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ABSTRACT: Reaction of the simple metalloligand [FeIIIL3] (HL = 1-(4-pyridyl)butane-1,3-dione) with a variety of different MII 

salts results in the formation of a family of heterometallic cages of formulae [FeIII
8PdII

6L24]Cl12 (1), [FeIII
8CuII

6L24(H2O)4Br4]Br8 (2), 

[FeIII
8CuII

6L24(H2O)10](NO3)12 (3), [FeIII
8NiII

6L24(SCN)11Cl] (4) and [FeIII
8CoII

6L24(SCN)10(H2O)2]Cl2 (5). The metallic skeleton of 

each cage describes a cube in which the FeIII ions occupy the eight vertices and the MII ions lie at the center of the six faces. Direct 

current (DC) magnetic susceptibility and magnetization measurements on 3 - 5 reveal the presence of weak antiferromagnetic ex-

change between the metal ions in all three cases. Computational techniques known in theoretical nuclear physics as statistical spec-

troscopy, which exploit the moments of the Hamiltonian to calculate relevant thermodynamic properties, determine JFe-Cu = 0.10 cm-

1 for 3 and JFe-Ni = 0.025 cm-1 for 4. Q-band EPR spectra of 1 reveal a significantly wider spectral width in comparison to [FeL3], 

indicating that the magnitude of the FeIII zero-field splitting (ZFS) is larger in the heterometallic cage than in the monomer. 

INTRODUCTION 

Polymetallic cages of FeIII have long played a prominent role 

in the field of molecule-based magnets, often producing aes-

thetically pleasing complexes possessing fascinating magnetic 

properties.1 In 1992 an [Fe19] cage was reported whose structure 

is related to goethite, {Fe(O)OH}n, and whose synthesis hinted 

at the processes underpinning the formation of naturally occur-

ring iron oxo-hydroxo species.2 In 2004 an even simpler hydrol-

ysis methodology was employed to produce an [Fe17] cage that 

is a structural analogue of the mineral magnetite.3 Both [Fe19] 

and [Fe17] possess large spin ground states of S ≃ 33/2 and S = 

35/2, respectively. Another structurally related species, a fluo-

ride-based [Fe13] cage reported in 2002, represented the first ex-

ample of an open-shell Keggin ion. Like [Fe19] and [Fe17], com-

peting anitferromagnetic exchange interactions in [Fe13] stabi-

lize a non-zero ground state spin value.4 The first FeIII based 

Single-Molecule Magnet (SMM) was a tacn-based (1,4,7-

triazacyclononane) [Fe8] complex possessing an anisotropic S = 

10 ground state,5 later followed by a family of [Fe4] complexes 

with a star-like topology and S = 5 ground states, originating 

from antiferromagnetic exchange between the central ion and 

its three neighbors.6  

Large, isotropic, spin ground states are key to certain species 

demonstrating an enhanced magnetocaloric effect (MCE) that 

can be exploited for low temperature magnetic refrigeration, 

and the first FeIII cage to show promise in this regard was a high 

symmetry [Fe14] cluster based on a hexacapped hexagonal bi-

pyramid, with S = 25.7 Iron rings of various sizes, most, if not 

all, characterized by antiferromagnetic exchange and diamag-

netic spin ground states, have proved invaluable for the investi-

gation of quantum size effects. For example, the archetypal 

[Fe10] ‘ferric wheel’ displays stepped magnetization at very low 

temperatures indicative of field-induced excited state level 

crossings.8 Perhaps the FeIII cluster that has garnered the most 

attention is the [Fe30] icosidodecahedron embedded in a Mo-

based polyoxometalate (POM).9 Indeed a search of the literature 

reveals an astonishing 84 papers devoted to just this one mole-

cule; the interest arising from geometric spin frustration, a phe-

nomenon akin to that observed in extended materials such as 

the Kagome lattice.10 More recently even larger nuclearity FeIII 

species have been reported – including a cyanide-bridged [Fe42] 

cage displaying ferromagnetic exchange and a S = 45 ground 

state, a tetrahedral [Fe60] cluster whose building blocks are the 

[Fe4] star-shaped SMMs, and an [Fe64] cubic complex incorpo-

rating both formate and triethanolamine.11,12  

We recently began a project focussed on the modular con-

struction of large transition metal cages based on the self-as-

sembly of simple metallosupramolecular building blocks. 

While not a new approach for the construction of cages of par-

amagnetic metal ions, it is a somewhat under-exploited meth-

odology.13 Our initial investigations have examined the metal-

loligand [MIIIL3] (HL = 1-(4-pyridyl)butane-1,3-dione), which 
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features a tris(acac) octahedral transition metal core functional-

ized with three para-pyridyl donor groups (Figure 1).14,15 1H 

NMR spectroscopy of the diamagnetic [AlIIIL3] species shows 

that it exists as a mixture of the mer and fac configurations in 

solution, with the self-assembly process amplifying the propor-

tion of the fac-configuration during cage formation.15 Thus 

[MIIIL3] can be regarded as a simple tritopic donor with the N-

atoms of the pyridyl rings disposed at 90° with respect to each 

other. We previously showed that the combination of the fac–

isomer of [CrIIIL3] with square-planar MII connectors leads to 

the formation of [CrIII
8M

II
6]

12+ (MII = Ni, Co) molecular cubes,14 

and herein we extend this study to the synthesis, structures and 

magnetic properties of the FeIII-based cages [FeIII
8PdII

6L24]Cl12 

(1), [FeIII
8CuII

6L24(H2O)4Br4]Br8 (2), 

[FeIII
8CuII

6L24(H2O)10](NO3)12 (3), [FeIII
8NiII

6L24(SCN)11Cl] (4) 

and [FeIII
8CoII

6L24(SCN)10(H2O)2]Cl2 (5). 

 

Figure 1. The molecular structure of the fac-configuration of the 

[MIIIL3] metalloligand. Colour code: MIII = green, O = red, N = 

blue, C = black. H-atoms omitted for clarity.  

EXPERIMENTAL SECTION 

Syntheses 

[FeIIIL3]. FeCl3 (1 mmol, 162 mg), 1-(4-pyridyl)butane-1,3-

dione (3.5 mmol, 570 g) and NaOMe (3.5 mmol, 189 mg) were 

dissolved in MeOH/H2O (1:1, 25 mL) and left to stir until a red 

product precipitated (~24 h). The precipitate was filtered and 

washed with water. The crude product was extracted with 

CH2Cl2 and dried over anhydrous MgSO4. The CH2Cl2 was re-

moved under reduced pressure to afford the product as a red 

solid. Yield (0.46 g, 85 %). Elemental analysis (%) calculated 

(found) for C27H24N3O6Fe (542.34): C 59.79 (59.53), H 4.46 

(4.39), N 7.75 (7.67). 

[FeIII
8PdII

6L24]Cl12 (1). A solution of AgNO3 (0.16 mmol, 28 

mg,) and [Pd(benzonitrile)2Cl2] (0.08 mmol, 32 mg) in 

CHCl3/MeOH (1:1, 10 mL) was stirred for 30 minutes at room 

temperature. The solution was then filtered, added to a solution 

of [FeIIIL3] (0.055 mmol, 30 mg) in 10 mL of MeOH, and al-

lowed to stand. Dark-red crystals (87 % yield, 32 mg) suitable 

for single crystal X-ray diffraction were obtained by slow evap-

oration of the mother liquor after 3 days. Elemental analysis (%) 

calculated (found) for C216H192N24O48Cl12Fe8Pd6 (5402.67): C 

48.02 (48.31), H 3.58 (3.31), N 6.22 (6.12). 

[FeIII
8CuII

6L24(H2O)4Br4]Br8 (2). [FeIIIL3] (0.2 mmol, 108 

mg) in CH2Cl2 (10 mL) was added to a solution of CuBr2 (0.2 

mmol, 45 mg) in MeOH (10 mL). The mixture was stirred for 3 

hours before being filtered. Black crystals (48 %, 69 mg) suita-

ble for single crystal X-ray diffraction were formed from slow 

evaporation of the mother liquor after two days. Elemental 

analysis (%) calculated (found) for C216H200N24O52Br12Fe8Cu6 

(5750.98): C 45.11 (45.01), H 3.51 (3.24) N 5.85 (6.04). 

[FeIII
8CuII

6L24(H2O)10](NO3)12 (3). [FeIIIL3] (0.1 mmol, 54 

mg), Cu(NO3)2·3H2O (0.1 mmol, 24 mg,) and pyrazine (0.4 

mmol, 32 mg) were dissolved in a solution of CH2Cl2/EtOH 

(1:1, 20 mL). The reaction mixture was stirred for 3 hours at 

room temperature, before being filtered and allowed to stand. 

Red crystals (65 % yield, 46 mg) suitable for single crystal X-

ray diffraction were obtained from slow evaporation of the 

mother liquor after 2 days. Elemental analysis (%) calculated 

(found) for C216H212N36O94Fe8Cu6 (5644.21): C 45.96 (45.49), 

H 3.79 (3.68), N 8.93 (8.54). 

[FeIII
8NiII

6L24(SCN11)Cl] (4). NiCl2 (0.2 mmol, 26 mg) and 

[FeIIIL3] (0.2 mmol, 108 mg) were stirred in a mixture of 

CH2Cl2/MeOH (1:1, 20 mL). After 20 minutes KSCN (0.4 

mmol, 39 mg) dissolved in H2O (2 mL) was added to the reac-

tion mixture, which was allowed to stir for a further 30 minutes 

before being filtered. Red crystals (71 % yield, 95 mg) suitable 

for single crystal X-ray diffraction were obtained from slow 

evaporation of the mother liquor after 4 days. Elemental 

analysis (%) calculated (found) for C227H192N35O48S11ClFe8Ni6 

(5365.24): C 50.82 (50.13), H 3.61 (3.70), N 9.14 (9.27). 

[FeIII
8CoII

6L24(SCN)10(H2O)2]Cl2 (5). CoCl2 (0.2 mmol, 26 

mg) and [FeIIIL3] (0.2 mmol, 108 mg) were stirred in a mixture 

of CH2Cl2/MeOH (1:1, 20 mL). After 20 minutes KSCN (0.4 

mmol, 39 mg) dissolved in H2O (2 mL) was added to the reac-

tion mixture, which was left to stir for a further 30 minutes. The 

solution was then filtered and allowed to stand. Red crystals (62 

% yield, 83 mg) suitable for single crystal X-ray diffraction 

were obtained from slow evaporation of the mother liquor after 

3 days. Elemental analysis (%) calculated (found) for 

C226H196N34O50S10Cl2Fe8Co6 (5380.08): C 50.45 (50.81), H 3.67 

(3.70), N 8.85 (9.21). 

Crystal structure information 

For compounds 1, 2, 4, 5 and [FeIIIL3] single-crystal X-ray 

diffraction data were collected at T = 100 K on a Rigaku AFC12 

goniometer equipped with an enhanced sensitivity (HG) Saturn 

724+ detector mounted at the window of a FR-E+ Superbright 

MoKα ( = 0.71075 Å) rotating anode generator with HF Vari-

max optics (100 m focus)16 using Rigaku Crystal Clear and 

CrysalisPro software17,18 for data collection and reduction. Due 

to very weak scattering power, single-crystal X-ray diffraction 

data for 3 were collected at T = 30.15 K using a synchrotron 

source ( = 0.6889 Å) on the I19 beam line at Diamond Light 

Source on an undulator insertion device with a combination of 
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double crystal monochromator, vertical and horizontal focus-

sing mirrors and a series of beam slits.  The same software as 

above was used for data refinement. Unit cell parameters in all 

cases were refined against all data. Crystals of all samples were 

very sensitive to solvent loss, and so to minimize crystal degra-

dation and maintain crystalline uniformity, crystals of all six 

compounds were ‘cold mounted’ on MiTeGen MicromountsTM 

at ca. T = 203 - 223 K using Sigma-Aldrich fomblin Y® LVAC 

(3300 mol. wt.) with the X-Temp 219 crystal cooling system at-

tached to the microscope. The crystal structures of [FeIIIL3] and 

5 were solved using the charge flipping method implemented in 

SUPERFLIP,20 whereas 1 ,2, 3 and 4 were solved using intrinsic 

phasing methods as implemented in SHELXT.21 All structures 

were refined on Fo
2 by full-matrix least-squares refinements us-

ing ShelXL22 within the OLEX2 suite.23 All non-hydrogen at-

oms were refined with anisotropic displacement parameters, 

and all hydrogen atoms were added at calculated positions and 

refined using a riding model with isotropic displacement param-

eters based on the equivalent isotropic displacement parameter 

(Ueq) of the parent atom. All crystal structures (except [FeIIIL3]) 

contain large accessible voids and channels that are filled with 

diffuse electron density belonging to uncoordinated solvent, 

whose electron contribution was accounted for by the 

SQUEEZE24 solvent masking routine as implemented in 

PLATON software.25To maintain reasonable molecular geom-

etry, DFIX/DANG restraints were used in 2, 3 and 4, whereas 

SIMU, DELU,  RIGU and ISOR restraints were applied to 

model appropriately atomic displacement parameters (ADP). 

For heavily disordered atoms EADP constraints were also ap-

plied.  

Crystal data for [FeIIIL3] C27H30N3O10Fe, M = 612.39, trig-

onal, a = b = 14.8322(3) Å, c = 7.5892(3) Å, α = β =90.0 °, γ = 

120.0 °, V = 1445.89(9) Å3, Z = 2, P-3, Dc = 1.407 g/cm3, μ = 

0.581 mm-1, T = 100 K,  = 0.71075 Å, 27014 reflections col-

lected, 2665 independent reflections (Rint= 0.0626), Final R in-

dices [F2 > 2(F2)] = 0.0419, R indices (all data) = 0.0496. 

CCDC 1522561. 

Crystal data for 1 C216H206N24O54Cl4Fe8Pd6, M = 5229.04, 

orthorhombic, a = 30.4249(5) Å, b = 31.3338(4) Å, c = 

38.6462(5) Å, α = β = γ = 90.0 °, V = 36842.5(9) Å3, Z = 4, 

Pcca, Dc = 0.943 g/cm3, μ = 0.669 mm-1, T = 100 K,  = 0.71075 

Å, 191457 reflections collected, 42250 independent reflections 

(Rint= 0.0780), Final R indices [F2 > 2(F2)] = 0.0688, R indices 

(all data)= 0.1159. CCDC 1522562. 

Crystal data for 2 C216H200N24O52Br4Fe8Cu6, M = 5111.67, 

tetragonal, a = 20.076(3) Å, b = 20.076(3) Å, c = 37.225(3) Å, 

α = β = γ = 90.0 °, V = 15.003(5) Å3, Z = 2, P4/nnc, Dc = 1.131 

g/cm3, μ = 1.383 mm-1, T = 100 K,  = 0.71075 Å, 74790 re-

flections collected, 6640 independent reflections (Rint= 0.1258), 

Final R indices [F2 > 2(F2)] = 0.0845, R indices (all data) = 

0.1217. CCDC 1522563. 

Crystal data for 3 C216H210N24O58Fe8Cu6, M = 4898.11, or-

thorhombic, a = 29.6051(6) Å, b = 31.3962(4) Å, c = 38.0783(6) 

Å, α = β = γ = 90.0 °, V = 35393.3(10) Å3, Z = 4, Pcca, Dc = 

0.919 g/cm3, μ = 0.667 mm-1, T = 30 K,  = 0.6889 Å, 282293 

reflections collected, 31228 independent reflections (Rint= 

0.2011), Final R indices [F2 > 2(F2)] = 0.1121, R indices (all 

data) = 0.1587. CCDC 1522564. 

Crystal data for 4 C227H192N35O48S11ClFe8Ni6, M = 5365.31, 

tetragonal, a = 29.644(12) Å, b = 29.644(12) Å, c = 26.851(10) 

Å, α = β = γ = 90.0 °, V = 23596(21) Å3, Z = 2, P4/n, Dc = 0.755 

g/cm3, μ = 0.567 mm-1, T = 100 K,  = 0.71075 Å, 89872 re-

flections collected, 20990 independent reflections (Rint= 

0.0863), Final R indices [F2 > 2(F2)] = 0.1003, R indices (all 

data) = 0.1331. CCDC 1522565. 

Crystal data for 5 C230H200N34O50S10Cl10Fe8Co6, M = 

5715.71, tetragonal, a = 29.5218(3) Å, b = 29.5218(3) Å, c = 

26.6262(5) Å, α = β = γ = 90.0 °, V = 23205.8(7) Å3, Z = 2, 

P4/n, Dc = 0.818 g/cm3, μ = 0.596 mm-1, T = 100 K,  = 0.71075 

Å, 119893 reflections collected, 20470 independent reflections 

(Rint= 0.0382), Final R indices [F2 > 2(F2)]= 0.0743, R indices 

(all data)= 0.1002. CCDC 1522566. 

RESULTS AND DISCUSSION 

Structure Description: The metallic skeleton common to 1-5 

describes a [FeIII
8M

II
6]

12+ cube with the FeIII ions occupying the 

eight corners and the MII ions (Pd, Co, Ni, Cu) situated slightly 

above (1.2-1.5 Å) the center of the square faces (Figures 2-3, 

Figure S1). The dimensions of the cube are of the order Fe···Fe 

≃ 12 Å3, with FeIII···MII ≃ 9 Å. The FeIII ions are six-coordinate 

and in distorted {FeO6} octahedral geometries with Fe–O dis-

tances between 1.93–2.04 Å, and cis/trans angles in the range 

85.4–96.8° and 170.8–176.6°, respectively. The [FeIIIL3] moie-

ties each coordinate to three different MII ions through the N-

atoms of their pyridyl rings, with MII-N distances in the range 

1.97–2.17 Å. In turn, each MII ion is equatorially coordinated to 

four different [FeIIIL3] units.  

 

 

Figure 2. Molecular structure (left) and metallic skeleton (right) of 

complex 1. Colour code: Fe = green, Pd = orange, N = blue, O = 

red, C = gold. H-atoms omitted for clarity.  

 

The Pd ions in compound 1 display square planar geometry 

with Pd-N distances of ~2 Å and PdII-N cis/trans angles 

~90°/180° (Figure 2). The remaining compounds display higher 

coordination numbers at the MII sites, all being square pyrami-

dal or octahedral in geometry – the apical sites being occupied 

by the anions present in the starting materials (CuBr2 (2), 

Cu(NO3)2·3H2O (3), Co(SCN)2 (5)), the KSCN (4) added to the 

reaction mixture, and/or solvent/H2O molecules. However, 

these sites are, in some cases, severely disordered. See the SI 

for further discussion. 
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Structures 1-5 (Figures 2-3, Figure S1) crystallize as homo-

chiral racemates - that is as enantiomeric mixtures in which all 

eight [FeIIIL3] moieties in a single cube possess either Δ or Λ 

stereochemistry. Although this could be a packing effect, which 

results in selective crystallization from a more complex dia-

stereomeric mixture, homochiral assemblies are frequently ob-

served to be energetically preferred in solution.26 Volume cal-

culations performed on 1-5 using the 3V Volume Assessor pro-

gram show internal cavities sizes of ≤ 1300 Å3.27 

 

Figure 3. Molecular structures of compounds 2 (left) and 4 (right). 

Colour code as in Figure 2. Cu = pink, Ni = light blue, Br = brown, 

S = yellow. H-atoms and counter ions omitted for clarity.  

 

SQUID Magnetometry: The direct current (DC) molar mag-

netic susceptibility, , of polycrystalline samples of complexes 

3 - 5 were measured in an applied magnetic field, B, of 0.1 T, 

over the 5–290 K temperature, T, range (Figure 4, where  = 

M/B, and M is the magnetization). Because of loss of lattice sol-

vent, during the evacuation of the sample chamber of the 

SQUID magnetometer, leading to uncertainty in the molar mass 

of the measured sample, the 290 K T products of 3-5 were 

scaled to values of 37.25, 41.0 and 46.25 cm3 mol-1 K, respec-

tively. These values are those expected from the spin-only con-

tributions to the magnetism of an [FeIII
8CuII

6] unit (37.25 

cm3mol-1K), with gFe=2.00 and gCu=2.00, of an [FeIII
8NiII

6] unit 

(41.0 cm3mol-1K), with gFe=gNi=2.00, and of an [FeIII
8CoII

6] unit 

(46.25 cm3mol-1K), with gFe=gCo=2.00, where gFe, gCu, gNi, and 

gCo are the g-factors of FeIII, CuII, NiII, and CoII, respectively. 

The rescaled values presented maximum deviations of the order 

of 15 % from the unscaled values. Upon cooling, the T prod-

ucts of 3 and 4 remain essentially constant down to 50 K, below 

which a rapid decrease is observed in both cases. For 5 the de-

viation from Curie law begins around at 180 K, falling steadily 

to a value of ~42 cm3 K mol-1 at T = 15 K, before decreasing 

much more abruptly below this temperature. In each case, the 

behavior is indicative of weak antiferromagnetic exchange in-

teractions between the metal ions, with the added effect of mod-

erate-large zero-field splitting (ZFS, NiII, CoII) in the case of 4 

and 5.  
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Figure 4. Plot of χT versus T for complexes 3-5 measured in an 

applied field of B = 0.1 T (top). The solid lines are a fit of the ex-

perimental data. The dashed lines are the Curie constants. Magnet-

ization data for 3-5 measured in the temperature and field ranges, 

T = 2-7 K, B = 0-7 T (bottom). The dashed lines indicate the satu-

ration value expected for the field-induced alignment of all iso-

tropic spin centers. 

The quantitative interpretation of the magnetic properties of 

3-5 based on the diagonalization of a spin-Hamiltonian matrix 

is impossible since the matrices involved are of dimensions of 

the order 108, 109 and 1010, respectively. Even the total spin (S) 

block matrices used in approaches based on Irreducible Tensor 

Operator algebra are of larger dimension than what is realistic 

for exact numerical matrix diagonalization. Therefore, to model 

the magnetic properties of 3-5 we have adapted computational 

techniques known in theoretical nuclear physics as statistical 

spectroscopy,28 which exploit the moments of the Hamiltonian 

to calculate relevant thermodynamic properties. To describe the 

magnetic properties of 3-5 we used the following isotropic spin-

Hamiltonian (1): 

 

)1(

i

iB

pairsMFall

MFeM-Fe  



Z

e

iso SBgSSJH



 

with i running over all constitutive metal centres, Ŝ a spin-oper-

ator,B the Bohr magneton, B the applied magnetic field and g 

the isotropic g-factor common to both Fe and M = Cu (3), Ni 
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(4) and Co (5). We calculate the temperature-dependent mag-

netic susceptibility of 3 - 5 by use of the Van Vleck equation 

(2), derived from (1): 
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with NA Avogadro’s number, kB the Boltzmann constant, and T 

the temperature. We approximate the energy dependence of the 

(2S+1) factor in the denominator by a continuous density of 

states, (E). Similarly, we approximate the energy dependence 

of the (2S+1)S(S+1)/3 factor on the nominator, by a continuous 

density, C(E), which we designate the Curie-constant density. 

Thus: 
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These two densities, C(E) and (E), may be obtained from mo-

ments of an appropriate Hamiltonian,29 here (1). The moments 

are related to the traces of powers of the Hamiltonian.29 The 

density (E) is determined from the moments of a Hamiltonian 

containing only the Heisenberg terms of (1), whereas the den-

sity C(E) is determined from the bivariate moments of (1), i.e. 

those obtained from a Hamiltonian containing both Heisenberg 

and Zeeman terms. Once these moments, up to order 14 in our 

case, have been computed, the densities are conveniently deter-

mined following the method described in the literature.30,31 Us-

ing this approach, and by successive simulations of the temper-

ature dependence of the T product of 3- 4, we determine JFe-Cu 

= 0.10 cm-1 with a common isotropic g-factor g1 = 2.0 for 3, and 

JFe-Ni = 0.025 cm-1 with a common isotropic g-factor g2 = 2.0 for 

4. Note that J in each case is of the same order of magnitude as 

DFe and likely much smaller than DNi (see the EPR section be-

low). 

Magnetization measurements performed on 3-5 in the T = 2-

7 K and B = 0-7 T temperature and field ranges are shown in 

the lower panel of Figure 4. The data for 3 saturate at the value 

expected for the field-induced alignment of the spins on the 

constituent metal centers (46 µB), while that of 4 and 5 are be-

low their expected saturation values, consistent with the pres-

ence of significant DNi and DCo in this temperature regime. 

EPR Spectroscopy: We previously reported EPR spectra of 

[FeL3], which gave the ZFS of the FeIII, s = 5/2 ion as |D| = 0.08 

cm-1 with rhombicity of |E/D| ≈ 1/3.15 The rhombic nature of the 

ZFS is consistent with reports on simple FeIII tris-diketonates, 

although D is slightly smaller: [Fe(acac)3] (|D| = 0.16 cm-1, E/D 

= 0.3) and [Fe(dpm)3] (dpm = dipivaloylmethane; D = -0.20 cm-

1, |E/D| = 0.25).32 Q-band EPR spectra of 1, where M = PdII is 

diamagnetic, reveal a significantly wider spectral width cf. 

[FeL3] (Figure 5), indicating that the magnitude of the FeIII ZFS 

is larger in {Fe8M6} than in the monomer. Note that the distor-

tions of the [FeO6] octahedra in the latter are slightly bigger than 

the former, and are also somewhat larger than that seen for the 

[CrO6] octahedra in the analogous Cr-based cubes reported in 

ref [14].The relatively poor spectral resolution limits the accu-

racy of the determination of the ZFS parameters. Crude simula-

tions give |D| ca. 0.17 cm-1 with |E/D| again close to 1/3 (from 

trial calculations |E/D| > 0.3). Spectra of 2-4 are similar to those 

of 1 and, within the limits imposed by the poor resolution, show 

no direct evidence of either spectral features of the MII = Cu or 

Ni ions nor of any weak exchange effects beyond further broad-

ening. Hence, from the EPR of these materials we are restricted 

to concluding that there is a small absolute increase in |D| in 

going from [FeL3] to {Fe8M6}. This was also true for 

{FeIII
2M

II
3} trigonal bipyramidal complexes built with the same 

metalloligand, reported previously,14d where we found similar 

values of DFe ca. 0.20 cm-1 (also fully rhombic). 

 

Figure 5. Q-band EPR spectra of powdered samples of (from top 

to bottom) [FeL3], 1, 2, 3 and 4 at 5 K. 

 

We previously noted that incorporation of [CrL3] (|D| = 0.55 

cm-1) into {CrIII
2M

II
3} led to an increase in |DCr| from 0.55 cm-1 

to 0.61 and 0.64 cm-1 for M = Zn and Pd, respectively (these 

gave much better resolved EPR spectra and D could be deter-

mined more accurately). This is an increase of ~10-15% in D. 

The Fe systems seem more sensitive, with a ca. 100% increase 

in D (although a similar absolute increase of ca. 0.1 cm-1). Pre-

vious angular overlap model studies on FeIII tris-diketonates 

showed D to be very sensitive to the trigonal distortion at FeIII.6b 

This may also be the cause for the much greater broadening in 

the EPR spectra of the Fe complexes than their Cr analogues: 

the sensitivity of the ZFS parameters to small variations in the 

coordination geometry make the spectra much more susceptible 

to strain effects. 

CONCLUSIONS 

The mononuclear complex [FeIIIL3] (HL = 1-(4-

pyridyl)butane-1,3-dione), which features a tris(acac) 

octahedral transition metal core functionalized with three para-

pyridyl donor groups, can be regarded as a simple tritopic donor 
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that can be employed as a building block for the construction of 

polymetallic cage compounds. Reaction with a variety of 

different MII salts produces a family of heterometallic 

[FeIII
8PdII]12+ (1), [FeIII

8CuII
6]

8+ (2), [FeIII
8CuII

6]
12+ (3), 

[FeIII
8NiII

6] (4) and [FeIII
8CoII

6]
2+ (5) cubes in which the FeIII ions 

occupy the eight vertices and the MII ions lie at the center of the 

six faces. Magnetic susceptibility measurements reveal weak 

antiferromagnetic exchange between the paramagnetic metal 

ions in 3-5. The quantitative interpretation of the magnetic 

properties for such large species based on the diagonalization 

of a spin-Hamiltonian matrix is impossible, since the matrices 

involved are of enormous dimensions. In order to overcome this 

problem computational techniques known as statistical spec-

troscopy were employed. This afforded JFe-Cu = 0.10 cm-1 for 3 

and JFe-Ni = 0.025 cm-1 for 4. Q-band EPR spectra of 

[FeIII
8PdII

6L24]Cl12 revealed a significantly wider spectral width 

in comparison to the monomeric [FeL3] species, indicating that 

the magnitude of the FeIII ZFS is larger in {Fe8M6} than in the 

monomer. 
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metalloligand [FeIIIL3] (HL = 1-(4-pyridyl)butane-1,3-dione) with a variety of MII salts. 

 


