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ABSTRACT: Combating the concentration quenching effect by increasing the
concentration of sensitized rare-earth ions in rational design upconversion
nanostructure will make it easier to utilize injection energy flux and transfer it to
emitters, resulting in improved upconversion luminescence (UCL). We proposed a
host-sensitized nanostructure (active core@luminescent shell@inert shell) to
improve multiphoton UCL of Tm’" based on the LiLnF, host. Yb** ions were
isolated in the core as energy absorbents, and Tm*" was doped in the interior
LiYbF, host shell. Compared with sandwich structured nanocrystals (Y@Y:Yb/
Tm@Y), reverse structure (YbTm@Yb@Y), and fully doped structure (YbTm@
YbTm@Y), the proposed structure achieved the highest efficiency of multiphoton
UCL and favored a better FRET-based application performance as the Tm*
located at an optimized spatial distribution. Furthermore, steady-state and dynamic
analysis results demonstrate that by manipulating the spatial distribution of the
active jons, excited energy can be tuned to enable multiphoton upconversion
enhancement, overcoming the conventional limitations.

P
Energy Migration

nergy Transfer
@Yb* CTm®

KEYWORDS: multiphoton upconversion, energy migration, FRET, concentration quenching

anthanide-doped upconversion nanoparticles (UCNPs),

which can convert two or more low-energy pump photons
into one high-energy output photon, allow for the emission of
a wide range of wavelengths from near-infrared (NIR) to
ultraviolet (UV). Emissions from Tm>*-based UCNPs,
typically Yb/Tm co-doping, generate UV/blue emission with
a large anti-Stokes shift, essential in biomedicine," ™ photo-
catalysis,b_8 etc. However, many detrimental factors, such as
concentration quenching, cross-relaxation, and surface quench-
ing, continue to limit the brightness and multiphoton emission
efficiency of these UCNPs. Significantly, at high-lying emission
levels, the complex multiphoton transition process of Tm?*
easily renders excited energy consumption. Improving Tm?*
multiphoton emission is critical to increasing energy injection
while minimizing excited-state energy dissipation via unfavor-
able energy transport pathways.

Although increasing the concentration of the dopants
appears to be the simplest way to improve the absorption
cross-section for energy harvesting, concentration quenchin%
restricts the doping level of sensitizer and activator ions.””"
Recent research has focused on elucidating the concentrating
effects in heavily doped UCNPs such as NaErF,@NaYF,,
NaYbF,, and NaErF,@NaYF,@NaYbF,:0.5% Tm@NaYF, to
improve UCL brightness.'”~'> Furthermore, the upconversion
processes of activators such as lifetime, intensity, and transition
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selectivity can be tuned by spatially partitioned doping of Yb**
or Yb**/Nd* ions (i.e., independent sensitized shells to avoid
cross-talk).'®'” The introduction of Nd>* as the sensitizer ions
could modulate the excitation wavelength to 808 nm through
Nd** — Yb* energy transfer (ET)."® Moreover, several studies
on Yb-based fluoride host materials revealed that this host
could positively influence upconversion emission. Besides, the
Yb** could take full advantage of the 980 nm energy flux for
their larger absorption cross-section. Conversely, the high level
of Yb*" content could mediate an efficient long-range energy
migration/transfer to excite activator ions due to its single
excited energy level.'” However, introducing a high concen-
tration of active ions does not contribute to the same degree of
luminescence enhancement as increasing concentration due to
excited-state energy dissipation caused by adverse energy
transport, such as defects, cross-talk, reverse ET.*° As a result, a
rational structural design is significant for energy manipulation
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Figure 1. TEM images of as-synthesized (a) LiYbF, core, (b) Yb@Y:Yb/Tm(25%/0.5%) core@shell, and (c) Yb@Y:Yb/Tm(25%/0.5%)@Y
core@shell@shell NPs, showing an increment in size for the core seeds with growing the interlayer and subsequent outermost shell layer. (d)
Upconversion emission spectra for Yb@Y:Yb/Tm@Y and Y@Y:Yb/Tm@Y nanoparticles upon 980 nm excitation. (e) Luminescent photograph

for Yb@Y:Yb/Tm@Y (left) and Y@Y:Yb/Tm@Y (right).

to improve UCL. Little attention has been paid so far to
increasing UV/blue UCL through dopants’ spatial distribution
and concentration.

We proposed a host sensitization (Yb)-directed energy
migration model in the LiLnF, host with the nanostructure of
energy-absorbing active core@luminescent shell@inert shell.
This host has low phonon energy and a high crystal field
strength, which could not only improve high-order upconver-
sion (i.e, UV/blue emission of Tm3*), particularly with a
higher UV emission ratio than the sodium hosts,*' but also
overcome the challenges of controlling the synthesis of smaller
and uniform f-NaYbF,.>> The Yb**-rich core in this design
could elevate the absorption cross-section of the NPs and
provide more excitation energy to targeted emitters. Our
results demonstrated that this nanostructure could provide
considerably enhanced multiphoton upconversion lumines-
cence compared to nanostructures reported so far, which are
the following. (1) The well-recognized insulator system (Y@
Y:Yb/Tm@Y) contains a relatively low level of Yb** dopants.
(2) For the reverse structure (YbTm@Yb@Y), the Yb
sensitized layer was located closer to the outside environment,
easily resulting in the excited-state ET to the surface defects as
unfavorably applied to FRET-based applications since the
FRET efficiency is proportional to r¢ (r is the donor—
acceptor distance).”> (3) For the fully doped structure
(YbTm@YbTm@Y, namely, traditional core@shell structure),
the additional Tm*" doped caused a nonnegligible energy loss
for high-order UCL of Tm*" due to breaking of the Yb**—Yb?*
energy migration and increasing of Tm*'—Tm®" cross-
relaxation. This study adds to our knowledge of how active
ions’ spatial distribution and concentration affect UCL
boosting. The obtained Yb-based UCNPs have a wide range
of potential applications.
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The LiLnF, nanocrystal was selected as the host to improve
the multiphoton emission of Tm*', and the desired Yb@Y:Yb/
Tm@Y NPs were synthesized via the previously reported
epitaxial growth method.”* The XRD patterns obtained from
the as-obtained NPs (Figure Sla) show the tetragonal
structure that matched the standard XRD cards (LiYbF,
PDF no. 71-1211, LiYF, PDF no. 85-0806). The resulting
NPs were diamond-shaped with uniform in size, as evidenced
by TEM images (Figure 1) and size distribution histograms
(Figure Slc). The size of Yb@Y:Yb/Tm@Y gradually
increased from (10.52 + 0.96) nm X (13.74 + 1.21) nm
(LiYbF, core) and (13.72 + 1.07) nm X (16.60 + 1.24) nm
(core@shell) to (2043 + 1.49) nm X (24.20 + 1.44) nm
(core@shell@shell). EDX elemental mapping also confirmed
its elemental composition (Figure S1b).

According to previous reports, the doping level of Tm*" was
set as 0.5% mol for acquiring bright UV/blue emission.'” To
compare the role of active core on the UCL, Y@Y:Yb/Tm@Y
NPs (Yb*'-free core) was synthesized. These NPs have particle
size distributions and shell thicknesses similar to Yb@Y:Tm/
Yb@Y NPs (Figure S2). However, there exists significant UCL
enhancements in 346 nm (‘I — °Hs), 362 nm (‘D, — *Hy),
and 452 nm ('D, — °F,) emissions over 5000-fold as well as
about 2 orders of magnitude amplification in other emission
peaks (482 nm ('G, — *Hg) and 648 nm ('G, — °F,)) (482
nm: 50.16), and their corresponding luminescent spectra and
photographs are shown in Figure 1d and Figure le,
respectively. The latter luminescence enhancement via
intuitive contrast attributed to the inner sensitizing LiYbF,
core amplifies the injected excitation energy, indicating that a
stronger ET upconversion occurs in the codoped Y:Yb/Tm
emitting layer.

We then examined the ET/migration dynamics to confirm
the underlying mechanism in the enhancement. First, we
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Figure 2. (a) Schematic illustration of the ET for Yb@YbTm@Y nanoparticles under 980 nm excitation. (b) UCL spectra of Y:x%Yb@YbTm@Y
NPs under 980 nm excitation,. Inset: integrated UCL intensity of Y:x%Yb@YbTm@Y NPs. Decay curves of Y:x%Yb@YbTm@Y NPs under 980
nm excitation at (c) 362 nm and (d) 482 nm. (e) Decay curves of Y:x%Yb@YbTm@Y NPs under 940 nm excitation at 980 nm (x = 0, 50, 100).

investigated the effect of the Yb*" ions concentration in the
luminescent layer on its upconversion process. By comparison
(Figure S3a), the inert shell passivation results in different
multiples of enhancement between the determined Yb®*
content samples, and the UCL intensity of UCNPs decreased
with increasing concentration of Yb*" ions (25%, 50%, 99.5%)
with a 3.5 nm thickness of LiYF, shell (Figure S3b). We
speculated a considerable concentration quenching effect that
confined the UCL intensity and efficiency. We further
passivated the surface of UCNPs by thickening the inert
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shell from 3.5 nm to 5.5 nm (Figure S3d). Thus, the UCL
intensity increases dramatically, especially in Yb@Yb:0.5%
Tm@Y NPs (Figure S3c), increasing over 2 orders of
magnitude. It suggested that an inert epitaxial shell could
overcome the concentration quenching of active Yb*" ions by
preventing excitation energy coupling to the surface defects. In
addition, the quantum yield (QY) of Yb@Yb:0.5%Tm@Y NPs
was determined to be 0.23% under 980 nm excitation at 0.4
W/cm?, which is higher than that of NaYF,:Yb,Tm (d = 20
nm, QY = 0.04%) NPs.
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Figure 3. (a) UCL of Yb@YbTm@Y and YbTm@YbTm@Y NPs under 980 nm excitation. Decay curves of YbTm@YbTm@Y NPs under 980 nm
excitation at (b) 362 and 482 nm. (c) Diagrams of YbTm@YbTm@Y and Yb@YbTm@Y NPs. (d) Proposed cross-relaxation mechanisms in

YbTm@YbTm@Y nanoparticles under 980 nm excitation.

Additionally, we investigated the Tm*" concentration in Yb/
Tm “alloy” shell of Yb@Yb:x%Tm@Y NPs (x = 0.5, 1, 2).
Compared to Yb:0.5%Tm NPs, the UCL intensities of the
Yb:1%Tm and Yb:2%Tm NPs decreased due to the unwanted
cross-relaxation (Figure S4). These findings suggested that the
Yb:0.5%Tm had enormous potential to improve multiphoton
UCL. Meanwhile, a set of Yb@Yb:0.5%Tm@Y (abbreviated as
Yb@YbTm@Y) NPs with shell thickness ranging from 3, S.5,
and 6.5 to 7.5 nm was developed (Figure SS5). Initially, we
observed a steady increase in UCL with the brightest
luminescence at 5.5 nm intermediate shell thickness, after
which the luminescence intensity decreased. It indicates that
the designed nanostructure can effectively suppress the
consumption of excitation energy in a larger space through
long-range Yb**—Yb** energy migration attributed to the Yb
core, whereas the reported Y@Yb:1%Tm@Y NPs with a 1-2
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nm spatial confined energy migration.”® It also demonstrates
the advantages of a host-sensitized core in energy manipu-
lation.

Furthermore, we optimized the doping level of Yb®" in the
core. Figure 2b shows that the Yb@YbTm@Y owned the
strongest UCL under 980 nm excitation in the comparable size
and morphology (Figures Slc, S2a, and S6). Compared to the
Y@YbTm@Y, the UCL enhancement factors at 362 nm
caused by 50% and 100% Yb concentrations were 2.8 and 5.7,
and 1.26 and 1.86 enhancements at 482 nm, respectively.
However, these enhancement factors were smaller than those
of NPs with 25% Yb in the luminescent layer (Figure 1d) due
to the decrease of the absorption ratio. To explore the reasons
for UCL enhancement of Tm®', we first determined the
contribution to luminescence from increased absorption
(energy acquisition). According to the absorption spectra
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Figure 4. (a) UCL of Yb@YbTm@Y and YbTm@Yb@Y NPs under 980 nm excitation. (b) Ilustration of the samples Yb@YbTm@GdEu (Tb,
Dy, and Sm) and YbTm@Yb@ GdEu (Tb, Dy, and Sm) NPs and the energy transport processes. UCL of (c) Yb@YbTm@GdEu and YbTm@
Yb@GdEu NPs and (d) Yb@YbTm@GdTb and YbTm@Yb@GdTb NPs under 980 nm excitation.

(Figure S7a), the Yb@YbTm@Y NPs could obtain 2-fold ET process from Yb*" in the core region to Tm*" would affect

energy from the excitation source under the same conditions. the luminescent decay process of Tm>*.

Also, the enhancement factors are not equal to the absorption We also investigated the Yb** downshifting emission decay
increase due to the nonlinear UCL process. Therefore, we curve under 940 nm irradiation, which could explain why
measured the decay curves of multiphoton upconversion of increasing the Yb** concentration would increase the energy

population of Tm*" UCL. Figure 2e shows that NPs with more
Yb* owned a longer lifetime at 980 nm emission. The
upconversion process will experience competition of positive
and negative feedback as Yb®* concentration rises. Besides,
higher Yb** concentrations reduced the distance between
adjacent ions, resulting in faster energy transport and a shorter
lifetime. Conversely, the probability of energy migration
between distant ions increased, lengthening the lifetime. The
positive feedback in the internal sensitization layer exceeds the
negative feedback for the 'D, population, but the 'G,
© o ! - population experienced a negative impact when the Yb**
Tm>". Then Tm>" could obtain more energy through increased concentration increased from 50% to 100%.

Yb**—Yb™ energy migration, thereby improving the UCL. In summary, an increase in internal Yb®" ions enhances the
However, the Y:50%Yb@YbTm@Y NPs had the longest rise ET probability to the activator via a long-range process,
(0% Yb, 503 ps; S0% Yb, 534 pus; 100% Yb, 525 us) and decay increasing the multiphoton population of Tm>" ions and
(0% Yb, 848.61 us; 50% Yb, 848.97 us; 100% Yb, 794.72 us) ultimately enhancing UCL. Also, the pump power dependence
time for 482 nm emission (Figure 2d), demonstrating that the of Yix%Yb@YbTm@Y supported this conclusion. Taking 362

Tm?>* under 980 nm excitation. Notably, the decay curve of the
upconversion process was divided into two parts: the rise time
and the decay time (Figure 2a). The decay time at 362 nm was
first increased and then decreased with the increase of the Yb**
content in the core (Figure 2c), but the rising time at 362 nm
emission became longer with increased Yb** concentration
(0% Yb, 499 pis; 50% Yb, S06 us; 100% Yb, 552 us). Notably,
compared with Y@YbTm@Y NPs, the rise time of Yb@
YbTm@Y increased by 10.6%, implying that the Yb**—Yb**

energy migration would increase the energy population of
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Figure 5. (a) Absorption spectrum of HA and Yb@YbTm@Y@HA overlap with the emission of Yb@YbTm@Y. (b) 'O, generation from Yb@
YbTm@Y@HA was detected by monitoring DPBF absorbance with 980 nm laser irradiation time. (c) 'O, generation from YbTm@Yb@Y@HA
and Yb@YbTm@Y@HA NPs detected by DPBF as a function of 980 nm laser irradiation time. (d) Cell viabilities of 4T1 cells under different
concentrations of Yb@YbTm@Y@HA nanocomposites and treatment methods.

and 482 nm emissions as examples, the value of n became
smaller with higher Yb** content (Figure S7b,), and the
differences of n at 362 nm are greater than those at 482 nm.
Furthermore, compared with emission processes of 362 and
482 nm, the latter experienced more negative feedback,
resulting in a slight decrease in the value of n. These results
were also consistent with the present analysis, implying
competition for negative and positive feedback brought by
the increase in Yb®' concentration, with the competition
having different impacts on different energy levels.

We also extended the activator ions to Er’*. Figure S8 shows
that there is also an approximately 65-fold and 9-fold
enhancement of Er** ions for 405 and 540 nm emission
under 980 nm excitation (8.14 W/cm?). Nevertheless, the
enhanced factor is smaller than the high-level UCL emission of
Tm?" due to the 405 nm and 540 nm emissions being from a
three- and two-photon upconversion process. Besides, we
extended this structure to the NaLnF, host, and the NaYF,
core was employed as the seed to prepare samples due to the
uncontrollable of NaYbF,. The Y@Yb@Y:Yb/Tm@Y NPs also
showed much stronger UCL than Y@Y@Y:Yb/Tm@Y NPs, as
depicted in Figure S9.

Moreover, we compared the Yb:0.5%Tm@YbTm@Y (short-
en by YbTm@YbTm@Y) structure with Yb@YbTm@Y to test
the increased activators, which could further enhance the UCL.
Interestingly, our Yb@YbTm@Y NPs performed better in
multiphoton UCL under 980 nm excitation (Figure 3a).
Notably, the luminescent intensity at 362 nm is 1.47 times that
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of YbTm@YbTm@Y, but the emission intensity at 800 nm is
slightly weaker (Figure S10). Typically, more luminescent
centers will result in higher luminescence intensity without
concentration quenching effects. The luminescence dynamics
of these two NPs were then investigated to reveal the critical
mechanism responsible for anomalous emission. Not only did
the YbTm@YbTm@Y have a shorter rise time (362 nm, 476
us; 482 nm, 4SS us), but it also owned a shorter decay time
(362 nm, 583.82 ys; 482 nm, 643.52 ps) (Figure 3b and Figure
S1lc,d). It was proposed that Tm*" doped in the core region
caused additional depopulation processes of its high-lying
energy level due to Tm*'—Tm*" cross-relaxation (Figure 3c).
Moreover, increasing Tm** concentration will enhance the
cross-relaxation among Tm?* ions,z‘s’27 leading to a shorter
decay time. According to the energy matching principle,
several possible cross-relaxation pathways related to the 'D,
state are proposed (Figure 3d). These processes include CR1:
'D, - °F,: H¢ - 'G,, CR2: 'D, — *H,: *H, — °F,, CR3:
'D, - 'G,: *Hg — °F,, decreasing the lifetime of 362 nm
emission. Furthermore, we synthesized Tm>*-free NPs with a
similar nanostructure (Yb@Yb@Y) to compare the down-
shifting process under 940 nm excitation to investigate the ET
between Yb®* and Tm>". As a result of Tm®" in specific spatial
regions, the decay time gradually decreased from 1861.78 us to
1145.56 ps to 941.57 us (Figure S1la). It demonstrated that
when the Tm®" is codoped with Yb>" in the core region, the
excitation energy harvested by Yb>" ions preferentially transfers
the excitation energy to adjacent Tm>" ions instead of energy
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transport from core to luminescent layer, resulting in a shorter
rise time. Namely, the long-range Yb**—Yb®" migration was
broken by Yb>*—Tm’" energy transfer in core region of
YbTmYbTm@Y NPs. These findings demonstrated that the
spatial distribution of the activators played a significant role in
energy transport. The excitation energy transition from Yb*" to
Tm*" required a longer path in Yb@YbTm@Y NPs than in
YbTm@YbTm@Y, and the Tm> —Tm>" cross-relaxation was
reduced, resulting in a longer decay time and more efficient
high-order UCL.

The traditional sensitization structure has recently been
modified to be a nanostructure with the sensitizer on the outer
layer and the activator on the inner layer.'”***’ Compared to
the traditional sensitization structure, the activator in the outer
layer is closer to the energy acceptor outside, making energy
transfer easier, thus improving the utilization rate of high-order
UCL. When the luminescence of the forward (Yb-core) and
reverse (YbTm-core) structures was compared, the forward-
structured NPs exhibit brighter UCL from 300 to 850 nm
(Figure 4a). And then, we measured the decay time of the
Yb@YbTm@Y and YbTm@Yb@Y for UCL at 362 and 482
nm and found that the rising and decay time was shorter for
the latter NPs (Figure S12a,b). Overall, such a design (Yb@
YbTm@Y NPs) minimizes the injected energy leakage due to
surface quenching, allowing more pump energy to be
transferred to higher Tm®* excited states and thus increasing
its multiphoton UCL. To highlight the benefits of our designed
NPs, we developed a Tm** — Gd** — A’ (Eu**/Tb*) ET
model by coating Gd** and A*" ions on the surfaces of two
oppositely structured NPs (Figure 4b). As an acceptor, Gd*"
could absorb the energy from Tm?*, while A% ions were
employed as probes, and the luminescence intensity was used
to characterize the amount of transferred energy from Tm?" to
Gd*.

The presence of Tm’* — Gd** — Eu** ET was
demonstrated by the characteristic peak of Eu** at 590 and
612 nm (Figure 4c). The integrated luminescence intensity of
Eu®* (580—620 nm) in the Yb@YbTm@Gd:15% Eu
(shortened by Yb@YbTm@GdEu) sample is 6 times that of
YbTm@Yb@GdEu. The UCL intensities of these samples
quantified the ET efficiencies from Tm®" to outside acceptors
at 346 nm ('Iy —°H;) (normalized at 792 nm), 24.14% for
Yb@YbTm@Y, and 0.85% for YbTm@Yb@Y NPs, suggesting
that the ET was enhanced when the Tm>" ions were placed in
the outer layer. Consequently, the Eu®* gained more energy to
produce a stronger luminescence than YbTm@Yb@GdEu
NPs. The comparison between Yb@YbTm@Gd:15%Tb (2%
Sm, 2% Dy) (shortened by Yb@YbTm@GdTb (Dy, Sm)) and
YbTm@Yb@GdTb (Sm, Dy) NPs also supported this
conclusion (Figure 4d and Figure S13ab). These results
demonstrated that the active core@shell@shell structured NPs
owned a stronger UCL and performed better in ET-based
applications.

To show the practical potential of the structure, we further
tested its FRET-based application using photodynamic therapy
(PDT) as a proof-of-concept expriment. As photosensitizers,
hypocrellin A (HA) was loaded into the matrix of UCNPs-
based micelles. The overlapping spectra and absorption spectra
of Yb@YbTm@Y@HA shown in Figure 5a confirmed the
successful preparation of nanophothosensitizer, indicating a
suitable FRET couple. Next, 1,3-diphenylisobenzofuran
(DPBF) was employed as a probe to assess the ability of
Yb@YbTm@Y@HA composites to produce 'O, (Figure Sb).
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As a result, the Yb@YbTm@Y@HA composite shows a higher
'0, generation rate (Figure Sc), demonstrating better ET
capability. The methylthiazolyldiphenyltetrazolium bromide
(MTT) assay was used to assess the PDT effects on 4T1 cells
(Figure Sd). We found that the cell viability at 75 pug/mL is
58%, indicating the potential of PDT for cancer therapy.

In summary, we used a nanostructure design to investigate
the effect of spatial distribution and concentration of the
sensitizer Yb** on the UCL of Tm>*. Compared to commonly
used sensitizers in the outer layer, the Yb host-sensitized core
reduces injected energy leakage caused by surface quenching,
allowing pump photons to accumulate energy at higher Tm>"
excited states to boost UCL or efficiently transfer the energy to
the acceptor. The present results show that our Yb host-
sensitized core@luminescent shell@inert shell nanostructure
achieves the highest efficiency of multiphoton UCL of Tm®"
activators to date, opening up new channels for manipulating
the energy interactions to fulfill various applications requiring
bright UV/blue emission.
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