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From electron spin to relaxivity: a multidisciplinary
perspective on first-row transition metal-based
MRI probes
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The electron spin is a key enabler of some of the most advanced current technologies. A prime example is
the development of MRI contrast agents, where precisely engineered electron spin properties are utilized to
enhance the capabilities of one of the most powerful diagnostic tools in the medical science. Clinically
approved contrast agents are based on paramagnetic gadolinium(i) complexes. However, to alleviate
health and environmental concerns, as well as for specialized applications, alternatives are sought after.
Due to their rich chemistry, abundance and low toxicity first-row paramagnetic transition metal ions are
emerging as an appealing alternative. A large experimental effort is needed to engineer the new
generation of contrast agents. The primary source of information comes from Nuclear Magnetic
Relaxation Dispersion (NMRD) profiles. While fitting these profiles can, in principle, yield all the structural
and dynamic parameters that influence relaxation, the underlying theoretical models demonstrate
a significant challenge. The parameters affect the NMRD profiles in highly coupled, non-separable ways,
meaning that a simple, unconstrained fit often results in a non-unique solution. Consequently, the
independent experimental determination of some, and preferably most, of these parameters offers
a considerable advantage in obtaining reliable and physically meaningful information. This perspective
outlines an integrated approach that exploits Electron Paramagnetic Resonance (EPR) spectroscopy for
the accurate determination of key molecular parameters. Specifically, EPR is used to quantify the
rotational correlation time, the closest proton—-metal distance, and the electron spin density at the
proton. This methodology is particularly relevant for contrast agents based on first-row transition metal
ions. We discuss the contribution of EPR in a complementary context with well-established techniques
such as NMR and DFT.

applications rely on the careful engineering and control of the
longitudinal and transverse relaxation times (7; and T5).

Spins are prototypical quantum objects, readily detectable and
controllable with electromagnetic radiation, and play a central
role in the development of better materials for energy conver-
sion and storage,>* more powerful and secure communication
technologies,* and more efficient and safer diagnostic proce-
dures in biomedicine.® Spin-bearing (paramagnetic) molecules
are key in two technological areas of crucial importance for our
society: Magnetic Resonance Imaging (MRI)*” and the emerging
field of quantum information technologies.®® Both these
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Applications in quantum information technology require
designing systems where both these parameters are long." On
the other hand, contrast agents for application in MRI should
efficiently shorten the relaxation times of water proton nuclei in
their vicinity." These requirements are both related to the
electronic and geometric structure of paramagnetic metal
complexes and the nature of the coordination spheres as well as
on the spin-density distribution and electron-nuclear spin
interactions across subsequent ligand spheres. A detailed
understanding of such factors and their dependency on the
electronic and geometric structure of paramagnetic molecular
complexes is therefore practically relevant, as it provides guid-
ance for the control and implementation of sensitivity in
quantum sensing, the number of operations in quantum algo-
rithms and the efficiency of MRI contrast agents. This last
aspect is the subject of this perspective.

MRI contrast agents (CAs) based on paramagnetic metal
complexes have contributed to the success of MRI as
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a diagnostic procedure in medical science. To date, all clinically
approved CAs are Gd(umr) polyaminocarboxylate chelates (Fig. 1)
which are particularly effective in shortening the 'H relaxation
times of water by virtue of their high spin state (S = 7/2) and
long electronic relaxation times."> Over tens of millions of
contrast-enhanced MRI exams are performed annually around
the world. It is noteworthy that, at present, 8% of the Gd market
share is absorbed by the manufacture of pharmaceutical prod-
ucts for MRI applications. Given that Gd is an element foreign
to the human body, there are increasing concerns regarding the
long-term safety of Gd(m) compounds,*™¢ as well as the avail-
ability and supply chain of the element itself."” Additionally,
there is an increasing environmental concern, as anomalously
high concentrations of this element of anthropogenic origin
have been detected as a result of the extensive use of CAs.***
These three factors combined are prompting a revival in
research efforts devoted to alternatives, with emphasis on
paramagnetic first-row transition-metal (TMI) complexes.> In
addition to being earth-abundant and thus readily available,
most TMISs are essential elements naturally present in the body.
Consequently, when properly handled, they pose a reduced risk
to human health, as human physiology has, within certain
limits, evolved mechanisms to manage excesses of these free
ions. Furthermore, a key advantage of first-row TMIs is their
ability to display multiple oxidations and, consequently, spin
states. This property can be exploited to engineer stimuli-
responsive probes that can report on the redox landscape of
the biological milieu. As paradigmatic examples, it is well
known that diseases such as cancer, stroke, and atherosclerosis
lead to a perturbed biological redox environment.

For these reasons, high-spin Mn(u1) and Fe(ur) complexes are
currently attracting significant interest in the field (Fig. 1).>**
Excellent and detailed reviews and book chapters are already
available on these topics, particularly concerning Gd(m) and
Mn(u) complexes, for which characterization methodologies are
well established and yield highly reliable results.>****** On the
other hand, well biologically tolerated simple spin S = 1
systems, such as vanadyl V(i) or Cu(u), which are already
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investigated for biomedical applications (i.e. therapeutic agents
for their antidiabetic effects, anticancer drugs or radiotracers
for PET imaging) may also hold promise as potential MRI
contrast agents for specific applications (Fig. 1).>**° As an
example, Cu(u) and V(wv) can easily convert to their diamagnetic
counterparts, Cu(i) and V(v), making them intriguing candi-
dates as potential “smart” redox switchable sensing contrast
agents. This latter field of research, however, is largely unex-
plored and is the main focus of this perspective.

Due to their intrinsic physical properties, TMIs will never
reach the paramagnetism displayed by Gd since, for instance,
the maximum number of unpaired electrons corresponds to the
number of orbitals in the shell, 5 3d orbitals (Sy,ax = 5/2) versus 7
4f orbitals (Syax = 7/2). However, the electron magnetic
moment is just one of the relevant parameters involved. Ligand
exchange rates, electronic relaxation times, metal-water
distances and spin density distributions are all parameters that
can be effectively tuned with ease in TMIs complexes since, as
opposed to Gd, TMIs enjoy a much richer chemistry in which
the nature and number of the ligands greatly influence the spin
properties. This provides a limitless playground within the
chemical science. In order to make these molecular entities
viable alternatives to Gd, it is of central importance a thorough
understanding of the spin dynamics of paramagnetic
complexes of earth abundant and essential TMIs complexes,
with the specific goal of designing of new and safer MRI
contrast agents. In the last decade, the structural and physical
factors responsible for spin dynamics of molecular S = 1/2 TMIs
complexes have been studied in detail and reviewed, but with
the intended application as potential spin qubits.® Specifically,
chemical structures and environments have been engineered to
provide long spin-lattice and phase-memory relaxation times.
While some insight can be transferred from the wealth of
studies present in the literature, the application of TMIs as
contrast agents presents many peculiarities that need to be
addressed.

Given the large parameter space needed to model the
behavior of contrast agents in this perspective, we propose and
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Fig. 1 Representative chemical structures of paramagnetic metal complexes. These complexes are categorized by their current status as MRI
contrast agents: Gd(i)-based agents that are in clinical use; Mn(i) and Fe(il) complexes in active development; and V(v) and Cu(i) complexes

under investigation for future perspectives.
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discuss a combined approach where Electron Paramagnetic
Resonance (EPR) spectroscopy as well as nuclear magnetic
relaxometry techniques and computational modelling provide
a new and comprehensive understanding of the factors gov-
erning the spin dynamics and the relaxivity of a first row TMI
including under different experimental conditions (pH, redox
environment, etc.). This perspective highlights the unique
contribution, as well as the area of applicability, of EPR spec-
troscopy for independently quantifying many of the crucial
factors that dictate the performance of TMI-based contrast
agents. We detail how these insights can be integrated with
experimental relaxivity measurements and advanced quantum-
chemical models to establish a robust framework for data
interpretation. This approach, in turn, provides a clear set of
guidelines for the rational tuning and engineering of para-
magnetic TMI complexes, leveraging their fundamental elec-
tronic structure to optimize their relaxation properties.

2. Overview of the mechanisms of
proton relaxation by paramagnetic
metal ions

2.1 The phenomenon of paramagnetic relaxation
enhancement (PRE)

Paramagnetic metal ions possess the remarkable ability to
significantly augment nuclear spin relaxation rates (R; or
longitudinal and R, or transverse) for nuclei situated in their
proximity. This phenomenon, formally referred to as Para-
magnetic Relaxation Enhancement (PRE), arises from the
dynamic hyperfine interactions occurring between the unpaired
electron spins of the metal ion and neighbouring nuclear spins.
Consequently, PRE constitutes a potent mechanism for accel-
erating the recovery of nuclear magnetization to its equilibrium
state.>”?®

The primary driver of PRE is the electron-nucleus dipolar
interaction. Unlike homonuclear or heteronuclear dipolar
relaxation, which involves interactions between nuclear spins,
paramagnetic relaxation is governed by the coupling between
the magnetic moment of the unpaired electrons at the para-
magnetic center and the magnetic moments of nearby nuclei.”®
The strength of this interaction is proportional to the product of
their respective gyromagnetic ratios (y. and yy). Given that an
electron's gyromagnetic ratio is approximately 660 times greater
than that of a proton, the resulting dipolar interactions are
significantly more potent than those involving only nuclear
spins. This substantial enhancement underscores the excep-
tional efficiency of paramagnetic centers in promoting nuclear
spin relaxation, forming the theoretical basis for their use as
MRI contrast agents and paramagnetic tags in NMR
spectroscopy.

2.2 Quantifying relaxation efficiency: relaxivity ()

The paramagnetic contribution to the nuclear spin relaxation
rate of solvent molecules, denoted as R? (where i = 1 or 2), is
directly proportional to the concentration of the paramagnetic
species in solution.*®*' To facilitate meaningful comparisons

© 2025 The Author(s). Published by the Royal Society of Chemistry
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between different metal ions or MRI contrast agents, it is

standard practice to normalize R? to a fixed concentration,

typically 1 mM. This normalization yields a concentration-

independent metric known as relaxivity (r;), defined as:
(R*—RY) R

(v )

Here (eqn (1)), R?™ is the observed relaxation rate in the pres-
ence of the paramagnetic agent, R} is the diamagnetic relaxa-
tion rate of the solvent (e.g., water protons) in the absence of the
agent, and [M] is the molar concentration of the paramagnetic
metal ion. Relaxivity (r;) quantifies the efficiency with which
a paramagnetic agent enhances relaxation per millimolar
concentration unit and is expressed in units of mM ' s 13233 It
serves as a critical figure of merit for evaluating and comparing
the performance of paramagnetic systems under standardized
conditions. For instance, an aqueous solution of the
[GA(DTPA)(H,0)]*" complex at a concentration of 4.96 mM,
examined at pH 7.4, 298 K, and a proton Larmor frequency of 20
MHz, exhibits an observed longitudinal relaxation rate (R?") of
23.90 s '. Subtracting the R,;" of 0.38 s™' (under identical
conditions) and normalizing by the Gd(m) concentration yields
a longitudinal relaxivity (r;) of 4.72 mM ™" s~

Relaxivity is not an intrinsic constant for a paramagnetic
agent; it is notably dependent on the applied magnetic field
strength (and thus, the Larmor frequency).*® Furthermore, the
inherent magnetic and physicochemical properties of the
specific metal ion dictate the potential range of relaxivity values.
Consequently, a vast amount of relaxivity data accumulated over
the past ~30 years is typically reported under standardised
conditions, often 0.5 tesla and 298 K, to allow for meaningful
comparisons. Table 1 compiles longitudinal proton r; data for
selected 3d transition series and lanthanide metal ions, along
with some of their key characteristics.

2.3 Fundamental relaxation mechanisms: the Solomon-
Bloembergen-Morgan (SBM) framework

The theoretical basis for understanding PRE was largely estab-
lished by Solomon, Bloembergen, and Morgan (SBM).***” The
SBM theory and its subsequent modifications provide analytical
expressions for relaxation rates, enabling the fitting of experi-
mental data. According to this framework, the paramagnetic
contribution to the relaxation rate of a nucleus influenced by
a paramagnetic center arises primarily from two hyperfine
interaction mechanisms:*®

(a) Dipole-dipole (DD) interaction: this contribution arises
from the long-range magnetic dipole-dipole coupling between
the magnetic moment of the unpaired electron and the nuclear
spin. This is a through-space interaction that is exquisitely
sensitive to distance, and, for fluctuating dipoles such as in
fluid solutions, decays rapidly with the inverse sixth power of
the separation between the metal center and the nucleus (ry-
1 °). This mechanism is typically the dominant contributor to
relaxivity in many biologically and chemically relevant
complexes, including those based on Fe(ur), Mn(u), Gd (), and
other lanthanides.

Chem. Sci., 2025, 16, 20631-20646 | 20633
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Table 1 Electronic configuration, spin state (S), effective magnetic moment (ues), longitudinal proton relaxivity (r1) and electron relaxation time

(t¢) for various hydrated metal ions

Electronic configuration S Hegr (BM)™? ry/mM ™t 57 (0.5 T, 298 K)*44E 7, () (1.5-3.0 T)&"

[Ti(H,0)e]** [Ar]3d" 1/2 1.7 0.9 =4 x 10"
[VO(H,0)s]* [Ar]3d" 1/2 1.7 0.9 ~5x 10"
[Cr(H,0)e]** [Ar]3d? 3/2 3.9 5.6 5.4 x 107817 x 1077
[Mn(H,0)¢** [Ar]3d® 5/2 5.9 7.7 5 x 107%-1.5 x 1077
[Fe(H,0)e]*" [Ar]3d® 5/2 5.9 12.1 4 %1014 x 107°
[Co(H,0)e)*" [Ar]3d” 3/2 3.9 0.1 10" "-10"?
[Ni(H0)6** [Ar]3d® 1 2.8 0.7 10" "-10""?
[Cu(H,0)6** [Ar]3d°® 1/2 1.7 0.9 =3 x107"°
[GA(H,0)s9)*" [Xe]af’ 712 (J = 7/2) 7.9 12.7 1.0 x 107°-2.5 x 10°°
[Dy(H,0)s]** [Xe]af® 5/2 (] = 15/2) 10.7' 0.6 0.4 x 107"
[Ho(H,0)s]* [Xe]af'® 2(7=8) 10.6' 0.4 03 x 10"

“ Ref. 36 ? Ref. 37. ¢ Ref. 38. ¢ Ref. 39. ® Ref. 40./ Ref. 41 and 42. ¢ Ref. 43. " Ref. 44.  u.g due to total magnetic moment (J = L + S).

(b) Scalar or Fermi contact (SC) interaction: this is a through-
bond interaction resulting from the delocalization of unpaired
electron spin density onto the observed nucleus via covalent
bonds. The contact contribution is usually negligible for
lanthanide complexes such as Gd(ui) due to the shielding of 4f
electrons by outer shell electrons*>* but can be significant for
certain transition metal complexes with substantial metal-
ligand orbital overlap. While often minor in the context of bulk
relaxivity, contact shifts are critical in paramagnetic NMR
studies of metalloproteins and small paramagnetic ligands.

A third mechanism, Curie Spin relaxation (CS), also
contributes, particularly at high magnetic fields and for systems
with slow molecular tumbling or short electronic relaxation
times. It arises from the static magnetic field generated by the
thermally averaged electron spin magnetic moment. The CS
mechanism gains importance under conditions where the
dipolar coupling is effectively controlled by the electronic
relaxation time; this occurs when 7 is significantly shorter than
the rotational correlation time. In essence, the contribution of
the CS mechanism is intrinsically linked to the chemical and
physical characteristics of the metal ion itself.

2.4 Contributions from different water environments: the
hydration sphere model

NMR relaxometry is a powerful technique for probing the
dynamic interactions between water molecules and para-
magnetic complexes. By measuring the relaxation rates of
specific nuclear spins in water, namely "H and "0, we can gain
detailed insights into the different environments and exchange
pathways of water in the vicinity of these metal ions. This is vital
for characterizing MRI contrast agents, where water relaxation
efficiency is paramount. The overall observed relaxivity can be
dissected into contributions from water molecules in different
environments relative to the paramagnetic centre (Fig. 2):

(1) Inner sphere (IS) contribution: arises from water mole-
cules directly coordinated to the metal ion. This is often the
most significant contribution due to the close proximity and
strong dipolar interaction, coupled with their exchange with
bulk water.

20634 | Chem. Sci., 2025, 16, 20631-20646

(2) Second sphere (SS) contribution: involves water mole-
cules not directly coordinated but transiently associated with
the complex, typically via hydrogen bonds to the ligand. These
water molecules experience a weaker, but still significant,
interaction with the paramagnetic centre. Their contribution
depends on their population, residence time in this sphere, and
exchange rate with bulk water. For certain contrast agents,
particularly those with specific ligand functionalities (e.g.,
hydroxyl or amide groups), these “long-lived” second-sphere
water molecules can substantially enhance overall relaxivity.

(3) Outer sphere (OS) contribution: accounts for water
molecules diffusing freely in the bulk solution that transiently
approach the paramagnetic complex. The dipolar interaction is
weaker and time-averaged due to rapid translational diffusion.
This contribution is generally less efficient than IS relaxation
but is always present and can be more prominent for smaller
complexes or those with slow inner-sphere water exchange.

The total relaxivity is thus the sum of these components (eqn

(2)):

=SS i=1,2 (2)
Each component contributes differently based on spatial
proximity, interaction strength, and dynamic behaviour. Details

on the inner and outer-sphere mechanisms can be found as SI.

Ligand
Paramagnetic
metal ion

Cﬂ Inner - sphere (IS)

Outer - sphere (0S)

Second - sphere (SS) 2

Fig. 2 Three distinct mechanisms of water interaction with the
paramagnetic metal center.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.5 Key factors influencing relaxivity

The data in Table 1 illustrate that r; is not simply proportional
to the effective magnetic moment. Instead, relaxivity

a complex function of several interconnected parameters,*
which are graphically illustrated in Fig. 3:

e Number of coordinated water molecules (g): inner-sphere
water molecules, directly bound to the metal ion, experience
the most intense interaction with the unpaired electron spins
and are crucial determinants of relaxivity.

1
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e Water exchange rate (k.): the rate at which inner-sphere
water molecules exchange with bulk water (kex = 1/1\, Where
Ty is the residence lifetime). An optimal exchange rate is vital
for effectively transferring the relaxation enhancement from
coordinated water to the bulk solvent.

e Rotational correlation time (7): this parameter reflects the
reorientational tumbling rate of the paramagnetic complex in
solution. Dipolar relaxation efficiency is often maximized when
Tr is comparable to the inverse of the proton Larmor frequency.
Larger complexes generally have longer 1, potentially leading
to higher relaxivity, especially at higher magnetic fields.
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Fig. 3 The figure illustrates the molecular and dynamic characteristics of a paramagnetic metal chelate obtained through various experimental
and theoretical methods. Each parameter is color-coded to represent the specific technique used. A general function that correlates '°r; to the
molecular and dynamic parameters of the probe and the magnetic field frequency (w) is reported below. A more detailed explanation of this
equation is provided in the SI.
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e Electronic relaxation times (Tye, T»e): These describe the
relaxation rates of the metal ion's electron spins. For efficient
paramagnetic relaxation, Ty, and T5. should be sufficiently long
to maintain a defined electron spin state during the interaction
with water protons. The significant disparity in r; values
between Gd™ (long T;.) and Dy"/Ho™ (short T;.) in Table 1
highlights this factor.

e Distance between metal ion and water protons (rye_n): The
dipolar interaction's Ineert © dependence means that even
small changes in this distance, particularly for inner-sphere
water, significantly impact relaxivity.

e The isotropic hyperfine coupling interaction (Pajg,)
responsible for the contact contribution, which may be signif-
icant for transition metal complexes (i.e. VO** and Mn>") as
compared to lanthanides.”®* The g, values are generally
expressed in MHz in EPR studies and in rad s in relaxometric
studies, being denoted as Ay/#, with A/ = 27 x Pajg,.

These parameters are, in turn, influenced by various struc-
tural and chemical attributes of the complex, such as ligand
donor atoms, coordination geometry and symmetry, steric
interactions, net charge, and molecular size. Consequently,
tailoring a complex for optimal relaxivity at a specific frequency
is a significant challenge in coordination chemistry, requiring
rational ligand design to balance these factors while main-
taining thermodynamic stability and/or kinetic inertness.

2.6 Magnetic field dependence and NMRD profiles

The relaxivity of a paramagnetic complex is not a static property;
rather, it varies significantly with the strength of the applied
magnetic field. This variation, often expressed as a function of
the proton Larmor frequency (wy), reflects how efficiently the
complex enhances the relaxation rate of water protons across
different field strengths. This field dependence is of critical
importance because both clinical MRI systems (typically oper-
ating at 1.5 T, 3 T, or 7 T) and high-field NMR spectrometers
operate within specific magnetic field regimes. As such, the
performance of a contrast agent or a relaxation enhancer must
be evaluated at relevant magnetic field strengths to ensure
optimal effectiveness in the intended application. A contrast
agent that performs well at low magnetic field (or low frequency)
may become significantly less effective at higher fields due to
changes in electron relaxation times and the frequency depen-
dence of Ty, (proton relaxation time of bound water, eqn
(S3)-(S6)). We can identify three typical ranges of applied
magnetic field strength (Fig. 4).

Low magnetic fields range (<0.1 T): the relaxivity is often
dominated by the electronic relaxation times (T;,e) of the
paramagnetic metal ion. The dipolar interaction term in the
Solomon-Bloembergen-Morgan (SBM) theory is sensitive to ws.
In some instances, a scalar contribution is observed in this
region of the Nuclear Magnetic Relaxation Dispersion (NMRD)
profile.

Intermediate magnetic field range (0.1-1.5 T): this is often
the most dynamic and informative range, where significant
changes in relaxivity are observed. For small to medium-sized
complexes, the tumbling of the molecule (tz) is a key

20636 | Chem. Sci, 2025, 16, 20631-20646
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Fig. 4 'H T, NMRD profile of a low molecular paramagnetic chelate
highlighting the three characteristic ranges of applied magnetic fields
and the corresponding NMR and EPR characterization techniques. The
EPR bands correspond to the following frequency-field pairs: X-band
(9.5 GHz/0.350 T), Q-band (34 GHz/1.20 T), W-band (95 GHz/3.50 T).

modulator of the dipolar interaction. Notably this is also the
typical magnetic field regime accessible with standard EPR
spectrometers: 0.350 T (~9.5 GHz or X-band), 1.20 T (~34 GHz
or Q-band), 3.50 T (~95 GHz or W-band).

High magnetic fields range (>1.5 T): as the magnetic field
strength increases to very high values, the relaxivity exhibits an
additional, characteristic decrease. While the rotational corre-
lation time and the water exchange lifetime remain indepen-
dent of the magnetic field, the electron relaxation rate generally
increases with field strength. However, according to the SBM
equation (eqn (S4)), when the proton Larmor frequency reaches
very high values (hundreds of MHz), the relaxivity displays
a marked decrease (SI). This reduction becomes particularly
pronounced for complexes of medium to high molecular weight
(tr > 0.5 ns), where molecular reorientation is relatively slow.

The measurement and analysis of this magnetic field
dependence are performed through NMRD profiles. Experi-
mentally, this is achieved using a time-domain NMR instru-
ment known as field-cycling (FC) relaxometer,*>** the primary
tool for acquiring detailed NMRD profiles. An FC relaxometer is
capable of rapidly varying the magnetic field strength over
a broad range, typically from a few kHz up to several hundred
MHz. The experimental protocol involves three main steps:
polarization of the sample at high magnetic field, rapid
switching to a lower, precisely controlled “relaxation field”
where T, relaxation occurs and is measured, and return to high
field for signal detection with enhanced sensitivity. This
method enables the continuous measurement of R; (and in
some cases R,), as a function of the magnetic field, offering
critical insight into molecular dynamics and relaxation mech-
anisms. Data points at higher magnetic fields (e.g. >120 MHz)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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can be acquired using conventional high-field NMR spectrom-
eters. These measurements complement those obtained from
FC relaxometers, extending the NMRD profile into the high-
frequency range.

The vast majority of available relaxivity data have been ob-
tained for Gd(m) and Mn(u) complexes®* with a growing
number of studies in recent years focusing on Fe(m)
complexes.***® In principle, NMRD profiles depend on
numerous structural (e.g., "ve-t1, "@iso, ) and dynamic param-
eters (e.g., Dy, Tr, Tm)- Consequently, fitting these profiles using
too many free parameters can easily lead to multiple plausible
solutions.

To address this, it is standard practice to fix certain param-
eters at reasonable values, either estimated or obtained from
DFT calculations or independent experimental techniques. We
will show in the following how EPR spectroscopy can provide
detailed measurement of many of such parameters, which
combined with advanced DFT methods enable reliable fitting
and thorough understanding of the NMRD profiles.

3. The EPR perspective

EPR spectroscopy detects species with unpaired electrons and
yields detailed information on both their geometric and elec-
tronic structure and dynamics. It is therefore the technique of
choice to directly answer the key questions related to the role of
the electron spin in determining the relaxivity.

EPR shares the same fundamental principles than NMR
spectroscopy that is both EPR and NMR probe the interaction of
magnetic dipoles with an applied magnetic field and electro-
magnetic radiation of the appropriate wavelength. Whilst NMR
is concerned with the splitting of nuclear spin states in
a magnetic field, EPR is concerned with the splitting of elec-
tronic spin states. The main differences are: (i) that the
magnetic moment of the electron is much larger than any
nuclear magnetic moment (at least ca. 660 times), as a conse-
quence the energy scale is ca. 1000 times larger and the char-
acteristic time scale is also 1000 times faster; and (ii) given the
delocalized nature of an electron in the semi-occupied molec-
ular orbital (SOMO) the magnetic moment of the electron
cannot be treated as a point dipole and its spatial average must
be taken into account.

Unpaired electrons experience a number of magnetic inter-
actions when confined in a molecular system, which impact the
energy of the system as quantified by the spin-Hamiltonian. Of
these the most relevant for this discussion are the Zeeman and
hyperfine interactions, quantified by the g- and A-matrices. If
more than one unpaired electron is present the zero-field
splitting matrix must also be considered. The g-matrix
provides information about the local symmetry of the para-
magnet while the A-matrix reflects the spin density distribution
in the SOMO and the spatial relations between the electron
magnetic moment and any nuclear magnetic moment nearby.

Local symmetry, spin density, geometry and dynamics have
all direct impact on PRE. Therefore, EPR provides direct
chemical and physical information that help the understanding
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and rationalization of relaxivity, and can guide the rational
design of improved contrast agents.

3.1 Rotational correlation time

All magnetic interactions are anisotropic. Anisotropies are
motionally averaged in fluid solution when the characteristic
time scale of the motion exceeds the spectroscopic timescale.
However, residual anisotropic contributions are often observed
in fluid solution spectra of TMI complexes which can be
exploited to derive molecular dynamic parameters. EPR is well
suited for this task as the characteristic timescale depends on
the inverse of the electron Larmor frequency (ca. 0.1 ns at 350
mT), which matches with the characteristic times of molecular
motions.

In fluid solution, molecules move according to a Brownian
rotational diffusion motion and are said to tumble. The time
scale of this motion can be characterized by a rotational
correlation time ti, which is defined as the time required for
a paramagnet to tumble through an arc of 1 rad. 1y is related to
the rotational diffusion rate constant D by 1 = 1/6D.

For small molecules in non-viscous solvents 1y is of the order
of 10 ps whereas it reaches values of the order of 1 ns to 100 ns
for larger systems, such as proteins and other macromolecules.
If the molecule and its solvation sphere can be approximated
with a sphere of radius r (i.e., r is the hydrodynamic radius of
the “spherical” solute) in a solvent with viscosity 7, the rota-
tional correlation time can be estimated by the Stokes-Einstein
equation (eqn (3)):

4menr?
= 3
= ST (3)

To accurately determine 1z from EPR data in solution, prior
knowledge of the relevant magnetic anisotropies, g and A, is
essential. These can be obtained from solid-state EPR spectra in
frozen solution. The effects of rapid tumbling (much faster than
the EPR timescale) is an averaging of the g and A tensor
components. The spectrum is therefore mainly determined by

1
the averaged values 8iso = 3 (gx+8 +8) and

1 .
Qiso = E(Ax+Ay+Az). However, unless the paramagnet is

tumbling infinitely rapidly compared to the EPR timescale
residual effects of the g and A anisotropy are still observable and
manifest in a broadening of the individual hyperfine lines. A
typical example of this is shown in Fig. 5 for the case
[VO(H,O)s]*".

For a paramagnet with § = 1/2 the peak-to-peak Lorentzian
linewidth can be expressed as a polynomial in the nuclear
magnetic quantum number m; (eqn (4)):

AB(p,p) =a+ ﬁml + 7m12 +... (4)

where «, 3, and vy are constants containing the rate of tumbling
(tr) and the anisotropies of g and A.*” Therefore, AB(;, ;) of each
EPR line depends on the m; value involved in the transition
while the second term in eqn (4) imposes a progressive change
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Fig. 5

(a) Schematic representation of the energy level diagram of an S =

1/2, 1 =7/2 system in magnetic field with an ajs, < 0 as it is the case for

[VO(H,0)s]?*. The arrows indicate the allowed EPR transitions (Ams = 41, Am, = 0). The [VO(H,0)s]>" isotropic EPR spectrum is shown as
a reference. (b) frozen (77 K) and fluid solution (294 K—-353 K) EPR spectra of [VO(H,0)s]?* (black experimental, red simulated). The arrows
indicate the hyperfine lines averaged by molecular tumbling. The shaded area highlights the effect of temperature on the linewidth of the m, =
+7/2 transition. (c) Temperature dependence of 1z as extracted from the simulations in (b). Data taken from ref. 25.

in the linewidth across the spectrum with the biggest positive my
value experiencing the largest broadening. A qualitative way to
understand the m; dependence of linewidths in fluid solution is
to consider how molecular tumbling averages the parallel (J|)
and perpendicular (L) components of a specific my, as illus-
trated by the arrows in Fig. 5b. The larger the difference in
magnetic field between the parallel and perpendicular compo-
nents being averaged, the faster must be the tumbling to fully
average the anisotropy. Consequently, in fluid solution, the
resonances associated with a particular m; value that exhibit the
widest spread are less effectively averaged, resulting in broader
lines.>® At a given temperature, Ty is extracted by fitting the my
dependent linewidth of the solution EPR spectrum either
phenomenologically through eqn (4) or by solving the stochastic
Liouville equation.®**

A more robust estimation involves measuring EPR spectra
over a temperature range, enabling the averaging of the g- and A
anisotropies based on the temperature-dependent rate of motion
of the paramagnet. Assuming an Arrhenius-type behaviour, this
approach also yields the activation energy for the rotational
diffusion (Fig. 5c¢).*® Importantly EPR derived tg, reflects the
tumbling of the entire paramagnetic complex, including its
hydration shell, whereas NMR relaxivity specifically depends on
the reorientation of the Me---H vector (where H is a coordinated
water proton). According to SBM 1 has an influence on the
relaxation time of these protons, Tj,, and therefore affects
relaxivity. Generally, slower molecular tumbling (larger 13) leads
to enhanced relaxivity. For approved contrast agents 1y is of the
order of 0.1 ns, increasing it, e.g. by conjugating the complex to
bulky carriers like dendrimers, polymers, or proteins, has proven
effective in improving relaxivity.>

A few words of caution are appropriate at this stage. In fact,
the EPR approach described here requires (1) that an EPR
spectrum is observed at room temperature with (2) sizable
anisotropic interactions. The former usually excludes TMI in
high spin states, with the notable exception of Mn** (§ = 5/2).
However, for Mn?', the small anisotropies limit the

20638 | Chem. Sci,, 2025, 16, 20631-20646

applicability of the approach and may benefit from a multifre-
quency analysis.®*

3.2 Electron relaxation times

An EPR experiment involves the absorption of electromagnetic
radiation by unpaired electrons, resulting in a reversal of the
orientation of their magnetic moment in the presence of an
external magnetic field. Following this energy absorption,
relaxation processes must occur to dissipate the excess energy
and return the system to thermal equilibrium.®**” The longi-
tudinal (spin-lattice) relaxation time, Ty, quantifies the rate at
which the longitudinal magnetization (aligned along the
direction of the static magnetic field B, i.e. along the z-axis)
returns to its equilibrium value. This occurs through energy
transfer from the electron spin system to the surrounding
lattice (thermal bath). A second process characterized by the
transverse relaxation time (7,) describes the loss of phase
coherence of the transversal magnetization (in the xy plane) due
to interactions among spins. In the physics literature T}, is often
referred to as the coherence time. In solids T, vastly exceeds Ty,
however in fluid solution at room temperature the two times
constants converge, with T; often becoming the limiting factor.

In solution, three main relaxation mechanisms to 7, can be
present: (i) spin rotation; (ii) modulation of g- and/or A-anisot-
ropy; and iii) modulation of the zero-field splitting (ZFS) for S >
1/2. All these processes depend on the magnitude of the cor-
responding anisotropies which is modulated by the molecular
tumbling. In turn, the effectiveness of a particular process is
also affected by the working microwave frequency, i.e. the larger
the microwave frequency the faster the tumbling needed to
achieve the same averaging effect.

For a S = 1 system, the cumulative effect of all these

2
processes can be summarized as follows (eqn (5)):

1 Csr

7= et (Gt C)I) ()
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Here 7ty is the rotational correlation time, Csy is the spin rota-
tion coefficient, proportional to (Ag)* (i.e. Ag = g — ge, with g. =
2.0023) and reflects the spin-orbit contribution to the ground
state. Cy is the coefficient related to g anisotropy proportional to
the square of the anisotropy and to w.” where w, is the electron
Larmor frequency. C, is the coefficient associated to the
modulation of the squared A anisotropy. J(w.) is the spectral
density of the paramagnet motion as defined by the Bloem-
bergen-Pound-Purcell model and takes the form (eqn (6)):

G S (6)

I(we) = 1+ (wetr)’

For S > 1/2, such as Gd(m) and Mn(u), the equations
describing electron relaxation in SBM theory need including the
ZFS interaction and are reported in the SI (eqn (S13) and (514)).

In a rigid lattice (or frozen solutions) and neglecting nuclear
spins, T, is dominated by the orientation-dependent (static)
dipolar interaction between the unpaired electrons, therefore 7,
is approximately proportional to 1/r..’, where r.. is the distance
between unpaired spins, as shown by Bloembergen et al.*>*” For
a uniform distribution of spins 1/re. = 34/C X Nj, Le. the inverse
of the average distance depends on the concentration, C
(expressed in moles per cubic meter), and N, is the Avogadro’s
number.

Measurements of electron relaxation times in fluid solution
are typically performed either via saturation recovery experi-
ments, in which the EPR signal is observed after the irradiation
with a long and weak pump pulse, or via saturation curves, in
which the EPR signal intensity is monitored as a function of the
applied microwave power. While the former can be performed
both in CW and pulsed mode, the latter is typically limited to
CW measurements and only provides the product of T; and 7.
If solid samples are available the most common method is the
inversion recovery pulse sequence, which however requires
a sufficiently long 7, to detect an electron spin echo. The
experimental determination of electronic relaxation times can
be used to access the nuclear relation times as recently shown at
low temperature for Gd(ur) complexes® and nitroxide radicals.*

3.3 Electron spin density distribution and electron nuclear
distances

The interaction between the magnetic moment of the unpaired
electron and the magnetic moment of a nucleus gives rise to the
well-known hyperfine interaction, which leads to the charac-
teristic multiline patterns observed in standard EPR spectra —
provided that its magnitude exceeds the intrinsic linewidth
(>15-30 MHz for S = 1 TMIs). Weaker hyperfine interactions -
critical for understanding relaxivity - can be detected using
hyperfine spectroscopies. These techniques offer sub-MHz
resolution and enable the measurement of the NMR spectra
of magnetic nuclei coupled to the electron spin. The main
methods include ENDOR (electron nuclear double resonance),”
ESEEM (electron spin-echo envelope modulation), HYSCORE
(hyperfine sublevel correlation)” and EDNMR (Eldor-Detected
NMR).” The isotropic hyperfine coupling, "a;,, is directly
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proportional to the electron spin density at the proton, py*?,
according to (eqn (7)):
2u, 1 .
a = 370 5 Bettpgninp™” (7)

where p, is the vacuum permeability, g. is the electron g-factor,
up is the Bohr's magneton, g, is the nuclear g factor and uy is
the nuclear magneton, which for the proton have values 5.5857
and 5.05078317(20) x 10727 J T~ ', respectively.

In the context of contrast agents, this interaction causes the
so-called contact shifts, which are a consequence of the delo-
calization of unpaired electron spin density across chemical
bonds. For this reason, they are only observed for nuclear spins
fairly close to the paramagnetic center in terms of number of
bonds.

Hyperfine spectroscopy not only measures the electron spin
density at the proton, but can also provide a direct measure of
the electron proton distance through the dipolar interaction
between the metal and the nucleus (Table 2). The orientation
dependent dipolar interaction, known as anisotropic hyperfine
interaction, T, in a static point-dipole approximation takes the
form:

(3cos?6 ; 1) ®)

Hp _ Mo .
—47'chg MBENMN Ittt

With a good approximation, for protons in transition metal
complexes, the spin density can be assumed to be localized at
the central metal ion and the typical metal-proton distance
(>2.5 A) justifies the adoption of eqn (8). In this way, the
distance between the proton and the central ion, rye-p, can be
directly derived for a rigid (frozen) system. Frozen samples
represent a snapshot of a fluid solution and not only provide the
mean distance and spin density at the proton but also the
corresponding distribution of orientations and distances. The
latter is particularly important, since all contrast agents in
solution experience a set of conformations due to, for instance,
thermal vibrations and collisions with the solvent. The hyper-
fine approach on an ensemble allows the quantification of such
variability and provide an accurate estimate of two relevant
parameters — ' @jq0 and rye_y — that impact on relaxivity. Metal-
proton distances derived by EPR are therefore far more truthful
than data obtained from diffraction methods on single crystals
which lack the intrinsic variability present in solution. In
combination with proper DFT modelling (vide infra) these
experimental data yield atomistic structure but, more impor-
tantly, structure-properties correlations which can guide the
rational design of first-row contrast agents. We note that the
metal-proton distance can be obtained by ENDOR or other
hyperfine spectroscopies even in the more challenging cases of
TMIs and lanthanoids (Gd*") in high spin states.””* As a final
remark, hyperfine spectroscopy, in particular ESEEM, can be
used to provide an estimate of the number of coordinated water
molequles (g).”

3.4 0 EPR, NMR and water exchange kinetics

The synergistic use of O EPR and NMR is a powerful tool to
study of the nature of the chemical bond between the
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Table 2 Dependence of the accessible electron-nuclear distance (r)
as a function of the magnetic quantum number (/ for nuclei, or S for the
electron) and gyromagnetic ratio (y/2m). In the examples, a dipolar
interaction of 1 MHz was assumed. The analogue case for the elec-
tron-electron interaction is reported for comparison

Magnetic quantum

number v/27 (MHz T r (&)
e 1/2 —28024.9514 37.3
H 1/2 42.5774 4.3
’H 1 6.5359 0.7
B¢ 1/2 10.7084 1.8
HN 1 3.0777 0.3
70 5/2 —5.7742 0.6
1o 1/2 40.0776 4.0
31p 1/2 17.2514 1.7

paramagnetic metal and the oxygen atom of water binding
molecules and a unique source of information concerning
dynamic processes. "0 is the only magnetic isotope of oxygen.
It is characterized by a high spin quantum number (I = 5/2) and
very low natural abundance (0.038%). This implies that isotopic
enrichment is necessary for both EPR and NMR studies as
shown by Merbach et al. for Gd*" chelates.”

From '70O hyperfine data, typically obtained through the use
of hyperfine techniques, the spin density at the oxygen can
easily be estimated. For instance, for the simple case of an
unpaired electron (free electron, g. = 2.0023) on an s-type
orbital of a O nucleus with a unitary spin population (p; =
1) the observed isotropic hyperfine coupling constant is °a, =
—4622.83 MHz. If the electron resides in a p-type orbital, the
observed axial hyperfine constant is °b, = 130.5 MHz. Including
a correction for the difference in the g values, the spin pop-
ulations in s-type and p-type orbitals can thus be estimated as
(eqn (9) and (10)):

Aiso &e
= 0 % 9
: ap Ziso ( )
T g
== 10
pp bO 8iso ( )

These values are extremely sensitive on the nature of the
chemical bonding, allowing to discriminate between s and p
interactions, as well as assessing the degree of covalency in the
chemical bond.”

On the other hand, O NMR spectroscopy proves to be
a powerful tool for probing the dynamics of water exchange in
paramagnetic metal complexes. By enriching water with the 70
isotope, we can monitor the transverse relaxation rate (R,p) and
chemical shift (Aw,) of the water signal as it interacts with the
metal centre. By systematically measuring R,, and (Aw,) of the
bulk water's 7O NMR signal as a function of temperature, the
water exchange rate (k.) can be accurately extracted.”® This
method works because the observed relaxation and chemical shift
are weighted averages of the inner-sphere and bulk water prop-
erties, with the exchange rate dictating how effectively the rapid
relaxation of the bound water is communicated to the bulk.

20640 | Chem. Sci,, 2025, 16, 20631-20646
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4. Computational methods

Theoretical methods have evolved in terms of methodologies,
algorithms and software to a point where they have become
accessible to a wide community of chemists.”® These devel-
opments have made theoretical chemistry a key tool in the
design and understanding of metal-based MRI contrast
agents by enabling the prediction of structural, electronic,
and dynamic properties. The introduction of density func-
tional theory (DFT), along with the ongoing development of
more accurate functionals, has opened the door to modelling
metal complexes with unprecedented accuracy at a reasonable
computational cost.”* Moreover, ab initio methods such as the
complete active space self-consistent field (CASSCF) and other
multireference approaches can now be applied to relatively
large complexes, allowing for the accurate calculation of key
properties that are often beyond the scope of DFT.”>%
Molecular dynamics, either classical or ab initio, can also be
applied to metal complexes in aqueous environments,
providing access to key dynamic properties occurring in the
ps and even ns timescales (i.e. rotational and translational
diffusion, water exchange rates).***

For example, the number of coordinated water molecules
(¢) can be determined using both quantum mechanical and
molecular dynamics (MD) simulations.

Special care must be taken when applying DFT methods to
model MRI contrast agents in order to obtain reliable results.
First, the conformational space must be thoroughly explored
to ensure that the structure being modelled corresponds to
a global minimum on the potential energy surface. Second,
solvent effects must be appropriately accounted for. The use of
polarizable continuum models (PCM) can enhance the accu-
racy of computed structures; however, these models have
limitations — particularly when the ligand contains negatively
charged groups such as carboxylates or phosphonates. In such
cases, the inclusion of a few explicit water molecules is often
necessary to achieve accurate structural parameters.®® Ab initio
MD simulations (i.e. Car-Parrinello) can be performed, but
their computational cost is high, and thus only relatively short
simulation times are typically accessible.®” In the case of
lanthanide complexes, the use of metadynamics allowed to
access activation energies occurring in the ns and even ps
timescales, such as water and proton exchange.®®

Particular attention is needed when DFT is used to target
EPR parameters (hyperfine coupling constants and g tensor).
In this context a great deal of work has been done to evaluate
the sensitivity of computational predictions with respect to
the functional, basis set, and the different frameworks to
account for relativistic effects. Important observations have
been made concerning the capabilities and limitations of
different approaches in capturing the essential physics,
leading to practical suggestions such as the requirement for
Hartree-Fock exchange admixture.””**® Coupled cluster
calculations including singles and doubles excitations (i.e. the
domain-based local pair natural orbital approach, DLPNO-
CCSD) was also used for the prediction of A-and g tensors.*®*
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Theoretical methods can also be employed to investigate
electron spin relaxation, a key parameter for understanding the
relaxation properties of contrast agents. Ab initio spin dynamics
simulations based on open quantum systems theory, DFT and
multiconfigurational quantum chemistry techniques are
nowadays considered a gold standard tool to perform spin
relaxation simulations.® These approaches have been
successfully applied to a wide range of magnetic systems,
including spin-1/2  species’®™® and single-molecule
magnets.'®""? Recently, an accelerated computational frame-
work based on machine-learning models for the prediction of
molecular vibrations and spin-phonon coupling coefficients
has been proposed.™ This approach is expected to significantly
broaden the applicability of numerical simulations for studying
spin relaxation, including in the context of MRI contrast agent
candidates - an area where such methods have yet to be fully
explored.

5. Case study

Most of the TMI complexes investigated as MRI contrast agent
candidates to date are based on Mn>" and Fe** complexes with
polyamino polycarboxylate ligands (Fig. 1), as well as Mn**
porphyrins.*****41> However, the amount of available data for
these complexes is significantly less extensive and far less
systematic compared to that for Gd** complexes. For Gd*"
complexes, a wealth of experimental and computational data,
accumulated over more than 35 years and spanning hundreds
of individual complexes, has led to well-established procedures
for assessing the value of several key parameters. This extensive
dataset allows researchers to either precisely determine the
value of individual parameters or estimate their value within
a narrow range, consistently demonstrating their weak depen-
dency on the specific ligand structure.>®#>11¢>4

For instance, the vast number of recorded and analyzed 'H
NMRD profiles, along with available X-ray crystal structures and
ENDOR studies, have consistently demonstrated that the Gd-H
distance varies within a narrow range of 3.1 + 0.1 A. The rota-
tional correlation time (13*°%) can be accurately estimated using
empirical relationships between relaxivity and molecular weight
(for a given hydration number gq). Conversely, the hydration
number itself can be extracted from luminescence data ob-
tained from isostructural Eu(u) and/or Tb(m) complexes. In
addition, 70 NMR data can be routinely used to investigate
water exchange kinetics once g is known, as the hyperfine
coupling constant (®ay,) also exhibits a negligible dependence
on the nature of the co-ligands.

The analysis of relaxation data in TMI complexes is consid-
erably more complex. For example, methods for determining
the hydration number have been developed almost exclusively
for Mn>" complexes and are not readily applicable to other
TMIS.125,126

Moreover, it is generally more difficult to identify iso-
structural surrogates for TMIs as compared to Ln(m) ions,'*”?®
making the use of integrated, multi-technique approaches
essential. This challenge is particularly acute for ions such as
VO** and Cu**>>'2°13° for which relaxometric studies remain
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scarce, despite their recently demonstrated promising magnetic
and coordination properties.>®

To illustrate this, Fig. 6 presents 'H NMRD profiles of the
[VO(H,O)s]*" complex, recorded at four different temperatures.
This complex was recently characterized by some of us using
a comprehensive approach that combined EPR spectroscopy,
NMRD measurements, and computational modeling.” It is
evident that the NMRD profiles exhibit two distinct dispersion
regions: a broad feature spanning approximately 2 to 40 MHz,
and a more pronounced dispersion in the low-field region
between 0.1 and 1 MHz. The presence of this low-field disper-
sion strongly suggests a significant scalar (Fermi contact)
contribution to the overall relaxivity.

The NMRD profiles were fitted using the Solomon-Bloem-
bergen-Morgan equations, which involves nine independent
parameters, several of which exhibit strong interdependence. In
particular, the dipolar relaxation contribution depends critically
on ¢, ry_y and tg. As a result, a reliable analysis of the NMRD
data requires independent knowledge of at least two of these
parameters to avoid overparameterization and ensure mean-
ingful fitting. As illustrated in Fig. 6, equally satisfactory fits can
be obtained using different combinations of ry_y and z*%%,
highlighting the strong correlation between these two parame-
ters in the fitting model. For example, fitting the NMRD data of
[VO(H,0)s]** using the DFT-derived ry_j; value of 2.671 A yields
a 13°°% value that is in excellent agreement with the experi-
mental value obtained from EPR (see Fit 3, Table 4). To further
assess the reliability of the fits, Fig. 6 shows the residual sum of
squares (RSS) associated with different parameter sets,
providing a quantitative evaluation of the goodness-of-fit and
illustrating the sensitivity of the model to specific parameter
choices. The plot of the RSS values, obtained from fitting the
NMRD data while varying both ry_g and z>%%, reveals a broad
and shallow minimum. Specifically, equally acceptable fits can
be achieved across a wide range of parameters: ry_y values
between 2.46 and 2.86 A and tx2°® values between 14.8 and 74.8
ps. This indicates that multiple parameter combinations yield
similarly good fits, due to a compensatory relationship between
1228 and ry_gy: a shorter rotational correlation time can be offset
by a shorter electron-proton distance, and vice versa (Fits 1 and
2, respectively). Because of this strong correlation, it is essential
to constrain at least one of these parameters using independent
experimental information. Such complementary data greatly
improves the reliability and confidence of the fit and ensures
physically meaningful parameter estimation. This is illustrated
in Table 4, which shows that the RSS value decreases signifi-
cantly when both 15>°® and ry_y are fixed to the values obtained
from EPR and DFT, respectively. Furthermore, the RSS value
obtained and the fitting parameters fall very well on the pathway
that minimises RSS for combinations of tz*°® and ry_y (Fig. 6).

This strategy not only reduces the effective parameter space
but also provides an opportunity to validate DFT-calculated
models (see Section 4), which offer atomistic and electronic-
level insight into the structure of the complex. A particularly
relevant case is the hyperfine coupling constant between the
vanadium centre and coordinated water protons, summarized
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Fig. 6 ‘H NMRD profiles recorded for the [VO(H,O)s]>* showing three different fits (see text) and dependence of the residual sums of squares
(RSS) of the fit on ry_y and 12°8. The black line on the surface represents the approximate path that minimizes RSS and the red spot signals the

results of Fit 3.

in Table 4, which serves as a critical benchmark for both
computational and spectroscopic validation.

As discussed in Section 3.3, the hyperfine tensor provides
two key pieces of complementary information: the electron spin
density at the proton and its distance to the metal centre. Both

parameters can be determined via ENDOR spectroscopy, which

is performed in the solid state at cryogenic temperatures. In the

case of the [VO(H,0)s]*" complex, ENDOR is capable of
resolving the two inequivalent protons on each of the four
equatorially coordinated water molecules (see Table 3). By

Table 3 Selected examples of hyperfine and structural parameters for hydrated paramagnetic metal ions. The dominant contribution of the
metal orbital to the SOMO is reported only for S = 1/2 3d TMl ions. H; and H, denote the inequivalent protons of water, whereas H, (O,) and He
(Oe) label axial and equatorial nuclei of the same water molecule. All hyperfine couplings are reported in unit of MHz, while the rye-p(o) distances

arein A
Ti3+ V02+ Mn2+ Cu2+ Gd3+
S 1/2 1/2 5/2 1/2 7/2
SOMO d. dy — de —
Qiso 4.8 (Hy) 7.7-8.7 (Hy) 1.0 (H,) 0.87 (H,) 0.03
7.5 (Hy) —0.05-4.6 (H,) 1.0 (H,) 1.3 (H,)
men (EPR) 2.7 (Hy) 2.5 (Hy) 2.8 2.84 3.09
2.9 (Hy) 2.9 (Hy) 2.90
Oiso 7.5 5.0 (O,) 7.5 <2 (0,) 0.75
7.16 (O) 50 (O.)
8.4 (=0)
I'Me-0 2.097 (DFT) 2.05 (0,) 2.18 2.30 (0g) 2.37 sol
2.04 (O) 1.97 (O.) 2.346-2.460
Ref. 79 80 82 81 85
81 83 82 86
82 83 87
83 84 88
89
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Table 4 Selected parameters obtained from the fits of *H NMRD data
of [VO(H,0)s]?>* and residual sums of squares (RSS) values®

Fit 1 (NMRD)  Fit 2 (NMRD)  Fit 3 (NMRD/DFT/EPR)
=>%%/ps 241+ 0.7 76.8 £ 2.2 47.8°
T,.2%%/ns 1.7 £ 0.9 0.95 + 0.09 1.18 £+ 0.11
Hai/MHz 519 + 1.5 3.30 £+ 0.26 3.97 £+ 0.32
rv_n/A 2.45° 2.85° 2.6714
RSS 0.662 0.605 0.323

“ The diffusion coefficient was set to Dy_;>"% = 20.3 x 107 m* s~ * and
its activation energy was constrained to Ep = 17.0 k] mol ™%, ref. 131.
b Fixed to arbitrary value. ¢ Fixed to the EPR value. ¢ Fixed to the DFT
value.

contrast, NMRD measurements are carried out in fluid solution,
where dynamic averaging renders all protons magnetically
equivalent. The average ry_y value obtained from analysis of the
dipolar hyperfine tensor and the average isotropic hyperfine
coupling constant "a;, (Table 3) are therefore the most accu-
rate experimental constraints to improve the accuracy and
reliability of the fitting of the relaxivity. While Fig. 6 illustrates
the correlation between a specific pair of fitting parameters,
similar correlation plots can be generated for all parameter
pairs listed in Table 4, providing a comprehensive view of the
sensitivity of the model and the robustness of the fitting
procedure.

In summary, this example clearly demonstrates that EPR
data not only provide experimental access to key parameters
governing nuclear magnetic relaxation in paramagnetic
complexes, but also, when integrated with 'H NMRD
measurements and computational results, enable a compre-
hensive, accurate, and unambiguous analysis of relaxometric
data. This integrated approach significantly enhances the reli-
ability and interpretive power of the relaxation study.

6. Outlook

The development of MRI contrast agents based on first-row
TMIs represents a promising strategy to address the safety,
environmental, and supply chain limitations associated with
gadolinium-based agents. Research on Mn(u) complexes is well-
established, with a growing interest in investigating Fe(u)-
based systems. However, complexes of other metal ions also
exhibit interesting and potentially promising properties. For
instance, V(iv) complexes have recently been explored and have
shown some encouraging features for their use as MRI probes.>
Some complexes of paramagnetic TMIs exhibit a strong
dependence of R; on the magnetic field, a property that can be
exploited by fast field-cycling (FFC) MRI to generate image
contrast based on the slope dR,/dB, of the agent's NMRD
profile.”®* Significantly, certain V(iv) complexes show a notable
relaxation dispersion at low magnetic fields, a property that
could be specifically leveraged for this purpose. Alternatively,
they could be used as CAs at a fixed low magnetic field (0.25-1
T), as low-field MRI is experiencing a renascence due to
improvements in technology.”*® Although up to now it has
largely been overlooked as a candidate for MRI contrast agents,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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progress made on the use of Cu(u)** has shown that a Cu(n) site
coordinated exclusively by oxygen donor atoms - belonging to
a protein scaffold - exhibits relaxivity values significantly higher
than expected and comparable to those of Gd(ur) complexes.

However, realizing this potential demands a paradigm shift
in how we understand and design these complexes. Unlike
Gd(m)-based systems — where decades of extensive data and
well-established models exist - TMI-based agents pose unique
challenges due to their more complex electronic structures,
variable coordination geometries, and smaller magnetic
moment.

In this perspective, we have outlined a comprehensive,
integrative methodology that combines EPR spectroscopy,
NMRD measurements, and advanced computational model-
ling. This approach enables the precise and independent
determination of key parameters such as rotational correlation
times, electron-proton distances, and electron spin densities -
parameters that are often strongly correlated and challenging to
extract reliably from NMRD fitting alone. As demonstrated in
the case study on [VO(H,0)s]**, EPR-derived constraints
significantly improve the robustness and accuracy of relaxo-
metric analyses, offering deeper insights into structure-prop-
erty relationships and guiding rational design strategies. EPR
spectroscopy, especially when combined with advanced
quantum chemical simulations, shifts the common workflow,
as it focuses on the electron spin, which is the driver behind
relaxation enhancement. By a careful combination of advanced
pulsed techniques and temperature-dependent experiments,
EPR can provide an independent estimate of many crucial
parameters, including average metal-proton distance in solu-
tion, electron spin density at the proton and rotational corre-
lation time.

This not only helps to avoid overparameterization — ensuring
meaningful fitting of NMRD profiles - but also offers a valuable
means to validate DFT-calculated models, thereby bridging
experimental and theoretical insights into complex structure—
property relationships.

Looking forward, several promising directions emerge. First,
the integration of emerging machine-learning frameworks with
quantum mechanical models offers opportunities for acceler-
ating the prediction of vibrational and spin-relaxation proper-
ties. Second, the largely untapped potential of S = 1 systems
such as Cu(un) and VO(wv), particularly as redox-responsive
“smart” probes, warrants further systematic exploration.
Finally, the development of standardized experimental work-
flows that leverage the complementarity of EPR, NMR, and
theoretical modelling will be essential for building a compre-
hensive database of TMI-based agents - analogous to what
currently exists for Gd(m) systems. This will facilitate the timely
discovery of much needed alternatives.

In conclusion, a concerted multidisciplinary effort that
tightly integrates spectroscopy, theory, and relaxometry is not
only desirable but necessary to unlock the full potential of first-
row transition metals in MRI contrast agent design. This
approach will not only enhance diagnostic safety and versatility
but may also open up entirely new avenues in functional and
responsive molecular imaging.
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