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The low quantum efficiency in the solid phase and the highly
efficient quenching by oxygen are two major weaknesses limiting
the practical applications of triplet—triplet annihilation (TTA)
upconversion (UC). Herein, we report an organic—inorganic hybrid
nanocomposites fabricated by self-assembly of LAPONITE® clay
and poly(N-vinyl-2-pyrrolidone) (PVP), which serves as excellent
matrix for solid-state TTA-UC even in air. In the hybrid hydrogel
doped by TTA-UC components, the anionic acceptors are arranged
in an ordered manner at the nano-disk edge through electrostatic
attraction, which avoids haphazard accumulation of the acceptors
and allows for highly efficient inter-acceptor triplet energy migra-
tion. Moreover, the entangled PVP could not only protect the triplet
excitons from oxygen quenching but even proactively eliminate
oxygen by photoirradiation. Significantly, the dried gel prepared by
completely removing water from the hydrogel gave absolute UC
quantum efficiencies of up to 23.8% (out of a 50% maximum), which
is the highest TTA-UC efficiency obtained in the solid state. The
dried gels are readily made into powder by grinding with main-
tained UC emissions, making them convenient for application to
information encryption and anti-counterfeiting security by virtue of
the high UC quantum efficiency and insensitivity to oxygen.

Introduction

Triplet-triplet annihilation upconversion (TTA-UC) refers to the
radiative transition of the singlet state generated by the fusion
of the metastable triplets of two annihilator/emitter molecules
populated via Dexter energy transfer (ET) from the triplets of

“Key Laboratory of Green Chemistry & Technology of Ministry of Education,
College of Chemistry, State Key Laboratory of Biotherapy, and Healthy Food
Evaluation Research Center, Sichuan University, Chengdu 610064, China.
E-mail: wuwanhua@scu.edu.cn
b School of Pharmacy, Health Science Center, Xi’an Jiaotong University,
Xi’an 710061, China
t Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d2mh00887d

3048 | Mater. Horiz., 2022, 9, 3048-3056

ROYAL SOCIETY

W
PP OF CHEMISTRY

Triplet—triplet annihilation upconversion in
LAPONITE®/PVP nanocomposites: absolute
quantum yields of up to 23.8% in the solid state
and application to anti-counterfeitingy

Lingling Wei,® Chunying Fan,” Ming Rao,® Fanrui Gao,® Cheng He,? Yujiao Sun,?
Sijia Zhu,? Qiuhui He,® Cheng Yang

4 and Wanhua Wu (&) *2

New concepts

This paper reports a new record of a solid-state TTA-UC quantum yield of
23.8%, which is, to date, the only system that exceeds 20% in solid-state
TTA-UC. An organic-inorganic nanocomposite was prepared by self-
assembly of poly(N-vinyl-2-pyrrolidone) (PVP) and LAPONITE" XLG clay
and was used as an excellent solid matrix for TTA-UC. The LAPONITE™
clay preorganized anionic acceptors in orderly manner around the nano-
disk’s edges through electrostatic interaction, concentrating the
acceptors without haphazard accumulation, which allowed for highly
efficient inter-acceptor triplet energy migration. The entangled PVP could
not only protect the triplet excitons from oxygen quenching but even
proactively eliminate oxygen by photoirradiation. Thus, highly efficient
TTA-UC emission in the solid state under air was observed, and the
material was conveniently applied to information encryption and anti-
counterfeiting security by virtue of the high UC quantum efficiency and
insensitivity to oxygen.

low-energy absorbing light-harvesters/sensitizers (Fig. S1,
ESI)."” By virtue of the strong oscillator strength of a singlet
manifold for absorption and emission, it allows for working at
subsolar irradiance power densities (~10 mW cm %) with
noncoherent light and usually shows a much higher efficiency
than other UC technologies.® Therefore, TTA-UC is highly promis-
ing for reducing the energy loss arising from the mismatch between
the solar spectrum and solar cell materials and the low applicable
efficiency of low-energy solar light. Together with the readily
adjustable excitation and emission wavelength, TTA-UC displayed
good application potentials in photovoltaics,™” photocatalysis,®®
bioimaging,’ and organic light-emitting diodes (OLEDs).'*"*
Nevertheless, TTA-UC technology is still facing great chal-
lenges for practical applications. Rigorously degassing and
sealing of the UC system are often required due to the high
oxygen-sensitivity of long-lived triplet states."> Despite the
superiority of TTA-UC in the solid-state over that in solutions
in, for example, the convenience of processing and device
manufacturing,” efficient TTA-UC in the solid state is quite
difficult to be achieved. Extensive attempts have recently been
made to exploit efficient solid-state UC systems, e.g. in polymer

This journal is © The Royal Society of Chemistry 2022
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films,"*™® MOFs,?°2? semi-solid materials,* > elastomeric-
doped matrices,>*>® and solid crystals.>*** While in most
cases, the UC quantum yield was less than 5% (with a theore-
tical maximum of 50%, similarly hereinafter), only those of a
few sporadic examples exceeded 10% (Fig. S2, ESIT),>*** which
is not satisfactory if compared to the current record of 38%
obtained in solutions.?® The limited molecular diffusion in the
solid matrix that hinders the exciton delivery and inhibits the
TTET and TTA processes, was the main culprit for the low UC
emission in the solid-state.’®**?%3” Using high concentrations
of UC components can sometimes improve the encountering
probability and the energy transfer, but often leads to hapha-
zard accumulation of annihilators or sensitizers due to the low
dispersibility of organic molecules in the solid matrix.**™*
Semi-solid state systems, such as gels, micelles or nanocap-
sules, are good candidates to achieve relatively high TTA-UC
efficiencies,””*” in which high local concentrations, efficient
triplet exciton migration, and improved oxygen tolerance due to
the rigid hydrogen bonding network,*®*° could be achieved by
sophisticated structural designs. However, it also suffers from
the evaporation of solvent and therefore sealing is still required
for long-term use. However, while making them into solid-state
films, collapsing of the assemblies occurred, which led to the
reduction of the UC emission.?” Thus, achieving efficient TTA-UC
in the solvent-free solid state under air is a highly challenging
task, yet is essential for the practical use of TTA-UC technology.
An ordered assembly of the sensitizers and annihilators
through supramolecular aggregation could effectively avoid
phase separation, and triplet energy migration among the UC
components arranged in an orderly manner could efficiently
transport the triplet exciton, and free itself from the constraints
of molecular diffusion. Our previous studies have shown that
supramolecular self-assembly of the UC components signifi-
cantly improved the TTA-UC efficiencies in solution®> and
also proved that well-organized photosubstrates by supramole-
cular interactions showed unique photo-chemical and photo-
physical properties.>*"®> Herein, we propose a new strategy to
achieve highly efficient solid-state TTA-UC under air with an
organic-inorganic nanocomposite matrix composed of poly(N-
vinyl-2-pyrrolidone) and LAPONITE® XLG (XLG/PVP) to assem-
ble the UC components in an ordered manner.

Results and discussion

The idea came from the unique charge-separated features of
clays with positive charges at the edges and negative charges on
the plate surface.** LAPONITE® XLG, a synthetic smectite
consisting of disk-shaped particles of about 25 nm diameter
and 1-2 nm thickness which self-organized into a ‘“house of
card” shape via face-edge aggregation when dispersed in water,
was used as the main component of the matrix. We envisioned
that the LAPONITE®™ clay might act as an excellent platform for
pre-organizing molecules with anions around the nano-disk’s
edges through the electrostatic interaction and, therefore, serve
to concentrate the acceptors through an orderly arrangement
instead of haphazard accumulation. Thus, the frequently used
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Fig.1 The diagram of the preparation of UC XLG/PVP hydrogel and
chemical structures of sensitizers and annihilators. Inset: SEM image of
the UC XLG/PVP hydrogel.

triplet annihilators DPA grafted with a sulfonate anion or a
carboxylic anion (DPAS, A-1 and A-4), were used as the annihi-
lators (Fig. 1). A-2 and A-3 were the corresponding acidification
products of A-1 and A-4. Different kinds of sensitizers with
absorptions ranging from 500 to 650 nm and triplet energy
levels higher than that of DPA were selected as sensitizers
(Fig. 1 and ESIt). N-Vinyl-2-pyrrolidone (NVP), a photochemi-
cally deoxygenating solvent, was used as monomer for in situ
radical polymerization to form poly(N-vinyl-2-pyrrolidone). The
detailed synthesis and characterization (Fig. S4-S57, ESIT) of
the UC components are shown in the ESL¥

The UC hydrogel gel was prepared as follows: the LAPO-
NITE™ colloids with a solid content of 4 wt% in deionized water
was added N-vinyl-2-pyrrolidone (NVP) and azodiisobutyroni-
trile (AIBN) to give a homogeneous solution (step 1 and step 2),
to which a highly concentrated DMSO solution of sensitizers
and acceptors was added to form the precursor solution (step 3
and step 4), a small amount of surfactant Triton X-100 was
added for better dispersion of the sensitizers in water (step 5).
Heating the precursor solution at 70 °C led to the in situ radical
polymerization of NVP initiated by AIBN with a release of
nitrogen, and a transparent hydrogel with good to excellent
mechanical strength was achieved after polymerizing for
10 min (Fig. 1 and Fig. S3, ESIt).** The hydrogen-bonding
interaction between the generated poly(N-vinyl-2-pyrrolidone)
(PVP) and the clay disks and the face-edge aggregation among
the disks should be jointly responsible for the formation of the
hydrogel. The scanning electron microscopy (SEM) image
(Fig. 1, inset and Fig. S58, ESIt) displayed a large porous
structure in the UC XLG/PVP hydrogel. The conversion rate of
NVP was determined to be 29.6%, and it could be easily
improved to over 90% by extending the polymerization time
(Fig. S59, ESIT) but might lead to a slight decomposition of the
UC components as the UC intensity slightly decreased (Fig. S79,
ESIt). After a comprehensive consideration of the mechanical
properties of the hydrogel, monomer conversion rate and
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Fig. 2 (a) Normalized absorption and emission spectra of the UC dye pair
in the composite hydrogel system. [PtOEP] = 10 uM, [DPAS] = 0.2 mM; (b)
emission spectra of XLG/PVP gel doped with PtOEP only or doped with
PtOEP as a triplet photosensitizer and DPAS/A-1-A-4 as triplet acceptors
under irradiation with a 532 nm laser at room temperature. A notch filter at
532 nm was used to remove the scattered incident light (power intensity
(P.l) = 8.0 mW, [PtOEP] = 10 uM, [DPAS] = 2.5 mM); (c) UC intensity of
XLG/PVP gel doped with PtOEP/DPAS at different powers under a 532 nm
laser ([PtOEP] = 10 puM, [DPAS] = 2.5 mM); inset: dependence of the
integration of UC emission on the incident power density; (d) digital
picture of UC hydrogel under ambient light and under irradiation of a
532 nm laser.

stability of UC components, the polymerization time was
determined to be 10 min for the preparation of all the nano-
composite gels. The detailed procedures are shown in the ESI.{

The absorption and luminescence spectra of the UC dye pair
of DPAS and PtOEP in the XLG/PVP hydrogel are shown in
Fig. 2a. Both PtOEP and DPAS in the gel showed similar
absorption spectra to those in the solution (Fig. S63-566, ESIT),
e.g., distinct vibronic bands at 359 nm, 378 nm and 397 nm that
corresponded to the vibration along the short axis of anthra-
cene were observed,®> demonstrating that the UC dye pair was
molecularly dispersed in the prepared gels. Other acceptors
bearing carboxylic acid or anions (A-1-A-4) also showed clear
vibration absorption peaks (Fig. S67-S74, ESIt) in XLG/PVP hydro-
gel at high concentrations of 0.2 mM, and no bathochromic-shift
could be observed in the fluorescence spectra if compared with that
in the DMF solution, demonstrating that the XLG/PVP hydrogel
could serve as an excellent matrix to disperse the acceptors nicely.
The fluorescence quantum yield of the acceptors in XLG/PVP
hydrogel was also determined, and high quantum yields compar-
able with that in the solutions were observed.®® In particular, the
quantum yield for DPAS in the hydrogel was as high as 92.3%,
nicely satisfying the requirements of TTA-UC.

TTA-UC investigations of UC components in the XLG/PVP
hydrogel were carried out under ambient conditions by using a
532 nm or 589 nm continuous diode pumped solid state (DPSS)
laser. Upon irradiation of the XLG/PVP hydrogel doped with
PtOEP, emission at 600-700 nm ascribed to the phosphorescence
of PtOEP was observed (Fig. 2b), while in the presence of the

3050 | Mater. Horiz., 2022, 9, 3048-3056

View Article Online

Communication

acceptors (DPAS, A-1-A-4), the phosphorescence of PtOEP was
almost completely quenched, but instead, a strong emission at
400-500 nm was observed. No such blue emission could be
observed upon irradiation of the hydrogel doped with acceptors
only, demonstrating a sensitized TTA-UC of the acceptors
(Fig. 2b). The UC intensity of the acceptors DPAS and A-1-A-4
sensitized by PtOEP in the XLG/PVP hydrogel was significantly
different (Fig. 2b). The sulfonate anion grafted DPA (DPAS)
showed the highest UC intensity under the same conditions,
while A-1 and A-4, with attached carboxylic anion(s), showed
higher UC emission than their neutral analogues A-2 and A-3,
demonstrating the important role of the electrostatic interaction
on the UC intensities in the present system. The UC intensity
increased with the incident light power (Fig. 2c). By plotting the
logarithm of UC intensity as a function of the irradiation power, a
transition of slope from 2 to 1 was observed, which further
confirmed the TTA-UC mechanism in the XLG/PVP hydrogels.
The TTA-UC threshold excitation intensity (f;,) was estimated to
be 33.5 mW cm ™ from the intersection point of the two slopes
(Fig. 2¢).%” Further lowering the concentrations of PtOEP and
DPAS did not significantly reduce the I, (Fig. S80, ESIt), implying
that the energy transfer is not diffusion-dominated.®® The bright
blue emission was readily observable under an air atmosphere
with unaided eyes without any filters (Fig. 2d), indicating an
efficient UC emission in this soft hydrogel. Other dye pairs
showed also intense UC emission (Fig. S81-S84, ESIY).
Interestingly, we observed significant UC emission in the
hydrogel prepared by the precursor solution with very low
(down to 50 uM) concentrations of DPAS added (Fig. 3a), which
is exceptional in terms of poor diffusion ability of the triplet
excitons in most solid matrices, such as polymers or nanocrys-
tals. In general, very high emitter concentrations are required to
improve the TTET and TTA efficiencies, but the resulting UC
efficiencies were still limited."®®*® Upon increasing the doping
amount of DPAS in the gels from 50 uM to 2.5 mM, the UC
emission increased at the expense of the phosphorescence of
PtOEP (Fig. 3a), and the intensity reached a plateau at a
concentration higher than 2.5 mM. At the optimized conditions,
the UC quantum yield of DPAS was up to 10.0% (Fig. 3a, inset),
which is much higher than most of the currently developed UC
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Fig. 3 (a) UC emission intensities as a function of DPAS concentrations in
the XLG/PVP gel at room temperature ([PtOEP] = 10 puM); inset: UC
quantum vyields as a function of DPAS concentrations. Note: the blue
arrow stands for the increase of UC intensity, and the red arrow stands for
decreased the intensity of the phosphorescence of PtOEP. (b) UC emission
intensity of 2.5 mM DPAS and 10 uM PtOEP in different hydrogels. (/e =
532 nm, P.I. = 8 mW).
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gels, e.g., UC quantum yields recorded 7.5% in nanodroplet-
containing polymers,”® 7% in organogels,*® 6.8% in gelatin,®®
and 3.5% in supramolecular gels.”* Other acceptors A-1-A-4
showed relatively lower UC quantum yield than DPAS (Table 1)
but still comparable with the reported values, indicating the
good performance of the present organic-inorganic nanocom-
posite matrix.

The efficiencies of all the involved photophysical steps of the
UC systems were further analysed. As shown in Table 1, the
TTET efficiency of the UC systems was almost unity for all
the five acceptors. However, the parameter of @1, was signifi-
cantly different, with anionic acceptors A-1 and DPAS being
much higher than others, demonstrating that regularly arraying
the anionic acceptors around the clay disk was crucial for the
high TTA-UC efficiencies. DPA bearing two carboxyl or carboxylic
anions showed relatively lower TTA efficiencies, probably due to
the crosslinking of the clays that hindered the regular assembly
of acceptors.

The near unity TTET efficiency indicates that the sensitizers
in the XLG/PVP hydrogels might been brought close to DPAS
aggregates through hydrophobic and n-r interactions. Other
hydrophobic sensitizers with different absorptions were also
investigated (Fig. S75-S77, ESIT). With DPAS as the acceptor,
good UC emission quantum yield was obtained with anti-Stokes
shifts of 0.57-0.8 eV (Table S4 and Fig. $85-5S87, ESIt), showing
the universality of the current nanocomposite matrix. To obtain
insight into the mechanism that underlies the strong TTA-UC
in low dyes concentrations, zeta potential of the clay with
different concentrations of DPAS was measured (Fig. S60, ESIT).
It was found that the absolute value increased from 36.7 mV to
74.8 mV, upon increasing DPAS concentration from 0 mM to
2.5 mM in 4% clay solutions. The increased zeta potential
demonstrated a better dispersibility of nanosheets in water
which indicated that the “house of card” aggregations between
the clays themselves collapsed after adsorbing DPAS.”*”* The
fluorescence wavelength showed red-shift (Fig. S61, ESIt), and
the proton signals showed upfield shift upon adding the
nanosheets (Fig. S62, ESIt), further verifying the assembly of
DPAS on the edges of the LAPONITE® clay disk. Thus, the
efficient UC emission at low DPAS loadings should be attributed

Table 1 The UC emission-related parameters obtained in the XLG/PVP
matrix doped with different acceptors®

Jem"IMM @ucl%  Drrprl%  Prral%  B[%  F/ms
A1 436 8.4 98.8 23.5 72.5 1.59
A2 436 6.6 98.6 19.6 68.5 1.49
A-3 439 3.8 98.8 10.8 71.7 0.78
A4 439 4.8 96.8 14.0 70.4 1.61
DPAS 427 10.0 99.7 22.0 92.3 2.1
DPAS" 445 23.8' 82.8 60.4 95.2 2.2

“ PtOEP was used as a sensitizer. > UC emission wavelength. ¢ UC
quantumdyields, with rhodamine B as the standard (¢ = 89% in
ethanol). “ TTET efficiency. ¢ TTA efficiency. Fluorescence quantum
yield, with DPA as the standard (® = 95% in ethanol). ¢ The delayed
lifetime. * Data obtained in the solvent-free XLG/PVP dry gel. ’ Absolute
UC quantum yield of the average value of five independent samples.
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to the effective concentration of the acceptors in an orderly
fashion without haphazard accumulation, which ensures effi-
cient TTET and TTA.”

We further compared the UC emission of different hydrogels
with the same UC dye pair. As shown in Fig. 3b, when the gel
was prepared with only PVP or LAPONITE® XLG as the gelator,
UC emission substantially decreased or even vanished. On the
other hand, only faint UC emission could be observed in the
organic-inorganic nanocomposite hydrogel formed by repla-
cing the monomer vinylpyrrolidone with methyl methacrylate,
demonstrating the important role of PVP. Moreover, doping
2.5 mM DPAS and 11 pM PtOEP in gelatin hydrogel, one of the
highest UC efficiency gel systems until now,*® led to a UC
intensity that is only one-third of that obtained in the XLG/PVP
hydrogel. These results definitely demonstrated the excellent
performance of the current nanocomposite XLG/PVP gel.

The UC emission lifetimes of the XLG/PVP hydrogel doped
with PtOEP and DPAS were determined to be 2.1 ms (Fig. 4a),
which is overwhelmingly longer than that of the prompt emis-
sion of DPAS in the hydrogel (10.7 ns, Fig. S78, ESIt) and even
longer than most of the UC emission lifetimes in solution.””®
Considering the experiment was conducted in an unsealed
cuvette and the samples were not deaerated, the long-lived
UC emission verified the protection of the triplet state from
oxygen quenching by the rigid hydrogen-bonding networks in
this XLG/PVP gels. Moreover, the N, generated during the
polymerization/gelation process spontaneously removed the dis-
solved oxygen in the aqueous phase should also be responsible.

Liquid N-methylpyrrolidone and PVP was reported to react
with 'O, to hydroperoxide and thus can act as a photochemically
deoxygenating solvent for TTA-UC.”””® We thus investigated the
active deoxygenating function of the hydrogel XLG/PVP. The UC
sample was placed in air for more than 10 days to allow adequate
permeation of oxygen, and the UC emission significantly
decreased compared with the incipient intensity (Fig. S88, ESIY).
Interestingly, upon 532 nm laser irradiation, the UC emission
gradually recovered, and the intensity was almost doubled that
of the original intensity after 10 min irradiation, thereafter,
the intensity kept constant upon further irradiation. No such

b
a [72]
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Fig. 4 (a) Time-resolved emission spectra (TRES) of the upconverted
fluorescence of the XLG/PVP hydrogel at room temperature under
532 nm laser ([PtOEP] = 10 puM, [DPAS] = 2.5 mM). (b) Kinetics acquisition
of the UC emission at 442 nm with continuous irradiation of 532 nm laser.
The sample has been exposed to ambient atmosphere for 10 days in
advance; inset: emission spectra of the UC hydrogel at different irradiation
times; ([PtOEP] = 10 uM, [DPAS] = 2.5 mM, P.I. = 4.8 mW).
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photo-activated kinetics process was observed for the freshly
prepared hydrogel (Fig. S89, ESIf) and the XLG/PMMA gel
processed with the same procedure showed only very weak
increment of the incipient intensity (Fig. S90, ESIt). The polymer
PVP and the residual NVP in XLG/PVP hydrogel should probably
be responsible for the intensified UC emission,””’® leading to a
first matrix that showed both positive and active protection of
the UC component triplets from oxygen quenching.

The XLG/PVP UC hydrogel system worked well under a wide
temperature range from —8 °C to 70 °C (Fig. S91, ESIt), which
should be conducive to real-world applications. The UC emission
at 70 °C decreased ca. 40% compared with that at 15 °C, which
could be ascribed to the accelerated non-radiative inactivation of
the excited state at the higher temperature, as increasing the
temperature in solutions followed the same trend (Fig. S92,
ESIT). The slightly increased UC intensity from 60 °C to 70 °C
might be ascribed to the further polymerization of residual NVP
to PVP. Continuing to raise the temperature to above 80 °C will
result in opaque gels, which leads to the detection of UC
emission becoming difficult (Fig. S93, ESIT). Significantly, low-
ering the temperature from 25 °C to —8 °C, the UC emission was
only slightly decreased, which is in contrast to the drastic
decrease or vanishment of UC emission commonly encountered
with in soft materials under specific glass-transition tempera-
tures (T,) due to the restricted molecular diffusion.

The maintained TTA-UC at lower temperatures demonstrated
that both TTET and TTA in such an arrangement of the
sensitizers and acceptors do not require molecular diffusion
for energy transfer. We, therefore, expected that the removal of
the solvent should not significantly reduce the UC efficiency.
Dried gels were prepared by removing water in a vacuum at
55 °C. As exemplified in Fig. 5a and b, vacuum drying of the
hydrogels doped with only PtOEP or with PtOEP/DPAS produced
shrunken translucent chunks. Thermogravimetric analysis (TG)
showed no weight loss below 300 °C (Fig. S94, ESIt), demonstrat-
ing that no water or NVP existed in the prepared dry gels. Fourier
transform infrared (FTIR) spectra showed that the UC dyes pair
were successfully imbedded in the polymer framework (Fig. S95,
ESIt). No glass transition temperature (Ty) was observed in the
differential scanning calorimetry (DSC) curves of the XLG/PVP
dried gel doped with PtOEP and DPAS (Fig. S96, ESIt), which was
accordant with the fact that the UC emission did not signifi-
cantly change with temperature. X-ray diffraction (XRD) spectra
showed that the basal plane reflection peak at 20 = 6.3° that
corresponded to the face-to-face planar structure of LAPONITE®
clay disappeared when DPAS was added, demonstrating
that the clay lamellae delaminated into single particles and the
nanosheets were well dispersed in the polymer matrix (Fig. S97,
ESIt).** Transmission electron microscope (TEM) further con-
firmed this, as can be seen in Fig. 5¢ and h. The TEM image of
the dried gel in the absence DPAS showed clusters of 100-
300 nm, face-edge aggregations of the clays should be respon-
sible, interestingly, the addition of DPAS successfully destroyed
the self-assembly of nanosheets, and well-dispersed particles
with an average size of 20-30 nm were observed which was in

accordance with the size of a single LAPONITE® clay particle,*
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Fig. 5 Photographs of (a) the dry gel doped with PtOEP, PtOEP/DPAS
with 532 nm laser, (b) the as prepared dry gel and (c) the milled powder
under daylight or a 532 nm laser, and (d) arranged powder under a 532 nm
laser. Note: (a—d), a 532 nm notch filter was used. (e) UC quantum yields of
the dry gel as a function of incident light power density; inset: UC emission
spectra of 2.5 mM DPAS and 10 uM PtOEP in the dry gel. (f) Dependence
of the integration of UC emission on the incident power density of the
hydrogel and dry gel. (g—h) TEM image of dried gel in the absence (g) and
presence (h) of DPAS. ([DPAS] = 2.5 mM).

indicating that the annihilator loaded nanosheets may act as an
independent unit for TTA-UC, which should be highly beneficent
for TTA-UC in the solid matrix.

By irradiation with a 532 nm laser, the dried gel doped with
PtOEP showed only red phosphorescence, while that doped
with PtOEP and DPAS showed bright blue emission (Fig. 5a).
The lifetime of the blue emission was determined to be 2.22 ms
(Fig. S98, ESIt), and the intensity as a function of the irradiation
power followed a first quadratic relationship and then a linear
one (Fig. 5f), which jointly verified the sensitized UC emission
characteristics at 400-500 nm.

The quantum efficiency of the chunk was determined with
an absolute method with a fluorescence spectrophotometer
equipped with an integrating sphere, and an external space
laser was used as the excitation source (Fig. S99, ESIf). To
reduce the negative influence of self-absorption, thin samples
with a thickness of 0.5-1 mm were used, and the absorption
difference between background and sample was carefully con-
trolled to ca. 4-10% (Fig. S100, ESIt). Interestingly, a maximum
UC quantum yield as high as 27.7% was observed as the laser
power density reached 31.7 mW cm ™2 (Fig. 5e), which, to the
best of our knowledge, is the highest quantum yield ever
reported in the solvent-free solid-state. Up to now, most of
the UC systems in the solid state showed meager quantum
yields of less than 5% (Fig. S2, ESIt) due to the limited triplet
energy migration, and only sporadic examples offered ®yc

This journal is © The Royal Society of Chemistry 2022
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more than 10%°%**”® with a record of 17% in a polybutylacri-
late matrix.>”

To ensure the accuracy of the values, five independent
samples that meet the criteria mentioned above were measured.
The five samples showed UC quantum yield ranging 21.1-27.7%,
with an absolute error of each sample below 1% (0.35-0.81%,
Table S1, ESIT), the average value of the five samples was 23.8%.
Decreasing the absorption difference (with thinner samples) to
0.8-1.8% did not further increase the UC quantum yield, with an
average value of 22.3% in a relatively large absolute error (1.64-
4.1%), demonstrating that the samples with absorption difference
of 4-10% was appropriate for quantum yield measurements.
A relative method was further applied to determine the UC
quantum yield with the emission of PtOEP embedded in the
same matrix as the standard (please refer to the ESIt for a detailed
description of the experiment), and the average quantum yield of
ten independent samples was determined to be 23.6% which was
very close to that determined using an absolute method, demon-
strating the reliability of our methods.

In order to precisely confirm the average ratio of acceptor
molecules adsorbed per nanoparticle and get more insight into
the efficient TTA-UC in the current solid matrix, the adsorption
behaviour of anionic DPAS onto the LAPONITE" surface was
studied (Fig. S102, ESIt). It was interesting to find that the
maximum adsorption capacity of DPAS by nanosheets was
determined to be as high as 19.7 mg g~ ', which is much higher
than that of other negatively charged agents.*' Besides the
electrostatic interaction between the anionic DPAS and the
positively charged edges of the platelets, the hydrophobic
inter-DPA stacking should also be responsible for the large
adsorbing amount, which could minimize their hydrophobic
surface exposed to the aqueous medium.®'

The average ratio of acceptor molecules adsorbed by per
nanosheet was calculated according to the adsorption amount
(refer to the ESIt for calculation detail). The ratio was deter-
mined to be (112-119):1, from which the average inter-DPA
distance at the nanosheet was estimated to be 8.2 A, which was
significantly shorter than the effective triplet-triplet interaction
distance of 9.1 A for DPA.** Such a short inter-DPA distance
indicated that DPAS might be tightly arranged, and the n-plane
of anthracene in DPAS has to be parallelly assembled around
the edge of nano-disk (Fig. S101, ESIT), which results in weakly
exchange-coupled triplet-pair states that lead to a higher spin-
statistical value (i7) than normal TTA-UC systems,® to finally
give a high quantum yield that even exceeded the statistical
limit of 20%.

The hydrogel could be easily processed into different shapes
and converted into the corresponding dry gel, e.g., a jellyfish-
shaped dry gel with different thicknesses at different body parts
was thus prepared, and the blue UC emission was not appar-
ently influenced by the thickness of the UC material (Fig. 5b).
Moreover, grinding the UC chunk into granuloma (Fig. 5¢ and d)
did not influence the UC quantum yield, demonstrating the
excellent machinability characteristics of the UC XLG/PVP mate-
rial. This further provides the possibility of the convenient use of
UC powder to fabricate materials with different shapes.

This journal is © The Royal Society of Chemistry 2022
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Information encryption and Anti-counterfeiting

Daylight DPAS emission

Fig. 6 Information encryption and anti-counterfeiting applications of
solid-state TTA-UC. (a and e) The models. (b—d, f-g) Photographs of the
patterns under ambient light (b and f), 365 nm (c and g) and 532 nm light
(d and h) irradiation, respectively. The encrypted number “5" and
“umbrella” patterns can be observed only under 532 nm excitation. Note:
(d and h), a 532 nm notch filter was used.

The highly efficient UC emission under ambient conditions
led us to investigate the applications of this material. For the
sake of operation convenience, we grind the dried gel into fine
powder. It turned out that the powders showed UC emission
under 532 nm irradiation wherever it was scattered, making
these materials extremely appealing for practical applications.
As a conceptual illustration, we applied the material in the field
of information encryption and anti-counterfeiting technique.
Thus, self-made models were filled with the mashed XLG/PVP
powders containing only DPAS (the part labelled with numbers
1-3) or UC dye pair of DPAS/PtOEP (the remaining parts not
labelled). As is shown in Fig. 6, the two different materials were
all white powders under ambient light (Fig. 6b and f). Under
365 nm irradiation, the patterns showed bright blue emissions
(Fig. 6¢ and g), and the designed pattern (5 and umbrella) was
encrypted. Only when the patterns were irradiated with a
532 nm laser, the encrypted number “5” and pattern
“umbrella” could be decoded (Fig. 6d and h), showing an
excellent double anti-counterfeiting function of these materi-
als. It should be pointed out that benefiting from the low
threshold excitation intensity of these materials, we expanded
the spot of 532 nm laser from 1 mm to 7.5 cm, with power
density as low as 1.13 mW cm 2, and the encrypted patterns
were eye-catching with the aid of only a notch filter to remove
the scattering laser. The expanded spot will show much higher
efficiency for decoding when compared with that of point-by-
point scanning commonly required for TTA-UC emission,
demonstrating the excellent performance of these materials
in practical applications.

Conclusions

In conclusion, organic-inorganic nanocomposites comprising
of poly(N-vinyl-2-pyrrolidone) and LAPONITE® were demon-
strated to be an excellent matrix for highly efficient TTA
upconversion as a result of well-organized acceptors and sensitizers
around the edges of the LAPONITE" disk. The nanocomposite

Mater. Horiz., 2022, 9, 3048-3056 | 3053
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hydrogels can protect the triplets of the UC components from
oxygen quenching, even showing effective deoxygenation ability
through photoirradiation. Significantly, the dried gels achieved
by removing water of the hydrogel exhibit extremely high UC
emission with absolute UC quantum efficiency of as high as
23.8%, which is so far the highest UC quantum efficiency
observed in the solid state. The dried gel showed excellent
machinability characteristics, and the finely ground powder
still showed bright UC emission under air, which was success-
fully applied to information encryption and anti-counterfeiting
security. This study paved a new way of arranging the UC
components in the solid state to facilitate energy transfer,
and the extremely high UC efficiency makes the system closer
to the practical application of TTA-UC.
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