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a b s t r a c t

Red persistent luminescent diopside nanoparticles doped with Mn2þ and codoped with RE3þ (Eu2þ,
Dy3þ) have been obtained by sol-gel method. The influence of codoping rare earth ions on the persistent
luminescence was studied by wavelength-resolved thermally stimulated luminescence (TSL) measure-
ments from 30 to 650 K after X-ray irradiation. From these first results, a mechanism of persistent
luminescence is proposed. In this mechanism Mn2þ and Eu2þ act as TSL recombination centers, Mn3þ and
Eu3þ being stable hole centers, whereas Dy3þ acts as a good electron trap giving rise to a TSL peak at high
temperature. Finally, persistent luminescence was measured. Intensity and persistence of the red
luminescence of CaMgSi2O6: Mn2þ–Dy3þ are better than those of CaMgSi2O6: Mn2þ and CaMgSi2O6:
Mn2þ–Eu2þ, which are in agreement with the results of TSL.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

We have recently developed inorganic luminescent nano-
particles (Ca0.2Zn0.9Mg0.9Si2O6: Eu2þ, Mn2þ, Dy3þ), which are suit-
able for in vivo imaging and can avoid most of inherent problems
encountered in classical optical systems (Le Masne de Chermont
et al., 2007). The key element of this technology is based on
persistent luminescence nanoparticles emitting in the red to near-
infrared, which can be optically excited before injection. The
persistent luminescence lasts for several hours and permits the
removal of the background noise originating from in situ excitation
(‘‘autofluorescence’’ of tissues (Frangioni, 2003)). Thus, the signif-
icant signal-to-noise ratio improvement allows detection in deep
organs of small animals and real-time biodistribution monitoring of
active elements hours after injection.

In the aim of understanding the persistent luminescence
mechanism involved in these nanoparticles and improving their
properties, the binary compound CaMgSi2O6 with the same struc-
ture (diopside) as Ca0.2Zn0.9Mg0.9Si2O6 was studied with different
dopants. Wavelength-resolved thermally stimulated luminescence
(TSL) measurements from 30 to 650 K after X-ray irradiation were
performed on CaMgSi2O6: Mn2þ, CaMgSi2O6: Mn2þ–Eu2þ and
CaMgSi2O6: Mn2þ–Dy3þ.
intre).

All rights reserved.
2. Experimental

Powder samples were prepared by a sol-gel process. The raw
materials are Mg(NO3)2.6H2O, CaCl2.2H2O, ZnCl2, MnCl2,
EuCl3.6H2O, DyNO3.5H2O and (CH3CH2O)4Si (TEOS). The nominal
concentrations of Eu2þ, Dy3þ and Mn2þwere respectively 1.0%, 1.0%
and 2.5% relative to the (Ca2þþMg2þ) amount. The salts were
dissolved in deionized water acidified at pH 2 by addition of nitric
acid. TEOS was then added rapidly, and the solution was stirred
vigorously at room temperature for 3 h. The solution was heated at
70 �C for 2 h until the sol-gel transition occurred. The wet gel was
then dried at 120 �C for 20 h, and sintered at 1000 �C for 8 h under
reducing atmosphere.

X-rays diffraction (XRD) patterns were obtained on an X’PERT
PRO X-ray diffractometer working with Cu Ka radiation. Fluores-
cence spectrum was measured with a varian Cary Eclipse Fluores-
cence Spectrophotometer. Radio-luminescence (RL) measurement
was carried out under X-rays from a molybdene tube operating at
50 kV, 20 mA. TSL experiments were recorded after 10 min irradia-
tion with X-rays, with a heating rate of 10 K/min from 30 K to 650 K.
Persistent luminescence spectra were measured after 10 min irra-
diation with X-rays. For RL, TSL and persistent luminescence, light
was collected via an optical fiber by a Princeton CCD camera cooled at
�70 �C coupled with an Acton SpectraPro monochromator.

3. Results and discussion

The samples structure was checked by XRD (Fig. 1). Nearly all of
the peaks can be attributed to diopside CaMgSi2O6 phase. Only
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Fig. 1. XRD patterns of CaMgSi2O6: Mn2þ (a), CaMgSi2O6: Mn2þ–Eu2þ (b), and CaMg-
Si2O6: Mn2þ–Dy3þ (c).

Fig. 3. Wavelength-resolved TSL spectrum of CaMgSi2O6: Mn2þ.
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small amounts of impurity phases have been found corresponding
to CaMgSiO4 and Ca2SiO4. The particles sizes analyzed by trans-
mission electron microscopy were found to be between 50 and
200 nm.

The two emission bands of Mn2þ in CaMgSi2O6:Mn2þ at 580 and
680 nm are shown in Fig. 2. These two broad bands are attributed to
the same 4T1–6A1 transition of Mn2þ in two different surroundings.
Indeed CaMgSi2O6 possesses two different octahedral cationic sites:
a small one M1 occupied by Mg2þ and a large one M2 occupied by
Ca2þ. The ionic radius of Mn2þ (in six-fold coordination) is 0.83 Å
whereas the radii of Mg2þ and Ca2þ are 0.72 Å and 1.00 Å, respec-
tively (Shannon and Prewitt, 1969). As Mn2þ has an intermediate
size between the two cations, it occupies both Ca and Mg sites. When
Mn2þ susbtitutes Mg2þ, i.e. occupies the smallest cationic site of the
structure, the crystal field around Mn2þ is stronger than when Mn2þ

substitutes Ca2þ. From the Tanabe–Sugano diagram for a d5 ion
(Tanabe and Sugano, 1954), the emission at longer wavelength
(680 nm) can be attributed to the 4T1–6A1 transition of Mn2þ in the
strongest crystal field, i.e. to Mn in substitution of Mg. In the same
way, the emission at 580 nm is attributed to the 4T1–6A1 transition of
Mn2þ in Ca site (weaker crystal field).
Fig. 2. 4T1–6A1 optical emission of Mn2þ in CaMgSi2O6: Mn2þ. (a) fluorescence spec-
trum, (b) Persistent luminescence spectrum, (c) RL spectrum.
The fluorescence spectrum at room temperature under excita-
tion in the 6A1- (4E,4A1) absorption transitions of Mn2þ at 412 nm
(which are independent of the crystal field strength, i.e. non
selective excitation of Mn2þ ions) is shown in Fig. 2(a). It can be
seen that Mn2þ emission is stronger in Ca site than in Mg site,
indicating that the former site is more populated than the latter.

The persistent luminescence spectrum at room temperature
recorded after switching off the X-ray excitation (Fig. 2(b)) exhibits
mostly the emission of Mn2þ in Mg site. This shows that the
emission mechanism of persistent luminescence is different from
the one of fluorescence. An intermediate situation occurs under
X-ray excitation (Fig. 2(c)) where the emission of Mn2þ in Ca site is
much weaker than the one of fluorescence.

The wavelength-resolved TSL spectrum of CaMgSi2O6: Mn2þ is
presented in Fig. 3. Two strong peaks are observed at low
temperature (corresponding to shallow traps) and two weaker
peaks appear at higher temperature. Emissions corresponding to all
these TSL peaks are mostly located at 680 nm, which means that
they originate almost exclusively from Mn2þ in Mg site. The simi-
larity of the TSL emission and the persistent luminescence spec-
trum shows that the same mechanism should occur.
Fig. 4. Wavelength-resolved TSL spectrum of CaMgSi2O6: Mn2þ–Eu2þ.



Fig. 5. Wavelength-resolved TSL spectrum of CaMgSi2O6: Mn2þ–Dy3þ.
Fig. 6. Persistent luminescence spectra at 680 nm: (a) CaMgSi2O6: Mn2þ–Dy3þ,
(b) CaMgSi2O6: Mn2þ, (c) CaMgSi2O6: Mn2þ–Eu2þ.
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The luminescent center Mn2þ may act as a hole trap in this
compound (Mn2þ þ hþ/ Mn3þ) and, in particular, Mn2þ in Mg site
appears as a much better hole trap than Mn2þ in Ca site. In this case,
the TSL peaks are related to electron traps which might be intrinsic
defects in the lattice. We have tested this hypothesis by doping the
material with Eu2þ and Dy3þ, which can act as hole and electron
traps respectively.

The TSL spectrum of CaMgSi2O6: Mn2þ–Eu2þ is displayed in
Fig. 4. At low temperature, peaks position appears at the same
temperature meaning that the same electron traps are involved but
the emission spectra changed. Indeed, the emission of Mn2þ in Mg
site at 680 nm is still observed (with lower intensity) but also the
emission of Mn2þ in Ca site at 580 nm and the emission of Eu2þ at
450 nm with higher intensity. In this compound, Eu2þ also plays the
role of hole trap (Eu2þ þ hþ/ Eu3þ) and appears as the favored
recombination center in low temperature TSL. After recombination
of the electron with Eu3þ (Eu3þ þ e�/ Eu2þ*), the excited Eu2þ

transfers its energy to the two different Mn2þ, which explains why
both Mn2þ emission bands are observed in this case.

The TSL spectrum of CaMgSi2O6: Mn2þ–Dy3þ is shown in Fig. 5.
Firstly, only the emission of Mn2þ in Mg site is observed and no
luminescence of Dy3þ appears, meaning that Dy3þ does not play
the role of recombination center. Moreover, unlike Mn2þ–Eu2þ-
doped compound, the addition of Dy3þ strongly modifies the TSL
peaks position. Peaks at low temperature are much weaker
whereas a new broad peak with high intensity appears around
480 K. This means that Dy3þ plays the role of a deeper electron trap
(Dy3þþ e�/ Dy2þ) than intrinsic electron traps in the mechanism.

Finally persistent luminescence of Mn2þ in Mg site (emission at
680 nm) was measured for an hour. The Mn2þ–Dy3þ-doped
compound shows a much stronger persistent luminescence than
the two others (Fig. 6). CaMgSi2O6:Mn2þ–Dy3þ appears to be a good
persistent luminescence phosphor for in vivo small animal imaging
whereas CaMgSi2O6:Mn2þ and CaMgSi2O6:Mn2þ–Eu2þ do not. The
effect of Dy3þ which creates new high temperature peak at 480 K
explains the better persistent luminescence observed. Indeed the
low temperature tail of the glow peak at 480 K is in the region of
interest for persistent luminescence (between 300 and 420 K). In
the Mn2þ–Eu2þ-doped compound, the quenching of the red
persistent luminescence is due to the competition between Eu2þ

and Mn2þ ions to trap a hole.
4. Conclusions

Diopside nanoparticles doped with Mn2þ and codoped with
RE3þ (Eu2þ, Dy3þ) were prepared by sol-gel method. The Mn2þ-
doped compound presents two broad bands at 580 and 680 nm
which are attributed to emissions of Mn2þ in Ca site and Mn2þ in
Mg site, respectively. TSL emission spectra of CaMgSi2O6: Mn2þ

show almost exclusively the emission of Mn2þ in Mg site meaning
that Mn2þ in Mg site acts as the favored hole trap in the mechanism.
Eu2þ and Dy3þ have been shown to act as hole and electron trap,
respectively. The Mn2þ–Dy3þ doped compound reveals a better red
persistent luminescence resulting from the creation of a deeper
electron trap related to Dy3þ. To go into more detail about the
mechanism, the energy levels position of the two types of Mn2þ

should be determined, other codopants will be tested and finally
other TSL experiments and modeling will be carried out.
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