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In this work we have studied pulsed17O electron nuclear double resonance (ENDOR) spectra of the Gd3+

aquo ion and the magnetic resonance imaging (MRI) contrast agent MS-325 in an17O-enriched frozen glassy
water/methanol solution. The isotropic hyperfine interaction (hfi) constant of the water ligand17O was found
to be about 0.75 MHz, which corresponds to a spin density delocalized to the ligand ofFO ≈ -4 × 10-3. The
analysis of the anisotropic hfi constant (0.69( 0.05 MHz) yields Gd-O distances of about 2.4-2.5 Å.
Simultaneous analysis of these distances and the Gd-H distances found earlier allows one to elucidate the
details of the Gd-OH2 coordination geometry.

Introduction

The interaction of metal ions with water molecules is an area
of active exploration for both fundamental and applied reasons.
In particular, the interaction of water with the Gd3+ ion is central
to the use of gadolinium complexes as contrast agents in
magnetic resonance imaging (MRI).1-4 The gadolinium ion acts
as a magnetic catalyst to shorten the relaxation times of protons
of water molecules that it comes into contact with. The
relaxation mechanism is dipolar, and its efficiency critically
depends on the complex structure, in particular, on the Gd-
proton distance,RGdH. It is therefore clear that the knowledge
of geometrical structures of Gd3+ complexes is important for
understanding and predicting the efficiency of this relaxation
enhancement. It may also reveal correlations between the
structure and dynamic properties such as the exchange rate of
water ligands. Ultimately, the knowledge of the complex
structures in solution serves as a starting point for development
of improved prospective MRI contrast agents.

With few exceptions, information on the geometry of lan-
thanide complexes was obtained by X-ray crystallography,5,6

neutron diffraction,7,8 and extended X-ray absorption fine
structure (EXAFS).9 The usefulness of this information for
predicting the relaxation properties of the Gd complexes,
however, depends on our understanding of the relationship
between the structure and the dipole interactions of water ligand
protons. It is well established that this relationship may generally
be significantly more complex than that described by a simple
point dipole model because some spin density is transferred from
the central ion to the oxygen of the ligand water molecule.10-14

This delocalized spin density,FO, can be evaluated from the

17O hyperfine interactions (hfi) obtained by various magnetic
resonance techniques. The estimates currently available in the
literature represent the average values obtained by17O nuclear
magnetic resonance (NMR) in liquid solutions.11 To our
knowledge, there are no data in the literature on17O hfi in Gd3+

complexes stabilized in frozen glassy solutions where all
possible complex configurations are realized.

The magnetic resonance techniques best suited for measuring
weak hfi of various nuclei in paramagnetic centers in frozen
glassy solutions are those of electron nuclear double resonance
(ENDOR) and electron spin-echo envelope modulation (ES-
EEM). In particular, these techniques have a long record of
successful investigations of the nearby nuclear environments
of metal centers, including both the qualitative identification
of ligands and the quantitative structural information obtained
from analysis of the hfi and nuclear quadrupole interactions
(nqi).15

In our earlier1H pulsed ENDOR study of Gd3+ complexes16

we determined the hf interactions of the protons of water ligands.
The Gd-H distances,RGdH, were then estimated using a simple
point dipole approximation and neglecting any possible effects
of the spin density delocalized to the ligand oxygen. The
justification of this approach was based on indirect evidence
that included the weakness of the1H isotropic hfi,16 the 17O
NMR results,10-14 and 19F ENDOR data for lanthanide com-
plexes in single crystals.17 In this work, to put the structural
analysis of the proton hfi data on more solid ground, we
performed a pulsed ENDOR study of Gd3+ complexes with
H2

17O.
The 17O pulsed ENDOR spectra of frozen glassy solutions

of two Gd3+ complexes were recorded and analyzed in order
to evaluate the hf and nq interactions of the ligand17O. The
17O hfi parameters determined from these spectra yielded
information about the Gd-O(water) distance in the complexes
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and about the spin delocalization on the oxygen ligand. This
study has confirmed that the spin density transfer to the oxygen
ligand can indeed be ignored when interpreting the anisotropic
hfi of the water ligand protons, as was proposed previously.16

Moreover, the spin density on the water oxygen ligand is
sufficiently small to be safely neglected when estimating the
Gd-O distance from the17O anisotropic hfi.

One of the major issues in our previous Ku-band1H pulsed
ENDOR work16 was to account for the ENDOR spectral
manifestations of the crystal field interactions (cfi) of the Gd3+

electron spinS ) 7/2. In this work, following earlier ex-
amples,18,19 we used a considerably higher microwave (mw)
frequency of∼95 GHz (W-band) and, correspondingly, higher
magnetic field (Bo ≈ 3.4 T), which resulted in the ENDOR
spectra being virtually free from the cfi-related effects.

Experimental Section

The17O-enriched (70%) H2O was purchased from Cambridge
Isotope Laboratories, Inc. The experiments were performed with
frozen 1 mM solutions of Gd3+ aquo complex (prepared by
dissolving GdCl3‚6H2O) or MS-325 contrast agent (Epix Medi-
cal; see Figure 1) in 1:1 (v/v) H2O/CH3OH (methanol added
for glassification). The pH of the water was about 5. It is
unlikely that there will be any hydroxo species present under
these conditions. The first pKa of the gadolinium aquo ion is
∼8.20 Dissolution of GdCl3 into pH 5 water should not result
in appreciable amounts of the hydroxogadolinium species. For
MS-325, it was shown21 that over the pH range 3-11 there is
only one species present, that shown in Figure 1. There was no
evidence of a hydroxo species; that is, the pKa of the coordinated
water was>11. Details on the size and handling of the samples
can be found elsewhere.22 The experiments were performed on
a W-band (∼95 GHz) pulsed EPR spectrometer22 using Mims
ENDOR technique.23 The measurement temperature was about
5.3 K.

Results and Discussion

1. Electron Spin Echo (ESE) Field Sweeps.Figure 2 shows
the field-sweep spectra of the Gd3+ aquo and MS-325 complexes
detected using the primary ESE technique. The central intense
peak in these spectra located at the magnetic fieldBo ≈ 3.3966
T represents the line of the-1/2 T +1/2 transition of the Gd3+

electron spinS ) 7/2, while the broad featureless background
is contributed by all other transitions. The ENDOR measure-
ments were performed atBo corresponding to positions A
(3.3966 T) and B (3.4060 T) in the field sweep spectra. It is
important to note that at position A the contribution of the-1/2
T +1/2 transition to the amplitude of the ESE signal is about
75% while all other transitions contribute the remaining∼25%.

2. Mims ENDOR Spectra of17O. Solid trace A and trace B
in Figure 3 show normalized (by stimulated ESE amplitude)
17O Mims ENDOR spectra of the Gd3+ aquo ion recorded at
EPR positions A and B (see Figure 2), respectively. Analysis
of these spectra must take into account that while spectrum A
has contributions from all possible EPR transitions, the EPR
transition-1/2 T +1/2 does not contribute to spectrum B. The
magnetic field difference of∼9.4 mT between the EPR positions
A and B is considerably smaller than the characteristic value
of the cfi parameterD (for the aquo complex,D/(gâ) ≈ 30
mT24,25), and therefore, the ENDOR spectra arising from all
EPR transitions other than the-1/2 T +1/2 one at positions
A and B should be practically identical. This enables us to obtain
the ENDOR spectrum arising solely from the EPR transition
-1/2T +1/2 by subtracting spectrum B from spectrum A after
adjusting their relative amplitudes. The adjusted ENDOR
spectrum B is shown by dashed trace A superimposed on solid
trace A in Figure 3. One can see that the contribution of
spectrum B to solid trace A is very small and is mainly evident
as a weak shoulder at the low-frequency side of solid trace A.
Trace A-B in Figure 3 represents the difference spectrum that
shows the nuclear transitions within themS ) (1/2 electron
spin manifolds only.

Apart from the central broad feature that may be, at least in
part, attributed to distant matrix oxygens, the difference spectrum
may be described as consisting of two narrow peaks with a
splitting of∼1.33 MHz between them and two sets of shoulders
with splittings of about 3.3 and 5.1 MHz. To understand
this spectral shape, the theoretical and experimental background
will first be discussed, followed by numerical simulations to
obtain the interaction parameters for the17O nuclei of the water
ligands.

The 17O nucleus has spinI ) 5/2 and a nonzero nqi. The
spin Hamiltonian accounting for the17O Zeeman interaction,
hfi, and nqi can be written as follows:

whereνO is the Zeeman frequency of17O, aiso is the isotropic
hfi constant,TZj (j ) X, Y, Z) are the relevant components of

Figure 1. Structure of the MRI contrast agent MS-325.

Figure 2. Field sweep spectra of Gd complexes detected using primary
ESE technique. Traces 1 and 2 correspond to Gd aquo and MS-325,
respectively. Positions marked A and B are those where the ENDOR
experiments were performed. Experimental conditions are the follow-
ing: mw frequency, 94.9 GHz; durations of the mw pulses, 60 ns;
time intervalτ between the pulses, 300 ns.

Ĥ ) -νOÎZ + mS[TZXÎX + TZYÎY + (aiso + TZZ)ÎZ] +

k[3ÎZ′
2 + η(ÎX′

2 - ÎY′
2)] (1)
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the anisotropic hfi,k is the nuclear quadrupole coupling constant
(k ) e2Qq/[4I(2I - 1)h]), andη is the asymmetry parameter of
the electric field gradient on the17O nucleus.X, Y, andZ are
the axes of the laboratory coordinate frame, withBo|Z. X′, Y′,
and Z′ are the principal axes of the nqi. The electron spin
projection onBo, mS (mS ≡ 〈SZ〉), assumes the values from-7/2
to 7/2. At magnetic fields used in this work (Bo ≈ 3.4 T), the
electronic Zeeman interaction of Gd3+ was about 2 orders of
magnitude stronger than the cfi for the studied complexes.
Therefore, Hamiltonian eq 1 does not include the average
electron spin components〈SX〉 and 〈SY〉 (unlike the spin
Hamiltonians employed in our previous studies16,26 that were
performed at the mw X- and Ku-bands).

At Bo ≈ 3.4 T,νO is about-19.6 MHz (it is negative because
theg factor of17O is negative), while the ENDOR features are
all located within 3 MHz from|νO|. We may therefore conclude
that both the hyperfine and quadrupole interactions of17O are
weak compared with the Zeeman interaction, and for the

purposes of a qualitative analysis Hamiltonian eq 1 can be
considerably simplified:

whereQ ) (3/2)k[3bZ′Z
2 - 1 + η(bX′Z

2 - bY′Z
2)] and bX′Z, bY′Z,

and bZ′Z are the direction cosines of theZ axis in theX′Y′Z′
frame. The frequencies of ENDOR transitions between the
energy levels that correspond to the17O spin projectionsmI and
mI + 1 (mI ≡ 〈IZ〉) are then given by

Thus, in this approximation,ν-1/2T1/2 is not affected by the nqi
at all, whileν(1/2T(3/2 andν(3/2T(5/2 are shifted fromν-1/2T1/2

by (2Q and (4Q, respectively. These shifts are orientation-
dependent, and in an orientationally disordered system the nqi
term leads to the broadening and decrease in amplitude of the
ν(1/2T(3/2 andν(3/2T(5/2 lines. The maximal value ofQ is 3k
(reached forbZ′Z ) 1), and for the water oxygen withk ≈ 0.16
MHz (for H2O ice, e2Qq/h ≈ 6.5 MHz27) we may expect the
shifts of up to 6k ≈ 1 MHz for ν(1/2T(3/2 and 12k ≈ 2 MHz
for ν(3/2T(5/2.

In the difference ENDOR spectrum A-B (Figure 3) the most
intense features are the two narrow peaks with the splitting of
1.33 MHz between them. In view of the preceding consider-
ations, these peaks may be safely attributed to theν-1/2T1/2

frequencies at the perpendicular orientation of the hfi tensor
axis relative toBo. These peaks are denoted asA⊥ to indicate
that the splitting between them equals to the hfi constantA⊥ )
aiso + T⊥, where T⊥ is the perpendicular component of the
anisotropic hfi tensor. The assumption about this tensor being
axial, although reasonable at this point, will be verified below
by means of numerical simulations. These simulations will also
reveal the location of theA| features in the ENDOR spectrum.
On the basis of analysis of eq 3 above, it is anticipated that the
two pairs of shoulders with the splittings of about 3.3 and 5.3
MHz are quite likely to be attributed toν(1/2T(3/2 andν(3/2T(5/2,
respectively.

The combination of high magnetic field and low temperature
used in this work allows us to determine the sign ofA⊥ from
spectrum B in Figure 3. This spectrum consists of contributions
from all EPR transitions other than the-1/2T +1/2 transition.
The relative amplitudes of theA⊥ peaks in spectrum B are
determined by the differences in populations of electron spin
manifolds withmS ) -3/2 and-1/2 for one of the peaks and
with mS ) 1/2 and 3/2 for the other one. At the measurement
temperature of about 5.3 K and the Zeeman energy difference
of about 4.5 K between the electron spin manifolds with∆mS

) 1 (corresponds toBo ≈ 3.4 T), the amplitude of theA⊥ peak
arising from-3/2 T -1/2 electron spin transition should be
about 5 times greater than that of theA⊥ peak arising from 1/2
T 3/2 electron spin transition. Therefore, the only clearly
observableA⊥ peak in spectrum B of Figure 3 is obviously
attributed to themS ) -1/2 electron spin manifold. Since this
peak is located at a frequency that is less than|νO|, it can be
immediately concluded thatA⊥ > 0.

To proceed further, we have to review the characteristic values
of the hfi and nqi parameters entering the spin Hamiltonian.
The isotropic hfi constants of17O in Gd3+ complexes found by
NMR in liquid solutions are on the order ofaiso ≈ 0.7 MHz13

and correspond to a very small spin density delocalized onto
the 17O nucleus (|FO| ≈ 0.004 as estimated below). With such
a smallFO, the point dipole approximation employing a Gd-O

Figure 3. Solid traces A and B are the17O Mims ENDOR spectra of
Gd aquo complex recorded atBo ) 3.3966 T (point A; see Figure 2)
andBo ) 3.4060 T (point B), respectively. Both spectra were normalized
by the ESE signal amplitude without rf irradiation. Experimental
conditions are the following: mw frequency, 94.7 GHz; durations of
the mw pulses, 60 ns; time intervalτ between the first and second mw
pulses, 200 ns; time intervalT between the second and third mw pulses,
40 µs; rf pulse duration, 35µs. Dashed trace superimposed on trace A
is obtained from trace B by multiplying the latter by 0.28, which is the
approximate relative amplitude of the broad background for trace 1 in
Figure 2. Trace A-B is the difference between trace A and the dashed
trace. This difference represents the spectrum of17O transitions within
mS ) (1/2 electron spin manifolds only. Trace S is the result of
numerical simulation of17O Mims ENDOR spectrum for themS )
(1/2 electron spin manifolds. Simulation parameters are the follow-
ing: aiso ) 0.75 MHz (the central value);∆aiso ) 0.3 MHz (the width
of Gaussian distribution around the central value);T⊥ ) 0.69 MHz;
e2Qq/h ) 6.5 MHz; η ) 1; æhq ) 0°; θhq ) 35°; ψhq ) 0°.

Ĥ ) -νOÎZ + mS(aiso + TZZ)ÎZ + QÎZ
2 (2)

νmITmI+1 ) -νO + mS(aiso + TZZ) + Q(2mI + 1) (3)
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distance range ofRGdO ≈ 2.37-2.56 Å5-9 should provide a
fair estimate of the17O anisotropic hfi:T⊥ ) 0.64-0.80 MHz.
The quadrupole coupling constant for the water molecule in
ice or glass is aboutk ≈ 0.16 MHz (corresponds toe2Qq/h ≈
6.5 MHz27). The nqi asymmetry parameter for the water
molecule is expected to be close to unity,η ≈ 1.27 The
orientation of the nqi principal axes frameX′Y′Z′ relative to
the hfi frameXhYhZh (Zh is the main axis) can be defined by
the Euler anglesæhq, θhq, andψhq. They are the angles of three
consecutive rotations: (1) aroundZ′ by æhq, (2) around the
newly obtainedY′ by θhq, and (3) around the newly obtainedZ′
by ψhq. The situation with all of the angles equal to zero
corresponds toX′|/Xh, Y′|/Yh, andZ′|/Zh. TheZ′ axis of the nqi
tensor is approximately perpendicular to the HOH plane of the
water molecule, while the other large axis of the nqi tensor (the
Y′ axis) is in the HOH plane and perpendicular to the bisector
of the HOH angle.28

The above parameters were used as an initial approximation
in the numerical ENDOR simulations. The simulations were
performed using a numerical diagonalization of the full spin
Hamiltonian given by eq 1. To reproduce the experimental width
of theA⊥ peaks, a Gaussian distribution ofaiso with a width of
0.3 MHz was introduced in the simulations. The simulated
spectra were in reasonable agreement with the experimental one
for the following hfi parameters:aiso ) 0.75( 0.05 MHz (here
and below,aiso indicates the value corresponding to the center
of the Gaussian distribution),T⊥ ) 0.69- 0.05 MHz. Although
the above error ranges of the individual hfi parameters are about
0.1 MHz, the sumaiso + T⊥ has to be kept at 1.44 MHz in
order to reproduce the experimentalA⊥ splitting. This value of
aiso + T⊥ is slightly greater than the observable splitting of∼1.33
MHz as a result of the hfi distribution. The two sets of shoulders
in the simulated spectra were sensitive to the nqi parameters.
The simulations yieldedk ) 0.175( 0.012 MHz (e2Qq/h ) 7
( 0.5 MHz) andη g 0.8. The calculated and experimental
spectra were in reasonable agreement for the values ofθhq from
0° to 90° andψhq e 10°, although the best results were obtained
for θhq in the range from 70° to 80° andψhq ≈ 0°. The third
angle,æhq, is arbitrary because the hfi tensor is nearly axial.
An example of a simulated spectrum is shown by trace S in
Figure 3.

Figure 4 shows the decomposition of this spectrum into
separate nuclear transitions (formS ) -1/2 only) to better
illustrate the structure of the simulated as well as the experi-
mental spectra. One can see that theA| features (one of which
is shown in the Figure) of the-1/2 T +1/2 transitions in this
spectrum are located between theA⊥ ones. The spectral
shoulders contain contributions from the(1/2T (3/2 and(3/2
T (5/2 transitions, as anticipated. The transition frequencies
of these lines are determined by a combination of the hf and
nq interactions (see eq 3). Therefore, the transition frequencies
ν ≈ |νO| do not necessarily correspond toaiso + TZZ ≈ 0. As a
result, these lines are not suppressed in the center of the Mims
ENDOR spectrum, in contrast to the situation observed forI )
1/2 systems.

The spectrum of contrast agent MS-325 recorded at the EPR
position A is presented in Figure 5. There is only one water
ligand in MS-325, which results in a significantly lower signal-
to-noise ratio than that obtained for the aquo complex. Despite
this, one can see that this spectrum is similar in shape to that
of the Gd3+ aquo ion (the only difference being the narrow
matrix line atν ) |νO| arising from distant17O nuclei). This
indicates that the parameters of the17O hfi and nqi in these
complexes are the same.

3. Structural Implications of the ENDOR Results. In this
section we will discuss the structural implications of the hfi
and nqi parameters obtained from the ENDOR spectra. The nqi
parameters are close to those known for ice,27 which may be
interpreted as indication that the hybridization of the water
oxygen orbitals is close to sp3. The estimated range of possible
nqi orientations (θhq from 0° to 90° andψhq ≈ 0°) shows that
any angleγ between the vectorRGdO and the HOH plane would
be in agreement with our experiments as long as the HOH plane
is perpendicular to the plane formed byRGdO and the HOH
bisector.

Figure 4. Trace S is the simulated Mims ENDOR spectrum reproduced
from Figure 3. Other traces represent the lines of various17O transitions
within themS ) -1/2 electron spin manifold. ThemI values involved
in the transitions are shown near the traces. For the two bottom groups
of spectra, the solid traces correspond tomI < 0, while the dashed
traces correspond tomI > 0. The A| turning point is shown for the
-1/2 T +1/2 transition only, the one least affected by the nqi.

Figure 5. Traces 1 and 2 are, respectively, the17O Mims ENDOR
spectra of MS-325 and Gd aquo complex recorded atBo ) 3.3966 T
(point A; see Figure 2). The spectra were normalized by the ESE signal
amplitude without rf irradiation. In addition, the spectrum of the Gd
aquo complex was scaled with the factor of 1/7.

Gd Complexes with Water J. Phys. Chem. A, Vol. 108, No. 35, 20047321



The anisotropic hfi constantT⊥ ) 0.69- 0.05 is within the
range of 0.64-0.80 MHz evaluated above in a point dipole
approximation from the Gd-O distance seen in X-ray studies.
This already indicates that the effect ofFO on T⊥ is small. A
quantitative estimate of this effect can be obtained from analysis
of the isotropic hfi constant of17O. This analysis critically
depends on the model employed to describe the coordination
of a water molecule to the Gd3+ ion, and we will first assume
that the coordination involves one of the sp3 hybrid oxygen
orbitals carrying an electron lone pair. In such a configuration,
γ ≈ 55°, while θhq ) 90° - γ ≈ 35° (see Figure 6a).

The magnitude ofaiso is mostly determined by the hybridiza-
tion of the bonding oxygen orbital and byFO. For a hybrid
orbital being a mixture of 2p and 2s orbitals, the isotropic hfi
constant is approximately equal to29

whereS is the electron spin of Gd3+ (S ) 7/2), as ≈ -5260
MHz,30,31 ap ≈ -120 MHz,30,31 andcs is the s character of the
hybrid orbital. For the sp3 hybrid orbital,cs ) 1/4. Fromaiso ≈
0.75 MHz, using eq 4, we can then estimateFO ≈ -4 × 10-3.

The anisotropic hfi consists mainly of two contributions: from
the spin density on Gd3+, FGd, and the spin densityFO:

whereg andgO are, respectively, the electronic and oxygen17O
nuclearg factors,â andân are the Bohr magneton and nuclear
magneton, andbp ≈ 170 MHz.30,31 The first term in eq 5
describes, in the point dipole approximation, the dipole interac-
tion with the spin density on Gd, while the second term
represents the contribution of the spin density delocalized in
the bonding orbital of17O. This expression does not take into
account the contributions of the spin density delocalized onto

other oxygen ligands because the shortest distance between the
oxygens of the water ligands in the Gd3+ aquo complex is about
3 Å.

By use ofFO ≈ -4 × 10-3 estimated from eq 4, the second
term in eq 5 is found to be about-0.07 MHz, or about 10% of
the value ofT⊥ predicted using the point dipole approximation.
Neglecting this correction will result in an error in the Gd-O
distance estimate of only about 3%. In addition to this simple
estimate, one can calculate from eq 5 that the range ofT⊥ values
obtained in these experiments (T⊥ ) 0.69 ( 0.05 MHz)
translates into a range of possible distancesRGdO between 2.35
and 2.45 Å that is consistent with the range of distances known
from X-ray studies.

The contribution ofFO ≈ -4 × 10-3 to the effective
anisotropic hfi constant of the water ligand proton is entirely
negligible because the axis of the proton anisotropic hfi tensor
associated withFO is at an angle of about 53° to the direction
of the main axis of the tensor associated withFGd (assuming
for simplicity that FO is located in the center of the oxygen
atom). At such relative orientation of the contributing hfi tensors,
FO will only lead to a slight rhombicity of the total tensor,
without affecting its long axis (effectiveT|) and, correspond-
ingly, the average of its two short axes (effectiveT⊥). This
rhombicity is too small to be detected in an experiment,
especially taking into account a rather broad distribution of the
anisotropic hfi parameters. Indeed, the estimated difference
between the two short axes of the total anisotropic hfi tensor is
about 0.1 MHz, while the distribution with of the effectiveT⊥
value is about 0.4 MHz.16

The accuracy of determination ofRGdO in this work andRGdH

in our previous work16 is high enough to meaningfully test if
these two values are in mutual agreement. Using the structural
model for Gd-OH2 coordination formulated above (i.e., that
the Gd-O axis coincides with the axis of one of the oxygen
lone pair orbitals), we can immediately estimateRGdH ) 2.84-
2.93 Å corresponding toRGdO values of 2.35-2.45 Å. The
estimated values ofRGdH are significantly shorter than 3.1(
0.1 Å found in our previous work16 (note that the(0.1 Å is
not a measurement error but a characteristic distribution width),
and we can conclude that the geometry of Figure 6a may only
be responsible for the shortest distance part of theRGdH

distribution and has a very low statistical weight.
As an alternative possibility, let us consider the coordination

of the water molecule to a metal ion in such a way that the
bisector of the lone pairs of the water oxygen is directed toward
the ion32,33 (γ ≈ 0°, θhq ≈ 90°; see Figure 6b). The ion in this
case is located in the HOH plane. To estimateFO in this
geometry, we can still use eq 4. ThisFO, however, is a sum of
the spin densities delocalized to both lone pair orbitals of the
water oxygen (FO ) FO1 + FO2). The total effect of these spin
densities on the oxygen anisotropic hfi will be to make the
anisotropic hfi tensor slightly rhombic (with the difference
between the two short tensor axes of about 0.14 MHz), without
affecting its long axis (effectiveT|) and, correspondingly, the
average of its two short axes (effectiveT⊥). The distanceRGdO

is therefore accurately estimated directly from the first term in
eq 5: RGdO ) 2.41-2.53 Å. The resulting Gd-H distance for
such a coordination geometry is thusRGdH ) 3.08-3.20 Å.
These values are in agreement with the long-distance part of
the experimental distance distribution.

To make the agreement complete, we have to note that the
assumption about the Gd ion being exactly in the HOH plane
certainly represents an idealization. In reality, in glassy samples
the angleγ between the Gd-O direction and the HOH plane is

Figure 6. Models of water coordination to Gd3+. In (a) the Gd3+ ion
is located in the direction pointed by one of the hybrid lone pair orbitals,
while in (b) it is located in the HOH plane on the bisector of the HOH
angle. Solid arrows show the main axes of the nqi (Z′) and hfi (Zh)
tensors. Dashed line in (a) shows the HOH angle bisector that also
coincides with the bisector of the angle between the lone pair orbitals.
In (b) this bisector coincides with theZh axis. Angleγ between this
bisector and theZh axis is∼55° in (a) and∼0° in (b). Angleθhq between
the Z′ andZh axes is∼35° in (a) and∼90° in (b).

aiso ≈ 1
2S

[ascs + ap(1 - cs)]FO (4)

T⊥ ≈ -
gâgOân

hRGdO
3
FGd +

bp

2S
(1 - cs)FO (5)
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probably distributed in wide limits. An increase inγ will result
in a decrease ofRGdH estimates, as we have already seen above
when we discussed the coordination model of Figure 6a. We
suggest therefore that in glassy samplesγ is distributed within
the limits from 0° (corresponds to Figure 6b) to about 55°
(corresponds to Figure 6a), the average value being close to
26° found in neutron diffraction experiments.8 Such a model
brings theRGdO and RGdH values into mutual agreement and
allows one to easily explain the distribution of theRGdH values.
The corresponding range of the anglesθhq from about 35° to
90° (see Figure 6) does not contradict our experimental results.

Conclusion
In this work we have shown that the essential geometrical

parameters of water coordination in Gd3+-based MRI contrast
agents (namely, Gd-O and Gd-H distances) can be accurately
evaluated from ENDOR spectra of the complexes stabilized in
glassy solutions. The high accuracy of these estimates (∼4%
for RGdO and ∼3% for the central value ofRGdH) becomes
possible because for f ions the spin density transfer to the oxygen
of the water ligand is extremely small (it is worth noting that
for d ions (V2+, Cu2+, Fe3+, Mo5+) the opposite is true, and
the structural interpretation of the hfi parameters obtained for
d ions is much more involved34-39). There are several benefits
to the current technique: (1) it does not require single crystals;
(2) it does not require high concentrations of the metal complex
(1 mM in this work); (3) the complex can be examined in
various environments, e.g., in association with plasma proteins.

From the values ofRGdO obtained in this work andRGdH

obtained earlier,16 we concluded that the angle between the water
molecule plane and theRGdO vector is likely to be distributed
in broad limits, from 0° to about 55°. To test this conclusion,
one needs to obtain possibly accurate information about the
relative orientation of the17O nqi and hfi tensors. One-
dimensional ENDOR spectra were not sufficiently sensitive to
this relative orientation. Our preliminary estimates show,
however, that two-dimensional Mims ENDOR40 or hyperfine
correlated ENDOR (HYEND)41 spectroscopic techniques should
be able to distinguish between various structural models. We
plan to perform such measurements in the near future.
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