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Octametallic 4f-phosphonate horseshoes†
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Three octanuclear phosphonate clusters, formulated as

[Ln8(O3P
tBu)6(µ3-OH)2(H2O)2(HO

iBu)(O2C
tBu)12](NH3

iPr)2 (Ln =

Gd, Dy and Tb), were synthesised by refluxing a mixture of pivalic

acid (HO2C
tBu), Ln(NO3)3·6H2O, tert-Butyl phosphonic acid

(H2O3P
tBu) and isopropylamine (iPrNH2) in isobutyl alcohol

iBuOH.

There has been considerable recent interest in the synthesis of
molecular complexes of phosphonates.1 This work has been
driven by the optimistic opinion that the tendency of phospho-
nates to generate 2D-lattices2 could be used to produce mole-
cular cage complexes with anisotropic structures. In turn, this
might produce compounds with highly anisotropic magnetic
properties and hence produce new “single molecule
magnets”,3 i.e. paramagnets that show slow relaxation of mag-
netisation. Some interesting compounds have appeared as a
result,4 and a wide range of metal cage compounds has been
reported, covering 3d-metal ions from vanadium(III)5 to copper(II).6

More recently, 3d–4f phosphonates have appeared,7 and have
been studied as potential molecular magnetic refrigerants
using the magnetocaloric effect (MCE).

Reports on homometallic 4f-phosphonates are more
limited, as lanthanide phosphonates have poor solubility in
most solvents, therefore it is difficult to obtain single crystals
appropriate for X-ray structural analysis. The first reported
lanthanide phosphonates where prepared by Mallouk and co-
workers,8 who prepared a series of layered lanthanide
alkylphosphonates.

Several routes are used to produce molecular 3d-metal
phosphonates;1 all involve increasing solubility. Some routes

involve a co-ligand that binds competitively with the phospho-
nate. For the co-ligand approach to work with lanthanides, we
reasoned a simple oxygen donor would be ideal. Here we
report synthesis of three lanthanide phosphonates using
t-butylphosphonate combined with an excess of pivalic acid
(HO2C

tBu), choosing both ligands to enhance solubility. The
new compounds have been characterised by single-crystal X-ray
diffraction and SQUID magnetometry.

A simple lanthanide salt, LnIII(NO3)3·6H2O (Ln = Gd, Tb,
and Dy) was mixed with HO2C

tBu, H2O3P
tBu and a mild base

iPrNH2 in
iBuOH in the mole ratios 1 : 14 : 0.8 : 1 and the solu-

tion refluxed for three hours, i.e. the pivalate is in excess over
the phosphonate. After cooling to room temperature, crystals
formed from the reaction after four days in yields of 50–60%.
X-ray structure determination shows the formation of com-
pounds with the formula (NH3

iPr)2[Ln8(O3P
tBu)6(µ3-OH)2(O2C

tBu)12-
(H2O)2(HO

iBu)], where Ln = Gd 1, Tb 2, and Dy 3 (Fig. 1).
Compounds 1–3‡ are isomorphous and crystallize in the tri-

clinic space group P1̄; we describe the structure of 3 as rep-
resentative. The molecule contains eight lanthanides, six
phosphonates and twelve pivalates. The metal ion and phos-
phonate core can best be described as consisting of a central
distorted octahedron sharing two vertexes with two different
distorted pyramids (Fig. 1c). The four DyIII atoms (Dy1, Dy2,
Dy3, and Dy4) and the two phosphorous atoms (P1, P2) are in
the asymmetric unit and form the central octahedron. The two
distorted pyramids are linked to the central octahedron by two
vertexes (Dy3, Dy4). One of the pyramids that connected to the
central octahedron contains Dy4, Dy5, Dy6, P3 and P4, while
the other pyramid is constructed from Dy3, Dy7, Dy8, P5 and
P6. There are two µ3-hydroxide centred dysprosium triangles
formed by (Dy2, Dy4, Dy6) and (Dy1, Dy3, Dy7); each triangle is
sharing an edge with the distorted central octahedron and
another edge with the distorted pyramid.

The Dy⋯Dy distance in the edges of the triangles is ca.
3.8 Å and the two µ3-OH groups are displaced about 0.82 Å out
of the plane of the metal ions. The Dy⋯Dy distances within
the central octahedron {Dy4P2} are in the range 3.6–4.9 Å,
whereas the distances between dysprosium ions inside the two

†Electronic supplementary information (ESI) available: Synthetic method, crys-
tallographic details and magnetic information. CCDC 953479–953481. For ESI
and crystallographic data in CIF or other electronic format see DOI: 10.1039/
c3dt52086b
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distorted pyramids {Dy3P2} are in the range 3.9–5.3 Å. All DyIII

are eight-coordinate with a dodecahedral geometry.
The phosphonates present two different coordination

modes, P1 and P2 binds four Dy with a 4.221 coordination
mode, whilst P3, P4, P5 and P6 adopt the 3.211 mode.9 There
are twelve pivalates with 2.21, 2.11 and 1.11 binding modes,
and they bridge the edges of the distorted pyramids and
central octahedron. Two terminal water and one iBuOH mole-
cules complete the coordination spheres for Dy3, Dy4 and Dy7
respectively.

The magnetic behaviour of 1 to 3 has been studied on poly-
crystalline samples (Fig. 2 and 3, and Fig. S1†). At room temp-
erature in each case, the χMT (where χM is the molar magnetic
susceptibility) value is smaller than the calculated value: for 1,
observed 61.9 emu K mol−1 (calc. 63 emu K mol−1 for eight S =
7/2, g = 2); for 2, observed 89.3 emu K mol−1 (calc. 94.5 emu K
mol−1 for eight J = 6, gJ = 3/2); for 3, observed 107.7 emu K
mol−1 (calc. 113 emu K mol−1 for eight J = 15/2, gJ = 4/3
centres). Upon cooling, for 2 and 3 the product χMT plot
decreases with decreasing temperature until approximately

25 K. Below 25 K the product falls more rapidly; this indicates
depopulation of the LnIII excited Stark sub-levels, and possibly
weak antiferromagnetic interactions between the Ln sites. For
1, χMT remains constant to around 20 K (Fig. 2) before falling
rapidly to 42.2 emu K mol−1 at 2 K, indicating a paramagnetic
state. A.c. susceptibility studies on the three compounds
showed no significant frequency dependence of the out-of-
phase susceptibility, χM″; therefore none of these compounds
are single molecule magnets.3

Magnetization (M) against field (H) measurements on 1 at
low temperatures (2 to 9 K) were also performed (Fig. 3). The
magnetization (M) reaches 53.7µB at 7 T at 2 K, this value
approaches a saturation value for eight S = 7/2, g = 2 centres.
This value is close to the saturation value for eight non-inter-
acting GdIII ions, calculated from the Brillouin function
(Fig. 3). For 2, there is a gradual increase in M vs. H curve with
increasing field, which reaches 35.7 emu K mol−1 at 7 T at 2 K
without reaching saturation (Fig. S2a†). For 3, the M vs. T plot
rises progressively with rising H reaching 42.2 µB at 7 T at 2 K
without reaching saturation (Fig. S2b†).

Fig. 1 (a) The structure of compound 3 in the crystal (H-atoms omitted for
clarity); (b) the core of 3 showing the phosphonate binding modes; (c) the
linked polyhedral representation of 3. Colours: Dy, purple; P, green; O, orange;
C, grey.

Fig. 2 The product χT vs. T for 1–3 under 1 kG DC field. The red line is the fit
using parameters given in the text.

Fig. 3 M vs. H of 1 at the temperatures indication. Measured data are given as
symbols, with the fit as solid lines. The Brillouin function for eight GdIII ions is
shown by the five-pointed stars.
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Due to the high magnetisation value obtained in 1 and as
GdIII is an isotropic 8S7/2 ion, the magnetic entropy change was
studied to examine whether 1 could be used for magnetic
cooling.10 The magnetic entropy changes of 1 for changing
applied field are calculated indirectly from the magnetization
behaviour as a function of applied field and temperatures
(Fig. S2†) by using the Maxwell relationship ΔS =

Ð
[∂M(T,H)/

∂T]H dH. This equation gives the magnetic entropy change for
1 at 3 K and for field changes ΔH = 0–7 T which corresponds
to 32.3 J kg−1 K−1. To date, no magnetic entropy studies have
been reported for 4f-phosphonate clusters. However, higher
ΔSm values have been reported previously for other lanthanide
clusters.11

The maximum entropy value per mole can be calculated
using equation nR ln(2S + 1) [n = 8 GdIII spins S = 7/2], by repla-
cing n, S and R (gas constant) values in the equation the ΔSm
value, equivalent to 16.64R which corresponds to 45.9 J kg−1 K−1.
This value is much higher that the observed through magnetic
measurements. The difference between the theoretical and the
experimental value could be attributed to antiferromagnetic
interactions.

As Gd(III) is an isotropic ion we can simulate the magnetic
data. The Hilbert space for the problem has a challenging
dimension of (2S + 1)n where n = 8 is the number of Gd
centres; this yields 16 777 216, but modern quasi exact approxi-
mations allow us to examine the problem. We employ the
Finite-Temperature Lanczos Method, which is a Krylov-space
method and has proven to be very accurate.12

In principle there are multiple exchange paths, but given
the likelihood that all exchange interactions are small we have
set all nearest neighbour interactions as equivalent (Fig. 4)
and fit the data with the Hamiltonian:

Ĥ ¼ �2
X

i,j

Jij Ŝi �Ŝj þ gμβBŜz;

where Ŝi denote individual spin operators at site i and Ŝz
denotes the z-component of the total spin operator.

A very good overall representation of the data, compare Fig. 2
and 3, is achieved when an exchange interaction of J =
−0.03 cm−1 is assumed. This small value is typical of Gd⋯Gd
exchange interactions.7f,13 The exchange interaction and the topo-
logy of the cage means that the ground state is S = 0 albeit with
a large number of paramagnetic excited states close in energy.

In conclusion, by using phosphonate as ligands three
horseshoe-shaped isostructural octametallic clusters have

been synthesised. The magnetic studies of the Gd8 cluster
show that even small values for anti-ferromagnetic exchange
can have a large adverse effect on the MCE if the topology of
the compound avoids spin frustration. Further work is in pro-
gress to investigate new lanthanide-phosphonate cages using
different phosphonates, including functionalised phosphonate
ligands.
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0.0407), µ = 3.614 mm−1, 1253 parameters, R1 = 0.0499 for I ≥ 2σ(I) and wR2 =
0.1293. All three compounds crystallise with large solvent voids and the electron
density in these voids has been handled using SQUEEZE.14

The magnetic properties in the temperature range 1.8 K–300 K were performed
on polycrystalline samples either constrained in eicosane or powdered, using a
Quantum Design MPMS-XL7 SQUID magnetometer armed with a 7 T magnet (see
ESI† for more details).
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Supporting Information 

Octametallic 4f-phosphonate horseshoes 
Karzan H. Zangana,a Eufemio Moreno Pineda,a Jürgen Schnackb and Richard E. P.
Winpennya* 

a. School of Chemistry and Photon Science Institute, The University of Manchester, Oxford
Road, Manchester M13 9PL, UK.

b. Faculty of Physics, University of Bielefeld, Universitätsstr. 25, D-33615 Bielefeld,
Germany

Experimental Details 

All reagents, metal salts and ligands were used as obtained from Aldrich. Analytical data

were obtained by the microanalytical service of the University of Manchester. 

Preparation of compounds 1 to 3 

Compound 1 was synthesised by refluxing a mixture of pivalic acid (HO2CtBu) (0.8 g, 7.83 

mmol), Gd(NO3)3�6H2O (0.25 g, 0.55 mmol), tert-butyl phosphonic acid (H2O3PtBu) (0.07 g, 

0.51 mmol) and isopropylamine (iPrNH2) (0.1 mL, 1.16 mmol) in iso-butyl alcohol (iBuOH) 

(15 ml) for 3 hrs to form a clear solution. The solution was filtered and then allowed to stand

undisturbed at room temperature for four days. Colourless crystals of 1 suitable for X-ray

were collected. Yield 150 mg (50 %), based on Gd(NO3)3�6H2O. Elemental analysis for 

C94H197Gd8N2O47P6, found (calc); C 31.68 (31.79); H 5.41 (5.59); N 0.81 (0.79); Gd 35.38 

(35.42); P 5.21 (5.23). 

A similar procedure was used to synthesise 2 except that Tb(NO3)3�6H2O was used in

place of Gd(NO3)3�6H2O. Yield 165 mg (55%), based on H2O3PtBu. Elemental analysis for

C94H197Tb8N2O47P6, found (calc); C 31.77 (31.67); H 5.48 (5.57); N 0.83 (0.79); Gd 35.59

(35.67); P 4.16 (5.21). 

 A similar procedure was used to synthesise 3 except that Dy(NO3)3�5H2O was used

instead of Gd(NO3)3�6H2O. Yield 180 mg (59 %), based on H2O3PtBu. Elemental analysis

for, C94H197Dy8N2O47P6, found (calc); C 31.47 (31.41); H 5.49 (5.52); N 0.80 (0.78); Dy 

36.25 (36.17); P 5.21 (5.17). 



Crystallography 

The data of 1 to 3 were collected on Agilent SuperNova CCD diffractometer with MoKα 

radiation (λ = 0.71073 Å). The structures were solved by direct methods and refined on F2

using SHELXTL. CCDC 953479-953481 contain the supplementary crystallographic data for

this paper. These data can be obtained free of charge via

www.ccdc.cam.ac.uk/conts/retrieving.html (or from Cambridge Crystallographic Data

Centre, 12 Union Road, Cambridge CB21EZ, UK; fax: (+44)1223-336-033; or

deposit@ccdc.cam.ac.uk). 

Crystal data for 1 [C94H195Gd8N2O47P6]: Mr = 3549.33, triclinic, space group P-1, T = 150.01 

K, a = 14.0956(4), b = 24.0968(7), c = 26.5567(8) Å, α = 76.758(2), β = 74.883(2), γ =

82.741(2) °, V = 8455.2(4) Å3, Z = 2, ρ = 1.393 g cm-3, total data = 47337, independent

reflections 34034[R(int) = 0.0380], µ = 3.208 mm-1, 1284 parameters, R1 = 0.0640 for I ≥2σ (I) 

and wR2 = 0.1717.  

Crystal data for 2 [C94H195Tb8N2O47P6]: Mr = 3562.79, triclinic, space group P-1, T = 150.05

K, a = 14.0342(7), b = 24.0928(11), c = 26.4594(12) Å, α = 76.727(4), β = 75.084(4), γ =

82.955(4) °, V = 8394.9(7) Å3, Z = 2, ρ = 1.409 g cm-3, total data = 46176, independent

reflections 33802 [R(int) = 0.0899), µ = 3.441 mm-1, 1206 parameters, R1 = 0.0782 for I ≥2σ (I) 

and wR2 = 0.2034.  

Crystal data for 3 [C94H196Dy8N2O47P6]: Mr = 3592.34, triclinic, space group P-1, T = 128.35

K, a = 14.0658(3), b = 24.0994(6), c = 26.4957(6) Å, α = 76.637(2), β = 75.300(2), γ =

83.1827(19) °, V = 8435.1(4) Å3, Z = 2, ρ = 1.414 g cm-3, total data = 67875, independent

reflections 34418 [R(int) = 0.0407), µ = 3.614 mm-1, 1253 parameters, R1 = 0.0499 for I ≥2σ (I) 

and wR2 = 0.1293. All three compounds crystallise with large solvent voids and the electron

density in these voids has been handled using SQUEEZE. 



Magnetic measurements 

The magnetic properties in the temperature range 1.8K-300K were performed on

polycrystalline samples either constrained in eicosane or lastly powdered, using a Quantum

Design MPMS-XL7 SQUID magnetometer armed with a 7 T magnet. Data were corrected

for the diamagnetism of the compounds (Pascal constants) and for diamagnetic contribution

of eicosane and the sample holder by measurement. 

Figure S1. a) M/Nµβ magnetization of 2 at different temperatures; b) M/Nµβ magnetization of
3 at different temperatures. 

Figure S2. Magnetic entropy change of 1. 

a) b)
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Centred nine-metal rings of lanthanides†

Karzan H. Zangana,a Eufemio Moreno Pineda,a Eric J. L. McInnes,a Jürgen Schnackb

and Richard E. P. Winpenny*a

Two {Ln10} cages are reported (Ln = Dy or Gd) which feature a nine-

metal ring surrounding a central metal site. Magnetic studies show

weak anti-ferromagnetic exchange around the nine-metal ring,

which should create spin frustration.

Cyclic metal cages fall into two broad families. In one family
the metal sites are confined to the rim of the cage forming a
metal ring, where the metals can be single metal sites1 or metal
cages.2 In the second family there is a metal at the centre of the
cage, and these are called either metallocrowns3 or metallo-
coronands.4 Both classes have been studied, the former largely
because of they can act as model compounds for studying
physical phenomena, especially in magnetic molecules.1 For
metallocrowns studies extend to selective ion binding, as well
as studies of interesting magnetic behaviour.5 For both families
most examples involve 3d-metal ions, although there are
remarkable polymolybdate2a and palladium phosphonate
rings.2c Several metal rings have been reported for the 4f-metals,6

and for 3d–4f cages,7 but many fewer centred cyclic structures.8

Most rings and metallocrowns contain an even-number of metal
sites in the cyclic portion, although metallocrowns are known with
three9 or five10 metals in the backbone. Few large odd-numbered
rings have been reported.11 Here we report two cyclic {Ln10} cages
(Ln = Dy, 1 or Gd, 2), where there is a nine-metal ring centred by a
tenth metal site.

To synthesise 4f-phosphonate cages we have used pivalate as
a co-ligand,12 and we have reported a number of Co-4f cages.13

We were intending to extend this work by reacting [Ln2(O2CtBu)6-
(HO2CtBu)6] (Ln = Dy and Gd) with [Co3(m3-O)(O2CtBu)6(py)3]-
(O2CtBu), H2O3PtBu and pyridine; the CoIII cage was used to try to

control reactivity by using an inert 3d-metal and hence achieve a
more predictable cage than using CoII substrates.13 After heating for
seven hours, light-brown crystals form over two weeks at room
temperature in yields of 10–20% based on lanthanide pivalate. X-ray
studies show formation of [Co3(m3-O)(O2CtBu)6(py)3][Ln10(O2CtBu)18-
(O3PtBu)6(OH)(H2O)4] (Ln = Dy 1, Gd 2) (Fig. 1).‡ The compounds
are isostructural, and contain an anionic {Ln10} cage co-crystallised
with a [Co3(m3-O)(O2CtBu)6(py)3]+ cation (Fig. S1, ESI†). We describe
compound 1 as crystals of 2 do not diffract sufficiently well to allow
a full structure determination.

The anion of 1 contains nine DyIII metal ions in a ring and a
tenth DyIII metal ion at the centre of the structure (Fig. 1). Oxygen
donors occupy all the coordination sites on these ten metals. The
ten metal sites are almost co-planar; the mean deviation from the
plane is 0.23 Å, with the maximum deviation of 0.43 Å found for
the central metal site. The nine DyIII metal ions in the ring are
arranged at the vertices of an approximately regular nonagon (or
enneagon). The distances from the central Dy (Dy10) to the rim fall
into two groups; there are longer contacts to Dy2, Dy5 and Dy8,

Fig. 1 Crystal structure of 1. Colours: Dy, purple; P, green; O, red; C, grey.
H-atoms and Me groups omitted for clarity.
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averaging 5.92 � 0.13 Å, while the remaining six contacts average
5.47 � 0.12 Å. Eight of the distances between neighbouring Dy
centres around the ring average 3.83 � 0.13 Å; the ninth contact
(Dy1� � �Dy9) is longer at 4.1496(2) Å.

Three of the six phosphonates lie below the plane of the
{Dy10} disc (P2, P4, P6) and adopt the 4.221 binding mode
(Harris notation14); it is noticeable that these phosphonates
chelate to the Dy sites that have the long contacts to the central
dysprosium. The remaining three phosphonates are above the
plane of metal centres; two (P3 and P5) adopt the 3.111 binding
mode, while the third (P1) adopts 3.211 mode. This phosphonate
removes the three-fold symmetry of the cage, and it is the Dy1–Dy9
edge bridged by a m2-oxygen from this phosphonate that is the long
Dy� � �Dy contact in the ring (see above). Each edge is also bridged by
two pivalates, one with a 2.21 mode and the other with the 2.11
mode. The Dy3� � �Dy4 edge is bridged by a m-hydroxide (Dy–O
distances of 2.308(12) and 2.294(11) Å) while the Dy6� � �Dy7 is
bridged by a m-water (Dy–O distances 2.537(12) and 2.635(12) Å).

The central Dy10 site is six-coordinate, with a geometry
approaching octahedral. The Dy–O distances range from
2.207(10) to 2.338(10) Å, with cis O–Dy–O angles between
84.3(4) and 98.4(4)1 while trans O–Dy–O angles like between
171.6(4) and 178.0(4)1. Dy1 is also six-coordinate, bound to two
O-donors from phosphonates and four from carboxylates. Dy2 to
Dy8 are eight coordinate, bound to two phosphonate oxygens, five
O-atoms from pivalates, and a further oxygen either from a
terminal water, a bridging water or a bridging hydroxide. Dy9 is
also eight coordinate bound to three phosphonate oxygens and five
carboxylate oxygens. The oxo-centred [Co3(m3-O)(O2CtBu)6(py)3]+

cationic triangle features CoIII sites around a central m3-oxide
(Fig. S1, ESI†). Each cobalt is bound to five O-donors, from the
central oxide and 2.11 bridging pivalates (av. Co–O distance =
1.89 Å), with a terminal pyridine (av. Co–N distance = 2.24 Å).

Direct-current magnetic susceptibility studies of polycrystal-
line samples 1 and 2 were carried out in the temperature range
2–300 K (Fig. 2). At room temperature the value of the product
wMT (where wM is the molar magnetic susceptibility) is 135.0
and 78.5 emu K mol�1 for 1 and 2 respectively. The value for 1 is
close to that calculated for ten non-interacting ions, while that
for 2 is slightly lower than that calculated for ten independent
GdIII sites (calc. wMT = 141.2 emu K mol�1 for ten DyIII ions,
6H15/2, g = 4/3; calc. wMT = 77.9 emu K mol�1 for ten GdIII ions,
8S7/2, g = 1.99). For 1 the wMT product gradually decreases until
around 35 K and then decreases more rapidly. This behaviour is
typical of DyIII complexes and is due to depopulation of the Stark
sub-levels.15 1 does not show slow relaxation of magnetisation.
For 2, wMT remains fairly constant to 20 K before falling. The M
versus H/T data for 2 at low temperature show a rapid increase of
magnetisation, reaching 69.6 mB at 7 T at 2 K, which is close to
the saturation value for ten S = 7/2 centres with g = 2.00 (69.8 mB,
inset Fig. 2b). For 1, the M versus H/T curve increases gradually
with increasing field, reaching 52.2 mB at 7 T at 2 K without
reaching saturation (Fig. S3, ESI†).

While it is presently impossible to model data for a {Dy10}
cage, for the isotropic {Gd10} cage modern quasi approximate
methods allow us to model the magnetic data, despite the

enormous Hilbert space of (2S + 1)n where n = 10 is the number
of Gd centres; this yields 576650390625. We employ the Finite-
Temperature Lanczos Method, which is a Krylov-space method
and has proven to be very accurate.16 We have chosen a
Hamiltonian with one exchange interaction around the ring
( J1), and a second between the central Gd ion and those in the
ring ( J2), i.e. assuming an approximate C9 symmetry:

Ĥ ¼ �2J1
X8
i¼1

ŝi � ŝiþ1 þ ŝ1 � ŝ9
 !

� 2J2
X9
i¼1

ŝi � ŝ10 þ gmBBŜz;

where ŝi denote individual spin operators at site i and Ŝz

denotes the z-component of the total spin operator. An excellent
fit of the wMT vs. T and M vs. H data could be obtained
with several parameter sets, all with both J1 and J2 very small
(see Fig. S2, ESI,† for further simulations). The best parameters
are J1 = �0.02, J2 = +0.01 cm�1. These numbers are barely
distinguishable from zero, however they would generate a
highly frustrated magnetic system, with the nine GdIII ions
around the ring unable to align mutually anti-parallel with their
nearest neighbours. Unfortunately the extremely small exchange
interactions mean that any interesting physics arising from
frustration17 could only be seen at temperatures below 100 mK.

The large magnetisation value obtained for 2 and negligible
anisotropy of GdIII (8S7/2) makes this cluster a good candidate
for MCE applications (Fig. S3, ESI†). The magnetic entropy
changes of 2 for changing applied field can be calculated by the
Maxwell equation for magnetic entropy (qSm/dH)T = (qM(T,M)/
qT)H where the integration for an isothermal process yields
DS =

Ð
[qM(T,H)/qT]H dH.18 This equation gives magnetic entropy

Fig. 2 (a) Variation of wMT with T for 1 and 2 in a magnetic field of 1000 Oe
in the temperature range 2 to 300 K; (b) magnetisation against field for 2
from 0–7 T at 2 and 4 K, simulation and Brillouin function for 10 non-
interacting GdIII ions.
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change for 2 at 3 K and for a field changes DH = 0.5–7 T which
corresponds to 28.5 J kg�1 K�1. Much higher values have been
reported for pure Gd-cages, for example 46.1 J kg�1 K�1 for a
{Gd24} cage,19 and for 3D Gd-frameworks, e.g. 59 J kg�1 K�1 for
[Gd(O2CH)3]n.20 The smaller value observed here must be due to
the weak antiferromagnetic interactions between the paramag-
netic centres.
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SENACYT-IFARHU. J.S. thanks the Deutsche Forschungsgemein-
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‡ Crystal data for 1 [C159H291Dy10Co3O72P6N3]: Mr = 5384.52, triclinic,
space group P%1, T = 150.1(8) K, a = 20.7198(8) Å, b = 23.4541(9) Å, c =
26.0799(15) Å, a = 105.194(4)1, b = 93.035(4)1, g = 103.129(3)1, V =
11825.6(10) Å3, Z = 2, r = 1.512 g cm�3, total data = 65 089, independent
reflections 41 489 (Rint = 0.0429), m = 3.432 mm�1, 2169 parameters, R1 =
0.0903 for I Z 2s(I) and wR2 = 0.2570. Unit cell parameters for 2
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Experimental Details 

All reagents, metal salts and ligands were used as obtained from Aldrich. Analytical

data were obtained by the microanalytical service of the University of Manchester. 

Preparation of starting materials 

[Gd2(O2C
t
Bu)6(HO2C

t
Bu)6], [Dy2(O2C

t
Bu)6(HO2C

t
Bu)6] and [Co3(µ3-O)(

O2C
t
Bu)6(py)3]•O2C

t
Bu were prepared as reported.

a,b

Preparation of compounds 1 and 2  

Compound 1 was synthesised by reacting a mixture of dysprosium pivalate 

[Dy2(O2C
t
Bu)6(HO2C

t
Bu)6] (0.46 g, 0.30 mmol), [Co3(µ3-O)(O2C

t
Bu)6(py)3]•O2C

t
Bu (1 g,

0.88 mmol), tert-butyl phosphonic acid (H2O3P
t
Bu) (0.07 g, 0.507 mmol) and pyridine

(C5H5N) (0.5 mL, 6.20 mmol) in acetonitrile (CH3CN) (15 ml) for 7 hrs to form a dark brown 

solution. The solution was filtered and then allowed to stand undisturbed at room temperature 

for ten days. Light brown colour crystals of 1 suitable for X-ray were collected. Yield 30 mg 

(10.56%), based on [Dy2(O2C
t
Bu)6(HO2C

t
Bu)6] EA for C159H291Dy10Co3N3O72P6, found

(calc); C 35.57 (35. 46); H 5.48 (5.45); N 0.79 (0.78); Dy 30.21 (30.18); P 3.49 (3.45); Co

3.33 (3.29). 

A similar procedure to that used for 1 was used for 2 using [Gd2(O2C
t
Bu)6(HO2C

t
Bu)6] (0.30

mmol) in place of [Dy2(O2C
t
Bu)6(HO2C

t
Bu)6]. Yield 55 mg (19.24 %), based on

[Gd2(O2C
t
Bu)6(HO2C

t
Bu)6] EA for C159H291Dy10Co3N3O72P6, found (calc); C 35.86 (35.81);

H 5.54 (5.50); N 0.80 (0.79); Gd. 29.52 (29.49); P 3.51 (3.49); Co 3.35 (3.31). 

a. Y. Zheng, M. Evangelisti, F. Tuna and R. E. P. Winpenny, J. Amer. Chem. Soc., 2012, 134,

1057. 

b. G. Aromi, A. S. Batsanov, P. Christian, M. Helliwell, A. Parkin, S. Parsons, A. A. Smith,

G. A. Timco, R. E. P. Winpenny, Chem. Eur. J. 2003, 9, 5142-5161. 



Figure S1. a) Polyhedral representation of central Dy with octahedral environment in {Dy10};

b) Crystal structure of anion {Dy10} and {Co3} cation. Scheme: Dy, purple; P, green; Co,

cyan:O, red. 



Magnetic measurements 

Magnetic measurements were performed on polycrystalline samples, using a Quantum 

Design MPMS-XL7 SQUID magnetometer armed with a 7 T magnet. Data were corrected

for the diamagnetism of the compounds (Pascal constants) and for diamagnetic contribution

of eicosane and the sample holder by measurement. 

Fits of data for compound 2 

Figure S2. Alternative fits of (a) χT vs T  and (b) M vs H for compound 2. The various

exchange value parameter sets used are given in the key. 



Figure S3. Magnetisation as a function of applied field at different temperatures for 1. 

Figure S4. Magnetisation as a function of applied field (M vs H/T) at different temperatures 

(left) for 2 and magnetic entropy change (ΔSm) of 2 at various field and temperatures (right). 
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Tetrametallic lanthanide(III) phosphonate cages:
synthetic, structural and magnetic studies†

Karzan H. Zangana, Eufemio Moreno Pineda and Richard E. P. Winpenny*

The synthesis, structures and magnetic properties of a family of lanthanide complexes containing phos-

phonate ligands are reported. Reaction of hydrated lanthanide nitrate and tbutylphosphonic acid under

reflux conditions in iso-butanol, in the presence of pivalic acid as a co-ligand produced five new lantha-

nide complexes; pyridine (py) was present as a base. The compounds formed are tetrametallic, with the

general formula [pyH]4[Ln4(µ3-OH)(O3P
tBu)3(HO3P

tBu)(O2C
tBu)2(NO3)6] where Ln = GdIII, 1; TbIII, 2; DyIII,

3; HoIII, 4 and ErIII, 5. The metal sites within the complexes lie on the vertices of a triangle-based pyramid,

with phosphonate ligands on the triangular faces linking the apical Ln site to the Ln sites in the base. Each

lanthanide(III) site is eight-coordinate. Magnetic studies of the compounds show a decline in the product

χMT with T; modelling the behaviour of 1 shows anti-ferromagnetic exchange between GdIII centres

within the triangle with a negligible interaction to the fourth GdIII centre at the apex of the trigonal

pyramid.

Introduction

During the past two decades, the synthesis and characteris-
ation of metal phosphonate cages has been an attractive field
of synthetic chemistry and molecular magnetism for their
aesthetically pleasant structures with interesting magnetic pro-
perties,1 including some examples of single molecule magnets
(SMMs).2 Other metal phosphonate cages have been studied as
possible magnetic refrigerants.3 Phosphonate moieties are
interesting functional groups for the construction of molecular
cages, as the three tetrahedral oxygen atoms mimic well the
zeolite building blocks, providing suitable anchoring sites for
a large variety of metal ion centres (including both transition
metals and lanthanides).4 It is also possible to influence
the reactivity of compounds using the steric bulk of the phos-
phonate ligands.5

Many research groups, notably those of Clearfield and
Zubieta have used phosphonate ligands to synthesise a large
number of metal phosphonates that possess mainly extended
structures 1D-coordination polymer, 2D-layered structured and
3D-pillared structures.6 As a result of these studies a wide
range of 3d-phosphonate and 3d–4f phosphonate cages have

been synthesised.7 In contrast to transition metal phospho-
nates, reported molecular assemblies of purely 4f-phospho-
nates are rare. The first reported lanthanide phosphonates
where prepared in 1990 by Mallouk and coworkers;7 cerium
and lanthanum phenylphosphonates with composition
[Ln(O3PC6H5)(HO3PC6H5)] and a series of alkylphosphonates
such as [Ln(O3PMe)(HO3PMe)] were reported. Recently, we
have been synthesising molecular cages of lanthanide metal
ions with phosphonate ligands with the aim of preparing new
cages, optimistically with interesting physical properties.8

Lanthanide phosphonate complexes normally have low
solubility and poor crystallinity in water and organic solvents,
hence it is generally difficult to obtain single crystals suitable
for X-ray structural analysis.9 One of the major reasons for this
is that the multisite coordination ability of the phosphonate
ligands leads to the formation of insoluble compounds. We
and others have proved that synthetically, this problem can be
overcome for 3d-metal ions by different strategies, the first
example arises from an initial report by Chandrasekhar and
Kingsley,10 where a second ligand is added alongside the phos-
phonate. The co-ligand occupies certain number of coordi-
nation sites on the metal ion as a result of which the number
of coordination sites that are accessible for the phosphonate
ligands decrease and soluble products can be isolated in
the form of single crystals. This methodology has been used
with a co-ligand to synthesise molecular cages containing
manganese,11 iron,12 cobalt,13 nickel,14 copper,15 vanadium.16

A second method for introducing a phosphonate or ligand
without causing an immediate precipitate is to react the ligand
with a preformed metal carboxylate cage, which was originally

†Electronic supplementary information (ESI) available: Cif files, further syn-
thetic details, structural and magnetic plots. CCDC 1021470–1021474. For
ESI and crystallographic data in CIF or other electronic format see DOI:
10.1039/c4dt02630f

School of Chemistry and Photon Science Institute, The University of Manchester,
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reported for iron and manganese and has since been extended
by our group and others.17,18

In this work, we extend the co-ligand approach to 4f-ions,
reacting simple lanthanide salts LnIII(NO3)3·nH2O (LnIII = Gd,
Tb, Dy, Ho and Er) with t-butylphosphonic acid (H2O3P

tBu) in
the presence of pivalic acid (HO2C

tBu) as a co-ligand, giving
tetrametallic lanthanide phosphonate cages.

Experimental section
Starting material

All reagents, metal salts, solvents and ligands were used as
purchased without any further purification. Analytical data
were obtained by the microanalytical service of the University
of Manchester, the data and yields are given in Table 1.

Synthetic method

Pivalic acid (0.8 g, 7.83 mmol), Gd(NO3)3·6H2O (0.55 mmol),
t-butyl phosphonic acid (0.07 g, 0.50 mmol) and pyridine (py)
(0.5 mL, 6.15 mmol) were dissolved in ibutanol (HOiBu)
(15 mL) and the solution was refluxed at 120 °C for 3 hours.
The solution was filtered and then allowed to stand un-
disturbed at room temperature for nine days. Colourless plate-
like crystals suitable for single crystal X-ray diffraction
of [pyH]4[Gd4

III(µ3-OH)(O3P
tBu)3(HO3P

tBu)(O2C
tBu)2(NO3)6] 1

were formed. Similar reactions with LnIII(NO3)3·nH2O, (where
LnIII = Tb, Dy, Er and Ho) gave analogous metal cages
(Table 1).

X-ray data collection and structure solution

X-ray crystallographic measurements for compounds 1–5 were
collected on an Agilent SUPERNOVA diffractometer with MoKα

radiation (λ = 0.71073 Å). In all cases the selected single crys-
tals were mounted on a tip of a glass pin using Paraton-N oil
and placed in a cold nitrogen flow. Structure solution and
refinement was performed with the SHELXS-97 package,19a the
structures were solved by direct method and completed by
iterative cycles of ΔF synthesis and full-matrix least-squares
refinement against F2 using program Olex2.19b Crystal data
and refinement parameters are given in Table 2. Complete
hemispheres data were collected using ϕ and ω scans chosen
to give a complete asymmetric unit. All atoms excluding hydro-

gen were refined anisotropically. Hydrogen atoms were located
on the basis of geometrical consideration and treated accord-
ing to the riding model during refinement with isotropic dis-
placement corresponding to the heavy atom they are linked to.
Full crystallographic details can be found in CIF format: CCDC
for 1–5, 1021470–1021474.

Magnetic measurements

Magnetic measurements were performed in temperature
ranges 2–300 K, using a Quantum Design MPMS-XL7 SQUID
magnetometer equipped with a 7 T magnet. The samples were
grounded and placed in a gel capsule. A small amount of eico-
sane was used to avoid movement of the sample during the
measurement. Diamagnetic corrections for the compounds
were estimated using Pascal’s constants, and the magnetic
data were corrected for diamagnetic contribution of the gel
capsule, the eicosane and the sample holder. Magnetic data
were fitted using the program PHI.20

Results and discussion
Synthetic description

To date, just a few examples of lanthanide phosphonates cages
have been reported due to the tendency of these systems to
form polymeric materials.9 However we, and others, have
recently proved that introducing of co-ligands along with ali-
phatic R groups on the phosphonate can render better solubi-
lity allowing their characterisation. This has led to families of
{Ln8P6}

8a cages and {Ln10P6}
8b centred-rings. To illustrate how

variation of other reaction conditions influence the product
formed, herein we report the synthesis of five new lanthanide
phosphonate clusters {Ln4P4}, using the same general pro-
cedure as used for synthesising {Ln8P6}, but replacing the base
iPrNH2 with pyridine. Using an aromatic base produces a com-
pound of lower nuclearity, containing four Ln(III) metal ions
and four phosphonates. Three of the Ln(III) metal ions in the
cluster form a µ3-OH centred triangle with the fourth Ln site
capping this triangle.

Crystal structures

Compounds 1–5 crystallise in the monoclinic space group C2/c
and have the same molecular structures (Fig. 1); we describe

Table 1 Elemental analysis and yield (%) for compounds 1–5

Formula Yielda

Elemental analysis: calculated (found)

C H Ln P N

1 [pyH]4[Gd4(µ3-OH)(O3P
tBu)3(HO3P

tBu)(O2C
tBu)2(NO3)6] 45% 26.48 (26.22) 3.86 (3.55) 30.15 (30.10) 5.93 (5.89) 6.71 (6.66)

2 [pyH]4[Tb4(µ3-OH)(O3P
tBu)3(HO3P

tBu)(O2C
tBu)2(NO3)6] 39% 26.40 (26.18) 3.85 (3.71) 30.37 (30.25) 5.92 (5.88) 6.69 (6.63)

3 [pyH]4[Dy4(µ3-OH)(O3P
tBu)3(HO3P

tBu)(O2C
tBu)2(NO3)6] 30% 26.22 (26.11) 3.82 (3.79) 30.84 (30.77) 5.88 (5.73) 6.67 (6.61)

4 [pyH]4[Ho4(µ3-OH)(O3P
tBu)3(HO3P

tBu)(O2C
tBu)2(NO3)6] 35% 26.10 (25.98) 3.80 (3.75) 31.11 (30.97) 5.85 (5.80) 6.61 (6.59)

5 [pyH]4[Er4(µ3-OH)(O3P
tBu)3(HO3P

tBu)(O2C
tBu)2(NO3)6] 44% 25.98 (25.66) 3.79 (3.71) 31.46 (31.33) 5.82 (5.78) 6.58 (6.51)

a Calculated based on the lanthanide pivalate starting material.
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the structure of [pyH]4[Gd4
III(µ3-OH)(O3P

tBu)3(HO3P
tBu)-

(O2C
tBu)2(NO3)6] 1 as representative. Overall the molecular

cage contains four lanthanide metal ions, four phosphonates,
six nitrates, one µ3-OH and two pivalates. The metallic core of
1 can be described as a triangular pyramid; the four Gd(III)
ions (Gd1, Gd2, Gd3, and Gd4) lie on the vertexes of a triangu-
lar pyramid. The three phosphonate ligands sit above the tri-
angular faces linking the base to the apex, and adopt the 3.111

bonding mode (Harris notation).21 The fourth phosphonate is
located below the base of a triangular pyramid and bridges the
(Gd1⋯Gd3) edge using the 2.11 bonding mode. There are six
chelating nitrate ligands in the structure; one nitrate coordi-
nates to each of the vertices in the triangular base and there
are three nitrate ligands coordinated to the apex of the triangu-
lar pyramid (Gd4). Two of the Gd⋯Gd edges within the tri-
angular base are bridged by 2.11 pivalates.

Table 2 Crystallographic information for clusters 1–5

1 2 3 4 5

Chem formula C51H85O35N11Gd4P4 C51H85 O35N11Tb4P4 C46H80O35N10Dy4P4 C46H80O35N10Ho4P4 C46H80O35N10Er4P4
fw 2123.10 2129.79 2065.01 2074.73 2084.05
Temp. (K) 150.01(11) 150.04(13) 150.01(10) 150.02(19) 150.03(18)
Cryst system Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic
space group C2/c C2/c C2/c C2/c C2/c
a/Å 44.8769(7) 44.8792(6) 44.8591(11) 44.7075(5) 44.7348(10)
b/Å 19.0562(4) 19.1254(3) 19.1273(5) 19.0970(2) 19.1138(4)
c/Å 24.0257(4) 24.0145(3) 23.9486(5) 23.9771(2) 23.8851(4)
α/° 90 90 90 90 90
β/° 91.0776(16) 91.0749(14) 91.090(2) 91.2548(9) 91.3155(18)
γ/° 90 90 90 90 90
V/Å3 20542.7(7) 20608.8(5) 20545.1(8) 20466.1(4) 20417.6(7)
Z 8 8 8 8 8
ρ calcd/g cm−3 1.373 1.373 1.335 1.347 1.356
μ (Mo Kα)/mm−1 2.679 2.841 3.003 3.186 3.382
R1 (I > 2σ)(I)a 0.0319 0.0389 0.0430 0.0361 0.0370
wR2

a 0.0745 0.0846 0.0841 0.0816 0.0854

a R1 = ||Fo| − |Fc||/|Fo|, wR2 = [w(|Fo| − |Fc|)
2/w|Fo|

2]1/2.

Fig. 1 (a) and (b) side and top view of Crystal structure of the {Gd4P4} cluster. Scheme: Ln, purple; P, green; O, red; C, grey; N, cyan; (H omitted for
clarity); (c) and (d) top and side view of metal and phosphonate core of the crystal structure of {Gd4P4} cluster.
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The distances between Gd1⋯Gd2, Gd2⋯Gd3 and
Gd1⋯Gd3 that are forming the edges of the base of the
triangular pyramid are 3.8104(6), 3.8151(8) and 3.8642(6) Å
respectively. The µ3-OH group is displaced about 0.8230(1) Å
out of the plane of the gadolinium metal ions. The Gd–O–Gd
angles range from 108.34(11) to 109.19(10)°; these angles are
consistent with a µ3-hydroxide and not with a bridging oxide.
The distances between the plane of base (Gd1, Gd2 and Gd3)
and the apex (Gd4) within the triangular pyramid are exactly
5.1150(1) Å.

Two different geometries are adopted by the GdIII ions
in the cluster: whilst Gd2, Gd3 and Gd4 exhibit a biaugmented
trigonal prism geometry (C2v) and a Continuous
Shape Measure value (CShM) of 2.494, 2.573 and 2.434
respectively; Gd4 adopts a less regular coordination (muffin,
Cs, with a CShM value of 2.345).22 There are no significant
intermolecular interactions between clusters within the lattice.

Magnetic description

The magnetic properties of 1–5 were investigated by solid-state
magnetic susceptibility (where χM stands for molar magnetic
susceptibility) measurements in the 2–300 K range in a 0.1
Tesla (T) DC field. The resulting data for complexes 1–5 are
shown as χMT versus T plot in Fig. 2 and 3, respectively. In each
case the room temperature value for χMT is equivalent to that

for four non-interacting metal ions of the appropriate type. For
compounds 2–5 χMT decreases steadily upon cooling down to
ca. 90 K (Fig. 2), below which they drop at 2 K, respectively.
Such behaviour is typical for the individual metal ions con-
cerned, and is probably due to depopulation of Stark levels
within the individual metal sites. While magnetic exchange
between the Ln sites in these compounds cannot be ruled out,
there is certainly no evidence for such exchange from these
measurements. Magnetisation (M) versus applied magnetic
field were performed at temperatures of 2 and 3 K in the field
range of 0–7 T. For 1 M saturates at 27.7 emu K mol−1 at 7 T at
2 K, as expected for four non-interacting GdIII metal ions with
S = 7/2 and gGd = 1.99 (Fig. 3). For compounds 2–5, there is a
gradual increase in M vs. H curve with increasing field, which
reach 20.8, 22.7, 23.7, 21.5 μB at 7 T at 2 K without reaching
saturation.

As GdIII is an isotropic metal ion this allowed us to simulate
the magnetic data of complex 1. Structurally there is little
difference between the Gd⋯Gd edges of the triangles (see
above); however the Gd⋯Gd contacts between the apical Gd
and those in the base are between 5.544(1)–5.604(1) Å. Further-
more, any intermolecular interaction between would be rather
small since the closest Gd⋯Gd intercluster distance is 9.8665(6)
Å. Based on this structure, we have fitted simultaneously
χMT (T ) and M(H), using the program PHI,20 using as a model

Fig. 2 Molar magnetic susceptibility (χMT ) vs. T plot for 2–5 under 1 kG dc field and molar magnetization (M) as a function of applied magnetic field
(H) at 2 and 3 K (inset) for (a) 2, (b) 3, (c) 4 and (d) 5.
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an equilateral Gd3, with no exchange interaction to the fourth
Gd, using the Hamiltonian (1).

H ¼ �2J Ŝ1Ŝ2 þ Ŝ2Ŝ3 þ Ŝ1Ŝ3
� �þ gμBH

X4

i¼1
Ŝi ð1Þ

where the first term is the isotropic exchange interaction between
Gd(1)⋯Gd(2), Gd(2)⋯Gd(3) and Gd(1)⋯Gd(3) and the second term
is the Zeeman term of each Gd centre. This gives an antiferro-
magnetic exchange interaction J = −0.01 cm−1 between the Gd ions,
where g = 1.99 (Fig. 3). Clearly with such a small interaction other
models would also fit; we prefer this model as it has the minimum
number of parameters and fits the crystallography (see above).

AC magnetic susceptibility measurements are a suitable
method to judge whether a molecule exhibits a slow magneti-
sation relaxation rate, which is an essential property of a mole-
cules that might be a single-molecule magnet (SMM). Such
measurements were carried out between 10 and 1.8 K with and
without applied DC field, however no out-of-phase component
was obtained for any of the clusters.

Discussion

The core of compounds 1–5 is related to those found in 3d-
metal phosphonate cages (Fig. 4).12a,b An Fe(III) phosphonate

Fig. 3 (a) Molar magnetic susceptibility (χMT ) vs. T and simulation plots for 1 under 1 kG dc field; (b) Molar magnetization (M) as a function of
applied magnetic field (H) at 2 and 3 K for 1.

Fig. 4 (a) and (d) side and top view of crystal structure of the {Fe4P4} cluster; (b) and (e) side and top view of Crystal structure of the {Ln4P4} cluster;
(c) and (f ) side and top view of Crystal structure of the {Mn4P4} cluster; Scheme: Ln, purple; Fe, brown; Mn, cyan; P, green; O, red; C, grey; N, cyan;
(H omitted for clarity).
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cage {Fe4P4} has been reported which contains a μ3-O centred
triangle of Fe(III) sites capped by a fourth FeIII ion. The μ3-O
Fe(III) triangle is clearly related to the oxo-centred {Fe3} carboxy-
late triangle precursor. As in 1–5 three phosphonate units sit
on the faces of the trigonal pyramid that link the base to the
apex. All Fe(III) metal ion centres are six coordinated. The dis-
tance between the plane of base (Fe1, Fe2 and Fe3) and the
apex (Fe4) is 4.25(1) Å while the Fe⋯Fe distances within the tri-
angular base of the tetrahedron are between 3.34 and 3.37 Å.
A similar manganese phosphonate cage {Mn4P4} involves the
bulky tritylphosphonic acid (TPA) as ligand; this manganese
cage is a mixed valent with two MnII and two MnIII sites. In
this compound all four faces of the triangle pyramid are occu-
pied by TPA ligands and the oxo-centred Mn triangle is much
more distorted with Mn⋯Mn distances within of 3.19 and
3.61 Å; the Mn⋯Mn distances to the apical Mn site remain
longer at 3.88(1) Å. In these 3d-cages, the phosphonates
present 3.111 coordination mode and each metal ion centre is
coordinated to a pyridine molecule to complete its coordi-
nation sphere. In the 4f-phosphonate compounds 1–5 reported
here there is a μ3-OH centred triangle, not oxide centred, and
the phosphonates show two diverse binding modes. There is
no pyridine binding to 4f metals, with the coordination of the
4f-centres completed by chelating nitrates.

Conclusions

A new group of 4f-phosphonate tetranuclear clusters have been
synthesised from the reactions of a simple Ln(III) salt with
t-butyl phosphonic acid. These products represent new
additions to what is still a very small family of such molecular
4f-phosphonate species. We have previously reported that reac-
tion of lanthanide nitrates with phosphonates in the presence
of aliphatic base like isopropylamine produce a series of {Ln8}
clusters.20 Herein, our original goal of synthetic program was
to explore whether same strategy with aromatic base could be
used to assemble Ln(III) ions into large combinations with new
structures and magnetic properties. It was observed that the
reaction progress well in the presence of aromatic base, as the
base promotes the reaction by deprotonation of the phospho-
nic acid ligand. So, in the present reaction system the identity
of the cluster isolated is controlled by the nature of the base
used, each single component of the reaction matrix has a
strong effect on the final product, and hence on the magnetic
behaviour. The magnetic susceptibility data for all complexes
display dominant antiferromagnetic interactions. Hopefully
further efforts in this area will lead to more magnetically inter-
esting compounds.
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Figure S1. Scheme for binding modes by Harris notation of the phosphonates, nitrates and acetates in the 
clusters 1−5. Scheme: La, purple; P, light green; O, red; C, grey; N, cyan; H omitted for clarity.

Figure S2. Left; Polyhedral view of {Ln4P4} core. Right; Polyhedral view of metal core of the clusters 1−5.



Table S3. Selected bond distances and angles of 1−5.

1 2 3 4 5
Ln1…Ln2 3.8642(6) 3.86034(6) 3.83996(9) 3.81835(2) 3.79389(5)
Ln2…Ln3 3.8104(6) 3.81040(5) 3.78803(8) 3.77887(3) 3.74962(5)
Ln1…Ln3 3.8151(8) 3.81543(7) 3.79302(10) 3.77498(4) 3.75378(7)

Ln1…O1…Ln2/˚ 109.1(2) 108.9690(1) 109.1750(15) 109.0140(3) 109.4290(1)
Ln2…O1…Ln3/˚ 108.8(3) 108.3313(5) 107.9582(8) 108.6251(2) 108.6518(6)
Ln1…O1…Ln3/˚ 108.9(2) 108.8080(1) 108.700(2) 108.1132(4) 108.9010(13)

Figure S3. {Ln3} moiety for Ln4P4 clusters. Scheme: La, purple; P, light green; O, red; C, grey; H omitted for 
clarity.
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Single molecule magnet behaviour in a {Dy4P2}
octahedron†

Karzan H. Zangana, Eufemio Moreno Pineda‡ and Richard E. P. Winpenny*

Two new tetrametallic lanthanide-phosphonate complexes have

been structurally and magnetically characterised. The {Dy4}

complex is a single molecule magnet.

Organophosphonates [RP(O)2OH]− and [RPO3]
2−, obtained

from the deprotonation of [RP(O)(OH)2], are ideal for assembly
of cage compounds.1–3 We have been studying these ligands as
routes to cages involving lanthanides, including mixed-metal
3d–4f cages.4,5 The possible applications of such cages are
dependent on the 4f-ions; where the isotropic ion Gd(III) is
involved most studies target magnetic cooling through the
magnetocaloric effect (MCE).6 When the anisotropic ion Dy(III)
is employed, the blockage of the relaxation of the magnetisa-
tion is often observed, leading to single molecule magnets
(SMMs),7 which have been proposed for application in infor-
mation storage and processing.8

In principle, a single phosphonate ligand can bind to as
many as nine metal centres; this can create problems
especially for metal ions with high coordination numbers.
Lanthanide phosphonates often have poor solubility due to a
propensity to form coordination polymers, and this can make
them difficult to characterise.9 We have circumvented this
problem with a variety of strategies, and demonstrated that
discrete molecules containing lanthanides and phosphonates,
such as {Ln4P4},

5a {Ln8P6}
5b and {Ln10P6}

5c can be obtained.
These cages besides having aesthetically pleasant structures
also show some potential for magnetocaloric applications
when Ln = Gd(III).5,6

Homometallic lanthanide phosphonate cages remain rare.
Here we report the synthesis and magnetic properties of two
further Ln-phosphonate cages (Ln = Gd(III), 1 and Dy(III), 2)

formed using t-butylphosphonate, The compounds have the
general formula [Ln4(O3P

tBu)2(O2C
tBu)4(NO3)6(H2O)2]

2− (Fig. 1
and S1†). Compound 2 shows slow relaxation of
magnetisation.

We have previously studied the reaction of [Ln2(O2C
tBu)6-

(HO2C
tBu)6] with oxo-centred metal triangles [M3(µ3-O)

(O2C
tBu)6(py)3](O2C

tBu) in the presence of H2O3P
tBu and pyri-

dine.5c,10 When M = Cr(III) we find formation of {Cr6Ln2}
cages,10 but with M = Co(III) we find the triangle is inert, and
merely acts as cation with the phosphonate reacting with the
lanthanide to form anionic {Ln10P6} centred-rings.

5c

The reaction depends on the lanthanide precursor. Here,
the same general procedure was followed that produces the
{Ln10P6} rings,

5c but hydrated lanthanide nitrates were used as
the precursor, thus significantly reducing the availability of
pivalate as a ligand. After heating for 7 h light-brown crystals

Fig. 1 Crystal structure of [Dy4(O3P
tBu)2(O2C

tBu)4(NO3)6(H2O)2]
2−.

Colour code: Dy, purple; P, green; N, blue; O, red; C, grey; H omitted for
clarity.

†Electronic supplementary information (ESI) available: Synthetic method, crys-
tallographic details and figures and magnetic information. CCDC 1051263 and
1051264. For ESI and crystallographic data in CIF or other electronic format see
DOI: 10.1039/c5dt01786f
‡Current address: Institute of Nanotechnology, Karlsruhe Institute of Techno-
logy, D-76344, Eggenstein-Leopoldshafen, Germany.
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formed over three weeks at room temperature in yields of
20–25%. X-ray studies show a salt of formula [Co3(µ3-O)-
(O2C

tBu)6(py)3]2[Ln4(O3P
tBu)2(O2C

tBu)4(NO3)6(H2O)2] (Ln =
Gd(III), 1 and Dy(III), 2) (Fig. 1 and S1†) has formed.

The compounds 1 and 2 are isostructural§, and crystallise
in the monoclinic space group P21/n. They contain an anionic
{Ln4}

2− cage with two [Co3(µ3-O)(O2C
tBu)6(py)3]

+ cations
(Fig. S1†). We describe the dysprosium-containing compound
2 as representative. The anion is on an inversion centre and
contains four Dy(III) metal ions, two phosphonates, six nitrates,
four pivalates and two terminal water molecules. The metal
ions along with the phosphorous centres can be described as a
tetragonally distorted octahedron (Fig. 1). The four Dy(III)
atoms (Dy(1), Dy(2), Dy(1′) and Dy(2′)) lie in a single plane and
form a distorted rectangle (Dy(1)⋯Dy(2) = 3.965(5), Dy(1)
⋯Dy(2′) = 4.203(8) Å, Dy(2′)–Dy(1)–Dy(2) = 85.91(4), Dy(1′)–
Dy(2)–Dy(1) = 94.09(5)°). The two phosphorous atoms P and P′
from the phosphonates are in trans-sites of an octahedron; the
phosphonates bind using the 4.221 coordination mode (Harris
notation)11 (Fig. 1). The P⋯P′ distance within the distorted
octahedron is 3.717(3) Å.

The metal centre Dy(1) is bound to two 2.110-nitrates while
Dy(2) is bound to one such nitrate ligand and one terminal
water molecule. The Dy⋯Dy edges within the parallelogram
are bridged by four pivalates, two of them adopting 2.11
coordination mode and the other two adopting 2.21 coordi-
nation mode. The Dy(1) site is eight coordinate with a triangu-
lar dodecahedral geometry (D2d) (with a Continuous Shape
Measure value (CShM) of 2.745).12 The Dy(2) site is nine co-
ordinate with a less regular geometry, described as a muffin
(Cs, with a CShM value of 3.265)12 (Table S1 and Fig. S2†).

The magnetic properties of both systems have been studied
in the temperature range of 2–300 K under an applied DC field
of 1 kOe. For 1 the product χMT (being χM the molar magnetic
susceptibility) shows an expected room temperature value of
31.3 cm3 mol−1 (calcd 31.2 cm3 K mol−1, for four Gd(III); g =
1.99, S = 7/2). Upon cooling χMT stays practically
constant down to ca. 15 K where it decreases to 26.5 cm3 K
mol−1 (at 2 K) (Fig. 2a) indicating weak antiferromagnetic
interactions. The molar magnetisation (Mβ) at 1.8 and 3 K satu-
rates at 28μB above ca. 5 T (Fig. 2b). The exchange interaction
in 1 can easily be obtained through simultaneous fitting
of χMT (T ) and Mβ(H) to a Hamiltonian of the form:

H ¼ �2J Ŝ1Ŝ2 þ Ŝ2Ŝ3 þ Ŝ3Ŝ4 þ Ŝ1Ŝ4
� �þ gμBH

P4

i¼1
Ŝi (see inset

Fig. 2a) using the program PHI.13 This gives a single exchange
interaction, J = −0.01 cm−1. This very small interaction is of
the order of the zero-field splitting of Gd(III) ions, and we
cannot exclude the possibility that this fall is a purely single
ion effect.

The room temperature χMT for 2 similarly is in good agree-
ment with the expected value for four non-interacting Dy(III)
ions 55.2 cm3 K mol−1 (calcd 56.6 cm3 K mol−1, for four Dy(III),
ground state 6H15/2 gJ = 4/3, J = 15/2). Upon cooling χMT slowly
decreases to a minimum of 46.2 cm3 K mol−1 at about 5 K due

to depopulation of the Stark levels14 before increasing again at
lower temperatures to a maximum of 48.9 cm3 K mol−1. This
suggests a weak ferromagnetic interaction between the Dy
centres (Fig. 2a). Interestingly, the Mβ(H) for 2 rapidly increases
upon application of the magnetic field leading to as saturation
value of 19μB at ca. 5 T (see inset Fig. 2b).

The dynamic magnetic behaviour of 2 was investigated by
alternating current (ac) susceptibility measurements as a func-
tion of temperature (2–16 K) and frequency (ν = 0.1–1400 Hz)
(Fig. 3). Ac measurements of 2 show a frequency dependent be-
haviour, which is further improved by the application of a
small-applied dc field, which reduces fast quantum tunnelling.
Under an optimal field of 0.6 kG both the in-phase (χ′M) and
out-of-phase (χ″M) susceptibility shows frequency dependence
below 16 K, characteristic of SMMs (Fig. 3a,b and S3†).

A single frequency dependent peak is observed in the χ′M(T )
and χ″M(T ), which becomes broader at lower temperatures. The
χ″M(T ) shows a maximum at 15 K for the highest measurement
frequency (ν) of 1.4 kHz. The peaks in χ″M(ν) show a linear
dependence on temperature above 11 K, and can be described
using the Arrhenius law (Fig. 3d), giving a thermal energy

Fig. 2 (a) Variation of χMT vs. T for 1 and 2 at 1 kOe from 2–300 K; (b)
Mβ vs. H for 1 and simulations (solid red lines) and reduced magnetisa-
tion for compound 2 (inset) from 0–7 T at 2 and 4 K and (solid lines in
inset are guides to the eye).
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barrier to magnetisation relaxation Ueff = 67 K with τ0 = 2.7 ×
10−6 s (Fig. 3d). Cole–Cole plots (χ′M vs. χ″M) for the temperature
range 4–9.5 K give temperature-dependent α parameters: at
high temperatures α = 0.05, characteristic of a single relaxation
time. Below 11 K the peaks show a non-linear dependence on
temperature, indicating non-Orbach relaxation processes are
becoming important; the α value increases to 0.50, also
suggesting multiple relaxation processes are operative (Fig. 3c).

The slow relaxation of the magnetisation observed in Dy(III)
complexes is due to a well-defined mJ = ±15/2 ground state
doublet and highly axial g-tensors (ideally gx = gy = 0; gz = 20)
of the 6H15/2 manifold. Taking into account the ligand set sur-
rounding the two Dy(III) sites in 2, and employing an electro-
static method15 based upon electrostatic minimisation of ρ(α, β)±15/2

Sievers electron density16 and a minimal valence bond model
we have been able to predict the directionality of the magnetic
axes in 2, resulting in an almost collinear arrangement with a
deviation between magnetic axes of 21° (Fig. 4). The almost
parallel arrangement of the axes is in good agreement with the
dynamic magnetic behaviour, since non-collinear magnetic

arrangement and small exchange interactions tend to accele-
rate the quantum tunnelling through further relaxation
pathways.17

In summary, by using phosphonates, we have successfully
synthesised two isostructural molecular cages, the metal core
consists of four Ln(III) ions which are arranged at the vertices
of a parallelogram. While there has been a great deal of recent
work to make paramagnetic phosphonate cages,1 compound 2
appears to be the first homometallic 4f-phosphonate cages
with SMM behaviour.

KZ thanks the KRG-Scholarship program in “Human
Capacity Development (HCDP)”. EMP thanks the Panamanian
agency SENACYT-IFARHU. REPW thanks the Royal Society for
a Wolfson Merit Award. We also thank EPSRC (UK) for funding
an X-ray diffractometer (grant number EP/K039547/1).
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Experimental Details 

All reagents, metal salts and ligands were used as obtained from Aldrich. Analytical data were 

obtained by the microanalytical service of the University of Manchester, [Co3(μ3-

O)(O2CtBu)6(py)3]•O2CtBu was prepared as reported.1 

Preparation of compounds 1 and 2 

Compound 1 was synthesised by reacting a mixture of gadolinium nitrate Gd(NO3)6•6H2O

(0.13 g, 0.30 mmol), [Co3(μ3-O)(O2CtBu)6(py)3]•O2CtBu (1g, 0.88mmol), tert-butyl 

phosphonic acid (H2O3PtBu) (0.07g, 0.507 mmol) and pyridine (C5H5N) (0.5mL, 6.20mmol) 

in acetonitrile (CH3CN) (15 ml) for 7 hrs to form a brown solution. The solution was filtered 

and then allowed to stand untouched at room temperature for two weeks. Light brown colour 

crystals of the compound 1 suitable for X-ray were collected. Yield 65 mg (25%), based on 

Gd(NO3)6•6H2O. EA for C122H202Co6Gd4N14O60P2, found (calc); C 37.85 (37.87); H 5.20 

(5.26); N 5.04 (5.07); Gd. 16.22 (16.25); P 1.55 (1.60); Co 9.10 (9.14).  

A parallel procedure to that used for synthesis of compound 1 was used for compound 2, using 

Dy(NO3)6•5H2O  (0.30 mmol) in place of Gd(NO3)6•6H2O. Yield 50 mg (20%), based on 

Dy(NO3)6•5H2O. EA for C122H202Co6Dy4N14O60P2, found (calc); C 37.70 (37.66); H 5.20 

(5.23); N 5.01 (5.04); Dy 16.65 (16.71); P 1.57 (1.59); Co 9.06 (9.09). 

Crystallography 

The data were collected on Agilent SuperNova CCD diffractometer with MoKα radiation (λ = 

0.71073 Å). The structures were solved by direct methods and refined on F2 using SHELXTL. 

CCDC 1051263 and 1051264 contain the supplementary crystallographic data for this paper. 

These data can be obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or 

1 G. Aromi, A. S. Batsanov, P. Christian, M. Helliwell, A. Parkin, S. Parsons, A. A. Smith, G. A. Timco, R. E. P. 

Winpenny, Chem. Eur. J., 2003, 9, 5142. 



from Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK; fax:

(+44)1223-336-033; or deposit@ccdc.cam.ac.uk). 

Crystal data for 1 [C122H202Co6Gd4N14O60P2]: Mr = 3869.48, monoclinic, P21/n, T = 128(4) K, 

a = 11.7554(2), b = 19.4689(4), c = 36.4118(7) Å, α /ο = 90, β/ο = 97.9131(17), γ/ο = 90, V =

8254.0(3) Å3, Z = 2, ρ = 1.557 g cm-3, total data = 64303, independent reflections 16879 (Rint 

= 0.0631), µ = 2.274 mm-1, 1053 parameters, R1 = 0.0479 for I ≥2σ (I) and wR2 = 0.0687 CCDC

1051264. 

Crystal data for 2 [C106H196Co6Gd4N12O60P2]: Mr = 3890.48, monoclinic, P21/n, T = 150.02(10)

K, a = 11.7542(2), b = 19.4585(4), c = 36.4590(7) Å, α /ο = 90, β/ο = 97.9842(19), γ/ο = 90, V 

= 8258.0(3) Å3, Z = 2, ρ = 1.565 g cm-3, total data = 41706, independent reflections 18920 (Rint 

= 0.0750), µ = 2.476 mm-1, 1059 parameters, R1 = 0.0448 for I ≥2σ (I) and wR2 = 0.0900 CCDC

1051263. 

Figure S1. Crystal structure of 2. Colour codes: Dy, purple; P, green; Co, blue; N, cyan; O, red; C,
grey. H-atoms are omitted for clarity. 



Figure S2. (a) and (b) are  the polyhedral view of Dy1 and Dy2, respectively.

Table S1. CShM values for the Dy metal ion centres of 2. 
Dy1 Dy2 

Geometry CShM Geometry CShM 
OP 31.623 EP 30.136 
HPY 23.144 OPY 22.402 
HBPY 13.442 HBPY 15.576 
CU 12.503 JTC 14.218 
SAPR 4.705 JCCU 8.029 
TDD 2.745 CCU 6.926 
JGBF 11.410 JCSAPR 5.858 
JETBPY 26.724 CSAPR 4.840 
JBTPR 4.333 JTCTRP 4.777 
BTPR 3.905 TCTPR 5.830 
JSD 3.575 JTDIC 10.421 
TT 13.256 HH 5.955 
ETBPY 24.075 MFF 3.265 

Magnetic measurements 

The magnetic properties in the temperature range 1.8 K–300 K were performed on 

polycrystalline samples either constrained in eicosane or powdered, using a Quantum Design 

MPMS-XL7 SQUID magnetometer armed with a 7 T magnet. Data were corrected for the

diamagnetism of the compounds (Pascal constants) and for diamagnetic contribution of

eicosane and the sample holder by measurement. 

a) b)



Figure S3. χM’(T) (a); χM’(v) (b); χM’’(v) (c); and (d) field dependence of the χM’’(v) for compound 2. 

a) b)

d)c)
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Linking Cr3 triangles through phosphonates and
lanthanides: synthetic, structural, magnetic and
EPR studies†

Karzan H. Zangana, Eufemio Moreno Pineda, Iñigo J. Vitorica-Yrezabal,
Eric J. L. McInnes and Richard E. P. Winpenny*

The preparation and structural characterisation of five 3d–4f mixed metal phosphonate cages with

general formula [CrIII6Ln
III
2(µ3-O)2(H2O)2(O3P

tBu)4(O2C
tBu)12(HOiBu)2(

iPrNH2)2] where LnIII = La, 1; Tb, 3;

Dy, 4; Ho, 5 and [CrIII6Gd
III
2(µ3-O)2(H2O)2(O3P

tBu)4(O2C
tBu)12(HOiBu)4] (2) are reported. The structure

contains two oxo-centred {Cr3} triangles, bridged by phosphonates and lanthanides. The magnetic be-

haviour of 1 has been modelled as two non-interacting isosceles triangles, involving two antiferro-

magnetic interactions (J1 = −8.8 cm−1) with a smaller ferromagnetic interaction for the unique edge of

the triangle (J2 = +1.3 cm−1) giving an isolated S = 3/2 ground state per triangle. The quartet ground state

has been proven through simulation of electron paramagnetic resonance (EPR) spectra obtained at the

X- and Q-band. EPR simulations have also resulted in the introduction of small single-ion Zero Field Split-

ting (ZFS) parameters D = ±0.19 cm−1 and rhombic term E = ±0.02 cm−1, which are consistent with

strong exchange limit calculations for an isolated S = 3/2 (D = ±0.22 and E = ±0.018 cm−1).

Introduction

The synthesis of paramagnetic polymetallic complexes has
been an area of significant interest since the discovery of the
single molecule magnet (SMM), [Mn12O12(O2CMe)16(H2O)4].

1

One area of current interest is in making 3d–4f cage com-
pounds, hoping that the combination of strong exchange from
the 3d-ions will combine with the large anisotropy of the 4f-
ions to produce interesting SMMs. The earliest studies of such
3d–4f heterometallic compounds were by Gatteschi and col-
leagues, who used designed Schiff-base ligands to bind to
both types of metal selectively.2 There was also considerable
work involving use of anions of 2-hydroxypyridine and its
derivatives.3 More recently there has been a huge expansion in
this area, with many beautiful new compounds reported.4,5

Phosphonates are multidentate ligands that in their mono
or dianionic form can adopt many different coordination
modes, with a range of structures and nuclearities containing
copper,6 iron,7 manganese,8 nickel,9 cobalt9c,10 and
vanadium.11 More recently phosphonates have been used for
3d–4f-complexes,4n,5a,c,e,m and for 4f-compounds.12

One of our first forays into this area involved reactions of
oxo-centred tri-iron carboxylates with phosphonates,7a where
we found that the phosphonate could displace a carboxylate
and link triangles together. Frequently we found that
additional reactions occurred, with an iron centre extracted
from a triangle to bind to the phosphonate separately. This
produced compounds containing four (one triangle plus one
iron) and seven (two triangles bridged by one iron) metals.7a

We reasoned that if we used more stable oxo-centred triangles,
and deliberately added a source of a second metal we could
make similar arrays, but heterometallic. Therefore we have
undertaken the reaction of oxo-centred chromium(III) carboxy-
lates with phosphonates in the presence of lanthanide ions.

In this paper we report the synthesis, structural characteris-
ation, and magnetic properties of a series of octanuclear
CrIII–LnIII phosphonate cages (LnIII = La, 1; Gd, 2; Tb, 3; Dy, 4;
Ho, 5) using tbutyl phosphonic acid as ligand. We were able to
single out the contribution of LnIII by comparing 2, 3, 4 and 5
with the lanthanum analogue 1; this family of cages provides a
good opportunity to systematically study the magnetic
exchange between 3d and 4f metal ions.

Experimental section
Material and physical measurements

[CrIII3(µ3-O)(O2C
tBu)6(H2O)3][O2C

tBu]·3H2O was synthesised
according to reported methods.13 All reagents, metal salts,

†Electronic supplementary information (ESI) available: Further crystallographic
details. CCDC 999505–999509. For ESI and crystallographic data in CIF or other
electronic format see DOI: 10.1039/c4dt01264j

School of Chemistry and Photon Science Institute, The University of Manchester,

Oxford Road, Manchester M13 9PL, UK.

E-mail: richard.winpenny@manchester.ac.uk; Fax: +44-161-275-1001
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solvents and ligands were used as purchased without any
further purification. Analytical data were obtained by the
microanalytical service of the University of Manchester. The
data and yields are given in Table 1.

Synthesis

[CrIII3(µ3-O)(O2C
tBu)6(H2O)3][O2C

tBu] (1 g, 1.225 mmol), Gd-
(NO3)3·6H2O (0.554 mmol), t-butyl phosphonic acid (0.07 g,
0.507 mmol) and isopropylamine (iPrNH2) (0.1 mL,
1.164 mmol) in isobutanol (HOiBu)(15 mL) were refluxed at
120 °C for 24 hours to form a dark green solution. The solu-
tion was filtered and then allowed to stand undisturbed at
room temperature. Green plate-like crystals suitable for single
crystal X-ray diffraction of [CrIII6Gd

III(µ3-O)2(H2O)2(O3P
tBu)4-

(O2C
tBu)12(HOiBu)4] (2) were collected after 10 days. Similar

reactions with LnIII(NO3)3·nH2O, where LnIII = La(1), Tb(3),
Dy(4) and Ho(5) gave crystals of [CrIII6Ln

III
2(µ3-O)2(H2O)2-

(O3P
tBu)4(O2C

tBu)12(HOiBu)2(
iPrNH2)2] (Table 1).

X-ray data collection and structure solution

Data collection was carried out on Agilent SUPERNOVA diffracto-
meter with MoKα radiation (λ = 0.71073 Å), data reduction and
unit cell refinement were performed with CrysAlisPro software.
The structures were solved by direct method using
SHELXS-9714a and were refined by full-matrix least-squares
calculations on F2 using the program Olex2.14b Suitable crystals
of 1–5 were mounted on a tip using crystallographic oil and
placed in a cryostream and used for data collection. Data were
collected using ϕ and ω scans chosen to give a complete asym-
metric unit. All non-hydrogen atoms were refined anisotropi-
cally. Hydrogen atoms were calculated geometrically and were
riding on their respective atoms. Hydrogens corresponding to
disorder water molecules and hydroxyl groups form solvated
isobutanol molecules were omitted but included in the
formula. Some degree of disorder was found in all cages. The
tBu groups of the pivalates, tBu groups of the phosphonates,
the coordinated and uncoordinated (only compound 2) iso-
butanol and isopropylamine are found to be disordered over
two sites. These disordered groups were modelled splitting
their occupancy into two parts. The isobutanol solvent mole-
cules were found to be disordered over three sites for com-
pound 1, 3–5. These disordered molecules were modelled
splitting their occupancy into three parts and restraining their
value to add to 1 using the SUMP command. The amount of

uncoordinated solvent was determined using SQUEEZE. The
number of electrons calculated agrees with two isobutanol and
two water molecules per unit cell for compounds 1, 3–5. For
compound 2, it was found to have four isobutanol and eight
water molecules per unit cell. The C–C distances of the tBu
groups of the pivalates and the phosphonates were restrained
to be equal using SADI command. The C–C, C–O and C–N dis-
tances for both the isopropylamine and the isobutanol were
restrained using DFIX command. The atomic displacement
parameters of the disorder moieties were restrained using
RIGU command. Full crystallographic details can be found in
CIF format: CCDC for 1–5, 999505–999509. Crystal data and
refinement parameters are given in Table 2.

Magnetic measurements

The magnetic properties of polycrystalline samples of 1–5 were
measured in the temperature range 1.8 K–300 K with a
Quantum Design MPMS-XL7 SQUID magnetometer armed
with a 7 T magnet. The samples were ground, placed in a gel
capsule, and fixed with a small amount of eicosane to avoid
movement during the measurement. The data were corrected
for the diamagnetism from the gel capsule and the eicosane
with the diamagnetic contribution from the complexes calcu-
lated from Pascal constants. Magnetic data were fitted using
the program PHI.15

Electron paramagnetic resonance

X-band (ca. 9.5 GHz) and Q-band (ca. 34 GHz) EPR spectra of
polycrystalline powders were recorded with a Bruker EMX580
spectrometer. The data was collected in the temperature range
5–30 K using liquid helium. Spectral simulations were per-
formed using the EasySpin 4.5.516 simulation software.

Results and discussion
Synthetic description

Many synthetic procedures rely on the reaction of oxo-centred
metal triangles,7,8,17 however fewer reactions use chromium
oxo-centered triangles [CrIII3(µ3-O)(RCO2)6(L)3]X (R = Me, Ph,
tBu; X = Cl, NO3) and in many of those reactions the triangle is
not found in the final product.18 However here we find that
refluxing a mixture of chromium pivalate oxo-centred triangle
[CrIII3(µ3-O)(O2C

tBu)6(H2O)3][O2C
tBu]·3H2O, hydrated lantha-

Table 1 Elemental analysis and yield (%) for compounds 1–5

Cage Yielda

Elemental analysis: found (calculated)

C H Cr Ln P N

1b 40% 41.33 (41.06) 7.32 (7.38) 10.58 (10.88) 9.41 (9.69) 4.19 (4.32) 0.94 (0.98)
2b 31% 41.15 (40.95) 7.16 (7.28) 10.97 (10.64) 10.80 (10.72) 4.33 (4.21) — (—)
3c 30% 41.09 (40.75) 7.38 (7.26) 10.48 (10.80) 11.21 (11.00) 4.10 (4.27) 0.93 (0.97)
4c 29% 40.48 (40.65) 7.43 (7.24) 10.42 (10.77) 11.35 (11.22) 4.11 (4.28) 0.90 (0.97)
5d 22% 40.89 (40.84) 6.79 (7.20) 10.53 (10.82) 10.97 (11.44) 4.07 (4.30) 0.93 (0.97)

a Based on phosphonate source. Calculated EA and crystallisation solvents. b 2(HOiBu)·2(H2O).
c 2(HOiBu)·(H2O).

d 2(HOiBu).
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nide nitrate, LnIII(NO3)3·nH2O, phosphonic acid, H2O3P
tBu,

and a mild base, iPrNH2, in iBuOH in the mole ratios
1.2 : 0.50 : 0.50 : 1.2 gives reasonable yields of a family of
{Cr6Ln2} cages Ln = La 1, Gd 2, Tb 3, Dy 4 and Ho 5.

Crystallography

The cages 1–5 crystallise in two different space groups mono-
clinic P21/n (2) and triclinic P1̄ (1, 3, 4 and 5) (Fig. 1), however
the molecular structures are very similar and we describe the
structure of 1 as representative. Overall the structure contains
six CrIII and two LaIII ions, which are held together by two

µ3-oxide and four phosphonates beside ten bridging pivalates.
The octanuclear cage consists of two equivalent oxo-centered
chromium triangles {CrIII3(µ3-O)}.

In each triangle two edges are bridged by 2.11 pivalates
(Harris notation)19 (ESI, Fig. S1†), as in the starting material,
but on the third edge both pivalates have been displaced by
phosphonates. These phosphonates bridge the Cr⋯Cr edge,
but use their third oxygen atom to bind to a LaIII site; in one
phosphonate (and its symmetry equivalent) the oxygen bridges
between two LaIII sites, given it a 4.211 binding mode. In the
other pair of symmetry equivalent phosphonates the third
O-atom is terminal to a LaIII, giving it the 3.111 binding mode.
A 2.11 bridging pivalate also bridges between one Cr site, occu-
pying the position trans to the μ3-oxide, and a lanthanum. This
site is occupied by a terminal iBuOH for the other four Cr sites
(Fig. 1).

The distance between the two µ3-oxides and the three CrIII

ions within triangles fall in the range 1.8924(1)–1.94955(8) Å,
the Cr–O–Cr angles are very close to 120° and sum to 360°
(ESI, Table S1 and Fig. S4†).

The Cr–Cr distances within the triangles fall in the range
3.2351(2)–3.4275(5) Å, while the La–La′ distance within the
cage is 4.192(8) Å. In 2, all CrIII centres have an O6 coordi-
nation sphere, with octahedral coordination geometry; whilst
in the remaining analogues a terminal amine fill the coordi-
nation sphere of Cr1 and Cr(1)′, leading to a O5N set, and a O6

coordination sphere for Cr(2), Cr(3), Cr(2)′ and Cr(3)′. The LnIII

ion centres have an LnO8 coordination sphere, consisting of
four oxygen atoms from the phosphonate bridging groups,
three oxygens belonging to two pivalates and one water oxygen
atom (ESI, Fig. S2 and S3†).

Magnetic description

We have studied the magnetic behaviour of complexes 1–5
using polycrystalline samples in the temperature range
2–300 K under 1000 Oe applied magnetic field. Similarly we

Fig. 1 Crystal structure of the {Cr6Gd2P4} cage 1. (a) Top left: top view
of cage. (b) Metal core of cage 1 without carbons. Scheme: La, purple;
Cr, dark green; P, light green; O, red; C, grey; N, cyan; H omitted for
clarity.

Table 2 Crystallographic information for cages 1–5

1·2iBuOH·2H2O 2·2iBuOH·4H2O 3·2iBuOH·2H2O 4·2iBuOH·2H2O 5·2iBuOH·2H2O

Chem formula C98H210Cr6La2N2O46P4 C100H210Cr6Gd2O50P4 C98H210Cr6N2O46P4Tb2 C98H210Cr6Dy2N2O46P4 C98H210Cr6Ho2N2O46P4
fw 2866.37 2957.00 2906.39 2913.55 2916.83
Cryst system Triclinic Monoclinic Triclinic Triclinic Triclinic
Space group P1̄ P21/n P1̄ P1̄ P1̄
a/Å 13.7609(5) 13.8020(7) 13.918(1) 13.7094(6) 13.7501(4)
b/Å 13.9671(5) 27.527(2) 14.0369(7) 14.0352(5) 14.0220(5)
c/Å 23.3521(8) 19.718(2) 23.346(2) 23.1626(9) 23.1827(8)
α/° 100.081(3) 90 99.776(5) 100.096(3) 100.079(3)
β/° 100.916(3) 95.817(7) 101.128(6) 100.639(3) 100.637(3)
γ/° 107.940(3) 90 108.202(5) 108.186(4) 108.254(3)
V/Å3 4059.8(3) 7453(1) 4119.7(5) 4029.8(3) 4040.0(2)
Z 1 2 1 1 1
ρcalcd/g cm−3 1.172 1.295 1.171 1.201 1.199
T/K 150(1) 150.0(2) 210.1(2) 150.0(1) 150.0(1)
μ (Mo Kα)/mm−1 1.003 1.412 1.328 1.407 1.458
R1 (I > 2σ)(I))a 0.0753 0.0777 0.0664 0.0661 0.0637
wR2

a (all data) 0.2342 0.2048 0.2045 0.2052 0.2055

a R1 = ||Fo| − |Fc||/|Fo|, wR2 = [w(|Fo| − |Fc|)
2/w|Fo|

2]1/2.
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have investigated the magnetisation as function of applied
magnetic field (H) at 2 and 4 K in the range of 0–7 T. The
temperature dependence of the χMT (T ) (where χM is the molar
magnetic susceptibility) for all polycrystalline samples
show values lower than expected for the single ion contri-
bution of six CrIII S = 3/2 and the paramagnetic lanthanide
contribution e.g. the contribution from GdIII, TbIII, DyIII or
HoIII for 2–5 respectively. Complex 1 shows a χMT at room
temperature of 9.6 cm3 K mol−1 considerably lower
than expected (calcd 11.1 cm3 K mol−1 for six CrIII: gCr = 1.99,
S = 3/2). For complex 1 χMT (T ) decreases with lowering
temperature reaching a value of 3.6 cm3 K mol−1 at 2 K
suggesting, along with the χMT (T ) value at room temperature,
antiferromagnetic interactions between the Cr sites in the
cage. Complexes 2 to 5 exhibit similar behaviour: for 2 the χMT
room temperature value is 23.3 cm3 K mol−1 (calcd 26.7 cm3 K
mol−1 for six CrIII: gCr = 1.99, S = 3/2 and two GdIII: gGd = 1.99;
S = 7/2) which gradually decreases to 20 K where it sharply
decreases to 15.9 cm3 K mol−1 at 2 K indicating that at this
temperature paramagnetic states are still populated; 3 to 5
reveal room temperature χMT values of 33.2 cm3 K mol−1 (calcd
34.8 cm3 K mol−1 for six CrIII: gCr = 1.99, S = 3/2 and two TbIII:
gJ = 3/2; J = 6), 38.1 cm3 K mol−1 (calcd 39.5 cm3 K mol−1

for six CrIII: gCr = 1.99, S = 3/2 and two DyIII: gJ = 4/3; J = 15/2)
and 37.6 cm3 K mol−1 (calcd 39.3 cm3 K mol−1 for six CrIII:

gCr = 1.99, S = 3/2 and two HoIII: gJ = 5/4; J = 8) mol−1 respecti-
vely (Fig. 2).

The temperature dependent susceptibility gradually
decreases upon lowering temperature for all complexes,
however at low temperature two different behaviours are
observed. For complex 3 a small plateau is observed from
ca. 13 to 5 K, before dropping to 21.6 cm3 K mol−1 at 2 K. In
the case of complex 4 the gradual decrease in χMT (T ) upon
lowering temperature stops at about 8 K where it starts gradu-
ally to increase up to 27.2 cm3 K mol−1 at 2 K. The behaviour
exhibited by 3 and 4 suggest some ferromagnetic interactions,
probably between the 3d–4f system.1–4 Complex 5 decreases
gradually up to ca. 40 K where it drops sharply to 12.9 cm3 K
mol−1 indicating antiferromagnetic interactions and/or
depopulation of the Stark sublevels (see Fig. 2).

The molar magnetisation (M) as function of applied mag-
netic field at 2 K in the field range of 0–7 T shows a saturation
value at 7 T for compounds 1 and 2 of 5.9 and 20.2 μB.
Complex 3 to 5 show M(H) values of 14.7 for the 3 and 16.4 μB
for the other two. No conclusion can be drawn from the field
dependence for 3 to 5 due to the high anisotropy presented for
these lanthanide-containing cages.

The magnetic behaviour of 1 was modelled using PHI
package,15 fitting χMT (T ) and M(H) simultaneously. As 1 con-
tains LaIII, study of this compound allows the determination of

Fig. 2 Molar magnetic susceptibility (χMT ) vs. T plot for 2–5 under 1 kG dc field and molar magnetization (M) as a function of applied magnetic field
(H) at 2 and 4 K (inset) for (a) 2, (b) 3, (c) 4 and (d) 5.
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the exchange interaction within the two {Cr3} moieties. A
simple model has been used based on the sum of two non-
interacting {Cr3} triangles (based on the crystallographic data,
the nearest Cr3⋯Cr3 distance from each triangle is 9.289(1) Å).
Each {Cr3} triangle has been modelled using a Hamiltonian of
the form (1):

H ¼ �2J1 Ŝ1Ŝ2 þ Ŝ1Ŝ3
� �� 2J2 Ŝ2Ŝ3

� �þ gμBH
X3

i¼1
Ŝi ð1Þ

where the first term is the isotropic exchange interaction
between Cr(1)⋯Cr(2) and Cr(2)⋯Cr(3), and the second term
that between Cr(1)⋯Cr(3), the chemically unique edge (Fig. 3).
The fourth term is the Zeeman term of each Cr centre.

Good agreement between experiment and simulation for
χMT vs. T and M vs. H is also obtained including a small ZFS
(see below). Simultaneous fitting of χMT (T ) and M(H) yield
agreement between experimental data and simulation with an
antiferromagnetic exchange interaction J1 = −8.8 cm−1, and a
ferromagnetic interaction of J2 = +1.3 cm−1 between the Cr
ions in the unique edge of the triangle, giving a total spin
ground state for each individual {Cr3} fragment of S = 3/2 (see
Fig. 3), with the first excited state, S = 1/2, at 33 cm−1 above it.
The field dependence of the magnetisation can be reproduced
using the Brillouin function for two S = 3/2 states, which

suggests there is very little communication between the two
{Cr3} triangles in the {Cr6La2} cage (Fig. 4).

Attempts to investigate the magnetic behaviour of 2 were
made, however due to the huge Hilbert space ((2Si + 1)n ×
(2Sj + 1)n = 262 144) for the six CrIII (S = 3/2) and two GdIII (S =
7/2), the system is rendered quite difficult for the evaluation of
its Hamiltonian. To overcome this issue the magnetic data of 2
was modelled assuming two {Cr3} with S = 3/2, obtained
from the magnetic behaviour of 1 and the EPR data (see
below) and two GdIII. We have used a simple Hamiltonian (2)
considering a linear combination of Cr⋯Gd⋯Gd⋯Cr (see
inset Fig. 2a).

H ¼ �2J1 Ŝ1Ŝ2 þ Ŝ3Ŝ4
� �� 2J2 Ŝ2Ŝ3

� �þ gμBH
X4

i¼1
Ŝi ð2Þ

Simultaneous fitting of M(H) at 2 and 4 K resulted in ferro-
magnetic interactions between each {Cr3} and the neighbour
GdIII J1 = +0.19 cm−1, whilst a small antiferromagnetic inter-
action was obtained for the Gd⋯Gd pair J2 = −0.08 cm−1.

Electron paramagnetic resonance

EPR spectroscopy has generally been an important tool in
probing the spin ground states of molecular complexes.20 The
EPR spectroscopy of 1 was studied in the temperature range of
5–30 K using X- and Q-band frequencies, ca. 9.5 GHz and 34.5
GHz respectively. Several features are observed in X-band EPR
at 5 K (Fig. 5). Broad intense transitions are observed at 60,
160 and 440 mT resonance fields, whilst a less intense signal
is observed at about 350 mT (g ∼ 2). Upon raising the tempera-
ture the intense signals decrease while the minor signal at
g ∼ 2 sharply increases, suggesting the population of an
excited state, probably S = 1/2 (see below). The Q-band EPR
data shows similar behaviour, with several features at 5 K,
which broaden upon raising the temperature, whilst the signal
at g ∼ 2 sharply increases.

We have simulated the X- and Q-band EPR data using
the parameters obtained from fitting the magnetic data (see

Fig. 3 (a) Molar magnetic susceptibility (χMT ) vs. T and simulation plots
for 1 under 1 kG dc field. (b) Molar magnetization (M) as a function of
applied magnetic field (H) at 2 and 4 K for 1.

Fig. 4 Magnetisation of complex 1 and Brillouin function (red line) for
two S = 3/2 states at 2 and 4 K.
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above), with inclusion of axial (D) and rhombic (E) ZFS terms,
giving Hamiltonian (3):

H ¼ �2J1 Ŝ1Ŝ2 þ Ŝ2Ŝ3
� �� 2J2 Ŝ1Ŝ3

� �þ D
X3

i¼1
Siz2

þ E
X3

i¼1
ðSix2 � Siy2Þ þ gμBH

X3

i¼1
Ŝi ð3Þ

Agreement between experimental data was achieved using
the parameters above with DCr = ±0.19 cm−1 and ECr =
±0.02 cm−1 (Fig. 6a and b). Inclusion of these small ZFS terms
in the fit of magnetic data makes little difference to the quality
of the fit.

The EPR behaviour can also be modelled in the strong
exchange limit as an isolated S = 3/2 state with D3/2 =
±0.22 cm−1 and E3/2 = ±0.018 cm−1 revealing an isolated
quartet state with nearly no contribution from excited states
present at 5 K (see Fig. 6c and d). If the strong exchange limit
is valid here, the vector coupling method of Bencini and
Gatteschi21 would give D3/2 = 29DCr/25. Our two values for the
zero-field splitting are entirely consistent with one another,
demonstrating that use of the strong exchange limit is
reasonable.

Conclusions

To summarise, by using an oxo-centered chromium pivalate
triangles complex as a starting material reacted with a range of
different lanthanide starting materials and using t-butyl-
phosphonate as a ligand we have obtained a range of 3d–4f
mixed metal octanuclear complexes. The precursor {Cr3} tri-
angles can be recognized in all the resulting cages, and there
is a relation to the {Fe7} cages we have reported previously,7a

where a single FeIII ion bound to the phosphonates, linking tri-
angles. At present we cannot control or predict how the phos-
phonates assemble the 4f-ions in order to form larger cages,
but it appears this is a valuable strategy for synthesizing mod-
erately large polymetallic cages.
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Figure S1. Scheme for binding modes by Harris notation of the phosphonates and carboxylates.

Figure S2. Crystal structure of cluster 2 showing iBuOH terminals (right); Crystal structure of
clusters 1, 3, 4 and 5 showing amine terminals (left). Scheme: La, purple; Cr, dark green; P, light
green; O, red; C, grey; N, cyan; H omitted for clarity.



Figure S3. Polyhedral view of {Cr6Ln2P4} core.

Table S1. Selected bond distances and angles of 1−5.

1 2 3 4     5
Cr1…Cr2 /Å 3.263(1) 3.258(3) 3.271(2) 3.273(2) 3.281(1)

Cr2…Cr3/Å 3.427(1) 3.422(2) 3.425(1) 3.426(2) 3.424(1)

Cr1…Cr3/Å 3.263(2) 3.268(3) 3.287(1) 3.235(1) 3.271(1)

O1 ─Ln1/Å 6.560(4) 6.503(8) 6.492(4) 6.459(4) 6.470(4)

Figure S4. {Cr3} moiety for Cr6Ln2P4 clusters. Scheme: La, purple; Cr, dark green; P, light green; O, red; C, 
grey; N, cyan; H omitted for clarity.













 





 

 

 



 

 







 

 

 

 

 

 

 

 

 

 



 

 

 

 

 




