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The 3-fold coordination of NiII cations to amorphous silica is modeled performing density functional theory
(DFT) calculations on framework model clusters of increasing size. Using thenT notation of zeolite structures
wheren is the number of T atoms (T) Si or Al), four model clusters with the following structures are
investigated: (i) (Si2O3H4)2- (2T) is made of two vicinal silanolate groups (SiO-) bonded through an oxygen
bridge. The valence requirements of silicium are satisfied by addition of terminal hydrogen atoms. (ii)
(Si3O6H4)2- (3T) is a six-membered ring made of two silanolate groups and one silanol group (SiOH) bonded
through oxygen bridges. (iii) (Si4O7H6)2- (4T) is an eight-membered ring with two vicinal silanolate groups
in positions 1 and 3 and a silanol group in position 5, and (iv) (Si5O8H8)2- (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-supported NiII(O)3 species: (i) three-coordinated NiII of distorted
C3V close toD3h symmetry and (ii) Ni-O distances in agreement with EXAFS measurements. (Si5O8H8)2- is
preferred to the (Si2O3H4)2- model proposed earlier. Because of its flexibility, the larger framework model is
able to best reproduce the experimental geometry of the NiII site. This model cluster may be assimilated to
two vicinal silanolates and one neighboring isolated silanol or siloxane bridge on the real silica surface.

Introduction

Oxide-supported transition metal complexes constitute a broad
class of heterogeneous catalysts.1,2 During the grafting process
of the active metallic center onto the oxide support, some mobile
ligands of the precursor complex are substituted by hydroxyl
groups or oxide ions of the support, which are then acting as
true ligands. The resulting mixed ligand complex combines the
remaining ligands of the starting organometallic complex and
the new supermolecular surface ligand.

A specificity of this interfacial coordination chemistry3-5 is
the possibility to completely remove the mobile ligands during
a subsequent thermal treatment to retain only the ligands of the
surface and to yield coordination vacancies, the reactivity of
which is the driving force for molecular adsorption and catalysis
inside the coordination sphere of the metallic center.

NiII(O)3 complexes supported on amorphous silica, which are
the precursors of ethylene or propylene dimerization catalysts,6

have been prepared using this approach. In the first step of the
preparation, nickel is introduced onto the silica support from
aqueous solutions of [Ni(en)2(H2O)2]2+7 (en) ethanediamine)
or [Ni(NH3)6]2+,8,9 following previously described procedures.7-9

Upon nickel grafting, the exchange of two water or ammonia
ligands for support surface groups is evidenced.7,9 Upon a

suitable thermal treatment,10,11 the silica support turns from a
bidentate to a tridentate supermolecular ligand. Indeed, ammine
ligands are completely removed, and the nickel cation remains
bonded only to three oxygen atoms of the surface. The distorted
C3V close toD3h symmetry of this highly unsaturated NiII(O)3
site (which will be referred to as NiII

3c) is deduced from diffuse
reflectance spectroscopy in the UV-visible range8 and XANES
analysis.12 The 3-fold coordination is confirmed by EXAFS,
and different Ni-O distances are measured for NiII

3c sites: (i)
two short Ni-O bond lengths in the range of 1.74-1.76 Å and
(ii) one longer Ni-O bond length in the 1.95-2.06 Å range.13

The spectroscopic characterization of NiII
3c sites is summarized

in Table 1.

NiII3c may be photoreduced into the corresponding NiI(O)3
complex.14 Upon introduction of trialkylphosphine (TAP) in the
coordination sphere of NiI, the resulting supported complexes
are active for ethylene dimerization into butene15 and propylene
dimerization into hexenes;6 the selectivity forR-olefins is related
to the electronic and steric effects of the TAP ligand.6,15

Because of the difficult experimental characterization of
amorphous silica, the local environment of NiII

3c remains unclear
and is deduced from spectroscopic measurements which give
the symmetry or Ni-O distances (Table 1). But the local
structure of the coordination site at the surface as well as the
precise nature of the supermolecular ligand are not well-known.
Modeling studies may be helpful in order to elucidate the latter
questions.
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From the literature, it appears that various approaches have
been used to model the surface of amorphous silica.

One possibility is based on the structure ofâ-cristobalite.
Indeed, DRX studies of silica have shown the existence of a
local order which resembles that ofâ-cristobalite and related
crystalline phases.16,17 The surface is heterogeneous and prob-
ably composed of regions of partially hydroxylated (100) and
(111)â-cristobalite surfaces.18 The hydroxylated (100) surface
exhibits geminal hydroxyl groups Si(OH)2-linked in chains
through H-bonding interaction and which may yield siloxane
bridges Si-O-Si upon dehydroxylation (Figure 1).19

On the other hand, the (111) surface is made of isolated
silanol groups (SiOH) that cannot be dehydroxylated. This
model has been used together with molecular mechanics
relaxation to model Os and Rh clusters supported on amorphous
silica.18 Singly oxygen-bridged surface complexes (µ-H)-
(µ-OSi≡) Os3(CO)10 are predicted to be more stable than their
double oxygen-bridged analogues (µ-OSi≡)2 Os3(CO)10.19

The above crystalline-type model of silica exhibits only two
types of surface ligandss(i) Si-O-Si siloxane groups and (ii)
isolated Si-OH silanol groupssand appears to be quite far from
the real amorphous silica, which is much more heterogeneous,
as shown below from molecular dynamics studies.

Indeed, vitreous silica surface models have been generated
by molecular dynamics using the simulated annealing tech-
niques.20 A three-body potential including the dominant ionic
interactions and the weak covalent character of vitreous silica
was developed, and the structural features of bulk silica (average
bond distances or angle distribution) were accurately reproduced
in the model obtained through molecular dynamics simulations.21

A snapshot of a silica surface obtained by molecular dynamics
simulation is presented in Figure 2, where the heterogeneity of
the surface and the large variety of (SiO)n cycles (n ) 3-7)
are clearly apparent. One can also notice the presence of several
types of silanol groups: (i) geminal silanol groups located on
the same silicon atom, (ii) vicinal silanol groups bonded through

a siloxane bridge, and (iii) adjacent silanol groups connected
by two consecutive siloxane bridges (Figure 2).

In the present work, a cluster approach is used to model the
tridentate amorphous silica support, and the nickel center is used
as a probe of its local environment. The cluster models are
derived from the (SiO)n cycles observed in the molecular
dynamics picture of amorphous silica (Figure 2). Density
functional theory (DFT) calculations are then performed in order
to test the ability of each framework model cluster to reproduce
the experimental features of previously described silica-sup-
ported NiII(O)3 species (Table 1): (i) the three-coordinated nickel
ion of C3V close toD3h symmetry and (ii) the Ni-O bond
lengths, in agreement with EXAFS measurements.

Although the cluster approach takes into account only the
surface atoms lying close to the metallic center, it has the
advantage to allow high-level calculations (ab initio or DFT)
that are expected to yield a precise local picture of the studied
site. Cluster models were successfully used to study the nature
of titanium active sites in titanosilicate catalysts,22 to model CO
or CD3CN adsorption on Lewis sites of MgO,23,24 or to
investigate the interaction of Ni, Pd, and Pt on the same
support.25 The cluster approach was also extensively used to
model acidic sites,26 CO and NO,27 or hydrocarbon28 adsorption
in zeolites. The reliability of small-cluster models was demon-
strated in the case of Cu-exchanged zeolites.29 A similar
approach is indeed used by experimentalists when model
compounds of the supported active site of heterogeneous
catalysts are synthesized and characterized in order to reproduce
the properties of the active site in the bulk.30 For example,
silasesquioxanes and metallasilasesquioxanes can provide mo-
lecular-level insights into the surface chemistry of silica and
silica-supported transition-metal catalysts.31-33 The originality
of our approach is that it deals with a real amorphous surface
and not with models systems which can be crystalline materials
such as the above-mentionedâ-cristobalite, zeolites, bulk oxides
with simple structures such as MgO, or molecular models such
as silsesquioxanes. Despite their interest per se, their use to
represent the amorphous silica surface however cannot overcome
the “material gap” since they are crystalline or molecularly well-
defined.

Computational Details

Geometries were fully optimized using the GAUSSIAN94
program package34 within the framework of DFT at the
B3PW91 level using a 6-31G** basis except for Ni, for which
the DGauss DZVP2 Polarized DFT Orbitals Basis Sets35 basis
were used.

Calculations were conducted at the spin-restricted level in
the case of singlet states, whereas triplet states were treated at
the spin-restricted open-shell level or spin-unrestricted level.

The SCF density tolerance was set to 10-5 e/bohr3 when
convergence with the standard value was not possible, especially
on the large framework models. In the latter case, owing to the
inordinate flatness of potential energy surface, it was impossible

TABLE 1: Experimental Characterization of Silica-sSupported NiII 3c

interpretation analysis measurements spectroscopy ref

three-coordinated NiII symmetry distortedC3V or D3h diffuse reflectance spectroscopy
in the UV-visible range

8

three-coordinated NiII symmetry C3V but close toD3h XANES 12
three-coordinated NiII two short Ni-O distances 1.74-1.76 Å EXAFS 13
two types of Ni-O bond

V
two types of surface ligand

one long Ni-O distance 1.95-2.06 Å EXAFS 13

triplet state spin state M ) 3.9µB magnetic susceptibility measurements 10

Figure 1. Dehydratation scheme of the (100) surface ofâ-cristobalite
as proposed by Shay et al. from ref 19.
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sometimes to unambiguously identify a structure as a true
minimum. The optimization procedure was then interrupted
when the energy was stable within 10-6 hartree.

Choice of the Model Clusters

The model framework clusters used in this work will be
referred to using the terminology accepted in zeolite chemistry
where the size of the rings is given on the basis of the number
of T atoms (T) Si or Al) except oxygen atoms. The model
clusters will therefore be referred to asnT, depending on the
numbern of Si atoms

(OH)2(H2O). The simplest way to model the tridentate silica
surface is to use two hydroxyl groups and one water molecule.
The resulting Ni(OH)2(H2O) model complex may be used to
extract qualitative trends. Indeed, we do not expect water and
hydroxyl groups to be good models of the silica ligand because
of the difference in electron-donating properties, although it was
shown that silica lies between OH- and H2O in the spectro-
chemical series: OH- < AlO- < ZO- < SiO- < H2O, which
describes the relative ligand strength of hydroxyle, alumina,
zeolite, silica, and water, respectively.4 Water molecules were
also used by Schneider et al.36 to model Cu-exchanged ZSM-5
zeolites. They found a good agreement between the calculations
using water molecules and the ones using a more elaborate

model zeolitic framework as long as the coordination environ-
ment of the copper ion was realistic enough.29

Si2O3 (2T). The simplest framework model cluster involving
two silicon tetrahedra is (Si2O3H4)2- (Figure 3), which will be
referred to asSi2O3 or 2T. It is made of two vicinal silanolate
groups (SiO-) bonded through an oxygen bridge. The dangling
bonds of Si which would actually connect the cluster to the
amorphous silica surface are saturated by hydrogens atoms. This
cluster has already been used to model acid sites in zeolites.37,38

The three oxygen atoms of this cluster are able to coordinate
the nickel ion, and this model was previously used in our group
to describe the silica three-coordinated NiII and NiI sites.8,14

Si3O6 (3T). (Si3O6H4)2- (Figure 3), which will be referred
to asSi3O6 or 3T, is a six-membered ring made of two silanolate
and one silanol groups with the silicium atoms bonded through
oxygen bridges and terminated by H atoms. The chair confor-
mation of the Si3O3 ring was shown to be more stable than the
planar one similar to six-carbon rings.39 The NiII ion is then
bound to both silanolate groups and to the silanol group of this
rigid model.

Si4O7 (4T). (Si4O7H6)2- (Figure 3), which will be referred
to as Si4O7 or 4T, is an eight-membered ring made of two
silanolate and one silanol groups with the silicium atoms bonded
through oxygen bridges and terminated by H atoms. The crown

Figure 2. Snapshot of a silica surface obtained by molecular dynamics simulation and generated from librairies within the MSI graphical interface
InsightII.54 H atoms of hydroxyl groups have been omitted for clearness. The variety of surface silanol groups is illustrated: blue (V)) vicinal OH
groups, green (G)) geminal OH groups, and violet (A)) adjacent OH groups. Numbers are related to the number of silicon (T) atoms of the ring.
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conformation of the Si4O4 ring was reported to be more stable
than the planar one similar to eight-carbon rings.39 The NiII ion
is then bound to both silanolate groups and to the silanol group
of this model.

Si5O8 (5T). (Si5O8H8)2- (Figure 3), which will be referred
to asSi5O8 or 5T, is a 10-membered ring bearing two vicinal
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-
(ate) groups which may coordinate the metallic center.

The above clusters have been tested in their ability to
reproduce the experimental structure obtained for three-
coordinated silica-supported NiII

3c (Table 1). For each model
cluster, the geometry of the corresponding NiII

3c model 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.

Results and Discussion

Ni Spin State. The energy difference between the lowest
triplet (3F, 3d84s2) and singlet (1D, 3d94s1) electronic states of
the isolated nickel atom is only 3410 cm-1 (9.75 kcal/mol).40,41

However, for the isolated NiII cation, such a difference is larger:
14032 cm-1 (40.12 kcal/mol).40 The ground triplet state (3Σ-)
of the NiO molecule has been extensively studied experimen-
tally42,43and theoretically.44-47 The separation between the triplet
state (3Σ-) and the singlet state (1Σ+) depends on the correlation
level included in the calculation method and lies in the range
of the one of the isolated NiII cation.48

From these findings and the magnetic measurements (Table
1), a triplet spin state is expected for the silica-supported NiII

3c

sites. However, the separation between the triplet and singlet
spin states is expected to be influenced by both the symmetry
and the ligands coordinated to the nickel center. For each model
considered hereafter, both singlet and triplet states were therefore
considered in order to estimate this energy difference.

Ni(OH)2(H2O). The geometry of the model complex
Ni(OH)2(H2O) has been fully optimized in the triplet and singlet
spin state (Table 2). In the less stable singlet state structure,
irrelevant hydrogen bonds occur. The triplet state model complex
exhibit aCs symmetry, and Ni-OH distances in good agreement

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 environment (R + â + γ ) 360°, see Table 2) of
nickel of localC2V symmetry and (ii) Ni-O-H angles (corre-
sponding to Ni-O-Si angles in the real complex) of 117°.

NiSi2O3 (2TNi). The NiII ion initially equidistant of about 2
Å from the three oxygen atoms moves closer toward the two
silanolate groups during the singlet state geometry optimization.
The Ni-silanolate distance shortens down to 1.727 Å, whereas
the Ni-siloxane distance increases so much that this bond is
broken in the optimized structure (Table 3 and Figure 4),
yielding a dicoordinated NiII complex ofCs symmetry. Similar
results were obtained by Hass et al.29 During full optimization
of the charged [CuOSi2(OH) 6]+ cluster model, where Cu+ is
initially bound to the siloxane bridge only, the structure of the
cluster is distorted to form Cu-O bonds of 1.9 Å with the in-
plane terminal OH groups. Simultaneously, the distance of Cu
to bridge oxygen increases to 2.55 Å, yielding an optimized
structure analoguous to the one described here for singlet state
NiIISi2O3. However, the above Ni and Cu cluster models are
not strictly related because in one case, the copper cation is
attached to a neutral silica surface whereas in the other case,
the nickel cation stands formally for the charge compensation
of a doubly negatively charged silica surface.

Starting from the same model complex as above, the 3-fold
coordination is retained during the triplet state geometry
optimization (Table 3 and Figure 4). Spin-restricted open-shell
calculations yield results very similar to those of spin-
unrestricted calculations. Only the former will be therefore used

Figure 3. Cluster models of the tridentate amorphous silica surface
considered in this work. dotted black lines indicate the expected NiII-O
bonds.

TABLE 2: Comparison of Selected Bond Lengths (in Å),
Angles (in deg), and Mulliken Charges Obtained from
Calculations Involving the (OH)2H2O) Model

triplet singlet

Ni-OH (Ni-OH2) 1.770, 1.771 (2.137) 1.796, 1.732 (1.962)
anglesR, â, γa 160.1 99.7, 99.8 111.8 167.8, 79.1
R + â + γ 359.6 358.7
Ni-O-H angles 117.6, 117.7 106.0 111.9, 113.2 107.7, 82.8
Ni charge 0.65 0.57
O charge -0.70,-0.57 -0.60,-0.64,-0.70
total energy (Ha) -1736.04532 -1736.03042
relative energy 0.0 9.3

a R ) HO-Ni-OH; â, γ ) HO-Ni-OH2.

Figure 4. Comparison of the optimized geometries of singlet and triplet
state of NiIISi2O3. Ni-O distances are in Å and angles in deg.
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hereafter to investigate the triplet state of larger framework
cluster models. The Ni-silanolate distance is slightly longer
(0.05 Å) than the one measured by EXAFS, whereas the Ni-
siloxane distance is 0.1 Å longer than the experimental one.
The sum of the valence angles of Ni (i.e., 314°) suggests a large
deviation from theD3h symmetry. Both latter findings desagree
with the experimental description. Moreover, the Ni-O-Si
angles deviate substantially from the ideal value of 117°
suggested above by the (OH)2(H2O) model.

The geometry of the free neutral framework cluster Si2O3H6

has been optimized at the same calculation level and compared
to the one calculated by Pereira et al.39 for Si2O(OH)6 at the
BLYP level using a numerical triple-ú basis. Both structures
are very similar considering bond lengths and angles (Table
3). The singlet state NiII

2c complex occurs almost without
framework alteration; however, in the triplet state NiII complex,
the coordination to the support is accompanied by Si-Ob bond
elongation and opening of the Si-Ob-Si angles (Table 3).

NiSi3O6 (3TNi). The NiII ion initially equidistant of about 2
Å from the three oxygen atoms moves closer toward the two
silanolate groups during the singlet state geometry optimization.
The Ni-silanolate distance shortens down to 1.781 Å, whereas
the Ni-siloxane distance increases up to 2.130 Å (Table 4),
yielding a three-coordinated NiII complex of symmetry close
to D3h.

The triplet state geometry optimization yields a NiII complex
where the Ni-silanolate distance lies now out of the range of
the EXAFS measurements by 0.1 Å, whereas the Ni-siloxane
distance is in agreement with the experimental measurements
(Table 4 and Figure 5). The sum of the valence angles of Ni
has increased up to 323° suggesting that the symmetry isC3V
but has moved closer toD3h in comparison to the previous NiII

3c-
Si2O3 model. The Ni-O-Si angles still deviate substantially
from the ideal value of 117° suggested by the (OH)2(H2O)
model.

The optimized geometry of the corresponding neutral frame-
work cluster model Si3O6H6 has been compared to the one
calculated by Pereira et al.39 for Si3O3(OH)6 (Table 4). In

contrast to the chair conformation of the Si3O3 ring in the nickel
model complex, a planar ring conformation already reported39

for Si3O3(OH)6 is obtained. However, this structure is expected
to be less stable by 6 kcal/mol than the ring chair conformation,
where the axial hydroxyl groups are involved in three hydrogen
bonds.39

Upon nickel coordination, the Si-Ob-Si angles shorten and
the Si-Ob bonds are elongated as compared to the free more
stable cluster. The Si-OH bond length increases significantly
from 1.64 up to 1.74 Å.

NiSi4O7 (4TNi). The NiII ion initially equidistant of about 2
Å from the three oxygen atoms moves closer toward the two
silanolate groups during the singlet state geometry optimization.
The Ni-silanolate distance shortens down to 1.78 Å, whereas

TABLE 3: Comparison of Selected Bond Lengths (in Å) and Angles (in deg), and Mulliken Charges Obtained from
Calculations Involving the Si2O3 (2T) Modela

triplet
unrestricted

triplet
restricted-open

singlet
restricted

Si2O3H6

(this work)
Si2O(OH)6

(ref 39)

Bond Length
Ni-Ot 1.812, 1.812 1.813, 1.813 1.727, 1.726
Ni-Ob 2.171 2.169 3.219
Si-Ot 1.650 1.650 1.663 1.65-1.67 1.64-1.66
Si-Ob 1.710 1.710 1.658 1.65-1.66 1.65
O-H - - - 0.965 0.97
O-Hb - - - 2.492 2.52

Angles
Ot-Si-Ob 101.2 101.1 109.1, 109.2 110.5, 110.7 107.8-113.7
Si-Ob-Si 148.1 148.1 133.5 132.9 132.1
Ot-Si-H 113.7, 114.2 113.7, 114.2 110.0 105-112
R 152.2 152.1 114.2
â, γc 80.8, 80.8 80.8, 80.8 57.2, 57.2
R + â + γb 313.8 313.7 228.6
Ni-Ot-Si 95.7, 95.8 95.8 125.6,125.3
Ni-Ob-Si 82.0 82.1 67.7, 67.9

Mulliken Charges
Ni 0.70 0.70 0.72 - -
Ot -0.69 -0.69 -0.69 -0.62,-0.64 -0.82
Ob -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

a Ob and Ot denote bridging and terminal oxygens, respectively.b Hydrogen bond.c R ) Ot-Ni-Ot; â, γ ) Ob-Ni-Ot.

Figure 5. Comparison of the optimized geometries of triplet states of
NiIISi3O6, NiIISi4O7, and NiIISi5O8. Ni-O distances are in Å and angles
in deg.
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the Ni-siloxane distance decreases to 1.978 Å (Table 5),
yielding a three-coordinated NiII complex of D3h symmetry
whose geometry is very similar to the experimental one.

In the triplet state optimized geometry, the Ni-silanolate
distance is now out of the range of the EXAFS measurements
by 0.1 Å, whereas the Ni-siloxane distance is in agreement
with the experimental measurements (Table 5 and Figure 5).
The sum of the valence angles of Ni has again increased as
compared to those of the above Si3O6 model, suggesting that
the symmetry has moved further towardD3h. The Ni-O-Si

angles are now closer to the ideal value of 117° suggested above
by the (OH)2(H2O) model.

In contrast to the crown conformation of the Si4O4 ring
observed in the above nickel model complex, a planar ring
conformation already reported39 for Si3O3(OH)6 is obtained in
the optimized geometry of the neutral framework cluster model
Si4O7H8 (Table 5). However, this structure is expected to be
less stable by 32 kcal/mol than the crown conformation, where
the hydroxyl groups are involved in a cyclic system of four
hydrogen bonds.39

TABLE 4: Comparison of Selected Bond Lengths (in Å), Angles (in deg), and Mulliken Charges Obtained from Calculations
Involving the 3T Modela

triplet singlet
Si3O3(OH)3H3

(this work)
Si3O3(OH)6

planar39
Si3O3(OH)6

chair39

Bond Length
Ni-O 1.829, 1.839 1.781, 1.782
Ni-OHSi 2.056 2.130
Si-Ot (Si-OH) 1.631,1.633, (1.743) 1.643, 1.646, (1.726) (1.64-1.65) (1.64) (1.64-1.68)
Si-Ob 1.63-1.70 1.64-1.71 1.65-1.66 1.64-1.65 1.67-1.68
O-H 0.968 0.966 0.962 0.98 0.98-0.99
O-Hb none none none none 2.69-2.81

Angles
Ot-Si-Ob 103.8-110.6 104.9-110.1 106-112
Si-Ob-Si 117.4-121.1 115.2-123.6 131-134 130.7-132.9 121.3-122.4
Ob-Si-Ob 103.8, 103.9, 111.9 104.0, 104.0, 110.9 106.2, 106.2, 108.7 106.7-101.8 107.2-108.2
Ot-Si-H (Ot-Si-Ot) 114.4, 114.4, 108.2 108.9-113.1 106-112 (105.2) (110.1-110.8)
Si-O-H 112.1 115.2 117-118 111.2-114.8 109.8-112.2
R 118.0 104.2
â, γc 105.2, 99.8 100.3, 127.5
R + â + γc 323.0 332.0
Ni-Ot-Si 106.9, 108.1 101.6, 110.4
Ni-(OH)-Si 106.0 96.2

Mulliken Charges
Ni 0.67 0.58
Ot -0.69,-0.66 -0.65,-0.66
Ob -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

a Ob and Ot denote bridging and terminal oxygens, respectively.b Hydrogen bond.c R ) O-Ni-O; â, γ ) HO-Ni-O.

TABLE 5: Comparison of Selected Bond Lengths (in Å), Angles (in deg), and Mulliken Charges Obtained from Calculations
Involving the Si4O7 Modela

triplet singlet
Si4O4(OH)3H5

(this work)
Si4O4(OH)8

planar39
Si4O4(OH)8

crown39

Bond Length
Ni-O 1.840, 1.811 1.776, 1.796
Ni-OHSi 2.034 1.978
Si-Ot (Si-OH) 1.630, 1.639, (1.739) 1.641, 1.644, (1.743) (1.651, 1.648, 1.648) (1.64) (1.62-1.66)
Si-Ob 1.62-1.70 1.63-1.68 1.63-65 1.62 1.64-1.65
O-H 0.967 0.970 0.961 0.98 0.98-1.03
O-Hb none none none none 1.61-1.62

Angles
Ot-Si-Ob 105-111 104-111 105-110
Si-Ob-Si 131-133, 151 124.2-136.6 144-152 160.4 125.8-126.3
Ob-Si-Ob 107-115 107-114 111-112 109.5 111.2-112.2
Ot-Si-H (Ot-Si-Ot) 105.9-114.3 108-113 111-112 (106.0) (113.2-114.8)
Si-O-H 111.9 112.4 116-117 112.2-114.5 106.2-114.3
R 117.1 161.4
â, γc 99.2, 114.2 99.8, 88.0
R + â + γc 330.5 349.2
Ni-Ot-Si 105.5, 118.3 107.6, 106.0
Ni-(OH)-Si 110.4 103.0

Mulliken Charges
Ni 0.67 0.48 -
Ot -0.68,-0.72 -0.66,-0.65 -0.62,-0.61
Ob -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

a Ob and Ot denote bridging and terminal oxygens, respectively.b Hydrogen bond.c R ) O-Ni-O; â, γ ) HO-Ni-O.
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Upon nickel coordination, the Si-Ob-Si angles lie between
the corresponding angles observed in the crown and planar
conformations of the free framework cluster. As already
observed above, the Si-OH bond length increases significantly
from 1.65 up to 1.74 Å.

NiSi5O8 (5TNi). The same tendencies noted for the two latter
models are confirmed. The singlet state geometry optimization
yield a model structure in very good agreement with the
experimental measurements. However, a more stable structure
(by 12 kcal/mol) results from the triplet state geometry
optimization. The Ni-O distances are in the range of the
EXAFS measurements (Table 6 and Figure 5). The sum of the
valence angles of Ni increased up to 342°, suggesting that the
symmetry is closer toD3h than for both previous models. The
Ni-O-Si angles are very close to the ideal value of 117°
suggested above by the (OH)2(H2O) model.

The structural features of the framework are very similar to
the one described previously for the Si4O7 model.

Among the model clusters investigated here, 5T is therefore
the one that reproduces the experimental structure the best (Table
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
nickel environment closest to the ideal one suggested above by
the (OH)2(H2O) 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,
(ii) model rigidity that may hinder the accommodation of a three-
coordinated NiII, 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
frontier orbitals are almost the same, whatever the model cluster
considered (Table 8). There is a slight energy shift of the energy
levels of nT toward the energy levels of the ideal Ni(OH)2-

(H2O) model asn 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(OH)2(H2O) 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 Ni-O-Si angles close to 117°. 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
favored. The relaxation energies are compared in Table 9.
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 NiII. The conformational flexibility of
Si5O8 is expected to allow various relative positions of the three
oxygen ligands to NiII. The latter is allowed to be located close
to the plane formed by the oxygen atoms.

Influence of the Model Cluster on the Electronic and Spin
State of Nickel.The deposition of Ni° onto amorphous silica
is difficult to study experimentally because of the desordered
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 size.49 EHMO calculations have shown that the
nucleation sites are preferably extraframework ions in high
oxidation state.50 This work focuses on these potential nucleation
sites, i.e., isolated NiII cations, supported on silica that may be
subsequently reduced into NiI (for which the coordination mode
of the support is under theoretical investigation by comparaison
to the experimental characterization10,15) and finally to metallic
nickel.

As expected from the known energy difference between the
lowest triplet and singlet electronic states of isolated nickel
atoms and Ni(II) ions, the calculated triplet state Ni(II) complex
is always more stable than the corresponding singlet state
Ni(II) 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(OH)2(H2O) 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 of NiII to the silanol
group is weak (in agreement with the longer Ni-O bond length
calculated or measured by EXAFS) and may be easily broken
by a small external perturbation such as the approach of a ligand
from the gas phase for example, yielding a di-coordination with

TABLE 6: Comparison of Selected Bond Lengths (in Å),
Angles (in deg), and Mulliken Charges Obtained from
Calculations Involving the Si5O8 (5T) Model

triplet singlet

Ni-O distance 1.804, 1.835 1.794 1.766
Ni-OH distance 2.026 1.953
R, â, γa 118.7, 100.2, 123.0 88.8, 164.8, 103.9
R + â + γa 341.9 357.5
Ni-Ot-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

a R ) O-Ni-O; â, γ ) HO-Ni-O.

TABLE 7: Comparison of the Ni-O Distances (Å) 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(H2O) 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 2.171 2.056 2.034 2.026
Σ valence angles of Ni 359.6 313.8 323.0 330.5 341.9
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the support in agreement with the high reactivity of the NiII
3c

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 NiII and O2- are hard in the Pearson’s
hardness scale.51 However, the Mulliken charge calculated for
NiII 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
charge transfer is very similar, whatever the model cluster used
(Table 10).

In conclusion, among the model clusters investigated in this
work, 5T, because of its flexibility, is the one that best
reproduces the experimental results. Such a flexibility is known
to exist in the amorphous silica surface or in zeolites.52 This
model may be assimilated with two vicinal silanolates and one
neighboring isolated silanol or siloxane bridge on the real silica
surface (Figure 6). The low probability of finding three OH
groups per 5T ring suggests that the dative bond involves
preferably the oxygen of a siloxane bridge. Moreover, the
involvement of an isolated silanol or siloxane bridge belonging

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 NiII 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 â-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 NiII ions, but 5T is the one that reproduces
best the experimental symmetry (C3V close toD3h) and the Ni-O
distances measured by EXAFS. Because of its flexibility, the
latter cluster model is able to accommodate NiII ions in almost
D3h 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 benzene53 during the
catalytic cyclotrimerization of acetylene. The NiII ions studied
here are the precursors of NiI ions active as olefin oligomer-
ization catalysts. The results obtained here for NiII ions 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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