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Completely solvent-free “green” formation of bicomponent organic
polycrystalline films for efficient visible-to-ultraviolet photon upconver-
sion (UV-UC) were achieved by temperature-gradient solidification from
the melt. The UV-UC film formed under optimal conditions exhibited an
ultralow excitation threshold (0.3 suns, AM1.5 spectrum with a 413 nm
long-pass filter) and a record-long photostability (>100 h) in air.

Ultraviolet (UV) light (wavelength < 400 nm) consisting of
high-energy photons has broad utility; including photocatalytic
generation of green hydrogen' and hydrocarbons,”> photo-
polymerization,® and sanitization.* However, only ca. 4% of
photons in terrestrial sunlight® constitute UV light, which has
hindered efficient and effective uses of sunlight.

Photon upconversion (UC) based on triplet-triplet annihilation
(TTA) (TTA-UC, Scheme 1) is an active area of research because of
its potential of converting low-intensity light.*” Since a visible-to-
UV UC (UV-UC) was reported® in deaerated benzene by using
biacetyl and 2,5-diphenyloxazole (PPO) as a metal-free sensitizer
and annihilator, respectively, many UV-UCs in organic solvents
have been reported;®™ although such systems generally exhibit
photodegradation.’ Recently, a photostability of 1 h was reported
for UV-UCs in deaerated solvents with a UC quantum yield (®yc)
of ca. 10% or a normalized UC emission efficiency (1juc = 2®yc) of
ca. 20%.'%'" However, use of volatile, flammable, and bio-toxic
solvents should be avoided for applications that usually demand
safety, stability, and greenness. To date, after some early works
that embedded chromophores into polymers,"*** solid-state UC
has been intensively investigated.>*® However, no UV-UC solids
with an excitation threshold comparable with or lower than
terrestrial solar intensity have been reported.'**®
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Recently, we developed van der Waals (vdW) solid-solution
crystals of a hydrocarbon annihilator in which only 0.002 mol%
of the porphyrin sensitizer was stably dissolved.'”” Although
such slowly grown vdW crystals have afforded substantially
high performance in air'” and resolved the previous issue of
low sample crystallinity,# the corresponding preparation used
organic solvents during the recrystallization for 1-3 days."”
Therefore, a solvent-free method to controllably and reprodu-
cibly generate high-performance UV-UC solids, preferably in
the form of a film that is compatible with broad applications, is
highly desired. Such a target would substantially impact our
manner of using visible light and solve the problem of the low
number of UV photons in sunlight.

Herein, we report completely solvent-free ‘“‘green’” formation
of UV-UC solid thin films with outstanding high performance
by using a temperature gradient controlled over a surface
(Fig. 1a). This strategy, for the first time applied towards
preparation of UC solids, enables formation of a bicomponent
polycrystalline organic film from a melt of a sensitizer and an
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Scheme 1 Schematic energy diagram of TTA-UC in this study. X, 1X*, and
3X* (X = S: sensitizer or A: annihilator) denote the ground state, excited
singlet state, and excited triplet state, respectively. TET: triplet energy
transfer; TTA: triplet-triplet annihilation. Bottom shows the sensitizer and
annihilator selected in this study.
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Fig. 1 Schematic of thin film formation under a controlled temperature gradient. (a) The apparatus developed for this study. The same temperature
gradients were formed over two SUS stages, which sandwiches a stack of substrate—{PPO & CBDAC blend}-substrate set inside an O-ring. The
temperature gradient was established by using two independently controlled rod heaters. Each stage has five thermocouples embedded at equal
intervals (6 mm) and a heat sink attached to the one end. Right top describes the linear descent of the temperature profile and definition of AT.
(b) Schematic of the difference in the results for the cases of AT = 20 °Cvs. ~ 1 °C.

annihilator blend. Our investigations of this concept reveal an
essential importance of optimizing the temperature gradient or
cooling rate (Fig. 1b). Consequently, the UC film formed under
optimal conditions exhibited a high ®yc = 4.3% (yc = 8.6%),
substantially low excitation threshold (ca. 0.3 that of natural
sunlight intensity), and record-long (>100 h) photostability
ever reported for TTA-UC, all of which were achieved in air, as
follows.

After our initial search for a suitable combination of the
sensitizer and annihilator (some examples shown in Table S1,
ESIT), we selected 3,3'-carbonylbis(7-diethylaminocoumarin)
(CBDAC)'""'%?° a5 the sensitizer and PPO as the annihilator
(Scheme 1). CBDAC has a high intersystem-crossing quantum
yield (®disc = 92%, in benzene)," whereas PPO has a low
melting point (Tpp. = 69 °C, Fig. S6a, ESIf) and a high
fluorescence quantum yield (CDF(A) ~ 79%, c¢f. Scheme 1) in
the solid state as measured with an absolute photolumines-
cence quantum yield spectrometer (Quantaurus-QY, Hama-
matsu). Herein, a blended powder of CBDAC and PPO was
heated above the melting point of PPO on a heating stage and
then the melt was cooled at a controlled rate with a lateral
temperature gradient, which resulted in filmwise crystals of
PPO doped with CBDAC (Fig. 1 and Section 1 of the ESIT). We
identified the optimal mole ratio of CBDAC:PPO to be
1:30000, which minimized the excitation threshold intensity
(Im) (Fig. S7, ESIY), used hereafter unless otherwise specified.
Thus, only ca. 0.0033 mol% of CBDAC was dissolved in the melt
liquid of PPO during the process described as follows.

We custom-designed and fabricated the processing appara-
tus (Fig. 1a and Fig. S1 of the ESIf). The main part of the
apparatus consisted of a pair of stainless-steel (SUS) stages over
which the same temperature gradients were formed. Each stage
has two rod heaters embedded in the both ends, five thermo-
couples embedded between the heaters, and a heatsink
attached to the cold end of the stage. We placed this setup in
a vacuum chamber (Fig. S1, ESIt); the details regarding the
apparatus are in Section 1.4 of the ESIL{ Briefly, we sandwiched
a blend of CBDAC and PPO (ca. 32 mg), placed inside a spacer
ring (SUS, thickness: 200 pm, inner diameter: 8 mm), with two

This journal is © The Royal Society of Chemistry 2023

round glass substrates (EAGLE XG, Corning; diameter: 12 mm,
thickness: 0.7 mm); we deposited the contacting surface to the
SUS stage with a thin aluminum layer that served as a light
reflector (Section 1.3 of the ESIt). During the process carried
out under vacuum, we sealed the periphery of the stack with a
perfluoroelastomer O-ring to prevent loss of the material, and
we applied a compression force to the stack to ensure that the
(i) O-ring was effective, (ii) resulting UC film had the same
thickness as that of the spacer (Fig. 1a and Fig. S1, ESI), and
(iii) stage and substrate were in good thermal contact. We
define AT as the difference between the temperatures measured
with the two thermocouples at both ends separated by 24 mm
(Fig. 1a and Fig. S2 of the ESIf). The minimum possible AT
was 0.9 + 0.4 °C because of the heatsink, which we denote
“AT ~ 1 °C.” We digitally controlled the temperature profile
over the SUS stages such that it decreased at —3 °C min ™" (see
Fig. S2 in the ESI} for the recorded changes of the temperature
profiles). After the stack was taken out of the apparatus, the
thin film was adhered to only one of the substrates because of
the weaker adhesion of the film to the substrate than the
integrity of the film. Thus, we performed all of the experiments
in air; i.e., with one surface of the film exposed to air. Before
measurements, the film was annealed in dry nitrogen at 66 °C
for 30 min for improving the crystallinity; previously, we found
that annealing is important for crystalline UC solids."”

With AT ~ 1 °C, microcrystalline films with strong light
scattering were generated (Fig. 2a, left), ascribed to a sudden
solidification over the entire area. Notably, with AT =20 °C, the
film was comprised mostly of single-crystalline stripes grown
along the temperature gradient (Fig. 2a, middle); the width of
the stripes ranged mainly between 30 and 80 pm. We found
some macroscopic cracks in the film, ascribed to the difference
in the thermal expansion coefficients between the film and
substrate. This result, which is highly reproducible, indicates a
strong influence of the temperature gradient on the nature of
the obtained film. The literature reports similar directional
crystallization along the temperature gradient in films formed
on a substrate from the melt of an organic p-type and n-type
semiconductor blend.*!
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Fig. 2 Morphology and microscopic structure of the UC films prepared at CBDAC : PPO = 1:30 000 (in mol). (a) Digital photographs acquired with a
stereo microscope (top) and magnified optical microscope images (bottom) of the samples prepared with various AT, all of which we acquired with
transmitted illumination. In the polarized microscope images, crystalline domains were evident as purple-colored areas. (b) PXRD patterns acquired from
the samples and as-received PPO powder, indicating the absence of polymorphism. (c) The crystal structure determined after Pawley and Rietveld
refinements. See Section 6 of the ESIt for the results of the crystallographic analysis.
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Fig. 3 Photoemission properties measured in air. (a) Spectra of emission from the films prepared with AT = 20 °C (solid curves) and ~ 1 °C (dashed curves)
acquired with an incident laser light at 2 = 440 nm. Also shown are an excitation spectrum (monitored at 380-390 nm) acquired with a wavelength-tunable
laser from the film made with AT = 20 °C (circles) and an absorption spectrum of a methanol solution of CBDAC (dotted curve, 2 x 10~* M, optical path
length = 1 mm). (b) Dependence of ®yc on the intensity of excitation at 440 nm measured for samples prepared with AT = 20 °C (purple) and ~ 1 °C (gray),
each of which we measured for 10 independently prepared samples. (c) Dependence of the UC emission intensity on the irradiance (in unit of sun, ©) of
simulated sunlight, which passed through a 2 > 413 nm long-pass filter placed above the sample (see Section 1.11 in the ESI+). Here, we measured two different
samples #1 and #2, prepared with AT = 20 °C, to check the reproducibility. The inset shows the emission spectrum from the sample under 1 © irradiance (solid
curve) and that from the reference prepared without the sensitizer (dotted curve). In panels (b) and (c), we first acquired the data represented by open marks by
increasing the excitation light power, and then acquired the data represented by filled marks to confirm the reproducibility and sample stability. The theoretical
fit curves used in panels (b) and (c) are eqn (35) and (36) of ref. 23, respectively. See egn (28) and (29) of ref. 23 for details of the dimensionless excitation
intensity A; A = 2 corresponds to /.. (d) Test of photostability of the UC film prepared with AT = 20 °C by continuous irradiation of 440-nm laser light at an
intensity of 30 mW cm™2 (see Fig. 53 in the ESIT for the setup). The vertical axis represents the UV—-UC emission intensity corrected by the temporal fluctuation
of the laser power shown in the inset.
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Interestingly, when we increased AT to 25-30 °C, the films
were again microcrystalline and highly opaque (Fig. 2a, right).
This indicates that AT = 20 °C afforded an optimal moving
speed of the solidification front line in a manner that facilitated
growth of crystalline stripes. Aforementioned previous work
also reported an optimal cooling rate, in which both too-slow
and too-fast cooling rates perturbed the directional growth.*"
Although the report did not provide an explanation,> we
confirmed this aspect by conducting a supporting experiment;
use of a lower cooling rate of —1 °C min~ ' with AT = 20 °C
yielded similarly microcrystalline films (Fig. S8, ESIY).
The UC films exhibited the same powder X-ray diffraction
(PXRD) pattern as that of as-supplied PPO (Fig. 2b), indicating
an absence of polymorphs. The Pawley and Rietveld
refinements®* indicate herringbone packing of PPO (Fig. 2c
and Section 6 in the ESIT).

Hereafter, the photophysical properties are shown (Fig. 3;
see Section 1 of the ESI} for experimental details). All I, values
were determined by fitting experimental data with eqn (35) or
(36) of ref. 23. By irradiating the film with a laser light at a
wavelength (1) of 440 nm (diameter: 3 mm, beam profile: top
hat, Fig. S3 in the ESIt), we observed an UC emission peaked at
390-393 nm with maximum fluorescence from CBDAC at
480-490 nm (Fig. 3a). The UC fluorescence was substantially
redshifted compared with the fluorescence of PPO in solution
(see Fig. S10, ESIt for absorption and emission spectra in dilute
solutions). The UC emission from the sample prepared with
AT = 20 °C was more intense than that prepared with
AT ~ 1 °C, ascribed to the higher crystallinity of the former
(Fig. 2a). This explanation is supported by the ca. 2 x longer
decay time-constant of the UC emission intensity for the former
than the latter (Fig. S11, ESIT). The emission intensity distribu-
tion along the temperature-gradient direction was highly uni-
form (Fig. S13, ESIt), indicating that the crystals in this report
were solid solutions similar to the crystals in our previous
report.”

Because we determined the @y (¢f. Scheme 1) of the UC
film to be 5.1 £ 0.23% (0.23%: standard deviation for measure-
ments on five different samples) with an absolute photolumi-
nescence quantum yield spectrometer, ®yc could be
determined by referencing to the fluorescence intensity; see
Section 1.10 of the ESIf for details of the determination of ®y.
Herein, we define photoemission ranging in 4 < 425 nm as UC
emission. With this definition, 60.1% of the UC photons from
the sample prepared with AT = 20 °C were UV photons with
A < 400 nm. The samples made with AT = 20 °C exhibited
much higher efficiency (up to @y = 4.3% and nyc = 8.6%) and a
lower I, than those made with AT ~ 1 °C (Fig. 3b).

The I, values for the cases of AT = 20 °C and AT ~ 1 °C,
from measurements of 10 different samples each, ranged over
13.8-17.0 and 78.8-93.5 mW cm 2, respectively. In Fig. 3b, the
minimum values are indicated. The aluminum light reflector
deposited on the backside of the substrate decreased I}, by ca.
40%. Owing to the reflector, despite the low concentration of
CBDAC (ca. 0.0033 mol% = 1.92 x 10~* M) in the PPO crystals,
the absorptance by CBDAC in the film at 440 nm was ca. 61%,

This journal is © The Royal Society of Chemistry 2023
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from which the excitation rate (k.. in ref. 23) and excitation
density (ex in ref. 24) of CBDAC at I, are found to be ca.
7.7 x 100* M s " and ca. 2 x 10" s7' cm™?, respectively (see
Section 11 of the ESIt} for these derivations). The emission
intensities were maximal when the polarization direction of the
incident laser light matched the direction of the crystal growth,
whereas the intensity ratio of the UC fluorescence to CBDAC
fluorescence was independent of the incident light polarization
(Section 10, ESIY).

Notably, the value of I, for sunlight irradiation cannot be
determined from the value of Iy, obtained by monochromatic
excitation."”** Therefore, we used broadband light generated
with a solar simulator, which consisted only of the wavelength
range of 4 > 413 nm obtained with a long-pass filter
(see Section 1.11 in the ESIf for details), representing the
intensity in unit of suns (©®). As shown in Fig. 3c for two
samples prepared with AT = 20 °C (samples #1 and #2), the
values of I, were ca. 0.3 ©, indicating that the developed
materials can be used for sunlight without concentration
optics. These I;, values are reliable because the slope changed
from ca. 1.6 to ca. 1.2, which is sufficient to perform theoretical
curve fitting, and the vertical-axis values of Fig. 3c were highly
reproducible (see the figure caption). We note that aforemen-
tioned annealing has improved ®yc by ca. 38% and decreased
I, by ca. 34% for samples prepared with AT = 20 °C (Fig. S15,
ESIT) whereas the appearance of the films did not change.

To test the photostability, we irradiated the sample with
laser light at / = 440 nm at an intensity of 30 mW cm >, which
was well above Iy, (¢f Fig. 3b). Despite the fact that we carried
out this test in air, the sample exhibited an outstanding
photostability of >100 h (Fig. 3d), which is the longest record
of photostability ever reported for TTA-UC to the best of our
knowledge.

Finally, we exemplify a utility of this material. As graphically
indicated in Fig. 4a, we applied a small quantity of UV-curing
resin (BD-SKC]J, Bondic) to the mouth of two empty glass vials
(outer diameter: 8 mm, height: 35 mm) and placed a glass slide
onto them. Then, on the position of each vial’s mouth,
we placed the substrate on which the film was made with
AT = 20 °C with and without including the sensitizer, termed
“UC film” and “reference,” respectively. After 3 min irradiation
of 1 O light from the solar simulator with a 4 > 413 nm

Fig. 4 (a) Schematic and (b) results of the demonstration of a utility of the
UV-UC film applied to a solidification of UV curing resin with visible light
(2 > 413 nm) of 1 © intensity at the sample position. Samples used here
did not have a reflection aluminum layer on the bottom side.

J. Mater. Chem. C, 2023, 11,1678-1683 | 1681
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long-pass filter, only the vial placed under the UC film was
bonded to the glass slide, whereas that placed under the
reference was not (Fig. 4b); we have confirmed reproducibility
of this result. This demonstration conducted in air indicates a
practical utility of the UV-UC films developed in this work.

Conclusions

For the first time, we created polycrystalline UV-UC films
exhibiting a record-long photostability (>100 h), subsolar
excitation threshold (ca. 0.3 ©), and high efficiency (up to
Dy = 4.3% and nyc = 8.6%) in air by a solvent-free method that
used a controlled temperature gradient. We revealed the impact
of AT on the film properties and elucidated an essential
importance of optimizing the temperature profile as well as
the cooling speed. This novel class of UV-light-generating
materials will substantially broaden the utility of ubiquitous
terrestrial sunlight towards the extensive domain of UV-light-
necessitating areas.
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