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This research reports the next generation of solid-state triplet—
triplet annihilation upconversion (TTA-UC) host material
(polycaprolactone, PCL) for highly efficient, processable, and bio-
compatible solid-state TTA-UC. UC PCL was successfully fabricated
using a drop-casting method and showed intense UC emission,
moderate photostability, and an enhanced UC quantum yield (3.1%).
After the characterization of its photochemical properties, the UC
PCL was manipulated to form 3D UC structures and UC micronee-
dles by using a commercially available 3D printer and thermal press
molding method, respectively, and exhibited strong UC emission
even after being subjected to heat manipulation. This is the first
report describing an effective and processable solid-phase UC host
material, thus paving the way for various applications in solar and
biophotonic devices by integrating UC materials with complex 3D
shapes.

Photon upconversion (UC) has been widely studied in photonic
devices and biomedical applications (e.g., photocatalysts,'™
photovoltaic cells,*® bioimaging,”™ and biotherapy'*'?)
owing to its unique ability to convert lower energy photons
into a single photon with higher energy.'®*®* Among the various
known UC mechanisms, triplet-triplet annihilation upconver-
sion (TTA-UC) has attracted considerable attention owing to its
advantages such as the low-power excitation, wide absorption
band, and a relatively high UC quantum yield."**° TTA-UC can
be achieved through a series of energy transfers between two
types of organic chromophores known as a sensitizer and
acceptor: (1) the sensitizer is first excited to the singlet state
via photon absorption, and then the triplet excited state is
generated through intersystem crossing (ISC). (2) This triplet
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energy is transferred to the acceptor and the acceptor’s triplet
excited state is generated via triplet-triplet energy transfer
(TTET). (3) TTA between two or more excited acceptors pro-
duces one singlet excited state in an acceptor, which then emits
upconverted delayed fluorescence.*! These processes are based
on Dexter energy transfer, which occurs as a result of electron
exchange between molecules (orbital overlap) within 10 Ang-
stroms; therefore, UC host materials should provide good
diffusivity.>>** In addition, oxygen protection should be con-
sidered because oxygen molecules can restrict the TTA-UC
process by quenching the triplet energy of chromophores (i.e.,
the sensitizer and acceptor).

In earlier studies, TTA-UC was generally achieved in deox-
ygenated organic solvents (e.g., toluene, tetrahydrofuran,
dimethylformamide, and benzene) to maximize molecular dif-
fusivity and provide sufficient chromophore solubility.>*°
However, without the deoxygenation process, TTA-UC in
organic solvents cannot be achieved owing to the quenching
of triplet-excited chromophores by triplet state oxygen mole-
cules that normally exist under ambient conditions. Therefore,
a deoxygenation process (e.g., inert gas purging or freeze-
pump-thaw method) is necessary for successful TTA-UC in
organic solvents. In addition to this drawback, their volatility,
toxicity, and flammability place serious obstacles in the way of
their practical applicability. To overcome these disadvantages,
solid-state TTA-UC (using polymers or hydrogels as a UC host
material) has been widely researched.””*> Among various UC
host materials for solid-state TTA-UC, flexible polyurethane
(PU) has been selected as a viable solid-state UC host material
owing to its fair molecular diffusivity, mechanical stability, and
oxygen protection. Previously, we reported a new multilayer
thin-film architecture consisting of UC PU and an oxygen
barrier film (i.e., polyvinyl alcohol, PVA) that showed satisfac-
tory long-term photostability and the highest UC quantum yield
(3.5%; using PATPBP and perylene as the sensitizer and accep-
tor, respectively).** Although these results are interesting, there
were several inherent problems: (1) the fabrication of this
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multilayer thin-film architecture required several processes to
provide oxygen protection for efficient TTA-UC. (2) Only
molded, 2-dimensional, and relatively simple shapes could be
fabricated owing to an irreversible polymerization process in
PU (crosslinking between two monomers). As a result, it was
not possible to re-access or transform the PU matrix once it
became fully polymerized, and thus fabricating complex shapes
or 3D structures became difficult.

In this study, we overcome these problems by selecting
polycaprolactone (PCL) as a solid-state UC host material (UC
PCL), which has a low glass-transition temperature (ca. —60 °C)
and low oxygen permeability. These characteristics enable
chromophore diffusion and offer robust protection from ambi-
ent oxygen molecules; therefore, UC PCL can successfully
achieve intense, highly efficient, and long-term photostable
solid-state TTA-UC. In addition to these characteristics, PCL
is a biocompatible and thermoplastic polymer with a low
melting point (~60 °C); thus, PCL has been widely used in
biomedical applications and 3D printing.***® By integrating
these characteristics with TTA-UC, to the best of our knowledge,
we were the first to fabricate 3D UC structures and UC micro-
needles (UC MNs) by using a hot-melt extrusion (HME)-type 3D
printer and thermal press molding method, respectively. The
3D UC structures can be readily fabricated into the desired
shapes, and they exhibit strong UC emission even under low-
power 635 nm LED irradiation. UC MNs were easily inserted
into porcine skin without any breakage owing to their strong
mechanical stability, and they upconverted blue light after
deeply penetrating the skin. This result indicates that the UC
MNs can be effectively used in photodynamic therapy or can
help the activation of photoinitiators for drug delivery systems.
Consequently, UC PCL, which is highly efficient, photostable,
and processable, has considerable potential in various photo-
nic devices and biophotonics.

To analyze the photochemical properties, we first fabricated
UC PCL films using a drop-casting method (Fig. S1, ESIt).>°
PATPBP and perylene, which have frequently been utilized for
red-to-blue UC, were selected as the sensitizer and acceptor,
respectively (Fig. 1A). PATPBP has an intense absorption band
at 360-480 nm (Soret band) and 600-640 nm (Q-band), which
can effectively capture red photons and emit phosphorescence

PdTPBP perylene

Normalized ABS/PL intensity

T T T T 2 T
300 400 500 600 700 800
Wavelength (nm)

polycaprolactone (PCL)

Fig. 1 (A) Molecular structures of PATPBP (sensitizer), perylene (acceptor),
and PCL (UC host material). (B) Normalized absorption (solid) and emission
(dashed) spectra: sensitizer (PATPBP, red) and acceptor (perylene, blue) in
a PCL film.
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centered at 800 nm, whereas perylene has an absorption band
at 420-450 nm and emits fluorescence centered at 470 nm
(Fig. 1B). With these characteristics, the captured red photons
were successfully converted into blue photons through the TTA-
UC process (Fig. S2, ESIt). For the analysis of the UC properties,
the emission spectra of four samples (PCL, PdTPBP PCL,
perylene PCL, and UC PCL) were measured under 635 nm laser
irradiation (Fig. 2A). While PCL and perylene PCL showed no
emission, PATPBP PCL and UC PCL showed phosphorescence
centered at 800 nm owing to the presence of PATPBP. Com-
pared to the phosphorescence of PATPBP PCL, the decreased
phosphorescence of UC PCL indicates energy transfer from the
excited triplet sensitizer to the ground-state singlet acceptor to
generate an excited triplet acceptor. The intense UC emission
centered at 470 nm also indicates efficient triplet-triplet anni-
hilation between the two triplet acceptors. Moreover, this
intense UC emission of UC PCL was observed with the naked
eye through a 500 nm shortpass filter, even under excitation
using a low-power 625 nm LED (23.3 mW cm 2, Fig. 2B).

To verify the TTA-UC phenomenon, we analyzed the life-
times of phosphorescence and UC emission, UC emission
intensity, and UC quantum yield of UC PCL (Fig. 3A-D). In
the phosphorescence lifetime analysis (Fig. 3A), the phosphor-
escence of PATPBP PCL monoexponentially decayed with a
lifetime (7,) of 245 ps, which corresponds to the reported result
of PdTPBP’s phosphorescence lifetime in deoxygenated
tetrahydrofuran.®® This result ensures that PCL has inherent
oxygen protection and it is a competent UC host material even
without additional coating to prevent oxygen quenching; there-
fore, the UC emission of the UC PCL retained 86% of its
original value even after 120 h (Fig. S3, ESIf). Unlike the
monoexponential decay of the PdTPBP PCL owing to
the radiative decay of the triplet excited state of PATPBP, the
UC PCL showed biexponential decay with a short lifetime (by
TTET; 1,) and a long lifetime by radiative decay of the triplet
excited state of PATPBP (t,) owing to the coexistence of PATPBP
and perylene. 7; gradually decreased with increasing concen-
trations of perylene, allowing us to calculate the TTET
efficiency (90%) and the bimolecular quenching constant

A
0.0020
White light
N PdTPBPPCL  UCPCL

5 00015 —PCL [ \
s — PATPBP PCL \ 1 1k
fy — perylene PCL \‘ perylene
2 00010+ —ucpcL \
2
£
3
S 0.0005

0.0000 - — v 24

! g . 1

400 450 500 S50 600 650 700 750 800 850

Wavelength (nm)
Fig. 2 (A) Emission spectra of each sample under 635 nm laser irradiation.
A 632 nm notch filter was used to eliminate the scattered incident light.
(B) Photographs of PCL, PdTPBP PCL, perylene PCL, and UC PCL under
white light (top images) and 625 nm LED excitation (bottom images,
23.3 mW cm™2), acquired through a 500 nm shortpass filter.
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Fig. 3 (A) Phosphorescence lifetimes of PATPBP with increasing concentrations of perylene ([PdTPBP] = 0.03 pmol g™t and [perylene] =
in PCL). (B) UC emission decay profiles of the UC PCL at 470 nm following excitation at 635 nm ([PdTPBP]
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0-4.7 pmol g~tin PCL). (C) Integrated UC emission intensity and (D) UC quantum yields of the UC PCL as a function of the power density of 635 nm laser
excitation ([PdTPBP] = 0.03 umol g™t and [perylene] = 4.7 umol gt in PCL). The inset in (D) shows UC emission spectra of UC PCL with increasing 635 nm
laser excitation. A 632 nm notch filter was used to eliminate the scattered incident light.

(kq = 6.61 x 10° M ' s ) by analyzing the Stern-Volmer plot
(Fig. S4, ESIt); these results were found to be comparable to
those of previous studies on solid-state UC host materials.*?
The analysis of the UC lifetime also confirmed that the TTA-UC
process was successful (Fig. 3B). As the concentration of
perylene increased, the UC rising time shortened from 346 ps
to 120 ps, indicating that the populating rate of triplet excited
acceptors is accelerated by increasing the acceptor concen-
tration, which is similar to the previous studies.*®*! On the
other hand, an increased triplet lifetime of perylene in UC PCL
is obtained (1.98 to 3.27 ms) as the acceptor concentration
increases by the tail fitting of the UC emission decay at 470 nm
according to the relationship, Iyc(t) oc exp(—t/tuc) = exp(—2¢/
1), where 1y is the UC emission lifetime. This is because the
back energy transfer from triplet acceptor to triplet sensitizer is

4586 | J Mater. Chem. C, 2022, 10, 4584-4589

reduced as the acceptor concentration increases.*” Further

evidence of the TTA-UC process was obtained by analyzing
the power-dependence of the UC emission intensity. The UC
emission intensity gradually transitioned from a quadratic
(slope =2.0) to linear (slope = 1.0)-dependence with the increase
in laser intensity in a double logarithmic plot of UC emission
intensity against power density (Fig. 3C). This characteristic
transition is consistent with the established kinetics of typical
TTA-UC systems, which indicates that the TTA process becomes
increasingly dominant for depopulation of the acceptor’s triplet
excited state with the increase in excitation power, whereas
pseudo-first-order decay is dominant under low excitation
power. In our film, the threshold excitation intensity (crossover
point between these two sections; I,), which indicates that the
TTA process is more dominant than the pseudo-first-order

This journal is © The Royal Society of Chemistry 2022
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decay, was 35 mW cm ™. In Fig. 3D, the UC quantum yield of
the UC PCL was measured as a function of power density
(details in Text S1). Theoretically, the maximum UC quantum
yield (@yc) is 50% because TTA-UC is a bimolecular process
that converts two or more lower-energy photons into one
higher-energy photon. The highest ®yc value of UC PCL was
measured to be 3.1%, which is more efficient or comparable
with those of other UC host materials using the same
chromophores, such as micellar carriers in water (1.2%), oleic
acid (1.7%), and an oxygen-barrier-coated polymer film
(3.5%).'%***3 The successful development of UC host materials
introduced the opportunity for integration with solar cells,
which is a major TTA-UC application. In earlier research, the
performance of solar cells could be enhanced by applying the
TTA-UC layer to the bottom of the solar cells because wasted
long-wavelength light is converted into short-wavelength light
by the TTA-UC layer, thereby extending the absorption range of
the solar cells.°® Under ambient conditions, however, it
became difficult to achieve effective and photostable TTA-UC
owing to oxygen quenching; thus, deoxygenated UC solutions
in sealed glass cuvettes or glass-encased UC films were selected
as TTA-UC layers. In contrast, UC PCL shows a high UC
quantum yield and enhanced photostability without additional
deoxygenation under ambient conditions. As a result, employ-
ing UC PCL as the TTA-UC layer for the enhancement of the
solar cell efficiency enables us to fabricate the TTA-UC layer
with less effort and time. Hence, UC PCL can be potentially
employed as the next-generation solid-state UC host material in
a wide range of applications.

The uncomplicated processability of PCL meant that we
could extend its applications. PCL has been used for 3D
printing based on HME; therefore, we can readily fabricate
various desired shapes or structures and overcome the limita-
tions of UC PU by employing the 3D printing process for the
fabrication of solid-state UC host materials. As shown in
Fig. 4A, the UC PCL in the syringe was output through a
high-temperature extruder under constant pressure conditions
that allowed us to fabricate a 3D UC structure with the desired
shape (Fig. 4B). This 3D UC structure showed strong UC
emission even under a low-power excitation, such as a
625 nm commercial LED (23.3 mW cm 2, Fig. 4C), and it was
visible to the naked eye through a 500 nm shortpass filter.
Furthermore, The UC quantum yield of the 3D UC structure was
measured to be 2.9%, which is almost identical to the UC
quantum yield of the drop-cast UC PCL film (3.1%, Fig. S5,
ESIt), indicating that 3D-printed UC PCL maintains the UC
quantum yield even after the HME process of a 3D printer.
From these results, we expect that TTA-UC can be achieved
using complex structures as well, and the UC PCL can be
recycled into various shapes with outstanding UC properties
using a HME-type 3D printer.

UC PCL can further be manipulated in the form of micro-
needles (MNs) for biophotonic applications. As shown in
Fig. 5A and B, UC MNs were successfully fabricated from the
mold using the thermal press molding method. The UC emis-
sion was clearly observed even at the minuscule MN tips under

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 (A) Schematic illustration of the fabrication of a 3D UC structure
using a HME-type 3D printer. Photographs of 3D structures with and
without the UC dye under (B) white light and (C) 625 nm LED excitation
(23.3 mW cm™2), acquired through a 500 nm shortpass filter.

A Heating & press
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PDMS mold Uc PCL Cast UC MNs UC MNs

Fig. 5 (A) Schematic illustration of the fabrication of UC MNs by using the
thermal press molding method. (B) Photographs of UC MNs under white
light (left), 635 nm laser excitation with a diverging lens, acquired through a
600 nm shortpass filter (center, 44 mW cm—?2) and magnified image of the
MN tip (right, scale bar = 200 pm). The inset shows the scanning electron
microscopy (SEM) image of the MN tip (scale bar = 10 um). (C) Photograph
of tip UC MNs. (D) Cross-sectional optical image of tip UC MNs under
white light (top panel) and 635 nm laser excitation (bottom panel,
44 mW cm™2), acquired through a 600 nm shortpass filter. Scale bars in
(D) represent 500 pm.

635 nm laser irradiation owing to the excellent photostability of
the UC PCL (Fig. 5B, center; 44 mW cm™ 7). To demonstrate that
UC MNs can be used in the practical biophotonic field, an
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insertion test and UC test after insertion were performed using
porcine skin. As a result, the porcine skin was easily pierced by
the UC MNs, which had sufficient mechanical strength to
penetrate the skin (ESLt Fig. S6, left). Subsequently, under
635 nm laser irradiation, it was confirmed that the UC emission
deeply penetrated the porcine skin (ESI,f Fig. S6, right). To
confirm that the TTA-UC can be achieved at the tip of the UC
MNs, different MNs (wherein only tips were fabricated by using
UC PCL with the backing layer being fabricated using pristine
PCL, denoted as tip UC MNs) were prepared (Fig. 5C). The tip
UC MNs also easily pierced the porcine skin and exhibited
deeply penetrated UC emission (Fig. 5D), confirming that TTA-
UC can be achieved even at the minuscule tips.

By combining the outstanding UC properties and processability
of UC PCL, 3D UC structures and UC MNs were successfully
fabricated. Despite being subjected to heat during their fabrication
(i.e., HME-type 3D printing or thermal press molding method), they
exhibited moderate UC emission. Accordingly, the solid-state TTA-
UC system can be expanded to conventional photonic fields (e.g:,
solar cells, photocatalysts, and anticounterfeiting systems). Further-
more, TTA-UC in PCL can be applied in biophotonic fields owing to
the biocompatibility of PCL.

In summary, we selected and characterized PCL, which is
affordable, biocompatible, and can be readily restructured by using
a commercially available 3D printer and thermal press molding as a
solid-state UC host material to overcome the existing limitations of
solid-state TTA-UC, such as oxygen protection and chromophore
diffusion. UC PCL showed intense UC emission even under low-
power excitation, such as a commercial LED light source. Under
635 nm laser irradiation, UC PCL exhibited a high UC quantum
yield of approximately 3.1% and moderate long-term photostability
under ambient conditions without any additional oxygen protection
coating owing to its low oxygen permeability. The superiority of UC
PCL as a solid-state UC host material is expected to further advance
research into integrating solar cells with solid-state UC host materi-
als. Moreover, the processability and biocompatibility of UC PCL
allow the fabrication of desired shapes and complex structures
using a 3D printer or thermal press molding. As a proof-of-concept,
UC MNs were fabricated, and we demonstrated that UC MNs had
sufficient mechanical strength to pierce porcine skin; the UC
emission successfully penetrated the porcine skin. To the best of
our knowledge, this is the first report describing a versatile upcon-
verting polymeric host, thus paving the way for various applications
in solar and biophotonic devices by integrating UC materials with
the desired 3D shapes.
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