
School of Chemical Sciences

University of Chinese Academy of Sciences
Beijing 100049, China

© 2025 Wiley-VCH GmbH


http://www.advmat.de
mailto:ximinhe@ucla.edu
mailto:luwei@nimte.ac.cn
mailto:tao.chen@nimte.ac.cn
https://doi.org/10.1002/adma.202518652
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadma.202518652&domain=pdf&date_stamp=2025-12-19

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

www.advmat.de

A stiff, Dry: RTP B Qur work:

Soft: no RTP Wet : no RTP

Soft, wet: Multi-color RTP

Polymers &~—~—~—=

I : !
1
1 [ ' .
' Polysaccharides Polypeptides | ! 1Kosmotropic
! 0o OH OH OH ! .
1 OH OH OH Ol i 1 (IJH O B‘OH L s | ions
1 O O O o ! B., HO” “OH1
OH OH OH OH OH
: o \—O/H o] \—O/H [¢] \—Q/H o‘z‘o N i+i Ho’é O O O O : > )
! 1
1 ¢ [ '
i Polyalcohols 3 ol OG HO_ | _
Y : NS S YXY, O Freeze-soaking °5®
b § G0 . = "
! OH OH OH OH % " a S L =Y, B HOBoH | v

e L)
» H,0 molecule @ Salt ions
Figure 1. Strategies for fabricating polymeric RTP materials. A) Normal strategies for building RTP polymers by trapping phosphors into a rigid and dry
matrix for suppressing the molecular motion. B) Wet matrix and soft matrix are unable to provoke the phosphorescence due to the drastic molecular

motion of phosphor molecules and solvent molecules. C) Our strategy for building multi-color RTP hydrogels by harnessing the synergy of freeze-soaking
and salting-out for sealing phosphores within interchain constraints, which has universality for various polymers, phosphors, and fabrication methods.

materials, such as polyvinyl alcohol (PVA),[2*3] poly acrylic acid
(PAAQ)P! with a glass transition temperature (T,) much higher
than room temperature, are the few practical choices for an
ideal RTP matrix. However, these matrices are usually highly
hydroscopic, causing derived RTP materials to be highly sensi-
tive to surrounding water molecules and easily quenched. Such
features limit current RTP materials in their total dry state,
with poor stretchability and flexibility. It is a challenging but ur-
gent task to fabricate water-insensitive RTP materials, especially
hydrogel-based polymeric RTP materials, which are featured by
soft, wet, and compliant, making them a promising candidate for
cutting-edge applications, including soft electronics, soft actua-
tors/robotics, and in vivo imaging material.[183233]

To stabilize the phosphors within highly hydrated polymer
skeletons in hydrogels, it is important to confine the phosphors
in a rigid and waterless micro-environment,** which is hardly
obtainable in hydrogels. A few possible routines were proposed.
Tian et al. specially designed a phosphorescence hydrogel com-
posed of dangling cyclodextrin (CD) and a-bromonaphthalene (a-
BrNp) side group.**! The a-BrNp phosphor was isolated in CD
from water molecules through host-guest interaction, which al-
lows its phosphorescence emission of a-BrNp within the hydro-
gel matrix. Our recent work proved that such a strategy would
work even if the CD-phosphor assembly is physically absorbed
by rather than attached to the polymer network.l'}] Besides dop-
ing or grafting the protected phosphors into the hydrogel ma-
trix to build RTP hydrogels, the polar side groups of hydrogels
can also emit phosphorescence if they are properly restricted.
Wu et al. have proposed a crystallization-induced clusteriza-
tion method to confine the polymeric matrix in a crown ethers
(CE)/polyacrylamide (PAAm) composite hydrogel.'8! After poly-
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merization of PAAm hydrogel, the solubility of CD in the mix-
ture decreased, resulting in in situ precipitation and crystalliza-
tion of CE. The CE crystals squeezed the polymer matrix, caus-
ing the carbonyl clusters and thus phosphorescence emission.
A similar strategy can be found in the work from Zhao et al.?¢
They synthesized a phosphorescent hydrogel by copolymerizing
acrylamide (Am) with N-acryloyl-aminoundecanoic acid (NAUA).
The hydrophobic NAUA induces phase separation in the hydro-
gel network, forming hydrophobic phases that stiffen the struc-
ture and constrain the mobility of water molecules and chain seg-
ments, triggering the RTP emission of the carboxylic acid group
clusters. Similarly, poly(vinyl alcohol)/poly(calcium maleate) hy-
drogel prepared through a drying and rehydration process has
also been proven to be phosphorescent by Wang et al.*}] Never-
theless, these methods for creating RTP hydrogels could only be
achieved in particular hydrogel matrices with special chemical
designs, to intentionally implant the hydrophobic microenviron-
ment within the matrix. Moreover, these microenvironments are
usually not compatible with a wide range of phosphors. Limited
selection in phosphors prohibits achieving multi-color RTP hy-
drogels with a wide spectrum emission. It would be more inhib-
ited to customize phosphorescent hydrogel with programmable
color, intensity, and afterglow. Such monochromatic afterglow
limits their utility to single-channel optical outputs, restricting
applications in data encryption, complex pattern display, and
multiplexed sensing. Multicolor RTP hydrogels could offer tun-
able and even site-specific emission, allowing a more powerful
single material platform with multi-channel emission and spa-
tiotemporal emission in a complex pattern, which would be ben-
eficiary for cutting-edge applications such as high-level anticoun-
terfeiting and camouflaging skin.[3-]
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Herein, we proposed a novel strategy for fabricating hydro-
gels with highly efficient RTP and ultralong afterglow by tak-
ing advantage of the synergy of freeze-soaking and salting-
out (Figure 1B,C). This method has been demonstrated as
a universal strategy to strengthen polymer-polymer associ-
ations and induce chain aggregation, ranging from semi-
crystalline polymers (e.g., polyvinyl alcohol,[*!l polyethylene
oxidel*?#]), hydrophilic polymers (e.g., polyacrylic amide,!*¥]
poly(2-hydroxyethyl methacrylate)l*!) to biopolymers (gelatin,
hyaluronic acidl*l). Specifically, freeze-soaking and salting-out is
a method to fabricate hydrogels by soaking the frozen polymer
precursor in salting-out aqueous solutions, and has been widely
leveraged to produce tough hydrogels by us and others.[*14748]
According to the Hofmeister effect, aqueous solutions of kos-
motropic salts, such as sodium citrate (Na,Cit), sodium sul-
fate (Na,SO,), and sodium carbonate (Na,CO;), etc., are capable
of driving polymer chains assembled into aggregates.[*}] Based
on this principle, we hypothesize that the synergy of freeze-
soaking and salting-out method can efficiently provoke chain
aggregates to embed and stabilize the grafted phosphors in
the aqueous enviornment, resulting in RTP hydrogels. As a
primary demonstration, the polycyclic aromatic boronic acids
(PABAs) are grafted onto the polyvinyl alcohol (PVA) chain
by ultrasound-synchronized B-O-click reaction. The as-prepared
PABA@PVA precursor was processed by the freeze-soak strat-
egy to get PABA@PVA RTP hydrogel (RTPgel). Benefiting from
the synergy of freeze-soak and salting out, PABA phosphors can
be successfully stabilized inside the PVA microcrystals and pro-
tected from water molecules. As a result, PABA@PVA RTP hy-
drogel demonstrated a long lifetime of 236 ms and afterglow
more than 10 s, while remaining highly hydrated (hydration
ratio ~#77%), flexible, and stretchable. Compared with existing
strategies that rely on specially designed matrices or hydrophobic
microdomains, the freeze-soaking/salting-out synergy offers a
general and chemistry-independent route to stabilize phosphors
within a fully hydrated network. The simplicity and universal-
ity of this method allow broad phosphor compatibility and scal-
able fabrication across multiple processing platforms. Thus, full-
spectrum multicolor afterglow can be achieved by carefully select-
ing the PABA phosphors or incorporating commercial dyes into
the hydrogels by doping. As a universal method for fabricating
phosphorescent hydrogels, such a method could also be adopted
for developing natural polymer-based phosphorescent hydrogels.
The feasibility of such a method was further evidenced by cus-
tomizable shaping through molding, extrusion, and 3D printing.

2. Result

2.1. Fabrication of RTPgel

RTP hydrogels can be readily prepared from a precursor com-
posed of phosphor-grafted PVA (M,, ~89,000 g/mol) using a re-
ported freeze-soak and salting out (F-S) procedure (Figure 2A).
Starting from phosphor triphenylene-2-ylboronic acid (2TPBA),
the precursor is synthesized by grafting 2TPBA onto the PVA
chains via a sonication-triggered B-O click reaction at 80 °C.[*]
The resulting precursor solution is poured into a mold, frozen at
—20 °C, and subsequently thawed in 2 M sodium citrate (Na,Cit)
solution at room temperature to yield the 2TPBA@PVA RTPgel
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(Figure S1, Supporting Information).*’] In this article, RTPgel
is used to denote the 2TPBA@PVA RTP hydrogel unless oth-
erwise stated. As shown in Figure 2B, the resulting RTPgel is
highly stretchable and flexible, capable of undergoing large de-
formations such as folding, rolling, and twisting without any no-
ticeable change in its phosphorescent properties. Tensile testing
revealed that the gel can be stretched over 3000% of its orig-
inal length, confirming its remarkable flexibility (Figure 2C).
Figure 2D,E presents the photoluminescence (PL) and phospho-
rescence (Phos.) spectra (delay time = 0.5 ms) of the RTPgel. Two
emission bands appear at 393 and 470 nm in the PL spectrum,
while only the 470 nm band remains in the phosphorescence
spectrum. Lifetime measurements confirm that the 393 nm peak
corresponds to fluorescence with a lifetime of 2.3 ns, and the
470 nm peak corresponds to phosphorescence with a lifetime of
236 ms (Figure S2, Supporting Information).

The fabrication process was further optimized to enhance
phosphorescent performance. The freezing temperature (Tj..,.)
was set at —20 °C as it can quickly freeze the precursor when gen-
erating RTPgels with better phosphorescence performance com-
pared to lower Tj,..,. (Figure S3, Supporting Information). The
optimal reaction time was determined to be 3 h, whose precur-
sor yielded the brightest fluorescence emission (Figure S4, Sup-
porting Information). The ideal phosphor content was found to
be 1 wit% (relative to PVA), producing RTPgels with strongest
phosphorescence and longest lifetime (Figure S5, Movie S1, Sup-
porting Information). Excess phosphor beyond 1 wt% resulted in
unreacted residues in the precursor, potentially quenching phos-
phorescence via inter-phosphor energy transfer. The solid con-
tent of the precursor also has a significant influence on the phos-
phorescence performance of the resultant hydrogel. Increasing
the solid content of the precursor enhanced both phosphores-
cence intensity and lifetime (Figure S6, Movie S2, Supporting
Information). The influence of molecular weight (M,,) was also
detailed, showing that PVA with longer chains is more advan-
tageous in creating RTPgels with better phosphorescence per-
formance (Figure S7, Movie S3, Supporting Information). The
RTPgels also demonstrated excellent phosphorescence stability
over mechanical deformation and UV aging (Figures S8 and S9,
Supporting Information).

2.2. Origin of Room-Temperature Phosphorescence

Phosphorescence typically arises when the molecular motion
of the phosphor and the surrounding matrix is significantly
restricted.’*>3] Regarding the obtained RTPgel, we propose a hy-
drophobic assembly-induced in situ crystallization mechanism
to explain the enhanced phosphorescence resulting from the
synergy of freeze-thawing and salting-out. First, upon graft-
ing the highly hydrophobic aromatic molecule 2TPBA onto hy-
drophilic PVA chains dissolved in water, 2TPBA autonomously
undergoes J-aggregation driven by hydrophobic interactions.
This is evidenced by a red shift in the main absorption peak
of 2TPBA in water compared to that in DMSO (Figure S10A,
Supporting Information).[>*! Macroscopically, this aggregation
leads to a transition of the PVA solution from transparent to
opaque (Figure S10B, Supporting Information), further confirm-
ing the formation of interchain hydrophobic associations. At the
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Figure 2. Fabrication of RTPgel. A) Schematic illustration of fabricating RTPgel. B) Images showing an RTPgel going through twisting, bending, and
curling without affecting its RTP performance. Scale bar: 5 mm. C) Stretch-strain curve of RTPgel. Inset showing the phosphorescing RTPgel in its
original state and stretched to 3000% of its original length, demonstrating exceptional stretchability without loss of phosphorescence. Scale bar: 5 mm.
D) Excitation-photoluminescence mapping (no delay) and E) excitation-phosphorescence mapping (delay time = 0.5 ms) of RTPgel. The color change

from blue to red indicates the emission intensity.

molecular level, NMR analysis further verifies phosphor-induced
chain packing, as the backbone proton signals of 2TPBA-grafted
PVA shift upfield relative to pure PVA, indicating reduced inter-
chain spacing (Figure S11, Supporting Information).

The synergy of freeze-thawing and salting-out then plays the
most critical role in enhancing phosphorescence as it facilitates
the crystallization of PVA chains. As shown in Figure 3A,B, both
the fluorescence and phosphorescence intensities of the RTPgel
increase with longer soaking time (£, ). To quantify the rela-
tive enhancement of phosphorescence, we calculated the ratio of
phosphorescence intensity at 470 nm to fluorescence intensity
at 393 nm (Ipos/Imo) from the PL spectra. Iy o/ I, got tripled
from 0.25 to 0.75 after 24 h of soaking and reached a plateau at
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48 h (Figure S12, Supporting Information), indicating the grad-
ual formation and stabilization of the phosphorescent center dur-
ing the soaking process. Control samples undergoing only the
freeze-thaw (F-T gel) or salting-out (S-O gel) procedures were pre-
pared by using the same precursor. To facilitate a parallel compar-
ison of preparation methods, the RTPgel prepared via the freeze—
soaking process is also denoted as the F-S gel in this section.
Both F-T and S-O gels exhibited weak phosphorescence, with in-
tensities approximately one-tenth of that seen in RTPgel (Figure
S13, Supporting Information). The comparison between F-T gel
and S-O gel suggests that higher solid content increases phos-
phorescence due to a greater number of embedded phosphors.
However, despite the F-S gel having only half the solid content
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Figure 3. Mechanism of phosphorescence in hydrogel. A) PL spectrum, B) phosphorescence spectrum, and C) phosphorescence lifetime of RTPgels
with various soaking times. D) FTIR spectrum of RTPgel with various soaking times. Crystallinity can be calculated from the ratio between the peak area
centered 1144 cm™" and 1094 cm™". E) lppos /IFio. @5 @ function of hydrogel crystallinity, which shows a positive linear relationship. F) Solid-state ''B
NMR spectrum of F-T gel and RTPgel with various soaking times. Representative G) SAXS and H) WAXS profiles of F-T gels, S-O gels, F-S gels without
phosphor, and F-S gels. I) Estimated average distance between adjacent crystalline domains L and average crystalline domain size D of F-T gels, S-O

gels, F-S gels without phosphor, and F-S gels.

of the S-O gel, its phosphorescence intensity is ten times higher.
This indicates that the enhanced phosphorescence in RTPgels re-
sults from the unique microenvironment of phosphors formed
via the F-S method-triggered PVA assembly. Moreover, although
our method also involves freeze-thaw process, results show that it
has a negligible contribution compared to the synergy of freeze-
thawing and salting-out in terms of provoking phosphorescence,
as the number of freeze-thaw cycles has little effect on the phos-
phorescence property of resulting RTPgel (Figure S14, Support-
ing Information).

The assembly of PVA chains usually results in the formation of
crystalline regions. The crystallinity (a) of RTPgel was acquired
by FTIR test (Figure 3D). Peaks located at 1144 and 1094 cm™!
are v(C-O) that existed in the crystalline region and the amor-
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phous region, respectively. The crystallinity can be calculated
from the area ratio (A;144 / Ajgos) between these two peaks accord-
ing to reported equation: a(%) = —13.1 4+ 89.5(A; 144 / Ajgos) ) As
shown in Figure S15 (Supporting Information), the crystallinity
of RTPgel steeply increased in the first 48 h of soaking, indicating
the shaping of more crystalline regions within the matrix during
this period. The relationship of material phosphorescence evolu-
tion and crystallinity was summarized in Figure 3E. A linear re-
lationship was observed between Iy, /I, and the crystallinity
of PVA, suggesting that the protection provided by PVA micro-
crystalline domains to embedded phosphors plays a crucial role
in stabilizing embedded phosphors and the generation of phos-
phorescence in a macroscopically soft and wet hydrogel material
(Figure S16, Supporting Information).
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More direct evidence can be obtained by observing the state of
the phosphor. The state of phosphors during the soaking pro-
cedure was tracked through solid-state !B NMR (Figure 3F).
Two peaks emerged on the spectrum of freeze-thaw PVA gels
with 0 h of soaking, with one broad and located at ~20 ppm,
and another one sharp and centered at 0 ppm, corresponding
to phosphors that are attached to amorphous chains and crys-
talline chains, respectively. As the soaking process progressed,
the 20 ppm peak gradually diminished, while the 0 ppm peak in-
creased accordingly, suggesting an increasing number of phos-
phors were trapped in the crystalline region of PVA. After
72 h of soaking, the 20 ppm peak disappeared entirely, sug-
gesting a 100% encapsulation of 2TPBA within the PVA mi-
crocrystalline domains. This result supports a model of pref-
erential crystallization around 2TPBA-grafted segments due to
preassembly.

To quantify the crystalline morphology and gain a better un-
derstanding of the origin of phosphorescence, we measured
the inter-domain distance (L) using small-angle X-ray scatter-
ing (SAXS) and the crystalline domain size (D) using wide-angle
X-ray scattering (WAXS). SAXS measurements were first con-
ducted to obtain the scattering intensity I(g) vs. the scattering
vector q (Figure 3G). To accurately identify the peak position,
the intensity was corrected by multiplying it by g*. As shown in
Figure 3G, all samples exhibited a clear peak in the corrected Ig?
versus g plot, indicating the presence of ordered microcrystalline
domains. The inter-domain spacing L was calculated using the
Bragg equation L = 27/q,,,,, Where q,,., is the scattering vector
at peak intensity. Among all samples, F-S gels (RTPgel) exhibited
the shortest L, indicating the most densely packed crystalline re-
gions compared to F-T gels and S-O gels (Figure 31).

WAXS measurements were then performed using X-rays with
a wavelength of 0.932 A. As shown in Figure 3H, all sam-
ples displayed a noticeable diffraction peak at 20 = 19.7°, corre-
sponding to the characteristic reflection of PVA crystalline planes
(101) with an interlayer spacing of 2.7 A. The average crystalline
domain size D was estimated using Scherrer’s equation: D =
ka/(Bcosh), where k is the shape factor (taken as 1, assuming ap-
proximately spherical domains), 4 is the X-ray wavelength, g is
the full width at half maximum of the peak, and 6 is the Bragg an-
gle. The F-S gels showed a markedly larger domain size (%30 nm)
than F-T (211 nm) and S-O gels (~18 nm), indicating enhanced
crystallization (Figure 3I).

Collectively, the F-S gel exhibited both the most densely packed
and the largest crystalline regions, correlating strongly with its
superior phosphorescence. This confirms the critical role of crys-
tallinity in enabling phosphorescence emission.[**’] Notably,
control F-S gels without phosphor showed smaller D values
than S-O gels, highlighting the importance of hydrophobic pre-
assembly in promoting large crystal formation. Two mechanisms
may contribute to this: i) the hydrophobic nature of 2TPBA cre-
ates a local microenvironment that repels water, facilitating hy-
drogen bonding between nearby PVA hydroxyl groups; and ii)
2TPBA aggregates act as physical crosslinkers, bringing neigh-
boring chains into closer proximity than those surrounded by
water. Consequently, the nucleation of crystalline domains hap-
pens preferentially around the phosphors, where molecular mo-
tion is strongly suppressed by hydrogen bonding and steric con-
finement. Meanwhile, the amorphous PVA segments remain
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hydrated, allowing the gel to retain its macroscopic flexibil-
ity and stretchability. Such a mechanism is also supported by
the drastic phosphorescence difference between phosphor-doped
RTPgel and phosphor-grafted RTPgel, with the former demon-
strating significantly weaker phosphorescence and shorter phos-
phorescence lifetime ~11.5 ms (Figure S17, Supporting Informa-
tion). Therefore, the synergistic effect of molecular pre-assembly,
freeze-soaking and slating-out is key to forming extensive micro-
crystalline domains, which underpin the robust phosphorescent
behavior of the hydrogel matrix.

Computational simulations were conducted to further eluci-
date the structural evolution under preassembly, freeze-soaking
and salting-out. Molecular dynamics (MD) simulations were per-
formed using a model cell composed of 3 PVA chains (yellow), 20
water molecules (white and red), and 3 sodium citrate (purple),
configured according to the experimental ratio. The system was
first equilibrated at —5 °C and subsequently evolved at room tem-
perature in the presence of sodium citrate to mimic the freeze-
soak (F-S) procedure. The purple shading in Figure S18A (Sup-
porting Information) represents the free volume within the cell.
Compared to the pre-soaking state, the post-soaking simulation
shows a significant reduction in free volume, attributed to the
collapse of PVA chains. Additionally, a decrease in the radius of
gyration confirms the compaction of PVA chains, which encapsu-
lates the phosphors and excludes water molecules from the inter-
chain regions (Figure S18B, Supporting Information). As shown
in Figure S18C (Supporting Information), the number of hydro-
gen bonds within the system approximately doubled during the
100 ps simulation, indicating enhanced intermolecular interac-
tions that stabilize the condensed structure.

2.3. RTPgel with Programmable Phosphorescence

According to the Hofmeister series, the type of salt used during
the soaking step significantly influences microcrystalline forma-
tion and, consequently, the phosphorescent properties of the ma-
terial. As shown in Figure 4C and Movie S4 (Supporting Infor-
mation), we explored the effects of different salting-out agents,
2 M solutions of sodium acetate (NaAc), sodium sulfate (Na,SO,),
sodium carbonate (Na,CO;), and sodium citrate (Na,Cit), on the
RTP hydrogel. The gel soaked in Na,Cit exhibited the longest af-
terglow, lasting up to 8 s. In comparison, gels soaked in Na,CO,
and Na,SO, showed afterglows of 8 and 3 s, respectively, while
the NaAc-treated gel showed no visible afterglow. Solid-state !'B
NMR further confirmed that freeze-soaking in different salting-
out solutions enhances phosphor encapsulation by microcrys-
talline domains compared to freeze-thaw treatment alone. The
proportion of encapsulated phosphors relative to the total phos-
phor content followed the trend: NaAc < Na,CO; < Na,SO, <
Na,Cit. This trend directly correlates with the phosphorescence
performance of the corresponding hydrogels, supporting the pro-
posed mechanism of microcrystalline protection. Moreover, it
aligns precisely with the Hofmeister series, indicating that the
phosphorescent behavior of RTPgels can be effectively tuned by
salt selection, offering a precisely programmable approach to
control their luminescence characteristics. Salting-in salts such
as NaCl, NaNO;, and Nal were also adopted to soak the hydrogel.
No phosphorescence was observed in hydrogels soaked in NaCl
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or NaNO; solutions, while the hydrogel dissolved completely in
Nal solution (Figure S19, Supporting Information).

Salt concentration regulates the ionic strength of the solution,
which directly influences polymer assembly behavior, making it
an effective parameter for tailoring phosphorescence properties
(Figure S20, Movie S5, Supporting Information). Taking sodium
citrate (Na,Cit) as an example, its fluorescence intensity peaked
at 1.0 v, then gradually declined at higher concentrations (1.5 m
and 2.0 M), when, in contrast, phosphorescence intensity contin-
ued to increase with rising Na,Cit concentration. Furthermore,
the sensitivity of phosphorescence to salt concentration reflects
the Hofmeister series. As shown in Figure 4D, the I /g, ra-
tio varies significantly with salt concentration, depending on the
salt type. The RTPgel treated with Na,Cit exhibited the steepest
change, with a slope of 0.083, followed by Na,CO, (0.048) and
Na, SO, (0.036). NaAc showed minimal sensitivity, with a nearly
flat slope of 0.0037. These results highlight the crucial role of both
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the type and concentration of salt in programming the phospho-
rescent response of RTPgels.

Since both salt type and concentration significantly influence
RTP, they can be effectively used to program the phospho-
rescence behavior of RTPgels. Cyclic soaking of RTPgels in
different salt solutions results in corresponding changes in
phosphorescence intensity and lifetime (Figures S21 and S22,
Supporting Information). Representative demonstrations are
shown in Figure 4F, where RTPgels shaped into the letters
“U,” “C,” “L,” and “A” were treated to display various afterglow
lifetimes. Initially, all four letter-shaped gels were soaked in
sodium citrate solution, giving them identical RTP lifetimes.
As a result, the entire “UCLA” pattern exhibited uniform af-
terglow that faded simultaneously upon removal of excitation
light (Figure 4F-i; Movie S6, Supporting Information). In the
next step, the “C” and “L” gels were soaked in sodium ac-
etate for 24 h. After this treatment, only the “U” and “A” gels
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retained obvious afterglow, while the “C” and “L” gels lost their
afterglow immediately after the excitation light was turned off,
effectively transforming the visible pattern from “UCLA” to
“UA” (Figure 4F-ii). Subsequently, the phosphorescent display
was reprogrammed by soaking the “C” gel again with sodium
citrate, while the “A” gel was treated with sodium acetate
(Figure 4F-iii). This adjustment altered the visible pattern to
“UC”. Spatiotemporal displays were also achieved by soaking
each letter in a distinct salt solution, citrate, sulfate, chloride,
and acetate for “U”, “C”, “L”, and “A”, respectively, resulting in
a time-resolved fading sequence: “UCLA” — “UCL” — “UC”
— “U” (Figure 4F-iv). A similar effect was obtained by treating
all RTPgels with the same salt type (Na,;Cit) but at varying
concentrations (Figure S23, Supporting Information). This sim-
ple soaking-programming strategy offers a robust and flexible
platform for creating programmable phosphorescent materi-
als, with broad potential applications in anti-counterfeiting,
information  encoding/storage, and intelligent visual
signaling.[40>°]

2.4. Multi-Color Afterglow Hydrogels (MCA gel)

Color coverage is another key property of luminescent mate-
rial. Multi-color afterglow (MCA) could be feasibly achieved by
freeze-soaking the RTPgels precursor, which was mixed with
different commercial dyes. Specifically, according to the phos-
phorescence resonance energy transfer (PRET) effect, specific
dyes can serve as acceptors when the 2TPBA phosphor within
the RTPgel matrix serves as donors, for luminescence after
turning off the excitation source through consistent triplet-to-
singlet energy transfer (Figure 5A,B).[**5758] Fluorescein sodium
(Fluo S), rhodamine 6G (Rhod 6G), and rhodamine B (Rhod
B) were selected as possible acceptors due to the partial over-
lap between their absorbance spectra with the phosphorescence
spectrum of RTP PVA (Figure 5C). Fluorescent dyes (Fluo S)
were first mixed with the RTPgel precursor at specific ratios
and then subjected to the freeze-soak process to fabricate multi-
color afterglow hydrogels (FS-MCAgels). As a control, another
set of MCAgels was prepared by soaking pre-formed RTPgels
in salt solutions containing Fluo S, thereby introducing the
dyes via post-doping (referred to as doping-MCAgels). These
two fabrication routes led to MCAgels with markedly differ-
ent phosphorescent properties. In the FS-MCAgels, mixing the
dyes with the precursor prior to freeze-soaking allows the dyes
to be co-confined within the microcrystalline regions and po-
sitioned in close proximity to the phosphors. This spatial ar-
rangement enhances donor-to-acceptor energy transfer. In con-
trast, when dyes are introduced after the freeze-soaking step,
they remain in the aqueous phase, while only the phosphors
are embedded in the crystalline domains. This separation lim-
its energy transfer due to the increased spatial distance and the
presence of water molecules that can dissipate energy rather
than facilitate transfer (Figure 5D). As a result, FS-MCAgels
exhibit significantly stronger phosphorescence and longer life-
times compared to doping-MCAgels (Figures 5E; S24, Support-
ing Information), further validating the effectiveness of the pro-
posed freeze-soak strategy for fabricating high-performance RTP
hydrogels.
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As shown in Figure 5F and Movie S7 (Supporting Informa-
tion), FS-MCAgels that contains Fluo S, Rhod 6G and Rhod
B enlarge the stokes shift between excitation source (305 nm)
and phosphorescent peak of 2TPBA (455 nm, blue), redshift the
central afterglow peak to 547 nm (green), 574 nm (yellow) and
604 nm (red), respectively. MCA gels with the doping ratio at
0.05 wt% (weight ratio to PVA) have the longest afterglow last-
ing for ~ 8 s (Figure S25, Supporting Information). PRET effi-
ciency (Ppgppr) was calculated to be 75%, 81%, 59% for MCA gel
doped with 0.05 wt% Fluo S (G), Rhod 6G (Y) and Rhod B (R), re-
spectively (Figure 5C,D, Table S1, Supporting Information, ®@pper
= l-rp /7y, , Where 7, and 7}, , are the RTP lifetimes of energy
donor before and after energy transfer),®! suggesting the strong
potential of the PRET strategy in achieving long-lasting multi-
color after glow. Increasing the doping amount of dye would lead
to decreased afterglow time, possibly due to the self-absorption
effect of free dyes that dissolved in water. Elaborating on the syn-
ergetic emission of multiple dyes, an afterglow that covers the
full spectrum can be achieved. As shown in Figure 5D and Movie
S8 (Supporting Information), afterglow color falls into green-to-
yellow, yellow-to-red afterglow colors have been achieved by co-
doping Fluo S & Rhod 6G, and Rhod B, respectively.

2.5. Material and Processing Universality

Our F-S method for fabricating hydrogel-based RTP materials
demonstrates broad universality and can be extended to a variety
of phosphors and polymer matrices. To showcase this versatility,
a series of borate-based phosphors, 4-dibenzothienylboronic acid
(DBTBA, 1), 1, 3, 5-tris[(4-phenylboronic acid)]benzene (TPBBA,
2), 2-naphthaleneboronic acid (2NBA, 3), 1, 1’-binaphthyl-4-
ylboronic acid (BNBA, 4), fluoranthene-3-boronic acid (FLBA, 5),
featuring diverse conjugated aromatic moieties were used to con-
struct phosphorescent hydrogels (Figure 6A). The resulting hy-
drogels exhibit distinct dominant emission peaks centered at 497,
511,523,537, and 550 nm, respectively, highlighting the potential
of the F-S method for producing multi-color phosphorescent hy-
drogels with finely tunable luminescent properties (Figures 6B;
S26 and Movie S9, Supporting Information). Moreover, all these
hydrogels displayed long phosphorescent lifetimes (Figure 6C;
Table S2, Supporting Information), confirming the general effec-
tiveness of the F-S strategy across different phosphor systems.
In addition to PVA, other polymers such as gelatin and colla-
gen also proved compatible with the F-S method. As illustrated
in Figure 6D, gelatin- and collagen-based hydrogels grafted with
2TPBA phosphor exhibited obvious afterglow. This phosphor and
polymer versatility enables not only the fabrication of multi-color
RTP hydrogels but also provides flexibility in material selection
tailored for specific applications, including in vivo bioimaging,
chemical tracing, and environmental monitoring.

Beyond the universality in matrix and phosphor selection,
the F-S method is highly adaptable to a wide range of ad-
vanced processing technologies, allowing for material shaping
and casting on demand.®%®!] For instance, the PVA-based pre-
cursor can be readily extruded through nozzles to form hydro-
gel fibers. As shown in Figure 6E, MCAgel fibers in red, yel-
low, green, and blue were fabricated on a large scale (up to 5
meters each) via a combined extrusion and F-S process. Direct
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Figure 5. Multicolor afterglow (MCA) achieved by freeze-soak RTPgel precursor doped with various dyes. A,B) Schematic illustration of phosphorescence
resonance energy transfer (PRET) from the T, state of FS-RTPgel to various dyes for multicolor afterglow. C) Phosphorescence emission spectrum of
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showing the multicolor afterglow of RTPgels doped with various dyes. G) Afterglow lifetime of MCAgels. H) Image of FS-MCAgel with wide color coverage.

Excitation wavelength: 365 nm. Scale bar: 5 mm.

ink writing (DIW), another extrusion-based technique, offers a
versatile route for customizing RTPgels. A printable ink com-
posed of gelatin and 2TPBA@PVA (10 wt%, 1:1 w/w) was for-
mulated, which remained extrudable at elevated temperatures
(60 °C) and rapidly gelated upon cooling to room temperature
(Figure S27, Supporting Information). This approach enabled the
creation of RTP hydrogels with customizable 3D complex ge-
ometries, such as the hollow cylindrical structures depicted in
Figure GF.

For higher-resolution patterning, digital light processing
(DLP) was employed. A photo-curable system was formulated by
blending acrylamide, initiator, and crosslinker with the RTPgel
precursor. The mixture was coated onto glass substrates and ex-
posed to patterned light using a reflective setup with a projec-
tor (Figure 6G).[%2] Multicolor phosphorescent patterns spelling
“RTP GEL” were successfully fabricated on a centimeter scale.
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High-resolution patterns with more than 80 words also be-
came printable within a tiny area as large as a coin, demon-
strating the exceptional processing flexibility of our method
for fabricating gel-state phosphorescent materials with precise
control.

3. Conclusion

Hydrogel materials rarely exhibit RTP due to their soft and hy-
drated nature, which limits their potential in advanced opti-
cal applications. In this work, we proposed a novel strategy to
fabricate RTP hydrogels by leveraging the synergy of freeze-
soaking and salting-out. The resulting RTPgels exhibit lifetimes
>200 ms and long-lasting afterglow (>10 s), while maintain-
ing high hydration (x~71%) and flexibility (>3000%). The phos-
phorescence is easily tunable by re-soaking the hydrogels with
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Scale bar: 10 mm.

different salt solutions or concentrations, enabling the creation
of programmable spatiotemporal emission patterns, which is
highly promising for advanced anti-counterfeiting systems. A
key advantage of the F-S approach is its broad universality. It
accommodates diverse boronic acid-based luminophores and
functions across multiple polymer matrices, including biopoly-
mers. Equally important, the method is inherently scalable and
compatible with a wide range of fabrication techniques, such
as fiber spinning, direct ink writing, and DLP-based printing,
which allows RTP hydrogels to be produced in customized ge-
ometries and at various length scales without altering the un-
derlying chemistry. We also recognize that although this strat-
egy imparts strong RTP performance and mechanical robust-
ness, the high residual ion content and susceptibility to dehydra-
tion remain key challenges for practical use. These issues may
restrict direct biomedical applications and limit long-term envi-
ronmental stability. Future work will aim to address these limita-
tions by introducing biocompatible salts and developing water-
retentive or encapsulated designs to enhance durability.[63646]
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Overall, this efficient and versatile strategy provides a robust plat-
form for creating tough phosphorescent hydrogels with broad po-
tential in chemical sensing, soft actuation, soft electronics, and
anti-counterfeiting.

Supporting Information

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