M) Checs tor updates View Article Online

View Journal

INORGANIC
CHEMISTRY

FRONTIERS

Accepted Manuscript

This article can be cited before page numbers have been issued, to do this please use: M. Ricci, L. Risolo,
F. Carniato, D. Lalli, C. Platas-Iglesias and M. Botta, Inorg. Chem. Front., 2026, DOI:
10.1039/D6QI00419A.

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been accepted
for publication.

Accepted Manuscripts are published online shortly after acceptance,
before technical editing, formatting and proof reading. Using this free
service, authors can make their results available to the community, in
citable form, before we publish the edited article. We will replace this
Accepted Manuscript with the edited and formatted Advance Article as
soon asitis available.

You can find more information about Accepted Manuscripts in the

|NORGAN|C Information for Authors.

CHEMISTRY Please note that technical editing may introduce minor changes to the
FRONTIERS text and/or graphics, which may alter content. The journal’s standard
Terms & Conditions and the Ethical guidelines still apply. In no event
shall the Royal Society of Chemistry be held responsible for any errors
rsclfontiers inorganic or omissions in this Accepted Manuscript or any consequences arising
from the use of any information it contains.

CCS EELNNES&?AL ROYAL SOCIETY

P SOCIETY n OF CHEMISTRY rsc.li/frontiers-inorganic



http://rsc.li/frontiers-inorganic
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d6qi00419a
https://pubs.rsc.org/en/journals/journal/QI
http://crossmark.crossref.org/dialog/?doi=10.1039/D6QI00419A&domain=pdf&date_stamp=2026-04-01

Page 1 of 22 Inorganic Chemistry Frontiers

Field-Dependent 'H Relaxometry as a General Probe of Hydration ;s .o comnon

Dynamics in Paramagnetic Ln3*" Complexes

Marco Ricei,? Lorenzo Risolo,? Fabio Carniato®?, Daniela Lalli,»®, Carlos Platas-Iglesias,© Mauro BottaP

@ Dipartimento di Scienze e Innovazione Tecnologica Universita del Piemonte Orientale, Viale T. Michel 11,
Alessandria 15121, Italy.

b Magnetic Resonance Platform (PRISMA-UPQO), Universita del Piemonte Orientale, Alessandria, Italy

¢ Centro Interdisciplinar de Quimica e Bioloxia (CICA) and Departamento de Quimica, Facultade de Ciencias

Universidade da Coruria, 15071 A Coruiia, Galicia, Spain

Abstract

Hydration dynamics at metal centres govern the reactivity of chemical and biological systems and are central to
the function of paramagnetic probes. Nuclear magnetic resonance (NMR) offers powerful multinuclear and
multifield approaches to interrogate exchange processes across broad kinetic regimes. However, established
methodologies, such as variable temperature 7O NMR, require high sample concentrations, limiting access to
poorly soluble, high-molecular-weight, or scarce complexes. Here we introduce a concentration-efficient
relaxometric strategy that enables direct determination of water-exchange dynamics in paramagnetic complexes
through the simultaneous analysis of longitudinal and transverse 'H relaxation rates over an extended magnetic
field range. This approach provides quantitative access to exchange kinetics while requiring only dilute solutions.
We validate the method using the [Ln(DTPA)]* and [Ln(AAZTA)]- series, two prototypical systems in which
lanthanide contraction modulates coordination number and hydration state in distinct ways. The DTPA complexes

display the expected progressive acceleration of water exchange toward the heavier lanthanides, consistent with a

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

dissociative interchange mechanism. In contrast, the AAZTA analogues exhibit a pronounced deceleration of

exchange for the heavier ions, reflecting changes in coordination environment and hydration equilibria. The
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method faithfully captures these opposing trends, demonstrating its sensitivity to subtle structural variations across

(ec)

the series. Beyond reproducing established behaviour, this strategy expands experimental access to metal-water
exchange kinetics under conditions previously inaccessible to conventional 'O NMR techniques. Its direct
relevance to MRI contrast agent development enables rational optimization of next-generation probes for high-
field imaging. More broadly, the methodology is readily extendable to transition-metal systems, offering a general

platform to interrogate hydration dynamics in coordination chemistry.

Introduction

The hydration of metal complexes is a fundamental reaction underlying several processes of chemical and
biological relevance, including catalytic activity, ion transport, and drug efficacy.! The hydration process involves
three key steps: (i) the formation of direct coordination bonds between the metal centre and the inner-sphere (IS)
water molecule(s); (ii) hydrogen-bonding interactions between the first and second coordination spheres; and (iii)
chemical exchange reactions between the hydration water molecules and the bulk. Of particular relevance is the

exchange process involving the water molecules in the metal ion’s inner coordination sphere, each characterized
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by an average residence lifetime, 7.1 This parameter can vary dramatically depending on the nature and oxidatioticle Online
DOI: 10.1039/D6QI00419A

state of the metal ion - for example, from a few hundred picoseconds in the [Eu(H,0);]** complex? to over 250
years for [Ir(H,O)s]3".# As a consequence, describing the water-exchange dynamics of the first and second
hydration shells is essential for understanding a wide range of phenomena, including complex formation and
substitution reactions, redox processes, metalloenzyme-catalysed transformations, metal-ion transport across cell
membranes, and the performance of contrast agents (CAs) used in Magnetic Resonance Imaging (MRI). CAs are
paramagnetic complexes that contain rapidly exchanging inner-sphere (IS) water molecules capable of shortening
the longitudinal and transverse relaxation times (7 and 77) of bulk water protons, thereby enhancing the intensity
and contrast of their NMR signal.’ CAs are generally classified into three main categories based on their effects
on T; and T»: (i) positive CAs, which produce brighter images by increasing water-signal intensity through
enhancement of the longitudinal relaxation rate (R; = 1/T)); (ii) negative CAs, which yield darker images by
reducing water-signal intensity as a result of shortened 73; and (iii) paramagnetic chemical exchange saturation
transfer (paraCEST) agents, which modulate signal intensity via exchange-mediated magnetization transfer.
Among the lanthanide ions, Gd*' is the most efficient relaxing agent, owing to its long electronic relaxation time
associated with an isotropic distribution of unpaired electrons. Consequently, Gd*" complexes are widely used as
positive CAs in clinical settings. Conversely, chelates of other lanthanide(III) ions with shorter electronic
relaxation times have been explored as negative CAs, particularly for applications in modern high-field MRI
scanners (> 3 T). Beyond the electronic properties of the metal centre, the efficacy of CAs depends strongly on
both the hydration number (g) and the water exchange rate (kex = 1/7y). For T}-shortening agents, optimal 7y, values
for low-molecular-weight Gd3* complexes typically fall between 1 and 100 ns. In contrast, substantially longer 7y
values (10 - 103 ) are requested for CEST or T»>-based agents.®® Given the pivotal role of 7y in determining CA
performance, accurately quantifying this parameter is essential for the rational design of optimized MRI probes.
NMR spectroscopy provides a versatile toolkit for probing water-exchange dynamics, including line-shape
analysis, relaxation-based methods, isotopic enrichment, and CEST techniques.! Water-exchange rates and their
activation parameters are most commonly determined by measuring the temperature dependence of R, and the
chemical shift of !’O-enriched water.%!* However, this approach requires high concentrations of Gd** chelates (=
10-20 mM), and even one order of magnitude higher for other Ln?* ions.'!2 While such conditions are feasible
for small complexes with 7y values spanning roughly 10-2000 ns,'3 they are often unattainable for macromolecular
systems, whose limited solubility hampers the acquisition of reliable 70O NMR data.'* Most notably, studies on
water-exchange dynamics in Ln** complexes other than Gd*" remain scarce;'’ the few available reports focus
mainly on neutral or cationic chelates with slow k. values and rely on diverse NMR methodologies.!!-!216-20 Only
recently combined 7 and 7, measurements have been applied to investigate three Ln(III)-DOTA complexes (Ln
= Dy, Tb, Er) beyond Gd**, providing preliminary insights into water-exchange behaviour along the lanthanide
series.?! However, simultaneous data analysis has not been implemented, which may cause reduced fitting
accuracy and even create bias. Moreover, systematic, series-wide studies are still lacking - despite their importance

for identifying general trends in metal-hydration mechanisms.

In this work, we present a broadly applicable strategy for the systematic characterization of the hydration state and
water-exchange dynamics of paramagnetic lanthanide chelates, enabling their analysis under dilute conditions. In
practice, the detection limit is reached when the paramagnetic contribution to the solvent relaxation rate becomes

comparable to the diamagnetic background of pure water (ca. 0.38 s at 298 K) or falls within the margin of
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instrumental error. The approach relies exclusively on proton NMR data and involves the 51multaneous andédysygcle Online
-10.1039/D6QI00419A

of 7| and T, relaxation times measured across a wide range of magnetic fields, corresponding to 'H Larmor

frequencies from 30 to 600 MHz. We optimized and standardized the protocol using paramagnetic complexes that

differ in net charge, hydration number, and rotational mobility. For each chelate, we examined how water-

exchange dynamics evolve across the lanthanide series, from Pr3* to Yb**. In particular, we focused on two families

of Ln>" complexes based on the DTPA and AAZTA ligands (Scheme 1), both of which have been extensively

characterized using conventional techniques. These well-studied systems offer robust benchmarks for validating

the reliability and general applicability of our method.
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Scheme 1. Chemical structures of [Ln(DTPA)]* and [Ln(AAZTA)]-.

Beyond water-exchange dynamics, the proposed approach also provides access to key structural and magnetic
parameters of paramagnetic Ln-chelates, enabling the identification of the distinct contributions to overall
paramagnetic relaxation. By developing a comprehensive understanding of the main factors that govern inner-
sphere water exchange in lanthanide complexes, we aim to facilitate the rational design of next-generation, high-
efficiency MRI probes. As clinical MRI continues to move toward higher magnetic field strengths, the need for
innovative contrast agents becomes increasingly pressing. In this context, T»-specific Ln*" complexes and

paraCEST probes show significant promise for future diagnostic applications.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Result and Discussion

The simultaneous analysis of the magnetic-field dependence of nuclear relaxation rates (R; and R»), collected over

Open Access Article. Published on 01 April 2026. Downloaded on 4/2/2026 3:16:58 PM.

a wide temperature range, is among the most direct and reliable approaches for characterizing water-exchange

(ec)

dynamics in paramagnetic complexes. Despite its advantages, this methodology is not yet widely adopted, largely
because high-field relaxometers capable of providing a continuous range of magnetic fields are not routinely
available. The recent introduction of a commercial fast field-cycling relaxometer capable of measuring relaxation
rates up to 120 MHz now provides access to unprecedented high-field data. This development paves the way to
obtaining rapid and reliable information on the hydration state and water-exchange dynamics of paramagnetic
metal complexes, with levels of detail comparable to more established techniques. To validate this approach, a
systematic study of water-exchange behaviour was first conducted on well-defined model systems - namely, DTPA
lanthanide complexes - whose hydration state and coordination geometry remain constant across the series. The
methodology was then applied to the more structurally intricate [Ln(AAZTA)] complexes, which undergo gradual
structural changes along the lanthanide series resulting in reduced hydration. This second stage confirmed that the
approach is sensitive to both changes in metal hydration and variations in water-exchange dynamics.

This methodology has been successfully applied to the study of all paramagnetic lanthanide ions, with the notable

exception of Gd(III), for which we utilized data derived from conventional characterization techniques. In the
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subsequent sections, we will first detail the equations employed to construct the theoretical model, followédybyicle Online

DOI: 10.1039/D6
the presentation and discussion of the experimental results.

Theoretical background

In metal-hydration reactions involving paramagnetic complexes, magnetic interactions between the water nuclei
and the unpaired electrons of the metal centre lead to an increase in nuclear relaxation rates. This paramagnetic
relaxation enhancement (R;p) is proportional to the concentration (C) of the paramagnetic species and to the
relaxivity (712) (Eq. 1), defined as the increase in the relaxation rate of bulk water protons normalized to a 1 mM

solution of the paramagnetic complex.??

Rip=rip X C withi = 1,2 )

Three different contributions account for the relaxivity: (i) inner sphere (IS), (ii) second sphere (SS) and (iii) outer

sphere (OS) (Eq. 2):2
ri=rS+rS+095  withi = 1,2 (@)
For hydrated complexes, the inner-sphere (IS) contribution typically dominates relaxivity and depends on both the

hydration number (¢) and the average residence lifetime (zy) of the IS water molecules. Inner sphere longitudinal

and transverse relaxivity are described by equations 3 and 4:

rls = ! R ! 3)
171000 " 55.55 " Tym +m
IS 1 q % i v TEI\}[ (TEl\lll + TM_l) + Awl%/l 4)

"2 77000 5555 1y« (Tyh + tv1)2 + Aok

where Awy is the proton chemical-shift difference between coordinated and bulk water, and 7'y and T,y are the
longitudinal and transverse relaxation times of the IS water molecules. Awy can be estimated from the Larmor
frequency difference (Aw,) between bulk water protons in the presence and absence of the paramagnetic species

of interest,?* defined as:

A(UM

Awp = fq )

(1 + YZ_MM)Z + 5 Aw},

where frepresents the ratio between the concentration of the paramagnetic species and that of bulk water. In the

fast-exchange regime t3,Aw% < 1 and Ty /Ty < 1, thus Eq. 5 can be simplified to:

dwy = fqhwy ©)

In the case of Ln*" chelates, these conditions are usually met by complexes exhibiting a relatively fast water
exchange rate (kex = 1/7y ~ 107-10° s71). Ty and Ty are defined as the sum of the dipole-dipole (DD), scalar (SC)

and Curie (Cu) mechanisms:??

100419A
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Their contribution to Ty is described by the Solomon-Bloembergen-Morgan (SBM) equations,?-28 reported in the

Supporting Information (Eq. S7-S10). For clarity, only the dipole—dipole terms are shown here:

1\ 2 v} g;ug 3%c1
(T?) 15 ( ) JU+1D [1 + wite, 1y wf Tcl] ®
1\* 1 vi g;ue 1372 3Tc1
() =y o0 [+ e

where y is the vacuum magnetic permeability; y is the nuclear gyromagnetic ratio; g; is the Landé g-factor; ug is
the Bohr magneton; 7 is the nuclear spin-electron distance; J is the total spin quantum number?®, whose values are
reported in Table S1; . is the correlation time modulating the dipolar interaction; and w; and wg are the nuclear
and electron Larmor frequencies, which depend on the magnetic field strength. The magnetic field dependence of
longitudinal and transverse relaxivity is determined through 'H Nuclear Magnetic Relaxation Dispersion (NMRD)
profiles. Because 1" and '8 depend strongly on the number of metal-bound water molecules and on their
residence lifetime, respectively (Figure 1), the simultaneous analysis of 1/T; and 1/75 'H NMRD profiles enables
a direct determination of both the hydration state and the water exchange dynamics. These parameters are among

the most critical to optimize when aiming to design more efficient MRI contrast agents.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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Figure 1. Proton longitudinal and transverse relaxivity as a function of the proton Larmor frequency. The r
dependence on the hydration numbers (g) was calculated for a Dy*" complex with 7y, = 27 ns, 75 = 0.2 ps, 7r = 70
PS, o = 3.0 A, T=298 K, (A). The r, dependence on the residence lifetime (zy) was calculated for a Dy3*
complex with g =1, 75 = 0.2 ps, 7g = 70 ps, Loy = 3.0 A, Awy = 1.4-10°rad s T-!, T=298 K (B).

The [Ln(DTPA)(H,0)]* Series

Still widely used in diagnostic imaging, [Gd(DTPA)(H,0)]*- was the first contrast agent approved for clinical
settings. Its structure and water-exchange properties have been thoroughly characterized using conventional

techniques.’®3> The DTPA ligand acts as an octadentate chelator, fully utilizing its binding sites to form
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thermodynamically stable complexes with lanthanide(III) ions. These complexes adopt a trlcaDng)lglclo icg /Deé e onne

prismatic geometry, where a single coordinated water molecule occupies one of the three capping positions. In
solution, these complexes are stereochemically non-rigid. They exhibit fluxional behavior driven by two
simultaneous processes: the conformational inversion of the ethylenediamine backbone and the rotation of the
acetate arms. Together, these movements result in the continuous interconversion between two enantiomeric
forms.?® Isostructurality across the lanthanide series has been inferred from NMR studies and conclusively
confirmed by crystallographic analyses spanning the Nd-Yb range.’**° Notably, the [Ln(DTPA)(H,0)]*
complexes remain free of isomeric species in solution throughout the series.>® These features make the
[Ln(DTPA)(H,0)]* complexes an excellent model system for probing how water-exchange dynamics depend on
the lanthanide ionic radius. To date, k.x values have been reported only for the Gd** (k. = 3.3%10° s7') and Dy3*(key
= 34.5x10° s') DTPA complexes.'>** Our first objective is therefore to validate the proposed methodology by
comparing our results with these established data. Subsequently, by completing the relaxometric characterization
of the entire [Ln(DTPA)(H,O)]* series, we aim to elucidate the key factors governing the dependence of k., on
the lanthanide contraction in ¢ = 1 chelates.

Initial analyses were intentionally conducted at [Ln(DTPA)]* concentrations of approximately 25 mM (Table S2)
to establish a robust dataset required to rigorously assess the effectiveness of the proposed methodology. The 1/7;
and 1/T, "H NMRD profiles were recorded for the [Ln(DTPA)]* chelates at 298 K over a proton Larmor frequency
range of 30-600 MHz (Figure 2). All complexes display low longitudinal relaxivity values (r; < 0.5 mM! s1),
consistent with their short electronic relaxation times, which severely limit the efficiency of paramagnetic
relaxation enhancement (Figure 2A). For Yb*" and for the light lanthanides (Nd3*, Pr3*), r; remains essentially
zero across the entire magnetic-field range. In contrast, the heavier lanthanides (Tb>", Dy>*, Ho*", and Er*") show
amodest increase in r; at high frequencies (> 300 MHz), attributable to the Curie contribution to nuclear relaxation,

which scales with the square of the magnetic field and the fourth power of the magnetic moment.*! (Eq. S18).

0.6 A : 3.0

0.5 . 25 B _
o 041 "0 2.0 |
< 0.3 1 =
= ] S 15- :
E 0.2 1 E
 on] RTY -

0.01- 40— ¢ ] 05

0.00 bk S— el 0.0- == :

10 100 1000 10 100 1000

Proton Larmor Frequency / MHz Proton Larmor Frequency / MHz

Figure 2. 1/T; (A) and 1/T, (B) 'H NMRD profiles recorded for [Ln(DTPA)]* complexes (¢ =Pr, ¢ =Nd, ¢ =Tb, ¢ =Dy, ¢ =
Ho, ¢ =Er, ¢ = Tm, ¢ = Yb) at pH 7.0 and 298 K.

As a result, the field dependence of longitudinal relaxation is more pronounced for lanthanide ions with larger
magnetic moments (Tb3* - Tm?*), as shown in Figure 2A and previously reported for the lanthanide aqua ions,*?
which is mainly due to the Curie contribution to relaxation (Figure 3A). In contrast, the , NMRD profiles display

a low-field plateau between 30 and 120 MHz, followed by a pronounced increase in relaxivity at higher frequencies

6
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(> 120 MHz), the magnitude of which depends on the specific lanthanide ion (Figure 2B). The Dpresencé‘e@yfl\acle Online
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plateau indicates that, within this field range, the correlation time governing the electron—nucleus dipolar
interaction is dominated by the electronic term, which is effectively field-independent. At higher frequencies, the
observed rise in relaxivity is driven primarily by the increase in Awy and, to a lesser extent, by Curie relaxation,

as shown in Figure 3B and previously reported.*4

0.4 . 3.0 :
] I
A 251 B ]
- 0.3 1 1
'm 'm 2.0" T
'E d ] IE 1.5 Awy |
= 0.2 = ]
P 7 ~ 1.0 E
~ /’Curie . ol |
0.11 Outer sphere ’:I 05_ EreCurie_
] Ay 2o e 0.0 S EEEm=E==E===F —_'—
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Proton Larmor Frequency / MHz Proton Larmor Frequency / MHz

Figure 3. 1/T} (A) and 1/7, (B) 'H NMRD profiles recorded for [Dy(DTPA)]?* complex at pH 7.0 and 298 K. The red solid
line represents the best fit of the experimental data, while the dashed lines indicate the individual contributions: inner-sphere

Curie (black) and inner-sphere dipolar (orange), outer-sphere (blue), and chemical-shift (red).

The experimental data were analysed through a global fitting procedure of the longitudinal and transverse 'H
NMRD profiles. The fit showed strong agreement with the experimental observations, and the resulting set of

parameters is summarized in Table 1.

Table 1. Parameters obtained from the simultaneous analysis of 1/7; and 1/7, NMRD profiles at 298 K for
[Ln(DTPA)J*

Parameters Pr3* Nd3* Tb** Dy** Ho** Er3* Tm3* Yb**
—_ 0.03 + 021 + 0.20 + 0.20 £+ 0.01/ 0.18 + 0.20 + 022 + 0.20 +
75/ ps
) 0.01 0.01 0.01 0.14° 0.01 0.01 0.01 0.01
287p/ ps 70° 70? 712 712/ 85> 728 728 728 728
284 + 278 £ 0.7/ 122 £
%7/ ns 340 + 7 295+ 6 80+ 1.0 41 % 1.1 25+ 14
0.6 29.0° 0.4
q IS IS IS 13/ 10 IS IS IS IS
r/ A 3170 3.16° 3.09 3.08%/3.1° 3.07° 3.06° 3.05° 3.040
alA 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0
Awy /10
-0.3 -0.2¢ -1.3¢ -1.50/-1.5° -0.72 0.5 0.8 0.3
rad s T!

a. Fixed during the fitting; b. Parameters from literature.*

To support the fitting procedure, several structural and dynamic parameters influencing the »; and r, data were
fixed to the values established for the [GA(DTPA)]* complex: the number of inner-sphere water molecules (¢ =

1), the rotational correlation time (zg = 70-72 ps), and the distance between the protons of outer-sphere water
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molecules and the Ln3* ion (ag,.y = 4.0 A). Additional parameters were determined independently. Specifically;cte Online
DOI:10.1039/D6QI00419A

Awy values were estimated for each complex by measuring the chemical shift difference between Ln-bound and
bulk water (Figure S1, Table 1), while inner-sphere Ln—H,, distances (7) were obtained through DFT geometry
optimizations, which were performed at the wB97XD/Def2-TZVPP4’#8 level using the large-core approximation*’
(see computational details). In these calculations, both implicit>® and explicit solvation models were considered,
incorporating a few explicit second-sphere water molecules to provide more realistic Ln—H,, distances®'52 (Figure
4).The experimental Awy values provide a good linear correlation with Bleaney’s constants (Figure S2), indicating
that the 'H paramagnetic shifts are largely pseudocontact in origin and the complexes remain isostructural across

the lanthanide series.>?

[La(DTPA)(H,0)]*>-2H,0 [Lu(DTPA)(H,0)]*-2H,0

Figure 4. Schematic representation of the DFT optimized geometries of the La** and Lu*" complexes of DTPA. [Ln(DTPA)]*

complexes are essentially isostructural across the lanthanide series.

With these constraints, the fitting procedure reduces to only two free parameters, z; and 7y, thereby minimizing
covariance and yielding more robust and accurate results. To further validate the approach, the fitting residuals
were analysed (see ESI, Figure S3). The residuals are symmetrically distributed around zero across the entire
dataset, with no evidence of systematic deviation. Slightly larger - yet still minimal - residuals are observed at
higher magnetic field strengths (400-600 MHz), consistent with the field dependence of 7, and r|. Because the
largest variations in relaxation rates occur in this high-field regime, the model is expected to exhibit greater
absolute deviations in this region. Overall, the random distribution of the residuals supports the validity of the
theoretical model and confirms the reliable extraction of hydration parameters without underlying systematic bias.
Furthermore, the residual sum of squares (RSS), evaluated as a function of 7y and zg, defines a surface with a well-
resolved global minimum, underscoring the robustness of the fitting procedure (Figure S4). The resulting z, values
fall within the expected range for Ln3*" complexes (z; = 10713 5),46 reflecting the anisotropic electronic distribution
of the 4f orbitals. Notably, 7y exhibits a clear and systematic trend across the lanthanide series, as shown by the
plot of k., versus ionic radius’’ (Figure 5). The light lanthanides (Pr3* and Nd3*) exhibit 7y values comparable to
[GA(DTPA)]*, for which ty values around 300 ns were reported.’?344 Conversely, heavier lanthanides display
progressively faster water exchange rates along the series, with the shortest residence time observed for
[Yb(DTPA)]* (zy = 2.5 ns). This behaviour can be attributed to the lanthanide contraction: as the ionic radius
decreases, steric hindrance around the metal centre increases, rendering the coordinated water molecule more
labile and reducing its residence time. This hypothesis is supported by DFT analyses, which provide insights into
the Ln-O,, distances and bond strengths. The latter were quantified by calculating the electron densities at the

corresponding bond critical points (pgcp) (Figure S5). Notably, Ln-O,, distances derived from X-ray structures
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show significant variability, differing by up to 0.2 A even for the same complex (Figure S6). This th%I|1111§}11$§ 5/}?3@6% o

strong dependence on crystal packing effects and limits their reliability for establishing structure—dynamics

correlations. For this reason, we turned to DFT calculations.
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Figure 5. Plot of the k. 2® values calculated for the [Ln(DTPA)]? complexes as a function of the Ln3* ionic radius for

coordination number 9. For [Gd(DTPA)]%, the average of the values reported in the literature (303 ns)323*4% was considered.

Interestingly, the Ln-O,, distance decreases along the series as a result of the reduction in ionic radius, but
simultaneously ppcp decreases, indicating a weakening of the Ln-O,, bonds. Previous studies have shown that in
lanthanide(III) complexes, the interaction with a ligand at a sterically demanding capping position can weaken as
it shortens across the series,’®° in apparent violation of Badger’s rule.®® Accordingly, the lower pgcp values
observed for the heavier lanthanide ions correspond to more labile Ln-O,, bonds, indicative of faster water
exchange rates. Consistent with this interpretation, a plot of the calculated Ln-O,, distance (derived from DFT

calculations; See ESI) versus k., (Figure S7) reveals a trend closely mirroring that shown in Figure 5. A similar

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

trend has been reported for the DTPA bis methylamide derivative series [Ln(DTPA-BMA)], suggesting a

comparable water exchange dissociative mechanism.? Given the structural homology between the ligands, it is

Open Access Article. Published on 01 April 2026. Downloaded on 4/2/2026 3:16:58 PM.

reasonable to assume that the observed behaviour stems from similar factors: in the [Ln(DTPA-BMA)] series, the

(ec)

lanthanide contraction leads to increased steric congestion within the first coordination sphere, which in turn
weakens the Ln-O,, interaction. These structural changes have a pronounced impact on both the mechanism and
the rate of water exchange, where the enhanced steric crowding results in a marked acceleration from Gd** to Ho?",
reflecting a mechanistic shift from an interchange-activated pathway to a predominantly dissociative process. This
interpretation is supported by the systematic increase in activation entropy observed along the series, consistent

with a growing dissociative character of the exchange reaction.?

The AAZTA Series

AAZTA (6-amino-6-methylperhydro-1,4-diazepinetetraacetic acid) is a mesocyclic chelating agent that forms
thermodynamically stable complexes with lanthanide(III) ions. In the solid state, the [Gd(AAZTA)]- complex
adopts a dimeric structure in which each Gd3* ion is ten-coordinate and displays a bicapped square-antiprismatic
geometry. Within each AAZTA ligand, three of the four carboxylate groups bind to a single Gd*" center in a

monodentate fashion, whereas the fourth carboxylate acts as a bridging group between two centrosymmetrically
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related Gd*" ions, sharing one oxygen atom between the two metal centers. The coordination sphere of each/i@dicle Online
DOI: 10.1039/D6QI00419A

ion is further completed by the three nitrogen donors of the diazepine ring and by one inner-sphere water
molecule.®! In aqueous solution, [GA(AAZTA)]- is nine-coordinate and features two inner-sphere water molecules.
The exchange rate of these coordinated water molecules was accurately determined by variable-temperature 170
NMR measurements, specifically through analysis of the transverse relaxation rate (R;) and the paramagnetic
chemical shift (Aw). From these data, an effective water-exchange rate constant of 1.1x107 s7! was obtained at 298
K under neutral pH conditions.®? In marked contrast, [Yb(AAZTA)] contains only a single inner-sphere water
molecule, whose residence lifetime is exceptionally long.%® Indeed, the exchange is sufficiently slow so that the
resonance of the coordinated water molecule could be directly observed in the '"H NMR spectrum of the aqueous
solution near room temperature. This observation represents the first reported example of an NMR signal (& = 83
ppm) arising from a water molecule bound to a paramagnetic ion in an anionic complex. The unusually slow
exchange dynamics enabled an efficient magnetization transfer experiment: selective saturation of the resonance
at 83 ppm clearly revealed the presence of a pool of slowly exchanging protons. On the basis of these experiments,
the residence lifetime of the coordinated water molecule in [Yb(AAZTA)] was estimated to be approximately 150
us at 293 K, i.e., about four orders of magnitude longer than that measured for the [Gd(AAZTA)] analogue.®
High-resolution '"H NMR spectroscopy, DFT calculations, and X-ray diffraction data consistently point to the
occurrence of a structural transition along the lanthanide series, located between Ho** and Er** and associated with
a reduction of the hydration number from g = 2 to ¢ = 1.1 DFT calculations indicate that the [Ln(AAZTA)]~
complexes can adopt two distinct and energetically stable coordination geometries, namely a monocapped square
antiprism (¢ = 2) and a dodecahedron (¢ = 1). The bishydrated monocapped square-antiprismatic geometry is
energetically favored for the larger lanthanide ions (La**-Ho?*"), whereas the monohydrated dodecahedral structure
becomes more stable for the smaller ions (Er**-Lu®"). DFT analysis further provides insight into the evolution of
metal-water interactions along the series. In particular, the contraction of the lanthanide ionic radius leads to a
progressive shortening of the Ln—O,, distance for one inner-sphere water molecule. In contrast, the Ln—O,, distance
associated with the second coordinated water increases for the heavier lanthanides, reflecting enhanced steric
crowding within the first coordination sphere. These structural changes are directly mirrored in the water-exchange
dynamics of the [Ln(AAZTA)]- complexes. Notably, the transition from bishydrated to monohydrated species is
accompanied by a dramatic slowdown of the exchange process, spanning nearly three orders of magnitude. For
the bishydrated [Gd(AAZTA)(H,0),]" complex, two distinct residence lifetimes were measured for the inner-
sphere water molecules (tya = 29 ns and Ty = 169 ns), consistent with inequivalent coordination environments.*
This peculiar behaviour was also observed in the case of Gd** complexes of AAZTA derivatives conjugated to
aminoacids.®> In contrast, the monohydrated [Yb(AAZTA)(H,O)]" complex exhibits an exceptionally long
residence lifetime (ty = 157 ps), highlighting the profound impact of hydration state and coordination geometry
on water-exchange kinetics.®> In this context, evaluating whether the proposed methodology can capture such
pronounced variations in hydration number and exchange dynamics across the Ln3* series, even in a structurally
complex system such as [Ln(AAZTA)], represents a particularly stringent and informative test. This second series
of analyses was conducted using more dilute solutions of [Ln(AAZTA)]" to evaluate the sensitivity of the method.
Pr¥* (7 mM) and Nd** (9 mM) were intentionally selected as representative cases due to their low inherent

relaxivity (Table S2), thereby establishing the practical performance limits of the strategy. The 1/7} and 1/T, 'H
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NMRD curves were collected on the [Ln(AAZTA)] chelates at 298 K over the 'H Larmor frequenggl_ran /80 Agcte Online

10.7039/D6QI00419A
600 MHz (Figure 6).
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Figure 6. 1/T, (A) and 1/T, (B) 'H NMRD profiles recorded for [Ln(AAZTA)] complexes (¢ = Pr, ¢+ =Nd, ¢ = Tb, ¢ =Dy, ¢
=Ho, ¢ =Er, ¢ = Tm, ¢ = Yb) at pH 7.0 and 298 K.

r,imM™"s”

The longitudinal and transverse NMRD profiles closely resemble those measured for the [Ln(DTPA)]* series,
with the notable exception of the 1/T; profiles of [Dy(AAZTA)] and [Ho(AAZTA)]". In these two cases, a
pronounced increase in r; is observed at high magnetic fields (> 50 MHz), followed by the emergence of a plateau
at higher fields, where the condition Awyxzy = 1 is fulfilled, in agreement with predictions from paramagnetic
relaxation theory.*! Simultaneous fitting of the longitudinal and transverse NMRD profiles yields an excellent
agreement with the experimental data and allows reliable extraction of the parameters reported in Table 2. To
reduce the number of adjustable variables and limit parameter covariance, several quantities were fixed to
established values, including the rotational correlation time (zg = 74-76 ps) and the distance between outer-sphere
water molecules and the lanthanide ion (@, = 4.0 A). The average distances of the coordinated water molecules

from the metal centre were instead obtained from DFT geometry optimizations (Figure 7, see ESI).
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Figure 7. Schematic representation of the DFT optimized geometries of the La** and Lu?" complexes of AAZTA.
[Ln(AAZTA)] experience a change in the number of coordinated water molecules from g =2 to g = 1 (between Ho** and Er**)

across the lanthanide series.

In contrast to the [Ln(DTPA)] complexes, the Awy values for the [Ln(AAZTA)]* chelates were treated as fitting
parameters. This approach was necessary because the longer water residence lifetimes characteristic of the
AAZTA complexes result in small Aw, values, which are difficult to determine experimentally with sufficient

accuracy. The fits of the data afford absolute values of Awy,, as this parameter appears as a square term in Eq (4).
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Table 2. Parameters obtained from the simultaneous analysis of the 1/7 and 1/7, NMRD profiles at 298 K for the
[Ln(AAZTA)] chelates.

Parameters Pr3* Nd3* Tb3* Dy?3* Ho’* Er* Tm? Yb**
0.04 + 0.12 + 0.27 +
29815/ ps 0.22 + 0.01 0.19 + 0.01 0.28 + 0.01 0.20 + 0.01 0.20 + 0.01
0.01 0.01 0.01
2981/ ps 742 742 742 752 752 76% 762 762
131 + 1ps/
46 + 0.1ps/
63 £ 5 60 + 6 296 + 13 126 + 3 us/ 121 + Lps/ 157 £ 17
. 1.8 £ 01pus 172 + 88 pse
ns ns ns 11 + 1pse 14 + 1 pse usd, 149 +
—-12 £ 1 ps®
12 ps®
q 21\ 21\ 2& 2a 2A la ]a 1a
r/ A 3.122 3.112 3.06* 3.032 3.022 2.952 2.942 2.942
a/A 4.0° 4.0° 4.0° 4.0° 4.0° 4.0° 4.0° 4.0°
Aon/10° 021 + 0.17 +
0.85 + 0.1 091 + 0.1 0.50 + 0.1 0.21 + 0.1 0.68 + 0.1 0.50 + 0.1
rad s1T-10 0.01 0.01

2 Fixed during the fitting. ® The fits of the data yield absolute values. © CEST data (278 K; ref.16). For Ho*', the 7y values of both water
molecules are reported. 4 'H NMR lineshape analysis (293 K, ref. 63). ¢CEST data (293 K; ref. 63).

The hydration number along the lanthanide series was estimated by comparing the low-field », values of the
[Ln(AAZTA)] complexes with those of the corresponding [Ln(DTPA)]?* chelates (Figure S8). The [Ln(AAZTA)]
series exhibits an approximately twofold increase in r; from Pr3* to Ho?*, consistent with the presence of two inner-
sphere water molecules, while comparable r; values are observed for Tm?** and Yb*", indicative of monohydrated
species. At low magnetic fields, 7| is directly proportional to the hydration number ¢, as illustrated by the
simulations reported in Figure 1A. Notably, the | value measured for [Er(AAZTA)] is approximately 30% higher
than that of [Er(DTPA)]*, likely reflecting the presence of a minor population of the bis-hydrated complex in
solution. Indeed, literature DFT studies on mono- and bis-hydrated [Ln(AAZTA)] structures show that, along the
lanthanide series, the monohydrated structure becomes progressively more stabilized for heavier ions.'® However,
Er?* lies at the point along the lanthanide series where the energetic difference between the mono- and bis-hydrated
forms is smaller, making the coexistence of a minor bis-hydrated population plausible despite the predominance
of the monohydrated species, as also supported by single-crystal X-ray diffraction data,'¢ and sufficient to account
for the slightly increased r; value observed. Based on these observations, the corresponding g values were fixed
during the fitting of the experimental NMRD data. The fitting procedure showed excellent agreement with the
experimental profiles. Consistent with the DTPA series, an analysis of the fitting residuals for these complexes
provided analogous results, further confirming the absence of systematic deviations and the overall robustness of
the model (see ESI, Figure S9). The resulting parameters are summarized in Table 2. As observed for the
[Ln(DTPA)]*complexes, the 75 values fall in the range 0.04—0.28 ps, in agreement with those typically reported
for Ln3* chelates.*?43% More importantly, reliable estimates of both Awy and 7y were obtained across the
lanthanide series. The resulting Awy values are in good agreement with literature data. Notably, the water-
exchange rates (k.,) exhibit a trend along the series that is opposite to that observed for the [Ln(DTPA)]*

complexes. The dependence of k., on the ionic radius reveals relatively fast water-exchange dynamics for the light
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lanthanides, with 7y = 60 ns for Pr>* and Nd**. Along the series, the exchange rate progressively decreases, slgwinigicle Online
DOI: 16.1039/D6Q100419A

by nearly four orders of magnitude and reaching 7y = 130 ps for Er**, Tm** and Yb*" (Figure 8). A comparable
trend is observed when substituting the ionic radius with the calculated Ln-O,, distance (from DFT optimizations,

Figure S10), reflecting the parallel decrease of both parameters across the series.
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Figure 8. Plot of the water-exchange rates (**8k.,) measured for the [Ln(AAZTA)]- complexes as a function of the lanthanide

ionic radius. For [Gd(AAZTA)]-, the average water residence lifetime of the two inner sphere water molecules (99 ns) was

considered®.

The 7y value determined here for [Yb(AAZTA)]™ is in excellent agreement with previously reported 'H lineshape
analysis and CEST measurements at 293 K, further supporting the robustness and reliability of the present
approach for probing water-exchange dynamics across the lanthanide series (Table 2). For the complexes involving
the other ions (Ho?*, Er?*, and Tm?3*), the agreement is less satisfactory, even when accounting for the temperature
difference (278 vs. 298 K). In these cases, the slow exchange condition is not strictly satisfied; consequently, the
values estimated from the CEST data are only rough approximations, likely subject to substantial uncertainty.!®
This pronounced trend can be attributed to the increasing steric compression associated with lanthanide
contraction, which strengthens the interaction with the more tightly bound inner-sphere water molecule, leading
to long residence lifetimes (7 = 130 ps), while simultaneously favouring the dissociation of the more labile water
molecule in complexes such as [Erf(AAZTA)] . A comparable behaviour has been reported for AAZTAPh-NO,

complexes of Gd**, Dy3*, and Tm3",'? supporting the generality of this mechanistic interpretation.

1/T; and 1/T, '"H NMRD profiles as a function of temperature

Because the correlation times governing relaxivity are inherently temperature dependent, analysing relaxivity as a
function of both temperature and magnetic field greatly enriches the experimental dataset and enables a more
comprehensive description of the system.® The simultaneous fitting of these data within an appropriate theoretical
framework provides robust estimates of the underlying molecular parameters and reduces ambiguities arising from
parameter covariance. Moreover, the observed temperature dependence of molecular parameters like g and zg is
consistent with an Arrhenius-type behaviour (Eq. 10), offering additional insight into the energetic landscape that

controls molecular motion and water-exchange dynamics:
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On the other hand, k., follows an Eyring behaviour:%

1 298 T AHy 1 1 kgT ASt  AHy
= — = k . _— _—— = — —_———
Kex v ex 59815 *P"R \20815 T n PR RT an

By adopting this approach, the activation energies associated with the different correlation times can be
systematically investigated. In particular, it allows for an accurate determination of the enthalpy associated with
inner-sphere water exchange. The activation enthalpy change (AH);) governing the exchange of the coordinated
water molecule provides direct insight into both the mechanism and efficiency of the exchange process.? Higher
AH,, values are indicative of more strongly bound water molecules and, consequently, slower exchange dynamics,
whereas lower AHy values reflect a more labile coordination environment. Because the exchange rate constant k.
depends exponentially on temperature, as described by the Eyring equation, AHy plays a central role in
determining the temperature sensitivity of the exchange process. The determination of this parameter is therefore
highly informative, as it allows discrimination among fast-, intermediate-, and slow-exchange regimes, clarifies
how ligand architecture and coordination geometry influence metal-water interactions, and ultimately helps to
establish whether water exchange is the limiting factor for relaxivity in a given complex. Moreover, Eyring
equation (eqn. 11) also allows the determination of the activation entropy change (ASY) associated with the water
exchange process. The sign of this parameter can provide insights into the underlying exchange mechanism:
dissociative water exchange mechanisms are typically associated with negative AS* values, whereas associative
mechanisms generally exhibit positive AS* values. It should be emphasized, however, that the sign of AS* alone
does not constitute definitive evidence for the nature of the mechanism.®’-%® A conclusive assignment of the water
exchange mechanism would require the determination of activation volumes, an approach that relies on specialized
high-pressure instrumentation that is not readily accessible.?? The 1/T; and 1/7, '"H NMRD profiles collected at
283,298 and 310 K for [Dy(AAZTA)] and [Dy(DTPA)]* are shown in Figures 9 and S9.

1.0 : 10 ;
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0.2 ] 2 1
0.0 , 04 . ]
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Proton Larmor Frequency / MHz Proton Larmor Frequency / MHz

Figure 9. 1/T; (A) and 1/T, (B) '"H NMRD profiles of [Ln(DTPA)]* at 283 K (@), 298 K (@) and 310 K (®).
The experimental profiles were fitted simultaneously, with the resulting best-fit parameters summarized in Table

3. The diffusion coefficient at 298 K (2*®D) and its corresponding activation energy (Ep) were fixed to values

typical of those reported in the literature. Similarly, the activation energy of the rotational correlation time (£R)
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was constrained to values characteristic of low molecular weight complexes. Other parameters were fixed tovthgcle Oniine
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values obtained from the analysis of the 298 K profiles described above. Due to its temperature dependence, the

chemical shift difference between the bound and bulk water (Awy) was treated as an adjustable parameter,

alongside the activation enthalpy (AH)). Excellent fits were achieved; the Awy values across the temperature

range were physically reasonable, and the AH) values yielded activation energies consistent with the distinct water

exchange dynamics of the two complexes. Finally, the activation entropy change AS* was estimated for both

complexes, yielding positive values in both cases. These results are consistent with a dissociative mechanism for

the exchange of inner-sphere water molecules, generally observed for Ln(IIl)-based complexes%%:70,

Table 3. Global analysis of 1/7} and 1/7 , NMRD profiles of the Dy** complexes of DTPA and AAZTA as a function of

temperature.

Parameters [Dy(DTPA)(H,0)]>  [Dy(AAZTA)(H,0),]"
287 27.8 ns? 1.8 ps?
AH,;/KkJ mol! 135 £ 0.5 375 £ 1.0
AS*/J mol ' K-! + 188 +9b
2872/ ps 714 754
ERr /kJ mol! 26.04 26.04
2875/ ps 0.20¢ 0.22¢
Es /kJ mol! 1.04 1.04
q 14 24
rl A 3.084 3.03¢4
alA 4.0¢ 4.0
298D / 105 em? s7! 2.24¢ 2.24¢
Ep /kJ mol! 20.0¢ 20.0¢
2Awy / 10°rad 57! T-! 2.03 + 0.01 1.22 + 0.05
2%8Awy / 10°rad s T 1.49 + 0.02 0.91 + 0.02
30Awy / 10° rad s T-! 0.99 + 0.04 0.59 + 0.01

a. Fixed during the fitting b. Calculated from the values of 2*® 7y and AHy.

Conclusions

Controlling water exchange dynamics remains one of the most persistent challenges in coordination chemistry.

Direct access to the residence time of coordinated water molecules is essential for establishing quantitative
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structure—property relationships in paramagnetic complexes. Yet, water exchange rates are still gredomiﬂanﬁ cle Online

Ol:10.1039/D6
determined by variable-temperature 7O NMR spectroscopy, a technique that requires high concentrations and

therefore excludes scarce, poorly soluble, or supramolecular systems.

Here we overcome these limitations by exploiting the simultaneous analysis of field-dependent 'H longitudinal
and transverse relaxation rates across the lanthanide series. Moreover, this approach enables the analysis of Ln(III)
complexes under significantly more dilute conditions. Although the minimum required concentration depends on
the specific system, we estimate that, for prototypical Ln(IIl) complexes with ¢ = 1 and allowing for reasonable
variations in the parameters governing ry, the threshold lies in the range of 1-2 mM for strongly paramagnetic ions
(e.g., Tb*, Dy*', Ho**) and 5-10 mM for more weakly paramagnetic ones (e.g., Pr’*, Nd3*, Yb3*). These
concentrations are approximately one order of magnitude lower than those typically required for '’O NMR
measurements!’>'2. We show that solvent proton relaxometry provides direct and reliable access not only to
exchange kinetics, but also to hydration state, activation parameters, and mechanistic information. This strategy
transforms standard relaxometric measurements into a comprehensive probe of solution dynamics.

Application to the [Ln(DTPA)]* and [Ln(AAZTA)] families reveals the sensitivity of the method to subtle
structural effects. The DTPA series follows a dissociative interchange mechanism modulated by lanthanide
contraction, with progressively faster inner-sphere exchange toward the heavier ions. In striking contrast, the
AAZTA analogues display a change in hydration state accompanied by a pronounced deceleration of water
exchange for the heavier lanthanides, reaching hundreds of microseconds at the end of the series. The detection of
this non-monotonic behaviour provides compelling evidence for steric compression and delicate shifts in hydration
equilibria that would be difficult to capture by conventional approaches.

Beyond reproducing known trends, this methodology exposes fine dynamic features that position relaxometry as
a quantitative solution-state structural probe, complementary to crystallography and electronic structure
calculations. By removing long-standing experimental barriers, it enables routine access to exchange kinetics in
systems previously considered inaccessible. This capability opens the door to the predictive design of
paramagnetic complexes based on lanthanide or transition metal ions, where the metal-water interface can be

engineered with precision to meet targeted functional demands.

Experimental section

Detailed experimental methods can be found in the SI.
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