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The ability shown by Gd3+ complexes to enhance the nuclear
relaxation rate of solvent water protons is the result of the
efficient dipolar magnetic coupling between the unpaired
electrons of the metal ion and the nuclear spins which is believed
to occur through three processes:1 (i) diffusion of water
molecules in the proximity of the paramagnetic complex (outer-
sphereterm); (ii) exchange of the water molecules from the
coordination sites to the bulk (inner-sphereterm); (iii) proto-
tropic exchange involving mobile protons of the complex and/
or of the coordinated water itself. In these systems, the latter
contribution is extremely difficult to evaluate because the
exchange rate of the coordinated water molecules is usually
much faster than the rate of prototropic exchange.2,3 Recently,
it has been shown that Gd3+ complexes with a single coordinated
water molecule (hydration numberq ) 1) may display rather
large values of the exchange lifetimeτM.4 Moreover τM
increases approximately by 1 order of magnitude on passing
from the negatively charged [Gd(DTPA)]2- (DTPA ) diethyl-
enetriaminepentaacetate) to the neutral [Gd(DTPA-BMA)]
(DTPA-BMA ) 1,7-bis[(N-methylcarbamoyl)methyl]-1,4,7-
triazaheptane-1,4,7-triacetate) complex.5 We thought then that
a possible route to assess the contribution of the prototropic
exchange to the overall water exchange may be possible in
complexes characterized by an even slower water exchange rate.
Thus, the observation thatτM increases as the negative residual
charge decreases prompted us to consider the triflate salt of the
tripositively charged [Gd(DTMA)]3+ complex [DTMA )
DOTA tetrakis(methylamide)].6,7

DTMA (1) acts as a neutral octadentate ligand toward
lanthanide(III) ions, thus forming cationic complexes capable
of further coordinating one water molecule. The solution1H
and 13C NMR spectra of [Eu(DTMA)]3+ in aqueous solution
are consistent with the presence of one main, largely dominant
isomer possessing a high degree of stereochemical rigidity.

Importantly, no change in the spectral pattern was observed over
the pH range 0.5-11.5. Luminescence measurements of the
excited-state lifetime of [Eu(DTMA)H2O]3+ measured in H2O
and D2O in the pH(D) range 2-8, gave a constantq value of
1.0, after allowing for the additional effect of the proximate
exchangeable amide NH oscillators.8 The bound water molecule
was relatively acidic, and potentiometric titration analysis (298
K, I ) 0.1 NMe4NO3) gave pKa value of 7.03 (01) for
[Eu(DTMA)H2O]3+ and 7.90 (01) for the corresponding Gd3+

complex.
At 20 MHz and 298 K the water proton relaxation enhance-

ment shown by [Gd(DTMA)(CF3SO3)3] was found to be
markedly and unusually dependent upon the pH of the solution
(Figure 1). The low relaxivity values observed in the pH range
2-8 are consistent with the occurrence of an outer-sphere
contribution only.9 On the other hand, the relaxivity measured
at pH) 10 (R1p ) 5.17 mM-1 s-1) is rather similar to that of
the analogous tetraacetate complex [Gd(DOTA)]- (R1p ) 4.70
mM-1 s-1). Thus, in basic media the relaxivity of [Gd-
(DTMA)] 3+ may be accounted for in terms of structural and
dynamic relaxation parameters (reorientational correlation time
of the complex, Gd-H distance of the coordinated water
molecule and its residence lifetime, electronic relaxation time
of the metal ion, etc.) which are strictly similar to those found
for [Gd(DOTA)]-. This has been further checked by compary-
ing the corresponding 1/T1 NMRD (nuclearmagneticrelaxation
dispersion) profiles measured on a field-cycling spectrometer
over an extended range of observation frequencies (0.01-50
MHz).1b

To get a better understanding of the observed pH dependence
of the longitudinal proton relaxivityR1p, we undertook a
variable-temperature study of the nuclear transverse relaxation
rate of17O nuclei (17O-R2p) of the solvent, which should report
on the exchange rate of the coordinated water molecule.2 Both
at pH) 7 and pH) 12,17O-R2p increases with the temperature
in the investigated range 273-353 K. Such a behavior is typical
of the occurrence of slow to intermediate exchange rates of the
coordinated H217O molecule (i.e.R2p∝ 1/τM1 ) k1) and allowed
us to estimate the kinetic parameters of the exchange process.11
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Figure 1. pH dependence of the solvent longitudinal relaxivity for an
aqueous solution of [Gd(DTMA)](CF3SO3)3 at 298 K and 20 MHz.
The solid curve is calculated from a best fitting procedure of the data
to eq 1 (pH 7-12) and its analogous form for the acid limb (pH 0.5-
7).
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The measuredR2p values at the two pH values are almost
identical, which indicates an identical rate of coordinated water
exchange. At 298K,k1 was estimated to be 4.5× 104 s-1, i.e.
almost 2 orders of magnitude lower than the values found4 for
[GdDTPA]2- and [GdDOTA]-, by far the slowest water
exchange rate so far reported for a Ln3+ complex. Thus, a very
small contribution to the overall proton relaxivity is expected
from the exchange of coordinated water at these pH values.
Under the slow exchange condition of the coordinated water
molecule, the additional contribution to1H-R1p observed in basic
media has been assigned to the occurrence of a prototropic
exchange catalyzed by the added base. In this regionτM is
determined by (k1 + k2[OH-])-1 and the proton relaxivity can
be expressed as

whereN is the molar concentration of the complex,T1M the
longitudinal relaxation time of the coordinated water protons,
and R1pos the contribution of theouter-spherecomponent.
According to eq 1 theinner-spherecontribution to the observed
relaxivity (1H-R1pis) increases asτM decreases until when, at
pH> 10,τM becomes negligibly small with respect toT1M (fast
exchange condition). From the fitting of the experimentalR1p
data over the pH range from 7 to 12 we obtained ak2 value of
1.4× 1010 M-1 s-1.
Even at pH< 3, an increase of17O-R2p was not detected,

which means that the exchange rate of the coordinated water
molecule remains constant also in this pH range. Thus, the
proton relaxation enhancement observed at very acid pH values
(Figure 1) cannot be accounted for in terms of a decrease ofτM
due to an increase of the exchange rate of the whole water
molecule. Actually, the pH dependence of the relaxivity in this
region (pH from 0.5 to 7) may be fitted through an equation
analogous to 1, whereτM is expressed by the term (k1 +
k3[H+])-1. At 298 K the resultingk3 value is 2.41× 106 M-1

s-1. It is worth noting that this complex shows a remarkable
kinetic inertness toward acid-catalyzed dissociation (t1/2 ) 155
h in HNO3 2.5 M at 298 K)12 so that the relaxivity increase in
this pH range, which is a reversible phenomenon, cannot be
ascribed to partial dissociation of the complex and/or to
dissociation of one or more of the pendant arms with a resulting
increase of the hydration number. A clue to the understanding
of the acid-catalyzed process which leads to the increase of the

proton exchange rate has been gained by measuring the
longitudinal relaxation timesT1 of the19F nuclei of the counter
anions (CF3SO3)-. A sufficiently intense19F resonance was
observed in a 2 mMsolution of [Gd(DTMA)](CF3SO3)3 in the
presence of 20-fold excess of CF3SO3Na. The relaxation time
of the19F resonance is constant (∼75 ms) in the pH range from
8 to 2, then it abruptly increases as the pH decreases to indicate
a longer distance between the paramagnetic Gd(III) center and
the fluorinated anion.
We believe that the observed behavior is consistent with the

occurrence of long-lived,13 strong ion pair interactions at pH>
2 which are progressively weakened as the pH of the solution
is decreased. Support for this view has been gained from the
observation that the19F T1 significantly increases upon displace-
ment of triflate by an excess of phosphate or sulfate or chloride
anions. The ion pairs are intimately involved with the array of
hydrogen bonds between the water molecules forming the
hydration sphere of the two ions. The breakup of the ion-pair
adduct seems to be related to the formation of a preferential
pathway for the exchange of the water protons from the inner
coordination sphere to the bulk which likely involves a proton
transfer to the second hydration sphere hydrogen-bonded water
molecules, as recently has been shown to occur for hexaaqua-
rhodium(III) cations.14

In summary, this work reports for the first time a distinct
evaluation of the water and prototropic exchange rates for a
gadolinium(III)-coordinated solvent molecule. The results,
which have a direct impact in the current reasearch of contrast
agents for magnetic resonance imaging, suggest that it is possible
to obtain equivalent proton relaxivity values by exploiting
different routes, namely base/OH- catalysis of prototropic
exchange and proton catalysis of the ion-pair dissociation
promoting coordinated water protons exchange in strongly acidic
media.
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(11)∆H# (kJ mol-1) ) 27.1( 5.0;∆S# (J K-1 mol-1) ) -64.7( 15.0.
(12) Determined by monitoring the relaxivity increase of a 1.5 mM

aqueous solution of the complex as a function of time, at 20 MHz and 298
K. This relaxivity increase follows the acid-catalyzed release of the free
Gd3+ aquoion.

(13) In the case of the phosphate salt of the Eu(III) complex we succeded
in observing separate31P resonances for the free and bound anion.
Furthermore, it is worth noting that the presence of strong electrostatic
interactions between the anions and the metal complex, localized near the
water coordination site, may account for the pH independence of the17O
transverse relaxation rate, which indicates equal exchange rates for the aquo
and hydroxo Gd(III) complexes.

(14) Bányai, I.; Glaser, J.; Read,M. C.; Sandstro¨m, M. Inorg. Chem. 1995,
34, 2423-2429.
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