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The ion−nuclear distance of Gd(III) to a coordinated water proton,
rGd-H, is central to the understanding of the efficacy of gadolinium-
based MRI contrast agents. The dipolar relaxation mechanism
operative for contrast agents has a 1/r6 dependence. Estimates in
the literature for this distance span 0.8 Å (2.5−3.3 Å). This study
describes a direct determination of rGd-H using the anisotropic hyp-
erfine constant T⊥ determined from pulsed ENDOR spectra. Five
Gd(III) complexes were examined: [Gd(H2O)8]3+, [Gd(DTPA)(H2O)]2-,
[Gd(BOPTA)(H2O)]2-, MS-325, and [Gd(HP-DO3A)(H2O)]. The
distance, rGd-H, was the same within error for all five complexes:
3.1 ± 0.1 Å. These distance estimates should aid in the design of
new contrast agents, and in the interpretation of other molecular
factors influencing relaxivity.

Gadolinium-based MRI contrast agents function by cata-
lytically relaxing water protons. Contrast agents typically
contain one inner-sphere water molecule (see Chart 1) that
is in fast exchange with bulk solvent. The relaxivity,r1, is
the extent to which the ion can change the relaxation rate of
solvent protons. Increased relaxivity allows the contrast agent
to be administered at a lower dose or enables the imaging
of low-concentration targets and is the focus of extensive
academic and industrial research.1 Relaxivity depends on the
electronic properties of the ion, the number of water mole-
cules in the inner and second coordination spheres, the ion-
hydrogen distance and the mean lifetime of these waters,
and the rotational diffusion of the complex (Supporting
Information). There is increased understanding of the various
parameters2 that affect relaxivity, and this knowledge has
been applied to the design of improved contrast agents such
as MS-3252c (EPIX Medical and Schering AG), yet the ion-
water proton distance remains poorly understood. For inner-
sphere water, the relaxation mechanism is predominantly

dipolar and has a 1/r 6 dependence wherer is the Gd-H
distance.1 This distance,rGd-H, is critical to the correct inter-
pretation of relaxivity data, and to the design of improved
contrast agents. Muller and co-workers3a,b state that the
Gd-H distance is reduced in derivatives of [Gd(DTPA)-
(H2O)]2- such as [Gd(BOPTA)(H2O)]2-, MS-325, and
[Gd(EOB-DTPA)(H2O)]2- relative to [Gd(DTPA)(H2O)]2-

itself by as much as 0.3 Å, despite the fact that the Gd-
Owater distance is very similar for these four compounds
(2.45-2.50 Å). Cohen et al.3c report rGd-H values ranging
from 2.95 to 3.10 Å for a series of similar tripodal complexes.
These studies imply that the Gd-H distance may be
optimized to produce compounds of higher relaxivity.
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ReportedrGd-H values range from 2.5 to 3.3 Å,4 with
values of 2.90-3.13 Å more common. Often these distances
are determined3 indirectly by fitting Gd(III) enhanced proton
relaxation rate data. There is some ambiguity in this approach
becauserGd-H is correlated with the correlation time,τc, and
relaxation arising from waters in the second and outer
spheres. Other workers1,2 have used X-ray structures by
taking the Gd-O distance and either assuming H positions
or locating the H atoms within the structure. Distances
determined from H locations using X-ray diffraction may
be biased short because the electron density is distributed
along the O-H bond and does not reside at the H nucleus.5

Clarkson et al.6 used electron spin-echo envelope modula-
tion spectroscopy (ESEEM) to estimate rather short Gd-
Dwater distances for the DTPA and EDTA complexes of Gd
in D2O (rGd-D ∼ 2.7 Å). Similarly, Yim and Makinen4a

reported shortrGd-H (2.5-2.9 Å) in a continuous wave (CW)
electron-nuclear double resonance (ENDOR) study of
Gd(III) complexes in glassy water-methanol solutions.
However, both studies assumed that the analysis for a Gd(III)
complex (S) 7/2) can be made in the same manner as for a
S ) 1/2 ion. This assumption was recently shown to be
incorrect,7 casting doubt on the validity of these short
distances.

ENDOR studies of Gd(III) doped into single-crystal hosts
(lanthanum ethylsulfate8a and lanthanum nicotinate8b) re-
vealed that the hyperfine interaction (hfi) tensor of the
coordinated water protons has a nearly axial symmetry, with
the isotropic hfi constantaiso being close to zero (|aiso| <
0.25 MHz). This indicates that the spin density delocalization
on the water proton is negligible, and the proton anisotropic
hfi is primarily determined by the dipole interaction with
the electron spin on the Gd3+ ion. The anisotropic hfi constant
T⊥ can be used as a direct measure of the Gd-H distance
rGd-H:9

Encouraged by the single crystal work, systematic pulsed
ENDOR studies of Gd-based MRI contrast agents (Chart 1)
were initiated. The DTPA complex and two DTPA deriva-
tives were chosen to determine if DTPA substitution and/or

total charge affectedrGd-H. [Gd(HP-DO3A)(H2O)], a neutral
macrocyclic complex, was chosen as an example of a
different ligand geometry and charge. The aquo ion was also
examined. The experiments were performed for frozen
solutions of 10 mM Gd complex in 1:1 (v/v) H2O/CD3OH
(methanol added for glassification).

Figure 1 (upper trace) shows the Mims ENDOR10 spectrum
of the aquo ion. The central peak of the spectrum arises from
distant matrix protons. The peaks labeled “A⊥” originate from
water ligand protons and correspond to the perpendicular
orientation of therGd-H vector with respect to the direction
of magnetic fieldBo. These lines belong to proton transitions
within the mS ) (1/2 electron spin manifolds. The lines of
similar transitions within themS ) (3/2 manifolds are marked
“3A⊥” (see Supporting Information for assignment details,
and the possible effects of methanol coordination). The lines
of the(5/2 and(7/2 manifolds have lower intensity and are
outside the shown frequency range.

Model simulations for various orientations of the hfi axis
with respect to the crystal field frame revealed that for
D/gâBo ∼ 0.1 the positions ofA⊥ lines are not sensitive to
the crystal field whereas theA| lines, corresponding torGd-H//
Bo (observed in the spectrum of the Gd aquo ion), are much
more sensitive to the crystal field strength, and a realistic
model for the crystal field parameters should be used when
interpreting these lines. Numerical simulations of the EN-
DOR spectrum (Supporting Information) allow one to
estimateaiso ≈ -0.1 MHz andT⊥ ≈ -2.58 MHz. To provide
a correct width of theA⊥ features, eitheraiso or T⊥ had to be
Gaussian distributed, with a distribution width of 0.4 MHz.
This width reflects a scattering of the hfi parameters that
was also observed in studies of Gd(III) in host single
crystals.8 Ascribing this width solely toT⊥ results inrGd-H
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Figure 1. Mims ENDOR spectra of [Gd(H2O)8]3+ (top), MS-325 (middle),
and [Gd(HP-DO3A)(H2O)] (bottom) in frozen solutions (4.2 K); mw
frequency) 14.411 GHz; mw pulses, 3× 10 ns;τ ) 130 ns;T ) 30 s; rf
pulse duration, 21µs; rf power, 800 W;Bo ) 5180 G (maximum of1/2 T
-1/2 transition in EPR spectrum).

rGd-H ≈ x3
geâegnânF

hT⊥
(1)
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distributed within the limits from 3 to 3.2 Å (i.e.,rGd-H ≈
3.1 ( 0.1 Å).

ENDOR spectra of MS-325 and [Gd(HP-DO3A)(H2O)]
are also shown in Figure 1. Spectra of [Gd(BOPTA)(H2O)]2-

and [Gd(DTPA)(H2O)]2- were identical with that of MS-
325 (Supporting Information). In MS-325 theA⊥ lines of
the water ligand protons have much smaller intensity because
only one coordination site is accessible for the solvent. Still,
these lines are readily observable and the splitting between
them is the same as that between theA⊥ lines in the upper
trace. TheA⊥ lines for [Gd(HP-DO3A)(H2O)] are more
intense, likely, because of the contribution of the OH proton
from the macrocyclic ligand that resides at the same distance
from Gd as protons of the water ligand (see Chart 1). The
A| lines of the water ligand protons in the spectra of the
contrast agents are not readily observable because of greater
crystal field strength and because the 3A⊥ lines from second-
sphere protons contribute in this region (A⊥ lines for these
protons∼0.9 and∼1.6 MHz). However,aiso for the water
ligand protons in the contrast agents should be similar to
that in the aquo ion and also relatively small because of poor
overlap of the Gd f-orbitals with the OH bond orbitals.
Therefore, the distance estimate for the studied contrast
agents is the same as that for the aquo ion,rGd-H ≈ 3.1 (
0.1 Å. The uncertainty in the positions of maxima of weakly
resolvedA⊥ lines in MS-325 (∼0.1 MHz) does not affect
this estimate because it is significantly smaller than theT⊥

distribution width used to obtain the range ofrGd-H variation.

The rGd-H value found for the aquo ion agrees very well
with solution neutron diffraction studies of the aquo ions of
Sm(III) and Dy(III) in D2O.11 MS-325, [Gd(BOPTA)(H2O)]2-,
and [Gd(DTPA)(H2O)]2- have almost identical ENDOR
spectra andrGd-H. Contrary to other reports,3a,b the rGd-H

values determined here suggest that there is little influence
of the coligand substitution pattern, coligand type, or total
charge on the Gd(III)-water hydrogen distance. Differences
in relaxivities among these compounds are primarily due to
different rotational correlation times because of differing
size/charge; there may also be differences in second-sphere
relaxivity. Further studies are planned at higher operational
frequencies to detectA| features and involving other nuclei
(17O, 15N) in addition to protons to better understand the
electronic structure of the complexes and possibly improve
the distance estimate.
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