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ABSTRACT

LiErF4 was commonly used as a dipolar-coupled antiferromagnet, and was rarely considered as a luminescent material. Herein, we
achieved the strong red upconversion emission of LiErF4 simply by an inert shell coating, i.e., LIErFs@LiYF4. Owing to the unique
and intrinsic ladder-like energy levels of Er** ions, this LiErF, core—shell nanostructures present red emission (~ 650 nm) under
multi-band excitation in the near-infrared (NIR) region (~ 808, ~ 980, and ~ 1,530 nm). A brighter and monochromic red emission
can be further obtained via doping 0.5% Tm® into the LiErF, core, i.e., LIErF4: 0.5% Tm3** @LiYF,. The enriched Er** ions and
strong monochromic red emission natures make LiErF4: 0.5% Tm* @LiYF, nanocrystals very sensitive for trace water probing in
organic solvents with detection limit of 30 ppm in acetonitrile, 50 ppm in dimethyl sulfoxide (DMSO), and 58 ppm in N, N-dimethyl-
formamide (DMF) under excitation of 808 nm. Due to their superior chemical and physical stability, these nanoprobes exhibit

excellent antijamming ability and recyclability, offering them suitable for real-time and long-term water monitoring.
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1 Introduction

Water is the source of life. However, it is considered as an
impurity and contaminant in some cases. For example, in
organic solvent, the presence of water can lead to catastrophic
failures, such as fires and explosions under some circumstances.
In petroleum industry, the presence of water may cause a drop
in engine’ s performance, resulting in engine damage [1, 2].
Hence, the detection and quantification of trace water is a
crucial matter not only in the aforementioned aspects, but also
in pharmaceuticals, electronics, and food processing [3].

The primary standard for water detection in sample
substances is the highly sensitive Karl Fischer coulometric
titration method [4]. However, it has several disadvantages
including the use of toxic and expensive chemical reagents,
long measuring time, and inability of real-time monitoring [5].
Recently, fluorescence-based optical water sensors appear to
be particularly attractive on account of their highly sensitive
and selective, easy to fabricate, as well as their capability of
remote and in situ monitoring [6-9]. Despite the advance, the
majority of the optical water sensors focus on organic luminescent
molecules, which suffer from poor reusability and photo
instability [10, 11]. As an alternative, the inorganic materials
represented by lanthanide doped upconversion nanoparticles
(Ln-UCNPs) show their excellent performance in the field of
water detection [12-14].

Ln-UCNPs have been extensively studied for their potential
detection applications owing to their unique optical properties,
such as large anti-Stokes shift, sharp emission, high penetration
depth, low toxicity, weak background autofluorescence, and
high photostability [15-21]. The luminescence of Ln-UCNPs
can be easily quenched by water molecules, which provide the
basis for water probing [22, 23]. For example, in the typical
sensitizer Yb** and activator Er** co-doped UCNPs, e.g., 18%
Yb*, 2% Er*": NaYF,, the OH-vibrations of the water molecules
absorbed on the surface of the UCNPs result in the quenching
of the luminescence of Er** ions. In addition, the absorption of
Yb** ions at 980 nm overlaps that of water molecules, leading
to the excitation energy depletion, making them a good
candidate for water sensing [12]. However, for the detection of
water within organisms or organic solvents, the overheating
effect induced by the strong absorption of water molecules at
980 nm excitation is harmful. Considering the large absorption
cross-section of Nd** at 808 nm and the efficient energy transfer
from excited Nd** to Yb** ions, the Nd** and Yb** co-operative
sensitized UCNPs, e.g., 20% Yb’', 1% Er**: NaGdF.@20%
Yb**, 10% Nd**: NaYF,, were subsequently reported for 808 nm
triggered water probing [13]. However, it should be noted that
the doping concentration of Er** in all these reported nanoprobes
are no more than 2% because of the concentration quenching
effect [24, 25], which seriously limit the number of the detector
Er** ions, thus substantially restricting their detection sensitivity.
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Very recently, we, along with other researchers, have discovered
an activator Er** jons fully doped upconversion nano-system,
e.g., NaErF.@NaYF,, completely eliminating the concentration
quenching effect [26-28]. Although the use of Na-based
lanthanide host matrices (NaLnFs) has been considered as an
efficient way to obtain upconversion emission and has been
widely explored for most UCNPs, Li-based LiLnFs UCNPs are
on-par in light upconversion efficiency and in certain cases
are more preferable than Na-based counterparts [29-32]. As
far as the chemical composition was concerned, NaErF. and
LiErF, are similar to each other, and it seems that LiErFs can
be obtained by simply substituting Na* with Li*. However, the
crystal structure of NaErF. is different from that of LiErF. (the
former has hexagonal structure, while the latter has tetragonal
structure) [33, 34], resulting in development of different
morphologies during growth (the former shows hexagonal
shape and the latter exhibits tetragonal bipyramidal shape)
[29, 35]. Thus, they are completely different from the viewpoint
of crystal structure and morphology despite their similar chemical
composition. Moreover, up to now, LiErF, material was mainly
studied as a dipolar-coupled antiferromagnet [36, 37], but few
reports focus on its emission property.

Herein, we developed a strong red upconversion emission
LiErF. nano-system, i.e., LIErF«@LiYF. and its relevant derivative
LiErFs: 0.5% Tm*@LiYF,, where Er** ions act as both activator
and sensitizer. Owing to the unique and intrinsic ladder-like
energy levels of Er’* ions, these LiErF, core-shell nanostructures
present red emission ( ~ 650 nm) under multi-band excitation in
the near-infrared (NIR) region (~ 808, ~ 980, and ~ 1,530 nm),
unlike the traditional sensitizer and activator co-doping systems
which were only triggered by one specific wavelength. Through
introducing 0.5% Tm® as a transient energy trapping center
into the LiErF, core to confine the excitation energy and minimize
the energy loss caused by the rapid migration between Er’*
ions, a brighter and monochromic red emission can be further
achieved. The enriched Er’* ions and strong monochromic
red emission natures make LiErFs 0.5% Tm**@LiYF: nano-
particles very sensitive for trace water sensing in organic
solvent with the detection limit of 30 ppm in acetonitrile,
50 ppm in dimethyl sulfoxide (DMSO), and 58 ppm in N, N-
dimethylformamide (DMF) under excitation of 808 nm. Due
to their superior chemical and physical stability, these probes
exhibit excellent antijamming ability and recyclability, affording
them suitable for real-time and long-term water monitoring.

2 Experimental section

2.1 Materials

ErCl-6H,O (99.9%), YCL:-6H.O (99.9%), TmCl:-6H.O (99.9%),
oleic acid (OA, 90%), 1-octadecene (ODE, 90%), and NOBF;
(95%) were purchased from Sigma-Aldrich. LiOH (anhydrous,
98%) was purchased from Aladdin. NHLF (> 96%) was purchased
from Xilong Scientific. DMF (99.8%, Super Dry), DMSO (99.9%,
Super Dry), and acetonitrile (99.9%, Super Dry) were purchased
from J&K Scientific. All reagents were directly used without
further purification.

2.2 Measurements

The crystal structure of upconversion nanoparticles was obtained
by Rigaku wide-angle X-ray diffractometer (XRD, D/max rA,
using Cu Ka radiation at wave length 1.5406 A) in the angular
range of 10°-80°. The detailed structure and morphology of
the nanoparticles were obtained by JEM-2100 transmission
electron microscope (TEM). The upconversion emission spectra
were measured at room temperature by FL920 Spectrometer
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(EDINBURGH). The excitation source is 808, 980, and
1,535 nm semiconductor laser (all were purchased from
Changchun New Industries Co., Ltd., China). Fourier transform
infrared (FTIR) spectra were confirmed by Nicolet iS10 FT-IR
spectrometer (Thermo scientific, America) in the wavenumber
range of 4,000-400 cm ™" with the ATR plugin.

2.3 Synthesis of core UCNPs (LiErF: and LiErFa: 0.5%
Tm? core nanoparticles)

The UCNPs were synthesized by referring to the methods in the
previous literature with some modifications [38]. ErCls-6H.O
(1 mmol, 381.71 mg) was placed in a 50 mL three-necked
round-bottom flask, then 6 mL OA and 14 mL ODE were added
to the three-necked flask and stirred continuously at room
temperature. N, was flowed for 30 min to remove the air from
the reaction system. The solution in the three-neck flask was
heated to 160 °C and stirred continuously for 30 min. The
reaction solution cooled down to 50 °C naturally at room
temperature. A solution of 10 mL methanol containing NH.F
(4 mmol, 148.00 mg) and LiOH (2.5 mmol, 59.88 mg) was
added and then heated to 70 °C for 30 min until the methanol
in the solution was completely removed. Under the protection
of Ny, the solution was heated to 300 °C and maintained for
90 min with stirring. Finally, the core UCNPs were precipitated
by acetone and anhydrous ethanol and then dispersed in 8 mL
cyclohexane for use. Note that the whole experimental process
needs to be carried out under the protection of N, atmosphere
and continuous stirring. The synthesis of LiErFs: 0.5% Tm®*
was similar to that of LiErFs, as long as ErCls-6H.O (1 mmol,
381.71 mg) was replaced by ErCl-6H>O (0.995 mmol, 379.80 mg)
and TmClL-6H.O (0.005 mmol, 1.92 mg).

2.4 Synthesis of core—shell UCNPs (LiErFs@LiYFs and
LiErFs: 0.5% Tm*@LiYF1 core—shell nanoparticles)

The synthetic procedure for the LiErF.@LiYF, and LiErFu
0.5% Tm**@LiYF, core-shell UCNPs was similar to that of the
core with slight differences and is simply described as follows:
Briefly, YCl;-6H.O (0.75 mmol, 227.52 mg) was added to a
mixture of 6 mL OA and 14 mL ODE and stirred continuously
at room temperature under N for 30 min. The solution was
heated to 160 °C and maintained for 30 min and then cooled
down to 30 °C under Ny, a solution of 5 mL methanol containing
NH.F (3 mmol, 111.00 mg) and LiOH (1.875 mmol, 44.90 mg)
was added dropwise and after that the solution was heated up
to 70 °C for 30 min, after the evaporation of methanol, 4 mL
cyclohexane dispersed with the core UCNPs (LiErF, or LiErFa:
0.5% Tm’*) was added and then heated to 90 °C for 30 min to
remove the cyclohexane. Finally, the mixture was quickly heated
up to 300 °C and reacted for 60 min, the core-shell UCNPs
(LiErFs@LiYF, or LiErFs 0.5% Tm**@LiYFs) were obtained. The
UCNPs were washed with acetone and ethanol and dispersed
in 4 mL cyclohexane for use. Note that the whole experimental
process needs to be carried out under the protection of N,
atmosphere and continuous stirring.

2.5 Synthesis of BFs-modified LiErFs: 0.5% Tm*@LiYF4
core—shell nanoparticles

The core-shell UCNPs prepared above have oleate ligands on
the surface, the UCNPs are hydrophobic and cannot be dispersed
in water. Therefore, through ligand exchange, the surface of
UCNPs was modified by NOBF, and the BF4™ replaced oleate
to coordinate on the surface of UCNPs.

Ligand exchange of LiErFs: 0.5% Tm**@LiYFs was mainly
based on the previous literature with some modifications [39].
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NOBF, (0.4 mmol, 46.72 mg) was added to 10 mL anhydrous
DMEF for ultrasonic dispersion, and then the core-shell UCNPs
(LiErFs: 0.5% Tm**@LiYFi) dispersed in cyclohexane were
added to the above mixture for ultrasound for 15 min, then
centrifuged at 12,000 rpm for 20 min. After centrifugation to
remove the supernatant, the precipitated UCNPs were re-
dispersed in hydrophilic media (DME DMSO or acetonitrile).

2.6 Water detection in organic solvents

The anhydrous organic solvents such as DMF (DMSO or
acetonitrile), deionized water, and DMF (DMSO or acetonitrile)
solution containing BFs -modified UCNPs (LiErFs 0.5%
Tm**@LiYF.) after ligand exchange were mixed into 1 mL
detection solution in different proportions (Tables S1 and S2 in
the Electronic Supplementary Material (ESM)). The upconversion
luminescence spectrum from 400 to 700 nm under 808 nm
excitation of the detection solution was obtained by fluorescence
spectrometer, and the power of the excitation luminescence
is the same.

3 Results and discussion

3.1 Synthesis of core (LiErFs) and core—shell (LiErF:@LiYFs)
nanoparticles

We first prepared the LiErFs core nanoparticles, followed by
coating with an inert shell of LiYF.. Powder X-ray diffraction
pattern confirms a pure tetragonal phase of the as-prepared
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core (LiErFs) and core-shell (LiErFs@LiYF:) nanoparticles
(JCPDS. No. 51-1618) (Fig. 1(a)). A representative TEM image
shows high mono-dispersity and tetragonal bipyramidal mor-
phology of the obtained particles (Figs. 1(b) and 1(c)). The
LiErF, core and LiErFs@LiYF, core-shell nanoparticles are
confirmed as (17.2 + 0.6) nm x (12.6 = 0.7) nm (long length x
short diagonal length) and (27.2 + 0.7) nm x (17.3 + 0.9) nm,
respectively. The high-resolution TEM images of both core
and core-shell nanoparticles demonstrate the lattice fringe
of (101) planes with d-spacing of 0.47 nm, which is in accordance
with that of tetragonal-phased LiErFs counterpart.

The comparisons of upconversion (UC) emission between
Er’* singly doped bare core (LiYFs x% Er’*, x: 2-100) and
core-inert shell (LiYFs x% Er*@LiYF,, x: 2-100) nanoparticles
have been conducted (Fig. S1 in the ESM). In the bare core
structure, with increasing of the doping concentration of Er**
ions, the UC emission dramatically decreased and the LiErF,
bare core exhibited no emission at all. Because in LiErF, bare
core system, the very short distance between the activator Er**
ions leads to rapid energy migration and cross relaxation (CR)
process, which further induces the serious energy dissipation
from the activators Er** ions to the surface quenching sites of
the bare core nanoparticles (concentration quenching effect).
However, after the LiYF. shell coating, the red UC emission
gradually enhanced with the increase of the doping concentration
and the optimal concentration could be promoted to 100%,
which overcame the concentration quenching and the UC
emission can be achieved in this LiErF.@LiYF. core-shell
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Figure1 (a) XRD patterns of LiYFs based UCNPs. The low-resolution TEM and high-resolution TEM (inset) images of (b) LiErFs bare core and (c)
LiErF4@LiYFs core-shell nanoparticles in cyclohexane. Upconversion emission spectra of LiErFs and LiErFs@LiYFs in cyclohexane under (d) 808 nm
excitation (0.56 W), () 980 nm excitation (3.86W), and (f) 1,530 nm excitation (0.73W), respectively. The energy level diagrams of Er** ions as well as the
proposed CR mechanisms in nanostructures were also inserted.
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structure, as indicated in Figs. 1(d)-1(f). Unlike the traditional
sensitizer and activator co-doping systems, which usually
only work effectively on one specific excitation wavelength, in
LiErF1@LiYF, core-shell nanostructures, Er’* ions act as both
sensitizers and activators. They exhibit UC emission under
multi-band NIR wavelength (e.g., ~ 808, ~980,and ~ 1,530 nm)
excitation due to the unique ladder-like energy levels of Er’*
ions.

The green (520-575 nm) and red (640-675 nm) emissions
are assigned to (*Hup, *Ss2) > *Lisi2 and *Fo2 > *Lisp2 transitions
of Er’* in LiErF.@LiYFs nanoparticles. It is worth noting that
the UC emission of LiErF.@LiYF. nanostructure always has a
relatively high red/green (R/G) ratio (over 10.7 under 980 nm
excitation) within the visible spectrum. This characteristic can
be attributed to the efficient interactions between Er’* ions
[40-42], i.e., CRaosex: 2 *Tor2 > *S32 + Lis2 and *Sziz + *Tora > 2 *Fopa,
CRosoex: *Fr2 + Tz > 2 *Fopa and CRissoex: *S3i2 + *loz > 2 *Fop
(inset in Figs. (d)-1(f)).

3.2 Synthesis of core (LiErFs 0.5% Tm?*) and core-shell
(LiErFs: 0.5% Tm*@LiYFs) nanoparticles

Although in LiErF4@LiYF, system, the design of the inert shell
coating can significantly suppress the concentration quenching
dominated by energy migration to surface defects, the
luminescence quenching caused by the rapid energy migration
among Er’* ions to internal lattice defects cannot be restrained
simply by this surface coating method. We further introduced
0.5% Tm’" as a transient energy trapping center into the
LiErF. core to confine the excitation energy and minimize the
migration-mediated energy loss in the lattice [27, 43].

As shown in Figs. 2(a)-2(c), tetragonal phase core and
core-shell nanoparticles (LiErFs: 0.5% Tm®* and LiErFa: 0.5%
Tm*@LiYFs) exhibit a mean size of (17.4 + 0.5) x (13.2 +
0.8) nm and (27.2 £ 0.9) x (17.4 £ 0.8) nm, respectively, similar
with the size of those nanocrystals without 0.5% Tm** dopants.
The luminescence spectra of LiErFs: 0.5% Tm’" core and
LiErFa 0.5% Tm**@LiYF. core-shell nanoparticles dispersed in
cyclohexane were given in Figs. 2(d)-2(f). It can be seen that
the UC emission of the LiErFs: 0.5% Tm’* core nanocrystals
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shows a severe quenching phenomenon, which indicates a high
level of energy migration to surface defects. Compared with
LiErF.@LiYF,, the green UC emission intensities of LiErFa:
0.5% Tm** @LiYF, were decreased, while the red UC emission
intensities increased significantly under different excitations.
The R/G ratios were enhanced by a factor of 12 times for
808 nm excitation, 20 times for 980 nm excitation, and 11 times
for 1,530 nm excitation, respectively, thus achieving strong
monochromic red emission (Fig. 3(a)). These results demonstrated
that the Tm’* doping results in the re-populating of the red
emitting level of Er** (*Fo2). In LiErF4@LiYF, system, the *Fop
energy level is mainly populated by the cross-relaxation progress
between Er’* ions (CRaosex: 2 *Tor2 > *S32 + *“Liz2 and *Sza + o2 >
2 *Foi2) as shown in Fig. 1(d). However, in the case of LiErFu:
0.5% Tm* @LiYF,system, as indicated in Fig. 3(b), the population
of one 808 nm photon at the “Io;> energy level of Er** jons can
be realized by direct excitation (Step 1) or through energy
transfer from an adjacent Er** ion. Subsequently, the energy
distribution of ‘L energy level of Er’* ions mainly comes
from the multi-phonon non-radiative relaxation (MPR) of ‘o
energy level and the energy transfer process from the *Ii.
energy level of the adjacent Er’* ions. The electronic structure
of Tm* facilitates downhill energy transfer from the I and
Lis;2 energy levels of Er’* ions to the *Hs and °F, energy levels
of Tm’* ions, respectively (Step 2). Hence, a large amount of
the energy in the “I12 and “Lis2 level of Er’* ions is transferred
to the *Hs and °Fs energy levels of Tm® ions. Notably, the
optimal 0.5% Tm’* doping enables a relatively small reduction
in energy interval and allows the excited electrons to be
accumulated in favor of excited-state population, which minimizes
energy migration to particle surface and promotes trapping
of the excitation energy [27]. Thus, the transferred energy is
effectively stored in these Tm™ energy levels and eventually
promotes the population of the red-emitting “Fo. energy level
of Er’* ions via energy transfer upconversion (Step 3), achieving
strong and monochromic red UC emission (Step 4).

Coating inert LiYF, shell to the nonluminous LiErF, core
can not only effectively suppress the surface-related quenching,
but also eliminate the concentration quenching. Through the
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Figure 2 Low-resolution TEM and high-resolution TEM (inset) images of (a) LiErFa: 0.5% Tm?" bare core and (b) LiErFs: 0.5% Tm?**@LiYF, core-shell
nanoparticles in cyclohexane. (c) XRD patterns of LiErFs: 0.5% Tm?** based UCNPs. Upconversion emission spectra of LiErFa: 0.5% Tm**, LiErF4@LiYFs,
and LiErFs 0.5% Tm?**@LiYF; in cyclohexane under different excitations: (d) 808 nm excitation (0.56W), (e) 980 nm excitation (3.86W), and (f) 1,530 nm

excitation (0.73W).
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use of 0.5% Tm’* dopants into the core, the luminescence
quenching effect, dominated by the fast energy migration
among Er** ions, could also be maximally minimized. With all
these efforts, we set up a LiErFa: 0.5% Tm**@LiYFs upconverison
nano-system with enriched Er** ions and bright monochromic
red UC emission under multi-band NIR excitation (e.g., ~ 808,
~ 980, and ~ 1,530 nm). As a proof of concept, we further
demonstrated the as-designed LiErFa: 0.5% Tm**@LiYFs nano-
particle as a very sensitive probe for trace water sensing.

3.3 Characterization of BFs-modified LiErFs 0.5%
Tm*@LiYFs nanoparticles

The surface ligands of LiErFa: 0.5% Tm**@LiYF4 nanoparticles
and oleic acids, were removed by NOBF. treatment and converted
into hydrophilicity. Then the BFi-modified nanoparticles
could be dissolved in various organic solvents, so that they can
absorb water molecules for water detection. Compared with the
FTIR spectrum of the untreated UCNPs, the C-H stretching
vibrations at 2,800-3,000 cm™ and stretching vibrations of the
carboxylic group at 1,577 and 1,452 cm™ disappeared in the
FTIR spectrum of the BF, -modified nanoparticles (Fig. 4(a)),
confirming the removal of surface ligand OA. A new peak at
~ 1,084 cm™ appears after ligand exchange, which is ascribe to
BF4 anions. And another new peak at ~ 1,650 cm™ belongs to
the C=O stretching vibrations of the solvent DMF molecules.
Besides, the size and crystal phase of the particles did not
change after ligand exchange (Fig. 4(b) and Fig. S2 in the ESM).
These results show that BFs« -modified UCNPs were modified
successfully into hydrophilicity by NOBF, treatment and can
be further used for water detection.

3.4 Detection of water in organic solvents

We demonstrate the water sensing in DMF, DMSO, and
acetonitrile organic solvents, respectively. A series of testing
solutions containing BFs -modified LiErFs: 0.5% Tm*@LiYF,
nanoparticles and different amounts of water were prepared
(see details in Tables S1 and S2 in the ESM). Upon exciting
these organic solutions by 808 nm laser, which can reduce the
thermal effect and improve the accuracy and sensitivity of the
detection, we found that the red emission of all samples were
gradually quenched with the increase of water contents in test
solutions (Figs. 5(a)-5(c)). The relationships between the
integrated red emission (640-675 nm) intensities and water
contents are depicted in Figs. 5(d)-5(f). In fact, the luminescence
quenching data for a certain water content can be linearly
fitted according to the following equation:

F/Fy = Klog [H20 (vol.%)] + B (1)

where K represents the slope of the fitted curve. The physical
meaning of K is the sensitivity of LiErFs: 0.5% Tm**@LiYF4
upconversion nanoprobes to water molecules in organic solvents.
The larger the absolute value of K (|K]) is, the easier the red
UC emission of the nanoprobes be quenched by water, and the
more sensitive the nanoprobes response to water molecules.
[H:O (vol.%)] is the volume fraction of H>O in organic solvents,
B is a constant, and Fo and F are the integrated red emission
(640-675 nm) intensities in the absence and presence of H,O,
respectively. The relative intensity of UC emission (F/Fo) was
indeed linearly dependent on the water content but exhibited
two-separated linearity with logarithm of water concentration
(vol.%) at the low water content and high water content intervals,
respectively, as indicated in Figs. 5(d)-5(f), which indicated a
nonlinear quenching effect.

(a) —— OA-LiErF,: 0.5% Tm” @LiYF,
- . . . 3+ .
—— BF, -modified LiErF : 0.5% Tm" @LiYF,
-~
=
< -1
~ 1,452 ecm
g -
Z C-H 1,577 em™ COO
= 2,800—3,000 cm™
&
«
S
= 1,084 cm™
Cc=0 BF;
1,650 cm™
T T T
4,000 3,000 2,000 1,000

‘Wavenumber (cm™")

g A il %
Figure4 (a) FTIR spectra of LiErFs: 0.5% Tm’*@LiYFs UCNPs before
and after ligand exchange. (b) Resolution TEM and high-resolution TEM

(inset) images of the BFs -modified LiErFa: 0.5% Tm**@LiYF, core-shell
UCNPs dispersed in DME
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Figure 5 Upconversion emission changes (the integral range is 640-675 nm) of BFs -modified LiErFs: 0.5% Tm**@LiYF4 nanoparticles dispersed in (a)
DME (b) DMSO, and (c) acetonitrile with different water contents (0 vol.%-50 vol.%) under 808 nm excitation (1.42 W). Corresponding F/F, dependence
on H,O concentration of LiErFs: 0.5% Tm?*@LiYF, nanoparticles dispersed in (d) DMEF, (e) DMSO, and (f) acetonitrile. (g) Corresponding luminescent
photographs of the probes in acetonitrile containing water with different contents.

It is worth noting that in the solution of DMF and DMSO,
the |K| in high water content is larger than that in low water
content, while that of acetonitrile solution is opposite. The
proposed mechanism is illustrated in Scheme 1. After surface
modification, the BFs-modified LiErFs: 0.5% Tm**@LiYF,
nanoparticles exhibit positive charge, which attributed to the
uncoordinated rare earth metal Er’* cations arising from the
removal of organic ligands [39]. The electron cloud density of
oxygen atom (O) in DMF or DMSO molecules is higher than
that of nitrogen atom (N) in acetonitrile, so the interaction
between the DMF or DMSO molecules and the BFs -modified
nanoparticles is stronger than that in acetonitrile molecules.
When the water content is low, due to the shielding effect of
the inner DMF or DMSO molecules, the water molecules are
far away from the Er’* emission centers, so it is not easy to
quench the luminescence, leading to the relatively small |K].
With the increase of water contents, more and more water

molecules accumulate around the probe nanoparticles, thus
the quenching effect is enhanced, and the |K| becomes bigger.
While in acetonitrile solutions, owing to the weak interaction
between acetonitrile molecules and BFs-modified LiErFa
0.5% Tm™@LiYF, nanoparticles, water molecules are more easily
diffused and adsorbed on the surface of probe nanoparticles,
resulting in the significantly quenching of the luminescence at
very low water content. With the increase of water content, the
water molecules on the surface of nanoparticles reach saturation,
the quenching effect becomes weak, resulting in a relatively
small |K]|. The limits of detection (LOD) in DMF, DMSO, and
acetonitrile were calculated to be as low as 58, 50, and 30 ppm,
respectively, based on the formula 30/|K|, where o is the
standard deviation of the response using the UCNPs solution
containing 0.01 vol.% water as the reference.

Next, we studied the photostability of BFs -modified LiErF:
0.5% Tm**@LiYFs nanoprobes and the stability of luminescent
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Scheme 1 Proposed water sensing mechanism of BFs -modified LiErFa:

0.5% Tm*@LiYFs nanoparticles in DME DMSO, and acetonitrile, respectively
with different solvents.

signals response to the addition of water. As can be seen in
Fig. $3 in the ESM, in a testing solution (H.O/DME, 5 vol.%/
95 vol.%), the red UC emission quickly became stable and
stayed almost the same after 60 min of 808 nm laser excitation.
We further continuously recorded the red UC emission upon
different contents of water addition. A steady response was
obtained within 1 min as indicated by the stable step curve in
Fig. 6, demonstrating the possibility for in situ water monitoring.
In the following experiment, we introduced various organic
dyes as disruptors to check the antijamming capability of these
nanoprobes. Benefiting from the near-infrared excitation, no
obvious interference was observed when the testing solution
contained impurities, such as 9-(diethylamino)-5H-benzo [a]
phenoxazin-5-one (Nile Red), 4, 4-difluoro-1, 3, 5, 7,
8-pentamethyl-4-bora-3a, 4a-diaza-s-indacene (BODIPY),
dimethyl 2, 5-bis(methylamino)terephthalate (Ph-C.), and
5,12-dibutyl-5,12-dihydroquinolino(2, 3-b]acridine-7, 14-dione
(C4-QA) (Fig. S4 in the ESM). However, the presence of organic
dyes could largely affect the performance of typical organic
luminescent molecules based optical water sensors which
are mainly excited by ultraviolet light owing to the intrinsic
fluorescence nature. In addition, we have studied the selectivity
as can be seen in Fig. S5 in the ESM. The red UC emission
intensity of LiErFs: Tm**@LiYFs nanoprobe remains almost
the same when DMF (blank), acetone, DMSO, and acetonitrile
were added. While the intensity decreased slightly in ethanol,
and significantly in water. Both water and ethanol caused
varying degrees of reduction in UC emission because of the
high energy (ca. 3,500 cm™) of O-H stretching vibration which
could quench the luminescence of Er** ions [22, 23]. However,
ethanol molecule has one OH-group, and the water molecule
has two. When the concentration of water and ethanol in organic
solvent is the same, the number of OH-groups in water is more
than that in ethanol. Therefore, the nanoprobe is much more
sensitive to water molecules. Moreover, in a testing solution
(H.O/DME, 5 vol.%/95 vol.%), after 4 reaction cycles (Fig. S6
in the ESM), the change of F/Fo still maintained a relatively
stable value. These results reveal that the BFs -modified LiErF.:
0.5% Tm’*@LiYF: nanoprobes are suitable for long-term,
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Figure 6 Upconversion emission response to the different water contents
in DMF testing solution within 30 min, under continuous 808 nm laser
excitation (1.42 W). The solid red arrows indicate the addition of water.

real-time, and in situ monitoring of water content, even in
complex samples.

3.5 Proposed energy transfer quenching mechanisms
for water detection

In order to clarify the quenching effect of water molecules on
the UC emission of BFs -modified LiErFs: 0.5% Tm’*@LiYF,
nanoparticles, the decay curves of excited states (*For. > *Lis,
*Liuz > *Lisp, and “Lisz > “Lisp transition) dispersed in DMF
solutions with different water contents were measured (Fig. 7
and Figs. S7 and S8 in the ESM). The life time of each emitting
state calculated by fitting is also listed in Table 1. The results
show that with the increase of water content in the DMF
solution, the lifetime of each excited state becomes shorter,
indicating an increased non-radiative relaxation of the excited
states ascribed to high energy vibrational modes of OH-groups,
as illustrated in Scheme 2. We found that the O-H stretching
vibration mode in water molecule is ca. 3,500 cm™. The energy
band gap of *Fo > ‘o2 energy levels and the gap of T > T
energy levels in Er’* !

ions are ca. 3,000 and 3,700 cm™,
‘Water content (vol.%)

0
—0.05
—05

—_—2

—f

log [intensity (a.u.)]

0 200 400 600
Time (ps)

Figure 7 Corresponding decay curve of *Foz > “Iis2 transition of Er**
under 808 nm excitation (1.42 W).

Table 1 Lifetime of *Fop, “Iii2, and “Iis2 levels in DMF solution with

different water contents under 808 nm excitation

Water content Lifetime (ys)

(vol.%) 1Fy, T Tion
0 119 317 1,074
0.05 115 307 1,052
0.5 105 289 1,048

2 85 259 949

5 76 241 923

10 65 222 864

20 53 206 828

50 44 201 636
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Scheme 2 Proposed energy transfer quenching mechanism in LiErFy: 0.5% Tm®**@LiYF, core-shell UCNPs for water detection.

respectively [44], which are close to one O-H stretching mode.
As a result, the energy distributed at “Fo; and *I.12 energy level
could directly be quenched through facilitating multi-phonon
relaxation by water molecules under 808 nm excitation,
leading to the decrease of the lifetime of 650 and 980 nm, as
demonstrated in Steps 1 and 2 in Scheme 2. Moreover, the
energy interval between *Ii3» and *Lisz is about 6,600 cm™ [44],
which is close to a couple of O-H stretching modes. Therefore,
two OH-groups can make Er** ion relax from *I13 level to *Iis.2
ground state without radiation, as indicated in Step 3, and the
luminescence lifetime of *1,3 excited state decreased. This effect
of the OH-vibrations was also confirmed by the measurement
of luminescence spectra of ‘Iz and “Iis2 level under 808 nm
excitation, as shown in Figs. S9 and S10 in the ESM. Due to
the non-radiation transition of “Ini > *Tiz2 and *Tizi2 > *Lisp, the
population of “I.i2 and *Liz2 level decreased and the intensity of
emission decreased gradually. Therefore, the sensitive response
of water can be achieved through testing the change of the
monochromatic red emission in Er’* ions enriched LiErF.:
0.5% Tm**@LiYF, core-shell nanoparticles.

4 Conclusions

In conclusion, we have established a red upconversion emission
system based on LiErF,, ie., LiErF.@LiYF, and its relevant
derivative LiErFs: 0.5% Tm’*@LiYF.. Simply coating inert LiYF,
shell to the nonluminous LiErF, core can not only effectively
suppress the surface-related quenching, but also eliminate the
concentration quenching, making LiErF.: glow. Through the
use of 0.5% Tm*" dopants into LiErF. core, the luminescence
quenching effect, dominated by the fast energy migration in
the LiErF, host lattice, could also be maximally minimized.
With all these efforts, a strong and monochromic red emission
under multi-band NIR excitation (e.g., ~ 808, ~ 980, and
~ 1,530 nm) could be achieved by this simple core-shell
nanostructure. The Er’* ions enriched nature makes LiErFu:
0.5% Tm**@LiYF4 nanoparticles very sensitive for trace water
sensing in organic solvent with detection limit of 30 ppm in
acetonitrile, 50 ppm in DMSO, and 58 ppm in DMF under
safe excitation of 808 nm. Benefiting from their superior chemical
and physical stability, the designed LiErFa: 0.5% Tm**@LiYF,
nanoprobes could be used for real-time and long-term water
monitoring in challenging conditions. In addition, water probing
was created as a proof of concept and did not cover all usage
scenarios. We believe that the unique property of monochromic
red emission under multi-band NIR excitations could also
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endow these LiErF, based materials potential for solar cells and
anti-counterfeiting application, etc.
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