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Abstract:

Monodisperse, luminescent core-shell structuredyaumaic nanoparticles were synthesized by
sol-gel technology. They exhibit an amorphous.Si@e and a crystalline luminescent shell.
Zn,SiOzMn?* and Cao(POy)sOH:EU** shell materials are investigated. The influencthef
doping concentration on optical and structural praps was studied. The resulting
nanoparticles were characterized by X-ray diff@ctanalysis, transmission electron
microscopy, inductively coupled plasma optical esiws spectrometry, and

photoluminescence spectroscopy.
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1. Introduction

In recent years, a great deal of interest has fueeised on the fabrication and
characterization of rare-earth based inorganicmasgent nanoparticles (NPs). Potential
fields of application are, for example, optics apdoelecronics, pharmaceutics or biological
and medical diagnostics [1-3]. Just like semicotaiuslPs (quantum dots, QDs), rare-earth
doped NPs are highly photostable, exhibit long hescence lifetimes and narrow emission
bands. In contrast to QDs, however, the emissitor c®not dependent on the particle size. It
can be adjusted by the choice of the host mataniéldopants and their combination. The
luminescence intensity is dependent on the coratemtrof doping ions, the crystal structure
of the host material, and the degree of crystéylift]. The high chemical stability and bright
luminescent performance of these NPs make thenmpuaityg suitable for biological labeling
[3].

During the last decade, several strategies sucbh-asecipitation, hydrothermal reaction, sol-
gel synthesis or the microemulsion method have begeloped to produce highly
luminescent inorganic NPs of adjustable particlephology and size [1,5,6]. In this respect,
an elegant synthesis strategy to prepare lumineguanganic NPs of high quality is the
fabrication of core-shell-structured NPs accordmthe modified solution-based Pechini-type
process [7-10]. To this end, non-aggregated, spdlesilica cores are coated with phosphor
layers by sol-gel technology. Subsequent annealinige samples results in the formation of
core-shell structured particles. These particlésléixan amorphous core and a crystalline
luminescent shell. Their structure, size, sizeritistion, and composition can easily be
controlled to tailor their chemical and physicabperties. In previous articles [9,10], we
reported on the synthesis of $SIPn,SiO;:Mn** and SiQ/Cayo(POy)sOH:EU** core-shell NPs

with diameters below 100 nm. We have identifiedrélevance of synthesis parameters such



as pH value or annealing temperature for the faonaif a crystalline shell around the SO
core. It has been established that the formatianarf/stalline hydroxyapatite (HAp,
Cao(POy)sOH) layer on the surface of Si@ores is possible at pH above 6. However, the
crystal structure and optical properties of the Aiticate shell can be tuned by selected
annealing conditions. Annealing of the coated phasiat 800 °C causes the formation of a
Mn?*-doped ZnO shell. The-Zn,SiO;, (willemite) phase starts to form through anneating
900 — 1100 °C. Due to their chemical and physicaperties, both NP systems might be good
candidates for the manufacturing of luminescentkerarin biological and medical
diagnostics.

The object of this study is to investigate the @ffef the doping concentration on the optical
and structural properties of Si@n,SiO;:Mn?* and SiQ/Cao(POs)sOH:EU** core-shell NPs.
The characterization of the resulting NPs is dongdnsmission electron microscopy (TEM),
X-ray diffraction (XRD) analysis, inductively cowga plasma optical emission spectrometry

(ICP-OES), and photoluminescence (PL) spectroscopy.

2. Experimental

2.1. Materials

The starting materials for the preparation of theeeshell NPs were ethanol (CSC
Jaeklechemie), tetraethoxysilane SigBg), (TEOS, 98 %, Sigma-Aldrich), ammonium
hydroxide solution in water (25 %, Fluka), citriciémonohydrate (98 %, Aldrich),
polyethylene glycol (PEG, mw = 10000, Fluka), mitaicid (10 mol/L, Merck), calcium nitrate
tetrahydrate Ca(N§), - 4H,O (99 %, Sigma-Aldrich), diammonium hydrogen phagph
(NH4):HPO, (99 %, Sigma-Aldrich), europium chloride hexahydrauCi-6H,O (99.9 %,
Aldrich), zinc acetate dihydrate Zn{O:H3), - 2H,O (98 %, Sigma-Aldrich), and manganese
acetate Mn(@CzHs)2 (98 %, Sigma-Aldrich). All chemicals were usedeseived without

any further purification.



2.2. Nanoparticle preparation
Si0,/Zn,Si0s: Mn?* and SiQ/Cao(POy)sOH:EU** core-shell nanoparticles were synthesized

as described by Dembski et al. [9,10].

2.2.1. Preparation of S0,/Cayo(PO4)sOH: Eu®* core-shell nanoparticles

In a typical reaction, Ca(N§ - 4H,0, EuC} - 6H,0O and (NH),HPO, were dissolved in a
mixture of ethanol and water (ethanol/water = &V8alume) in the presence of citric acid
monohydrate. The molar ratio of metal ions to ciaicid was 1/2. The pH of 8.6 was adjusted
by the addition of an ammonium hydroxide solutiomiater. After the addition of PEG, the
resulting mixture (final concentration 0.05 g/mlxsvstirred and ultrasonically treated until
the starting materials were dissolved. A dispersib8iO, cores (prepared according to a
modified Stoeber method) in ethanol was addeddatiution of metal salts and stirred for 3
h at RT [11,12]. The resulting core-shell NPs waskected by centrifugation, redispersed in

water, freeze-dried and annealed at 800 °C.

2.2.2. Preparation of SO,/Zn,S0,4:Mn?** core-shell nanoparticles

For the surface coating of SiGores with a Mfi-doped zinc silicate shell, ZngO,Hs), -
2H,0 and Mn(QC;Hs), were dissolved in a mixture of ethanol and watehe presence of
nitric acid (ethanol/water = 8/1 in volume). Aftéyxe addition of citric acid monohydrate
(molar ratio metal ions/citric acid = 1/2) and PE{Bal concentration 0.05 g/ml), the
resulting mixture was stirred and ultrasonicalbatied until the starting materials were
dissolved. The following coating steps were conddets described in 2.2.1. The coated

particles were annealed at 900 °C and at 1100e&pectively.

2.3. Characterization



The morphology of the core-shell NPs was studiettdnysmission electron microscopy using
a Zeiss EM 10 TEM with an acceleration voltage @k8V. Samples were prepared by
dipping 200 mesh copper grids coated with a thrbaa film (Quantifoil Micro Tools

GmbH) into an aggregate-free NP dispersion. NPssimge determined by the measurement
tools of the software ImageC from IMTRONIC GmbH logparization of the images and an
estimation of the mean patrticle radius. A diffrantgrating (2160 lines/mm) was used to
calibrate the magnification. Generally, 100 — 2@@aparticles were analyzed. The
crystallinity of the powder samples was analyzdadgia Philips PW 1152.

The Ed*-related emission and excitation spectra were dazbusing a xenon lamp (450 W),
a double monochromator (Horiba Jobin Yvon Gemir®18r excitation, a monochromator
with 0.32 m focal length (Horiba Jobin Yvon iHR3Z0) emission, and a cooled
photomultiplier (Hamamatsu R2658P) for detectiome Bamples were pressed into tablets of
about 10 mm in diameter.

The PL spectra of Mil-doped samples were measured at room temperatdra 48 K under
260 nm excitation. The samples were irradiated wi#th W Xe lamp through an infrared-
blocking filter and a 260 nm interference filtehéemission was dispersed with a 0.6 m
Jobin-Yvon monochromator at a resolution of 0.5amd detected with a photomultiplier

with lock-in technique. The PL decay curves werasoeed by exciting the samples with a
pulsed Xe lamp through a 260 nm interference fdtadl detecting the emission at its
maximum wavelength through a 0.1 m monochromatie. dignal was detected with a
photomultiplier and recorded by a digital oscilloge. The pulse width of the lamp (4 us) was

sufficiently short to match the typical millisecolifétimes of the MA" emission.

3. Results and discussion
3.1. Synthesis and characterization of core-shell structured luminescent phosphate and

silicate nanoparticles



The luminescent Sig¥n,SiO;Mn?" and SiQ/Cayo(POs)sOH:EL** core-shell NPs were
prepared as described previously according to eggitre that is based on the Pechini sol-gel
process [9,10]. The coating of silica cores (d =46nm) with a luminescent shell was
carried out in two steps: wet-chemical coatingiliéas cores and annealing of coated NPs.
The amount of starting materials was calculateglelnl colloids with a shell thickness of
about 5 nm. The concentration of fMiions was varied between 0 mol% and 20 mol% (0
mol%, 0.1mol%, 1 mol%, 5 mol%, 20 mol%) referrim:an2+ in Zn,SiO4. The concentration
of EL** ions was varied between 0 mol% and 2.5 mol% (0%8402.5 mol%) referring to

Cc&" in HAp. The overall molar ratio (Ca+Eu) to phostgh@Ca+Eu)/P was adjusted to be
1.67 (assuming that Elion substitutes for G4). The starting materials for the shell were
dissolved in a water/ethanol solution in the preseof citric acid as chelating agent and
polyethylene glycol (PEG) as cross-linking agergtwbrk formation after chelation of metal
ions leads to their stabilization and to a homogeasalistribution of the shell material onto
the silica core surface. Finally, coated NPs wgogliilized and annealed at 800 °C for the
formation of the calcium phosphate shell and at@0r at 1100 °C, respectively, for the
Zn,SiOMn?* shell.

After coating of the silica cores with an inorgalager, the resulting core-shell NPs still keep
the spherical form (see insets in Figure 1 andréi@). However, in contrast to pure silica
cores, we did not observe a growth in the diamatteore-shell NPs. This might be caused by
the shrinkage of the silica core upon annealirfggit temperatures, as reported by others [8].
The amount of incorporated Ealetermined by ICP-OES is about 37 — 51 % of thé-Ca
educt. Respectively, about 70 — 86 % of Barecursor was incorporated into the calcium
phosphate layer. These results imply that the aakdum and europium precursors do not
completely react to the shell. The elementary aislyf SiQ/Zn,SiO;Mn?* core-shell NPs
brought similar results. A maximum of 58 % of the*Zprecursor was converted into a shell.

For the samples coated with zinc silicate, onl@46f the Mif* precursor were incorporated.
6



Obviously, in both particle systems the effectiager is thinner than expected. That explains
the difficulty to verify the outer shell by TEM. €mechanism of incorporating doping ions
into the host materials of the shell is presending studied in detail [13].

Figure 1 shows selected XRD patterns of 80@,o(PO:)sOH:EUW** core-shell NPs doped with
2.5 mol% Ed*. Other samples (without doping and with 0.5 mole8'Eexhibited the same

tendency.

*

+Ca, (PO,),OH
. a-Ca (PO,),

2.5 mol% Eu®'

Intensity / arb.units

20/ degree

Figure 1. XRD patterns of SigCao(POy)sOH:ELW** core-shell NPs doped with 2.5 mol%
Eu**. The phase composition was checked by means dd3@eference patterns for
Cao(POy)sOH (PDF Ref. 74-0565)-Ca(PQy), (PDF Ref. 29-0359). Inset: TEM image of
SiO,/Cayo(POy)sOH:EU* core-shell NPs.

The phase analysis of the XRD patterns indicatatttie main crystalline phase is HAp.
Moreover, a small amount eftricalcium phosphatex{TCP) was detected in all samples.

The broad reflection at about 2 22° certified the presence of the amorphous §@e and
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is typical for all core-shell NPs [7—10]. Accorditmgthe ICP-OES results, the (Ca+Eu)/P ratio
of the samples was calculated to be 1.58 (NPs sadgped with 0.5 mol%) and 1.68 (NPs
sample doped with 2.5 mol%) which is consistenhwifpresence of a HAp (1.67) uad CP
(1.50) mixture, as reported by others [14,15]. phesented results demonstrate the
possibility of the preparation of Sia,o(POs)sOH:ELW** core-shell NPs doped with various
amounts of doping ions without any change of tredl ginystal structure.

Si0,/Zn,Si0:Mn** core-shell NPs were also examined by means of XRi@re is no
difference between the individual NP samples dopi¢hl different amounts of M. But a
difference was observed between doped and und@meples in the diffraction patterns,

which are depicted in Figure 2.
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Figure 2. XRD patterns of SigZn,SiO, core-shell NPs doped with 1 mol% Rrand

without doping annealed at 900°C. The phase composivas checked by means of JCPDS
reference patterns forZn,SiO, (PDF Ref. 37-1485) and ZnO (PDF Ref. 36-1451)etns
TEM image of Si@/Zn,SiO;:Mn** core-shell NPs (the doping concentration of Mh

mol%).



Without Mrf*-doping the ZnO phase is predominant and signale-#n,SiO, are only
slightly formed. By increasing the concentratiorMif** up to 1 mol% and higher, the
intensity of ZnSiO, signals also increases. Chakradhar et al. [1&]ribes] the same
tendency in the formation of crystalline &i0,:Mn**. Possibly, the presence of Krions in

the reaction mixture promotes the formation ofzhme silicate crystal phase.

3.2. Site-sel ective photol uminescence spectroscopy on S0,/Caso(PO.)sOH: Eu** core-shell

nanoparticles

Figure 3 shows the emission spectrum of a 2.5 nialfs-doped sample (curve a). The
excitation energy was 29,412 ¢hf340 nm). The main emission lines at 17,460%cm
16,680 cm’, and 16,000 citt can be assigned 0, — F; transitions of E& with J =0, 1,
and 2, respectively [17]. Upon excitation at 25,850" (394.5 nm) more emission bands
appear (Figure 3, curve b). The line groups at3®@n* and 14,230 cit belong to J = 3

and 4, respectively.
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Figure 3. Normalized PL spectra of Siay,o(POy)sOH:EU** core-shell NPs sample (the
doping concentration of Eliis 2.5 mol%) excited at (a) 29,412 ¢n(340.0 nm — site I) and

(b) 25,348 crit (394.5 nm — site | and ). Curve (c) is the diéfiece spectrum between curve
(a) and curve (b) to distinguish between site | sitel 1l emissions. The labeled transitions
start from theD, excited state and end at the levels indicated.

The non-degeneracy of tAB, — 'Fq transitions at about 17,460 chand 17,360 cit

indicates the presence of crystallographically inegjent sites. This is in accordance with the
apatite lattice structure. Apatite has two inegl@atacalcium sites: the Ca(l) site hag C

symmetry, while the Ca(ll) site hag €ymmetry [18]. The two different sites are hend#fo

called “site I” and “site 11”. The correspondingatation spectra are shown in Figure 4.
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Figure 4. PL excitation spectra of SiCao(POy)sOH:EU** core-shell NPs sample (the
doping concentration of Eliis 2.5 mol%), recorded at (a) 15,936 ¢i627.5 nm — site 1)
and (b) 16,234 cil (616.0 nm — site 11). The labeled transitionststam the’F, ground

state and end at the levels indicated.

Apart from the typical, relatively narrow Eurelated absorption bands, site | can be excited
via so-called charge transfer state (CTS) absorftamds [17]. This CTS absorption band is
relatively strong and has its maximum at approxétya840 nm. In 0.5 mol% Eirdoped

NPs [10], the CTS band can be found for both s#iés,| and site 1. The CTS band of site |
is, however, much more intense than that for sitierestingly, the intensity ratio between

the CTS band and the Ewabsorption bands is clearly in favor of the CT8&d#or the less

doped NPs [10].

11



Upon excitation of théF, — °L transition at 25,348 crh(394.5 nm), both sites can be
observed in the PL spectrum (see Figure 3, curvihe)wo different sites cannot be
spectrally resolved. However, if this spectrumléaced from the site | emissions shown in
Figure 3, curve a, the emissions of site Il caexteacted (see Figure 3, curve c). Comparing
the EG* emissions of sites | and II, tABy — F1 > emission of site Il shows a blue shift and
higher crystal field splitting; théDo — 'Fo emission of site Il is, however, slightly red-
shifted. Additionally, site Il show¥D, — ‘Fs,, emission bands. Unfortunately, at room
temperature, the analysis of the observed cryigtal $plitting for sites | and Il did not allow

an exact assignment to the corresponding latties,sks has already been described[19].

3.3. Optical properties of §O,/Zn,S04:Mn?* core-shell nanoparticles

In willemite the Mrf* ions are situated at the slightly distorted tetdxal sites with 4 oxygen
neighbors [20]. In this case, the green room teatpes luminescence, corresponding to the
vibronic band of the spin-forbiddéf; —°A; transition, has its maximum at 525 nm with a

bandwidth of about 40 nm (see Figure 5).

The applied excitation photon energy of 4.77 e\MO(86) is smaller than the band gap of
Zn,SiO,. The excitation of Mfi ions follows their ionization (transition from tigeound state
to the conduction band) and the non-radiative eglar of the electrons to the excited state
“T1 of Mn?*. A fraction of the electrons can be trapped atmekttice defects, contributing

to the afterglow of the Mii emission observed in several samples. We meathgddw-
temperature PL spectra to find the zero-phonors|{@®Ls) of the Mfi" ions at two different
lattice sites, observed by Stevels and Vink [2Thicrocrystalline powders prepared by solid-
state reactions. However, no ZPLs could be resdlvedir samples at 18 K. This is probably

due to the broad distribution of slightly distoriattice sites leading to a high inhomogeneous
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broadening of the ZPLs. Figure 5 shows the roonparature spectra of two samples of
Si0,/Zn,Si0;Mn%* NPs doped with 1 mol% and 20 mol% Mrannealed at 900 °C and one

doped with 5 mol%, annealed at 1100 °C.
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Figure5. PL spectra of Sig@Zn,SiO;Mn** NPs doped with 1 mol% (curve 3) and 20 mol%
Mn?* (curve 2), annealed at 900 °C, and of the sampediavith 5 mol% (curve 1), annealed
at 1100 °C. All spectra were recorded at RT un@érrdm excitation. Inset: normalized PL
spectra of the samples doped with 5 mol% and 2@4Moh*".

By increasing the doping concentration from 1 méd?s mol%, the luminescence intensity
increases. At higher concentrations (20 mol%), heacence efficiency is strongly affected
by concentration quenching, as expected. The mchger intensity of the 5 mol% sample

in contrast to the 1 mol% and 20 mol% "samplesbeaexplained by an additional effect.

This sample was annealed at 1100 °C instead of@Q@hich results in a pure-Zn,SiO,
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phase with higher luminescence intensity, as regdagtsewhere [9]. An annealing
temperature of 900 °C is suboptimal and these sswuintain a fraction of ZnO (see Figure
2). This is very probably related to the PL compurwth its maximum at 520 nm. The
optimal doping concentration lies at about 5 moled the annealing temperature at 1300
The inset in Figure 5 shows a comparison of thenatized spectra of the samples doped
with 5 mol% and 20 mol% M. The background emission has been subtracteddidtyc

The difference seen in the red wing of the PL biandost likely due to the presence of pairs
of manganese ions in the highly doped sample [22].

The broad red wing of the emission band is relatettie emission of the Mt pairs [22].

The effect of concentration quenching is especialyl seen in the decay curves of the
photoluminescence (see Figure 6). The sample witlol% Mrf*-doping has exponential PL
decay with a lifetime of 17 milliseconds, charaistiéz for the forbidden Mf d-d transitions

in ZLSiO,. A strong quenching is seen in the sample witm20% doping. However, the
clearly non-exponential decay curve can be faidyl wescribed with the Inokuti-Hirayama
equation with the radiative decay time similartiattof weakly doped samples and the energy
transfer term corresponding to the quadrupole-quaale interaction. This equation is

applicable in the case of missing or weak energyration among the Mt ions [23].
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4. Conclusion

Luminescent core-shell structured $i0a(POs)sOH:EU* and SiQ/Zn,SiO;Mn?* NPs

labeled with different amounts of doping ions wsuecessfully prepared via a sol-gel process
followed by annealing at high temperatures. Thislgtidentified the relevance of the u

and Mrf*-doping concentration for the luminescence propsmif the Ca(P0y)sOH and
Zn,SiO, shell, respectively. No influence on the crystalcgure was detected for the
SiO,/Cao(POy)sOH:EW*" samples by variation of the doping ion fractiomeneas a different
ratio of the ZnO to Zs8i0, phases was observed for $iEh,SiO;Mn**, depending on the
Mn?* concentration. Our results suggest that the ptedeynthesis method offers significant

advantages for the fabrication of core-shell stireed NPs. In this way, luminescent NPs on
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the basis of inorganic materials with controlledistural and optical properties can be

produced and will be suitable for various biotedbgial applications.
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