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Abstract

Herein we present a theoretical investigation of the hyperfine coupling constants (HFCCs) on the inner-
sphere water molecules of [Gd(H:0)s]*" and different Gd'"'-based magnetic resonance imaging contrast
agents such as [Gd(DOTA)(H.0)], [Gd(DTPA)(H.0)]>, [Gd(DTPA-BMA)(H.0)] and [Gd(HP-
DO3A)(H20)]. DFT calculations performed on the [Gd(H20)s]*" model system show that both hybrid-GGA
functionals (BH&HLYP, B3PW91 and PBE1PBE) and the hybrid meta-GGA functional TPSSh provide 'O
HFCCs in close agreement with the experimental data. The use of all-electron relativistic approaches based
on the DKH2 approximation and the use of relativistic effective core potentials (RECP) provide results of
essentially the same quality. The accurate calculation of HFCCs on the [Gd(DOTA)(H:0)],
[Gd(DTPA)(H20)]*, [Gd(DTPA-BMA)(H.0)] and [Gd(HP-DO3A)(H.0)] complexes requires an adequate
description of solvent effects. This was achieved by using a mixed cluster/continuum approach that includes
explicitly two second-sphere water molecules. The calculated isotropic O HFCCs (Ais) fall within the
range 0.40-0.56 MHz, and show deviations from the corresponding experimental values typically lower than
0.05 MHz. The Ais; values are significantly affected by the distance between the oxygen atom of the
coordinated water molecule and the Gd"" ion, as well as by the orientation of the water molecule plane with
respect to the Gd-O vector. *H HFCCs of coordinated water molecules and Y’O HFCCs of second-sphere
water molecules take values close to zero.
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contrast agents

* carlos.platas.iglesias@udc.es


https://orcid.org/0000-0001-6270-1660
https://orcid.org/0000-0001-8548-9658
https://orcid.org/0000-0001-5078-1093
https://orcid.org/0000-0002-6989-9654
https://orcid.org/0000-0002-6989-9654
https://doi.org/10.1002/cphc.201200417

Introduction

Gadolinium(I11) complexes with poly(aminocarboxylate) ligands have attracted considerable interest during
the last two decades since they are commonly used as contrast agents (CAs) in magnetic resonance imaging
(MRI).}? CAs are paramagnetic probes that enhance the image contrast by preferentially influencing the
longitudinal and/or transverse relaxation times of water molecules in the vicinity of the complex.
Commercially available Gd"'-based contrast agents contain one water molecule coordinated to the metal ion
that exchanges rapidly with the bulk water. The efficiency of a CA is evaluated in vitro in terms of its
relaxivity, which is defined as the longitudinal relaxation rate enhancement of water proton nuclei per
mM concentration of gadolinium ions. The observed relaxivity is accounted for by the presence of two
different contributions: outer-sphere relaxation, which is the result of free diffusion of water molecules in the
vicinity of the metal center, and inner-sphere relaxation, which is the result of the exchange between the
coordinated water molecule(s) and the bulk water. The inner-sphere contribution to relaxivity is proportional
to the number of water molecules coordinated to the metal ion (q). The *H longitudinal relaxation rate of the
inner-sphere water molecules is dominated by the dipolar interaction, which is proportional to 1/r8, where r is
the distance between the metal ion and the inner-sphere water proton nuclei. Additionally, the inner-sphere
contribution depends on four correlation times: the residence time of a water proton in the inner coordination
sphere (zm), the rotational correlation time of the Gd---H vector (zr), and the longitudinal and transverse
electronic relaxation times of the metal ion (T and Tz).2 These correlation times show temperature
dependence, and as a result the inner-sphere contribution to relaxivity depends on a relatively large number
of parameters. Besides this, the outer-sphere contribution depends on the distance of closest approach of an
outer-sphere water molecule to Gd"' and the diffusion coefficient for the translational diffusion of a water
molecule away from the Gd"' chelate, which also varies with temperature.* Thus, there are a large number of
parameters determining the relaxivity of a given compound, and it is difficult to determine them from
relaxivity measurements without obtaining independent information of at least some of the most important
parameters.®

Variable-temperature O NMR measurements of chemical shifts and longitudinal and transverse relaxation
rates constitute a valuable tool to investigate the parameters influencing relaxivity in MRI CAs.* O NMR
data provide information on the water exchange kinetics of the complex as well as on the rotational
correlation time.® A combined analysis of the *H relaxivity and 'O NMR data has been applied successfully
to evaluate the parameters governing relaxivity in many Gd"' complexes.” Both the 1’0 NMR chemical shifts
and relaxation rates depend on the hyperfine coupling constant A/h between the electron spin of the metal ion
and the YO nuclear spin. For the Gd"' aqua-ion [Gd(H20)s]** A/h was determined to be 5.3x10° rad s™!;° the
values measured for many small Gd" chelates fall within a relatively narrow range of
3.9+0.3x10%rad s '.>"® Some examples exist in the literature where significantly lower hyperfine coupling
constants have been reported.® These examples include [Gd(BPEDA)(H.0)]™ and [Gd(HP-DO3A)(H.0)], for
which A/h values of 2.3x10°rads ' and 2.9x10°rads ' have been determined (Scheme 1).1%! However,
these results should be taken with care, since unusually low fitted A/h values could also be the result of a
hydration number lower than expected, for instance due to the presence in solution of an equilibrium
between complex species with different hydration numbers. Indeed, different examples of small
Gd"' complexes that present hydration equilibria in solution have been reported in the literature. >3

Although high-level correlated wave-function-based ab initio computational methods have successfully been
applied to calculate hyperfine coupling constants in small organic radicals,** the scaling behaviour of these
methods with system size prevent their application to larger systems with the currently available
computational resources. In the last decade, methods based on density functional theory (DFT) have become
an attractive tool for the calculation of hyperfine coupling constants (HFCCs) due to the high accuracy that
can be achieved at relatively low computational cost. Indeed, DFT calculations have been shown to provide
accurate HFCCs for both small organic radicals!®and transition metal complexes.'® Yazyev et al.



investigated the hyperfine interactions of 'H and 'O nuclei of inner-sphere water molecules in
[Gd(H20)s]*" and [Gd(DOTA)(H20)]” complexes.t” The approach used to calculate the hyperfine
interactions involved either classical or Car—Parrinello molecular dynamics (MD) simulations. From the
trajectories of these simulations clusters of molecules were extracted, and then investigated by using DFT
calculations, which provided 'O hyperfine coupling constants in good agreement with the experimental
values.*® The main drawback of this approach is that Gd"' complexes with relevance in MRI can be hardly
handled with Car—Parrinello MD calculations due to the excessive computational cost, and thus HFCCs must
be calculated on clusters taken from classical MD simulations, which might be problematic due to the lack of
parametrization of many Gd'"' complexes in commonly available force fields. On the other hand, MD
simulations have the advantage that allows one to perform a meaningful sampling of different configurations,
as the observed HFCC corresponds to the mean value of all configurations in solution.
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Scheme 1. Ligands discussed herein.

The aim of this work is to develop a simple methodology based on DFT for the calculation of 'O hyperfine
coupling constants of coordinated water molecules in Gd"' complexes, and to investigate the reasons for the
particularly low hyperfine coupling constants determined experimentally for some of them. For this purpose
we have selected different Gd"' complexes such as [Gd(DOTA)(H.0)]™ (gadoterate meglumine, Dotarem;
Guerbet, Aulnaysous-Bois, France), [Gd(DTPA)(H20)]* (gadopentetate dimeglumine, Magnevist; Schering,
Berlin, Germany), [Gd(DTPA-BMA)(H20)] (gadodiamide, Omniscam; Nycomed, Oslo, Norway) and
[Gd(HP-DO3A)(H20)] (Gadoteridol, ProHance; Bracco, Milan, Italy) currently used in clinical practice as
MRI CAs (Scheme 1). Additionally, we have performed calculations on [Gd(BPEDA)(H:O)] as a
representative example of a complex for which a low A/h value has been reported.’® The fitting of the



experimental YO NMR data often requires one to consider an outer-sphere contribution to the observed
chemical shifts. Herein we present a set of calculations performed on molecular clusters, explicitly including
second-sphere water molecules, that allows one to obtain information about the scalar outer-sphere
contribution to the *’O NMR chemical shifts. Finally, we have also calculated *H hyperfine coupling
constants to confirm that the scalar mechanism to the proton relaxation enhancement can be safely neglected.

Theory

The hyperfine coupling tensor for the nucleus N consists of three contributions, which are the isotropic Fermi
contact (FC) and the anisotropic spin—dipolar contributions and the spin—orbit contribution. Herein we focus
on the calculation of isotropic FC contribution (Aiso), Which is given by Equation (1):%°

Aiso(N) = gﬁeBNgenga_B(RN) (1)

where Sy and S. are the nuclear and Bohr magnetons, respectively, gnand ge are nuclear and free-
electron g values, S is the total electron spin of the system, and p®P(Rn) represents the difference between
majority spin (&) and minority spin () densities at the position of the nucleus N. Thus, Ais is proportional to
the value of the spin density at the position of nucleus N, which may be transmitted directly through the
bonds by spin delocalization and/or by spin polarization.

Experimental values of isotropic O HFCCs have been determined for many Gd'"' chelates from 'O NMR
chemical shifts and as absolute values from transverse relaxation rates. The reduced transverse relaxation
rates and chemical shifts, 1/T» and wr, observed on bulk water nuclei may be written as in Equations (2)—
(3),% where 1/Tan is the relaxation rate of the bound water,  is the residence time of water molecules in the
inner sphere, Awm is the chemical shift difference between bound and bulk water, and Awos is the outer
sphere contribution to the chemical shift.
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Awm is governed by the hyperfine or scalar interaction according to Equation (4), where B represents the
magnetic field, S is the electron spin and g, is the isotropic Landé g factor.?
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It must be pointed out that for £ ions such as Gd"!, the ligand field splitting is zero under first-order
conditions, and therefore no pseudocontact contribution to the hyperfine shifts is expected. However, higher-
order effects may provoke the splitting of the J=7/2 level, and therefore a small pseudocontact shift. It has
been estimated that such high-order effects may result in shifts of ~0.25 ppm,? while Equation (4) predicts
a 'O contact shift of 2545 ppm at 298 K for a typical A/h value of 3.9x10°rads™!. Thus, pseudocontact
contributions to the O NMR shifts of coordinated water molecules in Gd" complexes can be safely
neglected. It has been suggested that the outer-sphere contribution to Aw: may be represented by an empirical
constant Cos as given by Equation (5):°

AO)OS = CosA(l)m ®)

The transverse 1’0 NMR relaxation of bound water molecules is dominated by the scalar contribution, 1/Tas,
as given in Equation (6):?®

(6)
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where 1/z5 is the sum of the exchange rate constant kex=1/zm and the electron spin relaxation rate 1/T1.. Thus,
both the O NMR chemical shifts and transverse relaxation rates depend on the HFCC A/h. In Equations (4)
and (6) A/h is expressed in rad s !, and therefore equals 2 -Aiso as defined in Equation (1).

Computational methods

All calculations presented herein were performed employing the Gaussian 09 package (Revision B.01).2* An
important issue for the adequate computational description of Ln"' complexes is the treatment of relativistic
effects.?® In general, two different approaches have been developed to handle relativistic effects in systems
containing heavy elements, namely the use of all-electron relativistic approaches such as the DKH2 and
ZORA approximations,? and the use of relativistic effective core potentials (RECP). The most widely used
approximation to treat relativistic effects in Ln"' complexes is the RECP approach, in which only the
chemically relevant valence electrons are treated explicitly and relativistic effects are implicitly accounted
for by a proper adjustment of free parameters in the valence model Hamiltonian.?” In the present work we
employed the energy-consistent quasirelativistic ECPs and associated basis sets of Dolg and
coworkers,?? for which two different core definitions have been developed: “large-core” (LC), in which the
4f electrons are included in the core, and “small-core” (SC), which treats the four-, five- and six-shell
electrons explicitly. The LCRECP includes 46+4f 7 electrons in the core for Gd"', while the outermost eight
electrons are treated explicitly with a [5s4p3d]-GTO valence basis set. For the SCRECP, which includes 28
electrons in the core, we selected the associated ECP28MWB_GUESS basis set.*® Full geometry
optimizations of the [Gd(BPEDA)(H:0)] -x H.0, [Gd(DOTA)(H:0)] -xH:0, [Gd(DTPA)(H-0)]* -x H-0,
[GA(DTPA-BMA)(H20)]-x H,O and [Gd(HP-DO3A)(H20)]-x H,O systems (x=0, 1, or 2) were performed in
aqueous solution employing DFT within the hybrid meta generalized gradient approximation (hybrid meta-
GGA), with the TPSSh exchange—correlation functional 3! Input geometries of the [Gd(BPEDA)(H-0)]™ and
[GA(DOTA)(H.0)] systems for geometry optimization were taken from previous computational



studies.’®® For the DOTA* complex, which is known to exist in solution as a mixture of square
antiprismatic (SAP) and twisted-square antiprismatic (TSAP) isomers, we performed our calculations for
both isomers.®® The input geometry of [Gd(HP-DO3A)(H.O)] was constructed from that of the
DOTA* analogue, and only the SAP isomer was considered. The starting geometry of
[GA(DTPA)(H:0)]*> was taken from the X-ray structure of the MS-325 analogue, while that of [Gd(DTPA-
BMA)(H20)] was constructed from the optimized geometry of the DTPA analogue by adding the
methylamide groups. Thus, only one of the four diasteroisomers of the complex observed in aqueous solution
has been investigated (the cis isomer).%

For geometry optimization purposes we used the LCRECP for Gd, while the standard 6-31G(d) basis set was
used for C, H, N and O atoms. No symmetry constraints have been imposed during the optimizations. The
use of LCRECPs requires a separate potential for each oxidation state or 4f subconfiguration, which
precludes the modeling of f—f centered processes and the treatment of spin—orbit coupling. However, this
approach avoids many difficulties associated to the computational treatment of open-shell systems, and
despite their approximate nature, it is an efficient computational tool that has proven to give good results in
studies that focus on the structural features or the estimates of relative energies for Ln"' complexes at both
the HF and DFT level.*® The stationary points found on the potential energy surfaces as a result of the
geometry optimizations have been tested to represent energy minima rather than saddle points via frequency
analysis.

Isotropic 'O HFCCs in the [Gd(H20)s]** model system were calculated in aqueous solution with unrestricted
DFT methods by employing different functionals within the LSDA approximation (SVWN?®*"2¢ and SPL3),
GGA (BLYP,%4 GO6LYP, 14243 mPWLYP*44), meta-GGA (BB95,40% TPSS®), hybrid-GGA (B3LYP,*46
BH&HLYP,* PBE1PBEL,* and B3PW91%4%) and hybrid meta-GGA (TPSSh®). The geometry of the
[Gd(H20)s]** system is the same as described in a previous paper,> obtained from geometry optimizations in
aqueous solution (PCM model) at the B3LYP/LCRECP/6-31+G(d) level. The coordination environment
around the metal ion in [Gd(H20)s]** corresponds to a slightly distorted square antiprismatic geometry
of Dyg Symmetry with a Gd—O distance of 2.433 A. Both the mean Gd—O distance and the metal
coordination environment are in good agreement with previous theoretical investigations.®* For HFCC
calculation purposes we used both the SCRECP approach and the all-electron second-order Douglas—Kroll—
Hess (DKH2) method as implemented in Gaussian 09,°? which employs a Gaussian nuclear model. For
DKH2 calculations, the all-electron scalar relativistic basis set of Pantazis and Neese was used for Gd.>® DFT
investigations of HFCCs require the use of specifically developed basis sets with extra flexibility in the core
region.> Thus, for the description of water molecules of [Gd(H.0)s]** in both DKH2 and SCRECP
calculations we used the EPR-1I and EPR-IIl basis sets of Barone,> which were optimized for the
computation of HFCCs by DFT methods. EPR-1I is a double-zeta basis set with a single set of polarization
functions and an enhanced s part, while EPR-I11 is a triple-zeta basis set including diffuse functions, double d
polarizations and a single set of f-polarization functions. Both basis sets contain an improved s part to better
describe the nuclear region. The isotropic’O and'H HFCCs in [Gd(BPEDA)(H.0)] -x H0,
[Gd(DOTA)(H20)]-x H20, [Gd(DTPA)(H:0)]*xH.0, [Gd(DTPA-BMA)(H:0)]-xH.O and [Gd(HP-
DO3A)(H20)]-xH.0 (x=0, 1 or 2) were calculated by using the TPSSh functional and the SCRECP and
DKH2 approaches, with the EPR-1II basis set to describe the ligand atoms. The highest spin state was
considered as the ground state (octuplet, 4f7) in all cases. Since the calculation of HFCCs was performed by
using an unrestricted model, spin contamination®® was assessed by a comparison of the expected difference
between S(S+1) for the assigned spin state [S(S+1)=15.75 for the mononuclear Gd"' complexes investigated
here] and the actual value of <S%>.5" The results obtained for [Gd(H-O)s]** indicate that spin contamination is
negligible for all functionals tested in this work [<S?>—S(S+1)<0.0060]. A similar situation holds for all
Gd"' complexes with polyaminocarboxylate ligands investigated by using the TPSSh functional
[<S%>—S(S+1) <0.0090]. Convergence of the SCF procedure during the calculations of 'O HFCCs was



problematic in some cases, and therefore a quadratically convergent SCF procedure was used when first-
order SCF did not achieve convergence (by using the scf=xqc keyword in Gaussian 09). The default values
for the integration grid (75 radial shells and 302 angular points) and the SCF energy convergence criteria
(10°®) were used in all calculations.

Throughout this work solvent effects were included by using the polarizable continuum model (PCM), in
which the solute cavity is built as an envelope of spheres centered on atoms or atomic groups with
appropriate radii. In particular, we used the integral equation formalism (IEFPCM) variant as implemented in
Gaussian 09.%8

Results and discussion

Calculation of O HFCCs in [Gd(H.0)s]**

Due to its small size, DFT calculations on the [Gd(H20)s]** complex are relatively undemanding, and
therefore we used this system to evaluate the performance of twelve commonly available density functionals
(SVWN, SPL, BLYP, G96LYP, mPWLYP, BB95, TPSS, B3LYP, BH&HLYP, B3PW91, PBE1PBE and
TPSSh) to predict isotropic 1O HFCCs. The main results of our calculations are shown in Figure 1 and
Table 1. Experimental Aiso Values of 0.71%° and 0.76°° MHz have been obtained from ’O NMR shift data,
while a value of 0.84° MHz was determined from the simultaneous analysis of O NMR chemical shifts
and H relaxivity data.
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Figure 1. Absolute deviations of calculated Ais, values [MHz] obtained for [Gd(H20)s]**
by using different density functionals with respect to the experimental value (0.84 MHz).



Table 1. Calculated 'O hyperfine coupling constants (Aiso) [MHZ]
calculated for [Gd(H20)s]*".

Type Functional Method Aiso
LSDA SVWN RSC28/EPR-II 0.387
RSC28/EPR-III 0.481
DKH2/Neese/EPR-I11 0.626
SPL RSC28/EPR-1I 0.392
RSC28/EPR-III 0.485
DKH2/Neese/EPR-111 0.623
GGA BLYP RSC28/EPR-II 0.028
RSC28/EPR-III 0.175
DKH2/Neese/EPR-111 0.399
G96LYP RSC28/EPR-II 0.058
RSC28/EPR-III 0.193
DKH2/Neese/EPR-I11 0.424
mPWLYP RSC28/EPR-II 0.035
RSC28/EPR-III 0.182
DKH2/Neese/EPR-111 0.401
Meta-GGA BB95 RSC28/EPR-II —0.020
RSC28/EPR-III 0.116
DKH2/Neese/EPR-I11 0.480
TPSS RSC28/EPR-II 0.432
RSC28/EPR-III 0.542
DKH2/Neese/EPR-111 0.764
Hybrid-GGA B3LYP RSC28/EPR-II 0.533
RSC28/EPR-III 0.640
DKH2/Neese/EPR-I11 0.683
BH&HLYP RSC28/EPR-II 0.836
RSC28/EPR-III 0.907
DKH2/Neese/EPR-111 0.853
B3PW91 RSC28/EPR-II 0.679
RSC28/EPR-III 0.776
DKH2/Neese/EPR-I11 0.824
PBE1PBE RSC28/EPR-II 0.777
RSC28/EPR-III 0.861
DKH2/Neese/EPR-111 0.873
Hybrid meta-GGA TPSSh RSC28/EPR-II 0.656
RSC28/EPR-III 0.766
DKH2/Neese/EPR-I11 0.885

The data reported in Table 1 and Figure 1 indicate that LSDA functionals (SVWN and SPL) provide a poor
agreement between the experimental and calculated Ais values, with absolute deviations above 0.2 MHz.
The agreement is even worse when using GGA functionals (BLYP, G96LYP or mPWLYP), which deviate
by 0.42 to 0.81 MHz from the experimental value of 0.84 MHz. The performance of the meta-GGA
functional BB95 is also poor, while TPSS performs somewhat better, particularly when using DKH2
calculations. These results are in agreement with previous calculations performed on small main-group



radicals and 3d and 4d transition metal complexes, which showed that meta-GGA functionals do not
substantially improve the results compared to GGA functionals.®® The use of hybrid-GGA functionals
(B3LYP, BH&HLYP and B3PW91 or PBELPBE) results in an important improvement of the agreement
between the experimental and calculated Ais, values. This is in line with previous investigations on transition
metal complexes, which established that hybrid GGA functionals provide the best predictions of
HFCCs.%%2 In the case of [Gd(H20)s]** the hybrid GGA functionals BH&HLYP, B3PW91 and PBE1PBE
appear to perform somewhat better than B3LYP. As observed previously,®® the hybrid variant of TPSS,
TPSSh, provides a clear improvement of the calculated HFCCs in comparison to the non-hybrid counterpart.
Considering the uncertainty of the experimental value of Ais, in [Gd(H20)s]**, for which values ranging
between 0.71 and 0.84 MHz have been reported, we conclude that hybrid GGA functionals BH&HLYP,
B3PW91 and PBE1PBE, as well as the hybrid meta-GGA functional TPSSh, provide Aisy values in close
agreement with the experimental values. The DKH2 and SCRECP approaches give Ais values in good
mutual agreement when using hybrid GGA and hybrid meta-GGA functionals, while the DKH2 approach
provides somewhat better results with LSDA and GGA functionals. The use of the EPR-III basis set in
SCRECEP calculations significantly improves the agreement between experimental and calculated values with
respect to RSC28/EPR-11 calculations. It must be pointed out that our SCECP calculations used point charges
for the nuclei, while DKH2 calculations employed a Gaussian nuclear model. Different studies showed that
the use of point charges for the nuclei is not always a suitable approximation, particularly when hyperfine
properties for heavy nuclei are considered.® Thus, the discrepancies in Ais values calculated with the
SCECP and DKH2 approaches, particularly when using LSDA and GGA functionals, might be related to the
use of the point charge approximation for the nuclei in SCECP calculations.

Molecular geometries of Gd"' polyaminocarboxylates

Prior to calculation of the 'O Ais, values of the inner-sphere water molecule in the various Gd complexes,
the molecular geometries of these systems were fully optimized in aqueous solution (IEFPCM model) at the
TPSSh/LCRECP/6-31G(d) level. The optimized molecular geometries of the complexes are shown in
Figure 2 and the average bond distances of the metal coordination environment are given in Table 2. The
results show that our calculations reproduce the distances between Gd and the donor atoms of the ligands
observed in the corresponding X-ray structures fairly well. However, the distances between Gd and the
oxygen atom of the inner-sphere water molecule (2.56-2.67 A) are clearly longer than those observed in the
solid state (2.44-2.52 A). All calculated Gd—Oy distances are also longer than that normally assumed in the
analysis of 7O NMR longitudinal relaxation data of nine-coordinate Gd"' complexes (2.50 A),°and also
longer than those determined experimentally by using ENDOR spectra (2.4-2.5 A).% This bond elongation
can be attributed, at least in part, to the fact that continuum models of solvation cannot account for specific
solvent-solute interactions (i.e. hydrogen-bonding interactions between inner-sphere and second-sphere
water molecules). Indeed, it has been shown that continuum dielectric solvent models are often inadequate
for investigating ionic solutes that have concentrated charge densities with strong local solute—solvent
interactions.®® To overcome this deficiency of continuum solvent models, it has become a common practice
to add explicit solvent molecules to the model ionic systems.®” Thus, we performed geometry optimizations
by using a mixed cluster/continuum model explicitly including second-sphere water molecules. The major
disadvantage of this approach is that adding extra solvent molecules to the first solvation sphere increases the
computational cost. Moreover, the more atoms are included in the system, the larger the number of degrees
of freedom and the higher the number of minimum-energy structures.
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Our calculations performed on the [Gd(L)(H20)]"-x H.O systems (L=BPEDA, DOTA, DTPA, DTPA-BMA
or HP-DO3A) show that the inclusion of one second-sphere water molecule considerably shortens the
Gd—Ow distances, while the inclusion of a second water molecule involved in hydrogen-bonding interaction
with the inner-sphere water provides Gd—Ow distances in close agreement with the experimental values
(Table 2). Furthermore, the Gd---Hs distances (His=hydrogen atoms of the inner-sphere water molecule)
calculated for the systems including two second-sphere water molecules fall within the range of 2.96-3.10 A,
the average value of the five systems investigated amounting to 3.02 A. These values are in excellent
agreement with those determined experimentally with the use of pulsed ENDOR spectroscopy (3.1+0.1



A)8 and neutron diffraction measurements.? In each of the [Gd(L)(H20)]"~-2 H.O complexes investigated
the two Gd---Hs distances are quite similar, differing by less than 0.083 A. As an illustrative example, the
optimized geometry of [Gd(DOTA)(H:0)]:xH2O (SAP isomer) is shown in Figure3. The
Gd—Ow distances calculated for the SAP isomer of [Gd(DOTA)(H20)] -x H.O are slightly shorter than
those obtained for the TSAP isomer, which is in line with a higher steric compression around the inner-
sphere water molecule in the latter form.™

Table 2. Averaged bond distances [A] of the metal coordination environments and ¢ angles [°] calculated
at the TPSSh/LCRECP/6-31G(d) level for [Gd(L)(H20)]™"-x H,0 complexes.

L x=0 x=1 X=2 Exp.

DOTA/SAPL] Gd—OC 2.383 2.394 2.394 2.365
Gd—Nawm 2.679 2.703 2.720 2.655
Gd—Ow 2.606 2.523 2.494 2.456
@ 85.7 104.2 123.7

DOTA/TSAP Gd—Oc¢ 2.394 2.396 2.398
Gd—Nawm 2.686 2.705 2.727
Gd—Ow 2.646 2.585 2.514
@ 83.38 92.9 121.9

DTPA-BMA Gd—Oc¢ 2.351 2.361 2.371 2.374
Gd—Oa 2.551 2.520 2521 2.441
Gd—Nawm 2.699 2.730 2.742 2.672
Gd—Ow 2.559 2.494 2.483 2.442
@ 103.8 125.1 118.0

HP-DO3AI Gd—Oc¢ 2.366 2.366 2.372 2.375
Gd—Ow 2.495 2.495 2.533 2.330
Gd—Nawm 2.666 2.661 2.677 2.647
Gd—Ow 2.568 2.544 2514 2.507
@ 88.7 101.9 120.2

DTPAE Gd—Oc 2.407 2416 2412 2.400
Gd—Nawm 2.673 2.711 2.743 2.640
Gd—Ow 2.639 2.542 2.501 2.490
@ 83.6 102.0 127.7

BPEDAI Gd—Oc 2.391 2.380 2.394 2.46
Gd—Opy 2417 2419 2.433 2.43
Gd—Nawm 2.768 2.787 2.792 2.69
Gd—Npy 2.659 2.682 2.698 2.61
Gd—Ow 2.669 2.551 2516 2.52
@ 86.4 113.4 121.7

[a] Oc: coordinated oxygen atoms of acetate groups; Opy: coordinated oxygen atoms of
pyridylcarboxylate groups; Nam: amine nitrogen atoms; Npy: pyridyl nitrogen atoms; Oa: oxygen
atoms of amide groups; On: oxygen atoms of hydroxyl groups; Ow: oxygen atom of inner-sphere
water molecules. [b] Experimental data from ref. &, [c] Experimental data for the [Gd(DTPA-
BBA)] complex, which crystallizes in cis conformation, from ref. ¢°. [d] Experimental data from
ref. 7°. [e] Experimental data from ref. 7. [f] Experimental data from ref. 72,



Figure 3. View along the Gd—Ow axis of the structure of [Gd(DOTA)(H20)] -2 H2O (SAP isomer) as optimized in
water at the TPSSh/LCRECP/6-31G(d) level showing hydrogen-bonding interactions involving inner- and second-
sphere water molecules. Hydrogen atoms, except those of water molecules, are omitted for simplicity.

These results show that the explicit inclusion of a few second-sphere water molecules is crucial for the
computation of accurate Gd—Ow distances in complexes with polyaminocarboxylate ligands. Additionally,
the inclusion of second-sphere water molecules also affects the orientation of the inner sphere water
molecule with respect to the Gd—O axis, as given by the tilt angle ¢ defined in Figure 4. Indeed, the inner-
sphere water molecule in [Gd(L)(H20)]™" complexes is tilted due to the hydrogen-bonding interaction
established between hydrogen atoms of the water molecule and the negatively charged oxygen atoms of the
ligand, which results in ¢ angles of about 85°. In the [Gd(L)(H20)]*""-2 H,0O systems the inner-sphere water
molecule is involved in hydrogen-bonding interaction with second sphere water molecules rather than with
oxygen atoms of the ligand, thereby increasing ¢ to about 120° (Table 2).

As a general trend, the inclusion of second-sphere water molecules provokes a slight lengthening of the
Gd—Tligand bonds. The distances calculated for the [Gd(L)(H.0)]" -2 H,O systems generally differ <4 %
from the crystallographic reference data of the hydrated complexes. The calculated Gd—Oc distances
[Oc=0xygen atoms of carboxylate groups] present an excellent agreement with the experimental values
observed in the solid state. The distances between Gd and the N donor atoms of the ligands are overestimated
by our calculations by 0.04-0.10 A with respect to the X-ray values, as previously observed for related
systems. 327

The distances between the Gd"ion and the H atoms of second-sphere water molecules in
[Gd(L)(H20)]""-2H,O fall within the range 3.32-5.10 A (Table S1, Supporting Information), with an
average value of 4.18 A. The average distance between Gd and the oxygen atoms of second-sphere water
molecules is slightly longer (4.25 A), as second-sphere water molecules tend to orientate their H atoms to
negatively charged groups of the ligand. These values could be taken as a reference for the analysis of



longitudinal *H and 'O relaxation data of Gd-based MRI contrast agents containing a high negative charge.
For such systems, it has been shown that second-sphere water molecules provide a substantial contribution
to H relaxivity and longitudinal 'O relaxation rates, both related to 1/r®.7

Figure 4. Definition of the tilt angle ¢ formed between the inner-sphere water molecule
and the Gd—O axis.

Calculation of YO HFCCs of the coordinated water molecule in [Gd(DTPA)(H>0)]*>-x H.O

The 70 Aiso Values of the inner-sphere water molecule in the [Gd(DTPA)(H20)]* -x H.O systems were
calculated with the aid of the TPSSh functional in combination with the DKH2 and SCRECP approaches.
The TPSSh functional was selected for this purpose on the basis of the results for [Gd(H20)s]** presented
above. Calculations performed on the [Gd(DTPA)(H20)]*>" complex provided 'O Ais, values of ca. 0.10 and
0.08 MHz by using the ECP and DKH2 approaches, respectively. These values deviate by ca. 0.5 MHz from
the experimental values of 0.61 and 0.54 MHz obtained from the analysis of the 17O NMR data (Table 3).
Inclusion of one second-sphere water molecule pushes the calculated values (~0.3 MHz) closer to the
experimental one, while the inclusion of two second-sphere water molecules provides calculated Ais, Values
in reasonable agreement with the experiment (0.50 and 0.52 MHz for the DKH2 and ECP approaches,
respectively). Thus, the explicit consideration of the most important hydrogen-bonding interactions involving
the coordinated water molecule and the second coordination shell appears to be crucial for an accurate
calculation of 'O Ais values of the inner-sphere water molecule.

As pointed out previously,}@an important parameter influencing the 'O HFCCs is the Gd—O distance.
Thus, we performed a relaxed potential energy surface scan on the [Gd(DTPA)(H-0)]*> system where the
Gd—O distance was varied from 2.41 to 2.79 A in steps of 0.015 A. Subsequently, Ai, was calculated for
each of these points at the RSC28/EPR-1II level (Figure5). The variation of the Gd—O distance also
provoked a substantial change of the tilt angle ¢, which increased from 76.9° to 93.5° as the Gd—O distance
was reduced from 2.79 to 2.41 A. Our results show that Ais, increases from 0.028 to 0.33 MHz as the Gd—O
distance decreases from 2.79 to 2.41 A. These results highlight the importance of an accurate calculation of
the Gd—O distance to obtain Ais values in close agreement with the experimental data. However, these



calculations provide a Ais, value of 0.23 MHz for Gd—O distance of 2.49 A, which corresponds to the
distance observed in the solid state for the [Gd(DTPA)(H20)]* complex. Considering the experimental
values of Ais, reported in the literature, 0.61 and 0.54 MHz,>"" we conclude that the Gd—O distance is not
the only factor affecting the magnitude of the ’O HFCC of inner-sphere water molecules of Gd'"' complexes.
Indeed, further calculations performed on the [Gd(DTPA)(H20)]* complex show that the orientation of the
water molecule with respect to the Gd—O axis has a strong influence on the calculated HFCCs too
(Figure 6). For a fixed Gd—O distance of 2.504 A the calculated Ais, values increase from 0.22 to 0.58 MHz
as the ¢ angle increases from 89.6 to 180°. A ¢ value of about 90° implies that the water molecule uses a
lone-pair placed on a p orbital to bind Gd. As the tilt angle increases, the s character of the lone pair is
increasing, which increases the probability of the unpaired spin density to sit just on the nucleus, resulting in
an increased Aigo.

Table 3. Calculated hyperfine coupling constants (Ais) [MHZz]
for [GdL(H0)]™"-xH,0 complexes (TPSSh model).

L x=0 x=1 X=2 Exp.

DTPA RSC28/EPR-III 0.097 0.290 0.518 0.605(2
DKH2/Neese/EPR-I11 0.077 0.271 0.499 0.541[

DOTA/SAP RSC28/EPR-III 0.140 0.371 0.561 0.590(c
DKH2/Neese/EPR-I11 0.123 0.357 0.547

DOTA/TSAP RSC28/EPR-III 0.083 0.266 0.509
DKH2/Neese/EPR-111 0.064 0.245 0.490

DTPA-BMA RSC28/EPR-111 0.304 0.537 0.557 0.605(2
DKH2/Neese/EPR-111 0.286 0.518 0.543

HP-DO3A RSC28/EPR-111 0.179 0.279 0.434 0.462M
DKH2/Neese/EPR-I11 0.161 0.261 0.416

BPEDA RSC28/EPR-III 0.007 0.238 f 0.368[
DKH2/Neese/EPR-111 —-0.014 0.220 0.396

[a] Ref. 5. [b] Ref. 7. [c] Ref. 5. The Gd DOTA complex is known to exist in solution as a mixture
of SAP and TSAP isomers, with the SAP form representing ca. 85 % of the overall population (see
text). [d] Ref. 1. [e] Ref. 1°. [f] SCF convergence problems prevented the calculation of Aj.

The spin density distribution in a given paramagnetic molecule denotes the difference between the
contributions due to electrons with majority spin («) and minority spin (), and is the result of two effects: 1)
spin delocalization, that is, the transmission of spin density through the bonds towards the observed nucleus;
2) spin polarization, which is the result of an effective attraction of unpaired electrons to the nearby ones of
the same spin. Spin delocalization gives always a positive contribution to the spin density in contrast to spin
polarization which can lead to a positive or negative contribution.!® Figure 7 shows a spin density map
calculated for [Gd(DTPA)(H.0)]*-2H.O at the RSC28/EPR-IIl level. As found previously for
[Gd(H20)s]**,}"218 the negative spin density calculated at the coordinated water oxygen indicates domination
of the spin-polarization effect at this location. Most of the positive spin density is placed on the Gd"'ion
itself. This shows that spin-polarization effects dominate the 7O Ais values of the coordinated water
molecule in Gd"' complexes. It is worth to recall that the negative spin density at the 'O nucleus of the
inner-sphere water molecule corresponds to a positive Aiso value (+0.518 MHz, Table 3) as a consequence of
the negative magnetic moment of the 'O nucleus.
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Calculation of O HFCCs in related systems

Calculations performed on [Gd(L)(H20)]™"" complexes without second-sphere water molecules confirm the
poor agreement of calculated Ais With experimental data. Inclusion of only two second-sphere water
molecules hydrogen-bonded to the first-sphere H,O molecule results in calculated HFCCs in close agreement
with the experimental data. Furthermore, RSC28/EPR-IIl and DKH2/Neese/EPR-III calculations provide
similar results, with the latter giving Ais, values typically 0.02 MHz smaller than the former (Table 3). The
results suggest that the small experimental HFCCs determined for [Gd(BPEDA)(H:0O)] and [Gd(HP-
DO3A)(H20)] were correctly determined, and that in some cases the HFCCs might fall out of the generally
accepted 3.9+0.3x10°rads™! (Aiss=0.67-0.57 MHz) range. A close inspection of the data reported in
Tables 2 and 3 shows that the calculated Ais, values roughly correlate with the calculated Gd—Ow distances
(Figure 8). From Figure 8 it can be seen that Ais, calculated for [Gd(DTPA-BMA)(H20)]-2 H20 is low,
considering its particularly short Gd—Ow distance. The offset from the linear correlation can be partially
ascribed to the small Gd—O—H—H torsion angle (118.0°) calculated from the optimized structure.
The Aiso values obtained for the TSAP isomer of [Gd(DOTA)(H20)] -2 H.O are ~10 % lower than those
determined for the SAP isomer, in agreement with the shorter Gd—Ow distance for the latter. The population
of the TSAP isomer of [Gd(DOTA)(H20)] in solution is relatively small (ca. 15 %),* and therefore the 'O
HFCC determined experimentally is expected to be dominated by that of the SAP isomer.
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An advantage using snapshots from MD simulations for the calculation of HFCCs is the inclusion of solution
dynamics on the calculated Ais values.’® However, the data shown in Figures 5and 6 indicate an
approximately linear dependence of Ais around the equilibrium configuration with respect to both the
Gd—Ow distance and the ¢ angle. The measured HFCCs are weighted averages (<Aisc>) of individual values
for different configurations present in solution. It is therefore not expected that <Ais> differs substantially
from the value corresponding to the equilibrium geometry. The good agreement between the experimental
and calculated HFCCs given in Table 3are in line with this reasoning. Furthermore, previous molecular
dynamics studies performed on the [Gd(DOTA)(H20)]™ system pointed to a relatively narrow distribution
width of Ais (0.58+0.11 MHz).!8

The calculations performed on the [Gd(L)(H20)]"""-x H,0 systems allow to evaluate O HFCCs of second-
sphere water molecules, which could provide a non-negligible scalar contribution to the observed 1O NMR
chemical shifts. Indeed, different experimental works assumed that the outer-sphere contribution can be
accounted for by an empirical constant Cos [EQ. (5)], with fitted values of 0.0-0.2. Thus, according to these
studies, the outer-sphere contribution to the observed chemical shifts may be responsible of up to 20 % of the
observed chemical shifts. The Aix values obtained for second-sphere water molecules (435,, Table 4) are
close to zero, and their absolute values amount to 1.5-3.6 % of those calculated for the coordinated water
molecule. Again, both the RSC28/EPR-IIl and DKH2/Neese/EPR-III approaches provide results in good
mutual agreement. Furthermore, our calculations provide negative Ajs, values, which suggest that the scalar
contribution of second-sphere water molecules to the overall observed YO chemical shifts might be
negligible, or result in slightly reduced observed chemical shifts.



Table 4. Calculated *H HFCCs of inner-sphere water molecules (Ais,, MHZ)
and 70O HFCCs of second-sphere water molecules (453,) [MHz]
in [GdL(H20)]™"-2 H,0 complexes (TPSSh model).

Type Method ASS 170 Aiso, *H
DTPA RSC28/EPR-III —8.4x1073 0.056
—6.0x1073 0.039
DKH2/Neese/EPR-111 —0.010 0.070
—7.9x10°8 0.055
DOTA/SAP RSC28/EPR-III —0.013 0.051
—2.3x1073 0.085
DKH2/Neese/EPR-111 —0.015 0.067
—4.0x1073 0.099
DOTA/TSAP RSC28/EPR-III —4.7x1078 0.054
—7.4x1073 0.056
DKH2/Neese/EPR-111 —-6.3x1073 0.070
—8.7x1073 0.070
DTPA-BMA RSC28/EPR-III —7.8x1073 0.054
—-0.013 0.076
DKH2/Neese/EPR-111 —-9.0x1073 0.073
—-0.015 0.092
HP-DO3 A RSC28/EPR-III —-0.013 0.073
—-0.013 0.099
DKH2/Neese/EPR-I11 —-0.014 0.085
-0.015 0.108
BPEDA RSC28/EPR-III [a] fa]
DKH2/Neese/EPR-111 —-9.5%x1073 0.058
2.7x1072 0.068

[a] SCF convergence problems prevented the calculation of Ais.

'H HFCCs of the coordinated water molecules

As expected, the calculated *H isotropic HFCCs for the systems investigated herein are quite small. For
[Gd(H20)s]* our calculations provide 'H Aix values of —0.031 (RSC28/EPR-III) and —0.012
(DKH2/Neese/EPR-I11), which compare well with the experimental values (—0.015 to 0.04 MHz) obtained
from EPR studies.” Previous DFT calculations performed by Helm and coworkers provided a small *H A,
which was however found to be positive (+0.025).17® A positive value was also found for [Gd(H20)s]** from
ENDOR experiments (0.03£0.02 MHz).” The H Ais values calculated for the [Gd(L)(H.0)]™-2 H.O
complexes were found to be positive (Table 4), in agreement with the value obtained for the complex of HP-
DO3 A from ENDOR experiments (+0.04+0.06) MHz.”™ The small absolute values and different signs
obtained both experimentally and computationally for *H HFCCs in different Gd"' complexes are attributed
to the fact that the hydrogen atoms lie close to the node of the spin density, as illustrated in Figure 7 for
[Gd(DTPA)(H20)]* -2 H,0. All experimental and calculated *H Ais, values of coordinated water molecules
are close to zero, which confirms that the scalar contribution to *H relaxivity can be safely neglected.



Conclusions

We have evaluated the performance of twelve commonly available functionals for the calculations of 'O
HFCCs in [Gd(H20)s]**. Our results show that both hybrid GGA functionals (BH&HLYP, B3PW91 and
PBE1PBE) and the hybrid meta-GGA functional TPSSh provide Ais values in close agreement with the
experimental data, while functionals based on the LSDA, GGA and meta-GGA approximations perform
poorly. Calculations performed on [Gd(L)(H20)]™"" complexes (L=BPEDA, DOTA, DTPA, DTPA-BMA or
HP-DO3A) gave 'O Ais values deviating up to 100 % from the experimental data obtained from O NMR
shifts and relaxation data. However, the use of a mixed cluster/continuum approach with the explicit
inclusion of two second-sphere water molecules during geometry optimization allowed us to calculate
accurate HFCCs for these complexes. The DKH2/Neese/EPR-111 and RSC28/EPR-IIl approaches were
shown to provide calculated HFCCs of essentially the same quality.

The theoretical investigation reported here shows that the O HFCCs on inner-sphere water molecules are
sensitive not only to the Gd—O distances, but also to the orientation of the coordinated water molecule plane
and the Gd—O vector. Small changes of these structural parameters result in relatively important changes on
the isotropic 1O HFCCs, which in some particular cases might deviate from the generally accepted range of
0.67-0.57 MHz. Additionally, our calculations suggest that the outer-sphere contribution to the observed 'O
NMR chemical shifts can safely be neglected, as well as the scalar contribution to *H relaxivity, which is
clearly dominated by the dipolar mechanism. We believe that the independent calculation of isotropic 'O
HFCCs following the methodology presented herein will allow a more reliable fitting of experimental 'O
NMR data, thereby providing more accurate values of the parameters governing the relaxivity in Gd
complexes with potential application in MRI.
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