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Stephanie Willemin,” Guillem Arrachart,” Lollita Lecren,” Joulia Larionova,*“
Thibaud Coradin,*‘ Rodolphe Clérac,” Talal Mallah,? Christian Guérin“ and

Clément Sanchez®

- HE B

@ Laboratoire de Chimie Moléculaire et Organisation du Solide, CNRS-UMR 5637, Université
de Montpellier 11, place E. Bataillon, F-34095, Montpellier cedex 5, France.
E-mail: joulia@univ-montp2.fr; Fax: +33 4 671438 52; Tel: +33 4 67144824

b Centre de Recherche Paul Pascal, CNRS-UPR 8641, 115 Avenue du Dr Schweitzer,

F-33600, Pessac

¢ Laboratoire de Chimie de la Matiére Condensée, CNRS-UMR 7574, UPMC, 4 place Jussieu,
F-75252, Paris, France. E-mail: coradin@ccr.jussieu.fr; Fax: +33 1 44274769,

Tel: +33 1 44275517

4 Laboratoire de Chimie Inorganique, CNRS-UMR 8613, Université Paris-Sud, F-91405,

Orsay, France

Received (in Montpellier, France) 7th May 2003, Accepted 2nd July 2003
First published as an Advance Article on the web 1st September 2003

Molecular clusters [Mn,O;,(RCOO);4(H-0),] (R = CH3, C¢Hs (n = 4) and C,Hs (n = 3)) and
[Mny(CH3COO),(pdmH)g] (pdmH = 2,6-bis (hydroxymethyl)pyridine) presenting Single Molecule Magnetic
(SMM) behaviour were inserted into hexagonal mesoporous silica with pore size in the 25-100 A range. An
optimum host pore size exists which maximizes the amount of embedded cluster. The composites were studied
by X-ray diffraction, infrared spectroscopy, magnetic measurements, nitrogen sorption, thermogravimetric
analysis and transmission electronic microscopy. All these methods reveal the presence of intact guest clusters
inside the silica pores. Moreover, if the magnetic properties of the clusters appear globally unmodified by the
insertion process, the absence of a magnetic isomer form of [Mn;,0,(CH3COO);4(H,0)4] within silica porosity

suggests an influence of the confinement on the cluster structure.

Introduction

The design of novel host-guest compounds with unusual phy-
sical or chemical properties is of considerable interest in con-
temporary science.' In such compounds, organization at the
molecular level is achieved by host-guest interactions which
span the full range from weak van der Waals coupling to
strong electrostatic interactions. Ordered porous host matrices
are well suited for the rational design of new composites, as
they can be easily processed in a wide range of structures (pore
size and organization) and shapes (bulk, films, fibres).? Design
considerations can then focus on the optimisation of geometri-
cal fit between the pore system and the guest, and the tuning of
host-guest interactions.

Among the host systems, ordered mesoporous silicas have
attracted much interest, since they possess well-defined voids
accessible for the guest components, good chemical, thermal
and mechanical stability.> If numerous organic and bio-
organic molecules have been successively introduced into silica
hosts,*> reports on the immobilisation of inorganic species
(coordination compounds, organometallics, polyoxometalates,
clusters) are much more limited.®

In this context, we have previously reported the successful
incorporation of nanoclusters presenting unusual magnetic
properties defined as ““Single Molecule Magnet” (SMM) into
hexagonal mesoporous silica hosts.” The synthesis and studies
of SMM has become an area of intense research, since the dis-
covery that such molecules can act as nanoscale magnets below
a critical temperature (“blocking temperature”’).® These mole-
cules have a large ground spin state and strong uni-axial
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anisotropy resulting in a barrier for spin reversal.” This feature
is characterized by a slow relaxation of the magnetization
which gives rise to a “metastable magnet” with hysteresis
effects similar to those observed in bulk magnets. Additionally,
these molecules display quantum tunnelling of magnetization
and quantum phase interference.'®!! This behaviour is due
to individual molecules rather than to long-range ordering,
as confirmed by magnetization relaxation and heat-capacity
studies.'> Therefore, SMMs represent nanoscale magnetic
objects of a sharply defined size that offer new possibilities to
high-density information storage at the molecular level'* and
quantum-computing applications.'* However, these applica-
tions require the control and organization of oriented mole-
cules or molecular aggregates in material where each
individual species can be used as a bit of information. An inter-
esting approach to arrange molecules into organized multi-
layered films has been performed using Langmuir—Blodgett
films'® and polymeric thin films.'® Alternatively, using meso-
porous hosts should allow the organisation of SMM at the
nanometer scale, considering the host framework as a template
for the arrangement of guest species.

Organization and orientation effects will probably only be
achieved using anisotropic mesoporous materials, such as thin
films. However, it is first necessary to get a better insight of the
cluster-silica interactions. We have previously shown that the
incorporation of nanoclusters into mesoporous hexagonal silica
powders maintains the integrity of the host phase as well as that
of the incorporated clusters.” Such preliminary results encou-
rage us to further investigate these magnetic composite systems
and extend this approach to other magnetic molecular guests.
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In this work, the incorporation of two families of high spin
manganese carboxylate cluster presenting SMM behaviour,
[Mn,015(RCO0);4(H,0),] with R = CH3,'” C¢Hs (n = 4),'*
C,H; (n = 3)" and [Mny(CH3COO),(pdmH)] (pdmH = 2,6-
bis (hydroxymethyl) pyridine),? in silica mesoporous hosts of
various pore sizes was studied. In a first step, we have tried to
adapt the host structural features with cluster size and nature
in order to optimize cluster incorporation. In a second step,
X-ray powder diffraction, porosity measurements and
Transmission Electron Microscopy allowed confirmation of
the presence of clusters within the silica host whose structure
has been maintained during the insertion process. Finally,
infrared spectroscopy, thermogravimetric analysis and mag-
netic susceptibility measurements indicate that the cluster
molecular structure is not modified within the mesoporous net-
work. Nevertheless, the absence of a magnetic isomer of
[Mn;,0,(CH3COO)4(H,O)4] after insertion suggests that
the host lattice may, at least partially, control cluster structure.

Experimental

Cluster synthesis

[Mn,012(CH;CO0),4(H,0)4]-2CH;COOH-4H,0'" (1), [Mn»-
012(EtCO0)5(H,0)3]4H,0"  (2),  [Mn;,05(CsHsCOO) -
(H,0)4-2CH;COOH-4H,0"™®  (3) and [Mn4(CH;COO),-
(pdmH)g]  (pdmH = 2,6-bis(hydroxymethyl)pyridine)®®  (4)
were prepared following literature procedures.

Mesoporous hosts synthesis

SBA-15 type mesoporous silica with pore size D, ranging from
25 A to 100 A, hereafter denoted SBA(D,), were prepared
following the procedure of Zhao et al using a non ionic
alkyl poly(ethylene oxide) surfactant (Brij 56, Aldrich) and a
triblock copolymer (P 123, Aldrich).?! Removal of organic
templates was performed by calcination at 500°C.

Cluster insertion

The incorporation of the 1, 2, 3 and 4 into mesoporous silica
was performed by adding the silica powder to a saturated solu-
tion of the complex in dry solvent. The mixture was stirred for
2 h at room temperature in a closed flask. After filtration, the
brown powder was thoroughly washed several times with
solvent until the filtrate became colorless and dried at room
temperature for 2 h in vacuum. CH3CN was used as solvent
for 1 and 4, and CH,Cl, for 2 and 3. Resuspension of the
nanocomposites for 24 hours in the corresponding insertion
solvent was carried out to check the strength of the cluster—
silica interaction.

Physical measurements

Infrared spectra were recorded as KBr disks or Nujol mulls
between KBr plates on a Perkin Elmer 1600 spectrophoto-
meter. Thermogravimetric (TG) analysis was performed
using Netzsch STA 409 Thermobalance instrument under
argon in the 30-500°C range with a 1°C min~' heating rate.
Powder X-ray diffraction (XRD) data were recorded on a
Philipps Xpert diffractometer, using a Cu target and a back
monochromator (Ko + Ka,) in the 0.5-88° 20 range (Institut
Européen des Membranes, Montpellier, France). Nitrogen
sorption experiments were performed at 77 K on a Micro-
meretics ASAP 2010 and Micromeritics Gemini III 2375
analysers. Specific surface areas (Sggt) were determined by
the BET method,?? porous volume (V,) and pore size (D)) were
calculated by the BJH model on the adsorption branch.?
Magnetic susceptibility data was collected with a Quantum
Design MPMS-XL SQUID magnetometer in a temperature
range of 1.8-350 K and up to 5 T. AC measurements were
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performed in 0.3 mT ac field with an ac frequency ranging
from 1 to 1500 Hz without dc field. Experimental data were
corrected for sample holder and for diamagnetic contribution
calculated from Pascal constants.?*

Transmission Electron Microscopy (TEM) has been per-
formed on a High Resolution Transmission Electron Micro-
scope CM 20 working at 200 kV and on a Transmission
Electron Microscope JEOL 1200 EXII) working at 100 kV.
Samples for TEM measurements were performed using ultra-
microtomy techniques and then deposited on copper grids.

Elemental analysis were performed by the Service Central
d’Analyse (CNRS, Vernaison, France).

Results

Optimization of cluster incorporation

The insertion of cluster 1 into mesoporous silica hosts with a
large range of pore sizes varying from 25 to 100 A was first per-
formed by adding the mesoporous silica powder to a saturated
acetonitrile solution of 1 for 2 h at room temperature. These
conditions were fixed taking into account the solubility and
the stability of 1.

The Mn : Si atomic ratio in the nanocomposites was
obtained from elemental and EDAX analysis, from which clus-
ter amount in weight percent (wt %) could be calculated
(Table 1). The amount of immobilised clusters appears to
highly depend on host porosity. No insertion could be
observed using SBA(25), cluster adsorption on the silica sur-
face probably accounting for the low (0.5 wt %) measured
amount of cluster. For larger pore sizes, the amount of
inserted clusters first increases, reaching a maximum value
for D, = 60 A, and then decreases, as shown on Fig. 1. A max-
imum Mn : Si atomic ratio of 18 : 20 is obtained, correspond-
ing to 0.018 mol of 1 per mol of SBA(60), or 36 wt % of
inserted cluster.

Keeping SBA(60) as the host phase, the reaction conditions
(temperature, reaction time, initial concentration, solvent)
have been varied in order to increase the inserted quantity of
cluster. The insertions performed under mild heating (323 K)
lead to the decomposition of 1, but this was also observed in
the absence of the silica powder. As far as insertion time is con-
cerned, the maximum incorporation is achieved after 2 hours.
Longer reaction times do not improve the amount of inserted
clusters and even induce decomposition after 24 h.

The influence of the initial cluster concentration (Fig. 2)
shows that the maximal insertion is reached for a concen-
tration of 15 g L™'. The EDAX analysis shows that the

Table 1 Amount of inserted clusters, in wt %, for different compo-
sites, before and after resuspension

Inserted cluster (wt %)

Cluster D,/ A before resuspension after resuspension
1 25 0.5 0.5
1 40 20.5 14.0
1 50 29.5 18.5
1 60 34.0 21.5
1 70 32.0 19.5
1 100 15.0 12.0
3 40 16.0 10.0
3 50 17.5 10.5
3 100 16.5 10.5
4 25 7.5 3.5
4 40 19.0 17.5
4 50 26.5 21.0
4 60 28.5 22.5
4 70 27.0 19.0
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amount of inserted cluster / wt %

Fig. 1 Evolution of the amount of inserted cluster 1 and 4 (in wt %)
with mesoporous silica pore size D,,, (®) cluster 1 before and (O) after
resuspension; (M) cluster 4 before and ([J) after resuspension.

composites obtained using initial concentration below this
threshold value are all homogeneous. Increasing the concen-
tration above 15 g L' induces the crystallisation of 1 on the
surface of the silica host, as shown by EDAX analysis. It is
worth noting that repeating the insertion process of 1 in the
same conditions does not permit to increase the amount of
inserted clusters.

The insertion of 2, 3 and 4 in SBA(D,) has been performed
in order to vary cluster size and stability as well as reaction
solvent. All tests for the insertion of 2 using CH,Cl, and
CH;CN as solvents produce its decomposition, whereas it is
stable over days in the absence of silica. The insertion of 3
using CH,Cl, gives the composite materials but the quantity
of inserted cluster is low (17 wt %). Cluster 4 has been confined
in SBA hosts under the same conditions as for 1. A similar
pore size dependence of the inserted amount of clusters is
observed (Fig. 1), up to 28 wt % being inserted in SBA(60)
(Fig. 1, Table 1). Moreover, it is worth noticing that, in con-
trast to 1, a noticeable amount of 4 (7.5 wt %) could be
inserted in SBA(25).1

The 24 hours resuspension process led to an important
decrease in cluster content for all the hosts but this leaching
was more important for large quantity of inserted cluster indi-
cating weak host-guest interactions within the nanocompo-
sites. The remaining quantity of clusters 1 and 4 after

amount of inserted cluster / wt %

T T \ T
0 5 10 15 2 25
initial cluster concentration / g.I'1

Fig. 2 Evolution of the amount of inserted cluster 1 (in wt %)
with initial cluster concentration in SBA(60), (@) before and (O) after
resuspension.

t It is to be noted that, because of the low amount of inserted cluster,
7" measurements for 4 in SBA(25) did not allow a firm conclusion
about the full integrity of the cluster in this porous network.
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intensive washing is reported in Fig. 1 and Table 1. Moreover,
the washing solutions were found to mainly contain decom-
posed clusters.

Structural characterisation of the nanocomposites

Fig. 3 shows the XRD patterns obtained for SBA(60) and the
composite 1-SBA(60) with maximum cluster 1 loading (36 wt
%). The diffractogram for the pure silica displays five peaks
due to the 100, 110, 200, 210, and 300 reflections of the hexa-
gonal structure. Upon insertion, no shift of peak positions is
observed. Moreover, no peaks could be detected above
20 = 5°, suggesting the absence of cluster crystallisation at
the surface or within the pores of the silica host.

Specific surface area and porous volume for SBA(Dp) used
in this work together with 1-SBA(60) and 4-SBA(60) are gath-
ered on Table 2 and the corresponding isotherms for SBA(60)
and 1-SBA(60) are shown on Fig. 4. The isotherm of SBA(60)
has an H2 shape characteristic of SBA-15.2! Upon insertion,
the hysteresis part of the isotherm becomes flatter, taking on
an H4 shape associated with slit-shaped mesopores.”® Such a
change suggests that the insertion of 1 alters the shape of the
accessible pores. In addition, incomplete closure of the iso-
therm during desorption is observed which may indicate par-
tial closure of the pores by occluded particles. Accordingly, a
decrease in surface areas and pore volumes is observed after
cluster insertion. Similar results were obtained for silica hosts
containing 4.

The TEM image for 1-SBA(60) is shown in Fig. 5a. No visi-
ble clusters separated out on the surface of pores can be
observed. Moreover, dense nanoparticles in the 30-40 A size
range, which appear to fill the pores of the silica porous net-
work are observed. Even though image resolution does not
allow a firm conclusion, these nanoparticles might correspond
to aggregates of clusters. The atomic ratio Mn : Si given by
EDS measurements is 18 : 82. The TEM image of 4-SBA(60)
is shown in Fig. 5b. As in the case of 1-SBA(60), no visible
particles separated out on the surface of pores. Although the
particles of 4 inside of the pores cannot be found, a distinctive
signal of manganese is detected by the EDAX measurement,
the atomic ratio Mn : Si being always 6 : 94. This provides
further evidence that most of the clusters 4 are homogeneously
confined into the pore channels.

Influence of insertion on cluster properties

The presence of intact molecular clusters into the silica net-
work could first be ascertained by infrared spectroscopy.
Fig. 6a shows the infrared spectrum of 1. Low frequency bands
in the 500-700 cm™! range (564 cm™", 608 cm™", 640 cm™", 675

Intensity / arb. units

3
26 / degrees

Fig. 3 X-Ray diffraction pattern for SBA(60) (—) and composite
1-SBA(60) (---).
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Table 2 Average pore diameter (D,), specific surface area (Sggr) and
porous volume (V),) for the starting SBA(D,) host and for SBA(60)
incorporating cluster 1 and 4

Dp/A V,/em® g Sper/m> g~
SBA(25) 25 0.40 600
SBA(40) 40 0.50 600
SBA(50) 50 0.70 670
SBA(60) 60 0.95 690
SBA(70) 70 1.05 790
SBA(100) 100 1.80 1390
1-SBA(60) 55 0.60 400
4-SBA(60) 55 0.75 460

em !, 713 em ™) correspond to Mn-O stretches of the cluster
core whereas the 1400-1550 cm™! (1448 cm™!, 1549 cm™',
1558 cm !, 1568 cm™!) bands reflect the carbonyl group vibra-
tions.!” ! Identification of these bands for inserted clusters
was also possible on the 1-SBA(60) spectra together with
SiO, vibration bands at 1080 cm™', 960 cm™' and 800 cm™!
(Fig. 6b), but they appear more clearly when pure SBA(60)
spectra was substracted (Fig. 6¢). It is remarkable that wave-
number shifts for Mn—O core bands were always less than 2
em™!, suggesting that it is fully conserved within the mesopor-
ous host.

The thermogravimetric analyses of 1 and 1-SBA(60) per-
formed under argon atmosphere from room temperature up
to 500°C are shown on Fig. 7. The pristine cluster exhibits
three well-pronounced weight loss steps starting at 95°C
(11.5 wt %), 180°C (14.4 wt %) and 260°C (27.0 wt %). The
first loss was attributed to the departure of acetic acid and
water molecules present in crystal structure of the cluster,
whereas the second correspond to partial elimination of acetic
acid peripheral ligands.?® At higher temperatures, decomposi-
tion of the cluster manganese-oxo core occurs leading to differ-
ent Mn-oxides. In contrast, the TG curve for 1-SBA(60) is
much more complex, with somehow poorly defined steps. A
first loss below 75°C (9 wt %) can be attributed to CH;CN
molecules weakly adsorbed on the silica surface. Between
75°C and 165°C, a slow departure of matter, accounting for
about 7 wt % of total weight, is observed. It is interesting to
note that the loss step corresponding to outer CH;COOH
and H,O molecules found for the pristine cluster powder do
not appear clearly here. It seems reasonable to assume that,
upon dissolution, these molecules leave the cluster proximity
to be replaced by solvating CH3;CN molecules so that this
weight loss may corresponds to acetonitrile molecules
adsorbed on the surface and/or at the vicinity of inserted

8

8 88 8 8

Adsorbed volume / cm® g

8

o

T T T
0 02 04 0.6 0.8 1

relative pressure p/p0

Fig. 4 Nitrogen sorption isotherm plots for SBA(60) (@) and
composite 1-SBA(60)(O).
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Fig. 5 (a, left) TEM image of 1-SBA(60). Scale bar = 100 nm (inset:
scale bar = 20 nm); (b, right) TEM image 4-SBA(60). Scale bar = 100
nm.

Transmission / arbitrary units

500 1000 1500 2000 2500 3000
wavenumber / cm™

Fig. 6 Infrared spectra of (a) 1, (b) 1-SBA(60) and (c) difference
spectra of 1-SBA(60) with SBA(60).

clusters. In contrast, the subsequent step observed for
1-SBA(60) at 165°C with respective weight loss of about 6
wt % could correspond to the second of 1 at 180°C (14.4
wt %), indicating that the cluster molecular structure is main-
tained within the host phase. However, the last step found at
260°C for the pristine cluster appears now splitted in a two
step process, therefore suggesting that the decomposition of
this structure is modified by the interaction with the silica host.

The temperature dependence of the in-phase, 7/, and out-of-
phase, 7", ac magnetic susceptibility for 1 inSBA(60) have been
monitored in a zero external field with different frequencies
ranging from 1 to 1500 Hz (Fig. 8). At 1 Hz, both, y/, the
in-phase and y”, the out-of-phase responses exhibit peaks at
5.11 and 4.52 K, respectively. These peaks shift towards higher

-10

-20 |

-30

-40

weight loss / wt %

-50

T T T T 1

0 100 200 300 400 500
temperature / °C

Fig. 7 Thermogravimetric analyses of 1

1-SBA(60)(O).

(®) and composite
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Fig. 8 Temperature and frequency dependence of (a) the real (y') component and (b) the imaginary (x”) component of the ac susceptibility for
a sample of 1-SBA(60) (Solid lines are guides), and (c) corresponding /n(2nv) vs. 1/T plots of 1-SBA(60). (Solid line represents the least-square fit

of the experimental data to the Arrhénius equation (see text)).

temperature when the frequency increases, as also observed
in 1. This feature is characteristic of super-paramagnetic like
behavior (or SMM behavior). From the frequency dependence
of these peaks, we show that the relaxation time of 1 within the
silica host follows an Arrhenius law, © = toexp(4/kpT), with
activation energy, 4 =72 K and pre-exponential factor,
1o~ 1.03 x 1078 s (Fig. 8c). These parameters are close to these
observed for 1 i.e. with 4 = 69 K and to~1.2x107% 5. The
slight differences in these parameters, compared to the high
sensitivity of a single molecule magnet behaviour, may be
due to the absence in the composite of inter-cluster solvent
molecules (water and acetic acid), in agreement with TG ana-
lysis. It is interesting to note that the low-temperature relaxa-
tion process always present in 1 (4 =37.1 K and 1o~
8.0 x 1071%5) and attributed to the existence of an isomer form
of the cluster of 1 in the solid-state is not observed after inser-
tion inSBA(60).%® Finally, the shape and the coercive field of
the hysteresis loop for 1-SBA(60) measured at 1.8 K, shown
in Fig. 9, are similar to what was observed for 1. The complex
form of the hysteresis can be attributed to the fact that the
cluster still exhibits rotational freedom within the pores so that
it can be oriented by the applied magnetic field.f

Discussion

The successful immobilization of inorganic clusters within
mesoporous hosts depends on several factors that have clearly
appeared in this work. From a geometrical point of view, opti-
mization of the porosity can not only rely on the cluster size.
The largest dimension of 1 is about 17 A, not taking into
account hydrogen atoms. However, it could not be inserted
in SBA(25) and showed an optimum pore size Dp = 60 A.
As a comparison, 4, which is smaller by only ca. 4 A can be
inserted in SBA(25), but exhibits the same optimum host pore
size. This can be attributed to the fact that the clusters enter

to a decrease of the amount of immobilized species, as illu-
strated for 1 and 4. It can be suggested that larger pores ease
the leaching of clusters during the insertion process. As a
result, less molecules can be trapped but these molecules will
be more difficult to remove. For example, it is possible to insert
ca. 35 wt % of 1 in SBA(60), this amount being reduced to
ca. 20 wt % after resuspension. In contrast, only ca. 15 wt %
of the same cluster is immobilized in SBA(100) but ca. 12 wt
% remain in the resuspended powder.

Another crucial point is the nature of the interaction
between the host surface and the cluster. Decomposition of 2
in the presence of the silica powder suggests that the surface
silanol groups may be detrimental to its stability. These inter-
actions also determine the amount of immobilized clusters.
Thus, it is possible to insert about twice as much cluster 1 than
3, even though their sizes differ only by less than 5 A and this
may be attributed to unfavorable interactions between the
silica surface and phenyl groups of 3 outer-shell. Accordingly,
the presence of hydroxyl groups on the pdmH ligand of 4
should lead to hydrogen bond formation with host silanol
groups. As a consequence, upon resuspension of 4-SBA(60),
the amount of inserted clusters is only reduced by ca. 20%
compared to ca. 40% for 1 in the same host. In this context,
the possibility to incorporate a carboxilic acid functionality
on the silica surface should allow a better anchorage of the
clusters.

As far as the host network is concerned, the whole pore
structure appears maintained during the insertion process.
Nitrogen adsorption nevertheless suggests that some of the
pores are filled with clusters, as confirmed by TEM. The
observed slit-shaped pores may arise from the fact that ca.
15 A clusters will not occupy the whole 60 A pore space so that

the porous network surrounded by their solvation shell, which X
increases their overall dimensions. In this context, it is interest- 15
ing to note that it was possible to insert polyoxoanions of ca. 10
20 A large in MCM-41 pores of ca. 21 A using water as a sol-
vent.¥ Moreover, nitrogen sorption analysis provides an aver- 5
age pore size but it might be more relevant to consider the "o 0
small-diameter side of the pore distribution, especially if it g
indicates the presence of narrower necks in the porous net- 2 5
work. Thus, a minimum pore size is needed for insertion to =
occur but, above a given optimum value, larger cavities lead -10
-1
1 Ac susceptibility measurements were also undertaken on 4 in °
SBA(60). However, this cluster exhibits lower blocking temperatures -20 T \ \ T T
(2.03 K at 995 Hz; 1.16 K at 1.1 Hz) than 1, so that the low frequencies -60000 -40000 -20000 0 20000 40000 60000

data could not be fully recorded, preventing the determination of A
and 7. Nevertheless, measurements performed at high frequencies
were consistent with reported data for pristine 4.2

H/Oe
Fig. 9 Hysteresis loop for 1-SBA(60)at 1.8 K.
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the remaining surface should be accessible for the gas analysis.
On the contrary, as mentioned above, the smallest cavities of
the pore size distribution should be fully capped by the inserted
molecules, explaining the absence of closure of the adsorption—
desorption curve.

Finally, investigations of the clusters structure and magnetic
properties within the mesoporous network tend to demonstrate
that they are unmodified by the insertion process. However, we
have noticed the absence of one of the magnetic isomer of 1.
These isomers were reported for several Mn;, SMM in the
solid-state and shown to depend on the arrangement of water
and carboxylate ligands around the Mn-O core.?” It was also
indicated that the two isomers exist in solution. However, in
the case of 1, the two isomer forms could not be separated
and were observed even after outer water and acetate depar-
ture.?® Therefore, since, for this particular cluster, the nature
of the two forms is still controversial, it can only be suggested
that the confinement of the cluster and/or the chemical envir-
onment provided by the pores favor one of the isomers.

Conclusion

The concept of using the well-organized pore systems of meso-
porous SiO, frameworks as templates for arrangement of guest
molecules offer a new synthetic route to host-guest compounds
with very weak host-guest interactions and reduced guest—
guest interactions. By choosing the appropriate pore systems,
the design of a specific assembly of host-guest systems
becomes possible. Hypothetically, the confinement and the
organization of SMM materials in host matrices could lead
to: (i) the intrinsic response of SMM; (ii) the inter-cluster dis-
tance control; (iii) the increase of the anisotropy by a minimi-
zation of the distribution of the easy magnetization axis
orientations of each cluster; (iv) the control of the relaxation
processes; (v) the processability and the protection of the
clusters. In this work, three manganese-based SMM, [Mn,-
012(RCO0);6(H20)4] (R = CHj;, CgHs), and [Mny(CH;-
COO)x(pdmH)g] were incorporated in mesoporous silica with
pore sizes ranging from 25 A to 100 A. We show that an opti-
mum host pore size exists which maximizes cluster insertion.
Overall magnetic properties of the clusters are revealed to be
unmodified by the insertion process but one of the two cluster
magnetic isomers appears to be favored within the pores.

It is nevertheless worth noting that if this approach appears
successful in elaborating materials where SMM are isolated,
no control of the inter-cluster distance and/or the organization
of these clusters inside of the pores have yet been achieved. We
are currently studying the possibility to immobilise SMM sys-
tems in mesoporous thin films where lower dimensionality of
the host should reduce the spatial distribution of the inserted
species and may therefore provide an adequate medium for a
better control of cluster organization and orientation.
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