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We present a brief overview of the first-row transition metal phyllosilicates and their organically
functionalised analogues obtained under autogenous pressure conditions. Some structural features of
phyllosilicates are first recalled and the magnetic properties of Co>* and Ni?* phyllosilicates are described.
In the second part, the state-of-the-art in organically functionalised phyllosilicates is reported, including our
contributions on the structural and magnetic characterisation. The impetus is to enhance the potential of
these new compounds as multi-property materials. Since our interest lies in low-dimensional magnetic
properties, divalent transition metal cations are involved in the layered inorganic layers, whereas

3-aminopropyltriethoxysilane is used as the silicon source.

Introduction

For the past several years there has been a tremendous effort to
synthesise organic-inorganic materials. The general goal is to
couple two properties in a unique solid, one brought by
the organic part and the other by the inorganic framework.
One expects a synergistic effect between the two components,
leading to original properties. Several examples can be pre-
sented, illustrating different approaches among the huge
number of studies in this field. Some examples of organic-
inorganic materials, synthetically obtained, are based on
tetrachlorocuprate(in)! layered metal oxalate structures: (A)
o IM"M™(C504)5]". When A is a m-electron donor such as
BEDT-TTF, magnetism due to the metal cation can be coupled
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Scheme 1 Schematic view of the process used to obtain materials coupling low temperature magnetism and fluorescence. In a first step, a layered
material, in which divalent transition metal cations are interacting, is synthesised. Secondly, grafting to the amino group is performed with an

organic molecule.

to the conductivity property of the organic cation>> Nonlinear
optical behaviour can also be associated with such oxalate
layers* or MPS; sheets® by introducing a polarisable, organic
cation. In these cases, bonding between the two components is
mainly ionic, through van der Waals interactions and/or
hydrogen bonding. Ion-exchanged materials where ionic inter-
actions between the organic and inorganic parts occurs, indeed
lead to enhanced properties. For instance, the mechanical
properties of polymers and their thermal stability can be
improved by introducing a mineral component. This can be
achieved starting from clays. One method is to disperse the
silicate layers in a polymer matrix. An important step is
devoted to the exfoliation of the starting mineral by a cationic
precursor of the polymer,® where the polymer properties are
greatly improved by the presence of the inorganic part.

Tailoring multi-property materials in which the organic part
is covalently bonded to the inorganic layers remains an inter-
esting challenge. One possibility is to graft, to a mineral layered
structure, organosilanes, RSi(OR’);. This allows one to intro-
duce into the lamellar solid, the functionality of the R organic
group, brought by the modified alkoxide. Different mineral
phyllosilicates (layered silicates), such as montmorillonite,
saponite or laponite, were successfully reacted with these
organically modified alkoxides. These modified silicates can
be applied to catalysis’® or electroanalysis.’ For instance,
organo-modified intercalated laponite exhibits higher perfor-
mance in enzyme entrapment. The controlled hydrolysis of 3-
aminopropyltriethoxysilane leads to the formation of a cubic
octamer that can also ion-exchange Na cations in natural
montmorillonite.' Recently, instead of grafting to minerals,
organically modified alkoxides were also used in one-pot
synthesis leading to synthetic organo-modified phyllosili-
cates.!""* In this case, several applications can be considered,
such as intermolecular reactions with guest species'> 7 or as
absorption, in particular of heavy metals.'®'8

Our primary aim concerns the evolution of the magnetic
properties of materials with phyllosilicate and related struc-
tures. Keeping in mind the presence of a brucite-like layer
(M(OH),) where the magnetic element can be introduced, one
can tailor the magnetic interactions between these magnetic
entities by tuning the nature of the organic species grafted to
them and occupying the galleries. The first part of our work is
devoted to the synthesis of transition metal phyllosilicates
isostructural with their mineral counterparts and their char-
acterisation, especially from the magnetic point of view. This
work was necessary to understand the different behaviours we
could expect from the magnetic layers. It was shown, in
hydroxide structures that, depending on the interlayer dis-
tances, ordering from antiferromagnetic to ferromagnetic
could be induced.!” The second part deals with the synthesis
of organo-modified phyllosilicates using solvothermal synth-
esis from organically modified silicon alkoxides and transition
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metal acetate and a description of the subsequent magnetic
properties. These new structures can also be a source for more
complicated materials by introducing, either by chemical reac-
tion or by anion exchange, species exhibiting additional prop-
erties such as optical ones, for instance, and may provide
possible interactions between magnetism and optics. Scheme
1 depicts the process carried out in our studies. Despite the low
crystallinity of the obtained samples, our work also focuses on
the possibility to get more insight into the structural model
using the XAS (X-ray absorption spectroscopy) technique.

Transition metal phyllosilicates
Structural features of phyllosilicates

Prior to describing the experimental synthetic conditions for
these materials, some structural features concerning phyllosili-
cates are reviewed.?® This general term is used for silicates
exhibiting a layered structure. As depicted in Fig. 1(a),>' the
structure is built up of sheets stacked along the ¢ axis. They are
built from brucite-type layers [Mg(OH),] where the divalent
cation lies in octahedral sites sharing edges, covalently bonded
to hexagonal rings formed by Si tetrahedron sharing their
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Fig. 1 (a) Projection along the bc plane of Mg;SisOo(OH),. (b)
Representation indicating the connection between Si tetrahedra;
hatched oxygen atoms are shared with the octahedral layer.
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corners [Fig. 1(b)] at the surface. Two main structures can be
built up corresponding to the following formulations:
M;Si,05(OH)4 and M3Si409(OH),. The former exhibits only
one Si layer connected to the octahedral layer and is thus
named 1:1 phyllosilicate while in the latter, two Si layers
sandwich the octahedral layer and the corresponding material
is denoted as 2: 1 phyllosilicate.

The silicon tetrahedra forming the hexagonal rings have a
certain degree of flexibility and, therefore, can distort in order
to accommodate the lattice difference between the octahedral
and the tetrahedral layer. The size of the cation lying in the
octahedral brucite sheet indeed directly defines the degree of
agreement with the silica layer. Numerous divalent cations are
found to occupy the octahedral layer in natural phyllosilicates,
leading to more or less of a mismatch between both layered
frameworks. In case it becomes too important, distorting the
silica ring and/or the hydroxide layer is not enough and several
extended defects can take place such as bending of the sheets,
puckering of the layers or intergrowths.

From these ideal compositions, depending on the elements
present during the formation of the silicate, different situations
can occur. For instance, the three divalent cations can be
replaced by two trivalent cations and then a vacancy is created
in the octahedral sheet. This leads to dioctahedral phyllosili-
cates compared to trioctahedral ones when all the sites are
occupied. In these two latter situations, the sheets are neutral
and held by van der Waals interactions. It is possible to induce
a negative charge in the sheets either by substituting Si** by
APP* or by creating vacancies in the octahedral layer. A
counter cation lies then in the gallery for charge balance.
Alkalis or alkaline earths are mainly encountered in clays.
Some typical characteristics of the X-ray diffraction pattern
can be summed up as follows. Phyllosilicates crystallise in the
monoclinic or triclinic system with unit cell parameters as
depicted in Fig. 1 (triclinic cell, with a=35.290, b=5.173,
¢=9.460 A, 2=90. 46°, f=98.68°, y=90.09°). The interlayer
distance is close to 7 A for 1: 1 phyllosilicates while it is 9.4 A
for 2: 1 phyllosilicates and can reach 15 A for hydrated clays
and even more when voluminous organic molecules are in-
serted between the layers. This generally gives rise to a pro-
gression of (00/) reflections at low angles in the X-ray
diffractogram. Two other Bragg peaks are generally observed
corresponding to (hk0) indexations: one close to 2.55 A
corresponding to (130) or (200) and the other close to 1.55 A
corresponding to (060) or (330). These two peaks also appear
for divalent cation hydroxides crystallising with a brucite
arrangement and are related to (100) and (110) diffraction
planes for the 2.55 and 1.55 A lines, respectively. Since they
mainly involve the octahedral layer, their positions are very
sensitive to the proportion of vacancies in the layer. For
instance, the (060/330) reflection is shifted to 1.50 A for
dioctahedral phyllosilicates.

Phyllosilicates substituted by magnetic divalent cations

In order to construct magnetic organic-inorganic frameworks
based on these materials, the first step of our work was devoted
to the synthesis of phyllosilicates of nickel and cobalt and the
characterisation of their low temperature magnetic properties.
The synthesis is performed under autogenous pressure with or
without fluoride as a mineralising agent. This procedure is
carried out in order to obtain clay or related materials.?* In our
case, we proceed from M"(CH3;COO),-4H,0 and tetraethy-
lorthosilicate [Si(OC,Hs)y]. The alkoxide is hydrolysed and
condensed to a gel, then dried at 100 °C. The solid is ground
and dispersed in an acetate solution. The suspension is heated
at 220 °C for several days. Different phyllosilicates correspond-
ing to M3Si205(OH,F)4 and to M3Si4010(OH,F)2 with
M = Co? or Ni** have been isolated.
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Fig. 2 X-Ray diffraction patterns of Co phyllosilicates obtained

under hydrothermal conditions. Reprinted from ref. 23 with permis-
sion from Elsevier (copyright 1999).

These materials are isostructural and similar to the mineral
compounds, namely 1:1 or 2:1 phyllosilicates. The interlayer
distance ranges from 7 Afor1:1 phyllosilicates to 9.4 A for
2:1 phyllosilicates (Fig. 2). The characteristic features of the
X-ray diffraction diagram can be summed up as intense (00/)
reflections (at low thetas) together with (4k0) reflections lo-
cated at 2.55 and 1.55 A. The solids we obtained present
relatively broad (00/) reflections, indicating a low degree of
crystalline coherence along the stacking axis. Indeed, when
observed by transmission electron microscopy, the crystals
appear as very thin platelets, as depicted in Fig. 3. Lateral
dimensions in the nanometer range allow us to qualify these
objects as nanocrystals.

Due to their rather low crystallinity, techniques providing
information on the local environment, such as X-ray absorp-
tion spectroscopy (XAS), were undertaken.>> Probing around

Fig. 3 Transmission electron microscopy of a Ni 1:1 phyllosilicate.
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the metal cations confirms that the first neighbour shell consists
of 6 oxygen atoms at 2.04(5) A and the second shell has 6 M
cations located at 3.06(5) A. These distances are consistent
with the occurrence of a hydroxide-like layer. However, to fit
the experimental data it was necessary to take into account the
presence of a third shell. Thus, 2 silicon atoms were introduced
in the local environment at a distance of 3.24(5) A, in agree-
ment with the presence of Si tetrahedra grafted to the layer as
in phyllosilicates.

In order to tune the interlayer distance several approaches
were carried out. The first approach is based on acid-base
exchange starting from a synthetic clay framework. The idea is
to create negatively charged sheets either through substitution
of Si** by A" or by varying the stoichiometry, inducing the
formation of vacancies on the octahedral layer. The latter
situation is currently observed in minerals leading to dioctahe-
dral phyllosilicates, only 2/3 of the octahedral sites are thus
occupied. The charge balance is assumed by a counter-cation
lying in the interlayer spacing, namely an alkali. The latter can
be exchanged in acid solution by proton or directly by an
alkylammonium ion as already successful performed for other
layered structures.?® Such a “chimie douce” process induces
deterioration of the crystallinity upon sequential insertions.
This is contrary to expectations for characterising the solids
during the different steps of the process. Moreover, even if
tuning of the charge through Al substitution could be achieved,
magnetic measurements revealed that some of the Al is also
substituted for the transition metal cation in the octahedral
positions.?> Magnetic properties are not comparable between
samples with totally occupied sites and partially occupied ones.
Another approach consists in using amines, which are expected
to lie in the gallery. This was attempted with propyl-, butyl->’
and triethylamine and allows one to increase the interlayer
distance up to 14.3 A%

All these compounds present a paramagnetic-ferromagnetic
transition at low temperature. Above 100 K, susceptibility
measurements follow a Curie-Weiss law [y = C/(T — 0), with
C = Ng*uhs(s + 1)/3k, considering a spin-only equation]. The
Landé factors are in agreement with the values obtained for
Co?* and Ni’" in octahedral sites, 2.2 and 2.6, respectively.
The ordering temperature is different when Co or Ni cations
are involved in the structure with 7, close to 15 and 27 K,
respectively. Especially in the case of Co, the transition is
broad, probably due to pre-transitional effects. Indeed, when
approaching the transition, the correlation length of the mag-
netic moments increases gradually until enough moments are
coupled to induce the transition towards a 3D ferromagnetic
order in the material. It has to be pointed out that the geometry
observed in the solid is quite favourable to a ferromagnetic
coupling between neighbouring metal cations. Indeed, the d
orbitals of the transition metal are interacting through the p
orbitals of bridging oxygens via a superexchange interaction.”®
The coercive fields measured at 2 K are close to several
thousands for Ni compounds while there is almost no coerciv-
ity for Co phyllosilicates. For the former, it was possible to
show that the easy magnetisation axis is perpendicular to the
layers whereas the anisotropy appears less marked for Co
compounds. This result is surprising since the Co>" cation is
expected to be more anisotropic. No correlation could be
pointed out between magnetic ordering (transition temperature
or nature of the coupling between layers) and the distance
between layers. In this system, the intralayer magnetic mo-
ments are coupled ferromagnetically via superexchange
through the oxygen atoms. More and more moments are
coupled when approaching T, until the interlayer ferromag-
netic coupling takes place. Once the magnetic behaviour of this
system has been studied, it is possible to play with this frame-
work in order to introduce, if possible, another property. Using
an organo-modified alkoxide is a smart way to achieve this
goal.
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Organically modified synthetic phyllosilicates

Synthesis, reactivity and characterisation of organic-inorganic
phyllosilicates, obtained by precipitation

If some studies have been reported, starting from a cation salt
and an organo-modified silicon alkoxide, none have dealt with
their magnetic properties. The first reported set of experiments
was conducted in water—methanol with Mg and Ni chloride
hexahydrate and  3-methacryloxypropyltrimethoxysilane
[H,C=CHCH;-CO-O(CH,); Si(OCH3)] precipitated by sodium
hydroxide.'"'> Other alkoxides have also been used (sum-
marised in Table 1).° 7 The synthesis procedure varies slightly
in the different reports. It can be performed in water—-methanol
or water—ethanol mixtures, in the presence of sodium hydro-
xide, at room temperature with ageing for 24 h. In addition to
such processes, da Fonseca et al. also used the following

Table 1 Organo-modified alkoxides used for the synthesis of modified
phyllosilicates and the interlayer spacing of the resulting materials

R in RSi(OCHj); or

RSi(OC,Hs)3 M door/A pH  Reference
Methacryloxypropyl Al 20.31 5.5 14
Mg 18 11
19.62 9 12
16.93 11.5 14
14.8 15
Mg, Li 15.1 8.5-9 33
Ni 18 11
16.98 9 12
13.80 13 12
Methyl Mg 8.9 15
Isobutyl Al 19.80 5.5 14
Mg 11.45 11.5 14
Octyl Al 24.95 5.5 14
Mg 20.16 11.5 14
Mg, 7, 25.1 36
Alys  17-20.8 37
Pentyl Al 22.20 5.5 14
Dodecyl Al 37.98 5.5 14
Mg 24.24 11.5 14
Phenyl Al 16.96 5.5 14
Mg 11.83 11.5 14
11.8 15
Mg, Li 13.0 8.5-9 33
3-Mercaptopropyl Mg 13.0 15
13 30, 31
12.1 32
Cu 6.95 31
3-Aminopropyl Mg 18.6 15
17.3 18, 29
13.5 35
Ni 13.6 (RT) 17
16.4 (50°C) 17
Glycidylpropyl Ni 17.5 13
Mg 159 16
3-(2-Aminoethyl-3- Mg 15.3 12 16
aminopropyl) 18.5 7 16
20.53 18, 29
Ni 19.6 (RT) 17
21.5(50°C) 17
1-Propenyl Mg 11.1 16
Dihydrotriethoxysilyl- Mg 13.2 16
propyl-1H-imidazole
Propyl diethylenetriamine Mg 23.23 29
Ni 24.5 (50°C) 17
3-Acryloxypropyl Mg, Li 33
3-Propylurea Mg 23 34
3-Pentylurea Mg 25 34
3-Heptylurea Mg 27 34
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procedure: mixing of the reactants at 100 °C before the suspen-
sion is aged at 50 °C for 5 days.

Magnesium silicates have mainly been synthesised whereas
some studies are devoted to Al'* Ni or Cu compounds. The
role of the pH due to NaOH as precipitant is mentioned for 3-
aminopropyl- and 3-(2-aminoethyl-3-aminopropyl)triethoxysi-
lane. When the reaction is performed under alkaline pH, the
amino group is not protonated whereas it is at neutral pH,
inducing the presence in the gallery of CI™ anion coming from
the reactant. Modified hectorite is obtained under reflux in
water for 2-5 days in the presence of LiF, in order to obtain
[Lio_6(,(Mg5_34Li0_66)Si801zRg . XHzo].33 It seems that this con-
dition partly induces hydrolysis of the Si—C bond. If starting
from a divalent cation induces the formation of trioctahedral
layers, introducing AI’* cations alone or in substitution for
Mg*>" ions tends to promote the formation of dioctahedral
slabs.'*37 More recently, a synthesis under autogenous condi-
tions at 200°C was reported, starting from octadecyldi-
methyl(3-trimethoxysilylpropyl)ammonium chloride (ODAC)
and silica sol mixture together with magnesium hydroxide.*®

Organo-modified phyllosilicates present interlayer distances
ranging from 11 to 38 A, depending on the organic group
bonded to Si. Only the (001) reflections are observed except for
Al based materials obtained at pH=35.5, for which higher
order reflections are visible. The dyy, distance is consistent
with an interpenetrating arrangement of R groups, with again
Al dioctahedral materials being the exception, for which a
bilayer chain arrangement occurs. A broad hump close to 4.5 A
is indexed as the (020/110) reflections. Other in-plane reflec-
tions are generally identified: (130/200) at 2.55 A and (060/330)
at 1.55 A8

These processes lead to poorly crystallised solids, which
appear difficult to characterise. The commonly admitted hy-
pothesis concerning the structure of these organo-modified
phyllosilicates is to classify them as phyllosilicates with an
enhanced interlayer distance due to the presence of the organic
species connected to the silicon atoms.

Whatever the mineral considered, it has to be noted that in
the hexagonal silica ring all oxygen atoms of the tetrahedra are
bridging. This is possible with oxygen atoms but becomes
doubtful when a Si—C bond is present. Attempts to obtain
experimental data concerning the connectivity of the Si frame-
work were made using NMR techniques. Generally, three
kinds of connectivities between Si atoms are observed, namely
T!, T? and T3 species corresponding to R-Si—[O(M/Si)]-(OH)a,
R-Si-[O(M/Si)[,-OH and R-Si-[O(M/Si)]s, respectively. The
materials give rise to broad peaks, indicating that Si tetrahedra
are in their majority condensed, especially when syntheses are
performed at neutral pH. No information on the occurrence of
a M—-0O-Si bond could be obtained. Generally, it is admitted
that the silicon part is connected to the layer and is present as
small oligomers.

Two mechanisms are invoked to explain the formation of
these phases at room temperature. The first one is based on the
coupling of partially condensed organo-modified alkoxysilanes
on the brucite layer and is favoured at high pH. For alkoxides
involving amino groups, no T* {R-Si-[O(M/Si)];} species are
observed in the solid obtained with aminopropyltriethoxysilane
in methanol or with aminoethylaminopropyltriethoxysilane in
alkaline pH.'®!'> The extension of the in-plane organisation is
governed by the condensation degree of the alkoxide relative to
the formation of the hydroxide layer. Hydrolysis of alkoxide is
known to slow down under alkaline conditions relative to
condensation, whereas formation of the hydroxide is favoured.
Under these conditions, the uncondensed silicate species are
rapidly grafted to brucite layers since Si-O—-Mg and Mg—O-
Mg bond formation are promoted. At lower pH, a higher
degree of condensation can occur before bonding to the
inorganic hydroxide framework. This explains why the degree
of condensation of the Si tetrahedron is higher for samples

View Online

obtained at neutral rather than under alkaline conditions. In
any case, condensation of the alkoxide is generally not totally
achieved prior to its incorporation into the solid. The other
mechanism invoked for the formation of these layered com-
pounds involves a cooperative assembly between the hydro-
phobic organic, partially condensed alkoxide part and the
inorganic brucite layers, as involved in mesoporous silica
synthesis.'*!® This was in particular smartly established for
Al based compounds, for which the degree of order between
slabs is directly correlated to the length of the organic group.'*
As suggested by the authors, preparation of the Al materials is
performed at rather acid pH (5.5), which is in favour of rapid
hydrolysis of the alkoxides prior to their condensation. This
condition can promote lamellar ordering by surfactant inter-
actions with hydrophobic organic groups and hydrophilic
silanol groups. A further condensation step leads to a nega-
tively charged layer in the surfactant part, attracting the Al
species, which condense to form the inorganic layer.

Several studies indeed report the accessibility of the organic
group. The first reported example involves the reaction of a
glucidoxypropyl modified nickel phyllosilicate, with a macro-
cyclic ligand: 1,12-diaza-3,4:9,10-dibenzo-5,8-dioxacyclopenta-
decane.'® Binding constants for Co?*, Ni>*, Cu?* and Zn?>*
cations were determined. Gold nanoparticles were formed by
reacting AuCl 4 with mercaptopropyl modified phyllosili-
cate.'> Moreover, it has been shown that in situ reactivity can
take place: (1) via cross linking of the epoxide group by dry
thermal heating in the presence of m-phenylenediamine; (2) by
a ring-opening reaction in the presence of methyl thioglycolate,
both processes inducing disorder between the layers'® and (3) via
reaction between amino groups and 2-pyridinecarboxaldehyde,
inducing creation of a C—=N bond by water elimination.?'

These materials were also studied as absorption matrices for
heavy metal cations. Phyllosilicates obtained from amino- and
mercapto-modified alkoxides were contacted with transition
metal cations, Co*>", Ni**, Cu®>" and Zn>", or heavy metal
ions, Hg>*, Pb>" and Cd>",* in solution. The latter study
demonstrated that a Mg phyllosilicate including mercapto
groups exhibits high metal ion uptake capacities and an
equivalent affinity for the three heavy metal cations. Moreover,
an acid treatment allows one to recover the material without
altering its absorption capability. In the former study, metal
uptake seems to be accompanied by chemical reaction between
the initial amino or diamino layered material, leading to an
increase of the interlayer distance for Co®* and to recrystalli-
sation for Cu®*, Zn>" and Ni** cation uptake.'® The possibi-
lity to form a complex with the N atom in the interlayer
spacing is evoked, together with the slabs being brought closer
to satisfy the M—N distances in the complex. The final materi-
als present an interlayer distance close to 7 A as for 1:1
phyllosilicates. Starting with mercaptopropyl phyllosili-
cate,’®3' Zn and Cu uptake also induce recrystallisation into
new structures, namely a sauconite-like solid for Zn (2:1
phyllosilicate with AI’* in the layer and 0.3-Na® counter
cation as charge balance, with a 15 A interlayer distance)
and a 1:1 phyllosilicate for the Cu treated solid. Batches with
Ni or Co lead to amorphous solids by X-ray diffraction. No
attempts to regenerate the precursor were mentioned.

Shortly after these works appeared, we also had considered
the possibility to obtain organic-inorganic phyllosilicates by
using as the silicon source an organically modified alkoxide
and subsequently treating the reactants under autogenous
pressure conditions.

Organic-inorganic transition metal silicates, obtained under
autogenous pressure conditions

Among the several alkoxides we have tested [typically 3-(2-
aminoethyl-3-aminopropyl)triethoxysilane, octyltriethoxysilane]
we finally focused our studies on 3-aminopropyltriethoxysilane

New J. Chem., 2004, 28, 1073-1082
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or APTES. This reagent is used in different fields as a coupling
agent in the treatment of glass fibres or more generally as a
chemical modifier of silica or alumina surfaces.> Contrary to
the reported studies, the alkoxide is used as received but is
stored under dried Ar, to avoid hydrolysis. It is added dropwise
into the transition metal (M = Ni2" or Co>") acetate solution,
under stirring. The suspension is introduced into an autoclave
and heated at 170 °C, in order to enhance crystallinity. This
temperature is optimised and prevents decomposition of the
amino group. Particular attention is paid to the influence of
different parameters on the final compound such as concentra-
tion of reactants, duration of synthesis, presence of F~ anions
coming from HF or NHyF, pH of the initial suspension,
especially for Ni compounds.*® Contrary to the experiments
described in the literature, methanol was avoided in our work
because 3-aminopropyltriethoxysilane tends to form an octa-
mer [(RSiO3)5)s, R =(CH>);NH,] in its presence.41

Concerning Ni silicates, at least three phases could be
identified. At pH greater than the pK, of aminopropyl (close
to 10%%) the amine is not protonated and the interlayer distance
is close to 15.4 A as determined by X-ray diffraction data.
From chemical analysis, this phase exists for Ni:Si close to
3:(2.6-2.9). It also has to be pointed out that such basic pH
leads to the degradation of the amino group, since in the solid,
half of the nitrogen is missing when compared to the Si
content. As already proposed in the literature, under these
conditions, the formation of the hydroxide layers takes place
together with hydrolysis and condensation of the alkoxide."
The latter process inhibits the development of the layered
framework, leading to less crystallised materials. At pH below
10, two phases can be obtained, depending on the water
quantity. At low concentration, the analysis of the silicate
leads to a Ni:Si ratio equal 3:1 while in more concentrated
conditions, the Ni:Si ratio reaches a value of 3:2.** The
degradation of the amino group is no longer observed under
these conditions, since chemical analysis reveals quite similar
values for the Si and N contents. For both compounds, carbon
is always found in excess and the presence of acetate anions has
been considered in order to interpret this. Therefore, IR and
Raman spectroscopies confirm that the amine group is proto-
nated and specific vibration bands of acetate anions are
observed.

From the X-ray diffraction (Fig. 4), both compounds appear
as layered materials with the characteristic features attributed
to phyllosilicates, except that the interlayer distance is larger at
21.1 A. The introduction of the amino group seems to enhance
the crystallinity when the synthesis is performed in more dilute
conditions. When compared with phyllosilicates, the enhance-
ment is noteworthy. For these compounds, the (00¢) reflections
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Fig. 4 X-Ray diffraction patterns of Ni phyllosilicate obtained in
diluted conditions, reprinted from ref. 25. Reproduced by permission
of The Royal Society of Chemistry.
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Fig. 5 Transmission electron microscopy image of a lamellar crystal
of an Ni aminopropyl silicate (Ni/Si = 3/2), embedded in an epoxy
resin, reprinted from ref. 25. Reproduced by permission of The Royal
Society of Chemistry.

are broad due to the slight thickness of the crystallites along the
stacking axis (Fig. 4). The main difference between both
compounds, except for the Ni: Si ratio, lies in the number of
coherently stacked slabs along the stacking axis. For
Ni:Si=3:2, the coherence length estimated from the Scherrer
relation is 7 nm whereas it is 11 nm for Ni:Si=3:1. This low
coherence is confirmed by TEM observations performed on an
orientated preparation embedded in an epoxy resin and cut
perpendicularly to the obtained film (Fig. 5).

The low quality of the diffractogram does not allow one to
refine a structural model, therefore X-ray absorption spectro-
scopy was undertaken in order to check the grafting of the
silica species to the hydroxide layers. (NMR spectroscopy was
time-consuming and not conclusive due to the presence of
paramagnetic Ni>" in the close neighbourhood of the Si
atoms.) Analysis of the XAS spectra performed on powders
confirms the first oxygen shell around Ni with N oxygen atoms
located at 2.05(5) A, and the second shell with N Ni at 3.11(5)
A. As for phyllosilicates, taking into account a third shell with
Si atoms at 3.24(5) A greatly increases the fit quality.?® Several
authors working on the synthesis of such materials but mainly
concerned with Mg claim that Si tetrahedra are arranged as in
phyllosilicates. This structure is doubtful since in this case
every oxygen atom is shared with other tetrahedra or with
the hydroxide layer. Such a geometry cannot occur when one
of the tetrahedron edges is a carbon atom belonging to the
amino chain. No experimental information is available to
support the hypothesis that the structure of this material is
indeed analogous to the minerals.

The ability of our samples to give rise to highly oriented
thick tapes on a substrate has been exploited to perform
polarised EXAFS.* This technique was successfully used by
Manceau and collaborators on films obtained by settling of
clays.* Tt is necessary to use oriented films with a majority of
the crystals set with the ¢* axis perpendicular to the substrate.
Nickel silicates were dispersed in water, forming a stable
colloidal solution and allowed to settle on different substrates
by slow evaporation of the solvent. X-Ray diffraction confirms
the preferential orientation of the crystallites: only the (007/)
reflections are observed (Fig. 4). This indicates that the crystals
lie on the substrate with the stacking axis perpendicular to the
substrate.

Quantitative texture analysis (QTA) of the films, deposited
on glass slides, was performed in collaboration with Cha-
teigner. In Fig. 6 are presented the experimental and complete
normalised calculated pole figures, together with the low-index
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Fig. 6 (a) Experimental-normalised pole figures and complete recal-
culated normalised pole figures for the Ni:Si=3:1 sample. Logarith-
mic density scale and equal area projections are used. Reprinted from
ref. 44 with permission from Elsevier (copyright 2003). (b) Low-index
figure pole recalculated, indicating the anisotropy of the ¢* distribu-
tion.

pole figures for simple directions: {100}, {010} and {001}. The
experiments revealed that the silicate obtained in the lowest
solution concentration presents a strong texture characterised
by a maximum density value close to 71 m.r.d. (multiple
random density) in the fibre direction and a relatively sharp
distribution of the crystallites relative to the film substrate.
Thus, the full width at half maximum () is only 15.4°, using a
Gaussian model, whereas it is 38.6° for the silicate obtained in
a more concentrated solution (Fig. 7). It is noteworthy that the
sample with Ni:Si=3:1 is strongly oriented when compared
to other clay materials.

The high quality of the textures, quite comparable with those
obtained for already studied clays, allows us to characterise
them by polarised EXAFS (P-EXAFS). The principle is to
probe selectively around an absorber by rotating the sample
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Fig. 7 Dispersion curves of the {001} pole figures for the organo-
modified Ni phyllosilicates. Reprinted from ref. 44.
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Fig. 8 Coordinate system for angular measurements on self-sup-
ported film. Reprinted from ref. 44.

with respect to the incident linearly polarised synchrotron
beam. When the incident beam is perpendicular to the film,
the electric field is parallel to the film and to the sheets of the
silicate, so that the ‘“‘in-plane” atoms are mainly probed
whereas when the X-ray beam is parallel to the film, the
information comes from the ‘“‘out-of-plane” atoms (Fig. 8).
In fact, the latter geometry cannot be reached experimentally
but the absorption coefficient, y(x), can be calculated from
several absorption coefficients obtained for different angles
between the normal to the film and the beam (). The angular
dependence can be written as eqn. (1)* for each value of k:

1) = 7(90°) + [1(0°) = 1(90°) Jcos’e (1)

Manceau and co-workers have shown that it is possible to
evaluate the angle f3;,; between the c* direction and the direc-
tion defined by the absorber-backscatter atoms (Fig. 8). For
phyllosilicates, this angle is close to 60° for the oxygen atoms in
the first shell, close to 90° for M cations in the second shell and
in the 22-40° range for Si atoms in the third shell.* By plotting
the coordination number, N7, for each neighbour j versus
cos?a, a linear dependence is expected, according to eqn. (2):*

M}pp = leeal(l — g+ 3[0rdCOSZﬂ)

—3N}ora(3cos”B — 1)cos’or ®)

where N7PP and N,r-ea‘1 correspond to the number of j atoms
around the Ni atoms, for each signal and the real coordination,
respectively. The former is calculated by fitting signals corre-
sponding to each shell; the latter is evaluated by using eqn. (2).
In the coefficients of the linear regression appear the angle f.
When f is greater than 54.7°, the slope is positive. Therefore,
as in the case of phyllosilicates, this slope is negative for
NEPP versus cos’a since fg; is smaller than 54.7°.

Another parameter, /.4, related to the texture of the film,
has to be determined prior to performing P-EXAFS. This
parameter accounts for the particle disorder. Its value is 1 for
a single crystal and decreases as the order also decreases,
reaching 0 for a powder. The i/ values allow us to determine
I, to 0.82 and 0.96, respectively, for Ni:Si=3:2 and
Ni:Si=3:1 compounds by using ref. 48. A strong dependence
of the absorption coefficient on the angle  can be pointed out.
The x(90°) spectrum is calculated and the linear regression [see
eqn. (1)] is checked for each k value. Then, for each shell, O, Ni
and Si neighbours, the fitted coordination is plotted against
cos®a. A linear regression is observed and fo, fn; and fg; are
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Fig. 9 Magnetisation versus applied field at 2 K, field perpendicular
and parallel to the surface of a self-supported film. Reprinted with
permission from ref. 43. Copyright (2002) American Chemical Society.

evaluated. As far as oxygen and nickel atoms are concerned,
the angles are rather in agreement with the expected ones. For
Si atoms, f§ angles are in the 60—62° range and far from the
value reported for phyllosilicates (22-40°), indicating that the
structure is different from the hexagonal ring arrangement
found in these minerals. But several remarks have to be made.
First of all, despite the texture, it is necessary to introduce Si
atoms around the Ni, even for o« =0° this means that the
information mainly comes from the “in-plane” atoms. This
indicates that for every orientation, Si is present and not only
perpendicularly to the layer. This can be related to the nano-
crystalline nature of the materials. The Si atoms located in the
inner part of the crystals are grafted to the layers with a small
angle, explaining the observed interlayer distance. Those lo-
cated at the edges are less constrained and in order to avoid
steric hindrance, they can be connected parallel to the layer and
induce a large f§ angle. If taking into account the Si around Ni
in a third shell improves the fit, it has to be remembered that
this contribution is greatly hidden by the contribution of the 6
Ni atoms present at close range.

The experiment was conducted for Ni silicates with
Ni:Si=3:2 and Ni:Si=3:1. There is no difference locally
around the Ni atoms between both samples. But they exhibit
different phases and in particular, different low temperature
magnetic ordering. The former orders ferromagnetically below
18 K** as for the previously studied Ni phyllosilicates while the
latter presents a transition towards a canted antiferromagnetic
ordering at 21 K.*3 The associated events in the a.c. suscept-
ibility are very sharp with a contribution to the imaginary
component. The magnetisation versus applied field at 2 K
presents a 2 T critical field beyond which magnetisation
abruptly increases until saturation is reached at 5 T. When
decreasing the applied field a slight hysteresis appears with a
remnant magnetisation, giving an estimate of the canting angle
of 0.8°. Experiments performed on self-supported oriented
samples indicate that there is a strong magnetic anisotropy
with the easy axis perpendicular to the layers (Fig. 9). This
original behaviour has been interpreted on the basis of ferro-
magnetically coupled moments inside the layers interacting
antiferromagnetically from one layer to the other at low
temperature without applied field. A spin-flop-type transition
is induced when increasing the applied field. This particular
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Scheme 2 Grafting between p-nitrobenzaldehyde and aminopropyl
group of the silicon alkoxide by formation of an imine.

behaviour can only be related to the difference in crystallinity
between both silicates. An exchange path can occur via hydro-
gen bonds between layers in an easier way since there is less
disorder in the ‘“antiferromagnetic”” compound.

Cobalt organo-modified silicates could also be obtained,
leading to lamellar compounds as well with an interlayer
distance close to 18 A. Upon reaction with ethanol the latter
can be increased to 21.4 A. Varying the concentration of the
reactants in the autoclave does not allow, as in the Ni case, to
tune the magnetic properties since all the compounds we
measure become ferromagnets at low temperature, with T,
close to 5 K.

The possibility to react organic molecules with the ammo-
nium group of the organo-modified alkoxide was tested. Two
organic functions were selected: an aldehyde and an acyl
chloride. p-Nitrobenzaldehyde was already successfully grafted
to 3-aminopropyltriethoxysilane* used as a binding agent on
Si wafers. A solution of the aldehyde was refluxed at 60 °C in
ethanol together with a suspension of silicate in the presence of
molecular sieves in order to retrieve water molecules formed
during the reaction.?” The reaction implies the formation of an
imine according to Scheme 2. The system absorbs in the UV
range. Moreover, nonlinear optical properties could be ex-
pected due to the NO, group, which allows polarisation of the
molecule under an electric field.

Another molecule, 9-fluorenylmethylchloroformate (FMOC),
was chosen because it is fluorescent and used to reveal a low
content of amino acids. The reaction (Scheme 3) in a water—
dioxane mixture at 0°C together with Na,COj; in order to
neutralise HCI, formed as a by-product, gives rise to a carba-
mate.** After filtration and washing with the solvent used
during the reaction, the solids present diffractograms charac-
teristic of organo-silicates with an increased interlayer distance.
From a value of 21.1 A for the preliminary compound the dyo;
reflection reaches 22.7 and 30.9 A for the imine and carbamate
solids, respectively. By comparison with the initial material, it
is noteworthy that the crystallinity of the sample is maintained
during the process. IR spectroscopy indicates that the char-
acteristic vibrational bands of the organic species are super-
imposed onto the bands of the inorganic framework and that
the acetate anions disappear during the reaction. The latter
consideration is related to the following equilibrium:
Si-R-NH;3;"~"OOCCH; = Si-R-NH, + CH;COOH, which is
shifted toward the right side when the solid is dispersed in a
solvent less polar than water. Thus, the amino group is
no longer protonated since the reactions proceed by attack
on the nitrogen doublet; grafting can take place, together with
acetic acid release in the solvent. As soon as this reaction
begins, the equilibrium tends to displace towards the right side.
In the resulting compound, the layers are no longer charged
and the solid part settles in the beaker. No change in the
magnetic characteristics was brought to the fore when modify-
ing the interlayer function.

In order to check the possible exchange of acetate anions
with other anions, a nickel silicate was dispersed in water

H,C—O—C—N
| H
0

+ HCI

Si=

Scheme 3 Carbamate formation by reaction between 9-fluorenylmethylchloroformate and aminopropyl group of the silicon alkoxide.
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together with copper(ir) phthalocyanine-3,4’,4",4'"-tetrasulfo-
nic acid, tetrasodium salt.** The IR spectrum presents the
characteristic vibrational bands for phthalocyanine with in
particular the ones of sulfonate; the interlayer distance is
increased to 25.8 A. This is in agreement with the copper
phthalocyanine lying in the gallery parallel to the layers since
its dimensions are evaluated to be 19.9 x 17.3 x 5.5 A% The
absorption spectrum (Fig. 10) indicates that in the material
molecules form dimers since the Q band, peaking at 660 nm for
the monomer species,51 is shifted towards 600 nm. These
preliminary results indicate than it is possible to graft or to
insert relatively voluminous organic molecules in this system.
Thus, the optically active species can be confined in the
interlayer spacing.

In order to use these materials as bifunctional devices, it
would be interesting to increase the paramagnetic-ferromag-
netic transition temperature. Therefore, the possibility to re-
duce the divalent cation to the metallic state was explored,*’
since metal Ni is known to be ferromagnetic at room tempera-
ture with a Curie temperature close to 300 °C. One possibility is
to anneal the sample under H,. In order to optimise the
reduction conditions, the magnetisation at 0.1 T was recorded
under N, with 5% H, while heating the sample. At tempera-
tures below 230 °C the signal is decreasing since the silicates are
paramagnetic. Above this temperature, the signal increases,
indicating the apparition of ferromagnetism in the sample.
When observed by transmission electron microscopy, Ni metal
nanoparticles were identified. In fact, further studies indicate
that a reductive atmosphere is even not necessary to induce
Ni?* reduction. Annealing under purified Ar or under primary
vacuum induces the formation of nanoparticles in the solid.
Decomposition of acetate anions under an inert atmosphere
leads to the formation of reductive species such as carbon
monoxide in a first step. When the annealing time is increased,
decomposition of the amino group takes place, also inducing
reductive species and a second nucleation of nanoparticles can
occur. Depending on the temperature and heating time, the size
can be tuned but is in the range of 15-30 nm. Such particles are
ferromagnetic with a coercive field close to 0.02 T. The
originality of this approach is based on a low temperature
annealing, which allows the coherence of the material to be
kept when it is settled on different substrates. In particular, as
long as the amino group is not decomposed, the film is adhesive
on glass, MgO or mica. In this case, the functionality is still
available. In Fig. 11(a) is reported a typical TEM picture of a
reduced film cross section, together with an enlargement of a
Ni metallic nanoparticle [Fig. 11(b)].
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Fig. 10 UV spectrum of a Ni organic-inorganic phyllosilicate and the
Cu phthalocyanine anion-exchanged one.
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Fig. 11 Transmission electron microscopy images of (a) a cross
section obtained by ultramicrotomy from an oriented film, reduced
at 200°C for 0.5 h under Ar; (b) enlargement of a Ni metallic
nanoparticle; planes corresponding to 2 A distance, indexed as (111)
in the cubic cell of Ni metal, are visible.

Perspectives

Several features can be pointed out concerning these materials.
It is expected that immobilisation of molecules with optical
properties, for instance, will give rise to an enhanced response.
In the case of Cu phthalocyanine, the Q band absorption can
be tuned when low-concentration silica composites are ob-
tained.®’ Concerning this particular molecule, it has already
been shown that its catalytic property is greatly improved when
it is introduced into an inorganic matrix.’ It could thus be
interesting to finely control the ion exchange rate by limiting
the amount of Cu phthalocyanine reacted with the silicate
suspension and decreasing the time of the reaction. Testing the
accessibility of the amino group in the reduced solid could lead
to promising materials. Certainly, original properties are to be
expected with specific shaping of the studied samples, such as
films obtained by settling.

However, complete physical comprehension can only be
carried out if crystallisation is improved; this will be a very
important challenge if we are to use these compounds as multi-
property materials. In order to increase crystallinity, it appears
important to better understand the growth mechanism of these
materials. Especially, an effort is necessary to control the species
present in the first step of the synthesis. In particular, it seems to
be very important to finely understand the equilibrium in-
volved during the formation of the layers. When introducing
the alkoxide in an alcohol-water solution into the divalent
cation solution, no real control over the species is performed.
For instance, the tendency to form oligomers when organo-
modified alkoxides are diluted in water—alcohol solution has
been reported.> In particular, a stable octamer, RSiO;)5, can
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be formed and this species is allowed to react with the divalent
cation solution. Even if smaller groups (monomers, dimers)
can also remain in the solution, depending on its aging,
hydrolysis of organically modified alkoxides especially is very
rapid. Furthermore, condensation is self catalysed when deal-
ing with the amino group. This means that before contacting
both solutions, chemistry has probably already begun on the
silicon side. This could explain why, depending on the modifier
organic groups, condensation between Si atoms is different.
Interesting materials could be synthesised starting from con-
densed organo-modified alkoxides such as has been obtained
by treating 3-aminopropyltriethoxysilane with hydrochloric
acid.>* In this solid, hydrolysis and condensation are already
achieved and the poly(3-aminopropyl)siloxane hydrochloride
is a lamellar material in which chloride anions can be exchanged.
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