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Abstract

Three luminescent silica-based nanohybrids were fabricated by grafting of silylated Ru(Il) and
Nd/Yb(III) complexes onto mesoporous silica nanoparticles obtained by microemulsion method.
The prepared nanohybrids were characterized by Fourier transform-Raman spectroscopy, solid
state-nuclear magnetic resonance, high resolution-transmission electron microscopy and
scanning and transmission electron microscopy techniques. The chemical integrity and the
grafting of all complexes inside MSNs nanopores as well as a good distribution of metal
complexes onto MSNs surface were achieved for all nanohybrids. Photophysical results revealed
that by monitoring the excitation on Ru(Il) moieties from SiO,-RuNd and SiO,-RuYb
nanohybrids, the sensitization of NIR-emitting Nd/Yb(III) ions were successfully detected via
energy transfer processes. Energy transfer rates (kg,t) of 0.20 x 10" and 0.11 x 10’ s ' and
efficiencies of energy transfer (7,1) of 40% and 27.5% were obtained for SiO,~RuNd and
SiO,-RuYDb nanohybrids, respectively. These results confirm the preparation of promising dual
(near-infrared/visible)-emitting silica-based nanohybrids as new nanotools for applications as
nanosensores and nanomarkers.

Supplementary material for this article is available online

Keywords: silylated Ru(Il) and Ln(IIl) complexes, mesoporous silica nanoparticles, dual-
emitting silica-based nanohybrids

(Some figures may appear in colour only in the online journal)

1. Introduction

Lanthanide complexes have been extensively studied due
their fascinating optical properties usually governed by
interaction with light. By using organic chromophores as
coordinating agents, the excitation process could be improved
and the emission of lanthanide centers will be intensified

[1, 2]. Intense and narrow emission bands, high quantum
yields and long emission lifetimes could be achieved been
suitable for industrial applications such as optical fibers,
amplifiers, displays and lasers [3, 4] as well as biological
applications including in vitro and in vivo biomarkers [5, 6],
biosensors [7], magnetic ressonance contrasts (MRI) [8],
photothermal and photodynamic therapies (PTT and PDT)
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Scheme 1. Rul1 (a, i) and LnL3 (a, ii) complexes and synthesis routes to fabricate Si0, Ru (b) and SiO, RuLn (c) nanohybrids

(described the numbers in red and blue).

[9, 10] and so forth. Specifically, near-infrared emitting lan-
thanide(III) complexes such as Nd(IIT) and Yb(III) have been
garnered great attention due to their emission bands ranging
from 700 to 1100 nm, spectral domain of high transparency in
biological systems extremely interesting for biomedical
applications [4, 11]. However, antenna ligands are commonly
excited by ultraviolet (UV) light, which can generate simul-
taneous autofluorescence and damage of biological systems
besides to be opaque in living tissues [7, 12].

In order to overcome these drawbacks, ruthenium(Il)
polypyridyl complexes are versatile compounds typically
used in several research fields due to their tunable photo-
physical and photochemical properties been attractive for
applications in solar cells [13], biosensores [14], bioimaging
[15], catalysis [16], PDT [17], among others. In addition,
Ru(I) polypyridyl complexes are used as d-block chromo-
phores to generate sensitized luminescence from Ln(III) ions
with low energy f fexcited states [12, 18 21]. The long-lived
excited states known as triplet metal-to-ligand charge-transfer

(*MLCT) possesses high absorption of visible light suitable to
match the low energy f f excited states been efficient sensi-
tizers for NIR-emitting Nd(III)/Yb(IIT) ions [22]. Several
research groups have reported the synthesis of Ru Ln het-
erobinuclear complexes as strategy to overcome the limitation
of UV excitation [12, 18 20, 22 25]. Although these com-
plexes exhibit efficient sensitized NIR-emitting lanthanides
by monitoring the excitation on *MLCT of Ru(I) moieties,
the most of them show low solubility and transport in aqueous
or biological media making it difficult to apply them as
luminescent sensors and markers.

In this sense, mesoporous silica matrices appear as a
good and fashionable alternative to explore luminescent
properties of metal complexes in biological applications.
Specifically, mesoporous silica nanoparticles (MSNs) exhibit
low toxicity, good biodistribution, biodegradability and easy
elimination make them suitable for in vitro and in vivo
assays [26 28]. Beyond that, tunable physico-chemical
properties as chemical stability, size, pores volume and
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Figure 1. Raman scattering spectra of (a) RuL1, (b) YbL3, (c) NdL3,
(d) SiO, Ru, (e) SiO, RuYb and (f) SiO, RuNd.

diameter, morphology, loading and release capacities,
hydroxyl groups available and surface modification (inner and
outer of pores) become them interesting nanoplatforms for
cargo protection against premature leakage, deactivation
processes and fast degradation [28 30]. Menu et al [31 36]
have demonstrated the preparation of several luminescent
silica-based nanohybrids and their successfully application as
nanomarkers on in vitro assays [34, 36].

Herein, as a strategy to explore the potential of the Ru(Il)
and Nd/Yb(IIT) complexes and the advantages of the MSNs,
we report the fabrication of three new luminescent silica-
based nanohybrids: (i) RuL1 grafting onto MSNs (labeled
SiO,-Ru) and (ii) simultaneous grafting of RulL1 and NdL3
or YbL3 onto MSNs (labeled SiO,-RuNd and SiO, RuYb,
respectively). Structural characterization are successfully
performed by using FT-RAMAM, SS-NMR and STEM
techniques confirming the chemical integrity and the grafting
of all complexes inside MSNs nanopores. Photophysical
properties of Si0,—RuNd and SiO, RuYb nanohybrids are
studied and discussed in this work regarding to the efficiency
of energy transfer processes from Ru(Il) to NIR-emitting
Nd/Yb(III) moieties when both d and f complexes are sub-
mitted to the silica nanopores. The SiO,-RuNd and
SiO,-RuYb are exhibited as a promising dual (NIR visible)-
emitting nanotools for biomedical applications as nanosensors
and nanomarkers.

2. Experimental

2.1. Materials

All reagents were purchased from Acros, Aldrich, SDS, New
Biochem, Fluka, or Quimis and were used as received. The
Rul1 silylated complex were synthesized and successfully
characterized as described in previous work [35, 36]. The

NdL3 and YbL3 silylated complexes were synthesized
similarly as previously described [33]. All silylated com-
plexes are shown in scheme 1(a). Spherical mesoporous SiO,
nanoparticles (labeled MSNs) was obtained as described by
Nandiyanto et al [37]. MSNs with an average size of 47 +
5 nm, a specific surface area value (Sggt) of 675 m? g ! and
average pore size of 9 nm were obtained. Dichloromethane
and ethanol were purified by distillation in an inert atmos-
phere before use. The Schlenk system was used to prevent the
hydrolysis reaction of the alkoxysilyl groups in the grafting
reactions.

2.2. Characterization

Elemental analyses of C, H, N and S were performed on a
Fisons EA1108 Instrument CHNS/O elemental analyzer.
Nitrogen and Sulfur contents allow the determination of the
grafting ratio, R, expressed in millimoles of complex per gram
of silica. Nitrogen adsorption isotherms were measured on a
Surface and Porosity Analyser Tristar 3020 Micromeritics
apparatus, and the experiments were carried out on samples
degassed at 90 °C under vacuum for 20 h. Surface areas were
determined from the BET method. The presence of lantha-
nides and ruthenium on the mesoporous SiO, nanoparticles
were evaluated by HR-TEM and STEM, using a JEOL JEM-
ARM200F Cold FEG EDS/EELS microscope. A drop of
sol was diluted in ethanol. A carbon-coated grid was dipped
in the solution and allowed to air-dry at room temperature.
Raman spectra of the samples were collected on a RFS 100
Fourier transformed Raman Bruker spectrometer equipped
with a Ge detector using liquid nitrogen as the coolant and a
Nd:YAG laser emitting at 1064 nm. For each spectrum, an
average of 1024 scans was performed at a resolution of
4 cm ' over a range from 3500 to 50 cm '. The
PSi{'H}CP-MAS and '"C{'H}CP-MAS spectra were
obtained on a Ascend III 400WB HD spectrometer, operating
at 9.4 T, using a commercial 4 mm double resonance MAS-
NMR probe. The frequencies of nuclei are 400.13, 79.49 and
100.6 MHz for 'H, *Si and '*C and spinning speeds of 15
and 10 kHz, respectively. 2°Si{'H}CP-MAS spectra were
measured with "H 90° pulse length of 2.9 ys, a contact time of
2.5 ms, and a relaxation delay of 5s. BC{'H}CP-MAS
spectra were measured with 'H 90° pulse length of 3.1 us, a
contact time of 3.5 ms, and a relaxation delay of 5s. All
spectra were acquired with TPPM proton decoupling during
the data acquisition applying decoupling pulses of 5.8 us
length (7 pulses). Chemical shifts are reported relative to
TMS. Luminescence spectra were measured at room temp-
erature using a Jobin-Yvon Model Fluorolog FL3-22
spectrometer equipped with a HI10330-75 Hamamatsu
detector, TE: cooled NIR-photomultiplier module and a
450 W Xe excitation lamp. Excitation and emission spectra
were recorded under CW excitation and were corrected with
respect to the Xe Lamp intensity and spectrometer response.
Fluorescence intensity decays for the nanohybrids were
obtained using the time-correlated single-photon counting
technique. The excitation source was a mode-locked Ti:sap-
phire laser (Tsunami 3950 pumped by Millennia X Spectra
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Figure 2. ">C{'H}CP MAS NMR (I) and *’Si{'H}CP MAS NMR spectra (II) of (a) SiO, Ru, (b) SiO, RuYb and (c) SiO, RuNd. 12:
carbon atoms in methoxysilyl groups not grafted (Described the numbers in red and blue).
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Figure 3. Nitrogen adsorption/desorption isotherms of (a) MSNs
and (b) SiO;, Ru, (c) SiO, RuYb and (d) SiO, RuNd nanohybrids.

Physics) producing 5 ps FWHM pulses ranging from 0.5 to
8.0 MHz repetition rate, regulated by the 3980 Spectra Phy-
sics pulse picker. The laser was tuned to give output at
892 nm and a second harmonic generator BBO crystal
(GWN-23PL Spectra Physics) gave the 448 nm excitation
pulses that were directed to an Edinburgh FL900 spectrometer
adjusted in L-format configuration. The solid samples were
placed in a holder perpendicular to the excitation source. The
emission wavelength at 610 nm was selected by a mono-
chromator and emitted photons were detected by a cooled
Hamamatsu R3809U microchannel plate photomultiplier. The
whole instrument response function was typically 100 ps.
Energy transfer rate constant (kg,t) and efficiency of energy
transfer (ng,1) were obtained using ruthenium SMLCT decay
values from the SiO,-Ru (used as a standard) and the
SiO>-RuNd and SiO,; RuYb nanohybrids.

2.3. Synthesis

Two types of luminescent nanohybrids were obtained. First,
by grafting of one complex (RulLl) onto MSNs (labeled
SiO,-Ru) and second, by simultaneously grafting of two

complexes (RuL1/NdL3 or RuL1/YbL3) onto MSNs
(labeled SiO,—-RuNd and SiO, RuYb), schemes 1(b)
and (c).

2.3.1. SiO>—Ru nanohybrid. 0.32 mmol (285 mg) of RulLl
complex was dissolved in ethanol (10 ml) and reacted with
(285 mg) MSNSs. The mixtures were stirred for 72 h at 295 K
in N, atmosphere. The resulting suspensions were dialyzed
for 72 h, and the solids were isolated by centrifugation at
15 000 rpm for 15 min The SiO, Ru obtained was washed
with water, ethanol and diethyl ether. All solids obtained were
dried under vacuum for 4 h. SiO, Ru: Elemental analysis %,
found (calcd): R = 0.18 mmol g . C, 10.51 (8.98); H, 1.29
(0.90); N, 1.05 (1.05).

2.3.2. Si0Oo~RuNd and SiO—RuYb nanohybrids. 0.20 mmol
(178 mg) of RuL.1 complex, 0.20 mmol (260 mg) of NdL3
complex and 0.20 mmol (289 mg) of YbL3 complex were
dissolved in ethanol (20 ml) and reacted with (450 mg)
MSNs. The mixtures were stirred for 72 h at 295 K in an N,
atmosphere. The resulting suspensions were dialyzed for 72 h,
and the solids were isolated by centrifugation at 15 000 rpm
for 15min The obtained solids were washed with water,
ethanol, dichloromethane, and diethyl ether and then
dried under vacuum for 4 h. SiO, RuNd: Elemental
analysis %, found (calcd): Rg, = 0.14 mmol g ! and Rng =
0.16 mmolg ': C, 1534 (14.65); H, 1.74 (1.54); N,
1.32 (1.32); S, 1.53 (1.53). SiO, RuYb: Elemental
analysis %, found (calcd): Rgr, = 0.11 mmolg ' and



Figure 4. HR TEM images of (a) MSNs and different nanohybrids: (b) SiO, Ru, (c¢) SiO, RuYb and (d) SiO, RuNd.

Ry, = 0.15 mmolg ' C, 15.52 (12.67); H, 1.74 (1.34); N,
1.05 (1.05); S, 1.41 (1.41).

3. Results and discussion

3.1. Characterization of the silica-based nanohybrids

RuL1 complex (scheme 1(a, i)) and LnL3 (Ln = Nd(II),
Yb(IIl)) complexes are displayed in schemes 1(a, i) and (a, ii),
respectively. The silica-based nanohybrids labeled SiO,—Ru
and SiO,-RuLn were successfully prepared as shown in
schemes 1(b) and (c), respectively.

FT-RAMAN measurements show characteristic bands
ascribed to the complexes and bands relating to Ln O and
Ru N bonds. Figure 1 displays Raman scattering similar
spectra obtained for SiO,-Ru (figure 1(a)), SiO,—RuYb
(figure 1(b)) and SiO,—RulNd (figure 1(c)) nanohybrids

The characteristic bands of the RulL1 and LnL3 com-
plexes were detected also in the nanohybrids as displayed in
figure 1. Bands in the 640 685 cm ' region were assigned to
v(Ln O) and »(Ru N) from LnL3 and Rull complexes,
respectively [38 41]. Additionally, at 372 and 1030 1045

cm ! bands attributed to (Ru N) were detected [40, 41].
Bands observed at 1605 1629 cm ' were ascribed to /(C=N)
and at 1490 and 1560 cm ' assigned to (C=C) present in the
RuL1 complex. Bands relating to LnL3 complexes were
found at 1357 and 1415 cm ' corresponding to (C=0 and
C=C) [38, 39]. These results corroborate DRIFT analysis (not
show) confirming Rulll and LnL3 complexes grafted
onto MSNs.

The chemical integrity of the complexes grafted onto
MSNs was verified by >C{'H}CP-MAS NMR spectroscopy.
Figure 2(I) shows '*C{'H}CP-MAS spectra for the nanohy-
brids obtained by grafting of RuL1 and LnL3 complexes.
The spectrum ascribed to the SiO, Ru nanohybrid
(figure 2(I, a)) shows signals of carbon atoms of the RuL1
complexes grafted in the silica matrix. Signals at 125, 139,
151 and 157 ppm were attributed to the carbon atoms of the
bpy ligands, CIII-CV, CIV, CVI and CII, respectively [36].
The signals ascribed to the carbon atoms of the propyl chain
were observed with low intensity at 10 (C11), 22 (C10 and
C7), 55 (C9) and 58 (C8) ppm [36]. It is worth noting that the
characteristic signals expected from TTA ligands were not
observed in the figures 2(I, b and c). The low sensibility in
both spectra (figures 2(I, b and c)) can be ascribed to the
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Figure 5. Electron microscope images and elemental mapping of the SiO, Ru: (a) STEM image, (b) Si mapping, (c) Ru mapping and (d) Si

(blue color) and Ru (red color) mapping.

paramagnetic interactions, compromising the efficiency of
the cross-polarization process owing to very short 'H spin-
lattice relaxation times in the rotating frame [42]. For the
SiO, RuNd and SiO,-RuYb nanohybrids (figures 2(I, b and
¢)), only signals ascribed to the bpy ligands, ethoxysilyl and
methoxysilyl groups, present in the ruthenium and lanthanide
complexes could be observed. The spectra were similar for
both nanohybrids with signals at 125, 139, 151 and 157 ppm
assigned to the carbon atoms of the bpy ligands, CIII-CV,
CIV, CVI and CII, respectively, for the ruthenium complexes.
Signals at 10, 22, 55 and 58 ppm, C11, C10-C7, C9 and CS8,
respectively, were attributed to the ethoxysilyl groups present
in the RulL1 complexes. The signals at 47, 26 and 10 ppm
were ascribed to the carbon atoms of the methoxysilyl groups,
C9, C10 and Cl11, respectively, present in the LnL3 com-
plexes. Methoxysilyl groups not grafted were detected in
figures 2 (I, ¢) and assigned to C12.

Figure 3 shows nitrogen adsorption/desorption isotherms
from MSNs, SiO, Ru, SiO,-RuYb and SiO, RulNd sam-
ples that exhibits a type IV shape, which is characteristic of
mesoporous materials [35]. Values of specific surface area
(Sger) of the SiO,—Ru nanohybrids (Sggr = 654 Inzg D)

decreased relating to the MSNs (Sggr = 675 m’ g 1. For the
SiO,-RuYDb and SiO,—-RulNd, these values of St decreased
significantly with 348 and 268 m”g ', respectively, con-
firming that the nanopores are filled up with complexes.

HR-TEM measurements were carried out to evaluate the
morphology and nanopores structure after grafting of the
silylated complexes. Figure 4 shows HR-TEM images of
the MSNs (a) and SiO,-Ru (b), SiO,-RuYb (c) and
SiO,-RuNd (d) nanohybrids. The MSNs (figure 4(a)) dis-
plays a random distribution of the nanopores clearly observed
as previously described [37]. However, according to the HR-
TEM images, all nanohybrids present spherical morphology
without changing of the structure besides show the nanopores
filled up, confirming the most of complexes are grafting
inside de nanopores. These results corroborate DRIFT, FT-
RAMAN, N, adsorption/desorption and solid-state NMR
analysis exhibiting the presence of the complexes inside de
nanopores of the matrices.

In STEM measurements, atoms with high electron den-
sity as ruthenium, neodymium and ytterbium can be easily
distinguished from Si atoms. The elemental mapping were
obtained by EDX spectroscopy on STEM microscopy, and



Figure 6. Electron microscope images and elemental mapping of the SiO, RuYb: (a) STEM image, (b) Si mapping, (c) Ru mapping, (d) Yb
mapping, (e) Si (blue color), Ru (red color) and Yb (green color) mapping. (f) STEM image with a line profile of Ru (red line) and Yb (green

line) atoms in the selected area (blue line).

the obtained results for SiO, Ru,
SiO, RuNd are shown in figures 5 7
SiO,—Ru nanohybrid kept the spherical shape. Elemental
mapping of Si atoms confirm that these elements are homo-
genously dispersed to form the MSNs. Ru atoms are also
detected and its appear homogenously well dispersed inside the

SiO,-RuYb and

nanopores. Grafting efficiency observed by STEM are in
agreement with the EA data (SiO,~Ru: 0.18 mmol g ' of silica).

SiO,-RuYb and SiO,-RulNd nanohybrids displayed
grafting efficiencies higher than SiO,-Ru nanohybrid dis-
cussed above due to the grafting of two types of complexes
onto MSNs. Concerning SiO, RuYb and SiO, RuNd



Figure 7. Electron microscope images and elemental mapping of the SiO, RuNd: (a) STEM image, (b) Si mapping, (c) Ru mapping, (d) Nd
mapping and (e) Si (blue color), Ru (red color) and Nd (green color) mapping. (f) STEM image with a line profile of Ru (red line) and Nd

(green line) atoms in the selected area (blue line).

nanohybrids, elemental mapping of Si atoms confirms that
these elements are homogenously dispersed to form the MSNs.

Figure 6 exhibits Ru and Yb atoms appear hetero-
geneously distributed inside and at the surface of the MSNs
nanopores. The higher Yb concentration compared with Ru

atoms at the nanoparticles surface is in agreement with the EA
data (SiO, RuYb: 0.11 and 0.15 mmol g ' of silica using N
and S contents for the calculation, respectively).

On the other hand, concerning SiO,~RulNd, Ru and Nd
atoms are homogenously dispersed inside the nanopores
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Figure 8. Room temperature excitation ((a), Aemission = 643 nm) and
emission ((b), Aexcitaion = 455 nm) spectra of the SiO, Ru
nanohybrid in solid state.

Table 1. Grafting efficiencies, in mmol of Ru(Il) and Ln(IIl)
complexes gfl of silica, and amount of Ru(II) and Ln(III)
complexes nm™> of silica for the nanohybrids.

Number of complex per

Samples R (mmol g~ of Si0,) nm?

RRu RLn Ru Ln
SiO, Ru 0.18 0.16
Si0, RuYb 0.11 0.15 0.09 0.13
SiO, RuNd 0.14 0.16 0.12 0.14

(figure 7). STEM data confirm grafting efficiencies as obtained
by EA (SiO,-RuNd: 0.14 and 0.16 mmol g ' of silica, cal-
culated from Ru(II) and Nd(III) moieties, respectively).

The grafting of Ru(II) and Ln(IIT) complexes (in mmol of
complex g ' of silica) was calculated according to the N and
S contents, respectively, as described by Menu et al
[32, 33, 36]. The number of complexes nm? of silica were
calculated using grafting efficiency, Avogadro number and

specific surface area values of the matrix before grafting of
the complexes as exhibited in table 1.

The grafting efficiencies using MSNs with 765 m* g ' of
silica were higher for Si0, RuYb and SiO,—RuNd than for
SiO, Ru nanohybrid. Additionally, 0.09 0.16 complexes per
nm? were grafted onto MSNs. Despite similar concentration
of RuLL1 and LnL3 complexes added for grafting reactions,
EA results display more grafted LnL3 than Rul1, for both
SiO>-RuYb and SiO,—-RuNd nanohybrids.

3.2. Photophysical properties of the silica-based nanohybrids

Figure 8 shows the excitation (a) and emission (b) spectra
from SiO,-Ru nanohybrid. Bands at 285, 325 and 455 nm
are observed in the excitation spectrum related to transitions
centered on the ligand (m — 7" transitions) on the metal
(mm — 0" transitions) and 'MLCT (d — 7" transitions),
respectively [35]. The characteristic emission band of
SiO, Ru nanohybrid centered at 643 nm was ascribed to the
transition from the *MLCT excited state to the ground state
[35]. The blue shift compared to the free RuL.1 complex is
related to the rigido-chromism phenomenon [43, 44] due the
interaction between the complexes and the silanol groups of
the rigid network avoid the spatial reorientation of complex.
When RulL.1 complex was grafted onto mesoporous surface,
the solvent present into the pores was unable to reorient
around the excited complex. As a consequence, the Franck
Condon excited state was not completely stabilized, and
emission occurred from a higher energy level than free
complex [35]. Luminescence spectra from Rul.1 (figure S1),
YbL3 (figure S2) and NdL3 (figure S3) complexes are
exhibited in the supplementary material.

Figure 9 shows excitation and emission spectra obtained
from SiQ, RuYb nanohybrid. A broad emission band was
observed at 610 nm and assigned to the Ru(Il) SMLCT
emission [35] in a similar way observed for SiOQ,-Ru
(figure 8). Comparing with free RuL1 complex, the *MLCT
energy was blue shifted as previously described (SiO,—Ru in
the figure 8). The excitation spectra obtained by monitoring
the Ru(Il) SMLCT emission shows bands ascribed to the
d — 7 'MLCT transitions, transitions centered on ligands
(m — 7" transitions) and transitions centered on the metal
(mvq — o™y transitions), [35] in agreement with the free
Rul.1 complex.

The IR emission band peaking at 980 nm with broader
components at 1010 and 1030 nm (figure 9(d)) could be
ascribed to the Yb(III) °Fs» — Fy, transition [45 47]. The
excitation spectrum (figure 9(c)) shows the broad ligand
centered band below 400 nm and the Ru(Il) related band from
400 to 700 nm. Considering the excitation spectrum obtained
by monitoring the Ru related visible emission, the sensitiza-
tion of the Yb(III) IR emission is clearly shown here.

Figure 10 depicts results detected from SiO,—RuNd
nanohybrid. The Ru(Il) related broad emission band is
observed peaking at 610 nm (figure 10(b)). Excitation spec-
trum obtained by monitoring the broad emission bands shows
the broad bands assigned to the ligands and Ru(Il) in similar
way obtained for the SiO, RuYb.
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Figure 9. Room temperature excitation ((a), Aemission: 010 nm and (¢), Aemission: 980 nm) and emission ((b), Aexcitation: 370 and 455; and (d),
Aexcitation: 365 and 475 nm) spectra of the SiO, RuYb nanohybrid in solid state.

Two emission bands were detected in the infrared region
at 1061.5 nm (attributed to Nd(II) “F5/, — *I;; » transition)
and at 1333 nm (Nd(II) *F3,» — *I;3/, transition) [45 47].
The excitation spectrum obtained when monitoring emission
at 1061.5 shows Nd(III) above 700 nm. Two broad bands are
observed below 600 nm. In the same way observed for the
SiO,-RuYb nanohybrid, here the Ru(Il) to Nd(IIl) energy
transfer is evidenced. The energy levels diagram presented in
scheme 2 illustrates the observed energy transfer processes.

Decay time results observed for the Ru(Ill) MLCT Ilevel
are presented in table 2. Decreasing decay times in the pre-
sence of lanthanide ions put in evidence Ru Ln energy
transfer (EnT) processes.

Energy transfer rate of 0.11 x 10’s ' and efficiency of
energy transfer of 27.5% were obtained for SiO,—RuYb. EnT
rate of 0.20 x 10’s ' and efficiency of energy transfer of
40% could be evaluated for SiO,—~RuNd. The higher values
observed for the Nd(III) hybrid is well explained by the
matching of donor and acceptor energy levels as shown in
scheme 2.

Therefore, three new luminescent nanohybrids were
prepared. The photophysical properties of SiO, RuNd and
SiO,-RuYb nanohybrids were evaluated and energy transfer
processes were confirmed for lifetimes data obtained from
Ru(I) emission decay and emission/excitation spectra.

1

4. Conclusion

We have fabricated three new luminescent silica-based
nanohybrids by grafting of silylated Ru(Il) and Nd/Yb(III)
complexes onto MSNs. The silica matrix prepared by
microemulsion method displayed interesting features for post
modification such as high surface area with high porosity and
silanol groups available, detected by HR-TEM, DRIFT, N,
adsorption/desorption analysis. Structural characterization of
all nanohybrids were successfully achieved by using DRIFT,
FT-RAMAN, SS-NMR, HR-TEM and STEM techniques,
confirming the presence of the Ru(Il) and Nd/Yb(III) inside
the SiO, nanopores. Luminescent properties were evaluated
by monitoring the excitation on MLTC states from Ru(Il)
moieties. SiO, Ru nanohybrid displays the characteristic
emission band at 643 nm. For SiO, RuNd and SiO, RuYb
nanohybrids, emissions in the visible correspond to the Ru(II)
complexes (from the SMLCT excited state) while the NIR
emissions were assigned to the Nd(III) (4F3 /2= 4111 2 and
“F, 2= 1, /2 transitions) and Yb(III) (%Fs 2= ’F, /2 trans-
ition) ions. From Decay times of the Ru(Il) moieties in the
SiO, RuNd and SiO, RuYb nanohybrids, energy transfer
processes were revealed with kg, values of 0.20 x 107 and
0.11 x 10’s ' and ng,r of 40% and 27.5%, respectively.
These results confirm Nd(III) levels more suitable for energy
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P = phosphorescence; EnT = energy transfer; F = Fluorescence) in
the SiO, Ru, SiO, RuNd and SiO, RuYb nanohybrids.

Table 2. Photophysical properties for MLCT based visible emission
and Ln(III) based NIR.

MLCT based emission (Ex: 448 nm)

Mmoo 7/ns kpar/107sT Pngar/%
SiO, Ru 610 3447
Si0, RuNd 610 206.2 0.20 40.2
SiO, RuYb 610  249.8 0.11 27.5

! kent (energy transfer rate constant)  1/74 1/7, (7 and 7, refer to
the ‘quenched’ and ‘unquenched’ lifetime of Ru(II) complexes before
and after coordination with Ln(III)).

’ Nent (efficiency of energy transfer) 1 (74/7y).

transfer than Yb(II) from Ru(Il) MLTC excited states.
Finally, the photophysical investigation suggests the dual
(NIR /visible)-emitting SiO, RuNd and SiO, RuYb nano-
hybrids as potential nanolabels for biological assays.
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