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The properties of lanthanides allow them to be used as contrast agents for magnetic resonance
imaging, thereby helping to differentiate between tissues, organs, and pathologies more efficiently.
Lanthanides contain thermosensitive energy levels that aid identification of cancer and healthy
cells. This work investigates the GdVO, matrix obtained by the non-hydrolytic sol-gel methodology
and doped with the lanthanide ions Er** and Yb** at a 1:1 molar ratio. The efficiency of the optical
parameters was analyzed on the basis of the Er** green emission after excitation in the infrared
region, namely 980 nm. The temperature-dependent fluorescence intensity ratio (FIR) between the
thermally coupled Er** levels (*H,,,, and *S;,, — *I;5,) was evaluated. The Er** emission depended
on the laser power. The calculated number of photons was 2 in this case. Temperatures ranging
from 298.3 to 374.5 K were assessed, and the sensitivity varied from 1.2 to 1.9% K!, respectively.

The initial temperature was estimated.
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Introduction

Over the last decades, technological advances have
provided improved image definition for more precise
diagnoses and have allowed diseases to be treated more
efficiently. This technological progress has increased the
life expectancy of the world population. In many cases, a
single method may not meet the necessary requirements for a
definitive diagnosis due to factors such as low sensitivity, low
penetration into the affected tissue, and overlapping signals,
among others. To facilitate medical diagnosis, imaging
techniques can be combined, and materials that can respond
to different stimuli, like magnetic field, photostimulation
(fluorescence), and temperature, can be used.

Cancer and healthy cells have distinct temperatures.
Therefore, distinction between these cells requires that the
temperature of biological systems be monitored.' Systems
known as nanothermometers contain nanoparticles and can
be employed to measure temperatures at the molecular
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level. The ability of nanosensors to measure the temperature
depends on the properties of the materials constituting the
sensors, including dispersion, particle size, and surface
roughness.>

Lanthanide ions have important applications in the
medical area: their unique magnetic and photoluminescence
properties favor their use in bioimaging.*'® Different
systems can be applied as nanothermometers, mainly
systems based on lanthanide ions. The up-conversion
mechanism is appropriate for temperature sensors-
excitation that occurs in the near infrared, the region of
the biological window, thereby increasing penetration into
the skin. The lanthanide elements present thermosensitive
energy levels, that is, the intensity of the emission depends
on temperature. The lanthanides Eu** and Tb*" exhibit
excitation lines, especially in the ultraviolet region, but
they can also be employed in up-conversion systems.'
In turn, Er**, Tm*, and Nd** can be excited in the near
infrared (biological window). Table 1 lists the sensitivity,
temperature range, and corresponding references of some
systems based on Er** and Yb*.
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Table 1. Optical parameters based on the luminescence of Er**
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System Sensitivity / (% K') Temperature range / K Reference
NaGd(WO,),:Yb**/Er** 1.20 310 11
NaGdTiO,: Yb*/Er’* 0.83 100-1000 12
NaY(MoO,),,:Yb**/Er** 0.97 303-523 13
SrWO,:Yb*/Er** 1.10 299-518 14
CaF,:Yb*/Er** 1.40 295-723 15
Ca,,Na,MoO,:Yb**/Er* 1.42 336.2-536.2 16
NaLuF,: Yb**/Er* 1.94 296-420 17
SrBi,Ti,O,5:Er**/Yb** 0.36 313-573 18
LiNbO;:Er**/Yb** 0.75 285-455 19
CeO,:YbsEr, 0.30 148-284 20
GdVO,@SiO,:Er**/Yb** 1.01 297-343 21
GdVO,Er*/Yb* 0.69 297-343 21
BaTiO,:Er** 0.52 322-466 22
NaYF,:Er**/Yb* 0.50 298-333 23
NaY(WO,),:Er* 1.82 293-518 24
LuVO,Er*/Yb* 0.67 100-500 25

In this study, we have prepared a GdAVO, matrix by the
non-hydrolytic sol-gel methodology and doped it with Er**
andYb*ata 1:1 molarratio (Gd, osVO,Er** ,,,Yb* ;). Then,
we characterized the systems by X-ray diffraction, infrared
spectroscopy, UV-Vis absorption, and photoluminescence.
Finally, we analyzed the optical parameters to verify
whether the doped matrix is suitable for application as
temperature sensor.

Experimental
Lanthanides and vanadium solutions

The lanthanide oxides (Gd,O;, Er,05, and Yb,0,) were
dissolved in HCI (6.0 mol L) to obtain a final concentration
of 0.1 mol L. VCI; was prepared by dissolution of V,0Os.
All the reagents were purchased from Sigma-Aldrich Brazil
Ltda (Sao Paulo, Brazil).

Obtention of GdVO,:Er®,Yb3*

The non-hydrolytic sol-gel route has been described
by Acosta et al.*® The methodology has been modified by
Ciuffi et al.’” and employed in our laboratory.

The non-hydrolytic process was carried out in oven-
dried glassware. The oxide matrix was prepared from the
metal chloride under dry conditions and inert atmosphere.
The ethanolic solutions of the precursors (GdCl,, ErCl,,
YbCl,, and VCl,) were mixed and heated at 110 °C for 4 h,

under stirring. The resulting solution was cooled to room
temperature and aged for 24 h; the solvent was removed;
and the final product (powder) was treated at 800 °C for 4 h.
The sample was characterized by powder X-ray
diffraction on a Rigaku MiniFlex II diffractometer operating
at 30 kV and 15 mA with Cu Ko radiation. The Fourier
transform infrared (FTIR) spectra were recorded from 4000
to 400 cm! (attenuated total reflection (ATR) mode) on a
PerkinElmer Frontier spectrophotometer. The solid UV-Vis
spectra were obtained on the Ocean Optics spectrometer;
magnesium oxide was employed as standard, and the
measurement was conducted by using diffuse reflectance,
a PX-2 pulsed xenon light source, and a QE65000 Ocean
Optics detector. Photoluminescence up-conversion (UC)
was registered on a Horiba Jobin Yvon Fluorolog-3
spectrofluorimeter equipped with a double monochromator
and a R 928 Hammatsu photomultiplier. A laser excitation
at 980 nm was used for the up-conversion measurements.

Results and Discussion
X-ray diffraction (XRD)

Figure 1 shows the XRD pattern of the GAVO,:Er**/Yb**
matrix obtained by the non-hydrolytic sol-gel methodology.
The peaks agreed with the standard data in JCPDS
No. 17-260. There were no peaks related to impurity, which
indicated that the product consisted of pure tetragonal
gadolinium vanadium oxide with space group I41/amd
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Figure 1. X-ray diffraction patterns of the GAVO,:Er**/Yb* matrix with standard JCPDS No. 17-260 for tetragonal phase.

(No. 141). Gavrilovi¢ et al.*® obtained the same results
when they synthesized the matrix by the reverse micelle
method. The XRD pattern revealed that the matrix lattice
did not affect the dopant ions, which were successfully
incorporated and occupied the Gd** sites.

We estimated the average crystallite sizes from the
diffraction peaks by using the Scherrer method.? This
method considers that the crystallite is spherical, so the
geometric factor is close to one. Therefore, we considered
that the particle was spherical and used this same factor.
The calculated crystallite size was 33.4 nm. This result
was compatible with the value obtained by our group for
the synthesis of the YVO, matrix doped with Eu**: around
50 nm.** The ionic radii of the lanthanides present in the
GdVO,Er*/Yb* matrix are very similar: r = 0.94, 0.89,
and 0.87 A for Gd*, Er**, and Yb*, respectively, so the
lattice was not distorted.

Infrared spectra (FTIR)

The infrared spectra of the GAVO,:Er*/Yb** matrix
prepared by the non-hydrolytic sol-gel methodology and
treated at 800 °C for 4 h was typical of VO,*, with peaks
at 873 and 814 cm™'. Bands in the ranges of 3000-3500 and
1100-1650 cm™! corresponded to C—H and O—H stretching
of the residual precursors. The band at 451 cm™! referred
to Gd—0.3** The infrared spectra is in the Supplementary
Information (SI) section, Figure S1.

Solid UV-Vis-NIR

Figure 2 illustrates the absorption spectra of the
GdVO,:Er*/Yb* matrix recorded from 200 to 1000 nm.
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Figure 2. UV-Vis-NIR absorption spectra of the GdVO,:Er**/Yb** matrix.

Figure 2 displays the characteristic absorption bands
of the lanthanide ions. Table 2 depicts the Er** and Yb**
absorption wavelengths. The Er** absorption bands
appeared in the UV-Vis-NIR regions. As for Yb*', the
absorption band emerged around 980 nm and corresponded
to the excited state *F,, which overlapped with the
Er’* 41, , level. The difference between the thermally couple
levels (*H,,, and *S,,,) was obtained from the UV-Vis-NIR
absorption spectra of the matrix (AE =928 cm™).

The Gd**energy levels are located in the UV spectral
region (below 312 nm), which opens opportunities to
convert UV radiation into visible light due to the resonant
energy levels between Gd* and Er**ions. In fact, this
can initially occur from Gd** excitation (®S,, — °I,,, and
SP, transitions). Then, energy is transferred from these
levels to the *P; levels of Er** ions, followed by a non-
radiative decay to the *S,,, level and subsequent emission
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Table 2. Absorption bands of the energy levels of lanthanide ions in the UV-Vis-NIR spectra of the GdVO,:Er*/Yb** matrix from the ground state of

Er** (*1,5,) and Yb** (F,,)

Energy level ‘Gyin (Br)  Hgy, (Br™) °F;,°Fs, (Br™) Fo, (Br) ?Hyy, (Br™) Sy, (Br*)  Fop (Br) Ly, (Br™)  *L,, (Er™) *Fs, (YD)
Wavelength / nm 380 410 450 490 522 550 650 800 981

in the visible range.**' The broad band between 221 and S d(FIR) _FIR AE 5)
353 nm corresponded to the O>~ — V>* absorption and to dT kT’

the O* — Ln* charge transfer band (CTB), as described
in the literature,3%-3344 the excitation spectra confirm the
CTB (Figure S2, SI section).

Photoluminescence (PL)

We calculated the optical parameters by the equation
described in the literature.”*¢ The fluorescence intensity
ratio (FIR) is a methodology that helps to determine the
temperature by measuring the fluorescence intensity due to
two thermally coupled energy levels in Er** ions:

FIR:II:Aexp(_AEj (1)
I KT

where AE is the difference in energy between Er** °H,,,,
and “S,,, k is the Boltzmann constant, T is the absolute
temperature, and A is an experimental constant that depends
on the system.

Equation 1 can be rewritten as:

AE
In(FIR)=In (A)-— )

Therefore, the temperature of the system can be
calculated by using equation 3.

1 AE
! _[m A- ln(FIR)J k )

The population redistribution ability (PRA) is another
parameter that can be obtained from the emission spectra of
lanthanide ions and thus help to determine their application
as nanothermometer. PRA can be estimated by equation 4.

A

PRA=——————
A+exp(AE/KkT)

“

The absolute (S) and the relative (Sy) thermal
sensitivities are parameters that indicate the thermometric
capacity and can be obtained by equations 5 and 6,
respectively.*

1 d(FIR) AE

“ FIR dT  kT° ©
Information about temperature changes obtained for
systems doped with lanthanide ions determines the use of
these systems in the industrial and medical fields.
Figure 3 contains the Er’** emission spectrum after
excitation at 980 nm with different laser powers.
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Figure 3. Emission spectra of Er** doped into GdVO,, excited at 980 nm,
as a function of the laser power, detail of the green region (500 to 600 nm).

The emission spectrum (Figure 3) presented the
characteristic Er** bands. The most intense band emerged
in the green region and corresponded to the °H,,, — “I;5,
(524 nm) and *S,,, — “I,5,, (555 nm) transitions. A very weak
emission arose in the red region and was attributed to the
“Fy, = L5, transition (660 nm). The detail of the green
region showed that the intensity of the emission depended
on the laser power: the intensity increased up to 642 mW;
thereafter, the area of the *S;, — “I,5, (555 nm) transition
did not change with the laser power because of the thermal
excitation to the 2H,,,, level. Figure 4 shows how the areas
of the transitions *H;,, — “I;5, and *S,,, — *I,5,, depended
on the laser power.

Until 642 mW, the intensity of the transitions in the
green region increased linearly. In Figure 4, the emission
at 555 nm clearly stabilized after 714 mW. For this same
laser power, the area of the emission at 524 nm increased
more slowly, which could be ascribed to thermal excitation
from the *S,, to the 2H,,,, level. The diagram in Figure 5
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Figure 5. Energy level diagrams for Er** and Yb*, detail of the thermally
coupled level.

represents the excitation and the emission mechanisms of
the Er¥*/Yb* pair in the GAVO, matrix.

The up-conversion mechanisms related to the green
emissions can be obtained by the integrated area (IA) of
the band corresponding to the *H,,, — *I,5, and *S;, — *I,5,,
transitions as a function of the laser power (LP). The
number of absorbed infrared photons per emitted visible
photon can be determined from the slope of the linear
fit of log (IA) vs. log (LP).*** The linear adjustment

J. Braz. Chem. Soc.

with the experimental data obtained for the sample
(linearity, R > 0.99) and the average number of photons
involved in the process were 2.49 and 1.84 for 525 and
555 nm, respectively. The lower value indicated that the
temperature affected the Er** ion thermally coupled level,
as a result of the power laser that was applied to excite
the sample.

Figure 6 shows how the FIR depends on the laser power
from 357 to 1000 mW.

On the basis of Figure 6, the FIR increased as a
function of the laser power, which pointed out that the local
temperature augmented. This result demonstrated that the
GdVO,:Er*/Yb* matrix was sensitive to temperature and
could be applied as sensor. Equation 1 shows how the FIR
was related to temperature: this relationship depended on
A, which is an experimental constant of the system and
can be calculated if the initial temperature is considered as
298 K (room temperature). Therefore, by using equation 3,
the temperatures of the spectra obtained with different laser
powers were determined. The FIR values were obtained
from experimental results. Figure 7 illustrates how the Er**
green emission varied with temperature.
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Figure 6. FIR as a function of the laser power.

Figure 7 depicts the linear adjustment with the
experimental data for the GdVO,:Er**/Yb* matrix FIR
values versus the calculated temperature. R was 0.99817,
so the system provided good results for applications at
temperatures ranging from 298 to 374 K (25 to 100 °C).
This range agreed with several systems presented in Table 1
and confirmed the results obtained in Figure 6.

The absolute (S) and the relative (Sg) thermal
sensitivities can also be used to evaluate whether a material
has potential applications in optical thermometry. S and Sy
can be calculated by equations 5 and 6. Figure 8 shows the
parameters S and S;.
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Table 3. Absolute (S) and relative (Sy) thermal sensitivities based on GdVO,:Er** and GdVO,:Er**/Yb** at different lanthanide concentrations
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Matrix

Er*/ %

Yb* /%

S (temperature / K) / (% K)

Sg (temperature / K) / (% K)

Reference

GdVO,

2

8
20
8
10

7.26 (440)
11.04 (450)
12.56 (453)
7.70 (450)
8.50

1.08 (300)
1.34 (300)
1.20 (303)
1.17 (300)

36
36
36
36

1 1

1.11 (307) 28

1.20 this work

R®=0.99817

4
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Figure 7. Er’* green emission dependence on temperature for the
GdVO,:Er*/Yb* matrix excited at 980 nm.

In this work, S ranged from 1.23 to 1.95% K'. According
to the linear adjustment displayed in Figure 8, these values
reflected how the matrix influenced the sensitivity of the
material (see Table 1 and the literature).> We did not observe
S,..x for the studied temperature range. Sy also presented
linear adjustment. Its value did not depend on the nature of
the thermometer, so the FIR parameter was not considered
in equation 6. The decrease in Sy (Figure 8) indicated that
this parameter only depended on temperature. Sy did not
affect the energy difference between the thermally coupled
levels (AE).

For the GdVO,:Er**/Yb*" system, the S and Si
values reported in the literature depended on lanthanide
concentration (Table 3).

In the present case, doping the GdVO, matrix obtained
by the non-hydrolytic sol-gel methodology with 1% Er** and

20 I Yb** afforded S = 1.60 and Sy = 1.20% K' for temperatures
7] - [ ranging from 298 to 374 K. These results indicated that the
e . [ system can be applied as optical thermometer. When we
17 k17 . . .
6] . e compared how the lanthanide substitute in the vanadate
- T r X . . . . .
SIS . [ s ion impacted the investigated properties, we found that
2,1 o« " [ e X Y?**, Gd*, and Lu** gave similar S values and temperature
x -
& 134 . o, L3 @ range (Table 4).
4 L] F
124 " 12
114 . L 11 Table 4. Absolute sensitivity (S) and temperature range for different
10 ] ° . [ 10 lanthanide ions (Y**, Gd*, and Lu*) in the vanadate matrix
9 ] I 9
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Figure 8. Absolute (circle) and relative (square) sensitivities of the
GdVO,:Er**/Yb* matrix as a function of temperature.

S and Sy are employed to compare different systems for
application as optical sensors. Equation 6 shows how Sy
depends on the FIR: increasing FIR augments the difference
in energy between thermally coupled levels, which in
turn depends on the crystal field and hence on the matrix.
This difference in energy levels provides the system with
higher sensitivity. Si does not depend on the matrix nature
(mechanical, electrical, and optical properties). S and S, are
expressed in units of percent change per Kelvin degree. -

Matrix S/ (%K) /K Reference
YVO4:Er*/Yb* 1.17 300-485 51
GdVO4:Er**/Yb** 0.85 307-473 28
LuVO4:Er**/Yb* 0.67 100-500 25
GdVO,:Er**:Yb** 1.60 298-374 this work

Equation 4 can be employed to calculate the dependence
of the population redistribution ability (PRA) of the °H,,,,
and *S;, thermally coupled levels on temperature (see

Figure 9).

Figure 9 clearly shows that temperature affected the
PRA value. At 298 K, the PRA was low (0.45), whereas
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Figure 9. PRA as a function of temperature.

at 374 K, the maximum temperature tested in this work,
the PRA increased (0.67). These results suggested that
temperature affected the population between thermally
coupled levels, which is a satisfactory behavior for non-
contact nanothermometers based on the FIR. Du ef al.¥’
achieved similar results for the NaBiF, system: the PRA
varied from 0.22 to 0.54 for temperatures between 300 and
483 K, respectively.

We measured the photoluminescence of the
GdVO,Er*/Yb* matrix at fixed laser powers of 357 and
714 mW and varied the time between the spectra. Figure S3
(ST section) contains the emission spectra excited at 980 nm
with two-minute interval between the measurements. The
spectra were recorded every one minute.

The emission spectra displayed the typical Er**
bands. The bands in the green region, at 525 and 555 nm,
corresponded to the 2H,,,, — *I;5,, and *S,,, — *I, 5, transitions,
respectively. The band in the red region, at 650 nm, was
attributed to the “F,;, — “I,5, transition. The spectra recorded
at different times (one-minute interval) overlapped, which
indicated that the local temperature of the sample returned to
room temperature after 1 min. Figure 10 shows the integral
area of the bands in the green region (525 and 555 nm) as a
function of time between the excitations. The inset details
the FIR for laser powers of 357 and 714 mW.

On the basis of Figure 10, the integral area of the
2H,,, — ;5 and *S;, — “I,5, transitions upon excitation
at 980 nm were higher for the laser power of 714 mW as
compared to the laser power of 357 mW, as observed in
Figure 4. The area did not change considerably as a function
of time; i.e., the one-minute interval allowed between the
recorded spectra. This suggested that the GdVO, matrix
exhibited good heat dissipation property. According to the
inset in Figure 10, the temperature did not modify the FIR
as function of time for any of the two laser powers.

Time / min

Figure 10. Integral area of the band at 525 and 555 nm corresponding to
the ?H,,,, = 1,5, and *S,,, — *I,5,, transitions, respectively, after excitation
at 980 nm with laser power of 357 or 714 nm as a function of time. The
inset details the FIR as a function of time.

In the case of continuous measurements, as shown in
Figure 3, the local temperature increased due to constant
exposure of the sample to the laser. When a one-minute
interval was allowed between the measurements, the
temperature did not rise. Therefore, one minute was enough
for the sample to cool.

Conclusions

A GdVO, matrix doped with the lanthanides Er**
and Yb** can be prepared by the non-hydrolytic sol-gel
methodology. The XRD and infrared techniques confirmed
the structure of the matrix. The UV-Vis-NIR absorption
spectrum indicated that the matrix is indeed doped with
Er** and Yb**.

Upconversion of the luminescence properties of the
lanthanides revealed energy transfer from Yb* to Er** upon
excitation at 980 nm. The Er** emission corresponds to a
strong band in the green region. Two photons had to be
absorbed for Er** excitation.

The system depends on temperature, mainly with
respect to the heating promoted by the laser power.
When one minute is allowed between measurements, the
temperature does not increase, but it remains constant.

In summary, the emission properties of the lanthanides
doped into the GdAVO, matrix depends on temperature,
which paves the way for several applications such as
contrast agents for magnetic resonance imaging and
thermometer medical sensors, to help differentiate between
tissues, organs, and pathologies.

Supplementary Information

Supplementary data (infrared, excitation, and emission)
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PDF file.
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