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Abstract

Cluster models of Si©200 are proposed and compared with spectroscdpicafd NMR)
experimental data. Five models describing the tarté surface silanols (isolated, vicinal and
germinal) at the Si©200 surface have then been derived and useddg 8te grafting reaction of
homoleptic silylamide lanthanum(lll) complexes. @&ér different grafting modes have been
obtained (mono-, bi- and tri-grafted) in line witie experimental knowledge. In terms of energetic
stability as well as spectroscopic properties afrdmated OPPh3 (as a probe), all modes could
coexist at the surface. The analysis of&{i{&) chemical shifts for the coordinated OPPh3 india
some possible important differences in Lewis agidit the lanthanide centre, that may impact the

catalysis.
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1 Introduction

In the context of the research of low cost and remwhentally benign catalytic systels
developments of highly active and selective catalgse of prime importance. From an industrial
point of view, heterogeneous processes are adwemiagbecause of the facile separation of the
final products from the catalysts, and the easydlewy of these catalysts which results in lower
operating cost. Moreover, the easier solid-liquegasation reduces the solvent consumption which
is in agreement with the constant demand for greememical processes. In the case of
homogeneous catalysts, every entity can act aniglesactive site. This makes homogeneous
catalysts intrinsically more active and selectieenpared to heterogeneous catalysts. Therefore, =
catalytic system, which takes the advantages dfi boimogeneous and heterogeneous catalysig,
would greatly enhance the interest for industr@dleations. One possibility to achieve this tyge o
catalytic system is the use of supported catalgstthe heterogenization of homogeneous catalysts).
In this way, silica surface is an attractive caatikdo be used as catalyst support. The use ofiSiO
principally due to the large surface area, the gmeghanical and thermal properties of this oxide
but also because SiQ@loes not generate parallel reactions. Moreovicasis a highly versatile
material since one can choose between e.g. ciystathesoporous and amorphous silica as well as
different thermal treatment of the surface (randnogn 200°C to 750°C). The former would change
the specific area of the surface whereas the latterd lead to a difference of surface silanols
inducing a diversity of grafted complexes at thefame. In all cases, there is a reasonable
knowledge of its surface structure in order to ustad its reactivity with metal complexeBhe

use of silica for the grafting of catalytically a& metal complexes or for hosting metal partices

the surface makes that silica is considered arllertenaterial in catalysfs
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Figure 1. Schematic representation of the possible surfpeeias obtained by the grafting reaction

of lanthanide silylamides on a dehydroxylated aibarface at 250°¢#°

£

Among the metals applied within the field of catady rare-earth systems have been the subject c:
constant interest, due to their high activity ivesal fields, such as in polymerizatfoand fine
chemistry, their low toxicity and their moderate cost. Howevamong the large variety of reported
lanthanide complexes, amido derivatives have beend to be one of the most attractive and
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versatile family. The experimental grafting reastiof homoleptic derivatives, of the type
Ln(N(SiMes),); [Ln= Y, La, Nd, Sm], have already been describgdAmwander et af.among
otherd’’ (see Figure 1). As shown by Anwander et al. in 198&se compounds react with silica's
hydroxyl groups, leading to the formation of a dew lanthanide-siloxide bond with the
concomitant protonolysis of the lanthanide-amidad38. The experimental elemental analysis of
this grafting reactichshows that the metal content is similar for materprepared from the same
support, i.e., after the same heat pre-treatmdrtss, this analysis indicates that the grafting
reaction proceeds with similar efficiency for ytitm, lanthanum, neodymium and samarium species.
In the same way, the elemental analysis reveatstiib&l — La molar monografted:bigrafted ratio
increases with the pre-treatment temperature, 26045 at 250°C to 55:45 at 500°C and 100:0 a.
700°C. Since then, several grafted species basetlese metals were synthesized. The hanel
grafted®silica surfaces have been characterized by themmigetry, IR and NMR spectroscopy.
Some of the catalytic properties of grafted comesewere also studied by considering different
reactions such as the Danishefsky reactiBnthe alkynes dimerization or the alkenes
hydrosilylatior?®, the intramolecular Hydroamination/Cyclization @minoalkene¥ and the
ethylene g-caprolactone and isoprene polymerization reattiBlowever, it should be noticed that
experimental data do not give enough informatioddgtermine the grafting mode of the lanthanide
complex. In a previous wotk we created realistic molecular models for a aibarface partially
dehydroxylated at 700°C (SjGog. After a first selection based on the rigidity tbe ligand, the
surface density of silanol groups, and IR freques@f the hydroxyl groups of the silanols, two
possible models of the surface have henceforth beesidered, in agreement with a similar work
realized considering a periodic supercell m&dérhe thermodynamics of a grafting reaction of
lanthanum catalysts on these models has also beeestigated. This reaction leads to
thermodynamically stable structures that revederdht grafting modes: mono-grafted, bi-grafted
or bi-grafted after breaking of a Si-O-Si bridgehid study highlights that the grafting in a top
position is not favorable, and there are two rehgafting modes when the coordination site is an
isolated silanol: on one hand a mono-grafted coriple bridging position (scheme 1a), and on the

other hand a bi-grafted catalyst by the break sifexane bridge (scheme 1b).
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Scheme 1 : Favorable grafting modes on isolateohalil a (left) the monografted bridging mode
and b (right) the bigrafted mode with a broken S&ibridge

Surface organometallic chemistry on i) is less straightforward than that of Sifg, as
expected from the several types of silanol groupessgnt on its surface, leading to a possible
coexistence of several grafting modes at the,S@face. Indeed, during the dehydroxylation
process the silanol groups are condensed in gawgucing one water molecule and one siloxane
bond. The condensation of surface silanols at 70@dtices the formation of isolated silanol
groups € SiOH, @), where the surface silicon atom has three bomsthe bulk structure and the
fourth to one OH group (see Figure 2). These sllgnoups are considered isolated when thev
cannot be involved in a hydrogen bond interactidihen the silica surface is treated at 200°C, we
can observe the presence of isolated silanol grbupsiso geminal silanols (= Si(OH)Y?) when
two hydroxyl groups are attached to the same siliatom and vicinal silanols @ when an

isolated silanol groups is connected by an oxygemaor hydrogen bonded to another silanol

group.
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Figure 2. Q" nomenclature used to define the environment o$ilieon atoms in silica

We report here results on the grafting of lantharsdylamide complexes onto a dehydroxylated
silica at 200°C where, with respect to a silica-fpeated at 700°C, other grafting modes might be
available due to the higher density of silanol groat the surface. This study will be divided into
two parts. The first part is devoted to the valiatof the created surface cluster models of assili
surface partially dehydroxylated at 200°C, compatiwith different structural and spectroscopic
experimental data. Indeed, the modeling of amorphsupports is still a challenge for
computational chemists because of the complexityarabrphous systems which would require
expensive calculations. In general, two stratefiage been adopted to compute the electronic
structure of silica and its defects: the clusteprapch® and the periodic boundary conditions
approach’. In general, the computational modeling of amorheolids using periodic boundary
conditions is usually considered as the most releapproach because it takes into account the
extended nature of the material. Neverthelessudystarried out by Solans-Monfort et'alhas
shown that the experimental characteristic datavetereproduced and nearly identical for cluster
models and periodic systems. In this study, we lténesen the cage-like cluster approach to model
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the silicate surface, which allows easier invesiige of multi-step reactions mechanisms. The
second part of our study involves another importaap of the surface organometallic chemistry,
which is the interaction between lanthanide catalgsd the Sigxqo surface. Experimental works,
involving IR and NMR spectroscopy, were carried tmutletermine the nature of the grafting mode
on the surface and among others, the coordinatiofriphenylphosphine Oxide (O=PEBhwas
reported by Gauvin et af. Therefore, based on these experimental repdffsresht coordination
modes of Ln(N(SiMg,)s@SiG-200 have been computed, spectroscopically characterarel
compared with experiments. The knowledge of thelgstt grafting mode is crucial because it
conditions all the parameters of reaction pathwhiygetic and thermodynamic data, regioselectivity

and stereoselectivity.

2 Computational Details

All DFT calculations were performed with Gaussi@&'®0Calculations were carried out at the DFT
level of theory using the hybrid functional B3PW91Geometry optimizations were achieved
without any symmetry restriction. Calculations dirational frequencies were systematically done
in order to characterize the nature of stationanipts. Stuttgart effective core potentfiland their
associated basis set were used for silicon, yttrlanthanum, neodymium and ytterbium . The basis
sets were augmented by a set of polarization fanst{y = 0.284 for Si and; = 1.000 for Y, La,
Nd and Yb). Hydrogen, nitrogen and oxygen atomsewerated with 6-31G(d, p) doublébasis
setd®. Among the various theories available to comptientical shielding tensors, the gauge
including atomic orbital (GIAO) method has been @eéd for the numerous advantages it
present?. The same methodology was used in previous worélving grafted systems showing
that theoretical results are fairly accurate wilspect to experimental values with an error lowe
than 15% for’°Si M, 10% for3'P 22 and*’0***“? and 5% for'H 2 and*3C ?'® The electron
density and partial charge distribution were exadim terms of localized electron-pair bonding
units by using the NBO prograf Through this method, the input atomic orbital ibaset is
transformed via natural atomic orbitals (NAOs) aratural hybrid orbitals (NHOSs) into natural
bond orbitals (NBOs), which correspond to the lzeal one centre (“lone pair”) and two-centre
(“bond”) elements of the Lewis structure. All pddsiinteractions between “filled” (donor) Lewis-
type NBOs and “empty” (acceptor) non-Lewis NBOs i, together with their energetic
guantification (stabilization energy), have beenaoted by a second-order perturbation theory

analysis of the Fock matrix. Only stabilization enehigher than 10 kcal.mblhas been considered.

3 Results and Discussion
Considered cage-like surface models
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Silica surfaces can be natural or synthetic but afgstalline (quartz, cristobalite, edingtonite), or
amorphous. In general, except for stishovite wlystatlizes in the rutile structure type with silico

in six-fold coordinatiof® and pyrogenic silicd for which the coordination numbers of silicon can
vary from 2 to 6, crystalline and amorphous surdacensist of inter-linked SiOmoiety in a
tetrahedral arrangement, with the different sili@oms interconnected by oxygen bridges, namea
siloxane bridges. The chemical properties of thelea surfaces are mostly governed by the
chemistry of its surface, and most precisely, by gpinesence of silanol groups. In this way, as
aforementioned, the thermal treatment of the sarfaam strongly modify these properties. One of
the most versatile routes for the silica synthesithe sol-gel one. In a sol-gel proc@sshe silica
surface is formed by condensation of Si(@QEdtities obtained by the hydrolysis of sodiuncsile

or alkoxysilane. The preparation of silica can alske place in anhydrous vapor phase at high
temperature, for example, vaporizing i@ an arc of plasma jet and condensing it in streadry
inert ga&®. The silanol groups are very reactive and williteolved in interactions and chemical
reactions at the silica surface. For this reasois necessary to determine the number of silanol
groups on the silicate surface. Despite the conigle{ the silica surface, several experimental
studies have been carried out for that purpose:a@Rapectroscop¥, thermogravimetric analysfs
Karl Fischer titratiof® or other chemical methots Zhuravlev® has shown that in average the OH
coverage, for a thermal treatment at temperatg® tlean 200°C is a constant equal to 4.6 + 0.5

OH.nn%, regardless of the origin and structural charisties for a set of about 100 different silica

samples.
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Figure 3. Schematic representation of the conclusions oZtheavlev modéf-

This study is based on an exchange reaction bethwgdnogen and deuterium atoms monitored by
mass spectroscopy. This method has the advantageoniy the surface silanols are taken into

account, and not the subsurfacic silanols or adsbrkater. Moreover, combining the Zhuravlev
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model with IRTF integration (integration of the faae of each vibration band corresponding to the
silanol groups) and MA$°Si NMR data, it is possible to obtain the propartiaf each type of
silanol group as a function of the temperature. misely shown by ZhuraviéV, at room
temperature (deny < 25°C), all the different types of silanol groupsexist, at a maximum
concentration of 4.6 + 0.5 OH.AM At this temperature the silica surface is alsveced by
different layers of physically adsorbed water (§gare 3). The reversible dehydration reaction
(removal of physically adsorbed water) takes plageaising the temperature to 25 — 190°C. From
190°C, the dehydration reaction is complete and @nysically adsorbed water is desorbed while
the silanol surface coverage remains constant qual ¢o 4.6 + 0.5 OH.nif) with a 1.15/2.85/0.60
isolated/vicinal/geminal ratio. The thermal treatmef the surface above 190°C leads to the
dehydroxylation of the silica surface or the corsdgion of neighboring silanol groups to form
water and siloxane bridges. This process leadsdeceease of the silanol density as a function of
the temperature. In order to describe the presehddferent silanol groups onto a Sig), surface
(isolated, vicinal, germinal or a mixture of viciremmd germinal silanol groups), and in continuation
of previous theoretical studies, five cage-like emnllar models (Figure 4) were defined. In all cases
two silicon atoms represent the emerged part ofiliea surface and thus of the different silanol
groups. The emerged part is surrounded by a layér &round four silicon atoms, themselves
connected to O-SiHgroups which are chosen as model to mimic theimmoity of the surface.
Finally, a second layer formed by two silicon atprmsnnected by a siloxane bridge, is added to
increase the rigidity of the model. Both silicomrat are connected to hydroxyl groups in order to
saturate the model. In a same way, Sgfoups are added, on the emerged part of theasiic

saturate the lateral siloxane bridges formed duttiegdehydroxylation reaction of the silica surface
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d) abc model : Si;;0,,H15 e) bc model : Si;30,,H50

Figure 4. Representation of the five systems, with differgl@nol groups, used as model of a silica

surface dehydroxylated at 200°C

Could these five models be considered relevant mmoglea SiQ., surface? A partial answer
should be given by comparing experimeiftdl and calculated vibrational frequencies of the
hydroxyl groups. IR spectroscopy studies show timater air before the dehydroxylation treatment,
the OH stretching frequency of adsorbed water nuidscis dominant between 3000 and 3750'cm
At 190°C, the dehydration reaction is complete ang physically adsorbed water is desorbed. Ir
this case, the sharp band at 3747 cassigned to isolated silanols, becomes strong@mazore
distinct. The vibrational frequencies associatethwihe geminal and vicinal hydroxyl groups lie
between 3500 and 3747 dmthe lowest values corresponding to silanols imedlin hydrogen

bonds.

Table 1. Calculated values for the vibrational frequencies qm®) of the OH groups for the
different surface models

Model VO-H type of silanol

ac 3771/ 3769 vicinal
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abc

bc

New Journal of Chemistry

3770

3763
3516

3757/ 3767 / 3772
3518

3771
3516
3760

isolated

vicinal

vicinal H-bonded

geminal

geminal H-bonded

geminal
geminal H-bonded

vicinal

As can be seen in table 1, the calculatgglof an isolated silanol, 3770 €nin ¢ model, is in good
agreement with the experimental value of 3747 cinis noteworthy that the calculategy for two
silanol groups in vicinal position linked by a sitme bridge §c model), are almost identical to
those calculated for an isolated silanol groapnpdel), 3771 cim and 3769 cm vs. 3770 cni.
Modelsb, abc andbc presents one OH stretching frequency around 3518aprresponding to a
hydroxyl group involved in a hydrogen bond. Likegisin agreement with experimental
observation the OH stretching frequencies of gelmamal vicinal silanolsj.e., abc, bc and b
models, are calculated to be close towheg of an isolated silanols, between 3772 and 3757.cm
Thus, these three types of silanols are indistsitable on a Si&»o IR spectrum. As a

consequence, the five cage-like molecular clustersn agreement with experimental IR data.

Table 2. Comparison between the Theoretical and the Expetah&Si NMR Chemical Shifts for
the different silanol groups. Chemical shifts areeg with respect to TMS (theoretical chemical

shielding: 352.9 ppm)

Silicon atoms isolated vicinal geminal Siloxane
Exp.%*SI NMR -99 -99 -90 -109

ac -91.0/-90.9 - - -98.7

C -90.8 - - -98.4
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b - -86.0 - -96.7
abc - - -77,3 -96.4
bc - -87.8 -74.3 -96.4

Another powerful source of information is NMR spestopy, as it concerns bothl and *°Si
nuclef*¢ 'H and?°Si NMR has become a standard method to structuchiyacterize the silicates
and silica polymorphs. With respect to tetrameftgie in 'H NMR, both isolated and geminal
silanols have a chemical shii(H)) of 2.0 ppm whereas those interacting via H-tsood hydrated
samples show &*H) in the range 3 — 5 ppm. Concerning t®8i MAS-NMR, the observed signal
around -109 ppm is assigned to tHeafbms whereas the silicon atoms with a chemidélatound
-99 ppm are attributed to the’ ®ilanols,i.e., vicinal or isolated silanols. Finally, the sigral-90
ppm arise from geminal silanols corresponding @f @nvironment for the silicon atom. Thi3sSi
MAS-NMR spectroscopy does not allow to discrimingdween isolated and vicinal silanols, since
their resonances are similar arow(e’Si) = -99 ppm. Nevertheless, they can be distifmdsrom
silicon atoms involved in siloxane bonds or gemsikdnols, which are respectively more shielded
by 10 ppm §(*°Si) = -109 ppm) and less shielded by 9 p@i°6i) = -90 ppm). The relevance of
our five cage-like Si@qo surface models was checked by comparing the erpatal’H and®*Si
NMR isotropic chemical shift with the calculatedues (Table 2). Thé°Si NMR chemical shifts
calculated for our models are in the -74.3 to -/p& range for geminal silanols, -86.0 to -87.8
ppm for vicinal silanols, -90.8 to -91.0 ppm fopleted silanols and -96.4 to -98.7 for siloxane
silicon atoms. Theoretical results are fairly aaterwith respect to experimental values with an
error lower than 15%. The assignation of the chahsbifts to the different bonding situations is
also in good agreement with the reported experiatemiues, withAs around 3 ppm between®Q
isolated and vicinal silanolad around 14 ppm betweer?@nd @ silanols and\8 around -8 ppm
between @ silanols and siloxane silicon atoms. The calcdlaté NMR isotropic chemical shifts
for hydrogen atoms involved in a hydrogen bondiarthe 5.4 to 5.7 ppm range, 2.0 to 2.3 ppm
otherwise, which is in good agreement with the exfeentioned experimental values. In summary,
we obtain the same chemical shielding for isolabted vicinal silanols, whereas silanol groups and
siloxane bridges can be differentiated. The fivasidered models well reproduce the vibrationai
features of the silanol groups and &{&'Si) ands(*H) NMR chemical shifts of a SiQqo surface.
Thus, it is necessary to take all the models intocoant to study the grafting mode of



Page 11 of 28 New Journal of Chemistry

Ln(N(SiMez),)s@SiG-200

Grafted lanthanide complexes

Grafting reaction of a Lanthanide complexes ontelushodels

To understand the surface chemistry of silica, vilefisst study the grafting of lanthanide amides
Ln(N(SiMe3)2)s Ln=Y, La, Nd, Yb onto silica. As aforementioneceésFigure 1), the grafting
reaction occurs through a protonolysis of the Lmdhd by surface silanols, which generates a
covalent=Si-O-Ln bond with the concomitant formation of adrhexamethyldisilazane molecule.
In a previous work on SiQog™, we have demonstrated that the grafting reactidra(N(SiMes)-)s

on theac model leading to the formation of a mono-graftechplex, La(N(SiMe),)s@ac-1 (figure
5a), is an exergonic process (-32.4 kcal:msith respect to the separated reactants). Substigue
from La(N(SiMe),)s@ac-1, the formation of a bi-grafted specie, La(N(SiMi@ac-2 (figure 5c),

is predicted to be exergonic with respect to La{MEs),)s@ac-1 by -23.8 kcal.mot, -56.2
kcal.mol* with respect to the separated reactants. The fosmaif La(N(SiMe),)s@ac-2 is
accompanied by the uptake of the hydrogen atom hef $econd silanol group by one
bis(trimethylsilyl)lamido group. The resulting laatitum complex is bi-coordinated to the surface,
with the lanthanum atom in bridging position betwevo oxygen atoms, and it exhibits a
hexamethyldisilazane molecule which makes a hydrogend with a siloxane oxygen. This
reaction requires a low activation barrier of + Roal.mol* with respect to La(N(SiMg)s@ac-1

In the present work, in order to evaluate the éff#fcthe metal centre we have considered the
grafting reaction of three additional rare-earttylamides, Y(N(SiMg)2)s;, Yb(N(SiMe;)2); and
Nd(N(SiMe;),)s onto the different silica surface models. As expe¢ and summarized in Table 3,
the grafting reaction shows similar behaviour immg of energetics and structural features
independently of the considered metal centre. Thetsires of the monografted, the bigrafted anc'
the transition states are similar for all the cdased metal centres with an average deviationef th
Ln — N and Ln — O bond lengths of less than 0.13nfthe same way, from an energetic point of
view, a distinct metal effect was not observed. fher four different complexes considered in our
calculations only a marginal influence of the latide on the activation energy of the bi-grafting
process (averaging 3 kcal.ilis found indicating that the reaction is easy &asible for all the
lanthanide centres. The monografted:bigrafted iveabibbs-free energy difference is also identicai,
around 28 kcal.md, for the four systems. Therefore, for the sakeclafity, the following

discussion is limited to the study of the graftiegction of the lanthanum complex onto silica.
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a) Ln(N(SiMes),);)@ac-1

N;b I NS

bz ;03 fol

d) [Ln]@ac-1 e) Bi-grafting transition state f) [Ln]@ac-2‘
Figure 5. Structures obtained by grafting Ln(MR(R = SiMg or H) (Ln = La, Y, Yb, Nd) onto the

ac model.

As we can see on Table 3, the Gibbs-free enerdgreifce between both grafting modes is also
very close to that obtained considering a simgifligand,i.e.,, by replacing the trimethylsilyl
groups by a hydrogen atom, 24/2 28.0 kcal.mot for lanthanum and 23.%. 28.4 kcal.mof for
neodymium complexes. Despite our efforts, it hasbe@n possible to locate any minimum energy
points corresponding to monografted ytterbium arliuyn species. Geometrically speaking,
replacing SiMe by H does not significantly influence the struelufeatures of the complex. As
expectet?, with the simplest Ln(Nb)s complex, the Ln — O bond lengths are found to be
systematically longer (average 0.05 A) wheread. the- N bond lengths are shorter (average 0.07
A). Therefore, in order to save some computatidinae, the following discussion is limited to the

use hydrogen atoms instead of trimethylsilyl groups

Table 3. Selected structural parameters (distances in A)cantparison of the Gibbs-free energies
(kcal.mol'") of the grafting reaction of Ln(Nfg (R = SiMe or H) (Ln = La, Y, Yb, Nd) orac
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model. The labels 9 O,, O;, N; and N refer to the intermediates and transition stakesva in
Figure 5.

AG° Ln- Ln- Ln- Ln- Ln- AG°LN-O,Ln-GLhn-GsLn—-N; Ln—
O, O, O3 N1 N> N>
R= SiMe& R=H
La(NRy)s@ac-1 -34.0 2.367 2.886 2.810 2.369 2.370 -34.4 2.392 2.805 2.767 2.300 2.30%
Y(NRy);@ac-1 -33.1 2.189 3.578 2.460 2.181 2.277 - - - - - -
Yb(NRy)s@ac-1 -35.0 2.174 3.629 2.397 2.168 2.263 - - - - - -
Nd(NRy)s@ac-1 -33.9 2.334 2.752 2.670 2.320 2.338 -34.8 2.336 2.731 2.720 2.250 2.2tC

TS, -33.4 2.350 2.770 2.759 2.346 2.494 -40.5 2.336 2.552 2.637 2.282 2.540
TSy -31.0 2.210 2.652 2.502 2.178 2.313 - - - - -

TSy -31.7 2.179 2.961 2.450 2.166 2.279 - - - - - .
TS\d -30.7 2.294 2.647 2.712 2.288 2.471 - - - - - -

La(NRy)s@ac-2 -58.4 2.273 2.278 3.803 2.368 2.776 -62.4 2.295 2.293 3.266 2.306 2.7(7
Y(NRy)s@ac-2 -60.7 2.120 2.110 3.698 2.201 2.565 -64.8 2.120 2.119 3.373 2.155 2.44C
Yb(NRy)s@ac-2 -62.7 2.096 2.094 3.677 2.179 2.522 -65.7 2.100 2.100 3.365 2.136 2.4L°
Nd(NRy)s@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.€6-<v

Before looking at the reaction products betweendhthanum catalyst and tieenodel, we
shall underline that it is not possible to obtaydiogenated ammonia ligands since no vicinal
silanol group is present. The grafting reactionilsimto [La]@ac-1 on thec model leads to a
bridging mono-grafted lanthanum, namely [Lad@® (figure 6), whose formation is exergonic by -
32.1 kcal.mol with respect to the separated reactants. This ryoafting is confirmed by a
geometrical analysis for instance the La-O distarfc2393 A for [La]@-1 (2.392 A for [La]@ac-

1). The second-order perturbation NBO analysis abseeals the presence of two stabilizing
interactions (donation from a lone pair of oxygeanas towards an empty orbital of the metal
centre) between two oxygen atoms of siloxane badged the metal centre (for [Laj@l, La-O
distance of 2.736 and 2.824 A) or one oxygen atbensiloxane bridge and the oxygen atom on the
vicinal silanol group and the metal centre ([La@l, La-O
distance of 2.767 and 2.80 A).

l

{
b
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Figure 6.[La]@c-1 structure obtained by grafting the lanthanum completo thec model.

In the present work, we have also considered thftiigg reaction of La(Nk); on theb, abc andbc
models. As aforementioned, these three models allote simulate other kinds of silanols (geminal
and vicinal silanols) that can be present at thiéase of SiQ.x Silica. However, even if several
attempts to coordinate La(NH on these three cage-like models have been coesiddre most
stable structure is similar in the three cases sgare 7). These structures share common features
with [La]@ac-2 Indeed, in the [La]@bc-l, [La]@bc-1 and [La]@b-1 structures, the grafting
reaction also involves the uptake of the hydrogemeof a second silanol group by another amino
group. The resulting lanthanum complexes are tbezebi-grafted on the surface, with the
lanthanum atom in a bridging position between twygen atoms (La-Qand La-Q distances
around 2.36 A), and exhibit an ammonia moleculectviiemains coordinated to the metal centre.
However, contrarily to [La]@c-2 the second-order perturbation NBO analysis reveat these
bi-grafted species are also highly stabilized bg thteraction of the metal centre with two
additional oxygen atoms (LaszCand La-Q distances around 2.73 A) of the silica surface by
donation from an oxygen lone pair towards an entptyrbital of the metal centre. Thus, this
grafting mode induces a partial insertion of thethanide atoms onto the Sig)o silica surface.
The formation of [La]@bc-1, [La]@bc-1 and [La]@b-1 is predicted to be exergonic by -76.4, -
77.1 and -75.8 kcal.molwith respect to the separated reactants.

Figure 7. Schematic representation of the most stable stmeictitained by the grafting of
La(NH2)3@b-1 (R]_:Rz:Sng), abc-l(R1=R2=H) andbc-1 (R1:SiH3 and F§:H) models.

As we can see on Figure 8, the formation of eifhai@abc-1 or [La]@bc-1 or [La]@b-1 takes
place through a kinetically accessible and exerpnocess. The reaction sequence starts by the
protonolysis of the La-N bond by surface silanalbjch generates a covales®i-O-La bond with

the concomitant formation of a free ammonia molectihe lanthanum complex is mono-grafted on
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a geminal site (La-O distance of 2.398 A). As obedron isolated silanol groups, the mono-
grafting coordination mode is stabilized by the akon from a lone pair of the second hydroxyl
group towards an empty orbital of the metal centre (La-O distance of 2.69. From an energy
point of view, the formation of this monograftecesies is exergonic (-36.2 kcal.rifolith respect

to the separated reactants). This monograftedniagiate will thus likely tip over in order to
establish a stabilizing interaction with the vidisdanol and an oxygen atom of a siloxane bridge
yielding a more energetically stable intermediat6@ kcal.mof with respect to the separated
reactants). The bi-grafting reaction which involtke uptake of the hydrogen atom of the silanol
group by one of the amine groups can thus procaédam energy barrier of 8.5 kcal.rfoWith

respect to the previous intermediate (-37.9 kcdl’moth respect to the separated reactants).

AG° bc model
(kcal.mol?) +
La(NH;)s

’ -77.1
[Lal@bc-3 [Lal@bc-1

Figure 8. Calculated free-energy profile (in kcal.ndpfor the grafting reaction of La(N#t onto
thebc model.

In the same way, a bigrafted compound on a germsitgglsuch as [La]@c-3 (Figure 8), can also be
obtained by grafting La(Njj; on abc and bc models. As for the bi-grafting reaction on vicinal
silanols, this reaction begins by the exergonic3.03kcal.mof with respect to the separated
reactants) protonolysis of a La-N bond by surfatanels leading to a lanthanum complex mono-
grafted on a geminal site (La-O distance of 2.3§7 Fhe mono-grafting coordination is also
stabilized by the donation from a lone pair of seeond hydroxyl group of the geminal site towards
an emptyd orbital of the metal centre (La-O distance of Z.6%). From this intermediate, the
uptake of the hydrogen atom by the amine groupstgkace through an accessible transition state
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(8.7 kcal.mof from monografted intermediate, -24.3 kcal.thalith respect to the separated
reactants), yielding the stable bi-grafted [L&J@&8 compound (-47.8 kcal.molwith respect to the
separated reactants). The resulting lanthanum @xeplare therefore bi-grafted on the surface.
with the lanthanum atom in a bridging position betw the two oxygen atoms of the geminal site
(La-O distances of 2.307 and 2.398 A), and exhibit ammonia molecule which remains
coordinated to the metal centre (La-Nilistances of 2.704 A). Thus, the formation of -@taifted
compound on geminal site is a kinetically accessdohd thermodynamically favorable reaction.
However, this reaction is not competitive with resjpto the bi-grafting reaction on a vicinal site,
for which, even if the activation barriers are $&ni8.5 vs. 8.7 kcal.md), the resulting bi-grafted
specie is more stable (by 29.3 kcal.iol

Experimentally, it is also been observeand characterized by IRH MAS and™C CPMAS NMR
and EXAFS, that the reaction of La(N(Sipgs on a silica surface, that has been pretreated a:
700°C under vacuum conditionse( silica surface with low density of surface silag)dike in thec
model), leads to [La(N(SiMg).@SiO]-type complexes. However, after heating the lataterial

to 500°C, some [La@SiPtype complex formation is observed, meaning tkia¢ grafted
lanthanide complexes are able to break siloxandges. From [La]@-1 breaking one siloxane
bridge leads to the structure [Lap@ (Figure 9). The energy profile for the graftingacgon of
La(NH,); onto thec model is given in Figure 9. Starting from [La¢@, the formation of [La]@-2
takes place through a multistep pathway in whiehttlnsfer of the amine group from lanthanide to
a neighboring silicon atom is followed by the aation of a Si — O bond and the concomitant
formation of a La — O bond. All our attempts torsbafor alternative concerted mechanisms failed.
The amine transfer proceeds with an energy baofi@¥1.6 kcal.mof with respect to [La]@ 1
This corresponds to the rate-limiting step of thwgrafting reaction. The product of this step is a
transient intermediate, located at +6.4 kcal:meith respect to [La]@-1. On this intermediate, as
revealed by the second-order perturbation NBO amalyhe monografted metal centre remains in
interaction with the transferred amine group (dmmatrom a lone pair of the nitrogen atom
towards an empty orbital of lanthanum). This analysis also revehés formation of a stabilizing
interaction between the metal centre and the oxygems of two siloxane bridges, including the
oxygen atom which, in the next step, will be invadvin the activation of a Si — O bond. The
reaction then proceeds through the activation f a O bond and the concomitant formation of &
La — O bond. The activation barrier for this step-2.4 kcal.mét relative to transient intermediate
and +8.9 kcal.mdl with respect to [La]@-1. In [La]@c-2, one amino group is directly bound to a
silicon atom initially involved in the siloxane Hdge. The lanthanum complex can thus be
considered as bi-grafted, with two short La-O dises (2.312 and 2.388 A) but also in interaction
with two other oxygen atoms, with two long La-Otdisces (2.930 and 2.973 A). The formation of
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[La]@c-2 is found to be exergonic by -36.6 kcal.mhalith respect to the separated reactaings,

4.5 kcal.mof" more stable than [La]@1 indicating that the Si-O bond breaking is couraéahced

by the formation of a strong La-O bond. In the savag, the opening of a second adjacent siloxane
bridge by the transfer of the second amine groupédcsilica surface, labeled [Laj@B, could also
occur as it is an exergonic reaction, -24.7 kcalhwath respect to [La]@-2 (-61.3 kcal.mof with
respect to the separated reactants). As experitheobserved, ligands loss leads to the insertibn o
the lanthanide atoms on the silica network. Thehkamde atom is now directly bonded to three
oxygen atoms (La-O distances between 2.261 and2832and also interacts with three nearby
siloxane bridges (La-O distances between 2.7082a84i7 A). In this case, as for the bi-grafting
step, the highest energy point of the mechanismesponds to the transfer of the amine group. The
formation of the tri-grafted compound takes placethe same multistep pathway defined for the
bi-grafting process. The amine transfer involvesaativation barrier of 21.9 kcal.myl with
respect to [La]@-2, to yield a transient intermediate that lies 18.@lknol"* above [La]@-2. For

this intermediate, as for the bi-grafting reactitme metal centre remains in interactions with the
transferred amine group and a stabilizing intecacts formed between the lanthanum and different
oxygen atoms of siloxane bridges. This intermed&telves to the final [La]@ 3 tri-grafted
productvia a low energy process with an activation barridcudated to be +1.8 kcal.mblwith

respect to transient intermediate (+20.5 kcal hwith respect to [La]@-2).

[

Lal@c-1 4 I:-\

[Lal@c-2

-61.3 g

[Lal@c-3
Figure 9. Calculated free-energy profile (in kcal.nipfor the grafting reaction of La(N#t onto

thec model leading to a trigrafted grafted complex.

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 surfaee also take place. The energy profile for the
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formation of the tri-grafted [La]@bc-2 [La]@bc-2 and [La]@b-2 species, taking as example the
reaction from [La]@c-1, is given in Figure 10. In this case, the reactmiofvs the same multistep
pathway than foc model, i. e., the transfer of the amine group filamthanide to a neighboring
silicon atom is followed by the activation of a-SO bond and the concomitant formation of a La —
O bond. The activation energies for this is reactice also similar to the one computed for the tri-
grafting reactionc model. In this case, the activation barrier fog timine transfer lies at +28.8
kcal.mol* above [La]@c-1. This transition state is 7.2 kcal.rifohigher than that o model,
which is agreement with the greater rigidity of thiegrafted species oabc, bc andb models due

to the partial insertion of the lanthanide atomootite SiQ_,q silica surface. This transition state
yields a transient intermediate, located at +2@al.knol* with respect to [La]@c-1, in which, as

on ¢ model, the metal centre remains in interactionhwite transferred amine group. This
intermediate evolvega an accessible transition state (+21.7 kcal.molith vespect to [La]@c-1)
corresponding to the aforementioned activation & a O bond and the formation of a La — O.
These exergonic reactions, by roughly -14 kcal’meith respect to [La]@bc-1, [La]@bc-1 and
[La]@Db-1, lead to the formation of respectively [Ladfar-2 [La]@bc-2 and [La]@b-2 (Figure 10).
These complexes, unlike [Laj@B, are tri-grafted and inserted on the silica nekydiut also
exhibit an ammonia molecule which remains coordidab the metal centr&rom a geometrical
point of view, the lanthanide atom is directly bonded to threegexy atoms (La-O distances
between 2.337 and 2.361 A) and also interacts thitke nearby siloxane bridges (La-O distances
between 2.629 and 2.904 A). The NBO analysis of|@abc-2 [La]@bc-2 and [La]@b-2
confirms the presence of a stabilizing interactietween three oxygen atoms of different siloxane
bridges and the metal centre (donation from a [maie of these oxygen atoms towards an enapty
orbital of the metal centre).Thus, independentlyhef initial grafting mode, the formation of a tri-
grafted specie is computed to be a kinetically ssibde and thermodynamically favourable process
This is in line with the experimental observatidwatt for silica treated at high temperature, either

mono-grafted or tri-grafted compounds could be inleth
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HN NH;
./O\I/:a'/o\
HySii S 2 “si__H
%o & o
AG® O _ .
(kcal.mol) Hss'\o/s"

[Lal]@bc-2
-88.3

[Lal]@bc-1

Figure 10. Calculated free-energy profile (in kcal.mplfor the tri-grafting reaction of La(N#k
onto thebc model from [La]@»c-1.

To summarize, the nature of the silanol groupshatdilica surface has a great influence on the
geometry and stability of the grafted complexegpeerlly in determining the grafting mode of
La(NH)s. For instance, the presence of isolated silanougs leads to the formation of mono-
grafted complexes whereas the presence of vicikehod groups induces the formation of bi-
grafted species (in this case the mono-graftedispaxvolves into the bi-grafted one by reaction
with the neighboring silanol). When the two vicirsglianol are connected by an oxygen atom, the
resulting lanthanum complex is bi-grafted to theae, with lanthanum atom in a bridge position
between two oxygen atoms, whereas when the twodadaare H-bonded, the resulting lanthanum
complexes are bi-grafted with a lanthanum bondetivtboxygen atoms, but also interacting with
two nearby siloxane oxygen atoms. In the same wagpnografted specie can be obtained by the
reaction of La(NH); on a geminal silanols. Finally, from these diffdrestructures, tri-grafted
species can also be obtained by the opening ofoorteo adjacent siloxane bridge. In terms of
Gibbs Free energy, all reactions are exergonic wégpect to the entrance channel, witie’
ranging from -30 to -91 kcal.mdl These results qualitatively agree with the experital data, for
the propensity of grafting lanthanide complexedilO, surfaces. Thus, it is possible that all the
La(NH,); grafting modes coexist so that it could be necgsaconsider all the species in future

reactivity studies which would involve such compsx
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(W \; jﬁ

a) [Lal@abc-2 b) [Lal@bc-2 c) [Lal@b-2
Figure 11 Structures obtained by the opening of one silexandges from bi-grafted [La]@bc-1,
[La]@bc-1and [La]@b-1 species.

Could the properties of the different grafting mede distinquished by the coordination of

a probe molecule?

In this work, we have considered as probe molethéddriphenylphosphine oxide (O=P#hs it is
known to react with homogeneous and grafted rarén-deexamethyldisilylamides, leading to the
formation of [Ln(NR)x(O=PPh)] monoadducts (x = 3 for homogeneous compotiraisd x = 2 or

1 for grafted systemy. From an experimental point of view, the coortiora of the OPPhLewis
base has been used to quantify the acidity of plal8ites on a surface. As evidenced by Drago et
al®, a positive*'P NMR chemical shift difference between free anadrdimated OPPhis
indicative of the coordination to an acidic sitelahe magnitude of this difference is correlated to
the strength of the interaction. Gaueinal.°**have shown that reaction of ORRtith grafted rare-
earth amides onto a Si@y surface is reversible as ORP$ublimes away upon heating under
vacuum. It indicates a certain degree of labilityl dherefore, to some extent, shows that QPPh
coordination strength can be affected by the coatthn sphere of the grafted complex. It was also
shown that this reaction leads to the formatiori(a6i-0)-Ln(NRy),(O=PPh)], which have been
characterized by IR and NMR. OPPhas a clear vibrational (Cei C-Gop and O=P) and
spectroscopic't, *C and*'P) signature, which allowed us to carry out the parison between
theoretical and experimental data. Thus, we havesidered the coordination of OPRin the
different grafted complexes. The NBO analysis rés/deat the coordination takes place through the
donation from a lone pair of the oxygen atom of @RBwards an empty d orbital of the metal
centre. In all cases the coordination of OPBIpredicted to be exergonic whatever the consitler
grafted complex. As mentioned in a previous wohe toordination of OPRhon [La]@ac-1,
[La]@ac-2 [La]@c-1is a thermodynamically favorable process, with Gifilee energies equal to -
9.7, -18.0 and -14.6 kcal.mblrespectively. OPPh3 coordination on the bi-graftiea]@abc-1,
[La]@bc-1 and [La]@b-1 species is also exergonic by -3.2, -4.5 and -6d.iol* as well as on
the mono-grafted compound [Lal®@-3, by -12.9 kcal.mét. The coordination of OPPh3 on the tri-
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grafted species follows the same trend with Gilvbse-Energies equal to -18.9, -20.9, -6.6, -8.0 and

New Journal of Chemistry

-8.4 kcal.mof* respectively for [La]@-2, [La]@c-3, [La]@abc-2, [La]@bc-2 and [La]@b-2.

Grafted Complex vibrational frequencies NMR
v(C-H)pr V(C-Cpt v(0=P) d(H)pr d(Cpr oP
[La]@ac-1 [3025-3098] [1416-1591] 1126 7.9 124.1128.3 40.9
[La]@ac-2 [3071-3100] [1417-1592] 1152 7.9 12491288 47.6
[La]@c-1 [3068-3095] [1417-1592] 1118 8.0 1249128.7 46.3
[La]@b-1 [2965-3101] [1462-1591] 1118 8.0 124.2128.8 43.3
[La]@abc-1 [2938-3098] [1464-1592] 1124 8.0 123.9129.2 457
[La]@bc-1 [3037-3101] [1463-1589] 1127 7.9 123.5129.0 45.0
[La]@bc-3 [3021-3098] [1416-1592] 1128 7.9 12451285 40.3
[La]@c-2 [3068-3107] [1416-1591] 1121 8.0 125.01286 419
[La]@c-3 [3043-3102] [1464-1592] 1113 6.7 122.0131.8 51.1
[La]@b-2 [3023-3104] [1462-1591] 1123 7.9 124.81289 423
[La]@abc-2 [3027-3104] [1463-1589] 1123 7.9 124.6129.1 42.0
[La]@bc-2 [2935-3100] [1464-1592] 1118 8.0 125.11289 404
Exp.° ~ 3066 [1440-1593][1120-1180T 74 128.41325 39.1
OPPR’ [3065-3095] [1416-1592] 1177 7.7 12471299 257

Table 4. Comparison between the theoretical and the expatamhvibrational frequencies (in €
'H, 13C and®*P NMR chemical shifts (in ppm) of OPPmolecule coordinated at different grafted
lanthanum compleXH and*3C chemical shifts are given with respect to TM®tetical chemical
shielding: 31.64 ppm / 195.35 ppm respectiveljHand'*C atoms)3'P chemical shifts are given
with respect to phosphoric acid (theoretical cheinstielding: 380.6 ppm§Ref. 5¢.” expected but
not detected bandFree OPPkligand.

The calculated vibrational C-H, aromatic-C, and Grelguencies of the adsorbed ORRtolecule
are reported in Table 4. The aromatic C-H and Gr€tching vibrations are found in the same
range (between 2935 and 3107 tand between 1417 and 1592 tmespectively) whatever the
considered grafted species, close to the experahealues of OPPY@[La]@SiG.706 ~ 3066 crit
and [1440-1593] cih, respectively. The vibrational stretching modeOsfP bond, experimentally
expected (but not observed) between 1120 and 1480 is also obtained in this domain for the
different grafting modes. As a consequence, itaspossible to distinguish the different grafting
modes by studying only this vibrational propertyiother way to discriminate the different grafted
species is to compare the theoretical and expetahbh, °C and®'P NMR chemical shifts of the

coordinated OPRtmolecule, as reported in Table 4. Tieisotropic chemical shift calculated for
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our different grafted species are in the 6.7 to [@@n range, in good agreement with reported
experimental value of 7.4 ppm for ORBILa]@SiQ.700 The experimental“C CP-MAS
spectrum displays two peaks for the aromatic casbbr 128.4 and 132.5 ppm. Our calculations
also yield two ranges of chemical shift between.Qzthd 125.1 ppm and between 128.6 and 131.§
ppm whatever the considered grafted species, malgoad agreement with experiments. In this case.
it is noteworthy that, not only the theoretical axperimental chemical shifts are close, but the
difference between the two experimental peaks dr&l ttvo theoretical ranges are in good
agreement, around 4 ppm. Finally, t€'P) chemical shifts calculated for ORRimordinated on
the mono- and bi-grafted compounds are in the 4043.6 ppm range, close to the experimental
value ofé = 39.1 ppm. This range is slightly enlarged bystdering the OPRftoordination on the
tri-grafted complexes, 40.3 — 51.1 ppm. As a conerge, due to the large number of values in this
range, it is not possible to distinguish the difer grafting modes by studying tH& NMR
chemical shifts of the coordinated ORRholecule, as forH and *C NMR. However, it is
noteworthy that, according to the study Dragoal., the computed’P NMR chemical shift
difference pleads for a dissimilar Lewis aciditytbé grafted complexes on a Si§gysurfacej.e.,, a
slightly different catalytic activity. Work is inrpgress in order to assess the influence of thi~

change in Lewis acidity in for instance polymerniaatreactions.

Conclusion

In conclusion, we have studied the grafting of Wamide silylamide complexes onto
dehydroxylated silica at 200°C. After validatiorgsled on the vibrational features of the silanol
groups and the5(**Si) and 5(*H) NMR chemical shifts of a SiQq surface, five cage-like
molecular models have been considered in order tadys the grafting reaction of
LN(N(SiMe&3),):s@SiG-200 The thermodynamics of this grafting reaction Heen investigated
showing a marginal influence of the consideredHanide whereas the nature of the silanol groups
at the silica surface has a great influence ongdrmmetry and stability of the grafted complexes.
The presence of isolated and geminal silanol groepsl to the formation of mono-grafted
complexes. However, the presence of vicinal silagrolups induces the formation of bi-grafted
species:ij when the two vicinal silanol are connected byoagygen atom, the resulting lanthanum
complex is bi-grafted to the surface, with lanth@anatom in a bridge position between two oxyger:
atoms; (i) when the two silanols are H-bonded, the resullamghanum complexes are bi-grafted
with a lanthanum patrtially inserted onto the silsaface bonded to two oxygen atoms, but also
interacting with two nearby siloxane oxygen atomsally, thermodynamically stable tri-grafted
species can also be obtained, from these diffestenttures, by the opening of one or two adjacent
siloxane bridge.
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The coordination of OPRhto the possible grafted complexes does not alleserigninating
between the plausible grafting modes since all nsodeuld explain the IR and NMR signature of
the coordinated molecule. However, the relativaigé range of th&(*'P) chemical shifts (around
10 ppm) indicates some possible important in Leaaislity of the metal centres, depending on the

grafting mode. This might have impact on the redtgtand work is in progress in that direction.
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