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Abstract

A novel approach to incorporate transition metals into porous structures is presented, which makes use of a cobalt soap in combi-
nation with the templating agent C;(TMABr. An ordered mesoporous silica MCM-41 type material doped with Co is obtained after
removal of the organic part by calcination. The a unit cell parameter of the cobalt containing mesoporous matrices is larger than that
of pure MCM-41 and increases with the amount of cobalt present in the sample as well as the diameter of the pores. This is not observed
when e.g. cobalt acetate is employed instead of the metal soap. The procedure presented establishes a new route for the incorporation of
a transition metal into MCM-41 together with a tuning of the porous structure.

Keywords: Mesoporous material; MCM-41; Cobalt soap; Co-templating; Metal doped silica; Magnetism

1. Introduction

Since the discovery in 1992 of the M41S family of sili-
cate mesoporous sieves with a remarkable large and uni-
form pore structure [1], considerable efforts have been
directed towards the incorporation of transition metals
inside mesoporous matrices. This can be achieved by
impregnation of salts [2] or of molecular precursors [3],
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grafting [4], ion exchange [5], chemical vapour deposition,
etc. [6].

The incorporation of amphiphile molecules in the
micelles of M41S-type materials is attracting increasing
attention, particularly of dye molecules, which are orga-
nized inside the soap micelles [7]. A recently developed
strategy consists in the use of metal-containing templates
[8] or the addition of metal complexes into the precursor
micelle used as template for the synthesis of the mesopor-
ous silicate phase [9-11], leading in particular to interesting
catalytic applications [12-14]. It has been shown also that
lyotropic mixed-surfactant liquid-crystal templates can be
used to prepare noble metal nanostructures [15,16].

Here, we describe the first use of a simple long chain
metal soap to co-direct the synthesis of a metal-modified
mesoporous material. It is expected with such molecules,
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Scheme 1. Schematic representation of the proposed template mechanism involving cobalt(1l) soap.

that mixed micelles can be formed between the soap and
the surfactant due to strong lipophilic interactions between
the long alkyl chains of each component. Indeed, recent
studies have shown that it is possible to stabilize mixed
micelles incorporating sodium oleate or sodium dehydro-
cholate with the usual surfactant cetyltrimethylammonium
bromide (CTMABr) and that such systems can be effec-
tive MCM-41 precursors [17,18]. Moreover, the use of
mixed cationic and anionic surfactants as templates was
shown to be a good strategy for controlling the formation
of cubic or hexagonal mesoporous materials [19,20]. On the
basis of these studies, the negatively charged carboxylate
moieties of the cobalt soap could be attracted by the posi-
tively charged ammonium heads of the C;s TMABTr surfac-
tant, thus favouring the formation of mixed micelles with a
parallel arrangement of the two components. As shown for
other sources of cobalt, the metal ions can react with the
hydroxide anions present in the alkaline media required
for the formation of silica around the micelles [21]. When
metal carboxylates are used, competing complexation can
result. Also the combination with bromide cannot be ruled
out.

The attractiveness of the cobalt soaps resides in the sim-
plicity of their synthesis and in the ease with which the
length of the alkyl chain can be adjusted to the size of
the targeted micelles [22-24]. Long chain cobalt alkanoates
present an hexagonal columnar liquid-crystal mesophase
above temperatures in the range 85-115 °C depending on
the chain length, but no micellar phase is observed in
water. Furthermore, we have prepared solutions of cobalt
soaps in n-alkanes such as n-hexane, which provided evi-
dence for efficient lipophilic interactions between the alkyl
chains of the carboxylates and the solvent. We thus consid-
ered mixing the soap with the usual micellogen C;(TMABr
in order to induce the formation of a “mixed” micellar
MCM-41-type structure where the cobalt soap would act
as a co-templating agent. Preferential van der Waals inter-
actions between long alkyl chains of each moiety are
expected to stabilize the mixed structure, at least within a
certain domain of Co soap concentration. For this pur-
pose, cobalt dodecanoate [Co{CH3(CH,);(COO},](H,0),
was chosen for its similar chain length to that of the

Ci6TMABr molecule. The synthesis of the mesoporous
material was inspired from Voegtlin et al. [25] and is illus-
trated in Scheme 1.

The structural and physico-chemical characteristics of
the Co-MCM-41 derived from the soap were compared
to those obtained with cobalt acetate in order to evaluate
the intrinsic effects of the metal soaps.

2. Experimental
2.1. Characterization

The X-ray diffraction (XRD) patterns of the samples
were recorded using a PHILIPS PW 1800 diffractometer
operating with Cu Ko radiation (1 =1.5418 A).

The N, sorption isotherms of the materials were mea-
sured at 77 K using a Micromeritics ASAP2010 sorption
analyzer. The surface area was determined according to
Brunauer-Emmett-Teller (BET) method [26]. The pore
size distribution was calculated using the Barrett-Joyner—
Halenda (BJH) model [27]. All the samples were degassed
at 423 K under vacuum before analysis.

The chemical composition of the as-synthesized samples
was determined by using a MagiX Philips, X-ray fluores-
cence spectrometer. Elemental chemical analyses of C, H,
and N were performed by the “Service Central de Microa-
nalyses du CNRS” (Université Louis Pasteur, Strasbourg,
France). Transmission electron microscopy (TEM) investi-
gations were made using a FEI Tecnai 20F electron micro-
scope operating at 200 kV. The samples were sonicated in
ethanol and deposited on a holey copper grid. UV/visible-
NIR measurements were performed with a Perkin—Elmer
Lambda 19 instrument (spectra recorded by reflection with
a resolution of 4 nm and a sampling rate of 250 nm/min).
FT-IR studies were performed with a Digilab FTS 3000
computer driven instrument (0.5 mm thick powder samples
in KBr). Magnetic studies were carried out using a Quan-
tum Design SQUID MPMS-XL magnetometer (5T, 2—
300 K) on powder samples. The 2°Si solid-state NMR spec-
tra were recorded on a Bruker MSL-300 spectrometer using
a 7mm rotor and with a magic angle spinning speed of
4.0 kHz. The acquisition parameters were n/6 for the flip



angle, and pulse duration of 1.7 ps, 60 s for the recycle time
and 577 scans. The chemical shifts are relative to tetrameth-
ylsilane (TMS). The size of the micelles was evaluated from
dynamic light scattering (DLS) technics with a Malvern
Instruments nano-zetasizer.

2.2. Synthesis of cobalt soap
[CH3(CH2)]0COO]2CO : 2H20

The synthesis of the cobalt soap [CH3(CH,);0COO],.
Co - 2H,0 was based on the procedure described in the lit-
erature [22,23]. Briefly:

(1) CH3(CH,);0COOH + KOH — CHj3(CH,);(COOK +
H,O: KOH (0.1 N) in 150 ml acetone was added
dropwise to an equivalent of dodecanoic acid
(0.1 N) in 500 ml acetone, under reflux. A white pre-
cipitate of CH3(CH,);(COOK formed and reflux was
maintained for 3 h. The solid was filtered and washed
with hot acetone, and dried under vacuum.

(2) 2CH3(CH,);¢COOK + Co(CH;COO), - 4H,0 — [Co-
{CH3(CH,),(COO},]- 2H,0 + 2H,0 + 2CH;COOK:
A solution containing 4.00 g of CH3(CH,);(COOK in
150 ml water and 150 ml ethanol under argon was
added dropwise, under vigorous stirring, to an aque-
ous solution of 2.09 g of [Co(CH;COO),]-4H,O0.
After the mixture was stirred for 3 h, the pink precip-
itate formed was filtered, washed with water and eth-
anol, and dried under vacuum.

2.3. Synthesis of Co-MCM-41

Cetyltrimethylammonium bromide (C;,TMABr) was
used as a templating agent (Fluka). Sodium silicate was
used as a silica source (27 wt% silica, Riedel de Haén).
The cobalt soap [CH;3(CH,);(COOLCo - 2H,0 and cobalt
acetate Co(CH3COQ), - 4H,0 (Fluka) were used as Co
precursors. Hydrochloric acid (Riedel de Haén) was used
to adjust the pH of the solution.

The molar composition is 1.0Si0,:0.4Na,0:0.2C4-
TMABI:135H,0:0.022HCl:xCo with x = 0.005-0.040 for
the soap and x = 0.010-0.040 for the acetate. C;(TMABr
(1.724 g) was dissolved in 35 g of water with stirring at
about 308 K to obtain a clear micellar solution. Then,
the cobalt compound was added giving a pale pink solu-
tion. Separately, at room temperature, 5.25 g of sodium sil-
icate was dissolved in a sodium hydroxide solution (0.21 g
of NaOH in 5.45 g of water) with stirring for 2 min. Then,
the silicate solution was added to the micellar solution
which turned to purple-blue. Precipitation was observed
immediately. After stirring for 10 min, about 16 ml of
HCI 1 M was introduced dropwise to reach a pH of 8.5.
After stirring for 1 h, the resulting gel was transferred into
a polypropylene bottle and kept in an oven at 373 K for
24 h. The resulting solid was recovered by filtration,
washed with distilled water and dried under ambient condi-

Table 1

X-ray fluorescence spectrometry analysis of the relative Co content for the
Co-MCM-41 compounds synthesized with cobalt soaps (b—¢) or cobalt
acetate (f~h)

Sample Cobalt Molar ratio
precursor Co precursor  Si/Co in the Final Si/Co in
"Ci¢TMABr initial gel the sample

a - 0 00 00

b Soap 0.025 197 226

c Soap 0.05 99 111

d Soap 0.1 49 53

e Soap 0.2 24 27

f Acetate 0.05 100 111

g Acetate 0.1 50 55

h Acetate 0.2 25 26

tions. Finally, the materials were calcined in a furnace at
813 K for 4 h in air, to remove the residual organics.

A pure siliccous MCM-41 was also prepared following
the procedure described above for Co-MCM-41, without
incorporating the cobalt source into the synthesis solution
and before it was kept in an oven at 363 K, the gel was stir-
red for 2 h.

Samples with different cobalt contents are referred to as
a for pure silica MCM-41, b, ¢, d, and e, for those based on
the cobalt soap and f, g and h for those based on cobalt
acetate (Table 1).

3. Results and discussion
3.1. Synthesis and chemical analysis

The cobalt soap [Co{CH3(CH,);(COO},][(H,O), was
synthesized according to the procedure described in the lit-
erature and used as a co-template in the synthesis of the
mesoporous solid (see Section 2) [22,23]. The procedure
used for the synthesis of Co-MCM-41 in presence of cobalt
soap is derived from that for pure MCM-41, described by
Voegtlin et al. [25]. They have shown that the adjustment
of the pH at 8.5 by hydrochloric acid makes it possible
to obtain a well organized mesostructure MCM-41. The
procedure consists in the synthesis of MCM-41 by addition
of the cobalt soap to the micellar solution of C;(TMABr. A
mixture of C;¢TMABr and cobalt soap was used of which
the amount of cobalt was varied so that the Si/Co molar
ratio was in the range 24-198 while keeping the
CisTMABI/Si ratio constant. The lower limit of the
Si/Co ratio (24) corresponds to the maximum solubility
of the cobalt soap in the present MCM-41 synthesis med-
ium. It is worth noticing here that the occurrence of a pre-
cipitate for such quite small amount of cobalt indicates that
the situation is different from a simple dissolution of the
soap in the hydrophobic region of the C;¢TMA™ moieties.
Actually, the latter would imply weak ionic interaction
between the carboxylate and ammonium heads, which is
unlikely (see above).

The relative mass percents of cobalt and other elements
(excepted H) were determined by X-ray fluorescence
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Fig. 1. Comparison of C/N molar ratios between the expected values and
chemical analysis of as-synthesized samples a, b, ¢, d, € vs the cobalt soap/
C1sTMABr molar ratio of the initial gels.

spectrometry on the as-synthesized materials (Tables 1 and
SM1), and we consider that the Co content does not
change after calcination. The results show for all the sam-
ples that the amount of cobalt in the MCM-41 is almost
100% of that introduced in the starting precursor. It shows
that in the synthesis condition used here all the cobalt has
precipitated as Co(OH), that interacted with the silica pre-
cursors [21]. To ascertain that the Co soap is present as a
whole (not only Co" ions) in the as-synthesized materials,
the variation of the C/N ratio as a function of the amount
of Co introduced was investigated on the basis of the chem-
ical C, H, N analyses (Table SM2). The result is presented
as a graph in Fig. 1 and is compared to the theoretical ratio
expected from the relative Co soap vs C;sTMABr amounts
in the initial mixture (Table SM2). It appears that the C/N
ratio increases with the Co content and is always slightly
higher than the theoretical one, which indicates a real
incorporation of the soap.

In order to demonstrate further the interest of using a
cobalt soap and to evaluate its co-templating effect com-
pared to the simple addition of other metal salts,
Co-MCM-41 materials were synthesized by using cobalt
acetate, Co(CH3COO), - 4H,0, which is more appropriate
for comparison with the soap than other cobalt sources
used in the literature, owing to the presence of the carbox-
ylate groups. Various amounts of cobalt acetate were intro-
duced during the synthesis of the MCM-41 similarly to the
cobalt soap in the former series, i.e., just after having pre-
pared the micellar solution with the C;(TMABr surfactant
(see Section 2.3).

The amount of cobalt effectively incorporated in the
samples was measured by X-ray fluorescence analysis and
the results given in Table SM3 and summarized in Table
1 show a good agreement between the initial amounts in
the precursor and those in the final Co-MCM-41.

3.2. Powder X-ray analysis

The powder XRD patterns (Fig. 2) of the as-synthesized
samples obtained with the cobalt soap show four peaks for

the samples a—d and only three for the sample e, with the
largest quantity of cobalt, which appears less well orga-
nized than the others. In general, the diffractogramm are
less resolved when the amount of cobalt soap added
increases in the preparation. The peaks are characteristic
of MCM-41 mesostructures with a hexagonal cell. As
shown in Table 2, the calculated unit cell parameter
ap = 2dyo/ V/3 increases with the amount of cobalt in the
samples, which indicates either an increase of the pore size
or larger walls. This point will be settled below on the basis
of the nitrogen adsorption measurements.

The powder XRD patterns of the samples calcined at
813 K in air (see Section 2.3) are displayed in Fig. 2. Com-
pared to the as-synthesized materials, the resolution of the
powder X-ray diffractogramm decreases again when the
cobalt soap amount increases. No peak is observed in the
10-70° 26 range that could have indicated the formation
of cobalt oxide, but this could be due to a too low metal
content (Table SM1). Only the peaks characteristic of the
MCM-41 are present, at low angles, which were indexed
according to a hexagonal structure and the calculated cell
parameters are listed in Table 2. Similarly to as-synthesized
samples, the unit cell parameter value increases with
the amount of cobalt in the samples. The cell parameter
cannot be calculated for the sample with the largest cobalt
content (sample e), for which only a broad peak at low
angle is observed, denoting a poor organization of the
mesostructure.

Similarly, the powder XRD patterns of the as-synthe-
sized and calcined samples obtained from cobalt(II) acetate
show four peaks, corresponding to MCM-41 (Fig. 3). No
significant peak was detected above 26 = 10°.

The calculated unit cell parameter of each sample before
and after calcination is given in Table 2. A slight increase of
this value compared to the sample of MCM-41 without
cobalt is noted, but in contrast to the previous series, no
significant change occurs as a function of the cobalt
amount (Fig. 4). This result is in agreement with those
obtained with the other cobalt complexes cited above
[10-14]. Moreover, all the samples obtained with cobalt(II)
acetate exhibit similar X-ray patterns, showing that, con-
trarily to the soap, its presence has little influence on the
crystallographic order of the mesoporous solids.

When the amount of cobalt increases, the samples syn-
thesized in the presence of cobalt acetate are more orga-
nized than those synthesized with the cobalt soap. This
difference can be explained by the fact that the metal soap
is incorporated into the C;sTMABr micelles due to ionic
and lipophilic interactions but, at high concentrations,
the soap, that does not form micelles alone, weakens the
cohesion of the micelle, which is essentially maintained
by the C;(TMABr surfactant. In addition, it has been
shown that a combination of anionic surfactants with the
cationic C;sTMA™ reduces the positive charge of the
micelle surface thus weakening the rigidity of the micelle
[19]. Charge effects related to the addition of increasing
amounts of cobalt salts were also suggested for explaining
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Table 2

dyo Spacings and unit cell parameters (ao) of the pure siliccous MCM-41
(a) and Co-MCM-41 samples synthesized with cobalt soap (b—e) or cobalt
acetate (f, g) before and after calcination

Sample Cobalt Molar ratio Before After
precursor % calcination calcination
(initial gel)
dro do dyo do
(nm) (nm) (nm) (nm)
a - 0 3.64 4.2 3.61 4.2
b Soap 0.025 386 44 3.78 43
c Soap 0.05 3.97 4.5 3.87 4.4
d Soap 0.1 412 47 4.07 4.7
e Soap 0.2 4.17 4.8 - -
f Acetate 0.05 379 44 372 43
g Acetate 0.1 3.78 4.4 3.064 4.2
h Acetate 0.2 3.77 44 3.68 4.3

a structural change of mesoporous silica, from cubic to
hexagonal for instance [21].

3.3. Transmission electron microscopy

The as-synthesized mesostructure was directly observed
by transmission electron microscopy (TEM) on several

samples (Fig. 5). Observation of as-synthesized sample b
indicates large coherence domains with comparable hexag-
onal periodicities and no amorphous zone. In turn, the
cobalt-rich sample ¢ appears less organized, with smaller
coherence length, and contains amorphous zones. In the
latter case, two different pore stacking periodicities were
detected (dyjpo=4.4nm and 3.7 nm) in different areas.
The presence of different domains corresponding to differ-
ent cell parameter values is consistent with the X-ray dif-
fraction patterns, the quality of which decreases with
higher cobalt contents (Fig. 2). Similar TEM images were
observed after calcination which does not modify the
mesostructures.

3.4. Nitrogen adsorption measurements

Nitrogen adsorption was measured on the different cal-
cined samples in order to characterize their porosity. All
isotherms of adsorption are of the type IV according to
the IUPAC classification (Fig. 6) and are typical of meso-
porous materials [28]. The isotherms of the Co-MCM-41
samples are comparable with that of pure MCM-41. All
the values deduced from the adsorption isotherms are sum-
marized in Table 3.
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As-synthesized sample &

As-synthesized sample d

The isotherms show the presence of two types of mesop-
ores. For P/Py<0.4, they are small mesopores. The
absence of a hysteresis in the desorption curve below this
point is characteristic of the presence of small mesopores
with a narrow distribution of the pore size and is typical
of MCM-41 materials. The corresponding mesoporous
volume for P/Py<0.4 increases and the BET surface
area decreases with the cobalt soap content as shown by
the shift of the step towards higher pressures observed in
the isotherms. This is in accordance with the results of
Kong et al. in the case of MCM-48-type materials
prepared in presence of C;sTMABr/Na-Laurate mixed
micelles [19].

As-synthesized sample ¢

As-synthesized sample e

Fig. 5. TEM images of samples b, ¢, d and e before calcination.
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The upward trend of the curves for higher P/P, (for P/
Py > 0.4) values is related to inter granular mesopores of
larger size, probably macropores. The presence of a narrow
hysteresis for all samples is assigned to mesopores with nar-
row apertures.

Moreover, this hysteresis becomes more important when
the amount of cobalt increases in the samples. This last
point is the most pronounced for the Co rich sample e. This
phenomenon may be related to an increase in the disper-
sion of the pore size distribution and a partial loss of the
mesopore organization. This is in agreement with the
PXRD results.

For the cobalt soap derived samples, a “z-plot” analysis
indicates the presence of a very small amount of micro-
pores (less than 1% of the total volume).

Thus, the size of the pores increases with the cobalt con-
tent but the thickness of the walls remains almost
unchanged in the presence of the cobalt soap. This is a first
indication that the size of the micelles is influenced by
the incorporation of the metal soap. Such variation of size
is related to a surface curvature modification, which might
be consistent with the presence of metal alkylcarboxylate
incorporated within the micelles. This is a very different
situation from that encountered when cobalt(Il) nitrate,
sulphate, chloride or atrane complexes are used [10-14],
where an increase of the wall thickness was observed
whereas the pore size was almost unaffected by the presence
of metal salt in the micellar precursor. The fact that the
thickness of the walls in the present Co-MCM-41 materials
remains unchanged upon addition of cobalt soap is
strongly in favour of the Co(Il) ions being located at the
surface of the micelle, and thus inside the pores in the final
product.

The samples g and h obtained with cobalt acetate were
analyzed similarly by nitrogen adsorption. The isotherms
(adsorption—desorption) are of type IV — H1 according to
the TUPAC classification. The samples do not show micro-
porosity. Compared to pure MCM-41, the pore size is lar-
ger but does not vary with the amount of Co(II) acetate.
This may suggest that the cobalt acetate is merely at the
external surface of the C;(TMABr micelles, contributing
to larger pore size but without affecting the size of the
micelle itself. Compared now to related samples prepared
with the cobalt soap, the size of the pores and the thickness
of the walls are smaller (Table 3), which indicates that
cobalt acetate was not incorporated in the same way as
the cobalt soap. The decrease of the BET surface area with
increasing quantity of cobalt is slightly smaller compared
to that observed with the cobalt soap (1051-992 m?/g com-
pared with 870-804 m?*/g for the same quantities of cobalt).

3.5. Sizes of the micelles

In order to compare directly the effect of the two cobalt
sources, the size of the micelles obtained when mixing them
with water but without silica source was tentatively inves-
tigated by using a nanosizer (see Section 2.1). This



Table 3

Porous characteristics of the pure siliceous MCM-41 (a) and Co-MCM-41 samples obtained with cobalt soap (b—e) or cobalt acetate (f, g)

Sample  Molar ratio Cobalt SBET" VP Vinicro® Vinesod & pores® Wall thickness’
Cco. :)Tr;ﬁrgir (initial gel) ~ Precursor (m*/g) (em’/g) (em*/g) (em’/g) (nm) (nm)

a 0 - 1029 0.75 - 0.75 2.58 1.59

b 0.025 Soap 1024 0.80 0.05 0.75 2.85 1.51

c 0.05 Soap 832 0.75 - 2.96 1.51

d 0.1 Soap 870 0.81 0.01 0.80 3.10 1.60

e 0.2 Soap 804 0.93 0.01 0.92 3.62 -

g 0.1 Acetate 1051 0.84 - 0.84 2.80 1.4

h 0.2 Acetate 992 0.86 - 0.86 2.86 1.43

% BET surface area.
b p., total porous volume.
€ Vmicro» Microporous volume calculated from the z-plot method.

o

e

Determined from the desorption branch by BJH method.

T Thickness of the walls calculated from the relation: a — pore diameter.

technique, usually used for the determination of the size of
small particles in suspension, gives the effective size of the
objects, here the micelles, diffusing the light of a laser beam.
The results of the measurements carried out on cobalt
soap/water and cobalt acetate/water mixtures with identi-
cal ratios to those used for samples a, b, ¢ on the one hand
and f, g on the other hand are presented in Fig. 7. It sug-
gests that the effective size of the micelles increases rapidly,
up to 6.5nm for 5% of Co, upon addition of soap and

| —— C16TMABr + water (a)
20 /\ -+ C16TMABr + water + Cobalt soap 2.5 % (b)

-+ C16TMABTr + water + Cobalt soap 5 % (c)

Intensity

0 5 10 "5 T 20 25 30
Size (nm)

—— C16TMABTr + water (a)

——C16TMABr + water + cobalt acetate 2,5 %
-8- C16TMABTr + water + cobalt acetate 5 % (f)
—=-C16TMABTr + water + cobalt acetate 10 % (g)

3.2
-~

Bl
i

Intensity

0 5 10 15 20 25 730
Size (nm)

Fig. 7. Size of micelles prepared from C;sTMABr, water and (a) cobalt
soap with identical ratios to those used for compounds a, b, ¢, and (b)
cobalt acetate with identical ratios to those used for compounds a, f, g.

Vineso» mesoporous volume determined from the relation Vieso = Vi —

Vmicro-

much more than with acetate for which the effective size
does not exceed 3.2 nm for 10% of Co. In the case of the
cobalt soap, an additional peak around 2nm is also
observed for the 5% Co sample, which can be interpreted
as due to a multimodal size distribution and is consistent
with the (meso)-structural heterogeneity observed for the
sample with large Co soap amount. All these results are
in agreement with those observed by Kong et al. in the
mixed CTMABr/Na-Laurate system [19]. Indeed, the
introduction of our cobalt soap, like the Na-Laurate into
the cationic surfactant, increases the flexibility of the
micelles.

3.6. °Si MAS NMR spectroscopy

An analysis by °Si MAS NMR of as-synthesized and
calcined samples synthesized with soap was performed to
study the influence of the presence of cobalt on the propor-
tion of the different Q" units (Q" = (Si0),,Si(OH),4_,,).

Representative 2°Si MAS NMR spectra of the calcined
samples are given in Fig. 8 (other spectra are given in the
Supplementary Material, Figs. SM1 and SM2). On all
spectra, only the two silicon types Q* and Q* are observed
at —100 and —109 ppm, respectively. The relative amount
of silicate species were calculated from the NMR spectra
simulations, the proportions of which are given in Table 4.

The spectra of as-synthesized samples (Fig. SM1) show
that the contribution of the Q" sites (Q°, Q% is similar
throughout the whole sample series, including Co-MCM-
41 and pure MCM-41 derivatives, which is again consistent
with the fact that the Co(II) ions do not influence much the
internal structure of the silica walls.

The ?°Si MAS NMR spectra of calcined samples a and e
are compared in Fig. 8. Both spectra were recorded under
the same conditions on the same amount of materials and
with the same number of scans. Signals characteristic of Q?
and Q* species are present in samples a and e. However,
their intensity decreases in the case of the Co-containing
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Fig. 8. 2Si MAS NMR spectra of calcined samples: pure MCM-41
(sample a) and Co-MCM-41 (sample e).

MCM-41 sample e. This is due to the proximity of para-
magnetic, cobalt(II) centres near the silicon nuclei. The
presence of cobalt affects the species Q* and Q* in the same
way. El Haskouri et al. [12] have observed similar effects
and Casu et al. [29] have obtained similar results for the
interactions of iron with silica matrices.

3.7. Infrared spectroscopy

The local structure of these cobalt containing mesostruc-
tures was investigated by Fourier transformed infrared
(FTIR) spectroscopy carried out on the different
Co-MCM-41 samples and compared to that of the pure
MCM-41 without Co(II) soap (see Fig. SM3 in Supplemen-
tary Material). The spectrum of pure MCM-41 exhibits
characteristic absorption bands for v(OH) (broad at
3400 cm '), v(CH) (strong at 2920 and 2850 cm ™) and sil-
icate (strong broad between 1250 and 1000 cm™ "), in agree-
ment with the presence of alkyl ammonium surfactant in
the silica network. When the cobalt soap is introduced,
additional bands at 1570 and 1480 cm™! are observed,
which are characteristic of antisymmetrical and symmetri-
cal v(CO) vibrations. This definitely supports the presence
of the alkylcarboxylate introduced with the soap into the
micellar precursor. Moreover, the difference between these
two bands, Av=90cm™', is consistent with coordinated

Table 4
Relative amounts of the Si sites determined by °Si MAS NMR in calcined
samples a and e

Q’ Q'
a Calcined J (ppm) —101 -109
Y% 15 85
e Calcined J (ppm) —101 -109
% 16 84

carboxylates, although they are bonded in a different way
than in the starting Co soap that exhibits a mixed biden-
tate/chelate mode with Av = 125 cm ™' [24]. After calcina-
tion, in the FTIR spectrum of sample e for instance, the
v(CH) and v(CO) bands vanish owing to the burning of
the carbon skeleton and only characteristic bands of hydro-
xyl groups and silica are observed.

3.8. UV spectroscopy

The question remains of the nature of the cobalt in the
materials. In order to investigate the oxidation state of
the cobalt ions in the mesoporous solids, the powder sam-
ples were analyzed by UV reflectance spectroscopy. The
spectra in Fig. 9 show characteristic absorption bands for
Co”" in tetrahedral and octahedral coordination geome-
tries [30,31] in agreement with the purple-blue color of
the as-synthesized products. It is noteworthy that the molar
absorption coefficient for tetrahedral species is much higher
than for the octahedral ones, usually masking the latter
contribution in the electronic spectra when both are pres-
ent. Thus, we may assume that in the present compounds,
the tetrahedrally coordinated ions correspond to the minor
species. Such tetrahedral coordination is not observed in
the starting hydrated cobalt(Il) soaps, thus mitigating the
possibility of C;sTMABr would merely solubilize the soap,
unless the carboxylate would experience a strong structural
rearrangement. This is in agreement with the IR results dis-
cussed above. The occurrence of octahedral sites suggests a
slightly different situation to that mentioned by Vralstad
et al. [21] who identified only isolated tetra- or pentacoor-
dinated cobalt species from EXAFS analysis. This result
could be explained by different synthesis conditions. The
calcined sample are more blue in accordance with a tetra-
hedral coordination for the cobalt. However, the UV/visi-
ble spectrum of calcined sample e (Fig. 9) still shows the
presence of octahedrally coordinated Co species.

After calcination, although the formation of particles
inside the pores can be expected, they are apparently not
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Fig. 9. UV/visible spectra of the as-synthesized samples Co-MCM-41 b-e
and the calcined sample e.



in sufficient amount and/or too small to be identified by
powder X-ray diffraction. Actually, the mass percent of
Co in the samples is very small (less than 3.5%) and parti-
cles situated inside the silica channels, the diameter of
which is about 3 nm, would be necessarily smaller. Even
TEM observation is illusive due to poor contrast between
Co and organized mesoporous silica. Cobalt nanoparticles
were observed by TEM only after heating the samples at
high temperature (700-900 °C) under hydrogen. In that
case indeed, particles with diameters larger than 25 nm
are observed (Fig. SM4) and the initial mesostructure is
strongly deteriorated.

3.9. Magnetic measurements

These results are consistent with the magnetic data
obtained for the as-synthesized samples Co-MCM-41 b—e
which are presented in Fig. 10. The temperature depen-
dence of the magnetic susceptibilities scaled to the experi-
mental Co amount are very similar for all the samples
and the Curie constant C=3.13, 294, 3.23 and
2.94 K emu mol~! was deduced for samples b, c, d and e,
respectively, by fitting the high temperature data to the
Curie-Weiss law. These values are in the expected range
for octahedral Co®" ions [32,33], confirming that the cobalt
in the as-synthesized samples is divalent, which is consis-
tent with the UV spectroscopy data. More surprisingly,
the low temperature measurements on all compounds indi-
cate a strong increase of the y7 product when lowering the
temperature, pointing to a ferromagnetic-like behavior,
confirmed by the hysteresis loop observed in the magneti-
zation vs field curve recorded at 1.8 K. This indicates, in
the as-synthesized samples, the formation of extended
Co(II) magnetic networks. This could correspond to the
formation of cobalt silicate clusters like olivine C0,SiO4
which is known to behave as a frustrated antiferromagnet.
It may exhibit ferromagnetism when imperfectly crystal-
lized but contains only metal centres in octahedral sites
[34,35]. A similar ferromagnetic-like behavior was also
reported for Co,O;3 particles in silica matrix [35].

All the present results support the assumption that the
lypophilic chains of the cobalt soap are in the micelle struc-
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ture, widening the size of the pores as a function of the
Co(II) soap amount, and emphasize the specific role played
by the soap compared to the simple carboxylate.

4. Conclusion

The results reported in this paper establish a new way of
incorporating transition metals into porous structures,
using metal soaps to generate “‘mixed’’ micelles as co-tem-
plating agents. After calcination of the mesoporous mate-
rial prepared in the presence of cobalt soap, porous
Co-doped silica was obtained. Although the cobalt soap
does not exhibit itself a micellar phase in water, the pres-
ence of C;cTMABTr is sufficient to direct the formation of
the porous structure, and the amphiphilic nature of the
metallic soap ensures that the metal atoms will be involved
in the micelle structure, and merely located at the surface
of, or inside the pores. New cobalt-modified mesoporous
materials have thus been synthesized whose specific surface
area and metal content are interesting for potential applica-
tion in catalysis, for instance [36]. Further investigations
are currently under way in order to clarify the location of
the cobalt atoms. For instance, the study of adsorption
of pyridine could provide an insight into the acid sites of
the pore surface [37]. The preparation of extractive replica
samples for transmission electron microscopy (TEM) is
envisaged for viewing small particles in the calcined
Co-MCM-41 samples [38].
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Supplementary data associated with this article can be
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meso.2007. 01.056.

b N -
d
1k . c |
4 b
ZFo
Z
s |
P
oL TIlias |

H (kOe)

Fig. 10. Thermal variation of the magnetic susceptibility (a) and magnetization vs field cycles at 1.8 K (b) for the as-synthesized samples Co-MCM-41 b-e.
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