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ABSTRACT

We present a study on diopside nanotracers with persistent luminescence properties in the red-near IR range for small
animal imaging. In this paper we have focused our attention on improving the persistent luminescence of diopside
nanoparticles doped with transition metal and lanthanide ions. Earlier study showed that Pr* is the most suitable Ln*
electron trap in Eu®", Mn*" doped diopside lattice. Here, we report an optimization of both chemical composition of
CaMgSi,0O¢ matrix and Eu, Mn, Pr doping elements to improve persistent luminescence. These new inorganic persistent
luminescent nanoparticles (i-PLNPs) emit in the red-near infrared range for several hours and can master the difficulties
due to the biological environment.
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1. INTRODUCTION

Persistent luminescence materials are used in many applications ranging from traffic signs, emergency signage,
watches, clocks, textile printing, security inks to photovoltaic applications and some of them represents the commercial
development of these persistent phosphors. In last few years, more than two hundreds combinations of host materials and
activator ions have been depicted, of which around 20% are devoted to divalent europium (Eu*") and codopant ions '.

Bioimaging is a rapidly expanding field where progress is constant and has been successfully demonstrated.
Persistent luminescence, particularly covering red and NIR light emitting materials, has new application fields in
bioimaging for in vivo and in vitro studies **. The first requirement is to obtain nanomaterials in a regular shape with size
which should not exceed 100 nm. Main recent focus is on red-near infrared persistent luminescence nanoparticles doped
with transition metal (Mn®" and Cr’")'* and few are in lanthanides doped sensors (such as Eu*", Pr'’", Sm**, Nd**) ',
For in vivo purposes, such sensors should overcome two main difficulties caused by the biological environment:
adsorption and autofluorescence from irradiated tissues '*'°.

In 2007 Le Masne de Chermont ef al. reported the synthesis of inorganic luminescent silicates nanoparticles
Cayg,Zny9oMgg 9Si,0¢: Eu®’, Mn>", Dy3+ 16 They showed some good persistent luminescence properties in the red-near
infrared range at 680 nm, therefore avoiding the tissues’ absorption and autofluorescence as they were injected after UV
excitation and still exhibited luminescence for several minutes '°. Following that zinc free silicates Ca,Mg,Si,0¢ doped
with Eu?", Mn**, Dy** was developed using a sol gel method similar to the Stober process '"*'®. A very strong persistent
luminescence at 680 nm, suitable for in vivo imaging, has been obtained for Ca;;Mg; 7Si;04: Eu?* (1%), Mn** (5%),
Dy’" (2%) 50 nm sized nanoparticle.

To further improve the optical properties of CaMgSiO, sensors, the role of Ln’* codoping ions has been investigated®.
Codoping with Ln®" ions showed two main impacts on the optical properties of the doped materials: (i) The localization
of the doping trivalent ions preferably in Ca*" or Mg sites (the two available cationic sites in silicate structure)



depending on its ionic radius influences the localization of Mn*" ions responsible of the persistent luminescence at 580
and 680 nm, corresponding to Mn** in Ca>" and Mg”" sites respectively '"'**°. When the trivalent rare earth presents a
ionic radius similar to the one of calcium (1 A), like Pr’" ions (1.01 A), Mn®*" occupies preferably calcium sites. This
favored occupation of Ca®" sites by Pr’* ions leads to a major occupation of magnesium sites by Mn*" ions (labelled
Mny,). It has been proved that Mn2+Mg was the luminescent center 7', then the increasing of Mn2+Mg/ Mn?*¢, ratio
renders Mn2+Mg emission at 680 nm more intense. (ii) It was also previously reported that Ln®" ions act as electron traps
and that Pr’" provided a more intense luminescence than Dy*" in the case of CaMgSiO,: Eu*", Ln*" excited under UV and
X-rays > '. Maldiney et al. showed that the wavelength-resolved thermoluminescence (TSL) spectrum of Pr’* presented
an intense peak at 353K. The peak position, just above the ambient temperature, and its strong intensity can explain why
a longer and more intense luminescence was observed for codoping with Pr’* 2. Different trap depths were measured for
oxygen vacancies and Ln*" ions: E(V,) = 0.95 eV, E(Ce*") = 0.4 eV, E(Pr’") = 0.7 eV, EINd®") = 0.92 eV et E(Dy’") =
1.7 eV 2. Dy’" traps appear to be much deeper than Pr’" traps. Then detrapping of an electron localized on Pr’*-trap
would be thermally favored. A 0.7 eV trap depth appears as a good choice to obtain stronger and longer persistent
luminescence at room temperature.

We present hereafter a study on Ca,Mg,Si,O silicates nanoparticles doped with Eu*’, Mn**, Pr’" to further improve
luminescence properties. We focus our attention on new preparation method compared to previous work that led to too
large and aggregated nanoparticles. Structural and optical properties of nanomaterials have been performed for various
Ca/Mg/Si molar ratio and doping ratio.

2. EXPERIMENTAL
2.1 Sample synthesis

Maldiney et al. reported the synthesis of diopside nanoprobes by sol gel process using a acid catalysis *'**!,

Nanoparticles are directly growing inside a silica matrix which plays the role of silica source and limits the crystal
growth during high temperature treatment. However as-obtained nanoparticles tend to exhibit a high diameter and to
form aggregates which is unfavorable from the point of view of in vivo imaging applications. In the present work,
diopside nanoparticles were synthetized according to the procedure reported in Ref. [17] using a sol gel method inspired
from the Stober process. This method enables to obtain non-aggregated silica-diopside core-shell type nanoparticles with
smaller size.

In a typical synthesis, two different solutions are prepared: the first one S, is obtained by mixing absolute ethanol (92
mL), water (14 mL) and NH,OH solution (30%, 6 mL), and the second one S, by dissolving matrix precursors
Mg(NO;),.6H,0O, CaCl,, and tetraethyl orthosilicate (TEOS) with doping precursors MnCl,, EuCl;.6H,0, PrCl; in
absolute ethanol (8mL). Then S, is added to S; drop by drop while stirring at room temperature. The obtained sol is
stirred vigorously for 24h, then dried at 90°C for 30h, and annealed at 1150°C for 10h under reductive atmosphere (95%
Na, 5% H,). This last step is essential to reduce Eu®* in Eu®" and to allow the persistent luminescence properties. The as-
obtained nanoparticles are coated by an amorphous silica layer and are aggregated. The samples were treated with NHsF,
0.5M for 1h to reduce the thickness of the amorphous silica coating '’. The product is then thoroughly washed with water
and dried under air. Table 1 resumes the samples used in this study with their chemical compositions, crystalline
structures and optical properties.

2.2 Structural and optical characterizations

Powder X-ray diffraction (PXRD) study was performed on a Bruker D8 Advance diffractometer using Cu-Ko
radiation (A = 1.5418 A) at 45 kV and 40 mA, 0.0046°0 step size and 0.5s step time over a range of 10°0 to 80°6.
Transmission electron microscopy (TEM) images were acquired with a FEI Tecnai 120 Twin microscope operating at
120 kV and equipped with a high resolution Gatan Orius CCD 4 k 64 k numeric camera. Excitation and emission spectra
were measured with a Varian Cary Eclipse Fluorescence spectrophotometer at room temperature. Persistent
luminescence spectra were recorded after 2 minutes irradiation with UV light, and the resulting signal was collected via
an optical fiber by Roper Scientific Pixis 100 CCD camera cooled at -68°C coupled with an Acton SpectraPro 2150i
spectrometer for spectral analysis. Thermoluminescence (TL) measurements were performed with a Ris&@ TL/OSL
reader model TL/OSL-DA-15A/B with an EMI 9635QA PM tube. TL glow curves were standard measured at heating
rate of 5°C/s. TL emission spectra were measured using an UV-VIS spectrometer (Avantes, PC2000). For the emission
spectra measurements the samples were irradiated with 340 nm UV light for 2 minutes.



Table 1. Chemical compositions, crystalline structures and optical properties of obtained samples.

Persistent luminescence

Composition Crystalline structure intensity* Abbreviation
CapsMg, ;Si305: Eu®" (1%), Mn?* (5%), Dy*" (2%) clinoenstatite m.s. A
Ca,Mg,Si,0q: Eu?* (0.5%), Mn’" (2.5%), Pr** (1%) Serie CM,
CaMgSi,0q: Eu** (0.5%), Mn** (2.5%), Pr’* (1%) diopside m.s CiM,
CagsMg; 581,06 Eu** (0.5%), Mn?* (2.5%), Pr** (1%) diopside m.s CosM; »
Cay Mg, 4Si,06: Eu* (0.5%), Mn*" (2.5%), Pr** (1%) diopside-clinoenstatite s. CoeM, 4
Cag4Mg; 6Si,06: Eu* (0.5%), Mn** (2.5%), Pr** (1%) clinoenstatite w. CosMi 6
Cag,Mg; 581,06 Eu** (0.5%), Mn?* (2.5%), Pr** (1%) clinoenstatite V.W. CooMi 5
Mg,Si,06: Eu* (0.5%), Mn*" (2.5%), Pr*" (1%) clinoenstatite V.W. M,
CaMgSi,0q: Eu** (1%), Mn*" (5%), Pr*" (2%) diopside V.S. CiM;-2

*vow.: very weak, w.: weak, m.s.: medium strong, s.: strong, v.s.: very strong.

3. RESULTS AND DISCUSSION

3.1 Shape and morphology

The nanoparticles obtained are spherical and present an average diameter of 50 nm. After treatment with NH;sF, 0.5M for
one hour, the amorphous silica layer surrounding the nanoparticles was efficiency reduced to a thickness of 2.7nm .

3.2 Optical Emission

Doped with Eu*", Mn*" and Pr’* to insure efficient pumping in the UV and efficient emission in the red/near IR range,
the emission spectrum of CaMgSi,O4: Eu®" (1%), Mn®" (5%), Pr’* (2%) exhibits three emission peaks at 597, 614 and 630
nm corresponding to P, > 'D, and *Py © °*Hs transition of Pr'" ion, and one large emission band at 680nm
corresponding to Mn?" emission (figure 1). The excitation spectrum shows two domains: one band at about 250 nm
corresponding to O* = Mn*'(, charge transfer, a large band between 275 and 450 nm attributed to 4f-5d transition of
Eu*" and additional bands/peaks corresponding to the 3d-3d transitions of Mn?" ions.
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Figure 1. Excitation and emission spectra of C;M; (Pr2%) compound (see table 1) — Aey. = 350 nm, Ay, = 614 nm.
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3.4 Red-NIR persistent luminescence

In the aim of improving the persistent luminescence and studying the chemical composition influence on the
persistent luminescence properties of CaMgSi,Og: Eu®’, Mn*", Pr’*, we modified Ca/Mg/Si molar ratio by varying the
(C,H50)4Si (TEOS) initial quantity. Only Ca/Mg/Si molar ratio modifications brought valuable informations and are
presented below.

Ca,Mg,S1,Og silicates belong to the pyroxenes group whom general formula is M2M1(SiOs3),, with M1 a small cation
surrounded by 6 oxygen atoms and M2 a larger cation surrounded by 8 oxygen atoms. Small ions, like Mg®', Fe*" or Zn**
always occupy M1 sites . When they are the only cations in the matrix, they can occupy M2 site too and form an
orthopyroxene phase (enstatite Mg,Si,0¢), with orthorhombic symmetry. If some larger cation is present in the matrix,
like Ca** or Na', then it necessarily occupies M2 cationic site. The symmetry becomes then monoclinic by lateral sliding
of elementary chains. Those compounds form the clinopyroxenes groups and the main ones are the diopside CaMgSi,Og.

Therefore changing Ca/Mg/Si molar ratio in Ca,Mg,Si,Og silicates is equivalent to modifying the crystalline structure
of the samples. XRD diagrams of Ca,Mg,Si,Os silicates doped with Eu*’, Mn*" and Pr’* show an evolution from
clinoenstatite phase Mg,Si,O4 to a diopside phase CaMgSi,O¢ with Ca/Mg molar increasing ratio (figure 2).
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Figure 2. PXRD patterns of Ca,Mg,Si,Og: Eu®’, Mn®" and Pr*" silicates. See table 1 for the respective compositions.

The persistent luminescence spectra of all Ca,Mg,Si,0: Eu”" (0.5%), Mn*" (2.5%), Pr’" (1%) compounds recorded
after switching off the UV excitation exhibit the same three characteristic emission bands at 480, 580 and 680 nm (not
shown here). The band at 480 nm has been attributed to the allowed 4f°5d' = 4f’ transition of Eu®*, whereas the bands at
580 and 680 nm correspond to the *T; = °A; transition of Mn®" in Ca®" and Mg”" sites respectively '>'*. Following the
previously reported Ca,Mg,Si,Os compound doped with Eu”’, Mn®" and trivalent dysprosium, no characteristic Pr’"
emission was observed !”. However, there are few differences in the luminescent behavior of Ca,Mg,Si,06 doped with
Eu*, Mn®*, Pr’" or Eu?*, Mn®*, Dy’" excepted that the persistent luminescence is much more intense for Pr’* doped
silicates. This confirms that Pr*" ions have an effect on the persistent luminescence mechanism. Notice also an important
increase of intensity for Eu*" emission band at 480 nm.

With Ca/Mg molar ratio variation, persistent luminescence intensity in NIR range increases and the ratio of
intensities of the band at 580 nm to the band at 680 nm also increases. Variation in Ca/Mg molar ratio has then an
influence on Mn®" distribution in the two cationic sites and on the persistent luminescence intensity. Pr'* ions present
ionic radius of 1.01 A, larger than Mg** (0.72) or Ca*" ions (1 A) *. In Ca,Mg,S1,Ogssilicates, Pr’* ions are only hosted in
Ca’" sites. This leads to a preferred occupation of Mg”" sites by Mn*" ions. High Ca/Mg molar ratio facilitates the
insertion of Pr** ions in the silicate structure and favors the Mn2+Mg luminescent centers. Therefore, the luminescence
becomes most intense and persistent when the Ca/Mg molar ratio is the highest for Ca,Mg,Si,O: Eu®", Mn*, Pr**



compounds. Indeed the most intense and persistent sample was obtained in Cag Mg, 4Si,0¢: Eu*" (0.5%), Mn** (2.5%),
Pr' (1%).

At this stage it is important to notice that the optimization of the persistent luminescence leads to only a small
intensity difference in comparison to the composition CaMgSi,Og: Eu** (0.5%), Mn*>" (2.5%), Pr’" (1%) reported in Ref
[2]. CapeMg; 4Si,0¢: Eu®* (0.5%), Mn®>" (2.5%), Pr’" (1%) sample presents a mixed clinoenstatite/diopside crystalline
structure, and the reproducibility of the composition is quite difficult. Hence, this optimization by changing Ca/Mg molar
ratio is not significant and not enough beneficial to be retained.

A second method to enhance the persistent luminescence of Eu*", Mn®", Pr’* doped silicates is to vary the doping
ratio of each dopant. Best results were obtained for CaMgSi,Og : Eu** (1%), Mn®* (5%), Pr** (2%) sample (C;M,-2) where
Eu”, Mn®", Pr’” doping ratios have been increased twice. The persistent luminescence properties of this sample was then
compared to the most intense sample CagsMg; 481,04 Eu*™ (0.5%), Mn*" (2.5%), Pr’" (1%) and to CaMgSi,Og: Eu**
(0.5%), Mn*" (2.5%), Pr’* (1%) reported in Ref [2]. For Eu*", Mn**, Pr’* doping, the strongest effect on the persistent
luminescence was observed for the diopside structure with a high doping ratio: CaMgSi,O¢ doped Eu*" (1%), Mn** (5%),
Pr’* (2%) as seen in Figure 3.
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Figure 3. (a) Persistent luminescence spectra and (b) decays of the persistent luminescence of C;M;, CysM; 4 and C;M;-2
compounds — A, = 365 nm — excitation time = 2 min (see table 1 for the samples composition).

3.4 Dy*" vs Pr’* as trivalent codopant for enhanced persistent luminescence in the hosts

In a previous study on Dy3+ codoped silicates, Cay;Mg; 7S1304: Eu®* (1%), Mn** (5%), Dy3+ (2%), (referred here as
sample A (Dy’")) was determined to be an optimal composition '’. We present hereafter a comparison of the
clinoenstatite Caj3;Mg; 7Si304: Eu** (1%), Mn** (5%), Dy3+ (2%) versus diopside CaMgSi,O¢: Eu* (1%), Mn** (5%),
Pr’* (2%) compounds.

The persistent luminescence spectra of both samples exhibit the same three emission bands at 480, 580 and 680 nm
corresponding to Eu?*, Mn*'¢, and Mn2+Mg emissions respectively '’. This means that the persistent luminescence
mechanisms are similar for Pr’* and Dy** doping, where Mn*" ions remains the luminescent centers. Although identical
in emission wavelength, persistent luminescence of CaMgSi,Oq: Eu®* (1%), Mn*" (5%), Pr** (2%) is up to seven times
more intense than Cay;Mg; 7Si304: Eu®* (1%), Mn* (5%, Dy3+ (2%). This stays in agreement with the previous work on
the energy level position of the Dy*" versus Pr’” cations ref. [2].

The wavelength-resolved TSL spectra of CagsMg, ;SisOs: Eu** (1%), Mn*" (5%), Dy’" (2%) (sample A) and
CaMgSi,Og: Eu*" (1%), Mn*" (5%), Pr’" (2%) (sample C;M;-2) recorded after switching off the UV excitation are
presented in figure 4. Peaks appear at the same temperature range (130°C) meaning that the similar electron traps are
involved but the emission spectra are different. Lecointre et al. showed that Mn®" and Eu®" act as hole-traps in these
compounds, whereas trivalent ions (i.e. Dy’", Pr') act as electron-traps '°. More important is the difference on the



bandgap values for the two hosts that can explain the observed behavior. The bandgap difference about 0.5eV > * is
reported between clinoenstatite and diopside hosts.

On sample A (left on Figure 4 presenting the wavelength-resolved TSL spectra), peaks are mostly located at 680nm,
which means that they originate almost exclusively from Mn*" ions in Mg*" site. This indicates that Mn>" ion in Mg*" site
is a much better hole trap (Mn®" + h" — Mn’") than Mn*" ion in Ca®" site. The same observation can be made for sample
CiM;-2 even if some small emission is observed at about 580 nm. This correlates with the persistent luminescence
spectra where the emission band at 680 nm is predominant for Mn** emission as seen in Figure 3.

The thermoluminescence (TSL) starts at 70°C and a maximum is found at 130°C in both cases. The TSL peak is
broad, observed from 70°C to 270°C. Yet, at 200°C, the signal could correspond to the participation of oxygen vacancies
as electron traps. Keeping the same matrix as in Ref. [2], smaller trap depths obtained for Pr’* ions (0.7 eV) are favorable
in comparison to the deeper traps obtained for Dy’" cations (1.7 eV). Here, between the two samples A and C;M;-2, the
difference is not only the nature of rare earth cations (Dy’"/Pr’") but also the crystallinity (clinoenstatite or diopside) of
the matrix which presents different bandgap energy.

In addition for sample C;M;-2 (CaMgSi,O¢: Eu*" (1%), Mn** (5%), Pr’* (2%)) wavelength-resolved TSL spectra
presents a peak located at 480 nm with high intensity (see figure 4.B). Eu*" also plays the role of hole trap (Eu** + h" —
Eu’") and appears as the favored recombination center. After recombination energy transfer toward Mn®" may occur.
This behavior is in agreement with the persistent luminescence spectra where the emission band at 480 nm is very
ntense.
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Figure 4. Wavelength-resolved TSL spectra of sample A and sample C;M;-2. See table 1 for the samples composition.
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CONCLUSIONS

CaMgSi,04 doped Eu®, Mn*", Pr’* nanoparticles were prepared by a sol-gel method inspired by Stéber process in
order to optimize red-near infrared persistent luminescence of nanoparticles reported in Refs [2, 17]. Materials with
different Ca/Mg/Si molar ratios and different doping ratios have been prepared. Diopside structure CaMgSi,O4 shows
enhanced persistent luminescence when doped with Eu** (1%), Mn*" (5%), Pr'" (2%). When compared to a previous
study on Eu*", Mn*", Dy’ doping [17], this composition proved to be more efficient for persistent luminescence
purposes. Pr’” ions provide electron trap levels about 0.7 eV below the conduction band edge, which allows optimal
electron release and recombination at room temperature responsible for the highest persistent luminescence. The
nanoparticles size (53 nm) associated to the easy surface modification can lead to a novel near-infrared optical nanoprobe
usable for real-time optical imaging in small animals.
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