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The new methacrylate-substituted manganese carboxylate cluster [Mn;,0,,{CH,C(CH3)COO}4(H,0),4]
having single molecule magnetic (SMM) properties was synthesized and fully characterized by X-ray
crystallography, LDI-TOF, fast atom bombardment (FAB) analyses and magnetic measurements. This cluster,
containing sixteen polymerizable functionalities, was used as a cross-linker in the radical copolymerization with
methyl methacrylate monomer in order to obtain hybrid cross-linked copolymers. The obtained
nanocomposites were studied by infrared spectroscopy, magnetic measurements, thermogravimetric analysis,
differential scanning calorimetry and transmission electronic microscopy. All these methods, along with the
study of the swelling properties, reveal that the intact manganese cluster is enwrapped and covalently bonded to
the polymer matrix, allowing to improve its chemical and thermal stability. The resulting nanocomposite

materials have SMM properties.

Introduction

Polymeric organic-inorganic nanocomposites include a special
class of hybrid materials originating from intimate combi-
nations of inorganic nanoparticles or nanoclusters with poly-
mers, resulting in materials that exhibit unique physical
properties.! These nanocomposites have attracted a great deal
of attention in the field of materials science because their
properties can be derived from the successful combination of
the characteristics of the parent constituents into a single
material. The use of polymers as matrixes adds flexibility to
the system and endows nanocomposite materials with good
processability, which is important for technological applica-
tions. In addition, the polymeric matrixes can provide specific
mechanical, rheological, optical, conducting or electrical pro-
perties, which can be taken together with the unique properties
of the nanosized objects. Indeed, polymeric nanocomposites
have found successful applications in various areas, including
optics,? microelectronics,® biology,* sensors® and catalysis.®

1 Electronic supplementary information (ESI) available: figures
showing the IR spectrum, molecular packing, FAB-MS spectrum
and field dependence of the magnetization of [Mn;,0,,{CH,C(CHj3)-
COO}IG(H20)4]4CH2C(CH3)COOHCHzclz, as well as the IR
spectrum of the R = 200 copolymer and a plot of T, as a function
of R for the copolymers. See http://www.rsc.org/suppdata/nj/b4/
b402080d/

This journal is © The Royal Society of Chemistry and the
Centre National de la Recherche Scientifique 2004

Many investigations regarding the development of the incor-
poration techniques of nanoparticles into polymeric matrixes
have been published."” In most of the cases, such combina-
tions require blending or mixing of inorganic species, such as
metal or metal oxide nanoparticles with organic polymers,
using the latter in solution or in a melt form.” Recently dis-
covered soft chemistry processes offer interesting approaches
to the chemical design of hybrid nanocomposites in which
inorganic components at the nanosize level and polymeric
matrixes are covalently linked.® One of these approaches con-
sists in the copolymerization of well-defined inorganic nano-
clusters containing polymerizable functionalities with organic
polymers in hybrid copolymer networks.® Several acrylate-
and methacrylate-substituted clusters, such as siloxane,'°
stannoxane,11 oxo-zirconate,12 oxo—ti‘[anate,13 oxo-molyb-
date'* and oxo-tungstate'® offering interesting optical and
catalytic properties, have been used as cross-linkers in the
copolymerization with methyl methacrylates in order to design
hybrid copolymers. In these systems, functionalized clusters
act as nanobuilding blocks and cross-linkers in order to create
covalently cross-linked networks. The nanostructure, degree of
organization and properties of these copolymers depend on
the chemical nature of their components and may also depend
on the synergy between these components.

Manganese oxide clusters of general formula [Mn;,0,-
(RCOO0)(H>0)4] (R = alkyl, aryl) present remarkable mag-
netic properties, which are called single-molecule magnetic
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(SMM) behaviour.'® These molecules have a large spin ground
state together with a strong uniaxial anisotropy, resulting in an
energy barrier for spin reversal.!” This feature is characterized
by a slow relaxation of the magnetization, which gives rise to a
“metastable magnet” with out-of-phase ac magnetic suscep-
tibility signals and stepwise hysteresis effects similar to those
observed in bulk magnets.'® Additionally, these molecules
display quantum tunnelling of the magnetization and quantum
phase interference. Therefore, these clusters can be represented
as superparamagnetic particles of a sharply defined size that
may offer new possibilities for high-density information
storage, at the molecular level, and quantum-computing
applications.

In recent years, an important effort has been focused on the
design of nanocomposite materials based on magnetic clusters
in order to control the dispersion of these individual molecules
or molecular aggregates into organic or inorganic matrixes.
Indeed, the dispersion of [Mn;;0;,(RCOO);s(H,0)4] mole-
cules into organized multilayered Langmuir-Blodgett films'®
and polymeric thin film?*® has recently been reported. Hexa-
gonal mesoporous silica hosts have also been used for the
incorporation of manganese carboxylate clusters on the
nanometer scale into the one-dimensional channels.?' In all
of these reported approaches, the cluster molecules are ran-
domly dispersed inside organic or inorganic matrixes and
host-guest interactions may be considered as very small or
negligible. To the best of our knowledge, SMM clusters have
never been used as building blocks and cross-linkers in design-
ing hybrid copolymer networks. This approach should allow
the preparation of magnetic organic-inorganic hybrid copoly-
mers in which a polymer matrix will enwrap and protect cluster
molecules in order to improve their chemical and/or thermal
stability. The covalent bond between the cluster and the
organic matrix may allow the control and modulation of the
polymer-to-cluster ratio. Moreover, the possibility of varying
the number of polymerizable functionalities of the magnetic
cluster and the polymer-to-cluster ratio should allow us to
modify the morphology and physical properties of hybrid
copolymers. In addition, this approach should favour the
processability of these materials. Here we report the synthesis,
the characterization and the study of the physical properties of
polymer-based nanocomposites containing a methacrylate-
substituted high-spin manganese carboxylate cluster [Mn;,0,-
{CH,C(CH3)COO}4(H,O)4] covalently bonded to the
polymeric matrix.

Experimental

All chemicals and solvents were used as received. Methyl
methacrylate (MMA) was treated with a 4% solution of
K,COj; in order to remove the stabilizer. All preparations
and manipulations were done under aerobic conditions.
[Mn;,0,,(CH3COO);4(H,0),4]-4H,0-2CH;COOH was pre-
pared as previously described.*?

Syntheses

Cluster [Ml'l 120 12{CH2C(CH3)COO} 16(H20)4] . 4CH2C(CH3)-
COOH - CH,Cl,. To a slurry of complex [Mn;,0,(CHs-
C00),4(H,0)4]-4H,0-2CH3COOH (1.0 g; 0.49 mmol) in 50 mL
of toluene was added HO,C(CH3)CCH, (0.137 g, 16 mmol).
The solution was allowed to stir for 1 h. Then, the mixture
was concentrated under vacuum to remove the acetic acid.
The resulting solid and additional HO,C(CH3)CCH,(0.137 g,
16 mmol) were dissolved in toluene (50 mL), stirred 1 h and
then concentrated to remove the acetic acid. In order to sub-
stitute all of the acetate ligands, this procedure was repeated
once more. The resulting brown powder was recrystallized
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by slow diffusion of hexane into a CH,Cl, solution of the
complex. Brown crystals suitable for structural determination
by X-ray crystallography were obtained after 24 h. Yield:
65%. Elem. anal. caled for CgH;14Cl.Mn ,0s6: C, 35.82;
H, 4.20; CI, 2.61; Mn, 24.32%; found: C, 36.53; Cl, 2.57;
H, 4.33; Mn, 24.36. IR (cm~!, KBr disk): (C=C) 1635(w),
v45(OCO)  1560(m), v,5(OCO) 1419(s), S(C-H) 941(m),
v(Mn-0) 626(m).

Poly(methyl methacrylate) (PMMA). 2,2'-Azobis(isobutyro-
nitrile) (AIBN; 0.032 g, 2x 10~* mol) and two drops of
dibutylphthalate (DBPh; 0.048 g, 1.72x10™* mol) were
added to MMA (1 g, 1x 1072 mol). The reaction mixture
was heated to 60 °C under vacuum in a sealed tube for 48 h.
The obtained PMMA is a transparent glassy solid. IR
(em™Y): (C=0) 1721(vs), (C-0) 1140(vs).

Hybrid copolymers. The copolymers were obtained by radi-
cal-initiated copolymerization of the cluster with MMA. A
typical synthesis was performed as follows: [Mn;,0,{CH,-
C(CH3)COO}14(H,0)4]-4CH,C(CH3)COOH-CH,Cl, was dis-
solved in a mixture of DBPh (two drops) and MMA (1 g,
1 x 1072 mol) at room temperature and then the brown solu-
tion was filtered. AIBN (0.035 g, 2.32 x 10~* mol) was added
and the reaction mixture was heated to 60°C under vacuum
in a sealed tube for 48 h. The brown solids were washed several
times with THF and then dried in vacuo. Six copolymers with
different molar ratios, R = n(MMA)/n(cluster), equal to
100, 200, 300, 500, 800 and 1000 were synthesized. The
quantities of the cluster used for the syntheses were: for
R =100, 0.265 g (1 x 10~* mol); R = 200, 0.132 g (5x 107°
mol); R = 300, 0.088 g (3.33 x 10~ mol); R = 500, 0.053 g
(2x107° mol); R =800, 0.033 g (1.25x 107> mol); R =
1000, 0.026 g (1 x 107> mol). Percadox-16S was also employed
as initiator instead of AIBN. In this case, the same procedure
was used, but the reaction mixture was heated to 40°C.
Copolymer R = 100. Elem. anal. calcd for CgHgoMn 5,044/
100(CsHgO,): C, 55.42; H, 7.20; Mn, 5.40%; found: C, 55.61;
H, 7.10; Mn, 5.22. IR (cm~', KBr disk): (C = O) 1732(vs),
V(C=C) 1638(vw), r,(OCO) 1562(m), v,(OCO) 1421(m),
v(C-0) 1150(vs), v(Mn-O) 633(m).

Copolymer R = 200. Elem. anal. calcd for CgHgoMn 5,044/
200(CsHgO,): C, 57.48; H, 7.56; Mn, 2.97%; found: C, 57.69;
H, 7.77; Mn, 2.43. IR (cm™!, KBr disk): (C=0) 1731(vs),
(C-C) 1638(vw), 1,(OCO) 1563(m), v,(OCO) 1430(m),
v(C-0) 1149(vs), v(Mn-0O) 635(m).

Copolymer R = 300. Elem. anal. caled for CgsHgoMn 5044/
300(CsHgO,): C, 58.26; H, 7.69; Mn, 2.04%; found: C, 58.41;
H, 7.40; Mn, 2.21. IR (cm™!, KBr disk): (C=0) 1729(vs),
v(C=C) 1638(vw), r,(OCO) 1560(m), vy(OCO) 1451(m),
v(C-0) 1148(s), (Mn-0) 629(vw).

Copolymer R = 500. Elem. anal. calcd for CgHgoMn 2,044/
500(CsHgO,): C, 58.92; H, 7.81; Mn, 1.26%; found: C, 58.69;
H, 7.90; Mn, 1.02. IR (cm™!, KBr disk): #(C=0) 1729(vs),
v(C=C) 1638(vw), r4(OCO) 1563(m), vy(OCO) 1451(s),
v(C-0) 1149(s), v(Mn-0) 629(vw).

Copolymer R = 800. Elem. anal. caled for CgyHgoMn 5044/
800(CsHgO,): C, 59.31; H, 7.89; Mn, 0.80%; found: C, 59.55;
H, 8.17; Mn, 0.61. IR (cm™!, KBr disk): (C=0) 1731(vs),
v(C=C) 1638(vw), r4(OCO) 1560(m), v,(OCO) 1450(s),
v(C-0) 1148(vs), v(Mn-0) 629(vw).

Copolymer R = 1000. Elem. anal. calcd for Cg4HgoMn5Oy44/
1000(CsHgO,): C, 59.79; H, 7.96; Mn, 0.65%; found: C,
59.96; H, 8.07; Mn, 0.61. IR (cm™!, KBr disk):v(C=0)
1728(vs), v(C=C) 1638(vw), v,(OCO) 1560(m), v4,(OCO)
1451(s), »(C-0) 1145(vs), ¥(Mn-0) 600(vw).

This journal is © The Royal Society of Chemistry and the
Centre National de la Recherche Scientifique 2004
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X-Ray crystallographic studies of
[Mn;,0,,{CH,C(CH3)COO0};6(H20)4] - 4CH,C(CH3)
COOH M CH2C12

Data were collected at low temperature (7 = 100 K) on a
four-circle Kappa CCD Xcalibur Oxford diffractometer, using
graphite-monochromated Mo-Ka radiation (4 = 0.71073 A)
and equipped with an Oxford Instruments Cryogenic Nitrogen
jet Cooler Device. Numerical absorption corrections were
applied using the CrysAlis System (RED Version 1.170.14;
release 21.11.2002 CrysAlis170). The final unit cell parameters
have been obtained by means of a least-squares refinement
performed on a set of 8000 well-measured reflections and the
crystal decay has been monitored. No significant fluctuations
of intensities were observed during the data collection. The
crystallographic data for [Mn;,0;,{CH,C(CH3)COO} ¢
(H,0),4]-4CH,C(CH3)COOH-CH,Cl, are listed in Table 1. The
structure has been solved by direct methods using SIR92%
followed by Fourier synthesis and refined by means of least-
squares procedures on > (SHELXL97).2* The atomic scatter-
ing factors were taken from the International Tables for
X-Ray Crystallography.?® The hydrogen atoms of the metha-
crylate ligands and molecules of methacrylic acid were located
on difference Fourier maps and idealized positions were intro-
duced in the refinement. The C-H distances were fixed at
0.93 and 0.96 A for C(sp?) and C(sp®) atoms, respectively. The
isotropic parameters were fixed higher than the U, values by
20% and 50% for C(sp?) and C(sp®) atoms, respectively.
Methyl groups were refined by using a specific model, with
the torsion angle as a free variable. The hydrogen atoms
H(102) and H(201) connected to -COOH groups of the two
methacrylic acid molecules were isotropically refined. For the
hydrogen atoms H(11w), H(12w) and H(21w), H(22w) con-
nected to oxygen atoms O(1w) and O(2w), respectively, their
coordinates were calculated using the modelling program
HYDROGEN.?® This program uses a combination of geo-
metric inspections of the environments of H,O molecules
and force field calculations on the basis of hydrogen-bonding
interactions. Consequently, coordinates of these hydrogen
atoms were not refined and Ujso; were fixed at 20% higher
than those of the oxygen atoms to which they were connected.
A molecule of dichloromethane was located and found to be
strongly disordered. Some restraints put on the interatomic

Table 1 Crystal data and structure refinement for [Mn;,0;,{CH,C-
(CH;3)COO0}16(H,0),4]-4CH,C(CH;3)COOH-CH,Cl, .

Empirical formula Cs1H114CL,056Mn 2

Formula weight 2711.9
Temperature/K 100(2)
Wavelength/A 0.71073
Crystal system Monoclinic

Space group C2/c (no. 15)

a/A 30.445(6)
b/A 14.098(3)
¢/A 29.300(6)
p/° 116.28(3)
U/A3 11276(4)
V4 4
Absorption coefficient/mm ™" 1.422
Reflections collected 83421
Unique reflections 11358
Rint 0.0414
Ry [I > 2a(D)] 0.0402
wRy [I > 2a(D)]" 0.0904
R; (all data) 0.0456
wR; (all data)” 0.0931

“ Weighing scheme: w = 1/[0%(Fy2) + (0.0295P)> +63.207P] where
P = (F:+2F})/3)

This journal is © The Royal Society of Chemistry and the
Centre National de la Recherche Scientifique 2004
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distances and angles were used in order to get a chemically
reasonable model. All non-hydrogen atoms were anisotro-
pically refined and in the last cycles of refinement a weighting
scheme has been used. Criteria for a satisfactory complete
analysis were the ratios of root mean square shift standard
deviations being less than 0.1 with no significant features in
final difference Fourier maps.i

Physical measurements

Infrared spectra were recorded in KBr disks on a Nicolet
model 510 P spectrophotometer and on a Perkin Elmer 2000
spectrophotometer equipped with attenuated total reflectance
(FTIR-ATR Benchmark “In compartment” with ZnSe
platine) with 4 cm™! resolution. Thermogravimetry analyses
(TGA) were performed using a Netzsch STA 409 instrument
under air or argon from 25 to 700°C at a heating rate of
2°C min~". Differential scanning calorimetry (DSC) was per-
formed using a Mettler Toledo Star SSW 7.01 instrument
under nitrogen from 25 to 150°C at a heating rate of 10°C
min~'. Spontaneous cooling has been performed under nitro-
gen atmosphere. It was used to evaluate any enthalpic events
and to monitor glass transition temperatures (7). Laser deso-
rption/ionization time-of-flight mass spectra (LDI-TOF MS)
were recorded with an Applied Biosystems Voyager System
1104 mass spectrometer equipped with a nitrogen laser (337
nm) without matrices. LDI conditions: accelerating voltage,
24000 V; guide wire, 0.05% of accelerating voltage; grid vol-
tage, 94% of accelerating voltage; delay extraction time is of
550 ns. The samples were prepared by dissolving the cluster
in an approximately 1:100 ratio in CH5CN and then applying
a 2 uL sample of the solution onto the stainless steel sample
holders used in the instrument. The samples were run immedi-
ately after air-drying at room temperature. Fast atom bom-
bardment (FAB) analyses were recorded with a JEOL
DX300 mass spectrometer. Nitrobenzyl alcohol was used as
a matrix for the measurements. Magnetic susceptibility data
were collected with a Quantum Design MPMS-XL SQUID
magnetometer in a temperature range of 1.8-350 K and up
to 7 T. Ac measurements were 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 the sample
holder and for diamagnetic contributions calculated from
Pascal constants.?” Transmission electron microscopy (TEM)
has been performed on a JEOL 1200 EXII working at 100
kV. Samples for TEM measurements were prepared using
ultramicrotomy techniques. Elemental analyses were perfor-
med by the Service Central d’Analyses (CNRS, Vernaison,
France).

Characterization of the degree of swelling

The samples of copolymers were placed in an appropriate
solvent and allowed to equilibrate for 1 day at 25°C. Equili-
brium was attained when the weight of the swollen copolymer
remained constant. The samples were then dried in vacuo at
40°C in order to obtain the weight of the dried copolymer.
The swelling index, I, can be calculated at the swelling
equilibrium at 25°C according to the formula: Iy, = 100-
(Myet — Mary)/ Mary , Where M, is the weight of the swollen
copolymer gel and My, is the weight of the dry copolymer.?®
All degrees of swelling were determined in triplicate and the
average values are presented.

I CCDC reference number 210936. See http://www.rsc.org/
suppdata/nj/b4/b402080d/ for crystallographic data in .cif or other
electronic format.
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Results and discussion

Synthesis and characterization of the methacrylate-substituted
[Mn;,012{CH,C(CH3)COO}14(H20)4] - 4CH,C(CH3)
COOH - CH,Cl,; cluster

[Mn;,04,[CH,C(CH3)COO}6(H,0),4]-4CH,C(CH3)COOH-
CH,Cl, was prepared in 65% yield via a ligand exchange
reaction as summarized in eqn. (1):

[Mny,0,,(CH;COO0),,(H,0),] + 16CH,C(CH;)COOH
[Mn;,01,{CH,C(CH;)COO},,(H,0),] + 16CH;COOH
(1)

As usually observed in the case of such reactions, the two
clusters in equilibrium are both likely present in solution.?
The complete substitution of [Mn;,0,,(CH3COO)(H,0)4]-
2CH;COOH-4H,0 was achieved by two successive treatments
with a 2 molar-fold excess of the methacrylic acid and the
acetic acid was removed from the reaction mixture by vacuum
distillation.

The infrared spectrum of [Mn;,0;,{CH,C(CH;)COO} -
(H,0)4]-4CH,C(CH3)COOH-CH,Cl, (Fig. 1S, ESI) exhibits
the low frequency bands of the cluster in the 500-800 cm ™!
range (455, 551, 626, 665 and 714 cm™') corresponding to
Mn-O stretches of the cluster core. The regions around 1560
and 1420-1450 cm ™! exhibit the antisymmetrical and symme-
trical OCO stretches, respectively, of carboxylate ligands in
their usual syn, syn bidentate bridging mode.*® The IR spec-
trum shows also the ¥(C=C) absorption at 1635 and 6(C-H)
absorption of —C(CH3)CH, at 940 cm ™!, characteristic of the
double bonds of the coordinated methacrylate ligands.

Single crystal X-ray structure analysis performed at 100 K
revealed that this compound crystallizes in the monoclinic
space group C2/c (no. 15) (Table 1). Four molecules of metha-
crylic acid and one molecule of CH,Cl, are present in the unit
cell. Fig. 1 shows the molecular structure of [Mn;,0,{CH,C-
(CH3)COO}16(H20)4]4CH2C(CH3)COOHCH2C12 along the
crystallographic a axis. The Mn;,0,, core structure is similar
in many respects to the previously described [Mn,0,-
(RCOO),4(H,0)s] compounds.’’ The central [Mn"4O4]
cube-like core is surrounded by a non-planar ring of eight
outer Mn'™ ions that are bridged and connected to the cube
via 13-0*~ ions. The peripheral ligation is achieved by sixteen
bridging methacrylate ligands, eight in equatorial and eight in
axial positions, and four terminal water molecules. The
arrangement of the latter is in a 1:1:1:1 fashion with alternating
up and down positions.

Table 2 lists the average Mn—O bond lengths around each
manganese ion. The average value of the six Mn-O bond

Fig. 1 Crystal structure of the [Mn;,0,{CH,C(CH;)COO}¢-
(H,0)4] unit along the crystallographic a axis. Hydrogen atoms and
solvent molecules have been omitted for clarity.
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Table 2 Selected bond distances (A) for [Mn;,0,{CH,C(CHj3)-
COO} 14(H,0)4]-4CH,C(CH3)COOH-CH,Cl, .

Mn(1)-0(17) 1.8202(19) Mn(1)-O(18) 1.8975(19)
Mn(1)-0(6) 1.952(2) Mn(1)-O(1) 1.976(2)
Mn(1)-0(3) 2.114(2) Mn(1)-O(1W) 2.188(2)
Mn(2)-O(18) 1.8594(19) Mn(2)-O(19) 1.9057(19)
Mn(2)-O(13) 1.940(2) Mn(2)-O(5) 1.948(2)
Mn(2)-O(16) 2.162(2) Mn(2)-0(12) 2.220(2)
Mn(3)-O(19) 1.8792(19) Mn(3)-O(18) 1.8594(19)
Mn(3)-0(20) 1.9305(19) Mn(3)-0(21) 1.8980(18)
Mn(3)-O(11) 1.9475(19) Mn(3)-O(20)#1 1.9305(19)
Mn(4)-0(22) 1.8638(19) Mn(4)-O(17) 1.8854(19)
Mn(4)-0(20) 1.9076(18) Mn(4)-OQ21)#1 1.9354(18)
Mn(4)-0(21) 1.9387(18) Mn(4)-0(10) 1.9414(19)
Mn(5)-O(17) 1.9066(19) Mn(5)-0(22) 1.8935(19)
Mn(5)-O(7) 1.945(2) Mn(5)-0(2) 1.943(2)
Mn(5)-O(9) 2.229(2) Mn(5)-O(4) 2.178(2)
Mn(6)-O(22)#1 1.904(2) Mn(6)-O(19) 1.8859(19)
Mn(6)-O(14) 1.984(2) Mn(6)-O(8)#1 1.956(2)
Mn(6)-O(2W) 2.182(2) Mn(6)-O(15) 2.122(2)

lengths for the Mn** ions is quite short and equal to 1.86 A.
On the other hand, the Mn—O bonds of the Mn>™" ioons are
divided into two groups, equatorial bonds (1.89-1.98 A) and
axial ones (2.11-2.22 A), which are about 10% longer. This
elongation of axial Mn-O bond lengths compared to the
equatorial ones is caused by the Jahn-Teller distortion in
Mn?" ions. The four water oxygen atoms are involved in the
lengthening of the Mn-O bonds. The eight Jahn-Teller axes
form angles of 15-40° with the crystallographic b axis.

The cluster in the molecular packing of the unit cell (Fig. 2S,
ESI) appears to possess a number of weak intermolecular
hydrogen bonds, involving C-H- --O, O-H---O and C-H- - -Cl
interactions of the cluster molecules with CH,C(CH;)COOH
and of the cluster molecules with CH,Cl, interstitial solvent
molecules. There are O-H- --O and C-H: - -O interactions with
O---0 and C---O distances of 2.766-3.979 A (with a mean
value of 3.328 A) and 3.379-3.921 A (with a mean value of
3.478 A), respectively, and C-H- - -Cl interactions with C- --Cl
distances of 3.795 A. These values are typical of these types of
hydrogen-bonding contacts.!

The LDI-TOF mass spectrometric technique provides an
accurate determination of the molecular mass of carboxylate
clusters.® The mass spectrum of [Mn;,01,{CH,C(CHj)-
COO} 6(H,0)4]-4CH,C(CH3)COOH-CH,Cl, has been recor-
ded without matrix because the cluster has an absorption at
the wavelength of the laser source (337 nm). The high mass
region (above 500 Da) of the LDI-TOF mass spectrum
recorded in positive mode (Fig. 2, top) reveals only one series
of well-distinguished peaks. The first one at m/z = 2211
corresponds to the molecular ion [Mn;,O,{CH,C(CHj)-
COO0} 4]". Obviously, the molecules of crystallization [CH,C-
(CH3)COOH and CH,Cl,] and the four coordinated water
molecules initially present in the cluster have been removed
under the high vacuum conditions used for the experiments.
The observed sequence of peaks (2126, 2041, 1956, 1871 and
1786 m/z) corresponds to the stepwise loss of one methyl
methacrylate  unit  (Am = 85):  [Mn;,0;,{CH,C(CH;)-
COO}IS]+ (m/z = 2126), [Mnlzo12{CHzC(CH3)COO}14]+
(m/z =2041),  [Mn;,0,2{CH,C(CH;)COO}5]" (m/z =
1956), [Mn,0,,{CH,C(CH3)COO} 5]" (m/z = 1871), [Mn,,-
01,{CH,C(CH3)COO},]* (m/z = 1786). Furthermore, the
high-mass region of the LDI-TOF mass spectrum recorded in
negative mode (Fig. 2, bottom) also shows only one series of
peaks (2210, 2124, 2040, 1954, 1870, 1784 m/z), which can
be assigned to the sequence [Mn;,0,{CH,C(CH;)COO} 4]
(m/z = 2211),  [Mn;;05{CH,C(CH;3)COO{;s]” (m/z =
2126), [Mnlelz{CHZC(CH3)COO}14]7 (m/Z = 2041),
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Fig. 2 High mass region of the LDI-TOF mass spectra of
[Mn;,0,,{CH,C(CH;3)COO},(H,0)4]-4CH,C(CH3)COOH-CH,Cl,
recorded in positive (top) and negative (bottom) modes.

[Mn,0,{CH,C(CH3)COO} 3] (m/z = 1956), [Mn;,05-
{CH,C(CH3)COO},]” (m/z =1871), [Mn,0,,{CH,C-
(CH3)COO}1]” (m/z = 1786). The same distribution of
peak intensities with the most significant peaks attributed to
the fragments [Mnlelz{CHQC(CH3)COO} 14]Jr and [Mnlzolz-
{CH,C(CH3)COO} 4] is present in the positive and the
negative modes, respectively, and is common to all of the clus-
ters already studied by the MALDI-TOF technique.*' Clearly,
starting from [Mn;,0;,{CH,C(CH;3)COO}¢]", the sequent
loss of methyl methacrylate units leads to the formation of
fragments [Mn;>0,,{CH,C(CH;3)COO}s_,]", which are
observed in the positive ion mode spectra. As proposed
previously,*? the formation of the series of negative fragments
[Mn;,0,,{CH,C(CH3)COO} ¢ _ ]~ detected in the negative
ion mode spectra may probably originate from a dispropor-
tionation of neutral fragments [Mn;,O,,{CH,C(CHj)-
COO} 6 ], leading to [Mn;,01,{CH,C(CH;)COO} 6 ,]"
and [Mnlelz{CHzC(CH3)COO} 16 — n]_' An oxidative
decarboxylation of the latter may lead to [Mn;,O,{CH,C-
(CH;3)COO} 5 _,]~ while the loss of a carboxylate anion may
lead to the neutral [Mn;,0,{CH,C(CH;)COO} 5 _,].

The FAB analysis, using NBA as the matrix, performed in
negative and positive modes on [Mn;,0;,{CH,C(CHj)-
COO0}16(H,0)4]-4CH,C(CH3)COOH-CH,Cl, (Fig. 3S, ESI)
confirms the structure. In both modes, the first observed peaks
are at 2285 and 2283 m/z, which correspond to the molecular
entities [Mnlelz{CHZC(CH3)COO}16(H20)4]+ or [Mn12012'
{CH,C(CH3)COO}6(H,0)4] ", respectively. As expected, the
molecules of crystallization of methacrylic acid and CH,Cl,
are not conserved after solubilization of the cluster in NBA
and as a consequence cannot be viewed in the FAB spectra.
However, in contrast to the LDI-TOF analysis, the FAB
experiment does not require high vacuum conditions. As a
consequence, the presence of the four coordinated water
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molecules in the molecular entity has been detected. The spec-
trum in the positive mode shows a sequence of nine peaks at
2282, 2210, 2126, 2041, 1956, 1877, 1786, 1701, 1616 m/z,
which can be attributed to the entities [Mn;,0,,{CH,C(CH3)-
COO0}14(H,0),]*, the fragments [Mn;,0;>{CH,C(CHj3)-
COO} 16 _ " (with n varying from 0 to 7) obtained by the
stepwise loss of the methyl methacrylate unit CH,C(CH3)-
COO® (Am/z = 85). A similar situation is observed in the
negative mode spectrum. The observed peaks (2282, 2209,
2125, 2040, 1955, 1876, 1785, 1700 and 1615 m/z) can also
be attributed to the entities [Mn;,01,{CH,C(CH3)COO} ¢
(H,O)4]© and the fragments [Mn;,0;,{CH,C(CHj)-
COO} 16—, (n varies from 0 to 7). As observed in the case
of LDI-TOF experiment, the most intense peaks in the FAB
experiments correspond to the fragments [Mn;,O;,{CH,C-
(CH3)COO} 4] (z = +1 or —1).

The thermogravimetric analysis of [Mn;,01,{CH,C(CHj)-
COO0}6(H,0)4]-4CH,C(CH3)COOH-CH,Cl, was performed
under argon from room temperature up to 700°C with a
heating rate of 2°C min~!, as shown in Fig. 3. The thermo-
gravimetric curve exhibits four weight losses with inflection
points at 73, 111, 160 and 380°C, as the temperature was
increased. The three first weight loss steps of 3.3, 6.5 and
3.3% correspond to the successive losses of one, two and one
molecules of crystallized methacrylic acid. Visibly, the CH,Cl,
of crystallization initially present in the cluster has been
removed in the early stage of the experiment by the flow of
argon. The loss of all crystallization molecules leads to the
cluster [Mn;,0;,{CH>C(CH3)COO};4(H,0)4].>* The thermo-
gravimetric analyses performed under air shows that the clus-
ter starts to decompose at 160 °C and the formation of Mn;04,
proved by X-ray powder diffraction analysis and magnetic
measurements, is observed at 600 °C.3*

The magnetic properties of [Mn;,0,{CH,C(CH3)COO} ¢-
(H,0),4]-4CH,C(CH3)COOH-CH,Cl, were studied in ac and
dc modes on polycrystalline samples. The temperature depen-
dence of the in-phase, 7/, and out-of-phase, y”, components of
the ac susceptibility were measured in a zero external field with
different frequencies ranging from 1 to 1500 Hz (Fig. 4). At 1
Hz, both ' and y” responses exhibit a single peak at 4.5 and
4.0 K, respectively, which shift towards higher temperature
when the frequency increases. This feature is characteristic of
superparamagnetic-like behaviour (or SMM behaviour).'®!’
The frequency dependence of these peaks can be analysed by
the Arrhenius law, © = 1o exp(4/kgT), as shown in Fig. 5.
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Fig. 3 Thermogravimetric analysis of
COO0}14(H,0)4]-4CH,C(CH3)COOH-CH,Cl, .
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[Mn;,0,,{CH,C(CH;)COO},6(H,0)4]-4CH,C(CH3;)COOH-CH,Cl, .

The activation energy 4/kp and the pre-exponential factor 7,
were estimated to be 66 K and 8.5 x 1077 s, respectively. These
values are close to those observed for other Mn, complexes.29
The field dependence of the magnetization measured for the
cluster (at 1.8 K with a sweep rate of about 50 Oe s~ ) reveals
a large coercive field around 0.8 T (Fig 4S, ESI). The step
feature observed on the curve is probably due to the field
reorientation of the crystals under magnetic field. The crystals
have not been blocked into a wax but only packed tightly
into a plastic bag.
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Fig. 5 Ln(27w) VSs. 1/TB plOt of [Mn]zolz{CHzc(CH:;)COO}|6-

(H,0)4]-4CH,C(CH;3)COOH-CH,Cl, . Solid line represents the least-
squares fit of the experimental data to the Arrhénius equation.
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Synthesis and characterization of the cluster-reinforced
copolymers

The copolymerization of [Mn;,0;,{CH,C(CH3)COO} ¢
(H,0)4]-4CH,C(CH3)COOH-CH,Cl, with a 100- to 1000-fold
excess of methyl methacrylate initiated by AIBN was per-
formed at 60 °C under vacuum for 48 h using DBPh as a plas-
ticizing agent. The representation of the copolymerization of
one of the methacrylate ligands of the cluster with MMA is
shown in Scheme 1. The initial concentration of the cluster
was varied in order to obtain networks with different amounts
of cross-linking agent. In this respect, copolymers with a molar
ratio R = MMA /cluster = 100, 200, 300, 500, 800 and 1000
were synthesized. After washing with THF, brown glassy
solids with no measurable surface area were obtained. These
materials are transparent when the cluster proportion is low,
R > 100 but become opaque when the cluster proportion is
increased (R = 100). The experimental conditions were fixed
taking into account the solubility and the stability of [Mn;,O,-
{CH,C(CH3)COO}4(H,0)4]-4CH,C(CH3)COOH-CH,Cl, .
The copolymerization may also be performed at lower
temperature, i.e. 40 °C instead of 60 °C, when the radical ini-
tiator Percadox-16S is used instead of AIBN. No difference
has been observed in the aspect and physical properties of
copolymers obtained using AIBN or Percadox-16S initiators.
Finally, a copolymerization performed under heating at 80°C
using dibenzoyl peroxide as initiator led to the homo-
polymerization of the methyl methacrylate monomer and gave
pure poly(methyl methacrylate), accompanied by the partial
decomposition of the cluster, which leads to manganese
oxide particles.

The presence of the intact cluster core inside the polymer
matrixes has been ascertained by infrared spectroscopy (Fig.
5S, ESI). The low frequency bands in the 500-750 cm ™' range
(456, 512, 543, 588, 632, 712 cmfl), corresponding to Mn-O
stretches, along with the bands situated in the 1400-1600
em ™! range, reflecting the carboxylate group vibrations, are
present in the Infrared spectra of copolymers, indicating that
the intact cluster core is fully conserved within the polymeric
matrix. In addition, the strong decrease of the intensity of
the v(C=C) bands indicates that the majority of the peripheral
double bonds are involved in the polymerization process and
that the cluster is covalently linked to the polymeric matrixes.

Direct evidence that the cluster preserves its structural integ-
rity and its physical properties is given by magnetic measure-
ments. The temperature dependence of the in-phase, ¥/, and
out-of-phase, y”, ac magnetic measurements for one of the
copolymers with R = 200 has been obtained in a zero static
field with different frequencies ranging from 1 to 1500 Hz
(Fig. 6). At 1 Hz, the ;' and y” signals exhibit peaks at 5.2
and 4.5 K, respectively. These peaks shift toward higher tem-
peratures when the frequency increases, as also observed in
the case of [Mn12012{CH2C(CH3)COO}16(H20)4]~4CH2C-
(CH3)COOH-CH,Cl,, indicating superparamagnetic-like
behaviour. Nevertheless, in contrary to the initial cluster, the
copolymer exhibits two relaxation processes, which follow an
Arrhenius law with activation energies 4/kg = 53 and 21 K
and pre-exponential factors 1o = 5x 107% and 2 x 107® s for

™
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_ COOCHs Ho |3\/H2|3 \
HO=C e c—¢ c—¢

/C\ AIBN, 60 °C, DBPh (|; / \ ‘ ]

,,’ \\ /, ‘\

? |o (l) o/ COOCHS3 y
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Scheme 1 Schematic representation of the copolymerization of one
of the methacrylate ligands of the cluster [Mn;,0;,{CH,C(CHj3)-
COO0}6(H,0),] with methyl methacrylate.
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a copolymer with R = 200. Measurements for frequencies higher that
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the important noise observed on the data. Solid lines are guides.

the high and low temperature relaxation, respectively (Fig. 7).
The parameters of the high temperature relaxation are close to
those observed for the initial cluster. The second low tempera-
ture relaxation, which is usually observed in solution measure-
ments for clusters of the type [Mn;,0,(RCOO),6(H,0)4] with
R = CHj3, C,Hs, Cg¢Hg, is attributed to the existence of a
Jahn-Teller isomeric form of the cluster.*® The appearance
of the low temperature relaxation may be assigned to a change
of the cluster environment related to the covalent bonding of
the cluster to the polymer matrix. Finally, the field dependence
of the magnetization for the copolymer R = 200 presents a
hysteresis loop with a coercive field of 0.1 T at 1.8 K with a
sweep rate of about 50 Oe s~!, similar to what was observed
for the initial cluster. The measured copolymers (R = 100,
300, 500) present similar magnetic properties to those
described above. However, magnetic signals for copolymers
with a low concentration of the cluster (R = 800, 1000) are
expected to be very low and cannot be detected. As expected,
the intensity of the magnetic signal of the copolymers decreases
as the amount of cluster in the copolymers decreases without
significant modifications of the magnetic properties. Clearly,
the magnetic properties of the cluster engaged in the cross-link-
ing knots are expressed through the diamagnetic matrixes.
The prepared copolymers show a remarkable chemical
stability. [Ml’l] 20] z{CHzc(CH';)COO} 16(H20)4]'4CH2C(CH3)-
COOH-CH,(Cl,, as all clusters of this family, is sensitive to
humidity and instantly decomposes in water. In sharp contrast,
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Fig. 7 Ln(Q2nv) vs. 1/Tp plots for the copolymer with R = 200 for
both relaxation processes. Solid lines represent the least-squares fits
of the experimental data to the Arrhénius equation with r = 0.999
for (@) and 0.962 for (O).

the aspect of the copolymers, their infrared spectra and their
physical properties did not change when they were stored in
a humid atmosphere or even were placed in water for a pro-
longed period of time. These facts clearly indicate that the
magnetic clusters are enwrapped inside the polymeric matrix,
which plays a protective role and provides chemical stability.
Higher thermal stability of the copolymers in comparison to
the individual cluster is also observed. Pure PMMA degrades
in a unique step with an inflexion point at 273 °C and it does
not leave any appreciable residue. The thermogravimetric
curves for all obtained copolymers performed in the range
0-700°C with a heating rate of 2°C min~' are shown in Fig. 8.
All of them show three weight loss steps with inflection points
at about 200, 380 and 520 °C, determined as the maxima of the
first derivative. When the thermogravimetric curves of the
copolymers and the individual cluster (Fig. 3) are compared,
it is seen that the start of thermal decomposition of the copo-
lymers appears to be shifted by ca. 40°C to higher tempera-
tures. The first weight loss step on the thermogravimetric
curves of the copolymers shifts slightly to higher temperatures
as the amount of cluster decreases and the temperature of the
inflexion point is shifted from 195 to 211°C as R varies from
100 to 1000. Similarly, a shift to higher temperatures, as the
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Fig. 8 Thermogravimetric analyses of PMMA (@), the copolymer

R =100 (o), the copolymer R = 200 (O), the copolymer R = 800
(V) and the copolymer R = 1000 (+).
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amount of cluster decreases, is observed for the second and
third steps. Heating of the copolymers up to 700°C leads to
Mn;0,4 as residue. The amount of Mn3;Oy4 in these residues
corresponds to the expected amount of the cluster present in
the copolymers, that is, 7.4, 3.8, 2.8, 1.7, 1.1 and 0.9% for
R = 100, 200, 300, 500, 800 and 1000, respectively.

The degree of homogeneity of the above copolymeric
materials was determined by DSC. Commonly, the character-
ization of the homogeneity of copolymers by means of DSC
relies on the presence or absence of several (or even a contin-
uous distribution of) glass transitions. In other words, it is
related to the possibility of rearrangements of each component
of the system in order to form either a random copolymer or a
segmental copolymer containing a distribution of different
polymer segments enriched in one particular component. In
the first case, only a single glass transition temperature may
be observed. In the second case, several glass transitions
corresponding to the distribution of different components
may occur.’® Fig. 9 shows typical DSC curves for the first
(top) and second (bottom) heating of the copolymer R = 200
performed from 0 to 150 °C. The DSC curves of the obtained
copolymers (R = 100-1000) present a similar behaviour. The
curve of the first heating exhibits an exothermic peak at
105°C. The enthalpy change associated with this exothermic
peak is 16.8 J g~!. It should be noted that similar DSC events
were already observed in the study of PMMA copolymers
reinforced with titanium clusters and were ascribed to the
decomposition of ligated organic molecules.'* In our case,
the first step of the thermal decomposition of cluster-rein-
forced copolymers determined from the thermogravimetric
analysis is around 200°C. This value is higher than the tem-
perature of the peak observed in DSC. For this reason, this
peak may be ascribed to residual cross-linking. It has been
confirmed by IR spectroscopy, which shows that after heating
samples of the copolymers to 105°C, no residual v»(C=C)
bands were observed, indicating that all double bonds were
involved in the polymerization process. The DSC curve of
the second heating (Fig. 9, bottom) presents a single 7T, at
109°C showing the formation of the random copolymer. It
should be noted that the third heating presents an identical
DSC curve, showing that the glass transition is reversible
and that no decompositions occurs.
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Fig. 9 DSC curves during the first (top) and second (bottom) heating
of the copolymer R = 200.
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A useful method to estimate the interactions in copolymers
between their components is the determination of 7, as a func-
tion of the composition. Pure PMMA presents a single glass
transition at 83.9°C. The T, values of the copolymers as a
function of the amount of the cluster decrease as R increases
and even for the copolymer R = 1000, this value is higher than
the one of PMMA (Fig. 6S, ESI). This finding clearly indicates
that the chain mobility of PMMA was reduced due to cross-
linkage with the cluster.

TEM analyses were performed in order to obtain some
information about the homogeneity of the copolymer samples.
Indeed, the manganese oxide particles, which may be provided
by decomposition of the cluster molecules,>® and the aggre-
gation of the clusters may be easily detected by the TEM
measurements.>!® The TEM image of the copolymer samples
shows homogeneous polymer surfaces and no visible particles
or cluster aggregates were observed.

The formation of a cross-linked network for the above copo-
lymers has also been established from their swelling behaviour.
The swelling properties of any polymer network depend upon
the nature of the polymer, the polymer-solvent compatibility
and the degree of cross-linking. Undoped PMMA or PMMA
containing mechanically dispersed clusters of [Mn;,0;,(0,-
CC,Hs)16(H20)4] dissolve completely in CH,Cl, and other
common organic solvents such as CH;CN or toluene. The
obtained cluster-reinforced copolymers are insoluble in
organic solvents (CH,Cl,, CH3CN, THF, toluene) and only
swell to form a persistent gel. Swelling properties are usually
characterized by the degree of swelling (I, , %), which corre-
sponds to the weight of solvent that the dry material is able
to absorb. A high degree of swelling is observed in solvents
where both PMMA and the cluster are soluble (for example
CH,Cl,, CH;CN). Swelling data obtained in the case of
CH,CI, (Fig. 10) show that I, increases as the R = MMA/
cluster ratio increases (R = 100-800) and the extent of copoly-
mer swelling depends on the cross-linking density, which itself
depends on the amount of functionalized cluster. Indeed, the
cross-linking density is increased as the amount of [Mn,0,-
{CH,C(CH3)COO}4,(H,0)4] in the copolymers is increased.
In sharp contrast, in solvents such as THF, in which only
PMMA is soluble and the cross-linked cluster is insoluble,
the degree of swelling is significantly lower; it is five times
smaller than in the case of CH,Cl, (Fig. 10). Such an influence
of the solvent nature on the swelling of the copolymers
requires a substantial contribution of the cluster to the swelling
properties.
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Fig. 10 Degree of swelling as a function of the ratio R in CH,Cl, (®)
and THF (O).
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Conclusion

In summary, the use of functionalized molecular clusters with
tailored physical properties as the cross-linker in copolymeri-
zation with organic polymers appears to be a promising route
to covalently bonded polymer-based nanocomposites. In this
work, we have synthesized a new methacrylate-functionalized
manganese carboxylate cluster [Mn,0,{CH,C(CH;)COO} ¢
(H,0),4] exhibiting SMM properties via a ligand exchange
reaction. This cluster has been fully characterized by X-ray
diffraction, mass spectrometric and magnetic analyses. We
have used this precursor as cross-linker in free radical poly-
merization with methyl methacrylate in order to form
hybrid copolymer networks and we have obtained a series of
copolymers with 0.1-1 mol % of cluster (R = 100-1000).

A first observation is that in these nanocomposites, the poly-
meric matrix enwraps and protects the manganese carboxylate
cluster, which improves its chemical and thermal stability. The
magnetic properties of the individual cluster have been
preserved and transferred to the copolymer materials. It
should be noted that the structural integrity and the physical
properties of the cluster are preserved after copolymerization.

The second point is that the pre-functionalized cluster acts
as an efficient cross-linker agent for the polymer chains,
allowing the formation of highly cross-linked networks. The
formation of covalent bonds between the cluster and the
PMMA allows random copolymers to be obtained in which
the ratio MMA /cluster is controlled. These hybrid copolymers
present swelling behaviour and form a persistent gel.

Finally, the preparation of thin polymeric films containing
the magnetic cluster is under progress. Moreover, the number
of polymerizable functionalities of the manganese carboxylate
cluster can be changed and may allow us to modify the
morphology and physical properties of the cluster-reinforced
copolymers.
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