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ARTICLE INFO ABSTRACT

Keywords: Triplet fusion upconversion is useful for a broad spectrum of applications ranging from solar cells, photoredox
Triplet f_usion upconversion catalysis, to biophotonics applications, especially in the near-infrared (NIR, >700 nm) range. This upconverting
Lanthanide system typically demands efficient conversion of spin-singlet harvested energy through intersystem crossing to
Nanocrystals . inl ibl v i i dinati 1 d h 1
NIR dyes spin-triplet states, accessible only in rare metallic-coordinating macrocycle compounds or heavy-metal-

containing semiconductor quantum dots for triplet sensitization. Herein, we describe an organic-inorganic
system for NIR-to-visible triplet fusion upconversion, interfacing commonly-seen, non-metallic, infrared dyes
(IR806, IR780, indyocynine green, and CarCl) and lanthanide nanocrystal (sodium ytterbium fluoride) as a
hybrid molecular sensitizer, which extracts molecular spin-singlet energy to nanocrystal-enriched ytterbium
dopants at ~48% efficiency (IR806, photoexciation at 808 nm). Moreover, ytterbium sub-lattice energy
migration increases the interaction possibility between the nanocrystal and the freely-diffusing rubrenes in so-
lution, resulting in 24-fold (IR806) to 1740-fold (indocyanine green) upconversion (600 nm) increase, depending
on the IR dye type, as compared to the one without ytterbium nanotransducers. Ab initio quantum chemistry
calculations identify enhanced spin-orbital coupling in the ytterbium-IR806 complex and high energy transfer
rate in the ytterbium-rubrene interaction (10%° s71). Employing inorganic lanthanide nanocrystals as nano-
transducers unleashes the potential use of non-metallic infrared organic dyes for triplet fusion upconversion.

1. Introduction

Optical upconversion that converts long-wavelength light to short-
wavelength luminescence has gained increasing attention over the
past decades [1,2]. Especially, near-infrared (NIR)-to-visible upconver-
sion is of particular interest for finding applications in photoredox
catalysis, deep-tissue bioimaging, optical super resolution imaging,
volumetric displays, anti-counterfeiting, and solar cells [3-8]. Achieving
NIR-to-visible upconversion can be realized through two-photon ab-
sorption (TPA) that necessitates simultaneous absorption of two pho-
tons, lanthanide upconversion that involves coupled linear excitation in
ladder-like energy levels of trivalent lanthanide ions, and triplet fusion

processes that utilize molecular pairs to store and fuse input energy at
spin-triplet sates [9-11]. However, the optical nature of TPA and
lanthanide upconversion demands high laser irradiance (>106 W/cm?
for TPA; >10-100 W/cm? for lanthanide upconversion). This precludes
their possibilities, with few exceptions on lanthanide upconversion, to
upconvert incoherent light at low level of excitation irradiance [12,13].
Moreover, lanthanide ions have small (molar extinction coefficient, ~
10~2M'em™Y) and narrow-band (~10 nm, full width of half maximum,
FWHM) absorption, confining light harvesting abilities for upconver-
sion. In contrast, triplet fusion upconversion (TFU) absorbs photons with
molecular dyes (triplet sensitizers) that process large molar extinction
coefficients (~10% M~ lem™, five orders of magnitude higher than that

* Corresponding author at: School of Chemistry and Chemical Engineering, Harbin Institute of Technology, Harbin 150090, China.

E-mail address: chenguanying@hit.edu.cn (G. Chen).

https://doi.org/10.1016/j.cej.2021.131282

Received 10 April 2021; Received in revised form 5 June 2021; Accepted 3 July 2021

Available online 13 July 2021
1385-8947/© 2021 Elsevier B.V. All rights reserved.


mailto:chenguanying@hit.edu.cn
www.sciencedirect.com/science/journal/13858947
https://www.elsevier.com/locate/cej
https://doi.org/10.1016/j.cej.2021.131282
https://doi.org/10.1016/j.cej.2021.131282
https://doi.org/10.1016/j.cej.2021.131282
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2021.131282&domain=pdf

X. Wang et al.

of lanthanide ions) and in a broad spectral range (~100 nm, FWHM).
This optical feature entails optical upconversion with photoexcitation at
low-level light irradiance, even below sun irradiance (100 mW/cm?)
[14-16], creating numerous opportunities for sunlight-driven photo-
chemical applications.

Enacting TFU requires molecular triplet sensitizers, typically, an
organometallic compound (Fig. 1a), to absorb incident light and form an
excited spin singlet state (S;), which is then converted, through an
intersystem crossing (ISC) process, to a dark spin-triplet state (T;) for
input energy store. Note that, recently, semiconductor quantum dots
(Fig. 1b) have also been shown to be able to function as inorganic triplet
molecular sensitizer due to the ease of spin relaxation of their excitons
[17,18]. Energy is then transferred from the triplet state of the sensitizer
to a triplet state of the annihilator (or acceptor). A pair of triplets on
separate annihilator molecules can undergo a diffusion-mediated fusion
process to form a single higher-energy singlet exciton for luminescence.
Extensive studies have led to identify a set of sensitizer/annihilator

Fig. 1. Schematic illustration of triplet fusion upconversion mechanisms. (a)
Triplet fusion upconversion via ISC (Intersystem Crossing) and TET (Triplet-to-
Triplet Energy Transfer): the process is launched by the sensitizer absorbing
excitation energy and triggering ISC to form an active triplet state (T;). Sub-
sequently, the energy is transferred to another T; state of a neighboring
acceptor via TET. Two T; acceptor molecules are likely to collide and annihilate
to form an S; state and emit upconversion fluorescence. (b) Inorganic semi-
conductor quantum dots as triplet sensitizer: the inorganic sensitizers absorbing
excitation energy and transferring the energy to the T; state of the acceptor
molecules. Two T, acceptor molecules are annihilated by collision, an S; and an
So state can be formed. (c) Triplet fusion upconversion via nanoparticle-
mediated energy transfer to the annihilator, involving extraction of singlet
and/or triplet energy across the organic/inorganic interface to the inorganic
nanoparticles, energy migration among nanoparticles, and interfacial energy
transfer to the triplet state of the acceptor for triplet fusion.
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molecular pairs for visible-to-visible and visible-to-ultraviolet upcon-
version (Excitation, 695-442 nm; Emission, 560-360 nm, depending on
the molecular pair) [1]. Importantly, molecular engineering of organic
triplet sensitizers and inorganic quantum dots enables a fine control over
the intersystem crossing and/or triplet level positions, enriching pro-
duction of triplet states that match the ones of the annihilator molecules
[19,20]. As a result, ultrahigh upconversion quantum yields (UCQY
~30%; with a theoretical maximum of 100%) have been achieved for
visible-to-visible triplet fusion upconversion as exemplified using 3,8-
substituted Ir (III)-coordinated 1,10-phenanthroline molecular as
triplet sensitizer and 9,10-diphenylanthracene (DPA) as annihilator
(Excitation = 473, Emission = 430) [21]. In the meanwhile, heavy-
metal-free organic sensitizers have also been developed as a proper
alternative of low-cost and eco-friendly to noble or transition metal
complexes. Some nonmetallic organic sensitizers, such as halogens dyes,
“BODIPY” derivatives and TADF molecular variants have been applied
to TFU successfully [22-24]. Despite recent progresses, limited success
has been met in triplet fusion upconversion with incident wavelengths in
the NIR range. This is because of the exponential increase in non-
radiative losses in the molecular sensitizers with smaller energy gaps,
which competes with the ISC and de-excites the triplet state, posing
experimental challenge to create molecular sensitizers in the infrared.
Indeed, only rare metallic-coordinating macrocycle compounds or
heavy-metal-containing semiconductor quantum dots (PbS), with evi-
denced strong spin-orbital coupling, have been reported as molecular
sensitizers for NIR triplet fusion upconversion [25-27].

Though being unsuitable for triplet sensitization, the commonly-
seen, non-metallic, infrared dyes possess similar high molar extinction
coefficients and broad absorption spectra in the NIR region. Importantly,
we notice that these non-metallic infrared dyes can be utilized not only
as molecular antenna to sensitize lanthanide ions in doped nanocrystals
to enhance the lanthanide luminescence [13,28], but also as molecular
acceptors to quench lanthanide luminescence in doped nanocrystals
through non-radiative energy transfer processes [29,30]. Very recently,
triplet excitons were shown to be generated in lanthanide ion doped
nanocrystals—organic molecule hybrid systems [31,32]. These facts
illustrate the possibility to use lanthanide ions, with spin-relaxed energy
states, as intermediary platforms to mediate the flow of input energy
from the spin-singlet state of a molecular sensitizer to the spin-triplet
state of the annihilator. This can avoid the necessitated use of a
typical metallic-containing molecular triplet sensitizer with demanding
spin-orbital coupling for triplet fusion upconversion.

Herein, we describe the conceptual use of inorganic nanocrystals
(sodium ytterbium fluoride, NaYbF,) as nanotransducers to activate the
commonly seen nonmetallic infrared dyes, as exemplified here with the
IR806 dye, for triplet fusion upconversion (Fig. 1c¢). Dye IR806 possesses
a singlet state (S7) at 1.54 eV (806 nm) and a triplet state (T7) at 1.26 eV
(980 nm) allowing absorption of photons in the NIR region [23,28]. A
rigid conjugate organic molecular rubrene (PLQY ~100%), with T; at
1.14 eV (1090 nm), was utilized as the annihilator. Ytterbium (YB3
dopants in the NaYbF4 nanocrystals have two exclusive energy levels
(the ground state 2F2/7 and the excited sate 2Fz /5, With an energy space
of 1.25 eV). An abundance of Yb®" dopants in the lattice allows high-
efficiency interfacial energy extraction (from surface NIR dye as en-
ergy donors), energy migration (among Yb®*-sublattice), and lanthanide
interaction with the annihilator (rubrene), thus channeling the input
energy to the triplet states of rubrene for triplet fusion upconversion.
Indeed, we show that attaching IR806 dye antenna to the surface of
NaYbF,4 nanocrystals resulted in over 24-fold upconversion lumines-
cence (600 nm) enhancement, as compared to the IR806-rubrene
counterpart, along with an upconversion quantum yield (UCQY) in-
crease from 0.6% to 1.38% (please refer to section 2.7 for the UCQY
definition with a theoretical maximum of 100%) under photoexcitation
at 808 nm. Meanwhile, an encapsulation of the hybrid IR806-
nanocrystal-rubrene system in an oxygen-barrier poly(vinyl alcohol)
(PVA) polymer enables stable NIR-to-visible triplet fusion upconversion
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in a solid film for>12 h in air. Importantly, NaYbF,4 nanotransducers are
demonstrated to be able to activate a set of other non-metallic infrared
organic dyes (IR783, indyocynine green, and CarCl) for triplet fusion
upconversion, resulting in about 19- to 1740-fold upconversion
enhancement as compared to the control without the nanotransducers.

2. Experimental procedures
2.1. Chemicals and instrumentation

Chemical reagents were purchased from Sigma Aldrich, except that
anhydrous N,N’-dimethylformamide (DMF), rubrene, and 4-mercapto-
benzoic acid were purchased from Aladdin Industrial Inc. All chem-
icals were used as received. Anhydrous toluene and chloroform were
prepared by redistilling and vacuuming and stored in the glove box.

The size and morphology of the nanoparticles was measured by the
transmission electron microscope (TEM, Tecnai G2 Spirit Twin 12). The
Powder X-ray diffraction (XRD) data was performed on a Rigaku D/max-
yB diffractometer at the scanning rate of 1° min ! in the 26 range of 10 —
80°. Proton nuclear magnetic resonance (1H NMR) spectra were recor-
ded on a Bruker 400 using CDCls as solvent at room temperature.
Fourier transmission infrared (FTIR) spectra were collected on a Perkin
Elmer Spectrum 100 spectrophotometer using KBr pellet disk in the
range of 4000-500 cm 1. Absorption spectra were recorded on an Agi-
lent Cary5000 UV-Vis-NIR spectrophotometer in toluene in a quartz
cuvette with a path length of 1 cm. The luminescence spectra and decay
curves were collected by an Edinburgh FLS1000 spectrofluorometer
equipped with an 808 nm and 980 nm diode laser (MLL-III-808/980-2W,
Changchun New Industries Optoelectronics Tech Co.) that can operate
in both continuous-wave and pulse mode, and equipped with a Xenon
lamp. All dry and degassed samples were prepared in a MIKROUNA
Ipure super purified glove box.

2.2. Synthesis of IR806 dye

IR806 was synthesized using the standard Schlenk technique and
following a procedure reported previously with some modifications
[33]. A mixture of IR780 iodide (250 mg, 0.375 mmol) and 4-meracpto-
benzoic acid (115 mg, 0.75 mmol) was dissolved in 10 mL of anhydrous
DMF and stirred at room temperature overnight under N». The solution
was filtered through a 0.45 pm PTEFE syringe filter, followed by slowly
adding diethyl ether to precipitate the product. The precipitate was
collected by centrifugation, washed with diethyl ether, and dried under
vacuum. NMR (500 MHz, CD30OD): § 8.54 (d, 2H), 7,92 (d, 2H),
7.36-7.63 (m, 10H), 6.36 (d, 2H), 4.14 (t, 4H), 2.71 (m, 4H), 1.94 (m,
2H), 1.79 (q, 4H), 1.17 (s, 13H), 0.92 (t, 6H).

2.3. Synthesis of NaLnF4 nanocrystals (NCs).

Tiny NaLnF4 (Ln = Yb, Y, Lu, Tm, Gd, Nd, Ce, and La) NCs was
prepared following our previously reported method with adaptations
[34]. First, an Ln-OA precursor was prepared using the following pro-
cedure. 1 mmol LnCl3-6H,0 and 3 mmol sodium oleate were mixed with
3 mL deionized water, 3.5 mL absolute ethyl alcohol and 7 mL hexane,
and the resulting mixture was heated at 60 °C overnight. The organic
phase solvent containing Ln-OA was collected through a separatory
funnel, and washed three times with deionized water in a separatory
funnel. Second, the obtained Ln-OA precursor were mixed with 4 mmol
sodium oleate, 5.2 mL OA, 5.1 mL OM and 9 mL ODE. The solution was
then heated up to 100°C under argon gas protection with vigorous
magnetic stirring for 60 min. Subsequently, 4 mmol solid ammonium
fluoride was added to the solution and kept at 100°C for another 30 min.
Last, the reaction mixture was heated to 300°C at a rate of 10 K-min?,
and kept at this temperature for 30 min, then allowed to cool down to
room temperature naturally. The resulting tiny NaLnF4 was precipitated
by addition of 20 mL ethanol, collected via centrifugation at 6000 rpm
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for 10 mins, washed twice with a 1:6 hexane/ethanol mixture, and
finally dispersed in 10 mL hexane for further uses.

2.4. Preparation of IR806-rubrene mixed solution

IR806 (1.5 mg, 0.002 mmol) and rubrene (10 mg, 0.02 mmol) were
added to a 1 mL anhydrous toluene. An ultrasonication was then applied
to the mixture till the complete dissolvement of the solid dye powders.
All the procedures were performed in an N, glove box.

2.5. Preparation of IR806-NaLnF4-rubrene mixed solution

The as-prepared NaLnF4 NCs are coated with the pristine ligand of
oleic acid. To attach IR806 molecule to the NaLnF4 (Ln = Yb, Y, Lu, Tm,
Gd, Nd, Ce, and La) nanocrystal surface, a ligand exchange procedure
was then implemented to substitute part of the surface oleic acid with
IR806 dye molecule that contains the functional groups of carboxylate
[3]. In a typical procedure, 1 mL of oleic acid-coated NaLnF4 NCs in
hexane (with a concentration of 0.1 mol/L) was centrifugated at 6000
rpm for 5 min, yielding a white pellet at the bottom of the centrifugation
tube. Subsequently, the white pellet was placed into a glass vial, trans-
ferred into an Ny glove box, and dissolved in 1 mL anhydrous CHCls. In a
separate glass vial, 3 mg IR806 was dissolved in 1 mL anhydrous CHCl3,
which was then mixed with the NCs solution under magnetic stirring for
2 h at room temperature. The IR806- NaLnF, complex was precipitated
from the mixed solution by adding excessive amount of acetone and
collected via centrifugation at 6000 rpm for 5 min. The IR806-
functionalized NCs pellet (green color) at the bottom of micro-
centrifuge tube was then transferred into the N; glove box, resuspended
in 1 mL anhydrous toluene, and mixed with 1 mL solution of rubrene
(10 mg/mL). Lastly, the mixed IR806-NaLnF4-rubrene mixed solution
was stored in the glovebox for 24 h.

2.6. Estimations on the density of IR806 molecules on the surface of NCs.

The density of B-NaYbF4 was 6.41 x 102! g/nm?® [35], while the size
of Yb-NCs that used in this work is ~11 nm, resulting in a total NC
volume of 696 nm>. As a consequence, the weight per single NG is
calculated to be 696 x 6.41 x 102! = 4.46 x 1018 g, leading to a molar
mass of 6.02 x 10%® x 4.46 x 107® = 2.69 x 10° g/mol for the inor-
ganic NaYbF4 core (MWcore = 2.69 X 10° g/mol).

In addition, the density of oleylamine molecules (MW = 267.5) on
the surface of NCs was reported to be about 5/nm? [36], while a total NC
surface area was calculated to be 379.94 nm? for a 11 nm-sized single
NC. This leads to about ~1890 oleylamine molecules on one single NC
surface, and thus a corresponding molar mass of 5.1 x 10° g/mol for the
oleylamine shell per single NC.

As a consequence, the total molar mass (MWjeta)) of oleylamined-
coated NCs was calculated to be MWcore + MWoleylamine shell = 3.2 X
10° g/mol. In the process of constructing the IR806-NCs-rubrene system,
the optimum weight ratio for NCs:IR806 is 130 mg: 3 mg (43:1). Ac-
cording to the molar weight, we estimated the number of IR806 (MW =
784) on the surface of a single NC to be about 89, if all added dye
molecules are attached to the surface of NCs. However, we identified
that the absorbance of IR 806 molecules in IR806-NCs samples (after
centrifugation to get rid of unattached IR 806 dyes) was ~54% of the
one of IR806 molecule solution, indicating that 54% of added IR 806
molecules, ie., ~48 dye molecules, were attached to one single NCs
surface.

2.7. Preparation of solid-sate upconversion film

IR806-rubrene film: IR806 (1.5 mg, 0.002 mmol) and rubrene (10
mg, 0.02 mmol) in THF (5 mL) was rapidly injected into 25 mL of 10 mM
sodium dodecyl sulfate (SDS) aqueous solution. After 8 h of standing at
25 °C, the precipitate was separated and purified by centrifugation at
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10,000 rpm for 3 times. The precipitate was added to 15 wt% PVA/water
solution. The suspension was casted on a glass plate and dried under
vacuum.

IR806-NaYDbF 4-rubrene film: The procedure to prepare the IR806-
NaYbFy-rubrene film is identical to that of the IR806-rubrene film,
except that the IR806-NaYbF, complex was used to substitute IR806.

2.8. Measurement of upconverstion quantum yield

The upconversion quantum yield (®yc) is calculated according to
equation [37]:

A I N
Dye = 2D, —
o ‘d( A ) (Ism) (m)

where Agqg and A are the numbers of photons absorbed by the standard
reference sample (with known quantum yield) and the measured sam-
ple, respectively; I and Iq represent the integrated luminescence in-
tensities of the measured sample and the standard reference sample,
respectively; N and Ngq are the average refractive index of the solvent
used for dissolving the measured sample and the referenced standard
sample, respectively. Here, indocynine green (ICG) dye in DMSO, with a
known quantum yield of 12%, was utilized a standard reference to
quantify ®yc. Note that a factor of 2 is introduced to the equation to
reach a theoretical maximum of 100% [4,37]. This differs from another
definition of UCQY in literature without the two-fold multiplication
[38].

3. Results and discussion

Molecular IR806 dyes were synthesized using a simple one-step
organic reaction between IR780 iodide and 4-mercaptobenzoic acid
(Scheme S1), which meanwhile introduces a carboxylic group to the
molecule that enables metallic coordination alongside the sulfate group.
Observation of a broad absorption band (from 600 nm to 850 nm)
peaked at 806 nm (Fig. 2a), in conjunction with a measured proton
nuclear magnetic resonance (NMR) spectrum (Section 2.1), confirm the
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formation of the designated IR806 dye molecule. Mixing of IR806 and
rubrene in anhydrous toluene in an Ny environment resulted in the
appearance of weak triplet fusion upconversion luminescence at 600 nm
(photoexcitation, 808 nm), in marked contrast to null visible emission in
the control samples of IR806-only or rubrene-only solution (Fig. 2b). An
optimized concentration of 0.002 mol/L for IR806 and 0.02 mol/L for
rubrene was identified for triplet fusion upconversion in toluene (Fig
S1). The observed upconversion luminescence peak is consistent with
the one of rubrene, except that the peak width was slightly narrowed
due to photon reabsorption of rubrene at high concentrations (Fig. 2c).
Measured excitation power density dependence of upconversion emis-
sion presents a slope = 2 below a threshold of 3.5 W/cm? and a slope = 1
above the threshold, which is characteristic of a triplet fusion upcon-
version process (Fig. 2e).

We examined the use of NaYbF,4 nanocrystals as nanotransducers to
transfer the IR806-harvested energy to rubrene for enhanced triplet
fusion upconversion. The NaYbF, nanocrystals were synthesized
following an established procedure with adaptions, which adopt a
hexagonal crystal phase (Fig. S2) and with a mean size of 11 nm (Fig. S3
and S4). Attaching IR806 to NaYbF,4 nanocrystals was achieved through
a ligand exchange procedure, which enables substituting a fraction of
the pristine oleic acid ligand on the nanocrystal surface with IR806.
Observations of vibrational change in the spectral range of 1000-1750
em™! (Fig. S5) and optical absorption peak at 806 nm in IR806-NaYbFy4
(Fig. S6) are indicatives of a successful attachment to the nanocrystal
surface. The acknowledgement of the attachment can also be supported
by observing a strong dye antenna effect in IR806-NaYbF, (Fig. S7).
Involving an optimized amount of NaYbF4 nanocrystals (0.1 mol/L) in
IR806-rubrene triplet fusion upconversion can lead to a 24-fold lumi-
nescence intensity increase (Fig. 2b and S9). This upconversion
enhancement can also be clearly discerned from the photographic im-
ages of samples with and without NaYbF4 nanocrystals (Fig. 2c).
Moreover, the luminescence upconversion quantum yield (UCQY) of
IR806-NaYbF,-rubrene solution was determined to be 1.38% (maximal),
about 2.3-fold higher than that of IR806-rubrene solution (Fig. S10). The
slope of the power dependency of the emission intensity from quadratic
(~2) to linear (~1) is a typical feature for the bimolecular TTA process.

a b
L2 == Abs-rubrene —-—- Abs-IR806 —-—- Em-rubrene IR806-NaYbF ,-Rubrene
- = Em-IRSOGﬁ e Abs-NaYbF, s Q10000-71R806-Rubrene .
z AR i fi 2 so00{ NaYPh
0.8 ; \ I . / \ i Iy - Rubrene
2 Vol / Vo h z |——1R806
Z A A R oo
\ . 1)
Zo04] ) \ /! Lo £ 4000
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Fig. 2. Triplet fusion upconversion in IR806 sensitized rubrene and enhanced by NaYbF, nanocrystals. (a) Absorption and emission spectra of IR806 and rubrene in
toluene. (b) Triplet fusion upconversion emission spectrum of IR806-rubrene and IR806-NaYbF,-rubrene samples in toluene under photoexcitation at 808 nm (light
irradiance, 1 W/cm?). (c) Photographic images of IR806-NaYbF,-rubrene solution taken under room lighting, as well as upconversion luminescence of IR806-rubrene
(-NCs) and IR806-NaYbF,-rubrene (+NCs) solutions taken in dark under photoexcitation at 808 nm (light irradiance, 1 W/cm?); (d) Excitation power density
dependence of upconversion emission intensities from IR806-rubrene and IR806-NaYbF,-rubrene samples in toluene.
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This clearly is a result of the competition between the TTA upconverting
rate and the quenching rate (by surrounding centers) at the triplet state
of the annihilator molecules. If the quenching rate is much higher than
the TTA rate, the slope will be close to 2; oppositely, if the TTA rate is
much higher than the quenching rate, the slope will be close to 1. Since
higher power density leads to higher TTA rates, typically a slope change
from 2 to 1 is observed in the TTA upconversion system [39-41]. The
inflection threshold (for the slope = 2 to slope = 1 change) of IR806-
NaYbFy-rubrene was shifted to a power density of 2 W/cm?, about 1.8-
fold lower than that of the IR806 -rubrene (Fig. 2d). Higher UCQY and
lower inflection power density indicate increased triplet fusion upcon-
version abilities for the IR806-NaYbF4-rubrene.

Mechanistic investigations were performed to unveil the role of
NaYbF,4 nanocrystals in triplet fusion upconversion in IR806-NaYbFy-
rubrene. We measured spin-singlet luminescence decay processes at 872
nm in free IR806 dyes (concentration 1.3 pM, toluene) and in IR806 dyes
attached to the NaYbF4 nanocrystal surface (concentration 1.3 uM,
toluene) with an estimated amount of 10 dye molecules per nanocrystal
(Fig. 3b). Attaching IR806 to the nanocrystal surface shortens the spin-
singlet luminescence lifetime from 1.15 ns to 0.62 ns. This lifetime
diminution corresponds to an extraction of about 46% of spin-singlet
state energy across the organic/inorganic interface to nanocrystal
Yb3* dopants; this value is similar to the reported ones in IR806-
sensitized NaYF4Yb>'/Er®* and NaYF4Yb>™/Er®T/Gd3* (with
enhanced ISC) lanthanide upconverting nanoparticles [23,26]. The spin-
relaxed state of lanthanide ions (Yb®") allows energy channeling from
the spin-singlet state of IR806 directly to Yb>" dopants or from its spin-
triplet state to Yb>* dopants (Fig. 3a). The effective core potential (ECP)
model with quasi relativistic simulation reveals that Yb®>" dopant in-
creases the spin-orbit coupling matrix element (SOCME)(S; |Hso|T1)due
to the heavy atom effect, resulting in an increased ISC rate of 2.3x10° s 1
that is higher than the one of 1.3x10° s ! in iodine-containing IR806 dye
(Supplementary Table S2). We also investigated the effect of a set of
NaLnF4 (Ln = Y, Lu, Tm, Gd, Ce, and La) nanocrystals on the triplet
fusion upconversion (Fig. S11), presenting less than 2-fold upconversion
enhancement as compared to the one in absence of the NaLnF4 nano-
crystals. This slight enhancement, produced by a set of atomic-distinct
lanthanides, indicates that the contribution of the external heavy atom
effect of Yb>" to upconversion enhancement is less than 2-fold, in good
agreement with the calculated ISC rate alteration. Direct excitation of
Yb®* dopants in NaYbF4 nanocrystals at 980 nm resulted in the obser-
vation of triplet fusion upconversion luminescence of rubrene in
NaYbF4-rubrene and in IR806-NaYbF4-rubrene solution, while no
luminescence was observed in IR806-rubrene under identical photoex-
citation conditions (Fig. 3c). This observation confirms that Yb3t dop-
ants in NaYbF,4 nanocrystals are able to sensitize the spin-triplet state of
diffusing rubrene in solution. The observed stronger rubrene upcon-
version luminescence in NaYbF-rubrene than in IR806-NaYbF-rubrene
is possibly ascribed to the existence of energy backflow from Yb>*
dopant at the 2F5 /2 state to the T; state of IR806. This is reasonable as the
coupling between the 2Fs,, state of Yb>" and the T; state of IR806 is
near-resonant (Fig. 3a, energy difference of ~52.2 cm™!) [33]. We also
used an optimized [rubrene-Yb]®" collision complex with a distance of
0.3 nm in between to calculate the energy transfer rate between the 2Fs 5
state of Yb®" and the T; state of rubrene, which produces a considerable
value of the [D;|Hso|Q1] SOCMESs that leads to an extremely fast transfer
rate to 10'° s7! between Yb®" and rubrene (Supplementary Section 6).
All these results indicate the important role of nanocrystal Yb>* dopants-
mediated energy transfers from the spin-singlet state of IR 806 to the
spin-triplet state of rubrene for multiplied triplet fusion upconversion.

We also prepared a set of NaYF,4: Yb®' x% (x = 10-100) nanocrystals
to investigate the effect of Yb®" dopant concentration on triplet fusion
upconversion. Higher dopant concentrations clearly result in a mono-
tonic luminescence increase in triplet fusion upconversion below 80%,
while a near plateau was observed for Yb®" dopant concentrations of
90-100%, giving direct evidence on the positive effect of the Yb>*
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concentration on the number of emitted upconversion photons. When
the concentration of Yb ions varying from 10% to 100%, the particle size
increasing from 8.4 nm to 11.0 nm (Figs. S3 and S4), we can predict that
the density of IR806 molecules is about 1/8 nm? per particle [28,33], so
27 to 48 dye molecules on the surface of single particle when the con-
centration of Yb ions is between 10% and 80%. As the doping concen-
tration increases further, however, a slight size change results in a nearly
constant number of dye molecules on the surface of the particles, so a
nearly saturated upconversion enhancement is observed (Fig. 3d). We
acquired time-resolved upconversion luminescence in IR806-rubrene
and IR806-NaYF4:Yb>*-rubrene with varied Yb®>* dopant concentra-
tions of 30%, 60%, and 100% (Fig. 3e). The increase of Yb3* dopant
concentration clearly elevates the upconversion luminescence rising
time from 1.2 £ 0.20 ps in IR806-rubrene with null Yb3* t0 1.47 +0.22,
1.73 £ 0.02, and 1.94 + 0.17 ps for Yb>" dopant concentration of 30, 60
and 100%, respectively. Meanwhile, the upconversion luminescence
decay process was also prolonged from 27.3 + 0.4 ps at null Yb to 29.8 +
1.1,30.6 +£ 1.8, and 36.9 + 1.1 ps at Yb3* dopant concentrations of 30,
60 and 100%, respectively. The Yb®*-dependent increase of both rise
and decay processes illustrates the excessive time required for the en-
ergy migration process in the Yb®* sublattice of the nanocrystals. This
energy migration process also escalates the interaction probabilities
between surface Yb%* dopants and diffusing rubrene for enhanced
triplet fusion upconversion [42,43].

Triplet states generally suffer from significant quenching by moisture
and molecular oxygen, dimming the triplet fusion upconversion in so-
lution [44]. Moreover, the rubrene is prone to a cycloaddition reaction
with singlet oxygen that deprives its role as triplet annihilator [45].
Nonetheless, the solar and detection applications require a solid-state
architecture to produce air-stable upconversion. As a consequence, we
implemented a simultaneous reprecipitation of rubrene and IR806
attached NaYbF4 nanocrystals in tetrahydrofuran (THF) to produce
hybrid microsized particles through a rapid injection into sodium
dodecyl sulfate (SDS) aqueous solution. A suspension of these particles
blended with polyvinyl alcohol (PVA)/water solution (15 wt%) can be
deposited on a glass plate to produce a solid-state upconverting film
(Fig. S12). Note that prolonging rise and decay times were observed in
the solid-state thin film samples (Fig. S13), in analogy to the one in
Fig. 3e, implying the same upconverting mechanism. We observed that
NaYbF,4 nanocrystals result in 8-fold higher triplet fusion upconversion
in the solid-state film as compared to the control film without NaYbF,4
nanocrystals. Note that the NaYbF4-induced enhancement fold is about
three times lower than the one (24-fold) in the solution system. This
possibly suggests that about one third of the IR806-NaYbF, nano-
complexes remained intact during the reprecipitation process. Never-
theless, the solid-state upconversion luminescence remains constant
over 12 h in air, which is analogous to the one for IR806-rubrene solu-
tion in N, environment, but in marked contrast to the IR806-rubrene
solution in air (Fig. 4b). The stability of upconversion luminescence of
the film in air is superior to the literature-reported ones (Supplementary
Table S1). The 3D-printed mouse painted with IR806-rubrene film or
IR806-NaYbF,-rubrene film can emit precisely space-defined triplet
fusion upconversion, presenting similar upconversion behavior as in the
solid-state film. Importantly, besides the IR806 dye, NaYbF, nano-
transducers are able to activate a set of the commonly-seen, non-
metallic, infrared dyes for triplet fusion upconversion, multiplying
rubrene upconversion by 899-fold, 1740-fold, and 19-fold for IR783,
indocynine green (ICG), and CarCl dye molecules, respectively (Fig. 4d).

4. Conclusions

To conclude, we have described the conceptual use of NaYbF4
nanocrystals as a nanotransducer to channel spin-singlet harvested
photonic energy of the commonly-seen, non-metallic, infrared dyes
(IR806) to the triplet state of diffusing rubrene (annihilator or acceptor)
for NIR-to-visible triplet fusion upconversion. Interfacing the organic
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Fig. 3. Mechanistic investigation of triplet
fusion upconversion involving NaYbF4
nanocrystals. (a) A schematic illustration of
involved energy transfer processes in the
IR806-NaYbF,-rubrene, whereby IR806 an-
tenna interfaces NaYbF, nanocrystals form-
ing a hybrid molecular sensitizer. Dye
antenna on the nanocrystal surface absorbs
the NIR incident light being excited to the
spin-singlet state, from which energy can be
transferred across the organic/inorganic
interface to adjacent Yb*' dopants in the
nanocrystal or via ISC to the spin-triplet
state that then resonantly sensitize the
Yb3" dopants. Energy migration withiin the
Yb3* sub-lattice provides high probabilities
of surface Yb®>* dopants to interact with the
spin-triplet state of rubrene, initializing tri-
plet-triplet annihilation processes for
upconversion. This is in marked contrast to
the mechanism in IR806-rubrene, which
relies on the sole ISC process, depending on
the magnitude of molecular spin-orbital
coupling, to produce spin-triplet states of
IR806 that sensitize the spin-triplet states of
rubrene through molecular collision in so-
lution. (b) Decay lifetimes of the spin-singlet
state of IR806 in the freely-diffusing form
(black, 1.15 ns) and in the IR806-NaYbF,
(red, 0.62 ns) complex, where IR806 is
attached to the NaYbF, nanocrystal surface.
(c) Emission spectra of IR806-rubrene,
IR806-NaYbF-rubrene, and NaYbFy-
rubrene samples under photoexcitation at
980 nm (120 W/cm?) which matches the
absorption of the Yb%" dopants. (d) Triplet
fusion upconversion emission intensities
utilizing NaYF,;:x%Yb®* nanocrystals with
varied amount of Yb®" dopant concentra-
tions (x 10-100%). (e) Time-resolved
luminescence decay of the upconversion
emission (600 nm) from rubrene with
increased dopant contents of Yb%>* in NaYF,
nanocrystals under photoexciation at ~808
nm. (For interpretation of the references to
color in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 4. Air-stable solid-film upconversion and activating non-metallic NIR dyes for triplet fusion upconversion through NaYbF4 nanotransducers. (a) Photographic
images (left) and emission spectra of triplet fusion upconversion in the IR806-rubrene and IR806-NaYbF,-rubrene films (photoexcitation at 808 nm). (b) Emission
stabilities of upconversion in IR806-rubrene solution in air and in N, environment, as well as in IR806-NaYbF,-rubrene film in air. (c) Triplet fusion upconversion in
3D-printed mouse (polylactic acid (PLA) material) painted with IR806-rubrene film (left) and IR806-NaYbF,-rubrene film (right). (d) Activation of dark IR783,
indocyanine green (ICG), and CarCl NIR dye molecules to sensitize rubrene for triplet fusion upconversion (toluene solution) through interfacing NaYbF4 nano-
crystals. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

infrared dye with the inorganic nanocrystal forms a hybrid molecular
sensitizer, in which the spin-singlet energy of the infrared dyes attached
to the nanocrystal surface can be extracted to Yb®* dopants in the
nanocrystal at a high efficiency (~48%). Mechanistic investigations
reveal that Yb3* sublattice energy migration increases the probabilities
to interact with freely-diffusing rubrene (annihilator) in solution,
enabling a direct sensitization of the rubrene triplet state for enhanced
triplet fusion upconversion. Indeed, the NaYbF4 nanotransducers results
in about 19- to 1740-fold upconversion (600 nm) increase in a set of non-
metallic infrared molecular dyes (IR806, IR783, ICG, and CarCl),
depending on dye type, as compared to the one without ytterbium
nanotransducers. We believe that the described concept here bypasses
the necessity of strong spin-orbital coupling for efficient spin-singlet to
spin-triplet intersystem conversion in molecular sensitizers, thus
untapping the potential use of the commonly-seen, non-metallic, NIR
organic dyes for triplet fusion upconversion.
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