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ABSTRACT: Herein, we present a new approach that 000] ©-0-0-0-0-0-0-0-0

combines DFT calculations and the analysis of Tb"-induced ] N " AN
"H NMR shifts to quantitatively and accurately account for the E -0.02+4 He, )
contact contribution to the paramagnetic shift in Lot S o0 04: R T @
complexes. Geometry optimizations of different Gd"™ com- ~— | N ; )
plexes with macrocyclic ligands were carried out using the 3-0.06 N 70, Wk cnnimation
hybrid meta-GGA TPSSh functional and a 46 + 4f effective <C 20,08 RN O“Q._O "
core potential (ECP) for Gd. The complexes investigated B conéﬁramnggonal ~©-0-0—00c”
include [Ln(Me-DODPA)]* (H,Me-DODPA = 6,6'-((4,10- -0.10 — . B B — e —
dimethyl-1,4,7,10-tetraazacyclododecane-1,7-diyl)bis- 60 80 100 120 140 160 180
(methylene))dipicolinic acid, [Ln(DOTA)(H,0)]" Gd-N-C-H/°

(H,DOTA = 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraace-

tate), [Ln(DOTAM)(H,0)]** (DOTAM = 1,4,7,10- tetrakis[(carbamoyl)methyl]-1,4,7,10-tetraazacyclododecane), and related
systems containing pyridyl units (Ln = Gd, Tb). Subsequent all-electron relativistic calculations based on the DKH2
approximation, or small-core ECP calculations, were used to compute the 'H hyperfine coupling constants (HFCCs) at the
ligand nuclei (A, values). The calculated A, values provided direct access to contact contributions to the 'H NMR shifts of the
corresponding Tb™ complexes under the assumption that Gd and Tb complexes with a given ligand present similar HFCCs.
These contact shifts were used to obtain the pseudocontact shifts, which encode structural information as they depend on the
position of the nucleus with respect to the lanthanide ion. An excellent agreement was observed between the experimental and
calculated pseudocontact shifts using the DFT-optimized geometries as structural models of the complexes in solution, which
demonstrates that the computational approach used provides (i) good structural models for the complexes, (ii) accurate HFCCs
at the ligand nuclei. The methodology presented in this work can be classified in the context of model-dependent methods, as it
relies on the use of a specific molecular structure obtained from DFT calculations. Our results show that spin polarization effects
dominate the 'H A, values. The X-ray crystal structures of [Ln(Me-DODPA)](PF4)-2H,O (Ln = Eu or Lu) are also reported.
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B INTRODUCTION

Stable lanthanide(III) complexes with macrocyclic ligands have
attracted considerable attention during the last two decades due
to their application as contrast agents (CAs) in magnetic
resonance imaging,"” radiopharmaceuticals for imaging and
therapy,® and luminescence probes in biomedical analyses and
imaging.* Additionally, paramagnetic lanthanide(IIT) ions and
complexes have been widely used as NMR shift reagents,’
paramagnetic probes for structure determination of biomole-
cules,’ and mapping protein surface accessibility.” Recently,
negatively charged paramagnetic Ln"" complexes have been also
proposed as NMR probes to explore regions with positive
electrostatic potential on the surface of positively charged
species.” In spite of the very successful application of different
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Ln™ complexes in these fields, a rational design of Ln
complexes with improved properties requires a detailed
understanding of their structure in solution.

The interpretation of NMR spectra of paramagnetic Ln™
complexes is not as straightforward as that for the diamagnetic
analogues of La™ or Lu™°7'* The main reason is that
paramagnetic shifts are related to the unpaired spin density, and
both contact and pseudocontact mechanisms might provide
sizable contributions to the overall paramagnetic shifts in small
Ln"™ complexes. Thus, theoretical calculations of paramagnetic

shifts are important to gain a better understanding of how
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structure and chemical bonding determine the observed
paramagnetic shifts. Besides, an inspection of the expressions
accounting for the contact and pseudocontact contributions
(below) shows that only the pseudocontact term provides
quantitative information on the structure of the Ln"' complexes
in solution. Theoretical evaluation of contact shifts can
therefore provide direct access to the pseudocontact con-
tributions and thus to information on the structure of a given
complex in solution.

Different methods were proposed, and successfully applied,
for the separation of contact and dipolar contributions in Ln™
complexes."® These methods generally require to assume that:
(i) a given series of Ln™ complexes are isostructural along the
lanthanide series; (ii) the pseudocontact shifts are proportional
to the Bleaney constants, which are characteristic of the
particular Ln™ ion, and were calculated with the assumption
that the ligand ﬁeld splittings for the lowest | state are small
compared to kT;'* (iii) the hyperfine coupling constants do not
change substantially along the lanthanide series. Alternatively,
the hyperfine "H NMR shifts in Yb™ complexes can be directly
analyzed assummg that they are mainly pseudocontact in
orlgm, 6 as the theoretical value for the ratio of the contact to
pseudocontact contribution is as low as 0.12."” In spite of the
very successful application of Ln""induced paramagnetic shifts
to obtain information on the solution structure of many
lanthanide complexes,”™"* little progress has been done on the
theoretical calculation of paramagnetic shifts of these systems.
In recent articles, Autschbach et al.'®'? calculated the
pseudocontact shifts in [Ce(DPA);]*~ (H,DPA = dipicolinic
acid) and different Ru(III) complexes by using the zeroth-order
regular approximation and DFT.

The contact contribution to the paramagnetic shift is related
to the isotropic hyperfine coupling constant, which depends
upon the spin density at the position of the observed nucleus,
and therefore can be calculated with the aid of DFT
calculations. Indeed, different computational studies have
shown that 'H hyperfine coupling constants in organic
radicals®® and transition metal complexes*' can be accurately
calculated with the use of DFT. Recently, we have also reported
a simple computational recipe based on DFT for the theoretical
calculations of 7O hyperfine couphn% constants of coordinated
water molecules in Gd™ complexes.”” An accurate theoretical
calculation of 'H A, values obviously provides a direct access
to the contact contributions in Ln™ complexes, and therefore to
the pseudocontact shifts as well, thereby allowing a
straightforward analysis of the structure in solution of Ln™
complexes. Among the different Ln"™ ions, Gd™ is an obvious
candidate for such calculations, as its symmetric electronic
ground state (®S) avoids the largely unresolved theoretical issue
of spin—orbit coupling in other open-shell Ln™ complexes. It
must be pointed out that for a f’ ion such as Gd", the ligand
field splitting is zero under first order conditions, and therefore
no pseudocontact contribution to the paramagnetic shifts is
expected. For all other paramagnetic Ln™ complexes both
contact and pseudocontact contributions are expected to
operate.

In a recent article, we have reported a series of Ln
complexes with the macrocyclic ligand Me-DODPA?*~ (Chart
1),>> which has been designed for stable lanthanide complex-
ation in aqueous solution. The solution structure of these
complexes was investigated by analyzing the Yb"-induced 'H
NMR shifts. Herein, we report the X-ray structures of the Eu™
and Lu™ complexes with this ligand, as well as a detailed
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Chart 1. Ligands Discussed in the Present Work with the
Numbering Schemes Used for NMR Spectral Assignment
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analysis of the Tb™-induced "H NMR shifts. DFT calculations
were used to obtain 'H hyperfine coupling constants for the
[Gd(Me-DODPA)]* complex. Tb is next to Gd in the periodic
table, and therefore Tb™ and Gd™ have nearly the same ratio of
charge to ionic radius and correspondingly similar coordination
chemistry. Furthermore, it has been shown that A/# is constant
along different series of isostructural lanthanide complexes.”'”
Thus, the isotropic HFCCs are expected to be very similar for
isoestructural Gd™ and Tb™ complexes, which allows to
estimate the contact shifts of Tb™ complexes from the 1H
hyperﬁne coupling constants calculated for the Gd™ a
logues.” Subtraction of these contact shifts from the observed
paramagnetic shifts for the Tb™ complex provided the
corresponding pseudocontact shifts. This semiempirical
approach avoids the difficult part of using Ln™ complexes
other than Gd™ for theoretical evaluation of paramagnetic
shifts. However, a good agreement between these pseudocon-
tact shifts and those calculated with the DFT optimized
structures would prove the accuracy of both the calculated
contact shifts and the structures of the complexes obtained
from DFT calculations.

The methodology developed for [Ln(Me-DODPA)]*
complexes has been also applied to [Gd(DOTA)(H,0)],
which is currently applied as a contrast agent in MRI under the
name Dotarem (gadoterate meglumine, Guerbet, Aulnaysous-
Bois, France), and [Gd(DOTAM)]*, a representative
compound of a second class of paramagnetic lanthanide(III)-
based contrast agents that take advantage of the chemical
exchange saturation transfer (CEST) mechanism.'" In spite of
the enormous interest of Ln™ complexes, mostly due to their
applications in MRY, it is hard to find "H NMR spectral data for
Tb™ complexes. Among the well-characterized Tb™ complexes
whose 'H NMR spectra have been reported are [Tb-
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(Py2N4Ac4)]” and [Tb(Py2N4Py4)]** complexes, which
present a D, symmetry in aqueous solution.”*** Thus, the
solution structure of these complexes has been also investigated
by theoretical evaluation of the 'H NMR shifts in the Gd™
analogues and subsequent analysis of the Tb"-induced
pseudocontact shifts. We must note that the procedure
presented here falls into the category of the model-dependent
methods, as it relies on the assumptlon of a particular geometry
of the complex in solution.'**

B LN"-INDUCED PARAMAGNETIC SHIFTS

The binding of a ligand to a paramagnetic Ln™ ion results in
large frequency shifts of the NMR signals due to ligand nuclei,
with magnitudes and signs depending on both the location of
the nucleus relative to the metal center and the nature of the
lanthanide ion. Thus, the analysis of Ln'"-induced paramagnetic
shifts has been widely used to 1nvest1gate the structure of the
corresponding complexes in solution.” " For a given nucleus i,
the isotropic paramagnetic shift induced by a lanthanide ion j
(5‘;3“’) may be written as a combination of the Fermi contact
(65") and pseudocontact (85") contributions:

5id1a — 5ijcon +

5;)3['3 — 5EXP _ 5Pscon

(1)
where 6% represents the experimentally observed chemical
shift and 63 denotes the diamagnetic contribution, which can
be estimated by measuring the chemical shifts for analogous
diamagnetic complexes (La', Lu™, or Y). Contact shifts arise
from through-bond transmission of unpaired electron-spin
density from the Ln" ion to the nucleus under study, and they
can be expressed as in eq 2.7

con
5"1'

kT h (2)

where (S,) is the reduced value of the average spin polarization,
Ug is the Bohr magneton, k the Boltzmann constant, y; the
gyromagnetic ratio of the observed nucleus, A/#% the hyperfine
coupling constant (HFCC, in rad-s™"), and 03" is expressed in
ppm.

The pseudocontact contribution results from the local
magnetic field induced in the nucleus under study by the
magnetic moment of the Ln'" ion, and can be written as linear
combinations of the five components of the magnetic
susceptibility tensor y as given by the following equation:*

1 —_
5,‘1PSCOH — (){ZZ _ —TV)()( 3Z ] + (}(xx )
3 r
-y 4xz

2 2
x 4xy
( 5 ]+ny(7) +%xz(r—

. S
where r = («* + > + z
coordinates of a nucleus i relative to the location of a Ln" ion j.
In the principal magnetic axis system, the last three terms of eq
3 vanish, as y,, = .. = ¥, = 0. For the special case of axial
symmetry, that is, systems containing a C, axis with n > 3, y,, —
Xy = 0, and therefore only the first term of eq 3 remains.
The isotropic HFCC (4,,) for the nucleus N is determined
by the Fermi contact interaction (eq 4), and provides a direct
measure of the net spin density at the various nuclei of a given
molecule.”’
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where py and p, are the nuclear and Bohr magnetons,
respectively, gy and g, are nuclear and free-electron g values, S
is the total electron spin of the system, and p“ “P(Ry) represents
the difference between majority spin (@) and minority spin (/)
densities at the position of the nucleus N, and A, equals A/h/
27 as defined in eq 2. Thus, A, is proportional to the value of
the spin density at the position of nucleus N.

B EXPERIMENTAL AND COMPUTATIONAL
METHODS

Single-Crystal X-ray Crystallography. 3D X-ray data were
collected on a Bruker X8 APEXII CCD diffractometer. Data were
corrected for Lorentz and polarization effects and for absorption by
semiempirical methods®® based on symmetry-equivalent reflections.
Complex scattering factors were taken from the program SHELX97>
running under the WinGX program system™ as implemented on a
Pentium computer. Both structures were solved by Patterson methods
(DIRDIF2008°") and refined® by full-matrix least-squares on F2. All
hydrogen atoms were included in calculated positions and refined in
riding mode in both compounds, except those of water molecules that
were located in a difference electron-density map and refined freely.
Refinement converged with anisotropic displacement parameters for
all non-hydrogen atoms. Crystal data and details on data collection and
refinement are summarized in Table 1.

Table 1. Crystal Data and Refinement Details for [Ln(Me-
DODPA)](PF4)-2H,0 (Ln = Eu or Lu)

Eu Lu
formula CyH3EuF(N,O4P C,H;sFLuNOGP
MW 801.52 824.53
cryst syst orthorhombic orthorhombic
no. Pben Pben
T/K 100(2) 100(2)
a/A 13.5742(6) 13.5298(5)
b/A 15.9896(8) 15.8653(7)
c/A 13.6143(6) 13.5839(5)
V/A3 2954.9(2) 2915.8(2)
F(000) 1608 1640
VA 4 2
A, A (MoK,) 0.71073 0.71073
Dou/g cm™ 1.802 1.878
pu/mm™! 2.265 3.530
0 range/deg 9.49 to 27.49 9.52 to 26.38
Ry 0.0649 0.0652
reflns measd 34134 31179
unique reflns 3245 2825
reflns obsd 2390 2065
GOF on F* 1.038 1.033
R1% 0.0224 0.0211
wR2 (all data)? 0.0486 0.0447

0.739 and —0.446

{Xw(IE?* - 1E2)?]/

Largest dlfferences peak and 1.029 and —0.456

hole/eA™3

= YRl — IEI/YIF,.
Z[W(Fo4)]}l/2~

bwR2

NMR Methods. 'H spectra of [Tb(Me-DODPA)]CI* were
recorded at 25 °C on a Bruker Avance 300 MHz spectrometer (300
MHz) by using a 30 mM solution of the complex in D,O. tert-Butyl
alcohol was used as an internal standard with the methyl signal
calibrated at 6 = 1.2 ppm. 'H NMR spectra of [Tb(DOTAM)-
(H,0)]*" were obtained at 25 °C on a JEOL EX90 spectrometer
operating at 90 MHz for a 20 mM solution of the complex in D,0O

(pD 7).
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Computational Methods. All calculations presented in this work
were performed employing the Gaussian 09 package (Revision B.01).3?
Full geometry optimizations of the [Gd(DOTA)(H,0)] -2H,0,
[Gd(DOTAM)(H,0)]3*-2H,0, [Gd(Py2N4Ac4)]~, [Gd-
(Py2N4Py4)]**, and [Gd(Me-DODPA)]* systems were performed
in aqueous solution employing DFT within the hybrid meta
generalized gradient approximation (hzbrid meta-GGA) with the
TPSSh exchange-correlation functional.> We have shown previously
that the TPSSh functional provides more accurate geometries of Ln™
complexes than the popular B3LYP functional,>* as well as accurate
70 A, values of the coordinated water molecule for different Gd™
complexes with polyaminocarboxylate ligands.>* On the grounds of
our previous experience,35 geometry optimizations were performed by
using the large-core quasirelativistic effective core potential (LCECP)
of Dolg and co. and its associated [Ss4p3d]-GTO valence basis set,*
whereas the ligand atoms were described by using the standard 6-
31G(d,p) basis set. Input geometries of the DOTA*", Py2N4Py4, and
Me-DODPA”" complexes were taken from previous computational
studies.”>*>*” For the [Gd(Py2N4Ac4)]~ complex, the X-ray structure
of the Tb™ analogue was used as input structure.”* 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.

Two different approaches were used for the calculation of 'H
hyperfine coupling constants: (i) the small-core energy-consistent
quasirelativistic effective core potential (SCECP) of Dolg and co.*®
which includes 28 electrons in the core, in combination with the
associated ECP28MWB_ GUESS basis set,®® and (ii) The all-electron
second order Douglas-Kroll-Hess (DKH2) method as implemented in
Gaussian09,*° with the all-electron scalar relativistic basis set of
Pantazis and Neese for Gd.*' It has been shown that the calculation of
hyperfine coupling constants with DFT requires the use of specifically
developed basis sets with extra flexibility in the core region.*” Thus, we
used the EPR-III basis sets of Barone,** which were optimized for the
computation of hyperfine coupling constants by DFT methods. EPR-
II is a triple-{ basis set including diffuse functions, double d-
polarizations, a single set of f-polarization functions, and contains an
improved s-part to better describe the nuclear region. The highest spin
state was considered as the ground state (octuplet, 4f’) in all cases.
Because the calculation of hyperfine coupling constants 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%).** The results
obtained indicate that spin contamination is negligible for all systems
investigated in this work. Convergence of the SCF procedure during
the calculations of "H HFCCs was found to be problematic in some
cases, and therefore a quadratically convergent SCF procedure was
used when first order SCF did not achieve convergence (using the scf
= xqc keyword in g09). The default values for the integration grid (75
radial shells and 302 angular points) and the SCF energy convergence
criteria (107%) were used in all calculations. Geometry optimizations of
the [Gd(Py2N4Ac4)]™ system were also carried out by using the
small-core approach as described above in combination with the 6-
31G(d,p) basis set for C, H, N, and O [TPSSh/SCECP/6-31G(d,p)].

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 (JEFPCM) variant as implemented in Gaussian 09.%

B RESULTS AND DISCUSSION

Solid State and Solution Structure of [Ln(Me-
DODPA)]* Complexes. Solid state structures of metal
complexes obtained from X-ray crystallography are often useful
to understand the corresponding structures in solution,
although in some cases solid state structures were found not
to be representative of the solution-phase structures. Single
crystals of formulas [Ln(Me-DODPA)](PF,)-2H,0 (Ln = Eu

or Lu) were obtained by addition of a KPF, excess to aqueous
solutions of the complexes and subsequent evaporation of the
solutions at room temperature. The structures of the two
compounds are isomorphous, crystallize in the orthorhombic
Pbcn space group, and the asymmetric units contain half
[Ln(Me-DODPA)]* and PF,~ units and a water molecule. The
two noncoordinating water molecules present in the crystal
lattice are involved in hydrogen-bonding interaction with the
oxygen atoms of carboxylate groups O(1) [Eu: O(1W)---O(1)
2.85(3) A, H(11W)---O(1) 1.97(5) A, O(IW)-H(11W)---O(1)
160(4)°% Lu: O(IW)--O(1) 2.838(4) A, H(11W)--0(1)
2.05(6) A, O(1IW)-H(11W)---O(1) 164(5)°]. The [Ln(Me-
DODPA)]* complexes possess a crystallographically imposed
C, symmetry, where the symmetry axis is perpendicular to the
leastsquares plane defined by the nitrogen atoms of the cyclen
unit and contains the Ln"™ ion. Figure 1 shows a view of the

Figure 1. X-ray crystal structure of the cation [Eu(Me-DODPA)]*
with atom labeling; hydrogen atoms are omitted for simplicity. The
ORTEP plot is drawn at the 30% probability level.

Table 2. Bond Lengths (A) of the Metal Coordination
Environments in [Ln(Me-DODPA)]* Complexes Obtained
from X-ray Diffraction Analyses; See Figure 1 for Labeling

Eu Lu
Ln(1)—-0(1) 2.325(2) 2.236(2)
Ln(1)-N(1) 2.471(2) 2.380(2)
Ln(1)-N(2) 2.595(2) 2.517(3)
Ln(1)-N(3) 2.593(2) 2.522(2)

[Eu(Me-DODPA)]* complex, whereas bond distances of the
metal coordination environments are given in Table 2. As
expected, the distances between the metal ions and the donor
atoms of the ligand decrease along the lanthanide series from
Eu to Lu as a consequence of the lanthanide contraction,’
which also results in a slight decrease of the crystal cell
parameters (Table 1). The metal ions are directly bound to the
eight donor atoms of the ligand, which adopts a syn
conformation with the two pendant arms disposed on the
same side of the macrocyclic unit. The distances between the
Ln" ion and the nitrogen atoms of the cyclen unit are ca. 0.12
A longer than the Ln(1)—N(1) distances. The distances
between the Lu™ ion and the nitrogen atoms of the cyclen
moiety are ca. 0.09 A shorter than those observed for
[Lu(DOTA)]™ pointing to a rather strong binding of the
cyclen unit to the metal ion.*® As described in detail for Ln™
complexes with cyclen-based ligands,* the syn conformation of
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the ligand in [Ln(Me-DODPA)]* complexes implies the
occurrence of two helicities, one belonging to the crown
moiety and one associated with the layout of the pendant
arms.”>! Inspection of the crystal structure data reveals that
two A(6865) and A(A444) enantiomers cocrystallize in equal
amounts (racemate).

The "H NMR spectrum of the paramagnetic Tb"' complex of
Me-DODPA?™ was obtained in D,0 solution at pD 7.0 and 298
K (Figure 2, also Table 3). It shows 14 signals corresponding to

}:1-1
H10eq
'_ H7eq
~HII
H10ax H7ax
S 1A N SR S
T T T T T T T 1
450 300 150 0 -150 -300 -450 -600

&/ ppm

Figure 2. '"H NMR spectrum of [Tb(Me-DODPA)]" recorded in D,0
solution (pD ~7.0) at 298 K. See Chart 1 for labeling.

14 magnetically nonequivalent proton environments in the
ligand (Chart 1 for labeling). This points to an effective C,
symmetry of the complex in solution suggesting that the metal
coordination environment observed in the solid state for the
Eu" and Lu™ complexes is maintained in solution. The ten 'H
NMR signals due to protons of the cyclen unit can be grouped
into two different sets according to their relative line
broadening: five resonances with linewidths at half height of
540—990 Hz (at 300 MHz and 298 K), and five signals with
linewidths in the range 305—420 Hz (Figure 2). These two sets
of signals correspond to two sets of Tbm—proton distances,

where the broader resonances are associated to axial protons
and the sharper ones to equatorial protons.>” The signals of the
pyridyl protons are considerably sharper (120—270 Hz) as a
consequence of the longer Tb---H distances for these nuclei. A
full assignment of the 'H NMR spectrum of [Tb(Me-
DODPA)]* was finally achieved by comparison to the shifts
observed for the Yb™! analogue. Indeed, the paramagnetic shifts
observed for these complexes roughly follow the Bleaney
coefficients that govern the pseudocontact contributions,” and
take values of 22 and —86 for Yb™ and Tb™, respectively. Thus,
the Tb™ complex is expected to provide paramagnetic shifts ca.
4 times larger than the Yb™ analogue and reversed in sign.

Prior calculation of its "H HFCCs, the [Gd(Me-DODPA)]*
complex was fully optimized in aqueous solution (IEFPCM
model) at the TPSSh/LCECP/6-31G(d,p) level. The calcu-
lated bond distances of the metal coordination environment are
the following: Gd(1)—0(1), 2.342 A; Gd(1)—-N(1), 2.557 A;
Gd(1)—-N(2), 2.708 A; Gd(1)—N(3), 2.684 A. The calculated
Gd(1)—O(1) distance is very similar to that observed in the
solid state for the Eu™ complex (Table 1), whereas our
calculations overestimate the Gd—N distances by 0.08—0.11 A.
Similar trends have been previously observed in DFT studies of
different Ln™ complexes with cyclen-based ligands.>> The
optimized geometry of [Gd(Me-DODPA)]* was used to
compute '"H HFCCs at the ligand nuclei with the aid of all-
electron relativistic calculations based on the DKH2 method
(DKH2/Neese/EPR-IIT). The '"H HFCCs (Table 3) point to
the presence of both positive and negative spin densities
depending on the particular ligand nucleus, with A;, values
ranging from —0.097 to 0.010 MHz.

For a given series of isostructural Ln™ complexes, the
pseudocontact and contact shifts are proportional to the
Bleaney constants and (S,) (eq 2) respectively, which are
characteristic of the particular Ln™ ion. The ratio of the
Bleaney contants and (S,) for the different paramagnetic Ln"
ions (except Gd™) ranges from 1.89 for Eu' to 0.12 to Yb''’
Thus, the hyperfine 'H NMR shifts in Yb™ complexes are

it

Table 3. "H NMR Shifts (6>, ppm), Observed Paramagnetic Shifts (67*, ppm), Computed A;, Values (MHz), and Contact
(6:°", ppm) and Pseudocontact (67*°°") Contributions in [Tb(Me-DODPA)]* at 298 K (Chart 1 for Labeling)

(siobs 6ipara Siia:lzda
H3 1012 932 972
H4 479 397 37.1
HS —46 —124 ~180
H7ax —5782 —582.5 —587.5
H7eq —129.1 ~133.8 —1217
H8ax 4129 4102 4263
Hseq 60.0 57.0 94.7
H9ax 109.8 106.7 99.5
Hoeq 132.0 129.3 157.2
H10ax —498.0 ~501.3 —4837
H10eq ~130.8 ~1339 ~1005
Hllax —66.4 —69.7 ~70.57
Hlleq ~190.7 ~193.69 ~169.0

1

2 = A1 760 + 313
e —33048 + 554
AE¢ 00737

]

A:sob 5iconc éipscon éi‘pcsacltc)ga
0.00205 1.2 92.0 99.2
—0.01015 =5.7 454 39.9
—0.01368 7.7 —4.7 —-12.7

0.00998 5.6 —588.1 —578.8

—0.06536 —36.7 -97.1 —-112.4
—0.00122 —0.7 410.9 433.5
—0.08759 —49.2 106.2 101.3
0.00529 3.0 103.7 105.2
—0.04732 —26.6 1559 155.3

0.00446 2.5 —503.8 —497.2

—0.03386 -19.2 —114.9 —10S.7
0.00079 0.4 —70.1 —62.8

—0.03459 —19.43 —-174.3 —164.6

990 + 162
—32950 + 284
0.0381

“Calculated values were obtained using eq 3 and the A(A444) form of the complex optimized in aqueous solution at the TPSSh/LCECP/6-
31G(d,p) level. bAiSO values calculated for the Gd™ analogue at the TPSSh/DKH2/Neese/EPR-III level. Calculated A, values were averaged over

symmetry equivalent nuclei.

is0

“Obtained from the A, values calculated for the Gd™

analogue with eq 2. “Estimated using eq 3. “AF; = [X(5® —

5) /Y (55%)%]2, where 65 and 57 represent the experimental and calculated values of a nucleus i, respectively.
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Table 4. Computed Hyperfine Coupling Constants (4;,,, MHz) for [Gd(DOTA)(H,0)]-2H,0 and

[Gd(DOTAM)(H,0)]*-2H,0 Complexes (TPSSh).”

ligand isomer method Hlax Hleq
DOTA* SAP SCECP 0.00199 —0.06213
DKH2 0.00218 —0.06098
DOTA* TSAP SCECP 0.00097 —0.06310
DKH2 0.00120 —0.06580
DOTAM SAP SCECP 0.00350 —0.06330
DKH2 0.00372 —0.06280

H2ax H2eq H3ax H3eq
—0.00608 —0.08738 —0.00075 —0.08017
—0.00598 —0.08677 0.00027 —0.07590
—0.00161 —0.08105 0.01070 —0.02830
—0.00250 —0.08370 0.01330 —0.02640
—0.00598 —0.09745 0.00171 —0.09604
—0.00590 —0.09811 0.00275 —0.09321

“Chart 1 for labeling. Calculated A, values were averaged over symmetry equivalent nuclei.

largely dipolar in origin, and therefore they have been
successfully analyzed by using eq 3. This ratio takes a value
of 0.37 for Tb™, and thus contact contributions may be
responsible for a non-negligible part of the overall 'H
paramagnetic shifts observed for these complexes. To test the
accuracy of the A, values calculed for [Gd(Me-DODPA)]*, we
have initially analyzed the experimental Tb"™-induced para-
magnetic shifts by assuming that they are dominated by
psedocontact contributions as given by eq 3. A least-squares fit
to eq 3 was performed by using the Cartesian coordinates taken
from the optimized geometries of the Gd™ complex. The
molecule was oriented so that its pseudo C, symmetry axis
coincides with the Cartesian z axis,>> whereas the orientation of
the magnetic axis in the xy plane was allowed to vary during the
least-squares procedure. A reasonable agreement between the
experimental and calculated 67*" values was obtained according
to the dipolar model, with an agreement factor AF; = 0.074
(Table 3). However, relatively large deviations are observed for
protons H8eq, H9eq, H10eq, and H1leq suggesting relatively
important contact contributions for these proton nuclei.
Interestingly, these proton nuclei correspond to those with
largest calculated A;, values. Thus, the contact contributions
for the different proton nuclei in [Gd(Me-DODPA)]* were
obtained from the A, values calculated for the Gd"™ analogue
(Table 3) with the use of eq 2 and (S,) = 31.853.” The contact
shifts obtained in this way for each proton nucleus were
subtracted from the observed paramagnetic shift (Table 3),
thereby providing the corresponding pseudocontact shifts,
which were analyzed again by using eq 3 as described above. An
important improvement of the agreement between exper-
imental and calculated paramagnetic shifts is observed upon
consideration of the contact shifts, as judged by the decrease of
the agreement factor AF; from 0.074 to 0.038. These results
indicate that the calculated geometry of [Gd(Me-DODPA)]*
represents a good model for the structure of this complex in
solution, and suggest that the contact contributions obtained
for the Tb™ complex on the basis of A, values calculated for
the Gd™ analogue are reasonably accurate. As expected for a
nonaxial system, the calculated (y,, — '/5Try) and y,. — Xy
values define a rhombic magnetic susceptibility tensor.
Tb"—Induced Paramagnetic Shifts in Other Macro-
cyclic Complexes. Aiming to check if the methodology
applied in the previous section might be of general applicability
for rigid Tb™ complexes, we have analyzed the paramagnetic
shifts induced by this ion in different complexes with
macrocyclic ligands. In a recent article, we have reported the
molecular geometries of the SAP and TSAP isomers of
[Gd(DOTA)(H,0)]™-2H,0 complexes optimized in aqueous
solution (IEFPCM model) at the TPSSh/LCRECP/6-31G(d)
level.*” In this work, we have used these previously reported
structures to calculate isotropic 'H hyperfine coupling
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constants. For [Gd(DOTAM)(H,0)]**2H,0, the molecular
geometry of the SAP isomer was fully optimized at the same
computational level prior calculation of the 'H A, values at the
ligand nuclei. The explicit inclusion of two second-sphere water
molecules has been proven to be crucial to obtain accurate
distances between Gd™ and the oxygen atom of the
coordinated water molecule and 'O HFCCs.*” The calculated
average Gd—N and Gd—O,,4. distances in [Gd(DOTAM)-
(H,0)]**2H,0 (2.687 and 2.453 A, respectively) are in
reasonably good agreement with those observed in the solid
state (ca. 2.65 and 2.38 A), whereas the calculated Gd—O, .,
distance (2.39 A) is very similar to those observed in the solid
state for [GA(DOTAM)(H,0)](CF;S0;);:3H,0 (2.39 A) and
[Gd(DOTAM)(H,0)](NO,); (2.35 A).>*

"H HFCCs at the ligand nuclei in DOTA*" and DOTAM
complexes with Gd"' were calculated by using two different
approaches: The effective core potential method for Gd in
combination with the EPR-III basis set for the ligand atoms
(SCECP/EPR-III), and all-electron relativistic calculations
based on the DKH2 method (DKH2/Neese/EPR-III). The
results reported in Table 4 indicate that the DKH2 and SCECP
approaches give 'H A, values in good mutual agreement, with
differences typically lower than 4 X 107> MHz. It must be
pointed out that our SCECP/EPR-III calculations used point
charges for the nuclei, whereas DKH2 calculations employed a
Gaussian nuclear model. The good agreement obtained
between SCECP and DKH2 calculations in the present
investigation indicates that point charge model approximation
can be safely used to calculate 'H HFCCs at the ligand nuclei
of Gd"™ complexes. The 'H A, values calculated for the
different proton nuclei are substantially different: equatorial
proton nuclei present negative A, values ranging from —0.026
to —0.098 MHz, whereas axial proton nuclei give smaller
absolute values for A;,, which may have both positive and
negative spin densities, and ranging from ca. +0.013 to —0.006
MHz. In a previous work, we have shown that 7O HFCCs of
coordinated water molecules are very sensitive to the presence
of second-sphere water molecules. However, calculations
performed on the [Gd(DOTA)(H,0)]  system at the
DKH2/Neese/EPR-III level provide 'H HFCCs that deviate
from those reported in Table 4 by 8 X 107° to 6 X 10~ MHz,
which shows that the inclusion of second sphere water
molecules has a minor impact on the '"H HFCCs at the ligand
nuclei.

Different computational studies on lanthanide complexes
have shown that geometry optimizations using 4f-in-core
calculations provide longer metal—donor distances than the
corresponding small-core calculations.>® Thus, we performed
geometry optimizations of the [Gd(Py2N4Ac4)]™ system by
using both the large-core and small-core approaches to evaluate

the effect of complex geometry on the calculated A;,, values.
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Both approaches provide optimized geometries with nearly
undistorted D, symmetries, as observed for the X-ray
structures. Large-core calculations provide Gd—N,gn. and
Gd—N, e distances (2.631 and 2.685 A, respectively) being
only slightly longer than those obtained from small-core
computations (respectively 2.620 and 2.660 A). However, Gd—
O distances obtained from small-core calculations (2.414 A) are
considerably shorter than the large-core counterparts (2.47S
A). Table S presents the A, values obtained for [Gd-

1S0

Table S. Computed Hyperfine Coupling Constants (4,
MHz) for [Gd(Py2N4Ac4)]~ Complexes (TPSSh)“

SCECP (LC)” SCECP (SC)° DKH2(LC)® DKH2(SC)"
H1 —0.00466 —0.00463 —0.00577 —0.00578
H2 —0.00518 —0.00466 —0.00405 —0.00299
H3ax 0.00831 0.00749 0.00879 0.00842
H3eq —0.05143 —0.05250 —0.05323 —0.05206
H4ax —0.00180 —0.00227 —0.00216 —0.00271
H4eq —0.08412 —0.08394 —0.08533 —0.08370
HSax 0.01744 0.01925 0.01965 0.02266
HSeq —0.02161 —0.01922 —0.01587 —0.01073
“Calculated A;, values were averaged over symmetry equivalent nuclei.

“Values computed on the basis of the complex geometry optimized
with LCECP calculations. “Calculated using the complex geometry
optimized with SCECP calculations.

(Py2N4Ac4)]~ at the TPSSh/SCECP/EPR-III and TPSSh/
DKH2/Neese/EPR-III levels on the basis of geometries
obtained with large-core and small-core approaches. Our results
show that computations based on LCECP and SCECP
optimized geometries provide very similar A;, values. This
also holds for HSax and HSeq, which are at a four-bond
distance of the Gd™ jon through the Gd—O bonds. Thus, we
conclude that the use of LC- or SC-optimized geometries for
the calculation of "H HFCCs does not affect substantially the
computed vales. The data shown in Table § also confirm that

the SCECP and DKH2 approaches give very similar results. As
observed for the DOTA* and DOTAM complexes the
equatorial protons present negative A, values, while both
positive and negative HFCCs are calculated for axial proton
nuclei. The absolute A, values are smaller for axial protons
than for equatorial ones. The "H HFCCs calculated for the
CH, proton nuclei of [Gd(Py2N4Py4)]** at the TPSSh/DKH2
level show a similar trend (Table S1 of the Supporting
Information). The proton nuclei of the pyridyl units H1 and
H2 present relatively small negative spin densities. The Ay,
values calculated for protons H6—H9 in [Gd(Py2N4Py4)]>*
are also negative, with values ranging from —0.0073 MHz for
H7 to —0.0425 MHz for H9.

The 'H NMR spectra of different [Ln(DOTAM)]**
complexes have been reported in the literature (Ln = Eu,*®
Yb>”). The 'H NMR spectrum of the Tb™ analogue, which has
never been reported, presents six different signals that can be
grouped in two sets according to their linewidths at half height:
three broad signals due to the axial protons, and three sharper
signals attributable to the equatorial protons (Table 6).>° A
comparison of the '"H NMR chemical shifts for DOTA* and
DOTAM complexes indicates that the [Tb(DOTAM)]**
complex adopts SAP coordination in aqueous solution. To
analyze the Tb™-induced shifts in [Tb(DOTA)(H,0)]™ and
[Tb(DOTAM)]** the complexes were oriented so that the
pseudo C, symmetry axis coincides with the Cartesian z axis.
With this orientation, y,,, ¥, and ,. are expected to be zero, as
well as the y,, — y,, term due to the axial symmetry of the
complexes (eq 3). Therefore, only one parameter (y,, —
'/3Try) has to be included in the least-squares fit of the
experimental data. The differences between the experimental
and fitted Tb"-induced paramagnetic shifts (A5) for the two
isomers of [Tb(DOTA)(H,0)]™ are shown in Figure 3 and
Table 6. A reasonable agreement between the experimental and
calculated values was obtained for the axial protons of the
ligand in both isomers, whereas larger deviations are observed
for H2eq and H3eq in the SAP isomer, and Hleq and H2eq for

Table 6. Observed '"H NMR Paramangnetic Shifts (67, ppm), Contact (5;°", ppm) and Pseudocontact (67*°**) Contributions
for [Tb(DOTA)(H,0)]™ and [Tb(DOTAM)(H,0)]** (Chart 1 for Labeling)

DOTA*" Hlax Hleq H2ax
opme SAP —405.4 —98.8 134.6
TSAP —243.7 —-75.3 80.2
8 e SAP -392.6 —79.4 132.0
TSAP —250.6 —50.7 84.1
st SAP 12 —3438 —34
TSAP 0.7 —37.6 —14
&Pt SAP —406.6 —64.0 138.0
TSAP —244.4 —37.7 81.6
o SAP -392.1 -79.3 131.8
TSAP —241.8 —489 812
DOTAM
P SAP —319.4 —85.6 105.7
& cled SAP -3111 —58.4 105.4
5[conb SAP 2.08 _35.1 33
aren SAP —321.5 —50.6 109.0
SF SAP -311.8 —58.5 105.6

i,caled

H2eq H3ax H3eq i, = =T AFf
-102.4 256.0 79.4

~759 1765 615

—64.4 2704 1083 —13953 + 411 0.1051
—412 172.8 69.1 —8899 + 290 0.1316
—49.6 02 —434

—4738 7.6 -15.1

-52.8 255.9 122.8

-28.1 168.9 76.6

—64.4 2700 108.3 —13934 + 325 0.0614
-39.7 166.7 66.7 —8586 + 183 0.0600
-81.0 202.1 56.0

—49.8 2168 85.0 ~10801 + 297 0.1289
—54.8 Ls -52.0

-263 200.6 108.0

-49.9 217.2 852 —10821 + 221 0.0946

“Paramagnetic shifts at 20 °C from ref 59. YObtained from the A, values calculated for the G4« analogue at the TPSSh/DKH2/Neese/EPR-III
level and eq 2. “Estimated using eq 3. dAFi = [ 2682 — 5502/ 3 (559)*] V2, where 57 and ;" represent the experimental and calculated values of a
nucleus i, respectively. “Obtained from the observed chemical shifts assuming 63 = 2.5 ppm.
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Figure 3. Absolute deviations (AS) of experimental and calculated
Tb™.induced 'H NMR shifts in [Tb(DOTA)(H,0)]". Gray,
neglecting contact contributions; blue, contact contributions calculated
at the TPSSh/RSC28/EPR-III level; red, contact contributions
calculated at the TPSSh/DKH2/Neese/EPR-III level.

the TSAP form. Subsequently, the contact contributions for the
different proton nuclei in [Tb(DOTA)(H,0)]~ were obtained
from the A, values calculated for the Gd™ analogue (Table 4).
An important diminution of the AJ values is observed upon
consideration of the contact shifts, particularly in the case of the
ligand equatorial protons (Figure 3). As expected because of
the similar A, values, very similar AJ values are obtained when
contact contributions are estimated using the SCECP and
DKH?2 approaches. A similar conclusion is reached upon
analysis of the NMR data of [Tb(DOTAM)]*" (Figure SI of
the Supporting Information), although the improvement of the
agreement upon inclusion of contact shifts is somewhat lower.

Analysis of the Tb™.induced 'H NMR shifts in [Tb-
(Py2N4Ac4)]™ neglecting contact contributions provides a
rather poor agreement between experimental and calculated
data (AF; = 0.186, Table 7). However, inclusion of the contact
shifts in the analysis results in a spectacular improvement of the
agreement factor AF, which takes a value of 0.033 when
contact shifts are obtained at the TPSSh/SCECP/EPR-III level
on the molecular geometry optimized using the LC approach.
The same analysis performed using the complex geometry
optimized using SC calculations provides similar agreement
(Figure 4), which confirms that the use of LC or SC
approaches for geometry optimization does not have an
important impact in the global analysis. The better agreement
observed for [Tb(Py2N4Ac4)]™ in comparison to the DOTA
and DOTAM analogues may be attributed, at least in part, to
distortions of the DFT optimized geometries from the idealized

30.000
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ll M |
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l|.
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Figure 4. Absolute deviations (AS) of experimental and calculated
Tb™-induced "H NMR shifts in [Tb(Py2N4Ac4)]™. Gray, neglecting
contact contributions; blue, contact contributions calculated at the
TPSSh/RSC28/EPR-III level using the geometry of the complex
optimized with the LC approach; red, contact contributions calculated
at the TPSSh/RSC28/EPR-III level using the geometry of the
complex optimized with the SC approach.

C, symmetry in the latter complexes as a result of the presence
of an inner-sphere water molecule. Analysis of the Tb"-induced
shifts in [Tb(Py2N4Py4)]* leads to similar results (Table S1
and Figure S2, Supporting Information). Indeed, inclusion of
contact shifts, obtained from TPSSh/DKH2/Neese/EPR-III
calculations on the Gd™ analogue, improves the agreement
factor AF, from 0.1258 to 0.0581.

A previous analysis of the Ln"-induced shifts in [Tb-
(Py2N4Ac4)]™ complexes, where the contact and pseudocon-
tact contributions were separated with the Reilley method lead
to the conclusion that the principal magnetic axes of the
paramagnetic susceptibility tensor do not pass through any
symmetry element of the complexes.** This is in contrast with
Neumann’s general principle,*> which implies that one
direction of the general quadric must be aligned with the C,
symmetry axis in monoclinic systems. The analysis reported
here for [Tb(Py2N4Ac4)]™ and [Tb(Py2N4Py4)]*" complexes
show however that the principal magnetic axes of the
paramagnetic susceptibility tensor are coincident with the
three C, symmetry axes of the molecule.

Spin Density Distributions. The spin density distribution
in a given paramagnetic molecule denotes the difference
between the contributions due to electrons with majority spin
() and minority spin (f), and is the result of two effects: (i)
spin-delocalization, that is, the transmission of spin density
through the bonds toward the observed nucleus; (ii) spin-
polarization, which is the result of an efective attraction of

Table 7. Observed Paramangnetic Shifts (67*%, ppm), Contact (§;°*, ppm), and Pseudocontact (6?*°") Contributions for

[Tb(Py2N4Ac4)]~ (Chart 1 for Labeling)

H1 H2 H3ax H3eq H4ax H4eq
gpae -3.8 33 112.8 262 146.0 709
S -21 5.0 100.1 492 130.6 98.4
seon 26 -2.9 47 -289 -1.0 —47.3
gpseon -12 62 108.1 551 147.0 118.1
sEsen -33 4.6 1122 54.8 149.1 1119

i,calcd

HSax HSeq Ty = %Tr)(c Tl AF jd
—120.1 —-12.29
—-114.7 0.6 5105 + 208 —4523 + 683 0.1864
9.8 —-12.1
—129.9 —0.1
-129.0 1.5 5804 + 39 —4910 + 131 0.0325

“Paramagnetic shifts at 25 °C from ref 24. ®Obtained from the A, values calculated for the Gd" analogue at the TPSSh/SCECP/EPR-III level and
eq 2, on the molecular geometry optimized using the LC approach. “Estimated using eq 3. dAFj = [ 265 — 52/ Y (57%)]"/2, where 57 and 57

represent the experimental and calculated values of a nucleus i, respectively.
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unpaired electrons to the nearby ones of the same spin.” For a
given metal center with occupied a and unoccupied f orbitals,
spin-delocalization can be identified either with metal to ligand
a spin density donation, or by donation of f spin density from
the ligands to the metal center.’ Both mechanisms create an
excess of a spin density at the ligand nuclei, and therefore 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. Spin-polarization may be
viewed as a response of the self-consistent electronic structure
to a spin-delocalization acting as an initial driving force.
Figure S shows spin density maps calculated for [Gd(Me-
DODPA)]* at the TPSSh/DKH2/Neese/EPR-III level. As

Figure 5. Contour spin density map obtained for the [Gd(Me-
DODPA)]* system at the TPSSh/DKH2/Neese/EPR-III level on the
plane defined by the Gd atom and the pyridyl unit. Positive spin
densities are represented in blue and negative values in red.

found previously for [Gd(H,0);]*" and [Gd(DTPA)-
(H,0)]*7,**%* most of the positive spin density is placed on
the Gd™ ion itself, whereas the ligand donor atoms present
negative spin densities indicating that spin-polarization effects
dominate the A;, values for these nuclei. The spin-
delocalization mechanism is expected to drop quickly as the
number of bonds between the observed nuclei and the metal
ion increases. Thus, if the spin-polarization mechanism
dominates the contact shifts at the '*N and 'O nuclei of
ligand donor atoms, most likely the same mechanism is also
responsible for the 'H contact shifts observed at the ligand
nuclei. A characteristic pattern pointing to a spin-polarization
effect is the presence of alternate spin density (shift) signs
along the pathway of the bonded atoms radiating out from the
paramagnetic atom.% Figure S shows that this is indeed the
case for the [Gd(Me-DODPA)]* system, where positive and
negative spin densities are alternated along the carbon nuclei of
the pyridyl units, and the Gd—N—-C—H,, units of the
macrocyclic fragment.

The spin density maps shown in Figure S indicate that most
of the spin density is along the Gd—D bonds, where D
represents a ligand donor atom. As a result, the spin density at
proton nuclei in a Gd—D—C—H moiety is expected to depend
on the dihedral angle between the Gd—D—C and D—C—H
plames.60 The very different A, values calculated for axial and
equatorial proton nuclei for the complexes investigated in this

work also point in this direction. Indeed, the Gd—D—C—-H
dihedral angles for equatorial proton nuclei take values in the
range 160—180°, whereas axial protons give dihedral angles of
about 70—80°. To investigate the effect of the Gd—D—C—H
dihedral on the corresponding 'H A, values we performed a
relaxed potential energy surface scan of the [Gd(DOTA)-
(H,0)]7-2H,0 system (SAP isomer) by changing the Gd—N—
C—H2eq dihedral while keeping constant the Gd—N distance
(Figure 6). Our results confirm the dependence of the A, with

180
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Figure 6. Dependence of the 'H A, values with the Gd—N—C—H2eq
dihedral angle in [Gd(DOTA)(H,0)] -2H,0 (SAP isomer) as
calculated at the TPSSh/DKH2/Neese/EPR-III level. The different
geometries were obtained from a relaxed potential surface scan with
the Gd—N distance fixed at 2.698 A.

the Gd—D—C—H dihedral angle, in a similar way that the well-
known empirical Karplus equation,** which describes the
dependence of three-bond spin—spin coupling constants on
the dihedral angle formed by the intervening single bonds. A
similar angular dependence has been previously observed for
spin—orbit-induced heavy-atom effects on NMR chemical
shifts.%

The data shown in Figure 6 point to a relatively smooth
change of A;, for Gd—D—C—H dihedrals in the range 120—
180°. Decreasing the dihedral angle below 120° results in a
sudden change of A, which takes values close to zero for
dihedral angles in the range 70—116°. This abrupt change in
the calculated A;, values corresponds to a change in the
conformation of the five-membered chelate ring from J to 4,
with a concomitant displacement of the proton from an
equatorial to an axial position, and therefore a drop of its
associated A, value (above).

B CONCLUSIONS

We have shown that the contact "H NMR shifts at the ligand
nuclei in Tb™ complexes with macrocyclic ligands can be
accurately calculated with DFT calculations performed on the
Gd"™ analogues. Subsequent analysis of the pseudocontact shifts
provided a very good agreement with the experiment, thereby
validating the calculated contact shifts and the structures of the
complexes in solution. The methodology reported herein
represents an alternative to the classical Reilley method for the
separation of the contact and pseudocontact shifts,'"** which
can be only applied for a series of isostructural lanthanide
complexes under the assumption that the hyperfine coupling
constant and crystal field parameters do not change significantly
across the lanthanide series. Our approach can be classified in
the context of model-dependent methods, which assume a
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particular geometrical model (i.e., DFT optimized geometries)
to perform the analysis of the paramagnetic shifts. However, we
have shown previously that conformational analyses performed
with the aid of DFT calculations grovide accurate geometries of
Ln™ complexes in solution."® Besides, the methodology
reported here uses the paramagnetic shifts of a single Ln™ ion
(Tb™), and therefore does not require to assume that
pseudocontact shifts of different Ln™ complexes of a given
ligand are proportional to the Bleaney constants, which were
derived with the assumption that the ligand field splittings for
the lowest J state are small compared to kT. It has been shown
that the latter condition does not often hold in real lanthanide
complexes.”’

Spin-polarization effects appear to dominate the 'H contact
shifts investigated in this work, as indicated by the spin density
distributions obtained from DFT calculations and the depend-
ence of calculated A;, values on the Gd—N—C—H dihedral
angle in [Gd(DOTA)(H,0)]™. This angular dependence of the
'"H HFCCs results in relatively important contact shifts for
equatorial protons, while axial protons often present A, values
close to zero. The DKH2/Neese/EPR-III and RSC28/EPR-III
approaches were shown to provide calculated HFCCs of
essentially the same quality.
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