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NANOPARTICLES FUNCTIONALIZED WITH ISOLATED SENSITIZED Yb(III) CENTERS
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The need for effective chemical sensors that could be useful for imaging biological samples in vitro or in vivo has been one of the major driving forces for the development of luminescent molecules and materials. [START_REF] Prasad | Introduction to Biophotonics[END_REF] , 2 While many examples of strongly luminescent molecules for chemical sensing in biological samples are currently available, 3 the excitation wavelength lies in most cases in the visible region of the spectrum, which does not deeply penetrate biological tissues and can lead to a potential risk for photo-damage because of the high energy of visible light. 4 One potential solution to these challenges is the use of near infrared (NIR) light, located in the 700-1200 nm spectral range, because biological tissues are effectively transparent in this region leading to less scattering. 5 Though attractive, most chromophores are not fully optimized for this spectral range (low quantum yield, small Stokes Shift). [6][7][8] Biphotonic microscopy would give the benefits of NIR excitation with desirable luminescent properties. 9 Biphotonic microscopy relies on the nonlinear simultaneous absorption of two photons of half energy in the NIR, from an intense femtosecond Ti:sapphire laser source [700-1050 nm] 10-13 which enables the use of chromophores that are excited in the visible region with NIR light. However, most chromophores designed for biphotonic microscopy emit at higher energy compared to the laser excitation and fall in the visible region. Only a few notable examples of red emitters have been reported. [14][15][16][17] Ytterbium complexes are ideal candidates for NIR-to-NIR biphotonic microscopy because of the 2 F 5/2 → 2 F 7/2 ytterbium (III) transition around 1000 nm, an emission at higher wavelength than the incident laser. 1 1 8 8 , 1 1 9 9 This emission has been used for 3D imaging of a mouse brain vascular network. 1 1 9 9 Though promising, the low luminescent quantum yield efficiency of molecular ytterbium species limits the generality of this technique. 2 2 0 0 To overcome this drawback the two-photon brightness parameter -defined as the product of the two-photon cross-section and the quantum yield -can be improved using the local concentration effect, i.e., the confinement of a large number of chromophores in a nanoscale size object. This strategy has been successfully used for organic chromophores and europium based luminescent single nanoparticles. [21][22][23][24][25][26][27][28][29][30] Though these nano-materials offer potentially intriguing luminescence properties, detrimental luminescent self-quenching may occur in some doped luminescent nanoparticles prepared by Stöber or ORMOSIL (Organically Modified Silica) emulsion sol-gel techniques.

Here we describe the preparation and molecular-level characterization of bright ytterbium-containing luminescent nanoparticles (LSN). We use Surface Organo Metallic Chemistry (SOMC) [31][32][33][34][35][36] to regularly position well-defined chromophoric ytterbium complexes containing DEAS = 4,4'-diethylaminostyryl-2,2'-bipyridine, a nonlinear optical chromophore-ligand [37][38][39][40][41] on the silica surface. These Ybbased LSN's were detected using NIR-to-NIR biphotonic optical microscopy. 19 The direct characterization of these materials by spectroscopic methods was complemented by characterizing the corresponding diamagnetic yttrium analogous surface species and homogeneous molecular siloxide analogues Ln(OSi(OtBu)

3 ) 3 (L) (Ln = Y and Yb with L = 4,4'-Me 2 bipy and DEAS). The photophysical properties of the surface complexes are comparable to the molecular complexes, clearly showing that the surface species are located in a welldefined molecular environment. These results allow direct structure -property relationship between a structure of the functionalized nanoparticles and the photophysical properties. 2 2 R Re es su ul lt ts s a an nd d D Di is sc cu us ss si io on n

The synthesis of silica particles functionalized with chromophores bound to surface Ln isolated site is performed in a three-step procedure as shown in Scheme 1. The silica nanoparticles pre-treated at 700 °C under vacuum, having a low density of surface silanols ([SiO 2-700 ], 0.8 OH.nm -2 , 0.26 mmol/g), are contacted with Ln(N(SiMe (eq. 1) and the subsequent competitive reaction with silanols (eq. 2). 42,43 Ln(N(SiMe 3 )

2 )

3

+ ≡SiO-H → (Me 3 Si) 2 NH + ≡SiO- Ln(N(SiMe 3 ) 2 (1) (Me 3 Si) 2 N-H + 2 ≡SiO-H → NH 3 + 2 ≡SiO-SiMe 3 (2) 
T Ta ab bl le e 1 The IR spectrum also contains low intensity bands in the 3464 and 3534 cm -1 region that are associated with N-H vibrations, which can be attributed to strongly adsorbed compounds such as (Me 1, Entry 3). The absolute fate of the silylamide during this treatment remains unknown, but elemental analysis shows that most of carbon and nitrogen are eliminated in [Y@SiO 2 ], albeit small quantities of carbon and nitrogen persist (5 C/Ln and 0.5 N/Ln). Characterization of [Y@SiO 2 ] by solid-state NMR shows that most surface organic functionalities have disappeared, and that only ≡SiO-SiMe 3 groups remain at the surface as evidenced by the presence of a single peak in the 1 H MAS spectrum at 0.05 ppm, and the resonance at 0.0 ppm in the 13 C CP-MAS NMR spectrum (Figure S4). It is likely that during the thermal treatment the -N(SiMe 3 )

3 Si) 3-x N(H) x (0 < x ≤ 3), generated CH 2 Cl 2 , 3h Pentane, 25 o C 3h 10 -5 mbar N N R R Ln = Y,Yb N N R R 500 o C -NH 3 [Ln(N(SiMe 3 ) 3 @SiO 2 ] [Ln@SiO 2 ] Ln(N(SiMe 3 ) 2 ) 3 OH Si O O O Si Si Si O O O Si OH O O O O O O O Ln N(SiMe 3 ) 2 N(SiMe 3 ) 2 O Si O O O Si Si Si O O O Si O O O O O O O O SiMe 3 Ln O Si O O O Si Si Si O O O Si O O O O O O O O SiMe 3 [DEAS Ln@SiO 2 ] Ln O Si O O O Si Si Si O O O Si O O O O O O O O SiMe 3 a) N N N N 2 
2 fragment is transferred to the surface by opening an adjacent siloxane bridge, thus forming new Y-O bonds and ≡Si-N(SiMe 3 ) 2 (eq. 3-4), 45 the latter presumably further decomposing into SiNH x surface species. 46 Similar observations are obtained for the thermal treatment of the [Yb(N(SiMe 3 )

2 ) 3 @SiO 2 ] to form [Yb@SiO 2 ], albeit at a slightly lower decomposition temperature (Figure S3). Ele- 

We characterized the [Ln@SiO 2 ] materials by Extended X-Ray Absorption Fine Structure (EXAFS) analysis (Table 2 and Figure S5). For [Y@SiO 2 ], the EXAFS data are consistent with a yttrium atom surrounded by three oxygen atoms at short distance of 2.221(8) Å, and two additional O neighbors at 2.40(1) Å. These values indicate that the yttrium atom is bonded to three oxygen atoms, and also coordinated to nearby siloxane bridges, (≡SiO)

3 Y(≡SiOSi≡) 2 . For [Yb@SiO 2 ], the Yb ion is also surrounded by three oxygen atoms at short distances (2.11(2) Å), but interacts with more siloxane bridges at longer distances, (≡SiO)

3 Yb(≡SiOSi≡) 4 . It should be noted that coordination numbers determined by EXAFS are strongly correlated with the thermal Debye-Waller factor (σ 2 ), which results in large uncertainties. In the case of [Ln@SiO 2 ], this effect is most pronounced for the second oxygen atom shell, which are presumably siloxane bridges. Because of the uncertainty in the coordination numbers, there may be little actual difference between the coordination environment of [Yb@SiO 2 ] and [Y@SiO 2 ] other than the M-O bond distances, which are slightly shorter for Yb than for Y. 47 T Ta ab bl le e 2 2: Fitted EXAFS data for [Y@SiO 2 ] and results in a fast discoloration of the supernatant and yields [DEAS Ln@SiO 2 ] as deep red solids (Scheme 1 and eq 5).

[Yb@SiO 2 ] [Y@SiO 2 ] [Yb@SiO 2 ] ΔE (eV) 2 (1) 4(2) 
(≡SiO

) 3 Ln+ DEAS → [DEAS Ln@SiO 2 ] (5) 
The IR spectrum is almost identical for both lanthanides: the orange-2 ] and deep-red 2 ] contains new bands associated with DEAS. In particular the two bands at 1522 and 1586 cm -1 attributed to ν(C=C) are blue-shifted by 15 cm -1 with respect to free DEAS, evidence for coordination of DEAS to the metal center (Figures S6). 28 The same shift is observed in model molecular complexes Ln(OSi(OtBu)

3 )

(DEAS) (vide infra).

2 ] gives 2.05 % wt Y, 4.72 % wt C and 1.01 % wt N (Table 1,Entry 5). With respect to [Y@SiO 2 ], the nitrogen and carbon contents increase from 0.38 to 1.01 % wt and 1.36 to 4.72 % wt , respectively, which corresponds to an increase of 1.9 ± 1 N and 14.5 ± 1 C per 2 ], elemental analyses (3.95 % wt Yb, 0.99 % w N and 4.72 % wt C) also show a similar increase of 2 ± 1 N and 14.5 ± 1 C per Yb (Table 1, Entry 6). Since DEAS contains 28 C and 4 N atoms, these increases are consistent with the coordination of DEAS to ca. 50% of the Ln sites. From this data we can conclude that the particles contain ca.

per 12 nm particle. The non-complete coordination of all the lanthanide centers (ca. 1 Ln.nm -2 ) is likely due to the size of DEAS ligand. The projected area of DEAS is ca. 2 nm 2 , large enough that a silica nanoparticle cannot accommodate more than 0.5 DEAS.nm -2 . Similar behavior was observed for 2 ]. 28 The 3 ), consistent with the presence of DEAS. The 13 C CP-MAS solid-state NMR spectrum show typical peaks associated with the coordination of DEAS to Y as evidenced by the downfield shift of the methine carbon in alpha of the pyridine nitrogen (carbon-6 in Scheme 1b, Figure S7) from 2 ]. 28 For 2 ], solid-state NMR analyses were not performed because of the paramagnetic Yb center.

Molecular and Computational Models.

The synthesis and the characterization of molecular analogues of the surface species generally results in a deeper understanding of the surface species. [48][49][50][51][52] HOSi(OtBu) 3 is a useful model of an isolated silanol since the silicon is surrounded by four oxygen atoms, as in silica, three of which are -OtBu groups and one is the -OH reactive site. 53 Additionally, HOSi(OtBu) 3 can also accommodate secondary interactions between the metal center and the oxygen of the OtBu groups. 54 Since the -OtBu ligands are rather bulky, monomeric lanthanide siloxides are expected and would serve as good models for the silica surface. The targeted molecular model complexes are Ln(OSi(OtBu)

3 ) 3 (DEAS). We also synthesized the Ln(OSi(OtBu)

3 ) 3 (4,4'-Me 2 bipy) for diffraction studies due to the reluctance of DEAS-metal complexes to form X-Ray quality crystals.

Addition of 4 equiv. of HOSi(OtBu)

3 to Ln(N(SiMe 3 ) 2 ) 3 in CH 2 Cl 2 gives Ln(OSi(OtBu) 3 ) 3 (η 2 -HOSi(OtBu)
3 ) in good yields (Ln = Y, 75 %; Ln = Yb, 72 %; Scheme 2). For Y and Yb, the isolated siloxides crystallize with an additional molecule of silanol, which accounts for the stoichiometry of the reaction. When a stoichiometry of 1:3 is used under the same conditions, only Ln(OSi(OtBu)

3 ) 3 (η 2 -HOSi(OtBu) 3 ) was isolated, though in lower yield. The solid-state structures for both siloxides were determined by X-Ray crystallography and are shown in Figure 1. The compounds are isostructural, and the metals are five-coordinate, the silanol behaving as a bidendate ligand through lone pairs from the -OH and the -OtBu groups. S8), the minor species is not detected in the 13 C NMR (Figure S9). At low concentration (2 mM) the minor species increases while the signal of the major species decreases and shifts to slightly lower field (ie. towards free silanol, Figure S10). These results suggest a dissociative equilibrium between Y(OSi(OtBu)

S Sc

3 ) 3 (η 2 -HOSi(OtBu) 3 ) Y(OSi(OtBu)

3 ) 3 + HOSi(OtBu) 3 . Consistent with this proposal, adding an equivalent of silanol to a solution of complex causes the disappearance of the resonance at δ H = 1.54 and an upfield shift of the δ H = 1.51 ppm towards the free ligand. (Figure S11). When the temperature is lowered to -40 o C a resonance due to the free silanol appears at δ H = 1.45 ppm (Figure S12). From the concentration dependence of Y(OSi(OtBu)

3 ) 3 (η 2 -HOSi(OtBu) 3 ) in toluene d 8 solution we can estimate that the binding of silanol to Y(OSi(OtBu)

3 )

3 is roughly 100.

The 1 H NMR spectra of Yb(OSi(OtBu)

3 ) 3 (η 2 -HOSi(OtBu) 3 ) also show two broadened resonances, associated with two types of OtBu groups in a ratio of 95: 5 at 20 o C at 50 mM concentration attributed to Yb(OSi(OtBu)

3 ) 3 (η 2 -HOSi(OtBu) 3 ) and Yb(OSi(OtBu)

3 ) 3 , respectively as proposed for the corresponding Y-complexes (Figures S13-S14). 3 ) 3 (DEAS) and Ln(OSiOtBu)

3 ) 3 (4,4'-Me 2 bipy), in KBr shows a blue shift of the C =C band of 14 cm -1 (1591 cm -1 ) and 27 cm -1 (1616 cm -1 ), with respect to the free ligand (1577 cm -1 for DEAS and 1589 cm -1 for 4,4'-Me 2 bipy), in good agreement with the values obtained for the surface species (Figures S6 andS22). 3, and further crystallographic information is available in the supporting information. The geometries of the HOSi(OtBu) 3 and 4,4'-Me 2 bipy adducts of both metals are similar, as expected on the basis of the close similarity in the metal radii. The geometry is more or less a square pyramid, where the ligands in the basal plane are nitrogen from 4,4'-Me 2 bipy or oxygen from η 2 -HOSi(OtBu)

3 . The other two oxygen atoms of the basal planes and the apical oxygen are from -OSi(OtBu) 3 groups. In all cases, the four ligands in the basal plane are bent away from the apical ligand. The dihedral angle would be 0° for an ideal square based pyramid, where the central atom is in the same plane of the ligands. In the case of the Ln(OSi(OtBu)

3 ) 3 (η 2 -HOSi(OtBu)

3 ) the dihedral angles between the planes defined by the O1-Ln-O2 atoms and O4-Ln-O5 are 61.° for Y and 67° for Yb, leading a strong distortion, while in the case of the 4,4'-Me 2 bipy adducts the angle between the planes defined by the N1-Ln-N2 and O1-Ln-O2 atoms are 42° for Y(OSiOtBu)

3 ) 3 (4,4'-Me 2 bipy), and 40° for Yb(OSiOtBu DFT calculations were carried out on the molecular analogues, in particular because no suitable crystals could be grown for the DEAS derivatives. First, the calculated structure for Ln(OSi(OtBu)

3 ) 3 (4,4'-Me 2 bipy) has a similar geometry to that found experimentally in the solid state and with almost identical distances and angles of the single crystal structure (Table 3 and Figure 2). The calculated ΔG 298 of reaction for Ln(OSi(OtBu)

3 ) 3 (η 2 -HOSi(OtBu) 3 ) with 4,4'-Me 2bipy to give Ln(OSi(OtBu)

3 ) 3 (4,4'-Me 2 bipy) are -11.0 kcal/mol , and -11.9 kcal/mol for Yb and Y, respectively (vide infra), consistent with an exoergic binding of the bipyridine derivatives to the metal center. The DEAS adduct shows similar behavior in terms of energetics and structural features with slightly longer Ln-N bonds (Ln = Y; 2.528 vs. 2.514; Ln = Yb; 2.537 vs. 2.475 Å respectively).

These molecular studies show that lanthanide siloxides favorably bind bipyridines to yield the corresponding monoadducts that were fully characterized by IR and NMR spectroscopies, diffraction studies and their geometries computed with DFT methods. In view of the close similarities of IR and NMR data obtained for the molecular and surface species, it is thus possible to ascertain the structure of the surface species at a molecular level, with Ln surface sites bound to a bipyridine ligand.

T Ta ab bl le e 3 3: : Summary of the bond angles and distances from X-Ray crystallography and DFT calculations. .

Complex

Dist (Å) Angles ( o ) DEAS is known to display a charge transfer transition (CT) that is due to the diethylamino donation to the pyridyl acceptor; which is responsible for the absorption, emission, and nonlinear optical properties of related complexes. 37 -38,55 This transition is absent in 4,4'-Me 2 bipy.

Ln-O 1 Ln-O 2 Ln-O 3 Ln-O 4 Ln-O 5 O 1 -Ln-O 2 O 2 -Ln-O 3 O 5 -Ln-O 1
The photophysical studies of the molecular model complexes Ln(OSi(OtBu) 3 ) 3 (4,4'-Me 2 bipy) and Ln(OSi(OtBu)

3 ) 3 (DEAS) were examined in the solid state and in dilute pentane, toluene or dichloromethane solution. These measurements were compared to the surface species that were acquired in the solid state. In the solid state Y(OSi(OtBu) 3 ) 3 (DEAS) has an absorption maximum at 450 nm, while the maximum is red-shifted to 465 nm for Yb, corresponding to a bathochromic shift of 40 and 55 nm for each respective lanthanide (Figure 3). In dichloromethane solution Ln(OSi(OtBu)

3 ) 3 (DEAS) display an absorption maximum and extinction coefficient [λ max ; ε] at [405 nm; 60600 M -1 cm -1 ] and [412 nm; 68000 M -1 cm -1 ] for Y and Yb, respectively, corresponding to a much smaller bathochromic shift of 6 and 13 nm relative to free DEAS than found in the solid-state. Ln(OSi(OtBu))

3 (4,4'-Me 2 bipy) (Ln = Y and Yb) show similar behavior: [308 nm ; 16700 M - 1 cm -1 ] and [283 nm ; 16800 M -1 cm -1 ] for Y and Yb, respectively. The smaller bathochromic shift observed in solution for the Ln(OSi(OtBu)

3 ) 3 (DEAS) complexes prompted us to determine the binding constant of bipyridyl ligands to Ln(OSi(OtBu)

3 ) 3 (η 2 -HOSi(OtBu) 3 ).

Titrating a solution of the bipyridyl ligand with a solution of Ln(OSi(OtBu)

3 ) 3 (η 2 -HOSi(OtBu)

3 ) shows clear isobestic points independent of ligand and precursor combination (Figure S23) and indicates that the species involved are related linearly by stoichiometry. Using the method of continuous variation (Job's plots) we found a 1:1 stoichiometry for binding of a bipyridyl ligand to Ln(OSi(OtBu)

3 ) 3 (η 2 -HOSi(OtBu) 3 ). 56 The binding constants are calculated using a one-site binding model (eq. 6), where B max indicates the saturation point of the curve and K D the dissociation constant; the binding constant (K eq ) is the inverse of K D (eq. 7). Plots for K eq determination and Job's Plot are shown in Figures S24 andS25 

K eq = 1/K D (7) The binding constants of DEAS to "Ln(OSi(OtBu) 3 )

3 " (Table 4) is about an order of magnitude greater than for Me 2 -bipy, and the binding of bipyridyl ligands to Yb is about an order of magnitude stronger for Y. These data indicate a dissociation equilibrium in organic solvents. We also determined the binding of DEAS to [Y@SiO 2 ] by titration of DEAS versus a constant quantity of [Y@SiO 2 ]. 57 The resulting curve was fitted with the same one-site binding model and gives a binding constant close to that found for the molecular analogues (1.7x10 3 , Table 4, Figures S26 andS27).

The luminescence properties of the model complexes were studied both in the solid state and in solution, and compared to those of the surface derivatives (Figures S28 andS29). Irradiation of Y(OSi(OtBu)

3 ) 3 (DEAS) at 440 nm in the solid state results in the appearance of an intense emission band assigned to a ligand CT fluorescence at 585 nm (Figure 4). In pentane irradiation at 400 nm blue shifts this transition to 465 nm, with a second peak at 430 nm, a sign of presence of free DEAS due to the reversible coordination of DEAS as discussed above. In the case of Yb(OSi(OtBu)

3 ) 3 (DEAS) solid state measurements show that a similar transition is observed but with very weak intensity (Figure 4). This quenching is explained by energy transfer to the lanthanide excited state sensitizing the characteristic Yb(III) luminescence composed of four bands partially overlapped and assigned to the 2 F 5/2

→ 2 F 7/2
transitions. The additional band at higher energy, called a "hot band" at 940 nm (noted * in Figure 4a) is attributed to emission from higher crystal-field sub level of the excited state. 58 The thermally populated hot band disappears at 77 K, and the Yb(III) emission spectrum is better resolved with four transitions at 982, 1016, 1047 and 1075 nm that correspond to the degeneracy of the 2 F 7/2 ground state due to crystal-field effects. This result allows us to establish the energy splitting diagram of the M J levels and to estimate the total splitting to be ca. 880 cm -1 . This behavior is identical for Yb(OSi(OtBu)

3 ) 3 (DEAS) and for Yb(OSi(OtBu) 3 ) 3 (4,4'-Me 2 bipy) in the solid state (Figures S30-S32). In solution a similar behavior is observed, but due to the relatively low binding, a peak in the free DEAS region is also visible. It is well established that the splitting of the M J state is strongly correlated to the symmetry of the coordination polyhedron, and therefore an identical splitting indicates a similar structure for all molecular complexes. 61 The total splitting value (Δ = 880 cm -1 for Yb(OSi(OtBu)

3 ) 3 (DEAS) in the solid state) is very high and consistent with the low symmetry coordination (see supporting information for a representation of the M J splitting, Figure S32). [59][60][61][62][63] Finally the lifetime of the Yb(III) excited state was determined for all molecular complexes in solution and in the solid state (Table 5). In each case a perfect mono-exponential decay (eq 8) is observed with a lifetime between 5 and 5.8 µs (Figures S33 andS34).

2 ] nanoparticles are shown in Figure 4. The CT emission is centered at 635 nm (+/-3nm) for both compounds, a value significantly red-shifted compared to the molecular models (Δλ CT = 50 nm). In the case of 2 ], additional characteristic Yb(III) NIR emission is observed in the NIR spectral range. The spectrum presents the same profile as the molecular compound but it remains quite broad even at low temperature suggesting the presence of several emitting species whose symmetry is close to that of the model compound 2 ] is not well described by a mono-exponential decay (eq. 8), which is likely due to the presence of several Yb(III) emitting sites at the surface (Figure 4). A bi-exponential model (eq. 9) provides a better fit, with two different lifetimes τ 1 = 6 µs (40%) and τ 2 = 1.3 µs (60%). Though the bi-exponential fit is reasonable, a more realistic description is to assume a distribution of Yb(III) emitting sites at the surface of the nanoparticle, and to fit the distribution of lifetime decays by a stretched exponential model (eq. 10, Figure S35). 64,65 This model provides a distribution of decay times centered around τ 1 with a width proportional to 1/β. The dispersion factor β is dimensionless and varies between 0 and 1. β-Values close to unity indicate a narrow dispersion of sites that would resemble monoexponential decay. The integration of the function gives the first moment of time <τ>, the average time constant (eq 11), that can also been expressed as the quotient of the τ 1 and the distribution by a gamma function divided by the distribution (eq 12). The quantity <τ> is the mean relaxation time. This model is frequently used in disordered solids such as pyrene dyes grafted on alumina surfaces, 66 and more recently to understand the TEMPO radical distribution in mesoporous silica materials. 67 It is particularly interesting because it describes a distribution (β) of lifetimes centered at τ 1 which correspond to a distribution of sites on the surface. 30 𝑦𝑦 = 𝐴𝐴 𝑒𝑒 / + 𝑦𝑦 (8)

𝑦𝑦 = 𝐴𝐴 𝑒𝑒 + 𝐴𝐴 𝑒𝑒 + 𝑦𝑦 (9) 
𝑦𝑦 = 𝐴𝐴 𝑒𝑒 ( / ) + 𝑦𝑦 (10) 
𝜏𝜏 = 𝐴𝐴 𝑒𝑒 ( / ) 𝑑𝑑𝑑𝑑 (11) 
𝜏𝜏 = Γ (12) 
In the present case, an excellent fit was obtained with a τ 1 of 1.7 ms, and β = 0.55, which reveals a broad distribution of sites. The corresponding <τ> is equal to 2.9 µs (Table 5, Entry 3), which is close, albeit lower to that found for the molecular species, showing that relaxation process are faster for surface species, probably because of the close proximity of the DEAS ligands. The efficiency of the metal centered luminescence (η Ln ) can be estimated using the η Ln = τ obs /τ 0 relationship, where τ obs is the experimental lifetime of the Yb(III) and τ 0 the purely radiative lifetime (0.27 ms for Yb(III)). This value allows a raw estimation of the metal centered luminescence quantum yield to 1.1%.

Finally, the two-photon cross-section of a 2 ] nanoparticle is estimated using an additive model of the two-photon cross section of a soluble molecular model. 24,25,28 For practical reason, this experiment cannot be carried out using air and moisture sensitive Ln(OSi(OtBu)

3 ) 3 (DEAS) and consequently we use the value obtained for the tris-β-diketonate analogues Ln(TTA)(DEAS) where TTA stand for 2-thenoyltrifluoroacetonate. 44 Both Yb and Y complexes present identical two-photon absorption spectra with a maximal cross-section of 230 +/-20 GM at 830-850 nm. Using the additive approximation for a particle which supports ca. 180 DEASLn complexes, the two-2 ] nanoparticles can be estimated to ca. 41.4 x 10 3 GM, falling in the same range as other doped or grafted nano-objects and quantum dots. [68][69][70] 2.4 Microscopy.

The particles are densely functionalized with luminescent molecular species, and it is possible to investigate these materials using two-photon microscopy imaging, using an excitation wavelength of 720 nm. The images are obtained 2 2 ] on a microscope coverslip. We use small amounts of dispersed material with a sufficient dilution in order to separate the particles from each other with an interparticle-distance larger than 1 µm. TEM (Transmission Electron Microscopy) microscopy of dispersed material show small aggregates of 1-2 nanoparticles (15-20 nm) to 6 nanoparticles (40-50 nm) (Figure S40). Similarly, dynamic light scattering experiments of dispersed solutions show a maximum at 38.9 nm, con-2 ] (Figure S41).

Figure 5a shows two-photon excited images obtained for 2 ] detected around 610 nm, as well as 2 ] detected around 610 or 1000 nm using a microscopic set-up allowing detection at lower energies than the laser excitation. 19 Isolated spots are clearly visible with a width of about 300 nm, characteristic of the diffraction limit size of the microscope set-up. This is consistent with physical sizes or particles below ~ 50nm, sizes above this limit leading indeed to an enlargement of the imaging spot. Occasionally larger spots were detected, due to aggregation of particles during the deposition process: these spots were systematically rejected for further analysis. To evaluate the average efficiency of the particles (such as shown in the isolated spots of Figure 5b), the intensities from about 100-200 particles (taken in about 10 images) are collected using an automatic identification of isolated spots of diameter below 6 pixels. The resulting intensity histograms (Figure 5b) show a relatively good homogeneity of the particles efficiency and reflect their reasonable size dispersion, the observed intensities varying by up to a factor of two within the observed population (the intensity is indeed proportional to the number of molecules in the focal volume). The presence of various sizes, still below the limit imaging size below 50nm, is thus expected in the optical microscopy samples. The optical measurements are therefore a reasonable approach to evaluate the averaged efficiency of deposited particles which average size seems to correspond well to the objects observed in TEM.

T Ta ab bl le e 5 5: Emission and lifetime of molecular and surface lanthanides in solution or in solid state. , for an incident intensity at the focal spot of 6 x 10 6 W/cm 2 . The efficiencies measured for these particles are very close to the ones found in previously developed Zn(DEAS) particles, in which there is a similar number of sites per particles. 30 Under such low excitation conditions the particles are easily detected, and do not exhibit any visible photobleaching. For comparison, 20 nm fluorescent nanospheres (yellow-green (505/515) FluoSpheres, Invitrogen) emit an average signal of 30 x 10 4 ph/s for the same incident intensity conditions and adequate spectral excitation/ detection conditions. Finally at 1000 nm (in the NIR), 33.6 x 10 4 ph/s were 2 ] particles. The signal to noise ratio at this wavelength is still good, even though the detectors are less efficient at this wavelength. 3 ) 3 (DEAS) as molecular mimics of the surface environment revealed that these models reproduce the properties found for [(≡SiO)

Entry

3 Ln(DEAS)] in terms of binding constants (ca. 10 4 ) and photophysical properties of the surface species, supporting the structural assignment of the surface species. The luminescence lifetime in [(≡SiO)

3 Yb(DEAS)] is best represented as a distribution of sites and the lifetime is slightly shorter than found in the molecular equivalents, which is probably due to the heterogeneity of the amorphous silica surface environment. The molecular approach presented here provides a 'road-map' towards the preparation of luminescent nano-objects using SOMC that allows direct comparison of structure -luminescence properties, thus paving the way for the design of improved nanoparticles for in-depth imaging of thick tissues. Further works are currently underway in this direction. 3 were synthesized modifying a procedure reported in literature. 71 Silica (AEROSIL 200 m 2 /g) was dehydroxylated according a published procedure. 72 All infrared (IR) spectra were recorded using a Bruker α spectrometer placed in the glovebox equipped with OPUS software. Typically 32 scans were accumulated for each spectrum. All the UV-Visible spectra were recorded in CH 2 Cl 2 solution using quartz Schlenk cuvettes with a Cary 5000 UV-Vis-NIR spectrometer at 600 nm/min with a resolution of 1 nm. The 1 H, 13 C, and 29 Si-NMR spectra were obtained on Bruker DRX 200, DRX 250, DRX 300, DRX 400 or DRX 500 spectrometers. The solution spectra were recorded in the given solvent at room temperature. The 1 H and 13 C chemical shifts were referenced relative to the residual solvent peak. For the solid-state spectra, a Bruker DRX 400 was used. The MAS frequency was set at 10 kHz for all 1 H and 13 C spectra and 5 kHz for 29 Si. The samples were introduced in a 4 mm zirconia rotor in the glove box. 1 H, 13 C and 29 Si chemical shifts were referenced to external TMS.

X-Ray crystallography. The crystals were placed in paratone and mounted in the beam under a flow of nitrogen at 100 K on a Bruker SMART APEX II diffractometer equipped with a CCD area detector using Mo Kα radiation. Empirical absorption correction was performed with SADABS-2008/1 (Bruker). The structures were solved by direct methods (SHELXS-97) followed by least-square refinement (SHELXL-97) using WinGX suite of programs and OLEX2-1.1. The non-hydrogen atoms were refined anisotropically. The hydrogen atoms were placed at calculated positions. Additional crystallographic information are given in the Supporting Information (Table S1, Figures S36-39).

EXAFS spectroscopy. Samples were loaded into an aluminum holder equipped with aluminized Mylar windows sealed with an indium gasket in an argon-filled inert atmosphere glovebox. Assembled holders were sealed in glass jars until just prior to data collection. At the beamline, the jar was opened and the sample was quickly transferred to a helium filled cryostat, which was evacuated then refilled with helium gas three times. Data was obtained at room temperature (the cryostat was only used to provide additional oxygen protection). X-ray absorption data were obtained at beam line 4-1 of Stanford Synchrotron Radiation Light source. The X-ray beam was monochromatized using a double crystal monochromator with Si(220), φ=90 ° crystals. The second crystal was detuned by 50% to reduce the harmonic content of the beam. Data was obtained in transmission at the Yb L 3 -edge using nitrogen-filled ion chambers and at the Y K-edge using argon-filled ion chambers. Data were deglitched using the EXAFSPAK suite of programs written by Graham George. Data were treated to remove the pre-and post-edge backgrounds and the EXAFS were obtained by subtracting a spline from the absorption data using the software package Athena. In the case of the Y K-edge data, the EXAFS contained a large, sharp feature at 7 Å -1 presumably due to a multi-electron excitation.

The feature was removed analogously to the process for deglitching the data --a fourth-order polynomial was fit though the data on either side of the feature and the distorted area of the EXAFS spectrum was replaced by the polynomial. EXAFS data were fit using the software package Artemis using theoretical scattering curves generated by Feff7. The number of first shell neighbors was fixed at 3, and the number of second shell neighbors was varied until the best fit was obtained. In the case of Yb@SiO 2 , there appears to be another shell of atoms further from the Yb center; however, attempts to fit this feature using Si, O, N, C, or Yb neighbors resulted in an increase in the value of reduced χ 2 , so this shell was not fit.

Transmission Electron Microscopy. The sample was ground mechanically, sonicated for 30 minutes in isopropanol and dispersed on a TEM grid. TEM pictures were obtained on a Phillips CM12 transmission electron microscope. The filament used to generate the electron beam is a tungsten filament and the accelerating voltage is 120 kV. Images were required at 100 000s time magnification.

Luminescence spectroscopy. The luminescence spectra were measured using a Horiba-JobinYvon Fluorolog-3® spectrofluorimeter, equipped with a three slit double grating excitation and emission monochromator with dispersions of 2.1 nm/mm (1200 grooves/mm). The steady-state luminescence was excited by unpolarized light from a 450 W xenon CW lamp and detected at an angle of 90° for diluted solution measurements or at 22.5° for solid state measurement (front face detection) by a Peltier-cooled red-sensitive Hamamatsu R2658P photomultiplier tube (300-1010 nm). Spectra were reference corrected for both the excitation source light intensity variation (lamp and grating) and the emission spectral response (detector and grating). Uncorrected near infrared spectra were recorded at an angle of 45° using a liquid nitrogen cooled, solid indium/gallium/arsenic detector (850-1600 nm). The luminescence decay of ytterbium complexes was performed using an home-made set-up:. The excitation of the Yb(III) luminescence decays was performed with an optical parametric oscillator from EKSPLA NT342, pumped with a pulsed frequency tripled YAG:Nd laser. The pulse duration was 6 ns at 10 Hz repetition rate. The detection was performed by a R1767 Hamamatsu photomultiplier through a Jobin -Yvon monochromator equipped with a 1 μm blazed grating. The signal was visualized and averaged with a Lecroy digital oscilloscope LT342. Two-Photon Microscopy Imaging. The sample was ground mechanically, vortexed and dispersed on a microscope coverslip. The two-photon excitation microscope is based on an excitation source from a Ti:Sa laser (pulse width, 100 fs; repetition rate, 80 MHz) set at a wavelength of 760 nm, focused on the sample using a water immersion high numerical aperture objective (NA 1.15, 40) after reflection on a protected silver mirror. Images are formed by galvanometric scanning (typically 10 µm x 10 µm regions are scanned, sampled with 60nm per pixel, with integration time 100µs) in the sample plane. The fluorescence emission is collected by the objective and passes through in the epi descanned detection path before being reflected by a dichroic mirror (FF720-SDi01, Semrock). Remaining laser light is further rejected by interferential filters (610/70nm or 1000/50nm) and the emission is finally focused on an avalanche photodiode working in the photon-counting mode. The lateral resolution of the imaging setup is about 300 nm.

Computational details: Computational details. All DFT calculations were performed with Gaussian 03. 73 Calculations were carried out at the DFT level of theory using the hybrid functional B3PW91. [START_REF] Perdew | Electronic Structure of Solids[END_REF][75][START_REF] Burke | Electronic density functional theory: Recent progress and new directions[END_REF][START_REF] Dobson | Derivation of generalized Gradient approximation: The PW91[END_REF][78][79][80] Geometry optimizations were achieved without any symmetry restriction. Calculations of vibrational frequencies were systematically done in order to characterize the nature of stationary points. Stuttgart effective core potentials and their associated basis set were used for silicon, Yttrium and Ytterbium. The basis sets were augmented by a set of polarization functions (ζ d =0.284 for Si and ζ f =1.0 for Y and Yb). Hydrogen, Carbon, Nitrogen and Oxygen atoms were treated with 6-31G(d,p) double-ζ basis sets. 81 Preparation of [Y(N(SiMe 3 )

2 ) 3 @SiO 2 ]. A representative procedure is as follows: a mixture of 2.00 g of dehydroxylated silica (SiO 2-700 ) (0.52mmol isolated SiOH, 1 equiv) and 325 mg (0.57 mmol, 1.1 equiv of Y(N(SiMe 3 )

2 )

3 was stirred in pentane at room temperature for 3 h. The reaction mixture was filtered, and the solid residue was washed five times with pentane (18 mL) and dried under high vacuum (10 -5 mbar) at room temperature for 1h, yielding a white solid. [START_REF] Prasad | Introduction to Biophotonics[END_REF] H MAS NMR (400 MHz) δ/ppm 0.14, -0.17, and -0.55. 13 C CP MAS NMR (100 MHz) δ/ppm 1. 29 Si CP MAS NMR (80 MHz) δ/ppm 16, 5, -11, -93,-101 ppm. IR ν(CH

S

  materials were heated at 500 o C for 12h under high vacuum to give [Ln@SiO 2 ], and were subsequently con-Sc ch he em me e 1 1: : a) Grafting of Ln(thermal treatment to give the tripodal species and coordination of the bipy ligand b): DEAS ligand (left), 4,4'-Me 2 bipy (right), in both species the carbon and nitrogen atoms are labeled. 2.1 Synthesis and characterization of surface species. Silica functionalization -[Ln(Figure S1A) lacks a strong silanol vibration and contains ν CH bands at 2951 and 2900 cm -1 and a shoulder at 2820 cm -1 , attributed to the SiMe 3 groups from ≡SiO-Y(N(SiMe 3 . 1-2). The ≡SiO-SiMe 3 surface species results from the formation of HN(SiMe 3 ) 2

F

  Fi ig gu ur re e 1 1: : a) Single crystal structure of Y(OSi(OtBu) 3 ) 3 (η 2 -HOSi(OtBu) 3 ); b) Yb(OSi(OtBu) 3 ) 3 (η 2 -HOSi(OtBu)) (right), ellip-soids at 50% of probability. Hydrogen atoms and methyl (tBu) groups are omitted for clarity.The addition of bipyridine ligands to Ln(OSi(OtBu) of the ligand. The silanol was removed by vacuum sublimation, and the resulting residue was crystallized from CH 2 Cl 2 . The bipyridine adducts were isolated in good yields (77-81%). For diamagnetic yttrium compound, the 1 H and13 C NMR spectra for 4,4'-Me 2 bipy or DEAS adducts are consistent with a 1:1 stoichiometry in which the OtBu groups are equivalent at 20 °C (Figures S15-18). At -90 o C the peak corresponding to the -OtBu groups broaden (Δ ½ (RT)= 3 Hz to Δ ½ (-90 o C)= 7 Hz), and lowering the temperature to -120 o C results in further broadening without resolution into two distinct signals (Figure S19).

The 1 H

 1 NMR spectra for the ytterbium compounds are broad and resonances are paramagnetically shifted (Figures S20 and S21); the chemical shifts are given in the experimental section. The IR spectra of Ln(OSiOtBu)

  The X-ray structures of the 4,4'-Me 2 bipy adducts are shown in Figure2. The solid-state crystal structures of Ln(OSi(OtBu) allow us to evaluate the change in geometry around the Ln(OSi(OtBu)3 )3 core as the bidendate ligand is changed from HOSi(OtBu) 3 to 4,4'-Me 2 bipy. The relevant distances and angles are listed in Table

  . In general the apical M-O distance is shorter than those of the basal plane, as usually observed in square pyramidal geometries. F Fi ig gu ur re e 2 2: : a) Single crystal structure of Y(OSiOtBu) 3 ) 3 (4,4'-Me 2 bipy); b) Yb(OSiOtBu) 3 ) 3 (4,4'-Me 2 bipy), ellipsoids are shown at 50% probability, hydrogen atoms and methyl (tBu) groups are omitted for clarity; c) calculated structure of Y(OSiOtBu) 3 ) 3 (4,4'-Me 2 bipy) and d) Y(OSiOtBu) 3 ) 3 (DEAS).

F

  Ln = Y (blue dashed), Ln = Yb (red dashed).

F

  Fi ig gu ur re e 4 4: a) Solid state emission spectra of Ln(OSi(OtBu) 3 ) 3 (DEAS) (Ln = Y (blue); Yb (red)) zoom x 200; normalized NIR emission measured at room temperature (thick red) (* designed the hot band) and 77K (thin red). b) 2 ] nanoparticles. Ln = Y (blue line), Ln = Yb (red line). λ ex = 400 nm .

F

  Fi ig gu ur re e 5 5: : a) Two-photon fluorescence images of luminescent nanoparticles excited at 760 nm, detected at 610 nm for [DEAS b@SiO 2 ] b@SiO2] (bottom). b) corresponding statistics over about 200 particles and zoom on nanoparticles (pixel size : 60nm). Incident intensities: 4x10 6 W/cm 2 (610nm detection) and 6x10 6 W/cm 2 (1000nm detection).

3 3 C

 3 Co on nc cl lu us si io on ns s Silica nanoparticles with ca. 180 emitting surface Yb(III) DEAS species absorb and emit in the NIR range with giant two-photon cross-sections (40 x 10 3 GM). This level of brightness allows for the detection of very small nanoparticle aggregates (ca. 15 to 20 nm from TEM) using NIR-to-NIR confocal biphotonic microscopy. Detailed characterization by EXAFS, IR, solid-state NMR of the diamagnetic yttrium derivative and UV-Vis established the structure of [(≡SiO) 3 Yb(DEAS)]. Complementary studies of Ln(OSi(OtBu)

4 4 E

 4 Ex xp pe er ri im me en nt ta al l s se ec ct ti io on n General considerations. All the experiments were carried under dry, oxygen free argon using Schlenk and glove box techniques for the organometallic synthesis. For the syntheses and the treatment of the surface species, reactions were carried out using high vacuum lines (10 -5 mbar) and glove box techniques. Dichloromethane, pentane and toluene were purified using a double MBraun SPS alumina column, degassed before use, and stored over 4Å molecular sieves. Hexamethyldisiloxane (HMDSO) was distilled from calcium hydride and stored on molecular sieves. Deuterated solvents were directly distilled by vacuum transfer into a J-Young NMR tube. before use. The yttrium and ytterbium amides Ln(N(SiMe 3 )2 )

  1: Ln, C and N Elemental analysis of Y and Yb-based materials after grafting, post-treatment and reaction with DEAS.

	Entry	Materials	Element Loading (wt%)	Ratio	
			Ln	C	N	C/Ln	N/Ln
	1	[Y(N(SiMe 3 ) 3 )@SiO 2 ]	1.83	3.64	0.64	15 ± 1	2 ± 1
	2	[Yb(N(SiMe 3 ) 3 )@SiO 2 ]	3.95	3.55	0.76	15 ± 1	2 ± 1
	3	[Y@SiO 2 ]	2.10	1.36	0.42	5 ± 1	0.5 ± 1
	4	[Yb@SiO 2 ]	4.14	1.58	0.31	5 ± 1	0.5 ± 1
	5	2 ]	2.05	4.72	1.01	14.5 ± 1	1.9 ± 1
	6	2 ]	3.95	4.72	0.99	14.5 ± 1	1.9 ± 1

Table 1 ,

 1 Entry 1). This value is slightly lower than expected for quantitative grafting (0.26 mmol SiOH/g for [SiO

	)					
				15		
			11 12 13	14		
		10			
	3 4	7	8 9		3 4	7
		5			2		5
	1	6		N	1	N	6

  Probability that the improvement to the fit due to adding this set of atoms is due to random error. A p < 0.01 means that the improvement to the fit is better than 3 standard deviation.

	S 2	0		0.9	0.9
	Neighbor (#)		O (3)	O (3)
				O a (2)	O a (4)
	Distance Ln-O (Å)	2.211	2.11
	Distance Ln-O a (Å)	2.40	2.30
	σ 2 Ln-O(Å 2 )		0.0051(6)	0.009(2)
	σ 2 a Ln-O(Å 2 )		0.0036(9)	0.013(3)
	p b Ln-O		<0.001	0.01
	p b Ln-O a		<0.001	0.002
	a) second oxygen neighbor. b) Coordination of DEAS to [Ln@SiO	2 ] -Formation of
	[DEAS Ln@SiO	2 ]. Contacting the off-white [Ln@SiO	2 ] with a
	yellow solution of DEAS in CH	2 Cl	2

  .

	T Ta ab bl le e 4 4: extinction coefficients and equilibrium constant for
	the molecular models		
	Compound	λ	max	ε (M -1 cm -1 )	K	eq	b
						(nm)
	DEAS				403	40000	-
	4,4'-Me	2 bipy	283	16300	-
	Y(OSiOtBu) 3 ) 3	408	60600	3.6(2)x10 3
	(DEAS)					
	Yb(OSiOtBu) 3 ) 3	436	68000	18(4)x10 3
	(DEAS)					
	Y(OSiOtBu) 3 ) 3	308	16700	0.4(3) x10 3
	(4,4'-Me	2 bipy)		
	Yb(OSiOtBu) 3 ) 3	308	16800	2.8(9)x10 3
	(4,4'-Me	2 bipy)		
					2 ] a	440	-	1.7x10 3
	a) λ	max	is calculated from recording the UV-Vis spectrum in
	solid state for		

2 ]. b) the binding is given at T= 298K

) = 2951, 2900 cm -1 . Elemental analysis: Y = 1.83 % wt , C = 3.64 % wt , N = 0.64 %
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wt . Preparation of [Yb(N(SiMe 3 )

2 ) 3 @SiO 2 ]. This material was prepared using the procedure described above with Yb(N(SiMe 3 ) 2 )

3 (373 mg, 0.57 mmol, 1.1 equiv). IR ν(CH 3 ) = 2951, 2900 cm -1 . Elemental analysis: Yb = 3.95 % wt , C = 3.55 % wt , N = 0.76 % wt . Preparation of [Y@ SiO 2 ]. A representative procedure is as follows: the white [Y(N(SiMe 3 )

2 ) 3 @SiO 2 ] (1g, 0.21 mmol Y) was heated at 500 o C at a heating rate of 5 K/min for 12 h at 10 -5 mbar. [START_REF] Prasad | Introduction to Biophotonics[END_REF] H MAS NMR (400 MHz) δ/ppm 0.05 (OSi-Me 3 ). 13 

Preparation of Y(OSi(OtBu)

3 ) 3 (4,4'-Me 2 bipy). The compound was prepared in 77% yield using a similar procedure used for the preparation of the DEAS complex from 1.00 g (0.88 mmol, 1 equiv) of YOSi(OtBu)

3 ) 3 (η 2 -HOSi(OtBu)

3 ) and 4,4'-Me 2 bipy (162 mg, 0.88 mmol, 1 equiv). [START_REF] Prasad | Introduction to Biophotonics[END_REF] 
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