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Grafting of lanthanide complexes on silica surfaces dehydroxylated at 200°C : A theoretical investigation

Cluster models of SiO 2 -200 are proposed and compared with spectroscopic (IR and NMR) experimental data. Five models describing the variety of surface silanols (isolated, vicinal and germinal) at the SiO 2 -200 surface have then been derived and used to study the grafting reaction of homoleptic silylamide lanthanum(III) complexes. Three different grafting modes have been obtained (mono-, bi-and tri-grafted) in line with the experimental knowledge. In terms of energetic stability as well as spectroscopic properties of coordinated OPPh3 (as a probe), all modes could coexist at the surface. The analysis of the δ( 31 P) chemical shifts for the coordinated OPPh3 indicates some possible important differences in Lewis acidity of the lanthanide centre, that may impact the catalysis.

Introduction

In the context of the research of low cost and environmentally benign catalytic systems 1 , developments of highly active and selective catalysts are of prime importance. From an industrial point of view, heterogeneous processes are advantageous because of the facile separation of the final products from the catalysts, and the easy recycling of these catalysts which results in lower operating cost. Moreover, the easier solid-liquid separation reduces the solvent consumption which is in agreement with the constant demand for greener chemical processes. In the case of homogeneous catalysts, every entity can act as a single active site. This makes homogeneous catalysts intrinsically more active and selective compared to heterogeneous catalysts. Therefore, a catalytic system, which takes the advantages of both homogeneous and heterogeneous catalysis, would greatly enhance the interest for industrial applications. One possibility to achieve this type of catalytic system is the use of supported catalysts (or the heterogenization of homogeneous catalysts).

In this way, silica surface is an attractive candidate to be used as catalyst support. The use of SiO 2 is principally due to the large surface area, the good mechanical and thermal properties of this oxide but also because SiO 2 does not generate parallel reactions. Moreover, silica is a highly versatile material since one can choose between e.g. crystalline, mesoporous and amorphous silica as well as different thermal treatment of the surface (ranging from 200°C to 750°C). The former would change the specific area of the surface whereas the latter would lead to a difference of surface silanols inducing a diversity of grafted complexes at the surface. In all cases, there is a reasonable knowledge of its surface structure in order to understand its reactivity with metal complexes 2. The use of silica for the grafting of catalytically active metal complexes or for hosting metal particles at the surface makes that silica is considered an excellent material in catalysis 3 . Among the metals applied within the field of catalysis, rare-earth systems have been the subject of constant interest, due to their high activity in several fields, such as in polymerization 4 and fine chemistry 5 , their low toxicity and their moderate cost. However, among the large variety of reported lanthanide complexes, amido derivatives have been found to be one of the most attractive and Page 2 of 28 New Journal of Chemistry New Journal of Chemistry Accepted Manuscript versatile family. The experimental grafting reaction of homoleptic derivatives, of the type Ln(N(SiMe 3 ) 2 ) 3 [Ln= Y, La, Nd, Sm], have already been described by Anwander et al. 6 among others 4,[START_REF] Le Roux | Surface Organolanthanide and Actinide Chemistry[END_REF] (see Figure 1). As shown by Anwander et al. in 1997, these compounds react with silica's hydroxyl groups, leading to the formation of a covalent lanthanide-siloxide bond with the concomitant protonolysis of the lanthanide-amido bond 6,[START_REF] Anwander | [END_REF] . The experimental elemental analysis of this grafting reaction 4 shows that the metal content is similar for materials prepared from the same support, i.e., after the same heat pre-treatments. Thus, this analysis indicates that the grafting reaction proceeds with similar efficiency for yttrium, lanthanum, neodymium and samarium species.

In the same way, the elemental analysis reveals that the N -La molar monografted:bigrafted ratio increases with the pre-treatment temperature, from 25:75 at 250°C to 55:45 at 500°C and 100:0 at 700°C. Since then, several grafted species based on these metals were synthesized. The bare 9 and grafted 4b,10 silica surfaces have been characterized by thermogravimetry, IR and NMR spectroscopy. Some of the catalytic properties of grafted complexes were also studied by considering different reactions such as the Danishefsky reaction 5a,b , the alkynes dimerization or the alkenes hydrosilylation 5c , the intramolecular Hydroamination/Cyclization of Aminoalkenes 5d and the ethylene, ε-caprolactone and isoprene polymerization reaction 4 . However, it should be noticed that experimental data do not give enough information to determine the grafting mode of the lanthanide complex. In a previous work 11 , we created realistic molecular models for a silica surface partially dehydroxylated at 700°C (SiO 2-700 ). After a first selection based on the rigidity of the ligand, the surface density of silanol groups, and IR frequencies of the hydroxyl groups of the silanols, two possible models of the surface have henceforth been considered, in agreement with a similar work realized considering a periodic supercell model 12 . The thermodynamics of a grafting reaction of lanthanum catalysts on these models has also been investigated. This reaction leads to thermodynamically stable structures that reveal different grafting modes: mono-grafted, bi-grafted or bi-grafted after breaking of a Si-O-Si bridge. This study highlights that the grafting in a top position is not favorable, and there are two relevant grafting modes when the coordination site is an isolated silanol: on one hand a mono-grafted complex in a bridging position (scheme 1a), and on the other hand a bi-grafted catalyst by the break of a siloxane bridge (scheme 1b).

Scheme 1 : Favorable grafting modes on isolated silanol. a (left) the monografted bridging mode and b (right) the bigrafted mode with a broken Si-O-Si bridge Surface organometallic chemistry on SiO 2-200 is less straightforward than that of SiO 2-700 , as expected from the several types of silanol groups present on its surface, leading to a possible coexistence of several grafting modes at the SiO 2 surface. Indeed, during the dehydroxylation process the silanol groups are condensed in pairs, producing one water molecule and one siloxane bond. The condensation of surface silanols at 700°C induces the formation of isolated silanol groups (≡ SiOH, Q 3 ), where the surface silicon atom has three bonds into the bulk structure and the fourth to one OH group (see Figure 2). These silanol groups are considered isolated when they cannot be involved in a hydrogen bond interaction. When the silica surface is treated at 200°C, we can observe the presence of isolated silanol groups but also geminal silanols (= Si(OH) 2 , Q 2 ) when two hydroxyl groups are attached to the same silicon atom and vicinal silanols (Q 3 ) when an isolated silanol groups is connected by an oxygen atom or hydrogen bonded to another silanol group. We report here results on the grafting of lanthanide silylamide complexes onto a dehydroxylated silica at 200°C where, with respect to a silica pre-treated at 700°C, other grafting modes might be available due to the higher density of silanol groups at the surface. This study will be divided into two parts. The first part is devoted to the validation of the created surface cluster models of a silica surface partially dehydroxylated at 200°C, compatible with different structural and spectroscopic experimental data. Indeed, the modeling of amorphous supports is still a challenge for computational chemists because of the complexity of amorphous systems which would require expensive calculations. In general, two strategies have been adopted to compute the electronic structure of silica and its defects: the cluster approach 13 and the periodic boundary conditions approach 14 . In general, the computational modeling of amorphous solids using periodic boundary conditions is usually considered as the most relevant approach because it takes into account the extended nature of the material. Nevertheless, a study carried out by Solans-Monfort et al. 15 has shown that the experimental characteristic data are well reproduced and nearly identical for cluster models and periodic systems. In this study, we have chosen the cage-like cluster approach to model the silicate surface, which allows easier investigations of multi-step reactions mechanisms. The second part of our study involves another important step of the surface organometallic chemistry, which is the interaction between lanthanide catalysts and the SiO 2-200 surface. Experimental works, involving IR and NMR spectroscopy, were carried out to determine the nature of the grafting mode on the surface and among others, the coordination of Triphenylphosphine Oxide (O=PPh 3 ) was reported by Gauvin et al. 5c . Therefore, based on these experimental reports, different coordination modes of Ln(N(SiMe 3 ) 2 ) 3 @SiO 2-200 have been computed, spectroscopically characterized and compared with experiments. The knowledge of the catalyst grafting mode is crucial because it conditions all the parameters of reaction pathways: kinetic and thermodynamic data, regioselectivity and stereoselectivity.

Computational Details

All DFT calculations were performed with Gaussian 03 [START_REF] Frisch | Gaussian 03[END_REF] . Calculations were carried out at the DFT level of theory using the hybrid functional B3PW91 17 . 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 18 and their associated basis set were used for silicon, yttrium, lanthanum, neodymium and ytterbium . The basis sets were augmented by a set of polarization functions (ζ d = 0.284 for Si and ζ f = 1.000 for Y, La, Nd and Yb). Hydrogen, nitrogen and oxygen atoms were treated with 6-31G (d, p) double-ζ basis sets 19 . Among the various theories available to compute chemical shielding tensors, the gauge including atomic orbital (GIAO) method has been adopted for the numerous advantages it presents 20 . The same methodology was used in previous work involving grafted systems showing that theoretical results are fairly accurate with respect to experimental values with an error lower than 15% for 29 Si 11 , 10% for 31 P 21a and 17 O 21b,c,d and 5% for 1 H 21e and 13 C 21e . The electron density and partial charge distribution were examined in terms of localized electron-pair bonding units by using the NBO program 22 . Through this method, the input atomic orbital basis set is transformed via natural atomic orbitals (NAOs) and natural hybrid orbitals (NHOs) into natural bond orbitals (NBOs), which correspond to the localized one centre ("lone pair") and two-centre ("bond") elements of the Lewis structure. All possible interactions between "filled" (donor) Lewistype NBOs and "empty" (acceptor) non-Lewis NBOs orbitals, together with their energetic quantification (stabilization energy), have been obtained by a second-order perturbation theory analysis of the Fock matrix. Only stabilization energy higher than 10 kcal.mol -1 has been considered. New Journal of Chemistry
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Silica surfaces can be natural or synthetic but also crystalline (quartz, cristobalite, edingtonite, ...) or amorphous. In general, except for stishovite who crystallizes in the rutile structure type with silicon in six-fold coordination [START_REF] Flörke | Silica. Ullmann's Encyclopedia of Industrial Chemistry[END_REF] and pyrogenic silica [START_REF] Khavryuchenko | [END_REF] for which the coordination numbers of silicon can vary from 2 to 6, crystalline and amorphous surfaces consist of inter-linked SiO 4 moiety in a tetrahedral arrangement, with the different silicon atoms interconnected by oxygen bridges, named siloxane bridges. The chemical properties of these silica surfaces are mostly governed by the chemistry of its surface, and most precisely, by the presence of silanol groups. In this way, as aforementioned, the thermal treatment of the surface can strongly modify these properties. One of the most versatile routes for the silica synthesis is the sol-gel one. In a sol-gel process [START_REF](ESI) available: Cartesian coordinates and free Gibbs energy for all the intermediates[END_REF] , the silica surface is formed by condensation of Si(OH) 4 entities obtained by the hydrolysis of sodium silicate or alkoxysilane. The preparation of silica can also take place in anhydrous vapor phase at high temperature, for example, vaporizing SiO 2 in an arc of plasma jet and condensing it in stream of dry inert gas [START_REF]Adsorption on Silica Surfaces[END_REF] . The silanol groups are very reactive and will be involved in interactions and chemical reactions at the silica surface. For this reason, it is necessary to determine the number of silanol groups on the silicate surface. Despite the complexity of the silica surface, several experimental studies have been carried out for that purpose: Raman spectroscopy 27 , thermogravimetric analysis 28 , Karl Fischer titration 29 or other chemical methods 30 . Zhuravlev 9a has shown that in average the OH coverage, for a thermal treatment at temperature less than 200°C is a constant equal to 4.6 ± 0.5 OH.nm -2 , regardless of the origin and structural characteristics for a set of about 100 different silica samples. This study is based on an exchange reaction between hydrogen and deuterium atoms monitored by mass spectroscopy. This method has the advantage that only the surface silanols are taken into account, and not the subsurfacic silanols or adsorbed water. Moreover, combining the Zhuravlev model with IRTF integration (integration of the surface of each vibration band corresponding to the silanol groups) and MAS 29 Si NMR data, it is possible to obtain the proportion of each type of silanol group as a function of the temperature. As nicely shown by Zhuravlev 31 , at room temperature (T dehy < 25°C), all the different types of silanol groups coexist, at a maximum concentration of 4.6 ± 0.5 OH.nm -2 . At this temperature the silica surface is also covered by different layers of physically adsorbed water (see figure 3). The reversible dehydration reaction (removal of physically adsorbed water) takes place by raising the temperature to 25 -190°C. From 190°C, the dehydration reaction is complete and any physically adsorbed water is desorbed while the silanol surface coverage remains constant and equal to 4.6 ± 0.5 OH.nm -2 , with a 1.15/2.85/0.60 isolated/vicinal/geminal ratio. The thermal treatment of the surface above 190°C leads to the dehydroxylation of the silica surface or the condensation of neighboring silanol groups to form water and siloxane bridges. This process leads to a decrease of the silanol density as a function of the temperature. In order to describe the presence of different silanol groups onto a SiO 2-200 surface (isolated, vicinal, germinal or a mixture of vicinal and germinal silanol groups), and in continuation of previous theoretical studies, five cage-like molecular models (Figure 4) were defined. In all cases, two silicon atoms represent the emerged part of the silica surface and thus of the different silanol groups. The emerged part is surrounded by a layer built around four silicon atoms, themselves connected to O-SiH 3 groups which are chosen as model to mimic the continuity of the surface.

Finally, a second layer formed by two silicon atoms, connected by a siloxane bridge, is added to increase the rigidity of the model. Both silicon atoms are connected to hydroxyl groups in order to saturate the model. In a same way, SiH 3 groups are added, on the emerged part of the silica, to saturate the lateral siloxane bridges formed during the dehydroxylation reaction of the silica surface. Could these five models be considered relevant models of a SiO 2-200 surface? A partial answer should be given by comparing experimental 32,9d and calculated vibrational frequencies of the hydroxyl groups. IR spectroscopy studies show that under air before the dehydroxylation treatment, the OH stretching frequency of adsorbed water molecules is dominant between 3000 and 3750 cm -1 .

At 190°C, the dehydration reaction is complete and any physically adsorbed water is desorbed. In this case, the sharp band at 3747 cm -1 , assigned to isolated silanols, becomes stronger and more distinct. The vibrational frequencies associated with the geminal and vicinal hydroxyl groups lie between 3500 and 3747 cm -1 , the lowest values corresponding to silanols involved in hydrogen bonds. 
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Ln(N(SiMe 3 ) 2 ) 3 @SiO 2-200 .

Grafted lanthanide complexes

Grafting reaction of a Lanthanide complexes on cluster models

To understand the surface chemistry of silica, we will first study the grafting of lanthanide amides Ln(N(SiMe 3 ) 2 ) 3 Ln=Y, La, Nd, Yb onto silica. As aforementioned (see Figure 1), the grafting reaction occurs through a protonolysis of the Ln-N bond by surface silanols, which generates a covalent ≡Si-O-Ln bond with the concomitant formation of a free hexamethyldisilazane molecule.

In a previous work on SiO 2-700 11 , we have demonstrated that the grafting reaction of La(N(SiMe 3 ) 2 ) 3 on the ac model leading to the formation of a mono-grafted complex, La(N(SiMe 3 ) 2 ) 3 @ac-1 (figure 5a), is an exergonic process (-32.4 kcal.mol -1 with respect to the separated reactants). Subsequently from La(N(SiMe 3 ) 2 ) 3 @ac-1, the formation of a bi-grafted specie, La(N(SiMe 3 ) 2 ) 3 @ac-2 (figure 5c), is predicted to be exergonic with respect to La(N(SiMe 3 ) 2 ) 3 @ac-1 by -23.8 kcal.mol -1 , -56.2 kcal.mol -1 with respect to the separated reactants. The formation of La(N(SiMe 3 ) 2 ) 3 @ac-2 is accompanied by the uptake of the hydrogen atom of the second silanol group by one bis(trimethylsilyl)amido group. The resulting lanthanum complex is bi-coordinated to the surface, with the lanthanum atom in bridging position between two oxygen atoms, and it exhibits a hexamethyldisilazane molecule which makes a hydrogen bond with a siloxane oxygen. This reaction requires a low activation barrier of + 0.6 kcal.mol -1 with respect to La(N(SiMe 3 ) 2 ) 3 @ac-1.

In the present work, in order to evaluate the effect of the metal centre we have considered the grafting reaction of three additional rare-earth silylamides, Y(N(SiMe 3 ) 2 ) 3, Yb(N(SiMe 3 ) 2 ) 3 and Nd(N(SiMe 3 ) 2 ) 3 onto the different silica surface models. As expected 34 and summarized in Table 3, the grafting reaction shows similar behaviour in terms of energetics and structural features independently of the considered metal centre. The structures of the monografted, the bigrafted and the transition states are similar for all the considered metal centres with an average deviation of the Ln -N and Ln -O bond lengths of less than 0.15 Å. In the same way, from an energetic point of view, a distinct metal effect was not observed. For the four different complexes considered in our calculations only a marginal influence of the lanthanide on the activation energy of the bi-grafting process (averaging 3 kcal.mol -1 ) is found indicating that the reaction is easy and feasible for all the lanthanide centres. The monografted:bigrafted relative Gibbs-free energy difference is also identical, around 28 kcal.mol -1 , for the four systems. Therefore, for the sake of clarity, the following discussion is limited to the study of the grafting reaction of the lanthanum complex onto silica. As we can see on Table 3, the Gibbs-free energy difference between both grafting modes is also very close to that obtained considering a simplified ligand, i.e., by replacing the trimethylsilyl groups by a hydrogen atom, 24.4 vs. 28.0 kcal.mol -1 for lanthanum and 23.7 vs. 28.4 kcal.mol -1 for neodymium complexes. Despite our efforts, it has not been possible to locate any minimum energy points corresponding to monografted ytterbium and yttrium species. Geometrically speaking, replacing SiMe 3 by H does not significantly influence the structural features of the complex. As expected 35 , with the simplest Ln(NH 2 ) 3 complex, the Ln -O bond lengths are found to be systematically longer (average 0.05 Å) whereas the Ln -N bond lengths are shorter (average 0.07 Å). Therefore, in order to save some computational time, the following discussion is limited to the use hydrogen atoms instead of trimethylsilyl groups. Before looking at the reaction products between the lanthanum catalyst and the c model, we shall underline that it is not possible to obtain hydrogenated ammonia ligands since no vicinal silanol group is present. The grafting reaction similar to [La]@ac-1 on the c model leads to a bridging mono-grafted lanthanum, namely [La]@c-1 (figure 6), whose formation is exergonic by -32.1 kcal.mol -1 with respect to the separated reactants. This mono-grafting is confirmed by a geometrical analysis for instance the La-O distance of 2.393 Å for [La]@c-1 (2.392 Å for [La]@ac-1). The second-order perturbation NBO analysis also reveals the presence of two stabilizing interactions (donation from a lone pair of oxygen atoms towards an empty d orbital of the metal centre) between two oxygen atoms of siloxane bridges and the metal centre (for [La]@c-1, La-O distance of 2.736 and 2.824 Å) or one oxygen atom of a siloxane bridge and the oxygen atom on the vicinal silanol group and the metal centre ([La]@ac-1, La-O distance of 2.767 and 2.805 Å).

Figure 6.

[La]@c-1 structure obtained by grafting the lanthanum complex onto the c model.

In the present work, we have also considered the grafting reaction of La(NH 2 ) 3 on the b, abc and bc models. As aforementioned, these three models allow us to simulate other kinds of silanols (geminal and vicinal silanols) that can be present at the surface of SiO 2-200 silica. However, even if several attempts to coordinate La(NH 2 ) 3 on these three cage-like models have been considered, the most stable structure is similar in the three cases (see Figure 7). These structures share common features with [La]@ac-2. Indeed, in the [La]@abc-1, [La]@bc-1 and [La]@b-1 structures, the grafting reaction also involves the uptake of the hydrogen atom of a second silanol group by another amino group. The resulting lanthanum complexes are therefore bi-grafted on the surface, with the lanthanum atom in a bridging position between two oxygen atoms (La-O 1 and La-O 2 distances around 2.36 Å), and exhibit an ammonia molecule which remains coordinated to the metal centre.

However, contrarily to [La]@ac-2, the second-order perturbation NBO analysis reveals that these bi-grafted species are also highly stabilized by the interaction of the metal centre with two As we can see on Figure 8, the formation of either [La]@abc-1 or [La]@bc-1 or [La]@b-1 takes place through a kinetically accessible and exergonic process. The reaction sequence starts by the protonolysis of the La-N bond by surface silanols, which generates a covalent ≡Si-O-La bond with the concomitant formation of a free ammonia molecule. The lanthanum complex is mono-grafted on a geminal site (La-O distance of 2.398 Å). As observed on isolated silanol groups, the monografting coordination mode is stabilized by the donation from a lone pair of the second hydroxyl group towards an empty d orbital of the metal centre (La-O distance of 2.629 Å). From an energy point of view, the formation of this monografted species is exergonic (-36.2 kcal.mol -1 with respect to the separated reactants). This monografted intermediate will thus likely tip over in order to establish a stabilizing interaction with the vicinal silanol and an oxygen atom of a siloxane bridge yielding a more energetically stable intermediate (-46.4 kcal.mol -1 with respect to the separated reactants). The bi-grafting reaction which involves the uptake of the hydrogen atom of the silanol group by one of the amine groups can thus proceed with an energy barrier of 8.5 kcal.mol -1 with respect to the previous intermediate (-37.9 kcal.mol -1 with respect to the separated reactants). In the same way, a bigrafted compound on a geminal site, such as [La]@bc-3 (Figure 8), can also be obtained by grafting La(NH 2 ) 3 on abc and bc models. As for the bi-grafting reaction on vicinal silanols, this reaction begins by the exergonic (-33.0 kcal.mol -1 with respect to the separated reactants) protonolysis of a La-N bond by surface silanols leading to a lanthanum complex monografted on a geminal site (La-O distance of 2.367 Å). The mono-grafting coordination is also stabilized by the donation from a lone pair of the second hydroxyl group of the geminal site towards an empty d orbital of the metal centre (La-O distance of 2.617 Å). From this intermediate, the uptake of the hydrogen atom by the amine group takes place through an accessible transition state

Page 15 of 28 New Journal of Chemistry New Journal of Chemistry Accepted Manuscript (8.7 kcal.mol -1 from monografted intermediate, -24.3 kcal.mol -1 with respect to the separated reactants), yielding the stable bi-grafted [La]@bc-3 compound (-47.8 kcal.mol -1 with respect to the separated reactants). The resulting lanthanum complexes are therefore bi-grafted on the surface, with the lanthanum atom in a bridging position between the two oxygen atoms of the geminal site (La-O distances of 2.307 and 2.398 Å), and exhibit an ammonia molecule which remains coordinated to the metal centre (La-NH 3 distances of 2.704 Å). Thus, the formation of a bi-grafted compound on geminal site is a kinetically accessible and thermodynamically favorable reaction.

However, this reaction is not competitive with respect to the bi-grafting reaction on a vicinal site, for which, even if the activation barriers are similar (8.5 vs. 8.7 kcal.mol -1 ), the resulting bi-grafted specie is more stable (by 29.3 kcal.mol -1 ).

Experimentally, it is also been observed 36 and characterized by IR, 1 H MAS and 13 C CPMAS NMR and EXAFS, that the reaction of La(N(SiMe 3 ) 2 ) 3 on a silica surface, that has been pretreated at 700°C under vacuum conditions (i.e. silica surface with low density of surface silanols, like in the c model), leads to [La(N(SiMe 3 ) 2 ) 2 @SiO 2 ]-type complexes. However, after heating the later material to 500°C, some [La@SiO 2 ]-type complex formation is observed, meaning that the grafted lanthanide complexes are able to break siloxane bridges. From [La]@c-1 breaking one siloxane bridge leads to the structure [La]@c-2 (Figure 9). The energy profile for the grafting reaction of La(NH 2 ) 3 onto the c model is given in Figure 9. Starting from [La]@c-1, the formation of [La]@c-2 takes place through a multistep pathway in which the transfer of the amine group from lanthanide to a neighboring silicon atom is followed by the activation of a Si -O bond and the concomitant formation of a La -O bond. All our attempts to search for alternative concerted mechanisms failed.

The amine transfer proceeds with an energy barrier of 21.6 kcal.mol -1 with respect to [La]@c-1.

This corresponds to the rate-limiting step of the bi-grafting reaction. The product of this step is a transient intermediate, located at +6.4 kcal.mol -1 with respect to [La]@c-1. On this intermediate, as revealed by the second-order perturbation NBO analysis, the monografted metal centre remains in interaction with the transferred amine group (donation from a lone pair of the nitrogen atom towards an empty d orbital of lanthanum). This analysis also reveals the formation of a stabilizing interaction between the metal centre and the oxygen atoms of two siloxane bridges, including the oxygen atom which, in the next step, will be involved in the activation of a Si -O bond. The reaction then proceeds through the activation of a Si -O bond and the concomitant formation of a La -O bond. The activation barrier for this step is +2.4 kcal.mol -1 relative to transient intermediate and +8.9 kcal.mol -1 with respect to [La]@c-1. In [La]@c-2, one amino group is directly bound to a silicon atom initially involved in the siloxane bridge. The lanthanum complex can thus be considered as bi-grafted, with two short La-O distances (2.312 and 2.388 Å) but also in interaction with two other oxygen atoms, with two long La-O distances (2.930 and 2.973 Å). The formation of

[La]@c-2 is found to be exergonic by -36.6 kcal.mol -1 with respect to the separated reactants, i.e., 4.5 kcal.mol -1 more stable than [La]@c-1 indicating that the Si-O bond breaking is counterbalanced by the formation of a strong La-O bond. In the same way, the opening of a second adjacent siloxane bridge by the transfer of the second amine group to the silica surface, labeled [La]@c-3, could also occur as it is an exergonic reaction, -24.7 kcal.mol -1 with respect to [La]@c-2 (-61.3 kcal.mol -1 with respect to the separated reactants). As experimentally observed, ligands loss leads to the insertion of the lanthanide atoms on the silica network. The lanthanide atom is now directly bonded to three oxygen atoms (La-O distances between 2.261 and 2.326 Å) and also interacts with three nearby siloxane bridges (La-O distances between 2.708 and 2.847 Å). In this case, as for the bi-grafting step, the highest energy point of the mechanism corresponds to the transfer of the amine group. The formation of the tri-grafted compound takes place via the same multistep pathway defined for the bi-grafting process. The amine transfer involves an activation barrier of 21.9 kcal.mol -1 , with respect to [La]@c-2, to yield a transient intermediate that lies 18.7 kcal.mol -1 above [La]@c-2. For this intermediate, as for the bi-grafting reaction, the metal centre remains in interactions with the transferred amine group and a stabilizing interaction is formed between the lanthanum and different oxygen atoms of siloxane bridges. This intermediate evolves to the final [La]@c-3 tri-grafted product via a low energy process with an activation barrier calculated to be +1.8 kcal.mol From [La]@abc-1, [La]@bc-1 and [La]@b-1, the opening of an adjacent siloxane bridge by the transfer of the amino ligands to the silica surface can also take place. The energy profile for the formation of the tri-grafted [La]@abc-2, [La]@bc-2 and [La]@b-2 species, taking as example the reaction from [La]@bc-1, is given in Figure 10. In this case, the reaction follows the same multistep pathway than for c model, i. e., the transfer of the amine group from lanthanide to a neighboring silicon atom is followed by the activation of a Si -O bond and the concomitant formation of a La -O bond. The activation energies for this is reaction are also similar to the one computed for the trigrafting reaction c model. In this case, the activation barrier for the amine transfer lies at +28.8 kcal.mol -1 above [La]@bc-1. This transition state is 7.2 kcal.mol -1 higher than that on c model, which is agreement with the greater rigidity of the bi-grafted species on abc, bc and b models due to the partial insertion of the lanthanide atom onto the SiO 2-200 silica surface. This transition state yields a transient intermediate, located at +20.7 kcal.mol -1 with respect to [La]@bc-1, in which, as on c model, the metal centre remains in interaction with the transferred amine group. This intermediate evolves via an accessible transition state (+21.7 kcal.mol-1 with respect to [La]@bc-1)

corresponding to the aforementioned activation of a Si -O bond and the formation of a La -O.

These exergonic reactions, by roughly -14 kcal.mol -1 with respect to [La]@abc-1, [La]@bc-1 and

[La]@b-1, lead to the formation of respectively [La]@abc-2, [La]@bc-2 and [La]@b-2 (Figure 10).

These complexes, unlike [La]@c-3, are tri-grafted and inserted on the silica network, but also exhibit an ammonia molecule which remains coordinated to the metal centre. From a geometrical point of view, the lanthanide atom is directly bonded to three oxygen atoms (La-O distances between 2.337 and 2.361 Å) and also interacts with three nearby siloxane bridges (La-O distances between 2.629 and 2.904 Å). The NBO analysis of [La]@abc-2, [La]@bc-2 and [La]@b-2 confirms the presence of a stabilizing interaction between three oxygen atoms of different siloxane bridges and the metal centre (donation from a lone pair of these oxygen atoms towards an empty d orbital of the metal centre).Thus, independently of the initial grafting mode, the formation of a trigrafted specie is computed to be a kinetically accessible and thermodynamically favourable process. This is in line with the experimental observation that for silica treated at high temperature, either mono-grafted or tri-grafted compounds could be obtained. To summarize, the nature of the silanol groups at the silica surface has a great influence on the geometry and stability of the grafted complexes, especially in determining the grafting mode of La(NH 2 ) 3 . For instance, the presence of isolated silanol groups leads to the formation of monografted complexes whereas the presence of vicinal silanol groups induces the formation of bigrafted species (in this case the mono-grafted species evolves into the bi-grafted one by reaction with the neighboring silanol). When the two vicinal silanol are connected by an oxygen atom, the resulting lanthanum complex is bi-grafted to the surface, with lanthanum atom in a bridge position between two oxygen atoms, whereas when the two silanols are H-bonded, the resulting lanthanum complexes are bi-grafted with a lanthanum bonded to two oxygen atoms, but also interacting with two nearby siloxane oxygen atoms. In the same way, a monografted specie can be obtained by the reaction of La(NH 2 ) 3 on a geminal silanols. Finally, from these different structures, tri-grafted species can also be obtained by the opening of one or two adjacent siloxane bridge. In terms of Gibbs Free energy, all reactions are exergonic with respect to the entrance channel, with ∆ r G 0 ranging from -30 to -91 kcal.mol -1 . These results qualitatively agree with the experimental data, for the propensity of grafting lanthanide complexes onto SiO 2 surfaces. Thus, it is possible that all the La(NH 2 ) 3 grafting modes coexist so that it could be necessary to consider all the species in future reactivity studies which would involve such complexes. In all cases the coordination of OPPh 3 is predicted to be exergonic whatever the considered grafted complex. As mentioned in a previous work, the coordination of OPPh 3 on [La]@ac-1,

[La]@ac-2, [La]@c-1 is a thermodynamically favorable process, with Gibbs-free energies equal to -9.7, -18.0 and -14.6 kcal.mol -1 respectively. OPPh3 coordination on the bi-grafted [La]@abc-1,

[La]@bc-1 and [La]@b-1 species is also exergonic by -3.2, -4.5 and -6.9 kcal.mol -1 as well as on the mono-grafted compound [La]@bc-3, by -12.9 kcal.mol -1 . The coordination of OPPh3 on the tri- 4. The aromatic C-H and C-C stretching vibrations are found in the same range (between 2935 and 3107 cm -1 and between 1417 and 1592 cm -1 , respectively) whatever the considered grafted species, close to the experimental values of OPPh 3 @[La]@SiO 2-700 , ~ 3066 cm -1 and [1440-1593] cm -1 , respectively. The vibrational stretching mode of O=P bond, experimentally expected (but not observed) between 1120 and 1180 cm -1 , is also obtained in this domain for the different grafting modes. As a consequence, it is not possible to distinguish the different grafting modes by studying only this vibrational property. Another way to discriminate the different grafted species is to compare the theoretical and experimental 1 H, 13 C and 31 P NMR chemical shifts of the our different grafted species are in the 6.7 to 8.0 ppm range, in good agreement with reported experimental value of 7.4 ppm for OPPh 3 @[La]@SiO 2-700 . The experimental 13 C CP-MAS spectrum displays two peaks for the aromatic carbons, δ = 128.4 and 132.5 ppm. Our calculations also yield two ranges of chemical shift between 122.0 and 125.1 ppm and between 128.6 and 131.8 ppm whatever the considered grafted species, also in good agreement with experiments. In this case, it is noteworthy that, not only the theoretical and experimental chemical shifts are close, but the difference between the two experimental peaks and the two theoretical ranges are in good agreement, around 4 ppm. 

Conclusion

In conclusion, we have studied the grafting of lanthanide silylamide complexes onto dehydroxylated silica at 200°C. After validation, based on the vibrational features of the silanol groups and the δ( 29 Si) and δ( 1 H) NMR chemical shifts of a SiO 2-200 surface, five cage-like molecular models have been considered in order to study the grafting reaction of Ln(N(SiMe 3 ) 2 ) 3 @SiO 2-200 . The thermodynamics of this grafting reaction has been investigated

showing a marginal influence of the considered lanthanide whereas the nature of the silanol groups at the silica surface has a great influence on the geometry and stability of the grafted complexes.

The presence of isolated and geminal silanol groups lead to the formation of mono-grafted complexes. However, the presence of vicinal silanol groups induces the formation of bi-grafted species: (i) when the two vicinal silanol are connected by an oxygen atom, the resulting lanthanum complex is bi-grafted to the surface, with lanthanum atom in a bridge position between two oxygen atoms; (ii) when the two silanols are H-bonded, the resulting lanthanum complexes are bi-grafted with a lanthanum partially inserted onto the silica surface bonded to two oxygen atoms, but also interacting with two nearby siloxane oxygen atoms. Finally, thermodynamically stable tri-grafted species can also be obtained, from these different structures, by the opening of one or two adjacent siloxane bridge.

Figure 1 .

 1 Figure 1. Schematic representation of the possible surface species obtained by the grafting reaction of lanthanide silylamides on a dehydroxylated silica surface at 250°C 4a,b .

Figure 2 .

 2 Figure 2. Q n nomenclature used to define the environment of the silicon atoms in silica

Figure 3 .

 3 Figure 3. Schematic representation of the conclusions of the Zhuravlev model 31 .

Figure 4 .

 4 Figure 4. Representation of the five systems, with different silanol groups, used as model of a silica surface dehydroxylated at 200°C

  isolated and vicinal silanols, ∆δ around 14 ppm between Q 3 and Q 2 silanols and ∆δ around -8 ppm between Q 3 silanols and siloxane silicon atoms. The calculated 1 H NMR isotropic chemical shifts for hydrogen atoms involved in a hydrogen bond are in the 5.4 to 5.7 ppm range, 2.0 to 2.3 ppm otherwise, which is in good agreement with the aforementioned experimental values. In summary, we obtain the same chemical shielding for isolated and vicinal silanols, whereas silanol groups and siloxane bridges can be differentiated. The five considered models well reproduce the vibrational features of the silanol groups and the δ( 29 Si) and δ( 1 H) NMR chemical shifts of a SiO 2-200 surface. Thus, it is necessary to take all the models into account to study the grafting mode of Page 10 of 28 New Journal of Chemistry

Figure 5 .

 5 Figure 5. Structures obtained by grafting Ln(NR 2 ) 3 (R = SiMe 3 or H) (Ln = La, Y, Yb, Nd) onto the ac model.

  additional oxygen atoms (La-O 3 and La-O 4 distances around 2.73 Å) of the silica surface by donation from an oxygen lone pair towards an empty d orbital of the metal centre. this grafting mode induces a partial insertion of the lanthanide atoms onto the SiO 2-200 silica surface.The formation of [La]@abc-1, [La]@bc-1 and [La]@b-1 is predicted to be exergonic by -76.4, -77.1 and -75.8 kcal.mol -1 with respect to the separated reactants.

Figure 7 .

 7 Figure 7. Schematic representation of the most stable structure obtained by the grafting of La(NH 2 ) 3 @b-1 (R 1 =R 2 =SiH 3 ), abc-1 (R 1 =R 2 =H) and bc-1 (R 1 =SiH 3 and R 2 =H) models.

Figure 8 .

 8 Figure 8. Calculated free-energy profile (in kcal.mol -1 ) for the grafting reaction of La(NH 2 ) 3 onto the bc model.

  -1 with respect to transient intermediate (+20.5 kcal.mol -1 with respect to [La]@c-2).

Figure 9 .

 9 Figure 9. Calculated free-energy profile (in kcal.mol -1 ) for the grafting reaction of La(NH 2 ) 3 onto the c model leading to a trigrafted grafted complex.

Figure 10 .

 10 Figure 10. Calculated free-energy profile (in kcal.mol -1 ) for the tri-grafting reaction of La(NH 2 ) 3 onto the bc model from [La]@bc-1.

Figure 11 .

 11 Figure 11. Structures obtained by the opening of one siloxane bridges from bi-grafted [La]@abc-1, [La]@bc-1 and [La]@b-1 species.

  Finally, the δ( 31 P) chemical shifts calculated for OPPh 3 coordinated on the mono-and bi-grafted compounds are in the 40.3 -47.6 ppm range, close to the experimental of δ = 39.1 ppm. This range is slightly enlarged by considering the OPPh 3 coordination on the tri-grafted complexes, 40.3 -51.1 ppm. As a consequence, due to the large number of values in this range, it is not possible to distinguish the different grafting modes by studying the 31 P NMR chemical shifts of the coordinated OPPh 3 molecule, as for 1 H and 13 C NMR. However, it is noteworthy that, according to the study Drago et al., the computed 31 P NMR chemical shift difference pleads for a dissimilar Lewis acidity of the grafted complexes on a SiO 2-200 surface, i.e., a slightly different catalytic activity. Work is in progress in order to assess the influence of this change in Lewis acidity in for instance polymerization reactions.

  

Table 1 .

 1 Calculated values for the vibrational frequencies (in cm -1 ) of the OH groups for the

	different surface models		
	Model	ν O-H	type of silanol
	ac	3771 / 3769	vicinal

As can be seen in table

1

, the calculated ν OH of an isolated silanol, 3770 cm -1 in c model, is in good agreement with the experimental value of 3747 cm -1 . It is noteworthy that the calculated ν OH for two silanol groups in vicinal position linked by a siloxane bridge (ac model), are almost identical to those calculated for an isolated silanol group (c model), 3771 cm -1 and 3769 cm -1 vs. 3770 cm -1 . Models b, abc and bc presents one OH stretching frequency around 3518 cm -1 corresponding to a hydroxyl group involved in a hydrogen bond. Likewise, in agreement with experimental observation the OH stretching frequencies of geminal and vicinal silanols, i.e., abc, bc and b models, are calculated to be close to the ν OH of an isolated silanols, between 3772 and 3757 cm -1 .

Thus, these three types of silanols are indistinguishable on a SiO 2-200 IR spectrum. As a consequence, the five cage-like molecular clusters are in agreement with experimental IR data.

Table 2 .

 2 Comparison between the Theoretical and the Experimental 29 Si NMR Chemical Shifts for the different silanol groups. Chemical shifts are given with respect to TMS (theoretical chemical Another powerful source of information is NMR spectroscopy, as it concerns both 1 H and 29 Si nuclei33,9e .1 H and 29 Si NMR has become a standard method to structurally characterize the silicates and silica polymorphs. With respect to tetramethylsilane in 1 H NMR, both isolated and geminal

	shielding: 352.9 ppm)				
	Silicon atoms	isolated	vicinal	geminal	Siloxane
	Exp. 29 SI NMR	-99	-99	-90	-109
	ac	-91.0 / -90.9	-	-	-98.7
	c	-90.8	-	-	-98.4

silanols have a chemical shift (δ( 1 H)) of 2.0 ppm whereas those interacting via H-bonds on hydrated samples show a δ( 1 H) in the range 3 -5 ppm. Concerning the 29 Si MAS-NMR, the observed signal around -109 ppm is assigned to the Q 4 atoms whereas the silicon atoms with a chemical shift around -99 ppm are attributed to the Q 3 silanols, i.e., vicinal or isolated silanols. Finally, the signal at -90 ppm arise from geminal silanols corresponding to a Q 2 environment for the silicon atom. Thus, 29 Si MAS-NMR spectroscopy does not allow to discriminate between isolated and vicinal silanols, since their resonances are similar around δ( 29 Si) = -99 ppm. Nevertheless, they can be distinguished from silicon atoms involved in siloxane bonds or geminal silanols, which are respectively more shielded by 10 ppm (δ( 29 Si) = -109 ppm) and less shielded by 9 ppm (δ( 29 Si) = -90 ppm). The relevance of our five cage-like SiO 2-200 surface models was checked by comparing the experimental 1 H and 29 Si NMR isotropic chemical shift with the calculated values (Table

2

). The 29 Si NMR chemical shifts calculated for our models are in the -74.3 to -77.3 ppm range for geminal silanols, -86.0 to -87.8 ppm for vicinal silanols, -90.8 to -91.0 ppm for isolated silanols and -96.4 to -98.7 for siloxane silicon atoms. Theoretical results are fairly accurate with respect to experimental values with an error lower than 15%. The assignation of the chemical shifts to the different bonding situations is also in good agreement with the reported experimental values, with ∆δ around 3 ppm between Q 3

Table 3 .

 3 Selected The labels O 1 , O 2 , O 3 , N 1 and N 2 refer to the intermediates and transition states shown in

	Figure 5.							
		Δ r G° Ln -	Ln -	Ln -	Ln -	Ln -	Δ r G° Ln -O 1 Ln -O 2 Ln -O 3 Ln -N 1 Ln -
		O 1	O 2	O 3	N 1	N 2			N 2
		R= SiMe 3						R= H
	La(NR 2 ) 3 @ac-1 -34.0 2.367 2.886 2.810 2.369 2.370 -34.4 2.392 2.805 2.767 2.300 2.305
	Y(NR 2 ) 3 @ac-1 -33.1 2.189 3.578 2.460 2.181 2.277	-	-	-	-	-	-
	Yb(NR 2 ) 3 @ac-1 -35.0 2.174 3.629 2.397 2.168 2.263	-	-	-	-	-	-
	Nd(NR 2 ) 3 @ac-1 -33.9 2.334 2.752 2.670 2.320 2.338 -34.8 2.336 2.731 2.720 2.250 2.255
	TS La	-33.4 2.350 2.770 2.759 2.346 2.494 -40.5 2.336 2.552 2.637 2.282 2.540
	TS Y	-31.0 2.210 2.652 2.502 2.178 2.313	-	-	-	-	-	-
	TS Yb	-31.7 2.179 2.961 2.450 2.166 2.279	-	-	-	-	-	-
	TS Nd	-30.7 2.294 2.647 2.712 2.288 2.471	-	-	-	-	-	-
	La(NR 2 ) 3 @ac-2 -58.4 2.273 2.278 3.803 2.368 2.776 -62.4 2.295 2.293 3.266 2.306 2.707
	Y(NR 2 ) 3 @ac-2 -60.7 2.120 2.110 3.698 2.201 2.565 -64.8 2.120 2.119 3.373 2.155 2.490
	Yb(NR 2 ) 3 @ac-2 -62.7 2.096 2.094 3.677 2.179 2.522 -65.7 2.100 2.100 3.365 2.136 2.458
	Nd(NR 2 ) 3 @ac-2 -57.6 2.221 2.225 3.775 2.317 2.709 -63.2 2.240 2.240 3.273 2.256 2.640

structural parameters (distances in Å) and comparison of the Gibbs-free energies (kcal.mol -1 ) of the grafting reaction of Ln(NR 2 ) 3 (R = SiMe 3 or H) (Ln = La, Y, Yb, Nd) on ac model.

Table 4 .

 4 Comparison between the theoretical and the experimental vibrational frequencies (in cm -1 ), 1 H, 13 C and 31 P NMR chemical shifts (in ppm) of OPPh 3 molecule coordinated at different grafted lanthanum complex. 1 H and 13 C chemical shifts are given with respect to TMS (theoretical chemical shielding: 31.64 ppm / 195.35 ppm respectively to 1 H and 13 C atoms). 31 P chemical shifts are given with respect to phosphoric acid (theoretical chemical shielding: 380.6 ppm). a Ref. 5c. b expected but not detected band. c Free OPPh 3 ligand. The calculated vibrational C-H, aromatic-C, and O=P frequencies of the adsorbed OPPh 3 molecule are reported in Table
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The coordination of OPPh 3 to the possible grafted complexes does not allow discriminating between the plausible grafting modes since all models could explain the IR and NMR signature of the coordinated molecule. However, the relatively large range of the δ( 31 P) chemical shifts (around 10 ppm) indicates some possible important in Lewis acidity of the metal centres, depending on the grafting mode. This might have impact on the reactivity and work is in progress in that direction.