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A thorough investigation of the proton and oxygen-17 protons. This situation has been exploited to assess the
prototropic exchange rate from the coordinated water to therelaxation rates of water nuclei has been carried out for a

solution containing an amphiphilic, paramagnetic GdIII bulk, which is base-catalyzed. In fact, under these
experimental conditions, at basic pH, the proton transfer ischelate of potential interest as a contrast agent for MRI. It

has been found that at pH = 7, 298 K and 20 MHz (proton faster than the exchange of the whole water molecule, and
it becomes the factor determining the observed relaxationobservation frequency), the contribution to the overall

relaxation enhancement from the water molecule in the inner enhancement. The effect is further enhanced at low
temperature as a consequence of the concomitantcoordination sphere is dominated by the relaxation time (

TH
1M) of its protons. However, upon formation of a slowly lengthening of either τR (which causes a reduction of TH

1M)
and/or the exchange lifetime of the coordinated watertumbling adduct with β-cyclodextrin, the observed relaxation

enhancement is also affected by the exchange lifetime (τH
M) molecule.

of the coordinated water and by the transfer rate of its

Introduction inner coordination sphere of a GdIII chelate may be success-
fully pursued by quantitative analysis of the pH dependenceRecently, it has been shown that the exchange rate of the
of the water 1H-NMR longitudinal relaxivity, provided thatcoordinated water molecule in GdIII complexes of octa-
the exchange lifetime of the whole metal-bound water mole-dentate ligands may be markedly slower than in chelates
cule (τO

M) is longer than, or at least of the same order ofwith ligands of lower denticity. [1] The observed behaviour
magnitude as, the longitudinal relaxation time of its protonshas been accounted for in terms of the occurrence of a dis-
(TH

1M). [6] [7]
sociative exchange mechanism, the rate-determining step of

Until now, this behaviour has been observed only forwhich is determined by the energy difference between the
GdIII chelates endowed with a cationic or neutral residualnonacoordinated ground state and the octacoordinated ac-
charge. In the most commonly encountered anionic GdIII

tivated state. [2] The actual value of the exchange rate of the
complexes, τO

M is shorter than TH
1M at ambient temperature.water molecule coordinated at the paramagnetic metal site

Thus, in such systems, the assessment of the prototropicmay be accurately evaluated by measuring the temperature
exchange rate first requires a reduction of TH

1M.dependence of the transverse relaxation rate of the 17O-
In principle, one may envisage several ways of shorteningNMR water resonance of an aqueous solution containing

TH
1M, e.g. by increasing the molecular correlation timethe GdIII chelate. [3]

through the formation of reversible adducts between theCurrently, the main interest in water-soluble GdIII com-
GdIII chelate and a slowly tumbling substrate, or by lower-plexes stems from their use as contrast agents for MRI, ow-
ing the temperature. In the latter case, besides the reductioning to their remarkable ability to enhance the relaxation
of TH

1M, a further advantage may be obtained by the de-rate of water protons in the tissues in which they are distrib-
crease of τO

M as well.uted. [4] The contribution to the overall relaxation rate aris-
ing from the metal-bound water molecule in a GdIII chelate In this work, we deal with the assessment of the proto-

tropic exchange rate at the metal-bound water molecule inmay result either from the exchange of the whole water mol-
ecule or from the exchange of just its protons. At physio- a derivative of Gd(DTPA)22, in which one acetate proton is

replaced by a cyclohexyloxymethyl residue [Gd(COPTA)22;logical pH, the latter process is much slower than the for-
mer, [5] making the assessment of the prototropic exchange COPTA 5 4-carboxy-5,8,11-tris(carboxymethyl)-1-cyclo-

hexyl-2-oxa-5,8,11-triazatridecan-13-oic acid, Chart 1]. Onrate for the protons of the metal-bound water molecule
rather difficult. the basis of the data collected to date for polyaminocarbox-

ylate GdIII chelates, we would expect the exchange lifetimeRecently, we showed that the determination of the ex-
change rate for the protons of the water molecule in the at room temperature of the metal-bound water molecule in
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this anionic complex to be lower than TH

1M. However, the Here, S is the electronic spin quantum number [7/2 for
GdIII], A/" is the Gd-17O scalar coupling constant, and τEipresence of the hydrophobic tail should allow this chelate

to reversibly form an adduct with a slowly tumbling sub- (i 5 1,2) are the correlation times for the dynamic processes
modulating the scalar interaction. Both the longitudinalstrate such as β-cyclodextrin (β-CD). The consequent

lengthening of the reorientational correlation time, τR, of and the transverse electronic relaxation times (T1E and
T2E), as well as the exchange lifetime of the metal-boundthe complex should result in a decrease of TH

1M, allowing
the prototropic exchange rate to be determined through its water molecule, may modulate the scalar interaction. The

correlation time for this process is given by equation (4).effect on the overall water proton relaxation rate.

τ21
Ei 5 τO21

M 1 T21
iE (4)

The scalar coupling constant is related to the unpaired elec-
tron spin density at the 17O nucleus and it mainly depends
on the distance between the metal ion and the metal-bound
17O nucleus. Since for polyaminocarboxylate GdIII chelates
with a single inner-sphere water molecule this distance does
not seem to vary significantly, for the Gd(COPTA)22 com-
plex we used the same value as that reported for the closely
related Gd(DTPA)22 chelate (23.8 3 106 rad s21). [1]

Results and Discussion For GdIII complexes, TiE values are basically related to
the modulation of the transient zero-field splitting (ZFS) ofDetermination of the Water Proton Exchange Lifetime τH

M
the electronic spin states arising from the dynamic distor-

Analysis of the temperature dependence of the transverse tions of the ligand field caused by the solvent collision and,
relaxation rate for the 17O water nuclei is the most accurate according to the Bloembergen-Morgan and Rubinstein
method for evaluating the exchange lifetime of the water theory, [9] [10] they are expressed by equations (5) and (6)
molecule/s directly coordinated to the metal in a paramag-
netic GdIII chelate.

This approach allows assessment of the exchange lifetime T21
1E 5

1

25
∆2 [4S (S 1 1) 2 3] 3 τν

1 1 ω2
s τ2

ν

1
4τν

1 1 4ω2
s τ2

ν
4 (5)

of the metal-bound water oxygen nucleus which, at neutral
pH and in non-buffered solutions, corresponds to the ex-
change lifetime of the metal-bound water protons, i.e. τH

M 5
τO

M. T21
2E 5

1

50
∆2 [4S (S11)2 3] 33τν 1

5τν

11 ω2
s τ2

ν

1
2τν

114ω2
s τ2

ν
4 (6)

The paramagnetic contribution (RO
2p) to the observed

transverse relaxation rate of water 17O nuclei (RO
2obs) is given

by equation (1) where ∆2 is related to the square of the mean transient ZFS
energy, τv is the correlation time for the collision-relatedRO

2p 5 RO
2obs 2 RO

2d (1)
modulation of the ZFS hamiltonian, and ωs is the electronic
Larmor frequency.where RO

2d is the transverse relaxation rate measured in a
The temperature dependence of RO

2M is, therefore, ex-solution containing a diamagnetic chelate of the corre-
pressed by the temperature effect on τO

M, τv , and ∆ωO
M ac-sponding ligand at the same concentration.

cording to equations (7) and (8)According to the theory first proposed by Swift and Con-
nick[8], RO

2p depends on several parameters [equation (2)]

τ21
j 5

(τ21
j )298.15 T

298.15
exp 3 ∆Hj

R 1 1

298.15
2

1

T 24 (7)RO
2p 5 PM (τO

M)
RO2

2M 1 (τO
M)21 RO

2M 1 ∆ωO2

M

RO2

2M 1 (τO
M)21)2 1 ∆ωO2

M

(2)

such as the chemical shift difference between the metal-
bound and bulk water 17O nuclei ∆ωO

M, the molar fraction ∆ωO
M 5

ge µB S (S 1 1)B

3kB T

A

"
(8)

of the metal-bound water molecules PM, their intrinsic 17O
transverse relaxation rate RO

2M, and the exchange rate τO
M.

For quickly tumbling GdIII chelates and at relatively low
where the subscripts j refer to the two dynamic processes (j 5magnetic field strength (as used in this work), RO

2M is domi-
M, v), ∆Hj is their activation enthalpy, B is the magnetic fieldnated by the nucleus-electron scalar relaxation mechanism,
strength, kB is the Boltzmann constant, ge is the free-electronwhich may be evaluated using equation (3).
Landè factor (2.0023), and µB is the Bohr magneton.

In Figure 1, we present a comparison between the tempera-
RO

2M 5
1

3 1 A

" 22
S (S 1 1) 1τE1 1

τE2

1 1 ω2
s τE2

2 (3)
ture dependence of 17O-RO

2p for Gd(COPTA)22 and for the
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parent Gd(DTPA)22, both recorded at 2.1 T, pH 5 7 and at a This parameter is related to the dipolar interaction between

the unpaired electrons of the metal and the inner-sphere waterconcentration of 50 m.
proton nuclei through equation (11)

Figure 1. Temperature dependence of the transverse water 17O
relaxation rate at 2.1 T and pH 5 7 for 50 m solutions of

Gd(COPTA)22(j) and Gd(DTPA)22 (h) (T H
1M)21 5

2

15

γ2
I g2

e µ2
B S (S11)

r6
H

3 3τC1

11 ω2
I τ2

C1

1
7τC2

11ω2
S τ2

C2
4 (11)

where γI is the proton gyromagnetic ratio, rH is the mean dis-
tance between the metal and the inner-sphere water protons,
and ωI and ωS are the nuclear and electronic Larmor frequen-
cies, respectively.

The two correlation times (τci; i 5 1,2) associated with the
modulation of the proton-electron dipolar coupling are given
by equation (12)

τ21
ci 5 τ21

R 1 (τH
M)21 1 T21

iE (12)

where τR is the reorientational correlation time for the GdIII

chelate. Since the rotational motion of the whole complex is
assumed to be isotropic, τR may be simply related to its molec-The two profiles appear to be superimposable, both being
ular size and, for relatively small GdIII chelates, it usuallycharacterized by a relaxivity maximum centered at about
dominates τci at the magnetic field strengths routinely em-300 K. This means that the introduction of the hydrophobic
ployed for MRI applications (0.221.5 T).substituent on one acetate arm of the Gd(DTPA)22 chelate

On the contrary, the outer-sphere contribution, RHos
1p , is notdoes not significantly affect the exchange process of the

affected by the exchange process occurring at the metal site,metal-bound water molecule. An analogous observation has
since it basically depends, according to the model developed bybeen recently reported by Muller et al. for the related
Hwang and Freed,[13] on the distance of minimum approachGd(EOB-DTPA)22 complex [EOB-DTPA 5 3,6,9-triaza-
between the metal and the diffusing water molecules a, the3,6,9-tris(carboxymethyl)-4-(4-ethoxybenzyl)undecanedi-
relative diffusion coefficient D, and the electronic relaxationcarboxylic acid].[11] The fitting of the data afforded a τO

M value
times (TiE) [equation (13)]at 298 K for Gd(COPTA)22 of 290 ns, a value very close to

those obtained for Gd(DTPA)22 (320 ns) and Gd(EOB-
RHos

1p 5 C os 1 1

aD 2 [7J (ωs) 13J (ωI)] (13)DTPA)22 (201 ns)[11] chelates.

Determination of the Longitudinal Water Proton Relaxation Time of where Cos is equal to 5.8 3 10213 21 s22 for a 1 m concen-
the Coordinated Water Molecule τH

1M tration of the paramagnetic chelate and J(ωi) represents the
non-Lorentzian spectral density functions, including the de-In principle, the observed longitudinal relaxation rate of the
pendence of TiE, a and D.water protons (RH

1obs) of an aqueous solution containing a
The large number of parameters responsible for the waterparamagnetic GdIII chelate is given by the sum of three terms

proton relaxation enhancement in the presence of a paramag-[equation (9)]
netic chelate makes their simultaneous and precise evaluation

RH
1obs 5 RHis

1p 1 RHos
1p 1 RH

1d (9)
rather difficult. Nevertheless, this goal may be achieved by me-
asuring the water proton relaxation rate over an extendedwhere RHis

1p represents the paramagnetic contribution from the
range of magnetic field strengths.[14] The resulting plot ofmetal-bound water molecule,RHos

1p is the contribution from the
RH

1obs vs. the proton Larmor frequency, called the NMRD pro-water molecules that diffuse around the complex, and RH
1d

file (Nuclear Magnetic Relaxation Dispersion), is then fittedcorresponds, in analogy to the 17O approach, to the diamag-
through eqs. 9213 to obtain reliable values for the relaxationnetic contribution measured in the presence of an equimolar
parameters. The possibility of fixing the values of some of theamount of a diamagnetic analogue of the chelate.
parameters involved makes the determination of others moreThe paramagnetic contribution to the observed relaxation
accurate. The analysis of the NMRD profiles collected in re-rate (RHis

1p 1 RHos
1p ) for a 1 m solution of the paramagentic

cent years for a series of structurally similar GdIII polyamino-complex is called “relaxivity” and it is commonly indicated as
polycarboxylate chelates provided us with reliable estimatesr1p.
for some relaxation parameters. In particular, values of 2.96 Å,According to the established theory,[12] RHis

1p for a 1 m con-
3.6 Å and 2.6 3 1025 cm2 s21 (at 298 K) were obtained for rHacentration of a GdIII chelate with one exchanging metal-bound
and D, respectively, from the fitting of the NMRD data for thewater molecule is given by equation (10)
strictly analogous Gd(BOPTA)22 chelate.[15] On this basis, we

RHis
1p 5

1.8 · 1025

TH
1M 1 τH

M

(10) have assumed that these parameters do not change for the two
complexes and, with these constraints, along with the values of
q (1) and τH

M (290 ns as obtained from 17O data), we carried outwhere TH
1M is the longitudinal relaxation time of the exchange-

able metal-bound water protons. the fitting of the NMRD data for Gd(COPTA)22.
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In Figure 2, the NMRD profile (25°C and pH 5 7) of order mechanism, characterized by a rate constant ki

p, the val-
ues of which for pure water at 301 K were reported to be in theGd(COPTA)22 is presented, along with the outer-sphere con-

tribution to the relaxivity, while in Table 1 the best-fitting pa- range 4.127.1 3 109 21 s21 and 2.224.3 3 109 21 s21 for
the acidic (ka

p) and basic (kb
p) catalysis, respectively.[5]rameters are compared with those reported for

Gd(DTPA)22. [15] The prototropic exchange lifetime for the protons of a water
molecule coordinated to a paramagnetic GdIII chelate may be

Figure 2. 1/T1 NMRD profile of a 1 m aqueous solution of
determined by analyzing the pH dependence of the water pro-Gd(COPTA)22 at pH 5 7 and 298 K. The dotted curve represents

the outer-sphere contribution to the overall relaxivity ton relaxivity. As it is well-known that the GdIII chelates de-
rived from the DTPA ligand are not sufficiently stable under
very acidic conditions, we are forced, in the case of
Gd(COPTA)22, to deal only with the base-catalysis of the
prototropic exchange.

In order to account for the contribution arising from the
prototropic exchange rate 1, the relaxation data are fitted to a
modified version of equation 10, where τH

M is replaced by
[equation (14)]

τH
M 5 [(τO

M)21 1 (τHp
M )21]21 (14)

and [equation (15)]

τHp
M 5 1kb Kw

[H3O1] 2
21

(15)

Table 1. Relaxation parameters calculated from NMRD data
As it is reasonable to assume that the outer-sphere contri-for Gd(COPTA)22 and Gd(DTPA)22 complexes at pH 5 7 and

298 K[a] bution to the observed relaxivity is unaffected by the pH of the
solution, the reliability of the method is based on two main as-

Parameter Gd(DTPA)22[b] Gd(COPTA)22

sumptions: (i) TH
1M does not change over the investigated pH

range, and (ii) at neutral pH the observed relaxivity has to be
∆2 (/1019 s22) 5.3 (0.3) 4.0 (0.2)

affected by the water exchange lifetime, i.e the conditionτ298
V (ps) 19.0 (1.0) 25.0 (1.4)

τH
M (ns) 320[c] 290[c] TH

1M ø τH
M has to be fulfilled.

τ298
V (ps) 73.0 (2.0) 80.1 (4.1) The temperature dependence of the water 17O-R2p is par-

ticularly sensitive to changes of the coordination cage of the
[a] Numbers in parentheses represent standard deviations in mean

chelate, thus allowing assessment of whether the pH of theparameter estimates on 1000 simulated relaxation rate data sets ob-
tained by repeatedly introducing a random error of 1% into the solution causes either structural changes or variations in the
experimental data set and estimating best parameters. 2 [b] From exchange lifetime of the whole water molecule (τO

M). In Figureref. [15]. 2 [c] The value was obtained in this work from the 17O data
3, the temperature dependence 17O-R2p profiles forand it has been kept fixed in the fitting of the NMRD profiles.
Gd(COPTA)22 at pH 5 7 and pH 5 12 are shown.

The main differences between the two sets of parameters lie
Figure 3. Temperature dependence of the transverse water 17Oin the higher τR value and the smaller r value obtained for relaxation rate at 2.1 T and pH 5 7 for 50 m solution of

Gd(COPTA)22. A longer reorientational correlation time may Gd(COPTA)22at pH 5 7 (h) and pH 5 12 (j)
be easily accounted for in terms of a larger molecular size for
this chelate and very similar τR values at 298 K have been re-
ported for both Gd(BOPTA)22 (88.0 ps)[15] and Gd(EOB-
DTPA)22 (84.0 ps)[11] complexes.

Once the relaxation parameters for the metal-bound water
protons are known, it is possible to calculate theirTH

1M at 25°C.
We obtained a value (5.3 µs) an order of magnitude larger than
the water exchange lifetime (0.29 µs), indicating that for the
Gd(COPTA)22 complex at 0.47 T, 298 K and pH 5 7, the con-
dition TH

1M > τH
M is undoubtedly fulfilled.

Determination of the Prototropic Exchange Lifetime for the Metal-
Bound Water Proton τHp

M

The exchange lifetime of the protons of water molecules is
strongly pH-dependent, being very long at neutral pH (of the
order of ms) and significantly shorter (down to ns values) as The two profiles are rather similar, being the differences ob-

served in the best fitting parameters within experimental error.the pH is adjusted to values either side of 7. The prototropic
exchange process may be adequately treated as a pseudo-first- These findings support the view that the structure of this GdIII

Eur. J. Inorg. Chem. 1998, 1283212891286
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chelate, and consequently its TH

1M value, is not affected by the of the amphiphilic complex and its coordination cage should
remain unchanged.pH of the solution.

On the contrary, as emphasized in the previous paragraph, The increase of relaxivity resulting from this interaction
may be also exploited for evaluating the affinity of the chelatethe second condition is not valid for Gd(COPTA)22 at 298 K

and 0.47 T and, therefore, the water proton relaxivity is not af- for β-cyclodextrin. In fact, by measuring the longitudinal
water proton relaxation rates of a solution of Gd(COPTA)22fected by the pH of the solution (Figure 4, bottom). Thus, this

behaviour prevents the determination of the prototropic ex- in the presence of increasing amounts of β-CD, we obtained
the saturation profile shown in Figure 5, fitting of which allowschange rate for this chelate under these experimental con-

ditions. derivation of an association constant of (1.5 ± 0.1) 3 103 21

and a relaxivity for the bound complex of 9.2 ± 0.1 s21m21

Figure 4. pH dependence of the longitudinal water proton relaxi- (25°C and pH 5 7), i.e. 1.6 times larger compared to the un-
vity at 20 MHz and 298 K of Gd(COPTA)22 free (h) and bound bound chelate.to β-CD (j)

Figure 5. Longitudinal water proton relaxation enhancement of
a 0.11 m solution of Gd(COPTA)22 upon addition of β-CD
(20 MHz, pH 5 7, 298 K)

In order to meet the conditions under which the prototropic
contribution to the overall relaxation rate can be expressed, we
followed two different approaches: (i) formation of a paramag- As the interaction with the β-CD essentially causes a length-
netic adduct with a slowly tumbling substrate, such as β-cyclo- ening of the reorientational correlation time of the GdIII che-
dextrin, in order to reduce TH

1M, and (ii) decrease of the exper- late, the outer-sphere contribution to the overall relaxivity of
imental temperature in order to either reduce TH

1M or increase the bound complex is not expected to be significantly different
τH

M. compared to that of the unbound chelate. From the quantita-
tive analysis of the NMRD profile of Gd(COPTA)22 shown

Reduction of TH
1M Through Non-Covalent Interaction with in Figure 2, an RHos

1p value of 2.45 s21m21 at 20 MHz and
β-Cyclodextrin 25°C was obtained. Therefore, the inner-sphere contribution

for the Gd(COPTA)22/β-CD adduct is 6.75 s21m21 underThe increase of the relaxivity of a GdIII chelate caused by
the lengthening of its reorientational correlation time τR is a the same experimental conditions.

In order to calculate the value of TH
1M for the metal-boundwell-known phenomenon. In fact, it represents the most useful

approach to enhance the effectiveness of a CA for MRI appli- water protons in the paramagnetic inclusion compound, it is
also necessary to evaluate the value of their exchange lifetimescations.[16] Usually, the increase of τR is pursued through the

formation of adducts between the paramagnetic chelate and τH
M (equal to τO

M at neutral pH). The temperature dependence
of the 17O water transverse relaxation rate for theslowly tumbling substrates. For this purpose, it is necessary to

have a complex endowed with a suitable substituent able to in- Gd(COPTA)22 chelate bound to β-CD is almost superimpos-
able on the profile recorded for the unbound complex (Figureteract with the macromolecular substrate. The benzyloxyme-

thyl residue has been reported to be an excellent recognition 6), confirming thatτH
M does not vary appreciably upon interac-

tion.synthon that is able to interact with many substrates such asβ-
cyclodextrin, albumin and micelles.[17] [18] [19] As the interaction On this basis, a value of TH

1M of 2.4 µs for the metal-bound
water protons in the inclusion compound may be calculatedof this group is basically hydrophobic in origin, we expect that

the replacement of the phenyl group by cyclohexyl should not through eqs. 9210. This value is only 2.2 times lower than that
for the unbound chelate and the condition TH

1M ø τH
M is not yetsignificantly modify the interaction properties of the former

substituent. Furthermore, in the context of this work, we have met. Nevertheless, the pH dependence of the longitudinal
water proton relaxivity for the Gd(COPTA)22/β-CD adductto choose a macromolecular substrate, the chelate adduct of

which affects the exchange mechanism of the metal-coordi- measured at 298 K (Figure 4, top) is characterized by a slight
increase of relaxivity at pH > 11. As the binding with β-CDnated water molecule as little as possible. For this reason, β-

cyclodextrin is the best candidate, since in this case the non- basically occurs through van der Waals9 forces,[20] the affinity
of the GdIII chelate for the cyclic oligosaccharide should notcovalent interaction should involve only the hydrophobic tail

Eur. J. Inorg. Chem. 1998, 128321289 1287
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Figure 6. Temperature dependence of the transverse water 17O rela- Figure 7. Temperature dependence of the water proton relaxivity

of Gd(COPTA)22 at 20 MHz and pH 5 7xation rate at 2.1 T and pH 5 7 for 50 m solution of
Gd(COPTA)22 free (j) and bound to β-CD (h)

ture, the elongation of τH
M and the simultaneous decrease of

RHos
1p causes a flattening of the profile. On the basis of these

depend on the pH of the solution. Moreover, from the close data, at a temperature lower than 288 K, the condition RH
1M ø

similarity between the 17O data for the free chelate and those τH
M can be expected to hold.

of the adduct with β-CD (either at neutral or basic pH), we can The pH dependence of the relaxivity of the Gd(COPTA)22

safely rule out the possibility that the relaxation enhancement complex recorded at 278 K is shown in Figure 8.
observed at basic pH is due to structural changes of the GdIII

Figure 8. pH dependence of the longitudinal water proton relaxi-complex. Therefore, the increase of relaxivity may be ascribed
vity at 20 MHz and 278 K of Gd(COPTA)22

to the occurrence of a fast base-catalyzed prototropic ex-
change of the metal-bound water protons, which results in a
reduction of τH

M at pH > 11. This hypothesis was further con-
firmed through a quantitative analysis of the data using equia-
tions 10, 14215. The best fitting parameters (TH

1M, τO
M and kb

p)
were in good agreement with the expected values at 298 K. In
fact, values of 2.3 ± 0.02 µs and 0.29 µs were obtained for
TH

1M and τO
M, respectively. As far as the base-catalyzed proto-

tropic exchange rate constant is concerned, we obtained a
value of (7.3 ± 2.6) 3 108 s21 21, which is lower than the
value measured in pure water and similar to the value deter-
mined for the Gd(DTPA-BBA) chelate.[7]

In conclusion, the reduction ofTH
1M caused by the formation

of an inclusion compound with β-CD allows detection of the
effect on the relaxivity arising from the prototropic exchange At this temperature, the relaxivity enhancement promoted
at the metal-bound water molecule of the GdIII chelate. Unfor- by the activation of the prototropic exchange appears to be
tunately, the effect of the interaction on RH

1M is not particularly much more pronounced compared to the effect observed at
marked owing to the small increase of τR for the chelate bound room temperature for the same system. Before carrying out a
to the β-CD. For this reason, the associated relaxivity en- quantitative analysis of the data reported in Figure 8, it was
hancement observed at basic pH is relatively small and the er- thought useful to gain more information about the relaxation
ror in the estimation of kb is consequently rather large (ca. parameters of the chelate at 278 K. In particular, by fixing a
36%). value of D of 1.1 3 1025 cm2 s21,[21] the fitting of the NMRD

data recorded at this temperature and at pH 5 7 afforded a
Reduction of TH

1M by Lowering the Temperature value of 4.4 s21 m21 for the outer-sphere contribution to the
relaxivity and values of 3.2 ± 0.2 µs and 2.4 ± 0.1 µs for TH

1MAnother possible approach to achieve the condition TH
1M #

τH
M is to exploit the opposite temperature dependence of these and τH

M (equal to τO
M at neutral pH), respectively. Interestingly,

we obtained very similar TH
1M and τH

M values (2.8 ± 0.1 µs andtwo parameters. In particular, at low temperature, one can ex-
pect a decrease of TH

1M (due to the increase of τR) and a simul- 2.4 ± 0.1 µs) from the fitting of the data shown in Figure 8.
Furthermore, it is noteworthy that the values obtained for thetaneous lengthening of τH

M. The temperature dependence of
the longitudinal water proton relaxivity for Gd(COPTA)22 water proton exchange lifetime at pH 5 7 (τH

M 5 τO
M) from the

analysis of both magnetic field and pH dependence of the 1Hcomplex is depicted in Figure 7.
The profile may be split in two regions: at temperatures relaxivity are in good agreement with the value calculated at

278 K from the 17O data (1.3 ± 0.1 µs). As expected, the valuehigher than 288 K, the relaxivity decreases pseudo-exponen-
tially owing to the increase of TH

1M, whereas at lower tempera- of the rate constant for the base-catalyzed prototropic ex-
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1.5 T (corresponding to 0.01250 MHz proton Larmor frequencies)change process is lower [(1.5 ± 0.3) 3 108 s21 21], but more
with a T1 uncertainty of ±1%.accurate (standard deviation ca. 20%), compared to the value
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MHz) by using an external D2O lock. The temperature calibration wasConclusion
performed following the same procedure described for the Stelar
SpinMaster spectrometer.In this work, we have shown that NMR (1H and 17O) relax-

The value of the transverse relaxation rate was obtained by evaluat-ometric methods provide a powerful tool for assessing the ex-
ing the linewidth at half-height (∆ν1.2) of the water 17O signal (R2 5change rate of the coordinated water molecule, as well as the
π∆ν1/2). Solutions containing 2.6% of the 17O isotope were used. 17O-proton transfer rate, in a paramagnetic GdIII complex.
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