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In orientationally disordered systems, the ENDOR (electimunclear double resonance) spectra of high-spin

ions having weak crystal field interaction (cfi) contain nuclear transition lines (often overlapped) that belong
to several different electron spin manifolds, and the transition lines for each manifold are distorted by the
effect of the cfi. In this work, we have shown that, although the latter distortions can be quite considerable
in a general case, the statistical distributions of the cfi parameters and orientations of the cfi axes in glassy
samples result in ENDOR line shapes similar to the usual powder pattern determined by the hyperfine interaction
only, which greatly simplifies their analysis. We have also shown that the two-dimensional Mims ENDOR
technique can be used to disentangle the nuclear transitions that belong to different electron spin manifolds.
The results of the analysis were applied to study thé*Gduo complex and the Gdbased MRI contrast

agent GAHPDO3A in frozen glassy water/methanol solutions. The average distance between Gd and protons
of the water ligands was found to be about 3.1 A for both complexes.

1. Introduction complex GABPO4A with the relaxivity value of only about 1.7
Gadolinium complexes are used clinically as diagnostic has a relatively short correlation time and does not have inner-

contrast agents for magnetic resonance imaging (MRI) in sphere water ligands. o
medicine. They function by catalytically enhancing the magnetic ~ On the other hand, complexes of similar structure that should
relaxation rates of water protons. The contrast agents typically Nave similar correlation times and the same number of water
contain one inner-sphere water molecule that is in fast exchangeligands exhibit about a 3-fold variation in relaxivities, which
with bulk solvent. In practical applications, MRI agents are Was explained by some workers by a possible variation of the
characterized by relaxivity, a bulk parameter that shows the Gd—H distance Rear, from complex to complex. The overall
extent to which the ion can change the relaxation rate of solvent ange of the reporte®gan values is from 2.5 to 3.3 A3-22
protons. Increased relaxivity allows the contrast agent to be With the values of 2.963.13 A being more commok?:*!
administered at a lower dose or enables the imaging of low- Because the relaxivity is proportional toRE,, large
concentration targets and is the focus of extensive academicvariations in relaxivity could, in principle, be conveniently
and industrial research1® explained by moderate changes R§qn. The range of the
Relaxivity is a complex function of numerous parameters, reported distances, however, seems to be too large because the
such as the ion relaxation times (that depend on the crystal field distances between the Gd ion and the oxygen of the coordinated
interaction (cfi) of the ion), the number of water molecules in water determined by X-ray crystallography for different com-
the inner and outer coordination spheres, the average time thes@lexes are all very similar, 2.412.56 A The clarification of
water molecules spend in a coordinated state, the liydrogen this discrepancy necessitates further effort aimed at determining
distances for coordinated water molecules, the rotational dif- Rean With possibly high accuracy, which would allow one to
fusion of the complex, and so forth. Reported relaxivity values factor out the IRgdH dependence from the relaxivity and
measured byH nuclear magnetic resonance (NMR) in standard provide for a better understanding of other parameters that could,
conditions (at the frequency of 20 MHz and the temperature of possibly, be manipulated to enhance the relaxivity of contrast
25 °C) for G&*" complexes range from about 2 to 150 mM  agents. The &, dependence of the relaxivity implies that
s 112 These differences in the relaxivity can often be rational- the accuracy of distance measurements has to be rather high.
ized by considering the number of coordinated water molecules With a 3-fold variation of the relaxivity for the contrast agents
and the rotational diffusion time of the complex. For example, that have similar size and the same number of water ligands,
the high relaxivity value of 148 for a Gd ion bound to the itis clear that the accuracy should be about 1 order of magnitude
protein glutamine synthetase is explained by the combination better than 20% (1.2 3'9), that is, about 2%.
of a relat_ively Iarge.number of water ligands (four) and Very  The 1R?5dH factor in the relaxivity originates from the
long rotational diffusion time, whereas the low molecular weight  5nisotropic hyperfine interaction (hfi) between the electron and
* Authors to whom correspondence should be addressed. (A.V.A.) ”‘.‘C'ea.r spins. Therefore, the most approprlate techniques to deal
Phone: (520) 621-9968. Fax: (520) 621-8407. E-mail: andrei@u.arizona.edu. With this factor would be those of magnetic resonance because
(AM.R.)Phone: (520)621-9968. Fax: (520)621-8407. E-mail: amold@u.arizona.edu.they allow one to determine the anisotropic hfi directly. The
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Figure 1. The contrast agent GtHPDO3A.

isotropic hfi of the ligand protons (that, in principle, also
contributes to the relaxivity) can also be determined, but it is
expected to be negligibly small because #hbonding interac-
tions between the ligand molecular orbitals and f-orbitals of
Gd*™ are weak. The spin density transferred from Gd to the
direct ligands (in the case of 8 molecule, the oxygen atom)
is expected to be no more than 0.8%8.Therefore, the proton
anisotropic hfi is sufficiently accurately described by the point
dipole model, and the distané®qn can be readily evaluated.
In a few publications where magnetic resonance methods,
electron spir-echo envelope modulation (ESEEM), and electron
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ions were methanol molecules. Keeping this in mind, we will
refer to the ligands simply as water ligands for brevity and
because only about one-fifth of the protons of coordinateg,OH
groups belong to methanol.

Mims ENDOR® measurements were performed on a home-
built pulsed EPR (electron paramagnetic resonance) spectrom-
eter operating in the microwave (mw) frequency range from 8
to 18 GHz (X- and K-bands) and equipped with a helium-
flow cryostat (Oxford CF935) and a pulsed ENDOR accessory.
To provide the smallest possible ratio of cfi to the electron
Zeeman interaction, the measurements were performed in the
mw Ky-band, at the mw frequencies of about 14.4 and 17.1
GHz. The cylindrical dielectric ENDOR resonator was similar
in design to that described earfigiout had smaller overall
dimensions and, consequently, higher resonance frequencies.
The radio frequency (RF) amplifier AR-250L (Amplifier
Research) provided a nominal output power of about 1 kW in
the pulsed mode. The measurement temperature was 4.2 K
(liquid He).

Before the Fourier transform was performed on the experi-
mental 2D Mims ENDOR traces, these traces were normalized

nuclear double resonance (ENDOR) spectroscopies were em+yy stimulated electron spirecho (ESE) decays recorded

ployed, quite different values oRsqq were obtained. An
application of continuous wave (CW) ENDOR to Gd-doped
lanthanum ethyl sulfafé and lanthanum nicotinatt single
crystals resulted in estimatesRéqy in the range from about 3

to 3.2 A, whereas in glassy water/methanol solution the values
of Rggn for various complexes were estimated to be in the range
of 2.5-3.1 A2 In the only ESEEM work on contrast agents
the Gd-H distances were found to be about 2.7 A.

The distances found for glassy samples are, on average
significantly shorter than those in single crystals. This could
imply a fundamental change in water coordination when
structural constrains imposed by crystal lattice were removed.
On the other hand, the experimental ESEEM trécesd
ENDOR spectréd for Gd®* complexes in glassy solutions were
exclusively attributed to the nuclear spin transitions within the
electron spin manifolds witins = +%,, which could result in
inaccurate hfi parameters and 6 distances. Resolving this
issue is necessary not only in relation to the relaxivity but also

for understanding if the structures of the Gd complexes in glassy

and crystalline systems are actually different.

In this work we used pulsed ENDOR to study glassy water/
methanol solutions of Gd and one of the commercial contrast
agents, G8"HPDO3A (Prohance, Bracco Diagnostics, Figure
1). The theoretical results of our previous wérlvere used to
analyze the spectra. The GHl distances we found from our

experiments and analysis are similar to those obtained earlier

in single-crystal studie®2*the distances reported for glassy
samples elsewhe¥e??thus being significantly underestimated.
The analysis performed in this work shows also that some of
the problems related to the high-spin nature of'Gidn can be
alleviated, and the hfi parameters be obtained with a good
accuracy, if a two-dimensional (2D) pulsed ENDOR technique
due to Mim&%27is used. Such an approach can be employed
for investigation of the immediate nuclear environment of any
high-spin ion characterized by weak cfi.

2. Experimental Section

The experiments were performed with frozen 3 mM solutions
of Gd complexes (Gd@land GAHPDO3A) in 1:1 (v/v) kD/
CD3OH (methanol added for glassification). With this methanol
concentration, about one-third of potential ligands to thé'Gd

without the RF. This treatment prevented the ESEEM spectral
lines from appearing in the 2D spectra and was justified in this
case because the stimulated ESEEM was contributed by weakly
coupled*H and?D and consisted of oscillations with the Zeeman
frequencies of these nuclei. The experimental 2D Mims ENDOR
spectra were overwhelmingly dominated by the line due to
distant matrix protons. Therefore, for presentation purposes, in
order to make other spectral features more visible, the 2D spectra

were multiplied by 1— exp[-2(vrr — vi)(6v)?), wherevge

is the radio frequencyy is the Zeeman frequency of protons,
andov = 1 MHz. Such a multiplication suppressed the peak
due to distant matrix protons within the frequency range of about
1 MHz aroundvgg = vy.

3. Theoretical Background

3.1. Effect of Weak cfi on Nuclear Transition Frequencies.
Recently® we performed a theoretical analysis of ESEEM for
high-spin 6 > 1/,) ions characterized by weak cfi. We showed
that, in addition to a well-known lifting of degeneracy of EPR
transitions, weak cfi is also able to significantly distort the
spectra of nuclear transitions compared to those without the cfi.
These distortions are caused by departures of electron spin
quantization axes (different for different electron spin manifolds)
from the direction of the external magnetic fieR}. As an
application of the theory we mainly considered ESEEM of the
Mn2* aquo ion that hass = %, and the axial crystal field
parameteD/gS ~ —200 G @ is the g-factor ang is the Bohr
magneton). Model simulations for Mh aquo ion in an
orientationally disordered matrix have shown that distortions
of X-band ENDOR spectra by the cfi are not very significZnt.

In this work we are concerned with ENDOR of complexes of
Gd** ions that have a higher electron spi8 € /) and a
stronger cfi. We found that the crystal field distortions of the
ENDOR spectra of these complexes are considerably stronger
than those for aquo Mri and have to be properly accounted
for in a practical analysis. Because the theory developed in our
previous work® is fully applicable to ENDOR, we reiterate
here the expressions relevant to the interpretation of ENDOR
spectra.

The paramagnetic complex will be characterized by Ehe
and E parameters that account for the quadrupolar part of the
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cfi. The fine structure spin Hamiltonian in the laboratory
coordinate frameXYZis thug®

Hes = 088,8, + D[S, — 385+ 1)) + ES, ~ &) ()

whereX., Y., andZ; are the principal axes of the cfi. The cfi
parameter® andE are considered to be smalyjB, > D, E.

With weak cfi, the eigenfunctions of Hamiltonian 1 are still
close to the original basis functioms/,0) |£3/,0] |£5%,0) and
|£7/,0) and the electron spin projectioms; = [$;[for these
states, to the first order irfD(E)/gpB,, are equal takl/,, £3/5,
+5/,, and=+7/,, respectively. Because of slight admixture of other
states into each state with give®, however, the electron spin
projections on laboratory axe§andY are generally nonzero
and equal to (neglecting terms quadratic IWE)/gBB,)2°

my ~
Dcy sy ¢, — E(C) $,.C, Cop — $9.,.)
c “c c c “c C c c c C 3 _ S+1
P (3 — S(S+ 1))
m, =
Dcy sy €, — E(C) S S, Cop T 5.C5 o)
c “c [ c “c C [ [ c C 3 _ S+1
P (3mf — S(S+ 1))
)

where ‘S’ and “c” with subscriptsgc, 6¢, andy. (2yc) denote
sines and cosines of the Euler angjesé., andy. relating the
coordinate systemsYZandX.Y.Z.. They are the angles of three
consecutive rotations: (1) arouddby ¢, (2) around the newly
obtainedY. by 6., and (3) around the newly obtain&dby ..
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transition frequency for an electron spin manifold with a given
myz is given by

Vi, = \MEBZ + (v, — mpA,)” (6)
whereB = /A+A/S

One can see that the cfi contributes to the effective hfi values
A« (see egs 5 and 2), and therefore the nuclear transition
frequencies and the shape of ENDOR spectra will depend on
the magnitude of the cfi parameters and on the orientation of
B, and the hfi tensof in the cfi reference frame. The effect of
the cfi can be immediately appreciated if we assunre myAz
(the so-called weak hfi limit) and expand eq 6 retaining only
the terms linear in hfi

Vi, &V~ (o T T2)My — Ty — TyAmy
~v (Bt TNy —

Dc(,csgC
9sB,

where we have also assumed for simplicy = 0 and
substituted explicit expressions fog andmy (eq 2). The first
two terms in this expression give the usual nuclear transition
frequency (accurate to first order in hfi) that would be observed
for D = 0. The third term gives the correction to the nuclear
transition frequency due to the cfi.

It follows from eq 7 that the frequency deviations from the
D = 0 case disappear B, is aligned parallel to any of the
principal axes of the hfi tensor because in such orientations all
nondiagonal tensor elemerilg are equal to zero (the nonzero

(B — S8+ 1), Tz T 5,.Tvd) (7)

The situation with all the angles equal to zero corresponds to componentsixx and Tyy contributing toB in the original eq 6

the orientation ofX//X., Y/IY,, andZ//Z..
The Hamiltonian for matrix and ligand nuclei of sgir= 1/,

will result in second-order frequency shifts that are small in
the weak hfi case). In addition, when each of the laboratory

(e.g., protons) that includes their hf and Zeeman interactions isframe and the crystal field frame axes coincide, the electron

Hye = —v 1, + a,Sl + STI 3)
wherev, = gy8nBo (gn is the nuclear g-factor anf, is the
nuclear magnetonjis, is the isotropic hfi constant, antl is
the anisotropic hfi tensor.

spin projectionsmny andmy become zero, and the effect of the
cfi on the nuclear transition frequencies again disappears.

We can cast eq 7 in terms of the deviatiomgf from the
nuclear Zeeman frequencym, = vm, — v

Avmz

~

We consider here the ligand hfi to be weak compared with m, -

the electronic Zeeman and cf interactiorags,, Ty << gfB,, D,
E. The weak ligand hfi practically does not mix electron spin

functions, and the various terms of Hamiltonian 3 for a given
spin state can be rearranged according to nuclear spin projections

Hue = (—v, + ma)l; + mAL + mAly 4)
where
My my
Ar=a, + Tyt TXZ'T_'Z + TYZ'T_'Z
My my
Av=To+ (@ t+ Txx)”_]Z + TvanZ %)

my my
Ay =Tyt TXYHZ + (@0 Tyy) rr_]z

Dy S, (3m; — S(S+ 1))
98B,

Qo T T2z T (€, Txz 5, Tv2

(8)

The cfi term in this expression is proportional to the factor
(3m — (S + 1))/m; that, with S = 7/,, equals toF30, F6,
+1.2, and+6 for the electron spin manifolds witim; = +%/5,
+3/,, +5,, and+"/,, respectively. One can see that the relative
deviations of nuclear transition frequencies from those deter-
mined by hfi only are the largest for the electron spin manifolds
with my = +,. In fact, even if the condition of weak cfi is
satisfied very well (e.g.D/gsB, ~ 0.03), the cfi term in eq 8
may still be comparable with the hfi terms at some of the relative
orientations ofB, and hfi and cfi tensors. Fan; = +3%/, and
+7/, the relative contribution of the cfi term becomes one-fifth
of that of my = £/, and the minimal contribution is reached
for mz = £+5/,.

It follows from these considerations that if one is primarily

and the electron spin operators are substituted by their averageconcerned with accurate determination of the hfi, then the best

values, [0~ my, [50= my, and [5/0= my. The nuclear

nuclear spin transitions to study are those within the,
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electron spin manifolds. To do so, one must overcome certain 90
experimental difficulties related to the fact that at insufficiently a o
low temperatures all electron spin manifolds will be populated, s
and the respective nuclear transition lines will all contribute to " : & 30
the ENDOR spectra. The lines fromy = £5/, manifolds will e .}

then be difficult to trace because, in a disordered system, their A ,'\,] '
width will be greater, and the intensity smaller, than those of
the lines from the manifolds withny = +3/, andmy; = +,. A
practical solution to this problem is to increase the mw
frequency, vmw, and decrease the temperature in order to
selectively populate the electron spin manifold with =
—7l,. For example, a combination of,, = 90 GHz (W-band 5
or higher; typicaB, values forg = 2 are about 30 kG or greater) J," v |
andT < 2 K will provide the population of the electron spin T
energy level withmy = —7/, at least 1 order of magnitude greater A
than that of the next level, withny = —5/,. Although, to our A .
knowledge, W-band (or D-band;140 GHz) ENDOR was never i

used for investigations of Gd complexes, it could be the right P P P T
choice for such studies, especially since the equipment for high- 3-2-10123 -32-10123
frequency pulsed EPR/ENDOR measurements is becoming V- v, (MHz)

X ) 2
lncreaSIIneg commofi’” . . Figure 2. ENDOR calculations for an orientationally disordered system
Despite the strongest cfi effect on the nuclear transition naying a fixed angl#y. between the main principal axes of axial hfi
frequencies within they; = £/, electron spin manifolds, using  and cfi tensorsS = 7/, | = Y, (proton), =%, <> Y, electron spin
the ENDOR spectra of these transitions may still represent antransition. Common parameters ag, = 0 MHz, Tg = —3 MHz,
attractive alternative to the high-frequency/low-temperature B. = 6100 G. Panels-ad show CW ENDOR spectra, whereas panels
approach described above. In orientationally disordered systems®— hl S(?ol\aN ttvr\‘/e detp;]eng]gnce_s OfB””f'ear trelmsmon dfr;/quezc(l)esi on the
the lines of nuclear transitions at _=_d:1/2 are several times glrrgotehehr p?angliglgﬁez Agg'éér}h"e‘ :nZ?Qz?SaO?r(‘pane%g E,f)"42
narrower tha.n. those at otthlz, providing the largest ENDOR_. (panels c,g), and 90(panels d,h). Labels “A and “A;’ mark the
effect. In addition, the EPR line that Corresponds to the transition features corresponding to, respectively, parallel and perpendicular
betweenm; = ¥, and my = —Y/, is much narrower than the orientations of the hfi axis relative o.
lines of other EPR transitions because it is only broadened by . o
the second-order cfi effects. This allows one to use moderate™ ~ — 210 (réalized when the hfi axis is parallel B). Panels
temperatures~4 K) and moderate mw frequencies/magnetic b—d of Figure 2 show the ENDOR spectra calcglatet_:il)dgﬂ
fields and to benefit in these conditions from the highest relative :.400 G and d|ﬁgrent angleﬁ?c between the main axis o.f_the
intensity of this EPR line. Therefore, this approach is the most hfi tensor a_nd axig. of the cfi tensor. The spectral positions
convenient one in terms aletection and acquisitioof the corres:r)ondlrlg td\“ andAD_ are marked in all of these spectra
ENDOR spectra. To be fully usable, however, it should be &S “Ai"and "Ag’, respectively.

; One can see that the spectra in panetsl lof Figure 2 are
supplemented by the analysis of the spectra that properl . o
azggunts for the Béﬁ effects yS! P prop yvery different from that in Figure 2a. They are more broad,

. . . asymmetric, and show several additional singularities. The origin
In the following section we analyze the effect of weak cfi on

he IH ENDOR — 11, Usi ical calcul of all these features is easily understood from panels ef
the We sh sr?ectrr]a ‘:mz _b 12 u?rrl]g n:merlca calcula- | Figure 2 that show how the frequencigg depend on the angle
tions. We show that the distribution of the cfi parameters results 0n betweerB, and the main hfi axis. Withe = 0 (Z is parallel

in a great simplification of these spectra and their subsequent
interpretation. The results of this background work are then

applied to the analysis of experimental spectra obtained at thedependence of each nuclear transition frequencyeris

Ky mw band. _ represented by a single line. With. = 0, however, for each
3.2. Numerical Simulations of ENDOR Spectra.In the 6 there is a distribution of angle®. between the cfi axiZ,

simulations we used proton hfi parameters close to those andB,, and therefore, the dependence of each nuclear transition

obtained in Single'crystal Studié§?4 namely, the iSOtrOpiC hfi frequency Orﬁh is represented by a Strip of Varying width (See

constantiso in our simulations was assumed to be equal to zero. panels g and h of Figure 2, calculated f = 45° and 90,

The anisotropic hfi tensor was assumed to be axial, with the respectively).

coupling constanfly ~ —3 MHz. The cfi tensor was also In the case oD = 0 the frequencies, are confined within

assumed to be axial. The magnetic filg= 6100 G was close  the limits corresponding to the anglés= 0° and 90. With D

to the one actually used in some of our experiments described== 0, however, the frequencies corresponding to intermediate

b
A,
L
:
T

ENDOR Intensity
6, (degrees)

to the hfi axis, see Figure 2f) each orientation of the hfi axis
corresponds to a unique orientation &f and therefore the

below. The proton Zeeman frequency is denoted and it ¢, values may become greater or smaller than the limiting
corresponds to a general nuclear Zeeman frequenaysed in - frequency values ab = 0, which leads to the asymmetric
theoretical expressions. spectral broadening. Nuclear transition frequencie@,at 0°

Figure 2a shows the ENDOR spectrum in an orientationally and 90 remain virtually unaffected, as mentioned above. The
disordered system calculated f@r= 0. This spectrum is similar ~ numerous singularities seen in the ENDOR spectra of panels
to what one expects to observe for &n= Y/, system in the b—d of Figure 2, as those in Figure 2a, correspond to all possible
case of a purely dipolar coupling between the electron and situations when ,/d6, = 0. Clearly, if such spectra were
nuclear spins. The peaks in this spectrum are separated by thebserved in experiment, it would be impossible to determine,
hfi constantA; = Ty (realized when the hfi axis is perpendicular without extensive numerical simulations, which set of singu-
to Bo), whereas the shoulders are separated by the hfi constantarities belongs tad; and An.
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Figure 3. Calculated CW ENDOR spectra for an orientationally ~Figure 4. Calculated CW ENDOR spectra for an orientationally
disordered system witB = 7/, | = Y, (proton), —%, <> Y, electron disordered system wit = "/, | = Y/, (proton), —*/, <> %/, electron
spin transition. Common parameters agg= 0 MHz, To = —3 MHz, spin transition. Common parameters agg= 0 MHz, Tp = —3 MHz,
B, = 6100 G. In trace D/gB = 0. In traces 2, 3, and 4 the andlg. B, = 6100 G. In trace ID/g8 = 0. In traces 2, 3, and ®/gp is

is 0°, 45°, and 90, respectively, and/gB is Gaussian-distributed Gaussian-distributed around the central values of 200 G, 400, and 600
around the central value of 400 G, with the distribution width (between G, respectively. The respecti@/gp distribution widths (between the
the maximal slope points) of 200 G. Labels,"And “A7” mark the maximal slope points) are 100, 200, and 300 G. The afgles
features corresponding to, respectively, parallel and perpendicular distributed within the limits from Dto 9C°. The statistical weight of
orientations of the hfi axis relative 8. an orientation with a givefiy. is taken as sirh., which corresponds

to the model of a complex with many ligand protons at various

Fortunately, however, the cfi parameters in glassy samples ofiéntations. Labels *& and "Ac" mark the features corresponding
! ' to, respectively, parallel and perpendicular orientations of the hfi axis

are always statistically distributed in broad limits3* which relative toBs,
leads to a great simplification of the spectroscopic situation.
As an example, Figure 3 shows the spectra calculated for _3 3 Mz anda,, = 0.3 MHz can be estimated, although the
d[str|buted D-values and fllxe.d gngl_eéhc. _Cqmparlson with true values used in the simulation afe = —3 MHz andais,
Figure 2 shows that the cfi distribution eliminates most of the — g pHz.
a_dditional singularities, and the spectral shapes becomg CON " Another effect of cfi is not related to the distortions of
S|dera_bly closer to th_e usual powder pattern calculated without g\ poR spectra within each electron spin manifold but rather
the cfi (trace 1 in Figure 3). Thég peaks in these spectra y, the fact that in an ENDOR experiment several different EPR
become_the dominant features, _but the spectra remain signifi-tansitions may be involved. For example, the center of the EPR
cantly distorted and asymmetric, and their shoulders Show gpectrym of Get has contributions from all possible transitions:
noticeable shifts from the true;Avositions. 1y o> Yy A1y < +3), £, < +5, and+5, < £7/,. In

In addition to the distribution of the cfi parameters, the relative sych a situation the conventional 1D ENDOR spectrum will be
orientations of hfi and cfi tensors can also be distributed. If the 5 superposition of spectra of nuclear transitions within each of
cfi tensor orientation is fixed in the molecular frame but the the contributing electron spin manifolds. If there is a distribution
Gd complex has many ligand protons with similar hfi parameters of the angle®y., the spectra that belong to the manifolds with
(like the G&* aquo complex), then the hfi tensors of these m, = +N/, will be approximately (neglecting the distortions
protons will have various orientations relative to the cfi tensor. due to the cfi) similar to the spectra for the manifolds with
From the ENDOR standpoint, the situation is then practically = +1/, but extended along the frequency axis so that all the
identical (apart from the intensity of the ENDOR lines) to that ENDOR splittings aréN times greater than those for the =
of having a single proton and a statistically distributed angle +1/, manifolds. Such contributions were described in detail for
One. the Mr#+ aquo complex with a weak cip. Therefore, we will

Figure 4 shows the spectra calculated for various distributions not discuss them here but will only mention that their presence
of D-values and for the anglé,. being distributed within the may (and does, as we will see below) lead to serious difficulties
limits from 0° to 9C°. The distribution overf. results in in extracting hfi parameters from 1D ENDOR spectra.
symmetric spectra resembling the spectrum calculated for The problem may be simplified by using a combination of a
0 (trace 1 in Figure 4). Importantly, the distributionsDnand high mw frequency (W-band or higher) and low temperature
Ohe eliminate all the spectral singularities other than those (<2 K) in order to selectively populate the lowest energy
pertaining toA; andAg. In all the spectra A peaks remain the  electron spin manifold (the one withy = —S), which will result
prominent features. TheAshoulders, however, become pro- in ENDOR spectra contributed by two manifolds only (those
gressively broader with increasimyand its distribution width. with my = —Sandmz = —S + 1).32 Even with selective
In such a situation, neglecting the effect of cfi will result in an population, however, the overlapping spectra may be difficult
overestimation of\; and, as a result, in some overestimation of to interpretin some cases, and their separation may be required.
both Ty and aiso. For example, the splitting between the half- 3.3. 2D Mims ENDOR. One of the technigues capable of
height points of the shoulders in trace 3 (cené = 400 disentangling the ENDOR spectra that belong to different
G) is about 6.9 MHz. If this splitting is taken &g, thenTy = electron spin manifolds is Mims ENDOR?7 although, to our
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knowledge, it has never been used for such a purpose. Mims

ENDOR is based on a stimulated electron sggcho (ESE)
sequence that consists of three® 90w pulses, with the first
two pulses being separated by time intervand the second
two pulses being separated by time interVallhe RF pulse is
applied during the interval, and the stimulated ESE amplitude
is recorded as a function of the RF carrier frequengy, and
time interval . The Mims ENDOR response (which is the

difference between the stimulated ESE amplitudes with and

without the RF pulse) is an oscillating function o#

AV(vge T) O[1 — cos 2t(v, — vp)T][0(Vge — V) +
O(vge — v2)] (9)

wherev; and v, are the nuclear transition frequencies within

the electron spin manifolds involved in an EPR transition used

for detecting ENDOR. The Fourier transformation (FT) of the
7-dependence results in a 2D Mims ENDOR spectrum

AV(vge, v,) U0, — Av)[0(vge — v1) + O(vre — )]
(10)

wherev; is the frequency corresponding to the time interwal
andAvi, = |v1 — vo|. In this 2D spectrum the nuclear transitions
will appear as peaks located at the frequencigsAv12) and
(Vz, AV12).

For the case of weak hfi and axial cfi we can use eq 7 to
find an approximate expression faw;,

3D¢y, Sy,
—(2m, + 1)(C%TXZ + s%TYZ)

Avp, = |8, + Tz + 6B,
(11)
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Figure 5. Calculated 2D Mims ENDOR spectra in an orientationally
disordered system wit&= 7/,, | = ¥/, (proton),—¥, <> Y/, (left column)

and Y, < 3/, (right column) electron spin transitions. Common
parameters aras, = 0 MHz, Ty = —3 MHz, B, = 6100 G. In panels

a and eD/gB = 0. In panels b and D/gs = 400 G anddn. = 90°. In
panels ¢, g, d, and B/gp is Gaussian-distributed around the central
value of 400 G, with the width between the maximal slope points of
200 G andb is distributed within the limits from 0to 9C°. The
statistical weight of an orientation with a givéi is taken as si,
which corresponds to the model of a complex with many ligand protons
at various orientations. Spectra ¢ and g correspond to zero dead time.
Spectra d and h correspond to a dead time of 200 ns.

where we assumed that the EPR transition occurs between the2- Panels &d in this figure correspond to the EPR transition

manifolds withmz andmz + 1. ForS= 1/, (no cfi) Avi> ~ aiso
+ T2z and does not depend on whereas’; andv, have av
dependence (see eq 7). This property of 2D Mims ENDOR

—1/, < 1/,, whereas panels—¢h correspond to thé/, < 3/,
EPR transition. In panels a and e thevalue is equal to zero,
whereas in panels b andd/g8 = 400 G andfy. = 90°. In

spectra can be used to disentangle the contributions of nucleipanels ¢, d, g, and f thB-value andb. are distributed.

with different Zeeman interactions, even if they give overlapping
1D ENDOR spectra (e.gtH and'®F or*H and strongly coupled

Figure 5 demonstrates that, despite all the broadening and
distortions of 2D Mims ENDOR spectra by the cfi, there are

14N), as was demonstrated elsewhere by employing a hyperfine-convergence points at the spectral positions corresponding to

correlated ENDOR (HYENDY that produces 2D spectra similar
to those of 2D Mims ENDOR.

For S > 1/, neglecting the cfi contributions thv;, andv; 5,
we may deduce that the lines in thE 2D Mims ENDOR
spectrum will be located at the frequencigs ~ vy — (@iso +
Tzzmz and v, = aso + Tzz One can see that in this
approximation the value of; does not depend an;. Therefore,
the correlation lines in the 2D spectrum that pertain to a given
hfi constantA = a5, + T2z but differentmz values will all be
located at the same frequeney~ A, although the frequencies
vre for them will be different. Conversely, if two protons have
different hfi values,A; and A,, and the ENDOR frequencies
vgre for these nuclei coincide for some of the values (i.e.yy
— Aimz = vy — Aomyzp), then these two transitions can still be

canonical orientations of the hfi tensor. In the case of a
distributed cfi and6y. they represent the only remaining
singularities observed in 2D spectra. The cfi contribution to the
frequencies at these points equals zero (see egs 7 and 11), and
the peak positions are determined by the Zeeman and hf
interactions. If an experiment is performed without refocusing
of the ESE signdl there will be an appreciable dead time in
t-dependences, usually on the order of @00 ns. The broad
spectral components corresponding to a fast-damping oscillation
may decay within the dead time. As a result, after the FT of
ther-dependences, the convergence points that correspond to a
slow-damping oscillation will be accentuated. This is illustrated
by panels d and h of Figure 5 that correspond to panels ¢ and
g of Figure 5, respectively, but are obtained by FT of

disentangled in the 2D Mims ENDOR spectrum because they 7-dependences with a dead time of 200 ns.

will have different frequencies,.

Including the cfi term will result in deviations of bothkre
(for anyny,) andv, (for my = —1/,, that is, for all EPR transitions
except the one betweern, = 1/, and—1/,; see eq 11) from the

The 2D spectra in panels c, d, g, and h of Figure 5 were
simulated with an averaging over both tBevalue anddp.. It
is not necessary, however, to have both of the distributions in
order to obtain the 2D spectra with the intensity enhancements

approximate values discussed above. The scale of these deviaat the canonical orientations of the hfi tensor. The simulations
tions, as well as overall 2D spectral line shapes, can be assessedith separate averagings ou@y. or overD are shown in Figure

using numerical simulations. The results of such simulations
are presented in Figure 5 that shows 2D plotg( vy vs. v;)

6. Similar results were obtained for a general rhombic cfi tensor
(not shown). Thus, panels d and h of Figure 5, as well as panels

calculated for the same hfi parameters as those used in Figuree—h of Figure 6, represent the kind of spectra one can expect
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Figure 6. Calculated 2D Mims ENDOR spectra in an orientationally
disordered system witB = 7/,, | = ¥, (proton), —%, < %/, electron

spin transition. Common parameters agg= 0 MHz, To = —3 MHz,

B, = 6100 G. In panels a and®/g8 = 400 G andbx is distributed
within the limits from O to 9C° (the statistical weight of an orientation
with a givenéh is taken as sifh, which corresponds to the model of
a complex with many ligand protons at various orientations). In all
other paneld/gp is Gaussian-distributed around the central value of
400 G, with the width between the maximal slope points of 200 G. In
panels b and 9. = 0°. In panels ¢ and @n. = 45°. In panels d and

h 6nc = 90°. Spectra ad correspond to zero dead time. Spectredhe
correspond to a dead time of 200 ns.

to obtain in a real 2D Mims ENDOR experiment for a system g
that does not show an excessively broad static distribution of °
the hfi parameters. The singularities in these spectra can be use

to estimate the hfi parameters in glassy samples of*Gd
complexes even without knowing the details of the distribution
of the cfi parameters.

The G&* aquo complex corresponds to the situation with
distributed cfi parameters and relative orientations of the cfi
and hfi tensors. For the MRI contrast agentt@GdPDO3A the
effective anglénc is also likely to be distributed in broad limits
(in addition to the cfi distribution) because of the electronic
asymmetry and structural flexibility of the HPDO3A ligahd,
the possibility of asymmetric realizations of its hydrogen
bonding, the rotational (around the 6@ bond) degree of
freedom of the HO ligand, and the presence of an additional
hydroxyl proton that belongs to the hydroxypropyl arm of the
HPDO3A ligand. This proton is located at about the same
distance from the Gd ion as the water ligand protons, but its
position in the complex depends on the conformation of the
hydroxypropy! arm.

4. Experimental Results and Discussion

4.1. ESE Field Sweeps and 1D Mims ENDOR Spectra.
Figure 7 shows the primary electron spiecho (ESE) field
sweeps for the Gd aquo complex (trace 1) and &tHPDO3A
(trace 2). The shape of these spectra is typical fof*Gd
complexes characterized by weak €Mims ENDOR experi-
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Figure 7. Two-pulse ESE field sweep spectra of Gaquo complex
(trace 1) and GEHPDO3A (trace 2) in frozen glassy water/methanol
solutions. Experimental conditions: mw frequengyy, 14.411 GHz;
mw pulse durations, 10 ns; time intervalbetween the mw pulses,
130 ns; temperature, 4.2 K. Labels “A” and “B” mark the spectral
positions where ENDOR spectra were recorded. Position A corresponds
to a maximal contribution of the-Y/, < %/, EPR transition. At position

B the transitionst/, < +3/, contribute the most. Th&, values
corresponding to positions A are 5177 G in both spectra. Position B in
spectrum 1 corresponds &, = 4980 G, whereas in spectrum 2 it
corresponds td@, = 4920 G.

in Figure 7) and maximal contribution atl/, < 4%/, EPR
transitions (labeled B in Figure 7). The 1D ENDOR spectra
obtained at these positions are shown in Figure 8. We will
consider first the spectra of the &daquo ion (top traces)
because they are more simple.

The 1D ENDOR spectrum of the &daquo ion obtained at
value corresponding to position A (solid trace in the top

roup of traces in Figure 8), apart from minor details, looks

ery similar to a usual ENDOR spectrum of a paramagnetic
center withS = /,. The central broad peak in this spectrum
arises from distant matrix protons. Two sharp lines marked
“A 10" belong to protons of the water molecules coordinated to
Gd ions. The splitting between these linesAis; = —2.62 +
0.02 MHz, and it corresponds to the°%ngle betwee, and
the direction of the main hfi axis (here and below the sign of
Ain is chosen to be negative because, based on single-crystal
ENDOR results®?* and on our discussion aboveé,s is
dominated by the negative anisotropic hfi constdnt,that is
determined by a through-space dipolar interaction between the
protons and the unpaired electrons of3§d The shoulders
marked “Ay” with a splitting between them ofy = 5.5+ 0.1
MHz also belong to ligand water protons but correspond to the
orientation of the hfi tensor axis being about paralléBtoThe
Aigand Ay features correspond to the proton transitions within
the electron spin manifolds wittn, = £%5.

The only features that make this spectrum different from those
of a usualS = 1/, system are the peaks marked “B3A The
splitting between these peaks is about 7.8 MHz, or about 3 times
greater thanAsn. The peaks 34; obviously belong to the
transitions of ligand water protons within the electron spin
manifolds withmy = 4-3/,. To prove this assertion, the ENDOR
spectrum was also measured at Byevalue corresponding to
position B of the EPR spectrum 1 in Figure 7. In this spectrum

ments were performed at magnetic fields corresponding to the (dashed trace in the upper group of traces in Figure 8), as

maximal contribution of-/, <> 1/, EPR transition (labeled A

expected, the amplitude of thegAand Ay features decreased
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Figure 8. 1D Mims ENDOR spectra of the Gt aquo complex (top
traces) and GdHPDO3A (bottom traces) in frozen glassy water/
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The problem is related to the fact that the HPDO3A ligand
contains numerous GHyroups. In addition, there are multiple
oxygen and nitrogen atoms capable of hydrogen bonding with
protons of solvent water moleculeThese second-sphere
hydrogens are located further away from the central ion than
those covalently attached to immediate ligand atoms but not
sufficiently far away as to be indistinguishable from distant
matrix hydrogens. Indeed, the spectrum ofGtPDO3A shows
additional lines marked “A;" and “Asp” that correspond to the
perpendicular orientation of the hfi tensors of the second-sphere
protons with respect t8,. The hfi constant®\,7 and Az are
approximately equal te-1.5 and—0.93 MHz, respectively. As
was previously mentioned, and shown for the Gd aguo complex,
the isotropic hfi constant for the direct ligand protons is close
to zero, and this should be true for the second-sphere protons.
Therefore, the observed splittinggn and Ag; are taken as a
direct measure of the anisotropic hfi constaftsandTsn, and
distances of about 3.75 A and 4.4 A, respectively, can be
estimated. The distance of 3.75 A is close to that expected for
the solvent protons hydrogen-bonded to the oxygen and nitrogen
atoms coordinated to the &dion. On the other hand, the

methanol solutions. Solid and dashed traces are recorded at, respectivelygistance of 4.4 A approximately corresponds to that between

positions A and B of the EPR spectra shown in Figure 7 and normalized
by the ESE signal amplitudes observed without an RF pulse. Experi-
mental conditions: mw frequencymw, 14.411 GHz; mw pulse
durations, 10 ns; time intervalbetween the first and second mw pulses,
130 ns; time intervall between the second and third mw pulses, 30
us; RF pulse duration, 24s; temperature, 4.2 K. Labels i and

“A 10" mark the features of the lines of ligand proton transitions within
my = <+, electron spin manifolds corresponding to, respectively,
parallel and perpendicular orientations of the proton hfi axes relative
to B,. Labels “3Ap" mark the features of the lines of ligand proton
transitions withinm; = 4%, electron spin manifolds corresponding to
the perpendicular orientation of the proton hfi axes relatiiB.td_abels
“A’, “3A2n" and “Agzr” have the same meanings, but refer to the
lines of second-sphere protons.

and that of the 34y features increased. The small relative
intensity of the 3An peaks is explained by the fact that the
width of the ENDOR lines is proportional (and therefore the
intensity is inversely proportional) to; and, in addition, that
the EPR lines corresponding to the/, <= 43, and £3, <
+5/, transitions are broader, respectively, than the lines of the
—1/, < 1/, and+Y, < 48/, transitions, as was discussed in the
Theoretical Background.

Neglecting the effect of the cfi on the shape of the ENDOR
spectrum, we can use the splittindg; = aiso + To &~ —2.62
4 0.02 MHz andAy, = aiso — 2To ~ 5.5+ 0.1 MHz to estimate
the isotropic hfi constanfis, ~ 0.08 & 0.02 MHz and the
anisotropic hfi constani; ~ —2.70+ 0.04 MHz. The presence
of cfi, as discussed in the theoretical section, mostly results in
an increase of the observable splitting between thdeatures.
Taking this effect into account may result in slightly smaller
aiso and | Ty| values.

Gd** and the methylene protons of the complex.

It is easy to see that the hf splittin8A.-| (corresponding to
proton transitions within the electron spin manifolds with
= 43/,) is equal to about 4.5 MHz, as the splitting between the
weak features in the ENDOR spectrum that we intended to
assign toAy. In the ENDOR spectrum recorded at the EPR
position B (dashed bottom trace in Figure 8) the amplitude of
these features has increased compared to that in the spectrum
recorded at the EPR position A. This shows that, indeed, these
features are dominated by proton transitions within the electron
spin manifolds withmz = +%/,, and therefore they are marked
“3A,1" in Figure 8.

From the above considerations we conclude that we cannot
observe A, features in the ENDOR spectrum of &8iPDO3A.
As a result, we cannot independently estimaigand Ty from
this spectrum. Although it is reasonable to assume dhats
close to zero, our single example with the Gd aquo ion does
not give us any information regarding the possible rangamsef
variation. Because we would like to determine the hfi parameters
with the highest possible accuracy rather than assume what their
values could be, we need to disentangle the contributions to
the ENDOR spectrum of nuclear transitions belonging to
differentm; and to observe thay, features directly. As shown
in the theoretical section, this can be accomplished using the
2D Mims ENDOR.

4.2. 2D Mims ENDOR Spectra.Figure 9 shows the 2D
Mims ENDOR spectrum of Gd aquo ion. The peaks observed
in this spectrum are labeled the same way as the corresponding
features in the 1D spectrum in Figure 8. The inner parts of the

The solid and dashed traces shown at the bottom of Figure gtopmost contour lines are shaded to show the location of

are the Mims ENDOR spectra of &HPDO3A. Unlike the

maximum of each feature. One can see that the features A

G aquo complex, this complex has only one accessible site @1d Ay corresponding to nuclear spin transitions within the

for water coordination. In addition, as mentioned above, the
HPDO3A ligand contains an OH group directly coordinated to
Gd (see Figure 1), and the proton of this group is likely to have
hfi parameters similar to those of the water ligand. The lines

= 41/, electron spin manifolds are located along the dashed
lines labeled “1/2”. For these features the oscillation frequencies
v, are equal toAin and Ay, respectively. The features 3A
corresponding tan; = 43/, are located along the dashed lines

corresponding to these immediate ligand protons are markedlabeled “3/2". The frequencies, for 3A;n peaks are equal to

“A 17", as those for the Gd aquo complex, and the splitting
between these lines is also abou2.65 MHz. It would be
tempting to assign the features with a splitting of about45
MHz to Ay (and mark them “Ay”), but a close examination of
the spectra of G&EHPDO3A prevents us from doing so.

Aqn, as those for A peaks.

Finally, two weak features located between theglkes also
belong to the nuclear transitions within. The v, frequency
for them, however, equals t&\2,. This indicates that these lines
correspond to a simultaneous RF-induced flip of an even number
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Figure 9. 2D Mims ENDOR spectrum of Gd aquo ion in frozen
glassy water/methanol solution. Experimental conditions: mw frequency Figure 10. 2D Mims ENDOR spectrum of GdHPDO3A MRI

vmw = 17.140 GHz; magnetic fiel&, = 6147 G (this combination of contrast agent in frozen glassy water/methanol solution. Experimental
vmw @aNd B, is the same as that defined by point A in the field sweep conditions are the same as in Figure 9. Labels showing the transition
spectrum of Figure 7); mw pulse durations, 10 ns; starting time interval assignments (e.g., “f, “A 10", “3A 15") have the same meaning as in

7 between the first and second mw pulses, 130 ns (this is the deadFigure 8. Note also that proton transitions within the electron spin
time of this experiment); time intervdl between the second and third  manifolds with|m;| = %, (marked, e.g., “5A7") are clearly seen, and
mw pulses, 3@s; RF pulse duration, 18s; temperature, 4.2 K. Labels  there is an indication of the transition that belonggtg = 7/> (marked
“Aq’, “A 10" and “3A:5” have the same meaning as in Figure 8. Dashed “7A37"). Dashed diagonal lines marked “1/2” through “7/2” are the
diagonal lines marked “1/2" and “3/2" are the lines along which the lines along which the spectral features belonging to the electron spin
spectral features belonging to the electron spin manifolds pvith= manifolds with|mz| from Y/, to 7/, are situated.

1, and|my| = 3/, are situated.

width of the ENDOR spectral lines. Numerical simulations show
that in order to reproduce the experimental width af peaks

in the 1D spectra of Gd aquo ion, eitheg;s, or T has to be
Gaussian-distributed with the width between the maximal slope
points of about 0.4 MHz. In principle, the distribution ®f;
should lead to a twice greater broadening of; #han the
distribution ofas,. However, because the shape af shoulders

in 1D spectra is also determined by the distributed cfi (average
D/gp ~ 300 G, as estimated from the field sweep spectrum in
Figure 7), both hfi distributions result in very similar simulated
1D spectra. Simulation of 2D Mims ENDOR spectra also did
not allow us to distinguish between these two distributions,
estimate. primarily because of rather low resolution determined by the

Figure 10 shows the 2D Mims ENDOR spectrum of the short transverse relaxation tinfe of about 900 ns.
contrast agent GAHPDO3A. In this case the number of close ~ On the other hand, correlated distributionsapf and Tr,
ligand protons was considerably smaller and, correspondingly, Where the changes of these parameters added up atdpartly
the intensity of their ENDOR lines was weaker. Therefore, to (aS to provide the residual broadening of 0.4 MHz) offset each
reach a sufficient signal-to-noise ratio in reasonable time, we Other at Ap, clearly produced too broad:fshoulders if the
accumulated only one-half of the spectrum (the onevfgr= distribution width forT exceeded 0.5 MHz. This value can be
vr). The assignments of various line maxima are shown in the Used, therefore, as a maximal possible distribution widtfiof
figure. One can see that in this case not only the nuclear that would not contradict our experimental results.
transitions within |mz] = 3, electron spin manifolds are Apart from estimating the distribution width for hfi param-
observed, but also the transition of second-sphere protons withineters, the simulations have allowed us to obtain corrected values
|mz| = 5/, and|mg| = 7/, manifolds falls into the shown spectral  of the central (or average) hfi parameteggs, = 0.03 £+ 0.02
range. The lines & and Ay are now well separated from all MHz andTp = —2.67+ 0.04 MHz. As an example, Figure 11
other lines, and their maxima correspondAp; ~ —2.66 + shows 1D spectra of Gt aquo ion simulated with distributed
0.03 MHz andAy ~ 5.30+ 0.25 MHz (the error limits here  hfi parameters (trace 1 reproduces the experimental spectrum
are considerably wider than in the case oPGaquo ion because  of Gd®* aquo ion shown in Figure 8, trace 2 is simulated with
of smaller signal intensity). The hfi parameters found from these distributedais,, trace 3 is simulated with distributet;, and
line positions areaso = —0.01+ 0.06 MHz, Tp = —2.65 £ trace 4 is simulated with a correlated distributioregf and Ty

of nuclear sping’:28 It is rather unusual to observe such
multinuclear effects in ENDOR spectra because they require
the paramagnetic center to have a large number of protons with
similar hfi parameters. This condition is obviously satisfied for
the Gd* aquo ion.

The Aip and Ay splittings in the 2D spectrum are2.64 +
0.02 MHz and 5.15t 0.1 MHz, respectively, which results in
hfi parametersiso ~ —0.04 + 0.02 MHz andTg ~ —2.60 £
0.04 MHz. One can see that although thg, splitting in the
2D spectrum is practically the same as that in the 1D spectrum
of Figure 8, the A, splitting has decreased by 0.35 MHz (5.15
MHz vs 5.5 MHz), which leads to a slightly different hfi

0.09 MHz. as explained above and in the figure caption). One can see that
4.3. Refined hfi Parameters and Their Static Distributions. traces 2 and 3 that correspond to distribution width$96f O
So far we have only used the positions of the;A&and Ay and 0.4 MHz, respectively, are practically indistinguishable. On

features in 1D and 2D ENDOR spectra to estimate the valuesthe other hand, in trace 4 that corresponds tolthdistribution
of isotropic and anisotropic hfi constants. Additional information width of 0.8 MHz the A shoulders become significantly more
about these parameters can be obtained from an analysis of théroad than those observed in experiment. The-Bdlistance
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laiso] ~ 0.05+ 0.03 MHz, which is very close to the average
hfi constants obtained in our experiments. The hfi congeat

~ 0.025 MHz can also be estimated for water ligand protons
from the'’O hfi constant of~ —0.6 MHz obtained by’O NMR

of G complexes with different coligands® In addition,
Bryden et al? separated the contact and pseudocontact con-
tributions to the chemical shift of deuterons of thglDligand

in [Ln(DOTA)(D,0)]- and the lanthanide aquo ions and
estimatedais, ~ 0.075 MHz for the protons of water ligands
bound to GADOTA (an analogue of HPDO3A) aag ~ 0.005
MHz for the waters bound to the aquo ion.

If we assign the whole characteristic width of hfi variation
found in this work (0.4 MHz) tas, only, then values odis, at
least as large as 0.25 MHz will be possible, which would
translate to the oxygen spin densities of about 1%. In view of
the experimental data for fluorine complexes and NMR data
4 3 2 10 1 2 ; such large spin densities on oxygen seem to be unrealistic. We

v -v. (MHz) must conclude therefore that the hfi distribution width of about
RE'H 0.4 MHz should be largely associated with the dispersion of
Figure 11. 1D Mims ENDOR spectra of Gd aquo complex. Trace To. This results in a characteristic range Rfqy values from
1 is experimental (reproduced from Figure 8, top solid trace). Traces ghout 3 to 3.2 A. With the GdO distance of about 2.5 A, this
2—4 are simulated (for the-%, < Y/, electron spin transition) with range ofRsan could be explained, for example, by a variation

distributed hfi and cfi parameters. In all simulated traces the central .
hfi and cfi values wer@o = 0.03 MHz, Ty = —2.67 MHz, D/g = of the angle between the,B ligand plane and GeO bond

300 G and the cfi parametd®/g was Gaussian-distributed around ~ direction from 0 (Gd and all atoms of O are in the same
the central value with the width between the maximum slope points of plane) to 58 (Gd and the hydrogens are located around the
150 G. Anglethc between the hfi and cfi axes was distributed within  oxygen atom in the directions determined by it$ &ybrid

lt(he th?ntsdfrlon: O’tOC;O" In ”If‘cet ]ga‘-sodwa}?ldTlstnbutzc_i ;"’.g"?ﬂdwﬁﬁ orbitals). The range of variation ORggn due to possible
eptiixed. M race &tso Was Kept fixed Wirlelp Was distributed. 1ne structural variations is thus considerably greater than the error

ENDOR Intensity

Gaussian distribution width for the distributed hfi parameter in traces

2 and 3 was 0.4 MHz. In trace 4 both, and T were distributed with limits associated with the accuracy of determination of the
the distribution widths of 0.4 and 0.8 MHz, respectively. The distribu- central Ty value.
tions were correlated so that an increase or decreagg chrresponded, Finally, we should note that although our assignment of the

respectively, to a decrease or increas@©fas Ty < 0, an increase in
To corresponds to a decreasdTa|). Labels “Ay” and “A15” have the
same meaning as in Figure 8.

whole hfi distribution width to the anisotropic hfi constant seems

very sensible, and the distribution width may be explained by

moderate structural variations of the €@H, fragment, one

that corresponds to the central valueTof ~ —2.67 & 0.04 has to determine independently the spin densities on oxygens

MHz is Rog &~ 3.09+ 0.02 A, of water ligands in order to put this assignment on more solid
As follows from 1D ENDOR spectra, the hfi distribution  ground.

width for GAHPDO3A is similar to that for Gd aquo ion0.4 4.5. Comparison with Earlier ENDOR Results.Comparing

MHz. The simulations of a 2D Mims ENDOR spectrum with o pfj gata for the Gi aquo ion and GHHPDO3A we can
such an hfi distribution width result in the central hfi parameters (.. ¢ they are identical within the accuracy limits of our
aiso = 0.04 £ 0.06 MHz andTp = —2.75+ 0.09 MHz. The measurements. The isotropic hfi constant in both cases is very
Gd-H distance that corresponds T ~ —2.75+ 0.09 MHz close to zero and is much smaller than the maximal values of

is Rogn &~ 3.06+ 0.04 A. . X ) .
4.4. Origin of Static hfi Distribution. We have estimated 1 o 0+ M1z c;bta'”ef' Ipret"'gusr']y na S'“gt'ﬁ crystal Is‘t%'y'
above the characteristic width of static hfi distribution of about | 2or1er sihgie-crystal st ¥, however, theag, values
obtained ranged from about0.015 to about 0.04 MHz, very

0.4 MHz but were unable to tell, based solely on our . " R
. . S . similar to those found in this work.
experimental data, which distribution of the hfi parameters ) R ]
(aiso OF Tr) mainly contributes to this width. We can, however, The anisotropic hfi constants in both cases correspond to the

obtain some clues on this issue from appropriate published data distanceRsan ~ 3.1 A that is in a good agreement with the
First, analysis of the hfi data fdfF nuclei in complexes of distances estimated from single-crystal studies. On the other

fluorine with rare earth ions (T, Yb3+, EL2+)2239shows that hand, as we already mentioned in the Introduction, the values

the spin density delocalized on a fluorine ligand is about®.2  Of Rean found from a CW ENDOR study of Gd complexes in

0.1%. This gives us an approximate value of a spin density that Water/methanol glasses were in the range-2.8 A2 A close

we may reasonably expect to be delocalized on an oxygen ligandlook at that work shows that the problem was related to

in the G@* complexes. In a pertinent investigation of Zu insufficient development of the ENDOR theory at that time. In

complexes, isotropic hfi constants for protons of water molecules particular, the components 3Awere interpreted by the authors

coordinated to C# were found to belas) < 1.4 MHz?0 as turning points of the proton transition lines belongingio
whereas the average spin density transferred to oxygen was= +%, electron spin manifolds. A correct assignment of
found to be about 5.5%. Since for both ions, Gd and Cd, ENDOR spectral features recorded in ref 21 (thathig; ~
the spin density is delocalized to the ligand throughlaond, —2.64 MHz andAy ~ 5.79 MHz) would lead for the Gd

we can expect proton hfi constardg, to scale with the spin  aquo ion toais, ~ 0.17 MHz andTg ~ —2.81 MHz Rggn ~
densities on oxygen with similar proportionality factors. Com- 3.05 A). One can see that the correct spectral assignment results
bining the above data we can therefore estimate possiblein the hfi andRsqH values for a glassy sample similar to those
isotropic hfi constants for protons in Gavater complexes as  obtained for single crystals (although the hfi values for a glassy
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sample are slightly overestimated because the experifients curately accounted for in the assessment of various factors

were performed in the X-band). influencing the relaxivity.
Although in this work we were primarily interested in &d
5. Conclusion complexes, the theoretical results obtained here can be directly

or with minor modifications applied to the analysis of ENDOR
In this work the proton ENDOR spectra of &dcomplexes spectra of any other high-spin ion with weak cfi.

in glassy solutions were studied theoretically and experimentally.
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