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Color-modulated upconversion nanoparticles (UCNPs) have garnered widespread optical applications
owing to their superior properties, including low auto-fluorescence background noise, large anti-Stokes
shift, and distinguishable sharp emission bands. Recent success in multicolor alteration of UCNPs has
mostly relied on the cross-relaxation between activators and other elements, which allows them to
perform excellently in optical encoding and bioimaging. However, the color modulation is subject to the
cross-relaxation strategy, which heavily weakens the original emission intensity of the activators. Herein,
we report a dye-sensitization strategy of conjugating strong near-infrared absorptive dyes on the
surface of UCNPs. It was proven that dye sensitization can manipulate the red to green (R/G) emission
ratio of NaYF4:Yb/Er@NaYF4:Nd UCNPs and simultaneously enhance their luminescence intensity. The
R/G emission ratio can be tuned to increase or decrease, benefiting from the dye sensitization strategy.
Proof of concept was demonstrated for anti-counterfeiting application under orthogonal excitation of

Received 30th April 2019,
Accepted 16th June 2019

DOI: 10.1039/c9tc02293g

Published on 19 June 2019. Downloaded by Changchun Institute of Optics, Fine Mechanics and Physics, CAS on 6/16/2020 9:29:24 AM.

rsc.li/materials-c 808 nm and 980 nm.

1. Introduction

Upconversion luminescence (UCL) generated from trivalent
lanthanide ion (Ln*‘)-doped nanoparticles have provoked
much attention in biological research and biomedical applica-
tions due to the deep penetrable near-infrared (NIR) light
excitation.'"® Together with their other unique merits including
low auto-fluorescence background noise, clear emissions far-
separated from the excitation wavelength, and narrow emission

bands, upconversion nanoparticles (UCNPs) have advanced
many applications in sensing,”® displays,® anti-counterfeiting®™>

and super-resolution nanoscopy.’*'® The abundant ladder-like
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energy levels of Ln*" provide a large space to yield different output
colors. Thus, manipulating their NIR-triggered visible emissions
will extremely broaden and open extensive applications of UCNPs.

Many research efforts have been devoted to the color modula-
tion of UCL. The most classic strategy is to dope other dopants,
which will tune the UC spectra through cross-relaxation with
activators. For example, the activator ions of Er’*, Tm*', and
Ho®" can usually induce cross-relaxation with each other."”™°
The other lanthanide ions including Sm**, Pr **, Ce*", and Eu**
are also regularly doped into UCNPs to tune their emissions by
inducing cross-relaxations.”*>* Recently, transition metal ions
(Mn”*, Ni**, and Cr**) were also introduced to induce cross-
relaxation and energy transfer with lanthanide ions.**™2°
Besides the abundant cross-relaxation strategy, controlling
the dopant distance®**” and engineering the energy migration
(Yb** - Tm* — Gd*" — activators)®®**® have also been
reported to generate more varieties of emissions. In addition,
coating organic dyes to absorb or quench the emission bands
also provide an exciting strategy to tune the UC emissions.*
However, most strategies are based on energy transfer from the
original activators, which may weaken the UCL, especially
the classic cross-relaxation method. Accordingly, tuning the
emissions without sacrificing the UCL intensity is challenging.

Recently, conjugating near-infrared dyes on the surface of
UCNPs provided a new avenue to enhance the UCL intensity
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and broaden the excitation range of UCNPs.>'** Thus, dye-
sensitized UCNPs have been used for sensing,®* information
security,> optogenetics,>® and theranostics.>’ Very recently,
we uncovered the potential dissipative mechanism behind the
dye-sensitized UCL.*® In this work, interestingly, we reveal
another new function generated by dye sensitization, namely,
tuning the upconversion spectral profile of Er**. We demon-
strate that the dye-sensitization strategy can precisely tune the
red/green (R/G) emission ratio and simultaneously enhance the
UCL intensity. The color tuning mechanism is also revealed
in detail. Furthermore, we conducted a proof of concept
experiment for demonstrating its potential applications in
anti-counterfeiting.

2. Experimental

2.1 Materials and reagents

4-Mercaptobenzoic acid (4-MBA, 99%), IR-780 iodide (99%),
erbium(m) chloride hexahydrate (ErCl;-6H,O, 99.99%),
holmium(u) chloride hexahydrate (HoCl;-6H,0, 99.99%),
cerium(m) chloride hexahydrate (CeCl;-6H,0, 99.99%),
ytterbium(u) chloride hexahydrate (YbCl;-6H,O, 99.99%),
yttrium(m) chloride hexahydrate (YCl3-6H,O, 99.99%),
neodymium(mu) oxide (Nd,Os, 99.99%), polydimethylsiloxane
(PDMS), 1-octadecene (90%) (ODE), oleylamine (OM, 90%)
and oleic acid (OA, 90%) were purchased from Sigma-Aldrich.
CF3;COONa, Y(CF3;COO0);, and Yb(CF;COO);, were purchased
from GFS Chemicals. NaOH, NH,F, CH,Cl,, and CHCI; were
purchased from Beijing Chemical Works. Nd(CF;COO); was
synthesized by dissolving Nd,O; in excess CF;COOH and then
evaporating CF;COOH and water completely. All chemical
reagents were used as received without further purification.

2.2 Procedure for the synthesis of IR-806

IR-806 was synthesized according to the method described in
the literature.>*® Firstly, 4-MBA (115.5 mg) and IR-780 iodide
(250 mg) were mixed in DMF (10 mL) in a 50 mL three-neck
round bottom flask. Then, the mixed solutions were kept 17 h
under N, protection. Then, the solution was filtered with a
0.45 pm PTFE syringe filter, and distilled under reduced
pressure to remove DMF. The residue was dissolved in CH,Cl,
(5 mL). Then the solution was filtered again through a 0.45 pm
PTFE syringe filter and the final product was precipitated using
cool diethyl ether. Finally, the product was collected by vacuum
filtration and dried under vacuum.

2.3 General procedure for the synthesis of Nd-shell precursor

The typical synthesis of NaYF,:Nd (20%) shell precursor, which
was prepared following our previous report, was as follows.*®
Neodymium trifluoroacetate precursor Nd(CF;COO); (0.2 mmol),
yttrium trifluoroacetate (0.8 mmol) and sodium trifluoroacetate
(1 mmol) were added to the precursors together with 1-octadecene
(5 mL) oleic acid (3 mL) and oleylamine (3 mL). Then the mixed
solution was heated to 120 °C under vacuum for 45 min to remove
the residual water and oxygen. The obtained transparent solution
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was subsequently heated to 290 °C (under argon and vigorous
stirring for 45 min), and then cooled to room temperature. The
resulting nanoparticles were washed with ethanol and finally
dispersed in 2 mL ODE.

2.4 General procedure for the synthesis of core-shell UCNPs

The NaYF,:Yb/Er (x/2%, x = 10, 20, 25)@NaYF;:Nd (20%)
nanoparticles, NaYF,:Yb/Er (25/x%, x = 2, 5, 10, and 20)@
NaYF,:Nd (20%) nanoparticles and NaYF,:Yb/Ho/Ce (10/2/10%)@
NaYF, nanoparticles were prepared following our previous
reports.>®

2.5 Conjugating IR-806 on the surface of core-shell UCNPs

The overall conjugating process of IR-806 dye on the surface of
UCNPs was similar to that in our previous reports.*® The UCNPs
were centrifuged at least three times to remove the OA ligands
as much as possible. As an example, for binding with B-NaYF,:
Yb/Er (25/2%)@NaYF,:Nd (20%) nanoparticles, 1 mL IR-806
(x mg mL™", x = 0-20 mg mL~") in CHCI; was firstly mixed with
1 mL B-NaYF,:Yb/Er (25/2%)@NaYF,:Nd (20%) nanoparticles
(the activator concentration of Er** ~1.67 mM) in CHCl;. Then,
the mixture was stirred for 24 h at room temperature, centri-
fuged and re-dispersed in 1 mL CHCI;. The estimation of
the number of dye molecules per UCNP was done according
to our previous report.>® The final solution was covered with
aluminum foil and stored in the dark. In addition, the IR-806-
sensitized UCNP solution was diluted at least 200 times to test
its luminescence.

2.6 Preparation of ink solutions for anti-counterfeiting

100 pL of as-prepared dye-sensitized NaYF,:Yb/Er (25/2%)@
NaYF4Nd (20%) nanoparticles (~0.5 mg mL ") and 100 pL
NaYF;:Yb/Ho/Ce (10/2/10%)@NaYF, nanoparticles (~20 mg mL )
were mixed with 10 pL PDMS in a plastic tube (2.0 mL). After the
solutions were uniformly mixed, 5 puL of the mixed solution was
pasted on paper and the pasting procedure was repeated several
times to obtain the anti-counterfeiting pattern.

2.7 General sample characterization

Transmission electron microscopy (TEM) measurements were
performed on a Tecnai G2 F20 S-Twin electron microscope
operating at 200 kV. X-ray diffraction (XRD) measurements
were performed on a Rigaku D/max-2000 diffractometer using
CuKa radiation (4 = 1.5406 A). Luminescence spectra were
acquired with an FLS980 spectrometer under the excitation
of an 808 nm laser. Absorption spectra were recorded on a
UV-3101 spectrophotometer. The luminescence lifetimes of the
UCNPs were measured with a 500 MHz TDS 3052 Tektronix
digital oscilloscope and excitation light resource generated
from an Optical Parametric Oscillator (Sunlite 8000).

3. Results and discussion

The core-shell nanostructures included the NaYF,:Yb/Er core
as the luminescence core, and Nd-doped shell as the bridge

This journal is © The Royal Society of Chemistry 2019
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Scheme 1 Schematic diagram illustrating the dye-sensitization strategy
to tune the R/G emission ratio of UCNPs.

region to draw the excitation energy from the dye and transfer it
to the inner core (Scheme 1). The dye-sensitized NaYF,:Yb/Er
(25/2%)@NaYF,:Nd (20%) core-shell nanoparticles (~31.3 nm)
were successfully prepared according to our previously reported
method (Fig. S1-S7, ESIt).*® Adopting the dye-sensitization
method, similar to previous reports, the UCL was enhanced
(Fig. 1a) and the excitation band was broad (Fig. S8, ESIt).
However, besides the remarkable enhancement in the UCL
(~44 folds), we also observed that after binding ~2600 dye
molecules per UCNP, the R/G emission ratio was significantly
increased (Fig. 1a). We firstly inferred that the changed R/G
ratio may arise from the energy back transfer of the visible
emissions from Er®* ions to the dye. However, the absorption of
IR-806 was very weak in the range of 500 to 700 nm (Fig. S9,
ESIt), and the test solution was nearly transparent. The absorp-
tion value of the dye at 650 nm was about 8 times higher than
that at 540 nm, which will lower the R/G emission ratio.
However, we experimentally observed an increase in the R/G
emission ratio in Fig. 1a, which indicates that the absorption of
the dye at 540 or 540 nm has no influence on the R/G emission
ratio. More importantly, the lifetime of green emission and red
emission of Er*" (Fig. 1b and c, respectively) was unchanged
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Fig. 2 (a) R/Gratio as a function of laser power density of the NaYF4:Yb/Er
(25/2%)@NaYF4:Nd (20%) nanoparticles, and inset picture shows the
log-log plots of the UCL intensity versus laser power density. UCL spectra (b),
changed R/G emission ratio (c) and photos (d) of the dye-sensitized
UCNPs with an increase in the number of conjugated dye molecules per
UCNP (from 120-2600) under 808 nm excitation (8.3 W cm™2).

when different numbers of dye molecules were conjugated per
UCNP, which confirmed that the energy transfer from Er’** to
IR-806 did not occur in the range of 500 to 700 nm. It should be
noted that the longer rise time in Fig. 1b and c resulted from
the energy migration process occurring in the Nd**-sensitized
core-shell UCNPs.'” Considering that the role of dye sensitiza-
tion is to increase the excitation state population of UCNPs, we
inferred that the variation in the R/G ratio came from the
changed population process of the green (2H11/2/4S3/2) and red
emission state (*Fop,).

In essence, the dye-sensitization method to increase the UCL
intensity involves amplifying the population rates of UCNPs.
This can be verified by the enhanced UCL and enhanced
emission of Yb*" after dye-sensitization (Fig. $10, ESIt). Tradi-
tionally, the population rates of UCNPs can be enhanced by
increasing the laser power density. Fig. 2a displays the double
logarithm plot generated using UCL intensity versus pump
power density, where the UCL intensity increased with the
power density. The slope values of n for the *Sy3, — “Ijs)
(540 nm) and *Fy), — I35/, (655 nm) transitions of the Er** ions
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Fig. 1 (a) UCL spectra of NaYF,:Yb/Er (25/2%)@NaYF,:Nd (20%) nanoparticles without and with dye sensitization under excitation of 808 nm (8.3 W cm™2).
Luminescence decay curves of 540 nm (b) and 650 nm (c) of Er** when UCNPs conjugated with O (black line), 520 (red line), 1270 (green line), 2600 (blue line),
4100 (cyan line), 6100 (magenta line) dye molecules per UCNP at an excitation wavelength of 808 nm.
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Fig. 3 Classified upconversion population scheme of the green and red emission states in the Yb*"—Er®* doping system. The detailed description of the

UC1-UC7 process can be found in the ESI.}

were 1.81 and 2.22, respectively, characteristically indicating
that multi-photon processes were involved in the green and red
UC emissions. Since the slope of the red emission was larger
than that of the green emission, the R/G emission ratio
increased with an increase in the power density. Since dye
sensitization has a similar role of increasing the power density
to increase the population rates, the R/G emission ratio should
also increase with an increase in the number of conjugated
dye molecules per UCNP. Similarly, we mimicked the process
of increased power density by increasing the number of
conjugated dye molecules on the surface of the UCNPs. The
UCL of the UCNPs gradually increased (Fig. 2b) after con-
jugating an increased number of dye molecules per UCNP
(from about 120 to 2600). Initially, the R/G emission ratio was
only 0.78. With a further increase in the number of conjugated
dye molecules from 250 to 2600, the R/G emission ratio
gradually increased (Fig. 2b-d). Finally, the red emission
became dominant compared to the green emission, and the
R/G emission ratio increased to 2.3. Since the population rates

8610 | J Mater. Chem. C, 2019, 7, 8607-8615

could be amplified by dye-sensitization (Fig. 1a), the slope
difference of red/green emission on the R/G emission ratio
was also remarkably amplified. Therefore, dye-sensitization can
tune the R/G emission ratio according to the population
difference of power-dependent R/G emission ratios. Although
the dye-sensitization strategy is similar to the power-mode
method, which tunes the excitation power to change the output
colour, the excitation power of the laser is usually limited in a
fixed range. More importantly, due to the low quantum yield of
UCL, the power-mode method can induce severe overheating
under a high excitation power. Differently, the dye-sensitization
strategy can precisely tune the R/G emission ratio in a large
range only by controlling the dye numbers per UCNP and
simultaneously adopt a low excitation power due to the
enhanced UCL, which is more useful for practical applications.

Apparently, deeply understanding the relationship between
the R/G emission ratio and population rates will help to tune
the R/G emission ratio by dye sensitization. Thus, we considered
the overall UCL processes to clarify the population-dependent

This journal is © The Royal Society of Chemistry 2019
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Table 1 Power-dependent R/G ratio of the different upconversion
processes

Upconversion

mechanism uc1 UC2 UC3 UC4 UC5 UC6 UC7

0 1 0 0

Power dependent R/G (ap +¢) " p° p° (p—c) ' p° p° ap+b

green and red emission. The green emission, as shown in Fig. 3, is
attributed to the successive energy transfer steps from Yb*>" to
Er*, ®Fs, (Yb) + *Ly555 (Er) — *Fy), (Yb) + *I115 (Er), and Fs, (Yb) +
1175 (Er) — *F5), (Yb) + *F5, (Er)*° and the subsequent relaxation
to the 2Hy,»/*S,), state to generate a ~525/540 nm emission. For
the complex red emission of Er**, according to previous reports,
the population of the *Fo, state can be summarized in Fig. 3:"'*¢
(i) two standard upconversion (UC) models, namely, direct popu-
lation from the I3, to “Foy, state after relaxing from the *Iy;/, to
1,3, state (UC1) and relaxing from the ®Hy,,,/*S;, state to the
“Fo), state (UC2); (ii) three Er-Er cross relaxation (CR) process,
¥,y (Er) + 15 (BT) — *Foy (Er) + *Fopy (Er) (UC3), *S3/5 (Er) + 13
(Er) — “Fop, (Er) + “Liy), (Er) (UC4), and Sy, (Er) + “Lys, (Er) —
*Fo) (EY) + "33, (Er), and subsequent ETU “I,5, (Er) + °Fs (Yb) —
*Fo, (Er) + °F-, (Yb) (UCS5); (iii) the energy transfer (EBT) from Er**
to Yb*', *S;, (Er) + ®Fy, (Yb) — “Lis (Er) + *Fs, (Yb), and then
432 (Er) + *Fsp (YD) — *Fop (Er) *F5 (Yb), when the UC process
is the dominant depletion of the *I,3, state (UC6) or when linear
decay is the dominant depletion of the I3, state (UC7).* Since
the blue UC emission was barely observable in our system, the
influence from the blue UC emission state (*Hy,) on the green or
red emission states*® is excluded in our system. To validate the R/
G emission ratio relationship, theoretical models were established
and solved for the UC1-UC7 processes based on steady-state rate
equations (details in the ESI}). The power-dependent R/G emis-
sion ratios of the different UC processes are listed in Table 1
(details in Table S1, ESIt). As can be seen in Table 1, only the UC1,
UC4 (CR between Er** and Er**) and UC7 (EBT from Er** to Yb**)
processes affected the R/G emission ratio by the power density (p).

Simultaneously, to further explore how the dye sensitization
influenced the R/G emission ratio of the Yb/Er-doped nano-
system, we also prepared a series of UCNPs with different
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concentrations of Yb*" ions or Er*" ions in the core. Fig. 4
shows that these nanostructures with different doping con-
centrations of Yb®*" and Er’" also maintained a similar size
(Fig. S11, ESIY). It should be noted that the doping concen-
tration of Yb*>" in the core beyond 25% resulted in the core size
becoming bigger (Fig. S12 and S13, ESIf) due to the rapid
growth of the crystal.*” Therefore, we only kept the doping
concentration of Yb** up to 25%.

For the NaYF,YDb/Er (25/2%)@NaYF;:Nd (20%) nano-
particles, the doping concentration of Yb** was evidently larger
than that of Er’*; thus, the Er-Yb distance was evidently shorter
than the Er-Er distance, which resulted in a more efficient EBT
process from Er®* to Yb** than the Er-Er CR process. Thus, the
UC7 process was the most dominant process for red UC
emission. According to Table 1, for the UC7 process, the R/G
emission ratio increased with excitation power. Therefore, dye
sensitization (similar role of increasing excitation power)
increased the R/G emission ratio of the NaYF,:Yb/Er
(25/2%)@NaYF:Nd (20%) nanoparticles (Fig. 1a). Similarly,
for the samples with ~10% Yb** and ~20% Yb*" doping, the
concentration of Yb was also higher than that of Er (~2%).
Therefore, the UC7 process was also the dominant process in
their UCL, which resulted in an increase in the R/G emission
ratio with excitation power density (Fig. 5a and d). Accordingly,
similarly to the samples of ~25% Yb** doping (Fig. 1a), after
dye sensitization, the R/G emission ratio also increased for the
samples with ~10% Yb*" and ~20% Yb** doping, respectively
(Fig. 5b, ¢, e and f, respectively). Therefore, the R/G emission
ratio increased for the highly Yb-doped nanosystem after dye
sensitization.

We next explored the influence of dye sensitization when
doping different Er*" ions. As shown in Fig. 6, besides the
enhanced UCL intensity, the R/G emission ratio was evidently
changed after dye sensitization. Initially, when the concen-
tration of Er’" was low (~5%) and the concentration of Yb**
was high, the EBT process from Er to Yb (UC7 process) was also
the dominant process because the Er-Er CR process was also
weak. Similarly to the previous sample (~ 2% Er**, Fig. 1a), after
dye-sensitization, the R/G emission ratio increased (Fig. 6a-c).

% 1001m

Fig. 4 TEM images of core nanoparticles of NaYF4:Yb/Er (x/2%) nanoparticles where x= 10 and 20 in (a and b), and NaYF4:Yb/Er (25/x%) nanoparticles,
where x = 5, 10, and 20 in (c, d and e), respectively. TEM images of the corresponding core—shell nanoparticles (f—j) after coating NaYF4:Nd (20%) shell

corresponding to the core nanoparticles in (a—e).

This journal is © The Royal Society of Chemistry 2019
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Without dyes

With dyes

Fig. 5 R/G ratio as a function of laser power density of the NaYF4:Yb/Er (10/2%)@NaYF4:Nd (20%) nanoparticles (a) and NaYF4:Yb/Er (20/2%)@NaYF4:Nd
(20%) nanoparticles (d), and inset picture shows the log—log plots of the UCL intensity versus laser power density. UCL spectra of NaYF4:Yb/Er
(10/2%)@NaYF4:Nd (20%) nanoparticles (b) and NaYF,4:Yb/Er (20/2%)@NaYF4:Nd (20%) nanoparticles (e) without or with dye sensitization under excitation
of 808 nm (8.3 W cm™2). The changed R/G ratio of NaYF4:Yb/Er (10/2%)@NaYF4:Nd (20%) nanoparticles (c) and NaYF,4:Yb/Er (20/2%)@NaYF4:Nd (20%)
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(a) UCL spectra of the anti-counterfeiting ink solutions in case i (808 hm excitation, 1 W cm

0. L
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~2), case ii (808 nm excitation, 3.5 W cm™2), and case iii

(980 nm excitation, 1 W cm™2). (b) Anti-counterfeiting photographs of case i, case ii, and case iii. (c) R/G emission ratio as a function of laser power density
of Dye-NPs, (d) UCL spectra of NaYF4:Yb/Er (25/2%)@NaYF4:Nd (20%) nanoparticles without and with dye sensitization under excitation of 980 nm.

(e) CIE chromaticity diagram of cases i, ii, and iii.

However, when the Er’* concentration gradually increased from
~5% to ~20%, apparently, the Er-Er CR process (UC4) became
more and more dominant. Therefore, the dominant process
changed from the UC7 process to the UC4 process. According to
Table 1, the R/G emission ratio should change from increased to
decreased with the excitation power, which agrees well with
experimental results (Fig. 6a, d and g). Accordingly, after dye-
sensitization, the R/G emission ratio changed from increased to
decreased when the Er’** concentration gradually increased from
~5% to ~20% (Fig. 6b, c, e, f, h and i). Therefore, the R/G
emission ratio will be decreased for a highly Er-doped nanosystem
or increased for a highly Er-doped nanosystem after dye sensitiza-
tion (Fig. 5, 6 and Fig. S14-S16, ESIT). Taken together, all these
results indicate that dye sensitization can either increase or
decrease the R/G emission ratio according to the different domi-
nant UCL population processes (UC4 and UC7 process), which
highlights a new method for tuning the upconversion spectral
profile.

Utilizing the unique properties (tuning the R/G emission
ratio and enhancing the UCL) obtained by dye-sensitization, as
a proof of concept, we designed an anti-counterfeiting applica-
tion (Fig. 7a and b) based on these dye-sensitized nanostruc-
tures. The anti-counterfeiting materials were composed of the
dye-sensitized NaYF,:Yb/Er (25/2%)@NaYF,:Nd (20%) nano-
particles (Dye-NPs) and NaYF,:Yb/Ho/Ce (10/2/10%)@NaYF,
nanoparticles (Ho-NPs) (Fig. S17, ESIt). On the one hand, as
shown in Fig. 7a and b, under excitation of 808 nm, the
emissions mainly came from the Dye-NPs because the Ho-NPs
could not be excited by 808 nm light (Fig. S18, ESIT). For case
(i) (power density ~1 W c¢m?), the green emissions were

This journal is © The Royal Society of Chemistry 2019

dominant compared to the red emissions. Upon increasing
the power density to ~3.5 W em ™~ (case (ii)), the R/G emission
ratio increased, which displayed a similar yellow green light.
The increased R/G emission ratio arose from the amplified
population ability of dye sensitization, which resulted in a
larger change in the R/G emission ratio (Fig. 7c) than that of
the UCNPs without dye (Fig. 2a) in the similar excitation power
range. On the other hand, under 980 nm excitation, conjugating
dyes with the UCNPs could not enhance the UCL (Fig. 7d),
which is because the IR-806 dye has nearly no absorption at
980 nm and the Nd-doped shell could also hinder the dyes from
sensitizing Yb** in the core. Therefore, when the Dye-NPs and
Ho-NPs were mixed at a mass ratio of 1:40, the low concen-
tration of Dye-NPs hardly interfered with the emissions of
Ho-NPs (Fig. S19, ESIT), and thereby only show a distinct red
emission, as shown in Fig. 7b. Moreover, according to the
Commission Internationale de L’Eclairage (CIE) chromaticity
diagram (Fig. 7e), the UC emissions could be tuned in a large
region, especially in the eye-sensitive red and green emission
region. Therefore, as shown in Fig. 7b, the orthogonal anti-
counterfeiting application based on red emission and green
emission under near-infrared light excitation was realized
based on these unique dye-sensitized upconversion nanostruc-
tures. Traditionally, blue emission and red emission*® or blue
emission and green emission®® can be fulfilled under ortho-
gonal excitation of 980 nm and 808 nm, respectively. Here,
based on the unique properties of dye sensitization, the eye-
sensitive red light and green light anti-counterfeiting pattern
was observed under orthogonal excitation of 980 nm and
808 nm, respectively.
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4. Conclusions

In conclusion, we tuned the R/G emission ratio of UCNPs by
dye sensitization without sacrificing the UCL intensity (even
enhanced several ten times). The tuned R/G emission ratio was
essentially derived from manipulating the population process
of red emission and green emission of Er’**. We demonstrated
that the R/G emission ratio can be precisely tuned by conjugating
different number of dye molecules per UCNP. Through dye
sensitization, the R/G emission ratio could be increased for
highly Yb-doped UCNPs or decreased for highly Er-doped
UCNPs. We also summarized and solved the rate equations
for the population-dependent green and red emissions, which
shed light on the design of nanosystems to tune the R/G
emission ratio by affecting the population process (not limited
to dye-sensitization strategy). As a proof of concept, an orthogonal
excited (980 nm and 808 nm) anti-counterfeiting application
based on the eye-sensitive green emission and red emission was
firstly fulfilled. Since this dye-sensitization strategy is still being
developed, adopting dyes with more powerful amplification ability
can further tune the upconversion spectral profile. Apparently,
the dye-sensitization strategy essentially manipulates the
upconversion spectral profile by promoting the population
process of UCNPs, which can be easily extended to other
activators to tune different color outputs.
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