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Atomically Precise Lanthanide-Iron-Oxo Clusters Featuring
the e-Keggin Ion
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Xiang-Jian Kong,*[a] La-Sheng Long,*[a] and Lan-Sun Zheng[a]

Abstract: Atomically precise molecular metal-oxo clusters

provide ideal models to understand metal oxide surfaces,

self-assembly, and form-function relationships. Devising
strategies for synthesis and isolation of these molecular

forms remains a challenge. Here, the synthesis of four Ln-Fe
oxo clusters that feature the e-{Fe13} Keggin cluster in their

core is reported. The {Fe13} metal-oxo cluster motif is the
building block of two important iron oxyhydroxyide phases

in nature and technology, ferrihydrite (as the d-isomer) and

magnetite (the e-isomer). The reported e-{Fe13} Keggin
isomer as an isolated molecule provides the opportunity to

study the formation of ferrihydrite and magnetite from this
building unit. The four currently reported isostructural

lanthanide-iron-oxo clusters are fully formulated
[Y12Fe33(TEOA)12(Hyp)6(m3-OH)20(m4-O)28(H2O)12](ClO4)23·50 H2O

(1, Y12Fe33), [Gd12Fe33(TEOA)12(Hyp)6(m3-OH)20(m4-O)32(H2O)12]-

(ClO4)15·50 H2O (2, Gd12Fe33) and [Ln16Fe29(TEOA)12(Hyp)6(m3-

OH)24(m4-O)28(H2O)16](ClO4)16(NO3)3·n H2O (Ln = Y for 3, Y16Fe29,

n = 37 and Ln = Gd for 4, Gd16Fe29 n = 25; Hyp = trans-4-Hy-
droxyl-l-proline and TEOA = triethanolamine). The next

metal layer surrounding the e-{Fe13} core within these clus-
ters exhibits a similar arrangement as the magnetite lattice,

and Fe and Ln can occupy the same positions. This provides
the opportunity to construct a family of compounds and op-

timize magnetic exchange in these molecules through com-

position tuning. Small-angle X-ray scattering (SAXS) and
high-resolution electrospray ionization mass spectrometry

(HRESI-MS) show that these clusters are stable upon dissolu-
tion in both water and organic solvents, as a first step to

performing further chemistry towards building magnetic
arrays or investigating ferrihydrite and magnetite assembly

from pre-nucleation clusters.

Introduction

Iron oxides and hydroxides are the most abundant of the tran-

sition metal oxides in nature. They play important roles in envi-

ronmental geology, biomineralization, microbiological activity,

magnetic materials and other related fields.[1] Important iron
oxide minerals include haematite (a-Fe2O3), magnetite (Fe3O4),

goethite (a-FeOOH), lepidocrocite (g-FeOOH), and ferrihydrite
(Fe5HO8·4 H2O).[2] The basic structural unit in these iron oxides

is the FeO6 or FeO3(OH)3 octahedron and the FeO4 tetrahedron.

In the structure of magnetite, a tetrahedron is surrounded by
twelve edge-sharing octahedra, resembling the molecular e-
Keggin-Fe13 structure.[3] Magnetite has many applications in
magnetic materials, catalytic and medical sciences (magnetic

resonance imaging, MRI).[4]

In addition, a structural model has been proposed for ferri-

hydrite that also contains the Keggin structure (d-Keggin-Fe13).
However, this structure and even the existence of tetrahedral
iron in ferrihydrite is a subject of ongoing debate.[5] Ferrihy-

drite, central to contaminant transport,[6] microbe metabolism
and iron cycling,[7] is one of the most prominent minerals in

the biogeosphere; ubiquitous in soils, acid mine drainage, and
ferritin.[8]

Recently, some of us isolated atomically precise iron-oxo

clusters of the a-Fe13-Keggin structural motif, closely related to
the structural building blocks of magnetite and ferrihydrite. It

was accomplished by use of Bi3 + to stabilize the hydrolytically
reactive cluster. In addition, we demonstrated room tempera-

ture conversion of the molecular a-Fe13 to ferrihydrite,[9] and to
magnetite with chemical reduction.[10] Both processes involved
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deliberate removal of the capping bismuth. While these stud-
ies provided insight into the viability of the molecular Keggin

cluster as a predecessor to related materials, the origin of
structural differences between the isolated a-Fe13 molecule

and the Keggin-structure building units of ferrihydrite (d-
isomer) and magnetite (e-isomer) are still not understood.

There are a total of five aforementioned isomers of the
Keggin-structure: a, b, g, d and e. All have a central tetrahe-

dron surrounded by four sets of three edge-sharing octahedra

(trimers). The linkage between the trimers defines the isomers,
and they are related to each other by 60-degree rotations of

the trimer, about the Fe@O bond axis of the tetrahedron
(Figure 1). Consequently, all trimers are corner-sharing in the a-

isomer (Td symmetry) and b-isomer (C3v symmetry). The g-
isomer has two trimers corner-linked and two edge-linked

(C2v). The d-isomer is also C3v symmetry, with three trimers

edge-sharing and the fourth corner-linked. Finally, the e-isomer
features all edge-sharing between trimers, and a return to Td

symmetry. Because the a-isomer differs from the d and e iso-
mers, an isolated molecule that more closely resembles the re-

lated material would advance our understanding of its impor-
tance in mineral and materials self-assembly, as well as provide

crucial models for spectroscopic investigations of poorly crys-

talline ferrihydrite.[11]

Herein, we have expanded the strategy of iron-oxo cluster

stabilization to rare-earths to stabilize the Fe13-cluster, along
with amino acid ligands. In the four structures described here,

Y3 +/Gd3 + or additional Fe3+ ions stabilize an Fe13-core with the
e-topology. The e-{Fe13} motif has been observed only once

before in the molecular form, capped with four additional Fe-

Cl units and pyridine ligands.[3a] Lanthanide ions further broad-
en the utility of Fe-oxo clusters including single-molecule mag-

nets for information storage,[12] magnetic refrigeration materi-

als with high magnetocaloric effects,[13] and developing an un-
derstanding of magnetic exchange interactions.[14]

Employing ligands trans-4-Hydroxyl-l-proline (Hyp) and tri-
ethanolamine (TEOA-H3), we isolated [Y12Fe33(TEOA)12(Hyp)6-

(m3-OH)20(m4-O)28(H2O)12](ClO4)23·50 H2O (1, Y12Fe33),
[Gd12Fe33(TEOA)12(Hyp)6(m3-OH)20(m4-O)32(H2O)12](ClO4)15·50 H2O

(2, Gd12Fe33), [Y16Fe29(TEOA)12(Hyp)6(m3-OH)24(m4-O)28(H2O)16]-
(ClO4)16(NO3)3·37 H2O (3, Y16Fe29) and [Gd16Fe29(TEOA)12-
(Hyp)6(m3-OH)24(m4-O)28(H2O)16](ClO4)16(NO3)3·25 H2O (4, Gd16Fe29).

While TEOA has been used extensively in isolating iron-oxo
clusters,[15] proline has been more scarcely exploited in this
role.[16] Single-crystal structure analysis shows that these 45-
metal cluster compounds 1–4 are the largest lanthanide-iron-

oxo clusters to date, and all the 45 metal ions in the cores of
1–4 possess the same e-Fe13 metal arrangement that is ob-

served in magnetite (Figures 1 a–c). While the e-Fe13 core is a

commonality of all described molecules, there is flexibility in
the outer 33 metal ions, where Ln can directly replace Fe in

these isostructural compounds. From these reported structures
and the previously described Bi-capped Fe13, we can start to

develop design rules (capping metals and ligands) for stabiliz-
ing clusters of different topologies that are important in under-

standing materials assembly from pre-nucleation clusters. In

addition, ferrihydrite controls the fractionation transport of
many minor elements in the environment including rare-

earths, and conversely the minor elements alter the conversion
of ferrihydrite to other mineral phases.[17] Therefore, these

phases can serve as models for these processes in nature that
are important in considering rare-earth mining. Small angle X-

ray scattering (SAXS) and high-resolution electrospray ioniza-

tion mass spectrometry (HRESI-MS) show the stability of these
clusters in both water and organic solvents. This is an impor-

tant first step for future solution phase manipulation and con-
version to related materials.

Figure 1. Polyhedral representation of the crystal structures of the isomers of the Keggin anion. (a) The a-type, (b) d-type Keggin and (c) e-type Keggin struc-
ture; (d) The e-Keggin iron ion in magnetite; The cationic cluster core of (e) Y12Fe33, (f) Gd12Fe33 and (g) Ln16Fe29 (Ln = Y and Gd). C, grey; O, red; N, blue; Ln,
purple; Fe, green. H atoms omitted for clarity.
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Results and Discussion

Synthesis and structures of compounds 1–4

In this work, lanthanide ions, trans-4-Hydroxyl-l-proline (Hyp)
and triethanolamine (TEOA-H3) were introduced to control the
hydrolysis of iron ions and stabilize the formed molecular clus-
ters. When changing the type and concentration of anions,
some Ln3+ ions in Ln12Fe33 are replaced by Fe3 + ions and form
isotypical clusters Ln16Fe29. Single-crystal X-ray diffraction re-
veals that Ln12Fe33 and Ln16Fe29 display the same metal ar-

rangement, with facile replacement of Ln to Fe onto the core
structure (Figures 1 e–f). The yields of the structures presented

below are &30 %, and the same formulations (i.e. , Ln:Fe ratio
and arrangement of the metals) is consistent in repeated reac-

tions, as indicated by magnetic and mass spectroscopy data,

discussed later. We believe there could be other cluster as-
semblages present in solution that do not readily crystallize

and represent opportunity for future isolation. Y12Fe33 crystalli-
zes in the tetragonal space group I41/amd, whereas Gd12Fe33

crystallizes in the hexagonal space group P63/mcm. Y16Fe29 and
Gd16Fe29 are isostructural and crystallized in the trigonal space

group R3̄c. As an example, only Y12Fe33 is described below in

detail.
The compound Y12Fe33 can be described as {[Fe13(m3-

OH)12(m4-O)28]@[Y12Fe20(TEOA)12(Hyp)6(m3-OH)8(H2O)12]}23+ , cen-
tred by the e-Keggin type {Fe13} anion (Figure 1 e). As shown in

Figure 2 a, the e-Keggin iron oxoanion formulated as [Fe13(m3-
OH)12(m4-O)28]29@ can be viewed as four-vertex m4-O2@ groups on

the tetrahedral unit [Fe(m4-O)4]5@ (Fe@O = 1.864(4) a), that links

to a trimer of edge-sharing hexa-coordinate Fe3 + ions. Interest-
ingly, hydroxyl ligands occupy the terminal positions of the

central Keggin ion (Figure S1 in Supporting Information, the
bond valence sum calculations in Table S1). In contrast, in the

previously described a-Fe13,[9] hydroxyls occupy the m2-bridging
sites within the edge-sharing trimers of the Keggin ion, and

oxos link the trimers by corner-sharing. Each hexa-coordinate
Fe3 + ion in {e-Fe13} is formulated [Fe(m3-OH)(m4-O)5]8@ (Fig-

ure S2 a). Three octahedral units [Fe(m3-OH)(m4-O)5]8@ form
edge-sharing triads [Fe3(m3-OH)3(m4-O)7]8@ (Figure S2 b). Four oc-
tahedral-triad units are connected by edge-sharing (Fig-

ure S2 c), which further link with the central tetrahedral [Fe(m4-
O)4]5@ through the four m4-O2@ groups. As shown in Figure 2 b,
four square pyramidal units [Fe(m3-OH)2(m4-O)3]5@ connect to
the vertexes of four octahedral-triads [Fe3(m3-OH)3(m4-O)7]8@

units through three m4-O2@ groups, thus producing the larger
iron-oxo cluster unit [Fe17(m3-OH)20(m4-O)28]25@ (Figure 2 c). These

square-pyramidal iron-centres sit in the hexagonal “window” of

the e-Fe13 core. Notably, this is the same location as the next
layer of polyhedra of the Keggin unit in both ferrihydrite and

magnetite. In addition, twelve yttrium ions Y3+ and four other
iron ions further cap on the e-Keggin anion [Fe13(m3-OH)12(m4-

O)28]29@ through m3-OH@ and m4-O2@ groups, thereby generating
a cage-like lanthanide-iron-oxo cluster unit [Y12Fe21(m3-OH)20(m4-

O)28]23+ (Figure 2 d). The cationic cluster unit [Y12Fe21(m3-

OH)20(m4-O)28]23 + is further protected and stabilized by twelve
neutral chelate [Fe(TEOA)] units (Figure 2 e), thus forming a

chelated cluster [Y12Fe33(TEOA)12(m3-OH)20(m4-O)28]23 + (Figure 2 f).
This cluster unit is then protected and stabilized by six organic

Hyp ligands and twelve coordinated water molecules, produc-
ing the cationic cluster unit [Y12Fe33(TEOA)12(Hyp)6(m3-OH)20(m4-

O)28(H2O)12]23+ . From the structural profile, it may be speculat-

ed that Y12Fe33 has a process of growing from inside to out-
side. Firstly, the Fe13 core was formed by the hydrolysis of Fe3 +

ions. Second, due to the hydrolysis and coordination ability of
Y3+ ions, it competes with Fe3+ ions in solution, thus prevent-

ing aggregation of the Fe13 intermediate by occupying the
sites of iron ions. Lastly, the Y12Fe33 was isolated and crystal-

ized independently from solution. This may also serve as a

model for incorporation of rare-earths and other impurities
into ferrihydrite during its formation.

Molecules or ions displaying the Keggin configuration are
found in natural and synthetic materials. In the natural world,

the a-Keggin {Al13} is the mineral lattice of zunyite,[18] and the
d-Keggin {Fe13} is the hypothesized building block of ferrihydri-

te.[4c, 9] The e-Keggin iron-oxo ion {Fe13} contained in Y12Fe33

can be viewed as a molecular fragment of magnetite. The for-
mula of magnetite can be written as B[AB]O4 (AB2O4), which

corresponds to FeIII[FeIIFeIII]O4. The average valence state of the
position for [FeIIFeIII] is + 2.5 because the FeIII ions occupy both

the tetrahedral and octahedral sites. The A2 + and B3+ ions in
the formula can be replaced by the atoms having a similar

ionic radius or energy level (e.g. , Al3 + , Cr3 + , Co2+ , and Mn2 +)

to form new minerals with the same structural configurations
but different properties.[19] According to Mçssbauer spectrosco-

py (Figures S9, Tables S2–S3, discussed later) and the bond va-
lence sum calculations (Table S4), the iron ions of e-Keggin

{Fe13} in Y12Fe33 are all trivalent (Figures 3 a–3b). Interestingly,
by comparison, the other metal ions in Y12Fe33 (the remaining

Figure 2. The structural analysis diagram of Y12Fe33. (a) The central iron-oxo
e-Keggin [Fe13(m3-OH)12(m4-O)28]29@ anion; (b) Square-pyramidal unit [Fe(m3-
OH)2(m4-O)3]5@ ; (c) The iron-oxo cluster [Fe17(m3-OH)20(m4-O)28]25@ ; (d) The clus-
ter unit [Y12Fe21(m3-OH)20(m4-O)28]23 + ; (e) The neutral chelates [Fe(TEOA)] ;
(f) The cationic core [Y12Fe33(TEOA)12(m3-OH)20(m4-O)28]23 + . C, grey; O, red; N,
blue; Ln, purple; Fe, green/light blue/yellow. H atoms omitted for clarity.
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Fe3 + ions and Y3 + ions) also correspond to the Fe2.5 + and Fe3 +

ions positions in magnetite (Figures 3 c–3d). That is, Y12Fe33 has
the same metal arrangement as magnetite, and in particular,

the positions of the Y3 + ions in Y12Fe33 completely correspond
to the [AB]2.5 + of B[AB]O4 in magnetite, as shown in Figure 3.

Compared with magnetite, the lanthanide ions indeed occupy
part of the iron ion sites and inhibit the continued hydrolysis

of iron ions. In summary, this molecular form of magnetite is

able to accommodate surface metals that generally require

larger coordination numbers, and the surface curvature allows
multidentate ligation.

Gd12Fe33 and Y16Fe29 display the same metal topology struc-
ture as that of Y12Fe33 (Figures 1 e–g), except for some slight

differences of the two metal positions. As shown in Figure 4,
two Y3 + ions (Y1) and two Fe3 + ions (Fe1) in Y12Fe33 (Fig-

ure 4 b) are exchanged by two Fe3 + ions (Fe1’) and two Gd3 +

ions (Gd1’) in Gd12Fe33 (Figure 4 d), respectively. The position of
the lanthanide ions and iron ions are exchanged due to the

different radii between the Y3 + (0.0893 nm) and Gd3 +

(0.0938 nm) ions under the same reaction conditions. Mean-
while, the four Fe3 + ion (Fe1) positions in Y12Fe33 (Figure 4 b)
are substituted by four Y3 + ions (Y1’) to form Y16Fe29 (Fig-

ure 4 e). The four penta-coordinate Fe3 + ions featuring the
square pyramidal [Fe(m3-OH)2(m4-O)3]5@ unit in Y12Fe33 have

become hexa-coordinate Fe3 + ions featuring the octahedral

unit [Fe(m3-OH)2(m4-O)4]7@ in Gd12Fe33 and [Fe(m3-OH)3(m4-O)3]6@

in Y16Fe29 (Figure S7), respectively. Y12Fe33, Gd12Fe33 and

Y16Fe29 have the same central iron-oxo cluster unit [Fe17(m3-
OH)20(m4-O)28]25@ that features the same metal ions arrange-

ment as that reported prior for {Fe17} (Figure S8 d).[3] Further-
more, the neutral chelate [Fe(TEOA)] unit formed by the Fe3 +

ion and deprotonated triethanolamine in 1–4 is invariable and

cannot be replaced by lanthanide ions. Structure analysis indi-
cates that the remaining Ln3+ in the structure could potentially

be further substituted by the Fe3 + to access other lanthanide-
iron-oxo clusters containing different metal ions, or a pure

iron-oxo cluster that displays the same metal arrangement as
1–4.

The compounds 1–4 have the same metal skeleton, which

can be viewed as the three-shell structure (Figure 4), Fe@-

Figure 3. The comparison of the metal ion arrangements of Y12Fe33 (a, c)
and magnetite (b, d).

Figure 4. The three-shell metal skeleton for Y12Fe33, Gd12Fe33 and Y16Fe29. (a) Double-shell structure {Fe@Fe16}; (b) The outermost shell hexadecahedral struc-
ture {Y12Fe16} in Y12Fe33 ; (c) The three-shell structure of Fe@Fe16@Y12Fe16 in Y12Fe33 ; (d) The outermost shell {Gd12Fe16} in Gd12Fe33 ; (e) The outermost shell
{Y16Fe12}in Y16Fe29. Ln, purple; Fe, green/light blue/rose.
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Fe16@Ln12Fe16 (Y12Fe33 and Gd12Fe33) and Fe@Fe16@Ln16Fe12

(Y16Fe29 and Gd16Fe29). As shown in Figure 4, using Y12Fe33 as

an example, the innermost shell is only one Fe3 + ion. Moving
outward, the middle shell {Fe16} consists of 28 triangles {Fe3}

featuring a cage-like structure (Figure 4 a). The outermost shell
is a fullerene-like hexadecahedral structure {Y12Fe16}, which is

composed of 8 pentagons {Y3Fe2}, 4 pentagons {YFe4} and 4
hexagons {Y2Fe4} (Figure 4 b). As displayed in Figures 4 d and e,
by comparing the metal arrangement of the outermost shell,

the differences among them can be seen more clearly.

Mçssbauer spectral studies

The Mçssbauer spectra (MS) of the powdered samples of

Y12Fe33 and Gd12Fe33 have been recorded at 78 K. The spectra

(Figure 5) show composite quadrupole-split doublets appear-
ing as two broad and asymmetric absorptions for Y12Fe33 and

Gd12Fe33. For Y12Fe33, to avoid over-parameterization, the spec-
tra were fitted with five doublets based on the crystallographic

environments (Figure S10, the environments of Fe2 are similar
to Fe4, and those of Fe6 are similar to Fe7). The isomer shift

values for the five sites are 0.354–0.488 mm s@1, which are ex-

pected for high spin Fe3 + (S = 5/2) (Table S2).[20] The differences
in the quadrupole splitting values resulted from a range of

bond-length distortions for these Fe3 + environments. The iron
ions for Gd12Fe33 can be assigned to six iron sites according to
their crystallographic environments (Figure S12). The resulting
hyperfine parameters revealed that the fitted isomer shift

values of 0.456–0.5 mm s@1 occurred as expected for high spin
Fe3 + ions (Table S3).[20b]

Small-angle X-ray scattering (SAXS) data

Gd12Fe33 and Gd16Fe29 are soluble in common polar solvents,

such as methanol, ethanol, and acetonitrile, as well as highly
soluble in water. The dynamic light-scattering (DLS) spectra

(Figure S15 in Supporting Information) in water reveal that the

mean hydrodynamic diameter of 2.4:0.3 nm is close to that
of 2.5 nm obtained from the crystal data. SAXS provided fur-

ther detail about the solution behaviour of the clusters. For
these studies, we dissolved both Gd12Fe33 and Gd16Fe29 in ace-

tonitrile, and acetonitrile-methanol mixtures. Interestingly, in
pure acetonitrile, none of the three oscillations observed in the

simulated scattering data (Figure 6) could be observed in the

experimental scattering data (between q = 0.6–2.5 a@1, Fig-
ure S13).[21] We found that 10 % methanol in acetonitrile al-

lowed observation of the second and third oscillation, but not
the first (between q = 1.0–2.5 a@1, Figure 6), due to both more

accurate subtraction of the solvent background (Figure S13)
and physical changes in the ligand shell, discussed later. In this
solvent mixture, the scattering data features a plateau instead

Figure 5. Mçssbauer spectra of the Y12Fe33 and Gd12Fe33 obtained at 78 K.
The black dashed line and coloured solid lines are the experimental data
and the resulting fitting, respectively.

Figure 6. (a) Experimental and simulated scattering data for Gd12Fe33 and Gd16Fe29 ; (b) Pair distance distribution function (PDDF) analyses of Gd16Fe29, both in-
cluding (blue) and excluding (red) the plateau region of the scattering curve between q&0.6–1.0 a@1. The red and blue symbols show the portions of the
scattering data that was analysed by PDDF. The black lines are the fits to the data; (c) Gd16Fe29 illustrating the metal oxo core representing the red PDDF (ex-
cluding the plateau) and the entire cluster representing the blue PDDF (including the plateau).
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of the first oscillation of the simulated data, and we deemed
this to reflect a real feature of the cluster rather than masking

by solvent scattering (discussed below). Gd12Fe33 and Gd16Fe29

have very similar scattering data, both experimental and simu-

lated. This is expected since they are the same size with the
same number of metal centres, where these heavy atoms dom-

inate the scattering intensity. The experimental data is flat
below q&0.12 a@1, indicative of a monodisperse solution of
spherical clusters. Additionally, the match of the 2nd and 3rd

oscillations indicates high purity and stability of the clusters.
In the Guinier region (q&0.12–0.5 a@1), the experimental

curves are shifted slightly to lower q compared to the simulat-
ed curves, suggesting a slightly “larger” cluster. To explain this,

as well as the unexpected plateau between q&0.6–1.0 a@1, we
analysed the scattering data by the pair distance distribution

function (PDDF, Figure 6) method of Moore.[22] PDDF is a real

space representation of the scattering data, and can be de-
scribed as a probable distribution of scattering vectors through

the cluster. PDDF analysis of the scattering data excluding the
plateau (Figure 6 b, red) gave an approximately Gaussian distri-

bution with a maximum linear extent (diameter, where P(R)
goes to 0) of 19 a. This is consistent with a spherical cluster

with uniform electron density. The second PDDF analysis in-

cluded the plateau region (Figure 6 b, blue) and yielded a
major peak (the metal oxo core of the cluster) with a lower in-

tensity “tail” on the high-R side of the peak. This tailing has
been observed previously for high electron density cores with

lower electron density shells.[23] The maximum linear extent is
23 a, consistent with the diameter of the cluster (including the

ligand shell), measured in the X-ray structure. The simulated

scattering data with and without the ligand shell is almost
identical. This is because the calculation does not “see” any

contrast between the ligand shell and the solvent; they both
are composed of the light atoms N, C, H and O. However, this

shell is clearly denser than the surrounding solvent, impacting
the observed scattering data. The above-mentioned shift of

the experimental scattering to lower q, compared to the simu-

lated data is also due to the high-density organic shell that is
observed in the experimental data but not the simulated data.

Finally, we believe the addition of methanol to the acetoni-
trile solution affects the ligand shell, improving the ability to
observe the oscillations in the SAXS data, which are very im-
portant in identifying monodispersity and purity of dissolved
clusters. Highly acidic metal centres (i.e. , Ln3 +/Fe3+) can de-
protonate methanol, and methoxy groups will ligate the clus-
ter.[24] Methoxy ligands likely replace the water ligands termi-

nating the cluster. This will both add electron density to the
solvent shell and trigger a conformation change of the termi-

nally bound ligands. The methanol also aids in solubility; while
10 % methanol increases solubility, more results in a decrease

in solubility, providing poorer scattering data (Figure S13). In

summary, we propose that replacement of water with metha-
nol in the ligand shell leads to a denser ligand shell.

Electrospray ionization mass spectrometry

In contrast to the previously reported iron-oxo Keggin ion,[9]

the Ln-Fe clusters Y12Fe33 and Y16Fe29 are soluble and stable in

an aqueous solution. As demonstrated by the high-resolution
electrospray ionization mass spectrometry (HRESI-MS) (Fig-

ure S14, Table S5), when Y12Fe33 was dissolved in ultrapure
water under acetonitrile as the diluting solvent condition, a
series of m/z peaks were observed. Two types of five isotopic

envelopes with a + 3 charge were analysed. As shown in
Table S4, the A1 and A2 species have the same cationic cluster

core of [Y12Fe33(Hyp)6(TEOA)12(OH)10(O)38]13 + , and B1, B2, and
B3 species display the stable cationic cluster core of

[Y12Fe33(Hyp)6(TEOA)12(OH)11(O)37]14 + . The HRESI-MS results
reveal that the Y12Fe33 metal cationic core is stable, although

parts of OH@ groups are deprotonated and some solvent mole-

cules are exchanged between H2O and acetonitrile.[25] However
the core remains stable over at least ten hours, giving the

same peaks by mass spectral analysis. The above results not
only demonstrate the stability of the iron-oxo Keggin ion in an

aqueous solution but also display the key role of lanthanide
ions for stabilizing the Keggin iron oxoanion. A series of lan-

thanide-iron-oxo clusters with different intermediate structural

fragments of magnetite may be obtained by further control-
ling the reaction conditions to connect different numbers of

lanthanide ions or iron ions around the Keggin iron-oxo cluster
unit.

Magnetic studies

The temperature dependence of the magnetic susceptibilities

of Ln12Fe33 and Ln16Fe29 were measured under a 1000 Oe dc
field between 2 and 300 K. As shown in Figure 7, at 300 K, the

observed cMT values for Y12Fe33, Gd12Fe33, Y16Fe29, and

Gd16Fe29 are 45.18, 129.59, 34.96 and 140.43 cm3 K mol@1, re-
spectively, which are all much lower than the calculated values

based on the isolated Fe3 + (HS Fe3 + : S = 5/2, g = 2) and Gd3 +

ions (Gd3 + : J = 7/2, g = 2) because of the strong Fe–Fe antifer-
romagnetic interaction.[26] Upon lowering the temperature, the

Figure 7. Plots of the temperature dependence of cMT for Y12Fe33, Gd12Fe33,
Y16Fe29 and Gd16Fe29 under Hdc = 1000 Oe.
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cMT values for Y12Fe33 decrease to 37.45 cm3 K mol@1 at 200 K.
When further decreasing the temperature, the cMT value in-

creases to the maximum value of 69.36 cm3 K mol@1, and then
slowly decreases to 63.36 cm3 K mol@1 at 2 K. The curve indicat-

ed an antiferromagnetic interaction between the iron ions in
Y12Fe33.[27] The magnetic susceptibility curves of Gd12Fe33 and

Gd16Fe29 show almost the same tendency. With decreasing
temperature, the cMT values gradually decreased to 114.63 and
125.46 cm3 K mol@1 at 120 K and then rapidly increase to the

maximum values of 413.56 and 523.00 cm3 K mol@1 at 3 K for
Gd12Fe33 and Gd16Fe29, respectively. The cMT values slightly de-
crease to 366.05 and 438.12 cm3 K mol@1 at 2 K, respectively.
This result suggested the presence of a ferromagnetic interac-

tion at low temperature between Gd3 + and Fe3+ ions. For
Y16Fe29, the cMT decreases rapidly to the minimum value of

9.52 cm3 K mol@1 2 K due to the strong antiferromagnetic inter-

action between the iron ions.[28] The results revealed that the
substitution of metal sites results in different magnetic cou-

pling behaviour between Gd and Y-based compounds. For
compounds 1–4 the magnetic behaviour is comparable to that

observed in the reported Fe17 with the same central Fe13-
Keggin unit ;[3a] the iron ions in the tetrahedral and octahedral

holes are antiferromagnetically coupling. Only magnetic cou-

pling of Fe···Fe exists in Y12Fe33 and Y16Fe29 because Y(III) is dia-
magnetic, but the weak ferromagnetic coupling paths of

Gd···Gd and Gd···Fe are increased in Gd12Fe33 and Gd16Fe29,
thus leading to the different magnetic coupling behaviour be-

tween Gd- and Y-based compounds.

Conclusions

Here we have isolated the e-Fe13 Keggin cluster unit ; the exact

building block for magnetite, and a close approximation for

the presumed (but debated) building block for ferrihydrite.
The core Keggin structure is surrounded by 32 additional Fe3 +

and Y3+/Gd3+ polyhedra and capped by organic ligands. Both
the rare earths and ligands stabilize the highly reactive iron-
oxo core. Additionally, the terminal hydroxyls are preserved in
the reported structures, a rare feature in aqueous metal-oxo

clusters of all metal-ion types. Surrounding the e-Fe13 core, the
second shell of Fe-cations are also located in the identical posi-

tions as in magnetite. In this series of four isostructural com-
pounds, the rare earths and Fe occupy the same positions, but
all with slightly different arrangements in the outer metal-cen-
tres, presumably due to preference for different coordination
sites of the different-sized Fe/Y/Gd ions. This suggests an

entire family of compounds is possible, based on different
ratios of Fe:Ln, and highlights opportunities to construct mo-

lecular forms of important magnetic materials. Moreover, these
molecules provide unprecedented models for the rich geo-
chemistry of lanthanides that are incorporated into ferrihydrite

as impurities and alter transformation pathways to crystalline
iron oxides. Future studies include expanding this class of mo-

lecular materials and using them for models to understand
growth of ferrihydrite in the presence of rare earths in nature.
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