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Pure near-infrared to near-infrared upconversion and paramagnetism were observed in
NaGd(WOy),: Tm®", Yb’" nanoparticles, suggesting they are promising for

applications in high-contrast bio-imaging and bio-separation.
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Abstract

In this work, Tm*" and Yb* co-doped NaGd(WO,), nanoparticles were synthesized via
surfactant-assisted hydrothermal reactions. The structure analysis indicates that Tm®" and
Yb*" ions have been doped into NaGd(WO,), host by occupying the sites of Gd®". The
as-prepared NaGd(WO,),: Tm’*, Yb®" nanomaterials are spherical particles with an
approximate size of 50-80 nm. The upconversion spectra results suggest that NaGd(WO,),:
Tm*, Yb** nanoparticles exhibit pure or virtually pure near-infrared to near-infrared
upconversion luminescence when excited by a 975 nm laser. This phenomenon is significant
for the nanoparticles to be applied in bio-imaging, because both the excitation and emission
in near-infrared region will reduce the autofluorescence and light scattering from the
biological tissues. On the basis of the upconversion and Raman spectra, a possible
mechanism for the high purity near-infrared upconversion emission is proposed. Moreover,
the NaGd(WO,);: Tm®", Yb’" nanoparticles also exhibit paramagnetism, promising for

bio-separation.
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Introduction
Upconversion (UC) is a process in which low energy photons, usually near-infrared (NIR) or
infrared (IR), are converted to high energy photons via multiple absorptions or energy
transfers.'”> UC luminescence materials have been broadly investigated for diverse
applications, such as displays, lasers, backlight, and alternatives to general lighting.* ®’

During the past several years, low-dimensional UC nanoparticles (UCNPs) have received
considerable attention for their underlying scientific applications, especially in the field of
bio-technology, e.g., biological labels and imaging.*'® This is because the excitation source
of UCNPs usually adopt NIR radiation, and biological tissues have a minimum light
absorption coefficient in NIR region (750~1000 nm).'*'” For ultraviolet (UV) and visible
(Vis) light, they are easily be absorbed by biological tissues leading to autofluorescence,
which interferes with fluorescent signals obtained from exogenous.lz’ '8 Moreover, the
penetration of NIR radiation is deeper than that of UV and visible light. For example, NIR
can travel at least 10 cm through breast tissue, and 4 cm of skull/brain tissue or deep muscle
using microwatt laser sources.” '* ' However, most of the present researches have been
focusing on the conversion of near-infrared light to visible light using rare earth ions doped
nanomaterials.’** Therefore, it is desirable to explore UCNPs with both excitation and
emission in the NIR region for in vitro and in vivo imaging applications. By use of such
UCNPs for bio-imaging, autofluorescence and light scattering from the biological tissues
would be reduced with increasing image contrast.

Recently, several research groups have explored NIR-NIR UCNPs for biological

applications and obtained promising results.'® ' 2** The UCNPs in their researches were
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mainly Tm®" and Yb** co-doped fluoride nanoparticles. Prasad and coworkers'® reported an
approach for high contrast in vitro and in vivo photoluminescence bio-imaging by use of
NaYF;: Tm3+, Yb®>* UCNPs. The UCNPs exhibited main emission around 800 nm in NIR
region when excited by a 975 nm laser. In order to be used as bio-imaging probes more
efficiently, they further adopted a modified cothermolysis method to prepare monodisperse
NaYFy: Tm**, Yb*" nanocrystals of ultrafine size (7-10 nm), in which high NIR to NIR UC
efficiency were produced.24 Wong et al. synthesized KGdF4: Tm®, Yb*" and GdFs: Tm™,
Yb*" UCNPs." ?* They found that both UCNPs exhibited intense NIR to NIR UC
luminescence, indicating that they were suitable for biological applications. Although the
strong NIR UC emission is demonstrated in the above materials, considerable impurity
emissions (most are blue and red lights originated from 'Gs4—'Hg (*Fs) and *F3—’Hs
transitions of Tm>") still exist in these UCNPs, especially for NaYF,: Tm®", Yb*". These stray
lights directly influence the quality of the photoluminescence bio-imaging. The urgent need
in bio-imaging for more effective diagnosis motivates researchers to explore novel UCNPs
with pure NIR to NIR UC luminescence.

The pioneering work in this field as discussed above'® '*"**?? has suggested that the ratio
of the intensity of NIR emission to visible light can be varied in a wide range by utilizing
different matrices, although the activation ions and the doping concentration remain the same.
This inspires us to explore potentially pure NIR to NIR UC by doping Tm*" and Yb*" in an
appropriate matrix. In this work, we demonstrated that NaGd(WQO4), was such an excellent
host. It is a scheelite-like double tungstate with excellent thermal, hydrolytic, and chemical

stabili1:y.30'32 NaGd(WOy,),: Tm’", Yb*" UCNPs were synthesized by a facile



Journal of Materials Chemistry C

surfactant-assisted hydrothermal route. Upon the irradiation of a 975 nm laser, most of the
UCNPs present pure NIR emission band at ~800 nm. Possible physical mechanisms related to
the activation ions and host were discussed by analyzing the UC and Raman spectra.
Furthermore, the Tm>" and Yb*" co-doped NaGd(WO,), UCNPs were found to possess
paramagnetism. The multifunctional UCNPs with pure NIR to NIR UC luminescence and
magnetic properties are of great significance for applications in high-contrast bio-imaging

and bio-separation.

Experimental

Materials

Na;WO4-2H,,0 (>99%), and GA(NO;3);-6H,0 (99.9%) were purchased from Acros Organics.
Tm,0; (99.99%) and YbyOs3 (99.99%) were obtained from Alfa Aesar.
Cetyltrimethylammonium bromide (CTAB, >99%) and nitric acid (65%) were purchased
from Amersco, Inc. All the raw materials were used as received.

Synthesis

NaGdy 9. (WO4),: xTm*", 0.1Yb" UCNPs were prepared via surfactant-assisted hydrothermal
reactions. First, 0.375x mmol Tm,O; and 0.0375 mmol Yb,03 were dissolved in dilute nitric
acid under heating. After they were completely dissolved, the excess nitric acid was removed
by evaporation, and 32 mL of deionized water was added to obtain a solution with a pH value
of ~6. Then, 0.10 g surfactant CTAB and 0.75%(0.9-x) mmol Gd(NOs3);-6H,0O were added to
the solution with continuous stirring at 60 °C. Subsequently, 1.5 mmol Na,WO,4-2H,O was

added, which was accompanied by the appearance of aqueous emulsion. After stirring for 2 h
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at 60 °C, the emulsion was transferred into a Teflon-lined stainless steel autoclave and heated
to 150 °C for 10 h. Then the autoclave was cooled to room temperature naturally and the
product was washed and collected by vacuum filtration using water and ethanol. After drying
in a vacuum oven at room temperature for 12 h, the final product was obtained. The yield of
the UCNPs was ~95%.

Characterization

The crystal phase of the obtained materials was characterized by X-ray diffraction (XRD,
Bruker D8, 40 kV and 30 mA) using a graphite monochromator with Cu Ka radiation (A =
0.1540 nm). The morphology and microstructure of the prepared UCNPs were characterized
by scanning electron microscopy (SEM, FEI Helios Nanolab 400, operated at 10 kV). The
Energy Dispersive Spectrometer (EDS) was the affiliated instrument of SEM. Raman
spectroscopy (Thermo Scientific, DXR, 532 nm laser) was employed to characterize the
structural and electronic properties of the samples. The optical absorption of the samples was
measured by a UV-Vis-NIR spectrophotometer (CARY 500, Varian Company). The UC
luminescence spectra were recorded at room temperature on an Edinburgh FLS920P
spectrometer, excited by a power tunable 1550 nm semiconductor laser diode (0~500 mW).
The measurements of magnetic properties were conducted on a vibrating sample
magnetometer (VSM, Lakeshore 7304 series). All the characterizations were performed at

room temperature.

Results and discussion

NaGd(WOs); crystal belongs to the scheelite-like structure with the space group of 141/a.%
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Fig. 1a shows the typical XRD patterns of the prepared NaGd(WO,), nanoparticles with and
without doping of Tm’" and Yb*". It was observed from the patterns that all diffraction peaks
of the samples synthesized by CTAB-assisted hydrothermal reaction can be indexed and
match well with the standard data of scheelite phase NaGd(WQ4), (JCPDs card no. 25-0829).
This indicates that single phase NaGd(WO,), crystals were obtained and meanwhile no traces
of additional peaks corresponding to other phases aroused by doping of Tm®" and Yb*" were
observed. In the host of NaGd(WOQ,),, there are two possibilities for Tm** and Yb*' to be
doped. One is the substitution of Gd**. As the radii of Tm*" and Yb’" ions are both slightly
smaller than that of Gd*", this substitution would induce host lattice shrinking. The other
doping approach is that Tm®" and Yb*" ions could occupy the interstitial sites, leading to the
expansion of the crystal lattice. To identify the approach of doping Tm®" and Yb'" in
NaGd(WO,),, the magnified curves of (112) diffraction peak of the samples are shown in Fig.
1b. It is found that the position of the peak consistently shifts to higher degree, and the shift is
more significant with an increasing concentration of dopant. According to the Bragg
equation, such a shift should be aroused by the reduction of the lattice distance (d). This
result confirms that both Tm** and Yb*" have been successfully doped through occupying the

sites of Gd*",
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Fig. 1 (a) XRD patterns of NaGd(WO,), nanoparticles with and without doping of Tm’* and Yb*";

(b) Evolution of the shift of (112) peak magnified from (a).

The microstructure and morphology of the as-made NaGd(WO,),: Tm’", Yb*
nanoparticles were revealed by SEM. The UCNPs were dispersed in ethanol by
ultrasonication. The obtained dispersion was then dipped on the surface of conductive
adhesive for morphology characterization. Fig. 2 displays the representative SEM
micrographs of NaGd(WO,),: 1%Tm’", 10%Yb’>" UCNPs at different magnifications and the
corresponding EDS spectrum. From Fig. 2a-c, one can observe that the obtained material is
composed of nanoparticles with a size of 50~80 nm. Generally, the use of nitrates as raw
materials during hydrothermal processes will lead to a fast growth rate of NaGd(WO),
crystals, preferring to form micro-sized octahedral crystals.*® The nano-meter sized UCNPs
as observed in Fig. 2a-c should be ascribed to the functions of surfactant CTAB. On one hand,
the addition of CTAB in an aqueous solution will effectively reduce its surface energy,”*
leading to a better dispersibility of the crystalline seeds. Hence, the aggregation of
NaGd(WO,); crystals will be prevented to some extent during the subsequent hydrothermal

treatment. On the other hand, due to the electrostatic interaction between cations (CTA") and
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anion group (WO4*), CTA" cations could absorb on the surface of NaGd(WO4), crystals,
limiting their further growth into large particles.™

The corresponding EDS spectrum of the UCNPs in the region of Fig. 2b suggests that the
nanoparticles are mainly composed of the elements of Na, Gd, W, O, and Yb (C and Cu are
originated from the conducting adhesive). The element of Tm was not clearly detected, which

is believed owing to its very low doping concentration (only 1 at.%).

500 nm

100 nm

Fig. 2 (a-c) SEM micrographs of NaGd(WOy),: 1%Tm, 10%Yb nanophosphor under different

magnifications; (d) the corresponding EDS spectrum of UCNPs in (b).

To investigate the influence of Tm’" and Yb>" on the luminescence properties of UCNPs,
the absorption spectra in the UV-Vis-NIR region at room temperature were measured. Fig. 3
shows the UV-Vis-NIR absorption spectra of NaGd(WO,), matrix, NaGd(WO,),: 1%Tm’",
and NaGd(WO,);,: 1%Tm3+, 10%Yb>". For the host of NaGd(WOy),, only one absorption

band around 260 nm was observed, attributing to the electronic transition from oxygen 2p
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state to tungsten 5d state in WO42'.3 637 When the introduction of Tm>" ions in the sites of
Gd3+, an additional peak at ~683 nm arises which could be assigned to the 3H6—>3 F; transition
of Tm®" (clearly shown in the inset of Fig. 3).”®* With further co-doping of Yb*", a broad
absorption band ascribing to the “F7,—"Fs, transition of Yb*" appears at around 975 nm.*
The full-width at half-maximum (FWHM) of the absorption band reaches 73.8 nm,
suggesting that NaGd(WO,),: Tm’", Yb>" UCNPs can be efficiently pumped by a 975 nm
laser. It is also found that the locations of charge transfer transition in WO42' shift to shorter

wavelengths (from 260 nm to 258 and 251 nm) with an increasing doping concentration,

which could be related to the slight crystal lattice distortion caused by the substitution of

Tm®" and Yb*' to Gd*".
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Fig. 3 UV-Vis-NIR spectra of NaGd(WO,),, NaGd(WO,),: 1%Tm, and NaGd(WOy),: 1%Tm,

10%YD. The inset exhibits the magnified region from 400 to 750 nm.

The UC spectra of NaGd(WO,),: Tm®", Yb’" UCNPs series under 975 nm laser
excitation are shown in Fig. 4a. For NaGd(WO4),: x%Tm, 10%Yb UCNPs with x = 0.2, 1

and 2, pure NIR emission around 800 nm are observed without any visible light. The NIR

10
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emission can be ascribed to the characterized *Hy—>Hg transition of Tm*".>* When the doping
concentration of Tm’" is 0.5%, a weak peak appears at ~475 nm, corresponding to the
1G4—>3H6 electron transition of Tm>" as shown in the inset of Fig. 42" Even so, the
integrated intensity ratio of the NIR emission to visible light still reaches ~20. The reason for
the generation of pure NIR to NIR UC emission in NaGd(WO,),: x%Tm’", 10%Yb>" UCNPs
(x=0.2, 1, 2) and the appearance of the weak blue light in NaGd(WO,),: 0.5%Tm>", 10%Yb*"
UCNPs will be discussed in detail in the next section. From Fig. 4a, it is also found that the
UC photoluminescence intensity of the UCNPs is greatly affected by the doping
concentration of Tm>". The most intense NIR emission is observed in NaGd(WOy,),: x%Tm%,
10%Yb*>" UCNPs (x=0.5), while the intensity decreases at a content of x=1, 2. This variation
of the photoluminescence intensity on dependence of doping concentration is caused by the

concentration quenching.42 It should be noted that NaGd(WO4): 1%Tm3+, 10% Yb>"

nanoparticles exhibit a very close NIR upconversion intensity to that of NaYF,: 1%Tm’", 10%

Yb*" micro-hexagonal prisms that contain obvious blue emission in upconversion spectrum.
Hence, NaGd(WO,),: 1%Tm’*, 10% Yb*" nanoparticles with strong and pure NIR to NIR
upconversion are promising for high-contrast bio-imaging applications.

Fig. 4b exhibits the comparison of the UC spectra of NaGd(WO4),: 1%Tm’", 10%Yb**
UCNPs under the pump current from 1.0 to 2.0 mA. The NIR emission intensity of the
UCNPs enhances dramatically with an increasing pump current. By converting the current to
pump power, the dependence of UC intensity on the power of excitation was obtained. Fig.
4¢ shows the log-log plots of the NIR UC emission intensities (‘Hs—~>Hg of Tm’") of

NaGd(WO4),: xTm, 10%YDb (x=0.002, 0.005, 0.01 and 0.02) UCNPs as a function of the 975

11
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nm excitation power. Generally, the number of photons which are required to populate the
upper emitting state under unsaturated conditions can be obtained by the relation:'

Iy < P (1)
where I, P, and n represents photoluminescence intensity, pump laser power, and number of
the laser photons required, respectively. As can be seen in Fig. 4c, all slope values are in the
range of 1.56~1.73, illustrating that two photon processes were involved to generate the NIR
to NIR UC.

The UC pathways of Yb*" and Tm’" ions under the excitation of 975 nm radiation have
been proposed in many hosts.” ' *"** Generally, NIR and visible UC luminescence of Yb*"
and Tm’" ions are corresponding to two-photon and three-photon processes, respectively. In
our case, the NIR to NIR UC mechanism of NaGd(WO,),: Tm*", Yb*" should be similar to
the common one (two-photon processes). The absent or weak visible UC emission in
NaGd(WO,),: Tm3+, Yb>" UCNPs indicates that the third photon UC process from Yb** to
Tm’" ions to excite electrons from *H, to 'Gy state is effectively prevented. The previous
studies indicated that the relative intensity ratio of visible to NIR upconversion emission of
Tm”" could be achieved by varying the doping concentration and controlling the particle
size>* However, it is found in this work that the concentration of Tm®" has little influence
on the intensity ratio of visible to NIR upconversion emission. Additionally, the NIR to
visible ratio is far higher than those in other hosts (e.g. LaFs;”) with a same doping
concentration (1%Tm”" and 10% Yb*") and similar particle size (~50 nm). This suggests that
NaGd(WO4), host should be responsible for the pure or virtually pure NIR upconversion. As

the energy transfer from Yb*" to Tm®" ions is believed to be assisted by phonons of the host,*

12
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a possible UC mechanism associated with the phonon-assisted energy transfer (PAET)

process for NaGd(WOy,),: Tm®*, Yb>" UCNPs is proposed and illustrated in Fig. 4d.
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Fig. 4 (a) Upconversion luminescence spectra of NaGd(WOy),: x%Tm, 10%Yb UCNPs with x varies
from 0.2 to 2 at the pump current of 1.8 mA; (b) Upconversion luminescence spectra of NaGd(WOy),:
1%Tm, 10%Yb UCNPs under the pump current from 1.0 to 2.0 mA (A.,=975 nm); (c) Log-log plots of
the NIR UC emission intensities CHs—Hg of T’ ") of NaGd(WO4),: xTm, 10%Yb (x=0.002, 0.005,
0.01 and 0.02) UCNPs as a function of the 975 nm excitation power; (d) Phonon-assisted UC

luminescence mechanism of Tm®", Yb*" co-doped UCNPs.

In order to verify the UC mechanism, Raman spectrum of NaGd(WOQs), host was

13
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acquired and is shown in Fig. 5. The locations of the 'Gy, *F3 and *H, energy levels of Tm®"
and 2F5/2 level of Yb*" in NaGd(WOy),: Tm® ° Yb** nanoparticles could be accurately
calculated from the absorption and upconversion spectra. These locations agree well with the
previous reports.’* By combining the results from our work and their work, all locations for
energy levels of Tm** and Yb*" are estimated. As a result, the energy mismatches between the
transitions within the Yb*" (2F7/2—>2F5/2) and the Tm* (3H6—>3 Hs, 3F4—>3F2, 3H4—>1G4) are
estimated to be 1840, 995 and 1651 cm’™, respectively. The phonon modes with energies
around 917.9 and 330.5 cm™ are responsible for the PAET rates from Yb*" to Tm®" ions. For
the processes of PAET1 and PAET2, only two phonons with an energy of 917.9 cm™ and
three phonons with an energy around 330.5 cm™ for NaGd(WO,), host are required to fill up
the energy mismatch. However, to fill up the energy mismatch of the *H4—'Gy transition
(1651 cm™) during PAET3, five phonons with an energy of 330.5 cm™ are needed. The much
higher number of phonons of the latter suggests that the electron at the excited state of *Hy is
more likely to recombine with holes by emitting NIR light, instead of being further excited to
'G, energy level to generate visible emissions.'” Hence, the restriction of PAET3 from Yb*"
to Tm>" by NaGd(WO,), host is believed to be the key reason for the generation of pure or
nearly pure NIR UC photoluminescence.

With an aim to further confirm the proposed PAET mechanism, some Raman and
upconversion results of Tm” and Yb*" co-doped samples are summarized from references.'”:
24.43.30-34 1t §5 found that this mechanism is also suitable for many other matrices co-doped by
Tm?®", Yb®". Herein, GdFs;, YFs;, BisO;, YVO, and NaYF, hosts are presented as

representative examples. For GdFs: Tm®", Yb*", all samples exhibit nearly pure NIR to NIR

14
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upconversion although the concentration of Tm®" varies (from 0.5 to 3 mol%)."” It is
calculated that five phonons at ~360 cm™ in GdF; host are required to fill up the energy
mismatch for the processes of PAET3. Therefore, the PAET3 process is efficiently prevented,
resulting in the high ratio of NIR to visible emissions. For YF3: Tm®", Yb*", the ratio of NIR
to visible emissions is lower compared with that of GdFs: Tm®*, Yb*"." This is because less
phonons (four phonons at ~450 cm'l) in YF; is needed to fill up the energy mismatch. Li et
al.>’ reported that BisO5l: Tm®", Yb*" exhibits nearly pure NIR to NIR upconversion. Based
on the calculation from the Raman spectrum of BisO-I host, five phonons with an energy at
~335 cm™! are needed for PAET3. These results from Tm3+, Yb* co-doped YF;, GdF; and
BisO+I agree well with the discussion in our work. It indicates that the visible emission would
be efficiently limited if the required number of phonons for PAET3 is five or more, and this
phenomenon will not be changed even by varying the doping concentration. For YVOu: Tm™,
Yb**, Hazra et al.”' reported that the intensity of the blue upconversion peak was nearly as
strong as that of NIR emission. The Raman spectrum in Basiev’s work>” indicated that the
phonons at ~820 cm™ should participate in the process of PAET3, in which only two phonons
are needed to fill up the mismatch, which is beneficial to achieve the visible emission. This
result also supports the PAET upconversion mechanism in our work.

It is interesting to find that NaYF,: Tm®", Yb>" could exhibit upconversion emission with
different NIR/Vis ratios with the doping concentration remains the same. For example, Chen
et al.? reported that NaYF,: 2%Tm’", 20%Yb*" ultrafine nanoparticles (~ 8 nm) showed a
strong NIR upconversion emission with a very low proportion of visible emission. However,

Boyer et al.® reported that NaYF,: 2%Tm’", 20%Yb** with large particle size showed an

15
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obvious blue emission besides the NIR light. Obviously, this phenomenon should be
attributed to the different particle size, which can be well explained by the PAET mechanism.
Suyver et al.>? reported Raman characterization of NaYF4 powders, in which three dominant
phonon modes were found to be 298, 370 and 418 cm’. So, it can be concluded that four
phonons with an energy of ca. 418 cm™ are required to fill up the energy mismatch for
PAET3 in NaYF,: Tm®", Yb*" powder (large particle size). However, things are different for
the NaYF,;: Tm®", Yb*" ultrafine nanoparticles (~8 nm). When the particle size reduced to be
less than 10 nm, significant red Raman shift would occur and the phonons with an energy of
ca. 355 cm’ in the ultrafine NaYF,4 host will assist the energy transfer from 2F5/2 of Yb*' to
'Gy4 of Tm®*"** Therefore, the required number of phonons for PAET3 should be five in
NaYFy: Tm®*, Yb** ultrafine nanoparticles. This explains why NaYFy: 2%Tm’", 20%Yb*"

samples with different particle sizes exhibit different NIR to visible emission ratios.

917.9
4 Excited at 532 nm

330.5

Intensity (a.u.)

0 500 1000 1500 2000
Raman shift (cm™)

Fig. 5 Room temperature Raman spectrum of NaGd(WO,), matrix excited at 532 nm.

Although most of the NaGd(WO,), based UCNPs exhibit pure NIR UC emission, a weak

visible emission located at about 475 nm was observed in the samples under high pump
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current (2.0 mA) and in the sample containing 0.5% dopant of Tm*", as shown in the insets of
Fig. 4a-b. In other words, a little visible light will be generated in the samples with the most
intense NIR UC emission. To interpret this phenomenon, the following steady-state equations

from the energy diagrams are utilized:" **

N3 Nyp W3 — NsR3; =0 ()
Nyp1 = poNypo (3)
IS N3hvyisR3 4

Where Nypp, Nyps, No, and Njare the population density of the 2F7/2 (Yb3+), 2F5/2 (Yb3 +), 3H4
(Tm*"), and 'G4 (Tm’") states, respectively; W; is the energy transfer rate from the excited
Yb*" ions to *Hy state of Tm®" ions; R; is radiative rate of *Hy state of Tm®* ions; p represents
the laser photon number density; o is the absorption cross-section of the Yb** ions; Iy denotes
the intensity of visible UC emission; vy is the frequency of visible light; and /4 is the Planck
constant. Thus, from equations (2-4), the intensity of the visible UC emission can be
expressed as:
Iy = NyNypoWapoahvys (5)

Therefore, although W; is restricted to some extent by NaGd(WO,), host, the most intense
NIR emission corresponding to a large value of N, will still arouse the appearance of the
weak visible emission.

In addition to the pure NIR to NIR UC performance, the magnetic properties of
NaGd(WO,),: Tm**, Yb** UCNPs were also investigated. Fig. 6 shows the magnetization of
NaGd(WOy,), host and NaGd(WO4): 1%Tm’", 10%Yb*" as a function of applied magnetic

field. The linear correlation as shown in Fig. 6 suggests that both materials possess

17
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paramagnetism.” ' The mass magnetic susceptibility value of NaGd(WO,), was measured to
be 4.43x10” emu/g-Oe, and the magnetization at 10 kOe was around 0.443 emu/g. The
paramagnetic properties of NaGd(WO,), are from the Gd** ions, which has been discussed in
detail in the literature.” >® There is only a slight influence on the magnetic properties of the
NaGd(WO,), nanoparticles after doping Tm®" and Yb®" ions, and the magnetization of
NaGd(WOy),: 1%Tm’", 10%Yb*" UCNPs at 10 kOe is determined to be 0.418 emu/g. The
multifunctional NaGd(WO4),: Tm3+, Yb*>* UCNPs with pure NIR to NIR UC and magnetic
properties present potential applications in high-contrast in vitro and in vivo bio-imaging and

bio-separation.

1.0

081 —NaGa(wo),

067 ... NaGd(WO) : 1% Tm, 10% Yb -~
0.4- ’

0.2 1
0.0
-0.2 1
0.4 3
20.6157
-0.8 1
| S
-15000 -10000 -5000 0 5000 10000 15000
Applied field (Oe)

Magnetization (emu/g)

Fig. 6 Magnetization as a function of the applied magnetic field of NaGd(WO,), host and

NaGd(WOy),: 1%Tm’", 10%Yb’" UCNPs at room temperature.

Conclusions
NaGd(WO,),: Tm**, Yb** UCNPs have been successfully synthesized via a CTAB-assisted
hydrothermal approach. The UCNPs were observed to present pure or virtually pure NIR to

NIR upconversion. By fitting the log-log plot of the NIR UC emission intensities of the

18
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UCNPs as a function of the 975 nm excitation power, two photon processes were confirmed.
On the basis of analyzing the phonon modes from Raman spectrum and the mismatch energy
between the energy levels of Yb*" and Tm®", the UC mechanism for the generation of pure or
virtually pure NIR emission in NaGd(WO,),: Tm**, Yb>" was proposed, which is also found
to be suitable for many other systems. In addition to the excellent UC properties, the
NaGd(WO4), based UCNPs also possess paramagnetism, suggesting that they are promising

for applications in high-contrast bio-imaging and bio-separation.
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