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We report a comprehensive investigation of the magnetic field dependence of NMR hyperfine shifts in
paramagnetic systems, a critical observable in the study of molecular magnetism. By combining high-
field NMR experiments with quantum chemical calculations, we demonstrate that hyperfine shifts exhibit
a measurable dependence on the external field. This dependence arises from the interplay between
partial molecular alignment and the nonlinear response of the induced magnetic field to the applied

magnetic field. We consistently observe a systematic decrease in shifts at higher fields, indicating that the
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complexes, where the relative reduction of the shift is primarily determined by the central metal ion. For
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1 Introduction

NMR is arguably the most informative spectroscopic technique
available to chemists, as it affords reliably and reproducibly
qualitative and quantitative information on the samples under
investigation. Qualitative, because every molecule has its spectral
fingerprint, which differs from that of any other molecule.
Quantitative, because there is not a specific molar extinction
coefficient different from one molecule to another, but the
response of a component depends on the number of spins in
a particular environment (although this might not be actually
feasible under any condition for any spin type). Despite the broad
applicability and power, all NMR-based techniques are limited by
the intrinsically low sensitivity. This is due to the limited differ-
ence in energy-and thus in Boltzmann population-between
Zeeman-split nuclear spin states. This problem can be mitigated,
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providing new constraints to check computational protocols.

at least in part, by increasing the energy difference by increasing
the static magnetic field (B,). With this, not only the sensitivity
increases, but also the spectral resolution is improved, especially
for quadrupolar nuclei that vastly benefit from an increase in the
magnetic field.* As a consequence, higher and higher magnetic
field setups have been designed and constructed. The develop-
ment of new superconducting ceramic oxides that maintain
superconductivity in fields up to 40 T has allowed for the devel-
opment of a new generation of NMR instrumentation.>® It is
important to recall that shared research facilities provide broad,
affordable access to high-field instruments that are often
impractical for individual laboratories to purchase, operate, or
sustain independently. The technology is also complemented by
dedicated technical expertise, which minimizes the burden of the
calibration that is required to reliably observe minute effects.>”
The increase in the attainable fields, in turn, has promoted the re-
examination of the dependence of the NMR observables on the
magnetic field. For chemical shifts, this was originally predicted
by Ramsey in 1970 for diamagnetic molecules,® and observed by
Bendall and Doddrell.” The topic has been debated at length,**
until recently, when a brilliant investigation by Vaara, Jokisaari
and co-workers reconciled the theory and experiments.**

The paramagnetic side of the story was much less investi-
gated. The field dependence in the case of paramagnetic
compounds is clearly visible when superimposing spectra of the
same metal complex acquired at different magnetic fields: the
peaks become narrower because transverse relaxation for small
molecules has a dominant field-independent component (see
chapter 4 in ref. 15), and the chemical shifts appear smaller in
absolute value (as illustrated in Fig. 1).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 (a) 1D *H NMR spectra of NiSAL-MeDPT, NiSAL-HDPT, CoTp,, YoDOTA, DyDOTA, YbHPDO3A, and DyHPDO3A acquired at 400 MHz and
1.2 GHz. For each compound, the light-colored trace corresponds to the low field spectra, and the darker trace corresponds to the high field
ones. (b) Correlation between the shifts collected at 1.2 GHz and 400 MHz at 298.0 K, showing a systematic reduction of the shift magnitude at
higher fields, quantitatively supported by the slope of the least-squares regression line (given in parentheses).
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Understanding the reduction of the shifts requires a detailed
treatment recently proposed by some of us in ref. 16, through
which the following expression is obtained for the field-
dependent hyperfine shifts:

Vo T1 B e o 18 on 1.
b= — g 4 | L Poenyen L P ey Lay|po
37 s X 5 1y 70 5T

»

where 8 = 1/kgT, kg is the Boltzmann constant, T is the absolute

temperature, x is the magnetic susceptibility, and ¢ and 7 are

the second- and fourth-order shielding tensors. The first and

second order traces are reported as a®1) = > aii, and
l

t1#2) = $71;;. We kept the same notation used by Ramsey.® Eqn
ij

(1) is obtained by third-order expansion of the field induced at

the observed nuclei, with the quantities computed with zero

applied magnetic field.*®

These expressions are absolutely general, in that they are
applicable also to closed-shell molecules. In ref. 16 and here, for
simplicity, we neglected the orbital contributionf to the
shielding, and focused on the hyperfine contribution. The latter
is usually factorized, based on the nature of the interaction
between the electron and the nucleus, into the Fermi contact
(67°) and the pseudocontact shift (6°).** The first arises from
nonzero spin density on the nuclei, while the latter is due to the
through-space interaction of the nuclear spin with the induced
average magnetic moment of the paramagnetic center.

The first term in eqn (1) is the field-independent contribu-
tion to the shift. The term proportional to Bj encompasses the
field-dependent effects. Within this latter term, the first two
components represent the indirect effect," whereas the third
corresponds to the direct effect.’* An intuitive way to under-
stand this factorization is to consider that the indirect contri-
bution arises from the partial alignhment of molecules in
solution due to the anisotropy of the magnetic susceptibility
tensor,"”** whereas the direct contribution is given by
a nonlinear response of the system to the magnetic field
(comparable to the saturation of the total magnetic moment at
high fields).

Both field-dependent contributions in eqn (1) can be
reduced to familiar equations from paramagnetic NMR theory.
If we restrict ourselves to the pseudocontact contribution to o
and to the point-dipole approximation (PDA), the two shielding
tensors are given by*®

1 o) (3RIR:
T g 2N g O ) @

o) ()

where x¥) =y is the usual second-order paramagnetic suscep-
tibility tensor® and x® is an unusual fourth-order para-
magnetic hypersusceptibility tensor. The two terms of the
indirect contributions can easily be reduced to a x-dependent
self-orientation tensor (see section S1 for the proof).

1 o (3RR*
Timnk = _4TCR3 lenmt/ R2 -

q
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In this work, we demonstrate the generality of the theory
derived in ref. 16, and conduct a comprehensive analysis of the
field effect across a broader range of paramagnetic systems,
uncovering the non-trivial implications of the phenomenon.

2 Methods

2.1 NMR spectroscopy

The 1D 'H NMR spectra were acquired for the following
complexes: (i) NiSAL-HDPT* (SAL = salicylaldiminate; HDPT =
N1-(3-aminopropyl)propane-1,3-diamine) dissolved in CDCl;,
(ii) NiSAL-MeDPT** (MeDPT = N1-(3-aminopropyl,3-methyl)
propane-1,3-diamine) dissolved in CDCl;, (iii) CoTp, (refs. 25
and 26) (Tp = tris(pyrazolyl)borate) dissolved in CDCls, (iv)
YbDOTA*?* (DOTA = 1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetic acid) dissolved in D,0, (v) DyDOTA dissolved in D,0O,
(vi) YbHPDO3A* (HPDO3A = 10-(2-hydroxypropyl)-1,4,7,10-
tetraazacyclododecane-1,4,7-triacetic acid) dissolved in D,O,
and (vii) DyHPDO3A> dissolved in D,O.

The experiments were recorded as a function of temperature
and at two field values: 9.4 T and 28.2 T, corresponding to 400
MHz and 1.2 GHz "H Larmor frequency, respectively (see Table S1
for the acquisition parameters). The temperature was calibrated
according to ref. 30 immediately before each acquisition session
to ensure reproducibility between the two different instruments
(see Section S2). For each sample, a series of spectra was acquired
over a 2 K range centered around 298.0 K, in 0.2 K intervals. The
temperature was equilibrated for 5 minutes before each acqui-
sition. The chemical shift values were extracted from these series
via an automated fitting procedure,® and the shift values at
298.00 K were then obtained through a linear regression, together
with the corresponding uncertainties (see Fig. S1-5S18).

The assignment already available in ref. 29 for HPDO3A
complexes is only partial. To compute the field dependence of
the shifts and compare it to the experimental one, we completed
and disambiguated the assignment as follows: starting from the
ab initio computed tensor, we applied the combinatorial
approach proposed earlier by Kuprov et al.,** which was then
refined by an iterative, Monte-Carlo-like, tensor estimation-
reassignment cycle. For YbHPDO3A, the assignment was
further strengthened using the information from an EXSY
spectrum. The full procedure is explained in section S3 (see also
Fig. $19-S23 and Table S2 therein).

The EXSY spectrum, used in the assignment procedure, of
YbHPDO3A was acquired at 400 MHz 'H Larmor frequency using
aT/2 — dy — /2 — dg — /2 — acquisition sequence (noesyph of the
Bruker standard library), where d, encodes for the time evolution
in the indirect dimension. The mixing time dg was set to 5 ms.*

The full set of experimental shift values extracted from low-
and high-field experiments, along with their corresponding
assignments, is reported in Tables S3-S9 for all compounds.

2.2 Hyperfine shift simulation strategies

The simulated field-dependent hyperfine shifts were computed
as a sum of the pseudocontact and the Fermi contact contri-
butions as:

© 2026 The Author(s). Published by the Royal Society of Chemistry
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5= 6PC + 6FC’ (4)
with
§PC — sPCO 4 A sPCudirect | A sPC.indirect 5)
and
OFC — §FCO 4 pgFCdirect | A sFCiindirect ©6)

where 6° indicates the field-independent part of the shift, while
AT and Ag9ITt represent the field-dependent indirect and
direct contributions, respectively, and are collectively indicated
as Ad. The complete set of equations is available in ref. 16.

According to the strategy used in this manuscript, the
simulation of field-dependent hyperfine shifts requires the
computation of the &, x and 7 tensors, analytically, to be used in
eqn (1), defined within a specific effective Hamiltonian.
Possible options for this Hamiltonian are either to use ligand
field/crystal field theory, or the Spin Hamiltonian (SH) param-
etrization. In the SH formalism, all the terms in the equation
are expressed by means of the electron g-matrix g, the zero-field
splitting tensor D, and hyperfine coupling tensors A. The 6
contributions are exclusively parameterized within this
formalism, while the same is not necessarily true for 6*“. For the
latter, these equations can also be solved in the ligand-field
approximation framework, defined by the Racah parameters
for interelectronic interaction, the spin-orbit coupling
constant, and the ligand field matrix elements.

In this work, all quantum chemical calculations were performed
with ORCA software v6.0,> with the exception of the DFT calcula-
tions on NiSAL, performed with ORCA v5.0. For the hyperfine shift
computation, we used the ParaMag.jl routines (available at: https:/
github.com/LucasLang/ParaMag.jl) according to the protocol
available at https://github.com/LucasLang/fielddepshifts_analysis.

In general, 6" values were computed in the SH formalism
from g, D, and A tensors, while 6" values were computed in the
LF framework, using parameters from ab initio LF analysis
(AILFT).*** For transition metal complexes, the structures were
optimized at the DFT level (see protocol (3) in S4) starting from
the corresponding X-ray structures, when available, or from the
closest analog (see section S4). AILFT parameters and D were
computed at the CASSCF level with NEVPT2 correction (see
protocol (1) in S4), and 4 and g at the DFT level (see protocol (4) in
S4). For the cobalt(u) case, other combinations were also tested
(vide infra). For the lanthanoid complexes, the structure optimi-
zation was performed with the same procedure as the transition
metals, but for dysprosium analogues, the dysprosium(m) was
substituted with yttrium(m), as suggested by Briganti et al. in ref.
36 for improved stability of the optimization. AILFT parameters
were computed at the CASSCF level (see protocol (2) in S4).

3 Results and discussion
3.1 Theoretical considerations on limiting cases

Generally speaking, the two field-dependent contributions-the
direct and the indirect-follow opposite trends: the field-induced

© 2026 The Author(s). Published by the Royal Society of Chemistry
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self-orientation increases the absolute value of the shift with
increasing magnetic field, whereas the direct effect decreases it.
Both A§*™** and A§™™" exhibit the typical d,>_ /d, orbital-
like shape in their isosurfaces. In fact, although one might
expect the field-dependent shift contribution to PCSs by the
tensor (see eqn (3)) to exhibit a higher-order angular depen-
dence,” its application passes through a two-index contraction.
Consequently, A6"C retains a second-order spherical harmonics
angular dependence as 6”7° (see Fig. S24). Based on geomet-
rical arguments, the tensors that describe physical properties of
a chemical system have to reflect its symmetry. For example, if
the molecule has a symmetry axis of order higher than 2, the
magnetic susceptibility tensor and the two-index contracted
hypersusceptibility tensor will both be axial. As a result, Ag4™
and A6t will also have axial isosurfaces. If the starting
tensors are rhombic, the A6t and A6 contributions can
have different rhombicity, and therefore the overall A§"“™!
angular dependence will be more marked (vide infra).

The fact that the direct and the indirect effects follow
opposite trends naturally raises the question: is it possible for
the field-dependent contribution to be governed predominantly
by either the direct or the indirect term, or will one always
dominate? Insight into this question can be gained by consid-
ering limiting regimes.

In the SH framework, &, x, and t can be expressed in powers
of the inverse temperature. For transition metal complexes, if
only the lowest non-vanishing terms are kept, we get the so-
called high temperature (HT) limit, which translates into a 1/T
dependence for ¢ and x, and a 1/T° dependence for . This limit
is valid, as the name states, for high temperatures and/or van-
ishing zero-field splitting, conditions that are not quantitatively
applicable for the model complexes presented in this work.
However, in the HT limit of eqn (1), it is possible to derive
qualitatively-reliable “rules of thumb” for the prediction of the
ratios A6™ = A§/6° for PCS and FCS, assuming the electronic g-
factor g. = 2 (see Section S5.1 for the derivation):

e 852+ 8S + 14
Aél};(_lr 1 — AéPC/éPC,O ~ _ :BzuBzBOZ =3 , (7)

Cre 452 +45+2
Aé;% 1 _ AaFC/éFC,O ~ _ 521132302 - ! (8)

According to this prediction, the shift will always decrease with
increasing field with an effect that depends only on tempera-
ture, B, and S. In fact, the equations in Section S5.1 show that
Ad"C is exclusively determined by the direct effect, while A§™
presents both contributions, with the direct always prevailing
over the indirect, consequently leading to a global decrease of
the shift with increasing field and a distinct field-dependent
behavior of the two.

Along the same line, we can derive a general rule for the
lanthanoid counterpart of the SH HT limit, in the range of
validity of Bleaney's theory, where we can define an isotropic g
value for each f* ion, the so-called Landé g-factor gj, that
describes the proportionality of the total angular momentum J
and the magnetic moment. In this case, the lowest-order terms
in the 1/T expansion (1/T for ¢ and 1/T° for ) vanish. Therefore,

Chem. Sci., 2026, 17, 9148-9157 | 9151
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we retain the next higher orders: 1/7° for ¢ and 1/7* for 7 (details
on this derivation are given in Section S5.2). Under these
conditions, considering exclusively the PC contribution to the
hyperfine shift,

A 44T +5
2 2
%0 & ©)

Ay = A6/8" = — B2y’ B,y
This rule-of-thumb equation predicts that A™ depends only on
the nature of the lanthanoid ion (J, g, as well as on B, and the
temperature). To check the validity of this conclusion outside
the approximations that we have taken to reach it, we verified-
following eqn (1)-how large is the contribution from self-
alignment when the anisotropy of the magnetic susceptibility
is either very large or very small with respect to the magnetic
susceptibility itself. We have hence selected two model crystal
fields that produce limit-cases asphericities of the 4f" electronic
cloud for n = 9 (Dy*") and n = 13 (Yb**). For dysprosium(m),
a strongly axial field (trigonal bipyramidal in this case) stabi-
lizes the oblate density of the M; = 15/2 state, yielding very large
anisotropies,*® whereas a strongly equatorial field (trigonal
planar in the present case) stabilizes the M; = 1/2 state, with
a much smaller anisotropy. Ytterbium(m) has the opposite
behavior (see Table 1). It is apparent that even with extreme
anisotropies the direct contribution dominates. This demon-
strates that the indirect and direct contributions are highly
correlated, and it is not easy to modify one without modifying
the other. Overall, the simulations performed on the model
crystal fields are in very good qualitative agreement with the
results of eqn (9).

3.2 Analysis of field dependence through some
paramagnetic NMR archetypes

For all the signals that display a non-negligible paramagnetic
contribution, the shift magnitudes decrease as the magnetic
field increases (see Fig. 1 and Tables S3-S9). Because of the good
resolution of the spectra, the effect is easily observable for all
complexes. Even if the chemical shift ranges are similar (for e.g.
NiSAL-HDPT and DyDOTA), the effect is stronger for the lan-
thanoid(III) complexes, reaching up to 12 ppm-more than 2.5%
of the signal frequency-for the largest hyperfine shifts of
DyDOTA. For transition metal complexes, the fraction of field-
dependent hyperfine shift A6™ is strongly dependent on the
position of the proton, more so than in the case of lanthanoids.

View Article Online

Edge Article

This is related to the negligible contribution from 6" to the
hyperfine shifts in lanthanoid complexes (vide infra).

When performing the simulations for comparison with the
experimental data, we have to bear in mind a few limitations of
the QC calculation of the observables:

1. DFT tends to overestimate electron delocalization.* For
this reason, the hyperfine tensor at the observed nucleus is
overestimated;

2. Multiconfigurational methods tend to underestimate
covalency, hence overestimating the effect of spin orbit
coupling. Consequently, g, D, and x tend to be overestimated.

In line with previous work,* we use values from multi-
configurational methods for computing 6", whereas for 6" we
use a DFT-computed g-matrix, that is known to be under-
estimated and can potentially compensate for the over-
estimation of A values. In contrast, the D tensor is obtained
from multiconfigurational methods.

A detailed description of the simulation strategy is provided
in the Methods section and SI sections referenced therein.

For the nickel(n) complexes the Fermi contact term domi-
nates, while for the cobalt(i) complex the pseudocontact term is
predominant (see Fig. $27-S29). Our protocol consistently
yields good agreement with the experimental data for the field-
independent portion of the shifts, showing a very good corre-
lation even in the cobalt(u) case, where we can observe some
degree of overestimation (see Fig. 2 and Tables S12-5S14).

When computing the field-dependent components of 6*¢
and 6", it becomes apparent that their trends with increasing
magnetic field differ significantly (see Fig. S30-S32). This
divergence originates from the fact that the field dependence of
6" arises almost entirely from the direct contribution A4,
the indirect term being negligible. In contrast, for 6" both the
direct and indirect components are significant: the direct
contribution decreases the shift with increasing field, while the
indirect contribution increases it. This is also perfectly in line
with the rules of thumb of the previous section. Since the
indirect effect is negligible for A6"°, the field effect on 6"C is
stronger than on 6F€. It is important to stress that, even when
the shifts are dominated by 6°°, they decrease with the field
because of the dominant A4,

Fig. 2 not only demonstrates satisfactory agreement between
experimental and simulated A¢ values, but also clearly shows
that the field-dependent contribution remains observable even
with a potential low-to-high field temperature mismatch of 0.2

Table 1 Predicted fraction of field dependence of hyperfine shifts (A6™ = A5/6°) for Dy** and Yb>* and two coordination geometries, trigonal
planar (tp) and trigonal bipyramidal (tbp). The corresponding anisotropies, defined as Axax = X2z — (Xxx + Xyy)/2. and magnetic susceptibility values,
defined as xiso = (xxx + Xyy + Xz2)/3. are also indicated, in m?>. The predicted A5"' values are compared to the HT-approximated values from eqn (9)
(A6'%). The simulations were performed in the CF approximation with parameters computed using NJA-CFS software® as described in Section

S5.2.1

tp tbp
fr AS™(%) Axax X 10721 Xiso X 10731 A6™(%) Axax X 10731 Xiso X 10731 ASTEH (%)
f (oy*) —2.52 —12.39 8.67 —-2.37 24.23 9.13 -3.11
2 (Yp*) —0.35 3.56 1.07 —0.33 —1.41 1.32 —0.60
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Fig.2 Comparison of simulated field-dependent hyperfine shifts computed at 400 MHz 'H Larmor frequency (left) and the correlation plot of
the simulated (Adg;) field-dependent contribution to hyperfine shifts (right), defined as (61200 MHz — 0400 mMHz). at 298.0 K, with the experimental
counterpart, for transition metal complexes. The boxes represent the error introduced by a hypothetical 0.2 K mismatch between the spectra at

different fields.

K (8 times the expected uncertainty and equivalent to the
temperature calibration steps, see the Methods section).

A final remark can be made for the cobalt complex. In the
literature, the preferred simulation strategy to reproduce the
shifts in this system involves the computation of both 6 and 6*“
in the SH framework, using A from DFT calculations, while g and
D are derived from an ab initio calculation (protocol B in Fig. S33
and Table S$15).*> When considering only the field-independent
part, the results obtained with this combination of parameters
are indeed superior to our results (protocol A in Fig. S33).§
However, when incorporating field-dependent effects, the first
protocol predicts a trend three times stronger than what is
observed experimentally, against the 1.5 times overestimation of
our protocol, and A§™ values that are very different from the
experimental counterpart, that are, in contrast, very well repro-
duced by our protocol. We also tested the same purely SH-based
approach while taking the HFC tensors from an ab initio calcu-
lation (protocol C in Fig. S33 and Table S16). This test revealed
that, also in this case, the field-independent shifts are very well
reproduced and the resulting field-dependence is very similar to
protocol A; however, the agreement among A6™ values is worse.
We also took into account that this system cannot be fully
described through the SH formalism,***** and tested a different
effective Hamiltonian involving the *T;, — P isomorphism
(protocol D and E in Fig. $33).**¢ If such an approach is taken,
the results for the total shift are comparable to those of our
protocol, and the Ad values are also estimated quite well, even if,
in this case, the A" remains poorly predicted.q

Considering all these simulations, we can therefore state
that the best protocol from the field-dependence point of view
(i.e., based on both Aé and A6™) is the one proposed in this
work, i.e. PCSs from AILFT and FCSs from SH with multi-
configurational D and g, and A from DFT. From a methodolog-
ical standpoint, this analysis implies that field dependence can
serve as a calibration tool for the computational protocol,
allowing one to obtain a more physically-meaningful
Hamiltonian.

© 2026 The Author(s). Published by the Royal Society of Chemistry

To study the effect beyond the transition metals, we have
characterized the field dependence of two complexes of dys-
prosium(m) and ytterbium(u), DOTA and HPDO3A.

In the case of DOTA, the ratio of the magnetic anisotropy to
the susceptibility is significantly larger for YbDOTA than for
DyDOTA.***7*% This can be rationalized as follows. The complex
with bound water has C; symmetry, and the easy axis of
DyDOTA is approximately perpendicular to the M-Oyw axis
(where Oy indicates the oxygen atom of the apical water
molecule).” Given that the reorientation of water®® and the
molecular distortions (concerted rotation of the four acetic
arms and conformational change of the macrocycle) are fast on
the NMR timescale, the resulting susceptibility in solution is
effectively axial, with its principal axis along the M-Oy axis. For
YbDOTHA, since the electron density of the f orbitals is prolate,
the principal axis is already along the M-Oy axis even if no
averaging is considered, due to the equatorial nature of the
DOTA ligand.** Both complexes display two conformations: the
square antiprismatic (SAP), which is dominant for the second
half of the lanthanoid series, and the twisted square anti-
prismatic (TSAP), which has a lower molar fraction. The DOTA
ligand itself occupies 8 coordination positions. In the TSAP
conformer, water can be bound (in early lanthanoids) or not
bound (in late lanthanoids). SAP and TSAP interconvert slowly
on the NMR timescale, leading to distinct proton spectra. Fast
equilibria with analogous structures lacking the capping water
(SAP’ and TSAP’) also exist (see Fig. S34 and S35). For DyDOTA,
the SAP and TSAP forms are the dominant slow-exchanging
species, while for YbDOTA the slow exchange takes place
between SAP and TSAP’, with SAP being the most abundant for
both complexes. Despite the fact that the complex with bound
water is C;-symmetric, the spectra only have six signals for each
conformer (SAP and TSAP), which implies an effective C,
symmetry for the ligand in solution, due to the fast rotation of
the water around the M-Oy, axis. For this reason, in our simu-
lations, the magnetic susceptibility anisotropy calculated ab
initio was averaged over the 4 positions of minimum energy for
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the water molecule identified by Briganti et al.,* as detailed in
ref. 52. The averaging was performed by directly rotating the LF
matrix elements from AILFT (see Section S6.2), and then, to
obtain a single set of signals, the computed shift for each of the
protons of DOTA was further averaged with its pseudosymmetry
mates. However, it is important to stress that this “double
average method” is only a pragmatic way to obtain a perfectly
axial system (like the one we observe experimentally) and to
approximate a far more complex equilibrium. For this reason,
the corresponding simulated shift values are also reported as
a simple single average over equivalent proton positions (see
Tables S18 and S20).

As anticipated, the experimental shift values decrease with
increasing magnetic field, an effect that is more pronounced in
the dysprosium(m) complex than in the ytterbium(m) complex.
If we look at Aé™, we can notice that the field effect is very
similar among different protons. This is in line with the axial
character of the complex (as described in the previous section).

Given the largely ionic bonding in lanthanoid systems, in the
simulation we neglected the 6" contribution. The 6°° values
were computed in the LF formalism. Additionally, the effective
LF Hamiltonian was reduced to the same subspace of multi-
plicities used in the ab initio calculation from which the
parameters were taken (see Section S6.2).
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201 ¢ DyDOTA (TSAP)
— y = 1.65x S

Absim [ ppm

20 -10 0 10 20

Abexp / PPM
e DyHPDO3A (SAP) ,
201 -

— y=1.77x ~ L

Absim | ppm

~10 0 10 20
Abexp / pPM

~20
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Our simulations successfully reproduced the experimental
field dependence (see Fig. S38), showing a decrease in shift
value with increasing field. This is attributed to the direct effect
prevailing over the indirect contribution in AJ* (see Fig. S39
and $40), analogously to the transition metal case. For both
complexes, however, we can clearly notice a large over-
estimation of the absolute value of the simulated hyperfine shift
(see Fig. S38), which consequently leads to an overestimation of
Ad (see Fig. 3). This must be the reflection of the limitations
introduced by the QC method itself, rather than a possible
defect in the applied theory; in fact, the fraction of field-
dependent contribution to the total shift A¢™ is very close (on
average) to the experimental counterpart: for dysprosium(ur)

SAP AdL, = —2.483% (ab initio A6™ = —2.732%) and ytterbiu-
m(m) SAP Adg, = —0.438% (ab initio A6™ = —0.489%) (see

Tables S17-S20).

The experimentally observed position dependence of A¢™!,
which is negligible in our simulations for both dysprosium(m)
and ytterbium(m) complexes, likely derives from a minor yet
distinct field-dependence of the contact shift, as seen in tran-
sition metal ions. Consequently, thanks to the negligible
rhombicity of the magnetic susceptibility of this system, 6*¢
could potentially be estimated in order to reproduce these
differences, assuming a perfect A6" simulation.

15 -
® YbDOTA (SAP)
® YbDOTA (TSAP)

109 — y-1.0

0.5 A ’

A65/m / ppm
o
o

_05 4
-10q
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1.5 -
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Fig.3 Correlation plot of the simulated (Adsim) and experimental (Adeyp) field-dependent contribution to hyperfine shifts, defined as (61200 Mz —
0400 MHz) at 298.0 K for DyDOTA and YbDOTA (above), and DyHPDO3A and YbHPDO3A (below). The boxes represent the error introduced by
a hypothetical 0.2 K temperature mismatch between the spectra at different fields.
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We can also notice that the ratio of A§™""/A§%"*" is higher
for the ytterbium(m) analog. This is due to its greater suscepti-
bility anisotropy with respect to the average susceptibility,
compared to the dysprosium(m) analog.

The other set of lanthanoid(III) complexes, DyHPDO3A and
YbHPDO3A, is a derivative of DOTA obtained by substituting
one of the acetate groups with a hydropropyl group.* In this
case, the C, pseudosymmetry is intrinsically broken. As a result,
all the proton signals are visible in the spectra (see Fig. S22 and
S23).2° The susceptibility tensor obtained experimentally from
the assignment procedure of DyHPDO3A and YbHPDO3A's
signals in SAP conformations are very similar both in shape and
direction to the ab initio ones, respectively Ax,, = —1.465 X
107°° m? (ab initio: —1.275 x 107°° m®) and Ay, = —3.097 x
107*" m® (ab initio: —3.670 x 10" m®); the complete tensors
are reported in Table S2. The geometries are the same as those
of DOTA, but additionally there is the configuration of the chiral
center that has to be taken into account, leading to a total of
eight isomeric forms potentially present in solution. Unlike
DOTA, however, the enantiomers cannot interconvert in solu-
tion because they differ in the configuration of the chiral center,
leaving two possible couples of SAP/TSAP conformers present in
equilibrium. Also in this case, TSAP conformers are more
common for lanthanoid ions at the beginning of the series,
while SAP conformers are preferred for heavier ions. The
exchange between TSAP and SAP (for dysprosium), or between
SAP and TSAP’ (for ytterbium), is slow on the NMR timescale, as
two distinct sets of signals corresponding to these isomers can
always be detected at 298 K. The structures used in this work for
SAP and TSAP correspond to SAP1-S and TSAP1-R of ref. 29,
proven to be the most abundant.

48
&

60 Aﬁdirect

Aﬁindirect AS

Fig. 4 Isosurfaces (at 50 ppm for 6° and 0.5 ppm for the field effects)
for the YoDOTA (above) and YoHPDO3A (below) complexes, showing
the field-independent and field-dependent PCS contributions, from
left to right: 62, AsU™e<t, A6MIeCt and As = AsIEt 4 A§MYIECt These are
computed as the difference between the shifts at zero field and those
computed at a 1.2 GHz H Larmor frequency, at 298 K. Simulation
parameters are obtained from a CASSCF(13,7) calculation using ORCA
(see protocol (2) in S4).
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The experimental field dependence is very similar to the
DOTA complexes, with the direct contribution higher than the
indirect one, producing a decrease in the chemical shift with
increasing magnetic field (see Fig. S38).

The simulation reproduced well the experimental field-

ol = 2.558% (ab ini-

exp

dependence: for dysprosium(ur) SAP
tio A6™ = —2.785%) and ytterbium(ur) SAP A6™L = —0.447% (ab

exp

initio A6™ = —0.504%) (see Fig. 3 and Tables S21 and S22),
despite the overestimation of the shifts in absolute values. This
confirms that the field effect largely depends on the type of
metal rather than on the particular symmetry and/or the ground
state composition of the complex for systems with predominant
axial character, in agreement with the Bleaney-like “rule of
thumb” reported in the previous section. In this case we can
notice that the variability of Aé™ produced by the different
nuclear positions is higher compared to the DOTA analogs, due
to the higher rhombicity induced by the low symmetry.

Regarding the composition of A¢, the same considerations
made for DOTA are equally valid also in this case (see Fig. S41
and S$42): A6 prevails and the ratio Ag¥Cndirect/p gPC.direct jg
higher for the ytterbium(m) analog.

A plot of the isosurfaces of these two effects for YbDOTA and
YbHPDO3A is shown in Fig. 4. As anticipated in the previous
section, both Ad*™** and A" ™" exhibit the typical d>_ jo/d,
orbital-like shape in the PCS isosurfaces, with opposite signs for
the two contributions. The final sign pattern is dictated by the
A4t isosurfaces for both complexes, as the latter represents
the largest contribution to the total Ad. Additionally, we can
notice that the position dependence of A¢™ increases with the
rhombicity of x, showing that the “shape” of the field-effect
reflects the symmetry of the system. The effect of the suscepti-
bility is different for the indirect and direct components, and
therefore their shapes can be different: indeed, the shapes of
the two isosurfaces can differ in the case of non-axial symmetry,
and even more significantly for lower symmetries.

4 Conclusions

The hyperfine interaction gives rise to observables that have
been extensively used to study the structure of paramagnetic
systems beyond the center of unpaired electron density.'>>
Additionally, it has long been recognized that it can provide
unique insights into both the electronic structure and the local
geometry of the paramagnetic center itself.*>** Advancements in
the understanding and interpretation of hyperfine-derived
observables are therefore of broad significance, offering
a deeper understanding of structure-function relationships in
metal-based systems, and guiding the rational design of new
functional materials and molecular architectures.

The present work offers a new perspective on this by
demonstrating that the field-dependent component of the NMR
hyperfine shift (Ad) constitutes an additional valuable observ-
able that cannot be extracted from single-field data. The theo-
retical framework for its simulation, developed in a previous
work by some of us, is analyzed here in detail and employed to
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delineate both the range of applicability and the potential of
this newly defined observable.

The field-dependent contribution can be factorized into two
terms: a direct term, which leads to a decrease in the shift as the
magnetic field increases and originates from magnetic-moment
saturation at high fields, and an indirect term, which produces
the opposite effect, i.e. an increase in the shift with increasing
field, due to field-induced self-orientation in solution. By
approximating the previously-derived equations in the high-
temperature limit, we find that the model predicts in all cases
a decrease of the shift with increasing field, arising from the
dominance of the direct term over the indirect one. This
prediction is in full agreement with the experimental data for all
investigated complexes, both transition-metal and lanthanoid.
This implies that the saturation of the total magnetic moment
plays a primary role in dictating how the shifts evolve with the
magnetic field. Our results on DOTA and HPDO3A complexes
further support this conclusion, as the fraction of the field-
dependent contribution to the total shift is governed
primarily by the nature of the lanthanoid ion itself, rather than
by ligand-specific structural features.

Another observation from the present work is that, although
typically small in magnitude, Ad is highly sensitive to the
balance between the Fermi contact (FC) and pseudocontact (PC)
contributions. In transition-metal complexes, the markedly
different field dependence of A" (almost exclusively direct)
and Ad"C (with substantial indirect contributions) makes the
overall A¢ strongly dependent on the PC/FC ratio. Conse-
quently, the experimental Ad provides a stringent test of the
relative weighting of these two contributions in computational
or semi-empirical models: the agreement between measured
and predicted field dependence validates the assumed FC/PC
balance. For lanthanoid systems, where the FC term is
conventionally considered negligible, the observed A¢ can
provide qualitative information about the magnitude of this
supposedly minor contribution, based on its dependence on the
relative position of the observed nucleus with respect to the
paramagnetic center, both in distance and orientation.

In this study, we demonstrated that the field-dependent
component of NMR hyperfine shifts, albeit a secondary effect,
may offer a promising avenue for improving the information
available on the electronic structure of the paramagnetic center.
Ultra-high-field NMR spectrometers are increasingly available,
thus the systematic measurement of field-dependent hyperfine
shifts offers new opportunities for NMR-based structural and
electronic characterization.
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+ In experimental literature, the total shift observed in closed-shell (diamagnetic)
systems is often referred to simply as the diamagnetic shift, in contrast to para-
magnetic shifts arising from unpaired electrons. Theoretically, however, this shift
contains two distinct orbital contributions: the Lamb diamagnetic term, origi-
nating from the direct interaction of the magnetic field with the circulating bound
electrons, and the Ramsey paramagnetic term, arising from field-induced mixing
of excited electronic states (second-order paramagnetism).

} The temperature dependence of hyperfine shifts can be modeled in this case
with a linear regression, given the narrow sampled temperature range.

§ The reassignment of the experimental "H NMR shifts of CoTp, proposed in ref.
42 is not correct and should be disregarded. This can be readily verified by
inspection of the ° PC isosurface in Fig. S24.

9 Another option could be to include cubic Zeeman terms in the spin Hamilto-
nian for CoTp, (suggestion by Héléne Bolvin, private communication with Lucas
Lang). In our case, this would affect only the FCSs and we neglect the effect in the
following.
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