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a b s t r a c t

The synthesis, X-ray structure and magnetic properties of two new zoledronato complexes are presented:
Mn(II)(H3Zol)2(H2O)2, (I) and Fe(III)15(HZol)10(H2Zol)2 (H2O)24 (2/3Cl:1/3H2O)6�7Cl�65(H2O) (II), where
H4Zol = zoledronic acid = C5H10N2O7P2. Complex (I) is a dimer, built up around an inversion centre where
the cation is located, surrounded by two chelating zoledronate anions and two water molecules. The
structure is isomorphous to the Co, Ni and Zn isologues. A quite different structure is the Fe(III) complex
which consists of a centrosymmetric cluster with 15 Fe(III) cations (one of them at the inversion centre),
12 zoledronate anions, in different protonation states and 26 coordinated water molecules, 24 of which
show full occupancy and the remaining 2 share 6 coordination sites with 4 chlorine anions. There are in
addition 7 chlorine counterions and a not well determined number of hydration water molecules, their
number being adjusted as to match the chemical and TGA analysis. The general shape of the molecule
is that of a 6 arm propeller with a Fe(III) cation at its center and two FeO6 coordination polyhedra sitting
above and below, defining some sort of ‘‘paddle wheel axis’’, perpendicular to the wheel plane. Around
this axis there is an almost perfect circular structure formed by other six FeO6 octahedra, to which the
‘‘paddles’’, defined by the remaining six FeO6 groups attach. The ensemble presents some unusual
(Fe���OPO)n loops (n = 2,3,4), some of them unreported, and displays a striking non-crystallographic �3
symmetry. The protonation state of the zoledronato ligands were inferred from the counterions effec-
tively found and charge balance considerations. Both compounds present a paramagnetic behaviour at
R.T, and obey a Curie Weiss law down to rather low temperatures (15 K for (I), 100(K) for (II)) with a ten-
dency to different types of interactions viz., ferromagnetic for (I) and antiferromagnetic for (II). The geom-
etry of the F15 cluster is analyzed.

� 2012 Elsevier B.V. All rights reserved.

1. Introduction

The area of polynuclear TM clusters (TM, transition metals in
general, and focused to Mn(II), Fe(III) in the present discussion),
is of relevance in synthetic and structural chemistry due to the
possibility of generating molecules with ‘programmable’ function
e.g. as biological mimics [1] and catalysts [2] and physical proper-
ties, e.g. non-linear optics [3] and magnetism [4,5]. Novel polynu-
clear iron clusters with primarily oxygen coordination are active

areas of current chemical research [6,7] mainly due to its presence
in several metalloenzymes and metalloproteins (see, for instance,
[8,9]). Moreover, manganese and iron assemblies have shown
interesting properties as molecular magnets [10,11], and an impor-
tant goal seems to be the development of ligands which might give
rise to novel clusters, in order to rationalize their geometry, nucle-
arity and topologies. In these crystal engineering processes highly
branched ligands with multiple chelating arms are the ones to be
preferred, since they have the potential to facilitate the formation
of cluster-based building blocks and eventually organize them into
arrays. This requires many potential chelating groups to both form
a polynuclear cluster, and then allow extended interactions be-
tween clusters within the array.

A potentially useful family of ligands of this sort is that of bis-
phosphonates (BPs), a class of osteotropic compounds very effective
in treating benign and malignant skeletal diseases (osteoporosis,
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Paget’s disease, tumor induced osteolysis; see, for instance, [12]).
These compounds in general (and zoledronic acid, H4Zol =
C5H10N2O7P2 in particular, see Scheme 1) are potentially good
polydentate ligands prone to act as a bone ‘‘shield’’ by stacking into
the skeleton, achieving therapeutic concentrations and thus
inhibiting bone resorption by cellular effects on osteoclasts. In
addition the well proved binding ability of zoledronic acid should
enable the ligand to build unusual molecular architectures. We have
already explored its binding behaviour to many metals of the first
and second row, viz., K ([13], Na [14], Mg and Ca [15] where the anion
appears in a number of different binding modes and protonation
states.

Thus, as the result of our combined interest on magnetic prop-
erties of TM complexes, on one side, and on the multiply bridging
properties of the zoledronate ligand on the other, we investigated
the chemistry of Mn(II) and Fe(III) zoledronate compounds to end
up with two complexes of fairly diverse nature, which we present
herein. The first complex, formulated as Mn(H3Zol)2(H2O)2 (I), con-
sists of a rather simple dimeric structure, isomorphic to an already
reported TM series and which behaves as an almost theoretical
paramagnet down to extremely low temperatures. The second
one is a fairly unique molecular iron cluster of a fascinating struc-
tural complexity formulated as Fe(III)15(HZol)10(H2Zol)2 (H2O)24

(2/3Cl:1/3H2O)6�7Cl�65(H2O) (II), which behaves as a weak antifer-
romagnetic aggregate.

2. Results and discussion

2.1. Structural results

Table 1 presents a summary of crystallographic and refinement
data for both compounds, while Table 2 shows the coordination

distances and Table 3 the most relevant H-bonding interactions
for (I) and only the non conventional C–H���O ones for (II).

Compound (I) consists of isolated dimeric units built up around
an inversion centre (Fig. 1), and tightly interconnected by H-bond-
ing (Table 3). The Mn1 cation resides at the symmetry centre, sur-
rounded by two chelating zoledronate anions and two water
molecules, of which only one is, of course, independent. This
(1:2:2:0) cation:anion:watercoord.:watersolv. pattern has already
been found in some transition metal zoledronate complexes, the
present structure being isomorphous to the Co and Ni [16] and
Zn [17] isologues, for what only a very brief discussion of points
usually left aside will be included here. The rather regular octahe-
dron built up around the cation presents a Mn–O range of
2.128(2)–2.222(2) Å (Table 2a) and a (cis) O–Mn1–O angular range
of 90 ± 5.47(9)�. Each zoledronate ligand displays its usual zwiter-
ionic character, with a protonated imidazole ring, and two singly
protonated phosphonates, with a resulting �1 total charge. This
arrangement provides for due charge balance. P–OH distances

Scheme 1.

Table 1
Crystal and Refinement Data for (I), (II).

(I) (II)

Formula Mn(P2O7N2C5H9)2(H2O)2 Fe15(P2O7N2C5H7)10(P2O7N2C5H8)2 (H2O)24[Cl4:(H2O)2]�7Cl�65(H2O)
Mr 633.14 6097.96
a (Å) 7.4810 (15) 15.212 (2)
b (Å) 8.6030 (17) 19.277 (3)
c (Å) 9.7300 (19) 22.876 (3)
a (�) 105.32 (3) 65.252 (2)
b (�) 110.90 (3) 70.935 (2)
c (�) 97.48 3 81.401 (2)
V (Å3) 546.4 3 5757.0 (14)
l = 0.99 mm�1 0.99 mm�1 1.33 mm�1

Crystal size (mm) 0.22 � 0.18 � 0.14 0.14 � 0.12 � 0.11
Minimum, maximum Transmission 0.79, 0.87 0.82, 0.86
Reflections: measured, independent, I > 2r(I) 5594, 2142, 1692 61599, 24828, 15077
Rint 0.023 0.087
R[F2 > 2r (F2)], wR(F2), S 0.034, 0.097, 1.06 0.074, 0.203, 1.04
Parameters 183 1528
Dqmax/Dqmin (e Å�3) 0.51, �0.58 1.20, �0.72

Details in common: Triclinic, P � 1, Z = 1, k Mo Ka: 0.71073 (Å), Diffractometer: CCD Oxford Diffraction Gemini S Ultra; Absorption correction: multi-scan (CrysAlis PRO [29]);
Temp: 291 K.

Table 2
Coordination distances for (I), (II) (Å).

(a) (I)
Mn1–O4 2.1281 (19) Mn1–O1W 2.222 (2)
Mn1–O1 2.171 (2)

(b) (II)
Fe1–O3F 1.991 (5) Fe5–O10W 2.070 (5)
Fe1–O4C 2.002 (4) Fe5–O5W 2.075 (6)
Fe1–O3D 2.014 (4) Fe5–Cl2 2.335 (3)
Fe2–O1F 1.921 (4) Fe6–O2C 1.918 (5)
Fe2–O1D 1.928 (5) Fe6–O2F 1.972 (4)
Fe2–O1W 2.078 (5) Fe6–O4F 1.974 (5)
Fe2–O3W 2.094 (5) Fe6–O4E 2.000 (5)
Fe2–O2W 2.098 (4) Fe6–O2E 2.006 (5)
Fe3–O5Fi 1.913(5) Fe6–O7W 2.131 (5)
Fe3–O2D 1.940 (5) Fe7–O1C 1.964 (5)
Fe3–O2Bi 1.971 (5) Fe7–O5E 1.967 (6)
Fe3–O4D 1.990 (4) Fe7–O3E 1.970 (4)
Fe3–O4W 2.150 (5) Fe7–O8W 2.042 (5)
Fe4–O5D 1.923 (4) Fe7–O9W 2.070 (5)
Fe4–O5C 1.965 (4) Fe7–Cl3 2.248 (4)
Fe4–O3C 1.970 (5) Fe8–O3A 1.964 (5)
Fe4–O2A 1.974 (5) Fe8–O6D 1.966 (5)
Fe4–O4A 2.033 (5) Fe8–O5A 1.991 (5)
Fe4–O11W 2.161 (5) Fe8–O6W 2.059 (5)
Fe5–O3B 1.954 (5) Fe8–O12W 2.069 (5)
Fe5–O6F 1.969 (5) Fe8–Cl1 2.361 (2)
Fe5–O5B 1.998 (5)
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(mean: 1.574 (3)Å) are, as expected, significantly longer than P–O
(mean: 1.506 (8)Å), in agreement with what found in related struc-
tures (viz., [18–20]. The phosphonate groups present an ‘‘eclipsed’’
conformations when viewed in the P1���P2 direction with a nearly
planar O3–P1–C1–P2–O6 disposition (mean deviation from the
plane 0.014 Å).

The dimers interact actively through H-bonding, with all avail-
able O–H’s and N–H’s taking part. These interactions are inter-
crossed, and accordingly define a tight 3D network In particular,
the bond involving H1WA (Table 3a, 1st entry and Fig. 1) is intra-
molecular and provides to the dimer cohesion but all the remain-
ing ones generate chains oriented along different directions, viz.,
the one involving H1WB (2nd entry) runs along [100], the H-bonds
involving H2O and H7O (3rd–4th entries) generate 1D structures
along [111]; the H5O interaction (5th entry), a chain parallel to
[110] while the H2N one (6th entry), along [101].

Compound (II) consists of a centrosymmetric cluster with 15
Fe(III) cations (one of them at the inversion centre), 12 zoledronate
anions, in different protonation states and 26 coordinated water
molecules, 24 of which show full occupancy and the remaining 2
share 6 coordination sites with 4 chlorine anions. There are in addi-
tion 7 unbound chlorine counterions and 65 hydration water mol-
ecules as partially occupied hydration water molecules and their
number adjusted as 65(H2O), in order to match the chemical and
TGA analysis (see Refinement section for details).

It is worth emphasizing that a search in both the Inorganic
(ICSD [21]) and Organic (CSD [22]) data bases disclosed that the re-
ported structures having Fe(III) as cationic centres bridged by PO3

groups are polymeric in an overwhelming number of cases: no
exceptions were found in the CSD and only three compounds of
low nuclearity (2–4) out of a total of 48 structures were detected
in the ICSD. So, Fe(III)–PO3 clusters are extremely rare and the
present one may be the first one reported.

Fig. 2a presents a (labelled) view of the asymmetric unit of the
complex, representing the independent part of a centrosymmetric
cluster; Fig. 2b complements this with a view of an (unlabelled)
complete cluster. The general shape is that of a 6 arm propeller
with a Fe(III) cation (Fe1) at its center and the FeO6 coordination
polyhedra (hereafter CP’s) built up around Fe2, Fe2i located above
and below this central point and defining some sort of ‘‘paddle-
wheel axis’’ perpendicular to the wheel plane. Around this axis
there is a an almost perfect circular structure formed by the Fe3,
Fe4, Fe6 CP’s (plus their centrosymmetric counterparts Fe3i, Fe4i,
Fe6i, (i): 1 � x, 1 � y, 1 � z) to which the ‘‘paddles’’ defined by the
Fe5, Fe7, Fe8, Fe5i, Fe7i, Fe8i CP’s attach. Fig. 3a shows a simplified

view of this inorganic core, where the organic imidazole group has
been excluded, for clarity. Even if all the Fe(III) CP’s are FeO6 octa-
hedra, in each one of the different ‘‘zones’’ described these CP’s
have different characteristics taking into account the origin of
the O’s involved. Thus, the central CP around Fe1 is unique, with
all its O ligands coming from six different BP groups (C, D, F, Ci,
Di, Fi). Second in hierarchy regarding BP involvement are those
from the circular zone (Fe3, etc.) with five oxygens from three dif-
ferent BPs and one aqua; those from the external paddle zone (Fe5,
etc.) follow, with two BP O’s, two fully occupied aqua and a third,
partially occupied oxygen sharing the site with a Chlorine anion.
Finally, the axial CP’s around Fe2, Fe2i, are built up by three BP
O’s and three fully occupied aqua. Table 2b gives a detailed survey
of Fe–O bond distances.

The six independent BP units bind as two differentiated groups:
Units C, D and F have all six oxygens mono coordinated; units A, B
and E have four, and two uncoordinated ones (O1 and O6) which
can be good candidates for protonation. The ligands present con-
formations leaned towards the ‘‘eclipsed’’ side, as viewed in the
P1���P2 direction, with O1–P1–C1–P2 and P1–C1–P2–O6 torsion
angles differing in the range 12.1 (1)–23.2 (1)�, for units B and F,
respectively. An ideally eclipsed conformations would require 0�,
while a perfectly staggered one, 60�.

The whole inorganic nucleous shown in Fig. 3a can be envisaged
as composed by elemental motives involving Fe(III) cations and O–
P–O groups (hereafter OPO’s) from BP anions. These units are in
fact just simple (or multiple) closed loops characterized by a com-
mon formula of the type (Fe���OPO)n, n = 2,3,4, interlinked in such a
way that any cation in the nucleous is connected with any of its
nearest neighbors via one of these OPO bridges and O atoms bind-
ing to just one cation.

The smallest loop (n = 2), composed of two Fe atoms and
bridged by two different OPO groups appear in the structure only
as aggregates of conjugated triplets sharing their Fe ends, to end
up in a triply bridged dinuclear species. There are two different
types of this elemental unit in the structure, presenting the same
connectivity but different geometries. Unit A1, (Fig. 3a) appears
in the external ‘‘paddle’’ region, and the six groups of this sort dis-
play extremely similar Fe���Fe distances: Fe3���Fe5i: 4.616 (1);
Fe4���Fe8: 4.614 (1); Fe6���Fe7: 4.574 (1). The second one of these
triply bridged entities (Unit A2) as well as the remaining motives
with m = 3, 4 appear quite deep in the cluster core, in a substruc-
ture resembling a BCC motive of Fe(III) cations and OPO connec-
tors, In Fig. 4a–d we sketch this pseudo BCC motive, highlighting
in turn the different (Fe���OPO)n, n = 2,3,4 embedded loops which

Fig. 1. Ellipsoid plot of (I), drawn at a 40% probability level, showing (in full lining and bonds) the asymmetric unit and (in empty ellipsoids and bonds) the symmetry related
part completing the dimer. Symmetry codes: (i) �x + 2, �y + 1, �z + 2.
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this entanglement gives rise to. Even if loops with n > 4 do in fact
exist, they are the result of those already described, and will not
be considered here.

Fig. 4a shows (highlighted) the second type of the triply bridged
entities (Unit A2). There are two centrosymmetrically related moi-
eties of this sort, sharing atom Fe1 and stretching along the [111]
diagonal of the BCC cube; as stated, they define the paddlewheel
axis, with a Fe2i���Fe1���Fe2 distance of 2 � 4.688 (1) Å.

Fig. 4b presents in turn the n = 3 loop B, of which there are 6
equivalent moieties, while 4c, 4d show two different types of loops
for n = 4 (C1 and C2), with 4 equivalent representatives for the for-
mer and 6 for the latter.

These (Fe���OPO)n loops are rather unusual; the only ones found
in related structures are the simple loops with n = 2 [23,24] and
n = 3 [25]. As a result, the triple n = 2 bridge, and the larger n = 4
loop are so far unreported.

All these metric singularities are manifestations of a unique and
striking non-crystallographic symmetry adorning the cluster and

strongly suggested in Fig. 3a; in fact, the whole assembly presents
an almost perfect �3 symmetry, with Fe1 at the center. This can
be easily assessed by overlapping the molecular nucleous shown
in Fig. 3a with itself after a 120� rotation followed by an inversion
with respect to Fe1; the surprising result is graphically presented
in Fig. 3b, and quantified by the low average misfit value, 0.128 (7) Å.

The charge distribution on the iron sites as suggested by the
bond distances shown in Table 2b appear as quite even, with cat-
ions Bond Valences [26] ranging from 2.90, for Fe5, to 3.10, for
Fe7. This gives a total cationic charge of 45+ per cluster. The anio-
nic charge effectively found and which (partially) compensates it
comes from the Cl� groups (4 of them bound, but disordered, with
a total charge of 4�, and 7 of them free and fully occupied, provid-
ing 7�). Thus the 45–11 = 34 electrons left could come from the
HnZol(4�n)� anions, a situation attainable, for instance, through
the proposed formulation ðHZolÞ3�10 ðH2ZolÞ2�2 .

Due to the X-ray data quality limitations, O–H���O interactions
could not be identified. Only the weak, non-conventional C–H���O

Fig. 2. (a) Ellipsoid plot of (II), drawn at a 40% probability level, showing the asymmetric unit and labels used. (b) A complementing view of the complete cluster. Symmetry
codes: (i) �x + 1, �y + 1, �z + 1.

Fig. 3. (a) A view of the inorganic nucleous, with the organic part removed, for clarity. Labelled as A1: one of the (Fe���OPO)2 motives building up the structure (see text). (b)
Fitting of the inorganic nucleous with its �3 image.
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ones could be found, the most significant of which are presented in
Table 3b. There are, however, some general features worth men-
tioning, viz.: the cluster display their flat side parallel to (111)
with the Fe2–Fe2i axis just 1.5� out of the plane normal. The clus-
ters aggregate in this (111) planes with a striking ‘‘hexagonal’’ dis-
tribution, as shown in Fig. 5a, where only the clusters are drawn
(counterions and solvates omitted). The pseudosymmetry is

apparent, and reinforced by some numerical data, viz.: range of
cluster centroid distances (the hexagon ‘‘sides’’): 22.700 (3)–
22.964 (3) Å; range of hexagon ‘‘internal angles’’: 60.0 ± 0.7�.

This pseudohexagonal symmetry, however, does not propagate
along the [111]⁄ reciprocal direction normal to the plane, as the
hexagonal neighboring planes, one d111 spacing apart (12.717 Å)
appear shifted in projection. Fig. 5b shows three consecutive

Fig. 4. Some of the remaining (Fe���OPO)n entangled motives building up the structure (a) A2, n = 2; (b) B, n = 3; (c) C1, n = 4; (d) C2, n = 4.

Table 3
Hydrogen-bond interactions for (I) (Å, �).

D–H���A D–H H���A D���A D–H���A

(a) (I)
O1W–H1WA���O5i 0.85 (1) 2.35 (3) 3.056 (3) 141 (5)
O1W–H1WB���O6ii 0.84 (1) 1.89 (1) 2.724 (3) 173 (5)
O2–H2O���O3iii 0.85 (1) 1.82 (1) 2.655 (3) 170 (4)
O7–H7O���O3iii 0.85 (1) 2.10 (2) 2.909 (3) 159 (3)
O5–H5O���O6iv 0.84 (1) 1.74 (1) 2.580 (3) 172 (4)
N2–H2N���O1v 0.85 (1) 1.88 (1) 2.723 (3) 169 (4)
Symmetry codes: (i) �x + 1, �y + 1, �z + 1; (ii) �x, �y + 1, �z + 1; (iii) �x, �y, �z; (iv) �x, �y, �z + 1; (v) �x, �y + 1, �z.

(b) (II)
C3C–H3CA���O4F 0.93 2.25 3.121 (10) 156
C3D–H3DA���O3C 0.93 2.37 3.254 (10) 159
C3F–H3FA���O4Di 0.93 2.29 3.188 (11) 163
Symmetry code: (i) �x + 1, �y + 1, �z + 1.
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planes, the macromolecules represented by their central Fe1 atom
and where this ‘‘vertical’’ misfit is apparent. Finally, a packing view
along [�101] (Fig. 5c), at right angles to the latter projection,
shows the way in which counterions and solvates locate (See ar-
rows) ‘‘stuffing’’ the empty space between the (dense) cluster
planes parallel to (111), seen in projection. The interatomic prox-
imity is apparent, suggesting a strong plane-to-stuff interaction
stabilizing the structure.

It is well known that 15 is one of the ‘‘magic numbers’’ for metal
conglomerates, and Fe15 is one of the most studied Fe metallic
clusters [27]. A nearest neighbors analysis predicts for the topology
of such a Fe15 cluster a ‘‘bcc-like’’ distribution [28], with one Fe at
the center of a reference cell, eight nearest neighbors at the
vertices and the remaining six at the centres of the neighboring
cubes.

Even if this applies to isolated metal atoms, an analysis of the
spatial distribution of the 15 Fe(II) ions in (II) surprisingly shows
an unexpected similarity in the ion distribution.

The cluster in (II) can be described with Fe1 located at the cen-
ter, on a crystallographic inversion centre, eight nearest neighbors
(which we shall call ‘‘the first shell’’), with a Fe���Fe1 distance
range of 4.67 A to 6.37 A) and six next nearest neighbors (‘‘second
shell’’: with a tight Fe���Fe1 distance range: 8.18 A to 8.23 A)
following some sort of distorted bcc arrangement, as described
below: when comparing the experimental distribution with the
theoretical one, there are obvious differences due to metric and
angular distortions, but there is a second, more interesting differ-
ence which, paradoxically enhances the similarity: the atoms in
the ‘‘second shell’’ in (II) are not located on the body center of
the nearest neighboring cells (those sharing a face with the
reference cube) but on the body center of 6 (out of a total of
12) of the second nearest neighboring ones (those sharing one
edge with the reference cube). This topology, consistent with
the presence of spin frustration arising from competing exchange
interactions, is obviously less symmetric, but compatible the
predicted bcc one, a perhaps could be considered as an alterna-
tive model for Fe15 clusters.

2.2. Magnetic properties

Magnetic susceptibility data for polycrystalline samples of both
compounds were collected in the temperature range 2–250 K un-
der an applied magnetic field of 1T.

The corresponding plots of XMT are given in Fig. 6a and b, while
the associated XM

�1 versus T plots (with the corresponding Curie–
Weiss fitting down to15 K in (I) and 100 K in (II)) are shown as in-
sets (XM: molar magnetic susceptibility).

Both pictures (main figure and inset) show the materials to be
paramagnetic in the quoted ranges. In the case of (I) the value of
XMT at 250 K (�3.95 cm3 mol�1 K) is in reasonable agreement with
the expected one for uncoupled Mn(II) ions (4.375 cm3 mol�1 K),
while values of XM

�1 follow a Curie–Weiss behaviour [XM = C/
(T�h)] above �15 K, with C = 3.97 cm3 mol�1 K and h = 1.3 K
(Fig. 6a, inset). The Curie constants are also consistent with one
uncoupled Mn(II) ion with g = 2, while the positive Weiss constant
suggests a tendency to small ferromagnetic interactions.

Compound (II), in turn, presents a XMT per Fe(III) value with a
tenfold drop in the 250 K–2 K range (from 3.3 cm3 mol�1 K down
to 0.35 cm3 mol�1 K), with a sensibly increased downwards rate
below T � 50 K. The room temperature value (�3.30 cm3 mol�1 K)
is sensibly smaller than the expected one for completely uncoupled
Fe(III) with g = 2 (4.375 cm3 mol�1 K), which in addition to the
marked decrease upon cooling suggests the presence of antiferro-
magnetic interactions within the cluster. XM

�1 values [XM = C/
(T + Tn)] follow a Curie–Weiss behaviour above T � 100 K with
C = 3.55 cm3 mol�1 K and Tn = �19.6 K (Fig. 6b, inset), in agreement
with the presence of dominant antiferromagnetic interactions in
the cluster.

Complementing the magnetic susceptibility measurements, the
dependence of the sample magnetization with the applied mag-
netic field was determined for both compound at selected temper-
atures (see Fig. 7a and b). It should be noted that for complex (I)
the experimental data lay slightly above the expected ones for
uncoupled Mn(II) ions (Fig. 7a, T = 2 K), another hint for the pres-
ence of small ferromagnetic interactions.

Fig. 5. Packing diagrams of (II) (a) a (111) layer, showing the pseudohexagonal disposition of the clusters. NOTE: in spite of the deceiving resemblance in the Figure, there are
no p���p interactions linking adjacent imidazole rings. (b) A sketch showing the shift of these (111) reference planes (A) when moving one d111 spacing (up (B) and down (C))
along the [�101] direction, normal to the planes. (c) A [�101] projection showing the counterions and solvates stuffing the free space between planes.
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Experimental data for (II) evidence a low value of the magneti-
zation even for temperatures as low as 2 K and extremely high
fields (7T), in agreement with antiferromagnetic interactions be-
tween Fe(III) ions.

Summarizing, we have presented two new zoledronate com-
plexes of fairly diverse nature, the simple dimeric Mn(Zol)2.
(H2O)2(I), isomorphic to an already reported TM series and which
behaves as an almost theoretical paramagnet down to extremely
low temperatures, where some ferromagnetic interactions are
glimpsed, and a rather unique molecular iron cluster of a fascinat-
ing structural complexity formulated as Fe(III)15(HZol)10(H2Zol)2

(H2O)24 (2/3Cl:1/3H2O)6�7Cl�65(H2O) (II), which behaves as a weak
antiferromagnetic aggregate.

3. Experimental

3.1. Materials and methods

All chemicals were reagent-grade purity purchased from
Aldrich and used as received. Elemental Analyses (C, N, H) were
performed on a Carlo_/Erba EA 1108 instrument. Thermogravimet-
ric analyses were recorded on a Shimadzu DTG50 thermal analyzer
under an atmosphere of air at a heating rate of 10 �C min�1.

Single crystal X-ray data were collected at room temperature
(291(2) K) on an Oxford Diffraction Gemini CCD diffractometer,
with graphite monochromated Mo Ka radiation (k = 0.71073 Å).

Magnetic measurements were carried out on polycrystalline
samples with a Quantum Design SQUID MPMS magnetometer
apparatus working in the range 2–250 K under magnetic fields of
1T. The magnetization curves were recorded at 2 K at fields ranging
from 0 to 7T.

3.2. Synthesis

The manganese(II) and ferric(III) complexes of zoledronic acid
were synthesized by reacting 3 ml water solutions of each metal

salts, Mn(NO3)2 (0.10 mmol, 0.0251 g) and FeCl3 (0.10 mmol,
0.0162 g) with 3 ml hot (80C) water solution of zoledronic acid
(0.10 mmol, 0.0272 g) in 1:1 M ratio, in a small beaker. Both solu-
tions were acidified with concentrated HCl, adjusting to a final
pH = 1.

Large, pale rose crystals for the Mn(II) complex and small redish
crystals of the Fe(III) compound were obtained after very slow
evaporation at room temperature (weeks and months,
respectively).

3.3. X-ray crystallography

The structures were primarily solved by direct methods and
completed by difference Fourier synthesis. The software used
was: data collection, cell refinement and data reduction CrysAlis
PRO [29]; structure resolution, refinement, graphics: SHELXS97,
SHELXL97, SHELXTL [30].

In structure (I) H atoms attached to O and N were found in a dif-
ference Fourier map, and further refined with restrained distances
(O–H: 0.85, H���H: 1.35, N–H: 0.85 Å) and free Uiso. In structure (II),
they were not found and were accordingly not included in the
model. In both structures, H’s attached to C were placed at calcu-
lated positions (C–H: 0.93 Å; C–H2: 0.97 Å) and allowed to ride.
Displacement factors were taken as U(H)isot = 1.2/1.5 Uhost.

Structure (II) posed a problem both in resolution and in refine-
ment: in addition to the well defined cationic molecular group and
complementing isolated counterions the difference map showed a
very large number ill defined of peaks. An attempt of using the
SQUEEZE procedure in PLATON [31] did not proved satisfactory
in reducing the general background peaks jeopardizing the molec-
ular refinement. Thus, the solution adopted was to model these

Fig. 6. Temperature dependence of the XMT product for compound I (a) and II (b). In
the insets, the linear behaviour of the inverse of XM, following a Curie–Weiss law in
both cases.

Fig. 7. Field dependence of magnetization at different temperatures. (a) Compound
(I). At T = 2 K a comparison is made between the experimental results (black dots)
and the curve calculated with a Langevin function (full red line). (b) Compound (II).
The linear dependence observed can be indicative of the frustration of the system.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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peaks as unrelated, depleted water solvates with fixed occupation
factors in the range 0.80–0.20 leading to reasonable displacement
factors and restrained in number to match what obtained from
chemical and TGA analysis [32]. This artifact enabled the refine-
ment of the core and to unveil the details of the very singular struc-
ture we describe. There are three terminal sites in the cluster,
bound to Fe, which have occupational disorder, being shared by
O and Cl species. The disorder was evidenced by the abnormal
anisotropic displacement factors obtained when the sites were
considered fully occupied by Cl, as suggested by the coordination
distances obtained (Final O/Cl occupancies: 0.13/0.87 (2), 0.29/
0.71 (2), 0.58/0.42 (2), which were kept fixed at the final stages
of refinement).
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