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ABSTRACT: Near-infrared (NIR)-to-visible (vis) photon
upconversion (UC) is useful for various applications;
however, it remains challenging in triplet—triplet annihi-
lation-based UC, mainly due to the energy loss during the
S,-to-T, intersystem crossing (ISC) of molecular sensi-
tizers. In this work, we circumvent this energy loss by
employing a sensitizer with direct S;-to-T; absorption in
the NIR region. A mixed solution of an osmium complex
having a strong S,—T, absorption and rubrene emitter
upconverts NIR light (4 = 938 nm) to visible light (4 =
570 nm). Sensitizer-doped emitter nanoparticles are
prepared by re-precipitation and dispersed into an
oxygen-barrier polymer. The obtained composite film
shows a stable NIR-to-vis UC emission based on triplet
energy migration (TEM), even in air. A high UC quantum
yield of 3.1% is observed for this TEM-UC system,
expanding the scope of molecular sensitizers for NIR-to-vis
UC.

hoton upconversion (UC) is a process that produces higher

energy photons with respect to the incident light.
Particularly, near-infrared (NIR)-to-visible (vis) UC has wide
variety of applications ranging from solar energy conversion to
biotechnology. Integrating NIR-to-vis UC materials into single-
junction photovoltaic devices has potential to overcome the
Shockley—Queisser limit, and may enhance the efficiency of
perovskite solar cells, whose absorption is currently limited to
visible light (<800 nm)." The high permeability of NIR light in
living systems is also advantageous for biological applications,
including bioimaging and photodynamic therapy.”

Among the existing UC mechanisms, triplet—triplet annihila-
tion (TTA)-based UC has attracted much attention for its
occurrence with low-intensity and non-coherent incident light.’
Figure 1a shows a typical scheme for TTA-based UC, in which a
molecular sensitizer (triplet donor)—emitter (triplet acceptor)
pair shares roles. A triplet excited state (T;) of the donor is
formed via intersystem crossing (ISC) from the singlet excited
state (S;) of the donor. Donor-to-acceptor (D—A) triplet—triplet
energy transfer (TTET) populates the T, state of acceptor, and
TTA between two acceptor triplets produces a higher energy
acceptor S, state that consequently emits upconverted delayed
fluorescence.

Despite many efforts, implementation of NIR-to-vis TTA-UC
remains challenging.*”*™*> The longest excitation wavelength
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Figure 1. (a) Common TTA-based UC mechanism via donor ISC that
involves energy loss. A triplet state T, of donor, formed by ISC from the
photoexcited S, state, experiences TTET to an acceptor T,. Two
acceptor Ty’s annihilate to form acceptor S; and Sy, and the former
consequently produces upconverted delayed fluorescence. (b) TTA-
based UC utilizing Sy—T absorption of donor. The absence of energy
loss due to ISC allows the large anti-Stokes shift from NIR to visible. (c)
Molecular structures of donor (sensitizer) D1 and acceptor (emitter)
rubrene.

for TTA-UC based on molecular sensitizers was 856 nm;
however, this system showed a small anti-Stokes shift of 0.35 eV.*
The difficulty stems from the donor. The energy loss during ISC,
typically hundreds of meV, is considerable in the NIR region.
Further, this energy loss restricts us to use acceptors with low T
energy level, which made the TTA process of producing S, with
visible energy endothermic and resulted in low UC quantum
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yield.* While there have been some recent advances using
inorganic sensitizers,>®° it is highly desired to develop molecular
sensitizers that can minimize the dissipative energy by finely
controlling the structure and energy levels on the molecular level.

Here, we report a solution for overcoming the energy loss issue
in NIR-to-vis UC. This is based on eliminating the ISC process
by employing a molecular sensitizer with direct Sy—T,
absorption (Figure 1b). Although in general direct population
of the T| state from the ground S state is spin-forbidden, some
metal complexes have sufficiently large absorptlon coefficient (&
> 1000) due to the strong spin—orbit coupling.” It has been
reported that the properly designed osmium complexes show
strong Sy—T; absorption in the NIR region, which can be utilized
to harvest NIR light in dye-sensitized solar cells.” In this work,
we synthesized a new lipophilic Os complex (D1) soluble in
organic media (Figure 1c). While the previously reported Os
complexes have carboxylate groups and show solubility in water,
we introduced branched alkyl chains to D1 so that it becomes
miscible with the aggregates of non-polar acceptor, rubrene. By
sensitizing the rubrene triplet with D1, the incident NIR light
beyond 900 nm (A = 938 nm) is successfully upconverted to the
visible light (4 = $70 nm) in solution. This is the first example of
upconverting over 900 nm photons with a molecular sensitizer,
and a remarkable anti-Stokes shift of 0.86 eV that goes beyond
the previous NIR-to-vis system (0.35 eV)* was obtained thanks
to the elimination of energy loss associated with ISC. Moreover,
the efficiency of TTET process was enhanced by dispersing D1
in the rubrene nanoassemblies. Integrating this D—A nanohybrid
in an oxygen-barrier polymer, poly(vinyl alcohol) (PVA),
resulted in a notably high UC quantum yield of 3.1% for NIR-
to-vis TTA-UC in air.

The Os complex D1 was synthesized and fully characterized
(Scheme S1, Supporting Information (SI)). As shown in Figure
2a, a dichloromethane (DCM) solution of D1 exhibited a
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Figure 2. (a) Absorption and emission spectra of D1 (0.1 mM, A, = 820
nm) and rubrene (0.1 mM, A, = 490 nm) in DCM. (b) Upconverted
emission spectrum of the D1—rubrene pair in deaerated DCM ([D1] =
0.1 mM, [rubrene] = S mM, A, = 938 nm, 780 nm short pass filter). (c)
Time-resolved upconverted emission at 570 nm of D1—rubrene pair,
rubrene and D1 in deaerated DCM ([D1] =0.1 mM, [rubrene] = S mM,
Aex = 938 nm). The green fitting curve was obtained by considering the
known relationship of I;¢(t) o exp(—2t/7r), where 7 is acceptor triplet
lifetime.
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singlet—triplet MLCT absorption band at 888 nm (e = 3200)
with tails extending over around 950 nm, similar to the analogous
compound.” Excitation of this MLCT band produced a triplet
emission at ca. 1000 nm (Figure 2a).”* The absence of ISC
process allows the small Stokes shift between the S,—T,
absorption and the T|,—S emission. 7“9 This is in stark contrast
with the common phosphorescence process, which shows the
large Stokes shift originating from the energy loss associated with
the ISC. A weak emission at 1280 nm originated from singlet
oxygen was observed by exciting an oxygen-bubbled D1 solution
with 890 nm NIR light, supporting the formation of D1 triplet
under NIR excitation (Figure S1, SI).

Interestingly, under excitation at 938 nm (1.32 eV), a mixed
solution of D1 and rubrene in deaerated DCM clearly displayed
an upconverted emission at 570 nm (2.18 €V) with a large anti-
Stokes shift of 0.86 eV (Figure 2b). This large energy gain could
be achieved by the ISC-free S;—T; direct excitation.

The TTA-based UC mechanism was confirmed by the lifetime
and excitation intensity dependence of the upconverted
emission. The UC emission at 570 nm showed a microsecond-
scale decay profile, which is ascribed to the mechanism based on
long-lived triplet species (Figure 2c). Such a long decay was
absent in single-component solutions of D1 or rubrene. A triplet
lifetime of acceptor rubrene (71) was estimated as 66 us by tail
fitting based on the known relationship Iyc(t) o exp(=2t/77)."
In this time domain, the annihilation efliciency becomes
negligible compared with the spontaneous decay of the triplet,
and thus the 7 value can be simply estimated. The UC emission
intensity from the D1—rubrene mixed solution was plotted as a
function of excitation intensity (Figure S2, SI). A slope of 2.0 was
observed in the double-logarithmic plot, which is consistent with
the quadratic dependence of TTA process.

We then quantified the TTA-UC quantum yield of the D1—
rubrene pair in deaerated DCM by using Nile red as a reference
(see SI for detail). Note that the quantum yield is generally
defined as the ratio of emitted photon numbers to absorbed
photon numbers, and thus the theoretical maximum of the TTA-
UC quantum yield (@) is 50%. Meanwhile, in many reports
this value is multiplied by 2 to set the maximum conversion
efficiency at 100%. To avoid the confusion between these
different definitions, the UC quantum yield is written as @’ (=
2®;) when the maximum efficiency is standardized to be 100%.
With increasing the excitation intensity, the @y’ value increased
to 0.0047% at I, = 198 W cm ™2, but it did not reach saturation in
the examined range (Figure S3, SI).

To figure out the reason for such low UC efficiency, we
measured phosphorescence decays of D1 with and without
rubrene in deaerated DCM. As a result, D1 in the absence of
rubrene showed a triplet lifetime of 12 ns, while almost no
difference was observed between the two decays (Figure S4, SI).
This result indicates that the TTET from D1 to rubrene hardly
occur due to the short lifetime of D1 triplet. We further increased
[rubrene] to 10 mM by using chloroform as a better solvent, but
it did not enhance the @y’ value (0.0014% at I, =212 W cm™>).
The low UC quantum yield, originating from the low D1—
rubrene TTET efliciency, should be due to the short triplet
lifetime of D1, not [rubrene]. Thus, improvement of the TTET
efficiency is crucial to boost the UC quantum yield.

We found that the key to solve this issue is to take advantage of
the triplet energy migration (TEM)-based UC in chromophore
assemblies,”” " instead of the classical molecular diffusion-based
UC in solution. In TEM-UC configuration, suitable arrangement
of donor molecules in the vicinity of densely pre-organized
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acceptor assemblies allows efficient D—A Dexter energy transfer
even with the short donor triplet lifetime.”

We prepared D1-doped rubrene nanoparticles (NPs) by the
reprecipitation method.””*” A $ mL THEF solution containing D1
(0.02 mM) and rubrene (5 mM) was rapidly injected into 25 mL
of sodium dodecyl sulfate (SDS) aqueous solution (10 mM), and
the formed solid particles were collected by centrifugation (see SI
for more details). Absorption measurements after dissolving the
precipitates in DCM showed that the initial concentration ratio
in THF ([D1]:[rubrene] = 1:250) was almost maintained in the
NPs (D1:rubrene = 1:270). Dynamic light scattering (DLS)
measurements of D1—rubrene particles showed an average
particle size of 237 nm (Figure 3a). Scanning electron
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Figure 3. (a) DLS profile of the D1-doped rubrene NPs dispersed in
water. (b) SEM image of the D1-doped rubrene NPs. (c) In-air
upconverted emission spectrum of the D1-doped rubrene NPs
dispersed in PVA film (4., = 938 nm, 780 nm short pass filter). (d)
Photograph of upconverted yellow emission of D1—rubrene in PVA film
in air under 938 nm NIR excitation. (e) Time dependence of
upconverted emission intensity at 580 nm of D1—rubrene in PVA
film in air (1, = 938 nm, laser intensity =170 W cm™). (f) Time-
resolved upconverted emission at 580 nm of the D1—rubrene pair,
rubrene and D1 in PVA film (4., = 938 nm). The green fitting curve was
obtained by considering the relationship of Iy¢(t) o exp(—2t/71), where
r is acceptor triplet lifetime. (g) Double-logarithmic plots of the UC
emission intensity at 580 nm of D1—rubrene in PVA film as a function of
excitation intensity of the 938 nm laser. The solid green and red lines are
fitting results with slopes of 2.0 and 1.2 in the low- and high-intensity
regimes, respectively. (h) Absolute UC quantum yield @' of D1—
rubrene in PVA film as a function of excitation intensity of the 730 nm
laser.
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microscopy (SEM) showed spherical NP structures with an
average diameter of 220 nm (Figure 3b), which is in good
agreement with the DLS result. The {-potential of the D1-doped
rubrene NPs was determined as —16 mV, indicating the surface
of NPs is covered with SDS. The X-ray powder diffraction
(XRPD) pattern of the D1-doped rubrene NPs did not show any
sharp peaks, indicating the amorphous structure (Figure SS, SI).

The D1-doped rubrene NPs were re-dispersed in aqueous
solution of PVA (15 wt%), which was cast on a glass plate and
dried under vacuum. PVA is used to protect the excited triplets
from exposure to oxygen quenchers.'” The high transparency
and film-forming properties of PVA are also suitable for making
optically active materials.

Even in air, the solid film showed a stable UC emission around
580 nm under excitation at 938 nm (Figure 3c). The yellow UC
emission was clearly observed by the naked eye (Figure 3d). This
in-air UC emission showed excellent photochemical stability, as
confirmed by the good maintenance of UC emission intensity
after continuous excitation over 4000 s (Figure 3e). The initial
dip and following slow decrease are probably caused by the
quenching of excited triplets by remaining oxygen molecules in
the PVA film and slowly intruding oxygen molecules into the film
from air, respectively. The UC emission at 580 nm showed a
microsecond-scale decay, and a long triplet lifetime 7 = 38 us
was observed in the solid film geometry (Figure 3f).

In contrast to the solution system, a slope change from 2 to 1
was clearly observed in double-logarithmic plots of the UC
emission intensity of the solid film against excitation intensity
(Figure 3g). Generally, the excitation intensity dependence of
UC emission intensity changes from quadratic to linear above a
threshold excitation intensity (I,)."" Above I;, TTA becomes
the main deactivation channel for the acceptor triplet, and
consequently the UC quantum yield shows saturation. The
observed slope change implies that the TTA process of the solid
system was more efficient compared with the solution system.

We actually observed much higher UC quantum yield for the
solid film system in air than those observed for the deaerated
solution. The absolute method with integrating sphere was used
to measure @y’ due to the scattering of the solid sample.*
Because of the insufficient sensitivity of the detector at 938 nm,
we used a 730 nm laser as the excitation source. We observed the
similar Iy, values in the excitation intensity dependence of UC
emission intensity under excitations at 730 nm (17 W cm ™, 6.2 X
10¥ photons cm 257 Figure S6, SI) and 938 nm (10 W cm™2,
4.7 x 10" photons cm ™ s/, Figure 3g). No UC emission was
observed from a single component of D1 or rubrene in PVA
under the 730 nm excitation. Significantly, a high ®y " value of
3.1% was observed for the solid film (Figure 3h).

To understand the much improved @y’ value, we examined
the phosphorescence lifetime of D1. For this, we need a standard
sample without rubrene for comparison. The peak position of
only D1 in PVA film showed a red shift (1040 nm) compared
with the D1—rubrene nanohybrid in PVA (975 nm), probably
owing to the aggregation of D1 in PVA (Figure S7, SI).
Aggregation of D1 molecules in PVA was obvious even by eye. In
contrast, the D1 molecules could be nicely dispersed in
poly(methyl methacrylate) (PMMA), and the emission wave-
length of D1 in PMMA was almost identical to that of D1—
rubrene in PVA, so we employed this sample for comparison
(Figure S7, SI). The shorter phosphorescence lifetime for D1—
rubrene in PVA than D1 in PMMA suggests the effective TTET
from D1 to rubrene (Figure S8, SI). This Dexter energy-transfer
process in the solid film was attained by means of the close
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contact between D1 and rubrene in the co-assembled TEM-UC
system. It has been reported that sensitizer molecules have strong
tendency to aggregate in emitter crystals.'” In contrast, the
current amorphous structure of rubrene NPs allows to host
sensitizer D1 molecules doped without aggregation, which was
confirmed by the absence of prominent shift in D1 photo-
luminescence peak (Figure 2a and Figure S7, SI) and by the high
UC quantum yield of 3.1%.

In conclusion, we demonstrate that the molecular sensitizer
with spin-forbidden yet strong S,—T, absorption reduces the
energy loss during triplet sensitization and enables upconverting
NIR light beyond 900 nm to visible light. While the triplet
lifetime of this kind of sensitizer is short, implementing the TEM-
UC approach allows efficient Dexter energy transfer to the
neighboring acceptors, leading to solid films with high UC
quantum yield and good in-air photochemical stability. This
work underlines the importance of the TEM-UC concept and
stimulates the exploration of new S,—T, absorption-type
molecular sensitizers toward highly efficient NIR-to-vis molec-
ular upconverters, which would find a number of applications in
many disciplines.
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