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The trinuclear [Ge(H-ztaci)(H>0)e]3" complex has been characterized in aqueous solution as a model compound
from the point of view of MRI: the parameters that affect proton relaxivity have been determined in a combined
variable temperature, pressure, and multiple-fié@ NMR, EPR, and NMRD study. The solution structure of

the complex was found to be the same as in solid state: the total coordination number of the lanthanide(lll) ion
is 8 with two inner-sphere water molecules. EPR measurements proved a strong intramoleculardijfjotde
interaction between Gd(lll) electron spins. This mechanism dominates electron spin relaxation at high magnetic
fields B > 5 T). Its proportion to the overall relaxation decreases with decreasing magnetic field and becomes
a minor term at fields used in MRI. Consequently, it cannot increase the electronic relaxation rates to such an
extent that they limit proton relaxivity. [G¢(H-stacip(H,0)s]®" undergoes a relatively slow water exchange
(kex?®®= (1.14£ 0.2) x 10" s71) compared to the Gd(lll) aqua ion, while the mechanism is much more associatively
activated as shown by the activation volumeV( = (—12.7 4+ 1.5) cn? mol~1). The lower exchange rate, as
compared to [Gd(kD)g]®*" and [GA(PDTA)(HO);]~, can be explained with the higher rigidity of the
[Gd3(H-staciy(H20)e] >+ which considerably slows down the transition from the eight-coordinate reactant to the
nine-coordinate transition state. The unexpectedly low rotational correlation time of the complex is interpreted
in terms of a spherical structure with a large hydrophobic surface avoiding the formation of a substantial hydration
sphere around [G@H_staci)(H20)e]3*.

Introduction different tautomeric forms providing either alkoxo or hydroxyl

The ligand 1,3,5-triamino-1,3,5-trideoxys-inositol (taci; groups for metal binding.

Scheme 1) is able to form complexes with practically all metal _ With lanthanide(lll) ions trinuclear [GgHstaci)(H20)q]-
ions, as demonstrated in a series of recent publicationhis Cly-3.5H0,  [Etg(H-stacip(H20)e](NO3)s3H-0, and [La-
versatility is due to the four different binding sites which allow ~ (H-3t@Cil(H20)CIICl2-3H,0 complexes have been obtained as
the coordination of a metal ion to three nitrogen atoms SOldS? The X-ray crystallographic analysis revealed a very
(coordination mode 1 in Scheme 1), one oxygen and two compact structure and extremely short metaktal distances

nitrogen atoms (coordination mode 2), one nitrogen and two (Gd—Gd, 3.7 A Eu-Eu,38A; La-La, 3.9 A). Arepresenta-
oxygen atoms (coordination mode 3), or three oxygen atoms tion of the Gd complex can be seen in Chart 1. Magnetic
(coordination mode 4), depending on the softness and size ofSusceptibility measurements on this complex showed antifer-

the metal. Furthermore, the ligand is able to coordinate in fomagnetic behavior in the temperature range-BG K, with
a weak coupling constant of = —0.092 cnml.9%10 pH

potentiometry has been used to investigate the stability of several
lanthanidé —taci complexes in aqueous solutid¥. Potentio-
metric measurements suggested the presence of trinuclear
complexes having the same composition in solution as in the
solid state at pH> 6.5. The solution structure was confirmed
by a'H NMR study on the Eu compleki®
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A Trinuclear Gd(lll) Complex

Scheme 1. Coordination Modes of Taci

HN n TN

taci

Chart 1. Representation of [G@H_staciy(H2O)e] 3T,
Drawn after the Solid State Structure

Gd'" —poly(aminocarboxylate) complexes are widely utilized
as contrast enhancing agents in magnetic resonance infagng.
Their efficacy, quantified as proton relaxivity, is given by their
ability to decrease the relaxation time of the surrounding water
protons. Proton relaxivity is determined by several factors,
including the longitudinal and transverse relaxation rates of the
Gd electron spin. In the case of Gd(lll), electron spin relaxation
in solution is mainly governed by a transient zero-field splitting
mechanisnt® When two or more Gd(lll) ions are in close
proximity, an additional relaxation mechanism arises from
intramolecular dipole-dipole interactions between the Gd(lll)
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mental data on this subject are not available. The trinuclear
Gd(Ill) complex of taci is a good model since the three metal
ions are very close to each other, thus a strong interaction can
be expected between them. These interactions become propor-
tionally more significant at high magnetic fields, necessitating
a high field EPR study.

In this paper we report the characterization of §&tl staci)-
(H20)6]3", as a model compound, in agueous solution from the
point of view of MRI, even if its stability does not allow to
envisage its use for this purpose. A variable temperature,
pressure, multiple field’0O NMR and EPR and a variable
temperature NMRD study have been performed and the data
were analyzed in terms of water exchange dynamics and rotation
(NMRD nuclear magnetic relaxation dispersion, which
measures proton relaxivity as a function of the magnetic field).

Experimental Section

Preparation of the Complexes. The ligand taci and the Ln(lll)
complexes were prepared according to refs 4 and 9, respectively. The
complexes were dissolved in double distilled water, and the pH,
measured with a combined glass electrode, was adjusted by adding
weighed amounts of aqueous solutions of perchloric acid or sodium
hydroxide of known concentration. The pH of the solutions was always
chosen on the basis of the stability constants so that the only species
present is the [Li{H-staciy(H20)e] > complex?1° 0O-enriched water
(Yeda R&D Co., Rehovot, Israel) was added to the solutionsfor
NMR measurements to improve sensitivity (final enrichment ca. 2%).

UV—Visible Spectrophotometry. UV —visible spectra were re-

electron spins and results in increased relaxation rates comparedorded for a [Es(H-staci»(H20)e]*" solution €y = 0.017 M; pH=
to a corresponding monomeric complex. This phenomenon has7.4) in the temperature range 105 °C on a Perkin-Elmer Lambda

been recently observed at high magnetic fields for dimeric Gd-
(1) poly(aminocarboxylates)? Since slow rotation of the

contrast agent is favorable for proton relaxivity, one important
approach in contrast agent development has been in increasin
the size of the molecule by synthesizing dimeric or polymeric

complexes. Inthese complexes, the Gd(lll) ions may be situated

relatively close to each other which should result in increased
electron spin relaxation through intramolecular dipedigpole
interactions.

19 spectrometer, in thermostatizable cells with a 10 cm optical length
(A = 578-582 nm).
170 NMR Measurements. A variable-temperatur€O NMR study

q)n [Gdh(H-staciy(H,0)s)*" was performed at four different magnetic
i

elds using Bruker spectrometers: AMX500,14.1 T, 81.4 MHz; AM-
400, 9.4 T; 54.2 MHz; 1.41 T, 8.14 MHz; and 0.572 T, 3.3 MHz
electromagnets connected to a AC-200 console. Bruker VT-1000
temperature control units were used to stabilize the temperature, which
was measured by a substitution technidfué he samples were sealed

in glass spheres and placed in 10 mm NMR tubes to eliminate

For currently used Gd-based contrast agents, proton relaxivity susceptibility effects. Bulk water longitudinal relaxation rated;1/

is not limited by electronic relaxation. In this study our
objective was to investigate if electronic relaxation can be
accelerated to such an extent by the intramolecular dipole
dipole coupling that it starts to limit proton relaxivity. Experi-

(12) Peters, J. A.; Huskens, J.; Raber, DPdog. Nucl. Magn. Reson.
Spectrosc1996 28, 283.

(13) McLachlan, A. D.Proc. R. Soc. Londoh964 A28Q 271.

(14) Powell, H. D.; Ni Dhubhghaill, O. M.; Pubanz, D.; Lebedev, Y.;
Schlaepfer, W.; Merbach, A. B. Am. Chem. Sod.996 118 9333.

were obtained by the inversion recovery methddnd transverse
relaxation rates, Tb, by the Carr-Purcel-Meiboom—Gill spin—echo
techniquéy’ or, for line widths greater than 500 Hz, directly from the
line widths. The measurements were performed at different concentra-
tions (Csg = 0.04-0.1 M; pH = 7.4) in order to exclude possible

(15) Amman, C.; Meier, P.; Merbach, A. B. Magn. Res1982 46, 319.

(16) Vold, R. V.; Waugh, J. S.; Klein, M. P.; Phelps, D.EChem. Phys.
1968 48, 3831.
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40 T v T . ' to be predominantly contact in orig#. Consequently, the slope
of a plot of the Dy(lll)-induced shift versus the Dy(lll)
concentration is proportional to the hydration number of the

% Dy(lll) complex. A comparison of the slopes of the plots
2 obtained for the eight-coordin&fe?® [Dy(H,0)g]3" and
& 207 1 [Dy3s(H-gtaci)]3" yields a value of 2.3k 0.1 for the number
3 of coordinated water molecules per Dy in the taci complex.
104 _ UV —Vis Measurements. The ’Fo — °Dy, transition band of

the E&#* ion is very sensitive to changes in the coordination
environment. It is a useful probe to check the presence of
0 ' T T ' ' differently solvated complexes in solution, as was shown for
0.00 0.04 0.08 0.12 : . .
cor (M) several poly(aminocarboxylate) complexXés> A single ab-
) o ) sorption band was observed for the fatistaciy(H20)g]®"
'(:I'I?)“rec ;hczlr?ttrsa%‘;t:e f[()))r’(”'s)(')'ﬂ?i‘é%esd v(v)?téfé) ?Egs];’frst‘f)thir%y' aqueous solution in the temperature range studied, thus exclud-
yos ing the presence of any hydration equilibria.

[Dy3(H-stacip(H:0)]3* (m). T = 35°C; pH = 7.4.
EPR, 7O NMR, and NMRD Measurements on [Ga-
artifacts due to concentration effects. Under these conditions all Gd- (H-staci)2(H20)¢]*". Variable Temperature, Multiple-Field
() (>99.5%) is in the form of the complex. A solution of EPR Measurements. The line Shapes at all fields were
[Y s(H_staciy(H,0)s]3" of the same concentration and pH was used as approximately Lorentzian. The overall transverse electronic
reference. relaxation rates, The, Were obtained from the peak-to-peak EPR
Variable-pressure NMR spectra were recorded up to a pressure ofline widths of the derivative spectrutf.

200 MPa on a Bruker AM-400 spectrometer equipped with a home-  pg glectron spin relaxation rates for Gd(lll) complexes are
Eililclhlglt?nrgpf)lrueizs#{ﬁn F;r?giter:; tfrr:gsrr;tjrf bgisaﬁznﬁggesirgé’ v?ith usually interpreted in terms of a transient zero-field splitting

mechanism (ZFS), induced by distortions of the complex. The

a built-in Pt resistor.
2 2
The dysprosium induced shift measurements were performed on aZFS terms can be expressed by eqgs 1 aft2whereA? is

Bruker AM-400 spectrometer at 36. “O-enriched nitromethane was ~ the trace of the square of the zero-field splitting tensoris
used as an internal chemical shift referettce. the correlation time for the modulation of the ZFS with the
EPR Measurements. The X-band (0.34 T) EPR spectra were activation energy, andwsis the Larmor frequency of the Gd

recorded on a Bruker ESP 300E spectrometer, operating in continuouselectron spin:
wave mode. The samples were placed in 1 mm quartz tubes. The
cavity temperature was stabilized using electronic temperature control ( 1 )st

of gas flowing through the cavity and measured by substituting a

thermometer for the sample tube. Tig

The EPR spectra & = 2.7 T (resonance frequency 75 GHz) and 1.2 1 4
8.09 T (225 GHz) were measured on a home-built spectrorffetére 2_5A w485+ 1) - 3 (1 + 02 * 1+ 40> 12) @
microwave source is a quartz-stabilized Gunn diode oscillator (Radi- St Sty
ometer Physics) operating at 75 GHz, followed by a frequency tripler 1 \zFs 2 5.26 7.18
for the 225 GHz measurements. The temperature was stabilized with T = v 2 2 1+ 1.240 (2)
an Oxford Instruments ITC 502 control uniQ.1 K) and measured 2¢, 1+ 0.37205 7, : sty

with a Pt resistor built into the probehead.
NMRD. The 1T, nuclear magnetic relaxation dispersion (NMRD) 7 = 2% eX[{E 1 1 5)} 3)

profiles of the solvent protons at 25 and 30 were obtained on a v v R\T 298.1

Spinmaster FFC fast field cycling NMR relaxometer (Stellar), covering

a continuum of magnetic fields froms¢ 10-4to 0.47 T (corresponding

to a proton Larmor frequency range 0-620 MHz). The temperature ind dent spi tati SR) rel i hani |
was stabilized with a Stellar VTC90 control unit and measured by a independent spin rotation (SR) relaxation mechanism was also

substitution techniqué. included (eq 4), though it represents only a very small
Data Analysis. All the data (including the simultaneous least- COntribution to the total relaxatiof. It is quantified by the

squares fit of EPRTO NMR, and NMRD data) were fitted by the ~ deviations from the free electran value ¢g.?).
program Scientist for Windows by Micromath, version 2.0. The

In previous studies on Gd(lll) complexes a magnetic field

reported errors correspond to one standard deviation obtained by 1\sR 69|_2
statistical analysis. (T_) = 9_ (4)
iey TR
Results
Dy(lll)-Induced Water 'O Shifts. Addition of the (21) Alpoim, M. C.; Urbano, A. M.; Geraldes, C. F. C. G.; Peters, JJA.
[Dys(H-staciy]®" complex to water results in a shift of the water Chem. Soc., Dalton Trand992 463 and references therein.

170 NMR signal to lower frequencies (Figure 1). The exchange (22) gr?;ss)i'ggg Barnes, A C.i Enderby, J. E.; Merbach, AJEChem.
of water between the Dy(lll) complex and the bulk is fast on (23) Kowéll, Th,; Fbglia, F Helm. L.; Merbach, A. . Am. Chem. Soc.

the 10O NMR time scale under the conditions applied. Previ- 1995 117, 3790.
ously, the Dy(lll)-induced oxygen shifts were shown to be (24) Geier, G.; Jorgensen, C. Khem. Phys. Letfl971,263.

; ; ; (25) Graeppi, N.; Powell, D. H.; Laurenczy, G.;kaay, L.; Merbach, A.
independent of the other ligands chelated to the Dy(lll) ion and E. Inorg. Chim. Acta1994. 235, 311.

(26) Reuben, 1. Phys. Chem1971, 75, 3164.

(18) Frey, U.; Helm, L.; Merbach, A. EHigh Press. Resl990, 2, 237. (27) Powell, D. H.; Merbach, A. E.; Gonhez, G.; Bricher, E.; Micskei,
(19) Sandler, S. R.; Karo, WOrganic Functional Group Preparations K.; Ottaviani, M. F.; Kdhler, K.; von Zelewsky, A.; Grinberg, O. Y.;
Academic Press: New York, 1968; Vol. 1, p 425. Lebedev, Y. SHelv. Chim. Actal993 76, 2129.
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A Trinuclear Gd(lll) Complex

Besides the zero-field splitting and spin rotation mechanisms,
for the trinuclear [Ge(H—ataci)(HO)g]", the relaxation caused
by the mutual dipolar coupling of three identical spins placed
at the corners of a equilateral triangle will be considered as a
crude approximatio? This approximation can be justified by
the relative strength of the ZFS energy, which is in the order of
0.2—0.4 cnT1 for Gd(lll) complexes compared to the dipolar
coupling of Jgip = @%u?r—3 = 0.033 cnT! (r = 3.734 A)I°
Intramolecular dipole-dipole interaction between the thréle
spins is approximated by Abragam’s equations for like spin
pairs These equations are strictly valid only for= 1/, spins
but can be used as approximation for 1/, providedhw, <
kT.3% Strictly speaking, these equations are only valid provided
the motion of the spins is not correlated. In eqs 5 ardgng2
is the spectral density function, defined by eq 7, agghsqis
the intramolecular G8Gd distance.

intra 2

2h%yegS+ 1)

intr

(ﬁ) - 5(2‘—”) N G
GdGd
2.4
1 \intra 2o Zh ySS(S+ 1) intra intra intr;
= ={2) ———@}"+5"+ 2
(TZJ 5(4.7'[) rgde ( 0 1 2 a)
(6)
intra TRe
= )
ROy

The correlation time,rge, is assumed to have a simple
exponential temperature dependence (eq 8) with vaiifé® at
298.15 K and ke as activation energy.

Ergl _

s

The proportion of the intramolecular dipetdipole relaxation
mechanism compared to the two other contributions (zero-field
splitting and spin rotation) is larger at high magnetic fields.
Therefore, the most reliable information on this mechanism can

__ 298
Tre — TRre €X

(8)
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Figure 2. Temperature dependence of the transverse electronic
relaxation rates at 8.09 T in [G@H—_ataci,(H-0)e]®" solutions e =

0.06 (0); 0.04 ©); 0.02 (©), 0.009 M (*)) and in a Gd(DTPA-BMA)
solution €cq = 0.08 M (®)). The curve corresponds to the fit of the
data as described in the text.

Table 1. Parameters Obtained from the Analysis of the
Variable-Temperature, High-Field EPR Data

RE®ps  ErdkI mol? regedA
[Gdg(HfggtaCi)z(HzO)e]S*' 0.3+ 0.05 1.0 3.7
[pip{ Gd(DO3A)(H:0)} 7] 185+ 30 8.2+ 5 8.7
[bisoxg Gd(DO3A)(HO)}]° 163+ 40 5+7 9.3

apip(DO3A), = bis(1,4-(1-(carboxymethyl)-1,4,7,10-tetraaza-4,7,10-
tris(carboxymethyl)-1-cyclododecyl))-1,4-diazacyclohexdrgisoxa-
(DO3A), = his(1,4-(1-(carboxymethyl)-1,4,7,10-tetraaza-4,7,10-tris(car-
boxymethyl)-1-cyclododecyl))-1,10-diaza-3,6-dioxadecaf@he
activation energy was fixed in the fitting procedure.

[Gd3(H-ataciy(H.0)s]3". Previous studies on Gd(lll) com-
plexes showed an important concentration dependence of the
transverse electronic relaxation rates at high magnetic field (5
T).1427 The linear increase of the relaxation rates with the Gd-
(1) concentration was explained in terms of an intermolecular
dipole—dipole relaxation mechanism. For [gH_staci)-
(H20)s]3" no concentration dependence was found which
indicates that intermolecular effects are negligible compared to
intramolecular interactions.

In the fits, the relaxation rate due to the zero-field splitting

best be obtained at the highest field. The transverse electronicnd Spin rotation mechanismboth representing only a minor

relaxation rates measured in aqueous solutions ofs[Gd
(H-staci}(H20)e] 3" of four different Gd concentrations at 8.09

contribution at high fieled-were described in one term, T:4°.
Thus we have fitted the 8.09 T EPR data by assuming that the

T are presented in Figure 2. As a comparison, the transversetotal relaxation rate is the sum of {b4)° and (120" and

relaxation rates obtained at 8.09 T for a typical monomer Gd-
(1) complex, [Gd(DTPA-BMA)], are also shown (DTPA-BMA

= 1,7-bis[(N-methylcarbamoyl)methyl]-1,4,7-tris(carboxymethyl)-
1,4,7-triazaheptane). As expected, the electronic relaxation is
much faster in the case of the trinuclear §tlstaci)(H,0)g)°T.
Certainly, for a correct comparison one would need a monomer
complex of a similar symmetry. However, since the monomer
Gd(Ill) complexes studied so far do not differ so much in terms
of electronic relaxatiof? this comparison can illustrate well
the difference between monomers in general and the trimer

(29) This analysis can be justified by the small value of the coupling
constant determined by magnetic susceptibility measureménts (
—0.092 cnTh). The analysis within this approximation is internally

that (17T,¢)° has an exponential temperature dependence with
value (1T2¢)°2% at 298.15K and Ey as activation energy (eq
9). Since no concentration dependence was found, the relaxation

1\o 1 \o.298 1

T, \TJ & ( T)
rates measured at different Gd(lll) concentrations were fitted
together. The GeGd distance was estimated from the X-ray
structure of the complex. The line in Figure 2 represents the
fitted function and the correlation time obtained is shown and

compared to those for Gd-dimers in Table 1. The value of the
activation energy was fixed to 1 kJ mé] otherwise, when

EO
R

1 —
298.15

9

consistent but not unique. Other approaches could be used to addresditted, the fit resulted in a small negative value.
some aspects of the evaluation of the experimental data, such as the Variable-Temperature 170 NMR. The reduced relaxation

problem of rotational correlation, electron relaxation when the electron
spins are correlated, etc. Such analysis, which raises difficult physical
problems that may not be solved by simple approaches, is reserved
for the future with complementary experimental data.

(30) Abragam, AThe Principles of Nuclear Magnetisi@xford University
Press: London, 1961.

(31) McConnell, JNuclear Magnetic Relaxation in Liquid€ambridge
University Press: Cambridge, 1987; pp-380.

rates, 1T, 1/To,, and chemical shiftAw,, were calculated from
the measured’O NMR relaxation rates and chemical shifts of
the paramagnetic solutions and of the reference (relevant
equations are given in Appendix). Outer-sphere contributions
to the 1’O-reduced relaxation rates are negligible. The longi-
tudinal relaxation rates in Gd solutions are dominated by
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Figure 3. Temperature dependence of (a) transverse electronic
relaxation rates at 0.34X), 2.69 (), and 8.09 Tgeq = 0.06 (0), 0.04

(0), 0.02 ), 0.009 M (*); (b) reduced transverse and (c) longitudinal
170 relaxation rates; and (d) chemical shifts for Gl staci)(H.0)s]*+
atB=14.1®),9.4 @), 1.41 @), and 0.572 ¢); () NMRD profiles

at 25 @) and 50°C (@). The lines represent the simultaneous least-
squares fit to all data points as described in the text.

dipole—dipole and quadrupolar interactions and give direct
access to the rotational correlation time of the—&l vector
(zr). In the case of thé’O transverse relaxation, the scalar
contribution is the most important one. At high field® €
9.4 and 14.1 T) the T}, values of the [Geg(H-_ztaci)(H20)g]3"

Toth et al.

determined by the transverse relaxation rate of the coordinated
water oxygen, W,y 1/Tom is influenced by both electronic
relaxation rates and water exchange rate. Therefore, to separate
these two terms and obtain an exact water exchange rate, one
needs independent information on electronic relaxation. Atthe
lowest temperature we start to see the changeover to the slow
kinetic region, where Tk, is directly determined by the
exchange rateéx. From the temperature dependence of the
binding time ¢m = 1/key) the activation entropy and enthalpy

of the exchange process and the exchange rate at 298.15 K
(kex2%®) can be calculated.

The chemical shift of the coordinated water oxygen is
determined by the hyperfine interaction between the®*Gd
electron spin and th€0 nucleus, thus gives access to the value
of the hyperfine or scalar coupling constaAtA).

NMRD. For Gd(lll) complexes the measured protoifil/
relaxation rate is a sum of inner- and outer-sphere contribu-
tions32 The inner-sphere contribution, the relaxivity due to the
proton of the exchangeable water molecule bound in the inner
coordination sphere, is influenced by correlation times involving
rotation, water exchange, and electronic relaxation, as well as
the Gd-H distance and the number of inner-sphere water
molecules. The outer-sphere contribution, which arises from
the relative diffusional motions of unbound water molecules
and the Gé&" ion, is influenced by correlation times involving
diffusional and electronic relaxation and the distance of closest
approach between a water proton and the*'Gibn. The
diffusional motion is characterized by the diffusion constant,
Dggn and its activation energy¥Egqgn. Both inner- and outer-
sphere contributions have the electronic relaxation correlation
times as common parameters.

Unified Treatment of EPR, 17O NMR, and NMRD Data.
There are a large number of parameters that influence the
experimental data obtained by each of the three techniques. One
can take advantage of the fact that several of these parameters
are common to two or the three techniques, and perform a global
fit of all the experimental data with all the equations that
describe their influence. This unified treatment leads to more
reliable results, since they are determined by several techniques
at the same time. It may represent an advantage especially in
determining the parameters that describe electronic relaxation,
which influences EPRY’O NMR, and NMRD. It is also very
useful to cover a similar field range in EPR all® NMR (in
this present study’O transverse relaxation rates were also
obtained at an extreme low field (0.572 T) which is very close
to the magnetic field of the X-band EPR measurements (0.34
T)).

The transverse electronic relaxation rates, the redd&@d
transverse and longitudinal relaxation rates and chemical shifts,
and the proton relaxivities for [GH_astaciy(H.O)g]3" are
presented in Figure 3. We performed a simultaneous least-
squares fit of the NMRD, EPR, arldO NMR data in Figure 3
with the following fitted parameter$,28 (or ASY), AH*, A/A,
1R?% ER, 1,2% E,, A%, andodg? Since there is very often a
discrepancy between the values obtained in separate fits of
170 and'H NMR data (due to the use of incompatilstgy and
redo values), in the simultaneous treatment we fit either the
Gd—O0 distancerggo, and fix the quadrupolar coupling constant
(x(1 + 5¥3)¥2 = 7.58 MHZz) or adjusty(1 + 72/3)Y2 and fix
redo (2.5 A). 7298 and Ege Were fixed to values obtained in
the fit of the high field EPR data. Due to the absence of a
slow kinetic region, we cannot determine the value of the outer-

increase with decreasing temperature (Figure 3b), which m(':‘ans(32) Koenig, S. H.; Brown, R. D., llIProg. Nucl. Magn. Reson. Spectrosc.

that the system is in the fast exchange region, i.€l i$

199Q 22, 487.
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Table 2. Parameters Obtained from the Simultaneous Fitting Procedure of EPRIMR, and NMRD Data

[Gds(H-staciy(H20)s]** [GA(PDTA)(HO),]~ © [Gd(H,O)g]" ©
ke, 29910° 51 11.0+ 2 (12.0+ 2) 102+ 10 804+ 60 (830 95)
AH#/kJ molt 59.8+ 3 (60.3=+ 3) 11+ 1.4 15.3+ 1.3 (14.9+ 1.3)
ASHJ moFiK-1 —89+ 22 (—92+ 20) —54.6+ 4.6 —23.14 4 (—24.1+ 4.1)
AV#cm? molt —12.7£ 1.5 —-15+0.1 —3.3+0.2
AR/10° rad st ~45+0.2 (-4.6+0.2) —-4.94+0.2 —53+0.1(-5.3+0.2)
Cos 0.1(0) 0.0 0.0(0.0)
T=%%¥ps 3712 (514 2) 79+ 3 41+ 2 (29+ 2).
Er/kJ mol? 16.04+ 1.0 (17.0+ 1.0) 192+ 11 15.0+ 1.3 (15.1+ 1.5).
7,298/ps 10.0t 1 (6.5+ 0.8) 16+ 2 7.3+ 0.5(7.2£0.7)
E./kJ molt 7+2(1+2) 10.4+ 2 18.4+ 1.4 (15.4+ 1.1)
A%10P°s? 0.70=+ 0.06 (0.72+ 0.04) 0.80+ 0.04 1.19+ 0.09 (0.93+ 0.04)
Tr¥¥ps 0.3 (0.3) -
ErdkJ mol ™ 1.0(1.0) -
50.2/10°2 3+0.8(3+0.8) 0.0 (0.0)
2(1+ n?3Y2AMHz 7.58/11.7+ 0.6 (7.58) 7.58 7.58/2.0+ 2.3 (7.58)
FoadA 2.31+ 0.03/2.5 (2.5) 25 2.76+ 0.06/2.5 (2.5)

aThe values in parentheses were obtained by fitting &f@yNMR and EPR data. The underscored parameters were fixed in the fitting procedure.
b From ref 34. The parameters were obtained from"@hNMR study.¢ From ref 14.

12.5 : . | assumed to be pressure independent. In fact, ascribing a
pressure dependence equivalent to activation volumes between
! —10 and+10 cn? mol~?! to 7, had a negligible effect on the

. fitted parameters <6% on AV#. The results of the least-
\'\-\ squares fit can be seen in Figure 4; the fitted parameters are

In(1/T2)

12.0 w E (Kex)o%%® = (2.4 & 0.3) x 10’ st and AV* = (—12.74 1.5)
\ cm® mol~1.,
: Discussion

Solution Structure of the [Lnz(H_staci),(H20)g]*" Com-

11~50 . o o 200 plexes. The X-ray diffraction study of the G-, EU" —, and

La''—taci complexes revealed a very symmetrical structure
p /MPa where each of the metal ions is coordinated to two amines, four
Figure 4. Pressure dependence of the reduced trans¥@selaxation gleprotonated alkoxt_) oxygens and mio water mole(_:ules, resulting
rates for [Gd(H_staciy(H0)*" at 9.4 T and 355.8 K. The line  IN @ total coordination number of 8:H NMR studies on the
represents the least-squares fit as explained in the text. [Eus(H-staci)(H20)s]3" complex in aqueous solution and pH-
) __ potentiometric measurements on different lanthdhietaci
sphere constant,, that describes the outer-sphere contribution complexes showed that species of the same(fiLrstaci)]3*
to the'’O chemical shift. Therefore in the fits it was fixed to composition are present in solution as well (pH5.5)%9The
0.1, a typical value previously found for Gd(lll) compleXés.  gysprosium induced shift method resultednin= 2.3 for the
No concentration dependence was found for the reducednymper of coordinated water molecules per metal. This number
transverse and longitudinalO relaxation rates and chemical might suggest that there is an equilibrium between differently
shifts for the complex, thus the Tu, 1/To, and Awr values  hygrated f = 2, 3) complexes in solution, which could be
measured in solutions of different concentrations were fitted raa50nable, since the usual coordination number in lanthanide-
together. As in previous NMRD studies, the distance qf closest (Il complexes is 8 or 9. However, the temperature invariance
approach of a water proton to a Gd(lll) cent@gan, was fixed  of the single absorption band in the YVis spectra of
at 3.5 A, and the inner-sphere GH dlsta;g\cerqu, at3.1 A [Eus(H_staciy(H:0)6]3* lets us unambiguously exclude the
The values of the diffusion constalﬁle%ﬁ ,zarj? Its activation  presence of any hydration equilibrium in the solution. On the
ene[?y'EGdH- \(vereAflxed to 23x 107 m* s™t and 22.0 kJ basis of the dysprosium induced shift and the europium-UV
mol~1, respectively:* The resulting curves are shown in Figure jig study it is suggested that the complex has the same

3, and the fitted parameters are listed in Table 2. [Lna(H-stacip(H20)g]3* structure in solution as in the solid
Variable-Pressure'’O NMR. The pressure dependence of form e, the total coordination number of the metal is 8.
the reduced transverse relaxation ratesTzrl/for [Gds- This structure is confirmed by th€O NMR study of the

(H-staci)(H;0)e]*" at 355.8 Kand 9.4 T is shown in Figure 4. G(ji1) complex. The scalar coupling constant is a measure of
At this temperature and magnetic field,T3/is in the fast  the gadolinium spin density at the oxygen nucleus and also gives
exchange limit and dominated by the scalar interaction. The 45 indication on the GHOH, distance. The value obtained
decrease of Tb with pressure is, therefore, due to an accelera- assymingy = 2 is very close to the one for [Gd(PDTA)E)] ",

tion of the water exchange process. The scalar coupling constan{yhich has a relatively similar inner-sphere structure: six
(Afh) was found previously independent of presstirep we coordination sites of the metal are occupied by the poly-
assume that it is constant and equal to the value in Table 2. aminocarboxylate) ligand, two by water moleculeSh( =

The mean square deviation of tige tensor,dg 2, was also —4.62x 10° rad s; PDTA* = 1,3-propylenediaminetetraac-
assumed to be pressure independent. An activation volume Ofgtate)3 |t suggests that the structure with two inner-sphere

o A . .
+1 cn® mol™* (presumably due to changes in microscopic ater molecules is correct. If there were three water molecules
viscosity) was measured faog and fixed accordingly.z, was

(34) Micskei, K.; Powell, D. H.; Helm, L.; Brcher, E.; Merbach, A. E.
(33) Cossy, C.; Helm, L.; Merbach, A. Enorg. Chem.1989 28, 2699. Magn. Reson. Chemi993 31, 1011.
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Figure 5. Magnetic field dependence of the different contributions to
the overall transverse electronic relaxation rate of jJ8dstaci)-
(H20)6)%": zero-field splitting mechanism (long dashed line), intramo-
lecular dipole-dipole coupling (straight line) and spin rotation (short
dashed line) T = 308 K).

Toth et al.

indication of the decreased symmetry around the metal ion in
[Gda(H-ataciy(H,0)s]3" compared to the poly(aminocarboxy-
late) complexes.

The spin rotation mechanism represents a very small and
field-independent contribution to the overall electron spin
relaxation.

The presence of a second and a third spin near the one
observed provides dipolar relaxation pathways through fluctua-
tions of the distances between them or through reciprocal
reorientation. The correlation time of this intramolecular
interaction ¢re) Will be the time constant of this process,
whatever fluctuation modulates the couplittg.Hence, the
correlation time may give some indication on the nature of the
fluctuation that operates in the specific case. The correlation
time for the intramolecular interaction that we obtain from the
fit of the high field EPR data is much shorter than those for the
two Gd(lll) dimers studied so far (Table 1). For these dimers
the tre values were in the range of the rotational correlation

in the inner-coordination sphere, one would obtain from the time, thus the intramolecular dipotelipole coupling was
experimental chemical shift data an unreasonably small value explained in terms of a rotational effect. Certainly, we cannot

for the scalar coupling constam/fi = —3.1 x 1P rad s%).

speak about rotation with a correlation time of 0.3 ps. We

The most important piece of evidence for a total coordination assume that for the trimer [GgH_staci)(H20)e]3+ complex the
number of 8 is the large negative value of the activation volume ohserved intramolecular dipotelipole coupling is the result

(AV* = —12.7 cn¥ mol™Y), indicating that the water exchange  of a vibrational effect, which could also explain the very small
proceeds via an associatively activated mechanism. For a Gd~sa|ye of the activation energy.

(1) complex it is only possible if the reactant has a coordination

number of 85 which confirms that there are two water
molecules directly coordinated to the &d
Electronic Relaxation of [Gds(H—staci)»(H,0)e]*. The fact

that the transverse electronic relaxation rates were much large

at high magnetic field for the trimer [G(H_staci)(H20)e]3"

complex than for monomer Gd(lll) complexes indicated that
intramolecular interactions between the Gd electron spins
strongly contribute to relaxation. On the other hand, the absence
of a concentration dependence of the relaxation rates indicated
that intermolecular effects are negligible. This latter result
represents an advantage since the separation of the differen

contributions to the overall electronic relaxation is simplified:
one has only to consider the intramolecular dipalgole

coupling, the zero-field splitting, and the spin rotation mecha-
nism. The contribution of the three relaxation mechanisms to
the transverse electronic relaxation rate as a function of the

magnetic field is shown in Figure 5.
The relaxation rate caused by the intramolecular dipole

dipole coupling is slightly decreasing with increasing magnetic

field, and becoming the dominant term Bt> 5 T. High

magnetic fields are imperative to the observation of this

mechanism.

The zero-field splitting represents a strongly field-dependent

contribution, and is dominant at low field8(< 5 T). The
parameters describing this mechanisy??®, E,, and A?, are
determined not only by the EPR data but also byflieNMR

and NMRD data and were obtained from the simultaneous fit.

The correlation time for the modulation of the zero-field
splitting, 7,2%, is close to the value obtained for the Gd(lll)

aqua ion and much shorter than the rotational correlation time

of the molecule, as is usually found for Gd(Ill) complexes. It

suggests that the zero-field splitting interaction is modulated (36)
by distortions of the coordination sphere and not by rotation. (37

The mean-square zero-field splitting energy, is higher than

r

Water Exchange Kinetics. The majority of the Gd(lll)
complexes studied so far BYO NMR were nine-coordinate
poly(aminocarboxylates) with one inner-sphere water molecule,
due to their practical importance as potential MRI contrast
agents. During the past few years a substantial body of
knowledge has been amassed on how small structural changes
in the ligand affect the rate and mechanism of water exchange
on Gd(lll) poly(aminocarboxylated},3-3° while little is known
about other types of Gd(Ill) complexes.

The parameters describing water exchange on(f&dtaci)-
{HZO)G 3t are presented and compared to those of [GAE)>"
and [Gd(PDTA)(HO),]~ in Table 2. The water exchange
10 times faster on [Gd(PDTA){@#D),] ~ than on [Gd(H-staci)-
(H20)e]3+ and the aqua ion undergoes the fastest exchange. The
mechanism, as determined from the activation volume, has a
strong associative activation mode, (or A) for [Gds-
(H_staci)p(H2O)e] 3", with the largest negative activation volume
ever found for a Gd(Ill) complex. This volume is practically
equal to the limiting value that can be calculated for water
exchange on a [Ln(}D)g]®" ion through a purely associative
mechanism €12.9 cn? mol )4 For [Gd(H:O)g]*" and
[GA(PDTA)(H0),]~ the water exchange process has much less
associative characteAy* = —3.3 and —1.5 cn® mol?,
respectively), the bond-breaking for the leaving and the bond-
formation for the incoming water molecule are practically
synchronous processes. The large difference in the activation
volumes for [Gd(H-_stacip(H20)s]3 and [Gd(PDTA)(HO)2]~,
though their inner-sphere structures are relatively similar, can
be explained in terms of steric crowding around the metal ion.
In [Gds(H-staci)(H>0)e]*" the deprotonated alkoxide oxygens

S

Banci, L.; Bertini, |.; Luchinat, CNuclear and Electron Relaxation
VCH: Weinheim, 1991.

Tah, E; Pubanz, D.; Vauthey, S.; Helm, L.; Merbach, A. Gem.
Eur. J.1996 2, 209.

that for monomer Gd(lll) complexes studied so far (usual values (38) Tah, E; Burai, L.; Bricher, E.; Merbach, A. E]. Chem. Soc., Dalton

in the range (0.160.46) x 10%° s2). Perhaps this is an

(35) Powell, D. H.; Favre, M.; Graeppi, N.; Ni Dhubhghaill, O. M.; Pubanz,
D.; Merbach, A. EJ. Alloys Compd1995 225 246.

Trans.1997, 1587.

(39) Lammers, H.; Maton, F.; Pubanz, D.; van Laren, M. W.; van Bekkum,
H.; Merbach, A. E.; Peters, J. A.; Muller, R. Morg. Chem.1997,
36, 2527.

(40) Swaddle, T. WAdv. Inorg. Bioinorg. Mech1983 2, 95.
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are probably closer to the &dlion than the carboxylate oxygens for a series of similar complexes, which is a reasonable
in [Gd(PDTA)(H:0),]~. However, a carboxylate is a bulkier approach, one can have a good comparison of the rotational
group than an alkoxide, and as a result, the inner sphere of thecorrelation times as determined from oxygen longitudinal
[GA(PDTA)(H.0),]~ is sterically more crowded, thus the relaxation rates. The main advantagé@ NMR over NMRD
activation volume is smaller. Another factor that can partly is that outer-sphere contributions do not need to be accounted
account for the different water exchange mechanisms is thefor, whereas in NMRD the separation of the inner- and outer-
different charge of the two complexes. The positive charge of sphere terms is usually not without difficulty. Consequently,

the G@* ion is much less shielded in the [ggH—staci)(H,0)s] 3+
complex compared to [GAd(PDTA)@®),]- and favors the

it is more appropriate to compare rotational correlation times
as calculated from longitudin&lO relaxation rates, though, due

formation of a relatively more stable, nine-coordinate intermedi- to the practical importance, MRI contrast agents are usually

ate.
The slower exchange on [Gd(PDTA){B),]~ as compared

characterized by theg values obtained from NMRD.
[Gds(H-staciy(H,0)e] 3" has a very short rotational correlation

to [Gd(HO)g]®" was explained with the less associative time (51 ps), which is especially surprising when compared to

character of the process: the participation of the incoming water [Gd(PDTA)(H.O),] . Even if we assume that the G®

is less significant in the bond breaking between the leaving water distances and the quadrupolar coupling constants are somewhat

molecule and the metal ion. According to this logic, [5d  different for the three complexes, this difference can by no

(H-stacik(H20)s]®" should undergo a very fast water exchange. means account for the unexpected order of the rotational

Evidently, there are other factors that have an important role in correlation times. As it is shown in Chart 1, [¢H_staci)-

this case. (H20)]3" has an extremely compact and almost spherical
The slower exchange and the larger activation enthalpy structure. It is similar to two hydrophobic hemispheres (the

indicates that more energy is needed for §Ed staciy(H,0)s]** two ligands on the top and the bottom of the complex) with a

to achieve a nine-coordinate transition state. It is not surprising hydrophilic ring between (the Gd ions with the coordinated

if one considers that the transition from the eight-coordinate water molecules). Since the hydrophobic part represents the

ground state to the nine-coordinate transition state requires amajority of the total surface toward the bulk water, there is only

conformational change of the complex. This conformational a limited hydration sphere around the complex. We suggest

change requires very little energy for the [Gd®)g]3", since

that these two factors, i.e., the spherical structure and large

this aqua ion is adjacent to the region where the coordination hydrophobic surface of the [G@H—staci)(H20)s]*" complex

number of the lanthanides changes from 8 té! 9[Gds-
(H-staciy(H20)e]3" is a very rigid molecule compared to [Gd-
(H20)g]3* or even [Gd(PDTA)(HO),]~. The conformational

are responsible for the unexpectedly fast rotation.
Effect of Increased Electronic Relaxation Rates on Proton
Relaxivity. One objective of this study was to answer the

change, which can be the rate-determining step in the waterfollowing question: can the electronic relaxation, accelerated

exchange for [Gg[H-ataci)(H20)s]3", is probably a slow

by intramolecular dipoledipole coupling, limit proton relax-

process, and consequently, this complex will undergo a relatively ivity? We have already seen in Figure 5 that the field
slow water exchange. The flexibility, and hence the reactivity, dependence of the different contributions to the overall electronic
of [Gd(PDTA)(HO),]~ represents an intermediate case between relaxation is very different; while the low field relaxation rates

[Gd(H0)g]*" and [Gd(H-_stacip(H20)]3". However, the
exchange on [GgH-_staci)(H,0)s]3" is still faster compared

are dominated by the zero-field splitting mechanism, this
contribution becomes minor at higher magnetic fields. At the

to the dissociatively activated water exchange process on thefields normally applied in magnetic resonance imagiBg<(2

nine-coordinate [Gd(DOTA)(kD)]~ or [Gd(DTPA)(H0)]%.14
Rotation. In our analysis the rotational correlation time can
be obtained from the longitudindfO anH relaxation rates.
When they are treated simultaneously, a singlis fitted which
we attribute to the rotation of the Gdvater vector. In this
treatment we also fit either the G@® distance (the quadrupolar

T), the contribution of the intramolecular mechanism to the
overall relaxation rate is not dominant. Thus this additional
relaxation mechanism cannot have a strong effect on proton
relaxivity at the imaging fields that are important from a practical
point of view.

To check this point we have computed the proton relaxivities

coupling constant is fixed) or the quadrupolar coupling constant for [Gds(H—ataci)(H20)g]3* at 37°C and 20 MHz B = 0.47

(the Gd-0O distance is fixed). The value of the 6@ distance

T) as a function of the transverse electronic relaxation rate

obtained (2.31 A) is shorter than the one determined in the solid (Figure 6). As the lower curve showsg(= 37 ps, obtained

X-ray structure of [Ge(H—_staciy(H20)e]Cl3-3.5H,0 (2.42-2.46

from the simultaneous fit for [GfH_staci)(H20)e] 1), changes

A), while the fitted value of the quadrupolar coupling constant in the electronic relaxation rate have no effect on proton
is considerably higher than that of the pure water (7.58 MHz), relaxivity; for this complex the limiting factor is definitely the
which is reasonable according to a recent study on paramagnetigotational correlation time. This is also true of the currently

complexeg? In reality, probably bothrgqo and the coupling
constant deviate from their value of 2.5 A and 7.58 MHz,
respectively.

Both 170 NMR and NMRD have the same drawback as far
as the absolute value of is concerned: one has to have a good
estimation of the GdO or Gd-H distance, which are not
known in solution. Ther obtained from’O data also depends
on the quadrupolar coupling constap + 17%3)Y9), which is

used Gd-based, monomer contrast agents ([Gd(DOTA)]
[GA(DTPA)~, or [Gd(DTPA-BMA)]; DOTA = 1,4,7,10-
tetrakis(carboxymethyl)-1,4,7,10-tetraazacyclododecane; DTPA
= 1,1,4,7,7-pentakis(carboxymethyl)-1,4,7-triazaheptane). How-
ever, for slowly rotating complexes the influence of the
electronic relaxation rate becomes more important even at low
field, as shown by the two upper curves simulating at increasing
rotational correlation times.

also not easily accessible by independent methods. However,
when the same GdO distance and coupling constant are used Conclusion

(41) Lincoln, S.; Merbach, A. EAdvances in Inorganic Chemistrgykes,
A. G., Ed.; Academic Press: New York, 1995; Vol. 42.
(42) Champmartin, D.; Rubini, Rnorg. Chem.1996 35, 179.

EPR measurements on the aqueous solution of(fGgtaci)-
(H20)6]3t have shown that there is a strong intramolecular
dipole—dipole coupling between the Gd electron spins, which,
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40 T\ v ' T of the bound waterAwn is the chemical shift difference
between bound and bulk water.
3700 ps
30 h
1 111 1 1 1
. ===+ (10)
7m Tlr Pm T1 T:LA T:I.m + Tm Tlos
2 207 370p ] 2, 1r 1 2
E T izi[i_i _ 1Tt I Ton +AOR 1
10 T To PulTo Toa] o (14 T2+ Aw? Toos
37 ps - (11)
P ARRSSAS A Ao = o — wy) A A
0 Wy = 50— W) = 12, 2, 2 Wos
1T2/10°s" Pm 1+ TmTZm) + TmAwm
Figure 6. Simulated proton relaxivitiesr{, per Gd(lll)) of (12)

[Gda(H-staci}(H20)s]*" at 20 MHz proton Larmor frequency amd-= ) . .
37 °C as a function of the transverse electronic relaxation rate. The Awm is determined by the scalar coupling constantfi,A/
actual relaxivities of [Gg(H_staciy(H,O)]*" (W) and [Gd(DTPA- according to eq 13, where B represents the magnetic field.

BMA)] () are also shown.
at high magnetic fields, represents a significant contribution to _ 9 #gS(S+ 1)B A
m kg T h

Aw (13)

the overall electron spin relaxation. On the basis of its time

constant we suggest that this intramolecular interaction is a result

of a vibrational effect. At fields used in magnetic resonance The outer-sphere contribution to tHéO chemical shift is

imaging the importance of this contribution is negligible proportional toAwm, whereCys is an empirical constant:

compared to the zero-field splitting mechanism, hence it cannot

limit proton relaxivity. To our knowledge, this is the first time Awy= C Aw,, (14)

that intramolecular dipoledipole interactions in trinuclear Gd-

(1) complexes, even if only in a phenomenological way, were The 7O longitudinal relaxation rates are given by eq315}

studied in solution. whereysis the electron ang is the nuclear gyromagnetic ratio
The water exchange on [GH_ztaciy(H20)e]3t is about 70 (ys = 1.76 x 10" rad s* T2, y; = —3.626 x 10’ rad s*

times slower and has much more associative character than orl %), r is the effective distance between the electron charge

the Gd(Ill) aqua ion. The large difference in the exchange rate and the!’O nucleus) is the nuclear spir°(, for 170), y is the

can be explained with the rigidity of the [G(eH—staci}(H20)e]*" quadrupolar coupling constant ands an asymmetry parameter:
which slows down the transition from the eight-coordinate
ground state to the nine-coordinate transition state. 1 1[4 thyf yé
The rotational correlation time of the complex is unexpectedly T = |15\a;/ .6 SS+ 1) x
low which was interpreted in terms of a spherical structure with im Gdo
a large hydrophobic surface avoiding the formation of a Tyo 3 2+3 2
substantial hydration sphere around Gt staci)(H20)e]3*. 67y + 14m Tomx A+ 7P)rq
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Appendix ! )

We give here all the equations that are used in the treatmentThe binding time (or exchange ratg,) of water molecules in
of 70 NMR and NMRD data. the inner sphere is assumed to obey the Eyring equation (eq

Oxygen-17 NMR. From the measuretddO NMR relaxation 18), where AS' and AH* are the entropy and enthalpy of
rates and angular frequencies of the paramagnetic solutidis, 1/ activation for the exchange process, &sd® is the exchange
1/T,, andw, and of the acidified water referenceTid, 1/Tza, rate at 298.15 K.
and wa, one can calculate the reduced relaxation rates and
chemical shift, 1Ty, 1/T2;, and Aw,, which may be written as (45) Micskei, K.; Helm, L.; Bieher, E.; Merbach, A. Hnorg. Chem1993

in egs 16-12 where 1T, and 1Mzn are the relaxation rates 4, %ﬁbg’%‘grgen N. Them. Phys1957, 27, 572.

(47) Solomon, | Phys. Re. 1955 99, 559
(43) Swift, T. J.; Connick, R. EJ. Chem. Phy4962 37, 307. (48) Koenig, S. H.; Brown, R. D., IlIProg. NMR Spectrosc991, 22,
(44) Kowalewski, J.; Nordenskiold, L.; Betenis N.; Westlund P Rgog. 487.

Nucl. Magn. Reson. Spectros985 17, 141. (49) Freed, J. HJ. Chem. Phys1978 68, 4034.
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1, kT Xp[A§ AH}
e KT OH R T RT

e T [AHT 1 }
208.15 P\ R |298.15 T) (18)

The pressure dependence okl is linear (eq 19), wheraV#*
is the activation volume anddy)o' is the water exchange rate
at zero pressure and temperatiite

1
T

—k=ted -2l o)

m

NMRD. The measured proton relaxivities (normalized to 1
mM Gd(lll) concentration) contain both inner- and outer-sphere
contributions:

r1 = rlis + rlos (20)

The inner-sphere term is given by eq 21, wheis the number
of inner-sphere water molecules.

Mis = L X ! X L
e 1000” 55.55" TH 4 o

(21)

The longitudinal relaxation rate of inner-sphere protons; 4/
can be expressed as in eq®27

™

1+ w 51 1+ wits,
(22)

1 Hoyg7i
T H 15(47[) 8 S+
im GdH

In eq 22 Bgn is the effective distance between the Gd(lIl)
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electron spin and the water protois, is the proton resonance
frequency, andy; is given by eq 23:

1 1 1 1 .
==+ =+ = i=1,2 (23)
T T TR Tie

The outer-sphere contribution can be described by etf#4,
whereN, is the Avogadro constant, aldgsis a spectral density
function.

SS+ 1)[BI ;. T1o +

1Jo{wg Too] (24)

T 1/
Jod@,Tie) = Re[l + 1/4(iCUTGdH + _IG_—dH) Z]/

e

" :32NA7’5(NO) s i
o 405 \4n/ 8ggDoan

. Toan|Y? 4 |. TGdH
1+ 'WTGdH+T + lwerH-i-T—_ +
e je

T 3/
1/9(iwerH+%*) 1 j=1,2 (25)

e

For the temperature dependence of the diffusion coefficient for
the diffusion of a water proton away from a Gd(Ill) complex,
Dggr, We assume an exponential temperature dependence, with
an activation energ¥pcd:

E
298 peaHfl 1 }
DGdH DGdH 4 R \T 29813 (26)
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