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Photon upconversion from visible light to ultraviolet (UV) light is useful for various photochemical reactions such as artificial
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photosynthesis, but its efficiency is low under practical film conditions. Here, we demonstrate a film with a record-high

visible-to-UV upconversion efficiency of 27.6% by simply soaking a porous film with a low-volatile upconversion solution.

Furthermore, by combining this film with a microlens array, a significantly low threshold excitation light intensity of less than

0.60 mW cm?, at least one order of magnitude lower than solar irradiance, is achieved.

10t Anniversary Statement

Congratulations to the Journal of Materials Chemistry A, B, and
C on a decade filled with success. These journals have been a
very important home for our photochemistry community, as
evidenced by the many high quality and timely papers that
have been continuously published. It is also worth mentioning
that these journals have contributed greatly to the
development of our community in various ways, such as special
issues, events, and recognitions. Coincidentally, | (Nobuhiro
Yanai) also started my academic career in Japan 10 years ago,
and | have had the privilege of sharing in the growth of these
journals, publishing 7 papers, serving as a guest editor of the
themed collection “Materials for thermally activated delayed
fluorescence and/or triplet fusion upconversion”, and being
selected as one of the Emerging Investigators 2021. There is no
doubt that materials have the power to open new frontiers of
science and solve society's problems, and | wish the Journal of
Materials Chemistry family continued success while supporting
the future development of materials chemistry.

Introduction

Triplet-triplet annihilation-based photon upconversion (TTA-
UC) can utilize low-energy photons to produce higher-energy
photons at a weak excitation light intensity.>1° TTA-UC is usually
composed of two types of chromophores: triplet donors
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(sensitizers) and acceptors (emitters) (Figure 1a). The general
TTA-UC mechanism begins with light absorption by the donor.
The generated excited singlet state of the donor (Si,0)
transforms to an excited triplet state (Tip) by intersystem
crossing (ISC), followed by triplet energy transfer (TET) from the
donor to the acceptor. The sensitized acceptor triplets (T1,a)
annihilate, generating the higher energy excited singlet state of
the acceptor (S1,a). The final process yields upconverted
emission with energy higher than the donor absorption.

TTA-UC chromophores that convert visible light to
ultraviolet (UV) light (A < 400 nm) have been extensively
studied.20-38 |t is applicable to a wide range of photochemical
reactions, including solar hydrogen production.29 39-41 While the
efficiency of visible-to-UV TTA-UC has been limited to below
10% for several years due to the absence of an appropriate UV
acceptor with a low T; energy level, recent research efforts to
find better chromophores have brought great advances. For
example, we have reported a high visible-to-UV TTA-UC
efficiency nuc (theoretical maximum: 100%) over 20% by
developing a solution system of Ir
(Ir(C6)2(acac)) and 1,4-bis((triisopropylsilyl)ethynyl)
naphthalene (TIPS-Nph) as the donor and the acceptor,
respectively.33 34 Albinsson and co-workers have reported the
highest visible-to-UV TTA-UC efficiency of 26.2% by combining
TIPS-Nph with a TADF-type sensitizer 4CzBN.3® Wenger and
Kerzig et al. have utilized a couple of visible-to-UV upconverting
chromophores for challenging photoreactions.??

For practical applications of TTA-UC, it is particularly
desirable to achieve TTA-UC in the form of films.2> 4246
However, the examples of films showing visible-to-UV TTA-UC
have been limited, and only modest efficiency was reported,
such as 2.6% in a polyurethane film containing Ir(ppy-DBP) and
a pyrene derivative (DBP) by Ma et al. and 8.6% in neat PPO
doped with CBDAC reported by Murakami et al.25 28 47, 48 By
implementing recently-discovered new chromophores, it is
expected to boost the visible-to-UV TTA-UC efficiency of the
films as well.
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Here, we report the highest visible-to-UV TTA-UC efficiency
of 27.6% as a film. We developed a simple porous film
impregnation method where an upconverting low-volatile
solution is introduced into a porous film and sealed with quartz
substrates (Figure 1b). Hexyl benzoate was used as the low-
volatile solvent to exhibit excellent TTA-UC properties by Weder
and Monguzzi et al.*® TIPS-Nph and Ir(C6),(acac) were used as
upconverting chromophores. The resulting film showed the
highest visible-to-UV TTA-UC efficiency of 27.6% by preserving
the good performance of the solution and reducing the inner
filter effect. Furthermore, by combining this film with a
microlens array, the threshold excitation light intensity (Itn)
became less than 0.60 mW cm~2, much lower than the sunlight
intensity (Figure 1c).
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Figure 1 (a) Typical mechanism of TTA-UC. (b) Schematic
illustration of porous film impregnation method using
Ir(C6)2(acac), TIPS-Nph, and hexyl benzoate as a donor, acceptor
and solvent, respectively. (c) Schematic illustration of
integrating a porous film with a microlens array.

Results and discussion
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We first studied the TTA-UC properties of the bulk solution of
TIPS-Nph and Ir(C6),(acac) in hexyl benzoate. Hexyl benzoate is
a low-volatile solvent with a boiling point above 200 °C3° and
showed a high transmittance in the wavelength region above
350 nm (Figure S2). Upon irradiation of a laser, the deaerated
hexyl benzoate solution of TIPS-Nph and Ir(C6),(acac) showed
an upconverted emission in the UV region below 400 nm (Figure
S3a). The TTA-UC efficiency nuc was found to be 16.7% at 7.0 W
cm~2 by a relative method using the hexyl benzoate solution of
Coumarin 6 as a standard (Figure S3b), which is close to the
previously reported value of 20.5% in a THF solution of the same
donor-acceptor pair.33

The TTA-UC efficiency can be expressed by the following
equation,”’
Nuc = fPiscPrerPrTaPF (1)
where fis the spin statistical factor, @isc, @1eT, @174, and PF are
the efficiencies of ISC, TET, TTA, and acceptor fluorescence,
respectively. In the current system, ®isc and @rra can be
approximated by 100% because the donor fluorescence was not
observed, and the TTA-UC efficiency was estimated at an
excitation light intensity well above It (13.4 mW cm™2, Figure
S4a). The TET efficiency was estimated to be 90.6% by the
equation, @rgr = 1 — ®p/Pp,, where ®p and Prpo are the
donor phosphorescence quantum yields with and without the
acceptor, respectively. TIPS-Nph showed a @r of 71.0% at a
concentration of 10 mM in hexyl benzoate (Figure S5).
Substituting these values into Eq. 1 yields an f value of 26.0%,
which is close to that in THF (32%).33 Note that this is the
conservative estimation of the f value due to the inner filter
effect and acceptor-to-donor back energy transfer.36

In order to evaluate the threshold excitation light intensity
(Im), an indicator for optimizing the TTA process,
photoluminescence (PL) spectra were measured under
different excitation intensities. The It value observed in hexyl
benzoate was 13.4 mW cm~2, about 5.8 times higher than 2.3
mW cm~2 in THF (Figure S4a).33 TTA-UC occurs by molecular
diffusion in solution and is also affected by solvent viscosity.>%
52 The viscosity of hexyl benzoate was measured as 4.54 cP at
25 °C, and the viscosity of THF was reported to be 0.46 cP at 25
°C.53 54 The Im in a solution can be expressed by the following
equation,>5-57

1

8maoa®scPTETDTTR (2)
where ao is the effective distance of TTA, ais a donor absorption
coefficient, Dr is a triplet diffusion constant, and 7t is an
acceptor triplet lifetime. The donor absorption in hexyl
benzoate and THF showed no significant difference (Figure S6).
The triplet diffusion constant can be considered as the
molecular diffusion coefficient in solution and can be

approximated by the Stokes-Einstein equation,8

In =

kgT

D =
T 6TTUR

(3)

where kg is the Boltzmann constant, T is temperature, u is a
solvent viscosity, and R is the molecular radius. The triplet
lifetime 71 of the acceptor was 1.83 and 0.88 ms in hexyl
benzoate and THF, respectively (Figure S4b).33 Using the
experimental parameters and assuming that the effective

This journal is © The Royal Society of Chemistry 20xx
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distance on TTA (ao) is independent of the solvent, it is
predicted that It is 1.9 times higher in hexyl benzoate than in
THF. This prediction is slightly different from the 5.8 times
difference observed. While the exact reason for this difference
is not clear at this moment, the effective triplet-triplet
interaction might be different in different solvents.

(@) (b)

32Wom?
'
T B TTA-UC - 034 miwem®
L
,g Phaton Upconversi
2
- g
Pristine Impregnated € shpton Upeonvi, g
with hexyl benzoate g
7 'hl;lﬂn Upconver
%‘ A ,
350 400 450 500 550
Wavelength (nm)
(c) (d)
30
. o .
- . Ll
25 l~ - - -
. = =~
£ 204 8 " Slope 1.0
> z
5 15{° g (N
g . g ] siopezo . r
@ . o '
g 1of; & -~
2
5{8 ."" |
. I .
‘ 1~ i 1y, = 20.4 mW cm
ol |
0 10000 20000 30000 01 1 M0 100 1000 10000

Excitation light intensity (mW cm-2) Excitation light intensity (mW cm™2)

Figure 2 (a) Photographs of a pristine porous film and a porous
film impregnated with hexyl benzoate. (b) Photoluminescence
(PL) spectra of the film at various excitation light intensities of a
laser (445 nm) with a short-pass filter (425 nm). Inset is a
photograph of the film sealed between quartz substrates. (c)
Upconversion efficiencies and (d) upconversion PL intensities at
372 nm of the film in different excitation light intensities.

We have developed a simple porous film impregnation
method to create films that retain these excellent TTA-UC
properties in solution. As a thin and porous film with good
transparency in the UV and visible region, we used a
polypropylene-based porous film with 38 pum thickness
(Microporous Film, 3M). This porous film has a sponge
structure, as indicated by the SEM images (Figure S7). The
refractive index of polypropylene is 1.49,5° which is similar to
that of hexyl benzoate (1.49).°° Due to the difference in
refractive index between polypropylene and air (1.00)%°, the
porous film was originally opaque, but it became transparent by
being immersed in hexyl benzoate (Figure 2a). This change of
transparency occurred immediately after the immersion. The
film thickness did not change with immersion in hexyl benzoate,
and no significant swelling behavior was observed (Table S1).
Thermogravimetric analysis of the immersed porous film
showed that 43 wt% hexyl benzoate was incorporated into the
film. To characterize its TTA-UC properties, the porous film
containing the hexyl benzoate solution of TIPS-Nph and
Ir(C6)2(acac) was sandwiched between quartz substrates and
sealed with epoxy resin in an argon-filled glovebox. Under the
laser excitation of a wavelength at 445 nm, the film showed
upconverted emission in the UV range (Figure 2b). Note that the
film showed an emission peak at 357 nm on the short-

This journal is © The Royal Society of Chemistry 20xx
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wavelength side, which was not observed in the bulk solution of
TIPS-Nph and Ir(C6)2(acac) (Figure S3a). This appearance of the
peak should be due to the reduction of self-absorption of
acceptor emission by the shortening of the optical path length
from 1 mm in the solution to 38 pum in the film. The TTA-UC
efficiency of this film was obtained by the relative method using
the phosphorescence of Ir(C6)z(acac) as an internal standard
because the slight scattering nature of the film hampered the
precise estimation of absorbance. Significantly, it showed the
highest visible-to-UV TTA-UC efficiency nuc of 27.6% as a film
and a relatively low It of 20.4 mW cm=2 (Figure 2b, c). The
higher TTA-UC efficiency in the film than in the bulk solution is
reasonable, considering the less reabsorption in the thinner
sample geometry. The TTA-UC efficiency of the film becomes
closer to the reported calculated value of 33.6% obtained by
correcting for reabsorption based on the measured efficiency of
26.2%.3% It was also found that continuous irradiation of the
laser at 1.5 mW cm~2, which corresponds to 1 sun (1.4 mW cm~2
for 445 + 5 nm®1), did not change the emission intensity for 60
min (Figure S9). To evaluate the storage stability of the film,
TTA-UC measurements were performed after the film was left
in the dark for 9 days. The I value of the film remained low at
29.1 mW cm~2 after storage (Figure S10). In future studies, it will
be important to systematically examine how TTA-UC efficiency
varies with pore size, film material, and film thickness in order
to further optimize the TTA-UC properties in the thin film.
Taking advantage of the fact that the film created by the
porous film impregnation method can be combined with any
substrate, we have succeeded in utilizing even weaker light by
combining it with a microlens array. Polymer lens arrays and
microcavities were used to reduce the excitation light intensity
which is required for efficient light upconversion.62:5 In this
study, a microlens array was used to focus the excitation light
onto the film to reduce the threshold excitation light intensity
(Itn). The porous film containing the hexyl benzoate solution was
placed just below a microlens array (Figure 3a). Microlenses are
made of quartz and have a diameter of 124 um and a pitch of
128 um with a calculated focus diameter of ca. 3.0 um (1708x)
and a focus distance of 15-30 um from the bottom of the
microlens array. The thickness of the upconverting film is 38
um, and thus the light can be focused inside the film.
Remarkably, when combined with the microlens array, the
film's Ith value dropped below 0.60 mW cm=2, corresponding to
0.43 sun (Figure 3b, c). Because the I, was too low, we could
only observe up to a slope of 1.3 in our setup and not up to a
slope of 2. Therefore, the actual Imw was too low to be
determined in our setup and should be even lower than 0.60
mW cm~2. Note that the linear region was observed from 8.7
mW cm™2, suggesting that TTA occurs efficiently around the
solar light intensity. Solutions showing visible-to-UV TTA-UC,
which have been studied extensively, are not easy to combine
with microlens arrays. Although conventional films can be easily
combined with microlens arrays, obtaining efficient visible-to-
UV TTA-UC in the form of films has been difficult. The newly
developed porous film impregnation method can easily produce
a film while maintaining the high TTA-UC efficiency of the

J. Name., 2013, 00, 1-3 | 3
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solution and can be combined with microlens arrays to utilize
the light of subsolar intensity.

(a) (b)

128 pm 124 pm

5 j— >
‘% v“'~ Thickness
¢

Microlens array

0.72mm
artz substrate

Focus distance ~ —»«< Qui st

ca. 15-30 pm

Focal spot diameter Solution-impregnated porous film

~3.0 ym
(c) (d)
1.7 Wem2 A w/ MLA .
[ = w/o MLA (Figure 2c) e
-
o 0.021 mW cm2 s _;" 10
S
s ) A
z z
5 f_, Slope 1.0
=4 = Slope 1.3
=} = f
a 5 ¢ Iy, = 20.4 MW cm2
=]
&
Iy, <0.60 mW cm~2
350 400 450 500 550 001 04 1 10 100 1000 10000

Wavelength (nm) Excitation light intensity (mW cm™2)

Figure 3 Schematic illustration of (a) a microlens array and (b) a
sandwiched sample structure. (c) PL spectra of the film
integrated with the microlens array at various excitation light
intensities of a laser (445 nm) with a short-pass filter (425 nm).
(c) PLintensities at 372 nm of the film integrated with microlens
array (blue triangle) and without microlens array (black square,
the same data in Figure 2c) at different excitation intensities.

Conclusions

We have developed the film showing the highest visible-to-UV
TTA-UC efficiency of 27.6% to date and found a way to utilize
subsolar light by combining it with the microlens array. The
method of impregnating the porous film with the low-volatile
upconversion solution is very simple and powerful, allowing the
production of films that maintain the high TTA-UC performance
of the solution. Moreover, we have demonstrated that the film
can be combined with the microlens array to harvest subsolar-
intensity light. This film would enable the generation of UV light
from weak visible light including sunlight and room LED light
towards various applications such as artificial photosynthesis,
environmental purification, and water purification.
Furthermore, the newly developed method is highly versatile
and can be applied to other excitation wavelengths such as
green, red, and near-infrared light by simply changing the type
of dye.
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