1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

WEALTY 4
of %,

A
u
Yeyvaaa

/ HHS Public Access

Author manuscript
Nano Lett. Author manuscript; available in PMC 2016 June 21.

Published in final edited form as:
Nano Lett 2015 November 11; 15(11): 7400-7407. doi:10.1021/acs.nanolett.5b02830.

Energy-Cascaded Upconversion in an Organic Dye-Sensitized
Core/Shell Fluoride Nanocrystal

Guanying Chen"1# Jossana Damasco', Hailong Qiu®*, Wei Shao™#, Tymish V.
Ohulchanskyy', Rashid R. Valiev8!, Xiang Wu', Gang Han, Yan Wang', Chunhui Yang*,
Hans Agren$, and Paras N. Prasad” Y

TInstitute for Lasers, Photonics, and Biophotonics, University at Buffalo, State University of New
York, Buffalo, New York 14260, United States

*School of Chemical Engineering and Technology, Harbin Institute of Technology, Harbin,
Heilongjiang 150001, P. R. China

SDepartment of Theoretical Chemistry and Biology, Royal Institute of Technology, S-10691
Stockholm, Sweden

Tomsk State University, 36 Lenin Avenue, 634050 Tomsk, Russian Federation

LDepartment of Biochemistry and Molecular Pharmacology, University of Massachusetts Medical
School, Worcester, Massachusetts 01605, United States

YDepartment of Chemistry, Korea University, Seoul 136-701, Korea

Abstract

Lanthanide-doped upconversion nanoparticles hold promises for bioimaging, solar cells, and
volumetric displays. However, their emission brightness and excitation wavelength range are
limited by the weak and narrowband absorption of lanthanide ions. Here, we introduce a concept
of multistep cascade energy transfer, from broadly infrared-harvesting organic dyes to sensitizer
ions in the shell of an epitaxially designed core/shell inorganic nanostructure, with a sequential
nonradiative energy transfer to upconverting ion pairs in the core. We show that this concept, when
implemented in a core—shell architecture with suppressed surface-related luminescence quenching,
yields multiphoton (three-, four-, and five-photon) upconversion quantum efficiency as high as
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19% (upconversion energy conversion efficiency of 9.3%, upconversion quantum yield of 4.8%),
which is about ~100 times higher than typically reported efficiency of upconversion at 800 nm in
lanthanide-based nanostructures, along with a broad spectral range (over 150 nm) of infrared
excitation and a large absorption cross-section of 1.47 x 10714 cm? per single nanoparticle. These
features enable unprecedented three-photon upconversion (visible by naked eye as blue light) of an
incoherent infrared light excitation with a power density comparable to that of solar irradiation at
the Earth surface, having implications for broad applications of these organic—inorganic core/shell
nanostructures with energy-cascaded upconversion.

Graphical abstract
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Upconversion nanoparticles (UCNPS) constitute a dilute guest—host system, in which
lanthanide ions are doped as a guest in an appropriate dielectric host lattice, such as sodium
yttrium fluoride (NaYF,), with a dimension of less than 100 nm. In UCNPs, typically, the
doped Yb3* ions (sensitizers) absorb infrared radiation and nonradiatively transfer excitation
to the doped activators X3+ (X = Er, Ho, Tm) to produce visible or ultraviolet upconversion
luminescence (UCL) (Figure 1a). Recent advances have enabled good control over UCNP
size, phase, and emission colors.2=®> An improvement of the UCL intensity has also been
reported through optimizing the concentration and distribution of doped lanthanide
sensitizer/activator ions within a single nanoparticle,6-8 through coating nanoparticles with
an inert/active shell to suppress surface-related luminescence quenching®0 and by using
metallic structures to plasmonically enhance the energy transfer rate.11 However, none of
these approaches address the main limitation of UCNPs, namely the narrow and weak
absorption associated with the nature of the 4f—4f electronic transitions of lanthanide ions.
Specifically, the sensitizer ion Yb3* absorbs light in a narrow spectral window of ~10 260—
10 660 cm™1 (~10 times narrower than that of an organic dye),12 and with a critically small
absorption cross section of ~10729 cm? (~1000-10 000 times lower than that of a dye
molecule, ~10717-10716 ¢m?2).13.14 This fundamental limitation impedes UCNPs in broadly
harvesting infrared (IR) light and producing bright UCL, thus compromising their utility for
a comprehensive range of applications.

Addressing the problem of spectrally narrow and low intensity absorption of lanthanide-
doped UCNPs, Hummelen’s group reported the design and synthesis of dye sensitized 10
nm NaYF,:Yb3*/Er3* UCNPs in which excitation through absorption of the dye was
realized.1® However, a large energy mismatch between the donating energy level of the dye
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and the accepting energy level of Yb3* ions resulted in an inefficient energy transfer
between them. Moreover, the utilized NaYF4:Yb3*/Er3* nanoparticles had to be devoid of
any shell in order to allow dye sensitization to occur. Consequently, strong surface-related
deactivations were manifested that typically lead to UCL quenching, two to three orders
stronger than that for a core/shell structure with suppressed deactivations.1® These
limitations result in a very low upconversion quantum efficiency (UCQE) of ~0.2%
(calculated from conventional upconversion quantum yield of ~0.1%),1> meaning that
merely ~0.2% of the absorbed photons is upconverted into visible emission. The UCQE
takes into consideration the conventional luminescence upconversion quantum yield
(UCQY) and the order of photon processes involved in UCL (see Supporting Information
Section G).17:18

Concept of Energy-Cascaded Upconversion

Herein, we introduce a new concept of energy-cascaded upconversion (ECU), which exploits
a hybrid inorganic—organic system consisting of an epitaxial core/shell upconverting
nanocrystal and near-infrared (NIR) dyes anchored on the core/shell nanocrystal surface
(Figure 1b). The NIR dyes can broadly and strongly harvest NIR light, and subsequently
initialize multistep directional nonradiative energy transfer to excite lanthanide ions
positioned within the inorganic core to entail an upconversion process. Specifically, the steps
of excitation energy transfer can be classified as (1) from NIR-absorbing organic dyes across
the organic/inorganic interface to type | lanthanide ions (intermediate sensitizers)
incorporated at the shell layer; (2) from the intermediate sensitizers in the shell across the
core/shell lattice interface to type Il lanthanide ions (sensitizers) in the core domain; and (3)
from the sensitizer ions to type 111 lanthanide ions (activators) within the host lattice of the
core to produce upconversion via the classical ETU mechanism (Figure 1a). This multistep
cascade energy transfer strategy, in which each step involves a small energy gap and
provides for a maximum overlap between the emission of an energy donor and the
absorption of an energy acceptor, leads to high efficiency for the transfer of harvested light
energy all the way down to the upconverting lanthanide ions in the core. A hierarchical
alignment of electronic energy levels (the NIR dye, the intermediate sensitizer, and the
sensitizer), as depicted in Figure 1b, favors an unidirectional transfer of the harvested energy
to lanthanide activators, preventing inverse energy transfer that couples to the nanoparticle
surface to decrease the UCL efficiency. Moreover, because a core/shell design has been
employed, surface-related UCL quenching in the core is significantly suppressed by the
shell. As a consequence, energy-cascaded upconversion in dye-sensitized core/shell
nanoparticles synergistically combines the merits of a core/shell nanocrystal structure and
the “antenna” effect from the dye, producing ultrabright UCL under excitation in a broad
spectral range. As a proof of concept demonstration, we utilize the design of NIR dye
sensitized core/shell (NaYbF:Tm3* 0.5%)@NaYF4:Nd3* nanoparticles, in which Nd3* ions
are doped in the shell layer as the type I lanthanide ions (intermediate sensitizers), whereas
the Yb3* and Tm3* ions are corresponding type 11 (sensitizer) and type 111 (activator)
lanthanide ions positioned in the core.
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Design of Efficient Inorganic Fluoride Core/Shell Upconversion
Nanocrystals

To realize high efficiency multistep energy-cascaded upconversion in a dye-sensitized core/
shell structure, we first designed a core/shell nanocrystal of

(NaYbF4:Tm3* 0.5%)@NaYF,:Nd3* and optimized nonradiative energy transfer from the
Nd3* in the shell to the Yb3* ions in the core. We utilized NaYbF,: Tm3* 0.5% UCNPs as a
core with known efficient energy transfer between Yb3* and Tm3* ions.1® Monodispersed,
hexagonal phase core/shell (NaYbF,:Tm3* 0.5%)@NaY F4:Nd3* x% nanoparticles of ~54
nm size, with a shell thickness of ~10 nm and x = 0-50% concentration of Nd3* in the shell,
were synthesized using a thermolysis procedure adapted from the literature (Supporting
Information Section B).3 The crystallographic phase, the formation of a core/shell structure,
the dimensions of the core and the shell, as well as the stoichiometric composition have been
substantiated by transmission electron microscopy (TEM), X-ray diffraction (XRD), energy
dispersive X-ray spectra (EDX), and inductively coupled plasma mass spectrometry (ICP-
MS) (Figure 1a, Supporting Information Figures S4-S6 and Table S3). The observation of
new intense absorption peaks of Nd3* ions (at 740, 800, and 860 nm) from

(NaYbF4:Tm3* 0.5%)@NaYF,:Nd3* 30% that are absent in (NaYbF4:Tm3* 0.5%)@NaYF,
core/shell nanoparticles confirms successful incorporation of Nd3* ions in the NaYFy4 shell
layer (Supporting Information Figure S7). Core/shell nanoparticles of (NaYbF,:Tm3* 0.5%,
Nd3* 3%)@NaYF, were synthesized to examine the necessity of spatial isolation of the
Yb3*/Tm3* ion combination from the Nd3* ions (to prevent possible cross-relaxation
between the Tm3* and Nd3* ions). Complete quenching of UCL was observed when the
Nd3* ions were doped into the core, in contrast to UCL from the

(NaYbF4:Tm3* 0.5%)@NaYF4:Nd3* 3% core/shell UCNPs (Supporting Information Figure
$8). This validates the rational design of incorporation of the Nd3* ions into the shell and of
the Yb3*/Tm3* ions into the core for high UCL, which at the same time grants an
architecture for energy-cascaded upconversion.

The observed UCL in Figure 2b, when Nd3* in the shell is excited at 800 nm, is the emission
of Tm3* peaked at: 340 nm (from the Llg state, five-photon process); 350, 450, and 510 nm
(from the 1D, state, four-photon process); and 480 and 660 nm (from the 1G, state, three-
photon process).2% The number of photons was determined from the dependence of the
luminescence intensities on the laser excitation power density (Supporting Information
Figure S35). The UCL intensities from the 1Ig, 1D, and 1G, states of Tm3* ions, all have a
similar dependence on the Nd3* concentration, reaching maximum at the Nd3* concentration
of 30% (Figure 2b and 2c). In analogy to UCL, the concurrent downconversion
luminescence (DCL) from the Yb3* ions is also dependent on the Nd3* concentration
(Supporting Information Figure S10). These dependences illustrate that the Nd3* ions in the
shell transfer excitation energy to the Yb3* ions, which in turn sensitize the Tm3* ions in the
core. This conclusion is supported by the excitation spectra of UCL from the 1lg, 1D,

and 1G, states of Tm3* ions in the NaYbF,: Tm3*@NaYF4:Nd3* 30% core/shell UCNPs (s).
The observed UCL excitation peaks match the absorption peaks of the Nd3* ions at 740,
800, and 860 nm, and the one of Yh3* ions at 980 nm. Another evidence of energy transfer
from Nd3* in the shell to Yb3* in the core was further provided by the luminescence spectra
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of the core/shell UCNPs without Tm3* (NaYF,@ NaYF,:Nd3* 3% and

NaYF,:Yb3* 30%@NaYF,:Nd3* 3%) (s). The possible upconverting pathways in
NaYbF,: Tm3*@NaYF4:Nd3* core/shell UCNPs are described in Figure 3d, when exciting
Nd3* directly. An optimized UCL intensity at Nd3* concentration of 30% arises from the
competition between two parallel processes. One is to harvest light at ~800 nm and then
transfer the harvested energy to Yb3* ions. A high concentration of Nd3* should favors the
UCL process due to the increased absorption cross section of the core/shell nanoparticle as
well as the elevated energy transfer rate from Nd3* to Yb3* ions. The other one is the
detrimental cross relaxation process between the Nd3* ions (*Fs/p + 4lgjo — 2%145/2), which
deactivates the harvested energy of Nd3* ions (Figure S15 in the revised Supporting
Information) and also increases with the increase of the Nd3* concentration. A balanced
effect might occur at an optimized Nd3* concentration of 30%; increasing Nd3*
concentration over this value will make the detrimental effect surpass the beneficial effect,
thus leading to the decrease of UCL.

Utilization of the Yb3*-enriched NaYbF, host lattice as a core not only favors high UCL
from Tm3*,19 put also facilitates the Nd3* (shell) — Yb3* (core) energy transfer process.
The efficiency of a nonradiative energy transfer can be quantified using the following
equation?!

ET=1— A
™ (1)

where ET stands for energy transfer efficiency, whereas 7p and the 7pp are the effective
lifetimes of the energy donor in the absence and the presence of an energy acceptor,
respectively. Following this equation and measuring decays of DCL from the Nd3* ions, the
energy transfer efficiency was determined to be ~39% and ~66% for
(NaYF4:Yb3")@NaYF4:Nd3* 3% UCNPs containing 30% and 100% Yb3* ions in the core,
respectively (Supporting Information Figure S13). This result confirms the importance of
using an Yb3*-enriched NaYbF, host lattice as a core to produce efficient Nd3* (shell) —
Yb3* (core) energy transfer. For the UCL-optimized core/shell nanoparticles of

NaYbF4. Tm3* 0.5%@NaYF,:Nd3* 30%, the energy transfer efficiency was determined to
be as high as ~80% (Supporting Information Figure S14), despite an existence of the
detrimental cross relaxation process between the Nd3* ions (*Fz/5 + 4lgjp — 24115/,
Supporting Information Figure S15).22

The integrated intensity of multiphoton UCL from the optimized

(NaYbF4:Tm3* 0.5%)@NaYF,:Nd3* 30% UCNPs was found to be six times higher, when
excited at ~980 nm, than that from the canonical ~30 nm sized NaYF4:Yb3* 30%,

Tm3* 0.5%@NaYF, core/shell nanoparticles, indicating successful suppression of surface-
related quenching mechanisms and the importance of high Yb3* content in the core for
achieving intense UCL (Supporting Information Figures S16 and S17).23 When excited at
~800 nm, the integrated UCL from our optimized core/shell UCNPs is evaluated to be about
~41 times more intense than that from the (NaYF4:Yb3* 20%, Tm3* 0.5%,

Nd3* 1%)@NaYF,:Nd3* 20% core/shell nanoparticles that have recently been reported as

Nano Lett. Author manuscript; available in PMC 2016 June 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Chenetal.

Page 6

highly efficient UCNPs (Supporting Information Figure $18).24:25 The UCQE of our
optimized (NaYbF,:Tm3* 0.5%)@NaYF4:Nd3* 30% core/shell UCNPs was determined to
be about ~8.7% (UCQY is of 2.4%, upconversion energy conversion efficiency of 4.4%)
when excited at 800 nm with 10 W/cm? (Supporting Information Figure S34), which is
about 40 times higher than 0.22% (UCQY of 0.11%), the highest value reported up to date
for nanoparticles with UC induced by Nd3* absorption (core/shell/shell nanostructure of
NaYF4:Yb3* 20%, Er3* 2%@ NaYF,4:Yb3* 10%@NaNdF4:Yb3* 10%, excited at 800 nm
with 20 W/cm?).26 We attribute such a dramatic increase in UC efficiency to highly efficient
energy transfer between Nd3* in the shell and Yb3* in the core, along with that between
Yb3* and Tm3* within the core.

Energy-Cascaded Upconversion in Organic Dye-Sensitized Core/Shell

Fluoride Nanocrystals

Nucleophilic substitution of the central chlorine atom in commercial IR-783 was used to
prepare a carboxylic acid-functionalized derivative, coined as the IR-808 dye (see
Supporting Information Scheme S1). The main absorption band of IR-808 is between 650
and 850 nm, with a maximum at 808 nm in DMF (Supporting Information Figure S19); dye
mass extinction coefficient is 12.7 | g1 cm™1, which is ~3000 times higher than that of the
optimized (NaYbF,: Tm3* 0.5%)@NaYF4:Nd3* 30% core/shell nanoparticles at a peaked
absorption wavelength of 794 nm (4.2 x 1073 1 g~ cm™1) (Supporting Information Table
S4). Negligible absorption of IR-808 below 650 nm is essential for the experiment, as the
antenna dye should be transparent to the upconverted photons emitted by the nanoparticle
(Supporting Information Figure S19). The emission spectrum of IR-808 overlaps strongly
with the absorption peaks of Nd3* in the shell and with that of the Yb3* in the core of the
(NaYbF4:Tm3* 0.5%)@NaYF4:Nd3* 30% core/shell nanoparticles (Supporting Information
Figure S20). This overlap allows for nonradiative energy transfer from IR-808 to the Nd3*
ions in the shell and possibly to the Yh3* ions in the core. A broad spectroscopic range
(760-830 nm) of light excitation induced the same luminescence spectra of IR-808
(Supporting Information Figure S21). This spectroscopic behavior entails an identical
mechanism of nonradiative energy transfer from IR-808 to doped trivalent lanthanides
despite excitation at distinct wavelengths.

To produce a close contact between the IR-808 dye and the core/shell nanoparticle, a very
short ionic NOBF,~ ligand was first used to replace the original oleic ligand, following a
protocol from the literature,2” and then further exchanged with the carboxylic-functionalized
IR-808 dye. The success of ligand exchange in each step has been confirmed by the
measured Fourier transform infrared (FTIR) spectra of involved samples (Supporting
Information Figure S22). Attachment of IR-808 to the surface of the core/shell UCNPs was
also clearly confirmed by changes in the spectral properties of the dye (Supporting
Information Figures S23-S25). First, the emission peak for IR-808 attached to the core/shell
UCNPs (dispersed in DMF) was shifted from 854 to 849 nm (Supporting Information Figure
S23). At the same time, the absorption maximum wavelength of IR-808 in the dye-attached
upconverting nanoparticles was blue-shifted from 808 to 804 nm (Supporting Information
Figure S24). Second, fluorescence anisotropy measurement showed an apparent difference
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between a suspension of the dye attached to core/shell UCNPs and a free IR-808 solution,
clearly revealing the binding of IR-808 to the surface of the nanoparticles (Supporting
Information Figure S25). The attachment of the IR 808 dye to the nanoparticle surface is a
complex process, involving three possible mechanisms that include electrostatic interaction,
physical adsorption, and chemical coordination interaction. For chemical coordination
mechanism, both the carboxylic acid and the sulfate groups of IR 808 dye can contribute to
its anchoring to the nanoparticle surface (as confirmed by the FTIR spectra shown in
Supporting Information Figure S22). The orientation of the dye molecules on the surface is
difficult to ascertain but is supposed to be approximately parallel to the nanoparticle surface
when chemical coordination plays the dominant role.

The possibility of energy transfer from IR 808 to the Nd3* ions was experimentally verified
through dye sensitization of pure Nd3* doped NaYF, nanoparticles, whereby luminescence
from the Nd3* ions was enhanced 33 times at an optimal dye concentration (Supporting
Information Figure S26). We then tested the energy-cascaded upconversion by exploring the
energy transfer pathways depicted in Figures 3a and 3d, that is, dye — Nd (in the shell) —
Yb (in the core) — Tm (in the core), using a range of Nd3*-sensitized core/shell structures
described in Figure 2. When introducing varied concentrations of the IR 808 dye into these
core/shell nanoparticle dispersions (in DMF), the UCL intensities from the 1lg, 1D,, and 1G,4
states exhibit a strong dependence on the dye: NP ratio (Figure 3b and c, Supporting
Information Figure S27 for core/shell UCNPs with varied Nd3* concentrations of 8-50% in
the shell). The UCL intensities were all enhanced by more than 1 order of magnitude, when
excited at 10 W/cm? at 800 nm; for example, the UCL from the optimized

(NaYbF4:Tm3* 0.5%)@ NaYF4:Nd3* 30% core/shell UCNPs were enhanced 14-fold
(Figure 3c). We found that the photostability of the dye associated with UCNPs is similar to
that of the free dye (Supporting Information Figure S28). It is worth noting that the
nonlinear nature of upconversion makes the enhancement effect become much more
pronounced at lower excitation density range (Supporting Information Figure $29).28 The
UCL boost is also visible from the photographic images of UCNPs dispersions with and
without the dye (s). These enhancement results verify the antenna effect provided by the dye
attached to the core/shell nanoparticle surface. To confirm this, the excitation spectra for the
upconversion emission from the 1D, state (Figure 3e) as well as from the lg and 1G, states
(Supporting Information Figure S31) were measured for the IR-808-sensitized in
comparison to pure (NaYbF4: Tm3* 0.5%)@NaYF4:Nd3* 30% core/shell nanoparticles. A
broad, intense band between 700 and 850 nm was clearly observed for the dye-sensitized
UCNPs, in marked contrast to the narrow and weak peaks of Nd3* ions at 800 and 860 nm
for the nanoparticles without dye sensitization. Moreover, the shape of this broad excitation
band exactly matches the absorption band of IR-808, clearly demonstrating that the antenna
effect stems from the dye (Supporting Information Figure S31).

The dye antenna effect can take place through two mechanisms of energy transfer: (i)
radiative type and (ii) nonradiative type. A linear dependence of the UCL intensity on the
diluted concentrations of the dye-sensitized core/shell UCNPs rules out the radiative type
mechanism (Supporting Information Figure S32). Moreover, we acquired the decay of
fluorescence of the IR-808 bound to the surface of the

(NaYDbF4:Tm3* 0.5%)@NaYF,:Nd3* (0, 10, and 30%) core/shell nanoparticles (Figure 3f).
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The average lifetime of IR-808 fluorescence was gradually shortened with an increase of the
Nd3* concentration in the shell, from 2.10 ns (IR-808 for the blank NaYF4 nanoparticle) to
1.80, 1.62, and 0.37 ns for the shell Nd3* concentration of 0, 10, and 30%, respectively. This
shortening of fluorescence lifetime confirms a nonradiative type of energy transfer from the
IR-808 dye to Nd3*, whereas the decreasing decay trend reveals the important impact of the
Nd3* concentration to enhance the energy transfer efficiency. The maximal efficiency of
nonradiative energy transfer was determined to be about ~82% for the optimized core/shell
UCNPs doped with 30% Nd3* in the shell. Though nonradiative energy transfer from IR-808
to Nd3* might take place through a Féster-type or a Dexter-type mechanism,2? we believe
that the long-range Forster type is more likely to occur because of the unchanged spin
associated with the energy transfer, as well as the distance between the dye and the Nd3*
ion, defined by the geometric size of the IR-808 dye (~2 nm) and a random distribution of
the Nd3* ion in a 10 nm thick shell. Moreover, the energy gap is ~170 cm™1 between the
singlet electronic excitation level of the IR-808 dye and the #Fs/»/2Hgy, level of Nd3*, and
990 cm™1 between the 4F3/» level of Nd3* and the 2Fs, level of Yb3*, whereas the energy
gap between the NIR dye and Yb3* is 2200 cm™1. According to these energy gaps as well as
pertinent optical parameters, we calculated that multistep cascade energy transfer (from the
dye to Nd3*, and then to Yb3*) can be about 1.5 times more efficient than a direct energy
transfer from the IR-808 dye to the Yb3* ions (Supporting Information Section J1).
Moreover, the Forster radius was determined to be ~1.9 nm, and the actual distance between
the IR-808 dye and the Nd3* ions was estimated to be ~1.5 nm according to the measured
energy transfer efficiency (~80%), indicating a close contact between the dye and the
inorganic core/shell nanoparticle surface (Supporting Information Section J1).

As illustrated in Figure 3b and c, the luminescence intensities from the Ig, 1D,, and 1G,4
states all increase first with the increased dye: NP ratio, which is consistent with increasing
overall absorption of the excitation energy at 800 nm by an increasing number of surface-
bound antenna molecules. However, beyond a certain concentration, a further increase of the
IR-808/nanoparticle ratio results in decreased luminescence intensities. The observed
decline can be explained by two factors: increased mutual interactions between the antenna
molecules on the core/shell nanoparticle surface (self-quenching) and an increasing
concentration of unbound (excess) antenna molecules which absorb the excitation energy but
do not transfer it to the nanoparticles. We theoretically modeled the kinetics to interpret the
dependence of the UCL intensities from the 1lg, 1D,, and 1G, states on the IR-808 dye
concentration under an extreme saturation excitation regime as in the case shown in Figure
3b, where the intensity of UCL is proportional to the excitation power density (Supporting
Information Figure S$35).27 We consider the following dynamic process to model: laser
excitation of the dye, radiative and nonradiative deexcitation of the dye in the excited state,
concentration quenching of the dye in the excited state, energy transfer from the dye to the
Nd3*, the back energy transfer from the Nd3* to the dye, radiative and nonradiative
deactivation of Nd3* in the excited state, as well as concentration quenching of Nd3* in the
excited state (see Supporting Information Section J2). Our kinetic modeling results reveal
that self-quenching of the antenna dyes is the main mechanism to decrease UCL at high
concentrations, agreeing well with all measured experimental data (Figure 3b).
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The optimum dye:NP number ratio was determined to be ~830 (corresponding to an
optimum weight ratio of 1:304); this means that a mean of ~830 antenna molecules
(absorption cross section, 1.84 x 10717 ¢cm?2) is bound to the surface of per

(NaYbF4:Tm3* 0.5%)@NaYF,:Nd3* 30% core/shell nanoparticle (absorption cross section,
1.48 x 10715 cm?) at this ratio; the intermolecular distance of dyes is estimated to be ~3 nm,
that is close to the length scale of the IR-808 dye (~2 nm) (Supporting Information Section
F). The absorption cross section of a single dye-bound core/shell nanoparticle is calculated
to be as large as 1.48 x 10714 cm? (in good agreement with the experiment-determined value
of 1.47 x 10714 cm?2), which is about 10 times higher than that of a single

(NaYbF4:Tm3* 0.5%)@NaYF,:Nd3* 30% core/shell nanoparticle, and ~1000 times higher
than a single organic dye molecule (absorption cross section, ~10717 cm?).

The optimized UCL from the IR-808 dye-sensitized

(NaYDbF4:Tm3* 0.5%)@NaYF,:Nd3* 30% core/shell UCNPs was shown to be ~14 times
higher than that of (NaYbF,:Tm3* 0.5%)@NaYF4:Nd3* 30% UCNPs without the dye, 658
times higher than the reported highly efficient (NaYF:Yb3* 20%, Tm3* 0.5%,

Nd3* 1%)@NaYF,:Nd3* 20% core/shell nanoparticles,24 and more than 40 000 times higher
than that of the (NaYbF,:Tm3* 0.5%)/NaYF, nanoparticles when excited at ~800 nm (10
W/cm?2) (Supporting Information Figure S33). Moreover, the intensity of UCL from the 1D,
state (~350 nm) in the IR 808 dye-sensitized core/shell structure, when excited at 800 nm, is
about 25 times higher than that from the canonical core/shell nanoparticles of the hexagonal
phase (NaYF4:Yb3* 30%, Tm3* 0.5%)/NaYF, (size, 30 nm), when excited at ~980 nm using
the same laser power (Figure 3e).23 The UCQE of the optimized IR 808 dye-sensitized
(NaYbF4:Tm3* 0.5%)@NaYF, Nd3* 30% core/shell nanocrystals was evaluated to be as
high as 19% (upconversion energy conversion efficiency 9.3%, UCQY 4.8%;) when excited
at ~800 nm with 10 W/cm? (Supporting Information Figure $34). This UCQE is also
comparable to the highest reported one of 22% up to date for two-photon blue upconversion
via organic triplet—triplet annihilation (~450 nm emission, excited at ~532 nm).3° This value
is higher than that from the (NaYbF,:Tm3* 0.5%)@NaYF,:Nd3* 30% core/shell
nanoparticles, dye-sensitized (NaYbF,:Tm3* 0.5%)@NaYF, core/shell nanoparticles, and
the dye-sensitized NaYbF,: Tm3* 0.5% nanoparticles (Supporting Information Figure S34).
In addition, we show that energy-cascaded upconversion is not limited to the type of
inorganic host lattice employed here to build a core/shell structure (Supporting Information
Figure S36), to the type of organic dyes employed to sensitize (Figure 4a), or to the type of
activator utilized here to produce UCL (Supporting Information Figures S37 and S38),
extending the proposed concept to a general type of dye-sensitized inorganic core/shell
nanostructures.

Co-Sensitization and Applications of Dye-Sensitized Core/Shell Fluoride

Nanocrystals

Along with IR-808, we showed that the commercially available IR dyes of IR-806 and
IR-820 can sensitize (NaYbF4:Tm3* 0.5%)@NaY F4:Nd3* 30% core/shell nanoparticles to
create energy-cascaded upconversion (Figure 4a). A simultaneous use of the IR-808 and the
IR-820 dyes is able to produce a pronounced co-sensitizing antenna effect, which
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synergistically adds up the sensitization effect from each type of the involved dyes (Figure
4b). The dye co-sensitizing results provides an opportunity to produce a comprehensive IR
harvesting spectral range for energy-cascaded upconversion through simultaneous use of a
set of IR dyes that possess varying absorption spectra.

A broad spectral response as well as a high UCQE promises the use of dye-sensitized
(NaYbF4:Tm3* 0.5%)@NaYF,:Nd3* 30% UCNPs in many applications. A straightforward
application is visualization of a broad spectrum of invisible IR lasers. In fact, under
excitation in the spectral range of 720-870 nm, blue UCL can be viewed by naked eye, from
the IR-808 and IR-820 co-sensitized (NaYbF,:Tm3* 0.5%)@NaYF4:Nd3* 30% UCNPs in
DMF and in our homemade IR card (Supporting Information Figure S39). In addition to this
broad spectral response provided by IR dye sensitization, direct excitation of Yb3*/Tm3*
ions provides another spectral IR range of 920-1000 nm for visualizing via upconversion
(Supporting Information Figure S40). We also compared the performance of our homemade
IR card with that of a commercial IR card (Newport F-IRC2) under identical laser
irradiance. As illustrated in Figure 4c, visible yellow luminescence from the commercial
Newport IR card disappears after less than 20 s of illumination, whereas blue UCL from our
homemade IR card exhibits a slight reduction of ~10% after 300 s of irradiation, which is
apparently associated with dye photobleaching. As such, the necessity of frequent movement
of a commercial IR card for visualization of lasers is eliminated when using homemade IR
card containing dye-sensitized core/shell nanoparticles.

As a proof-of-concept demonstration of security applications of dye-sensitized core/shell
nanoparticles, regular letters were printed using an invisible ink-like suspension, formulated
by a mixture of IR-808-sensitized UCNPs and visibly transparent polystyrene polymer.
These secured printed semitransparent letters appear to be slightly visible, with low contrast
letters for the naked eye, but turn into high contrast blue letters when irradiated with a
multitude of IR wavelengths in the range of 730-980 nm (Figure 4d, and Supporting
Information Figure S40). The ability to utilize numerous excitation IR wavelengths for
decoding provides strong potential for wide use of IR-808-sensitized core/shell UCNPs for
security purpose. Moreover, we demonstrated that low power incoherent light from a
conventional light source can be utilized to excite IR-808 and IR-820 co-sensitized core/
shell UCNPs, producing adequate UCL for visualization (Figure 4e). Clear letters with blue
upconversion (three photon process) can be seen and captured by an iPhone 5s camera, even
with an excitation power density of 0.016 W/cm? in the spectral range of 750-1100 nm. It
should be noted that this level of power density is comparable with sun power density at
Earth’s surface (~0.0163 W/cm? of average power density and whole spectrum; sun power
density at the equator can be as high as 0.1 W/cm?). According to our knowledge, this is the
first demonstration of incoherent light induced three-photon upconversion. This highly
efficient upconversion can have important implications in many fields (e.g., to increase the
efficiency via circumventing IR transmission losses in solar cells and to visualize NIR light
in night vision devices).
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Conclusion

We have introduced and validated a concept of energy-cascaded upconversion using NIR
dye sensitized (NaYbF,:Tm3* 0.5%)@NaYF4:Nd3* core/shell nanoparticles as a model.
Broadly absorbing infrared dyes are able to efficiently harvest irradiation energy, which is
nonradiatively transferred to the Nd3* ions in the shell (efficiency, 82%) and, sequentially, to
the Yb3* ions in the core (efficiency, 80%) that sensitize Tm3* ions positioned also in the
core to produce multiphoton UCL. This multistep energy-cascaded transfer enables an
upconversion quantum efficiency as high as 19% (upconversion energy conversion efficiency
of 9.3%, upconversion quantum yield of 4.8%), a broad NIR excitation response range over
150 nm (700-850 nm), along with a large absorption cross section of 1.47 x 10714 cm? per
single dye-sensitized core/shell nanoparticle. This energy-cascaded upconversion can be
applied to a set of different IR dyes and lanthanide emitters, as well as to other fluoride host
lattices. The utilization of dye-sensitized core/shell nanoparticles for several applications (IR
laser detection, security decoding, as well as incoherent light upconversion) was
demonstrated, with implications for a broad spectrum of photonic applications.
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Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Simplified energy level diagrams depicting the classical and the proposed upconversion

processes. (a) Energy transfer upconversion (ETU). An ETU mechanism involves two types
of lanthanide ions in which one ion (ion I, sensitizer) successively transfers absorbed energy
to a neighboring ion (ion 11, activator), exciting ion Il to its upper emitting state. (b)
Proposed energy-cascaded upconversion (ECU), involving the use of an organic dye, three
types of lanthanide ions, and a core—shell design. Note that the nanoparticle surface, the
shell, and the core region are highlighted with three distinct colors. The dyes on the
nanoparticle surface broadly harvest the excitation energy, which is nonradiatively
transferred to the intermediate sensitizers (lanthanide ion I) in the shell, and then across the
core/shell interface to the sensitizer (ion 1) in the core, and finally to the activator (ion 1)
also in the core to produce upconversion via the classical ETU mechanism.
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Figure 2.
Design and characterizations of (NaYbF,: Tm3*)@ NaYF,:Nd3* core/shell UCNPs. (a) TEM

images of the synthesized (NaYbF,:Tm3* 0.5%)@NaYF4:Nd3* x% (x =0, 10, 30) core/
shell nanoparticles. (b) The UCL spectra of the colloidal

(NaYbF4: Tm3* 0.5%)@NaYF4:Nd3* x% (x=0, 3, 6, 10, 20, 30, 50) core/shell
nanoparticles dispersed in hexane. Absorption of Yb3* ion in all Nd3*-doped core/shell
UCNPs were matched at ~980 nm to ensure an identical nanoparticle concentration for
comparison (Supporting Information Figure S9). Excitation at 800 nm with a power density
of 10 W/ecm2. (c) Dependence of the UCL intensities from the LI, 1D2, and 1G4 states, on
the Nd3* concentration in the colloidal (NaYbF4:Tm3* 0.5%)@NaYF4:Nd3* x% core/shell
UCNPs. The emissions peaked at 340 nm (*lg —3F,), and at 350, 450, and 510 nm

(from 1D, state to 3Hg, 3F4, and 3Hs5 states), as well as at 480 and 650 nm (from 1G, to 3Hg
and 3F,), were integrated to obtain the value of the overall emission intensities from

the 11, 1D,, and 1G, states, respectively.
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Figure 3.
Energy-cascaded upconversion in dye-sensitized fluoride core/shell nanocrystals. (a)

Scheme of the proposed nanostructure. (b) UCL intensities from the 1lg, 1D,, and 1G, states
of Tm3* as a function of the number ratio of IR-808 dye: NP for the

(NaYbF4: Tm3* 0.5%)@NaYF4:Nd3+ 30% UCNPs. Excitation at 800 nm, 10 W/cm?. (c)
Dependencies of UCL enhancement in the (NaYbF,:Tm3* 0.5%)@NaYF4:Nd3* 30%
UCNPs on the number ratio of IR 808 dye: NP for the

(NaYbF,:Tm3* 0.5%)@NaYF4:Nd3* 30% UCNPs. The enhancement time is defined
compared to the core/shell UCNPs without dye. Excitation at 800 nm, 10 W/cm2. (d)
Proposed energy transfer pathways in the dye-sensitized core/shell structure. The higher
energy levels of Nd3* are omitted, as no UCL from the Nd3* ions is observed. The dye
molecules on the core/shell nanoparticle surface absorb photons and transfer excitation
energy to the Nd3* ions in the shell, which in turn sensitize Yb3* ions in the core.
Subsequently, intracore energy transfer from Yb3* to Tm3* excites the Tm3* ions from the
ground state to the 1G,, 1D,, and the 1l states. Radiative decays from these states produce
five-photon induced UCL at 340 nm (1 — 3F4), four-photon induced UCL at 350, 450, and
510 nm (from 1D, state to 3Hg, 3F4, and 3Hs states), as well as three-photon luminescence at
480 and 650 nm (from 1G, to 3Hg and 3F,). (e) UCL excitation spectra (for the integrated
UCL intensity from the 1D, state) for: IR-808 dye-sensitized

(NaYbF,:Tm3* 0.5%)@NaYF4:Nd3* 30% (blue),

(NaYbF4: Tm3* 0.5%)@NaYF4:Nd3* 30% (red), and canonical

(NaYF4:Yb3* 30%,Tm3* 0.5%)/NaYF, core/shell UCNPs (black). The broad and intense
UCL excitation band peaked at ~800 nm proves the sensitization of the UCL by the IR-808
dye. (f) Fluorescence decay of the IR-808 dye from the IR-808 sensitized “blank” NaYF4
nanoparticles as well as the (NaYbF,: Tm3* 0.5%)@NaYF,,

(NaYbF4:Tm3* 0.5%)@NaYF,:Nd3* 10%, and the

(NaYbF4: Tm3* 0.5%)@NaYF4:Nd3* 30% core/shell nanoparticles.
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Figure 4.

Co-sensitization and applications of an inorganic fluoride core/shell nanostructure. (a)
Excitation spectra of UCL peaked at 350 nm from the core/shell

(NaYDbF4:Tm3* 0.5%)@NaYF,:Nd3* 30% nanoparticles (Nd 30) as well as from the IR 808-
sensitized (IR 808), the IR 806-sensitized (IR 806), and the IR 820-sensitized (IR 820) core/
shell (NaYbF,: Tm3* 0.5%)@NaY F4:Nd3* 30% nanoparticles. (b) Excitation spectra of
UCL peaked at 350 nm from IR 808-sensitized, IR 820-sensitized, as well as the IR 808 and
IR 820-co-sensitized core/shell (NaYbF4: Tm3* 0.5%)@NaYF,:Nd3* 30% nanoparticles. An
exact amount of IR 808 and IR 820 is utilized for the co-sensitization experiment as the one
used for single dye sensitization. (c) Photostability of UCL from a homemade IR card and a
commercial IR card (Newport F-IRC2, Irvine, CA) excited at 810 nm, 1 W/cm2. The inset
shows the photographic images of both cards taken at different time points. The
photostability of UCL from homemade IR card excited at ~980 nm is shown as a reference
(1 W/cm?). As laser photons at ~980 nm directly act on the Yb3* ions to excite the Yb3*/
Tm?3* ion pairs for upconversion, no photobleaching exists under this excitation condition.
(d) Blue upconversion from regular letters printed using an upconverting ink made by the
IR-808-sensitized (NaYbF,:Tm3* 0.5%)@NaYF4:Nd3* core/shell nanoparticles and
polystyrene. (e) Upconversion of incoherent light (halogen lamp) by the IR-808 and IR-820
co-sensitized (NaYbF,:Tm3* 0.5%)@NaYF,:Nd3* core/shell nanoparticles (0. 016 W/cm?).
A long pass optical filter was used to cut off light below 750 nm.
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