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1. Introduction

In the field of chemical imaging,[1] magnetic modes of
physical detection should be considered attractive alterna-
tives to more established ones such as those based on
electromagnetic waves (absorbance, fluorescence, phosphor-
escence, interferometry), radioactivity, or electric currents
(conductometry). There are several advantageous features of
detecting paramagnetic molecules in the solution phase:
1) In contrast to radioactive compounds, the signal is not

constantly emitted, but only when an external magnetic
field is applied;

2) the external magnetic field interacts only slightly with
other components of the sample;

3) neither the signal nor the molecule from which it
originates experience any fatigue, as is commonplace with
fluorescent or radioactive molecules;

4) a magnetic detection process is environmentally harmless
so that no colateral degradation of the sample needs to be
feared;

5) the signal emitted by the magnetic molecule is not
depleted during its passage through the sample;

6) highly specific detection is possible for many sample
environments, since they contain no (other) paramagnetic
component.

Newly established paramagnetism may also influence
other properties of the sample (optical and relaxatory ones
(NMR)), and thus lead to the opportunity of a multimodal
readout. Possible weaknesses are 1) a limited detection
sensitivity and 2) the need for complex instrumentation. In
principle, two types of instruments are used to detect para-
magnetism in the liquid phase, namely an electron spin
resonance (ESR) spectrometer for direct detection or a nu-
clear magnetic resonance (NMR) spectrometer for indirect
detection. The development of small and inexpensive port-
able NMR devices consisting of a permanent magnet of low
field strength is a welcome drive towards instrumentation of
significantly reduced complexity.[2a,b] An opposite trend con-
sists of the development of NMR spectrometers and magnetic
resonance imaging (MRI) scanners equipped with super-
conducting magnets of ever higher field strength. As this
Minireview addresses magnetic properties of molecules in
solution, tribute has to be paid to the chemists in the field of
MRI contrast agents, who have devised an extraordinary
number of paramagnetic molecules that operate in aqueous
solution. The magnetic properties of these molecules arise
from their permanent electron spin, which is detected through
its influence on the relaxation time of nuclear spins of
neighboring water molecules. This electron spin/nuclear spin
interaction is at the origin of the concentration-dependent
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shortening of the nuclear relaxation times, defined as
relaxivity, and can be detected by a variation in the NMR
signal. In 1946, Bloch et al. were the first to suggest the use of
paramagnetic metal ions for the modification of NMR
signals.[3]

For the 1990s alone, it was estimated that more than 30
tons of gadolinium ions were injected into the veins of
patients worldwide[4] to enhance MRI-based clinical diagnos-
tics. The whereabouts of the agent can be shown in an MR
image by translating the variation in the shortening of the
relaxation times of hydrogen nuclei of surrounding water
molecules into different gray-scale levels. Importantly, these
MRI hypersignals are caused by the recruitment of perma-
nently paramagnetic agents to a particular location/tissue
through passive differential diffusion and distribution pro-
cesses or by specific delivery strategies.

In the past 15 years, new contrast agents have surfaced
that have the added value of responding reversibly or
irreversibly to a chemical analyte of interest (p(O2),[5]

enzymes,[6] metals,[7] pH value)[8] by changing their signaling
power. Truly sophisticated concepts have been reported[7c,9]

where the agent�s relaxivity is modified by the presence of the
analyte. Without any exception, these probes are based on
modifying their relaxatory powers; the magnitude of their
electronic spin remains untouched. They thus operate by
a change in the efficiency of the electron spin/nuclear spin
interaction and not a change in magnetization. With this
important distinction in mind, we address in this Minireview
the de novo creation (off-on mode) of an electronic spin in
a sample and not simply its increase from a measurable base
value, and we call it magnetogenesis. This newly created
paramagnetic property may be detected by simple methods
that do not require any spatial resolution, or be exploited in
advanced chemical and medical imaging which detects the
whereabouts of the probe in a complex, heterogeneous, and
spatially structured sample. The off-on response of magneto-
genic probes has advantages for a wide range of applications,
including a matchless signal-to-background ratio, whereby
the background is the signal in the presence of the molecule
(the probe) and the absence of the chemical analyte. The
expression “chemical analyte” implies a chemical or bio-
chemical of interest that interacts with the probe either in
a supramolecular fashion or modifies it permanently under
constant conditions of the medium (solvent identity, pH
value, temperature, ionic force, concentration etc.).

In Section 2 we will address with the aid of selected
examples the current perception of molecules that respond in
solution to a change in the chemical composition by altering
their magnetic properties. They do so almost exclusively by an
incomplete, gradual, and reversible shift of the spin equilib-
rium, and we thus refer to it as “magneto-modulation”.

2. Reversible Magneto-Modulation

There are numerous reports on the modulation of the
magnetic properties of a sample by applying an external
stimulus as this approach is attractive for the design of
molecular devices, switches, probes, and other applications.[10]

The substantial number of reports on spin equilibria, and in
particular magnetically bistable compounds (spin crossover,
SCO) has been reviewed thoroughly.[11] Certain subfields
were also reviewed elsewhere, including polynuclear metal
complexes,[12] valence tautomeric compounds (VT),[13] and
other charge-transfer systems, such as cyanide-bridged Prus-
sian Blue analogues,[14a,b] which comprise the “molecular
squares”.[15] However, the field has principally focused on
solid-state materials, such as crystalline polymorphs, coordi-
nation polymers,[16] and metal-organic frameworks (MOFs) to
explore cooperative effects. The field has concentrated on the
use of physical stimuli to cause a magneto-modulating effect
with the aim of creating new memory devices. The influence
of noncoordinative chemical components on the magnetic
properties of materials has received increased consider-
ation.[17] The fact that the change in magnetization is often
associated with a modification of optical[18] and electrical
properties[19] has led to multisignaling applications.[11]

In contrast, what are the documented cases of discrete
molecular entities in solution that undergo an alteration of
their electronic spin state upon interaction with an external
stimulus? In fact, only examples of reversible spin equilibria
have so far been reported and were reviewed up to 2008.[20]

These reactions involve principally mono- or dinuclear
coordination compounds of transition metals. Excess quanti-
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ties of analyte are required to show a gradual modulation
(Scheme 1A,B). Apart from the fact that cooperative effects
are generally absent for dissolved mononuclear chelates,
a new concern arises when moving to the solution phase,
namely probe stability—a challenge that has been declared of
prime concern.[21] A good number of coordination compounds
have been reported that mainly respond to temperature
changes, some to irradiation, while those that react to
chemical stimuli are limited and were summarized this
year.[21,22] These are often not investigated as responsive,
diagnostic probes, as they consist mostly of low-denticity
ligands that result in poor stability in competitive solvents.
However, the analysis of these cases provides a welcome
overview of the different mechanisms that allow the magnetic
properties to be controlled in solution. Interactions between
discrete coordination compounds capable of altering their
spin state and other chemicals in solution are either limited to
the periphery of the complexes or affect the constitution of
the first coordination sphere.

2.1. Interaction with the Periphery

The cases of an interaction with the periphery (Table 1)
are principally based on electrostatic interactions (nonspecific
interactions, ion pairing, or hydrogen bonding). These phe-
nomena are usually limited in their impact (for an exception,
see Ref. [23]). A change in the solvent polarity may influence
the paramagnetism of a sample, without any hydrogen-
bonding phenomena being involved.[23, 24] More polar solvents
tend to favor the low-spin (LS) state because of the
significantly smaller volume it adopts[25] (see also the differ-
ence in the size of the central atoms in the schemes). It has
been suggested that a switch to the high-spin (HS) state has to
compensate for the work required to separate the solvent
molecules and so provide a suitably sized and shaped
enclosure in which the solute can be accommodated.[24b]

Positively charged complexes may interact with anionic
analytes, but the phenomenon is only observed in apolar
media and at higher concentrations.[26]

Magneto-modulation caused by hydrogen bonding usually
requires electronic communication between the hydrogen-
bond donor/acceptor site and the metal center. Partial proton
transfer from a hydrogen-bond donor site on the periphery
increases its electron density, which can be transmitted to the
coordinating atom. This in return shortens the coordination
bond and consequently favors the LS state. It was shown early
on in examples of FeIII complexes with triethylenetetramine-
like (trien-like) ligands that solvents with a higher hydrogen-
bond acceptor capacity (higher Gutmann donor number DN)
promote the LS state.[27] A similar but much less pronounced
effect has been observed for these systems in acetonitrile
when exchanging a BPh4 counterion by a halide ion (stabi-
lization by 0.2–0.3 Bohr magnetons mB in acetonitrile; mB are
the units for paramagnetism and the mB value is roughly
proportional to the spin value, see Section 3).[27a] In a very
recent example, a ternary iron(II) complex with NH groups in
its ligands was shown to be of low intermediate spin at room
temperature in water (1.2 mB), but of high intermediate spin in
nitromethane (3.3 mB).[28] An extreme case of hydrogen
bonding is the total transfer of a proton from the donor to
the acceptor. In the case of ternary complex [Fe(bzimpy)2]

2+

(bzimpy = 2,6-bis(benzimidazol-2�-yl)pyridine), deprotona-
tion of its NH donor site is caused by a solvent of exception-
ally high donor number (hexamethylphosphoramide
(HMPA), DN = 30), which thus makes the complex diamag-

Scheme 1. Influence of constitutional equilibria on spin equilibria for
two FeII complexes (A and B); internal electron transfer caused by
peripheral analyte interaction (C); mechanism exploited by BOLD fMRI
(D).

Table 1: Relative performance of reversible magneto-modulation.

Nature of
probe–analyte
interaction

Complex strength
versus solvent com-
petition

Specificity Effect on
magnetic
properties

Verdict

electrostatic[a] very weak (��) very low
(��)

very weak
(��)

6�

H bonding weak (�) medium
(+)

weak (�) 1�

coordinative
displacement

medium (+) medium
(+)

medium
(+)

3 +

protonation strong (+ +) high
(+ +)

medium
(+)

5 +

[a] In polar solvents.
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netic. The same complex is already more than 50 % HS in
solvents of lower DN (MeOH, DN = 19, 3.0 mB, 56% HS).[29]

For the opposite case, protonation, the binary FeII complexes
of a class of bicyclic and totally aliphatic hexaamines, the
sarcophagines, are particularly illustrative examples (Scheme
1A).[30] Although no electronic communication between the
protonated nitrogen atom and the metal center can be
claimed here, the newly generated electrostatic repulsion
between the metal center and the charged ammonium group
likely causes lengthening of the coordination bonds and thus
favors adoption of a largely HS state (4.2 mB), starting from an
initially intermediate spin (2.2 mB). Compared to most exam-
ples above, these complexes are exceptional in that they are
stable in water. However, the already paramagnetic quality of
the initial complex (“on”) as well as the susceptibility to
oxidation under air limits its interest for further development
in a probe.

In addition to the above examples, cases of more specific
analyte response have also been reported. Ni and Shores
proposed a quaternary homoleptic ferrous complex com-
prised of three bidentate bis(amidine) ligands as a magneto-
responsive anion sensor.[31] The magnetic moment of the
initial complex (4.7 mB, estimated to correspond to 92% HS)
drops to 2.7 mB (estimated to be 30% HS) when two
equivalents of a bromide salt are added at �40 8C in
dichloromethane. To observe this effect at ambient temper-
ature, one bis(amidine) ligand was replaced with a pyridyli-
mine ligand, thus obtaining a response to 2.5 equiv of bromide
of 1.6 mB (ca. 10% HS) versus an initial 2.4 mB (ca. 20% HS,
Scheme 1B, hypothetical structure for the bromide effect).[32]

The instability of these complexes, especially in more com-
petitive solvents, the limited magnitude of their response, and
their inactivation rather than activation by the analyte
prompted the authors to explore binary complexes with
tren-based (tren = tris(2-aminoethyl)amine) hexadentate li-
gands for the same sensing application.[33] Although anion
binding in acetonitrile was observed, a magneto-modulating
response has not yet been demonstrated.

A remarkable case of off-on magnetogenesis through
peripheral interaction is the Lewis acid/base interaction
(Zn2+) with a high-valent manganese-oxo porhyrinoid com-
plex (Scheme 1C).[34] The magneto-modulation mechanism in
this system is similar to that based on hydrogen bonding, as
discussed earlier, but with the opposite effect: the zinc-oxo
interaction withdraws electron density from the initially
diamagnetic metal center, thus promoting the adoption of
a lower oxidation state and concomitant establishment of
a radical cationic character in the ligand. In view of the highly
reactive high-valency metal center, it remains to be seen to
what extent this strongly magneto-modulating system can be
adapted to more realistic sample environments. In conclusion,
a pronounced and selective magnetogenic response as a result
of weak probe–analyte interactions remains a challenge.

2.2. Change of the First Coordination Sphere

Interactions that affect the constitution of the first
coordination sphere promise a much more noticeable change

in paramagnetism. Decoordination, if finely controlled, can
serve as a mechanism for sensor design, but should avoid the
replacement of more than one coordinating site on the metal
center during activation, because this would increase the risk
of nonselective activation of the probe.[35] Displacement of
one coordinating site by another can significantly change the
ligand field and give rise to dramatic changes in the electronic
spin. The switch of hemoglobin from a paramagnetic to
a diamagnetic state during oxygenation[36] is an inspiring
biological example (Scheme 1D). This fortuitously respon-
sive probe has been exploited since the early 1990s in blood
oxygen level dependent functional MRI (BOLD-fMRI) and
has revolutionized the neurosciences.[37] Several synthetic
examples have been reported, too. They may be divided into
those where a) monodentate ligands are displaced on ternary
complexes (or higher) or where b) a tethered arm of
a hexadentate ligand is decoordinated, thus amounting to
cleavage of a chelate ring. These strategies are reminiscent of
the fluorogenic indicator displacement assays.[38] Although
case (b) is energetically much more challenging, it offers the
prospect of a significantly more stable initial probe and higher
analyte selectivity. Examples in category (a)[39] are mostly
based on FeII and mainly take advantage of the coulombic
attraction between anionic analytes and the cationic metal
center, which may result in LS!HS activation (or deactiva-
tion in the case of CN�). Certain neutral interaction partners,
such as MeCN, displace their monodentate competitor by
causing an opposite direction of activation (HS!LS) because
of their high ligand field.

It was our research group that reported the first controlled
example for category (b).[40] The ferrous complex (12/12’,
Scheme 6A) showed a large magnetic modulation through
decoordination of a pendent arm; this case will be discussed in
Section 4 because it is part of a larger story on a probe that
shows irreversible magnetogenesis. Another case of pendent-
arm displacement on a HS FeII complex by an anion did in fact
not lead to magneto-modulation.[41] A very recent example
concerns a binary FeII complex, the pendent arm of which
exhibits a limited ligand field/basicity and is thus partially
displaced by chloride in MeCN.[42] The potential of this system
for the design of magneto-responsive probes was, however,
not discussed.

A variant of the mechanism involving changing the first
coordination sphere consists of the additional coordination of
a ligand/analyte;[20a, 22] this alters, of course, the coordination
number. The arguably most widely studied examples are
diamagnetic square-planar NiII complexes, which may wel-
come nucleophilic ligands into their axial position and thus
lead to octahedral paramagnetic complexes. Numerous at-
tempts have been made to control this process and the
associated magnetogenesis.[43] However, square-planar NiII

complexes are intrinsically prone to competitive addition of
other nucleophiles such as water or N donors (see also
Section 3).[44] Thus, the recognition specificity in complex
media and the stability of the square-planar diamagnetic
forms in aqueous samples are compromised.

What all the above examples have in common is the
reversible nature of their interaction.[21] As we shall see in
Section 4, a probe that suffers irreversible chemical conver-
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sion by its target analyte offers the prospect of much higher
specificity and higher initial probe stability. To target analytes
that act as chemical reactants, stoichiometrically or catalyti-
cally, the putative probe should comprise a trigger moiety
separated from a magnetogenic core by an “intelligent”
spacer, thus giving rise to a three-component construct of high
modularity.[45]

3. Choice of the Optimal Molecular Platform for the
Design of Magnetogenic Probes

3.1. Hallmarks

At the beginning of the design of any tool, molecular or
otherwise, one needs to set the requirements that it needs to
satisfy. We propose six principal characteristics (hallmarks)
that a responsive probe should have for effective analyte
detection:
1) robustness,
2) fast response kinetics,
3) maximum signal difference,
4) initially a silent probe (off-on),
5) a decidedly binary response,
6) low toxicity (if considering in vivo applications)

A responsive probe must necessarily show an intrinsic
reactivity to be susceptible to the target analyte. This
requirement can become a serious hurdle in its design, in
that the molecule may show residual spontaneous degrada-
tion in the absence of the analyte. This in turn likely results in
the formation of the signaling molecule and thus in a false-
positive signal, a well-recognized challenge in the design of
responsive probes (for two examples, see Scheme 2A,B).[46] It
is often difficult for the reader of scientific reports to assess
the robustness of a given probe design from the furnished
response data. If data are only given for the favorable case of
high analyte activity or a large analyte-to-probe ratio, then
the active transformation reaction may be much faster than

the spontaneous degradation reaction so that no increase of
a background signal needs to be feared during the monitoring
period. In a more realistic setting of a heterogeneous sample
with a spatially complex structure, the probe requires time to
reach all sites (diffusion), and it may be in this very time
period that it starts to generate a false-positive signal that
seriously puts the active response result in doubt.

A fast probe response is an obvious requirement. A
responsive probe may show high, medium, or low reactivity
toward the target analyte. Its signal may arise after one
chemical step or after two or more. The consequences of slow
response are dire: higher concentrations of the intact probe
and/or the target analyte need to be established at the site
where the analyte resides to observe the same signal intensity
as for the case of a fast-responding probe at the same delay
time. Simply increasing the delay time does not alleviate the
situation: the diffusion rate of the activated probe remains
roughly the same, and the signal from that particular site does
not increase because of loss to other parts. A slow response
does not exactly improve this situation when probes are
considered that react through two steps or more: in structur-
ally complex samples, the analyte residing in a particular
place may chemically modify the probe as planned. However,
the slow translation of this modification into a legible signal in
the second step, if it is the rate-determining one (for an
example, see Scheme 2B),[46a] allows the intermediate to
diffuse away from the site before “lighting up”. All these
considerations can be summarized by the phenomenon of
signal dilution that amounts to a decrease in detection
sensitivity.

It is clear that no matter what the identity of the physical
signal that serves to detect the analyte (the detection modal-
ity), a maximum emission intensity of the activated probe is
always desirable. This ensures the highest difference between
the “before” and “after” state of the responsive probe (for an
opposite example, see Scheme 1C).[47] In the particular case
of a magnetogenic probe this would imply the generation of
a high number of unpaired electrons at the nucleus.

It is highly desirable to design a probe that is initially silent
(Scheme 2A,B).[48] The absence of any signal in the absence
of analyte simplifies the interpretation of the image or
detection result enormously. It also makes the dream of
achieving analyte quantitation much more realistic. It has
been repeatedly stressed in the case of responsive probes for
MRI that already emit a sizeable signal before they encounter
the target that unambiguous image interpretation would
require knowing the concentration of converted and uncon-
verted probe at the site of interest.[8a, 49] Without this knowl-
edge, it cannot be ruled out that the observed signal is simply
the result of an accumulation of the untouched probe for
physicochemical reasons (biodistribution, diffusion, lipophi-
licity, charge, etc) without the presence of any analyte at all.
For the same reasons outlined above, the opposite scenario of
an on!off probe[31, 50] is less attractive (for an example
showing this tendency,[47] even though the process does not
reach an off state, see Scheme 2C).

Depending on the nature of the activation reaction
(reversible versus irreversible reaction), the choice for one
side or the other of the associated chemical equilibrium may

Scheme 2. Examples of nonmagnetogenic probes discussed in the
light of hallmark satisfaction (gly = glucuronyl; r1 = relaxivity).
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be more or less decided. In other words, it should be avoided
that only part of the population of intact probes is converted
by the analyte, or that only part of the population of activated
probes emits a signal (for comparison see Scheme 1A,B). The
majority of detection schemes covered by Table 1 enter into
this category. In contrast: a switch of the entire population
from 0 to 100 % should be the goal (true for all examples in
Scheme 2). Otherwise, the same complications arise that were
already mentioned for the previous hallmark of probe design.

3.2. Choice of Magnetogenic Core

Magnetization is the density of magnetic dipole moments
induced by the presence of an external magnetic field
generated by a permanent magnet surrounding the sample.
Such magnetic moments are the result of the spin of electrons
and nuclei as well as electron orbital movements. One speaks
of an electronic and a nuclear angular momentum, and the
former is composed of a spin angular momentum and an
orbital angular momentum. The nuclear angular momentum
can be neglected because it is approximately 1000 times
smaller than the electronic one. A magnetic moment can be
detected when unpaired electrons are present in the atom.
Compounds that possess such unpaired electrons are called
paramagnetic and are attracted by the external magnetic
field, while those that are diamagnetic are repelled. The
overall spin S generated by these electrons is the major
contribution to the magnetic moment for elements of lower
atomic numbers Z. The contribution by the electron orbital
movement becomes increasingly important for elements of
higher atomic numbers. Finally, the electronic spin and the
orbital spin can interact (spin-orbit coupling), and this also
contributes to the magnetic moment; its level depends on the
element and the external magnetic field. Spin-orbit coupling
can be quenched to different degrees by changing the
electronic configuration and symmetry through the choice
of the surrounding molecular scaffold. While it is very small
for first-row transition-metal complexes, it contributes more
significantly in heavier d-block metal and lanthanide com-
plexes, and can exceed the spin-only contribution in actinide
complexes.

A probe must possess a section that is capable of emitting
a detectable signal. For a magnetically responsive probe this
unit cannot simply possess unpaired electrons, and thus a spin
and a magnetic moment, but rather it has to be capable of
adopting two different magnetic states depending on its
interaction with the analyte (or stimulus). Three types of
structurally analogous pairs may be envisaged where this is
possible: a) a duo where one compound is an organic radical,
b) an internal redox duo experiencing electron transfer, and
c) a duo that consists of two spin states (generally a low-spin
and a high-spin state).

a) Radicals: Although paramagnetic organic radicals may
be generated from a diamagnetic precursor and thus fulfill
this requirement, they are usually rather unstable. A few
exceptions are fairly stable in solution (e.g. spin labels) and
have occasionally been considered for the design of respon-
sive organic compounds that become paramagnetic radicals

or lose this quality.[51] Examples of organic radicals that
change their level of paramagnetism are also common in
solid-state paramagnetic/diamagnetic switches that respond
to physical stimuli.[10,52] Upon heating or irradiation, the
paramagnetism of the radical becomes quenched because of
a change in its relative position in the crystal lattice. These
switches are based on a pronounced cooperative effect and
their mode of action can thus not be transferred to the
solution phase unless some sort of self-assembly can be
achieved.[53] On the other hand, the quenching of two radicals
contained in one isolated molecule in solution has been
reported on a number of occasions, but only as a result of
physical stimuli (summarized in Ref. [10]) or a pH change,[51a]

but not for other chemical stimuli. Some examples were
reported where a photoswitchable moiety caused a change in
the intramolecular communication between two radicals,
thereby leading to magneto-modulation.[54]

b) Intramolecular redox reactions: A redox-active analyte
may change the magnetic properties of a coordination com-
pound by exchanging electrons directly with the magneto-
genic core in an intermolecular redox reaction. Such a process
makes it rather difficult to confer any detection specificity for
a particular analyte onto the probe, but should rather serve to
characterize a general redox potential, which is of great
interest for biological research. Any intermolecular electron
flow may also cause undesired side reactions. Another way of
modifying the magnetic quality of a molecular entity would be
an intramolecular electron-transfer process, namely, a redox
reaction caused by an external stimulus that is not redox-
active. Most transition-metal ions that can adopt at least two
stable oxidation states are suitable candidates, and even
radicals may be considered. An intramolecular redox-driven
change in magnetism has been widely reported for both the
solution and the solid state, but almost exclusively as a result
of a physical stimulus such as light, temperature, or pressur-
e.[10,13, 14a] Numerous examples from two types of electron
transfer have been reported: 1) ligand-to-metal transfer, also
referred to as valence tautomerism (VT), including the classic
semiquinone-catechol cobalt complexes, where a CoIII LS
center becomes a CoII HS one (Deunpaired = 3); and 2) metal-to-
metal transfer in polynuclear complexes, where Fe-Co, Fe-Fe,
Fe-Ni, and other couples are bridged by ligands such as
cyanide, including the classic example of prussian blue
[Fe4[Fe(CN)6]3] . Molecules that operate in this fashion must
ensure the possibility of electron transfer between the two
redox-active portions of the molecule, that is, between the
highest occupied molecular orbital (HOMO) of the donor
portion and the lowest unoccupied molecular orbital (LU-
MO) of the receptor unit. The opportunity thus arises of
making compounds that respond to the presence of a chemical
analyte should they interact in such a fashion so as to invert
the HOMO–LUMO relationship, thereby leading to electron
transfer and a change in the oxidation state of the metal
center. If it is coupled with a change of the spin state of
a central metal ion, then the change in magnetization can be
very high. Only a few examples exist where the intramolec-
ular electron transfer is caused by a purely non-redox-active
stimulus.[34,51a, 55]
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c) Low-spin/high-spin switching: Significant changes in
magnetization can be obtained with a probe that switches
from a low-spin (LS) to a high-spin (HS) state as a response to
ligand modification. Ligand field theory stipulates that
initially degenerate d orbitals experience a splitting into
different energy levels as a result of the approach of the
ligand(s) (Figure 1A). Some d orbitals are more affected than
others because the approach of the ligand is directional, that
is, metal and ligand orbitals of the same symmetry interact
more strongly. By modulating the field of these ligands, one
may induce the complex to adopt either a LS or HS state.
Field splitting depends as much on the s-donating as on the p-
accepting capacity of the ligand(s). The presence of a low-
lying antibonding p orbital (p*) is necessary for a given ligand
to be a good p acceptor; the resulting increase in the ligand
field is referred to as p back-bonding. As we shall see in
Section 3.3 (Table 2), imine-type ligands (containing sp2-
configured nitrogen atoms) cause a particularly strong split-
ting of the ligand field because of their high s-donor and p-
acceptor qualities.

The nature of the metal ion also plays a role in field
splitting: the higher the oxidation number, the higher the
energy splitting, which favors the
LS state. Only octahedral (or pseu-
do-octahedral) complexes with a d4

to d7 configuration can effectively
adopt either a LS or a HS state
(Figure 1B–E), with the exception
of a d8 configuration (Figure 1F),
should the corresponding complex
change its coordination chemistry
from square planar (LS and dia-
magnetic) to tetrahedral or octahe-
dral (both HS and paramagnetic) in
the process.[11a, 22] A tetrahedral ge-
ometry normally favors the HS

state for the first-row transition metals because the ligand-
induced splitting energy is only 4/9 of that observed for an
octahedral coordination geometry, and thus too small to
overcome the spin-pairing energy. On the other hand, second-
and third-row transition metals are mostly found in the LS
state because of strong field splitting. Lanthanides are not
suitable either, as they are always found in only one spin state.
Their paramagnetism is also as much dependent on spin-orbit
coupling as on their number of unpaired electrons. No matter
if the strategy of internal electron transfer (b) or that of LS-
HS switching (c) is pursued, the choice of the right metal is of
pivotal importance.

The d4 to d8 metal ions have advantages and drawbacks
when viewed from the hallmarks of probe design listed above.
In fact, the electronic configuration not only has a critical
influence on the maximal signal difference attainable (eHS-LS,
difference in unpaired electrons before and after activation),
it also determines whether a true off-on activation mode is
feasible. In the best case, the LS state should thus show no
unpaired electrons at all (diamagnetic, off, spin = 0), which is
only possible for an octahedral d6 and a square-planar d8

configuration. On the other hand, a maximal signal difference

Figure 1. Field splitting (DE, length of double arrows) caused by ligands of different strength and resulting d electron configurations for low-spin
and high-spin complexes of first-row transition metals in terms of the presence or absence of an off-on relationship, and the magnitude of the
signal difference (eHS-LS); dashed arrow: 1.23 of DE(octahedral); gray dashed arrow: 4/9 of DE(octahedral).

Table 2: Hexadentate ligands giving rise to binary FeII complexes.

Podand Base system N hybridization Spin state

branched Py3tame
(C-branched)

6N-sp2 LS[59]

tptMetame
(C-branched)

3N-sp2, 3N-sp3 SCO[60]

Py3tren (N-branched) 6N-sp2 LS[61]

trimethylenediamine 4N-sp2, 2N-sp3 LS[62]

2,5,8-triazanon-1-ene 4N-sp2, 2N-sp3 LS[63]

cis,cis-1,3,5-cyclohexane 3N-sp2, 3N-sp3 LS[64, 41]

macrocyclic triazacyclononane 3N-sp2, 3N-sp3 LS[65a,b]

bicyclic bicyclo[7.5.5]nonadecane 3N-sp2, 3N-sp3 LS[66a,b]

bispidine 4N-sp2, 2N-sp3 LS[67a,b]
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is only ensured for d5 and d6 configurations (eHS-LS = 4 e);
others give only half this difference (2 e). In theory, the d6 ions
FeII and CoIII can be considered optimal, with the d5 ions FeIII

and MnII, as well as d8 square-planar NiII as possible
alternatives. In practice, however, MnII suffers from such
a high pairing energy that it is very difficult to attain its LS
state,[56] and CoIII is found in the LS state in the vast majority
of cases; ligands producing a particularly weak ligand field
(fluoride) are required to turn it into its HS state (see CoF6

3�).
Thus, no practical ligand system can be found that may cause
CoIII to adopt both of the spin states as a result of slight
structural modifications.

Another hallmark of probe design is robustness, and the
remaining contenders (FeIII, FeII, and NiII) show various
characteristics in this regard. Ferric complexes (FeIII) of both
spin states can be quite stable. However, although a good
number of ligand systems is known that leads to either LS or
HS complexes, this selection is more limited than that known
for ferrous complexes (FeII).[11a] This results in the difficulty of
identifying a duo of structurally related ligands where the
corresponding ferric complex adopts a decidedly LS state
while the other leads to a fully HS one. The hope of observing
the maximum signal difference (hallmark) promised theoret-
ically by a ferric system is thus diminished. On the other hand,
ferrous complexes in the HS state may or may not show
a tendency towards oxidation, and the ligand system has thus
to be designed so as to minimize it. Importantly, a large range
of different ligands are at our disposal that cause FeII to adopt
one of the two spin states.[11a, 57] We thus have within our grasp
a sharp magnetogenic response caused by ligand modification
under the influence of a chemical analyte. Furthermore, LS
ferrous complexes are highly stable and show a certain level
of kinetic inertness.[58]

Finally, NiII complexes, although having a true “off status”
for the initial probe and suffering from a mediocre signal
difference (eLS-HS = 2), adopt a square-planar geometry that is
not only unstable in water but also in organic solvents that
contain a complex mixture of nucleophiles.[44a,c] So far, no
convincing design has been reported where the LS/off state of
NiII chelates was explored for probing/analysis in aqueous or
complex samples. In addition, only a limited range of ligand
systems are available to modulate the spin state of NiII

complexes. In the following we, therefore, direct our attention
towards FeII systems.

3.3. FeII LS/HS Duos

Well-established methods for tuning the magnetic state of
iron(II) in its complexes comprise:
1) variation of the nature of the coordinating atom (mainly,

N, O, S),
2) variation of their nucleophilicity/basicity/s-donating ca-

pacity by, for example, decoration with electron-with-
drawing or -donating groups,

3) variation of the hybridization of the N atom (imine versus
amine = aromatic versus aliphatic = p back-bonding or
not),

4) impeding optimal orbital overlap by introducing steric
clash,

5) presence or absence of the macrocyclic effect, and
6) switching between five- and six-membered chelate rings.

In applying these criteria, we will not overlook the
primordial requirement of solution-phase stability. Indeed,
FeII complexes with hexadentate ligands “are known to have
stability constants of the order of 1025”,[20b] and “most FeII

SCO systems based on multidentate ligands are so stable that
ligand dissociation does not interfere with the spin equilib-
rium even in polar solvents”.[20d] However, “ligand dissocia-
tion and replacement reactions are more likely to occur for
complexes of mono- and bidentate ligands, but even for
multidentate ligands replacement of a single chelate arm has
been observed.”[20c] These thermodynamic considerations
should not hide the fact that for solution-phase applications
in complex samples, especially biological ones, kinetic factors
will almost always override them:[68] in fact it is the exchange
equilibria with other, abundant metal ions and the rates at
which they are established that will decide whether slow or
rapid probe degradation occurs.[69] What is thus expected to
work in aqueous media is a ligand structure for which an N6
and an N5 ligand can be constructed, because even changing
the coordination motif from N6 to N5O1 during probe
response (Scheme 3) will make a switch to a HS system
highly likely, provided the oxygen atom is neither sp2-
configured (part of a carbonyl group) nor part of triplet
oxygen (see BOLD fMRI). From this it can be concluded that
if an octahedral ferrous chelate can be identified that is fully
low spin at room temperature and in aqueous solution, it is
almost guaranteed that a high-spin version of it can be
obtained under the same conditions if one arm becomes
decoordinated or cleaved off.

These considerations prompted us to examine the liter-
ature for cases of binary ferrous complexes that are fully LS in
solution, preferably in water (Table 2). By studying the broad
review by Halcrow on ferrous complexes with multidentate N
ligands one may identify several LS-HS duos; for some of
them both derivatives were already characterized magneti-
cally, for other duos only one has so far been characterized.[57]

However, that review also illustrates that rather few hexa-/
pentadentate systems do in fact ensure a robust low-spin state
and so might be attractive for the present task. Multidentate
ligands that give rise to binary low-spin ferrous complexes
comprise 1) branched podands, 2) macrocyclic podands, and
3) multicyclic rigid podands (Table 2). Branched podand-
based N6-FeII chelates can be subdivided into a) tripodal
ligands branched by a single atom, b) alkyl-diamine-based
podands, and c) two unique cases with special branching units.
Examination of examples entering into category 1a shows
that a simple branched N6 ligand (tptMetame) cannot force
the iron center to adopt the LS state if “only” three nitrogen
atoms are sp2-configured.[60] Only ligands with six imine-type
nitrogen atoms have, currently, yielded LS complexes: While
Py3tame[59] suffers strain (its LS state can thus be considered
weak), Py3tren[61] exhibits a tendency for decoordination of
the pendent arm,[70] and so despite the presence of six
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coordination sites of high ligand field, their suitability for the
design of a magnetogenic unit remains limited.

Alkyl-1,2-diamines (category 1b) lead to intermediate
paramagnetism in FeII complexes despite them generally
being equipped with four sp2-configured nitrogen atoms;[71]

they have also been observed to show decoordination of the
pendent arm.[62] Expansion of the ethylene bridge by one
further methylene group reliably leads to low-spin complexes
(see Scheme 3, 1[62] and its HS analogue 2).[72] Three ligands
were found to belong to category 1c (unique branched
ligands). Only two of them (2,5,8-triazanonene and r-1,c-3,c-
5-triaminocyclohexane (tach); 7) caused the corresponding
FeII complexes to adopt a LS state, but have the advantage of
doing so not only in the solid state but also in solution,
including water.[41, 63, 64] They exhibit four and three sp2-
configured nitrogen atoms, respectively, out of six. For
category 2 (macrocyclic podands), it should be mentioned
that many phthalocyanine FeII complexes were obtained in
the LS state, but as the ligands are tetradentate the octahedral
complexes cannot be binary. The rigid planar nature of these
N4 macrocyclic ligands precludes the design of N6 derivatives
that lead to hexacoordinate, binary FeII complexes. It has
been shown that the required chelate ring sizes are simply too
large to form. Accordingly, it is not apparent how these types
of ligands may be useful in the design of robust magnetogenic
probes for use in the solution phase, apart maybe from their
synthetically challenging incorporation into a multicyclic
system. On the other hand, the tripyridylmethyl derivative
of the N3 macrocycle triazanonane (tacn) has led to the
preparation of a fully LS FeII complex (three imines/three
amines, Scheme 3, 3) in the solid state.[65] This LS state is
maintained in various aqueous media,[73] while the corre-
sponding complex lacking one pyridylmethyl arm[74] is of
course HS (4).[73] The HS and LS versions were shown to be
visible and invisible, respectively, in MR images of a live
mouse.[75] As we shall see in Section 4.3, this system can be
effectively transformed into two types of magnetogenic
probes that respond to various chemical stimuli. A reported
bicyclic N5 ligand can be assigned to category C. Its dark-red
ternary ferrous complex (5) was recrystallized from acetoni-

trile and proved to be LS in the solid state.[66] The sixth
coordination site was occupied by an acetonitrile ligand. No
hexadentate ligand or its corresponding complex has yet been
reported, but there is no reason why this system may not also
serve as a promising target for the design of a robust
magnetogenic probe by the introduction of another pendant
arm (5). We recently reported new N6 members for category
C, namely two bicyclic, rigid, and hexadentate ligands of the
unique class of the bispidines (Scheme 3).[67b] Multidentate
bispidines have previously been reported to form highly
stable complexes.[76] We prepared new bispidine ligands that
led to the discovery of the first two binary LS FeII chelates (9)
for this large class of bicyclic structures. Their LS nature and
high stability was confirmed in water and organic solvents at
ambient temperature, and their magnetism was explored
exhaustively.[67b] Simple removal of one coordinating arm
leads to a fully HS system in water (10 ; 5.0 mB).[67] A new
robust off-on duo of ferrous complexes in aqueous media at
room temperature has thus become available. While macro-
cyclic as well as bicyclic ligands (categories 2 and 3) may
generally require significantly higher synthetic efforts, it is
important to note that the reported hexadentate bispidine
ligands can be efficiently prepared on a 10 gram scale.[67b]

In conclusion, this literature survey reveals that binary LS
FeII complexes are not that numerous after all. It also teaches
us that simple branched N6 ligands do not appear to impose
a LS state if they do not exhibit more than three imine-type
coordination sites. For this reason, and for reasons of solution
stability, macrocyclic or bicyclic N6 ligands should be pre-
ferred. Some of the promising LS-HS duos for the design of
a putative magnetogenic probe are presented in Scheme 3.

4. Irreversible Magnetogenic Response

4.1. Irreversibility

Duos of constitutionally distinct FeII complexes can be
interconverted by either a reversible or an irreversible
interaction with the analyte. A reversible mode is charac-

Scheme 3. Reported duos of structurally related fully LS and HS ferrous complexes.
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terized by a lower energy difference between the starting
material and product, and thus a weak driving force and a less
decided thermodynamic equilibrium. This may have seriously
unwelcome consequences if aiming at more competitive
media (water) or more complex samples containing a variety
of nucleophiles[21] where nonspecific interactions cause the
generation of various degrees of false signal (hallmark:
robustness). Furthermore, while a reversible mode of action
has the advantage of likely being instantaneous (hallmark
kinetics), the total stability of both states may not easily be
achieved. So even if the analyte/probe ratio significantly
exceeds 1:1, it usually does not manage to switch the probe
entirely to the opposite state, and one is confronted by the
presence of subtle spin equilibria (see hallmark “binary
response”, and Scheme 1A,B). On the other hand, an
irreversible activation process, where the probe suffers
permanent covalent modification by its target analyte,
theoretically offers total transformation, a decided shift of
the reaction equilibrium, and thus a perfectly binary response
(hallmark). This also opens up the opportunity to render the
initial probe structure much more stable towards its environ-
ment (hallmark, Scheme 2C).

However, it is by no means clear how to achieve this
practically. The initial structure would have to store a high
energy content that is only unleashed when the two specific
reaction partners meet, thus ensuring a sufficient driving force
for total transformation. Even if an instantaneous response is
often impossible to realize in irreversibly responding probes,
the chemist can at least work toward conversion kinetics that
correspond favorably with the physical detection process and
may even achieve some degree of temporal resolution. What
also sets the detection of a chemical reactivity apart from that
of simple analyte presence is the characterization of molec-
ular function in a sample, whether it is a biological one or
a technological one. Should this reactivity be of a catalytic
nature, then the detection process may need to be highly
sensitive in view of the low to very low analyte/probe ratios
that may be reached (“catalytic signal amplification”).

4.2. Three-Component Design

An irreversible response can arguably be achieved only by
exploiting the intrinsic reactivity of an analyte and not by its
mere presence, as is the case in the magneto-modulating
examples of Section 2. If the analyte shows a chemical
reactivity, then one needs to identify a moiety (a trigger) that
is susceptible to this reactivity for incorporation into the
probe. Once the moiety is transformed by the analyte, then
this chemical event needs to be transduced to the coordina-
tion unit of the probe, that is, the “signal-emitting device”.
Indeed, irreversibly responding probes targeting chemically
reactive analytes are widely used for optical detection
(fluorescence). They are often constructed as three-compo-
nent probes (Schemes 2 B and 4) where the central unit is an
auto-immolative spacer; this concept ensures maximum
adaptability to the chemical reactivity of the target analyte
and a generally modular design that aids in adaptation to
specific needs (solubility, pharmacokinetics, biocompatibility,

bioconjugation) as well as more freedom in achieving the
maximum thermodynamic and kinetic stability of the initial
chelate. However, the incorporation of the spacer also
increases the complexity of the construct, and its immolation
during a response event constitutes an extra chemical reaction
associated with its own kinetics; in the best cases, they should
not be slower than those of probe conversion by the analyte.

4.3. Irreversible Activation Strategies

We have now seen the possibilities for the construction of
an iron(II)-based magnetogenic core. The remaining task
consists of identifying an irreversible chemical reaction that
decisively modifies the first coordination sphere to satisfy the
hallmark features in Section 3. This may be achieved by either
the decoordination of a pendent arm or its entire loss by
fragmentation. Triggering decoordination of a pendent arm
requires the unmasking of a property that favors it, for
example, competition between coordination of the pendent
arm and protonation. On the other hand, causing its entire
loss by fragmentation, calls for the cleavage of a covalent
bond within a chelate ring comprising the multidentate
ligand. Cleaving a five- or six-membered ring system is, in
general, energetically a highly demanding task. Two unsuc-
cessful cases of auto-immolative schemes involving a coordi-
nation compound may serve as examples:
1) a pendent arm containing a para-hydroxybenzyl-like

spacer did not immolate because it was a constitutive part
of a five-membered chelate ring;[77] however, it was shown
to fragment willingly if the same hexadentate ligand was
not complexed by a central iron atom;

2) an aminal (an N,N-acetal) did not immolate to result in
departure of a coordinating arm because it was an integral
part of a chelate ring involving a gadolinium ion[50, 78] (see
bold ring in Scheme 5), even though it is well known that
simple aminals with N�H bonds are not stable in aqueous
media.

These insights allow two new strategies[40, 79] to be
identified to defeat the imposing strength of the chelate
effect (a thermodynamic hurdle) and to observe suitably fast
response kinetics despite the rigid, multicyclic chelate struc-
ture (an activation barrier).

In the first strategy (Scheme 6A),[40] the activation
cascade comprises three subsequent events: 1) transforma-
tion of the trigger by the analyte, 2) immolation of the spacer,

Scheme 4. Irreversible magnetogenic response to an analyte by
a three-component probe.
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and 3) decoordination of the pendent arm through protona-
tion. In fact, the action of the analyte causes the deacylation
(or more precisely: decarbamylation) of a coordinated ami-
dine moiety and thus the unmasking of its particularly high
basicity. While uncoordinated amidinium ions exhibit
a pKa value of 12.6, their aminoacyl counterparts have a value
of only 7.6, in other words a basicity that is five orders of
magnitude lower. Not surprisingly, these pKa values become
greatly perturbed if the amidine is engaged in a coordination
bond. The value for the amidine unit in the activated iron
complex (12/12’) was found to be 4.5, and thus is eight orders
of magnitude lower than for an uncoordinated amidine.
Extrapolating this difference to the acylated version should
give an even lower pKa value for the initial probe 11. This
would make it largely immune to decoordination through
protonation and would thus contribute to its robustness.
Equally important for probe robustness is the established high
stability of the aliphatic carbamyl link towards spontaneous

hydrolysis and the decidedly low-spin nature of the coordi-
nation motif. As a result, probe 11 is remarkably stable in
aqueous media (pH 3.5): it shows no signs of degradation over
two days at room temperature or 1.5 h at 100 8C. The chelate
effect is defeated here, and the ring opened, as a consequence
of the high basicity of a pendent coordinated arm, but only at
a pH lower than 4.5. While this effect has been exploited with
other molecular moieties to open chelate rings,[80] its masking
in the design of a responsive probe and the use of an amidine
to benefit from the presence of an imine of high ligand field
are new to this field. The separation of the trigger unit from
the coordination motif (modular design) will likely allow for
future adaptation to a variety of other chemical analytes. It
remains to be seen whether this promising irreversible probe
technology can be made to operate at a neutral pH value and
in physiological media.

The second strategy (Scheme 6B)[79] gave rise to a mag-
netogenic probe (13) that indeed functions at a neutral
pH value in physiological media, including blood serum.
Probe activation does not comprise separate immolation of
the spacer but, rather, an initial transformation of the trigger
by the chemical analyte results directly in the opening of
a chelate ring (bold in Scheme 6B). This became possible only
by screening the structure space for the optimal combination
of iron chelation and the right mixed aminal with a 1,2,3-
triazole unit and a macrocyclic secondary amine. This unit is
only stable if it is engaged in a five-membered chelate ring
with the iron center and bears a phenyl substituent. In the
absence of iron chelation, it instantaneously hydrolyzes if
exposed to traces of water. Probe 13 responds when electronic
communication between the analyte-susceptible trigger (a
nitro group) and the aminal triazole is reversed by reducing
the nitro group to an electron-donating amine. The resulting
construct (14) may be considered a phenylogous orthoamide,
with a free NH unit and a reasonably good leaving group

Scheme 5. Stabilization of an aminal by incorporation into a chelate
ring.

Scheme 6. Two independent concepts for magnetogenic probes.[40, 79] The five-membered chelate ring to be cleaved is highlighted in bold (B).
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(triazole). Therefore, cleavage of the chelate ring can occur by
simple elimination, and not by a nucleophilic attack; this may
explain the good response kinetics with a half-time of roughly
20 min in 50 mm phosphate buffer at 37 8C (Figure 2, top).
The chemical analyte may be molecular hydrogen in the

presence of a catalyst (palladium on carbon) or even the
enzyme nitroreductase that operates with the cofactor
NADH. The hexadentate ligand on which 13 is based can
be synthesized in a convergent three-component condensa-
tion in benzene from the corresponding pentadentate ligand,
para-nitrobenzaldehyde, and 1,2,3-triazole. The general re-
action was introduced and explored in the 1990s by Katritzky
et al.[81] It is a condensation reaction that stores considerable
energy in the forming aminal. We demonstrated that this
highly unstable species can be trapped by titration with an
iron salt. Substitution with a nitro group makes the product
perfectly stable in physiological media. The complex, there-
fore, can be regarded as “spring-loaded”, an all-important
aspect in defeating the chelate effect once the nitro group is
reduced. Magnetogenesis in aqueous samples of probe 13 can
not only be easily monitored by NMR spectroscopy (deter-
mination of the longitudinal relaxation time T1 of the water

hydrogen resonance, Figure 2, top), these T1 values can also
be measured and translated into gray-scale images (phantom
images) by MRI (Figure 2, bottom). Both monitoring modes
also illustrate the total stability of the probe in the absence of
the analyte (hallmark robustness).

5. Conclusions and Future Directions

New enabling technologies are in urgent need to advance
the field of chemical imaging.[1] A magnetic mode may prove
a welcome alternative to current optical ones in the detection
by responsive molecular probes, whether in samples of
technological interest, of biological origin, or in vivo. A range
of mechanisms have been reported that can modulate the
magnetic properties of discrete molecules in solution in
response to an analyte. The weakness of this response, its lack
of specificity, and the instability of the systems in competitive
solvents calls for new design initiatives. In contrast to their
reversible mode of response, probes that react irreversibly
should offer high specificity, robustness, and a decisive
response. In the biomedical arena, the field of the anatomical
imaging modality MRI still seeks probes to render the dream
of routine molecular MRI a reality. Strategies have been
suggested that give rise to significant signal differences upon
activation, but they are not based on magneto-modulation.

Probes that can be activated and that give a non-negligible
signal before they encounter their target or do not show total
transition in the presence of it may prove useful if they are
detected by an additional, orthogonal detection mode fol-
lowed by careful analysis. However, MRI probes that respond
to a (bio-)chemical analyte in an off-on mode promise simple
and robust detection, and thus have been called for on
numerous occasions.[48,49b, 82] A magnetogenic concept,[73,83] as
described here, appears to be a viable answer. It is based on
iron in its oxidation state II and thus benefits from its
environmentally benign nature (green chemistry) and espe-
cially the principal possibility of eradicating its spin altogether
(S = 0, off) as well as its metabolic recognition and homeo-
static management in all living organisms.

Future challenges in its further development depend on
the application. For analysis of complex biological samples
the activated probe should not be hampered in developing its
full signal by other sample components. Response kinetics
should approach an instantaneous quality, especially for
in vivo use. Toxicity issues arising from the high-spin nature
of the activated probe should be minimized. Selectivity for
a given chemical analyte will require a series of adaptation
efforts that go beyond the chemical mechanisms covered by
this Minireview. Biologists call for reversibly responsive
probes that detect the presence of dynamically expressed
proteins of interest. In view of their presence in only tiny
concentrations, the design of such a probe remains a formida-
ble task. In this Minireview we hope to have provided the
reader with a source of inspiration for his own design
endeavors.

Figure 2. Water-T1(NMR) monitoring (top) and T1-weighted MRI mon-
itoring (bottom) of a magnetogenic response by probe 13. w/o red.
stim. = without reductive stimulus, PB =phosphate buffer.
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