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Selectivity and image contrast are always challenging in
magnetic resonance imaging (MRI), which are - inter alia -
addressed by contrast agents. These compounds still need to
be improved, and their relaxation properties, i.e., their para-
magnetic relaxation enhancement (PRE), needs to be under-
stood. The main goal is to improve specificity and relaxivities,
especially at the high magnetic fields currently exploited not
only in material science but also in the medical environment.
Longitudinal and transverse relaxivities, r, and r, which
correspond to the longitudinal and transverse relaxation rates
R, and R, normalized to the concentration of the paramagnetic
moieties, need to be considered because both contribute to the

Introduction

Nuclear magnetic resonance (NMR) and especially magnetic
resonance imaging (MRI) often involve paramagnetic systems.
Whether in form of (super-)paramagnetic particles, ions in
solution, aggregates, nanogels or as paramagnetic clusters or
molecules, the paramagnetism and the time-scales of hyperfine
fluctuations determine the mechanisms and in consequence
the application area."™® Basically, at least one unpaired electron
spin is required, and the hyperfine fields of the studied nuclei
and the unpaired electron spin needs to fluctuate - crudely
with frequencies in the kHz range (transverse relaxation R,) and
the Larmor frequency ranges (longitudinal relaxation R,). The
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image contrast. 'H-relaxivities r, and r, of high-spin hetero-
metallic clusters were studied containing lanthanide and
transition-metal ions within a polyoxometalate matrix. A wide
range of magnetic fields from 0.5 T/20 MHz to 33 T/1.4 GHz was
applied. The questions addressed here concern the rotational
and diffusion correlation times which determine the relaxivities
and are affected by the solvent’s viscosity. Moreover, the
variation of the lanthanide and transition-metal ions of the
clusters provided insights into the sensitivity of PRE with
respect to the electron spin properties of the paramagnetic
centers as well as cooperative effects between lanthanides and
transition metal ions.

NMR signals of the observed nuclei thus are sensitive to static
as well as to fluctuating hyperfine couplings between the
nuclear spin | and the electronic spin S. Static hyperfine
interactions lead to shifts of the NMR lines. Thus, the NMR
“chemical” shift range is significantly expanded, e.g. in the case
of "H up to 100 ppm instead of the usual 12 ppm. Fluctuating
hyperfine interactions cause an additional relaxation path
leading to the enhancement of R, and R, nuclear spin relaxation
rates of the observed, hyperfine coupled nuclear spins. This
mechanism is known as paramagnetic relaxation enhancement
(PRE)'[S,LH]

Early descriptions of PRE were made by Solomon (dipolar
coupled spin pairs), Bloembergen, Morgan (PRE) and others, for
example [12-14]. It is already clear at these early days of NMR
that detailed knowledge about correlation times, distances,
coordination and molecular geometry, and conformation are
essential for choosing the correct description of PRE.

Gadolinium (lll) ions (Gd") are commonly used and preferred
as paramagnetic centers for contrast agents especially at low
magnetic fields due to their high number of unpaired electron
spins, their high symmetry and isotropy, their high magnetic
moment, and their long electron spin relaxation times.>*'
However, their use in biology, especially in organisms is still
questionable due to toxicity. For the typically applied contrast
agents, the relaxivities tend to decrease with magnetic
field,“*'® which is an additional argument for research on new
contrast agents, which are based on alternative paramagnetic
species, e.g. Dy|||.[2,3,11,17-19]

Other examples are the heterometallic high-spin coordina-
tion clusters [Fe,oLn,o(Me-tea),o(Me-teaH),,(NO;),,] with the
lanthanides (Ln) Y", Gd", Tb", Dy", Er", and Tm", abbreviated as



{Fe,oLn,o1.P%?" Polyoxometalate (POM) clusters were used as
host assemblies for contrast agents”*”) We explored
[Ln3,CogGe;,W,05040s(OH)12(OH,)50]°  abbreviated as {Ln;,Cogl,
these POMs were also studied with Lne[Gd", Dy", Eu", Y".>¥
The main solvent was water as a 10:90 H,0:D,0 mix. The use
of D,O is due to NMR radiation damping at high magnetic
fields. The water relaxivities determined by PRE of {Fe,,Ln;,} and
{Ln;,Cog} clusters were measured over a very wide range of 'H
Larmor frequencies also above 1 GHz, which is reported only
in®! apart from the own work. The alteration of the lanthanide
(Ln) metal ions (at structurally similar sites within the same
scaffold) in {Fe;,Ln;o} and {Ln;,Cog} made it possible to differ-
entiate the impacts of electronic states and molecular dynamics
on PRE. In all cases the transverse relaxivity r, was found to
increase with magnetic field in contrast to the more complex
behavior of r, as a function of the magnetic field.

In the present study, we further address questions about
the diverse correlation times entering the equations of PRE®®
on a qualitative level. By varying the solvent, mainly the time
scales of diffusion and rotational fluctuations of the hyperfine
interactions are influenced, but not the electronic properties of
the POMs. Additionally, the Mn" and Zn" analogues in the
{Ln3,Mg} scaffolds were studied, which allows conclusions about
cooperative effects between Gd" and Co", Mn', Zn" ions in a
given cluster apart from the separation of contributions of the
Gd"/Dy" ions and the other metal ions to the relaxivities of the
solvent molecules. The experimental results are discussed
within a simplified description of PRE.

Structure of the Polyoxometalate-Based Heterometallic
Clusters

Recently, we reported about the synthesis of a new class of

polyoxometalate (POM)-based hybrid structures {Ln;,Mg},2%*"

where Ln€[Gd, Dyl and Me&[Zn, Mn, Co]. Diverse analytical

techniques have been used to study the polyoxometalates

{Ln;oMg}, including single-crystal X-ray diffraction to measure

the atoms present in the anionic moiety, differential thermal

analysis (DTA)/thermogravimetric analysis (TG) to obtain the

number of attached water molecules, and inductively coupled

plasma-mass spectrometry (ICP-MS) for elemental analysis

studies, i.e. the atomic percentages present in the compound.

Using all these techniques the accurate sum formula and

molecular weights were determined.

o Cs5,,C0"sNaso[{(GeWy03,),Dy"3(1,-OH)5(H,0)}{Co",Dy" s~ (15~
OH)4(OH,)g},1 - 370H,0 {Dy;,Cog}, 43426 g/mol

e Cs,C0"Na,,[{(GeW,0,,),Gd";(u,-OH)5(0H,);}{Co",Gd" (-
OH)g(OH,)4},1 - 340H,0 {Gd;,Cog}, 41680 g/mol

e CsMn";Na,;,[{(GeW,0,,),Gd",(CO;)(OH,)}{Mn",Gd" (15~
OH)4(OH,)g},1- 295H,0 {Gd;,Mng}, 40564 g/mol

o CsZn",Na,s[{(GeW,0,,),Gd"5(CO,)(OH,)}{Zn",Gd"5 (us-
OH)4(OH,)4] - 295H,0 {Gd3¢Zng}, 40633 g/mol

All these POMs exhibit a common hollow cage structure
comprised of four {Ln";M",(OH,)s} clusters as nodes and six
{(GeW,0,,),Ln";(OH,)} units as linkers forming the giant tetrahe-

dron (Figure 1). In the linker unit one of the lanthanide centers
has one exchangeable water molecule, whereas there are three
exchangeable water molecules attached to the 3d metal ions
(Figure 1a, b). This new class of purely inorganic materials allow
the variation of paramagnetic ions in a diamagnetic POM matrix
that causes significant changes in the magnetic behavior of the
clusters. Thus, {Ln3,Mg} can not only offer model systems for
testing theories related to magnetic properties and PRE, but
also provide new materials for highly specific and novel
applications.?*?”

PRE in a Nutshell: Principle and Influencing Parameters

A common attempt to quantitatively describe PRE is based on
the separation of effects which will be described very crudely in
the following. First, inner and outer sphere contributions are
differentiated - depending on the distance between a para-
magnetic center and the observed nucleus as well as on the
time scales of the fluctuations. Second, the hyperfine interaction
itself is split into Curie and dipolar terms. The notation used in
this paper is that of ref. [11]. Well knowing that the description
is even more simplified here, nevertheless, the experimental
findings can be matched to the equations and allow an
estimate of the important factors and therefore are a guide to
understand the observations. We focus on the longitudinal
relaxation:

Inner sphere: The inner sphere longitudinal PRE R, ; is given
by

1
Riss :fqW» (1)

where fis the ratio of concentrations of the paramagnetic
compound and the solvent, g is the number of water molecules
in the first coordination sphere, 7, is the residence time of the
water molecules, and R,y = 1/T,), is the relaxation rate of the
nuclei in that first coordination sphere. This term in eq. 1 is the
sum of dipolar (R, ;s pp) and Curie (R, 5c) contributions
described in eq. 2 and eq. 4.

(a)

Figure 1. Combined polyhedral/ball and stick representation of Ln;,Ms. (a)
{Ln".} core in sandwich-type building block linker {(GeW;0s,),Ln"5(OH,)}. (b)
Heterometallic node {Ln";M",(OH,)¢}. (c) Giant tetrahedral architecture
Ln3Mg. (c) The giant tetrahedral architecture in Ln;Mg is formed by
connection of the six linker units via four heterometallic node units.
Polyhedral color scheme: WOg: red, GeO,: yellow, MOg: green, LnO,,: blue.
Color scheme for balls: Ln:blue, O:red, aqua ligand:turquoise, and M:green.



The dipolar contribution R, , pp to PRE is given in that
picture by:

1
Ry, is, o o< V,zﬂﬁgjz JU+ UF 3 J(w, tc) +7 J(ws, Tc)] (2)

y, is the nuclear gyromagnetic ratio, u; the Bohr magneton, g;
the Landé factor, while J represents the total electronic spin
quantum number. r is very essential and describes the distance
between the observed nucleus and the paramagnetic species.
In addition to the squared dipolar part of the hyperfine
interaction (the factors before the square bracket), the fluctua-
tions are modeled in terms of the spectral densities J(w, ()
described by Lorentzian functions (eq. 3):

Tc
Jw,, Tc) = W’

Tc

Jws, 10) = —>—.
(ws, T¢) 1+ w2 (3)

The nuclear and electronic Larmor frequencies w,s at a
given magnetic field B, and the correlation time 7., which is
given by the rotational and exchange correlation times as well
as the electronic relaxation, thereby determine the spectral
densities.

Additionally, the Curie term has to be considered
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Ry isc o ?’IZB<2) P‘ggj4 FU+1) 1% (3k,T)? 3 J(wy, Tcc) 4)
with the spectral density

Tcc
Sy, 1) = m, (5)

where 7. is the Curie correlation time in eq.5. Here, the
thermal energy kT has to be considered (kz: Boltzmann
constant, T: absolute temperature), in addition to the pro-
nounced magnetic field dependence.

Outer sphere: Again, dipolar and Curie terms contribute, the
equations for the longitudinal relaxation are also taken from.""
The dipolar term is given by the properties of nuclear and
electronic spins. In addition, the relative diffusion D and the
closest distance a determine the diffusional correlation time
(eq. 6)

(6)

Tp =

ol

The Avogadro number N, and the molar concentration
[C] are also present in the equations (eq.7 and eq.8). In
addition, the time-averaged electronic spin (“Curie spin”) S
needs to be considered.

V/Zﬂfzggjz N,[C]

R1, os, Db X GD
B.1::
{6 (J(J+ 1) Sccoth< zof::?’) Sé)J(w,, T5, Tp) 7
Bouzg;
+7 Sccoth KT Hws, T5, Tp)

The Curie contribution in the outer sphere reads as:

Viuag;® Na[C]

) Sz HAw,, Tp) (8)

RL o0s,c X

These equations (eq. 7 and eq. 8) were applied to model the
longitudinal 'H relaxivities r, as a function of 'H Larmor
frequency for Dy(DTPA):*"" Curie contributions were shown to
dominate at Larmor frequencies >400 MHz for inner sphere,
>700 MHz for outer sphere contributions. The transverse
relaxivities follow similar dependencies apart from the fact that
r, is more sensitive to fluctuations with frequencies in the kHz
range compared to MHz to GHz for r,. For further detail we refer
to reference [11]. A comprehensive study of Ln"-DOTA com-
plexes was published, which uses an extension of this model. In
particular the impact of the orbital angular momentum of Ln is
discussed.”™

Results and Discussion
Factors Influencing PRE

PRE induced by the studied paramagnetic metal clusters can
thus be interpreted in terms of hyperfine relaxation, which
depends not only on the properties of the paramagnetic ions,
but also on distances and relative dynamics of the solvent
molecules with respect to the paramagnetic cluster. The solvent
molecules in the vicinity of the paramagnetic metal ions
therefore show a different relaxation behavior, which usually
enhances both longitudinal and transverse relaxation, because
an additional relaxation path is introduced by the fluctuating
hyperfine interactions. PRE thus depends on the structure and
electronic properties of the paramagnetic clusters as well as on
the molecular dynamics.®* As stated, important factors are the
coordination number g, the rotational and diffusion correlation
times, the residence time distribution of solvent molecules near
the paramagnetic centers (exchangeable moieties), and the
properties of the paramagnetic metal ions, e.g., their effective
magnetic moments and their electron spin relaxation times.
More complex paramagnetic systems require investigations
concerning the diverse correlation times in the equations for
PRE.”® Time scales of diffusion and rotational correlation times
of the fluctuating hyperfine interactions can be altered via the
viscosity of the solvent. In the present case of complex POMs,
cooperative effects of the paramagnetic species also need to be
discussed since several Ln and M ions are present. Additionally,
the Co", Mn" and Zn" analogues in the {Gd;,Mg} scaffolds were



studied. This allows conclusions regarding cooperative effects
between Gd" and Co", Mn", Zn" ions in a given cluster to be
drawn. Furthermore, the Zn" analogue allows the separation of
contributions of the Gd"/Dy" ions and the transition-metal ions
to the relaxivities of the solvent molecules to be gauged. Thus,
in the present paper, questions about the molecular dynamics
are addressed as well as the question about the cooperativity of
the paramagnetic ions in the cluster.

PRE of {Ln;,Cog} (Lnc[Gd", Dy"]) in Water and Glycerine
Mixtures

In an earlier study, {Fe,,Ln;s} and {Ln;,Cog} clusters were
measured in water and propanediol to get some insight into
the impact of solvent properties on PRE, especially on the
rotational, exchange and diffusion correlation times.*® This
approach was further explored by investigating PRE of {Dy,;,Cog}
and {Gd;,Cog} in mixtures of water (90% D,0, 10% H,0,
abbreviated as D in the following) and the more viscous
glycerine (propane-1,2,3-triol, C;H;O;, abbreviated as G) in the
volume ratios 50:50 and 20:80. Data were already published
for 100:0, which are used here for comparison and further
interpretation of PRE in these solvent mixtures.””

Relaxivities for {Dy;,Cog} in various mixtures are summarized
in Figure 2 on a logarithmic scale. PRE of {Dy;,Cog} in water
shows a significant increase of longitudinal relaxivity r; as a
function of Larmor frequency by a factor of 10 and an even
stronger increase of transverse relaxivities r, by a rough factor
of 100. A flattening of the dispersion is observed above
800 MHz for both relaxivities. While r, leads to a positive MRI
contrast, which is the more desired effect, r, leads in most MRI
experiments to a diminished magnetic resonance (MR) intensity
which is usually less desirable.

The relaxivity measurements provide evidence (Figure 2)
that a concentration quantification of the paramagnetic species
in MR images necessarily requires the knowledge of the
correlation times of the molecules experiencing PRE (evident
also in eq.3,56): When changing the solvent composition
towards larger viscosities, r, decreases over the measured range
of Larmor frequencies and becomes approximately frequency
independent at about 5 times lower r, value (D:G 20:80) while
r, shows a pronounced increase with viscosity and as a function
of Larmor frequency (please note the logarithmic scale).
Viscosity is thereby related to rotational and diffusion correla-
tion times of the solvent molecules, which directly enter the
PRE equations (eq. 1-8). In other words, the effect is more
pronounced at higher magnetic fields and lower viscosities.
Overall, the behavior of {Dy;,Cog} resembles what is observed
for (super-)paramagnetic particles.%3"

Similar observations were made for {Gd;,Cog}, although the
electronic properties of the paramagnetic ions are significantly
different (Figure 3): While Dy" has non-zero angular momentum
and typically short electron relaxation times (10 "), Gd" has
no orbital angular momentum and usually long electron
relaxation times (10 ”s).”? Therefore, the various terms in the
presented simplified PRE model are expected to be consider-
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Figure 2. Dispersion of longitudinal (top) and transverse (bottom) relaxivities
r, and r, of {Dy;,Cog} solutions in water (D)/glycerine (G) mixtures. While the
electronic properties of the cluster are constant, the fluctuation spectrum of
the hyperfine interaction between solvent molecules and paramagnetic
centers changes upon varying the viscosity of the solvent, which is reflected
in the relaxation dispersions.

ably different. {Gd;,Cog} exhibits larger r,, and its dispersion
shows a decrease with magnetic field when compared with the
Dy analogue. The dispersion of r, becomes more pronounced in
the case of D:G mixtures for {Gd;,Cogl. Namely, at Larmor
frequencies <200 MHz, r, becomes larger with increased
glycerine concentration while r, steeply decreases with Larmor
frequency leveling off to similar r, values as r,({Dy;,Cog}). These
findings give hints on the importance of the interplay of the
diverse influencing factors when aiming at modeling PRE and
finding an optimal contrast agent for a given purpose.

In comparison to {Dy;,Cog}, the transverse relaxivity r, in
{Gd;,Cog} is less field-dependent, particularly for the purely
aqueous system. In the case of D:G mixtures, r, increases at
Larmor frequencies [20, 350] MHz, while the field dependence
gets more pronounced at high viscosities and shows similar
trends at lower values when compared to PRE of the {Dy,;,Cog}
cluster.
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Figure 3. Relaxivities of Gd;,Cog solutions in water (D)/glycerin (G) mixtures.
The long electronic correlation times of the Gd" ions lead to changes in
relaxivity dispersions of r, and r,, which are obscured by the diffusion and
rotational correlation times of solvents with higher viscosity.

Longitudinal Relaxivity r, of {Gd;,Mg} (Mc[Mn", Co", Zn"])

In {Gd;,Mg}, not only the Ln ions can be paramagnetic, but also
the 3d metal ions. The question arises whether 4f and 3d
orbitals couple, and whether cooperative effects are also
observed in PRE. As not only the electronic properties influence
the relaxivities, the three solvent compositions were also
measured for the analogue {Gd;,Mg} with paramagnetic Mn
ions, while for the diamagnetic Zn the aqueous solution was
studied. Additionally, in these samples the trend of decreasing
r, as a function of Larmor frequency (Figure 4) is found, but
with a different dependence.

Focusing first on the aqueous solution study, the change
from Co" to Mn" to Zn" results in a larger longitudinal PRE at
low Larmor frequencies. At Larmor frequencies from 200 MHz,
the Mn"-analogue provides the largest r,, whereas r, of the Co"
and Zn" clusters coincide within experimental error. At low
frequencies <200 MHz, all three compounds show different r,.

Similar observations were made for the two other solvent
compositions. {Gd;,Cog} shows stronger dependencies on the
magnetic field with increasing viscosity. The longitudinal
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Figure 4. Longitudinal relaxivities of the Gd;,M; compounds with Me[Mn",
Co", Zn'T in the three different solvent mixtures as a function of Larmor
frequency The lines are guides to the eye. The impact of the 3d metal ions is
clearly seen in the comparison of three solvent mixtures.

relaxivities of {Gd;,Mng} show a similar trend, although at lower
frequencies an emerging maximum appears with increasing
viscosity. Depending on the 3d metal ion and on the solvent’s
correlation times, different hyperfine relaxation mechanisms
contribute to r, to different extents resulting in a different
weighting (eq. 1-8). This leads to field and solvent dependent
longitudinal relaxivities.

As mentioned, the r, values at high magnetic fields are in
the same order of magnitude for clusters containing magnetic
Co" and non-magnetic Zn" and differ for the Mn" cluster. This is
of particular interest, since the rotational and diffusional
correlation times are almost constant in this situation. The
dispersion curves thus reveal the contribution of the electronic
properties to PRE. Investigations of the magnetocaloric effect
(MCE) revealed entropic changes for Zng of 10.4 J/kg/K; for Cog
of 10.7 J/kg/K and for Mng of 14.0 J/kg/K. These measurements
of the MCE allowed conclusions on the effect of the M" ion to
be drawn.”” {Gd;,Cog} can be understood within the picture of
30 non-interacting Gd" ions and 8 Co" ions in the cluster,
although antiferromagnetic couplings or small anisotropy
cannot completely be neglected. On the other hand, PRE of Co"
ions is usually described by typical longitudinal electronic
relaxation times T,.€[3, 6]*10 s, using g=2 and S=3/2. These
values are not necessarily valid in the present case.”

The corresponding findings for {Gd;,Zng} are similar con-
cerning the interpretation of the MCE, using the concept of 30
Gd" ions with small antiferromagnetic couplings in the Gd-
triangles (Figure 1). Zn" is diamagnetic and therefore does not
contribute to PRE, which is therefore determined by the Gd"
ions with g=2 and 5=7/2.

The finding that r, of {Gd;;Zng} and {Gd;,Cog} coincide in
water therefore sheds some light on the role of the M" ions on
PRE. In the case of Co', their contribution to PRE is almost
negligible compared to the impact of Gd".

Additionally, the properties of {Gd;,Mng} are in line with this
picture. Mn" ions are paramagnetic and therefore contribute to



PRE with typical values g=2, S=5/2, and T,. in the order of
3*10 "'s, which is an order of magnitude larger compared to
typical values for Co". This difference in electronic properties of
the single ions and electronic interactions in the compound
could therefore explain why there is a significant contribution
from the Mn" ions to PRE of {Gd;Mng}. Interestingly, this
contribution seems insignificant for {Gd;,Cog}.

Transverse Relaxivity r, of {Gd;,Mg} (Mc[Mn", Co", Zn"])

Similar to the case for ry, the transverse relaxivities r, (Figure 5)
depend on Larmor frequency, the viscosity of the solvent and,
in addition, on the impact of the 3d metal ions. In principle,
small r, are preferred, which is observed for the {Gd;,Cog}
cluster in water. The general trend is an increase of r, with
Larmor frequency, while the slope is more pronounced below
200 MHz and for the solutions with higher viscosity. In contrast:
In pure water, r, is almost constant above 200 MHz within
experimental error, while the increase is most pronounced for
20:80 D:G, irrespective of the 3d metal ion.

Similar arguments as for the longitudinal relaxivities hold
for a phenomenological interpretation of these data: Taking the
parameters and findings described above into account, the
transverse PRE may be interpreted as that of a nanoparticle in
suspensions of different viscosity, which determines rotational
and diffusion correlation times in the commonly used PRE
descriptions. The similarity between {Gd;;Mng} and {Gd,;,Cog}
compared to {Gd;yZng} regarding the dependence of r, on the
Larmor frequency at v,>80MHz allows us to draw the
conclusion that the M" ions paramagnetic properties are
decisive. An increase of r, is observed for all viscosities for
{Gd;oMng} and {Gd;,Cog} while r, of {Gd;oZng} in water initially is
constant but starts to decrease at larger fields.
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Figure 5. Transverse relaxivities r, of the Gd;,My compounds with Me[Mn",
Co", Zn"T in the three different solvent mixtures as a function of Larmor
frequency. The lines are guides to the eye. The impact of the 3d metal ions
is clearly seen leading to different field dependencies and absolute values of
Iy

Conclusions

'H relaxivities r, and r, were measured on solutions of LnyyM; in
water/glycerine (D/G) mixtures to reveal the impact of the
solvent’s composition as well as the nature of Ln and M ions on
paramagnetic relaxation enhancement (PRE) of {Ln;,Mg}. The r,
and r, values indicate the effectiveness of these MRI contrast
agents. The variation of the lanthanide and transition-metal
ions of the clusters provides insights into the sensitivity of PRE
with respect to the electron spin properties of the paramagnetic
centers as well as cooperative effects between lanthanides and
transition metal ions. Dy" has short electronic relaxation times,
which is reflected in the field dependencies of PRE in water,
especially when compared to the Gd" analogues also in water.
The importance of the electronic relaxation is evident in all
investigated solvent compositions as it is reflected in the
different field dependence especially for r,. These findings are
consistent with properties of other contrast agents and could
further be proven by low field NMR relaxivities, EPR or NMRD
on heteronuclei with small gyromagnetic ratio.

An interesting aspect is to gauge the effect of solvent
viscosity on the longitudinal and transverse relaxivities, r, and
r,, in this study by using water and glycerin mixtures. Both,
longitudinal and transverse relaxivities were found to depend
on composition and magnetic field. The effect of solvent's
viscosity on the relaxivities is found enhanced at highest fields
and low viscosities. Moreover, at highest frequencies the
longitudinal and transverse dispersions flatten for all com-
pounds, irrespective of the solvent’s viscosity and the metal ion.
These findings indicate the importance of rotational and
diffusion correlation times, which modulate the hyperfine
interactions leading to PRE.

An additional aspect concerning the composition of the
clusters is the choice of the rare earth metal ion. Not only the
magnetism of the 3d ions — whether dia- or paramagnetic -
influences PRE, but also the electronic properties and the
overlap of the atomic orbitals with the 4f ions. Further work is
devoted to simulations of PRE for obtaining the contributions
of hyperfine relaxation quantitatively.

Experimental Section
Synthesis

o Cs,,CogNay,[{(GeWs03,),Dy"s(1,-OH);(H,0)36{Co", Dy" (s
OH)4(OH,)g}] - 370 H,0 {Dy;,Cog}™®

o Cs,C0"Na,,[{(GeW,0,,),Gd";(1-OH);(0H,)}{Co",Gd"; (s~
OH)4(OH,)¢l,] - 340H,0 {Gd;,Cog}

o CsMn"4Nay,[{(GeW,03,),Gd"5(CO;)(OH,)}Mn",Gd"; (-
OH)4(OH,)g},] 295 H,0 {Gd3,Mng}

o CsZn,Na,s[{(GeW;03,),Gd";(CO3)(OH,)}{Zn,Gd"; (s~
OH)4(OH,)ghal - 295 H,0 {Gd3,ZngH"

were synthesized according to the published methods and were
characterized by IR spectroscopy.”****” All reactions were carried
out under aerobic conditions. All other reagents were purchased
commercially and were used without further purification.



For the current studies, {Ln;,Mg} were dissolved in 90% D,0/10%
H,O (Supplier: Deutero, Germany). Five dilutions were prepared: 0,
0.2, 0.4, 0.6, 0.8 and 1 mM as PRE of these clusters is rather large
and is expected to linearly depend on the concentration of the
paramagnetic moieties. As Lanthanides, Gd and Dy were inves-
tigated, while M was either Co, Mn, or Zn. The investigated clusters
were easily soluble in water. Clear colored aqueous solutions were
formed during preparation. The pH value of the solutions is neutral.
Even after more than a year of storage no change was observed
and the dispersions are therefore regarded as stable, even more as
the relaxivities do not change. Additionally, the solvent was
modified: Instead of water, mixtures of water (at 20°C: viscosity 1

1,002 g/(m s)) and glycerin (propane-1,2,3-triol, C;HgO5; at 20°C:
viscosity 1 1,76 kg/(m s), density p  1.263-1.265 g/cm?; supplier:
Carl Roth GmbH, Germany) were used in order to modify the
correlation times of rotational and diffusion degrees of freedom:
the volume ratios of glycerin to water were 80:20, 50:50, and
0:100, while water was 10% H,0, 90% D,O. As stated, care was
taken that the investigated samples were homogeneous disper-
sions without separation and sediments. Apart from the optical
inspection, the mono-exponential relaxation behavior and the
linearity of the relaxation rates versus the concentration were
reliable indicators (see below).

Mass Spectrometry

Solution and gas phase stability of the polyoxometalate-based
heterometallic clusters were studied using high resolution electro-
spray ionization mass spectrometry (HRESI-MS). A few cluster
crystals of {Dy;,Cogl, {Gd;Cosl, {Gd;Mng}, and {Gd;,Zng} were
dissolved in 50:50 (v/v) H,O:ACN and were electrosprayed into a
Waters’ Synapt G2S mass spectrometer and analyzed in the
negative ion mode. Subsequent to the analysis in the negative ion
mode, all clusters were found intact with varying number of
counter cations and water molecules (Figure 6). For {Dy;,Cog},
charge envelopes with charge states ranging from 17- to 11- were
observed, and the peaks can be assigned as Najyq
[C514C0"s[{(GeW;05,),Dy"3(1,-OH)3(H,0)}{Co",Dy"s-(us-OH)s
(OH,)gh]-(H,0),]” " (xe [50,200]). For example, the peak at m/z
2389 is assigned to [Cs;,Na;4{Dy3,C0g}(H,0)154.501" . All peaks are
broad due to the varying H,O loss. The number of H,0 molecules
vary from ~70-175 as derived from the peak width. Similarly, ~60-
175, ~70-210 and ~100-230 H,0 molecules were observed for 17-,
15- and 14- fold charge states, respectively. Charge states of 17- to
10- were observed for {Gd;Mg (ME[Mn", Co', Zn"). In general all
peaks can easily be assigned. {Gd;Mng} is assigned as Na,y.;
[CsMn"[{(GeW,0,,),Gd";(CO,)(OH,)}, {Mn",Gd"; (-
OH)4(OH,)ghal - (H,0) 0" 1 ([CsNayg.,; {Gd;oMngh(H,0),1"7 ) (Fig-
ure 6). The clusters remained intact even under ESI-MS conditions
and in presence of high voltage (2-3 kV).

'H - Frequencies 870-1400 MHz

High-field NMR relaxivity studies were performed at the Laboratoire
National des Champs Magnétiques Intenses (LNCMI) in Grenoble
equipped with 24 MW resistive magnet providing variable fields up
to 37T in a 34 mm room temperature bore. As resistive magnets
provide access to variable fields (field ramp rate of 5 T/min), the
relaxation rates for each concentration were subsequently meas-
ured at the following frequencies: 870 MHz (20.4T), 1050 MHz
(24.7T), 1200 MHz (28.2T) and 1400 MHz (33T). A specially
designed single-resonance 'H-NMR probe was used enabling in situ
tuning of the desired NMR frequencies. Data acquisition and data
analysis were performed on a home-built variable-frequency NMR
spectrometer covering Larmor frequency up to 2 GHz via a specially

{Gd;yZng}

mk k

{GdyoMng}

e/\ ‘ /‘\\ {Gd;,Cog}
{Dy;,Cog}

2000 4000

250 3000 500
m?z [u/charge numbe%

Figure 6. Negative ion HRESI-MS of the clusters showing different charge
states of the intact clusters with varying number of counter cations and H,O.

designed data acquisition and processing software. In order to
cope with low field homogeneity of these magnets (axial second
order gradient at the field’s center of the order of 25 ppm/mm?),
small sample volumes (1 mm? in a 1 mm diameter capillary tube)
were used, which were placed at the magnetic field center (better
than 0.2-0.5 mm). Moreover, single scan experiments were used to
minimize the impact of fast field fluctuations (up to 50 ppm) on the
measurements. The experimental details are further described in
ref. [20,21,24,25,33]. Temperature was recorded and found con-
stant at 295+ 2 K.

'H - Larmor Frequencies 20-400 MHz

The relaxation measurements at lower magnetic fields were
measured on commercially available NMR instruments. The exper-
imental details are described in ref. [20,21,24,33] to which we refer
here.

Determination of the Relaxivities r; and r,

Inversion recovery, progressive saturation recovery, and CPMG
multi-echo pulse sequences were applied to measure R, and R,. At
each field and for the prepared series of cluster's concentrations
between zero (pure solvent) and 1 mM, R, and R, were determined
using mono-exponential fits to the data. In all cases no deviation of



the relaxation curves from a mono-exponential behavior was
observed, which indicates that our solutions were homogenous
during the NMR-measurements. Repeated measurements after
months revealed the same relaxation curves. These findings
allowed us to use the same samples for the complete range of
magnetic fields, allowing for direct comparison of the relaxivities.
During measurement and further data processing, R, and R, were
plotted as a function of the cluster's concentration at each field.
Evidence of the linear relation between concentration and
relaxation rates was thus provided, as expected for PRE of a
homogenous solution. The slope of the linear fit corresponds to the
relaxivities r; and r,. Please note that the cluster’s concentration
and not the single ion concentration is used. This is due to the fact
that the observable PRE is caused by the complete cluster and
cannot only be attributed to one single ion. Moreover, potential
cooperative effects between the transition-metal ions (Co/Mn/Zn)
and the lanthanides (Dy or Gd) need to be considered, which
makes the ansatz of adding up the single ion contributions at least
to be discussed.
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