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ABSTRACT: Photon upconversion (UC) based on triplet—
triplet annihilation (TTA) has the potential to enhance
significantly photovoltaic and photocatalytic efliciencies by
harnessing sub-bandgap photons, but the progress of this field
is held back by the chemistry problem of how to preorganize
multiple chromophores for efficient UC under weak solar
irradiance. Recently, the first maximization of UC quantum
yield at solar irradiance was achieved using fast triplet energy
migration (TEM) in metal—organic frameworks (MOFs) with
ordered acceptor arrays, but at the same time, a trade-off
between fast TEM and high fluorescence efficiency was also
found. Here, we provide a solution for this trade-off issue by
developing a new strategy, triplet energy migration,

annihilation and upconverted singlet energy collection (TEM—UPCON). The porous structure of acceptor-based MOF
crystals allows triplet donor molecules to be accommodated without aggregation. The surface of donor-doped MOF nanocrystals
is modified with highly fluorescent energy collectors through coordination bond formation. Thanks to the higher fluorescence
quantum yield of surface-bound collectors than parent MOFs, the implementation of the energy collector greatly improves the
total UC quantum yield. The UC quantum yield maximization behavior at ultralow excitation intensity was retained because the
TTA events take place only in the MOF acceptors. The TEM—UPCON concept may be generalized to collectors with various
functions and would lead to quantitative harvesting of upconverted energy, which is difficult to achieve in common molecular

diffusion-based systems.

B INTRODUCTION

Photon upconversion (UC) is a photophysical process where
multiple photons are absorbed and their energies are combined
to produce a photon of higher energy. Among the existing
approaches, triplet—triplet annihilation (TTA)-based UC has
attracted much attention because it operates with low-power
noncoherent light like sunlight, thus holding enormous
potential to enhance the efficiency of sunlight-powered energy
production devices.'”''The mechanism of TTA-based UC is
schematically shown in Figure S1, Supporting Information (SI).
A donor molecule absorbs lower-energy photons and under-
goes intersystem crossing (ISC) to the excited triplet state. This
is followed by Dexter-type triplet—triplet energy transfer
(TTET) with an acceptor, and a generated acceptor triplet in
general has a long lifetime (~ms) because its transition to the
singlet ground state is spin forbidden. The long lifetime of the
triplet acceptors increases the opportunity to collide within
their lifetimes and the resultant TTA generates a singlet excited
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state of the acceptor, thus giving rise to upconverted delayed
fluorescence.

In spite of the expectations, it remains a challenge to achieve
a high UC quantum vyield at solar irradiance. Most of the
previous examples of efficient UC used molecular diffusion in
solvents and polymers for the TTET and TTA processes
(Figure 1a).”'* However, the use of volatile solvents is not
desirable for many applications, while molecular diffusion in
solid polymer matrices is very limited. More fundamentally, the
diffusion constant of chromophores in low-viscosity solvent, i.e.,
the rate constant of TTA, is not high enough to maximize the
UC quantum vyield at solar irradiance.’

It turns out that the key to resolve these basic problems is the
chemistry to precisely control the arrangement of multiple
chromophores. We have recently developed a triplet energy
migration-based UC (TEM—UC) in molecular self-assembled
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Figure 1. (a) Scheme for the UC mechanism based on molecular diffusion and collision. Red and gray boxes marked D and A represent triplet donor
and acceptor molecules, respectively. Triplet state of donor, formed by intersystem crossing (ISC) from the photoexcited (green arrow) singlet state,
diffuse and collide with acceptor, resulting in donor-to-acceptor triplet—triplet energy transfer (TTET). Two acceptor excited triplets again diffuse,
collide, and annihilate to form a higher energy excited singlet, which consequently produces upconverted delayed fluorescence (blue arrow). (b)
Scheme for the UC mechanism based on triplet energy migration (TEM). Excitation (green arrow) of donor molecules is followed by a sequence of
TTET, TEM in the acceptor arrays, TTA between the excited acceptors, and higher energy UC emission (blue arrow). (c) Scheme for the UC
mechanism based on triplet energy migration, annihilation, and upconverted singlet energy collection (TEM—UPCON). Yellow boxes marked C
represent upconverted energy collector molecules. Similar to TEM—UC, the TTA takes place in the acceptor arrays. The resulting singlet energy
migrates and reaches the energy collector that finally produces UC emission.

systems.”™""*7!° The molecular assembly directed TEM—UC
enjoys fast triplet exciton diffusion in the aligned acceptor
chromophores (Figure 1b). As a striking example, we have
recently reported the first example of TEM—UC in metal—
organic frameworks (MOFs) whose UC efficiency was
maximized at solar irradiance for the first time by means of
the surface-modification of MOF nanocrystals with donor
chromophores and subsequent fast TEM in the MOFs."
Meanwhile, it remains difficult to ensure compatibility of the
fast TEM with high photoluminescence efficiency. That is,
TEM can be fast when neighboring acceptor molecules have
close contact and large orbital overlap, while the acceptor
fluorescence quantum yield often drops in such molecular
arrays because of the prevailing nonradiative photorelaxation
processes.

Here, we propose a fundamental solution to the trade-off
issue that improves UC efficiency at solar irradiance by the
following sequence of photophysical processes: triplet energy
migration, annihilation and upconverted singlet energy
collection (TEM—UPCON) to highly fluorescent moieties
(Figure 1c). It creates a priority photoluminescence pathway
that circumvents the nonradiative decay of the upconverted
singlets, providing a means to overcome the trade-off issue.
While the fluorescence resonance energy transfer (FRET) from
upconverted excited singlet to other chromophores was
utilized,'® ""these examples were limited to in-solution
molecular-diffusion-based systems, which severely limits their
practical applications. In contrast, the current TEM—UPCON
strategy has the important advantage of nonsolvent system.
Furthermore, beyond the improvement of UC emission
quantum yield, the TEM—UPCON concept may allow the
direct energy harvesting to collectors with various functions.
This not only circumvents the energy loss by absorption of
upconverted photons by active materials, but also allows the
quantitative harvesting of upconverted energy, both of which
are difficult to achieve in the conventional molecular diffusion-
based systems.
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As a proof of concept, we modified the surface of an
acceptor-based MOF with a highly fluorescent energy collector.
To spatially separate the sensitization and photoluminescence
events, the triplet donor and singlet energy collector are
installed inside and outside the MOF crystal, respectively.
Taking advantage of the porous structure of MOF, we could
apply the so-called “bottle-around-ship” approach to incorpo-
rate a triplet donor Pt(II) octaethylporphyrin (PtOEP) inside
the MOF without aggregation. This is in stark contrast to the
case of dense molecular crystals, where the donor aggregation
in acceptor crystals hampers the efficient triplet sensitiza-
tion.”*'>*% The PtOEP-doped MOF nanoparticles were
synthesized and dispersed in a prototypical oxygen-barrier
polymer, poly(vinyl alcohol) (PVOH). The obtained solid film
showed a clear and stable upconverted emission in air, but its
quantum yield was only 0.35% because of the low fluorescence
quantum yield of the employed MOEF. Remarkably, by
modifying the donor-installed MOF nanoparticle surface with
coumarin 343 fluorophore through coordination bond
formation, the UC quantum yield was improved by a factor
of 6.6 to 2.3%. Reflecting the original UC kinetics in the MOF
structure, this saturated quantum yield was obtained from the
very low excitation intensity, comparable to solar irradiance.
The evaluation of UC data should include not only the
saturated value of quantum yield, but also the excitation
intensity to obtain that value. While the main purpose of this
work is to propose the TEM—UPCON idea, the observed UC
quantum yield is already comparable to that of state-of-the-art
solid UC materials at low excitation intensity (~6 mW
em™2).""*'7** The much improved UC efficiency at very low
excitation intensity illustrates the promising potential of TEM—
UPCON concept.

B EXPERIMENTAL SECTION

Materials. All reagents and solvents were used as received unless
otherwise noted. Pt(II) octaethylporphyrin (PtOEP) and poly(vinyl
alcohol) (PVOH, M,, = 31 000—50 000 g mol ") were purchased from
Sigma-Aldrich. A ligand 4,4'-(anthracene-9,10-diyl) dibenzoic acid
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(adba) and a MOF [Zn,(adb),dabco], (adb =4,4'-(anthracene-9,10-
diyl)dibenzoate, dabco =1,4-diazabicyclo[2.2.2]octane) were synthe-
sized following the literature procedures.”*

Bottle-around-Ship Synthesis of Donor@MOF. A mixture of
adba (10 mg, 24 umol), Zn(NO;),-6H,0 (7.1 mg, 24 umol), dabco
(1.34 mg, 12 pmol), PtOEP (1.7 mg, 2.4 pmol) and 1.3 mL N,N-
dimethylformamide (DMF) were placed in a Teflon autoclave and
heated at 120 °C for 48 h, then cooled to room temperature at 1 °C/
min. Obtained light pink crystals (denoted as donor@MOF) were
filtered through a 200 nm filter to remove small crystals, washed
several times with DMF and dried at room temperature under vacuum.
Yield 11 mg (70%). Elemental analysis for
[Zny(CagH10,)(CeH1oN,)]-2.5SDME-SH,0. Caled (%): C 619, H
5.34, N 4.67; found (%): C 61.9, H 5.29, N 4.62. Since the amount of
donor included inside the MOF is small (ca. 0.1 mol %), its effect in
the elemental analysis is negligible.

Bottle-around-Ship Synthesis of Donor@Nano-MOF. Donor-
included MOF nanoparticles (denoted as donor@nano-MOF) were
synthesized by using microwave instead of solvothermal method since
it gives smaller crystal size probably due to faster nucleation by sudden
increase of the reaction temperature. Microwave reactions were
performed using the Biotage Initiator 2.5 under continuous stirring. A
mixture of adba (2.5 mg; 6 umol), Zn(CH;COO0),-2H,0 (1.31 mg; 6
umol), dabco (0.33 mg; 3 pmol), PtOEP (0.43 mg; 0.6 umol), and 6
mL DMF was placed in a sealed glass vial and heated at 120 °C for 10
s in microwave. The power was around 31—33 W with temperature
rise 3—4 °C/sec. It took 30—40 s to reach 120 °C and 14—1S min to
cool down to room temperature. No pressure increase was observed
during the synthesis. The sample was collected by centrifugation and
washed several times with DMF, followed by drying in vacuum at
room temperature. Yield = 0.4 mg (10%). This synthesis was repeated
to obtain enough amount of material. Elemental analysis for
[Zn,(CyH,40,),(C¢H ,N,)]-2DMF-2H,0. Caled (%): C 64.92, H
4.97, N 4.45; found (%): C 65.0, H 4.99, N 4.48.

Surface Modification of the MOF Nanocrystals. The donor@
nano-MOF nanocrystals (S mg) were incubated in a DMF solution of
Coumarin 343 (collector, 10 mM, S00 yL) at room temperature for 24
h, washed several times with DMF by centrifugation, and dried under
vacuum at room temperature, giving collector-modified nanocrystals
(denoted as donor@nano-MOF@collector).

Dispersing MOFs in PVOH Film. To N,N-dimethylacetamide
(DMAC) solutions of PVOH (40 mg/mL), the donor@MOF, donor@
nano-MOF, donor@nano-MOF@collector (10 wt % of PVOH) were
dispersed, and dried on a quartz plate under vacuum at room
temperature. All the characterizations of the composite films were
carried out in the ambient condition without any sealing.

Measurements. Elemental analysis was conducted at the
Elemental Analysis Center, Kyushu University. X-ray powder
diffraction (XRPD) analysis was conducted on a BRUKER D2
PHASER with a Cu Ka source (4 = 1.5418 A). Dynamic light
scattering (DLS) measurements were performed on a Malvern Zeta-
Sizer Nanoseries instrument. The samples were placed in small volume
quartz cuvettes, and an average of 10 times of measurements was
adopted. Transmission electron microscopy was conducted on a JEOL
JEM-2010 with an acceleration voltage of 120 kV. UV—vis absorption
spectra were recorded on a JASCO V-670 spectrophotometer at 25
°C. Quartz cell with 1 mm path length was used for solution samples.
Fluorescence spectra were measured by using a PerkinElmer LS 55
spectrometer. Confocal laser scanning microscopy (CLSM) images
were taken with a Carl Zeiss LSMS10META apparatus equipped with
a 40X objective. The excitation wavelength was chosen to be 405 nm.
Time-resolved photoluminescence lifetime measurements were carried
out by using time-correlated single photon counting lifetime
spectroscopy system, HAMAMATSU Quantaurus-Tau C11367-02
(for prompt fluorescence lifetime)/C11567—01 (for phosphorescence
and delayed fluorescence lifetime). The upconversion luminescence
emission spectra were recorded on an Otsuka Electronics MCPD-7000
instrument with the excitation source of an external, adjustable 532 nm
semiconductor laser. The UC quantum yields were determined by an
absolute quantum yield measurement system using a laser excitation
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source and a calibrated spectrometer specially built by Hamamatsu
Photonics.”

B RESULTS AND DISCUSSION

Bottle-around-Ship Inclusion of Donor in MOF. It is
appropriate to demonstrate the new strategy with well-known
compositions. Therefore, we employed the benchmark
composition in the UC research field; Pt(II) octaethylporphyr-
in (PtOEP) as donor and 9,10-diphenylanthracene (DPA) as
acceptor. We employed MOFs constructed using the DPA-
based ligand, 4,4’-(anthracene-9,10-diyl)dibenzoate (adb). The
diffusion of triplet exciton in MOFs has been investigated
recently,'"**™*” and an adb-based MOF, [Zn,(adb),dabco],
(adb = dabco = 1,4-—diazabicyclo[2.2.2]octane)24 was found to
offer the particularly fast TEM thanks to the large orbital
overlap between the DPA chromophores.'" However, this
MOF shows a low fluorescence efficiency, and thus we regard
this MOF as a good example to demonstrate the TEM—
UPCON strategy.

We have previously found that PtOEP is too large to be
incorporated into the MOF nanopores.'' We first incubated the
MOF crystals in a DMF solution of PtOEP (5 mM) at room
temperature for 72 h. The sample was filtered, washed several
times with DMF, dried under vacuum at room temperature,
and sealed in a quartz cell in an Ar-filled glovebox ([O,] < 0.1
ppm). Under excitation with a $32 nm laser (light intensity =
40 mW cm™?), neither upconverted emission at 440 nm nor
PtOEP phosphorescence at 645 nm were observed. This
confirmed that PtOEP was not adsorbed into the MOF
nanopores, which is reasonably understood by considering the
large molecular size of PtOEP (1.5 nm X 1.5 nm X 0.66 nm)
compared with the pore window of the employed MOF (0.73
nm X 0.46 nm).

Eddaoudi and co-workers have reported the encapsulation of
catalytically active metalloporphyrins during the synthesis of
MOFs.”*”” We then applied this “bottle-around-ship” approach
to incorporate the triplet donor in MOFs (Figure 2a). The
MOF was synthesized in the presence of 0.1 mol equiv of
PtOEP, and pale pink crystals were obtained (Figure 2c). The
crystals were washed several times with DMF and dried in
vacuum at room temperature. The phase purity of the obtained
MOF crystals was confirmed by elemental analysis and by the
good match between the X-ray powder diffraction (XRPD)
pattern and the simulation pattern obtained from the crystal
structure (Figure S2, SI). To determine the amount of PtOEP
introduced into the MOF, we decomposed the MOF structure
by treatment with the strong base tetrabutylammonium
hydroxide (TBOH, 0.05 M) in DMF, and an absorption
spectrum of the obtained solution was measured. From the Q-
band absorbance of PtOEP at 535 nm, the donor-to-acceptor
ratio was estimated as 1:1100. The donor-included MOF is
denoted as donor@MOF.

Importantly, the donor was monomerically doped in MOF
crystals, as confirmed by absorption and phosphorescence
spectra. The absorption spectrum of PtOEP in MOF crystals
did not show any shift compared with that in solution (Figure
S3a, SI). The phosphorescence spectrum of PtOEP in MOF
showed no peak at 780 nm originating from aggregated PtOEP
species (Figure S3b, SI).'**° Considering that it is not easy to
molecularly disperse donor molecules in dense acceptor
molecular crystals,”'*'>*° the employment of porous MOF
crystals is the powerful approach for aggregation-free donor
doping.
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Figure 2. (a) Schematic representation of “bottle-around-ship”
synthesis of donor@MOF. The MOF is constructed using acceptor-
containing ligand, and the triplet donor PtOEP was introduced into
the MOF structure during the crystallization process. Pictures of (b)
the pristine MOF and (c) donor@MOF. (d) Fluorescence spectra of
benzene solution of the ligand adba (red, 10 yM) and benzene
dispersions (0.2 wt %) of the pristine MOF (blue) and donor@MOF
(black) under excitation at A, = 370 nm. (e) Fluorescence decays at
435 nm of the benzene solution of the ligand adba (red; 10 uM) and
the benzene dispersions (0.2 wt %) of the pristine MOF (blue) and
donor@MOF (black) under pulsed excitation at A,, = 365 nm. The
adba solution followed the single exponential behavior with a lifetime
of 7 = 4.1 ns (red line). (f) Photoluminescence spectra of the donor@
MOF (black, excitation light intensity = 15 mW cm™) and the MOF
after being incubated in DMF solution of PtOEP, filtrated, washed,
and dried in vacuum (blue, excitation light intensity = 200 mW cm™2)
under excitation of the 532 nm laser. The 532 nm notch filter and 510
nm short-pass filter were used to remove scattered incident light and
donor phosphorescence. The samples were sealed in Ar atmosphere
prior to the measurements.

The fluorescence property of MOF was intrinsically
unaffected by the donor inclusion. Similar fluorescence spectra
with an emission maximum at 440 nm were observed for the
MOF crystals in the absence and presence of incorporated
PtOEP (Figure 2d). The fluorescence lifetime measurement of
the adba ligand in benzene solution showed a single

6544

exponential decay with a characteristic lifetime of 7 = 4.1 ns
(Figure 2e). Meanwhile, the MOF showed multicomponent
fluorescence decay with a shorter average lifetime of 1.4 ns,
which is a typical feature of condensed molecular systems. In
MOF crystals, a singlet excited state formed by TTA also
migrates over the frameworks, which would be easily trapped
by defects and dissipated nonradiatively.’® A detailed study of
this aspect will be reported separately. It is to be noted that the
MOFs with and without included PtOEP showed similar decay
profiles, suggesting that the singlet—singlet back energy transfer
from the acceptor ligand to the included donor is negligible
because of the low content of the donor.

Interestingly, we observed an upconverted emission from the
donor@MOEF. For UC measurements, the crystalline powder of
donor@MOF was placed between quartz plates and sealed in
an Ar-filled glovebox. Upon excitation with a green laser (4., =
532 nm), a strong upconverted emission around 440 nm was
observed (Figure 2f). The observed UC emission clearly
indicates the successful inclusion of PtOEP inside the MOF
frameworks, because no UC emission was obtained for the
MOF crystals that were incubated in PtOEP solution to absorb
physically the donor on the surface and washed with DMF
(Figure 2f). Moreover, when the bottle-around-ship method of
donor inclusion was similarly applied to the nonporous adb-
based MOF [Zn(adb) (DEF),], (DEF = N,N-diethylforma-
mide),"" neither upconverted emission nor PtOEP phosphor-
escence were observed. These control experiments clearly
indicate that the porous structure is a prerequisite for the
bottle-around-ship inclusion of triplet donor. Upon excitation
by the 532 nm laser, an excited triplet state of PtOEP is
generated, and this transfers the triplet energy to the
surrounding adb ligands of the MOF. The sensitized triplet
energy further migrates through the acceptor arrays and
undergoes collision with another acceptor triplet to generate
the higher-energy excited singlet state by TTA, which
consequently produces upconverted blue emission. As the
UC emission intensity of the neat donor@MOF crystals was
not perfectly stable, especially at high-power excitation, we
embedded this UC material into a polymeric matrix and
quantitatively scrutinized their UC properties, as discussed
below.

Air-Stable TEM—-UC Emission in an Oxygen-Barrier
Matrix. One of the important advantages of self-assembly
based UC is that it allows immobilization of TEM systems in
any solid matrix. The UC emission is sensitive to air because
the triplet excited state is readily quenched by molecular
oxygen. It is possible to avoid this oxygen quenching by usin§
polymer matrices with excellent oxygen-barrier properties.’"”
The necessary characteristics of a barrier polymer include a
high interchain cohesive energy density (high polarity), high
glass transition temperature, and low free volume.”® The higher
a polymer’s cohesive energy density, the more difficult it is for
the polymer chains to form voids that allow oxygen to pass.”’
The glass transition temperature should be much higher than
room temperature to reduce polymer mobility. The reduction
of free volume leads to a decrease in gas mobility in the glassy
polymer.”* We worked with the prototypical oxygen-barrier
polymer, poly(vinyl alcohol) (PVOH). PVOH and its
copolymers are commonly used in the packaging and food
industries to protect contents from exposure to oxygen
molecules. The high transparency and film-forming properties
of PVOH are also suitable for making optically active materials.

DOI: 10.1021/jacs.6b01652
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In general, the light scattering from polycrystalline materials
can be a critical issue for making optically active films. As
reported previously,' this problem can be avoided by
downsizing the crystals to a nanoscale. By employing
Zn(CH;C0OO0),2H,0 as the metal source and short-time
microwave heating, monodisperse MOF nanoparticles (nano-
MOF) were obtained. It indicates that the use of acetate salt
and rapid microwave heating have contributed to accelerating
the nucleation process, which is essential to prepare nano-
MOFs.”>* The synthesized nano-MOF was characterized by
elemental analysis, dynamic light scattering (DLS) measure-
ments for DMF dispersions (an average particle size; 140 nm,
Figure 3a), transmission electron microscopy (crystal size ~120
nm, Figure 3b) and XRPD measurement (Figure S4, SI).
Similar to the case of large MOF crystals, the bottle-around-
ship method allowed 0.1 mol % of the donor PtOEP to be
successfully incorporated in the MOF nanoparticles during the
crystallization process. The obtained sample is called donor@
nano-MOF.

Transparent films were prepared using the nanosized crystals
(Figure SS, SI). The donor@nano-MOF sample was dispersed
in N,N-dimethylacetamide (DMAc) solution of PVOH
(donor@nano-MOF is 10 wt % of PVOH), and the dispersion
was cast on a quartz plate and dried in vacuum at room
temperature. Remarkably, even in the open air, the obtained
film showed a stable upconverted blue emission at around 440
nm upon exposure to the 532 nm green laser (Figure 3c). The
stability of the UC emission was confirmed by time-dependent
UC emission measurement of the composite film in the open
air. The UC emission intensity did not show any change for 40
min upon continuous exposure to the 532 nm laser with a light
intensity of 65 mW cm™ (Figure 3d). This demonstrates the
undisturbed operation of TTA-based UC in air.

The time-resolved photoluminescence at 440 nm under 532
nm pulsed excitation showed a ms-scale decay (Figure 3e). We
found no rise in the examined time scale, reflecting the fast
donor-to-acceptor triplet—triplet energy transfer. When both
linear and nonlinear decay pathways are simultaneously present
as in UC emission by TTA, the UC emission decay obeys to

2

1 — ®ppy )
exp[kyt] — @y (1)
where T, is the population density of acceptor triplet, @1y is
TTA quantum yield, and k, is the accezptor natural decay rate
(ky = 717", 71: acceptor triplet lifetime).”>***” The fitting result
gave a quantitative TTA quantum yield @1, = 0.97 and a ms-
scale lifetime 7 = 3.5 ms, confirming the efficient TTA-based
UC process.

The efficiency of donor-to-acceptor TTET was evaluated by
measuring the phosphorescence lifetime of donor PtOEP. The
phosphorescence decay at 645 nm of PtOEP dispersed in
PVOH showed a single exponential decay with a lifetime of 7, =
93 us (Figure S6, SI). Inside the nano-MOF crystals, the
phosphorescence lifetime decreased to 7 = 61 ps. The TTET
efficiency was determined to be @y = 1 — 7/7;, = 34%. We
have reported that when crystals of pristine MOF (0.2 wt %)
were dispersed in a benzene solution of PtOEP (30 uM), the
TTET efficiency was only 7%."" The TTET process takes place
via the electron-exchange Dexter mechanism, and it requires
close contact of donor and acceptor molecules within ca. 1 nm
to have effective orbital overlap between them.’* Inside the
MOF, the donor molecules are surrounded by triplet acceptor

Iyc(t) & [T}, = [Ti]o(
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Figure 3. (a) Particle size distribution obtained by DLS measurements
of nano-MOF dispersed in DMF. (b) Typical transmission electron
microscopy image of nano-MOF crystals attached at the edge of
copper grid. (c) In-air photoluminescence spectra of donor@nano-
MOF in PVOH film at different incident light intensity of 532 nm
laser. The 532 nm notch filter and $10 nm short-pass filter were used
to remove scattered incident light. (d) Time dependence of in-air UC
emission intensity of the donor@nano-MOF in PVOH film at 450 nm
upon continuous excitation at 532 nm with a laser light intensity of 65
mW cm™2 (e) In-air photoluminescence decay at 445 nm of the
donor@nano-MOF in PVOH film under pulsed excitation at 532 nm.
Fitting result using eq 1 is shown as red line. (f) UC emission intensity
for the donor@nano-MOF in PVOH film as a function of the
excitation intensity in air (4, = 532 nm). The linear fit with a slope of
1.0 is shown. (g) In-air UC quantum yield @y of the donor@nano-
MOF in PVOH film with different incident light intensity of 532 nm
laser.

struts in close proximity. This produced a 5-fold increment of
TTET efficiency compared with the solution dispersion system,
where donor molecules need to diffuse to the MOF surface
during their lifetime. The optimization of donor and MOF
structures may further increase the TTET efficiency.
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As discussed in our previous work,'" the quantitative TTA
process from low excitation intensity was confirmed from
consideration of the figure-of-merit parameter, the threshold
excitation intensity (I,) R characterizing UC systems. The I, is
the transition excitation intensity from quadratic to linear
excitation intensity dependence, and it defines the useful
irradiance working ran ¢.”73%% 1t has been reported that I,
follows the relationship™’

Iy = (0’(1)13T8777DT‘10)_1 (TT)_2 (2)

where « is the absorption coeflicient at the excitation
wavelength (2.9 cm™), ®gy is the donor-to-acceptor TTET
efficiency (34%), Dy is the diffusion constant of the acceptor
triplet (2.4 X 107> cm?® s~ for the employed MOF), aj is the
annihilation distance between acceptor triplets (9.1 A for DPA
triplets”) and 7y is the lifetime of the acceptor triplet (3.5 ms).
From these parameters, we estimated a notably low I of
0.0057 mW cm ™2, which is more than 200 times smaller than
the solar irradiance at the excitation wavelength (1.6 mW cm™
at 532 + S nm). Such a low I, value is fully consistent with the
observed linear excitation intensity dependence from as low as
1 mW cm™* (Figure 3f).

As expected from the ultralow I value, the in-air UC
quantum yield @y of the composite film was maximized from
very low excitation intensity. The @y value was measured
using an integrating sphere and the 532 nm laser as excitation
source.” Note that the TTA-based UC process uses two
photons to produce one photon, and therefore the theoretical
maximum of @y should be set as 50%.”*""*> Remarkably, even
under exposure to air, the @y of the composite film was
maximized from a low laser light intensity around 6 mW cm™
(Figure 3g). The @y value remained constant with further
increase in the excitation intensity, confirming the quantitative
TTA process along with the low I, value. We note that even
free molecular diffusion in low-viscosity solvent cannot achieve
the @y maximization at the solar irradiance because of the
diffusion limit of molecules,’ demonstrating the importance of
TEM-UC.

The maximized @y value was 0.35%, which is not high even
for solid-state upconverter. To understand this, we checked the
related parameters. The @yc is described by the following
equation5

1
Qyc = Ef @5 PerPrra Py, 3)
where @, Pgr, Prra, and Ppy represent the quantum
efficiencies of donor ISC, donor-to-acceptor TTET, acceptor—
acceptor TTA and acceptor fluorescence, and f is the statistical
probability for obtaining a singlet excited state after the
annihilation of two triplet states. In the current system, @y is
known to be 1, and @y was estimated as 0.32. In the saturation
regime, where @y is a maximum and constant, the @, can
be assumed to be 1.° Note that ®pp, represents the ratio of
acceptor T, used for TTA among all sensitized T}, not the
efficiency of S, formation by TTA (that is expressed as f). It is
common that @, is 1 in the saturated regime and fis below 1
depending on the energy levels of T, (n > 2) that can be the
deactivation channel. The @y was experimentally determined
as 6.5% by measuring the absolute quantum vyield in the
integrating sphere. The f value is thus calculated as 0.34. The
obtained f value is close to the reported value for DPA in
solution (0.4—0.5),>** supporting the validity of the results.
This consideration suggests that the improvement of MOF
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fluorescence quantum yield @g; (6.5%) is the key to achieving
higher total UC efficiency.

Upconverted Energy Collection at the Nano-MOF
Crystal Surface. We demonstrate that the major issue of the
MOF-based TEM—UC system, that is, the UC quantum yield
being low, can be fundamentally overcome by upconverted
singlet energy collection (UPCON) to highly fluorescent
molecules (Figure 4a). We chose coumarin 343 as an energy
collector. The absorption band of coumarin 343 covers the
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Figure 4. (a) Schematic representation of TEM—UPCON system.
The surface of nano-MOF crystals is modified with a carboxylate-
containing energy collector (coumarin 343). Excitation (green arrow)
of donor molecules is followed by a sequence of TTET to the
surrounding acceptor struts of MOF, TEM in the acceptor arrays,
TTA between the excited acceptors, upconverted singlet energy
migration and harvesting by the collector molecules and finally higher
energy UC emission (blue arrow). (b) Fluorescence spectra of
benzene dispersions (0.2 wt %) of nano-MOF (black) and donor@
nano-MOF@collector (red) under excitation at A,, = 370 nm, and
fluorescence spectra of methanol solution of coumarin 343 (10 #M) in
the absence (blue) and presence (green) of 200 uM NaOH under
excitation at A, = 420 nm. (c) Fluorescence decays at 415 nm of
benzene dispersions (0.2 wt %) of nano-MOF (black) and donor@
nano-MOF@collector (red) under pulsed excitation at A, = 365 nm.
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emission range of the MOF (Figure S7, SI). Various
modification methods of MOF exterior surface have been
developed recently.****™*° In particular, it has been reported
that the surface carboxylate ligands of MOF crystals can be
easily exchanged with fluorescent dyes having carboxylate
groups.””’ Coumarin 343 has a carboxylate group that is
expected to bind to the MOF crystal surface. To confirm this
surface modification, large micrometre-sized MOF crystals were
incubated in DMF solution of coumarin 343, washed with
DMEF, and observed under a confocal laser scanning micro-
scope (CLSM). A bright coumarin emission at around 470 nm
was selectively observed at the crystal surface (Figure S8, SI). In
addition, a control experiment was carried out using coumarin
153, which does not have a carboxylate group. After incubating
MOF nanoparticles in the DMF solution of coumarin 153 at
room temperature for 24 h and subsequently washing with
DMF several times, no fluorescence of coumarin 153 was
observed. This result clearly indicates that the coumarin 343
molecules bind to the MOF crystal surfaces by forming
coordination bonds between their carboxylate groups and
surface Zn ions.*”

The surface-modified coumarin 343 molecules could
effectively collect the singlet excited energy from donor@
nano-MOEF. The donor@nano-MOF particles were modified
with coumarin 343, and the obtained sample is called donor@
nano-MOF@collector. In the photoluminescence spectrum of
donor@nano-MOF@collector under excitation at 370 nm, the
fluorescence from nano-MOF at 445 nm almost disappeared,
and the coumarin 343 emission at 475 nm emerged (Figure
4b). Note that the fluorescence peak at 475 nm of donor@
nano-MOF@collector nicely matches the peak of deprotonated
coumarin 343 in basic solution, but it is different from the
fluorescence band at 482 nm of neutral coumarin 343 (Figure
4b). This confirms that the nano-MOF surface is modified with
deprotonated coumarin 343 molecules through the formation
of coordination bond. The fluorescence lifetime of nano-MOF
became much shorter by the collector modification (Figure 4c).
These results prove that the absorbed photon energy was
successfully harvested by the singlet energy migration among
the MOF ligand arrays and subsequent fluorescence resonance
energy transfer (FRET) to the surface collector molecules.
While it was difficult to estimate precisely the amount of surface
coumarin after decomposing the MOF structure because it is
too small to detect by "H NMR and the absorption of coumarin
343 overlaps with that of the acceptor ligand, the surface
coverage of coumarin was sufficient to harvest most of the
singlet excited energy from the nano-MOF. Remarkably, the
absolute fluorescence quantum yield (4, = 370 nm) was
successfully improved from 6.5% (donor@nano-MOF) to 40%
(donor@nano-MOF@collector) by surface modification with
the coumarin energy collector.

The UPCON approach using the coumarin energy collector
allowed us to improve significantly the total UC quantum yield.
A transparent film of donor@nano-MOF@collector particles
(10 wt %) in PVOH was fabricated by drying a DMAc solution
of PVOH and nanoparticles under vacuum at room temper-
ature (Figure Sa). The yellow color comes from the surface
coumarin dyes. The donor phosphorescence lifetime measure-
ments showed that the donor-to-acceptor TTET efficiency in
the solid film was estimated as @y = 34%, which is similar to
the @ value of the PVOH film containing donor@nano-MOF
particles (Figure S9a, SI). Upon excitation with the 532 nm
green laser, a bright cyan emission at 475 nm was observed
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Figure S. Picture of donor@nano-MOF@collector in PVOH film
under (a) white light and (b) 532 nm laser excitation (532 nm notch
filter and 510 nm short pass filter were used to remove scattered laser
light and residual donor phosphorescence). (c) In-air photo-
luminescence spectra of donor@nano-MOF@collector in PVOH
film at different incident light intensity of 532 nm laser. The 532 nm
notch filter and 510 nm short-pass filter were used to remove scattered
incident light and residual donor phosphorescence. (d) Time
dependence of in-air UC emission intensity of donor@nano-MOF@
collector in PVOH film at 475 nm upon continuous excitation at 532
nm with a laser light intensity of 35 mW cm™ (e) UC emission
intensity for the donor@nano-MOF@collector in PVOH film as a
function of the excitation intensity in air (4, = 532 nm). The linear fit
with a slope 1.0 is shown. (f) In-air UC quantum yield @ of donor@
nano-MOF (circles) and donor@nano-MOF@collector (squares) in
PVOH film with different incident light intensity of 532 nm laser.

from the PVOH film of donor@nano-MOF@collector in air
(Figure Sb, c). The spectral shape of this UC emission shows a
good match with the deprotonated coumarin 343 fluorescence
(Figure 4b). We note that neither the coumarin by itself nor a
mixed solution of coumarin and PtOEP showed any UC
emission (Figure S$10, SI). This proves that the coumarin only
harvests upconverted singlet energy and does not accept triplet
energy because of its high triplet energy level at 2.2 eV.”" A ms-
scale decay of the UC emission also confirms its mechanism
mediated by a long-lived triplet state. Interestingly, the triplet
lifetime of donor@nano-MOF@collector (7 = 3.3 ms) was
identical to that of donor@nano-MOF (7 = 3.5 ms), which
clearly indicates that the UC emission dynamics of coumarin
collector at donor@nano-MOF surface simply follows the one
of parent donor@nano-MOF (Figure S9b, SI). This is
reasonable from the kinetics of singlet exciton transfer from
nano-MOF to coumarin collector (Figure S11, SI). Unlike the
nano-MOF fluorescence, the coumarin fluorescence showed
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the rise within 1 ns, reflecting the singlet energy collection
process. Although this energy collection process is too fast to
further analyze using our setup, the singlet energy collection
takes place in the nanosecond scale. Therefore, it has almost no
influence on the millisecond-scale UC emission kinetics. Similar
to the case of donor@nano-MOF, the observed UC emission is
stable under continuous excitation for 40 min under ambient
atmosphere (Figure 5d, laser intensity = 35 mW cm™>). A linear
excitation intensity dependence of the UC emission intensity
was observed from the very low excitation intensity for the
donor@nano-MOF@collectorPVOH film (Figure Se).

According to the Lambert—Beer law, the light penetration
depth of donor@nano-MOF@collector in PVOH film is D, =
1/a = 0.34 cm. This is much larger than the dimension of nano-
MOF, and thus the excitation should occur throughout the
crystallites. The triplet diffusion length can be estimated as L1 =
(Dyty)"? = 28 pm, which is much larger than the nano-MOF
crystal dimension. Therefore, once PtOEP triplets are
generated by the incident light, they transfer the triplet energy
to the nearby acceptor strut of the MOF, and the produced
triplet excitons migrate all over the MOF nanocrystals. In
addition, thanks to the small nanosized dimension of MOF
crystals, the singlet energy formed by TTA is almost
quantitatively collected by the surface coumarin molecules.

Significantly, the UC quantum yield was maximized at 2.3%
from the very low excitation intensity of 6.2 mW cm™> (Figure
5f). Reflecting the improved fluorescence quantum yield, the
obtained UC quantum yield becomes 6.6 times higher than the
donor@nano-MOF film. The total UC quantum yield would be
further improved by tuning the donor and collector structure to
enhance the TTET and fluorescence efficiencies. The UPCON
strategy solves the intrinsic trade-off problem of TEM—UC by
improving the UC quantum yield while maintaining the
maximization behavior of UC quantum yield from ultralow
excitation intensity.

B CONCLUSIONS

In conclusion, this work provides an essential solution for
overcoming the challenge of TEM—UC, namely maximum and
improved UC quantum yield at weak solar irradiance, by
developing a new triplet energy migration, annihilation and
subsequent upconverted singlet energy collection (TEM—
UPCON) strategy. The precise preorganization of multiple
chromophores is found to be the key to achieve efficient
TEM—-UPCON systems. First, the acceptor molecules are
regularly and densely aligned, and donor molecules are
accommodated in the acceptor crystalline lattice without
aggregation. The donor molecules usually tend to aggregate
in dense acceptor molecular crystals, but the porous structure
of MOF crystals allowed the aggregation-free donor accom-
modation via the bottle-around-ship route. Second, this hybrid
crystal is downsized to nanoscale in order to reduce the light
scattering. This was achieved by controlling the MOF
crystallization process. Third, the surface of the nanocrystals
is modified with singlet energy collector with high fluorescence
quantum vyield. The collector coumarin molecules were
successfully attached to the MOF nanocrystal surface through
the formation of noncovalent coordination bonds.

Toward the true chemistry innovation based on UC,
composition and organization are the two wheels of a cart.
This work offers the important contribution to the latter. The
natural next step is the generalization of the current TEM—
UPCON concept to other donor—acceptor—collector compo-
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sitions. Particularly, NIR-to-visible UC is expected for its
application to photovoltaic devices,” and visible-to-UV UC for
photocatalytic reactions.”

In a rational extension of the TEM—UPCON concept,
instead of giving UC emission, the upconverted singlet energy
can be directly collected by functional materials. The
generalization of singlet energy collectors to photocatalytic,
photovoltaic, sensing, sensitizing (ex. photodynamic therapy)
and active (ex. drug)-releasing materials may bring exciting
functions workable under extremely weak light irradiation.”
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