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Abstract

Internal hydroxyl impurity is known as one of the main detrimental factors affecting the upconversion (UC) efficiency
of upconversion luminescence (UCL) nanomaterials. Different from surface/ligand-related emission quenching which
can be effectively diminished by, e.g., core/shell structure, internal hydroxyl is easy to be introduced in synthesis but
difficult to be quantified and controlled. Therefore, it becomes an obstacle to fully understand the relevant UC
mechanism and improve UC efficiency of nanomaterials. Here we report a progress in quantifying and large-range
adjustment of the internal hydroxyl impurity in NaYF, nanocrystals. By combining the spectroscopy study and model
simulation, we have quantitatively unraveled the microscopic interactions underlying UCL quenching between
internal hydroxyl and the sensitizers and activators, respectively. Furthermore, the internal hydroxyl-involved UC
dynamical process is interpreted with a vivid concept of “Survivor effect,” i.e, the shorter the migration path of an
excited state, the larger the possibility of its surviving from hydroxyl-induced quenching. Apart from the consistent
experimental results, this concept can be further evidenced by Monte Carlo simulation, which monitors the variation
of energy migration step distribution before and after the hydroxyl introduction. The new quantitative insights shall
promote the construction of highly efficient UC materials.

Introduction

The great application prospect in biology, medicine,
optogenetics, photovoltaics, and sustainability has enabled
lanthanide (Ln) ion-doped upconversion nanoparticles
(UCNPs) to attract widespread attention, which derives
mainly from their superior anti-Stokes spectroscopic
property’ '3, Despite a significant progress in synthesis
chemistry of UCNPs, the relatively low upconversion
(UC) efficiency, especially under restricted excitation
power density, e.g., that allowed in clinics, remains a
major bottleneck on their way of actual applications'*~%,
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Over the past decade, various approaches have been
devoted to improve UC efficiency, including tailoring
local crystal field, plasmon-enhancement, active Ln3*
high-level doping, inorganic—organic hybridization, and
defects/impurities deactivation, etc., or to improve the
absorption of the near-infrared (NIR) laser with organic
dye sensitization'*~>", Nevertheless, UC efficiency of most
reported UCNPs is still significantly far inferior to their
bulk counterparts. Admittedly, nanomaterials are much
more vulnerable to charged impurities, among which
OH" is the most critical, as it may be readily brought into
the nanocrystals during synthesis and passivation may
increase the UC efficiency by 10-1000 times>*>*>, It is well
recognized that there exist in general two kinds of OH:
those in ligands or solvents responsible for “surface-rela-
ted quenching” and those inside the crystal lattice indu-
cing “internal quenching” of UC luminescence (UCL).
The quenching mechanism of the surface OH™ has been
well documented either from the comparison of bare core

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction
BY in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if

changes were made. The images or other third party material in this article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the material. If
material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this license, visit http://creativecormmons.org/licenses/by/4.0/.


www.nature.com/lsa
http://orcid.org/0000-0003-3176-3994
http://orcid.org/0000-0003-3176-3994
http://orcid.org/0000-0003-3176-3994
http://orcid.org/0000-0003-3176-3994
http://orcid.org/0000-0003-3176-3994
http://creativecommons.org/licenses/by/4.0/
mailto:tulangping@163.com
mailto:ninglx@mail.ahnu.edu.cn
mailto:h.zhang@uva.nl

Feng et al. Light: Science & Applications (2021)10:105

“Survival” possibility

Migration steps

Scheme 1 Schematic diagram of the internal OH™ influences on
energy migration-induced UCL, which can be visualized as “survivor
effect” Typically, the shorter the migration path of an excited state of
Yb**, the larger the possibility of its surviving from OH™-induced
quenching

and core@shell structures or from OH ™~ content variation
in solvents®*~3°. The internal OH~ impurities are, how-
ever, difficult to study because of the obstacle in quanti-
fying the content and relevant reports are thus very
limited. On one hand, UC efficiency can be lifted by more
than one order of magnitude when measures are carefully
taken to eliminate all potential OH™ groups in the reac-
tants’®. On the other hand, the relevant mechanism
remains vague. In previous studies, even the actual exis-
tence of internal OH™, as an important basis for
mechanism discussion, usually relies on assumptions>>*°,
Without a quantitative correlation between OH ™ content
and the corresponding UC properties, the comprehension
of quenching mechanism would be restricted to a
superficial level.

To overcome the long-lasting difficulty, the selection of
appropriate methods in quantifying the internal OH™
content and analyzing its quantitative relationship with
UCL quenching come into an urgent priority. Traditional
treatment of UC mechanism based on simultaneous rate
equations seems inappropriate for addressing properly the
microscopic Ln*"-OH™ interactions, because it only
offers macroscopically averaged statistics. Therefore, it is
of particular importance to employ proper theoretical
approaches that can not only explain the OH™ -related
steady-state UC phenomena but also provide microscopic
details of Ln®*'-OH /Ln*" interaction, such as the
quenching strength of a single OH™ to its neighboring
excited Ln®" and how this negative effect is bridged to
other ions through Ln**—Ln®" interactions.

In this work, we have modified existing protocols and
developed a target-oriented dry-control protocol for syn-
thesizing ultra-small core-shell UCNPs to systematically
modulate the content of internal OH™. It is found that
internal OH™ content in NaYF, ,(OH),:Yb,Er@NaYF,
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nanoparticles could be well determined in D,O solution
from Fourier-transform infrared spectroscopy (FTIR)
technique (x-value varies from 0 to 0.120). The micro-
scopic quenching mechanism is simulated using Monte
Carlo method based on Ln*'—Ln*"/OH™ one-to-one
interactions, in which the effect of OH™ quenching is
explicitly distinguished as activator quenching and sensi-
tizer quenching. Specially, when an OH™ locates nearby,
the de-excitation rate of Yb®>" excited state (*Fs» — F»)
is promoted to about 2100s ', almost twice faster than
that without OH™ (735 s, determined from the experi-
mental data of OH -free sample). On the basis of this
variation, the internal OH™ -induced steady-state UCL
quenching of ~30-folds and “accelerated” UC dynamic
process (ie., the shortened rise and decay) are also well
simulated. Furthermore, according to the simulation
results, we proposed a so-called “survivor effect” to intui-
tively explain the internal OH™ effects on UC, ie., as
shown in Scheme 1, the excited states involved in UC are
the survivors of energy migration processes. The shorter
the migration path of a photo-excited state of Yb>*, the
greater its chance of survival and the greater its con-
tribution to UC. The significance of this work is that it
provides a clearer insight of impurity-to-ion microscopic
interactions in Ln UC processes, which shall pave the way
for the pursuit of new structures and/or doping patterns of
highly effective UC materials in the future.

Results

It has been reported that, without strictly drying control
in synthesis, OH™ contained in the reactants (RECl3-6H,O
and NaOH) or solvents readily incorporate into the crystal
lattice™. Due to the identical electronic structure of the
outer layer, electric charge, and chemical similarity, OH™
is likely to substitute F~ in the NaYF, sub-lattices, as
shown in Fig. 1a, b. As OH ™ -free UCNPs are the premise
of the quantitative analysis of internal OH™, we have
modified the reported protocol®® and have developed a
convenient procedure to synthesize the ultra-small OH™ -
free UCNPs (Dry core and Dry core-shell structure). The
synthesis system was dried with acetic anhydride and the
reaction was conducted all-in-one step under nitrogen
atmosphere to avoid introduction of H,O/OH . To adjust
the internal OH™ content in core UCNPs (series samples
OH1-4), OH™ containing reactants (RECl3-6H,0O or
NaOH) or watery solvents were employed. As shown in
Fig. 1c, d and Supplementary Fig. S1 (high-resolution
transmission electron microscopy (TEM)), the diameters
of bare core and core-shell UCNPs are 7.5 and 15 nm,
respectively, and all UCNPs exhibit pure hexagonal phase
(Supplementary Fig. S2) and uniform morphology
regardless of their difference in OH™ content (Supple-
mentary Figs. S3 and S4). The test results of UC quantum
yield (QY) exhibit the importance of removing OH™. The
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Fig. 1 Schematic illustration and characterization of OH™ involved UCNPs. Schematic illustration of a NaYF, and b NaYF,_(OH), structures in a
unit cell with OH™ marked as red ball, Na™ as blue ball, Y>* as purple ball, and F~ as yellow ball. Typical TEM images of ¢ dry core (NaYF,:Yb,Er) and
d dry core-shell (NaYF,Yb,Er@NaYF,) UCNPs. Inset: the diameter distribution of the synthesized particles. e FTIR spectra of core UCNPs (NaYF,.,(OH),:
Yb,Er) containing different amounts of OH™ (x varies from 0 to 0.120). f UCL spectra of the corresponding core-shell UCNPs (NaYF4_(OH),:Yb,

Er@NaYF,) in n-hexane with 980 nm laser excitation under power density of T0Wcm™
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QY of Dry core-shell UCNPs reaches 1.3 +0.2%, much
higher than the OH1-4 series samples (under the exci-
tation of 5W cm ™2 980 nm diode laser, Supplementary
Table S1). More importantly, for the first time, through
comparing with standard NaOH/D,O solution, we made
it possible to quantify the OH™ content inside the UC
nanoparticles with FTIR technique, where ultra-small
nanoparticles were employed to guarantee the reliability
of quantification (experimental details are depicted in
Supplementary Information, the part of “Determination of
internal OH™ contents in UCNPs”)***!, As displayed in
Fig. le, the series of core NaYF, ,(OH),-based nano-
particles were labeled as Dry and OH1-4, corresponding
to OH™ content index x of 0, 0.043 + 0.004, 0.062 + 0.008,
0.082 + 0.006, and 0.120 + 0.008, respectively (Supple-
mentary Table S2). Finally, a thick, dry NaYF, shell was
coated to minimize surface effects. It should be noticed
that, in this work, the OH™ contents were treated essen-
tially unchanged before and after the dry shell coating (the
reasons are discussed in detail in the part of “Determi-
nation of internal OH™ contents in UCNPs” in Supple-
mentary Information and Table S3). After all these
measures, the internal OH™ -dependent UCL of the core-
shell structures was obtained, as shown in Fig. 1f.

From a microscopic point of view, UCL can be simpli-
fied as the result of a “collision” of two randomly wan-
dering excited states on an activator site*>. Internal OH ™

brings in an additional non-radiative process to its
neighboring excited Yb>" (sensitizer) or Er** (activator).
As UCL quenching in the co-doping system is induced by
Yb**-OH ™ and Er®"-OH™ interactions independently,
the total quenching effect can be treated as the product of
two parts (the detailed modeling process is discussed in
the part of “Modelling the simulation” of Supplementary
Information), that is:

Ion/I = T * (Typ)” (1)

where o/l is the ratio of the UCL emission intensities
with/without OH™, and Tg, and Ty,> are the quenching
factors of OH ™ to Er’* and Yb®", respectively. The square
form of the I'y;, represents the nonlinear feature of UCL
(in the case of two-photon process).

It is, however, difficult to compare directly Eq. (1) with
experimental data. To establish an analytical expression to
connect the experimental results of Er dopant and Er, Yb
co-dopant systems, we have adopted an approximation by
replacing one Yb — Er energy transfer process with Er —
Er energy transfer process and then Eq. (1) can be
approximated as: o/l =I'g, x ['yp. The new quenching
factor I'g, could then be experimentally obtained from the
single Er®"-doped NaYF, ,(OH),2%Er@NaYF, model
(Er0-3; the x-values for series samples are 0, 0.101 +
0.008, 0.119+0.013, and 0.230 £ 0.025, respectively),
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by Eq. (2). b Luminescence decay curves of the *Fs, —

Fig. 2 Linear and nonlnear luminescence and relevant simulation results. a UCL spectra of NaYF,_(OH),:2%Er@NaYF, nanoparticles with variable
OH™ contents in the core (x: 0-0.23). Inset shows the corresponding UCL emission intensity (integrated from 500 to 700 nm), which can be well fitted
°F,, transition of Yb** in co-doped NaYF,_(OH),.Yb/Er@NaYF, nanoparticles (Ex: 980 nm, Em:
1020 nm). Inset shows internal OH™ content-dependent decay lifetime, which can be well fitted by Eq. (3). ¢ Top: internal OH™ content-dependent
UCL intensity (integrated from 500 to 700 nm) of NaYF,_(OH),.Yb/Er@NaYF, nanoparticles. Green dots are the experimental values and the curve is
the calculated result from Eq. (4); bottom: comparison of experimental (circle) and simulation (triangle, Ryp.or = 21005 ") results for the Yb>* decay
lifetimes (black color) and UCL intensities (red color) of NaYF,.,(OH),.Yb/Er@NaYF, core/shell nanoparticles

where the UCL is mainly caused by Er — Er sensitization
processes®”****, From Fig. 2a, it is quite gratifying to
notice that the UCL profiles can be analyzed with the
exponential decay fitting (under 980 nm excitation),
which is well in line with other energy quenchers (e.g.,
surface OH ™, H,0)**. Therefore, the factor Iy, can be
expressed as:

! —x/c
I, =e

(2)

where x is the OH™ content in the nanoparticle and
constant ¢; was determined to be 0.072 from the fitting
(Fig. 2a inset).

Concerning the parameter I'yy,, it is difficult to get its
value directly from Yb*>" steady-state emission spectrum,
as the emission and excitation spectra of Yb*" overlap
heavily. As an alternative, we turned to the time behavior
of its luminescence. Obviously, because of the strong
energy migration between Yb>" ions (ie, Yb*" — Yb*"),
the OH™ quenching on its neighboring excited Yb*" ions
will diffuse to other Yb>" ions in distance. As predicted by
Burshtein®, energy migration between Yb®>" ions follows
the “energy hopping” model. Strict analytical expression
of this model in most instances is infeasible, as part of
relevant parameters are not experimentally available
(details are discussed in Supplementary Information, the
part of “Simulation model”). In the current scenario,
however, it could be determined experimentally, because
the effect of OH™ on Yb>" emission decay demonstrates
phenomenologically an exponential relation (Fig. 2b
inset). Considering the linear relationship between the

L. .. . . 3
decay lifetime and emission intensity of Yb>", we can

obtain:

e 3)
where x is the OH™ content in the nanoparticle and
constant ¢, was determined to be 0.119 from the fitting
(Fig. 2b inset). The exponential dependence could be
reasonably understood due to the huge difference
between the two interaction rates (according to our
simulation, Yb*"—Yb>* energy migration rate is almost 50
times larger than Yb*"-OH ™~ quenching rate, as shown in
Supplementary Table S4). In that case, Yb>" at different
positions are connected through the efficient Yb**—Yb>"
interaction and OH™ quenching effect is therefore not
restricted to a single Yb>" anymore.

From Egs. (1)—(3), the total quenching effect of OH™ on
UC steady-state emission for the NaYF, ,(OH),:Yb,
Er@NaYF, nanoparticles is:

foze

—x/c

Typ/er = Tee * (Typ)'= T+ Ty = € (4)
where ¢ equals 8 0.045 as calculated from c¢; and c,. This
picture is validated by the excellent match between
prediction of Eq. (4) and the experimental results (Fig.
2c¢ top). Notably, calculated from Egs. (3) and (4), the
OH™ -induced UCL quenching effects on Er (ie., Tg)
and Yb®" (ie., ['yy2) can be separately evaluated. Further,
the latter one takes the dominant role (~75% ratio), which
can be well understood from the relatively high doping
concentration of Yb*" in the co-doping UCNPs**. More
importantly, on the basis of these newly obtained
experimental data, it is now possible to quantitatively
explore the microscopic Yb>*-OH ™ interaction strength
from model simulation. In this case, OH™ groups are
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randomly distributed inside the core and the de-excitation
rate of an excited Yb>" with one OH™ group in the
vicinity is introduced in the simulation model as a new
parameter (Ryp.on), whereas the rest of the parameters
are obtained from our previous work (Supplementary
Table S4)%. Varying Ry}, oy value from 1000 to 5000 s,
the simulation draws the following conclusions after
comparing with the experimental data: (1) the exponential
relationship between Yb>* excited state lifetime and OH ™
content (described by Eq. (3)) is validated, as shown in
Supplementary Fig S5a, and (2) in the NaYF, ,(OH),Yb,
Er@NaYF, UC system, the microscopic parameter Ryy,_on
is determined to be 2100 s, which is almost three times
as fast as the de-excitation rate of Yb*>" without OH™
(735 s7! calculated from the experimental results in
Supplementary Fig. S11). With this value, the Yb>* decay
lifetime and UCL intensity can be well predicted (Fig. 2¢c
lower part and Supplementary Fig. S5b).

Next, we discuss the OH™ quenching effect on UC
dynamical process. As expected, the existence of internal
OH™ “accelerates” the UC process. From Fig. 3a, the rise
time constant of UCL trace decreases for the green
(*S5/2 = *I15/2, 540 nm, from 162 to 38 ps) and red emis-
sion (Fig S64, Fo/» — 1155, 654 nm, from 270 to 20 ps)
upon the OH ™ content increase. Similar trends were
observed for the decay lifetime, which decreases from 535
to 276 ps for the green emission and from 629 to 252 ps
for the red emission (Fig. 3a and Supplementary Fig. S6).
These changes come partly from the Er’"-OH ™ interac-
tion, which increases the non-radiative relaxation rates of
relevant emitting levels of Er®". The solid evidence is
provided by the linear down-shifting (DS) emission (Ex:
378 nm, Em: 540nm) where only the activator Er’T,
rather than the sensitizer Yb*", could be activated. The
decay lifetime of the green emission decreases sig-
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remains unchanged in the meantime (Fig. 3b). On the
other hand, the shortening of the rise part of UCL reap-
pears in the DS NIR emission under 980 nm excitation
(Fig. 3¢, Em: 1530 nm, decreases from 168 to 90 us). This
recurrence indicates a common process in Fig. 3a, c: OH™
involved energy migration among Yb*>" ions.

Further, Monte Carlo simulation was applied to collect
more specific information hidden behind the lumines-
cence variation. As shown in Fig. 4a, b, we counted the
Yb**—Yb*" migration step distribution in the OH™
involved UC dynamical processes (every curve in Fig. 4a, b
is normalized by its area, the migration steps start
counting from the initial absorption and end with the
excited states reaching to the UC emission energy level of
Er*"). These simulations have brought us two detailed
results, which are difficult to be acquired directly from
experiments: (1) as shown in Fig. 4a, with the growing of
internal OH™ content, the averaged migration steps will
be reduced. In detail, the probability of relatively short-
ranged migration (<160 steps) increases, whereas the
long-ranged migration (>160 steps) probability decreases
correspondingly. This phenomenon can be ascribed to the
mechanism, which is named here as a “survivor effect,”
i.e., obviously, the excited states involved in UC are the
survivors of energy migration processes, where energy will
be continually dissipated via radiative or non-radiative
relaxation. Therefore, the shorter the migration path
experienced by an excited state, the greater the chance of
its survival and the greater the chance of its participating
in UC. Moreover, “survivor effect” will become more
remarkable with additional energy quenchers introduced,
where internal OH™ is a typical example. By impeding the
long-ranged migration more seriously, internal OH™
promotes the relative contribution share of short-ranged

migration in

UCL and UC dynamical process will be

nificantly from 560 to 190 ps by OH™, whereas the rise ~ “accelerated” by saving the averaged energy migration
a UC/Ex: 980 nm b DS/Ex: 378 nm c DS/Ex: 980 nm
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Fig. 3 OH ™ content dependent UC and DS luminescence dynamical curves. a OH™ content dependence of UC green emission dynamics of co-
doped core-shell UCNPs (NaYF,(OH),:Yb,Er@NaYF ;) monitored at ~540 nm. b The DS green emission dynamics of core-shell UCNPs (NaYF,_(OH),:Yb,
Er@NaYF,) with different OH™ contents (excitation: 378 nm and emission: 540 nm). ¢ The DS NIR emission dynamics of core-shell UCNPs (NaYF,.(OH),:
Yb,Er@NaYF,) with different OH™ contents (Ex: 980 nm and Em: 1530 nm). Numbers marked in Fig. 3 are the rise time and decay lifetimes of the series
curves (unit: ys)
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steps (appearing as the shortening of the rise and decay of
UCL in Fig. 3a). Simulation shows further that the cross-
point of these curves (i.e., at 160 steps in Fig. 4a, which
also means the boundary to distinguish long- and short-
ranged energy migration) is not always a fixed value if the
quenching rate of the internal defects (i.e., Ryp_defect)
becomes much larger, e.g., 5000s ™" in Fig. 4b (or varied
from 10% to 10*s™ ! in Supplementary Fig. S7). In spite of
this, the variation tendency of the long/short-ranged
migration remains unchanged. (2) There is a short rise at
the beginning of the curves (step 1-10 in Fig. 4a, b). In our
opinion, it represents a trade-off between two opposite
effects. As shown in Fig. 4c, on one hand, Yb3* ion is
randomly excited and it cannot be ensured that there is
exactly one Er’* nearby to accept its energy. Considering
this point, certain steps of Yb®>" — Yb®" migration are of
benefit to the efficient Yb*" — Er®" energy transfer by
allowing the Er®" to harvest energy from more distant
Yb>* ions. On the other hand, the continuous energy loss

during the migration process, as a negative factor, will set
up the ceiling of the migration steps. As a result, the
peaking point is located at the moment of a ten-step
migration, where a balance of this trade-off is achieved.
Furthermore, to verify the universality of “survivor
effect,” another UC model system (Fig. 5a), i.e., Yb,
Er@Yb(OH),@Nd was prepared, where the energy
donor (sensitizer) and acceptor (activator) are spatially
separated (rather than mixed co-doping), and the
amount of OH™ is varied in the middle layer to affect
mainly the sensitizers during the energy migration. As
expected, similar phenomena appear to be also origi-
nated from the survivor effect, e.g., under the influence
of internal OH™ quencher, both rise and decay times of
UC dynamical processes decrease upon 800 nm exci-
tation, which is ascribed to the shortened energy
migration time in the middle layer (2.3 nm), as shown in
Fig. 5b. Survivor effect is also validated when the
migration layer thickness changes to 3.3nm or
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detection for the emission detection changes to 654 nm
(Supplementary Fig. S8).

Discussion

In summary, the effect of OH™ defect inside nanocrys-
tals on UC is studied from the views of both theoretical
simulation and spectroscopy with specifically designed
nanostructures. An all-in-one dry method is developed to
synthesize highly efficient ultra-small nanoparticles and
manipulate OH™ contents in the specific areas of the
model nanoparticles. By integrating the OH™ manipulat-
ing synthesis, spectroscopy, and corresponding Monte
Carlo simulation of a series of core/shell and core/shell/
shell model samples, we have quantitatively acquired the
exponential relation between UCL intensity and the
quantity of internal OH™. The microscopic quenching
picture of OH™ on UC is distinctly unraveled with the
successful separation of OH ™ -activator and OH ™ -sensiti-
zer interactions. “Survivor effect” is proposed and validated
to play a non-negligible role in OH -induced UCL
quenching. These results have disentangled part of the
long-standing impurity-related puzzles in Ln-based UC
materials, which paves the way to our pursuit of new
structures and/or doping patterns for higher UC efficiency.

Materials and methods

Reagents
RE(CH3COO);xH,0 (RE: Y, Yb, Er, Nd) (99.9% metals
basis), RECI;-6H,O (99.9%), oleic acid (90%), 1-

octadecene (ODE, 90%), NaOH, NH,F, sodium oleate
(NaOA), acetic acid, acetic anhydride, methanol, ethanol,
acetone, and cyclohexane were purchased from Sigma-
Aldrich. All the chemicals were of analytical grade and
were used without further purification.

Synthesis of dry core B-NaYF,:Yb,Er nanoparticles

ODE (10mL) and 10 mL oleic acid were heated up
to 100°C and kept under vacuum for 60 min.
Y(CH;COO)3xH,O  (0.78 mmol), 0.20mmol Yb
(CH5COO);3xH,0, and 0.02 mmol Er(CH3COO);xH,O
were then added in under nitrogen flow. Subsequently,
0.5 mL acetic anhydride was injected in the solution under
nitrogen and reacted at 100°C for 60 min, to remove
H,O/OH™ in the system. Acetic anhydride was removed
under vacuum at 100 °C. Thereafter, 2.8 mmol NaOA was
added under nitrogen flow and switched to vacuum until
the reagents were fully dissolved. NH4F (5.8 mmol) was
then added in under nitrogen flow and the solution was
kept at 100 °C under vacuum for 60 min, to assure com-
plete removal of water or other HyO/OH™ before nano-
particle growth. Finally, the solution was heated up to
300°C with the rate of 10°Cmin~' and reacted for
another 60 min under dry nitrogen. After being cooled
down to room temperature, the core nanoparticles were
obtained through centrifugation and washed with acetone
and ethanol (twice), and finally dispersed in 4 mL
cyclohexane.

Synthesis of core B-NaYF, ,OH,:Yb,Er nanoparticles with
NaOH—OH1

To synthesize -NaYF, ,OH,:Yb,Er nanoparticles, the
solvent and reagents were dried in the same way as
aforementioned for the dry nanoparticles. In this case,
2.8 mmol NaOH and 5.8 mmol NH,F in 5 mL methanol
were added dropwise. The solution was heated to 75 °C
and kept for 30 min, to remove methanol under nitrogen
flow. Finally, the solution was heated up to 300 °C with the
rate of 10 °C min ' and reacted for another 60 min. After
being cooled down to room temperature, the core
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nanoparticles OH1 were obtained through centrifugation
and washed with acetone and ethanol, and finally dis-
persed in 4 mL cyclohexane.

Synthesis of core 3-NaYF, ,OH,:Yb,Er nanoparticles with
RECI5-6H,0—OH2

ODE (10 mL) and 10 mL oleic acid were heated up to
100 °C and kept under vacuum for 60 min. YCl3-6H,O
(0.78 mmol), 0.20 mmol YbCl;-6H,O, and 0.02 mmol
ErCl3-6H,O were then added in under nitrogen flow
and kept at 100°C for 60 min until the reagents dis-
solved. Thereafter, 2.8 mmol NaOA was added under
nitrogen flow and switched to vacuum until the
reagents fully dissolved. NH4F (5.8 mmol) was then
added in under nitrogen flow. Finally, the solution was
heated up to 300 °C with the rate of 10°Cmin ' and
reacted for another 60 min under nitrogen. After being
cooled down to room temperature, the nanoparticles
OH2 were obtained through centrifugation and washed
with acetone and ethanol, and finally dispersed in 4 mL
cyclohexane.

Synthesis of core 3-NaYF, ,OH,:Yb,Er nanoparticles
without further dried solvent—OH3

Y(CH;COO)3-xH,O  (0.78 mmol), 0.20mmol Yb
(CH3COO);34H,0, and 0.02 mmol Er(CH3COO);xH,O
were added in 10 mL ODE and 10 mL oleic acid, and
heated up to 100 °C for 60 min until the reagents dissolved
under nitrogen. Thereafter, 2.8 mmol NaOA was added in
under nitrogen flow and switched to vacuum until the
reagents fully dissolved. NH4F (5.8 mmol) was then added
in under nitrogen flow. Finally, the solution was heated up
to 300°C with the rate of 10°Cmin ' and reacted for
another 60 min. After being cooled down to room tem-
perature, the nanoparticles OH3 were obtained through
centrifugation and washed with acetone and ethanol, and
finally dispersed in 4 mL cyclohexane.

Synthesis of core 3-NaYF, 1OH,:Yb,Er nanoparticles with
NaOH, RECI;-6H,0, and without further dried solvent—
OH4

YCl;3-6H,O (0.78 mmol), 0.20 mmol YbCl;-6H,O, and
0.02 mmol ErCl;-6H,O were added in 10 mL ODE and
10 mL oleic acid, and heated up to 100 °C for 60 min until
the reagents dissolved under nitrogen. NaOH (2.8 mmol)
and 5.8 mmol NH4F in 5 mL methanol were then added
in dropwise. The solution was heated to 75 °C and kept
for 30 min to remove methanol under nitrogen flow.
Finally, the solution was heated up to 300 °C with the rate
of 10°Cmin~" and reacted for another 60 min. After
being cooled down to room temperature, the nano-
particles OH4 were obtained through centrifugation and
washed with acetone and ethanol, and finally dispersed in
4 mL cyclohexane.
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Synthesis of dry core B-NaYF4:2%Er nanoparticles

The synthesis route for dry core p-NaYF4:2%Er (Er0)
was the same as that for dry core B-NaYF,:Yb,Er, except
0.98 mmol Y(CH3COO)3;xH,0O, and 0.02mmol Er
(CH5COO);5xH,0 were used.

The synthesis route for [-NaYF, ,OH,:2%Er core
nanoparticles (Erl, Er2) was the same as that for OH4
nanoparticles except:

Erl: with NaOH, 0.98 mmol Y(CH3;COO);xH>0, and
0.02 mmol Er(CH;COOQ);-xH,O0.

Er2: with NaOA, 0.98 mmol YCl3-6H,O and 0.02 mmol
ErCl3-6H,0.

For the Er3 core nanoparticles: 0.98 mmol YCl3-6H,O
and 0.02 mmol ErCl;-6H,O were added in 10 mL ODE
and 10 mL oleic acid, and stirred for 60 min until the
reagents dissolved. Then 2.8 mmol NaOH and 5.8 mmol
NH,F were added in. After all the powders were dissolved,
the solution was heated up to 300°C at a rate of 10°C
min~' and reacted for another 60 min under nitrogen.
After being cooled down to room temperature, the
nanoparticles Er3 were obtained through centrifugation
and washed with acetone and ethanol, and finally dis-
persed in 4 mL cyclohexane.

Synthesis of dry a-NaYF, precursor

Oleic acid (160 mL) and 160 mL ODE in 500 mL a
three-neck flask were heated up to 100 °C and kept under
vacuum for 60 min, 20 mmol Y(CH3COO);xH,O was
then added in under nitrogen flow, and, subsequently,
5 mL acetic anhydride was injected in the solution under
nitrogen and heated up to 100°C for 60 min. Acetic
anhydride was removed under vacuum at 100 °C. There-
after, 30 mmol NaOA was added in under nitrogen flow
and switched to vacuum until the reagents fully dissolved.
NH4F (80 mmol) was then added in under nitrogen flow
and the solution was heated up to 100 °C under vacuum
for 60 min to completely remove water or other H,O/
OH™ sources before nanoparticles growth. Finally, the
solution was heated up to 200°C with a rate of 10°C
min ' and reacted for another 60 min under dry nitrogen.
After being cooled down to room temperature, the pre-
cursor was obtained through centrifugation and finally
dispersed in 40 mL dry ODE.

Synthesis of dry a-NaYF,:Yb precursor and a-NaYF,,OH,:
Yb

The synthesis route for dry a-NaYF,:Yb was the same as
that for dry a-NaYF,; except that 16 mmol Y
(CH3COOQO)3-xH,0 and 4 mmol Yb(CH3;COO)3xH,O was
used To synthesize o-NaYF,,OH,Yb, 16 mmol
YCl3:6H,O and 4 mmol YbCl;:6H,O were added in
160 mL oleic acid and 160 mL. ODE, and heated up to
100 °C under nitrogen flow for 60 min until the reagents
dissolved. Subsequently, 30 mmol NaOH was dissolved by
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stirring at 100 °C and 80 mmol NH4F was then added in.
Finally, the solution was heated up to 200 °C and reacted
for 60 min. After being cooled down to room tempera-
ture, the precursor was obtained by centrifugation and
dispersed in 40 mL ODE.

Synthesis of dry a-NaYF4:Nd precursor

The synthesis route for dry a-NaYF,:Nd was the same
as that of dry «-NaYF,, except that 16 mmol Y
(CH3CO0)3:xH,O and 4 mmol Nd(CH;COO);xH,O

was used.

Synthesis of 3-NaYF,,OH,:Yb,Er@NaYF, core/shell
nanoparticles

Core p-NaYF, ,OH,:Yb,Er (0.5 mmol; Dry, OH1, OH2,
OH3 or OH4) nanoparticles and 2.5 mmol a-NaYF, in
10 mL ODE and 10 mL oleic acid were heated up to 100 °C
and kept under vacuum for 60 min. The solution was then
heated up to 300 °C and reacted for 90 min. After cooling
down to room temperature, the core/shell nanoparticles
(Dry, OH1, OH2, OH3, or OH4 NPs) were obtained by
centrifugation and washed with acetone and ethanol.

Synthesis of 3-NaYF, ,OH,:2%Er@NaYF, core/shell
nanoparticles

The synthesis route was the same as that of p-NaYF,
~OH,:Yb,Er@NaYF, core/shell nanoparticles, except that
core 3-NaYF, ,OH,:2%Er (Er0, Erl, Er2, and Er3) were used.

Synthesis of B-NaYF,:Yb,Er@NaYF,.Yb@NaYF4:Nd (1:3:5
or 1:5:6.4) core/shell nanoparticles

Dry core B-NaYF,:Yb,Er (0.5 mmol; Dry) nanoparticles
and 1.5 or 2.5 mmol a-NaYF,Yb in 10 mL ODE and 10 mL
oleic acid were heated up to 100 °C and kept under vacuum
for 60 min. The solution was quickly heated up to 300 °C
and reacted for 30 min, then 2.5mmol or 3.2 mmol a-
NaYF,:Nd was injected in and reacted for another 30 min.
After cooling down to room temperature, the core/shell
nanoparticles p-NaYF;:Yb, Er@NaYF,:-Yb@NaYF,:Nd (1:
3:5 or 1:5:64) were obtained by centrifugation and
washed with acetone and ethanol.

Synthesis of 3-NaYF,:Yb,Er@NaYF,,OH,:-Yb@NaYF4:Nd (1:
3:5 or 1:5:6.4) core/shell nanoparticles

The synthesis route was the same as that given above,
except that a-NaYF, ,OH,:Yb was used here.

Determination of OH™ contents in bare core UCNPs
UCNPs were stirred in 0.1 M DCI (in D,O solvent) to
remove all the potential OH ™ in surface ligands. Then the
nanoparticles were centrifuged and re-dispersed in pure
D,O twice and finally dispersed in D,O and adjusted to
50 mg mL ", To determine the internal OH ™ contents, the
UCNP solutions (in D,O) were separated in triplicate, the
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content of OH™ were determined from its absorbance near
3400 cm ™', and measured with FTIR spectroscopy for
three times (taking NaOH/D,O solution as a standard). A
detailed example was given in Supplementary Information.

Characterization

FTIR absorption was measured using a Bruker Vertex
70 spectrometer in combination with a PMA 50 module
for polarization modulation measurements. The center
frequency of photoelastic modulator was set to 1400 cm ™.
A CaF, transmission cell with a path length of 50 um was
used. TEM and X-ray powder diffraction were used to
determine the mean size, the size distribution, as well as
the crystal phase and the phase purity of all nanoparticles,
respectively. UCL QY was measured on the setup descri-
bed in previous report®’.

Theoretical calculations

The steady-state and time evolution of UCL were
simulated by a Monte Carlo model, which was upgraded
from our previous work (adding the internal OH™
quenching as a new parameter)*. In this model, a nano-
particle is treated as a three-dimensional sub-lattice
(consisted by sensitizer and activator ions). By setting the
proper parameters (listed in Supplementary Table S4), we
were able to trace the motion tracks of each excited state
in the system. The macroscopic phenomena (i.e., absorp-
tion and UC emission) were rebuilt by the statistical
results of the numerous ion-to-ion interaction processes.
More details were given in Supplementary Information.
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