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The upconversion luminescence (UCL) lifetime has a wide range of applications, serving as a critical para-

meter for optimizing the performance of upconversion nanoparticles (UCNPs) in various fields. It is

crucial to understand that this lifetime does not directly correlate with the decay time of the emission

level; rather, it represents a compilation of all the physical phenomena taking place in the upconversion

process. To delve deeper into this, we analyzed the dependence of the UCL lifetime on the excitation

pulse width for B-NaYF4:Yb®* Er®* nanoparticles. The results revealed a significant increase in the UCL

lifetime with both the excitation pulse width and the excitation intensity. The laser fluence was identified

as the parameter governing the UCL decay dynamics. We showcased the universality of the pulse-width-
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1 Introduction

Nanocrystals doped with rare-earth ions exhibit unique photo-
luminescent properties, owing to their unique ability to facili-
tate photon upconversion—a nonlinear optical phenomenon
that transforms lower-energy photons into higher-energy
photons.” Additionally, upconversion nanoparticles (UCNPs)
exhibit significant anti-Stokes shifts, absence of photobleach-
ing and photoblinking, long luminescence lifetimes, narrow
emission bands, and emission wavelength tuning capacity.
These distinctive characteristics render them highly attractive
materials for a wide range of applications, including
bioimaging,>* sensing,*® theranostics,” anti-counterfeiting,®
solar cells,”® small drug delivery systems," or
nanothermometry,'>™** underscoring their remarkable scienti-
fic and technological potential.
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dependent UCL lifetime phenomenon by employing UCNPs of various sizes, surface coatings, host
matrices, Yb®* and Er®* ratios, and dispersing UCNPs in different solvents. Theoretical explanations for the
experimental findings were derived through a rate equation analysis. Finally, we discussed the implications
of these results in UCNP-FRET (Forster resonance energy transfer)-based applications.

UCNPs consist of a low-phonon-energy matrix, such as NaYF,
(phonon energy 300-400 cm™"),"> where usually two different
rare-earth ions are embedded, one acting as a sensitizer and the
other as an activator. Within these pairs of ions, Yb*" and Er**
are among the most commonly used as sensitizers and activa-
tors, respectively, due to the ability of Yb*" ions to absorb exci-
tation photons at 980 nm and transfer the energy to Er’* ions.
Successive energy transfer steps populate higher energy levels of
Er’*, and upon radiative relaxation, release higher energy
photons, spanning multiple bands across the UV and visible
regions of the electromagnetic spectrum.'®

The temporal response of upconversion luminescence (UCL),
and particularly the UCL lifetime, stands out as a crucial para-
meter for UCNP-based technologies and as a fundamental
feature for characterizing the emission performance of UCNPs.
Recently, some studies have brought attention to the complex
nature of the time-related behavior of UCL, suggesting the need
to revisit this subject."”” Although the luminescence decay time
has traditionally been ascribed solely to the intrinsic lifetime of
the emitting state, the UCL lifetime is a reflection of the temporal
response of the entire upconversion process. For instance, Chai
et al. showed that the green UCL lifetime from Er-Yb-codoped
UCNPs changes significantly when the Yb*" sensitizer excited
state is quenched by fluorophores loaded onto the nanoparticle
surface.'® In this vein, Bergstrand et al. demonstrated that the
UCL lifetime of Er-Yb-codoped nanorods only approaches the
intrinsic lifetime of the emitting state when the sensitizer’s
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excited state has a significantly shorter lifetime and there are no
cross-relaxation processes involving the emitting energy level.'®
Various kinetic models have been proposed to accurately fit the
UCL decay curves, enabling the extraction of information related
to various involved processes.*

The intricate temporal dynamics displayed by UCNPs
appear to challenge a fundamental axiom of luminescence life-
time: the assumption that luminescence lifetime remains
unaffected by excitation. Indeed, power-dependent UCL life-
time has been reported.>'* Different relationships between
UCL lifetime and laser power have been found, depending on
several factors such as the nanoparticles’ size and structure (core
vs. core-shell), excitation irradiance range, composition of
doping ions in the nanoparticles, as well as whether powder or
solutions are used. For instance, Han et al?** observed an
increase in UCL lifetime for powder NaLuF,:Ybgo,Er, 0, micro-
rods when increasing excitation power from 3 W cm™> to 25 W
em™ using pulses up to 1 ms width. However, single nano-
particle experiments using NaYF,:Ybg,,Erg¢,@NaYF, nano-
particles with different sizes showed that the lifetime decreases
with excitation power for particles with diameters greater than
30 nm, reaching a saturation for 10°~10” W cm ™2, while the life-
time of smaller particles did not show any variation with exci-
tation power.”®> On the other hand, Teitelboim et al.** reported
that the UCL lifetime of core@shell NaYF,:Ybg ,,Ery o,@NaYF,:
Gd,, was relatively independent of excitation power with 4 ms
pulses, but when increasing Er’** doping, the power increments
resulted in a reduction in UCL lifetime. As Teitelboim et al
stated,> the power dependency of UCL lifetime arises from the
initial distribution of excited-state populations of active ions at
the onset of luminescence decay. This distribution is set by exci-
tation power and determines energy transfer rates, indicating
that decay kinetics is a history-dependent phenomenon.

By controlling the excitation pulse width, Han et al. have
modulated the UCL dynamics.>? They showed a huge variation
(20-fold) in the 540 nm UCL lifetime of Er** in microrods of
NaLuF,:Yb, o,Er, 0. Recently, Gao et al.>® reported an increase
in the green emission lifetime with pulse width of 78% for
20 nm NaYF,:Ybg ¢s,Erg, nanoparticles demonstrating that
particles shielded from the environment with an inert NaYF,
shell exhibit a much milder variation in lifetime (12%) com-
pared to ligand-free particles (267%). They also observed that
nanoparticles with higher Yb*" content and lower Er** content
exhibit lesser changes in lifetime with pulse width.

All this novel knowledge has a great impact, as UCL lifetime
measurements are broadly used for multiple applications,
such as in Forster Resonance Energy Transfer (FRET)-based
UCL sensors. Typically, in such systems, the formation of a
complex between the analyte (acceptor) and the UCNP (donor)
leads to a change in the FRET efficiency, which is transduced
into a variation of the fluorescence emission of both acceptor
and donor. Besides that, the FRET process is accompanied by
a modification of the UCL lifetimes of the donors. This prop-
erty arises from the different radiative and non-radiative pro-
cesses involved, with the FRET process acting as a new energy
transfer pathway. Therefore, minimizing the occurrence of
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other non-radiative energy transfer pathways could maximize
the FRET contribution to the resulting UCL lifetime.>*?”
Interestingly, this effect could introduce a bias in FRET-based
sensors, resulting in significant variations in UCL intensity
accompanied with minimal modifications in UCL lifetime.?”
For this reason, these three factors (distance, number and
nature of energy transfer pathways) have been extensively
studied to optimize the performance of FRET sensors.”®
Strikingly, the variation of the UCL lifetime can also be
affected by the excitation pulse width, which needs to be
studied and understood. For instance, Kotulska et al. explored
the performance of a FRET-based UCL sensor using NaYF,:
Yby »,Erg. 9, UCNPs as donors and Rose Bengal as the acceptor,
employing various excitation schemes.*® They found that short
excitation pulses (5-7 ns) could yield more sensitive assays
compared to long excitation pulses (4 ms).

Our aim in this work is to gain a more profound under-
standing of how the excitation pulse width and power influence
the UCL decay dynamics. To do that, we used NaYF,:Ybg,,Erp 0,
UCNPs coated with a protective hydrophobic polymer shell. We
performed a parametric analysis, exploring the variation in the
UCL lifetime of the emission bands by changing the excitation
pulse width from the microsecond range to the millisecond
range. Furthermore, we investigated the influence of both laser
power and spot size in the UCL lifetime, exploring their relation-
ship with the pulse width. Additionally, we employed various
types of UCNPs by modifying the host matrix, doping concen-
tration of rare-earth ions, surface coating, and solvent. In all
cases, a consistent relationship between the UCL lifetime and the
excitation pulse width was observed. These results were modeled
using a rate equation analysis, which allowed us to explore the
role of the initial population of the excited states in the UCL
decay dynamics. Finally, we discuss some implications of the exci-
tation-dependent ~ UCL  lifetime on  UCNP-FRET-based
applications.

2 Experimental section
2.1 Chemicals

Yttrium(m) chloride hexahydrate (YCL;-6H,0, 99.99%), ytterbium
(m) chloride hexahydrate (YbCl;-6H,0, 99.9%), erbium(u) chloride
hexahydrate (ErCl;-6H,0, 99.9%), 1-octadecene (ODE, 90%), oleic
acid (OA, 90%), oleylamine (OLA, 70%), sodium hydroxide (98%),
ammonium fluoride (98%), n-hexane (95%), methanol (99.9%),
dimethyl sulfoxide (DMSO, >99.9%), chloroform (CHCl;,
>99.8%), N,N-dimethylformamide (DMF, >99%), nitrosyl tetra-
fluoroborate (NOBF,, 95 mol), ethanol absolute (EtOH), n-hexane
(97%), yttrium(ur) oxide (Y,O3, 99.9%), ytterbium(m) oxide (Yb,O3,
99.9%), erbium(m) oxide (Er,O;, 99.9%), thulium(m) oxide
(Tm,03, 99.9%), trifluoroacetic acid (TFA, 99%), calcium carbon-
ate (CaCOs, 99.99%), strontium carbonate (SrCO3, 99.9%), tetra-
ethylorthosilicate (TEOS), and igepal co-520 were purchased from
Sigma-Aldrich (Merck). 10-Methacryloyldecylphosphate (MDP,
99%) was purchased from LGC Group, Spain. All chemicals were
used as received without further purification.
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2.2 Synthesis of NaYF,:Yb** Er** UCNPs

The synthesis of f-NaYF,:Ybg »,Ery 0, was performed following
the protocol published in ref. 30. Briefly, a thermal co-precipi-
tation method was used to obtained monodisperse UCNPs
with a mean diameter of 36 + 1 nm. The subsequent treatment
of UCNPs with NOBF, removed from their surface the oleate
molecules, which acted as a capping agent, allowing the phase
transfer of the resulting UCNPs from hexane to N,N-dimethyl-
formamide (DMF). Their later incubation with 10-methacry-
loyldecylphosphate (MDP) in DMF/CHCI; resulted in their
surface functionalization with MDP. Miniemulsion polymeriz-
ation was used to cover the resulting UCNPs-MDP with a pro-
tective hydrophobic polymer shell. In this method, a mixture
of 75% styrene (St) and 25% methyl methacrylate (MMA)
formed the dispersed oily phase, sodium dodecyl sulfate (SDS)
was used as the surfactant, hexadecane was used as the hydro-
phobe or droplet co-stabilizer; and potassium persulfate (KPS)
was used as the radical initiator. Details of the miniemulsion
polymerization procedure are described in ref. 30. The final
size of the UCNPs covered with the hydrophobic polymer shell,
B-NaYF,:Yby »,Ero 0, @PS/PMMA, is 58 nm.

2.3 Characterization

2.3.1 Morphological characterization. TEM images were
acquired using a JEOL JEM 1010 working at 80 kV and a GATAN
Megaview II digital camera. High-resolution TEM (HR-TEM)
images were obtained using a JEOL JEM 2100 working at 200 kV
and coupled to a GATAN Orius SC1000 digital camera. Samples
were prepared by depositing a drop of UCNP dispersion onto
Formvar-coated copper grids and dried at RT.

2.3.2 Optical characterization. Luminescence
were measured with the time-resolved photon counting method
with a previously described home-built fluorescence system.*!
The beam emitted by a 967 nm pigtailed 10 W continuous wave
(CW) excitation laser (JDSU, L4-9897603), equipped with both
current and temperature controllers (ILX Lightwave, LDX-36025-
12, and LDT-5525B, respectively), passes through a long-pass
dichroic filter (Semrock, FF757-Di01). Subsequently, it is focused
onto a micro-cuvette (Hellma 101.015-QS, 3 mm optical path)
using a 10x objective. The luminescence emitted by the sample is
directed by the dichroic mirror towards a short-pass filter, which
effectively blocks reflected radiation in the range of 770 nm to
1050 nm (Semrock, FF01-775/SP). The beam is then focused into
an optical fiber connected to a monochromator (Horiba Jobin
Yvon, iHR320). The monochromator employs an 1800 grooves
per mm grating blazed at 500 nm and a photomultiplier tube
(Hamamatsu, R928) for measuring the
luminescence.

The current laser controller is able to run the laser in CW
mode for steady-state luminescence measurements. Additionally,
it can generate light excitation pulses ranging from 40 ps to the
millisecond range. The rise and fall time for the laser is much
lower (nominal value lower than 10 ps) than the measured UCL
decay times. The photomultiplier tube that collects the lumine-
scence signal is connected to a 50 ohm input of a digital oscillo-

lifetimes

upconversion
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scope (Agilent, DSO9104A). The signal from the current laser con-
troller serves as the trigger for the oscilloscope. A program devel-
oped in Matlab is employed to analyze each signal obtained in
real time directly from the oscilloscope. This code can simulate
the discriminator and the multichannel counter.’® After analyz-
ing more than 5000 trigger signals, a luminescence decay curve
is obtained. The luminescence lifetime was determined by fitting
the decay curves to a single exponential function. For the fitting
process, we considered a time window from ¢ to teng, with the
final fitting time ¢.nq set long enough to allow the complete
decay of luminescence (typically ¢.,q = 2-2.5 ms). For each experi-
mental decay curve, we performed around 25 fits, varying the
initial fitting time t;,; within the range where the luminescence
signal intensity varies from 75% to 50% of its maximum value
(additional details can be found in section S1 of the ESI in ref.
33). This fitting procedure provides an average lifetime with its
standard error.

To characterize the laser intensity or irradiance at the
sample, we measured the laser power with a thermal sensor
power meter (Thorlabs, S310C) and the beam size using the
knife-edge technique.**

3 Results and discussion

We used the thermal co-precipitation method at high tempera-
ture to synthesize quasi-spherical monodisperse f-NaYF,:Yby ,,
Ery. 0, Nanoparticles with a mean diameter of 36 + 1 nm. An
HR-TEM magnification of an oleate-capped UCNP is shown in
Fig. S1A in the ESI,f showing the 100-lattice plane from the
NaYF, hexagonal phase. Furthermore, Selected Area Electron
Diffraction (SAED) analyses confirmed the hexagonal p-phase
according to the card JCPDS 16-0334 (see SAED pattern in
section S1 in the ESIf). The resulting UCNPs were coated with
a protective polymer shell as a way to transfer them to water,
while avoiding luminescence quenching and degradation pro-
cesses in this medium. This is particularly crucial when using
them in biological applications, where the diffusion of water and
other potential ligands can have detrimental effects on their
optical properties due to water quenching® and chemical
degradation.*®*” Therefore, aiming to initially study the UCNPs’
lifetime behaviour in this biomedically relevant medium, but
with the goal of ensuring the reliability and robustness of these
results, we coated the UCNPs with a hydrophobic polymer shell
through miniemulsion polymerization of styrene and methyl
methacrylate, providing greater stability and structural integrity,
as recently reported.®® It has been shown that the lifetime in
these UCNPs remains unaffected by the environment over time.*°
TEM image analysis of the resulting UCNPs showed a final dia-
meter of the polymer-coated nanoparticle of 58 nm (Fig. 1A).
Fig. 1B shows the green UCL emission spectrum of an aqueous
NaYF,:Yb,Er UCNP dispersion (200 pg mL~" concentration used
in all the reported experiments) upon excitation with a 967 nm
CW laser. This emission comprises two peaks at approximately
525 nm and 540 nm, corresponding to transitions Hyypp = Tispo
and S;/, — “L;5),, respectively (see the energy-level scheme of the

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (A) TEM image of 36 nm pB-NaYF4:Ybg20,Erg02 nanoparticles

coated with a hydrophobic polymer shell through miniemulsion
polymerization of styrene (St) 75%, and methyl methacrylate (MMA) 25%
mixture, p-NaYF4:Ybg 20,Erg.02,@PS/PMMA. Final diameter of the
polymer-coated nanoparticle: 58 nm. (B) Green UCL spectrum of an
aqueous B-NaYF4:Ybg 20,Erg.02@PS/PMMA UCNP dispersion (200 pg
mL™?) and excitation laser spectrum for a CW laser power of 0.3 W. (C)
Energy-level diagram for Yb®>" and Er®* ions describing the processes
that give rise to green UCL emission bands. Black dashed lines represent
the Yb—Er energy transfer (ET) mechanism, whereas green solid lines
represent the two green emissions centered around 525 nm and
540 nm.

system depicted in Fig. 1C, which includes the green upconver-
sion process primarily driven by energy transfer (ET) from Yb**
ions to Er’" ions).

Next, we analyzed the impact of the excitation pulse dur-
ation on the UCL lifetime of the UCNPs. The setup for con-
ducting time-resolved luminescence experiments is illustrated
in Fig. 2A. We measured the UCL decay curve of the green
band (at 540 nm, with a monochromator nominal spectral
bandwidth of less than 5 nm) by varying the pulse width of the
NIR excitation laser (967 nm) across a range from a few micro-
seconds to tens of milliseconds, both below and above the
typical UCL lifetimes. The pulse repetition frequency was
selected to ensure that the ions relax to the ground level before
initiating the subsequent excitation pulse (see values in
section S2 of the ESIt). The decay curves presented in Fig. 2B
provide clear evidence of the dependency of the UCL lifetime
on the pulse duration. Interestingly, increasing the excitation
pulse width results in a corresponding increase in the UCL life-
time. Fig. 2C displays two representative configurations: a long
excitation pulse of 1 ms (upper scheme) and a short excitation
pulse of 40 ps (lower scheme). In the former case, the UCL
decay curve clearly exhibits slower decay dynamics, giving a
UCL lifetime of 207 ps, while shorter excitation pulses, 40 ps,
result in quicker decays (147 ps). The UCL lifetime was deter-
mined by fitting the decay curves to an exponential function

This journal is © The Royal Society of Chemistry 2024
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with a varied fitting window, as detailed in section 2.
Additionally, we explored fitting the decay curves with a combi-
nation of exponential functions and calculating the weighted
average of the obtained decay times. This approach yielded
similar lifetime values (see section S3 in the ESIf for more
details). To ensure that the observed variation in the UCL life-
time with the laser pulse width is not attributed to tempera-
ture-related factors, we conducted time-resolved luminescence
experiments using a temperature-controlled cuvette holder. We
measured the UCL decay curves as a function of the laser
pulse width at two different temperatures, 20 °C and 40 °C,
revealing a remarkably similar behavior (see section S4 in the
ESIT). This experiment highlights the reproducibility of this
phenomenon, even at different temperatures.

In order to further understand this phenomenon, we
studied the behaviour of the UCL lifetime not only by varying
the pulse width, but also the laser excitation power. Fig. 2D
shows the UCL lifetime as a function of the laser pulse width
for three different laser powers. As seen in the figure, the UCL
lifetime increases with the laser power, a phenomenon that
seems particularly relevant at long excitation pulses. This be-
havior agrees with previous reports.”>** It is noteworthy that
small UCNPs (8 nm) with high Er** concentrations,** or single
UCNPs (>30 nm),>* appear to exhibit the opposite behavior, ie.,
a reduction of UCL lifetime with increasing power. This has been
attributed to a depopulation of the emitting states by power-
dependent increased relaxation rate due to an increase in the
spatial density of populated Er*" excited states, which in turn
increases the rates of ET and cross-relaxation out of these states.
Hence, not only does the laser pulse width impact the measured
green UCL lifetime, but so does the laser power. These results are
particularly interesting, as they show two new parameters (pulse
width and laser power) for controlling the time evolution of the
UCL, and highlight how the combination of large laser pulses
and increasingly higher excitation powers results in significant
lifetime changes for UCNPs with a fixed chemical composition
(Yb:”/Ers'+ ratio and host matrix), nanoarchitecture, surface
coating and surrounding environment.

To elucidate the interplay between excitation power and
excitation pulse width in shaping the lifetime behavior, we
measured the UCL decay curve by varying the position of the
cuvette along the beam propagation axis while keeping a con-
stant excitation pulse width (5 ms) and power (2.2 W). This
allowed us to analyze the effect that the change of the laser
beam size at a fixed pulse width and power had on the UCL
lifetime. The laser beam diameter was firstly measured along
the propagation axis using the knife-edge technique®® (see
section S5 in the ESIf for more details). The UCL lifetime
results are presented in Fig. 2E, left axis. The longest UCL life-
times were achieved when the sample was placed at the beam
waist (see laser spot diameter on Fig. 2E, right axis). As we
exposed the sample to a larger beam size, the UCL lifetime
decreased. These findings suggest that the variation in UCL
lifetime is highly dependent on the optical energy per unit
area, ie., the laser fluence. To support this observation, we
compiled all the previous lifetime measurements from Fig. 2D

Nanoscale, 2024, 16,12184-12195 | 12187
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Fig. 2 (A) Schematic of the experimental setup to measure the time-resolved UCL. L1: collimating lens; Di: long-pass dichroic filter; 10x: micro-

scope objective; F1: band-pass filter; L2: focusing lens; OF: optical fiber; PMT: photomultiplier tube; CC: coaxial cable. (B) Green (540 nm) UCL
decay curves for different excitation pulse widths and a laser power of 2.2 W. (C) Two extreme representative cases depict the temporal evolution of
the excitation pulse (40 ps and 1 ms) alongside the corresponding experimental UCL decay signal. (D) Green UCL lifetime as a function of the exci-
tation pulse width for three different laser powers. Symbols are the experimental data and solid lines are the simulated results obtained by numeri-
cally solving eqn (1). (E) (left axis) UCL lifetime versus the distance from the excitation beam waist to the cuvette. Symbols are the experimental data
and the solid line is the simulated result obtained by numerically solving eqn (1). (right axis) Laser spot size as a function of the cuvette position. The
excitation pulse width was 5 ms, and the power was 2.2 W. (F) UCL lifetime from graphs (D) and (E) as a function of the laser fluence. The inset sum-
marizes the analyzed excitation characteristics, including pulse width, power, and spot size.

and E and plotted them in Fig. 2F as a function of laser
fluence. It is noteworthy that our results reveal how all UCL
lifetime data collapse into a single curve when represented in
terms of laser fluence, demonstrating that this is the variable
responsible for the observed lifetime behaviour.

These results give us important information about the role
of the excitation pulse in establishing the population of the
different energy states. The laser irradiance (I) controls the
excitation rate, quantifying the number of excited Yb*" ions
per unit of time, whereas the laser fluence, on the other hand,
signifies the overall number of excitation processes taking
place during the excitation pulse. Consequently, the laser
fluence governs the distribution of the population, just when
the laser is turned off, among the various energy levels of the
Er** and Yb*" ions involved in the upconversion process. All of
these factors suggest that the temporal behavior of the UCL
decay is a history-dependent phenomenon.**?*”*°

3.1 Theoretical interpretation

To investigate the experimentally observed phenomenon, we
performed a rate equation analysis. Our aim was to replicate
the behavior of the experimentally determined green UCL life-

12188 | Nanoscale, 2024, 16, 12184-12195

time and to better understand the mechanisms behind it by
using the rate equation model presented below:

et gy Nt + WiraiNess — 2G5 Nent?
T - = Er14VEr1 + Er214VEr2 — Er14{VEr1
dNgr2
dtr = — WEeraNer2 + Wer32Ner3s + KaNgroNyb: — K2 Ner2Nybo
— K4NgoNyby + CeriNer® — 2Ce N,
dNg3
d_tr = — WersNer3 + Wera3Nera,
dNgr4
dtr = — WeraNgr + KaNeaNyb1 + CeraNen,
dNyp1 1 I
= — Wyp1Nyb1 + = Wybt — (Nybo — Nyb1) — KaNgroNyb
dt g YRy

+ Kp2NEgr2Nybo — K4Ner2Nyb1 -
(1)

Here Ny, is the density of Er’" ions in the energy level j,
where the subscripts j = 0, 1, 2, 3, and 4 represent the *I 5/,
132, “Li1jz, *Foa, and *S;,, energy levels of Er*" ions, respect-
ively (see Fig. 3A). The population of fast-decaying levels as
“F,;, and ‘1o, are neglected and the populations of energy
levels H,,/, and *S;/, are considered in thermal equilibrium.

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (A) Energy-level diagram for Yb** and Er®* ions describing all the physical processes used in the rate equation model. Black dashed lines rep-
resent the Yb—Er ET mechanism (K3, Kgo, and K4), whereas black dotted lines represent Er—Er ET mechanisms (Cg,4 and Cg,,). The gray solid line rep-
resents ground-state absorption (and stimulated emission) of Yb>* ions (ayp1). The rest of the solid lines represent radiative decay rates from different
levels (Wyp; for Yo**, and We1, Werao, Werso, and Weao for Er®Y), whereas faster nonradiative decay rates are represented by wavy lines (Wg 43, W3,
and Wg,»1). (B) Representative schematic of a developed simulation: (upper graph) excitation laser with an intensity of / = 0.05/5; and a pulse width
of 100 s, (lower graph) time evolution of the population N, corresponding to level 4Sz/, of Er®* ions. (C) (left axis) Normalized initial populations of
the energy levels for Er** and Yb®* ions at the end of the laser pulse, as a function of the laser pulse width; the laser intensity is | = 0.0075/,. (right
axis) Simulated UCL lifetime versus the excitation pulse width (dashed line). (D) Schematic representation of a simulation conducted to demonstrate
the dependence of the UCL lifetime on the initial conditions of the populations. The left panels depict the initial populations, while the right panels
show the decay curves of Ng,4. In the upper scenario (1), only the two resonant levels of the Er** and Yb*®* ions are initially populated. In the lower

scenario (11), the metastable level of the Er** ions is also initially populated.

Therefore Ngy + Ngr1 + Nerp + Ners + Ngrg = Ng;, Wwhere Ng, rep-
resents the total density of Er’* ions in the nanoparticle. On
the other hand, Ny, and Nyy,; are the Yb*" ions density in the
’F,,, and °Fs), energy levels, respectively (Nypo + Nyp: = Nyp,
with Ny, being the total density of Yb*' ions in the nano-
particle). Wy, is the decay rate from Er’’ level j to level [,
whereas Wy,; (Wyn; for Yb** ions) is the total decay rate of the
energy level j of Er’* ions. The decay rates from an excited level
to the ground state are considered radiative decay rates (in the
millisecond range), while the decay rates from an excited level
to the next lower excited level are considered faster non-
radiative decay rates (in the microsecond range) due to multi-
phonon relaxation. On the other hand, K, and K, are the coeffi-
cients of the resonant energy transfer from the excited Yb**
ion (sensitizer) to levels 2 and 4 of the Er’" ion (activator),

This journal is © The Royal Society of Chemistry 2024

respectively. Kg, is the coefficient of back energy transfer from
the Er** ion in level 2 to the Yb®*" ion. Cg,; and Cg,, are the
coefficients of cross-relaxation energy transfer between two
neighboring Er** ions. Cgy is the typical quenching mecha-
nism that takes place in erbium-doped fiber amplifiers (*I,3/,
M1312) = (1152, “Ios2) and Cpy, is an upconversion energy trans-
fer to the green-emitting level (1112, “111/2) = (*I1s/2, “F7/2). The
excitation laser intensity or irradiance is denoted as I (in units
of W em™2). This can be normalized by the saturation intensity
Lo = hoWyp1/(26yp1) of the Yb®" transition, where oy, is the
corresponding absorption (~emission) cross-section at the
laser wavelength and hw is the corresponding transition
energy (resonant with the laser wavelength at 967 nm).

To carry out the simulations, we initially considered decays,
energy transfer coefficients, and other physical parameter
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values of the same order of magnitude as those found in the
literature.®*' We then adjusted these parameters to repro-
duce our experimental results (see section S6 in the ESIT). To
analyze the time evolution of the populations, we considered
the excitation intensity as a square pulse with a specific ampli-
tude I/I;,c and pulse width (see Fig. 3B). At the initial time, ¢ =
0, all ions are in their ground state, resulting in initially unpo-
pulated excited levels. Therefore, the initial conditions at ¢ = 0
are Ngri = Nerz = Nirs = Nira = Ny = 0, Ngro = Nir, and Nypo =
Nyp. We numerically solved eqn (1) using an explicit Runge-
Kutta method in MATLAB."* In particular, the time evolution
of the Ng., population outlines the UCL decay curve of the
green band; see, for example, Fig. 3B where a pulse width of
100 ps with an intensity of 1/, = 0.05 was used. The simulated
curves were fitted in the same manner as the experimental
curves to determine the simulated lifetime (the simulated UCL
decay curves and their exponential fits are shown in section S7
of the ESIt). The simulated UCL lifetime as a function of the
laser pulse width for different laser intensities (I/Is,. = 0.07,
0.012 and 0.004) were plotted in Fig. 2D (solid coloured
curves), showing good agreement with the experimental
results, which indicates that the issue is inherently dynamic in
nature. We additionally simulated the experimental results
depicted in Fig. 2E (left axis), illustrating the UCL lifetime as a
function of the distance from the excitation beam waist to the
cuvette. This was accomplished by using a 5 ms pulse width
and adjusting the laser intensity while taking into account the
laser spot diameter shown in the right axis of Fig. 2E. The
simulated curve, shown as a solid line in Fig. 2E (left axis),
demonstrates a good agreement with the experimental results.

We employed the theoretical model to gain a deeper under-
standing of the mechanism underlying the pulse-width-depen-
dent UCL lifetimes. The essence of the matter lies in the
manner in which the different energy levels of Er*" and Yb**
ions are populated depending on the excitation pulse width.
This means that the UCL lifetime is history-dependent, as was
mentioned by Teitelboim et al.>* Thus, to better understand
this behaviour, we studied how the initial populations (popu-
lations reached at the end of the laser pulse) change with the
excitation pulse width. The result is plotted in Fig. 3C. For
comparison purposes, the simulated UCL lifetime versus the
excitation pulse width was also plotted (right axis). At short
laser pulse widths, the excitation laser primarily populates the
Yb*" excited level *Fs, (black line in Fig. 3C) and the Er’* reso-
nantly excited level *I;,/, (gray line in Fig. 3C) due to the rapid
energy transfer between both states with a rate of K,Ngr =~
KoNg: = 2 x 10* s7'. In a matter of a few microseconds, the
112 Er’* level is populated through energy transfer by the
Yb*" ions. The remaining states are nearly unpopulated, and
from this configuration, the simulated UCL decay signal shows
a lifetime close to 140 ps (see right axis in Fig. 3C). The situ-
ation undergoes a significant change with long excitation
pulses. In this scenario, the system has ample time to signifi-
cantly populate the metastable level “I;3,, of Er’* ions (pink
line in Fig. 3C), surpassing the population of the levels men-
tioned earlier. This metastable level is populated through the
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upper excited level *I;;, with a rate close to Wgp; =~ 10* 571,
roughly on the order of a hundred microseconds. This results
in a different configuration of population distribution at the
end of the excitation pulse, leading to a slower decay of UCL
with a lifetime close to 208 ps.

To further corroborate the idea that we are dealing with a
history-dependent process, i.e., that the UCL decay dynamics
are sensitive to the initial distribution of populations, we
carried out a simulation without an excitation laser (laser off, I
= 0 in eqn (1)) by setting directly two different initial con-
ditions for the populations. First (scenario number I in
Fig. 3D), only the two intermediate resonant levels, *I,,, from
Er*", and *Fs, from Yb*", were populated. Second (scenario
number II in Fig. 3D), the preceding levels and, to a major
extent, the Er*" metastable level, *I,3/,, were initially populated.
The corresponding UCL decay curves for both cases are shown
in Fig. 3D. Both decay curves exhibit different time behavior,
which clearly reveals that the UCL lifetime depends on the
initial distribution of the populations. The initial populations
of the energy levels serve as weights, signifying the relative
contributions of various characteristic times, including decay
and energy transfer rates. Indeed, this leads to a type of
weighted average-like lifetime. Therefore, it suggests that the
distinct contribution of the different characteristic times will
vary based on the composition or morphological character-
istics of the UCNPs under analysis.

3.2 Analysis of different UCNPs

In light of this, we have analyzed the green UCL lifetime in
different types of UCNPs to determine the extent to which the
behavior with the excitation pulse width remains consistent
both qualitatively and quantitatively. The results are presented
in Fig. 4, where we have also included the results corres-
ponding to the UCNPs used in previous sections in this work,
namely NaYF;:Ybg,,Ergo,@PS/PMMA. We have selected
UCNPs with different surface coatings, nanoparticle sizes, and
dispersed in different solvents. We have also tested different
host matrices of the UCNPs and changed the Yb** and Er**
ratio. The different UCNPs utilized are schematized in Fig. 4A
and their morphological properties are detailed in section S8
in the ESLT All of them exhibited a similar trend with the laser
pulse width, showing an increase in the UCL lifetime with
pulse width (see Fig. 4B). However, the variation in the UCL
lifetime attributed to the pulse width differs among the
different nanoparticles, as shown in Fig. 4C, where the relative
change in the UCL lifetime with the laser pulse width, normal-
ized to the shortest pulse width, is presented. A maximum
relative change between 60% and 125% was observed for the
different particles analysed. Therefore, the effect of the exci-
tation pulse width on the UCL lifetime relies on the set of
characteristic times linked to the diverse processes engaged in
the upconversion mechanism.

For example, UCNPs coated with polyacrylic acid (PAA),
named NaYF,:Yb,Er@PAA, exhibit the most significant relative
change in the UCL lifetime. While these nanoparticles share
the same characteristics as those used in previous sections

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (A) Diagram illustrating the UCNPs under investigation, encom-

passing variations in host matrix, doping ratio, surface coating, size and
solvent. (B) UCL lifetime as a function of the excitation pulse width,
measured for the different types of UCNPs: (circles) water dispersion of
NaYF4:Ybg 2,Ero.02@PS/PMMA, (squares) water dispersion of NaYF4:Ybg »,
Ero.02@PAA, (up-pointing triangles) ethanol dispersion of NaYF4:Ybg,
Ero.02@SiO,, (diamonds) hexane dispersion of NaYF4:Ybg o7.Erg1s, and
(down-pointing triangles) toluene dispersion of SrYbg oFs:Erg1@CaF,. (C)
The UCL lifetime change versus the pulse width is presented relative to
the value obtained at the shortest pulse width, utilizing the data from
graph (B). All samples were measured using a laser power of 2.2 W.

(NaYF,:Yb,Er@PS/PMMA), it has been proven that PAA pro-
vides less protection against surface quenching effects from
water.*® Consequently, this results in a faster UCL decay (see
Fig. 4B), particularly noticeable for short excitation pulses
(~100 ps for NaYF,:Yb,Er@PAA versus 150 ps for NaYF,:Yb,
Er@PS/PMMA). As the excitation pulse width increases, other
physical processes involving active ions less affected by surface
quenching become more prominent, leading to a UCL lifetime
comparable to that observed in NaYF,:Yb,Er@PS/PMMA.
Essentially, NaYF,:Yb,Er@PAA nanoparticles exhibit a more
pronounced variation in the UCL lifetime compared to NaYF,:
Yb,Er@PS/PMMA. This observation aligns with findings by
Gao et al., who demonstrated a reduction in lifetime change
with pulse width by encapsulating the nanoparticles within an
inert shell.>® These results were qualitatively elucidated by the
coexistence of Er’" ions with multiple decay times, with their
contribution to lifetime differing depending on their spatial
distribution within the nanoparticle.

Furthermore, in Fig. 4B and C, we observe a more rapid
increase in the UCL lifetime for the UCNPs doped with 7% of
Yb** ions and 15% of Er*" ions (diamonds), compared with
the traditional doping of 20% Yb** ions and 2% Er** ions. As
previously reported,**the pathway for populating the green
emission level involves energy transfer between Er** ions due
to the higher concentration of Er’" ions. This suggests that
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these UCNPs exhibit a distinct mechanism for UCL generation,
potentially resulting in a different rate of increase.

We strongly believe that these results are not exclusive to
Yb** and Er**-codoped UCNPs but common to other rare-
earth-doped UCNP systems. This reveals a spectrum of possibi-
lities for further investigation.

3.3 Implications on FRET

Finally, we theoretically discuss one potential consequence of
the pulse-width-dependent UCL lifetime. As we mentioned in
the Introduction, UCNPs are attractive candidates as donors
for FRET-based detection, which is currently a major research
topic in the field of UCNPs. In fact, challenging questions,
such as optimal UCNP sizes and structures, donor-acceptor
distances, and UCNP coating and functionalization strategies
that are optimal for improved FRET efficiencies,*>**™*” as well
as the development of theoretical models to investigate this
process in depth,?®?® have been the focus of recent studies. In
a very interesting work, Bhuckory et al. demonstrated that the
UCL decay dynamics of 24 nm NaYF,:Yb*",Er*" nanoparticles
in a UCNPs-dye FRET system do not significantly change,
whereas the UCL intensity shows a strong distance dependence
to the dye.”” This suggests that UCL lifetimes may not be very
suitable for analyzing FRET efficiencies. Recently, a depen-
dence of the sensitivity of a FRET-based UCL sensor with the
excitation pulse width has been reported.>® FRET is typically
detected by measuring the change in the UCL lifetime attribu-
ted to the presence of the acceptor, which introduces a new
nonradiative relaxation pathway. Then, FRET efficiency is com-
monly assessed using the following expression:
DA

Nerer = 1 —
D ’

(2)

where 7, is the lifetime of the donor nanoparticle, in our case
the UCNP, and 7p, is the lifetime of the donor nanoparticle
covered by the acceptor molecules. Then, after the results
shown in our work, a primary concern arises: does the pulse
width impact the FRET efficiency calculated through eqn (2)?
To address this question, we simulated the UCNP-acceptor
system by incorporating a new decay process into eqn (1) for
the resonant energy transfer from the Er’* emitting level, *S;,,
to the acceptor (see scheme in Fig. 5A). The equation of this
level remains:

dn; Erda 2
Qi —WEraNgrs + K4NeraNybr + Cer2Ner2” — KererNera,

3)

where Kprer quantifies the rate of resonant energy transfer to
the acceptor and therefore the FRET efficiency can be defined
in terms of the intrinsic decay rates as Erggr:

Krrer
Wera0 + WEra3 + Krrer

(4)

Eprer =

We examined the temporal evolution of Ng, by varying the
laser pulse width in both the absence and presence of the
additional decay linked to the acceptor, as described in eqn (1)
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acceptor Keret- (B) (left axis) Simulated UCL lifetime in the absence (black dashed line) and in the presence (black solid line) of an acceptor with a
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tion of the laser pulse width (pink solid line). (C) A 2D contour plot of the simulated FRET efficiency, calculated based on the UCL lifetime change, as

a function of the laser pulse width and laser intensity.

and (3). While, in principle, we cannot rule out the possibility
that the rate Kggrer changes with pulse width, for simplicity, we
will consider the case where it remains constant. We used a
value of Kgppr =~ 4.4 x 10° s7', representing 25% of the total
decay rate, i.e., Epger = 0.25. The UCL lifetimes are depicted in
Fig. 5B (left axis), both without (Egger = 0, black dashed line)
and with (Egpger = 0.25, black solid line) the acceptor. As
expected, the presence of the acceptor leads to shorter UCL
lifetimes. Nevertheless, both curves exhibit a similar trend
with the pulse width. From these data, we determined the
FRET efficiency using eqn (2). Interestingly, a pulse-width-
dependent FRET efficiency is obtained as shown on the right
axis of Fig. 5B. This finding warns us about the need to be very
careful when comparing FRET efficiencies obtained from
different types of excitation, as both the excitation pulse width
and intensity can influence the UCL lifetime, and thus the
corresponding measured value of the FRET efficiency. In
Fig. 5C, we present a 2D contour plot illustrating the simulated
FRET efficiency obtained through the change in the UCL life-
time (eqn (2)) as a function of the laser pulse width and exci-
tation intensity. This result highlights the impact of the exci-
tation-dependent FRET efficiency in UCNPs, and how much
the excitation parameters can influence the measured
outcome from FRET systems based on UCNPs (e.g. FRET
sensors). At this juncture, a second concern arises: the
observed FRET efficiency derived through the change in UCL
lifetime (3.6-8.3%, see Fig. 5B and C) is notably lower than the
FRET rate’s contribution to the total decay rate of the green-
emitting level (set at 25%). This discrepancy arises because the
UCL lifetime of the green level does not directly align with the
decay time of the green-emitting level (i.e., 1/Wg.4), but rather
encompasses a compilation of all physical phenomena occur-
ring in the upconversion process, including energy transfer
rates between sensitizer and activator ions, decay rates of inter-
mediate levels, or cross-relaxation rates between Er ions.
Therefore, changes in the decay rate of the green-emitting level

12192 | Nanoscale, 2024, 16, 12184-12195

due to FRET, whose efficiency is calculated as Kergr/(Wera +
Kerer), will not be fully reflected in the same proportion when
analyzing the change in the UCL lifetime. Consequently, accu-
rately measuring the actual contribution of FRET is not feas-
ible, as recovering the change introduced in the decay rate of
the green emission level through the analysis of the UCL life-
time is not achievable. This underestimation of the FRET
efficiency, and consequently the FRET rate, has massive impli-
cations in the field of FRET sensors based on UCNPs, as it
would lead to a great reduction of the possibly achieved detec-
tion sensitivity. Further endeavors to address this issue could
focus on attempting to isolate the intrinsic decay of the emit-
ting level within the observed UCL decay curve. This could be
achieved by fitting the UCL decay curve to kinetic models.
However, it presents a challenge as different decays times and
processes involved in the UCL decay signal have similar values.
Additionally, a single model is unlikely to be effective for
different excitation regimes, such as low and high laser inten-
sities, or for different UCNPs.

We finally explored FRET under steady-state conditions,
employing CW laser excitation. This method is generally not
optimal for experimentally detecting FRET, mainly because
luminescence reabsorption cannot be reliably distinguished
from energy transfer. Moreover, luminescence is significantly
influenced by variations in the concentration of UCNPs and
the excitation irradiance. In this scenario, the FRET efficiency
is determined by observing changes in the intensity of the
UCL spectrum:

I DA

In’

Mgrer = 1 — (5)
where I, and I, are the spectra intensity of the UCNP in the
absence and presence of the acceptor, respectively. The steady-
state population of the green emission level, N, correlates
proportionally with the emission intensity of the mentioned
level, enabling the determination of the FRET efficiency. Then,

This journal is © The Royal Society of Chemistry 2024
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4135/2 transition. The spectrum of the laser used for excitation at 967 nm

is also depicted in gray. (B) An energy-level diagram summarizes the three

upconversion emissions and the laser absorption. (C) UCL intensity for the green, red, and blue emissions plotted as a function of the excitation
laser intensity for the NaYF,4:Ybg »,Erg 02@PS/PMMA nanoparticles. Symbols represent measurements, and solid lines indicate linear fits to the data.
(D) UCL lifetime versus laser pulse width for the red and blue emission bands at a laser power of 2.2 W measured for the different UCNPs: (circles)
water dispersion of NaYF4:Ybg 2,Erg 02@PS/PMMA, (squares) water dispersion of NaYF4:Ybg »,Erg.0.@PAA, (up-pointing triangles) ethanol dispersion of
NaYF4:Ybg 2,Ero.02@SiO,, and (diamonds) hexane dispersion of NaYF,4:Ybg 07,Erg.15. (E) Relative change in UCL lifetime, normalized with the value at
the shortest pulse duration, versus laser pulse width for the data presented in graph (D).

the population Ng.4 will be proportional to the quantum yield
of this state (intrinsic quantum yield) which corresponds to
Werao/(Werao + Weras + Kerer), that is, the ratio of the radiative
decay rate to the total decay rate of this state. Therefore, the
FRET-induced change in the total decay rate provokes a
similar change (inversely) in the UCL intensity (or population
Ngrs). We numerically calculated the steady-state population
Ngy4 for the same laser intensity as in Fig. 5B but considering
a CW laser. The change of the steady-state population when
the acceptor is present led to a FRET efficiency close to 25% in
agreement with the FRET rate (see Fig. S7 in the ESI}). Hence,
we can conclude that quantifying FRET in systems with UCNPs
as donors poses a challenge that warrants further thoughtful
consideration.

3.4 Red and blue emission bands

We investigated the effect of the excitation pulse width on the
UCL lifetime for the remaining visible emission bands of the
Er**/Yb*"-doped UCNPs. The UCL spectrum of the NaYF,:Yby .,
Erg.0,@PS/PMMA nanoparticles is plotted in Fig. 6A and consists
of green (*Ss, and *Hy1;, — “Is5p), red (*Fo, = *L55), and blue
(*Hgj, — “I;5,,) emission bands. Fig. 6B shows the energy-level
scheme with these transitions. The power law relationship
between the UCL intensity and the excitation intensity for the
various emission bands highlights the nature of the underlying
upconversion mechanism (see Fig. 6C). The green and red emis-
sions follow a biphotonic process, ie., a power law exponent
close to 2, whereas the blue emission show a triphotonic process,
i.e., a power law exponent close to 3.

Fig. 6D shows the UCL lifetime as a function of the laser
pulse width for both the red and blue emission bands across
various types of UCNPs while maintaining a constant laser
power of 2.2 W. While the behavior of the blue emission for
the different UCNPs resembles that of the green emission, the
red emission does not exhibit a similar pattern. To observe

This journal is © The Royal Society of Chemistry 2024

this dependence more clearly, we plotted in Fig. 6E the relative
change in lifetime, normalizing it with the value at the smal-
lest pulse width. The change in the UCL lifetime for the blue
emission spans from 40% to 90% for the different UCNPs,
which is comparable (though slightly smaller) to the range
observed for the green emission (see Fig. 4C). This suggests
the possibility that the blue emitting level is populated via
energy transfer from the green emitting level (*S;,,). However,
the red emission of all the nanoparticles studied shows only
minimal variation with the laser pulse width, less than 10%,
in agreement with previous findings reported by Han et al.*?
This indicates that not all emissions behave similarly. One
plausible explanation is that the population of the red level is
not exclusively derived from the green level; otherwise, we
would expect a similar trend of lifetime with pulse width.
Alternative excitation pathways, possibly originating from the
metastable level of Er’" ions (*I;3,), may contribute to the
population of the red level. This competition among mecha-
nisms could potentially lead to unchanged decay dynamics
despite a varying pulse duration.

4 Conclusions

We have investigated the impact of the excitation pulse dur-
ation on the temporal dynamics of the green upconversion
luminescence in NaYF,:Yb, ,,Ery 0, Nanoparticles. As a general
trend, we observed an increase in the UCL lifetime when the
laser pulse width extends from the microsecond to the milli-
second range, eventually reaching saturation. This phenom-
enon was also observed in other UCNPs with varying sizes,
coatings, doping concentrations of rare-earth ions, host
matrices, and solvents. Notably, enhancements in the UCL life-
time exceeding 100% were achieved. The relationship among
laser pulse width, laser power, and beam size in influencing
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the behavior of the UCL lifetime was investigated. We con-
cluded that the laser fluence governs the UCL decay dynamics,
as this parameter determines how the various energy levels of
the Er*" and Yb*" ions are populated at the end of the laser
pulse.

The variation in UCL lifetime with the excitation pulse
width was theoretically explained through a rate equation ana-
lysis. This allowed us to confirm the history-dependent nature
of the UCL lifetime. In other words, the decay dynamics of
UCL depends on the populations of the different energy levels
of rare-earth ions reached at the end of the excitation pulse.
Using the theoretical model, we demonstrated that the FRET
efficiency, assessed by changes in the UCL lifetime, exhibits a
dependence on the laser pulse width. Therefore, great care
must be taken when comparing the efficiencies of UC-based
FRET sensors obtained under different experimental excitation
conditions. Furthermore, we concluded that quantifying FRET
in this kind of system presents a challenge that merits
additional thoughtful consideration.

We have examined the impact of excitation pulse width on
the red and blue UCL lifetimes using different types of UCNPs.
While the blue emission behaves similarly to the green emis-
sion, the red emission shows minimal variation with the laser
pulse width.

Our findings raise compelling questions that demand a
more detailed investigation. For example, the behavior of the
downshifting luminescence lifetime with excitation para-
meters needs to be explored, not only in rare-earth-doped
nanoparticles but also in other luminescent nanosystems,
such as quantum dots. On the other hand, this phenomenon
opens up new possibilities for potential applications that lever-
age the relationship between lifetime and excitation power.
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