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The 3-fold coordination of Nications to amorphous silica is modeled performing density functional theory
(DFT) calculations on framework model clusters of increasing size. UsingTtimetation of zeolite structures
wheren is the number of T atoms (¥ Si or Al), four model clusters with the following structures are
investigated: (i) (SI0sH4)? (2T) is made of two vicinal silanolate groups (Sifbonded through an oxygen
bridge. The valence requirements of silicium are satisfied by addition of terminal hydrogen atoms. (ii)
(Sis0sH4)?~ (3T) is a six-membered ring made of two silanolate groups and one silanol group (SiOH) bonded
through oxygen bridges. (iii) ($D;Hg)?>~ (4T) is an eight-membered ring with two vicinal silanolate groups

in positions 1 and 3 and a silanol group in position 5, and (ivi{gils)>~ (5T) is a flexible ten-membered

ring with two vicinal silanolate groups in positions 1 and 3 and an isolated silanol group in position 7. DFT
calculations are performed in order to estimate the ability of each model cluster to reproduce the experimental
characteristics of previously described silica-supportéd®)i species: (i) three-coordinated'Nif distorted

Cs, close toD3, symmetry and (ii) Ni-O distances in agreement with EXAFS measurementsOg8k)> is
preferred to the (3DsH.4)?>~ model proposed earlier. Because of its flexibility, the larger framework model is
able to best reproduce the experimental geometry of tHesit&. This model cluster may be assimilated to
two vicinal silanolates and one neighboring isolated silanol or siloxane bridge on the real silica surface.

Introduction suitable thermal treatme#t!! the silica support turns from a

Oxide-supported transition metal complexes constitute a broadPidentate to a tridentate supermolecular ligand. Indeed, ammine
class of heterogeneous catalysturing the grafting process ligands are completely removed, and the nickel cation remains
of the active metallic center onto the oxide support, some mobile Ponded only to three oxygen atoms of the surface. The distorted
ligands of the precursor complex are substituted by hydroxyl Ca- close toDs, symmetry of this highly unsaturated 'ND)s
groups or oxide ions of the support, which are then acting as site (WhICh will be referred to as Mc) is deduced from diffuse
true ligands. The resulting mixed ligand complex combines the reflectance spectroscopy in the bVisible rangé and XANES
remaining ligands of the starting organometallic complex and analysis'? The 3-fold coordination is confirmed by EXAFS,
the new supermolecular surface ligand. and different Ni-O distances are measured for'isites: (i)

A specificity of this interfacial coordination chemistry is two short Ni-O bond lengths in the range of 1.74.76 A and
the possibility to completely remove the mobile ligands during (i) one longer Ni-O bond length in the 1.952.06 A range'3
a subsequent thermal treatment to retain only the ligands of theThe spectroscopic characterization of fisites is summarized
surface and to yield coordination vacancies, the reactivity of in Table 1.
whichis the driving force for molecular adsorption and catalysis  Ni'l;. may be photoreduced into the corresponding®)s
inside the coordination sphere of the metallic center. complex Upon introduction of trialkylphosphine (TAP) in the

Ni"(O)s complexes supported on amorphous silica, which are coordination sphere of Nithe resulting supported complexes
the precursors of ethylene or propylene dimerization cataysts, gre active for ethylene dimerization into but&hend propylene
have been prepared using this approach. In the first step of thegimerization into hexeneithe selectivity for-olefins is related

preparation, nickel is introduced onto the silica support from ;. he electronic and steric effects of the TAP lig&na.
aqueous solutions of [Ni(es(H20),]>"" (en= ethanediamine)

or [Ni(NHz3)g)?+,8° following previously described procedures.
Upon nickel grafting, the exchange of two water or ammonia
ligands for support surface groups is evidené&dJpon a

Because of the difficult experimental characterization of
amorphous silica, the local environment of firemains unclear
and is deduced from spectroscopic measurements which give
the symmetry or N+O distances (Table 1). But the local
c * Corresponding author. Current address: Laboratoire de Chimie de structure of the coordination site at the surface as well as the
e oonar 52 o8 60 T T e 58 o oS53 G oy recise nature of the supermolecular ligand are it well-nown.

Modeling studies may be helpful in order to elucidate the latter
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TABLE 1: Experimental Characterization of Silica-sSupported Ni' 3.

interpretation analysis measurements spectroscopy ref
three-coordinated Ni symmetry distorteds, or D3, diffuse reflectance spectroscopy 8
in the UV—visible range
three-coordinated Ni symmetry Cs, but close tdD3;, XANES 12
three-coordinated Ni two short Ni-O distances 1.741.76 A EXAFS 13
two types of N~O bond
| one long Ni-O distance 1.952.06 A EXAFS 13
two types of surface ligand
triplet state spin state M = 3.9us magnetic susceptibility measurements 10
H H a siloxane bridge, and (iii) adjacent silanol groups connected
| H H . . . .
N O-He---0 Ot b i by two consecutive siloxane bridges (Figure 2).
si” N~ LO-H=--- O—H In the present work, a cluster approach is used to model the
; Si Si N~ p ; pp
/2 /:_ /_ S‘ tridentate amorphous silica support, and the nickel center is used
- 2 /; as a probe of its local environment. The cluster models are
derived from the (SiQ) cycles observed in the molecular
dynamics picture of amorphous silica (Figure 2). Density
-2H,0 functional theory (DFT) calculations are then performed in order
to test the ability of each framework model cluster to reproduce
H u the experimental features of prgviously describgd silicq-sup-
-0 o Ot S ported NI'(O); species (Table 1): (i) the three-coordinated nickel
Si \S_i/ N _/O\ _O—H--- ion of Cs, close toDs, symmetry and (ii) the N+O bond
5_ /= Sl Sl lengths, in agreement with EXAFS measurements.
- S z Although the cluster approach takes into account only the
vicinal hydroxyl groups surface atoms lying close to the metallic center, it has the
Figure 1. Dehydratation scheme of the (100) surfacg@afristobalite advantage to allow h'gh'level Ca'lculatlons'(ab initio or DFT)
as proposed by Shay et al. from ref 19. that are expected to yield a precise local picture of the studied

site. Cluster models were successfully used to study the nature
From the literature, it appears that various approaches have©f titanium active sites in titanosilicate cataly3tsp model CO
been used to model the surface of amorphous silica. or CD:CN adsorption on Lewis sites of Mg&? or to
One possibility is based on the structure fbtristobalite. |nvest|gza5te the interaction of Ni, Pd, and Pt on the same
Indeed, DRX studies of silica have shown the existence of a SUPPOTT: .'I'_he.clugter approacr; was also extensively used to
local order which resembles that Gfcristobalite and related model acidic site? CO and NG7 or hydrocarbof? adsorption
crystalline phase¥17 The surface is heterogeneous and prob- N zeolites. The reliability of small-cluster models was demon-
ably composed of regions of partially hydroxylated (100) and Strated in the case of Cu-exchanged zeofifes similar
(111) B-cristobalite surface® The hydroxylated (100) surface ~ @PProach is indeed used by experimentalists when model
exhibits geminal hydroxyl groups Si(Olinked in chains compounds of the supported active site of heterogeneous
through H-bonding interaction and which may yield siloxane catalysts are synthesized and characterized in order to reproduce
bridges Si-O—Si upon dehydroxylation (Figure 4. the properties of the active site in the bdkFor example,
On the other hand, the (111) surface is made of isolated silasesquioxanes and metallasilasesquioxanes can provide mo-
silanol groups (SiOH,) that cannot be dehydroxylated. This lecular-level insights into the surface chemistry of silica and

model has been used together with molecular mechanics Sifica-supported transition-metal cataly&¥s3 The originality

relaxation to model Os and Rh clusters supported on amorphousOf our approach is that it deals with a real amorphous surface

silical® Singly oxygen-bridged surface complexes-H)- and not with models systems which can be crystalline materials

(4-OSi=) Os,(COo are predicted to be more stable than their such as the above-mentiongdristobalite, zeolites, bulk oxides
double oxygen-bri?iged analogues®Si=), O%(CO)o 19 with simple structures such as MgO, or molecular models such

The above crystalline-type model of silica exhibits only two as silsesquioxanes. Desp_it.e their interest per se, their use to
types of surface ligands(i) Si-O—Si siloxane groups and (il represent t.he amorphous silica surface hpwever cannot overcome
yp . 19 group the “material gap” since they are crystalline or molecularly well-
isolated Si-OH silanol groups-and appears to be quite far from defined
the real amorphous silica, which is much more heterogeneous, '
as shown bglow fronlw. molecular dynamics studies. Computational Details

Indeed, vitreous silica surface models have been generated
by molecular dynamics using the simulated annealing tech- Geometries were fully optimized using the GAUSSIAN94
niques?° A three-body potential including the dominant ionic program packadé within the framework of DFT at the
interactions and the weak covalent character of vitreous silica B3PW91 level using a 6-31G** basis except for Ni, for which
was developed, and the structural features of bulk silica (averagethe DGauss DZVP2 Polarized DFT Orbitals Basis Sdiasis
bond distances or angle distribution) were accurately reproducedwere used.
in the model obtained through molecular dynamics simulafibns. Calculations were conducted at the spin-restricted level in
A snapshot of a silica surface obtained by molecular dynamics the case of singlet states, whereas triplet states were treated at
simulation is presented in Figure 2, where the heterogeneity of the spin-restricted open-shell level or spin-unrestricted level.
the surface and the large variety of (Si@)cles o = 3—7) The SCF density tolerance was set to-1@/boh? when
are clearly apparent. One can also notice the presence of severalonvergence with the standard value was not possible, especially
types of silanol groups: (i) geminal silanol groups located on on the large framework models. In the latter case, owing to the
the same silicon atom, (i) vicinal silanol groups bonded through inordinate flatness of potential energy surface, it was impossible
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Figure 2. Snapshot of a silica surface obtained by molecular dynamics simulation and generated from librairies within the MSI graphical interface
Insightll.54 H atoms of hydroxyl groups have been omitted for clearness. The variety of surface silanol groups is illustrated: Bluecifygl OH
groups, green (Gy geminal OH groups, and violet (A adjacent OH groups. Numbers are related to the number of silicon (T) atoms of the ring.

sometimes to unambiguously identify a structure as a true model zeolitic framework as long as the coordination environ-
minimum. The optimization procedure was then interrupted ment of the copper ion was realistic enou§h.

when the energy was stable within"Fthartree. Si;03 (2T). The simplest framework model cluster involving
) two silicon tetrahedra is (8DsH4)?~ (Figure 3), which will be
Choice of the Model Clusters referred to asSi,O3 or 2T. It is made of two vicinal silanolate

The model framework clusters used in this work will be 9roups (SiO) bonded through an oxygen bridge. The dangling

referred to using the terminology accepted in zeolite chemistry POnds of Si which would actually connect the cluster to the
where the size of the rings is given on the basis of the number @Morphous silica surface are saturated by hydrogens atoms. This
of T atoms (T= Si or Al) except oxygen atoms. The model cluster has already been used to model acid sites in zedlités.

clusters will therefore be referred to a%, depending on the ~ 1he three oxygen atoms of this cluster are able to coordinate
numbern of Si atoms the nickel ion, and this model was previously used in our group

(OH)5(H,0). The simplest way to model the tridentate silica to describe the silica three-coordinated' ind Ni sites®14
surface is to use two hydroxyl groups and one water molecule.  SisOs (3T). (SikOsH4)?~ (Figure 3), which will be referred
The resulting Ni(OH)H20) model complex may be used to 10 asSisOg Or 3T, is a six-membered ring made of two silanolate
extract qualitative trends. Indeed, we do not expect water andand one silanol groups with the silicium atoms bonded through
hydroxyl groups to be good models of the silica ligand because 0Xygen bridges and terminated by H atoms. The chair confor-
of the difference in electron-donating properties, although it was mation of the SjOs ring was shown to be more stable than the
shown that silica lies between OHand HO in the spectro-  Planar one similar to six-carbon ring$The Ni' ion is then

chemical series: OH < AIO~ < ZO~ < SiO~ < H,0, which bound to both silanolate groups and to the silanol group of this
describes the relative ligand strength of hydroxyle, alumina, rigid model.
zeolite, silica, and water, respectivélyWater molecules were Si;O7 (4T). (SisO7He)2~ (Figure 3), which will be referred

also used by Schneider et®lto model Cu-exchanged ZSM-5  to as Si;O; or 4T, is an eight-membered ring made of two
zeolites. They found a good agreement between the calculationssilanolate and one silanol groups with the silicium atoms bonded
using water molecules and the ones using a more elaboratethrough oxygen bridges and terminated by H atoms. The crown
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TABLE 2: Comparison of Selected Bond Lengths (in A),
Angles (in deg), and Mulliken Charges Obtained from
Calculations Involving the (OH),H,0) Model

Tt

triplet singlet

| !
B B o Ni—OH (Ni—OH;) 1.770,1.771(2.137) 1.796, 1.732 (1.962)
oo u»o G Vﬁg anglesa, 3, y2 160.199.7,99.8 111.8167.8, 79.1

atp+y 359.6 358.7

Sis05 - 2T Siz0¢ - 3T Ni—O—H angles 117.6,117.7 106.0 111.9,113.2107.7,82.8
Ni charge 0.65 0.57
O charge —0.70,—0.57 —0.60,—0.64,—0.70

\, ,,_N: total energy (Ha) —1736.04532 —1736.03042
,N'l‘ 2 * relative energy 0.0 9.3

2o = HO—Ni—OH; 8, y = HO—Ni—OH,.

S : O (
s " NijSi,03 - 2TNi
L triplet singlet

o=1522 o=114.2 ar;

Sig07 - 4T Sisos 5T 5 \_TJ ______ . ﬁ\‘ ——;
Figure 3. Cluster models of the tridentate amorphous silica surface . P i 30: f - 13=-r5=57.2
considered in this work. dotted black lines indicate the expectéd @l B‘Tf :
bonds. S e o
conformation of the S0, ring was reported to be more stable o 1412 Ni",t-m
than the planar one similar to eight-carbon rid¢$he Ni' ion :' ? 17 :
is then bound to both silanolate groups and to the silanol group : 122 o ?
of this model. (3,,(

SisOg (5T). (SisOgHg)?~ (Figure 3), which will be referred / O (3219 o =0

to asSisOg or 5T, is a 10-membered ring bearing two vicinal 7 v"‘

silanolate groups in positions 1 and 3 and one isolated silanol
group in position 7. This model is very flexible and allows
various relative positions of the vicinal and isolated silanol- | Three- umrmnlul\l” dicoordinated Ni'!
(ate) groups which may coordinate the metallic center. o

The above clusters have been tested in their ability to
reproduce the experimental structure obtained for three-
coordinated silica-supported 'Ni (Table 1). For each model
cluster, the geometry of the correspondingNimodel complex
is fully optimized in the singlet and in the triplet electronic state.
Moreover, the symmetry of the nickel center and the calculated
Ni—O bond lengths are compared with those obtained from
EXAFS and diffuse reflectance spectroscopy measurements.

AE=15.3 kcal/mol

Figure 4. Comparison of the optimized geometries of singlet and triplet
state of N¥Si,Os. Ni—O distances are in A and angles in deg.

with the experimental values. It may be considered as the ideal
geometry that the nickel center would adopt without steric
constraints. The structure exhibits the two following features:
(i) a planar environmento( + 5 + y = 36C°, see Table 2) of
nickel of localC,, symmetry and (ii) Ni-O—H angles (corre-
sponding to Ni-O—Si angles in the real complex) of 117

NiSi;O3 (2TNi). The Ni' ion initially equidistant of about 2
A from the three oxygen atoms moves closer toward the two

Ni Spin State. The energy difference between the lowest silanolate groups during the singlet state geometry optimization.
triplet GF, 3cf4<) and singlet {D, 3cP4sh) electronic states of ~ The Ni—silanolate distance shortens down to 1.727 A, whereas
the isolated nickel atom is only 3410 ci(9.75 kcal/mol)}0:41 the Ni—siloxane distance increases so much that this bond is
However, for the isolated Nication, such a difference is larger:  broken in the optimized structure (Table 3 and Figure 4),
14032 cnr? (40.12 kcal/mol)? The ground triplet state’¥™) yielding a dicoordinated Nicomplex ofCs symmetry. Similar
of the NiO molecule has been extensively studied experimen- results were obtained by Hass ef&During full optimization
tally243and theoretically—47 The separation between the triplet of the charged [CUOZIOH) ¢] ™ cluster model, where Cuis
state =7) and the singlet statéX") depends on the correlation initially bound to the siloxane bridge only, the structure of the
level included in the calculation method and lies in the range cluster is distorted to form CtO bonds of 1.9 A with the in-
of the one of the isolated Nication#® plane terminal OH groups. Simultaneously, the distance of Cu

From these findings and the magnetic measurements (Tableto bridge oxygen increases to 2.55 A, yielding an optimized
1), a triplet spin state is expected for the silica-supportédNi  structure analoguous to the one described here for singlet state
sites. However, the separation between the triplet and singletNi"Si,Os. However, the above Ni and Cu cluster models are
spin states is expected to be influenced by both the symmetrynot strictly related because in one case, the copper cation is
and the ligands coordinated to the nickel center. For each modelattached to a neutral silica surface whereas in the other case,
considered hereafter, both singlet and triplet states were thereforghe nickel cation stands formally for the charge compensation
considered in order to estimate this energy difference. of a doubly negatively charged silica surface.

Ni(OH)2(H,0). The geometry of the model complex Starting from the same model complex as above, the 3-fold
Ni(OH)»(H20) has been fully optimized in the triplet and singlet coordination is retained during the triplet state geometry
spin state (Table 2). In the less stable singlet state structure,optimization (Table 3 and Figure 4). Spin-restricted open-shell
irrelevant hydrogen bonds occur. The triplet state model complex calculations vyield results very similar to those of spin-
exhibit aCs symmetry, and Ni-OH distances in good agreement unrestricted calculations. Only the former will be therefore used

Results and Discussion
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TABLE 3: Comparison of Selected Bond Lengths (in A) and Angles (in deg), and Mulliken Charges Obtained from
Calculations Involving the SLO3 (2T) Model?

triplet triplet singlet Si,OsHs Si,O(OH)
unrestricted restricted-open restricted (this work) (ref 39)
Bond Length
Ni—C; 1.812,1.812 1.813,1.813 1.727,1.726
Ni—0Oy 2171 2.169 3.219
Si—0 1.650 1.650 1.663 1.651.67 1.64-1.66
Si—0y 1.710 1.710 1.658 1.651.66 1.65
O—H - - - 0.965 0.97
O—HP - - - 2.492 2.52
Angles
O—Si—0y 101.2 101.1 109.1, 109.2 110.5, 110.7 167183.7
Si—0Op—Si 148.1 148.1 133.5 132.9 132.1
O—Si—H 113.7,114.2 113.7,114.2 110.0 10512
a 152.2 152.1 114.2
B, y° 80.8, 80.8 80.8, 80.8 57.2,57.2
o+ B+ P 313.8 313.7 228.6
Ni—O—Si 95.7,95.8 95.8 125.6,125.3
Ni—Op—Si 82.0 82.1 67.7,67.9
Mulliken Charges
Ni 0.70 0.70 0.72 - -
O —0.69 —0.69 —0.69 —0.62,—0.64 —0.82
Oy —-0.70 -0.70 —0.66 —0.65 —0.70
Si 0.93 0.93 0.93 0.88 1.24
total energy (Ha) —2315.06900 —2315.06773 —2315.04463
relative energy (kcal/mol) 0.0 0.8 15.3

20y and Q denote bridging and terminal oxygens, respectiveitydrogen bond¢ o = O—Ni—O; 8, y = O,—Ni—O..

hereafter to investigate the triplet state of larger framework
cluster models. The Nisilanolate distance is slightly longer
(0.05 A) than the one measured by EXAFS, whereas the Ni
siloxane distance is 0.1 A longer than the experimental one.
The sum of the valence angles of Ni (i.e., 3jlduggests a large
deviation from theDgz, symmetry. Both latter findings desagree
with the experimental description. Moreover, the—X0—Si
angles deviate substantially from the ideal value of °117
suggested above by the (O¥H,0) model.

The geometry of the free neutral framework clusteOgiHs
has been optimized at the same calculation level and compared
to the one calculated by Pereira efafor Si,O(OH)s at the
BLYP level using a numerical triplé-basis. Both structures
are very similar considering bond lengths and angles (Table
3). The singlet state Nj. complex occurs almost without
framework alteration; however, in the triplet staté' Nomplex,
the coordination to the support is accompanied byGj bond
elongation and opening of the-SD,—Si angles (Table 3). |

NiSizOg (3TNi). The Ni' ion initially equidistant of about 2 O NiSisOg
A from the three oxygen atoms moves closer toward the two
silanolate groups during the singlet state geometry optimization. Figure 5. Comparison of the optimized geometries of triplet states of
The Ni—silanolate distance shortens down to 1.781 A, whereas Ni"SizOs, Ni"SiiO7, and NI'SisOs. Ni—O distances are in A and angles
the Ni-siloxane distance increases up to 2.130 A (Table 4), in deg.

yielding a three-coordinated Nicomplex of symmetry close ) ) o )
to Dap. contrast to the chair conformation of the@j ring in the nickel

The triplet state geometry optimization yields & Nbmplex model complex, a planar ring conformation already repdfted
where the Ni-silanolate distance lies now out of the range of for SisOs(OH)s is obtained. However, this structure is expected
the EXAFS measurements by 0.1 A, whereas thedilbxane to be less staple by 6 kcal/mol than the ring chalr conformation,
distance is in agreement with the experimental measurementgVhere the axial hydroxyl groups are involved in three hydrogen
(Table 4 and Figure 5). The sum of the valence angles of Ni bonds®
has increased up to 323uggesting that the symmetry G, Upon nickel coordination, the SiO,—Si angles shorten and
but has moved closer B, in comparison to the previous Ni- the Si—Op bonds are elongated as compared to the free more
Si,0; model. The Ni-O—Si angles still deviate substantially ~ stable cluster. The SIOH bond length increases significantly
from the ideal value of 117suggested by the (Ok{H-O) from 1.64 up to 1.74 A.
model. NiSi4O7 (4TNi). The Ni' ion initially equidistant of about 2

The optimized geometry of the corresponding neutral frame- A from the three oxygen atoms moves closer toward the two
work cluster model $0¢Hs has been compared to the one silanolate groups during the singlet state geometry optimization.
calculated by Pereira et &.for SizO3(OH)s (Table 4). In The Ni—silanolate distance shortens down to 1.78 A, whereas
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TABLE 4: Comparison of Selected Bond Lengths (in A), Angles (in deg), and Mulliken Charges Obtained from Calculations

Involving the 3T Model?

Sis03(OH)sH3 Sis03(OH)s Sis03(OH)s
triplet singlet (this work) planaf® chair®
Bond Length
Ni—O 1.829, 1.839 1.781,1.782
Ni—OHSi 2.056 2.130
Si—0O; (Si—OH) 1.631,1.633, (1.743) 1.643, 1.646, (1.726) (+6465) (1.64) (1.641.68)
Si—Op 1.63-1.70 1.64-1.71 1.65-1.66 1.64-1.65 1.671.68
O—H 0.968 0.966 0.962 0.98 0.98.99
O—HP none none none none 2:69.81
Angles
O—Si—0p 103.8-110.6 104.9-110.1 106-112
Si—0,—Si 117.4-121.1 115.2-123.6 131134 130.7#132.9 121.3-122.4
O,—Si—0p 103.8,103.9, 111.9 104.0, 104.0, 110.9 106.2, 106.2, 108.7 10618 107.2-108.2
O—Si—H (0—Si—0y) 114.4,114.4,108.2 108-913.1 106-112 (105.2) (110.4110.8)
Si—O—H 1121 115.2 117118 111.2-114.8 109.8-112.2
o 118.0 104.2
B,y 105.2,99.8 100.3, 127.5
o+ p+y° 323.0 332.0
Ni—O—Si 106.9, 108.1 101.6,110.4
Ni—(OH)—Si 106.0 96.2
Mulliken Charges

Ni 0.67 0.58
O —0.69,—0.66 —0.65,—0.66
Oy —0.66,—0.67 —0.66,—0.67
total energy (Ha) —2830.36385 —2830.32537
relative energy (kcal/mol) 0.0 24.2 —-6.1 0.0

20y and Q denote bridging and terminal oxygens, respectiveltydrogen bond¢ o = O—Ni—0; 3, y = HO—Ni—O.

TABLE 5: Comparison of Selected Bond Lengths (in A), Angles (in deg), and Mulliken Charges Obtained from Calculations

Involving the Si;O; Model?

SisO4(OH)sHs SisO4(OH)s SisO4(OH)s
triplet singlet this work) planaf® crown®
Bond Length
Ni—O 1.840, 1.811 1.776, 1.796
Ni—OHSI 2.034 1.978
Si—0; (Si—OH) 1.630, 1.639, (1.739) 1.641, 1.644, (1.743) (1.651, 1.648, 1.648) (1.64) —(L62)
Si—Op 1.62-1.70 1.63-1.68 1.63-65 1.62 1.641.65
O—H 0.967 0.970 0.961 0.98 0.98.03
O—HP none none none none 1.61.62
Angles
O—Si—0y 105-111 104-111 105-110
Si—Op—Si 131-133, 151 124.2136.6 144-152 160.4 125.8126.3
0,—Si—0y 107-115 107114 111112 109.5 111.2112.2
O—Si—H (O—Si—0y) 105.9-114.3 108-113 11+112 (106.0) (113.2114.8)
Si—O—H 111.9 112.4 116117 112.2-114.5 106.2-114.3
o 117.1 161.4
B, y° 99.2,114.2 99.8, 88.0
o+ p+y° 330.5 349.2
Ni—O—Si 105.5,118.3 107.6, 106.0
Ni—(OH)-Si 110.4 103.0
Mulliken Charges

Ni 0.67 0.48 -
O —0.68,—0.72 —0.66,—0.65 —0.62,-0.61
Oy —0.64,—0.66 —0.66 —0.63
total energy (Ha) —3196.30676 —3196.28028 —1689.46948
relative energy (kcal/mol) 0.0 16.6 —-31.9 0.0

20y and Q denote bridging and terminal oxygens, respectiveltydrogen bond®a = O—Ni—0; 3, y = HO—Ni—O.

the Ni—siloxane distance decreases to 1.978 A (Table 5), angles are now closer to the ideal value oflddggested above

yielding a three-coordinated WNicomplex of Dz, symmetry

by the (OHX}(H>0) model.

whose geometry is very similar to the experimental one. In contrast to the crown conformation of the,Sj ring

In the triplet state optimized geometry, the-Nilanolate observed in the above nickel model complex, a planar ring
distance is now out of the range of the EXAFS measurements conformation already report&tfor SizO3(OH)g is obtained in
by 0.1 A, whereas the Nisiloxane distance is in agreement the optimized geometry of the neutral framework cluster model
with the experimental measurements (Table 5 and Figure 5). Si;O;Hg (Table 5). However, this structure is expected to be
The sum of the valence angles of Ni has again increased asless stable by 32 kcal/mol than the crown conformation, where
compared to those of the aboves@& model, suggesting that  the hydroxyl groups are involved in a cyclic system of four
the symmetry has moved further towabd,. The Ni—O—Si hydrogen bond&’
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TABLE 6: Comparison of Selected Bond Lengths (in A),
Angles (in deg), and Mulliken Charges Obtained from
Calculations Involving the SkOg (5T) Model

triplet singlet
Ni—O distance 1.804, 1.835 1.794 1.766
Ni—OH distance 2.026 1.953
o, [, 3 118.7,100.2,123.0 88.8,164.8,103.9
a+p+y2 341.9 357.5
Ni—O-Si 116.8,115.4 118.5, 110.3
Ni—(OH)-Si 117.6 109.6
Mulliken Charges

Ni 0.71 0.61
O silanolate —0.72 —0.69

—0.68
O silanol —0.67 —0.66
total energy (Ha) —3562.24389 —3562.22443
relative energy (kcal/mol) 0.0 12.2

2q = O—-Ni—0; 8, y = HO-Ni—O.

Upon nickel coordination, the SiO,—Si angles lie between
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(H20) model ash increases from 2 to 5. However, the better fit
of 5TNi with the experimental results may not be explained on
this basis.

Comparaison of the Rigidity of the Various Model
Clusters Investigated in This Work. The simplest model
complex Ni(OHX}(H20) pictures the ideal nickel environment
in the absence of steric requirements of the oxygen ligands.
Therefore, the best cluster model of the support is expected to
be the one that would allow both a planar environment of the
nickel center and N+O—Si angles close to 127 From this
point of view, 5T appears as the best probably because of its
flexibility.

To evaluate the steric constraint resulting from the nickel
coordination, the energy corresponding to the relaxation of the
neutral cluster from its geometry in the nickel model complex
has been calculated. Silanolates have been replaced by silanol
groups in these calculations in order to eliminate electrostatic
repulsions and final structures without hydrogen bonds were

the corresponding angles observed in the crown and pIanarfaVored- The relaxation energies are compared in Table 9.

conformations of the free framework cluster. As already
observed above, the SOH bond length increases significantly
from 1.65 up to 1.74 A

NiSisOg (5TNi). The same tendencies noted for the two latter
models are confirmed. The singlet state geometry optimization

Similar relaxation energies are found for singlet and triplet spin
states. The relaxation energy is minimum for the 5T model
suggesting that rigidity or steric factors are determinant factors
in the coordination of Ni. The conformational flexibility of

SisOg is expected to allow various relative positions of the three

yield a model structure in very good agreement with the ©XYgen ligands to Nii. The latter is allowed to be located close
experimental measurements. However, a more stable structurd® the plane formed by the oxygen atoms.

(by 12 kcal/mol) results from the triplet state geometry
optimization. The N+O distances are in the range of the

Influence of the Model Cluster on the Electronic and Spin
State of Nickel. The deposition of Ni onto amorphous silica

EXAFS measurements (Table 6 and Figure 5). The sum of theis difficult to study experimentally because of the desordered

valence angles of Ni increased up to 342uggesting that the
symmetry is closer t®3, than for both previous models. The
Ni—O—Si angles are very close to the ideal value of 2117
suggested above by the (O¥H,O) model.

The structural features of the framework are very similar to
the one described previously for the,Sj model.

Among the model clusters investigated here, 5T is therefore

nature of the support. Moreover, nickel atoms do not remain
isolated. There is nucleation and growth of nickel particles by
migration of metallic nickel onto the support. These two steps
have been evidenced and used to prepare metallic nickel particles
of controlled siz¢’ EHMO calculations have shown that the
nucleation sites are preferably extraframework ions in high
oxidation staté® This work focuses on these potential nucleation

the one that reproduces the experimental structure the best (Tabl§ites, i.e., isolated Nications, supported on silica that may be

7) in terms of Ni-O bond length and in terms of local nickel
symmetry as well. Moreover, it is the model that yields the

subsequently reduced into'Niior which the coordination mode
of the support is under theoretical investigation by comparaison

nickel environment closest to the ideal one suggested above byto the experimental characterizati®#?) and finally to metallic

the (OHY(H-0) model.

The four framework cluster models investigated in this work
may be compared in terms of:
(i) model geometry that may favor or hinder frontier orbital

overlaps between the oxygen ligands and the metallic center,

(i) model rigidity that may hinder the accommodation of a three-
coordinated Ni, and

(iii) the effect on the electronic and spin state of the nickel
center.

Influence of the Model Cluster on the Frontier Orbital
Overlap and Energy Levels.The frontier bonding orbitals have
been compared for the models, and no significant difference in
the overlap was apparent. Similarly, the energy levels of the

nickel.

As expected from the known energy difference between the
lowest triplet and singlet electronic states of isolated nickel
atoms and Ni(ll) ions, the calculated triplet state Ni(ll) complex
is always more stable than the corresponding singlet state
Ni(ll) complex, whatever the framework cluster model. How-
ever, the energy difference between both spin states depends
on the cluster model and is lower for the best model complexes
such as Ni(OHYH,O) and 5TNi (9.3 and 12 kcal/mol,
respectively). The triplet and singlet spin states respectively
correspond to the 3-fold and 2-fold coordinations of the Ni
center. This suggests that the coordination df tdithe silanol
group is weak (in agreement with the longerX0 bond length

frontier orbitals are almost the same, whatever the model clustercalculated or measured by EXAFS) and may be easily broken
considered (Table 8). There is a slight energy shift of the energy by a small external perturbation such as the approach of a ligand

levels of nT toward the energy levels of the ideal Ni(QH)

from the gas phase for example, yielding a di-coordination with

TABLE 7: Comparison of the Ni—O Distances (A) and of the Sum of the Valence Angles (deg) around Ni (Triplet Spin State)

for the Various Cluster Models Investigated in This Work

Ni(OH)2(H20) 2TNi 3TNi 4TNi 5TNi
Ni—silanolate 1.770,1.771 1.812,1.812 1.829, 1.839 1.840, 1.811 1.804, 1.835
Ni—silanol (Ni—siloxane) 2.137 2171 2.056 2.034 2.026
> valence angles of Ni 359.6 313.8 323.0 330.5 341.9
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Figure 6. Correspondence of thes8s framework model cluster on
the real silica support.

TABLE 8: Energy Levels at the Fermi Level (in hartrees)
for the Various Ni Complexes Calculated at the ROB3PW91/
6-31G**/DZVP2(Ni) Level in the Triplet State

Ni(OH),(H,0)  2TNi 3TNi 4TNi

5TNi

LUMO +0.00342 —0.03285 —0.05023 —0.04535 —0.03411
HOMO —0.12142 —0.15983 —0.14992 —0.14744 —0.14639
HOMO-1  —0.12612 —0.16262 —0.15901 —0.15893 —0.16003
HOMO-2  —0.26396 —0.29780 —0.28548 —0.28037 —0.27545
HOMO-3  —0.26600 —0.29969 —0.29058 —0.29207 —0.29387
HOMO-4  —0.27791 —0.33004 —0.32076 —0.31086 —0.30610
TABLE 9: Relaxation Energies of Various Models in
Kcal/Mol

relaxation energy relaxation energy relaxation energy

singlet state triplet state difference

Si;OsHe 29.0 33.6 4.6
Sis0sHs 42.8 41.3 -15
Si;O7Hg nc 28.4 né
Si5OgH10 nc 30.7 né

anc = not calculated.

TABLE 10: Mulliken Charges and Spin Densities of the
Nickel Center in the Various Ni Complexes Calculated at the
B3PW91/6-31G**/DZVP2(Ni) Level in the Triplet State

Ni(OH)»(H,0)  2TNi  3TNi 4TNi 5TNi
Ni spin density 1.61 1.61 162 162 1.63
Ni charge 0.65 0.70 0.67 067 0.71
OH, O or —-0.70 OH) -0.69(Q) —0.69 —0.72 —0.72
silanolate charge
H,0, Opor silanol  —0.57 (HO) —0.70 (@) —0.66 —0.68 —0.67

charge

the support in agreement with the high reactivity of théa\i
sites observed experimentally.

In the more stable triplet-state model nickel complexes, the
Mulliken spin density is always concentrated mostly on the
nickel center (Table 10), whatever the framework cluster model

used. Small contributions are observed on the oxygen ligands
of the support. The nephelauxetic effect appears therefore to

be low probably because Nand G~ are hard in the Pearson’s
hardness scafé.However, the Mulliken charge calculated for
Ni" is lower than+1, suggesting that there is a substantial
charge transfer from the support to the nickel ion (Table 10)
and that the Ni-O bond is not completely ionic in nature. This

Garrot et al.

to a neighboring 6T ring cannot be excluded. Indeed 6T rings
appear to be more likely than 5T rings from the molecular
dynamics simulation (Figure 2).

Conclusion

In this work, various framework model clusters have been
investigated in order to model the tridentate amorphous silica
ligand using the Ni ion as a probe. The originality of our
approach is that it deals with the real amorphous surface and
not with models systems which can be crystalline materials such
as f5-cristobalite, zeolites, bulk oxides with simple structures
such as MgO, or molecular models such as silsesquioxanes.
Despite the interest per se of the latter, their use to represent
the amorphous silica surface, however, cannot overcome the “
material gap ” since they are crystalline or molecularly well-
defined.

The variousnT (n = 2—5) models allow to predict three-
coordination for Nt ions, but 5T is the one that reproduces
best the experimental symmeti§s(, close toD3,) and the Ni-O
distances measured by EXAFS. Because of its flexibility, the
latter cluster model is able to accommodaté Mins in almost
Dsn symmetry with the lowest constraint. It may be assimilated
to two vicinal silanolates and one neighboring isolated silanol
or siloxane bridge of the real silica surface.

Modeling has been used here as an analysis tool to comple-
ment the other experimental characterization techniques. It
allowed us to refine our previous concept of the tridentate ligand
nature of the silica support. In this work, the adsorption site
has been investigated in details, and the resulting structure will
now facilitate the modeling of the complexes obtained by
adsorption of ligands of the gas phase or by interaction with
reactants or products such as for example bert2ehging the
catalytic cyclotrimerization of acetylene. The'Nons studied
here are the precursors of'Nons active as olefin oligomer-
ization catalysts. The results obtained here fof Mins set
therefore the basis for the study of their reduced analogues.

This study suggests the existence on the silica support of
particular cycles that would be able to selectively interact with
nickel ions.The nickel deposition onto the support may therefore
be driven by molecular recognition and this will be reported
on in future work.
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