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Water-soluble lanthanide-doped BaFCl nanophosphors with the surface functionalized by a layer of
poly (acrylic acid) are synthesized via a facile one-step solvothermal method. Intense long-lived

luminescence is realized from visible to near-infrared (NIR) by doping with different lanthanide ions.
The emission and excitation spectra of Eu** indicate that the doped lanthanide ions occupy a site close
to the surface of the nanoparticles. Strong NIR emissions of Nd** and green luminescence of Tb** using

Ce’" as sensitizers are also achieved in BaFCl nanoparticles. The synthesized nanoparticles featuring

long-lived luminescence in either visible or NIR regions may have potential applications as luminescent

labels for biological applications.

1. Introduction

The application of fluorescent labeling materials has greatly
stimulated the study of complex biological interactions in the
field of biology." The common fluorescent labeling materials
such as organic dyes and quantum dots (QDs) have been applied
in biological analyses.®*” However, some limitations are inevi-
table for these kinds of materials. For example, most organic
dyes exhibit weak photostability and broad emission bands,
while various semiconducting QDs might suffer from potential
toxicity, chemical instability, short luminescence lifetimes, or
photoblinking. As an alternative to dyes and QDs, trivalent
lanthanide (Ln*") doped nanoparticles have been proposed as
a new class of biological fluorescent labeling due to their
attractive optical and chemical features.®'° First, they inherit the
advantages of a rigid crystal environment for the doped Ln*
ions. Second, the interference from spontaneous background
emission sources can be avoided by utilizing the inherent long-
lived luminescence lifetimes (us—ms range). Moreover, the spec-
troscopic selectivity of the nanoparticles can be extended beyond
the range of interferences from biological systems by means of
doping with different Ln** ions. All these optical merits enable
the material to be used as an excellent candidate in the biological
field.

Generally, to achieve highly efficient radiative emissions of the
Ln** ions, the competitive phonon-assisted non-radiative tran-
sitions should be inhibited to the utmost, which require a low
phonon frequency host for the Ln** ions. BaFCl is such kind of
material as a fluorescent host matrix owing to its low vibrational
energies (294 cm™')." In addition, the stable physical and
chemical properties of BaFCl, particularly in aqueous solution,
facilitate its further application as biological labels. Recently, we
have synthesized Eu**-doped BaFCl powders that yielded strong
red emissions of Eu**.'> Nevertheless, the obtained particles are

Key Laboratory of Optoelectronic Materials Chemistry and Physics,
Fujian Institute of Research on the Structure of Matter, Chinese
Academy of Sciences, Fuzhou, Fujian, 350002, China. E-mail: xchen@
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too large to be used as biological labels which require that the
nanoparticles are small in size (<50 nm), possess hydrophilic
properties and a modified surface to provide the anchoring sites
for further linking with biomolecules.’* To date, various
approaches have been applied to synthesize the monodispersed
small size nanoparticles. However, most of them are non-
hydrophilic and can not be directly applied in biological detec-
tion." Although the surface modification or lipid encapsulation
can transfer the hydrophobic products from non-polar solvents
to water and modify their surface with terminal groups (e.g.,
carboxylic, amino, thiol/maleimide),’>*® they still suffer from
problems including tedious procedures, unavoidable adsorption
and random immobilization, and complicated experimental
conditions. Therefore, a facile one-step synthesis of the small-
size, water-soluble, and surface-functionalized nanoparticles
under common experimental conditions, have attracted consid-
erable interest in recent years.' Water-soluble and biocompat-
ible LaF5:Eu**, Fe;04, and LaPO,4:Ce**/Tb** nanoparticles have
been prepared through a one-step route.?>** To our knowledge,
there is no report on the synthesis of water-soluble and surface-
functionalized Ln**-doped BaFCl nanoparticles before this
study.

Herein, we report on the synthesis of water-soluble and
carboxylic acid functionalized BaFCl nanoparticles through
a facile one-step solvothermal method with polyelectrolyte and
poly (acrylic acid) (PAA) as a capping agent. By doping different
Ln3" ions, red (Eu®*), green (Ce**/Tb3"), and near-infrared (Nd>")
emissions are obtained. These results reveal that Ln**-doped
BaFCl nanoparticles might have potential applications as
efficient luminescent labels for biological imaging and
immunoassays.

2. Experimental
2.1. Sample preparation

The water-soluble and PAA-coated Ln**-doped BaFCl nano-
particles were synthesized by a solvothermal method. 0.9 g PAA
(MW = 1800), 1 mmol BaCl,-2H,0 and the required amount of
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LnCl;-6H,O (Ln = Eu, Ce, Tb, Nd) were dissolved in 30 mL
ethylene glycol and stirred at room temperature (RT) for several
minutes to afford a transparent solution. Another solution of
1 mmol NH4F in 10 mL ethylene glycol was then added dropwise
to BaCl, solution. The mixed transparent solution was stirred for
another 10 min, then transferred into a 50 mL autoclave and
solvothermally heated at 180 °C for 10 h. After cooling to RT,
the resulting solution was acidified with dilute HCI solution, and
centrifuged at 9000 r/min for 4 min to separate the solid powder
products. The crude precipitate was continuously washed several
times with distilled water and absolute ethanol in turn, and dried
under vacuum at 50 °C for 4 h to yield the white final products.

2.2. Characterization

The powder X-ray diffraction (XRD) pattern of the sample was
measured using a PANalytical X’Pert PRO powder diffractom-
eter with Cu-Kal radiation (A = 0.154 nm). The morphology and
chemical compositions of the sample were investigated by
a JEOL-2010 transmission electron microscope (TEM) equipped
with the energy dispersive X-ray spectrum (EDS). Fourier
transform infrared (FT-IR) spectra were recorded on a Magna
750 FT-IR spectrophotometer in the range of 4004000 cm™'.
Thermal stability studies (30-1200 °C) were carried out on
a NETSCHZ STA-449C thermoanalyzer under N, atmosphere
at a heating rate of 10 °C min~'. Emission and excitation spectra
and transient decays were recorded on an Edinburgh Instru-
ments FLS920 spectrofluorimeter equipped with both contin-
uous (450 W) and pulsed xenon lamps. Laser spectroscopic
measurements were carried out upon excitation by a mode-
locked picosecond Ti:sapphire laser (700-1000 nm, pulse width
= 1.5 ps, Tsunami, Spectra-Physics) at RT. The near-infrared
(NIR) decay was measured with a customized UV to mid-
infrared steady-state and phosphorescence lifetime spectrometer
(FSP920-C, Edinburgh) equipped with a digital oscilloscope
(TDS3052B, Tektronix) and a tunable mid-band OPO pulse laser
as the excitation source (410-2400 nm, 10 Hz, pulse width < 5 ns,
Vibrant 35511, OPOTEK). Photoluminescence (PL) photographs
of the nanoparticles in aqueous solution were taken with Sony
digital single lens reflex D100.

3. Results and discussion
3.1. Synthesis and structure characterization

Fig. 1(a) shows the XRD pattern of the as-obtained BaFCl:Eu**
nanoparticles, as well as the standard diffraction lines of
tetragonal BaFCl crystals (JCPDS card No. 76-1368). The
diffraction peaks of BaFCL:Eu** (2 at.%) nanoparticles (the
upper line) can be well indexed to the pure tetragonal BaFCl
phase as shown in the bottom line of Fig. 1(a), and no trace of
characteristic peaks was observed for other impurity phases such
as BaF, or EuF3, showing that the one-step synthesis route is
a feasible way for preparing pure phase BaFCI nanoparticles.
The mean size of the nanoparticles was calculated to be ~25 nm
by the Debye-Scherrer formula. As shown in the inset of
Fig. 1(a), the BaFCl nanoparticles can be readily dispersed in
water as a result of the PAA modification, which keep stable at
the pH range from 4 to 14, similar to the previous report on
PAA-capped Fe3O, nanoparticles.”® From the TEM image
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Fig. 1 (a) XRD pattern of BaFCLl:Eu** nanoparticles (the upper line)
and standard data for tetragonal BaFCl crystals (JCPDS No. 76-1368,
the bottom line); (b) TEM image, (c) EDS and (d) SAED patterns of
BaFCL:Eu**(2 at.%) nanoparticles. The inset of Fig. 1(a) is the photo-
graph of BaFCl nanoparticles in aqueous solution.

(Fig. 1(b)), it can be seen that the BaFCl:Eu** nanoparticles are
roughly grain-like with the diameter ranging from 20-40 nm.
Noticeably, there is a clear layer with a thickness of 5-15 nm
capping on the nanoparticles, which is attributed to the PAA
coating. There was little change in the surface layer even after it
was washed ten times with absolute ethanol, showing strong
combination of PAA onto the nanoparticles. The selected area
electron diffraction (SAED) rings in Fig. 1(d) exhibit the poly-
crystalline nature of BaFCL:Eu** nanoparticles, and can be
indexed to diffractions from the (002), (200), and (211) planes of
the tetragonal matlockite structure in turn, in accordance with
the above XRD analysis. It should be mentioned that the
nanoparticles doped with different Ln** ions exhibit essentially
the same crystal phase and morphology. The EDS measurement
(Fig. 1(c)) verifies the existence of Ba, F, Cl and Eu in BaF-
CL:Eu** nanoparticles.

To further confirm the coating of PAA on the surface of
nanoparticles, the FT-IR absorption spectra of both BaFCl
nanoparticles and pure PAA were measured. As shown in
Fig. 2(a), four peaks located at 2951, 1737, 1456 and 1407 cm™!
were observed in the pure PAA sample which can be assigned to
characteristic absorption bands of PAA, corresponding to the
stretching and bending modes of CH,, stretching modes of C=0
and C-O in COOH group, respectively.?! For the BaFCl nano-
particles, these four peaks can also be observed, clearly indi-
cating that a large amount of PAA was capped on the surfaces of
the nanoparticles. Besides, a new distinguishable band at
1556 cm™' was observed, which is attributed to the C-O
stretching mode of carboxylic groups deriving from the COO~
groups that coordinate to cations (i.e., Ba®>*) on the surface of
BaFCl nanoparticles. As schematically illustrated in Fig. 3, the
carboxylic groups on the PAA chains strongly coordinate to Ba**
on the nanoparticle surface to form a robust coating, while
uncoordinated carboxylic groups extend into the aqueous solu-
tion, endowing the nanoparticles with high dispersibility in
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Fig. 2 (a) FT-IR spectra of PAA-capped BaFCl nanoparticles (black)
and pure PAA (red); (b) thermogravimetric curve of PAA-capped BaFCl
nanoparticles.

OH

Fig. 3 Schematic illustration of PAA-coated BaFCl nanoparticles.
Partial carboxylic groups bind to the nanoparticle surface and the others
extend into the surrounding water, rendering the nanoparticles water-
soluble.

water. Meanwhile, a large number of uncoordinated carboxylic
groups on the nanoparticle surfaces can be used for the further
conjugation of biomolecules. To investigate the PAA coating
efficiency, thermogravimetric analysis was conducted. As shown
in Fig. 2(b), the weight loss of ~4 wt.% in the initial step from 30
to 200 °C resulted from the evaporation of water and other
solvent residuals, while the major weight loss of ~16 wt.%
ranging from 200 to 600 °C was induced by the decomposition of
PAA, in agreement with previous reports.’®** The mass losses
confirm the surface functionalization of PAA on BaFClI
nanoparticles.

3.2. Optical properties

3.2.1. BaFCL:Eu**. Due to the smaller size of BaFCl:Ln**
nanoparticles and PAA modification, the PL spectra and

dynamics of Ln** are expected to differ to some extent from that
of the bulk or no surface-functionalized counterparts. To
investigate such variations, Eu®* ion was chosen as an optical
probe because its luminescence is very sensitive to its immediate
surroundings.’ Under excitation at 394 nm, the emission spec-
trum of the BaFCL:Eu** (2 at.%) nanoparticles (Fig. 4(a)) was
mainly located in the red spectral region. The characteristic
emission bands of Eu®" at 578.5, 590, 612, and 699 nm were
assigned to the Dy — ’F,, 'F;, "F,, and F, transitions,
respectively. Only one peak for the *Dy — ’F, transition was
observed as revealed in the inset of Fig. 4(a), indicating that all
the emissions come from the Eu** ions in the same crystalline site
because both Dg and "F are non-degenerate.!* Moreover, all the
observed emission lines are only moderately resolved indicating
that Eu®* ions are very likely to be located at the distorted lattice
site near the surface. The local symmetry of Eu** ions can be
roughly estimated from the intensity ratio of °Dy — ’F; and D,
— F, transitions.?® The calculated intensity ratio is 0.8, similar
to that of Eu** ions which sit at site A close to the surface with the
site symmetry of C,, or lower in a preceding report on BaF-
CLEu** powders,'? which thus verifies that the Eu** dopant is
mostly situated at the site close to the surface. In addition to the
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Fig. 4 (a) The excitation (left, Ay, = 591 nm) and emission (right, Aex =
394 nm) spectra and (b) decay curve of BaFCI:Eu** (2 at.%) nanoparticles
in aqueous solution. The inset of Fig. 4(a) enlarges the spectral region of
the "Dy — 'F, transition at 578.5 nm.
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emissions from Dy, some weak emission lines from the higher
excited state of °D; were also observed, owing to the very low
phonon frequencies of BaFCl nanoparticles.'* In the excitation
spectrum by monitoring the Dy, — ’F; transition at 591 nm
(Fig. 4(a)), the characteristic excitation bands of Eu*" were
observed from the energy levels of °Fs at 298 nm, °Hz ; at
317 nm, °D4 at 361 nm, °Gg at 376 nm, °G, at 380 nm, *L¢ at
397 nm, D3 at 414 nm, and D, at 464 nm, among which the
most intense excitation line is peaked at 397 nm.

Fig. 4(b) shows the luminescence decay of Eu** by monitoring
the °Dy — ’F; transition at 591 nm under the direct excitation to
the Lg state at 394 nm. The luminescence decay of Dy deviates
significantly from a single exponential function, which is
presumably due to the energy transfer process from Eu®* to the
neighboring surface defects, very different from the observation
for larger nanocrystals previously reported.’ The decay curve
was fitted with double exponential function, giving rise to
a longer lifetime of 1.70 ms (78%) and a shorter one of 0.29 ms
(22%). The longer lifetime is slightly larger than that of
BaFCLEu** nanopowders (1.4 ms for Eu** at site A close to the
surface in aqueous solution), which may be caused by the smaller
effective index of refraction for smaller particles as often
observed in Eu**-doped nanoparticles.?®

3.2.2. BaFCL:Ce*, Tb**. Similar to the long-lived red emis-
sions of Eu®* ions, green luminescence of Tb** ions using Ce**
ions as sensitizers has been observed in BaFCI nanoparticles. To
overcome the low absorptions of parity forbidden f—f transitions
of Tb*", enhanced PL output of Tb** ions is usually achieved via
the sensitization by other Ln’** ions (e.g., Ce**) with an allowed
electronic 4f-5d transition.”*** As shown in Fig. 5(a), bright
green luminescence upon irradiation at 254 nm with a 4 W hand-
held UV lamp was observed. More importantly, the PL intensity
of BaFCl:Ce*, Tb*" nanoparticles in aqueous solution remained
unaltered under UV irradiation for 24 h, indicative of the high
photostability of the sample. Such bright green luminescence of
BaFCl:Ce*,Tb*" has not been reported before. Fig. 5(b) displays
the excitation (A, = 542 nm) and emission (A = 265 nm)
spectra of BaFCl:Ce**(3 at.%), Tb**(1 at.%) nanoparticles in
aqueous solution. The emission spectrum exhibits typical emis-
sion bands at 486, 542, 582, 620, and 644 nm that correspond to
the Dy to 'Fg, 'Fs, 'F4, 'F3, and ’F, transitions of Tb** ions with
the dominant emission of the Dy — "Fs transition. The strong
excitation band in the wavelength range between 230 and 320 nm
corresponds to the 4f — 5d absorption of Ce** ions, which shifts
to the red in comparison with that previously reported for
CeF;:Tb and LaF;:Ce,Tb nanoparticles.'®*” Due to the exposure
of the 5d orbitals of Ln** ions to the environment, the absorption
band of Ce** is susceptible to the crystal field. The energy transfer
process from Ce** to Tb** is schematically shown in Fig. 5(c).
The Ce** ions are firstly excited to the 5d orbitals by the
absorption of UV light, subsequent transfer of energy to Tb*
ions, and then radiative emissions from *D,4 of Tb** are observed
in the green region.

It is well known that for biological labeling, green emissions of
Tb*" under UV excitation would inevitably suffer from the
interference of scattered lights and short-lived autofluorescence
from cells and tissues, which result in a lower signal-to-noise
ratio.?® To completely avoid such interferences and improve the
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Fig. 5 (a) PL photograph of BaFCl:Ce*" (3 at.%), Tb**(1 at.%) nano-
particles in aqueous solution under irradiation at 254 nm with a 4 W
hand-held UV lamp; (b) the excitation (left, A, = 542 nm) and emission
(right, Aex = 265 nm) spectra of the sample; (c) energy level scheme of Ce**
and Tb** ions and energy transfer process; (d) PL decay from °D,4 of Tb**
ions under excitation at 265 nm.

detection sensitivity, the technique of time-resolved (TR) lumi-
nescence detection combined with the long-lived luminescence
species has been employed.® To prove the feasibility of BaFCl:-
Ce**, Tb*" nanoparticles in TR detection, the luminescence decay
of the 542 nm emission was measured under the excitation at 265
nm (Fig. 5(d)). Similar to that of Eu** ions, the decay curve can
also be fitted with a biexponential function, and the fitted life-
times were 2.54 (60%) and 0.32 ms (40%), respectively. Likewise,
the short component of PL lifetime may be induced by the non-
radiative energy transfer from Tb** to the surface defects. The PL
lifetime of Tb** is much longer than that of autofluorescence and
scattering lights that last only several nanoseconds, thus the
short-lived background luminescence can be effectively inhibited
if a proper delay time is set in the TR detection.

3.3.3. BaFCL:Nd*'. For in vivo imaging, biolabels with both
the excitation and emission bands in the NIR region have been
proposed to be more attractive, since biological tissues are rather
transparent in the NIR spectral range and suffer from less
damage under excitation in such range.*® To meet these
requirements, Nd** ions with the excitation and emission both in
the NIR region were doped in BaFCl nanoparticles. Fig. 6 shows
the emission spectrum of BaFCI:Nd** (1 at.%) nanoparticles in
aqueous solution under laser excitation at 808 nm. The spectrum
exhibits three typical emission bands of Nd** at 886, 1055 and
1328 nm, corresponding to the *Fzp, — “I;n (J = 9, 11, 13)
transitions, respectively, with the most intense emission
peak centered at 1055 nm. The luminescence decay of *Fsj
(1055 nm) under the excitation at 808 nm was measured at RT
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Fig. 6 RT emission spectrum of BaFCI:Nd** (1 at.%) under laser exci-
tation at 808 nm. The inset shows the PL decay from *F3/, of Nd** under
the excitation at 808 nm.

(inset of Fig. 6). The decay curve can be fitted well with a triple
exponential function, and the fitted lifetimes were 0.58 (0.6%),
0.24 (2.4%) and 0.07 ms (97%), respectively. The much shorter
lifetime of Nd** compared to that of Eu** and Tb**, is ascribed to
its much narrower energy gap between the emissive state (“F3/»)
and its next low-lying state (*I;5,).° Because both the excitation
and major emission peaks of Nd** are present within the “optical
window” (spectral range of 650—1300 nm) of cells and tissues and
its luminescence lifetime is much longer than that of auto-
fluorescence of organism and scattered light, BaFCL:Nd**
nanoparticles might be very promising to be used as NIR fluo-
rescent labeling agents for ultra-sensitive bioassays and
bioimaging.

4. Conclusions

A simple one-step solvothermal method by employing PAA as
a capping agent has been developed to synthesize water-soluble
and surface-functionalized BaFCl:Ln** nanoparticles. The
synthesized nanoparticles are well dispersed with a size of 20-40
nm, and their surfaces were effectively capped with the PAA
layer having a thickness of 5-15 nm. Through doping different
lanthanide ions, intense and long-lived red, green, and NIR
emissions have been realized. By means of Eu*" as a probe, we
conclude that the doped Eu®" ions occupy a distorted lattice site
close to the surface. Intense green luminescence of Tb** sensi-
tized by Ce** and NIR emissions of Nd** have been observed
for the first time in BaFCl nanoparticles. The Ln**-doped
BaFCl nanoparticles featuring excellent water dispersibility,
surface functionalization, intense and long-lived red, green and
NIR luminescence, are highly promising for applications
in fluorometric immunoassay, DNA hybridization, and
bioimaging.
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