7318 J. Phys. Chem. R004,108, 7318-7323

W-Band 1O Pulsed Electron Nuclear Double Resonance Study of Gadolinium Complexes
with Water

Arnold M. Raitsimring* and Andrei V. Astashkin*
Department of Chemistry, Usrsity of Arizona, Tucson, Arizona 85721

Debbie Baute and Daniela Goldfarb
The Weizmann Institute of Science, Reld6100, Israel

Peter Caravan
EPIX Medical, Inc., 71 Rogers Street, Cambridge, Massachusetts 02142
Receied: April 22, 2004; In Final Form: June 21, 2004

In this work we have studied pulsé@D electron nuclear double resonance (ENDOR) spectra of te Gd
aquo ion and the magnetic resonance imaging (MRI) contrast agent MS-32%’-anriched frozen glassy
water/methanol solution. The isotropic hyperfine interaction (hfi) constant of the water k§@mndas found

to be about 0.75 MHz, which corresponds to a spin density delocalized to the ligapd-of-4 x 10°3. The
analysis of the anisotropic hfi constant (0.690.05 MHz) yields Ge-O distances of about 2-£2.5 A.
Simultaneous analysis of these distances and theHGdistances found earlier allows one to elucidate the
details of the Ge-OH, coordination geometry.

Introduction 170 hyperfine interactions (hfi) obtained by various magnetic
resonance techniques. The estimates currently available in the
literature represent the average values obtainel®yuclear
magnetic resonance (NMR) in liquid solutioHs.To our
knowledge, there are no data in the literaturé @hfi in G+

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 &don is central

to the use of gadolinium complexes as contrast agents in | bilized in f | luti h I
magnetic resonance imaging (MRf)! The gadolinium ion acts complexes stabilized In frozen glassy solutions where a
possible complex configurations are realized.

as a magnetic catalyst to shorten the relaxation times of protons' ' ) ) )
of water molecules that it comes into contact with. The  The magnetic resonance techniques best suited for measuring
relaxation mechanism is dipolar, and its efficiency critically Weak hfi of various nuclei in paramagnetic centers in frozen
depends on the complex structure, in particular, on the- Gd glassy solutions are those 'of electron nuclear double; resonance
proton distanceReaw. It is therefore clear that the knowledge (ENDOR) and electron spirecho envelope modulation (ES-
of geometrical structures of Gt complexes is important for ~ EEM). In particular, these techniques have a long record of
understanding and predicting the efficiency of this relaxation Successful investigations of the nearby nuclear environments
enhancement. It may also reveal correlations between theOf metal centers, including both the qualitative identification
structure and dynamic properties such as the exchange rate off ligands ar_]d the quan_titative structural informatic_)n obtai_ned
water ligands. Ultimately, the knowledge of the complex from analysis of the hfi and nuclear quadrupole interactions
structures in solution serves as a starting point for development(ndi).*®
of improved prospective MRI contrast agents. In our earlier*H pulsed ENDOR study of Gt complexe¥®

With few exceptions, information on the geometry of lan- we determined the hf interactions of the protons of water ligands.
thanide complexes was obtained by X-ray crystallograighy, The Gd-H distancesRsqn, were then estimated using a simple
neutron diffractior; and extended X-ray absorption fine point dipole approximation and neglecting any possible effects
structure (EXAFS}). The usefulness of this information for of the spin density delocalized to the ligand oxygen. The
predicting the relaxation properties of the Gd complexes, justification of this approach was based on indirect evidence
however, depends on our understanding of the relationshipthat included the weakness of thl isotropic hfil® the 17O
between the structure and the dipole interactions of water ligand NMR resultsi®14 and **F ENDOR data for lanthanide com-
protons. It is well established that this relationship may generally plexes in single crystafs. In this work, to put the structural
be significantly more complex than that described by a simple analysis of the proton hfi data on more solid ground, we
point dipole model because some spin density is transferred fromperformed a pulsed ENDOR study of &dcomplexes with
the central ion to the oxygen of the ligand water moleé@ié? H2170.
This delocalized spin densityo, can be evaluated from the The 70 pulsed ENDOR spectra of frozen glassy solutions
of two GP™ complexes were recorded and analyzed in order
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Figure 1. Structure of the MRI contrast agent MS-325.

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 previotfsly.
Moreover, the spin density on the water oxygen ligand is
sufficiently small to be safely neglected when estimating the
Gd-0 distance from thé’O anisotropic hfi.

One of the major issues in our previoug-Band'H pulsed
ENDOR work® was to account for the ENDOR spectral
manifestations of the crystal field interactions (cfi) of the3Gd
electron spinS = 7/2. In this work, following earlier ex-
amples'®1® we used a considerably higher microwave (mw)
frequency o~95 GHz (W-band) and, correspondingly, higher
magnetic field B, ~ 3.4 T), which resulted in the ENDOR
spectra being virtually free from the cfi-related effects.

Experimental Section
Thel’0O-enriched (70%) kD was purchased from Cambridge
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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 intervalr between the pulses, 300 ns.

2. Mims ENDOR Spectra of170. Solid trace A and trace B
in Figure 3 show normalized (by stimulated ESE amplitude)
170 Mims ENDOR spectra of the Gd 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 < +1/2 does not contribute to spectrum B. The
magnetic field difference 0£9.4 mT between the EPR positions
A and B is considerably smaller than the characteristic value
of the cfi parameteD (for the aquo complexD/(gB) ~ 30

Isotope Laboratories, Inc. The experiments were performed with mT2429, and therefore, the ENDOR spectra arising from all

frozen 1 mM solutions of G aquo complex (prepared by
dissolving GdC4-6H,0) or MS-325 contrast agent (Epix Medi-
cal; see Figure 1) in 1:1 (v/v) #/CH;OH (methanol added

for glassification). The pH of the water was about 5. It is

EPR transitions other than thel/2 <= +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
—1/2< +1/2 by subtracting spectrum B from spectrum A after

unlikely that there will be any hydroxo species present under adjusting their relative amplitudes. The adjusted ENDOR

these conditions. The firstiy of the gadolinium aquo ion is
~8.20 Dissolution of GdJ into pH 5 water should not result

spectrum B is shown by dashed trace A superimposed on solid
trace A in Figure 3. One can see that the contribution of

in appreciable amounts of the hydroxogadolinium species. For spectrum B to solid trace A is very small and is mainly evident

MS-325, it was show#t that over the pH range-3L1 there is

as a weak shoulder at the low-frequency side of solid trace A.

only one species present, that shown in Figure 1. There was noTrace A-B in Figure 3 represents the difference spectrum that

evidence of a hydroxo species; that is, th pf the coordinated

shows the nuclear transitions within they = +1/2 electron

water was>11. Details on the size and handling of the samples spin manifolds only.

can be found elsewhef@ The experiments were performed on
a W-band £95 GHz) pulsed EPR spectroméfensing Mims

Apart from the central broad feature that may be, at least in
part, attributed to distant matrix oxygens, the difference spectrum

ENDOR techniqué&? The measurement temperature was about may be described as consisting of two narrow peaks with a

5.3 K.

Results and Discussion

1. Electron Spin Echo (ESE) Field Sweeps:igure 2 shows
the field-sweep spectra of the &daquo and MS-325 complexes

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 #i® nuclei of the water

detected using the primary ESE technique. The central intenseligands.

peak in these spectra located at the magnetic Bglgt 3.3966

T represents the line of the1/2 < +1/2 transition of the G
electron spirS = 7/2, while the broad featureless background
is contributed by all other transitions. The ENDOR measure-
ments were performed &, 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 th&/2

< +1/2 transition to the amplitude of the ESE signal is about
75% while all other transitions contribute the remaining5%.

The 170 nucleus has spih = 5/2 and a nonzero ngi. The
spin Hamiltonian accounting for thEO Zeeman interaction,
hfi, and ngi can be written as follows:

H = —vol, + md Ty + Ty + (@0 + Tl +
k[3|z'2 + 77(|><'2 - IY’Z)] @)

whererg is the Zeeman frequency &0, ais, is the isotropic
hfi constant, Tz (j = X, Y, Z) are the relevant components of
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purposes of a qualitative analysis Hamiltonian eq 1 can be

A A, considerably simplified:

H=—vol, + mga,, + T,)I, + Ql,° 2)

whereQ = (¥2)k[38bzz% — 1 + 5(bxz?> — bvz?)] and bxz, byz,

and bzz are the direction cosines of th&axis in theX'Y'Z'
frame. The frequencies of ENDOR transitions between the
energy levels that correspond to tH® spin projectionsn and

m + 1 (m = 00} are then given by

Ymem+1 = Yo +mg(ag, + T2 + Q(2m + 1)  (3)

Thus, in this approximation;—1/>--1/2 is not affected by the nqi

at aII, Wh”evil/z«»ig,/z andvi3/2ﬁis/z are shifted frOfT'Vfl/z«-l/z

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
Vi1/p+32 aNdvigpei52 lines. The maximal value d is 3k
(reached foibzz = 1), and for the water oxygen with~ 0.16

A-B MHz (for H,0 ice, €Qgh ~ 6.5 MHZ7) we may expect the
shifts of up to & ~ 1 MHz for vi1/p-132 and 1X ~ 2 MHz

for vispeis.

In the difference ENDOR spectrum A-B (Figure 3) the most
AR R R A R R RN R R intense features are the two narrow peaks with the splitting of
6-5-4-3-2-10123456 1.33 MHz between them. In view of the preceding consider-

V- |V | (MHZ) ations, these peaks may b_e safely_attrib_uted tovth&Tllz

o frequencies at the perpendicular orientation of the hfi tensor

Figure 3. Solid traces A and B are tHéO Mims ENDOR spectra of axis relativg ,tOB(" These peaks are denOted/&%to indicate
Gd aquo complex recorded Bt = 3.3966 T (point A; see Figure 2)  that the splitting between them equals to the hfi constant
andB, = 3.4060 T (point B), respectively. Both spectra were normalized aiso + T, where Ty is the perpendicular component of the
by the ESE signal amplitude without rf irradiation. Experimental anisotropic hfi tensor. The assumption about this tensor being
conditions are the following: mw frequency, 94.7 GHz; durations of axjal, although reasonable at this point, will be verified below
the mw pulses, 60 ns; time intervabetween the first and second mw 1, means of numerical simulations. These simulations will also
pulses, 200 ns; time interva@lbetween the second and third mw pulses, reveal the location of théy, features in the ENDOR spectrum.

40 us; rf pulse duration, 3&s. Dashed trace superimposed on trace A . . . -
is obtained from trace B by multiplying the latter by 0.28, which is the ©ON the basis of analysis of eq 3 above, it is anticipated that the

approximate relative amplitude of the broad background for trace 1 in two pairs of shoulders with the splittings of about 3.3 and 5.3
Figure 2. Trace A-B is the difference between trace A and the dashed MHz are quite likely to be attributed t0.1/2-13/2 andv.zeis5/2,

ENDOR Intensity

trace. This difference represents the spectruﬁi@ftrans_itions within respectively.
ms = _d:1|/2 .e'ef”f’” Spy%m,\;‘_”'f‘)'gf\lggé- Trace S 'fs thﬁ result of  The combination of high magnetic field and low temperature
numerical simulation o Ims spectrum for thens = used in this work allows us to determine the signfgffrom

+1/2 electron spin manifolds. Simulation parameters are the follow- - . . o
ing: aso = 0.75 MHz (the central valuefaiso = 0.3 MHZ (the width spectrum B in Figure 3. This spectrum consists of contributions

of Gaussian distribution around the central valug);= 0.69 MHz; from all EPR transitions other than thel/2 <> +1/2 transition.
€Qqgh = 6.5 MHz; 57 = 1; gng = 0% 6nhq = 35°; 9ng = O°. The relative amplitudes of th&g 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
the anisotropic hfik is the nuclear quadrupole coupling constant with ms = 1/2 and 3/2 for the other one. At the measurement
(k= €2Qq[41(21 — 1)h]), andy is the asymmetry parameter of temperature of about 5.3 K and the Zeeman energy difference
the electric field gradient on thO nucleusX, Y, andZ are of about 4.5 K between the electron spin manifolds wting
the axes of the laboratory coordinate frame, vBiZ. X', Y', = 1 (corresponds t&, ~ 3.4 T), the amplitude of thAg peak
and Z' are the principal axes of the ngi. The electron spin arising from—3/2 <= —1/2 electron spin transition should be
projection onB,, ms (Ms = [£[), assumes the values froav/2 about 5 times greater than that of the peak arising from 1/2
to 7/2. At magnetic fields used in this worB{~ 3.4 T), the < 3/2 electron spin transition. Therefore, the only clearly
electronic Zeeman interaction of &dwas about 2 orders of  observableA; peak in spectrum B of Figure 3 is obviously
magnitude stronger than the cfi for the studied complexes. attributed to thans = —1/2 electron spin manifold. Since this
Therefore, Hamiltonian eq 1 does not include the average peak is located at a frequency that is less tha, it can be

electron spin component&§sk[J and [$,0 (unlike the spin immediately concluded thaig > 0.
Hamiltonians employed in our previous studfe® that were To proceed further, we have to review the characteristic values
performed at the mw X- and Kbands). of the hfi and nqi parameters entering the spin Hamiltonian.

At B, ~ 3.4 T,vo is about—19.6 MHz (it is negative because  The isotropic hfi constants éfO in Gd** complexes found by
the g factor of 170 is negative), while the ENDOR features are NMR in liquid solutions are on the order afy, ~ 0.7 MHZ3
all located within 3 MHz fromvo|. We may therefore conclude  and correspond to a very small spin density delocalized onto
that both the hyperfine and quadrupole interactions’of are the 170 nucleus |po| &~ 0.004 as estimated below). With such
weak compared with the Zeeman interaction, and for the a smallpo, the point dipole approximation employing a 6@
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distance range oRgqo ~ 2.37—2.56 A5-9 should provide a A
fair estimate of thé’0 anisotropic hfi: To = 0.64-0.80 MHz. A L
The quadrupole coupling constant for the water molecule in
ice or glass is about ~ 0.16 MHz (corresponds te?Qg/h ~

6.5 MHZ7). The ngi asymmetry parameter for the water
molecule is expected to be close to unity,~ 127 The
orientation of the nqi principal axes fram€Y'Z' relative to
the hfi frameX,YnZ (Zn is the main axis) can be defined by
the Euler angle®ng, Ong, andyng. They are the angles of three
consecutive rotations: (1) arourl by ¢ng (2) around the
newly obtainedy” by 04, and (3) around the newly obtain&t

by yng The situation with all of the angles equal to zero
corresponds tX1l/Xy, Y'Il/'Yn, andZ'll/Z,. 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 A,
Y' axis) is in the HOH plane and perpendicular to the bisector

of the HOH angle’8 l

The above parameters were used as an initial approximation 126 112

»

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 1 —_ 2o
of the Ag peaks, a Gaussian distributionad, with a width of = <70 wnosn
0.3 MHz was introduced in the simulations. The simulated T T T T T T
spectra were in reasonable agreement with the experimental one 4 -3-2-101 2 3 4

for the following hfi parametersajso = 0.754+ 0.05 MHz (here

and below a;, indicates the value corresponding to the center V- |Vo| (MHz)

of the Gaussian distribution]; = 0.69F 0.05 MHz. Although Figure 4. Trace S is the simulated Mims ENDOR spectrum reproduced
the above error ranges of the individual hfi parameters are aboutfrom Figure 3. Other traces represent the lines of varté@dransitions

0.1 MHz, the sung, + To has to be kept at 1.44 MHz in wiit;]intthenj?: —-1/2 erllectron spirtlhm?nifold.l':l'he:hval\t;vesbinxolved
order to reproduce he experimenta/splting. Tris value of 1} 1 13sons e shou s e aces. For e i hoton, groups
aso 1 Tois slightly greate_r thar! the_ observable splitting-df.33 traces correspond toy > 0. The A, turning point is shown for the
MHz as a result of the hfi distribution. The two sets of shoulders —1/2 < 4+1/2 transition only, the one least affected by the nqji.

in the simulated spectra were sensitive to the ngi parameters.
The simulations yielde# = 0.175+ 0.012 MHz €Qqgh =7

+ 0.5 MHz) andy = 0.8. The calculated and experimental
spectra were in reasonable agreement for the valu@g,&fom

0° to 9C° andynq < 10°, although the best results were obtained
for Ohq in the range from 70to 8C¢° andyng ~ 0°. The third
angle, ¢ng, 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 (fok = —1/2 only) to better x1/7 2
illustrate the structure of the simulated as well as the experi- T T IR RN R RN
mental spectra. One can see that Mydeatures (one of which -6-5-4-3-2-10123456
is shown in the Figure) of the 1/2 < +1/2 transitions in this v-|v.| (MHz)
spectrum are located between tid¢, ones. The spectral 0
shoulders contain contributions from thel/2 <> 4+-3/2 and+3/2 Figure 5. Traces 1 and 2 are, respectively, tH® Mims ENDOR
<~ +5/2 transitions, as anticipated. The transition frequencies ?poei(r:lttri'casfe,\e/)llszfﬁfe%r)]dTth gq:gtrgo\,%?g;fnﬁg[gggo? t%g?z?ETsi a
of t.hese Ilr?es are determined by a comblnathr! of the hf ar]d aenplituae withgut rf irradiaticr))n. In addition, the spect?/um of the ng
nqg interactions (see eq 3). Therefore, the transition frequenuesaquo complex was scaled with the factor of 1/7.

v = |vo| do not necessarily corresponddg, + Tzz ~ 0. As a

result, these lines are not suppressed in the center of the Mims

ENDOR spectrum, in contrast to the situation observed for 3. Structural Implications of the ENDOR Resullts. In this
1/2 systems. section we will discuss the structural implications of the hfi

The spectrum of contrast agent MS-325 recorded at the EPR@Nd Nqi parameters obtained from the ENDOR spectra. The nqi
position A is presented in Figure 5. There is only one water Parameters are close to those known for?cehich may be
|igand in MS-325, which results in a Signiﬁcanﬂy lower Signa|_ interpretEd as indication that the hybridization of the water
to-noise ratio than that obtained for the aquo complex. Despite Oxygen orbitals is close to &pThe estimated range of possible
this, one can see that this spectrum is similar in shape to thatngi orientations §nq from 0° to 90° andwnq ~ 0°) shows that
of the G&* aquo ion (the only difference being the narrow any angley between the vectdRgqao and the HOH plane would
matrix line atv = |vo| arising from distant’O nuclei). This be in agreement with our experiments as long as the HOH plane
indicates that the parameters of tH® hfi and nqgi in these is perpendicular to the plane formed Bgq4o and the HOH
complexes are the same. bisector.

ENDOR Intensity

ENDOR Intensity
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\ other oxygen ligands because the shortest distance between the
oxygens of the water ligands in the &daquo complex is about
3A

By use ofppo &~ —4 x 1072 estimated from eq 4, the second
term in eq 5 is found to be about0.07 MHz, or about 10% of
the value ofTy predicted using the point dipole approximation.
Neglecting this correction will result in an error in the €0
distance estimate of only about 3%. In addition to this simple
estimate, one can calculate from eq 5 that the rande v&lues
obtained in these experiment3o(= 0.69 + 0.05 MHz)
translates into a range of possible distarReg between 2.35
and 2.45 A that is consistent with the range of distances known
from X-ray studies.

The contribution ofpo ~ —4 x 1072 to the effective
anisotropic hfi constant of the water ligand proton is entirely
negligible because the axis of the proton anisotropic hfi tensor
associated withyo is at an angle of about 830 the direction
of the main axis of the tensor associated withy (assuming
] o ) for simplicity that po is located in the center of the oxygen
Figure 6. Models of water coordination to Gdl In (a) the G&" ion atom). At such relative orientation of the contributing hfi tensors,
is located in the direction pointed by one of the hybrid lone pair orbitals, po will only lead to a slight rhombicity of the total tensor,

while in (b) it is located in the HOH plane on the bisector of the HOH - S . -
angle. Solid arrows show the main axes of the i) and hfi ) without affecting its long axis (effectiv@) and, correspond-

tensors. Dashed line in (a) shows the HOH angle bisector that alsoingly, the average of its two short axes (effectiVg). This
coincides with the bisector of the angle between the lone pair orbitals. rhombicity is too small to be detected in an experiment,
In (b) this bisector coincides with th#, axis. Angley between this especially taking into account a rather broad distribution of the
bisector and thé, axis is~55° in (a) and~0” in (b). Anglethqbetween  anjisotropic hfi parameters. Indeed, the estimated difference
the Z' andZ, axes is~35” in (a) and~90° in (b). between the two short axes of the total anisotropic hfi tensor is

The anisotropic hfi constarft; = 0.69F 0.05 is within the about 0.1 MHz, while the distribution with of the effectilg

range of 0.640.80 MHz evaluated above in a point dipole ValUe is about 0.4 MHz?

approximation from the GeO distance seen in X-ray studies. The accuracy of determination Bgqoin this work andRggr

This already indicates that the effect @§ on Ty is small. A in our previous work® is high enough to meaningfully test if
guantitative estimate of this effect can be obtained from analysis these two values are in mutual agreement. Using the structural
of the isotropic hfi constant of’O. This analysis critically ~ model for Gd-OH, coordination formulated above (i.e., that
depends on the model employed to describe the coordinationthe Gd-O axis coincides with the axis of one of the oxygen
of a water molecule to the Gtiion, and we will first assume  lone pair orbitals), we can immediately estimBtgn = 2.84—

that the coordination involves one of the*dpybrid oxygen ~ 2.93 A corresponding t®sqo values of 2.352.45 A. The

orbitals carrying an electron lone pair. In such a configuration, €stimated values dRsa are significantly shorter than 3+
y ~ 55°, while fhg = 90° — y ~ 35° (see Figure 6a). 0.1 A found in our previous wofR (note that the+0.1 A is

The magnitude ofis, is mostly determined by the hybridiza- NOt a measurement error but a characteristic distribution width),
tion of the bonding oxygen orbital and kyps. For a hybrid ~ and we can conclude that the geometry of Figure 6a may only
orbital being a mixture of 2p and 2s orbitals, the isotropic hfi be responsible for the shortest distance part of Re@n
constant is approximate|y equaFQO distribution and has a very low statistical Welght

As an alternative possibility, let us consider the coordination
4) 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 iorf233(y &~ 0°, Onq ~ 90°; see Figure 6b). The ion in this
whereSis the electron spin of Gd (S= 7/2),as~ —5260  case is located in the HOH plane. To estimatein this
MHz,3%3 8, ~ —120 MHz°3'andcs is the s character of the  geometry, we can still use eq 4. This, however, is a sum of
hybrid orbital. For the sphybrid orbital,cs = 1/4. Fromaiso ~ the spin densities delocalized to both lone pair orbitals of the

1
Qo ~ Z_S[ascs + a'p(l - Cs)]PO

0.75 MHz, using eq 4, we can then estimage~ —4 x 10°°. water oxygen o = po1 + poz). The total effect of these spin
The anisotropic hfi consists mainly of two contributions: from  gensities on the oxygen anisotropic hfi will be to make the
the spin density on Gd, pca, and the spin densityo: anisotropic hfi tensor slightly rhombic (with the difference
b between the two short tensor axes of about 0.14 MHz), without
T~ — gﬂg@ﬁnpsd + —p(l ~cJpo (5) affecting its long axis (effectivd) and, correspondingly, the
hR; d03 2 average of its two short axes (effectiVg). The distancdRzqo

is therefore accurately estimated directly from the first term in

whereg andgo are, respectively, the electronic and oxydén eq 5: Reao = 2.41-2.53 A. The resulting GelH distance for
nuclearg factors, and;3, are the Bohr magneton and nuclear Such a coordination geometry is thRsq = 3.08-3.20 A.
magneton, and), ~ 170 MHz303! The first term in eq 5  These values are in agreement with the long-distance part of
describes, in the point dipole approximation, the dipole interac- the experimental distance distribution.

tion with the spin density on Gd, while the second term  To make the agreement complete, we have to note that the
represents the contribution of the spin density delocalized in assumption about the Gd ion being exactly in the HOH plane
the bonding orbital of’O. This expression does not take into certainly represents an idealization. In reality, in glassy samples
account the contributions of the spin density delocalized onto the angley between the GdO direction and the HOH plane is
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probably distributed in wide limits. An increasejmwill result (5) Steele, M. L.; Wertz, D. LJ. Am. Chem. Sod.976 98, 4424.
in a decrease dRgqn estimates, as we have already seen above Che(rf]) zggrakiré %gfé‘“hma””v H.; Batsanov, A. S.; Senanayakeokg.
when we discussed the coordination model of Figure 6a. We = 7y cossy, 'c.; Barnes, A.; Enderby, J.; Merbach, AJEChem. Phys.
suggest therefore that in glassy sampléas distributed within 1989 90, 3254.

the limits from O (corresponds to Figure 6b) to about°55 19958)1;33?5% C.; Helm, L.; Powell, D. H.; Merbach, A. Bew J. Chem.
(correspon_ds to Flgure_ 6a), .the average value being close to ©) \'(am'aguch”.; Nomura, M. Wakita, H.; Ohtaki, B..Chem. Phys
26° found in neutron diffraction experimertsSuch a model 1988 89, 5153.

brings theRs4o and Rsqn values into mutual agreement and (10) Micskei, K.; Helm, L.; Brucher, E.; Merbach, A. Fhorg. Chem.

allows one to easily explain the distribution of tReq values. 199(’5*1;’2#(3)\?\,‘:'"- D. H.; Ni Dhubhghaill, O. M.; Pubanz, D. Helm, L.
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