Open Access Article. Published on 12 August 2020. Downloaded on 11/7/2025 8:38:59 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials
Advances

‘ W) Check for updates ‘

Cite this: Mater. Adv., 2020,

1, 1602 Chunning Sun,

Received 11th June 2020,
Accepted 11th August 2020

DOI: 10.1039/d0ma00411a

rsc.li/materials-advances

High-quality lanthanide-doped upconversion nanoparticles are
generally synthesized by employing long-chain oleic acid as the
ligand in the synthetic process, rendering them hydrophobic, and
preferentially dispersed in nonpolar solvents. Thus, postsynthetic
surface modifications are required prior to practical applications.
Herein, we have developed a facile approach to remove the surface
ligand from oleate-stabilized upconversion nanoparticles using
short-chain acids as stripping agents by a simple vortexing method
on a time scale of 10 seconds. This method allows for the fast and
efficient hydrophobic-to-hydrophilic transition in either biphasic
solvent systems or single hydrophobic media without any notice-
able detrimental effects on size, shape, and phase of crystals during
the ligand removal process. Furthermore, the obtained ligand-free
upconversion nanoparticles can be readily transferred to the
aqueous solution and further modified with water-soluble capping
molecules by sequential surface functionalization. As an example,
by coupling polymer functionalized upconversion nanoparticles
with organic dyes, we are able to construct nanoprobes for selec-
tive fluorescence sensing for Cu?*,

Introduction

Lanthanide-doped upconversion nanoparticles are capable of
absorbing two or more low energy photons sequentially via
metastable and long-lived intermediate energy states. By this
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process, electrons are promoted to higher energy levels, which
leads to higher-energy light emissions, ranging from the visible
to the ultraviolet region, and for this property, upconversion
nanoparticles have attracted considerable attention in the past
decades." In stark contrast to semiconductor quantum dots and
organic dyes, upconversion nanoparticles feature excellent
chemical and optical properties, including large anti-Stokes
shifts, long fluorescence lifetimes, sharp multicolour emissions,
low cytotoxicity, as well as high chemical- and photo-stability.”
Based on these outstanding merits, upconversion nanoparticles
are regarded as promising luminescent materials for applications
in photodynamic therapy,®™® bioimaging,”® sensing,'*"* anti-
counterfeiting,"®"> and other optical fields."®

High-quality upconversion nanoparticles with precisely
tuned size, composition, shape, and well-designed architecture
are generally synthesized by applying the long-chain oleic acid
(OA) as the ligand in the synthetic process.'” > Sterically
stabilized oleate-capped upconversion nanoparticles are prone
to disperse in nonpolar and hydrophobic solvents, while most
applications of upconversion materials require the particles to
be readily dispersed in hydrophilic media. To address this
problem, postsynthetic surface modifications are essential for
rendering upconversion nanoparticles dispersible in the aqu-
eous solution or polar organic media prior to subsequent
practical applications. Heretofore, surface post-modifications
of oleate-capped upconversion nanoparticles including ligand
exchange,”®® oxidation,>*' and removal,**** amphiphilic
polymer deposition,***® and silica coating®>*° have been applied.
However, these existing methods involve either laborious proce-
dures or time-consuming reactions. A generalized, fast, and
efficient strategy for the hydrophobic-to-hydrophilic transition of
upconversion nanoparticles is largely missing.

Among them, the ligand removal strategy is considered as a
versatile approach to prepare hydrophilic upconversion nano-
particles, as it provides more possibilities for the further
functionalization of upconversion nanoparticles. For instance,
nitrosonium tetrafluoroborate was employed to replace the
oleate ligand to prepare hydrophilic nanoparticles, which were

This journal is © The Royal Society of Chemistry 2020
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partially capped by the BF,  anion, and the quasi-ligand-free
nanoparticles were further functionalized by grafting different
capping molecules on the surface. However, the air-sensitive
and oxidative stripping reagent limits its application.*> Another
strategy was to use HCI solution (pH 4) to obtain ligand-free
upconversion nanoparticles from oleate-capped upconversion
nanoparticles based on an acid-base reaction. However, the
stripping process occurred between solid oleate-capped upcon-
version nanoparticles and acidic aqueous solution in a solid-
liquid system, which lowered the removal efficiency of the
oleate ligand from the surface of nanoparticles and took hours
of reaction time for complete ligand exfoliation.*’

Here we report a fast, highly efficient, and easy-to-process
approach to produce ligand-free upconversion nanoparticles by
a simple vortexing method with short-chain acids as stripping
agents. Biphasic and single solvent systems are introduced to
remove the capping ligand from the surface of oleate-stabilized
upconversion nanoparticles in just seconds time. More impor-
tantly, the resulting ligand-free upconversion nanoparticles can
be readily transferred to the aqueous solution and further
functionalized by water-soluble capping molecules.

Results and discussion

Monodisperse hexagonal oleate-capped NaYF,: 20 mol% Yb,
2 mol% Er nanoparticles (abbreviated as OA-UCNPs) are
synthesized by the high-temperature coprecipitation method
in octadecene using OA as the capping ligand.** The resulting
OA-UCNPs can be dispersed in nonpolar solvents (cyclohexane,
chloroform, or toluene) owing to the presence of the oleate
ligand on their surface. In order to realize the ligand removal
from the surface of OA-UCNPs, biphasic and single solvent
systems are introduced. For the ligand removal occurs in
biphasic solvent systems, a wide variety of polar solvents
including acetonitrile, dimethylformamide, dimethyl sulfoxide,
formamide, methanol, and N-methyl-2-pyrrolidone are employed
to form liquid-liquid interfaces with cyclohexane, and the
reaction is simply performed by a short contact of the organic
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dispersion of OA-UCNPs with immiscible polar solvents con-
taining short-chain organic acids on a vortex mixer, leading to
the in-solution transfer of upconversion nanoparticles to the
polar phase (Fig. S1, ESIt). In terms of single solvent systems,
the ligand removal takes place when cyclohexane, chloroform,
or toluene is adopted as the dispersant to stabilize OA-UCNPs.
Ligand exfoliation is realized by direct addition of short-chain
acids to a single solvent system, and ligand-free UCNPs are
generated upon the sufficient interaction of short-chain acids
with the hydrophobic solvent through vigorous shaking in a
short time. More importantly, the ligand-free UCNPs obtained
in the above-mentioned systems via the vortexing method can
be easily transferred to the aqueous solution.

Herein, a single hydrophobic solvent system, where formic
acid (FA) is employed as the stripping agent and cyclohexane is
used as the hydrophobic solvent for OA-UCNPs, is taken as a
typical example (abbreviated as FA-Cy). Typically, 2 mL of
cyclohexane solution containing OA-UCNPs (10 mg mL ")
was added to a 4 mL glass vial, followed by the addition of
0.5 mmol FA. After vigorous shaking (3000 rpm) for 10 s on a
vortex mixer, ligand-free UCNPs were precipitated out from the
cyclohexane. Ligand-free UCNPs are obtained by centrifugation
and can be easily transferred to the aqueous solution. The ligand
removal process is depicted in Fig. la. OA-UCNPs undergo
effective collision with FA when the mixed solution is under
vigorous shaking on a vortex mixer, and the acid-base reaction
between FA and oleate ligand occurs instantaneously, resulting in
the formation of OA via protonation. The resultant OA releases
from the surface of nanoparticles and subsequently dissolves in
cyclohexane solution. Moreover, the obtained ligand-free UCNPs
cannot be dispersed in either cyclohexane or FA and thus are
prone to precipitate out from the mixed solution. The fast acid-
base reaction between FA and oleate ligand together with the
spatial separation of the stripped OA and bare UCNPs enable the
efficient ligand removal in the FA-Cy system. The ligand removal
process is tracked by Fourier transform infrared (FT-IR), proton
nuclear magnetic resonance ("H NMR), transmission electron
microscopy (TEM), X-ray powder diffraction (XRD), thermogravi-
metric analysis (TGA), and (-potential measurements.
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(a) Typical illustration of the ligand removal process of OA-UCNPs by the vortexing method in a single solvent system (cyclohexane is used as the

solvent for OA-UCNPs and FA is used as the acid source). (b) FT-IR spectra of OA-UCNPs and FA-treated upconversion nanoparticles. (c) 'H NMR spectra
of pure OA dispersed in CDCls (i), oleate-capped NaYF,4 nanoparticles dispersed in CDCls (ii), and acid-treated NaYF4 nanoparticles dispersed in D,O (iii).

Chemical shifts are reported in parts-per-million (ppm): (i) and (i) 0.8-1.0 (-C

(iii) 4.67 (H,O from D,0).
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The successful removal of the oleate ligand is confirmed by
FT-IR (Fig. 1b). The transmission bands of OA-UCNPs at 2921
and 2851 cm ' are attributed to asymmetric and symmetric
stretching vibrations of methylene (-CH,-) groups in the long
alkyl chain. A weak peak at 3006 cm ™', assigning to the =C-H
stretching vibration, can be clearly observed in the spectrum.
Moreover, two peaks centred at 1560 and 1464 cm™ ' can be
assigned to the asymmetric and symmetric stretching vibra-
tions of the carboxylate group. These characteristic peaks prove
the presence of oleate ligand on the untreated OA-UCNPs.
However, they disappear in the FA-Cy sample, indicating the
success in the ligand exfoliation. In addition, the broad band
centred around 3500 cm ™', assigning to the solvated water
molecules, is consistent with the hydrophilic nature of ligand-
free UCNPs. To exclude disturbances of the lanthanide dopants
on the 'H NMR signal, undoped NaYF, nanoparticles are
applied instead for the "H NMR study (Fig. 1c). Compared with
the "H NMR spectrum of pure OA in CDCl;, the undoped oleate-
capped NaYF, sample reveals the characteristic bands of OA
with broadened signals, originating from the inhomogeneous
chemical environment and restricted rotational freedom of the
oleate ligand anchored on the surface of nanoparticles. These
signals vanish after the acid treatment and dispersing the
sample in D,O, thereby corroborating the efficient ligand
removal from the surface of OA-UCNPs.

The morphology and structure of as-synthesized and acid-
treated OA-UCNPs are characterized by TEM and XRD. TEM
images present OA-UCNPs and FA-treated nanoparticles with
a highly uniform hexagonal morphology (Fig. 2a and b).
A particle analysis (at least 300 particles), performed from many
such TEM images obtained from different regions of samples,
demonstrates monodisperse oleate-capped and oleate-free
UCNPs with an average diameter of ca. 35 nm, validating the
maintained particle size of both original and acid-treated
nanoparticles. TEM images and size distributions of acid-
treated samples in other single and biphasic solvent systems
show basically identical results (Fig. S2, ESIt), confirming the
generality of this approach. Moreover, small-sized OA-UCNPs
(ca. 20 nm) can be applied to the fast ligand removal through
the here described method as well (Fig. S3, ESIt). XRD patterns

View Article Online

Communication

of both samples show well-defined diffraction peaks, which can
be indexed to the pure hexagonal phase of NaYF,, signifying the
maintained high crystallinity after acid treatment (Fig. S4, ESIY).

TGA is conducted to evaluate the amount of ligand on both
as-synthesized and acid-treated OA-UCNPs (Fig. 2c). The curves
show a much lower total weight loss above 200 °C in the FA-Cy
sample (~0.5%) compared with the OA-UCNPs sample (~ 3.1%).
Together with an entirely different weight loss behaviour between
the FA-Cy and OA-UCNPs sample, both features further prove the
successful ligand removal after the acid treatment. Moreover,
upon treatment with FA, bare UCNPs are easily dissolved in water,
and the {-potential of obtained bare UCNPs is determined to be
36.3 mV (pH ~ 5.5), owing to the uncoordinated metal cations
induced by the acid treatment. This indicates the conversion of
hydrophobic OA-UCNPs into stable hydrophilic colloids, and
similar behaviours are observed in other acid-treated OA-UCNPs
systems (Fig. S5, ESIt).

In the light of the above-described FT-IR, 'H NMR, TEM,
XRD, TGA, and {-potential results, it can be concluded that the
oleate ligand is removed by the treatment with short-chain
acids in both single and biphasic solvent systems by means of
the vortexing method on short time scales. At the same time,
the acid treatment process has no noticeable adverse effects on
size, shape, and phase of the resulting nanoparticles.

To investigate the optical property of UCNPs before and after
ligand removal, upconversion luminescence (UCL) spectra are
carried out on OA-UCNPs and ligand-free UCNPs dispersed in
hydrophobic solvents and water, respectively. As presented in
Fig. S6 (ESIt), UCNPs generate green and red UCL emissions
when exposed to a 980 nm continuous-wave (CW) laser, origi-
nating from *Hyyp — “Iisj, *Szz = “lisp, and *Fopp — “Iisp
transitions of the Er*" ion. UCL intensities of OA-UCNPs show
no significate differences in green and red regions when
dissolved in different hydrophobic solvents, whereas UCL
intensities of bare UCNPs dispersed in water reduce by almost
a factor of 10 compared with those of OA-UCNPs dissolved in
hydrophobic media, where it is mainly attributed to the
presence of high energy OH-vibrations in water.*""*> Compared
with previous methods,**? ligand-free UCNPs prepared by the
here proposed method show similar results in the morphology
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Fig. 2 TEM images of (a) OA-UCNPs and (b)

ligand-free UCNPs. Insets: Corresponding size histograms. Scale bars: 100 nm. Average particle sizes:

(@) 35.8 £ 1.1 nm, (b) 35.2 &+ 1.0 nm. (c) TGA curves of oleate-capped and ligand-free UCNPs.
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Fig. 3 (a) Schematic illustration of the synthesis of csUCNPs/EBT FRET nanoprobes and their response to Cu?*. (b) UV-vis spectra of csUCNPs/EBT
in the absence (black) and presence (red) of Cu?* in BRB solution (100 mM, pH 3), and UCL spectrum of csUCNPs (blue) in water under excitation with a

3 W 980 nm CW laser.

and UCL (Fig. S7, ESIt). However, the here developed method is
much faster and reaction conditions are milder. In addition,
various stripping agents and solvents can be employed for the
ligand removal of OA-UCNPs. More importantly, the proposed
method can be applied to HCl-sensitive materials, like NaLaF,
(Fig. S8, ESIT).*

The treatment of OA-UCNPs with FA makes the ligand-free
UCNPs dispersible in water and positively charged bare UCNPs
generate, favouring the attachment of water-soluble capping
molecules by sequential surface functionalization, such as
poly(acrylic acid) (PAA), polyvinylpyrrolidone (PVP), and poly-
ethylenimine (PEI).** Different water-soluble capping molecules
modified UCNPs are characterized by TEM, FT-IR, TGA, and UCL
measurements (Fig. S9, ESIf). FT-IR and TGA measurements
prove the presence of corresponding molecules capped on the
surface of the modified bare UCNPs, and TEM images exhibit
the identical size and morphology after the functionalization.
Moreover, there are no apparent differences in the position and
intensity of UCL among PAA-, PVP-, and PEI-modified UCNPs.

Owing to the unique property of upconversion nanoparticles,
they have been widely applied in optical fields. To explore the
sensing application, upconversion-based fluorescence resonance
energy transfer (FRET) nanoprobes for the detection of Cu®* were
prepared by coupling PEI-modified bare upconversion nano-
particles with the Eriochrome Black T (EBT) dye. The synthetic
process is depicted in Fig. 3a. OA-UCNPs core nanoparticles
and core-shell structured oleate-capped NaYF,: 20 mol% Yb,
2 mol% Er@NaYF,: 20 mol% Yb nanoparticles (abbreviated as
OA-csUCNPs) were first synthesized according to the previous
work.* Ligand-free csUCNPs were obtained by the here developed
vortexing method, and PEI-functionalized csUCNPs (abbreviated
as PEI-csUCNPs) were obtained by the attachment of PEI mole-
cules, followed by assembling of the EBT dye on the surface of
PEI-csUCNPs to prepare nanocomposites (denoted as csUCNPs/
EBT). Upon the addition of Cu®" at pH 3, the spectral overlap
between the red UCL emission from csUCNPs and the absorbance
of the EBT-Cu adduct increases (Fig. 3b), indicating the possibility
of enhanced FRET process between UCNPs and the metal-dye
complex.

This journal is © The Royal Society of Chemistry 2020

TEM image reveals that OA-csUCNPs have a relatively
uniform size, and the mean diameter grows to 43 nm after
the shell deposition on the core OA-UCNPs (Fig. 4a). XRD
results show that both the core-only and core-shell structured
upconversion nanoparticles are the hexagonal phase (Fig. 54,
ESIt). The UCL intensity of the core-shell nanoparticles is
enhanced by a factor of two compared with that of the core-
only OA-UCNPs (Fig. 4e). As a result of the ligand exfoliation
by FA, bare csUCNPs can be easily dispersed in water and
further functionalized by PEI, which is confirmed by the FT-IR
spectrum (Fig. 4d). The size and shape remain unchanged
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Fig. 4 TEM images of (a) OA-csUCNPS, (b) bare csUCNPs, and (c) PEI-
csUCNPs. Inset: Corresponding size histogram. Scale bars: 100 nm. Average
particle sizes: (a) 42.4 + 1.2 nm, (b) 42.1 £ 1.5nm, (c) 42.2 £ 1.0 nm. (d) FT-IR
spectrum of PEI-csUCNPs. (e) UCL spectra of OA-UCNPs and OA-csUCNPs
dispersed in cyclohexane, bare csUCNPs and PEI-csUCNPs dispersed in
water under excitation with a 3 W 980 nm CW laser. (concentrations of
UCNPs and csUCNPs were fixed at 1 mg mL™%).
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the UCL changes upon addition of various cations, blue bars represent the
subsequent addition of 200 uM Cu?* to the above solution. (UCL spectra
were obtained under excitation with a 3 W 980 nm CW laser, and the
content of csUCNPs was fixed at 0.5 mg mL™?).

after the ligand removal and further surface modification
(Fig. 4b and c), albeit with a loss of green and red UCL
intensity in the aqueous environment (Fig. 4e). The EBT dye
can be easily attached to the surface of PEI-csUCNPs through
electrostatic interactions, and the amount of the EBT is calculated
to be about 187 pM from detailed spectrophotometric titration
spectra (Fig. S10, ESIT).

To examine the sensing ability of the upconversion-based
FRET nanoprobes, different concentrations of Cu®* are added
to the Britton Robinson buffer (BRB) solution (100 mM, pH 3)
containing the csUCNPs/EBT nanocomposites. A signifi-
cant decrease in the UCL intensity at 654 nm proportional
to the Cu®>" concentration could be observed, owing to the
redshift absorption of the EBT-Cu complex and thus leading
to an enhanced FRET process from the csUCNPs to the
metal-dye complex (Fig. 5a and b). The detection limit for
Cu”" is approximately 9.4 uM according to the 3¢ rule. More-
over, no apparent lessening of the UCL intensity and colour
change is observed upon the addition of other metal ions
(Fig. 5c-e), suggesting an excellent selectivity of the nano-
probes for Cu®" sensing without interference by the presence
of other metal ions. Therefore, the csUCNPs/EBT nanocompo-
sites can be served as sensitive and selective nanoprobes for
Cu*" ions.
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Conclusions

In summary, by introducing biphasic and single solvent systems,
we have developed an efficient synthetic strategy for transferring
hydrophobic OA-UCNPs to ligand-free ones using short-chain
acids as stripping agents by a simple vortexing method. A wide
range of polar solvents can be applied to form biphasic inter-
faces with cyclohexane, facilitating in-solution ligand exfoliation
and allowing the transfer of bare UCNPs from the hydrophobic
phase to the polar phase. Moreover, short-chain acids can be
added directly as well to remove the surface ligand when
cyclohexane, chloroform, or toluene is adopted as the dispersant
for OA-UCNPs. The here described method is simply performed
at ambient conditions on the second time scales without affect-
ing the size, shape, and phase of the crystals. Additionally, the
here developed method can be applied to HCl-sensitive materials
as well. More importantly, ligand-free UCNPs are readily func-
tionalized by sequential surface functionalization with water-
soluble capping molecules. By coupling PEI-csUCNPs with EBT
dye, we are able to construct FRET nanoprobes, providing the
ability for selective Cu®" sensing. We believe that this facile
approach can be applied to other oleate-stabilized nanoparticles,
allowing for the hydrophobic-to-hydrophilic transition.
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