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Room temperature phosphorescent (RTP) hydrogels exhibit great potential
but show poor mechanical performance (Tensile strengthen <1 MPa) and non-
tunable RTP performance, hindering their practical applications. Here, we
develop wood hydrogel (W-hydrogel) by the in situ polymerization of acryla-
mide in the presence of delignified wood. As a result of the molecular inter-
actions between the components of delignified wood and polyacrylamide, the
W-hydrogel exhibit a tensile strengthen of 38.4 MPa and green RTP emission
with a lifetime of 32.5 ms. Moreover, the tensile strength and RTP lifetime are
increased to 153.8 MPa and 69.7 ms, upon treating W-hydrogel with ethanol.
Significantly, the mechanical and RTP performance of W-hydrogel is switched
by alternating “ethanol and water” treatments. Additionally, W-hydrogel is
used as energy donor in order to produce red afterglow emission using RhB via
an energy transfer process. Taking advantage of these properties, W-hydrogel

is processed into multiple hydrogel-based luminescent materials.

Organic room temperature phosphorescent (RTP) materials exhibit
many advantages including structural flexibility, tunable optical
properties, and relatively mild preparation conditions and as such
demonstrate great potential in a wide range of applications, such as
bioimaging, organic light-emitting diodes (OLED), anti-counterfeiting
applications and intelligent sensors' %, Generally, there are two meth-
ods to achieve effective RTP. One method is to facilitate the spin-orbit
coupling (SOC) to enhance intersystem crossing (ISC). The other is to
rigidify organic chromophores in order to protect the triplet excitons
and promote radiative migration®,

Guided by these principles, multiple metal-free organic RTP
materials have been developed, including, molecular crystals",
supramolecules”, polymer composites'®, COF”, HOF*, and carbon
dots”. Generally, these RTP materials can exist as liquids®, films”,
powders?, aerogels®, hydrogels®*, and structural materials®~2°.

Amongst these materials, RTP hydrogels are quasi-solid materials
that contain large amounts of water in their three-dimensional net-
works, which render the hydrogels flexible enabling their use in sen-
sors, bio actuators, information encoding, and encryption'®?", Given
that water in the hydrogel easily quenches triplet excitons for RTP

emission, enhancing physical interactions via host-guest, hydro-
phobic, or electrostatic interactions, are generally employed to par-
tially isolate the luminescent chromophores from water and rigidify
the polymer network in order to produce effective RTP
hydrogels'®***%*135_ As such the structural inhomogeneity of the gel
network is enhanced on activating and enhancing RTP performance,
which compromises the mechanical performance®. Therefore, the
tensile strength of most RTP hydrogels is weak and less than 1 MPa.
Moreover, the RTP emission and properties of the material cannot be
mechanically tuned once the hydrogel has formed. Currently, it
remains a challenge to prepare RTP hydrogels with a tunable/balanced
RTP performance that exhibits a high tensile strength, which would
broaden the scope of potential applications.

Natural cellulose and lignin have been found to be promising
composites for enhancing the mechanical performance of hydrogels
by way of molecular interactions with the polymer network®®%,
Moreover, these components can generate tunable RTP emission upon
appropriate processing®~*. Additionally, natural wood, mainly con-
sisting of cellulose and lignin, also exhibits effective RTP emission after
treatment with sugars*. Obviously, being able to produce RTP
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materials from natural wood resources represents an important sus-
tainability goal. Nevertheless, the RTP of these natural components is
quenched upon introducing them into hydrogels because of the high
water content.

In this work, we prepare RTP hydrogel (W-hydrogel) with a life-
time of 32.5ms and tensile strength of 38.4 MPa, from natural wood.
Interestingly, both the RTP and mechanical performance of the
W-hydrogel are tuned and enhanced by introducing ethanol into the
hydrogel matrix. To obtain W-hydrogel, natural wood is partially
delignified to increase the mechanical flexibility using H,O, treatment.
Subsequently, polymerization of an aqueous solution of acrylamide
(AM) is initiated in the presence of partially delignified wood to pro-
duce W-hydrogel (Fig. 1).

Results

Mechanical and RTP performance of W-hydrogel

Initially, natural wood was delignified to produce delignified wood.
Importantly, the delignified wood maintained the skeleton structure of
natural wood (Supplementary Fig. 1). W-hydrogel was prepared via in
situ gelation of acrylamide in partially delignified wood, consisting of
holocellulose (cellulose and hemicellulose) and lignin ca. 98.3% (88.1%
cellulose and 10.2% hemicellulose) and 1.7%, respectively (Fig. 2a)***.
SEM images of W-hydrogel indicated that acrylamide was evenly
polymerized throughout the porous structure of the delignified wood
(Supplementary Fig. 2).

The water content in W-hydrogel was ~47.8% w/w. The as-obtained
W-hydrogel was flexible and exhibited a tensile strengthen of
38.4 MPa, which was much higher than the hydrogel (PAM gel) pre-
pared by initiating the polymerization of acrylamide in the absence of
partially delignified wood (Fig. 2b). Moreover, the tensile strength of
W-hydrogel was stronger than most reported hydrogels (Supplemen-
tary Fig. 3). Subsequently, the optical properties of W-hydrogel were
investigated. W-hydrogel exhibited fluorescence centered at 390 nm
upon 290 nm-light excitation and exhibited delayed phosphorescence
emission centered at 490 nm after switching off the excitation source
(Fig. 2c and Supplementary Movie 1). However, the introduction of pre-
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polymerized polyacrylamide into delignified wood did not trigger
effective RTP emission (Supplementary Fig. 4). Notably, W-hydrogel
with RTP emission can also be obtained using different monomers
including acrylic acid (AA), N-Isopropyl acrylamide (NIAPM) and N.N-
Dimethylacrylamide (NDEAM) (Supplementary Fig. 5). Excitation-
dependent emission of W-hydrogel was also observed. RTP emission
shifted from 490 nm to 510 nm when the excitation wavelength went
from 260 nm to 340 nm (Supplementary Fig. 6).

Time-resolved spectroscopy indicated that the W-hydrogel
exhibited a long-lasting and stable afterglow emission (Supplemen-
tary Fig. 7). The lifetime of W-hydrogel was 32.5ms. The lifetime of
W-hydrogel was comparable to most of the reported RTP hydrogels
(Supplementary Fig. 8). Notably, the lifetime of W-hydrogel was fur-
ther increased to 102.1ms using external heavy atoms via adding
chloride ions to the W-hydrogel (Supplementary Fig. 9). Additionally,
the lifetime was also enhanced by removing water from W-hydrogel.
The lifetime increased to -75.7 ms when the water content decreased
from 47.8% to 13.8% in W-hydrogel (Supplementary Fig. 10). Interest-
ingly, the RTP intensity of W-hydrogel was also enhanced upon treat-
ment with ethanol (Fig. 2d). The RTP lifetime increased from 32.5 ms to
69.7 ms (Fig. 2e). Interestingly, the lifetime change was reversible and
as such by immersing of the ethanol-treated W-hydrogel in water
resulted in a decreased lifetime (Fig. 2e and Supplementary Fig. 11).
The tensile strengthen of W-hydrogel was also enhanced after
immersion in ethanol for 3 h. The tensile strength of the as-obtained W-
hydrogel-E increased from 38.4 MPa to 153.8 MPa (Fig. 2e). Addition-
ally, the impact resistance and specific puncture absorption energy
also increased from 90.04)Jm™ and 128.63Jm™ (g cm™)?! to
246.63)Jm™ and 269.59)m™ (g cm™)", respectively (Fig. 2e, f and
Supplementary Movie 2). Moreover, the whole process was reversible.
W-hydrogel-E-W, which was obtained via immersing W-hydrogel-E into
water, exhibited similar performance as W-hydrogel.

Mechanism

To understand the mechanism of RTP emission, PAM hydrogel was
evaluated for RTP performance and did not exhibit any RTP emission
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Fig. 1| Preparation of W-hydrogel. Schematic illustration of the preparation of room temperature phosphorescent W-hydrogel from natural wood.
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Fig. 2 | Mechanical and RTP performance. a Digital images of W-hydrogel.

b Tensile stress of W-hydrogel (red line) and PAM gel (black line). ¢ Fluorescence
(black line) and phosphorescence spectra (red line) of W-hydrogel upon excitation
of 290 nm. (measurement conditions: room temperature, delay time =10 ms).

d Changes of phosphorescence spectrum of W-hydrogel (black line) and W-

Tensile strength (MPa)

A

W-hydrogel

hydrogel-E (red line). e Radar images of W-hydrogel, W-hydrogel-E, and W-
hydrogel-E-W on the RTP lifetime, tensile strength, Young’s modulus, impact
resistance, and specific puncture absorption energy. f Digital images of W-hydrogel
and W-hydrogel-E loaded with a weight.

(Fig. 3a). Additionally, partially delignified wood treated with water
(DW in water) and partially delignified wood treated with a solution of
acrylamide (DW in AM) also did not exhibit any RTP emission. These
results confirm that the interactions between the components of
delignified wood and polyacrylamide in W-hydrogel are crucial for the
RTP emission properties. To further understand these interactions, a
theoretical simulation was conducted (Supplementary Fig. 12). The
calculations indicated that the adsorption force between monomer
acrylamide and polysaccharide, the main component in delignified
wood, was —-191kJmol™. As a comparison, the interaction force
between polysaccharide and polyacrylamide increased to —223 k) mol™
(Fig. 3b). As such oxygen-incorporated moieties, such as hydroxyl
moieties/carbonyl moieties of the polysaccharide and polyacrylamide,
easily formed molecular clusters via hydrogen bonding, which are
beneficial for the RTP emission. In addition, the strength of interaction
between monomer acrylamide and lignin was determined to be

-74 k) mol™, which was lower than the interaction force between lignin
and polyacrylamide (-159 kJ mol™) (Fig. 3c). Such enhanced interac-
tions between lignin and polyacrylamide facilitate the confinement of
lignin and trigger the radiative migration of triplet excitons. All these
results confirmed that the interactions between the components of
delignified wood and polyacrylamide triggered formation of molecular
clusters and confined aromatic units, which contributed to the RTP
emission of W-hydrogel. Moreover, adding 98.3% cellulose and 1.7%
lignin, or adding 10.2% hemicellulose (xylan), which is similar to the
components of delignified wood to PAM hydrogel did not trigger RTP
emission of the hydrogel (Supplementary Figs. 13, 14). This result fur-
ther illustrates that the orderly arrangement of the components in the
delignified wood is crucial for effective RTP emission. Subsequently,
the enhanced emission of W-hydrogel after treatment with ethanol was
evaluated. 2D WAXS indicated that both the microfibrils of the
W-hydrogel and W-hydrogel-E exhibited bright birefringence along the
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Fig. 3 | Mechanism. a RTP lifetime of PAM gel, partially delignified wood treated
with water (DW in water), partially delignified wood treated with a solution of
acrylamide (DW in AM) and W-hydrogel. b Theoretical simulation of the interaction
between monomer acrylamide (6 units) and polysaccharide (upper); Theoretical
simulation of the interaction between polyacrylamide (6 units) and polysaccharide
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(lower). ¢ Theoretical simulation of the interaction between polyacrylamide (6
units) and lignin (upper); Theoretical simulation of the interaction between
monomer acrylamide (6 units) and lignin (lower). d 2D WAXS of W-hydrogel and W-
hydrogel-E. e One-dimensional scattering profiles of W-hydrogel (black line) and W-
hydrogel-E (red line). f FT-IR of W-hydrogel (black line) and W-hydrogel-E (red line).

wood growth direction, indicating excellent alignment and crystal-
linity (Fig. 3d)*. Additionally, comparison of WAXS spectra between
PAM hydrogel, W-hydrogel, W-hydrogel-E and delignified wood indi-
cated that W-hydrogel and W-hydrogel-E exhibited similar crystal
structure as delignified wood (Fig. 3e and Supplementary Fig. 15).
However, the crystallinity index (CI) calculated by the Segal method
indicated that W-hydrogel exhibited a lower crystallinity (46.98%) than
W-hydrogel-E (49.70%). Further analysis indicated that the (200) dif-
fraction peaks of W-hydrogel and W-hydrogel-E were at 22.44° and
22.56°, respectively. The signals shifted towards higher angles for W-
hydrogel-E indicating a decrease in the crystallite spacing (d,o0)
(Fig. 3e)***". After that, the crystal sizes were studied. There were four
peak types (1-10), (110), (102) and (200) obtained via Gaussian fitting in
the range of 5°-30° (Supplementary Fig. 16) from one-dimensional
scattering profiles of 2D WAXS. The crystal sizes of W-hydrogel in (1-
10), (110), and (200) directions increased from 0.67, 0.60, and 0.71 nm
to 0.85, 0.81, and 0.82nm, respectively, and the crystal width
decreased from 7.63, 5.66, and 3.97 nm to 5.96, 5.08, and 3.93 nm,
respectively after ethanol treatment. These results indicate that the
crystal size increased and the crystal spacing decreased. All these
results indicate that W-hydrogel-E exhibits a more crystalline and rigid
environment than W-hydrogel, which is beneficial for stabilizing the
triplet excitons and RTP emission'®***"**, Significantly the signals for
hydroxyl moieties shifted from 3333 to 3326 cm™ in the FT-IR spectra
after treating the W-hydrogel with ethanol, indicating more intensive
hydrogen bonding formed upon addition of ethanol to the W-hydrogel

(Fig. 30*%. Such enhanced orientation and hydrogen bonding enhance
the mechanical performance and RTP emission of the W-hydrogel.

TS-FRET between W-hydrogel and RhB

Shifting the afterglow emission to the red region is required to extend
the potential applications of the RTP materials®. RTP emission of
W-hydrogel overlapped with the absorbance of RhB, indicating energy
transfer could happen between W-hydrogel and RhB (Fig. 4a). As such
W-hydrogel was evaluated for the production of red afterglow emis-
sion using a triplet to singlet Forster resonance energy transfer (TS-
FRET) strategy with RhB. Therefore, RhB was loaded into W-hydrogel
to prepare RhB@W-hydrogel. The as-obtained RhB@W-hydrogel
exhibited red afterglow emission upon UV excitation and the afterglow
emission matched the fluorescence spectra of RhB (Fig. 4b). The life-
time of the red afterglow emission at 600 nm in the RhB@W-hydrogel
was 17.8 ms (Supplementary Fig. 17).

The effect of the loading amount of RhB on the optical perfor-
mance of W-hydrogel was further investigated. The emission spectra of
RhB@W-hydrogel (Aex =290 nm) exhibited a gradual decrease of the
phosphorescence emission centered at 490 nm and a concomitant
enhancement of RhB fluorescence at 600 nm with an increased con-
centration of RhB (0.002 to 0.05 mg mL™), which indicated an efficient
energy transfer from the triplet state of the donor to the acceptor
molecules (Fig. 4c). The highest energy transfer efficiency can reach
77.8% when the concentration of RhB was 0.05mgmL™ (Fig. 4d).
Furthermore, time-resolved emission lifetime analyses of the RhB@W-
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hydrogel phosphorescence monitored at 490 nm (Aex =290 nm),
exhibited a gradual decrease of the lifetime from 23.0 ms to 7.2ms
with higher RhB content (Supplementary Fig. 18). All these results
eliminate the possibility of a simple emission-reabsorption energy
transfer process, since for this situation the donor lifetime is not
expected to change. Thus, the energy transfer between W-hydrogel
and RhB was attributed to non-radiative FRET from the triplet state of
the W-hydrogel donors to the singlet states of the RhB acceptors in the
hydrogel (TS-FRET). Additionally, upon selective excitation of the
acceptor at 490 nm, no afterglow emission was observed (Supple-
mentary Fig. 19). Hence, it was evident that the long-lived triplet
excitons of the donor W-hydrogel were the only source of the delayed
population of the singlet state of the acceptor RhB via an efficient TS-
FRET mechanism resulting in persistently delayed fluorescence.

Processability and applications

Utilizing the ethanol-sensitive mechanical performance, a flexible
flat-shaped W-hydrogel was processed into a self-standing 3D
“roll” with RTP emission using ethanol (Fig. 5a). The as-obtained
3D shapes could be further processed into soft and flexible
shapes by subjecting them to water treatment. The “ethanol and
water” processing was reversible and could be repeated several
times. Moreover, the soft and flexible W-hydrogel or RhB@W-
hydrogel can also be processed into complicated 3D structures
with RTP emission, which become tough and self-standing after
treatment with ethanol (Fig. 5b). W-hydrogel or RhB@W-hydrogel

were also cut into RTP threads using scissors (Fig. 5c¢). The as-
obtained hydrogel threads of W-hydrogel or RhB@W-hydrogel
were mechanically flexible and could be used as building blocks
for producing textiles with multiple-color afterglow emission
(Fig. 5d). Notably, these as-obtained textiles were also sensitive to
ethanol. They can be converted into self-standing and tough
shapes after treatment with ethanol (Fig. 5e). However, the tex-
tiles become soft and flexible after they are again immersed in the
water. The whole process was also switchable and could be
recycled several times. Utilizing these properties, W-hydrogel was
used as a building block for producing functional RTP materials
(Fig. 5f). To this end, a section of the W-hydrogel was pre-folded
and treated with ethanol. As a result, two different mechanical
performances were observed in one W-hydrogel. The untreated
part was flexible and the treated part was tough and maintained
its shape even after loading with a weight. Considering the
potential of luminescent sutures for accurate location during
surgical introduction and removal*’, the as-obtained RhB@W-
hydrogel threads were used for suturing tissue. The W-hydrogel
and RhB@W-hydrogel threads exhibited blue/red emission upon
UV excitation (Fig. 5g and Supplementary Fig. 20). Green and red
afterglow emission was observed from these threads after
removing the excitation sources. Such afterglow emission effec-
tively avoids background emission from the tissue and provides
the possibility for imaging the sutures in a biological
environment.

Nature Communications | (2024)15:10588


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-55025-z

Ethanol

D

10 mm
I

Ethanol

Brighfifield
7

Ethanol
treated

10 mm
—

Fig. 5 | Processing and applications. a RTP image of W-hydrogel after processing
into different shapes. b Afterglow images of 3D shapes from W-hydrogel and
RhB@W:-hydrogel. c Digital, fluorescent, and afterglow images of threads made
from W-hydrogel and RhB@W-hydrogel. d Digital, fluorescent, and afterglow
images of textiles made from W-hydrogel and RhB@W-hydrogel threads. e RTP

UV On
o 9
—

Bright field UV On UV Off

& ¢

4 10 mm
—

Bright field
-

UV Off

<} Ethanol

UV Off

2

Ethanol

Uv On UV Off

N

Ethanol {1

Ethanol

&

Water

&

10 mm
_—
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water. f Digital, fluorescent, and afterglow images of treated W-hydrogel threads
loaded with weight. g Digital, fluorescent, and afterglow images of pork tissues
sutured using RhB@W-hydrogel threads.

Discussion

In summary, we have developed W-hydrogel using delignified wood as
the structural skeleton. Driven by the interaction between the poly-
acrylamide and components of delignified wood, our as-obtained W-
hydrogel exhibited RTP emission with lifetimes of 32.5 ms and a tensile
strengthen up to 38.4 MPa. Moreover, the mechanical and RTP per-
formances were further enhanced upon treating the W-hydrogel with
ethanol. These mechanical and RTP changes were reversible via repe-
ated “ethanol and water” treatments. Additionally, W-hydrogel was
used as energy donor for producing red afterglow emission at 600 nm
together with RhB via a TS-FRET energy transfer process with effi-
ciency up to 77.8%. Our as-obtained W-hydrogel and RhB@W-hydrogel
with green/red afterglow emission exhibited good processing flex-
ibility. As such we used the processing flexibility induced by ethanol
treatment, to generate self-standing 3D emissive structures, threads,
and textiles from W-hydrogel and RhB@W-hydrogel. Moreover,
W-hydrogel and RhB@W-hydrogel threads exhibited great potential as
luminescent sutures.

As outlined in the introduction, RTP hydrogels exhibit great
potential as sensors, bio actuators, and for information encryption
because of the semi-solid nature, combining the unique advantages of
solid and solution states. However, the weak mechanical performance
and non-tunable RTP performance hindered the realization of their full

potential. Thus, this research aims to build a practical solution to the
challenges associated with RTP hydrogels. Moreover, considering the
convenient manipulation, low price, and sustainability of W-hydrogel,
we anticipate that this research will also provide a practical method for
producing high-performance RTP hydrogels on a large scale.

Methods

Preparation of partially delignified wood

The basswood was immersed in a mixed aqueous solution (2.5 M NaOH
and 0.4 M Na,SO3) and boiled for 8 h to remove part of the hemi-
cellulose and lignin. After that, the treated wood was washed with hot
deionized water 4 times. Then, the wood samples were coated with
hydrogen peroxide (30% w/w) and exposed to a Xenon lamp
(400 mW cm™) for further bleaching the lignin for 210 min. The
resulting partially delignified wood was then washed 5 times with hot
deionized water and ethanol.

Preparation of W-hydrogel

The wet partially delignified wood was soaked in 17 mL of acrylamide
solution (0.34 gmL™) for 2.5 h, and the samples were then transferred
to a mold composed of two glass plates (15 cm x 15 cm) and a silicone
frame (thickness: 1 mm) and placed in an oven at 60 °C for 2h for
initiating the gelation process.
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Preparation of RhB@W-hydrogel

A certain amount of RhB was weighed and dissolved in water (10 mL) to
prepare aqueous solutions of RhB with different concentrations. The
partially delignified wood was soaked in 17mL of acrylamide
(0.34 gmL™) and a RhB solution with different concentrations for 2.5 h,
and the samples were then transferred to a mold composed of two
glass plates (15 cm x 15 cm) and a silicone frame (thickness: 1 mm) and
placed in an oven at 60 °C for 2 h for initiating the gelation. The as-
obtained sample was RhB@W-hydrogel.

Data availability

All data are included in this article and its Supplementary Information
files, including Supplementary Information, Supplementary Movie 1,
and Supplementary Movie 2. Source data are provided with this paper.
All data underlying this study are available from the corresponding
author Zhijun Chen upon request. Source data are provided with
this paper.
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