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Polyoxometalate-based high-spin cluster systems:
a NMR relaxivity study up to 1.4 GHz/33 T†

Masooma Ibrahim, a Steffen Krämer,b Nicolas Schorkc and Gisela Guthausen *c

Paramagnetic polyoxometalates [RE30Co8Ge12W108O408(OH)42(OH2)30]
56− (Rare Earth (RE): Gd, Dy, Eu,

and Y) are of special interest with regard to their application as alternative contrast agents in non-human

magnetic resonance imaging which is increasingly used in materials science and process engineering.

This class of new paramagnetic materials promises detailed findings in the magnetic resonance images

due to their rather large total electron spin on the one hand, i.e. large, field-dependent relaxivities up to

the highest magnetic fields, and due to their relatively large cluster sizes with an impact on adsorption

and penetration on the other hand. Apart from the magnetic field dependence, the sensitivity of relaxiv-

ities to motional correlation times will be shown for these polyoxometalates which is a prerequisite for

modelling and understanding the physical behaviour of this new class of polyoxometalates in MRI. Also

for the qualitative and quantitative interpretation of MR images, the knowledge of transverse and longi-

tudinal relaxivities of the paramagnetic clusters in a given environment is mandatory. Examples considered

in this publication are proteins in milk fractionation, the deposit of which was measured by MRI.

Introduction

Polyoxometalates (POMs) constitute a structurally diverse class
of discrete, negatively charged early transition metal oxide
clusters. Their interesting structural, catalytic and magnetic
properties can be explored in diverse fields such as catalysis,
magnetism, or materials science.1 Insertion of 3d- and 4f-tran-
sition metals into the lacunary derivatives of POMs led to func-
tional inorganic materials.2 Since POM ligands can be viewed
as inorganic analogues of porphyrins, paramagnetic metal
ions containing polyoxometalates (PM-POMs) could be
designed and investigated as promising contrast agents.3–7 A
series of magnetic clusters, such as [GdW10O36]

9−, [Gd
(PW11O39)2]

11−, [Gd(BW11O39)2]
15−, and [Gd(CuW11O39)2]

17−,
have been synthesized and reported to exhibit higher r1 than
the commercial contrast agents.4,8 This makes POMs promis-
ing prototypes for the development of new inorganic contrast
agents which would be low-cost and easily tuneable to incor-
porate the paramagnetic centers. Studies have shown the

ability of POMs to interact with amino acids: due to the nega-
tively charged surface, POMs can strongly adhere to positively
charged biological molecules, which exert an effect on the bio-
compatibility of PM-POMs as contrast agents.9 The biocompat-
ibility can be improved by constructing organic–POM hybrid
assemblies by a combination of the polyanion with cationic
organic molecules via noncovalent interactions.10,11

Recently, [Dy30Co8Ge12W108O408(OH)42 (OH2)30]
56−, with the

short name {Dy30Co8},
10 a nano-sized heterometallic PM-POM,

has been reported (Fig. 1),12 which shows single-molecule
magnet (SMM) behaviour. Other structural analogues
{Gd30Co8}, {Eu30Co8} and {Y30Co8} were also synthesized fol-
lowing a similar synthetic procedure and were subsequently
characterized by Fourier-transform infrared spectroscopy
(FT-IR), elemental analysis, and thermogravimetric analysis.
Furthermore, UV-VIS absorption spectra were used to prove the
stability of these POMs in solution (see the ESI†).

{Dy30Co8} and {Gd30Co8} are extremely interesting ultra-
high spin clusters because of not only their large range of the
total electron spin (maximum for Dy: 237 and minimum for Y:
12), but also their topology and the directly related expectation
of a high paramagnetic relaxation enhancement (PRE).

In order to generate a magnetic resonance image (MRI) con-
trast at rather small concentrations, contrast agents in MRI
should typically not only provide a high PRE, but also exhibit dedi-
cated penetration and adsorption properties. Last but not the
least, from the application point of view, the relaxivities ri (i = 1, 2)
should ideally be independent of the MRI magnetic field currently
commercially available up to 22.3 T (950 MHz 1H frequency). ri
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should also be ideally independent of the direct molecular
environment for facilitating an estimate of their concentration
and the detection of eventual enrichment and penetration.

In this context, relaxivity studies provide some insight into
the physical properties of {RE30Co8} by varying the rare earth
(RE) ions, and their impact on the total electron spin Stotal and
on the cooperative effects with the paramagnetic CoII 3d ions
can be explored. On the other hand, the magnetic field depen-
dence of both longitudinal and transverse relaxivities up to the
highest available magnetic fields provides insight into the
physical mechanisms of PRE and the applicability as contrast
agents, especially at the upcoming high fields in technical
MRI in materials science and process engineering. The diverse
theoretical contributions to PRE can be explored, which will
allow a future in-depth description of the paramagnetism of
the clusters. It is important to note that most of the particulate
contrast agents often show negative charges, i.e. T2 contrast,
due to large transverse relaxivities,13,14 but15 the longitudinal
relaxivity of commonly applied contrast agents usually
decreases drastically with the magnetic field.16,17 The contrast
agents based on Gd show only a small field dependence,
whereas the other lanthanides such as Dy have a pronounced
field dependence with increasing ri,

18–20 which is thought to

be due to the much smaller electronic correlation times
(Table 1).16,17

Apart from the application aspect of the clusters as contrast
agents, the modelling and understanding of PRE is of impor-
tance when aiming at synthesizing an optimal compound in
the sense of MRI contrast enhancement, adsorption, and local
enrichment. To describe the different effects and contri-
butions to PRE, a theoretical model considering the hyperfine
interactions with the observed nuclei (usually 1H of water
molecules) and the dynamics in the form of correlation times
was developed.16,17 Often, inner and outer sphere contri-
butions to PRE are discussed involving a variety of correlation
times influencing the hyperfine interactions, which are
responsible for PRE. These include diffusional, rotational and
chemical exchange correlation times as well as electronic relax-
ation times. The variety of correlation times determining PRE
needs to be sorted out in order to describe the physics of PRE
of these POMs. The hyperfine interactions between the
observed nuclei and the electron spins in the cluster are
usually modelled by the isotropic Fermi contact and the aniso-
tropic dipolar hyperfine interactions, exhibiting a strong dis-
tance dependence.

Results and discussion

The MR image contrast is most often given by the material’s
relaxation properties. In cases where the intrinsic relaxation
differences are too small to reveal sufficient contrast of the
structures searched for in MR images, contrast agents may be
applied to magnify structural differences by PRE. But not only
the contrast enhancement application should be mentioned.
Dynamic processes including sorption, penetration, and
accumulation of species can be detected and even quantified
by exploring the possibilities of PRE.

As PRE must obviously depend on the concentration of the
paramagnetic species, relaxivities ri (i = 1,2) were introduced
which represent the relaxation rates normalized to the concen-
tration. These quantities represent the ability of a paramag-
netic moiety to enhance the relaxation of neighbouring mole-
cules, in most cases of water. They are used for comparative
studies of contrast agents and a theoretical description of PRE.
It is noteworthy that 30 RE ions contribute to the total electron
spin of {RE30Co8}. Apart from YIII, different lanthanide ions
were studied with similar orbital overlap with the eight para-
magnetic CoII ions. 24 coordination sites are available for

Fig. 1 [Dy30Co8Ge12W108O408(OH)42(OH2)30]
56− in the polyhedral rep-

resentation. Color code: WO6 octahedra in blue, GeO4 tetrahedra in
green, CoO6 in gold, and DyOx in violet. The diameter of the POM is in
the order of 3.2 nm.

Table 1 Some physical parameters of the relevant elements determining PRE in {RE30Co8} POMs17,19–21

RE
Electron
spin

Electronic correlation
time [s]

Maximum total electron spin
(ferromagnetic ordering assumed) Stotal

GdIII (4f)/POM 7/2 10−7—10−10 117 (including CoII)
DyIII (4f)/POM 15/2 10−13 237 (including CoII)
EuIII (4f)/POM 0 12 (including CoII)
YIII (3d)/POM 0 12 (including CoII)
CoII (3d)/ion 3/2 10−11–10−12 12
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water molecules, which determine the PRE. Additionally, the
mentioned residence times, i.e. diffusional and rotational cor-
relation times, as well as the chemical exchange are essential,
of course.

Longitudinal relaxivity: field dependence for {RE30Co8}
(RE∈[Gd, Dy, Eu, Y])

PRE induces a positive image contrast via longitudinal relax-
ation as it reduces the longitudinal relaxation time and there-
fore enhances the signal intensity in T1 weighted images. This
effect should be at its maximum at the given magnetic field of
the magnetic resonance instrumentation, which is nowadays
commercially available up to 22.3 T, with a 1H frequency of
950 MHz with 28 T/1200 MHz in perspective. It allows for a
faster measurement, less T1 saturation and therefore signal
loss. The longitudinal relaxivities of {RE30Co8} (Fig. 2) show a
pronounced field dependence: the classic observation of a
strong decrease around 100 MHz (ref. 16 and 22) is replaced by
a pronounced increase for RE = Dy and a gradual decrease for
RE = Gd, which indicates the necessity to apply the highest
available magnetic fields in order to obtain the largest possible
extent of field ranges for modelling of the underlying mecha-
nisms. Similar behaviour was found for ultra-high spin clus-
ters Fe10Ln10 .

18,23 It is noteworthy that the number of POM
clusters was chosen as the concentration unit rather than
usually the number of ions. The motivation is that the cluster
will act as a whole rather than as individual, independent
ions. As the effects of 4f vs. 3d orbital configurations and of RE
and Co ions on PRE were of interest, the present representa-
tion seems adequate even though unusual.

A differentiation of the contributions of RE ions and Co
ions to PRE was achieved by the variation of RE (Table 1): EuIII

is diamagnetic, but still a 4f element: the corresponding POM
shows a small PRE due to the few leftover paramagnetic CoII

ions. Its PRE changes with the replacement of EuIII by the dia-
magnetic rare earth metal YIII ion, leading to a decrease in r1,
especially at the highest magnetic fields, i.e. 1H Larmor fre-
quencies ν. This observation is a strong hint of significant
orbital overlap and correlative effects between the 4f and 3d
orbitals in these POMs (Fig. 3).

As the magnetic fields of current MR instrumentation tend
to increase even further also in medical diagnostics, it is inter-
esting to note that the difference in r1 between Gd and Dy con-
taining POMs decreases with ν. This is especially relevant, as
the Gd metal ion is known to be toxic, whereas the Dy metal
ion is believed to be non-toxic.

Transverse relaxivity: field dependence for {RE30Co8} (RE∈[Gd,
Dy, Eu, Y])

The transverse relaxation determines the image contrast, as
does the longitudinal relaxation. However, instead of providing
a positive effect (increased signal intensity) due to the shorter
longitudinal relaxation caused by PRE, a shorter PRE-induced
transverse relaxation leads to a negative effect, i.e. a decrease
of the signal intensity in the images. In addition, the trans-
verse relaxivity shows a pronounced magnetic field dispersion.
For all {RE30Co8}, r2 increases. In this case, a parallelism with
the electronic correlation time is evident. Interestingly, the
exchange of Eu and Y metal ions leads to a less pronounced
effect, indicating that the correlative effects are not as signifi-
cant on the time scale of transverse relaxation. The value of r2
at large ν compared to r1 is also to be noted. Very small
amounts of POMs will have a huge impact on the image con-
trast leading to an enormous sensitivity. The findings are in
contrast to the observations on nanoparticles where the trans-
verse relaxivities decrease with the field.

Clustering and effects of solvent on relaxivities

Molecular interactions as well as size and conformational
stability play a major role with regard to the selectivity, pene-

Fig. 2 Longitudinal relaxivities r1 of {RE30Co8} POMs in water. The field
dependence of r1 is mainly due to the electronic relaxation times. The
differences in PRE for different RE in r1 is due to the total electron spin
and the electronic correlation times, and also due to correlative effects
(compare 3d YIII with 4f EuIII).

Fig. 3 Transverse relaxivities r2 of {RE30Co8} in water. The different
metal ions in the POM lead to different orders of magnitude and field-
dependent transverse relaxivities; the logarithmic scale is to be noted.
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tration and permeation of POMs into materials. Transport
phenomena in porous media can be studied in detail – pro-
vided the relaxivities are known and significant.
Agglomeration, clustering and aggregation of the paramag-
netic moieties are known to reduce the longitudinal relaxiv-
ities, while the transverse relaxivities are known to be less
affected. This behaviour is well known from (super-)paramag-
netic iron oxide nano-crystallites indicating the dependence
on the rotational correlation time. Therefore, a diameter of
3.2 nm of the Ln30Co8W108 clusters seems to be a good choice
for integrating a large total spin and appropriate diffusional,
rotational and chemical exchange correlation times for a sig-
nificant PRE.

PRE is usually explored for aqueous solutions of the PRE-
inducing moieties. In an application as a contrast agent, this
constellation is usually not given in the real environment –

neither in medical diagnostics nor in technical applications,
such as transport studies in biofilms or in filtration. The ques-
tion has to be answered whether the chemical and physical
properties of a solvent significantly influence PRE. The effect
was already shown for a Mn-induced PRE.24,25 It has major
implications in image interpretation and even more in quanti-
fication. For example, the calculation of concentration maps is
only possible when knowing the PRE in the corresponding
environments. This issue was therefore also addressed for the
PRE of {RE30Co8}. To allow a direct comparison of relaxivities,
water relaxation should be measured while varying the sol-
vent’s composition. This can be achieved either by modifying
the composition by adding deuterated solvents soluble in
water or by exploring the spectral resolution when using con-
ventional additional solvents. In a first attempt, 1,2-propane-
diol was added in various amounts with the aim of modifying
the viscosity and therefore the diffusional and rotational corre-
lation times of the solution (Fig. 4a). In a first example, PRE
was explored for the ultra-high spin cluster {Fe10Dy10} in a con-
centration of 1 mM. The longitudinal dispersion diminished
drastically (Fig. 4b), and the transverse dispersion showed a
maximum at an effective diffusion coefficient of about 4 ×
10−10 m2 s−1 (Fig. 4c). This first example shows that the
rotational and diffusional degrees of freedom influence the
paramagnetic relaxation enhancement drastically.

The cluster’s shape of {RE30Co8} differs from that of
{Fe10Dy10}, with the possibility of exchanging water chemically,
and in the accessibility of the paramagnetic centres by water
molecules. Nevertheless, the question should be answered
whether the relaxation behaviour depends as strongly on the
chemical composition of the environment as in the case of
{Fe10Dy10}. Thus, the relaxation dispersion was measured for
Larmor frequencies between 20 MHz and 1.4 GHz. The solvent
composition was changed implicating a variation of the
{Gd30Co8} concentration. If the solvent composition has no
effect on the relaxation properties, the dependence on the con-
centration is linear. Interestingly, a field-dependent deviation
from this expectation is observed (Fig. 5). This indicates that
the environment, i.e. its chemical composition and molecular
interaction, has to be considered in detail in the case in which

contrast agent concentrations are to be deduced from MR
images. A comparably simple example in terms of interaction
possibilities will be discussed below in the form of milk
filtration.

Fig. 4 (a) Water diffusion coefficient versus viscosity of a mixture of
1,2-propanediol and water. With increasing concentration of 1,2-propa-
nediol, the viscosity increases while the water diffusion coefficient
decreases. (b) Longitudinal relaxation dispersion and (c) transverse relax-
ation dispersion of the {Fe10Dy10} ultra-high spin cluster as a function of
the diffusion coefficient.
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Magnetic resonance imaging with {RE30Co8}: an example

MRI can be utilized to characterize technical processes and
products. In order to enhance the image’s contrast, contrast
agents can be applied. Not only faster measurements are poss-
ible due to longitudinal PRE, especially when monitoring
time-dependent processes, but also questions of penetration
and adsorption of the contrast agent by various materials can
be addressed. This was shown in the example of biofilms18,26

for {Fe10Ln10}. In this paper, we use a filtration process to look
into the adsorption and penetration properties of the
PM-POMs.

{Gd30Co8} was applied in an in–out membrane filtration
process for the fractionation of skimmed milk proteins.27

Questions of penetration and adsorption are essential as the
average pore size of the ceramic hollow fiber membrane is in
the order of 40 nm and the PM-POMs are 3.2 nm in diameter.
In the case in which they penetrate the deposit layer, the clus-

ters will also penetrate the membrane. A changed contrast in
the MR images will therefore indicate a strong interaction of
PM-POM with the diverse proteins in addition to the improved
image contrast, which enables the quantification of the depos-
its. In skimmed milk filtration, the residues on the inside of
the hollow fibre membrane consist primarily of casein pro-
teins. This deposit leads to a decrease in the whey protein
throughput and therefore a decrease of the overall product
efficiency. Detailed knowledge of the formation and structural
composition of the deposit layer is therefore preferable when
addressing technical filtration improvements.

In previous studies,28–30 particulate contrast agents were
added to the skimmed milk feed solution to enhance the MRI
contrast of the deposit vs. feed, which is a prerequisite for
quantification of the images. Here, a milk protein deposit was
accumulated on the membrane surface (Fig. 6a and b), before
100 µl of an aqueous solution of {Gd30Co8} was in-line injected
into the feed stream using a 6-way valve. Due to the continuous
filtration, the clusters are filtered with the feed solution in the
membrane, forming a second layer on top of the already exist-
ing protein deposit (Fig. 6c).

To quantify the deposit and the distribution of the
skimmed milk proteins in the lumen of the hollow fibre mem-
brane, dedicated image processing was applied. The signal
intensity on the inside of the hollow fibre is radially averaged
in rings one pixel wide. The mean signal intensity as a func-
tion of the radius then reflects the desired quantities. During
dead-end filtration, proteins progressively accumulate at the

Fig. 5 (a) The longitudinal relaxation rate R1 in water/1,2-propanediol
mixtures does not show the expected linear dependence on the con-
centration; nevertheless, a relaxation dispersion is evident. Especially at
low Larmor frequencies, a more or less constant relaxation rate was
measured. (b) A similar behaviour was found for the corresponding
transverse relaxation rate. In this case, the expected linear behaviour is
also not observed – with a strong impact on a possible quantification of
the contrast agent concentration.

Fig. 6 Axial MR images during an in situ dead-end membrane filtration
of skimmed milk with a feed pressure p = 1.5 bar. (a) Axial reference
image of the ceramic hollow fibre membrane before starting the fil-
tration. (b) After t = 3 h 10 min, a thick deposit layer was formed at the
inside of the hollow fibre. (c) After applying the contrast agent, a second
layer containing {Gd30Co8} also forms with a lower signal intensity, i.e.
{Gd30Co8} enhances the image contrast (filtration time t = 4 h 40 min),
but does not penetrate the deposit despite the pressure. (d) Back
diffusion: the moieties in the second filtration layer containing the con-
trast agent diffuse back into the inner membrane lumen, while the first
part of the deposit remained attached to the membrane surface.
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membrane surface, resulting in a lower signal intensity (I/Iref )
with progressing filtration time (Fig. 7).

The clusters in the skimmed milk solution, which are fil-
tered towards the already existing deposit layer, are accumu-
lated together with milk proteins. A second deposit layer
builds up. Due to the faster relaxation of proteins and water
molecules in the nearest neighbourhood of the clusters, the
signal intensity is reduced compared to the intensity of the
first deposit (Fig. 6c and 7, triangles). The first deposit layer of
milk proteins appears to be dense enough or to interact
strongly enough with the PM-POM to hardly allow a pene-
tration of the clusters through the deposit layer as a decrease
in the signal intensity was barely observed in the first deposit
layer or in the permeate channel.

Subsequently, the feed pressure was released to observe a
possible back diffusion as no convective forces towards the
membrane surface were present. Back diffusion reveals the
nature of the deposits, which is in the extremes, i.e. either a
semisolid-like gel or a concentration gradient of loose
moieties.

According to Fick’s law, only the concentration gradient
forces back diffusion. A concentration gradient would tend
to be equilibrated. The clusters would diffuse back towards
the inner membrane lumen, as do loosely bound proteins.
In the experiment, signal intensities were found to decrease
at smaller normalized radii with progressing time for back
diffusion (Fig. 8). The second deposit layer seems to diffuse
independently from the first layer of pure protein accumu-
lation, which remains on the membrane surface even after a
back-diffusion time of 16 h (Fig. 8 and 6d). The radial
signal intensity distribution reflects the inhomogeneous
back diffusion of the protein–cluster mixture in the feed
channel.

Experimental
Synthetic procedures and topology of {RE30Co8}

{Dy30Co8} was synthesized in simple one-pot reactions of
CoCl2·6H2O and Dy(NO3)3·5H2O with Na10[A-
α-GeW9O34]·18H2O in aqueous medium at pH 8 in the pres-
ence of LiOH, and then isolated as a hydrated salt,
Cs14Co6Na30[RE30Co8Ge12W108O408 (OH)42(OH2)30]ca. 370, with
the short name {Dy30Co8}. Single crystal X-ray diffraction ana-
lysis revealed that the poly-anion {Dy30Co8} is a tetrahedral
nano-cage which results from the assembly of two types of sub-
units including four {CoII2 Dy

III
3 (µ3-OH)6(OH2)6} hetero-metallic

entities (nodes) which define the tetrahedron corners and six
{(GeW9O34)2DyIII3 (μ-OH)3(H2O)} homo-metallic motifs (linkers)
which are placed along the tetrahedron edges. The hollow
tetrahedron has a side length of ca. 3.2 nm and is filled by a
number of water molecules and counter cations. The synthetic
conditions of other isostructural poly-anions {RE30Co8} (RE =
Gd, Eu, Y) are identical (ESI†).

NMR relaxation dispersion measurements

In the relaxivity study, several NMR systems were used in order
to cover the interesting Larmor frequency range from 20 MHz
to 1.4 GHz. Relaxation times were measured at diverse Larmor
frequencies ν, involving diverse MR instrumentation. “Bruker
the minispec” mq20 was used for T1 and T2 relaxation at ν =
20 MHz. T1 was measured using a progressive saturation recov-
ery pulse sequence and T2 using a CPMG multi-echo sequence.
At 200 MHz, a Bruker MRI machine was used, and at 400 MHz,
a Bruker WB spectrometer with corresponding Topspin soft-
ware for data acquisition. Data could be described by mono-
exponential functions to the level of experimental noise. This

Fig. 7 Normalized intensity in the hollow fibre membrane as a function
of the radius at diverse filtration times. After a filtration time of t =
190 min, the {Gd30Co8} solution was injected, while the filtration contin-
ued. The second layer on top of the deposit was identified due to the
reduced signal (r/r0∈[0.65, 0.75]). All lines are guides to the eye.

Fig. 8 Signal intensity distribution in the hollow fibre membrane as a
function of time and radius in the back-diffusion experiment after the
feed pressure was released. The built-up cluster-containing layer seems
to diffuse independently from the first deposit layer. Even after t = 16 h,
a small fraction of the deposit layer remains attached to the membrane.
All lines are guides to the eye.
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model was therefore applied to deduce relaxation times, i.e.
the corresponding relaxation rates from the raw data. All
samples were measured at room temperature.

At the Laboratoire National des Champs Magnétiques
Intenses (LNCMI) in Grenoble, a 24 MW resistive magnet pro-
vides variable fields up to 37 T in a 34 mm room temperature
bore which were used up to 33 T/1.4 GHz in this study. Details
of the measurements are reported in the studies in ref. 18 and 23.

Relaxivities are determined via measuring relaxation rates
as a function of the POM concentration. The expected linear
behaviour was found in aqueous solutions. The relaxivities
were therefore determined as the slope in a linear regression.

MRI for skim milk filtration

A “Rapid Acquisition with Relaxation Enhancement” (RARE)
MRI pulse sequence was chosen to allow fast data acquisition
during the time-dependent filtration experiments. The time
resolution was about 5 min per image and about 20 min for
the averaging during the back-diffusion measurements via
four scans. In order to avoid flow artifacts, the repetition time
(TR) needs to be set sufficiently long, and the RARE factor (RF)
was chosen to be rather low. The main parameters are sum-
marized in Table 2.

Conclusions

The NMR relaxivity measurements of {RE30Co8} exhibited
highly improved relaxation ability in comparison with those of
Gd-based commercially available contrast agents. Presently, we
focus on the development of high-spin clusters within a poly-
oxometalate (POM) framework in order to systematically
expand our quest for more efficient contrast agents. In other
words, a large variety of paramagnetic metal-containing poly-
oxometalates will enable us to further study the efficiency of
the paramagnetic metal in shortening T1 and T2. In addition
to relaxivities, adsorption and penetration behaviour will be
investigated.
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