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Effect of hydration equilibria on the relaxometric
properties of Gd(in) complexes: new insights into
old systems+
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We present a detailed relaxometric and computational investigation of three Gd(i) complexes that exist in
solution as an equilibrium of two species with a different number of coordinated water molecules: [Gd
(H20),1*" (g = 8, 9), [GA(EDTA)(H,0),]~ and [GA(CDTA)(H,0),]~ (g = 2, 3). *H nuclear magnetic relaxation
dispersion (NMRD) data were recorded from aqueous solutions of these complexes using a wide Larmor
frequency range (0.01-500 MHz). These data were complemented with *O transverse relaxation rates
and chemical shifts recorded at different temperatures. The simultaneous fit of the NMRD and O NMR data
was guided by computational studies performed at the DFT and CASSCF/NEVPT2 levels, which provided infor-
mation on Gd---H distances, ’O hyperfine coupling constants and the zero-field splitting (ZFS) energy, which
affects electronic relaxation. The hydration equilibrium did not have a very important effect in the fits of the
experimental data for [Gd(HZO)q]3+ and [Gd(CDTA)(H,O)4l™, as the hydration equilibrium is largely shifted to
the species with the lowest hydration number (g = 8 and 2, respectively). The quality of the analysis improves
however considerably for [Gd(EDTA)(H,QO),l™ upon considering the effect of the hydration equilibrium. As a
result, this study provides for the first time an analysis of the relaxation properties of this important model

rsc.li/dalton

Introduction

Relaxometry plays a key role among the techniques for the
characterisation of paramagnetic species in solution."” The
technique is based on the measurement of properties of
solvent molecules in order to obtain information on the metal
complex with which they interact chemically and magnetically.
Typically, relaxometric studies involve measuring the 'H longi-
tudinal (7y) and/or transverse relaxation times (T,) of solvent
water molecules, which are shortened by the presence of the
paramagnetic solute.®* Relaxometric data can be acquired at
different temperatures to gain information on the dynamics of
the system. Furthermore, the fast field cycling relaxometric
technique allows recording relaxation data over a rather wide
range of magnetic field strengths, typically from 0.01 MHz up
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system, as well as accurate parameters for [Gd(HZO)q]3+ and [Gd(CDTA)(H,O)I™.

to 60 or even 120 MHz.” The effect of the applied magnetic
field is generally analysed using nuclear magnetic relaxation
dispersion (NMRD) profiles, which are plots of the relaxation
rates (R,,) or relaxivities (r,,) versus the proton Larmor fre-
quency. The r;, values correspond to the relaxation rate
enhancement effect of bulk water protons normalized to a
1 mM concentration of the paramagnetic solute, expressed in
mM ™" s units.®

Relaxometry has played a critical role in developing and
characterizing contrast agents for magnetic resonance imaging
(MRI) based on paramagnetic ions such as Gd(m),*”® Fe
(m),* V(v)**** or Mn(n)."*® MRI contrast agents used in
clinical practice enhance image contrast by shortening the
longitudinal relaxation times of water nuclei present in the
tissues where the agent is distributed. The shortening of T
enhances signal intensity when using short repetition times in
the MRI experiment, which facilitates the diagnoses of
different pathologies.”” Many fundamental studies were
devoted over the last two decades to understand the corre-
lation between the structure of the complex and the dynamic
and structural parameters that determine the observed relaxiv-
ity.’® As a result, we have now a rather accurate understanding
of the relationship between the coordination chemistry of
these paramagnetic metal ions and their relaxation properties.
Besides the use of relaxometry in the MRI field, this technique
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is very appropriate to undertake more fundamental studies on
paramagnetic species in solution.

The relaxivity of a paramagnetic complex experiences contri-
bution from both inner-sphere (IS) and outer-sphere (OS)
mechanisms.'>?° The latter arises from the diffusion of water
molecules in the vicinity of the paramagnetic centre,”' and can be
barely affected by changing ligand design. The IS mechanism is
directly proportional to the number of water molecules present in
the inner coordination sphere g, as well as on the mean residence
time of water molecules in the first coordination sphere (7y = 1/
kex, Where k., is the exchange rate), and their relaxation time Ty

s gxc 1
' 55.55 (ty + Tim)

(1)

here, ¢ is the concentration of the complex in mol L™". Thus,
an obvious strategy that can be used to enhance relaxivity is to
increase the number of water molecules coordinated to the metal
ion.*”° The analysis of NMRD data often relies on the indepen-
dent determination of g using a variety of methods. Most com-
monly, the value of g for Gd(m) complexes is obtained from the
analysis of luminescence lifetimes of Eu(u) or Th(m) analogues,
with the use of empirical expressions developed for this
purpose.*®*! Alternatively, O NMR studies on the Dy(m) ana-
logues can be used for hydration number determination.’>
However, in some instances these studies afford non-integer
numbers that suggest the presence of a hydration equilibrium in
solution involving species with a different number of coordinated
water molecules. In a few cases, the thermodynamic parameters
that characterize the hydration equilibrium were obtained by ana-
lysing the °D, « ’F, absorption band of the Eu(m) analogue,
which displays separate absorption maxima for the two species at
equilibrium.***® However, the application of this method is
limited by the low extinction coefficient of this absorption, which
requires large amounts of sample. More recently, the hydration
equilibrium of different complexes were studied by Janicki using
the absorption spectra of Gd(m) complexes in the UV-region,
among them the aqua-ion [Gd(H,0),]>" (g = 8, 9) and the [Gd
(EDTA)(H,0),]” and [Gd(CDTA)(H,0),]~ complexes (g = 2, 3).*

The presence of a hydration equilibrium is likely to affect
significantly relaxometric studies, as g affects both relaxivity
and the O NMR relaxation and chemical shift data used to
evaluate water exchange dynamics. Thus, herein we have
undertaken a detailed relaxometric characterization of the [Gd
(H,0),]’", [Gd(EDTA)(H,0),]” and [Gd(CDTA)(H,0),]~ com-
plexes to assess the relevance of considering hydration equili-
bria in the analysis of relaxometric data.

Results and discussion
170 NMR studies

The hydration equilibrium may be expressed as:
[GAL(H,0),] + H,0 2 [GdL(H,0),,,] (2)

where the charges are omitted for simplicity and L represents
a ligand other than water. The thermodynamic parameters
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Table 1 Thermodynamic parameters reported for hydration equilibrium
(1) and values of g at different temperatures?

AH/ AS/
Complex Kmol™  Jmol 'K g% % £
[Gd(H,0),*" +6 +11 822 825 833
[GA(EDTA)(H,0),]-  -18.2 —66 2.48 236 2.15
[GA(CDTA)(H,0),]” -15.8 -75 210 2.07  2.03

“ AH and AS values from ref. 39.

obtained for these complexes are summarized in Table 1,
which also reports the effective g values obtained from the
corresponding equilibrium constants K.q using the following
equation:

q:(N-i-l)Keq-l—N. )

1+ Keq

These data show that the hydration number of the aqua-ion
is rather insensitive to temperature within the range used for
relaxometric studies (ca. 278-353 K), with the population of
the nine coordinated species varying in the range 22-33%.
This is in line with the general view that the main aqua
complex present in solution for Gd(m) is the eight-coordinate
form.*®*" On this basis, NMRD and "O NMR studies con-
sidered a value of g = 8 for the analysis of the data,* though
earlier work assumed g = 9,"** affording k. values that
differed by ~20%. For the complex with EDTA*" both the
populations of g = 2 and g = 3 species are significant over the
278-353 K temperature range, with nearly equal populations of
the two species at 278 K. However, the CDTA"™ analogue dis-
plays g values close to 2, with the tris-hydrated species
accounting for 10% or less of the overall population.

With the hydration parameters in hand, we have under-
taken a variable temperature '’O NMR study in which trans-
verse relaxation rates and chemical shifts were measured.
These data are generally expressed as reduced relaxation rates
(1/T5) and chemical shifts (Aw,) by normalizing the data to
the mole fraction of bound water molecules P,,. The latter can
be calculated from the values of g at the given temperature as
P, = (¢q)/55.55. The values of 1/T,, measured for the three
complexes decrease with temperature, a behaviour that is
characteristic of the fast exchange regime (Fig. 1)."* Under
these conditions, the values of 1/7,, are mainly determined by
the 7O relaxation rate (1/Tyy) of coordinated water molecules,
which is proportional to the square of the '’O hyperfine coup-
ling constant A/h and is affected by both water exchange and
electron relaxation. One can notice that the 1/7,, values at a
given temperature follow the order [Gd(H,0),]*" < [Gd(EDTA)
(H,0);]” ~ [Gd(CDTA)(H,0),]", which implies that [Gd
(H,0),]°" has the fastest water exchange within this series.

'H NMRD profiles

The relaxivities of the three Gd(um) complexes were measured
over a wide range of proton Larmor frequencies using fast field
cycling relaxometry (ca. 0.01-120 MHz), with additional points

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Reduced 70 NMR transverse relaxation rates (1/T>,) and chemical shifts (Aw,). The solid lines correspond to the fits of the data as described
in the text. [Gd(HZO)q]3+, 18.9 mM, pH 4.0; [GA(EDTA)(H,0)4]™, 10.8 mM, pH 7.4; [Gd(CDTA)(H,0),4]~, 10.5 mM, pH 7.1.
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Fig. 2 'H Nuclear Magnetic Relaxation Dispersion (NMRD) profiles recorded in aqueous solutions at different temperatures. [Gd(HZO)q]3+, 3.3 mM,
pH 4.0; [GA(EDTA)(H,0)4]™, 10.8 mM, pH 7.4; [Gd(CDTA)(H,0),]~, 10.5 mM, pH 7.1.

recorded using a high resolution instrument operating at
500 MHz (Fig. 2). The NMRD profiles have the typical shape
observed for solutions of small Gd(m) complexes, with a

plateau at low field (<1 MHz), a dispersion at intermediate

fields (ca. 1-10 MHz) and a second region of fairly constant
The NMRD profiles
recorded for [Gd(H,0),]*" and [Gd(EDTA)(H,0),]” agree with

relaxivity at high field (>20 MHz).

those measured earlier up to 60 MHz.

1

4,45

The higher relaxiv-

ities observed for [Gd(H,0),]’" are simply a consequence of the
high hydration number. The NMRD profiles of [Gd(EDTA)
(H,0),]” display higher relaxivities at low field compared with
[GA(CDTA)(H,0),]", which is likely reflecting some differences
in electron spin relaxation. The relaxivities of all three com-

plexes increase when the temperature is lowered. This is a con-

sequence of an increased outer-sphere contribution due to a
lower diffusion coefficient at lower temperatures. Furthermore,

the IS contribution increases as well at high fields (>2 MHz)

due to the longer rotational correlation times (zg) observed at
low temperatures.

Theoretical calculations

A rather large number of parameters affects the "H NMRD pro-

files and 7O NMR data, some of which are common to both
sets of data.*® The presence of two complex species in solution

with different hydration numbers complicates further the ana-

This journal is © The Royal Society of Chemistry 2023

lysis, as it requires incorporating additional parameters. For
instance, the two species at equilibrium may have significantly
different values of the hyperfine coupling constant A/A, or the
electronic relaxation times, as a result of differences in zero
field splitting (ZFS) energies. Incorporating additional para-
meters into the model is likely to improve the quality of the
fits, but not necessarily be more meaningful. We therefore per-
formed a computational study to guide the strategy to fit the
experimental data.

We started our computational study by modelling the [Gd
(H,0)s]*" and [Gd(H,0)s]*" systems. Previous studies on these
small complexes were conducted using polarizable continuum
models (PCM) to account for solvent effects.’® However, geo-
metry optimizations using PCM suffer from convergence
issues, and furthermore they cannot be used to study water
exchange reactions. Thus, we started our calculations using a
cluster/continuum approach,*”*® in which an explicit second
sphere solvation shell is added to the model, while the effects
of bulk water are considered with the PCM model.*® The start-
ing geometry had nine coordinated water molecules and 18
second-sphere water molecules (Fig. 3). The hydrogen bond
pattern in this cluster is such that the coordinated water mole-
cules are connected by hydrogen bonds through two second
sphere water molecules, providing a complete second-sphere
shell. This hydrogen bond structure was used previously to

Dalton Trans., 2023, 52,17229-17241 | 17231
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Fig. 3 DFT structures of the [Gd(H,0)sl**-18H,0 (top, oxygen atoms
defining the upper and lower tripods of the TTP coordination polyhe-
dron are shown in green, while capping positions are shown in blue) and
[Gd(H,0)s]**-19H,0 (bottom, the upper and lower quadrangular faces
of the SAP coordination polyhedron are shown in green and blue,
respectively).

50-52 calculations

study octahedral aqua-complexes. Our
provide a tricapped trigonal prismatic coordination polyhe-
dron (TTP), as observed by X-ray diffraction studies. A potential
energy surface scan was subsequently performed by elongating

one of the Gd-O, bonds, leading to a second energy
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minimum that corresponds to the eight-coordinate complex.
The latter displays a square antiprismatic (SAP) coordination
environment, as would be expected. The relative free energy of
the [Gd(H,0)o]***18H,0 and [Gd(H,0)s]>"-19H,0 systems (at
298.15 K) favour the latter by 4.37 kJ mol™, in qualitative
agreement with the experimental data.

The TTP coordination polyhedron in [Gd(H,0),]’"18H,0 is
characterized by Gd-O bonds involving capping water molecules
(Gd-O,, average at 2.509 A) being slightly longer than those at the
vertexes of the prism (Gd-O, at 2.469 A). This is in good agree-
ment with the available crystallographic data.>® The average Gd-O
distance decreases slightly upon lowering the coordination
number from nine to eight, as would be expected (Table 2). This
has a slight impact on the Gd::-H distances involving coordinated
water molecules (rgqrs), which nevertheless are very close to the
value of 3.1 A obtained using ENDOR measurements.”® The
values of the isotropic hyperfine coupling constants A/A are also
slightly affected by the coordination number, with the shorter
Gd-O bonds in the eight-coordinate form resulting in somewhat
higher values of A/A compared with the nine-coordinate form.>>
Nevertheless, the average values of A/h calculated for the two
eight- and nine-coordinate forms differ by <10% (Table 2).

Cluster-continuum calculations were also performed on the
[GA(EDTA)(H,0);] -5H,0  and [Gd(CDTA)(H,0);]"-5H,0
systems, with subsequent relaxed potential energy surface
scans leading to the corresponding eight-coordinate species
(see ESIt). In the case of CDTA, the bis-hydrated form is more
stable than the tris-hydrated species, with the relative free
energy of the latter being +7.81 kJ mol™'. However, the g = 2
and g = 3 forms possess very similar free energy values (AG® ~
0.11 k] mol™") in the case of EDTA. This is in good qualitative
agreement with the experimental data shown in Table 1, which
evidence that the tris-hydrated form is more stable for EDTA
than CDTA complexes. The average A/h vales calculated for
EDTA and CDTA complexes are somewhat lower than those
obtained for the [Gd(H,0)s]>"-18H,0 and [Gd(H,0)s]*"-19H,0
systems, which is expected considering the shorter Gd-O bond
distances observed for the latter. Of note, the calculated values
of A/h = A® x 27 are all positive, though values obtained from
70 NMR studies are often incorrectly reported as negative.>®
The calculated rgqy; values are again very close to the of 3.1 A,
which confirms that this parameter is rather insensitive to the
nature of the co-ligands present in the Gd(u) coordination
environment.

Table 2 Distances, hyperfine coupling constants and ZFS energies obtained with computational studies

reao’/A rean /A 70 A/R%/10° rad s7* Dfem™ E/D Aglem™ Ag%/10*° 572
[Gd(H,0)]*19H,0 2.407-2.533 (2.460)  2.974-3.158 (3.085)  3.41-6.11 (4.80) 0.0659  0.042  0.0539 10.3
[GA(H,0)s]*-18H,0 2.449-2.543 (2.482)  3.054-3.214 (3.119)  3.73-5.18 (4.40) —0.0098  0.064  0.0081 0.232
[GA(EDTA)(H,0),] -5H,0  2.529;2.540 (2.535)  3.011-3.111 (3.062)  3.15; 3.46 (3.31) —0.0322  0.223  0.0282 2.82
[GA(EDTA)(H,0);] -4H,0  2.561-2.671 (2.598)  3.025-3.163 (3.091)  2.57-2.92 (2.75) —0.0335  0.281  0.0304 3.29
[GA(CDTA)(H,0),] -5H,0  2.513;2.552 (2.533)  3.024-3.176 (3.095)  2.94; 2.85 (2.90) —0.0380  0.327  0.0357 4.52
[GA(CDTA)(H,0)s] -4H,0  2.561-2.570 (2.562)  3.025-3.177 (3.100)  2.59-2.94 (2.79) 0.0377  0.294  0.0345 4.24

% Average values within parenthesis.
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Electron relaxation in Gd(ur) complexes is generally attribu-
ted to fluctuations of the zero field splitting (ZFS) energy due
to transient distortions of the coordination environment,
caused by vibrations and collisions with solvent molecules.>”>>®
Electron relaxation is believed to receive contributions from
both static and transient ZFS effects.’®®® The ZFS energy was
calculated using the complete active space self-consistent field
(CASSCF) approach, with electron correlation incorporated
using N-electron valence state perturbation theory (NEVPT2).
This multiconfigurational method provides ZFS energies of
Gd(wr) complexes of the correct order of magnitude, while the
results obtained with DFT are heavily dependent on the func-
tional used.”®®' The ZFS can be defined using the common
axial (D) and rhombic (E/D) parameters,®> which are listed in
Table 2.

The values of D and E/D obtained with NEVPT?2 calculations
define highly rhombic ZFS tensors, with E/D being close to its
maximum value of 1/3. It has been shown that for E/D values
>0.2 the prediction of the sign of D becomes problematic for
Mn(u) complexes.®> While this may be the case also for the
Gd(m) complexes investigated here, we note that electron relax-
ation is related to fluctuations in the value of A%, and thus only
the absolute value of A is relevant.

The values of |D| obtained for the complexes of EDTA*"
and CDTA*" are relatively similar, being close to those
obtained for other Gd(m) complexes using CASSCF-based
approaches.’®®"%* We note that the pairs of species involved
in hydration equilibrium, for the complexes of EDTA*" and
CDTA*", display very similar values of |D| and E/D, and thus
very likely similar electronic relaxation times. The aqua com-
plexes [Gd(H,0)o]** and [Gd(H,0)s]*" are characterized by
lower E/D values than the EDTA*” and CDTA*" complexes,
which can be ascribed to the more symmetrical coordination
environments in the former.®* The value of |D| calculated for
the eight-coordinate species is one order of magnitude higher
than that of the nine-coordinated species. Conversely, the
eight-coordinate form [Gd(H,O)s]>* displays a |D| value that is
comparable to those of the CDTA*” and EDTA*" complexes.
This suggests that the TTP coordination environment results
in particularly small ZFS energies. This is in line with previous
studies, which showed that lanthanide complexes with this
coordination environment display particularly sharp EPR
lines, which is associated to slow electron spin relaxation due
to a nearly zero static ZFS.5*%°

The static ZFS energy can be approximated using the follow-

20,60
2
Ag = 1/§D2 + 2E2, (4)

The trend observed for the values of |D| calculated for this
series of complexes is associated with the splitting of the
Kramer’s doublets arising from the S configuration of Gd(m)
(Fig. 4). For axially symmetric systems, the Kramer doublets
are separated by energies equal to 2D, 4D and 6D with respect
to the lowest energy level if D > 0, while the situation is

ing expression:

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Splitting of the Kramers doublets obtained with CASSCF/
NEVPT2 calculations and the signs of D.

reversed if D < 0.°" For the rhombic systems investigated here,
a D > 0 value is obtained when the separation of the Kramer
doublets increases on increasing energy (i.e. [Gd(H,0)s]*"),
while a negative D value is observed in the opposite case.

Simultaneous fit of the *H NMRD and 70 NMR data

The simultaneous fit of the experimental relaxation and
chemical shift data is the most convenient approach to esti-
mate the parameters that determine the relaxivity of a given
complex.”® The 'H relaxivity data were fit to the standard
Solomon-Bloembergen-Morgan theory of paramagnetic
relaxation,®®~®® while the Swift-Connick® equations were used
for 7O NMR. The two sets of data are affected by several
common parameters: the exchange rate of the coordinated
water molecules expressed by k2% and its activation enthalpy
AH*, and the parameters describing electron relaxation,
namely the correlation time for the fluctuation of the ZFS
interaction, 7y, and the mean-square zero field splitting
energy, A% Separate fits of the data generally improve the
agreement between experimental and calculated data, but do
not necessarily yield more accurate parameters.

The equilibrium expressed by eqn (2) implies that the rate
constants for the forward (k,) and reverse (k_) processes are
related by the equilibrium constant, so that K.q = k,/k_. Thus,
we used a single set of k2% and AH* parameters for the fits,
corresponding to the process in which a water molecule enters
the coordination sphere. The number of coordinated water
molecules g was expressed by eqn (3), using the thermo-
dynamic data shown in Table 1. The values of 1/T,, and Aw,
were also calculated at each temperature from the molar frac-
tion of coordinated water molecules obtained as P, = (cq)/
55.55.

Some parameters had to be fixed to reasonable values for a
reliable analysis. The distance between proton nuclei of co-
ordinated water molecules and the metal ion was fixed to
3.0 A, a value that is close to those obtained by the DFT calcu-
lations described above and within the range afforded by
ENDOR studies (3.1 + 0.1 A).>*’® The distance of closest
approach of an outer-sphere water molecule was fixed to 4.0 A
on the grounds of previous studies.”’ The parameters related

Dalton Trans., 2023, 52,17229-17241 | 17233
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to diffusion were also fixed to reasonable values: the diffusion
coefficient was set to D28, = 2.3 x 10™° m* s™" and its acti-
vation energy was constrained to Ep = 20 k] mol™'.”? Finally,
we had to fix the value of the activation energy for the modu-
lation of the zero field splitting (E, = 1 k] mol™"), as otherwise
unreasonable values were obtained. We fitted a single value
for A/h, 7 and A® to avoid over-parametrization of the model.
This approach is supported by our theoretical calculations,
which indicate that these parameters differ only slightly for
the eight- and nine-coordinate species in the case of EDTA*"
and CDTA?" complexes (Table 2). For the aqua complex, the
nine-coordinate species accounts for ~20-35% of the overall
population in the temperature range investigated (Table 1).
Thus, we performed the fits of the data assuming different
values of A? for the eight- and nine-coordinate species.

The agreement between the experimental and calculated 1/
T, and Aw, data is excellent for the three complexes investi-
gated here, as shown in Fig. 1. The calculated 'H NMRD data
are also in good agreement with the experiment, considering
the large number of parameters fitted and the assumptions
made to perform the analysis (Fig. 2). For [Gd(H,0),]*" and
[GA(CDTA)(H,0),]” the eight-coordinate species is either
largely dominant ([Gd(CDTA)(H,0),]7), or its population is
barely affected by temperature ((Gd(H,0),]>"). As a result, the
simultaneous fits performed including the hydration equili-
brium, or assuming coordination number 8, provide very
similar fitted parameters and R* values (Table 3). The most
important difference is the k%2* of [Gd(H,0),]*", which
decreases by ~22% upon considering the hydration
equilibrium.

The quality of the fit for [Gd(EDTA)(H,0),]” deteriorates sig-
nificantly if the hydration equilibrium is neglected.
Furthermore, the values of 7, and A® experience a strong
impact if neglecting the hydration equilibrium. In particular,
7y is an effective correlation time that should be intermediate
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between that expected for the transient ZFS (<1 ps) and that of
the static ZFS, which is modulated by 73.°® The value of 7,
obtained assuming g = 2 (54.3 ps, Table 3) is virtually identical
to that of 2% (59.4 ps). This would imply that transient ZFS
does not contribute to the relaxation of the electron spin, a
situation that is extremely unlikely. When considering the
hydration equilibrium, 7y assumes a more reasonable value of
31 ps, which is close to that obtained for [Gd(CDTA)(H,0),]".
The values of 73°® and its activation energy Ey, also vary signifi-
cantly depending on whether the hydration equilibrium is
taken into account or not. In particular, the value of Er for
small Gd(m) complexes should be close to 20 kJ mol *.*”*
Taking this value as a reference, it is clear that the fit of the
data neglecting the hydration equilibrium worsens the quality
of the value obtained for Eg. Thus, we conclude that consider-
ing the hydration equilibrium provides more reliable fitted
parameters. This appears to be particularly important in cases
where the two species at equilibrium present similar popu-
lations in solution. Of note, the value of k2 increases by
~26% when neglecting the hydration equilibrium.

Rotational dynamics

The *°%7; values obtained from the fits of the data and the
corresponding activation energies Er are very similar to those
determined for small Gd(m) complexes.”* For [Gd(H,0),]*",
different EPR studies afforded *°®z; values of 327 and 23 ps,””
in good agreement with the present study. Previous NMRD
studies gave a somewhat longer **®zy value of 41 ps.* However,
the latter study involved simultaneous fit of NMRD and T; "0
relaxation data. It was later found that the correlation time for
the Gd-Oyaeer vector is sensibly longer than that of the Gd-
Hyater VECtor (zriytro = 0.65),”° explaining the longer 7. The
2987 values obtained for the EDTA*” and CDTA*™ complexes
are longer than for the aqua ion, as their molecular masses are
greater.

Table 3 Parameters obtained from the simultaneous fit of *H NMRD profiles and YO NMR data

[Gd(H,0),J* [GA(EDTA)(H,0),]~ [GA(CDTA)(H,0),]
q 829 8 223 2 223 2
298A2/10"° 572 19.2 + 3.2° 11.3 £ 2.0 1.61 + 0.16 0.79 + 0.07 2.49 +0.13 2.23 +0.12
2982,Ips 6.7 0.9 7.1+1.0 30.7 2.7 54.3 + 4.7 32.4+1.6 34.9+1.8
Ey/kJ] mol™* 1.0° 1.0¢ 1.0¢ 1.0° 1.0° 1.0°
Ao/h/10° rad st 4.5+0.6 4.6+ 0.6 4.0+0.3 4.0+0.3 4.0+0.2 4.0+0.2
Cos 0.1* 0.1% 0.14 0.1¢ 0.1* 0.1*
278/ns 2.0+0.7 1.6 0.5 7.5+1.2 5.9+1.0 5.8+ 0.8 5.4+ 0.8
K228/10° 57 490 + 166 632 +212 134+ 21 169 + 30 173 +23 184 + 26
AH*/K] mol™* 16.5 * 6.1 16.1 + 6.1 24.4+2.6 23.5 + 3.0 21.9+2.3 21.0 + 2.4
ASHJ mol™ K™ —23.0£5.0 —22.0 £5.0 —-8.0 £2.0 —9.0 3.0 —14.0 £2.0 —-16.0 £2.0
298 1 /ps 32.8+0.6 33.4+0.6 50.8 + 0.8 59.4 + 0.6 64.0 + 0.6 64.7 + 0.6
Ex/k] mol™* 14.5 + 0.4 14.0 + 0.6 24.3+0.3 26.9 0.4 25.7 + 0.4 26.5 + 0.4
rgan/A 3.0° 3.0° 3.0° 3.0° 3.04 3.0%
AGanlA 4.0% 4.0% 4.0 4.0 4.0% 4.0¢
2%8p/107° m? s7* 2.3% 2.3¢ 2.3¢ 2.3¢ 2.3¢ 2.3¢
Ep/k] mol™ 20.0° 20.0% 20.0° 20.0% 20.0° 20.0°
R* 0.99657 0.99648 0.99808 0.99748 0.99787 0.99761

“ parameters fixed during the fitting procedure. ” This value corresponds to [Gd(H,0)s]*". For the minor [Gd(H,0)s]>* species the fit affords A =

0.6 x 10" s> with a large statistical error (see text).
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Hyperfine coupling constants

The value of Ao/h determined for the aqua ion (4.5 x 10° rad
s™!) is somewhat lower than those obtained in previous "O
NMR studies (5.3 x 10° rad s™*).*”” Our value is in turn in
excellent agreement with different computational studies,>>”®
including the average values obtained with DFT in this work
(Table 2). The values of Ao/ are somewhat lower for the com-
plexes of EDTA*™ and CDTA*" (4.0 x 10° rad s ). This value of
Ao/h is very similar to those obtained for Gd(m) complexes
other than the aqua-ion: (3.9 + 0.3) x 10° rad s~'.>> Our DFT
calculations (Table 2) provide Ao/ values that are somewhat
lower than the experimental ones. We attribute this effect to
the functional used for geometry optimization (wB97XD),
which was chosen for this work because it provides good esti-
mates for activation energies of water exchange reactions.”® In
comparison with other functionals like TPPSh, wB97XD
affords slightly longer Gd-Oy¢; distances,®® resulting in lower
Ap/h values.

Electron relaxation

The fits reported in Table 3 and performed considering
hydration equilibria, provide very reasonable values of 7y and
A?. The correlation time 7y takes values intermediate between
7z and the correlation time expected for the transient ZFS
(<1 ps),”®®° suggesting that both the transient and static ZFS
have a significant contribution to electron relaxation.
Interestingly, the values of A” estimated using theoretical cal-
culations (Table 2) follow very well the trend of the experi-
mental values. In the case of [Gd(H,0),]*" the eight-coordinate
species is the most abundant one in solution. The fits and
NEVPT2 calculations give A* values for [Gd(H,0)s]*" in good
mutual agreement (19.2 x 10" and 10.3 x 10" s72), consider-
ing the difficulties associated with the calculation of ZFS para-
meters.®> Our fits give a A* value for [Gd(H,O0),]*" that is one
order of magnitude lower (4> = 0.6 + 1.4 x 10" s72), though the
low abundance of this species resulted in a large statistical
error. Nevertheless, these results support the fact that two
aqua complexes at equilibrium have very different ZFS ener-
gies, in agreement with the theoretical study. The value of 4>
obtained from the fits for [Gd(CDTA)(H,O),]” is slightly higher
than that of [Gd(EDTA)(H,0),]™ by a factor of ~1.5, a trend that
is also reproduced by the theoretical data.

Water exchange rates

The best estimate of [Gd(H,0),]*" k%® (804 x 10° s™") reported
to date was obtained from a combined NMRD, O NMR and
EPR study, assuming that ¢ = 8.* The analysis of our data
incorporating the hydration equilibrium indicates that this
value is somewhat lower (k2% = 490 x 10° s™"), but remains one
of the fastest water exchange rates reported to date for a Gd(u)
complex.?’ Water exchange is somewhat lower for [Gd(EDTA)
(H,0),]” and [Gd(CDTA)(H,0),]”, following the general trend
that coordination of polyaminocarboxylate ligands slows down
water exchange with respect to the aqua ion. Water exchange is
slightly faster for [Gd(CDTA)(H,O),]” than for [Gd(EDTA)

This journal is © The Royal Society of Chemistry 2023
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(H,0),]™. This is in contrast with previous studies on g =1 Gd
(1) complexes, which showed that rigidifying the ligand struc-
ture by replacing an ethyl group by a cyclohexyl moiety slowed
water exchange considerably.>>%

The values of the entropy of activation (AS*) for water
exchange are negative, suggesting associatively activated water
exchange mechanisms for the eight-coordinate complexes.®?
In the case of [Gd(H,0),]*" this was confirmed by variable
pressure 7O NMR measurements, which afforded a negative
activation volume of AV* = —3.3 cm® mol™.* The same study
reported a AS* value identical to that obtained in this work.
Given the negative AS* value obtained for [Gd(H,0),]*", it may
be somewhat surprising the positive reaction entropy reported
for the hydration equilibrium expressed as in eqn (2). Most
likely this positive AS is related to more ordered second-sphere
hydration shell in the eight-coordinate [Gd(H,0)s]** species.

The water exchange mechanism for [Gd(H,0)s]*" and [Gd
(EDTA)(H,0),]” were further investigated by computing the
transition states responsible for the interconversion between
eight- and nine-coordinate species. For the [Gd
(H,0)s]**-19H,0 system, one of the second sphere water mole-
cules with a Gd:++Oygeer distance of 4.21 A approaches the Gd
(m) ion to 3.43 A to reach the transition state, while the co-
ordinated water molecules experience very minor changes in
Gd-Oyaeer distances. The values of AH* and AS* obtained by
DFT are 8.4 k] mol™" and —14.8 ] mol™* K, respectively. For
[GA(EDTA)(H,0),]"-7H,O DFT affords AH* = 8.7 kJ mol™" and
AS*=-30.2 T mol™* K™, with a Gd---OH, distance in the tran-
sition state involving the entering water molecule of 3.30 A.
Thus, DFT affords activation parameters in qualitative good
agreement with the experimental data, and confirms that
water exchange in this family of eight-coordinated species is
associatively activated.

Conclusions

Over the last twenty years, the increasing availability of com-
mercial instruments for the accurate measurement of the fre-
quency dependence of nuclear magnetic relaxation times of
solvent protons in solutions of paramagnetic metal complexes
has made the fast field-cycling relaxometry technique a rele-
vant tool for coordination chemists. The most striking
example concerns the remarkable knowledge acquired of the
properties of metal complexes of Gd(m), Mn(u) and Fe(u) in
aqueous solution, which are investigated as MRI probes. The
measurement and analysis of NMRD profiles allows obtaining
reliable information on the hydration state, the metal-water
protons distance, the rotational dynamics, the exchange rate of
metal-bound water molecules and the electronic relaxation
times of the paramagnetic ion.

By simultaneously analysing "H NMRD profiles with R, and
shift 70 NMR data, measured at high field on a high-resolu-
tion spectrometer, more accurate and meaningful results are
obtained. However, in the not an uncommon case in which
the complexes exist in solution as a mixture of species
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differing in the hydration state (fractional effective g value),
the application of this procedure only provides values of the
molecular parameters that are the weighted average of the two
forms with different q. The knowledge of the thermodynamic
parameters of the exchange process between the two species,
obtained via UV-Vis spectroscopy, and the results of compu-
tational techniques allow the relaxometric analysis to evaluate
with high accuracy the separate contributions of the two
species, if their relative populations do not differ excessively.
We have used this approach for the first time, applying it to
the case of the Gd(m) aqua ion and to complexes with EDTA*~
and CDTA"". The results obtained are very satisfactory both for
the better quality of the best-fitting parameters of the relaxo-
metric data and for the new insights into the property-struc-
ture relationship, with particular regard to the exchange
process of inner-sphere water molecules and electronic relax-
ation. We think that this approach can provide considerable
help to better understand the structure and dynamics in
aqueous solution of the numerous paramagnetic Gd(m) com-
plexes characterized by fractional q.

Experimental and computational
section
General considerations

All reagents used were purchased from commercial sources
and were of reagent grade quality. The [Gd(H,0),]*" sample
was prepared by dissolving GdCl;-6H,0 in water at pH = 4. The
[GAL(H,0),]” (L = EDTA, CDTA) complexes were prepared by
adding 1.1 equiv. of the Gd(m) salt to an aqueous solution of
the L ligand at pH = 6. After the addition, the pH was adjusted
to 6.0 with a diluted NaOH solution and the solution was
stirred at room temperature for 5 h. Then, the pH was
increased to 10 with 0.1 M NaOH, and the solution was stirred
for 3 h, to promote the precipitation of the free Gd(m) as
hydroxides. The solution was finally filtered through 0.2 pm
filters and neutralized with 0.1 M HCL.

1H NMRD and 70 NMR measurements

1/T; "H Nuclear Magnetic Relaxation Dispersion (NMRD) pro-
files were collected with a Fast-Field Cycling (FFC) Stelar
SmarTracer Relaxometer (Stelar s.r.l., Mede, PV, Italy) over a
continuum of proton Larmor frequencies from 9.97 x 107> to
10 MHz. Additional data in the range 20-120 MHz proton
Larmor frequency were measured with a High Field
Relaxometer (Stelar) equipped with the HTS-110 3T Metrology
Cryogen-free Superconducting Magnet. The analyses were
carried out by using the standard inversion recovery sequence
(20 experiments, 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). R, values at 500 MHz were measured
with Bruker Avance III spectrometer (11.7 T) equipped with a
5 mm probe.
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7O NMR measurements were recorded on a Bruker Avance III
spectrometer (11.7 T) equipped with a 5 mm probe and standard
temperature control unit. Aqueous solutions of the complexes
were enriched to reach 2.0% of the O isotope (Cambridge
Isotope). The transverse relaxation rates were calculated at
different temperatures (278-353 K) from the signal width at a
half-height. The concentration of the metal complexes was
assessed by 'H-NMR measurements (Bruker Avance III
Spectrometer equipped with a wide bore 11.7 Tesla magnet), by
using the well-established bulk magnetic susceptibility method.**

Computational details

The geometries of the Gd(m) complexes were optimized with
the Gaussian 16 program package (revision C.01)%* using the
wB97XD functional, which is a long-range corrected hybrid
density functional incorporating atom-atom dispersion correc-
tions.®¢ In these calculations we employed a large-core
effective core potential for the lanthanide (LCECP) including
53 electrons in the core for Gd(m)*” and the Def2-TZVPP basis
set for all ligand atoms.?® The integration grid was set with the
integral = superfinegrid command. Bulk water solvent effects
were considered using a polarizable continuum model*’ using
scrf = (pcm, solvent = water) and the default options
implemented in Gaussian, except the radii of O and H, which
were taken as 1.925 and 1.5873 A, respectively.”” Frequency cal-
culations were used to confirm that the optimized structures
correspond to stationary points on the potential energy
surface. Transition states were located using the Transit-
Guided Quasi-Newton (STQN3) method,*® and characterized
by a single negative frequency with atom displacements that
signal the approach of the entering water molecule to the
eight-coordinate complex.

The ORCA program package (version 5.0.3 was used to
calculate isotropic 7O hyperfine coupling constants and the
ZFS tensor. Relativistic effects were incorporated using the
Douglas-Kroll-Hess (DKH2) approximation.”>?® The SARC2-
DKH-QZVP®* and DKH-def2-TZVPP® basis sets were used for
Gd and ligand atoms, respectively. The resolution of identity
and chain of spheres (RIJCOSX) method®®®® was used
throughout with the SARC2-DKH-QZVP/JK** auxiliary basis set
for Gd and auxiliary basis sets generated with the Autoaux”
method for ligand atoms. Hyperfine coupling constants were
obtained using DFT with the TPSSh functional,'®® which was
found to perform well for this specific problem.’>'°"'%% The
quasi-restricted orbitals'®® generated from these calculations
were used as starting orbitals for complete active space self-
consistent field (CASSCF) calculations,'**'°® in which dynamic
correlation was incorporated using the quasi-degenerate'®®
strongly contracted variant of N-electron valence state pertur-
bation theory (SC-NEVPT2).'°*'%” Spin-orbit coupling effects
were introduced using quasi-degenerate perturbation theory
(QDPT)."%'% The active space of the state-averaged CASSCF
calculations consisted of seven electrons distributed over the
seven Gd-based 7f orbitals CAS(7,7), including one octet and
48 sextet roots. Bulk water solvent effects in all ORCA calcu-
lations were included with the SMD solvation model.**°

)90,91
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