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Magnetic and relaxation properties of vanadium(iv)
complexes: an integrated *H relaxometric, EPR and
computational study+

C
*b

Valeria Lagostina,? Fabio Carniato, ¢ ® David Esteban-Gomez,
Carlos Platas-Iglesias, (= * Mario Chiesa () ** and Mauro Botta

We report a detailed study of the magnetic and relaxation properties of a series of oxovanadium(v) com-
plexes comprising the aqua ion [VO(H,0)s]>" and [VO(ox),]>~ (ox = oxalate), [VO(nta)]™ (nta = nitrilotri-
acetate), [VO(dtpa)l®>~ (dtpa = diethylenetriaminepentaacetate) and [VO(acac),] (acac = acetylacetonato) in
solution. The complexes were characterized using continuous wave (X-band) and pulsed (Q-band) EPR
measurements and *H nuclear magnetic relaxation dispersion (NMRD) studies in the 0.01-120 MHz *H
Larmor frequency range. The Vv A-tensor parameters obtained from the analysis of EPR spectra are in
good agreement with those obtained using theoretical calculations at the DFT and coupled-cluster levels
(DLPNO-CCSD), while g-tensors were obtained with CASSCF/NEVPT2 calculations. EPR measurements
reveal significant differences in the electronic T; and Tg, relaxation times, with [VO(acac),] showing a
markedly different behaviour due to the trans coordination geometry. The NMRD profiles measured at
different temperatures have contributions from both the outer- and inner-sphere mechanisms, with the
latter showing contributions from the dipolar and scalar mechanisms. The rotational correlation times (zg)
obtained from the fitting of NMRD and EPR data are in good mutual agreement. The scalar mechanism
depends on the hyperfine coupling constants of the coordinated water molecule Maio, Which were
obtained from the fitting of the NMRD profiles and DFT calculations. Finally, the analysis of the data pro-
vided information on the exchange rate of coordinated water molecules, which display mean residence
times of ~7-17 ps at 298 K.

cause electron spin dephasing. Applications in quantum infor-
mation technology require designing systems where both these

Magnetic molecules are next-generation components in many
different technological areas, ranging from magnetic reso-
nance imaging (MRI)'® to quantum information
technologies.” All of these applications require the modu-
lation of the spin-lattice (longitudinal) relaxation time (T%)
and the phase-memory relaxation time (7%,). 75 defines the
lifetime of an excited spin state and is the upper limit of T¢,.
T¢, is the lifetime of the electron spin superposition or coher-
ence time, and encompasses T, and all other processes that
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parameters are long, which is challenging due to the ubiqui-
tous spin bath (nearby electronic spins or nuclear spins) that
produces stochastic interactions that shorten both relaxation
times.® On the other hand, contrast agents for application in
MRI should be efficient at shortening the nuclear relaxation
times of water proton nuclei in their vicinity.” Vanadium(iv)
complexes are being actively studied as potential candidates
for molecular spin qubits,®*** and have also been proposed as
potential MRI contrast agents.'” In the latter case, the para-
magnetic V(iv) complex creates a local fluctuating magnetic
field that increases the relaxation efficiency of nearby solvent
protons. Vanadium(wv) has an electron spin S = 1/2 and a
nuclear spin I = 7/2 for the stable isotope *'V, which presents a
natural abundance of nearly 100%. Oxovanadium(iv) com-
plexes, in particular, have longer electron spin decoherence
times than many other first-row transition metal ions, a key
property for applications in quantum information processing.
The relaxivity induced by VO*' compounds is lower than
that by low molecular weight gadolinium complexes, but it
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still provides significant relaxation enhancement, particularly
at low magnetic field strengths.>'® Mustafi et al.'” reported
the use of bis(acetylacetonato)oxovanadium(wv) ([VO(acac),]) as
a potential contrast agent and studied the interaction of the
complex with serum albumin and performed in vivo experi-
ments for imaging tumours in rats. Furthermore, vanadium(iv)
complexes are used in other medical applications, such as the
treatment of diabetes, anti-tumour therapy and the treatment
of viral, bacterial or parasitic infections.'®

The study of the NMR spectra of paramagnetic species is
limited by the shortening of the nuclear transverse relaxation
time (73) caused by the presence of unpaired electrons, which
may induce extensive line-broadening. If T} is long enough, it
is possible to observe the NMR spectra characterized by para-
magnetically shifted signals. However, short T} values make
signals too broad to be detected. The Fast-Field-Cycling NMR
(FFC-NMR) technique was designed to overcome this limit-
ation, as it permits one to study the structural and dynamic
properties of paramagnetic complexes dissolved in a solvent
(usually in H,0), by investigating the solvent magnetic pro-
perties.'® This technique is largely used for the development
of new contrast agents for MRI applications.?’

The effect of the paramagnetic complex on water proton
relaxation is influenced by many parameters. The observed
relaxation effect is the result of two main contributions: the
outer-sphere contribution,*"** arising from water molecules
diffusing in the proximity of the paramagnetic centre, and the
inner-sphere contribution, arising from water molecules co-
ordinated to the paramagnetic centre that get exchanged with
bulk water molecules. The theoretical description of the relax-
ation theory is given by the Solomon-Bloembergen-Morgan
equations,” and includes a rather large number of structural
and dynamic parameters. Thus, it is very important to
combine different techniques offering complementary infor-
mation on the most important ones.*

In this paper, we report a combined EPR and 'H relaxome-
try study on a series of oxovanadium(iv) complexes that estab-
lishes a clear relationship between their relaxation properties
and their structural and dynamic parameters (electron spin
relaxation times, rotational dynamics, hydration state, water
exchange rate, etc.). For this purpose we re-investigated the
[VO(H,O)s]** complex, which was characterized earlier using
either FFC-NMR'® or EPR** measurements, but not combining
the two techniques. Additionally, we selected a series of com-
plexes that contain a water molecule coordinated to the metal
ion either axially ([VO(acac),]) or equatorially ([VO(nta)]™,
Hjnta = nitrilotriacetic acid; [VO(ox)]*~, H,ox = oxalic acid).
Furthermore, we also investigated the [VO(dtpa)]>~ complex
(Hsdtpa = diethylenetriaminepentaacetic acid), which lacks
any coordinated water molecule. Fig. 1 shows the models of
the structures of the complexes investigated in this work
obtained with DFT calculations. The analysis of the 'H nuclear
magnetic relaxation dispersion (NMRD)>® profiles is supported
by complementary information extracted by EPR (rotational
correlation times (7g),*® longitudinal (7¢)*” and transverse
(T¢)?® relaxations). Additionally, theoretical calculations based
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Fig. 1 Structures of the complexes investigated in this work optimized
with DFT calculations (TPSSh/Def2-TZVPP): (a) [VO(H,0)s]%*, (b) [VO(nta)
(H20)I", (c) [VO(Hdtpa)l*~, (d) [VO(ox)2(H,0)1%", and (e) [VO(acac),(H,O)l.

on DFT and wave function approaches were used as an
additional source of information. This integrated approach
offers, for the first time, a clear description of the relaxometric
behaviour of oxovanadium(iv) complexes in solution.

Results and discussion
Continuous wave (CW) EPR experiments

The EPR spectra of the vanadium complexes recorded in water
frozen solution (77 K) show the expected eight-fold hyperfine
splitting typical of V"V (*'V I = 7/2, natural abundance
99.76%).>° The spectra could be simulated using the spin
Hamiltonian shown in eqn (1), which considers the electronic
Zeeman interaction and the hyperfine coupling of electronic
and nuclear moments.

H=puB -g-§+8 a1 (1)

Here, g is the electronic anisotropic Landé tensor and 4 is
the hyperfine coupling tensor. Computer simulation afforded
the parameters reported in Table 1, while the experimental
and simulated spectra are presented in Fig. 2. The
[VO(H,0)5]*" complex is characterised by axially symmetric g-
and A-tensors that match well those reported previously.”**°
All other complexes show slightly rhombic tensors.

As noted previously for VO** complexes,®" the values of g,
and A, are correlated, with [VO(H,0)s]** displaying the most
negative A, value and the lowest g,. Detailed structural studies
concluded that [VO(acac),] is present in solution as a mixture
of cis and trans isomers, with the major species in solution

This journal is © the Partner Organisations 2023
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Table 1 Spin-Hamiltonian parameter of VO-complexes (A-tensor in MHz), rotational correlation times (28, ps) and activation energies for rotation
(E,, kJ mol™) obtained from CW EPR spectra simulations. The sign of the experimental hyperfine components has been taken based on the DFT

results
x % I Ay Ay A, 8 E,

[VO(H,0)s]** Exp. 1.9786 1.9786 1.9344 —206.5 —206.5 -546 47.8+ 1.4 14.8+0.8

Calc. 1.9830 1.9820 1.9099 —201 —198 —552
VO(nta)]_ Exp. 1.9820 1.9770 1.9375 —203 —187 —527 35.5+1.3 149+1.0
VO(nta)(H,0)]~ Calc. 1.9805 1.9751 1.9164 -164 -164 -509
VO(nta)(H,0)]-2H,0 Calc. 1.9803 1.9761 1.9194 -163 -162 -507
vO(dtpa)*~ EXp. 1.9822 1.9770 1.9444 -184 -176 —-507 86.0 + 2.2 13.0 £ 0.7
VO(Hdtpa)]*~ Calc. 1.9798 1.9789 1.9253 -151 146 —492
VO(Ox)z]Z’ Exp. 1.9801 1.9760 1.9392 —192 —181 —-520 38.2+0.9 16.4 + 0.6
VO(0x),(H,0)*~ Calc.” 1.9819 1.9777 1.9172 -165 -155 -507
VO(0x),(H,0)*"-2H,0 Calc.” 1.9795 1.9762 1.9173 -155 —-149 —-500
VO(acac),] Exp. 1.9805 1.9735 1.9444 -161 -176 —498 77.0°
VO(acac),(H,0)] cale.? 1.9855 1.9743 1.9368 -131 -157 —-491
VO(acac),(H,0)]-2H,0 cale.” 1.9817 1.9758 1.9305 —-146 -161 -496

“Data obtained for the cis isomer. DLPNO-CCSD calculations afford 4,, 4, and 4, values of —156, —148 and —509 for [VO(0x),(H,0)]*". ” Data
obtained for the trans isomer. ¢ Value estimated from the spectrum recorded at room temperature.

a
b
c
d
e
250 300 350 400 450
B/mT

Fig. 2 X-band CW EPR spectra of frozen solutions of complexes (a) [VO
(H20)s1%*, (b) [VO(nta)(H,0)I", (c) [VO(Hdtpa)l*~, (d) [VO(ox),(H,0)%",
and (e) [VO(acac),(H,0)] (experimental black line, simulation red one) at
77 K, 1 mW power and 0.2 mT modulation amplitude.

being the trans form (~85%), which contains a water molecule
coordinated in the trans position with respect to the oxo
group.®? The value of the *'V isotropic hyperfine coupling a;s,
determined here for [VO(acac),] (—278 MHz) is in excellent
agreement with that reported previously for the trans isomer
(=276 MHz), while the cis isomer (minor) is characterized by a
larger a;, value of —291 MHz.>*> The X-ray crystal structures of
the [VO(0x),]>~ and [VO(nta)]” complexes show that a water
molecule is coordinated to the metal ion in the cis position
with respect to the oxo group.**® The X-ray structure of the
[VO(H3DTPA)] complex evidences coordination of the ligand
through two amine N atoms and three oxygen atoms of carbox-

This journal is © the Partner Organisations 2023

ylate groups, and thus this complex lacks any coordinated
water molecule.®®

Variable temperature EPR experiments

EPR spectra were recorded in aqueous solutions in the tempera-
ture range 294-353 K. Under these circumstances, the aniso-
tropic g- and A-tensors are averaged out depending on the rate
of motion of the complex, which in turn depends on the temp-
erature. The result is an 8-line spectrum centred at the average g
factor and line separation reflecting the >'V isotropic hyperfine
component a;s,. Inspection of Fig. 3 shows a clear m; linewidth
dependency, which is directly correlated with the rotational cor-
relation time (zz). Using the rigid limit spin-Hamiltonian para-
meters reported in Table 1, 7z was determined through the

1 1 1 1 1 1 ;‘ A 353 K
1 1 1 1 1 [‘ 1 A 343K
1 1 1 1 q /‘ A A 333K
1 1 1 1 1 (‘ A 323K
1 1 1 1 1 q ; 313K
| 1 1 1 1 q A 303K
1 1 1 1 1 A 294 K

306

332 358 384
B/mT

280 410

Fig. 3 Experimental (black) and simulated (red) X-band CW EPR spectra
of the [VO(nta)]”™ complex recorded at different temperatures (10 mW
power and 0.5 mT modulation amplitude).

Inorg. Chem. Front., 2023, 10, 1999-2013 | 2001
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simulation of the spectra using the Easyspin®® routine garlic
(Fig. 3, see also Fig. S1-S3, ESI{). In this way, the spectra are
simulated leaving i as a unique free parameter.

The 7y values measured at different temperatures are sum-
marized in Table S1 (ESI).t The values of 7z decrease upon
increasing the temperature, as would be expected, following a
simple exponential dependence according to the below
equation (Fig. S4 and S5, ESI):

Er (1 1
298 R

= 2 expd R~ — ‘ 2
R= R p{R (T 298.15)} @)

In eqn (2), 72 is the rotational correlation time at 298.15 K

and Eg represents the corresponding activation energy for
rotation. The longest 2% value was determined for the
complex with Hsdtpa, as expected according to its molecular
weight. The 2% value determined for this complex is slightly
lower than that determined by Chen using EPR measurements
(~105 ps).*® The [VO(ox),]*~ and [VO(nta)]” complexes present
comparable molecular weights and very similar rotational cor-
relation times. However, the [VO(acac),] complex displays a
longer 2°® value than the latter two, in spite of their similar
molecular weight. The [VO(H,0)5]*" complex presents a 72
value somewhat longer than those of [VO(ox),]>~ and
[VO(nta)]~, which can be attributed to the formation of a well-
defined second-sphere hydrogen-bonding network. The acti-
vation energies for rotation (~15 kJ mol™") are similar to those
obtained from relaxometric data for the aqua-complexes of Gd
(m),*” Mn(u)*® and Fe(u)*® complexes.

Electron spin dynamics: T; and T;, measurements

To investigate the temperature dependence of the electronic
relaxation times of the VO®>" complexes, Q-band ESE EPR
spectra were recorded using a standard Hahn echo sequence.
Representative spectra recorded at 10 K are shown in Fig. 4,

d
M
1150 1188 1226 1264 1302 1340
B/mT

Fig. 4 Experimental (black) and simulated (red) Q-band ESE spectra (a)
[VO(H,0)s?*, (b) [VO(nta)(H0)1™, (c) [VO(Hdtpa)l*~, (d) [VO(ox)2(H-0)*",
and (e) [VO(acac),(H,O)l.

2002 | /norg. Chem. Front,, 2023, 10, 1999-2013
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along with the corresponding computer simulations. The spin
Hamiltonian parameters obtained from the analysis of the
CW-X-band EPR spectra provide a good simulation of the
Q-band ESE spectra, adding confidence on the values reported
in Table 1. The electron spin relaxation times were measured
at a fixed magnetic field, corresponding to the maximum echo
intensity. To investigate the spin relaxation times in detail and
to quantify the electronic phase memory time and the spin-
lattice relaxation time in frozen solutions as a function of
temperature, echo decay and inversion recovery experiments
were performed in the temperature range 20-200 K. The
corresponding values are shown in Fig. 5. For [VO(acac),] the
echo relaxation is too fast to allow accurate measurements
above 120 K. The Tj values were obtained using inversion-
recovery experiments and by subsequent fitting of the signal
intensity (I) to a bi-exponential equation:

I=1Iy+ kmexp [7 (T_f)] +kn exp [7 (T_iﬂ . (3)

The values of the pre-exponential factors k,, and &, indicate
that the long TS component dominates the inversion-recovery
traces (Table S2, ESIt). The TS values decrease steadily on
increasing the temperature, with 7Y being in the range
~40-2100 ps at 20 K and decreasing to ca. 6-15 ps at 80 K. The
plots of log T{ versus log T are linear, which indicates that
relaxation is dominated by the Raman mechanism according
to eqn (4), where b and n are the Raman coefficient and
Raman exponent, respectively. Thus, direct relaxation appears
to be negligible in the temperature range explored here.

1 n
7 bT (4)

The fit of the data (Table 2) afforded similar n values of
3.0-3.3 for [VO(H,0)s]*", [VO(0x),]*~ and [VO(DTPA)]’>", as can
be anticipated by the similar slopes of the plots shown in
Fig. 5. These n values are close to those determined for
different oxovanadium(iv) complexes using magnetic suscepti-

3 " v-D--"[VO(Hzo)sly
10’5 o -0 [VO(nta)] ?
A ot [VO(OX),]
101 v .0 VO(dtpa)f]
. , —7— [VO(acac),]
S _ 103
. T
= o] : SN SR
Rl o
10™4 — _
x 100
T/K

Fig. 5 Temperature dependence of T; (filled symbols) and Tg, (hollow
symbols) for the oxovanadium(v) complexes studied in this work. The
solid lines correspond to the fits of the data to a Raman type of relax-
ation (see the text). Dotted lines are a guide to the eye.

This journal is © the Partner Organisations 2023
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Table 2 Results of the fits of T5 data according to eqn (4) °

b/usT' K" n
[VO(H,0)5]** 6.8(5)x107® 3.3(1)
[vO(nta)]” 1.95(8)x10~° 2.57(5)
[vo(dtpa)]*~ 6.8(6)x107° 3.1(2)
[VO(ox),]*~ 1.4(2)x1077 3.0(1)
[VO(acac),] 1.86(4)x1073 0.88(2)

“Data obtained from frozen aqueous solutions (complex concentration
~3 mM).

bility and EPR measurements.”'**%*! The [VO(nta)]~ complex
is characterised by a slightly lower n value, while [VO(acac),]
displays a very low n value of 0.88. As a result, TS decreases
much smoothly with temperature for [VO(acac),] compared to
all other complexes studied here. As a result, [VO(acac),] shows
the shortest TS value (38.7 ps) among the five complexes at
20 K, but all five complexes show similar TS values at 80 K
(6-14 ps). The different temperature dependence of T
observed for [VO(acac),] is likely related to its ¢rans coordi-
nation geometry, where the donor atoms of the acac ligands
occupy equatorial positions.

For T;, measurements the decay traces were fitted using the
stretched-exponential expression:

P
I=1Iy+ kn exp(—ﬂ) (5)
m

Here, I is the echo intensity, 27, is the time delay between the
initial and echo detection pulses, and f,, is the stretch factor.
The values of T3, decrease smoothly with temperature for all
complexes, with [VO(H,O)s]**, [VO(ox),]>~ and [VO(DTPA)]*~
being characterized by similar and relatively long values. The
[VO(acac),] complex is characterized by the shortest values of
T¢,, with [VO(nta)]” showing an intermediate behaviour. Thus,
the trend in T, values resembles that observed for 75 at a low
temperature (20 K).

'H nuclear relaxation dispersion (NMRD) profiles

The NMRD profiles of the oxovanadium(iv) complexes were
measured at various temperatures (283, 298 and 310 K) from
0.01 to 120 MHz (expressed as a function of 'H Larmor fre-
quency). For each NMRD profile, 25 relaxation times were
measured, in order to have a good definition of the curves
(Fig. 6).

The NMRD profiles obtained for the [VO(H,0)5]** complex
present a similar shape to that reported by Bertini et al.®
Relaxivity (r;) is nearly constant at low fields in the range from
0.01 to 0.1-0.2 MHz. A dispersion in which r; decreases is
observed above ~0.2 MHz until 20 MHz, followed by a region
with constant r; at frequencies above 20 MHz. The NMRD pro-
files recorded for the [VO(acac),] and [VO(ox),]>~ complexes
show similar shapes. The shape of the NMRD profile is
however different for the [VO(nta)]™ complex, which shows a
broad region of constant relaxivity below 2 MHz and a dis-
persion in the 2-30 MHz region. This shape is characteristic of

This journal is © the Partner Organisations 2023
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complexes where the inner-sphere contribution to relaxivity is
dominated by the dipolar mechanism, such as Gd*" and most
Mn*" complexes.”® The relaxivity increase observed below
~1 MHz denotes the presence of a significant scalar contri-
bution, as observed for [Mn(H,O)¢]** and a few other Mn**
complexes.*443

The scalar contribution that dominates r; at low fields
depends on the isotropic (Fermi contact) proton hyperfine
coupling constant "a;,, and the correlation time 1/zy;, which is
the sum of the water exchange rate constant (kex = 1/7y) and
the electronic longitudinal (1/T5) or transverse (1/T5) relaxation
rates. The electronic relaxation times are generally nearly
invariant in the temperature range used for NMRD measure-
ments. The increase of relaxivity at low frequencies observed
for [VO(H,0)s]*" and [VO(ox),]>~ as a function of temperature
indicates that r; is limited by a slow water exchange rate, as 7y
is longer than T; for the coordinated water molecule.
Increasing temperature decreases 7y, for the proton nuclei of
the coordinated water, and thus r; increases.

At high frequencies, the inner-sphere contribution to r; is
provided by the dipolar mechanism, for which the relevant
correlation time involves 7y, T5 (75, T3) and zg. The shortest
among these three correlation times is zg, which is in the ps
time scale, while 7,y and T appear to be in the ps and ns time
scales, respectively. Thus, the fast rotation of the complex in
solution limits r, at high fields, and therefore the trend with
temperature is reversed, as 7z becomes shorter with increasing
temperature.

The [VO(nta)]” complex presents higher r; values than the
complex with H;DTPA over the whole range of proton Larmor
frequencies. This suggests that the [VO(nta)]” complex con-
tains a coordinated water molecule, as observed in the solid
state.>® The complex with H;DTPA likely lacks any coordinated
water molecule, with the observed relaxivity being a conse-
quence of the outer-sphere mechanism. The decrease in relax-
ivity with temperature is therefore likely related to a faster
diffusion.

Theoretical calculations

DFT calculations were carried out to gain insight into the
structures of the complexes in solution and their correlation
with EPR parameters. The geometries of the complexes were
optimized at the TPSSh/Def2-TZVPP level incorporating bulk
solvent effects with a polarized continuum model (see
Computational details below). The optimized molecular geo-
metries are presented in Fig. 1, while relevant structural fea-
tures are provided in Table 3 (see also Tables S4-S11, ESIt).
The [VO(H,O);]** system is characterized by short V-O;
distances and a long V-Oy,s distance associated with the
trans influence of the V=0 bond. The calculated distances are
in excellent agreement with the experimental values obtained
with X-ray diffraction measurements.***® The calculated V=0
distance (1.565 A) is also in nice agreement with the X ray data
(1.57-1.58 A). DFT calculations were also performed in the
[VO(oxa),(H,0)]*~ system, for which X-ray structures were
reported with the coordinated water molecule at both cis***

Inorg. Chem. Front., 2023, 10, 1999-2013 | 2003
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Fig. 6 H Nuclear Magnetic Relaxation Dispersion (NMRD) profiles recorded at different temperatures for (a) [VO(H,0)s]>* (pH = 0.7), (b) [VO(nta)]~
(pH = 5.5), (c) [VO(Hdtpa)]?>~ (pH = 7.0), (d) [VO(oxa),]>~ (pH = 5.5) and (e) [VO(acac).] (pH = 5.6). The solid lines correspond to the fits of the data as

explained in the text.

and trans*® positions with respect to the V=0 bond. The calcu-
lations on the trans isomer systematically led to square pyrami-
dal optimized geometries, even upon the inclusion of two
explicit second-sphere water molecules. The "H NMRD data
clearly show the presence of a water molecule coordinated to
the VO** cation, and thus subsequent calculations were per-
formed on the cis isomer (Table 3). The DFT calculations
provide a V-Oyaeer distance that is considerably longer than
that observed in the solid state. The inclusion of two explicit
second-sphere water molecules shortens the V-Oy.¢r distance
by ~0.04 A, but the calculated value remains 0.11 A longer
than the X ray value.

2004 | Inorg. Chem. Front,, 2023, 10, 1999-2013

Calculations performed in the [VO(nta)(H,O)]” system
provide a minimum energy conformation with the coordinated
water molecule in the cis position and the N atom of nitrilo-
triacetate occupying the trans position, which leads to a long
V-N distance (2.372 A) associated with the trans influence of
the V=0 bond. This is in good agreement with the X-ray struc-
tures reported in the literature.>*** Again, the inclusion of
explicit second-sphere water molecules causes a shortening of
the V-Oyqeer distance, as observed previously for Mn(n) and
Gd(m) complexes.>>>?

DFT calculations yield two minimum energy geometries for
the [VO(acac)(H,O)] system characterized by cis and trans

This journal is © the Partner Organisations 2023
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Table 3 Distances (A) and *H hyperfine coupling constants Ma;, (MHz) of coordinated water molecules obtained with DFT calculations at the

TPSSh/Def2-TZVPP level and values reported in the literature

V=0 V-0 V-Op,0 V-N V--Hyo Haico Ref.
[VO(H,0);]*" DFT  1.565 2.052-2.056;° 2.212¢ 2.67192.8887  0.73-7.860.09¢
Exp.  1.569 2.023-2.030;° 2.183¢ —0.39-8.67° 46 and 49
1.577 2.026-2.027;° 2.175¢ —0.04; 0.01¢ 44
[VO(nta)(H,0)]” DFT  1.606  1.974-1.979  2.128 2.372 2.682 3.89
[VO(nta)(H,0)] -2H,0  DFT  1.605  1.988-1.999  2.085 2.368 2.587 4.90
Exp.  1.596  1.997-2.022  2.005 2.322 35
[VO(Hdtpa)]*~ DFT  1.6112 1.987-1.994 — 2.209/2.356 — —
Exp.  1.603  1.981-2.032 2.179/2.304 36
[VO(0x),(H,0)*~ DFT® 1.613  1.973-2.151  2.186 2.667 4.30;1.34
[VO(0x),(H,0)*-2H,0 DFT® 1.629  1.974-2.130 2.141 2.732 1.6; 1.72
Exp.® 1.594  2.006-2.184  2.033 33
[VO(acac),(H,0)] DFT? 1.597  1.991-1.999  2.479 — 2.950 0.04
[VO(acac),(H,0)]2H,0 DFT’ 1.598  1.991-2.026  2.336 — 2.868 0.07
Exp.” 1599  1.982-1.998  2.196 — 50

“Data obtained for the cis isomer. ® Data obtained for the trans isomer.  Data for equatorial water molecules. The range of experimental hyper-
fine couplings refers to the four inequivalent equatorial water protons obtained by DFT (this work) or determined in the ENDOR single crystal
study of ref. 49. ¢ Data for axial water molecules. The two protons of the axial water molecule are not magnetically equivalent.

coordination of the water molecule. The relative Gibbs free
energies calculated with DFT favour the trans isomer by
4.1 keal mol™". The relative energy is reversed and reduced to
0.3 kecal mol™ upon inclusion of two second-sphere water
molecules, and thus both forms likely have a significant popu-
lation in solution. This is in line with EPR measurements,
which evidenced the presence of the cis and trans isomers in
solution.>®>® As expected, the trans isomer displays a long
V-O,ater distance of 2.48 A. This distance was found to be up
to ~0.27 A shorter in the solid state.”® Inclusion of explicit
second-sphere water molecules brings this distance closer to
the experimental value (Table 2). The overestimation of the
V-Oyater distance by DFT is likely related to a rather flat poten-
tial energy surface associated with the weak interaction, which
arises from the strong trans influence of the V=0 bond.

An Xray structure was reported for the [VO(H3;DTPA)]
complex, in which two acetate groups and one of the amine N
atoms are protonated.>® However, the first protonation con-
stant of the [VO(DTPA)]’~ complex was reported to be log K =
7.0, and thus the main species in solution at the pH used for
"H NMRD measurements corresponds to the mono-protonated
form of the complex.’>* Thus, DFT calculations were performed
in the [VO(HDTPA)]>~ system. The calculated structure
resembles the crystal structure of the [VO(H;DTPA)] complex.

The EPR measurements described above evidenced signifi-
cant variations of the >'V hyperfine coupling constants for the
complexes investigated in this work (Table 1). The values of 4,,
A, and A, were estimated with DFT calculations using the
TPSSO functional® (25% HF exchange), a variant of the TPSSh
functional®® (10% exchange) with increased HF exchange. The
TPSSO functional was found to perform well in the prediction
of A-tensors of V(iv) complexes.>” The results obtained at the
TPSS0/Def2-QZVPP level (Table 1) show that DFT predicts the

This journal is © the Partner Organisations 2023

experimental hyperfine coupling constants with a rather good
accuracy. Test calculations performed with the coupled cluster
theory, using the recently described domain based local pair
natural orbital method (DLPNO-CCSD), afforded Ay, A, and A4,
values for [VO(ox),(H,0)]>", in excellent agreement with both
the experiment and DFT (Table 1). The DLPNO-CCSD method
was found to provide very accurate spin densities for both
organic radicals®® and transition metal complexes.’®
Furthermore, our DFT calculations reported here for
[VO(H,0)s]*" and [VO(acac)(H,0)] afford very similar results to
those reported recently using DLPNO-CCSD calculations.>

The [VO(H,0)5]*" system is characterized by more negative
Ay, Ay and A, values. Furthermore, the calculated absolute A,
values follow the trend [VO(H,O)s]*" > [VO(nta)(H,O)]” >
[VO(0x),(H,O)]>~ > [VO(Hdtpa)]>~ > [VO(acac)(H,0)], in agree-
ment with the experimental trend. The inclusion of explicit
second-sphere water molecules has a minor impact on the
A-tensor values. Thus, it is possible to conclude that DFT
describes rather accurately the spin density distributions in
these complexes.

In contrast to A-tensors,’® the prediction of g-tensors of
transition metal complexes with DFT is particularly challen-
ging, with the results depending dramatically on the func-
tional used and the amount of HF exchange.®>®> Good agree-
ment between the experimental g-tensor values and those
obtained with DFT was observed for some V(iv) complexes.®*®*
For the complexes studied here, test calculations performed
with different functionals showed that the prediction of
gtensors with DFT is particularly problematic. Thus, we
turned our attention to calculations based on the complete
active space self-consistent field (CASSCF) method [CAS(5,1)],
with a dynamic correlation being introduced with the
N-Electron Valence State Perturbation Theory (NEVPT2). The

Inorg. Chem. Front., 2023, 10, 1999-2013 | 2005
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g-tensors calculated at the CASSCF/NEVPT2 level present g,
and g, values close to the experimental data. The calculated g,
values are somewhat lower than the experimental ones, but
follow rather well the experimental trend. Indeed, [VO(acac)
(H,0)] and [VO(Hdtpa)]>~ display the highest g, values among
the five complexes, and then decrease following the order
[VO(nta)(H,0)]~ > [VO(ox),(H,0)]*~ > [VO(H,0);5]>*. As observed
for the A-tensors, the incorporation of explicit second-sphere
water molecules has a minor impact on the calculated values.
Overall, the theoretical calculations presented here capture the
main features observed for EPR parameters, which indicates
that the molecular geometries describe reasonably well the
structures of this family of complexes in solution.

Fitting of the "H NMRD profiles

The analysis of the NMRD profiles was initiated by attempting
to fit the data recorded for the [VO(HDTPA)]*~ complex, as for
this system r; is expected to be the result of the outer-sphere
contribution only. A previous relaxometric study presented
fitting of the data using unrealistically low distances of the
closest approach of outer-sphere water molecules (ay.y ~
2.0 A)."® This prompted the authors of ref. 15 to introduce a
second-sphere contribution to obtain more reasonable fitting
parameters. We attempted to fit the data using the diffusion
translational model proposed by Freed,*! employing a distance
of the closest approach of 2.45 A. This distance corresponds to
the average V---H distance observed in the DFT structure of
[VO(0x),(H,0)]>"-2H,0, in which a non-coordinated water
molecule is involved in hydrogen bonding interaction with the
V=0 group. A reasonably good fit was obtained using ay_y =
2.45 A (Fig. 6¢), affording values of the relative diffusion coeffi-
cient D¥% and its activation energy Ey, very similar to those
obtained for other small paramagnetic complexes
(Table 4).%”%3%¢ Furthermore, the values obtained from the fits
are close to those reported for the self-diffusion of water in
water (D*°® = 23.0 m® s™! and Ep = 17.6 k] mol™").*” The fast
diffusion of the small water molecule is expected to dominate
the relative diffusion coefficient D2, and thus these results
provide confidence in the analysis. The ay_y; value of 2.45 A

View Article Online
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was subsequently used to fit the NMRD data of
[VO(0x),(H,0)*~ and [VO(H,0)s]**, while for the [VO(nta)(H,0)]”
and [VO(acac)(H,0)] complexes we had to use a somewhat
longer value (2.7 A) to obtain satisfactory fits. This may be
related to the lower net electrical charges of the latter two com-
plexes compared to the former. The ay_y value assumed for
[VO(nta)(H,O)]” and [VO(acac)(H,O)] is close to the distance
between the H atom of a methanol molecule involved in hydro-
gen bonding with the oxo group in [VO(acac)(H,0)] (2.79 A).*®
The values of D2%, and Ep obtained for the [VO(HDTPA)]*~
complex were subsequently fixed for the analysis of all other
complexes investigated here.

We next analysed the data obtained for the [VO(nta)(H,O)]~
complex, which lacks dispersion at a low field indicative of a
scalar relaxation mechanism. Here the relaxivity in the high-
field region is limited by 7z, and thus we were unable to fit the
data using both 7x and k., = 1/7y as the fitting parameters.
Therefore, we fixed the values of 2% and the activation para-
meter E, to the values obtained with EPR measurements (see
above). This allowed us to obtain an estimate of 7y, although
with a relatively large statistical error (14.5 + 3.4 ps). The
NMRD profiles of [VO(H,0)5]**, [VO(0x),(H,0)]*~ and [VO(acac)
(H,0)] could be satisfactorily fitted considering both dipolar
and scalar contributions to inner-sphere relaxivity. The
number of coordinated water molecules g was fixed to 4 in the
case of [VO(H,O)s]*", since the axial water molecule is very
labile, with a mean residence time estimated to be ~1 ns.*
Thus, the axial water molecule is not expected to contribute
significantly to the observed relaxivity. Finally, the distances
involving the paramagnetic ion and the proton nuclei of inner-
sphere water molecules were estimated from DFT calculations
and fixed during the fitting procedures.

Spin density distributions

The electron spin density at a certain nucleus N, p% 7 is
directly measured by the isotropic hyperfine structure con-

2 _ .
stant, ajso :%geyBgnpr‘{f, ? where Ho is the vacuum per-

meability, g. is the electron g-factor, ug is the Bohr’s magneton,

Table 4 Parameters obtained from the simultaneous analysis of *H NMRD data

[VO(H,0)s]** [vo(dtpa)]*~ [VO(ox),]*~ [VO(nta)]” [VO(acac),]
78 s 16.7 £ 0.8 - 16.7 £ 0.2 14.5+3.4 6.3+0.8
AH*/K] mol™! 19.3 +1.1 — 72.6 1.1 13.2 +5.0 8.1+4.0
28 /ps 46.1+1.0 — 52.4 + 1.1 35.5° 30.9+2.3
E,/kJ mol™* 25.0 1.2 — 22.3+1.7 14.9¢ 26.4 +2.7
T$*%%8/ns 1.08 £ 0.11 0.88 + 0.06 0.88 + 0.03 0.31+0.08 0.62 + 0.05
E¢/kJ mol™ 1.0° 1.0° 22.3 £2.0 12.0 + 5.0 27.9+7.6
D2%/107° m* s~ 20.2¢ 20.2 0.1 20.2¢ 20.2¢ 20.2¢
Ep/k] mol™* 17.0% 17.0+1.3 17.0% 17.0° 17.0°
Haiso/}\de 3.77 £ 0.3 — 3.66 + 0.03 — 1.75 + 0.25
ry-n/A 2.671° — 2.667° 2.682° 2.678"
ay_n/A 2.45% 2.45° 2.45% 2.70% 2.70%
q 4 0 1 1 1

“ parameters fixed during the fitting procedure. ” Parameters fixed to the estimates obtained with DFT. ® Values fixed to those obtained with EPR

measurements.
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gn is the nuclear g factor and yy is the nuclear magneton. The
spin density at the proton, Paig,, is one of the key parameters
affecting relaxivity. It is directly measured using advanced EPR
techniques, such as ENDOR (electron nuclear double reso-
nance) and ESEEM (electron spin-echo envelope modulation),
and can be estimated through the fitting of the NMRD data
(Table 4). Moreover, the use of computational methods can
greatly enhance their interpretation. For [VO(H,0)s]** single
crystals, ENDOR data are available, reporting small "aj,
values of 0.01 and —0.04 MHz for axially coordinated water
and larger values in the range from —0.39 to 8.67 MHz for
equatorially coordinated water molecules. These data, corrobo-
rated by DFT calculations,®® show that the isotropic hyperfine
coupling constants of the water molecule protons are very sen-
sitive not only to the V-Oy, distance but also crucially
depend on the orientation of the molecule, with respect to the
vanadyl bond. The "a;,, values obtained in this work for the
equatorial water molecules [VO(H,O);]** fall within the range
0.73-7.86 MHz (Table 3), in nice agreement with the experi-
ment. The "a;, value for [VO(H,0)s]>" estimated from the
fitting of the NMRD data (Table 4) is of the order of 3.7 MHz
and reflects an averaged value over different water orientations.

The average value obtained for equatorial water molecules
with DFT (Yaj,, = 4.0 MHz) is in excellent agreement with the
result obtained with NMRD. Similar values (Ya;s, ~ 3.7 MHz)
are derived for [VO(ox),(H,0)]’” with NMRD, while for
[VO(acac)(H,0)] a lower "aj,, ~ 1.7 MHz was obtained. The
hyperfine coupling constants obtained from NMRD measure-
ments for [VO(ox),(H,0)]*” are in good agreement with those
obtained with DFT (Table 3). The known angular dependence
of Pa;,, ' becomes evident by comparing the values calculated
for the [VO(oxa),(H,0)]*~ and [VO(oxa),(H,0)]*"-2H,0 systems
(Table 3). Indeed, the [VO(oxa),(H,0)]*"-2H,O system presents
a shorter V-Oy o distance than [VO(oxa),(H,0)]*~ associated
with a lower P, value (Table 3). Inspection of the spin
density calculated for the [VO(oxa),(H,0)]*” system (Fig. 7a)
shows that the positive spin density mostly resides close to the
V atom, with a spatial distribution that resembles a d,, orbital,
as would be expected.”® The vanadyl oxo atom displays a nega-
tive spin density due to spin polarization, as well as the donor

Fig. 7 Spin density distribution in [VO(oxa),(H,0)]>~ calculated at the
TPSSh/Def2-TZVPP level. (a) Isosurface of the spin density corres-
ponding to 0.0004 au (positive values in blue). (b) Hajs, values calculated
for the *H nuclei of the coordinated water molecule as a function of ¢
(see the text). The different height of the two maxima is associated with
slightly different V-OH distances.

This journal is © the Partner Organisations 2023
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atoms of the metal coordination environment, although to a
lesser extent. This is in agreement with the DFT and ENDOR
studies performed in the 7O enriched [VO(H,0)s]*" system.”*
Spin transfer to the protons of coordinated water molecules
involves the overlap of the metal d,, orbital, hosting the
unpaired electron, with the molecular orbitals on the hydrogen
atoms of H,O. This interaction is maximized when the H
atoms lie on the xy plane leading to a large "a;,, value.”” As
the protons of the water molecule are rotated out of the equa-
torial plane the overlap with the proton molecular orbitals is
negligible and "a;,, becomes smaller. With this in mind, the
[VO(oxa),(H,0)]*~ system was therefore further explored by
running relaxed potential energy surface scans, in which the
dihedral angle ¢ defined by the V=0 group and the water
molecule (O=V-O-H) was varied in the range from —180° to
+180° (Fig. 7b). The calculated "a;,, values are positive regard-
less of the value of ¢, but show two well-defined maxima at ¢ =
—90° and 90°, which correspond to the situations in which the
H atom of the coordinated water molecule lies on the equator-
ial plane. The different height of the two maxima observed for
Haiso is related to the variations of the V-OH, distance during
the relaxed potential energy surface scan, which changes in
the range ~2.18-2.22 A. In contrast, "a;, reaches the
minimum values when the water O-H bond is perpendicular
to the equatorial plane (¢ = 0, 180°). The "a;,, values obtained
by averaging those obtained for the two 'H nuclei of the co-
ordinated water molecule were found to vary in the range
2.82-1.5 MHz, highlighting also in this case the impact of the
orientation of the water molecule with respect to the xy mole-
cular plane on the observed "aj .

The angular dependence shown in Fig. 7b was previously
reported for [VO(H,0)s]*", although in the latter case negative
Haieo values were calculated for ¢ values close to 0, 180 and
360°. In the present case, DLPNO-CCSD calculations pro-
vided a small positive Pa;, value (0.14 MHz) for ¢ = 175°,
which supports the results obtained with DFT. We also note
that DLPNO-CCSD calculations provide significantly lower
Haiso values than DFT (the maximum value is ~1.5 MHz), a
situation that was observed earlier. In the present case DFT
appears to provide “a;, values in better agreement with the
experiment than DLPNO-CCSD. This is very likely related to
the overestimation of the V-OH, distances by DFT, as evi-
denced by inspecting Table 3. This effect is alleviated only in
part by incorporating a few explicit second-sphere water
molecules, as observed previously for other metal
complexes.’'?

The experimental "a;,, value obtained for [VO(acac)(H,O)]
(Ma;so ~ 1.8 MHz) is much larger than that calculated for the
dominant trans isomer (~0.06 MHz). Thus, it is likely that the
value of "a;,, obtained from NMRD is related to the presence
of a minor fraction of the cis isomer in solution. DFT calcu-
lations afford "a;, values of 0.47 MHz and 3.27 MHz for the
cis isomer using the [VO(acac)(H,0)] and [VO(acac)
(H,0)]-2H,0 systems, respectively. It is important to note that
the values obtained by NMRD reflect an average of the
different structures present in solution. Considering the sharp

Inorg. Chem. Front,, 2023, 10, 1999-2013 | 2007
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dependence of "a;,, with the orientation of the water mole-
cule, it is likely that dynamic effects play an important role.

Rotational dynamics

The 2% the NMRD fitting for
[VO(H,O)s]** is in excellent agreement with that estimated
with EPR measurements (47.8 ps). The 72> values obtained for
[VO(0x),(H,O)]*~ by NMRD (52 ps) and EPR (38 ps) are also in
reasonable agreement. A more significant discrepancy is
however observed for [VO(acac)(H,O)], as the EPR value (77 ps)
is about twice the value obtained with NMRD (30.9 ps). This
discrepancy could arise from the rather large number of para-
meters that affect the relaxivity data, which introduces some
uncertainties in the values of some of them. Nevertheless, we
also stress that the 72°® values obtained by NMRD refer to the
reorientation of the V---H vector involving the coordinated
water molecule, while the 72 values obtained by EPR likely
reflect better the rotation of the whole molecule. For instance,
the local mobility of the water molecule coordinated to Gd**
results in shorter 72’ values for the V---H vector than the V---O
one, with 720%/72% ~ 0.65.”° In contrast, intramolecular hydro-
gen bonding interactions involving the coordinated water
molecule may restrict local rotation, resulting in an enhanced
relaxivity.”*

value obtained from

Electron relaxation

The fitting of the NMRD data yields similar values for the elec-
tron relaxation time 7%, which are around 1 ns (Table 4).
However, we have made a number of assumptions during the
fitting, and thus these results should be obtained with some
care. Indeed, we assumed that 7 does not change with the
applied magnetic field, and further that 7{ = 75. Electronic
relaxation in d' complexes is likely the result of the time
modulation of the g- and A-tensors,'® probably as a result of
rotation and fluctuations of the metal coordination sphere
caused by molecular vibrations and collisions with the solvent.
For some of the complexes good fits of the data were only poss-
ible by assuming the TS changes with temperature following
Arrhenius behaviour with an activation energy Es (Table 4). We
note that the [VO(nta)(H,0)]™ and [VO(acac)(H,O)] complexes
show shorter 7Y values than the remaining complexes studied
here, which is in qualitative agreement with the EPR relaxation
data discussed above (Fig. 5). However, further experimental
and theoretical studies are necessary to gain a better under-
standing of electron relaxation in the aqueous solutions of
oxovanadium(iv) complexes.

Water exchange

The 728 for the vanadyl aqua-ion is sensibly longer compared
to the values observed for [GA(H,0)s]>" (¢ = 1.2 ns)*” and
[Mn(H,0)6]** (3% = 35.5 ns).*® The 2% value of 19.1 ps is also
sensibly shorter than that determined for the equatorial water
molecules using 7O NMR measurements (2 ms).”> This
suggests that "H exchange is faster than the exchange of the
whole water molecule due to the prototropic contribution to
water exchange at the acidic pH used for NMRD measure-

2008 | /norg. Chem. Front., 2023, 10, 1999-2013
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ments. A similar effect was reported recently for [Fe(H,O)c]*",
which is characterized by a 735 value of the whole water of
25 ps, and a 725 value of 756 ns in 0.15 M HNO;.>*

The [VO(oxa),(H,O)]>~ and [VO(nta)(H,0)]~ complexes
show similar residence times of the coordinated water mole-
cule (~15 ps, Table 4), while for [VO(acac),(H,O)] water
exchange is faster. The related activation enthalpy (AHY)
assumes similar values for all complexes except
[VO(oxa),(H,0)]*". The very high enthalpy barrier determined
for the latter may be related to the expulsion of the co-
ordinated water molecule from the inner-coordination sphere
as a result of interconversion between the cis and trans
isomers. This process would shift the coordinated water mole-
cule to the labile trans position, facilitating water exchange.
Support for this hypothesis is provided by the detection of a
minor fraction of the trans isomer in solution using EPR
measurements (4%).”® An 'H exchange mechanism involving
the rearrangement of the water ligand from an equatorial to an
axial position was suggested previously on the grounds of a T%
NMR relaxation study. The same work reported an 'H 3¢
value for [VO(oxa),(H,O)]>~ (5.4 ps) somewhat longer than
that determined here. Most likely water exchange in
[VO(acac),(H,0)] also involves interconversion between the cis
and anti isomers, which are both present in solution. This
explains the presence of a scalar contribution to relaxivity
associated with a rather large Pa;,, value, which is not expected
for the major trans isomer.

Conclusions

We have reported an integrated EPR, 'H relaxometric and com-
putational study that provides very detailed information on the
magnetic and dynamic properties of oxovanadium(wv) com-
plexes in solution. The structure of the complexes in aqueous
solution was established by using a combination of EPR and
computational studies. This allowed estimating different para-
meters that affect the 'H relaxation times of the solutions of
these complexes in water, including the distances of the
closest approach of second-sphere water molecules, the dis-
tance between the 'H nuclei of coordinated water molecules
and the paramagnetic centre and rotational correlation times.
The inner-sphere contribution to 'H relaxivities was found to
display contributions from both the scalar and dipolar mecha-
nisms. Water exchange in this series of complexes occurs in
the ps timescale, with all complexes showing similar water
exchange rates. The "a;, values obtained from NMRD were
corroborated with DFT calculations, which show that the
orientation of the coordinated water molecule affects dramati-
cally the hyperfine coupling constant.

The details on the magnetic and relaxation properties of
oxovanadium(iv) complexes revealed here are relevant for the
development of molecular probes for different applications,
including molecular spin qubits and MRI contrast agents.

More generally, we believe that this methodology, which
synergistically combines two complementary spectroscopic
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techniques and computational procedures, represents a sig-
nificant advance in the characterization of paramagnetic
species in solution. Compared to the traditional approach
based on the measurement and analysis of data collected with
a single experimental technique, this methodology provides a
more complete, accurate and reliable set of structural and
dynamic information.

Experimental section
Sample preparation

All the precursors were high purity reagents from Sigma
Aldrich. The [VO(H,0)s]*" complex was obtained by dissolving
8 mg of VOSO, in 10 mL of water at pH < 2, adjusted with
H,S0,. For [VO(oxa),(H,0)]>~ (ref. 67 and 76) and [VO(nta)
(H,0)]™ (ref. 66 and 77) complexes the procedure was similar,
using a nearly 1:1 molar ratio between the metal ion and the
ligand in solution. 3 mg of nitrilotriacetic acid, or 3 mg of
oxalic acid, were dissolved in 3 mL of water, and then the pH
was adjusted to about 5-6 pH units with a NaOH solution and
2.5 mg of VOSO, were added to the solution. For the
[VO(dtpa)]’~ complex (1:1 molar ratio), 10 mg of the ligand
were dissolved in 2.5 mL of water containing 5 mg of VOSOy,,
the mixture was stirred for 1 hour and then the pH was
adjusted to 7 with a 5% of NaHCOj; solution."® The [VO(acac),]
complex was prepared according to literature protocols.”® V,Oj
was dissolved in a 3:2 H,0: H,SO, (conc) solution. Then 5 mL
of ethanol were added, and the resulting solution was heated
at reflux temperature under stirring for 1 hour. Excess V,05
was removed by filtration and acetylacetone was added under
stirring at pH = 7. The concentration of the complexes in solu-
tion is tested with the Evans method,”® which afforded the fol-
lowing values: [VO(H,0)s]*" = 3.5 mM, [VO(dtpa)]’” = 1.8 mM,
[VO(0xa),(H,0)]~ = 3.9 mM, [VO(nta)(H,0)]” = 12.2 mM and
[VO(acac),] = 14.1 mM. For pulse EPR measures the latter two
solutions were diluted to ~3 mM in order to have similar con-
centrations for all complexes.

1H NMRD measurements

The 1/T% "H Nuclear Magnetic Relaxation Dispersion (NMRD)
profiles were measured on a Fast-Field Cycling (FFC) Stelar
SmarTracer Relaxometer over a continuum of magnetic field
strengths from 0.00024 to 0.25 T (corresponding to
0.01-10 MHz proton Larmor frequencies). The relaxometer
operates under computer control with an absolute uncertainty
in /T8 of + 1%. Additional data points in the range
20-120 MHz were obtained with a High Field Relaxometer
(Stelar) equipped with the HTS-110 3T Metrology Cryogen-free
Superconducting Magnet. The measurements were performed
using the standard inversion recovery sequence (20 experi-
ments, 2 scans) with a typical 90° pulse width of 3.5 ps and the
reproducibility of the data was within + 0.5%. The temperature
was controlled with a Stelar VIC-91 heater airflow equipped
with a copper-constantan thermocouple (uncertainty of +
0.1 K).
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EPR measurements

X-band CW-EPR spectra were recorded on a Bruker EMX
spectrometer (MW frequency 9.75 GHz) equipped with a
cylindrical cavity. Q-band pulse EPR and Q-band CW EPR
experiments were performed on a Bruker ELEXSYS E580
spectrometer (MW frequency 9.76 GHz and 34 GHz respect-
ively) equipped with a continuous helium flow cryostat from
Oxford Inc. The magnetic field was measured by means of a
Bruker ER035M NMR gaussmeter. Electron-Spin-Echo (ESE)-
detected EPR experiments were carried out with the pulse
sequence w/2-7-n-7-echo. The microwave pulse lengths ¢,
and ¢, and the r value employed are specified in the corres-
ponding figure captions. TS, measurements were performed
using a two-pulse Hahn spin echo sequence, n/2-7-n-7-echo
and varying the inter-pulse delay = from an initial value of 120
ns with time increments of 8 ns for 800 points. The n/2 and =
lengths were set to 16 and 32 ns, respectively. T measure-
ments were performed through the inversion recovery pulse
sequence, n-T-n/2—-t-n—r—echo, where the interpulse delay T
has an initial value of 1 x 10°> ns, n/2 and = have a length 16
and 32 ns, respectively, and 7 is fixed to 400 ns. The time incre-
ments of T and the shot-repetition rate were adjusted at each
temperature. For low temperature measurements 30% glycerol
solutions were prepared in order to obtain good low T glasses.

Computational details

Geometry optimizations of the vanadium(v) complexes were
performed with the Gaussian 16 program package (Rev B.01)%°
using unrestricted Kohn-Sham calculations with the hybrid-
meta GGA functional TPSSh*® and the Def2-TZVPP®! basis set.
Solvent effects were incorporated with a polarized continuum
model® using the default settings [scrf = (pem, solvent =
water)]. The integration grid was increased using the integral =
superfinegrid keyword. Frequency calculations were used to
confirm that the optimized structures corresponded to station-
ary points.

The computation of A- and g-tensors was carried out using
the ORCA program system (release 5.0.3).5%®! The A-tensors
were computed with both the TPSSh and TPSSO functionals,>®
and the Def2-QZVPP basis set.®® The TPSSO functional is a
25% exchange version of TPSSh. The g-tensors were computed
with the N-electron valence perturbation theory to second
order (SC-NEVPT2)® on the basis of complete active space self-
consisted field (CASSCF)®® calculations. The active space con-
sisted of one electron distributed in five metal based 3d orbi-
tals [CAS(1,5)]. All calculations were performed with the aid of
the resolution of identity (RI) approximation for both
Coulomb and exchange (RIJK)*” using the Def2/JK*® auxiliary
basis set. The second order contribution to the A-tensor from
spin orbit coupling was considered with the spin-orbit mean-
field method [SOMF(1X)].*® The integration grids were
increased from the defaults using the AngularGrid 7 and
IntAcc 5.0 options within the %method section. The quality of
the A-tensors obtained with DFT was tested using the coupled
cluster theory, including single and double excitations, with
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the domain based local pair natural orbital method
(DLPNO-CCSD).**°" These calculations used the default set-
tings defined by the DLPNO-HFC1 keyword.>®* Bulk water
solvent effects in all ORCA calculations were introduced with
the SMD model developed by Truhlar,”® which is based on the
electron density of the solute and a polarized continuum.
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