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Introduction

The self-assembly of metal–organic frameworks (MOFs) has
attracted much attention in recent years not only for the po-
tential discovery of novel functional materials, which may

have applications in the areas including gas storage, molecu-
lar sieves, ion-exchange, catalysis, optoelectronics, and mag-
netism, but also for their intriguing variety of architectures
and topologies, such as molecular grids, bricks, herringbones,
diamondoids or honeycombs.[1–4] The functionality in these
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materials can be introduced either through inorganic species
or organic linkers. Construction of multidimensional frame-
works has been demonstrated to produce materials with co-
operative effects and improved thermal stabilities.[5] Howev-
er, most of the current efforts in this area have focused on
the design of infinite MOFs with transition-metal (TM)
ions.[6] Unfortunately, in contrast to the fruitful production
of transition-metal–organic frameworks, the design and con-
trol of high-dimensional lanthanide-based hybrids are still
challenging tasks, owing to the higher coordination numbers
and poorer stereochemical preferences of the lanthanide
cations. The high and variable coordination numbers and
flexible coordination geometry of these heavy elements pro-
vide unique opportunities to get unusual network topolo-
gies.[7]

The complex formation between highly-symmetrical
multi-topic ligands and suitable metal salts to construct
supramolecular architectures is of great interest.[7,8] In gener-
al, rigid, symmetrical, multi-topic ligands, which have been
intensively investigated, can lead to more predictable struc-
tures, but their diversity has been limited to some extent,
owing to the fact that a few or even no conformational
changes can be observed for them in their metal complexes.
By contrast, flexible ligands can adopt different conforma-
tions and coordination modes according to the geometric re-
quirements of the different metal ions and they may afford
unpredictable, but interesting, coordination networks. Their
reactivity and coordination chemistry have been less ex-
plored and the investigation of MOFs based on flexible li-
gands is still a great challenge.[8]

Under this premise, different C3-symmetry scaffolds have
been reported so far and some selected examples, 1–6, are
shown in Scheme 1. The shape of the scaffolds varies signifi-

cantly from flexible tripodal molecules like 5[9] to relatively
rigid cyclohexane motifs such as 1[10] (derived from Kemps�
triacid) or 2[11,12] and absolutely rigid and planar aromatic
structures like 4.[12] Finally, cyclic a- and b-peptides like 6[13]

have been used for biochemical applications.
To extend our previous work in this field,[14] we have

turned our attention to an unexplored C3-scaffold ligand,
the methanetriacetic acid HCACHTUNGTRENNUNG(CH2CO2H)3 (hereafter noted
H3mta; see Scheme 2). This ligand consists of three acetic
groups attached to a central methane core. Coordination of

two of these arms to the same metal ion, which can diminish
the size of the final pore structure, is mostly precluded due
to their great separation. Its fully deprotonated form, mta3�,
is a flexible tripodal ligand with a C3 symmetry core, which
can induce a three-fold axis in the resulting metal complex.
Previous studies on rigid C3-scaffold ligands, such as 1,3,5-
benzenetricarboxylic acid (H3btc),[15,16] have shown that pre-
dictable networks of the 63 kind (brick-wall, honeycomb,
herringbone, ladder-like, etc.) are highly favoured. However,
the flexible mta3� ligand is expected, not only to reproduce
the results obtained with rigid ligands, but also to build new
hexagonal topologies. This latter characteristic makes this
ligand an excellent candidate to build hexagonal cavities in
crystal architectures when combined with the appropriate
cation. The high coordination number of the lanthanide cat-
ions together with the expected variety of coordination
modes of the mta3� group constitutes a likely route toward
the design of high-dimensional systems.

A survey of the literature shows that the crystal structure
and coordination chemistry of H3mta remain unknown and
only a spectroscopic study of H3mta has been reported.[17]

MOFs with other flexible C3-scaffold type tricarboxylic
acids have been prepared, in particular with H3bta and lan-
thanide cations,[18] illustrating the potential interest of this
strategy.

In the present work, we report the synthesis, crystallo-
graphic analysis and magnetic properties of the first exam-
ples of mta-containing lanthanide complexes of formulae
[Gd ACHTUNGTRENNUNG(mta) ACHTUNGTRENNUNG(H2O)3]n·4 nH2O (1), [Gd ACHTUNGTRENNUNG(mta) ACHTUNGTRENNUNG(H2O)3]n·2 nH2O (2)
and [Gd2 ACHTUNGTRENNUNG(mta)2ACHTUNGTRENNUNG(H2O)2]n·2 n H2O (3) (see Table S1 in the
Supporting Information).

Results and Discussion

Description of the structures: [Gd ACHTUNGTRENNUNG(mta) ACHTUNGTRENNUNG(H2O)3]n·4nH2O (1):
The structure of compound 1 consists of 63-hcb layers[19] (in
extended Schl	fli notation) constructed by [Gd ACHTUNGTRENNUNG(H2O)3]

3+

ions as three-fold nodes and mta3� ions as three-fold connec-
tors (Figure 1 a). These sheets are stacked along the c axis
following an ABAB sequence, two consecutive layers being
related by c-glide planes parallel to the (1�10), (120) and
(210) crystallographic planes (Figure 1b, c). The layers are
held together by means of hydrogen bonds involving two
crystallisation water molecules [O(2w) and O(3w)], the co-

Scheme 1. Examples of common C3-symmetry scaffolds.

Scheme 2. Methanetriacetic acid (H3mta).

www.chemeurj.org � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2010, 16, 4037 – 40474038

www.chemeurj.org


ordinated water molecule [O(1w)] and the mta carboxylate-
oxygen atoms from the mta3� ligand leading to a supra-
molecular three-dimensional network. From a topological
point of view, the structure of 1 is built up from two equiva-
lent three-fold connectors, giving rise to a uninodal network.

The 63 network shows hollow hexagonal tiles with a circu-
lar section of approximately 43 
2. They are extended along
the c axis to form channels with solvent accessible volume
of 213 
3 per unit cell accounting for a 28.6 % of the total
cell volume.[20] These channels are occupied by the crystalli-
sation water molecules, which form unusual trigonal pyrami-
dal aggregates, since O(2w) is located in a three-fold axis.
The values of the O···O distances for the basal edges [be-
tween the O(3w) atoms] and the basal-apex ones [between
O(2w) and O(3w)] are 3.191(11) and 3.244(14) 
, respec-
tively (see Table S2 in the Supporting Information).

The gadoliniumACHTUNGTRENNUNG(III) ion in 1 [Gd(1)] is located on a
three-fold axis, and it is surrounded by six oxygen atoms be-
longing to three different mta3� ligands [O(1), O(2), OACHTUNGTRENNUNG(1a1),
OACHTUNGTRENNUNG(2a1), OACHTUNGTRENNUNG(1b1) and OACHTUNGTRENNUNG(2b1) with a1 =�x+y, �x+1, z and

b1 =�y+ 1, x�y+1, z] plus three water molecules [O(1w),
OACHTUNGTRENNUNG(1wa1) and OACHTUNGTRENNUNG(1wb1)], the whole donor set defining a mon-
ocapped square antiprism (Figure 2 a). The OACHTUNGTRENNUNG(1b1), OACHTUNGTRENNUNG(2a1),
OACHTUNGTRENNUNG(2b1) and OACHTUNGTRENNUNG(1wb1) group of atoms forms the base, whereas
the O(1), O ACHTUNGTRENNUNG(1a1), OACHTUNGTRENNUNG(1wa1) and O(1w) set builds the upper
plane which is capped by the O(2) atom [with one of the
largest Gd�O distance of 2.515(4) 
] (see Table S3 in the
Supporting Information). The average Gd(1)�O bond
length is 2.451(4) 
 and the value of the dihedral angle be-
tween the upper and basal planes is 11.38.

The mta3� ligand adopts a tris-bidentate coordination
mode, each carboxylate group chelating one GdIII ion (Fig-
ure 3 a). The central carbon atom of the mta ligand [C(3)] is
located on a threefold axis, a remarkable situation of con-
strain, as each methylene group is free to rotate respect to
the central “methane” carbon atom. This axis promotes the
crystallisation of the compound in a trigonal-crystal system,
and in the same way, this conformation is specially suited to
produce hexagonal pores in the structure. The value of the
dihedral angle between the planes of the carboxylate groups
of the mta3� ligand is 838. The shortest intralayer Gd···Gd
separation is 8.671(3) 
, a value which is larger than the
shortest interlayer metal–metal separation [5.7118(5) 
].

Let us finish the structural description of 1 with a compar-
ison of its structure with those of the lanthanideACHTUNGTRENNUNG(III) com-
plexes prepared with other C3-scaffold ligands, such as the
1,3,5-benzenetricarboxylate (btc3�), or the more flexible tri-
carballylate (tca3�) and 1,3,5-benzenetriacetate (bta3�). The
bta is the archetypical scaffold for the formation of honey-
comb structures[21] and various examples can be found
among the lanthanide complexes.[16] The trischelation of the
lanthanide ions and the angle of 1208 between the carboxyl-
ic arms of the btc ligand produces 63 sheets with GdIII, SmIII

and NdIII,[16a,b,e] whereas 63 cylindrical tubes are seen for
ErIII.[16f] The rigidity of the ligand favours the formation of
these 63 systems. In the case of the tricarballylic acid, in
which two acetate groups and one carboxylate arm are
linked to a methane core, the T-shape of the ligand restrains
the kind of systems that can be obtained.[14a] Thus, 63 sys-
tems with T nodes are highly favoured and brick-wall 63

nets are formed with GdIII and EuIII, whereas a 3D network
based on ladder-like tapes are obtained with LaIII.[14a] Re-
markably, to our knowledge there is no two-dimensional 63

network among the lanthanide complexes of the 1,3,5-ben-
zenetriacetate ligand.[18]

[Gd ACHTUNGTRENNUNG(mta) ACHTUNGTRENNUNG(H2O)3]n·2nH2O (2): The crystal structure of com-
pound 2 consists of dinuclear [Gd2 ACHTUNGTRENNUNG(H2O)4]

6+ units which are
linked through mta3� ligands to form a two-dimensional
array of metal atoms extended in the ab plane. The topolog-
ical structure of 2 is built up by two equivalent five-fold con-
nectors, giving rise to a (4862) uninodal network. This topol-
ogy is very rare and to our knowledge it has not been ob-
served before. These layers are the result of the condensa-
tion of two of the 63 sheets observed in 1 (see Figure 4). If
the gadolinium dinuclear units are considered as a single
node, they become 6-connected, whereas the mta ligands

Figure 1. a) A view of a fragment of the mta-gadolinium layer of 1 grow-
ing in the ab plane. b) Crystal packing down the crystallographic b axis
showing the regular alternating of the A and B layers. c) Ligand confor-
mation in the A and B layers.
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are 3-connecting nodes. Therefore, a two-dimensional (6,3)-
connected binodal (43)ACHTUNGTRENNUNG(466683)-kgd net results.[19] This CdCl2

topology is common for binary inorganic compounds, but it
is quite rare for metal–organic coordination polymers.[22]

The (4862) sheets are stacked regularly along the crystallo-
graphic c axis with a minimum interplanar separation be-
tween gadolinium atoms of 8.6750(8) 
. Six mta3� ligands

connect the dinuclear units to
their six nearest neighbours, the
shortest interdimer distance
being 8.0705(7) 
. Hydrogen
bonds involving the crystallisa-
tion [O(4w) and O(5w)] and co-
ordination [O(1w), O(2w) and
O(3w)] water molecules con-
nect the sheets to form a supra-
molecular three-dimensional
structure [intermolecular O···O
distances varying in the range
2.740(11)–2.886(8) 
] (see
Table S2 in the Supporting In-
formation). The solvent avail-
able-volume per unit-cell once
coordinated and uncoordinated
water molecules are removed is
�199.7 
3, a value which ac-
counts for the 31.2 % of the
total cell volume.[20]

There is one crystallographi-
cally independent gadolinium-ACHTUNGTRENNUNG(III) ion in the structure of 2. It
is nine coordinated (see Figur-
e 2 b) with six oxygen atoms
[O(1), O(2), OACHTUNGTRENNUNG(1a2), OACHTUNGTRENNUNG(3b2), O-ACHTUNGTRENNUNG(5c2) and OACHTUNGTRENNUNG(6d2); symmetry
code: a2 =�x, �y+1, �z ; b2 =

�x, �y+2, �z ; c2 =x�1, y, z ;
d2 =�x+ 1, �y+ 1, �z] from
five different mta3� ligands and
three water molecules [O(1w),
O(2w) and O(3w)] building a
distorted monocapped square
antiprism [Gd�O distances
varying in the range 2.294(5) to
2.537(6) 
 (see Table S3 in the
Supporting Information)]. The
O(1), O(2), OACHTUNGTRENNUNG(5c2) and O(1w)
set of atoms forms the base of
the polyhedron, while OACHTUNGTRENNUNG(1a2),
OACHTUNGTRENNUNG(3b2), OACHTUNGTRENNUNG(6d2) and O(2w) build
the upper plane and O(3w)
caps the antiprism. The dihe-
dral angle between the upper
and basal planes is 3.88.

The crystallographically inde-
pendent mta3� group adopts si-
multaneously both bidentate

[through O(1) and O(2) toward Gd(1)] and tetrakis-mono-
dentate coordination modes [through O(1), O(3), O(6) and
O(5) towards GdACHTUNGTRENNUNG(1a2), Gd ACHTUNGTRENNUNG(1b2), Gd ACHTUNGTRENNUNG(1d2) and Gd ACHTUNGTRENNUNG(1i2), re-
spectively; i2 = x+1, y, z] (Figure 3 b). So, each mta3� ligand
connects three digadoliniumACHTUNGTRENNUNG(III) units. The carbon skeleton
of the mta3� ligand does not lay in the same plane [maxi-
mum deviation from the mean plane formed by the mta-

Figure 2. A view of the asymmetric unit in a) 1, b) 2 and c) 3 showing the atom numbering together with a
detail of the coordination polyhedron of the GdIII ions. The unlabeled grey atoms have been generated by
symmetry operations.

Figure 3. Coordination modes of the methanetriacetate ligand in a) 1, b) 2 and c) 3.
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carbon atoms is 0.405(2) 
 at C(2)]. The values of the dihe-
dral angles between the planes of the acetate arms of the
mta3� ligand [C(1), C(2), O(1) and O(2) (ac(1)), C(4), C(5),
O(3) and O(4) (ac(2)) and C(6), C(7), O(5) and O(6)
(ac(3))] are 27.8 [ac(1)/ac(2)], 80.8 [ac(1)/ac(3)] and 53.08
[ac(2)/ac(3)].

The digadoliniumACHTUNGTRENNUNG(III) units in 2 are generated by an in-
version centre located in the midpoint between the two
metal atoms (see Figure 5). A double oxo [m-
O(1) ;k2O(1),O(2)] and two carboxylate groups [O ACHTUNGTRENNUNG(5c2)-C-ACHTUNGTRENNUNG(6c2)-O ACHTUNGTRENNUNG(6c2)] in syn–syn conformation act as bridges. The
value of the separation between the gadoliniumACHTUNGTRENNUNG(III) ions
[Gd(1)…Gd ACHTUNGTRENNUNG(1a2)] and that of the angle at the oxo bridge
[Gd(1)-O(1)-Gd ACHTUNGTRENNUNG(1a2)] are 4.0231(9) 
 and 109.4(2)8, respec-
tively.ACHTUNGTRENNUNG[Gd2 ACHTUNGTRENNUNG(mta)2ACHTUNGTRENNUNG(H2O)2]n·2nH2O (3): The structure of compound
3 is made up of [Gd ACHTUNGTRENNUNG(H2O)]3+ ions and 6-connecting mta3�

ions acting as octahedral and trigonal prismatic nodes, re-
spectively. The resulting three-dimensional network exhibits
the nia topology (Figure 6). This (6,6)-connected binodal
nia-net[19] with a (41263) ACHTUNGTRENNUNG(4966) Schl	fli symbol is quite rare

among MOF architectures and only three examples could be
found in the recent literature.[23]

The structure is formed by chains of oxo- and syn–syn car-
boxylato-bridged gadolinium (III) ions running along the a
direction, which are further interconnected through the ex-
tended mta3� ligands to afford the 3D network. Each GdIII

chain is linked to its six nearest neighbours within the bc
plane with a shortest interchain separation of 7.7317(3) 

[Gd(1)···GdACHTUNGTRENNUNG(2h3); h3 =�x, y, z+1/2].

Hydrogen bonds involving the crystallisation [O(3w) and
O(4w)] and coordination [O(1w) and O(2w)] water mole-
cules and carboxylate-oxygen atoms of the mta3� ligand con-
tribute to the stabilisation of the structure [O···O contacts
covering the range 2.754(10)–2.852(10) 
] (see Table S2 in
the Supporting Information). The O(3w) and O(4w) water
molecules are placed between the central carbon atoms of
the mta3� ligands along the a direction, in such a way that
no residual space is allowed for more solvent molecules. A
solvent available volume of about 424.5 
3 per unit cell re-
sults in this compound after removal of the crystallisation
and coordination water molecules. This empty space ac-
counts for the 21 % of the total cell volume.[20]

Two crystallographically independent gadolinium atoms
[Gd(1) and Gd(2)] in 3 (see Figure 2 c), are nine-coordinat-
ed with distorted monocapped square antiprism environ-
ments. Gd(1) is surrounded by eight oxygen atoms [O(1), O-ACHTUNGTRENNUNG(3a3), OACHTUNGTRENNUNG(5b3), O(7), O(8), OACHTUNGTRENNUNG(10c3), OACHTUNGTRENNUNG(11a3) and O ACHTUNGTRENNUNG(12a3);
a3 = x, y�1/2, �z+ 1/2; b3 =�x, y�1/2, �z ; c3 =�x+1, y,
z�1/2] from six mta3� ligands, and one water molecule
[O(1w)]. The O(1), O(7), O(8) and O ACHTUNGTRENNUNG(10c3) set of atoms
forms the base of the polyhedron, whereas OACHTUNGTRENNUNG(3a3), O ACHTUNGTRENNUNG(5b3),
OACHTUNGTRENNUNG(12a3) and O(1w) build the upper plane and O ACHTUNGTRENNUNG(11a3) caps
the antiprism. The mean value of the Gd(1)�O bond dis-
tance is 2.451(8) 
 (see Table S3 in the Supporting Informa-

Figure 4. a) View of the structure of 2 along the c axis showing the layers
constructed by the GdIII ions and the mta3� ligands; the dinuclear unit
with its six nearest neighbours is emphasised. b) Topological scheme
showing the condensation of the double 63 layer.

Figure 5. A detail of the bridges between the gadolinium ACHTUNGTRENNUNG(III) ions in 2.
The plane formed by the Gd(1), Gd ACHTUNGTRENNUNG(1a2), O(1) and O ACHTUNGTRENNUNG(1a2) set of atoms is
also visualised.

Figure 6. Topologic view of the crystal structure of 3 in which the
gadolinium ACHTUNGTRENNUNG(III) ions and the mta3� ligands are highlighted by light grey
and dark grey, respectively.

Chem. Eur. J. 2010, 16, 4037 – 4047 � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 4041

FULL PAPERGadolinium Metal–Organic Frameworks

www.chemeurj.org


tion) and the dihedral angle between the upper and basal
planes amounts 10.58. Gd(2) is surrounded also by eight
oxygen atoms [O(1), O(2), OACHTUNGTRENNUNG(4a3), O ACHTUNGTRENNUNG(5b3), O ACHTUNGTRENNUNG(6b3), O ACHTUNGTRENNUNG(8d3),
OACHTUNGTRENNUNG(9e3) and O ACHTUNGTRENNUNG(12f3); d3 = x�1, y, z ; e3 =�x, y, z�1/2; f3 =

x�1, y�1/2, �z+ 1/2] from six mta3� ligands and one water
molecule [O(2w)]. The basal and upper planes at the Gd(2)
atom are built by the O(1), O(2), O ACHTUNGTRENNUNG(4a3) and O ACHTUNGTRENNUNG(8d3) and O-ACHTUNGTRENNUNG(5b3), O ACHTUNGTRENNUNG(9e3), OACHTUNGTRENNUNG(12f3) and O(2w) set of atoms respectively,
whereas OACHTUNGTRENNUNG(6b3) caps the antiprism. The mean Gd(2)�O dis-
tance is 2.445(8) 
 and the dihedral angle between the basal
an upper mean planes is 9.58 (see Table S3 in the Supporting
Information).

Two crystallographically independent mta3� ligands, both
exhibiting the same bis-bidentate/tetrakis-monodentate co-
ordination mode, occur in 3 (Figure 3 c). The one containing
the C(3) atom [mta(1)] is chelating Gd(2) [through O(1)
and O(2)] and GdACHTUNGTRENNUNG(2k3) [through O(5) and O(6)], connecting
Gd(1) to Gd(2) [through O(1)] and to Gd ACHTUNGTRENNUNG(1l3) [through
O(3)] and binding to GdACHTUNGTRENNUNG(2l3) [through O(4)] and Gd ACHTUNGTRENNUNG(1k3)
[through O(5)] (symmetry code: l3 = x, y+1/2, �z+1/2; k3 =

�x, y+ 1/2, �z). The second mta ligand [mta(2)] which con-
tains the methane carbon atom C(10) shows the same coor-
dination mode chelating Gd(1) [through O(7) and O(8)],
and Gd ACHTUNGTRENNUNG(1l3) [through O(11) and O(12)] and linking Gd(2),
Gd ACHTUNGTRENNUNG(2h3), Gd ACHTUNGTRENNUNG(1j3) and Gd ACHTUNGTRENNUNG(2m3) (h3 =�x, y, z+1/2; j3 =�x+

1, y, z+ 1/2; m3 = x+1, y+1/2, �z+ 1/2), by means of O(8),
O(9), O(10) and O(12), respectively. The mean planes of
the acetate arms of the mta(1) ligand [ac(1): C(1), C(2),
O(1) and O(2); ac(2): C(4), C(5), O(3) and O(4)]; ac(3):
C(6), C(7), O(5) and O(6)] form dihedral angles of 61.8
[ac(1)/ac(2)], 54.8 [ac(1)/ac(3)] and 63.58 [ac(2)/ac(3)],
values that are all close to those from the mta(2) ligand
[ac(1): C(13), C(14), O(11) and O(12); ac(2): C(11), C(12),
O(9) and O(10); ac(3): C(9), C(8), O(7) and O(8)], which
are 60.4 [ac(1)/ac(2)], 53.8 [ac(1)/ac(3)] and 79.68 [ac(2)/
ac(3)]. A regular alternation of the mta(1) and mta(2)
groups in the six ligands around each GdIII chain takes place
in 3 as shown in Figure 7.

Regular alternating Gd(1) and Gd(2) occurs within each
chain of gadolinium atoms with two crystallographically dif-
ferent bridges among them. Gd(1) and Gd(2) are linked

through m-O(1) ;k2O(1),O(2) and m-O ACHTUNGTRENNUNG(5b3) ;k2OACHTUNGTRENNUNG(5b3),O ACHTUNGTRENNUNG(6b3)
bridges and by a single carboxylate bridge in a syn–syn con-
formation [O(3)-C(5)-O(4)]. Gd(2) and GdACHTUNGTRENNUNG(1d3) are con-
nected by the same kind of bridges, m-O ACHTUNGTRENNUNG(8d3) ;k2OACHTUNGTRENNUNG(8d3),O-ACHTUNGTRENNUNG(7d3), m-OACHTUNGTRENNUNG(12f3) ;k2OACHTUNGTRENNUNG(12f3),O ACHTUNGTRENNUNG(11f3), and the syn–syn carbox-
ylate bridge OACHTUNGTRENNUNG(9e3)-C ACHTUNGTRENNUNG(12e3)-O ACHTUNGTRENNUNG(10e3) (see Figure 8).

Magnetic properties of 1–3

Compound 1: The temperature dependence of the cMT
product for 1 [cM is the magnetic susceptibility per one GdIII

ion] is shown in Figure 9. At room temperature, cMT is

equal 7.75 cm3 mol�1 K, a value which is as expected for a
magnetically isolated GdIII ion. Upon cooling, this value re-
mains constant until about 50 K and then it smoothly de-
creases to 7.22 cm3 mol�1 K at 1.9 K. This plot corresponds to
a quasi Curie law behaviour. The analysis of the magnetic
data of 1 through the Curie–Weiss law in Equations (1), (2)
and (3) led to q=0.16(1) K and g=1.99(1):

c ¼ C
ðT � qÞ ð1Þ

Figure 7. A view of the arrangement of the two crystallographically inde-
pendent methanetricarboxylate ligands [mta(1) (grey) and mta(2)
(black)] in 3.

Figure 8. Detail of the bridges between the gadolinium ACHTUNGTRENNUNG(III) ions in 3.

Figure 9. Temperature dependence of the cMT product for 1 :(*) experi-
mental data; (c) best-fit curve (see text). Inset: 1/cM versus T plot.
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C ¼ Nb2g2

3k
SðSþ 1Þ ð2Þ

q ¼ zjSðSþ 1Þ
3k

ð3Þ

Taking into account that z=6 in 1 (z=number of neigh-
bours), a value of j=�0.003(2) cm�1 results. Such a very
weak magnetic coupling between the GdIII ions 1 is as ex-
pected having in mind the large separation between the spin
carriers through the tris-bidentate mta3� ligand in this com-
pound.

Compounds 2 and 3 : The temperature dependence of the
cMT product for 2 [cM is the magnetic susceptibility per one
GdIII ion] is shown in Figure 10. At room temperature, cMT

for 2 is about 7.80 cm3 mol�1 K, a value that is as expected
for a magnetically isolated GdIII ion with local spin S= 7/2
and g= 2.0. Upon cooling the sample, this value practically
remains constant until 15 K after which decreases abruptly
to 7.48 cm3 mol�1 K at 1.9 K. This behaviour is indicative of
the existence of weak antiferromagnetic interactions be-
tween the gadoliniumACHTUNGTRENNUNG(III) ions. According to the crystal
structure of 2 described above and because of the shortest
interdimer separation inside the layers through the mta3�

ligand is quite large [�8.6750(8) 
], this complex can be
considered magnetically as an isolated digadoliniumACHTUNGTRENNUNG(III)
unit with a double m-oxo and two carboxylato in syn–syn
conformation as bridges (see Figure 5). So, the analysis of its
magnetic data has been done through a simple dimer law
for two local spin octets which is derived from the isotropic
spin Hamiltonian Ĥ=�JŜ1·Ŝ2. The least-squares best-fit pa-
rameters are J=�0.0063(1) cm�1 and g= 1.99(1). The calcu-
lated curve matches very well the experimental data over
the whole temperature range, as shown in Figure 10. This
very-weak antiferromagnetic interaction is confirmed by the

magnetisation versus H data at 2.0 K which closely follow
the Brillouin function for a magnetically isolated
gadoliniumACHTUNGTRENNUNG(III) ion with g=2.0 and tend to a saturation
value of 7.0 mB (inset of Figure 10).

The temperature dependence of the cMT product for 3
[for which cM is the magnetic susceptibility per one GdIII

ion] is shown in Figure 11. This plot is as expected for a
weak ferromagnetic interaction. The value of cMT at room
temperature is about 7.80 cm3 mol�1 K. It remains practically
constant upon cooling until 28 K and at lower temperatures
it increases reaching a value of 9.74 cm3 mol�1 K at 1.9 K.
This plot is indicative of the occurrence of a weak ferromag-
netic interaction between the gadolinium ACHTUNGTRENNUNG(III) ions in 3.

Looking at the structure of 3, it seems clear that this fer-
romagnetic coupling occurs within the chains of gadolinium-ACHTUNGTRENNUNG(III) ions which run parallel to the a axis and which are well
separated from each other through the skeleton of the mta3�

ligands [the interchain Gd…Gd distance is �7.7317(3) 
].
Having this in mind and taking into account the large value
of the local interacting spins [S= 7/2], the classical spin ex-
pression derived by Fisher to describe the magnetic behav-
iour of a uniform chain applies for 3 [Eq. (4)]:[24]

c ¼ Nb2g2

3kT
SðSþ 1Þ 1þ u

1� u
ð4Þ

In this expression, u is the Langevin function, defined in
Equation (5):

u ¼ coth
JSðSþ 1Þ

kT

� �
� kT

JSðSþ 1Þ ð5Þ

in which N, b, k and g represent their regular meanings and
J is the exchange coupling parameter between adjacent
spins. Least-squares best-fit parameters are J= ++

Figure 10. Temperature dependence of the cMT product for 2 : (*) experi-
mental data; (c) best-fit curve. Inset: field dependence (grey points)
of the magnetisation for 2 at 2.0 K; the solid line is the Brillouin function
for a magnetically isolated S= 7/2 with g =2.0.

Figure 11. Temperature dependence of the cMT product for 3 : (*) experi-
mental data; (c) best-fit curve (see text). Inset: field dependence of
the magnetisation for 3 at 2.0 K [grey points]; the solid line is the Bril-
louin function for a magnetically isolated S =7/2 with g=2.0.
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0.026(1) cm�1 and g=1.98(1). The calculated curve (solid
line in Figure 11) matches quite well the experimental data
over the whole temperature range. This very-weak ferro-
magnetic interaction is visualised by the magnetisation
versus H data at 2.0 K, which is slightly above the Brillouin
function for a magnetically isolated gadoliniumACHTUNGTRENNUNG(III) ion with
g=2.0, both tending to a saturation value of 6.7 mB (inset of
Figure 11).

At first sight, the different nature of the weak magnetic
coupling between the GdIII ions in 2 (antiferromagnetic) and
3 (ferromagnetic) seems a bit surprising because of the same
bridging groups [m-oxo(carboxylate) and carboxylato in the
syn–syn conformation] provide the exchange pathways in
them. The subtle difference is the occurrence of two syn–syn
carboxylato bridges in 2 versus only one in 3. This circum-
stance is certainly responsible for the shortening of the
angle at the oxo(carboxylate) bridge (h), 109.2(2)8 (2) and
111.8(3) and 111.2(3)8 (3). Previous magneto-structural stud-
ies on compounds containing the double m-oxo(carboxylate)
digadoliniumACHTUNGTRENNUNG(III) core suggest that there exists an antiferro-
magnetic interaction when the angle Gd-O-Gd is small, and
ferromagnetic when it is greater.[25] The magnetic behaviour
of compounds 2 and 3 follows this prediction. This agree-
ment is also observed when looking at the previous cases in
which the m-O(1) ;k2O(1),O(2)/double syn–syn carboxylato
(2)[26] or the m-O(1) ;k2O(1),O(2)/single syn–syn carboxylato
(3)[27] bridge occur.

Conclusions

Three novel gadolinium ACHTUNGTRENNUNG(III) compounds (1–3) have been
synthesised and single crystals suitable for X-ray analysis
have been obtained. They are the first examples that illus-
trate the use of methanetriacetic acid, as a scaffold for the
construction of MOFs. Compounds 1 and 2 have layered
structures, the former being a 63-hcb network, whereas the
latter can be viewed as a condensation of 1 in bilayers to
build (4862) sheets. In 3 the 3D framework is of the nia-type,
where both the [Gd ACHTUNGTRENNUNG(H2O)]3+ ions and the mta3� ions act as
six-fold nodes. The complexes 1 and 2 have been obtained
in a gel medium varying slightly the pH value, whereas 3
was prepared by hydrothermal synthesis. This result sup-
ports that high-pressure preparative routes favour high di-
mensional architectures.

Concerning the magnetic properties, a relationship be-
tween the nature of the magnetic coupling and the type of
bridge that links the GdIII centres has been proposed on the
basis of magneto-structural data for digadolinium ACHTUNGTRENNUNG(III)
motifs with carboxylate-type ligands.[24] Compounds 2 and 3
exhibit weak antiferro- [J=�0.0063 cm�1 (2)] and ferromag-
netic [J=++0.026 cm�1 (3)] interactions that agree with the
above prediction.

Experimental Section

Materials and physical characterisations : Methanetriacetic acid (H3tmc)
was prepared by using a method reported previously.[28] The compounds
were characterised by using 1H NMR (at 400 and 300 MHz) and
13C NMR (at 75 MHz) spectra, the chemical shifts are reported relative
to internal Me4Si, at room temperature. Column chromatography was
performed on silica gel, 60 
 and 0.2–0.5 mm. The intermediate organic
compounds were visualised by using UV light and vanillin with acetic
and sulfuric acids in ethanol with heating. All solvents were purified by
standard techniques.[29] Reactions requiring anhydrous conditions were
performed under a dinitrogen atmosphere. Anhydrous magnesium sulfate
was used for drying solutions. The rest of reagents and solvents used in
the synthesis of compounds 1–3 were purchased from commercial sources
and used without further purification. Single crystals of 1 and 2 were
grown in silica gel medium through the techniques described by
Henish,[30] whereas those of compound 3 were obtained in hydrothermal
conditions. Elemental analyses (C and H) were performed on an EA
1108 CHNS-O microanalytical analyser. Magnetic susceptibility measure-
ments on polycrystalline samples of 1–3 were performed in the tempera-
ture range of 1.9–300 K by using a Quantum Design SQUID magnetome-
ter. The measurements in all compounds were made with a field of 100 G
between 1.9 and 50 K, and 10000 G in the range of 50 K to RT. Diamag-
netic corrections of the constituent atoms were estimated from Pascal�s
constants[31] to be �196 � 10�6 (1), �170 � 10�6 (2) and �131 �
10�6 cm3 mol�1 (3) per one GdIII ion. Experimental susceptibilities were
also corrected for the magnetisation of the sample holder.

Preparation of dimethyl-3-cyanomethyleneglutarate : A mixture of di-
methyl-1,3-acetonedicarboxylate (10 g, 57.4 mmol), cyanoacetic acid
(6.38 g, 86.1 mmol), ammonium acetate (0.77 g, 1.2 mmol), dry benzene
(50 mL) and acetic acid (3.4 mL) was refluxed under stirring for 24 h
using a Dean-Stark to remove water the formed in the reaction azeotrop-
ically. The reaction mixture was cooled and washed with water (2 �
15 mL) and then with a saturated NaHCO3 solution (2 � 10 mL). The
aqueous washings were extracted with ether (2 � 20 mL) and the com-
bined organic layers were dried over MgSO4, filtered, concentrated and
purified by silica gel flash-chromatography, yielding dimethyl-3-cyanome-
thyleneglutarate (10.3 g, 90% yield) as an oil. 1H NMR (CDCl3): d =3.36
(d, J =1.2 Hz, 2H), 3.59 (s, 2 H), 3.69 (s, 3 H), 3.70 (s, 3 H), 5.49 ppm (s,
1H); 13C NMR (CDCl3): d =39.6 (t), 41.4 (t), 52.8 (q), 52.8 (q), 103.4 (d),
115.8 (s), 152.2 (s), 169.3 (s), 169.5 ppm (s); LRMS (EI): m/z : (%): 197
[M+] (0.5), 166 (71), 165 (100), 138 (23), 80 (38); HRMS (EI): m/z :
calcd: C9H11NO4 [M+]: 197.0688; found: 197.0695.

Preparation of methanetriacetic acid : A mixture of the a,b-unsaturated
cyanide (10 g, 50.7 mmol) and Pd(OH)2 (200 mg) in MeOH (150 mL)
was placed under H2 atmosphere. The reaction mixture was vigorously
stirred until TLC showed complete conversion to the dimethyl-3-(cyano-
methyl)pentanedioate. The mixture was filtered through a pad of Celite.
The solvent was removed under reduced pressure and the residue was
used without further purification. A 60 mL 5m NaOH solution was
added to the residue oil leading a two-phase system. The mixture was
heated and vigorously stirred for 2 h. After cooling, the clear solution
was acidified with 5 m sulfuric acid and then evaporated to dryness. The
solid was extracted several times with diethyl ether and the combined ex-
tracts were dried with MgSO4. After filtration, the evaporation of the sol-
vent afforded the tricarboxylic acid as a white solid (9.35 g, 96% yield
from the dimethyl-3-cyanomethileneglutarate). 1H NMR ([D6]acetone):
d=2.50 (d, J =6.4 Hz, 6H), 2.67 ppm (m, 1 H); 13C NMR ([D6]acetone):
d=28.4 (d), 36.6 (t), 172.8 ppm (s); elemental analysis calcd (%) for
C7H10O6 (190.0): C 44.21, H 5.30; found: C 44.22, H 5.99.

Complex [Gd ACHTUNGTRENNUNG(mta) ACHTUNGTRENNUNG(H2O)3]n·4nH2O (1): An aqueous solution of NaOH
was poured into a 0.07 m solution of methanetriacetic acid [H2O (3 mL)
and ethanol (4 mL)] for which the pH was adjusted to 5.08. Afterwards,
tetramethoxysilane (0.7 mL) was added to the resulting solution. The
mixture was introduced into test tubes, covered, and stored for one day
at room temperature to allow the formation of the gel. Once the gel has
been formed, an aqueous solution of gadolinium ACHTUNGTRENNUNG(III) nitrate hexahydrate
0.1m (2.5 mL) was placed on the gel, care being taken to avoid damaging
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the surface of the gel, and it was stored at 30 8C. White prisms of 1 suita-
ble for single-crystal X-ray diffraction appeared in the test tubes a few
days later. They were separated mechanically, washed with water/ethanol
and air dried. Single crystals of 1 are shown in picture 1 (see the Support-
ing Information). Elemental analysis (%) calcd for C7H21GdO13 (1): C
17.85, H 4.46; found: C 17.80, H 4.48.

Complex [Gd ACHTUNGTRENNUNG(mta) ACHTUNGTRENNUNG(H2O)3]n·2nH2O (2): Compound 2 was obtained by a
similar procedure to that used for 1, but adjusting the pH of the solution
to 4.50. X-ray quality crystals of 2 as colourless needles formed in the gel
after a few days. They were collected, washed with water/ethanol and air
dried. Elemental analysis (%) calcd for C7 H17 Gd O11 2 : C 19.33, H 3.91;
found: C 19.29, H 3.93.

Complex [GdACHTUNGTRENNUNG(mta) ACHTUNGTRENNUNG(H2O)3]·4nH2O (3): Aqueous solutions of methanetri-
acetic acid 0.1m (10 mL) and gadolinium ACHTUNGTRENNUNG(III) nitrate hexahydrate 0.05 m

(20 mL) were mixed and the resulting mixture was sealed in a 45 mL
stainless-steel reactor with a Teflon liner, and heated at 170 8C for 48 h.[32]

After cooling, yellow cubic crystals, suitable for X-ray analysis, were
manually selected from the Teflon-liner and air dried. Elemental analysis
(%) calcd for C14 H22 Gd2 O16 3 : C 22.08, H 2.89; found: C 22.03, H 2.86.

Crystallographic data collection and structural determination : Single
crystals of 1–3 were mounted on a Nonius Kappa CCD diffractometer
and the data were collected at 293(2) K by using graphite-monochromat-
ed MoKa radiation (l =0.71073 
).[33] A summary of the crystallographic
data and structure refinement is given in Table S1 in the Supporting In-
formation. The structures were solved by direct methods and refined
with full-matrix least-squares technique on F2 by using the SHELXS-97
and SHELXL-97 programs[34] included in the WINGX software pack-
age.[35] All non-hydrogen atoms were refined anisotropically. The hydro-
gen atoms of the mta3� ligand were located from difference Fourier maps
in 1 and 2, whereas they were set in calculated positions in 3. All hydro-
gen atoms were refined isotropically. The final geometrical calculations
and the graphical manipulations were carried out with PARST95,[36]

PLATON[21] and DIAMOND[37] programs. Hydrogen bonds and select-
ed-bond lengths and angles of compounds 1–3 are listed in Tables S2 and
S3 in the Supporting Information.
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