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The synthesis and structural characterisation of a novel
family of highly symmetric (rhombohedral crystal system)
frameworks, incorporating d- and f-block elements formu-
lated as [LnFeIIIFeII

6(Hpmida)6]·nH2O [Ln = Nd3+ (1), Gd3+

(2), Tb3+ (3), Er3+ (4)] is reported. This is the second example
of a family of porous mixed d-f MOFs containing high-spin
Fe2+ centres. These materials were prepared from an eutectic
mixture (1:1 molar ratio, choline chloride/malonic acid) with
a small amount of added water and isolated directly in large
amounts as single crystalline phases. The structural details
were revealed by single-crystal X-ray diffraction, variable-

Introduction

Metal–organic frameworks (MOFs) are one of the most
active research areas in chemistry and materials science.[1]

The concept behind their assembly lies in the use of organic
molecules (linkers) possessing two or more coordinating-
capable functional groups and metal centres (nodes) to pro-
mote the formation of highly organised polymeric com-
pounds, typically forming 3D networks. Because the combi-
nation of linkers and nodes is, in essence, infinite the ex-
ponential growth of the field was initially motivated by the
intriguing architectures obtained.[2] More recently, with the
advent of novel frameworks exhibiting interesting proper-
ties with real potential for application,[3] research is increas-
ingly focused on the design of functional materials for in-
dustry, particularly for gas adsorption,[4] heterogeneous ca-
talysis,[5] fabrication of thin films or membranes,[6] sensors
(e.g., ethanol and pH),[7] photoluminescence or magnet-
ism[8] and MRI contrast agents[9] among others.

Traditionally, the functional groups of the organic linkers
were mainly pyridine rings and carboxylate groups but,
more recently, other moieties such as imidazole, sulfonates
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temperature powder X-ray diffraction, thermogravimetry, vi-
brational and Mössbauer spectroscopy and electron micro-
scopy (SEM and EDS). Networks are assembled by unusual
[Fe2(Hpmida)2]2– dimeric units, which connect to each other
and to the lanthanide centres to form a 3D porous framework.
The empty voids of this framework accommodate charge-
balancing Fe3+ cations and uncoordinated water molecules,
which are readily released without structural collapse at tem-
peratures below 250 °C. The photoluminescence and mag-
netic properties of the compounds were studied at ambient
and low temperature.

and phosphonate groups have been used. In particular, tetra-
hedral units are interesting anchoring sites to many types
of metal centres, leading to MOFs with unusual architec-
tures and potentially useful applications.[10] Indeed, three
tetrahedrally arranged oxygen atoms emulate zeolite build-
ing blocks, allowing straightforward coordination to transi-
tion and lanthanide metal centres, and the presence of a
carbon atom permits the inclusion of almost any organic
group. Moreover, phosphonate groups exhibit high chemi-
cal and thermal robustness and are therefore a viable route
to the formation of highly stable frameworks. Many exam-
ples of remarkable phosphonate-based frameworks have
been reported: the Ni-STA-12 framework discovered by
Miller and collaborators[11] exhibits permanent porosity
and a remarkable uptake of CO2 over methane at ambient
temperature (ca. ten times larger); Evans and collabora-
tors[12] prepared a chiral bisphosphonate molecule for the
design of homochiral frameworks, which they used as
heterogeneous catalysts in various organic transformations,
such as cyanosilylation of aldehydes and ring opening of
meso-carboxylic anhydrides; Plabst and Bein[10b] discovered
a functional porous framework (based on a previously de-
signed tetraphosphonic acid) for which the charge-balanc-
ing Na+ cations could be exchanged only by monovalent
cations, excluding di- and trivalent ones; the group of
Yue[10e] developed a new organic ligand based on S-proline
for the construction of homochiral frameworks, which exhi-
bit selective sorption abilities of nitrogen, water and meth-
anol, over ethanol.
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We have been interested in the rational design and prop-

erties of functional MOFs,[13] in particular those containing
one or more phosphonate groups in the organic building
block(s).[14] Following our (i) previous work using the di-
meric [V2O2(pmida)2]4– unit [H4pmida = N-(phosphono-
methyl)iminodiacetic acid],[13b] (ii) interest in the develop-
ment of novel synthetic approaches for the preparation of
MOFs (viz. the newly-developed hydroionothermal synthe-
sis)[14k] and (iii) recent work in which we successfully com-
bined d- and f-cations with a bisphosphonate molecule to
construct a highly porous, photoluminescent family of
frameworks,[14a] we wish to describe a novel family of mixed
d-f frameworks whose structure is resilient to the well
known lanthanide contraction effect: [LnFeIIIFeII

6-
(Hpmida)6]·nH2O [Ln = Nd3+ (1), Gd3+ (2), Tb3+ (3), Er3+

(4)]. In addition, to the best of our knowledge, this family
of structures is the second example of a porous mixed d-f
MOF containing high-spin Fe2+ centres to date.[15] These
materials are highly symmetric (crystallising in the rhombo-
hedral crystal system) and constructed from previously re-
ported[16] anionic [Fe2(Hpmida)2]2– dimeric units connected
to lanthanide centres (solely by the phosphonate groups)
and to partially-occupied charge-balancing Fe3+ cations.
The presence of both d- and f-cations promotes multifunc-
tionality and a preliminary assessment has been carried out
of the magnetic (for 2) and photoluminescent (for 3) prop-
erties.

Results and Discussion

Structural Studies

Synthesis and Crystal Morphology

Materials formulated as [LnFeIIIFeII
6(Hpmida)6]·nH2O

[Ln = Nd3+ (1), Gd3+ (2), Tb3+ (3), Er3+ (4)], on the basis
of single-crystal X-ray diffraction (Table 3) and powder X-
ray diffraction studies, were directly isolated from the con-
tents of the autoclaves as large single crystals as depicted in
Figure 1. These compounds were isolated using hydroiono-
thermal synthesis[14k] recently developed in our laboratories,
in which the solvent is a eutectic mixture of choline chloride
and malonic acid (melting point 10 °C) with a small
amount of distilled water. Attempts to isolate these materi-
als using typical hydrothermal and ionothermal approaches
systematically failed to lead to either single crystals or
microcrystalline powders with identical structures to the
compounds described herein. Phase purity and homo-
geneity of the bulk materials have been confirmed by pow-
der X-ray diffraction investigations (Figure 2).

The existence of Fe3+ as a charge-balancing cation was
unequivocally confirmed by Mössbauer spectroscopy. For
example, data for 4 revealed the presence of both Fe2+ and
Fe3+ in the material with a rate of occupancy of ca. 84%
and 16 %, respectively (Figure S1). Similar results were ob-
served for the other members of the series. Furthermore,
energy dispersive X-ray analysis (EDS) of the isolated crys-
tals did not reveal the presence of additional charge-balanc-
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Figure 1. SEM pictures of crystals of [LnFeIIIFeII
6(Hpmida)6]·

nH2O [Ln = (a) Nd3+, (b) Gd3+, (c) Tb3+, (d) Er3+].

Figure 2. Comparison of the experimental powder X-ray diffrac-
tion patterns for [LnFeIIIFeII

6(Hpmida)6]·nH2O [Ln = Nd3+ (1),
Gd3+ (2), Tb3+ (3), Er3+ (4)] and a simulation based on the single-
crystal structural determination of 3, performed using the software
package Mercury from the Cambridge Structural Database.[32]

ing cations (such as Na+), and the EDS ratios are also in
good agreement with the empirical formulae of the materi-
als.

Crystal Structure Description – Coordination Environments

The structural features of [LnFeIIIFeII
6(Hpmida)6]·nH2O

[Ln = Nd3+ (1), Gd3+ (2), Tb3+ (3), Er3+ (4)] have been
revealed by single-crystal X-ray diffraction (Table 3). Be-
cause all structures are identical, the structural discussion
outlined will focus on 3 with all features being valid for the
other members of the series.

The framework of 3 is assembled from two metal centres,
Tb(1) and Fe(1), with the third cation, Fe(2), half-occupied
in its local crystallographic position. Because of charge-bal-
ancing reasons and in conjunction with data from Möss-
bauer spectroscopy, we assumed that this location was at-
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tributed to the Fe3+ ion. We emphasise that this strategy
arises from a simplification of the system to better under-
stand the structural model and analyse the magnetic prop-
erties (vide infra). It is, however, also feasible to assume that
the +2 and +3 charges for these cations could be distributed
between the two crystallographic locations. Tb(1) is located
at the threefold axis of the rhombohedral R3̄ space group
and is coordinated to six symmetry-related phosphonate
groups. The coordination environment, {TbO6} (Fig-
ure 3a), resembles a slightly distorted octahedron in which
the Tb–O bond lengths are identical [2.269(3) Å, Table 1],
and the internal cis octahedral angles range from 88.93(11)
to 91.07(11)° (Table 2).

As previously reported for complexes with V4+,[13b] the
Hpmida3– anionic unit behaves as a multidentate chelating
agent, effectively trapping the Fe2+ centre [Fe(1)] inside
three five-membered chelating rings as depicted in Fig-
ure 3b. Two such chelates are linked to form the dimeric
[Fe2(Hpmida)2]2– unit (vida infra). Hence, the coordination
sphere of Fe(1) is composed of atoms arising from three
symmetry-related Hpmida3– ligands, {FeNO5}, with a ge-
ometry closely resembling a highly distorted octahedron.
The Fe–(N,O) bond lengths range from 2.108(3) to
2.260(3) Å (Table 1 and Figure 3b), and the cis and trans
internal octahedral angles are found in the range 77.08(12)–
114.92(12)° and 158.63(11)–167.32(12)°, respectively. No-
tably, the extreme values for the bond lengths arise from the
apical positions in the octahedron, which are those of the
central N atom of Hpmida3– and the bridge to O(7) from a
neighbouring dimeric [Fe2(Hpmida)2]2– unit.

Fe(2) appears in the crystal structure as a charge-balanc-
ing cation with a charge of +3 and is half occupied in its
crystallographic position. Hence, because this cation seems
to have a negligible importance in the construction of the

Table 1. Bond lengths (in Å) for the metallic coordination spheres present in [LnFeIIIFeII
6(Hpmida)6]·nH2O [Ln = Nd3+ (1), Gd3+ (2),

Tb3+ (3), Er3+ (4)].[a]

1[b] 2[c] 3[d] 4[e] 1[b] 2[c] 3[d] 4[e]

Ln(1)–O(2) 2.330(2) 2.285(4) 2.269(3) 2.234(3) Fe(1)–O(1) 2.116(2) 2.111(3) 2.117(3) 2.111(3)
Ln(1)–O(2)i 2.330(2) 2.285(4) 2.269(3) 2.234(3) Fe(1)–O(3)x, vii, vii, vii 2.120(2) 2.131(4) 2.133(3) 2.125(3)
Ln(1)–O(2)ii 2.330(2) 2.285(4) 2.269(3) 2.234(3) Fe(1)–O(4) 2.206(3) 2.205(4) 2.200(3) 2.199(4)
Ln(1)–O(2)iii 2.330(2) 2.285(4) 2.269(3) 2.234(3) Fe(1)–O(6) 2.113(3) 2.118(4) 2.126(3) 2.128(3)
Ln(1)–O(2)iv 2.330(2) 2.285(4) 2.269(3) 2.234(3) Fe(1)–O(7)ix, ix, vi, ix 2.112(3) 2.104(4) 2.108(3) 2.104(3)
Ln(1)–O(2)v 2.330(2) 2.285(4) 2.269(3) 2.234(3) Fe(1)–N(1) 2.260(3) 2.258(4) 2.260(3) 2.244(4)

Fe(2)–O(3)vi, vi, –, vi 2.299(2) 2.280(4) 2.296(3) 2.278(3)
Fe(2)–O(3)vii, viii, i, vii 2.299(2) 2.280(4) 2.296(3) 2.278(3)
Fe(2)–O(3)viii, vii, ii, viii 2.299(2) 2.280(4) 2.296(3) 2.278(3)
Fe(2)–O(6)vii 2.503(2) 2.514(4) 2.451(3) 2.446(3)
Fe(2)–O(6)viii 2.503(2) 2.514(4) 2.451(3) 2.446(3)
Fe(2)–O(6)ix 2.503(2) 2.514(4) 2.451(3) 2.446(3)

[a] Order of appearance of symmetry codes: one code or none, the same code for the four structures; four codes, order: 1, 2, 3, 4.
[b] Symmetry transformations used to generate equivalent atoms for 1: (i) –y, –z, 1 – x; (ii) 1 – x, –1 – y, 1 – z; (iii) z, –1 + x, 1 + y;
(iv) 1 – z, –x, –y; (v) 1 + y, –1 – z, x; (vi) 1 + y, z, x; (vii) x, 1 + y, z; (viii) z, x, 1 + y; (ix) y, z, x; (x) 1 – x, –y, 1 – z. [c] Symmetry
transformations used to generate equivalent atoms for 2: (i) 1 – z, –x, –y; (ii) 1 + y, –1 + y, x; (iii) 1 – x, –1 – y, 1 – z; (iv) z, –1 + x, 1 +
y; (v) –y, –z, 1 – x; (vi) 1 – z, 1 – x, –y; (vii) 1 – x, –y, 1 – z; (viii) –y, 1 – z, 1 – x; (ix) y, z, x. [d] Symmetry transformations used to
generate equivalent atoms for 3: (i) 1 + y, –1 + z, x; (ii) z, –1 + x, 1 + y; (iii) –y, –z, 1 – x; (iv) 1 – x, –1 – y, 1 – z; (v) 1 – z, –x, –y; (vi) y,
z, x; (vii) 1 – x, –y, 1 – z; (viii) 1 – z, –x, 1– y; (ix) 1 – y, –z, 1 – x. [e] Symmetry transformations used to generate equivalent atoms for
4: (i) z, –1 + x, 1 + y; (ii) 1 + y, –1 + z, x; (iii) 1 – x, –1 – y, 1 – z; (iv) –y, –z, 1 – x; (v) 1 – z, –x, –y; (vi) –y, 1 – z, 1 – x; (vii) 1 – x, –y,
1 – z; (viii) 1 – z, 1 – x, –y; (ix) y, z, x.
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Figure 3. Schematic representation of the chemical environments
of the metallic centres present in [TbFeIIIFeII

6(Hpmida)6]·nH2O (3):
(a) {TbO6}, (b) {FeIINO5} and (c) {FeIIIO6}. Thermal ellipsoids
(for the atoms composing the coordination polyhedra) are repre-
sented at the 60% probability level. For selected bond lengths (Å)
and angles (°) see Table 1 and Table 2, respectively. Symmetry
transformations used to generate equivalent atoms: (i) 1 + y, –1 +
z, x; (ii) z, –1 + x, 1 + y; (iii) –y, –z, 1 – x; (iv) 1 – x, –1 – y, 1 – z;
(v) 1 – z, –x, –y; (vi) y, z, x; (vii) 1 – x, –y, 1 – z; (viii) 1 – z, –x,
1 – y; (ix) 1 – y, –z, 1 – x.

framework it occupies an empty space between adjacent di-
meric [Fe2(Hpmida)2]2– units with a highly distorted six-
coordinate environment. It interacts more strongly with
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Table 2. Bond angles (°) for the Tb(1) and Fe(1) coordination envi-
ronments present in 3.[a]

O(2)i –Tb(1)–O(2)ii 88.93(11)
O(2)i–Tb(1)–O(2)iii 180.0
O(2)ii–Tb(1)–O(2)iii 91.07(11)
O(2)i–Tb(1)–O(2)iv 91.07(11)
O(2)ii–Tb(1)–O(2)iv 91.07(11)
O(2)iii–Tb(1)–O(2)iv 88.93(11)
O(2)i–Tb(1)–O(2) 88.93(11)
O(2)ii–Tb(1)–O(2) 88.93(11)
O(2)iii–Tb(1)–O(2) 91.07(11)
O(2)iv–Tb(1)–O(2) 180.000(19)
O(2)i–Tb(1)–O(2)v 91.07(11)
O(2)ii–Tb(1)–O(2)v 180.000(19)
O(2)iii–Tb(1)–O(2)v 88.93(11)
O(2)iv–Tb(1)–O(2)v 88.93(11)
O(2)–Tb(1)–O(2)v 91.07(11)
O(7)vi–Fe(1)–O(1) 86.45(11)
O(7)vi–Fe(1)–O(6) 114.92(12)
O(1)–Fe(1)–O(6) 158.63(11)
O(7)vi–Fe(1)–O(3)vii 89.83(12)
O(1)–Fe(1)–O(3)vii 99.71(11)
O(6)–Fe(1)–O(3)vii 81.51(12)
O(7)vi–Fe(1)–O(4) 93.87(12)
O(1)–Fe(1)–O(4) 92.62(12)
O(6)–Fe(1)–O(4) 85.93(12)
O(3)vii–Fe(1)–O(4) 167.32(12)
O(7)vi–Fe(1)–N(1) 165.39(12)
O(1)–Fe(1)–N(1) 81.74(11)
O(6)–Fe(1)–N(1) 77.08(12)
O(3)vii–Fe(1)–N(1) 100.58(12)
O(4)–Fe(1)–N(1) 78.18(12)

[a] Symmetry transformations used to generate equivalent atoms:
(i) 1 + y, –1 + z, x; (ii) z, –1 + x, 1 + y; (iii) –y, –z, 1 – x; (iv) 1 –
x, –1 – y, 1 – z; (v) 1 – z, –x, –y; (vi) y, z, x; (vii) 1 – x, –y, 1 – z.

three symmetry-related phosphonate groups [Fe–O distance
of 2.296(3) Å], whereas the remaining three interactions (to
three symmetry-related carboxylate moieties) are weaker
[Fe–O distance of 2.451(3) Å, Figure 3c].

Crystal Structure Description: Secondary Building Unit

Residues of H4pmida predictably self-assemble with V4+

into dimeric anionic [V2O2(pmida)2]4– centrosymmetric
units (Scheme 1 top).[14b–14f,17] Indeed, this predictability in
the self-assembly process and the final robustness of the
unit allowed us to design and construct several novel archi-
tectures.[13b] Because of the chelating fashion of the ligand
and the presence of the terminal V=O oxido group, the con-
nectivity of the [V2O2(pmida)2]4– unit with other building
blocks could only be achieved through the external oxygen
atoms (from both the carboxylate and phosphonate moie-
ties).[13b,17b] The [LnFeIIIFeII

6(Hpmida)6]·nH2O [Ln = Nd3+

(1), Gd3+ (2), Tb3+ (3), Er3+ (4)] materials contain instead
[Fe2(Hpmida)2]2– dimeric units (Scheme 1 bottom), which
share remarkable resemblances with the V4+ unit. However,
they contain Fe2+ centres which possess an unsaturated co-
ordination sphere. This structural feature has remarkable
consequences when this unit is used in the construction of
multidimensional frameworks. This vacant coordination
site permits the existence of direct connections between ad-
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jacent dimeric units, ultimately leading to the formation of
extended structures such as coordination polymers with
charge-balancing Na+, K+ and Rb+ cations.[16]

Scheme 1. Comparison of the anionic [V2O2(pmida)2]4– and
[Fe2(Hpmida)2]2– dimeric units. Black-filled bonds correspond to
those comprising the coordination sphere of the metal centres.

Crystal Structure Description – Framework Construction

The vacant coordination sites in each [Fe2(Hpmida)2]2–

dimeric unit (Scheme 1 bottom) also allow the formation of
direct bridges among adjacent secondary building units. As
depicted in Figure 4, one carboxylate group of the
Hpmida3– ligand can establish a syn,anti-bridge between
two adjacent dimeric units, with the connection occurring
at the vacant coordination site of the Fe(1) metal centre,
ultimately imposing an interunit/intermetallic Fe···Fe dis-
tance of 5.1751(8) Å. Because each dimeric unit possesses
two such vacant coordination sites and binds through the
two carboxylate groups, each unit is, thus, connected to an-
other four (Figure 4 top centre), forming an Euclidian plane
net whose tiling is composed of triangles and hexagons. The
networks are related by threefold symmetry along the [111]
direction of the unit cell, leading to close packing of the
ABCABC··· type. Remarkably, connections between these
adjacent networks formed by the anionic [Fe2(Hpmida)2]2–

dimeric units are reinforced by the octahedral lanthanide
centres (Figure 4 bottom right), which connect to the exter-
nal phosphonate moieties. The overall framework is charac-
terised by the presence of large empty voids which can con-
tain uncoordinated water molecules and charge-balancing
Fe3+ cations (Figure 4 bottom centre).
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Figure 4. Schematic representation of the structural construction of [LnFeIIIFeII
6(Hpmida)6]·nH2O [Ln = Nd3+ (1), Gd3+ (2), Tb3+ (3),

Er3+ (4)]: adjacent dimeric [Fe2(Hpmida)2]2– anionic units possessing coordinatively unsaturated sites at the Fe2+ centres self-assemble
into four-connected plane nets which are glued together by the octahedral lanthanide centres, leading to the formation of empty cages
inside the structure. Charge-balancing Fe3+ centres (represented as yellow spheres) are partially occupied (50%) and structurally located
nearby the dimeric anionic units. Voids have been calculated using Mercury from the Cambridge Structural Database,[32] by selecting a
probe molecule with a radius of ca. 1.2 Å (such as water).

Vibrational Spectroscopy, Thermogravimetry and Variable-
Temperature Powder X-ray Diffraction Studies

FTIR spectroscopic studies (Figure S2) produce very
similar spectral features for all the materials prepared,
clearly exhibiting the main diagnostic bands associated with
the primary building blocks of 1–4, in particular the pres-
ence of the Hpmida3– residues.[18] The existence of uncoor-
dinated water molecules trapped inside the cavities and
weakly bonded to the structure is evident from a broad
band centred at ca. 3470 cm–1, attributed to the typical
υ(O–H) stretching vibrational mode, and by the presence of
the in-plane deformation of water molecules [δ(H–O–H)]
as a medium-to-strong intensity band at centred at about
1690 cm–1. The coordination of the carboxylate and phos-
phonate groups to the central Fe2+ cations is also clearly
visible, particularly in the 1700–1300 and 1150–1000 cm–1

regions, respectively. The typical symmetrical [υsym(PO2)]
and asymmetrical [υasym(PO2)] stretching modes of the
phosphonate groups appear as medium-to-strong vi-
brational bands. The antisymmetric and symmetric stretch-
ing bands arising from the carboxylate groups are present
leading to a Δ[νasym(CO2

–) – νsym(CO2
–)] value calculated

to be around 170 cm–1, which agrees with the presence of
carboxylate functional groups coordinated in a typical anti-
unidentate coordination fashion as seen in the crystal struc-
tures.[19]
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Thermogravimetric studies of 1–4 show that all com-
pounds are thermally stable up to ca. 250 °C (Figure S3),
followed by a considerable weight loss (ca. 26 % for all
structures) attributed to an initial framework destruction
due to oxidation of the organic component. Indeed, in situ
variable-temperature powder X-ray diffraction studies of 4
(Figure 5) reveal that the framework starts to collapse be-

Figure 5. In situ variable-temperature powder X-ray diffraction
study of 4 between ambient temperature and 300 °C.
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tween 250–275 °C. The weight losses observed up to
ca. 250 °C are attributed to the gradual release of the con-
fined water molecules from the structure cavities.

Photoluminescence

The room temperature and 10 K excitation spectra of 3
(Figure 6) display a series of sharp Tb3+ lines ascribed to
the intra-4f8 transitions between the 7F6 and 5G1–6, 5L10,
5D1–4 levels, partially superimposed on a broad band in the
range 300–420 nm (Figure 6 bottom; 10 K), monitored at
450 nm on the band attributed to the emission of the li-
gand. The temperature shift of the Tb3+ excitation spectra
in this range could be attributed to the presence of a ligand-
to-metal-charge-transfer (LMCT) process. The broad bands
below 290 nm are assigned to the spin-allowed (low-spin,
LS) and spin-forbidden (high-spin, HS) interconfigura-
tional Tb3+ f–d transitions, respectively.[20]

Figure 6. Excitation spectra of 3 monitored at 542 nm (upper spec-
tra), recorded at 10 K (solid line) and at room temperature (dotted
line). The excitation spectrum (bottom) was recorded at 10 K while
monitoring the emission at 450 nm.

The room temperature and 10 K emission spectra of 3
excited at 351 nm (Figure 7) exhibit a series of sharp lines
assigned to the 5D4�7F1–6 transitions of Tb3+. Photolumi-
nescence from higher excited states (e.g. 5D3) is not ob-
served, indicating a very efficient nonradiative relaxation to
the 5D4 level. The spectra also display a broad blue band
(peaking at ca. 425 nm) attributed to the emission from the
ligand, which does not significantly overlap with the exci-
tation spectrum of Tb3+. Therefore an efficient LMCT pro-
cess in 3 is not expected to occur. The integrated emission
intensity, with excitation at 351 nm, increases by ca. three
times with the decrease of temperature from 293 to 10 K
(Figure 7) demonstrating a relevant influence of the nonra-
diative processes on the emission of 3 at room temperature.
These nonradiative processes are even more effective in 1
and 4, for which the typical infrared emissions are com-
pletely negligible at room temperature.
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Figure 7. Emission spectra of 3 excited at 351 nm, recorded at 10 K
(solid line) and at room temperature (dotted line). The spectrum
inset shows the Tb3+ 5D4 decay curves monitored at 542 nm under
229 nm excitation at 10 K (triangles) and at room temperature
(squares). The solid lines are the best single exponential fit
(R � 0.999) of the data sets.

The 5D4 decay curves monitored at 542 nm (5D4�7F5

transition) and excited at 229 nm (Tb3+ LS f–d transition)
can be fitted by monoexponential functions (inset in Fig-
ure 7), giving a lifetime of 0.72�0.01 and 2.07 �0.01 ms at
room temperature and 10 K, respectively, which supports
the presence of a single local Tb3+ environment in good
agreement with the crystallographic studies. This tempera-
ture dependence of the emission lifetime further supports
the strong nonradiative mechanism of the Tb3+ emission at
room temperature.

Magnetic Studies

For T �200 K, χT of 2 is essentially constant after sub-
tracting the diamagnetic contribution and equal to
25.8 cm3 K/mol (Figure 8). This value is lower than that ex-
pected for a system composed of paramagnetic (isolated)
ions (1 Gd3+ + 6 Fe2++ 1 Fe3+ per unit formula) consider-
ing the average χT experimentally found for Fe2+ and its
lower bound value.[21] This is a clear evidence of the exis-
tence of antiferromagnetic (AF) coupling up to room tem-
perature. The candidates for such coupling can be identified
by the proposed structure. According to the structure, the
most intense magnetic interactions are expected to appear
in the tetranuclear cluster (C4) composed of three Fe2+ ions
and one central Fe3+ ion (Figure 9). Yet, even if the contri-
bution of C4 is zero, the paramagnetic contribution of the
remaining ions (1 Gd3+ + 3 Fe2+ per unit formula) would
still be larger than χT at low temperature, which implies the
existence of further clusters with dominant AF interactions.
Again, from the structural analysis, the candidate for having
the AF interactions responsible for the decrease of χT com-
pared to the isolated ions is the Fe2+ triangular cluster (C3).
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Figure 8. Temperature dependence of the susceptibility temperature
product χT of 2. Horizontal lines represent the ground state value
of χT expected for different magnetic configurations.

Figure 9. Schematic representation of a portion of the crystal struc-
tural model of 2 emphasising the Fe2+/Fe3+ tetranuclear cluster
(C4) in close proximity to the Gd3+ centre.

The relative energies of the states of C4 are given by
E(S,S�) = –(J/2)[S(S + 1) – S�(S� + 1)],[22] where S is the
total spin number and S� is the total spin of the three
noncentral ions. In this case, for AF interactions, the
ground state is E(7/2,6), corresponding to three Fe2+ “up”
and one Fe3+ “down”. In the case of C3, the relative ener-
gies can be found in ref.[22] The ground state depends on
the ratio between the different exchange coupling between
the three magnetic centres; for the symmetric situation
where the exchange coupling values are similar, the ground
state corresponds to S = 0. Accordingly, the total contri-
bution to the magnetic susceptibility at low temperature per
unit formula is: one isolated Gd3+ ion, a tetranuclear cluster
(C4) with ground state spin S = 7/2 and a trinuclear cluster
(C3) with S = 0. These values give a total χT = 15.76 cm3 K/
mol, in agreement with the experimental low temperature
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value (Figure 8). As temperature increases, energy levels
other than the ground state of the clusters become available,
leading to the increase of χT.

We have considered that all Fe3+ ions are in C4, while in
practice some or all Fe3+ can be in C3. In the case where
all Fe3+ is in C3 (C3�) and C4 (C4�) is composed of Fe2+,
the ground state of C3� is expected to be 3/2 while the
ground state of C4� is expected to be 0. Together with the
Gd3+ ion, this corresponds to χT = 9.754 cm3 K/mol, much
lower than the experimental value (Figure 8). The system is
most probably composed of a high fraction of C3 and C4
clusters, i.e., the Fe3+ ions are predominantly in the tetranu-
clear cluster.

Concluding Remarks

The use of a new hydroionothermal synthesis method
(solvent: 1:1 molar ratio choline chloride/malonic acid eu-
tectic mixture, with a small amount of water) led to a novel
family of highly symmetric frameworks formulated as
[LnFeIIIFeII

6(Hpmida)6]·nH2O [Ln = Nd3+ (1), Gd3+ (2),
Tb3+ (3), Er3+ (4)]. The frameworks are based on unusual
[Fe2(Hpmida)2]2– dimeric units, which are mutually inter-
connected through the unsaturated Fe2+ centre to form
Euclidian plane nets. The lanthanide centres coordinate
preferentially to the phosphonate groups, gluing the afore-
mentioned plane nets and leading to a 3D framework. Even
though the structure easily releases the confined uncoordi-
nated water molecules, the materials are thermally stable up
to ca. 250 °C, as witnessed by TGA and variable-tempera-
ture powder X-ray diffraction.

The presence of d- and f-block elements promotes multi-
functionality. Complex 3 is photoluminescent at ambient
and low temperature, with the 5D4 decay curves supporting
the presence of a single local Tb3+ environment. Lowering
the temperature considerably increases the emission of the
material (by about three times) due to the reduction of the
nonradiative processes, at the same time increasing the Tb3+

lifetime from 0.72� 0.01 to 2.07�0.01 ms. The magnetic
properties of this family of materials, in particular of 2, are
particularly sensitive to the local structural features: the
presence of disordered, partially-occupied, charge-balanc-
ing Fe3+ cations has a strong impact on the overall mag-
netic behaviour of the compound because it leads to the
formation of two different magnetic clusters.

It has been shown that the rational self-assembly of or-
ganic linkers with mixed functional groups (in particular
phosphonate and carboxylate moieties) with d- and f-block
elements may be used to engineer frameworks with specific
properties. Indeed, the carboxylate groups of the H4pmida
residues are preferentially coordinated to the d-block ele-
ments whereas the lanthanides, due to their larger coordina-
tion sphere, prefer to coordinate to several phosphonate
groups in a tetrahedral environment to reduce steric pres-
sure. Moreover, these optical centres are free from coordi-
nated water molecules, which often quench photolumines-
cence.
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Experimental Section
Instrumentation

Sample morphology and identification of the main constituent ele-
ments (using EDS) were determined using a Low Vacuum Scanning
Electron Microscope operating at 25 kV, FEG-SEM Hitachi S-
4100, equipped with an energy dispersive X-ray analysis Römteck
System and polymeric window. Samples were fixed in aluminium
holders using adhesive carbon foil and were carbon-coated for
analysis in the electron beam. FTIR spectra were collected from
KBr pellets (Aldrich, 99%+, FTIR grade) with a Mattson 7000
FTIR spectrometer. Thermogravimetric analyses were carried out
in air using a Shimadzu TGA-50, with a heating rate of 10 °C/min
and a flow rate of 20 cm3/min.

Conventional powder X-ray diffraction data for the materials were
collected at ambient temperature with an X’Pert MPD Philips dif-
fractometer (Cu-Kα1,2 X-radiation, λ1 = 1.540598 Å and λ2 =
1.544426 Å), equipped with an X’Celerator detector and a flat-
plate sample holder in a Bragg–Brentano para-focusing optics con-
figuration (40 kV, 50 mA). Intensity data were collected by the step-
counting method (step 0.02°), in continuous mode, in the
ca. 5 �2θ�50° range.

In situ variable-temperature powder X-ray diffraction data for 4
were collected with an X’Pert MPD Philips diffractometer (Cu-Kα

X-radiation, λ = 1.54060 Å), equipped with an X’Celerator detec-
tor, a curved graphite-monochromated radiation, a flat-plate sam-
ple holder in a Bragg–Brentano para-focusing optics configuration
(40 kV, 50 mA), and a high-temperature Anton Paar HKL 16
chamber, controlled by an Anton Paar 100 TCU unit. Intensity
data were collected in the step mode (0.05°, 1 s per step) in the
range ca. 5 �2θ° �50.

Reagents: Chemicals were readily available from commercial
sources and were used as received without further purification: lan-
thanide(III) chloride hydrates (LnCl3·xH2O, Ln3+ = Nd3+, Gd3+,
Tb3+ and Er3+; of at least 99.9 % purity, Sigma–Aldrich); N-(phos-
phonomethyl)iminodiacetic acid (H4pmida, C5H10NO7P, �97%,
Fluka), FeC2O4·2H2O (99%, Aldrich), choline chloride (�98%,
Aldrich) and malonic acid (�99%, Aldrich).

Hydroionothermal Synthesis of [LnFeIIIFeII
6(Hpmida)6]·nH2O

A eutectic mixture (ionic liquid) was prepared by heating a mixture
of choline chloride and malonic acid (CM) in a 1:1 mol ratio to
80 °C with constant magnetic stirring until a homogeneous trans-
parent colourless liquid was formed.

To a mixture containing H4pmida (0.38 g), FeC2O4·2H2O (0.13 g)
and NdCl3·6H2O (0.10 g) [or GdCl3·6H2O (0.10 g) or TbCl3·6H2O
(0.15 g) or ErCl3·6H2O (0.15 g), molar ratios of approximately
6:2:1], were added CM (3.0 g) and an aqueous solution of NaOH
(0.5–1.0 g, 10% in mass). The suspension was magnetically stirred
for 1 h at ambient temperature in order to prepare a homogeneous
gel, which was transferred to a 45 mL reaction vessel and placed
inside a preheated oven at 150 °C. Reactions took place over a
period of 90 h, after which time crystals of the desired products
could be readily isolated from the amorphous gel-like bulk powder.
Compounds were washed three times with ethanol (ca. 50 mL) with
ultrasonic vibration, and distilled water (50 mL) and air dried at
ambient temperature. Yields (based on FeC2O4·2H2O): 61% (1),
51% (2), 46% (3) and 76 % (4).

Single-Crystal X-ray Diffraction

Single crystals of [LnFeIIIFeII
6(Hpmida)6]·nH2O [where Ln3+ =

Nd3+ (1), Gd3+ (2), Tb3+ (3) and Er3+ (4)] were manually harvested
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from crystallisation vials and mounted on Hampton Research Cry-
oLoops using FOMBLIN Y perfluoropolyether vacuum oil (LVAC
25/6, purchased from Aldrich)[23] with the help of a Stemi 2000
stereomicroscope equipped with Carl Zeiss lenses. Data were col-
lected with a Bruker X8 Kappa APEX II charge-coupled device
(CCD) area-detector diffractometer (Mo-Kα graphite-monochro-
mated radiation, λ = 0.71073 Å) controlled by the APEX2 software
package,[24] and equipped with an Oxford Cryosystems Series 700
cryostream monitored remotely using Cryopad.[25] Images were
processed using SAINT+,[26] and data were corrected for absorp-
tion by the multiscan semiempirical method implemented in SAD-
ABS.[27] Structures were solved using the Patterson synthesis algo-
rithm implemented in SHELXS-97,[28] which allowed the immedi-
ate location of the heaviest atoms (namely the lanthanide centres
and Fe). All remaining non-hydrogen atoms were located in differ-
ence Fourier maps calculated from successive full-matrix least-
squares refinement cycles on F2 using SHELXL-97.[28b,29] Non-hy-
drogen atoms were successfully refined using anisotropic displace-
ment parameters.

The second site for iron, Fe(2), assumed to be the charge-balancing
Fe3+ centre, was directly located from difference Fourier maps and
was included in the final structural model with a fixed rate of occu-
pancy of 50%, in agreement with both an unrestrained refinement
of the site occupancy (which converged to roughly this value in all
four crystallographic determinations) and Mössbauer data for 4.

During crystal refinement using the original integrated and scaled
data sets, it was clearly visible from difference Fourier maps that
the voids present in the three structures most likely contain highly
disordered solvent molecules. Nevertheless, the disorder associated
with these chemical entities ultimately leads to a considerable
smearing of the electron density, which prevented their location
from difference Fourier maps. Attempts to include these chemical
moieties using a battery of crystallographic constraints proved to
be highly unfruitful, particularly due to the fact that the observed
electron density was located surrounding special positions in the
crystal structures. The original data sets were then treated using
the SQUEEZE[30] subroutines provided with the software package
PLATON[31] in order to eliminate from the overall electron density
the contribution of the highly disordered solvent molecules present
in the solvent-accessible area. PLATON estimated that, for 1 to 4,
the respective unit cells contain ca. 265, 261, 260 and 251 Å3 of
potential solvent accessible area (ca. 17.0, 17.0, 16.9 and 16.6% of
the total volumes), in one large cavity centred at the origin of the
unit cell. The resulting solvent-free reflection files produced by
PLATON were used in subsequent refinement cycles using full-
matrix least-squares on F2 in SHELXL-97, leading to the crystallo-
graphic data summarised in Table 3.

The last difference Fourier map synthesis showed for 1 the highest
peak (1.921 eÅ–3) and deepest hole (–1.207 eÅ–3) located at 0.66
and 0.88 Å from Nd(1), respectively; for 2 the highest peak
(1.629 eÅ–3) and deepest hole (–3.857 eÅ–3) were located at 0.31
and 0.44 Å from Fe(1) and Gd(1), respectively; for 3 the highest
peak (1.721 eÅ–3) and deepest hole (–1.486 eÅ–3) were located at
0.58 and 0.44 Å from Tb(1) and Fe(1), respectively; for 4 the high-
est peak (0.839 eÅ–3) and deepest hole (–0.896 eÅ–3) were located
at 0.35 and 0.42 Å from Er(1) and Fe(1), respectively.

Crystallographic data (excluding structure factors) for the struc-
tures reported in this paper have been deposited with the Cam-
bridge Crystallographic Data Centre (see deposition numbers in
Table 3). These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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Table 3. Crystal and structure refinement data for [LnFeIIIFeII
6(Hpmida)6]·nH2O [Ln = Nd3+ (1), Gd3+ (2), Tb3+ (3), and Er3+ (4)] (data

sets treated with SQUEEZE).

1 2 3 4

Formula C30H42Fe7N6NdO42P6 C30H42Fe7GdN6O42P6 C30H42Fe7N6O42P6Tb C30H42ErFe7N6O42P6

Formula weight 1879.71 1892.72 1894.39 1902.73
Temperature [K] 100(2) 150(2) 150(2) 150(2)
Crystal system Rhombohedral Rhombohedral Rhombohedral Rhombohedral
Space group R3̄ R3̄ R3̄ R3̄
a [Å] 11.6999(4) 11.6640(5) 11.6476(3) 11.5890(2)
b [Å] 11.6999(4) 11.6640(5) 11.6476(3) 11.5890(2)
c [Å] 11.6999(4) 11.6640(5) 11.6476(3) 11.5890(2)
α [°] 82.4010(10) 82.316(1) 82.470(1) 82.6630(10)
β [°] 82.4010(10) 82.316(1) 82.470(1) 82.6630(10)
γ [°] 82.4010(10) 82.316(1) 82.470(1) 82.6630(10)
Volume [Å3] 1562.80(9) 1547.6(27) 1542.60(7) 1521.23(5)
Z 1 1 1 1
Dc [g cm–3] 1.997 2.031 2.039 2.077
μ(Mo-Kα) [mm–1] 2.652 2.911 2.991 3.250
F(000) 932 936 937 940
Crystal size [mm] 0.10� 0.04 � 0.03 0.07 � 0.03� 0.02 0.10� 0.05� 0.03 0.08� 0.04� 0.04
Crystal type Colourless prisms Brown prisms Colourless prisms Colourless prisms
θ range 3.54 to 29.13 3.55 to 36.31 3.55 to 30.51 3.57 to 25.33
Index ranges –16 � h � 16 –13 � h � 19 –16 � h � 15 –13 � h � 13

–13 � k � 14 –19 � k � 13 –16 � k � 12 –13 � k � 13
–15 � l � 15 –19 � l � 19 –16 � l � 13 –12 � l � 13

Reflections collected 18428 17217 18844 31878
Independent reflections 2780 (Rint = 0.0530) 4976 (Rint = 0.0934) 3111 (Rint = 0.0435) 1846 (Rint = 0.0460)
Data completeness to θ = 29.13° to θ = 36.31° to θ = 30.51° to θ = 25.33°

99.3% 99.0% 99.0% 99.6%
Final R indices [I � 2σ(I)][a,b] R1 = 0.0367 R1 = 0.0648 R1 = 0.0387 R1 = 0.0299

wR2 = 0.0995 wR2 = 0.1852 wR2 = 0.0973 wR2 = 0.0768
Final R indices (all data)[a,b] R1 = 0.0480 R1 = 0.1107 R1 = 0.0550 R1 = 0.0348

wR2 = 0.1055 wR2 = 0.2078 wR2 = 0.1027 wR2 = 0.0785
Weighting scheme[c] m = 0.0602 m = 0.1020 m = 0.0412 m = 0.0307

n = 1.2868 n = 0 n = 6.4239 n = 8.0391
Largest diff. peak and hole 1.921 and –1.207 eÅ–3 1.629 and –3.857 eÅ–3 1.721 and –1.486 eÅ–3 0.839 and –0.896 eÅ–3

CCDC deposition number 790983 798118 790984 790985

Photoluminescence: Photoluminescence measurements were re-
corded with a Fluorolog®-3 model FL3–2T with double excitation
spectrometer (Triax 320), fitted with a 1200 grooves/mm grating
blazed at 330 nm, and a single emission spectrometer (Triax 320),
fitted with a 1200 grooves/mm grating blazed at 500 nm, coupled
to a R928 photomultiplier. Excitation spectra were corrected from
240 to 600 nm for the spectral distribution of the lamp intensity
using a photodiode reference detector. Emission spectra were also
corrected for the spectral response of the monochromators and the
detector using typical correction spectra provided by the manufac-
turer. Time-resolved measurements were carried out using a
1934D3 phosphorimeter coupled to a Fluorolog®-3 and a Xe-Hg
flash lamp (6 μs/pulse half width and 20–30 μs tail) was used as
excitation source. The measurements at 10 K were performed using
a He closed-cycle cryostat.

Magnetic Studies: The magnetic susceptibility, χ, of 2 was recorded
at increasing temperatures (up to 300 K) after an initial cooling
from r.t. down to 2 K in the absence of the field (ZFC procedure),
and cooling from 300 K down to 1.8 K at the measuring field
(100 Oe). Measurements were performed with a SQUID magne-
tometer (Quantum Design, model MPMS-5s).
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Supporting Information (see footnote on the first page of this arti-
cle): Additional crystallographic tables summarising the bond
angles of compounds 1, 2 and 4, Mössbauer spectrum of com-
pound 4, FTIR spectra and thermograms of all compounds.
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