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Abstract

Iron-containing mesoporous silicates used as catalysts for the alkylation of benzene with benzyl chloride were characterized using several
spectroscopic techniques. Electron spin resonance and Mdssbauer spectroscopies, along with electron microscopy and X-ray diffraction, allowed
differentiation of several iron species. These species correspond to (i) hematite («-Fe,O3) particles, (ii) very small “isolated” or oligomeric Felll
species possibly incorporated in the mesoporous silica wall, and (iii) Felll oxide clusters either isolated or agglomerated, forming “rafts” at the
surface of the silica and exhibiting ferromagnetic ordering. Because of their agglomeration, these clusters appear with a two-peak size distribution,
with one peak (ca. 2-3 nm diameter) corresponding to the isolated clusters formed in the mesopores and still embedded in them and the other
(ca. 10 nm) corresponding to the agglomerates spread on the surface of the mesoporous silica particles. These species, which should be the most

active species, appear similar to those recently observed at the surface of tunsgtated zirconia with iron promoter.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Iron-containing mesoporous materials have received consid-
erable attention because of their activity as catalyst in various
acidic or oxidation reactions [1-3]. We have recently shown
that iron-containing mesoporous silica is an efficient catalyst
in the alkylation of benzene with benzyl chloride and that this
efficiency is related to the redox properties of iron in a mech-
anism involving a redox step at the reaction initiation [4]. The
alkylation agent is oxidized with formation of a charge trans-
fer complex reacting with the aromatic molecule. In contrast to
usual Lewis acids, this type of catalyst shows low sensitivity to
water, can be easily regenerated, and is rather independent of
the effect of substituents. Thus, it can be used with substrates
of low reactivity. Furthermore, using a support with large pores
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does not limit the size of the reacting molecules, rendering these
catalysts very attractive.

Several studies have been published on the characterization
of iron-containing mesoporous silica that often show discrep-
ancies [5—10]. The concomitant formation in the pores of sev-
eral iron species, ranging from more or less isolated cations to
Fe,O3 particles, can explain these discrepancies. The present
study has been undertaken to clarify the nature of the active
species in the iron-containing mesoporous silica catalysts used
in the benzene benzylation reaction [4]. For that purpose, the
characterization of catalysts with various iron loadings has been
undertaken using X-ray diffraction, high-resolution transmis-
sion electron microscopy (HRTEM) with EDX analyses, elec-
tron spin resonance (ESR), and Mdéssbauer spectroscopy. In a
recent publication, we demonstrated the interest of recording
Mossbauer spectra between 0.055 and 4.2 K and under applied
magnetic fields at 4.2 K to characterize iron oxide nanoparti-
cles [10]. Here we report the characterization of the catalyst
samples using the above-described techniques.
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2. Experimental
2.1. Synthesis of the catalysts

The Fe-hexagonal mesoporous solid (HMS) catalysts were
prepared as described previously [4]. Hexadecyl-trimethylam-
moniumbromide (HDAB), iron nitrate (Fe(NO3)3-9H,0), and
then tetraethylorthosilicate (TEOS) were added to water and
ethanol (EtOH) solutions. The dissolution of each component
was carried out until completion before the next one was added.
After mixing, the resulting solutions with composition SiOp—
(1/2n) Fe,03-0.3 HDAB-7 EtOH-35 H,0, where n = 100,
55, 50, 44, 30, 15, were stirred at room temperature for 24 h.
The solids thus obtained were recovered by filtration, washed
with distilled water, and air-dried at 393 K [11]. Organic mole-
cules occluded in the mesopores were removed by dispersing
the solid (5 g/100 ml) in a solution of ethanol containing
NH4Cl1 (1 g/100 ml) and maintained under vigorous stirring
for 2 h [12]. The procedure was repeated twice before drying at
393 K and calcination at 823 K in air for 6 h. The samples are
referred to as Fe-HMS-n, where n is the Si/Fe ratio in the so-
lutions. Because the iron content of the Fe-HMS-55 solid was
too low to allow the recording of Mdssbauer spectra in suitable
conditions, the compound was synthesized using Fe nitrate en-
riched with 37 Fe.

2.2. Characterization techniques

The chemical compositions of the samples were determined
by atomic absorption. The surface areas were determined using
the BET method. X-ray diffraction (XRD) patterns obtained us-
ing a Siemens D500 diffractometer and CuK « radiation, were
recorded with 0.02° (26) steps and 1 s counting time per step
between 1 and 10° (260) and between 10 and 80° (20). ESR
spectra were recorded in the X band mode on a Varian E9 spec-
trometer at 77 and 295 K. The ESR data were fed directly into
a PC for processing.

Quantitative analyses of the relative populations of the iden-
tified Fe species were performed. Spectra of several solids were
recorded after treatment overnight under vacuum at 445 K.
DPPH (3314 G, g = 2.0036) was used as a standard for g-value
determinations.

High-resolution  transmission electron  micrography
(HRTEM) and electron diffractography were done using a
JEOL 2010 equipment operating at 200 kV with a high-
resolution pole piece and an energy-dispersive X-ray spectrom-
eter (EDX; Link Isis, Oxford Instruments). The samples were
either dispersed in ethanol using a sonicator. A drop of the
suspension was dripped onto a carbon film supported on a cop-
per grid, and ethanol was quickly evaporated or included in
an EPON resin to prepare thin slices (20-40 nm) by ultrami-
crotomy. The slices were recovered on a microscopic copper
grid (3.05 mm; 200 mesh) coated with a holey-carbon film.
EDX studies were carried out using a 15-nm probe to analyze
the smallest particles. Standard deviations were evaluated for
atomic ratio from at least 10 analyses.

Table 1
Chemical analysis and BET surface area measurements data

Sample Chemical analysis Surface area
Fe (wt%) Si/Fe (m?/g)
HSM 0.00 - 1170
Fe-HMS-100 0.75 80.0 1162
Fe-HMS-50 1.66 54.6 1135
Fe-HMS-44 2.12 42.5 1106
Fe-HMS-30 3.70 23.8 935
Fe-HMS-15 6.08 14.0 698

The 3"Fe Mossbauer spectra of the samples were recorded
between 298 and 4.2 K using a 2-GBq >’Co/Rh source and
a conventional constant acceleration spectrometer, operated in
triangular mode. Spectra at temperatures below 4.2 K were ob-
tained in a >He—*He dilution refrigerator and in-field spectra
with a superconducting coil. The applied magnetic field (H)
was parallel to the y-ray direction of propagation. The isomer
shifts (§) are given with respect to «-Fe at 293 K and calcu-
lated as the quadrupolar splittings (A) with a precision of about
0.02 mm/s. The validity of the computed fits was evaluated
on the basis of both x? values and convergence of the fitting
process. The relative areas of the observed components were
used to quantitatively evaluate the relative amounts of the iron
species present in the catalysts, assuming equal recoil-free frac-
tions for all catalysts.

3. Results
3.1. XRD, BET surface area, and chemical analysis

The Si/Fe ratio of the compounds was varied over a very
wide range (15100) to characterize all of the iron species that
may be formed in this type of compound. The elemental analy-
ses of the synthesized compounds, presented in Table 1 with
their BET surface areas, correspond well to the nominal val-
ues. All of the surface areas are 1100—1200 m?/g except those
of the two compounds with the highest iron loading, which are
lower.

The XRD patterns of the compounds have been reported
previously [4]. They are typical of mesoporous-type silica ma-
terial, not well crystallized, with a broad peak at d = 3.2 nm.
The intensity of this peak decreases with increasing iron con-
tent, demonstrating that adding iron has a negative effect on
crystallinity. At the same time, small peaks corresponding to
a-FeyO3 (hematite form) appear and increase with increasing
iron content. The UV spectra of the samples Fe-HMS-100, -50,
and -15 have been reported previously [4]. The spectrum of the
Fe-HMS-100 catalyst shows two absorption bands at 230 and
245 nm, corresponding to oxygen-to-metal charge transfers in-
volving isolated tetrahedrally coordinated ferric cations. When
the iron content of the solids increases, a very broad band ap-
pears with a maximum around 350 nm [4]. The presence of this
band, which is characteristic of iron oxide, is in good agreement
with the XRD data.
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Fig. 1. 57TFe Mossbauer absorption spectra of the Fe-HMS-55 catalyst at differ-
ent temperatures between 77 and 4.2 K.

3.2. 7 Fe Méssbauer spectroscopy

The spectra of the as-prepared compounds recorded at 295 K
show the same ferric doublet, with an isomer shift § = 0.33 +
0.02 mm/s and a quadrupolar splitting A = 0.86 & 0.02 mm/s.
Along with the doublet, the richer iron catalyst (Fe-HMS-15)
exhibits a magnetic sextet (relative intensity 81%). This sex-
tet, with a quadrupolar splitting of A = —0.22 mm/s and a
hyperfine field of 52.0 T, can be assigned without ambiguity
to hematite «-FepO3 [13]; this correlates well with the XRD
analysis of the sample showing the presence of such a phase.

To evaluate the doublet observed at room temperature, we
recorder spectra at lower temperatures. The spectra obtained
for Fe-HMS-55 at temperatures between 77 and 4.2 K are pre-
sented in Fig. 1. Like in the other samples (Fe-HMS-35 and
Fe-HMS-50), they initially show two components: a quadrupo-
lar doublet, visible even at 4.2 K, and a magnetic sextet with
rather broad lines. However, at intermediate temperatures [i.e.,
30 K (see Fig. 1) and 40 K], another weak intensity (5%)
magnetic sextet is visible, with a large hyperfine field (Hyr)
of 54 T and rather narrow lines. At 77 K, only this sextet is
present with a quadrupolar doublet. The isomer shifts of these
components are similar: § = 0.47 mm/s, typical for ferric com-
pounds at low temperature. At this stage, we can identify two
Fe species in the spectra: hematite («-Fe;O3), corresponding
to the 5% sextet with Hps = 54 T, and a superparamagnetic
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Fig. 2. 57Fe Mossbauer absorption spectrum of the Fe-HMS-55 catalyst at
0.055 K.

oxide-like species [14], giving rise to the doublet and main sex-
tet. As temperature increases, the growing of the intensity of
the doublet at the expense of the sextet is a behavioral charac-
teristic of nanosized magnetic particles, due to the increasing
number of particles with rapidly fluctuating magnetization, that
is, with a time scale shorter than the hyperfine Larmor time
7L = 1078 s associated with >’Fe [15]. The magnetization (or
Néel vector) of a particle with volume V fluctuates accord-
ing to an Arrhenius law, 1/t = 1/tgexp(—U/kgT), where
70 = 10719-107!! 5 is a microscopic trial time and U = KV
is the anisotropy barrier, K being the density of anisotropy
energy (K = 10%-10° ergs/cm’) characteristic of the mater-
ial. The “blocking volume” Vi, (T') at temperature T for 7Fe
Mossbauer spectroscopy is such that 1/t = 1/t; it is given
by the expression W, (T) = kT /K - In(t/710), and it is an in-
creasing function of 7. Thus, as temperature increases, more
and more particles have V < V;, implying 1/t > 1/71, and
show a spectrum in which the magnetic hyperfine interaction
has been smeared out, leaving the quadrupolar doublet alone.
In Fig. 1, the magnetic hyperfine sextet with broad lines has
been accounted for by a distribution (histogram) of hyperfine
fields with a peak value decreasing from 50 T at 4.2 K to
around 35 T at 40 K. The splitting of the quadrupolar doublet is
A =0.94(2) mm/s in this low-temperature range.

To check whether a quadrupolar doublet is still present be-
low 4.2 K, a study of the Fe-HMS-55 sample was conducted
at low temperature. Spectra were recorded at 1 K and 0.055 K
(Fig. 2). At 0.055 K, a sizeable quadrupolar doublet (11%) is
seen, but with hyperfine parameters [§ = 0.53(2) mm/s and
A =1.15(3) mm/s], slightly different than those of the super-
paramagnetic doublet observed at higher temperature. The per-
sistence of a doublet down to temperatures as low as 0.05 K al-
ready has been observed for several iron oxide-supported cata-
lysts [10,16]. For small magnetic particles, fluctuations of mag-
netization are “frozen” below 1 K with respect to the Larmor
time 71.. Thus, the presence of the doublet demonstrates rapid
magnetic relaxation at very low temperature and can be re-
lated either to “isolated” ferric iron, for which only long-range
dipolar interaction exists, or to ferric cations forming small
oligomers (e.g., dimers, trimers), also allowing rapid exchange-
driven spin fluctuations.

Therefore, the Fe-HMS-55 sample has the following com-
position (in Fe at%): 11% in small oligomers, 4% in hematite,
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Fig. 3. Variation of the fraction of the superparamagnetic doublet intensity as
a function of temperature in the Fe-HMS-55 compound. The solid line is a
calculation using the particle size distribution shown in the inset and a value of
the anisotropy constant K =4 x 104 ergs/ cm3.

and 85% in an oxide-like superparamagnetic species. To fur-
ther characterize this latter species, Fig. 3 plots the thermal
variation of the fraction of its quadrupolar doublet. It rises
rapidly up to 4 K, then more slowly, with an S-like shape, up
to 80 K, at which point it reaches 100%. This two-stage evo-
lution points to the existence of a bimodal size distribution for
the superparamagnetic particles. The inset in Fig. 3 shows the
size distribution (modeled as two normalized lognormal func-
tions) required to reproduce the experimental thermal variation
of the doublet fraction, assuming a density of anisotropy en-
ergy of K =4 x 10* erg/cm?>. The superparamagnetic fraction
is calculated as

Vi

1
) = [ vy,
Vinin

where f (V) is the size distribution function. The solid line in
Fig. 3 is the calculated curve; above about 5 K, all of the smaller
particles [mean diameter 3 nm (78% in number, but 12% in
volume)] are superparamagnetic, and the larger particles (mean
diameter 9 nm) reach the superparamagnetic regime at 80 K.
This bimodal size distribution qualitatively corresponds to that
shown in the HRTEM images (see Section 3.4), demonstrating
the larger particles correspond to agglomerations of the smaller
particles.

To obtain clues about the magnetic structure of the observed
Fe species, spectra were recorded in the Fe-HMS-55 sample
at 4.2 K with applied magnetic fields of 2 and 7 T (Fig. 4).
The recorded spectra show components similar to those dis-
tinguished at 4.2 K in zero field: antiferromagnetic hematite,
a doublet-like subspectrum, and a broad sextet. As the applied
field increases, the intensity of the intermediate lines of the sex-
tet strongly decreases. This shows that the hyperfine fields of
the Fe!ll species progressively reorient toward the field. At the
same time, the hyperfine field distribution center decreases from
50 T in zero field to 46 T at 7 T. This type of response to the

100 f

Transmission

95

4.2K
1

-10 -5 0 5 10
velocity (mm/s)
Fig. 4. 5TRe Mossbauer absorption spectrum of the Fe-HMS-55 catalyst at4.2 K

with a magnetic field of 7 T applied parallel to the y -ray direction of propaga-
tion.
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Fig. 5. ESR spectra of the compounds recorded at 77 K: (a) Fe-HMS-15,
(b) Fe-HMS-30, (c) Fe-HMS-50, (d) Fe-HMS-100.

field is typical of a ferromagnetic ordering; for Fe!ll, the hyper-
fine field is antiparallel to the magnetic moment, which aligns
along the applied field. The same behavior has already been
observed for iron oxide supported on zirconia and attributed to
Fe!ll clusters or “rafts” in solid solution within the first surface
layer of the solid.

3.3. ESR spectroscopy

EPR spectra of the compounds were recorded at 77 K un-
der N, (Fig. 5) and after dehydration under vacuum at 623 K
(Fig. 6). The integrated intensity of the total spectra appears
to be proportional to the Fe content of the samples except
for the Fe-HMS-15, which exhibits large antiferromagnetic
hematite particles identified by XRD and Mdssbauer spec-
troscopy (Fig. 7). Four signals at g = 7.4, 4.3, 2.3, and 2.0 can
be distinguished. The signal at g = 4.3 is currently observed
for iron oxide catalysts supported on various substrates and at-
tributed to isolated octahedral or tetrahedral Fel! sites with a
strong rhombic distortion [17,18]. The smallest and broader
signal at g = 7.4 was previously observed in the same type
of solids but not assigned [19]. The signal at g = 2 often has
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Fig. 6. ESR spectra of the compounds recorded at 77 K after reduction
at 623 K under vacuum: (a) Fe-HMS-15, (b) Fe-HMS-30, (¢) Fe-HMS-50,
(d) Fe-HMS-100.
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Fig. 7. Variation of the total intensity of the ESR spectra as a function of the
iron loading of the compounds.

been attributed to octahedrally coordinated Fell cations; it has

been proposed to generally correspond to extra-framework iron
species observed in zeolitic material characterization and can be
assigned to the superparamagnetic iron oxide clusters [20-22].
The interpretation of the small signal at g = 2.3, which also
is frequently detected in iron-supported catalysts or zeolites,
is still matter of debate. It has been assigned either to small
iron oxide aggregates or to 3-coordinated species in the frame-
work of zeolitic materials [23]. The latter species is sensitive
to adsorbed molecules like H>O. When attributed to small ag-
gregates, it generally disappears after heat treatment under a
reducing atmosphere or vacuum because of the reduction of
iron, whereas it increases when attributed to the second species
due to desorption of adsorbed molecules. In the present study,
the signal, which is very small, apparently increased after heat
treatment under vacuum and may be attributed to 3-coordinated
species, although a partial attribution to iron oxide aggregates
cannot be excluded in view of the other characterization data.

Three-coordinated species are formed by either dehydroxyla-
tion or dehydration of 4-coordinated hydroxylated species.

After dehydration under vacuum at 623 K, the main signal at
g =2 disappeared, whereas those at g = 4.3 and 2.3 were still
present. The disappearance of the first signal may be related to
the reduction of the very small “nanoparticles.” Such reduction
did not seem to affect the other species, which may be attributed
to oligomeric iron species in more or less solid solution in the
silicic mesoporous walls and corresponding to those giving a
doublet in the Mossbauer spectra even at very low temperature
(0.055 K). A new signal characterized by a g = 6.1 appears.
Such a signal was previously observed with two other signals
with g = 4.3-9 for FeS-1 outgassed at 673 K [24]. It was as-
signed to a distorted tetrahedron, which maintains an axial C3y
asymmetry. Finally, we observed that the transformation was
totally reversible; treating the material for 24 h at room temper-
ature in ambient air restored the original spectrum.

3.4. HRTEM with EDX analyses

We studied the morphology of the Fe species within the
mesoporous material by HRTEM on the compound Fe-HMS-50
(Figs. 8a and 8b). Two types of dark-phase contrast attributed to
iron oxide from EDX analyses were observed: one type corre-
sponding to spherical spots of large size (>50 nm in diameter)
and another type corresponding to thin oxide layers forming
10-30 nm “rafts.” It is interesting to note that such spherical
and elongated morphologies were previously reported for the
same type of materials [7]. The large particles, as could be
predicted, lie only at the surface of the mesoporous material,
whereas the oxide layer is present both at the surface and in
the mesopores of the material; in the latter case, a decrease in
concentration from the border to the center of the particles was
observed. Besides these two main species, it has been possible
to detect very small spherical darker spots either isolated from
the silica or dispersed in the oxide layer. Contrast profiles were
recorded over these spots to evaluate the spot size, which are
around 1-2 nm (Fig. 9). These spots correspond to very small
iron oxide particles completely isolated or present in the iron
oxide “rafts,” which should simply correspond to the agglom-
eration of these small particles. The fact that only some of the
particles appear darker in the “rafts” could be related to their
orientation in Bragg position with respect to the electron beam.

4. Discussion

The characterization results obtained from XRD, Moss-
bauer, and ESR spectroscopies and from HRTEM images ev-
idence the presence of Fe species in different forms at the
surface or in the mesoporous silica. The first type of species
corresponds to isolated species or to very small oligomers (e.g.,
dimers, trimers) with iron cations close enough to each other to
interact and lead to exchange fluctuations but not large enough
to allow magnetic ordering. This type, accounting for about
10% of the Fe'l ions, yields, in Mossbauer spectra, a paramag-
netic doublet down to the lowest temperature (0.05 K) and in
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(b)

Fig. 8. High-resolution transmission electron imaging of a slice of the
Fe-HMS-50 compound showing a large iron oxide particles at the surface of
the grains (a) and agglomeration of smaller particles (b).

ESR spectra to signals with g values varying with the symme-
try or coordination of the Fe!ll cations but different from 2.0. It
is noteworthy that the relative intensity of the latter signals is of
the same order as in the Mossbauer spectra.

The second species corresponds to larger iron oxide oligo-
mers undergoing magnetic ordering and forming superpara-
magnetic nanoparticles. These nanoparticles have an approxi-
mate diameter of 1-3 nm, small enough so that the fluctuation
frequency of the magnetization is faster than 108 s~! at 4.2 K
(12% of the Fel'! cations). Their narrow size distribution origi-
nates from the fact that they should have been formed in the sil-
ica mesopores during the preparation heat treatment. As shown
by electron microscopy, these particles tend to agglomerate,
forming large “rafts” at the surface of the silica walls, and to
exit from the mesopores to reach the surface of the silica parti-
cles. These agglomerations of nanoparticles, which account for
approximately 72% of the Fe!ll cations, behave as larger parti-
cles from a magnetic standpoint. They show a decrease in the
relaxation time (i.e., increased blocking temperature) because

——= (.8 nm
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Fig. 9. High-resolution transmission electron imaging of the Fe-HMS-50 com-
pound showing the agglomerated very small particles with a profile of grey
level histogram along the line and across a particle in Bragg position. Support
grey level defined the baseline.

of the magnetic interaction with each other. The correlation that
arises between magnetization vectors of neighboring particles is
the main cause of the decreased relaxation time. The influence
of the magnetic interactions due to particle agglomeration on
the superparamagnetic relaxation has been reported previously
[25-27], and models based on dipolar interactions have been
developed [25,28]. The third species (5%) consists of hematite
particles identified by XRD and Mdssbauer spectroscopy. The
decreased surface area of the samples with increasing iron con-
tent could be related to the formation of these particles.

A peculiar feature of the very small particles isolated or
forming “rafts” is the ferromagnetic nature of their magnetic
ordering, which differentiates them from the larger bulky par-
ticles, which are antiferromagnetic (hematite). This is clearly
demonstrated by the Mdssbauer spectra recorded with an ap-
plied magnetic field at 4.2 K. Recent studies have reported that
the surface of a magnetic material generally has magnetism
different than that of the bulk, because the translational sym-
metry is broken at the surface. For the same reason, nanometric
iron oxide particles may exhibit an unusual ferromagnetism.
In that respect, ferromagnetic order at the surface of a para-
magnetic FeO(111) film formed on a Fe(110) crystal has been
reported [29]. When the number of Fe!ll ions interacting mag-
netically in a cluster is sufficiently large to allow collective
effects to emerge, the paramagnetic resonance changes to a fer-
romagnetic resonance response. The resonance intensity is pro-
portional to the susceptibility, which is much higher in the fer-
romagnet because of the high spontaneous magnetization [30].

When the iron content of the sample increases, the relative
amount of hematite and the size of the agglomerated “rafts” in-
crease (equivalent particle diameter of 15-20 nm for Fe-HMS-
30). In the same way, the Fe-HMS-100 is likely to contain
mainly oligomeric species. In terms of the benzene benzyla-
tion reaction for which the present catalysts have been tested,
the proposed mechanism involves oxidation of benzyl chloride
on iron cations with formation of a charge transfer complex [4],
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@-CH,Cl + Fe*™ — &-CH;" +CI',
@-CH;" — &-CH + Fe’*,

Fe’t +CI' = Fe3t +CI-,

@-CHJ + ArH — ®-CHy-Ar + HT.

Apparently, whereas Fe-HMS-55, -50, and -30 have increasing
but comparable activity, the Fe-HMS-100 sample is completely
inactive [4]. Although this feature is not completely understood,
the iron cations possibly may be much less reducible in the cat-
alytic reaction conditions when in the form of small oligomeric
or almost isolated species in strong interaction with the support
rather than in oxide nanoparticles. On the other hand, the lat-
ter should reduce much more easily than larger particles. The
high oxidation state of iron in bulk oxide is stabilized by the
Madelung potential, whereas this is not the case for very small
oxide particles. In that respect, a similar trend was observed in
the case of Fe-hydrotalcite in the reduction of nitro aromatic
compounds by hydrazine hydrate [31] and of Fe-sulfated zirco-
nia used in n-butane isomerization [16].

5. Conclusion

The characterization by XRD, ESR, and Mdossbauer spec-
troscopy of Fe-HMS materials, which are active and selective
catalysts for the alkylation of benzene with benzyl chloride re-
action, has shown that several iron species could be identified at
the surface of the pore walls of the mesoporous silica, including
(i) very small Fe!! oligomers or isolated cations close to each
other, remaining paramagnetic down to very low temperature
(0.05 K); (ii) superparamagnetic nanometric or subnanomet-
ric small clusters undergoing a ferromagnetic type of ordering;
and (iii) antiferromagnetic large hematite particles. In the cata-
lysts with an Si/Fe ratio of around 50, iron is present mainly as
nanometric clusters. With increasing iron content (Si/Fe = 15),
the large hematite particle content increases, whereas with de-
creasing iron content (Si/Fe = 100), the oligomer content is
maximized. The absent reactivity of the catalysts with low iron
content hypothetically may be attributed to the fact that iron
cations that are almost isolated or in very small oligomers can-
not be reduced under the reaction conditions.

Finally, our findings clearly demonstrate the great interest of
recording Mossbauer spectra below 4.2 K. This provided evi-
dence of the formation of nanometric iron clusters at the surface
of the mesoporous silica. Standard low-temperature studies, as
have been conducted in the vast majority of cases above 4.2 K,
would have concluded to the presence of larger particles; the
analysis by Mossbauer spectroscopy performed at lower tem-
perature demonstrated that these particles were agglomerations

of nanometric iron clusters. The spectroscopic technique per-
formed below 4.2 K allowed us to reach another level of reso-
Iution of the ferric particle structures.
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