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Abstract: We present the results of new and previously publisHedNMR, EPR, and NMRD studies of aqueous
solutions of the G#" octaagqua ion and the commercial MRI contrast agents [Gd(DTRA)F (MAGNEVIST,

Schering AG, DTPA= 1,1,4,7,7-pentakis(carboxymethyl)-1,4,7-triazaheptane), [Gd(DTPA-BMAHOMNIS-

CAN, Sanofi Nycomed, DTPA-BMA= 1,7-bis[(N-methylcarbamoyl)methyl]-1,4,7-tris(carboxymethyl)-1,4,7-
triazaheptane), and [Gd(DOTA){B)]~ (DOTAREM, Guerbet, DOTA= 1,4,7,10-tetrakis(carboxymethyl)-1,4,7,10-
tetraazacyclododecane). High-field EPR measurements at different concentrations give evidence of an intermolecular
dipole—dipole electronic relaxation mechanism that has not previously been describecPfocdaplexes. For the

first time, the experimental data from the three techniques for each complex have been treated using a self-consistent
theoretical model in a simultaneous multiple parameter least-squares fitting procedure. The lower quality of the fits
compared to separate fits of the data for each of the three techniques shows that the increase in the number of
adjustable parameters is outweighed by the increased constraint on the fits. The parameters governing the relaxivity
of the complexes are thus determined with greater confidence than previously possible. The same approach was
used to study two dimeric Gd complexes [pipGd(DO3A)(H0)} 7] and [bisoxd Gd(DO3A)(H0)} 2] (pip(DO3A),

= bis(1,4-(1-(carboxymethyl)-1,4,7,10-tetraaza-4,7,10-tris(carboxymethyl)-1-cyclododecyl-1,4-diazacyclohexane, bisoxa-
(DO3A), = bis(1,4-(1-(carboxymethyl)-1,4,7,10-tetraaza-4,7,10-tris(carboxymethyl)-1-cyclododecyl))-1,10-diaza-
3,6-dioxadecane) that are being developed as potential second-generation MRI contrast agents. These dimeric
complexes are expected to have higher relaxivities than the monomeric contrast agents, due to their longer rotational
correlation times. The results of this study show that further relaxivity gain for these complexes will be hindered by
the slow rate of water exchange on the complexes. High-field EPR measurements suggest that there is a previously
unrecorded intramolecular dipetelipole mechanism of electronic relaxation, but that this additional contribution to
electronic relaxation is of minor importance compared to the limiting effect of water exchange rates in the determination
of proton relaxivity in MRI applications.

Introduction spin on the paramagnetic ion and the proton nuclei of the
surrounding water. This effect is separated for convenience into
“inner-sphere” relaxivity due to interactions with water mol-
ecules bound in the first coordination sphere of the paramagnetic
metal and transferred to the bulk water by chemical exchange

nd “outer-sphere” relaxivity due to direct interactions with bulk

ater in the vicinity of the paramagnetic compfexn the Gd
complexes currently used as contrast agents, all of which contain
one inner-sphere water molecule, the contributions of these two
effects are of similar magnitude.

Inner-sphere relaxivity is governed by four characteristic time
constants: the correlation time for the rotation of the complex,
7R , the residence time of a water proton in the inner-
coordination spherer,, (often expressed as its inverse, the

T University of Lausanne. exchange rat&y = 1/ty), and the longitudinal and transverse

;University of Adelaide. electronic relaxation timed( 29.2® The proton residence time

DBtr’]?\fggitﬁ%afdlfr?%l:’rfgsc'ences' under physiological conditions is normally assumed to be equal

@ Abstract published iiAdvance ACS AbstractSeptember 15, 1096. {0 the residence time of the oxygen nucleus since, at neutral

(1) Part 74 of the series High-Pressure NMR kinetics. Part 73: Moullet, pH, proton exchange is expected to take place primarily via
B.; Zwahlen, C.; Frey, U.; Gervasio, G.; Merbach, A. E. Submitted for
publication. (3) Koenig, S. H.; Brown, R. D., llIProg. NMR Spectrosd99Q 22,

(2) Lauffer, R. B.Chem. Re. 1987, 87, 901. 487.

In medical magnetic resonance imaging (MRI), the intensity
of the’H NMR signal (due mainly to water protons) is measured
for spatially encoded volume elements in the body. The image
contrast results primarily from the different relaxation rates of
water protons in different tissues. This contrast can be enhance
by paramagnetic ions such as &dhat increase the proton
relaxation rates in surrounding waferln order to reduce
toxicity to an acceptable level, the paramagnetic agent is injected
in the form of a stable poly(amino carboxylate) complex. The
ability of such a paramagnetic complex to accelerate proton
relaxation, itsrelaxivity, is due to the modulation of through-
space dipole-dipole interactions between the unpaired electron
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the exchange of whole water molecules. This hypothesis waswere several orders of magnitude lower than that on th& Gd
confirmed recently for [Gd(DTPA-BMA)(kD)].*°> The outer- aqua o910 Indeed, in at least one case, the water exchange
sphere contribution to relaxivity depends mainly on the elec- process was shown to be sufficiently slow to reduce the
tronic relaxation rates and the rate at which an outer-sphereefficiency of transfer of relaxation from the inner-sphere to the
water molecule diffuses away from the gadolinium comglex. bulk#5 These results suggested that, in the development of new
New MRI contrast agents must display considerable gains high molecular weight contrast agents, good ligand design would
in performance in order to penetrate a highly competitive market. be essential to ensure that slow water exchange rates did not
If one is to take a rational, rather than trial-and-error, approach negate a large part of the relaxivity gains expected from a
to the design of new drugs, one requires a detailed knowledgeslowing of the rotation of the complexes. Mechanistic studies
of the mechanisms that produce relaxivity, and an understandingenabled a rationalization of the observed water exchange rates
of how changes in the chemical structure of the drug interfere on the contrast agents, and gave some clues as to how the water
with these mechanisms. The first technique to probe theseexchange rate could be tuned by appropriate ligand design.
mechanisms in any detail was NMRD (Nuclear Magnetic ~ Up to now, although the combination 810 NMR and EPR
Resonance Dispersion), where the excess longitudinal protonresults has been used to better define certain common param-
relaxation caused by the presence of the contrast agent iseters:10they have not been submitted to a true simultaneous
measured as a function of magnetic field using a field-cycling analysis. In addition, they have been analyzed in isolation from
technique®. The method is a direct measure of proton relaxivity, the results of NMRD experiments. This has been partly due to
and is in principle sensitive to all the parameters that influence the paucity of variable-temperature NMRD results available in
relaxivity. The technique has played a central role in the the literature. Since the results of the three techniques are
development of our understanding of proton relaxivity, and in influenced by a number of common parameters, it would seem
particular showed that there are relaxivity gains to be made by more reasonable where possible to subject them to a simulta-
slowing down the rotation of the complexes. This has been neous least-squares fitting procedure. This should allow a more
the main rationale behind the development of new high reliable determination of the set of parameters governing proton
molecular weight contrast agents. relaxivity, provide a more stringent test of the relaxation theories
A major problem with NMRD studies is that, since there are applied to the three techniques, and permit a validation of current
many parameters that influence the relaxivity, these are often models for the dynamics in paramagnetic solutions.
ill-defined by the NMRD curve alone. In particular, the relative We present such an integrated analysi$’af NMR, EPR,
contributions from outer- and inner-sphere relaxivity to the and NMRD data for a series of &d complexes that have
NMRD curve cannot be determined for a given complex. The already been extensively investigated, namely the octaaqua ion
outer-sphere relaxivity is normally either assumed to be equal [Gd(H20)s]®t,1° and the three commercial MRI contrast agents
to that for a similar G& complex known to have no water in  [Gd(DTPA)(H:0)]>~ (MAGNEVIST, Scheringf, [Gd(DTPA-
the inner-coordination sphere or estimated from reasonableBMA)(H,0)] (OMNISCAN, Sanofi Nycomed}, and
parameters. As has been stressed by one of the pioneers ofGd(DOTA)(H.0O)]- (DOTAREM, Guerbet) (see Chart 1 for
NMRD an accurate interpretation of NMRD profiles can only structural formulas). Although much of the experimental data
be made by reference to independent information from other have already been reported in the literature, we have made

technique$. A combination of two techniques, EPR ahtD additional measurements in order to present a uniform approach
NMR, has proved especially useful as a probe for a number of to the four complexes. In addition we present a similar
the parameters of importance to proton relaxidity. integrated approach to nellO NMR, EPR, and NMRD data

EPR line widths give direct access to transverse electronic for two developmental contrast agen{pip{ Gd(DO3A)-
relaxation rates. Using measurements at multiple magnetic (H20)}2] and [bisoxd Gd(DO3A)(H:0)} 2] (both from Sanofi
fields and a suitable model, the longitudinal relaxation rates may Nycomed, see Chart 1 for structural formulas). These dimeric
be calculate®l (the electronic relaxation of Gd is too rapid G complexes can be seen as a first step in the development
to allow longitudinal relaxation rates to be determined directly of high molecular weight polymeric contrast agents, the
using pulse sequences). The measuremeht@MNMR trans- expectation being that they will have longer rotational correlation
verse and longitudinal relaxation rates and chemical shifts overtimes and thus higher proton relaxivities than the monomeric
a range of magnetic fields as a function of temperature and complexes. For all the aforementioned complexes we also
pressure permits estimates of the number of inner-sphere wateipresent new high-field EPR data at a range of concentrations.
molecules, the rotational correlation time, and the longitudinal These data are interpreted in terms of inter- and intramolecular
electronic relaxation rate of the complexX&s'® Most impor- dipole—dipole relaxation mechanisms that have not previously
tantly, however, the technique allows accurate determinationsbeen reported for Gdt complexes.
of the rate of exchange of water between the inner-sphere and ] ]
bulk water, and variable pressure measurements allow theExperimental Section

mechanism of the exchange reaction to be e|UCid§té?q- Sample Preparation. All solutions were prepared by weight. The
Contrary to estimates made in the analysis of NMRD profiles, solid gadolinium complexes with the five ligands investigated were
the water exchange rates found for contrast agentd®WMR provided by Sanofi Nycomed, USA, and used without further purifica-

- — - tion. They were dissolved in double distilled water and the pH,
Chg%?ggiagzz’sgn Powell, D. H.; Tissis, V.; Merbach A. EJ. Phys. measured with a combined glass electrode calibrated with Metrohm

(5) Aime, S.. Botta, M.; Fasano, M.; Paoletti, S.; Anelli, P. M; Uggeri buffers, was adjusted by adding weighed amounts of aqueous solutions

F.; Virtuani, M. Inorg. Chem.1994 33, 4707. of perchloric acid or sodium hydroxide of known concentration. The
(6) Koenig, S. HJ. Magn. Reson1978 31, 1. absence of free metal was checked by the xylenol orangé*t¢&d-

(7) Powell, D. H.; Merbach, A. E.; Gonlez, G.; Bricher, E.; Micskei, (H20)g]®" was prepared by dissolving excess gadolinium oxide (NU-

K.; Ottaviani, M. F.; Kdnler, K.; von Zelewsky, A.; Grinberg, O. Y.;

Lebedev, Ya.SHelv. Chim. Actal993 76, 2129. (11) Frey, U.; Merbach, A. E.; Powell, D. H. Solvent Exchange on Metal
(8) Reuben, JJ. Phys. Chem1971, 75, 3164. lons: A Variable Pressure Approach.Dynamics of Solutions and Fluid
(9) Micskei, K.; Helm, L.; Bricher, E.; Merbach, A. Elnorg. Chem. Mixtures by NMR Delpuech, J.-J., Ed.; John Wiley & Sons: New York,

1993 32, 3844. 1995.

(10) Micskei, K.; Powell, D. H.; Helm, L.; Breher, E.; Merbach A. E. (12) Lincoln, S. F.; Merbach, A. EAdv. Inorg. Chem.1995 42, 1.

Magn. Reson. Cheni993 31, 1011. (13) Brunisholz, G.; Randin, MHelv. Chim. Actal959 42, 1927.
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Chart 1. Structures of the Different Ligands Referred to in Table 1. Compositions of the Different Solutions Used in This

This Study Study
00 /_COO- complex for method [GH] pH
N N N [Gd(H:0)g] 3" EPR 0.0051 1.07
‘0oc—/ L \—coo EPR 0.0100 1.12
coo EPR 0.0210 1.10
i EPR 0.0400 1.10
DTPAS _ oo EPR 0.0600  1.13
MeH p 00C—\ N\ WSD 0.0100 f32.00
>_.\ — — X seere
J N N N NHMe (N j [GdA(DTPA)(H0)]>~ EPR 0.0059 5.3
‘0oc—/ k \_coo’ N N EPR 0.0135 5.3
o0’ ‘0oc—/ " \coo EPR 0.0251 5.3
EPR 0.0596 5.3
DTPA-BMA3- DOTA4- EPR 0.170 5.3
NMR 0.0500 5.3
o NMRD 0.0015 7.2
. - [Gd(DTPA-BMA)(H,0)] EPR 0.0048 4.07
0N\, <\o\_/c>/_\N/_\N/_ coo EPR 00150  4.09
EPR 0.0240 4.03
EPR 0.0400 4.00
N N N EPR 0.0520 4.08
‘ooc—/ \—/ coo” ‘ooc—' " \_coo NMR 0.234 4.1
NMR 0.360 4.1
{pip(DO3A)2)6- NMRD 0.0015 7.2
eapoTAol EPR 0002 51
0 o} . :
" /< \>_ . EPR 0.0193 5.2
00C—, ,—\ S\ /\ /\ —\ COO0
N N NH [¢] O HN N N/_ EPR 0.0519 5.2
EPR 0.0610 5.0
. N NMR 0.0504 51
. N . . . NMRD 0.00113 5.1
OoJ \—/\—coo 00—/ \—/\—coo [pip{ Gd(DO3A)(H:0)} ] EPR 0.0049 4.2
EPR 0.0080 4.1
{bisoxa(DO3A)}é- EPR 0.0163 4.2
EPR 0.0443 4.1
COR Corp., 99.99%) in perchloric acid followed by filtration, and the EPR 0.0686 4.0
pH was adjusted as for the other solutioté0-enriched water (Yeda NMED 838?0 ?%
R&D Co., Rehovot, Israel) was added to the solutions fof tBeNMR . : :
measurements to improve sensitivity and the pH was checked again. [bisoxg GA(DO3A)(HO)] EEE gggg; i?)
The compositions of the different solutions are shown in Table 1. EPR 0'0151 4'1
EPR. The EPR spectra were measured at X-band (Lausanne), EPR 0.0370 4.0
Q-band (I_:ribour_g), and 2-mm-band (Moscow). All spectrometers were EPR 0.0751 4.0
operated in continuous wave mode. The 2-mm spectrometer in Moscow NMR 0.160 3.9
is home built, the Q- and X-band spectrometers were manufactured by NMRD 0.0010 7.2

Varian and Bruker, respectively. All measurements at 2-mm band were
performed with a semifocal Fabri-Perot resonator. For the 2-mm-band the inversion recovery methd@and transverse relaxation ratesTz1/
measurements, the samples were contained between two glasslates,by the Carr-Purcell-Meiboom-Gill spin echo techniquéor, for line
and for Q- and X-bands in 0.3- and 1 mm glass tubes, respectively. widths greater than 1 kHz, directly from the line widths. Variable-
The acquisition parameters, especially modulation amplitude and pressure NMR measurements were performed up to 200 MPa on a
microwave power, were varied and the final spectra recorded with Bruker AM-400 spectrometer equipped with a home built probef®ad.
values that did not affect the line width. The peak-to-peak line width The temperature was then controlled by circulating a fluid from an
was measured from the recorded spectrum either with a ruler or using external temperature bath and measured using a built-in Pt resistor.
instrument software. The cavity temperature was stabilized using The transverse relaxation rates were measured as for the variable
electronic temperature control of gas flowing through the cavity. For temperature work.
the X- and Q-band measurements, the temperature was verified by
substituting a thermometer for the sample tube. Measurements WereReSUItS
made at temperatures from 273.2 K to the maximum obtainable for ~We begin with a presentation of the EPR results, since the
each instrument. treatment of the electronic relaxation rates has consequences
70 NMR. Variable-temperaturé’0 NMR measurements were  for analysis of the two other techniques. We present firstly
performed at three different magnetic fields using Bruker AM-400 (9.4 high-field, variable-temperature and concentration results, which
T, 54.2 MHz) and AC-200 (4.7 T, 27.1 MHz), spectrometers and a gre analyzed separately, followed by the multiple field, variable
WP-60 electromagnet (1.4 T, 8.1 MHz) adapted for use with the AC- 4o y0 4t re results, which are analyzed simultaneously with the

200 console. Bruker VT-1000 temperature control units were used to 5 -
stabilize the temperature, which was measured by a substitution O NMR Zg(d) l’:lll\'\jlllgDan(ziatNaMRvge dztart]:naﬁaefheen;itmhﬁlt\;ﬁgigf

technique’® The samples were sealed in glass spheres, fitting into 10- temperatur ;
mm NMR tubes, in order to eliminate susceptibility corrections to the analysis of the results of the three methods. Finally, we present
chemical shifé® Longitudinal relaxation rates, T, were obtained by ~ the results of a variable-pressuO NMR study of the
mechanism of water exchange on [bisp&a(DO3A)(H0)} 2.

(14) Lebedev, Y. S. IModern Pulsed and Continuous \WaElectron

Spin Resonan¢&evan, L., Bowman, M., Eds.; Wiley: New York, 1990. (17) Vold, R. V.; Waugh, J. S.; Klein, M. P.; Phelps, D. E.Chem.
(15) Ammann, C.; Meier, P.; Merbach, A. E.Magn. Resorl982 46, Phys.1968 48, 3831.

3109. (18) Meiboom, S.; Gill, D.Rev. Sci. Instrum.1958 29, 688.
(16) Hugi, A. D.; Helm, L.; Merbach, A. Bdelv. Chim. Actal985 68, (19) Frey, U.; Helm, L.; Merbach, A. BHigh Pressure Resl99Q 2,

508. 237.
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Figure 1. Concentration dependence of the EPR line widths (and
transverse electronic relaxation rates) at 5.0 T and 300 K &f &d
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the first time in these new measurements, was linear within error
in the range up to 0.06 m. The most likely source of this
concentration dependent contribution to the line width is
relaxation due to intermolecular dipeteipole relaxation
between G#&" ions in different complexes. The theory for
intermolecular dipole dipole interaction between unlike spins,
modulated by diffusion processes, is widely used to describe
proton relaxation in the presence of paramagnetic spééfes:
this can be modified for like spins followingbragan?' to give
egs 2 and 3 for the electronic relaxation rates, where the spectral
1 \inter Gd3+ (3.2X 103).7'[NA Uo 2
(Tle) =[Gd™] 27 (4n)
A?yeS(S+ 1)

(2Jinter+
acicPodcd

83") (2)
(3.2 x 10%) 7N, [ 11,)2
27 (E)
R%ye(S+ 1)
acacdPcdcd

(Tiginter: [Gd3+]
2,
(3Jic;1ter+ 5Ji1nter+ 2Ji2nter) (3)

inter

density function,J,”, is defined by eq 4, whergs is the

1/2

) T
Jner=pRe{ 1+ % iNwTegeat+ %’
1, e
. TGded 4. TGdad
1+ |na)SerGd+ T_ + § |nwerde+ T_ +
je je
3,
T
Linogrageg + 2 withj =1, 2 (4)

9 T

je

electron gyromagnetic ratiov§ = gus/fi = 1.76 x 10 rad

Figure 2. Concentration and temperature dependence of the transverses~1 T~1 for g, = 2.0), ws is the Larmor frequency of the spin

electronic relaxation rates at 5.0 T of &dn (a) 0.0051 m, 0.01 m,
0.021 m, 0.04 m, and 0.06 m [Gd{Bl)g]*", (b) 0.0048 m, 0.015 m,
0.024 m, 0.04 m, and 0.052 m [Gd(DTPA-BMA){@)], (c) 0.0059
m, 0.0135 m, 0.0251 m, and 0.0596 m [Gd(DTPAYH|?", (d) 0.006
m, 0.0102 m, 0.0193 m, and 0.0519 m [Gd(DOTAY]~, (e) 0.0049
m, 0.008 m, 0.0163 m, and 0.0443 m [pd(DO3A)(H:0)}], and
(f) 0.0037 m, 0.0083 m, 0.0151 m, and 0.037 m [biddxd(DO3A)-
(H20)}2). The successive symbof3, O, A, v and < correspond to

S (S =T/, for GF"), Tje are the overall electronic relaxation
times, agqcq is the distance of closest approach of twoGd
ions in different complexes, ardsqcqis the diffusion constant
of one complex with respect to another. The correlation time,
Teded = 8a4edDaedea corresponds to the time taken for two
complexes to diffuse apart.

The treatment of this relaxation mechanism is complicated

increasing concentrations. The curves correspond to fits of the data inby the fact that both diffusion and the electronic relaxation rates

terms of inter- and intramolecular dipetéipole relaxation mechanisms
as described in the text.

High-Field EPR Measurements-Inter- and Intramolecu-

lar Dipole —Dipole Relaxation. The 2-mm-band (5.0 T) EPR
line shapes of the six Gd complexes were all approximately
Lorentzian, and appeared at a field corresponding to a Lgnde
factor, g. = 2.0 within experimental error. The transverse
electronic relaxation rates, Tu, were calculated from the peak-
to-peak EPR line widths\H,,, using eq 1, where the symbols
have their usual meanirfy.

1 _Gen3
Toe h

@)

pp

For all the Gd&" complexes studied, and at all temperatures,
the line widths, and hence relaxation rates, increased with
increasing solution concentration (see results at 300 K in Figure

themselves can modulate the dipetfipole interaction, so that
the Redfield limit implicit in the relaxation equations does not
strictly apply?! However, the deviations will be small provided
the diffusional correlation time is much shorter than the
electronic relaxation times. Consider the aqua ion [Gd-
(H20)g]3". The distance of closest approach of two*Gibns
can be estimated to be twice the Gd distance, which can be
estimated at 3.05 A from neutron diffraction data for¥3rand
Nd®*" solutions??>23 The diffusion coefficient for the [Gd-
(H20)g]3" should be similar to the limiting value of & 10710

m? s1 at 298 K found for L&" in aqueous LnGlsolution2*
and the diffusion coefficient for motion of one complex relative

(20) Freed, J. HJ. Chem. Physl978 68, 4034.

(21) Abragam, A.The Principles of Nuclear MagnetismOxford
University Press: London, 1961; pp 28905.

(22) Cossy, C.; Barnes, A. C.; Enderby, J. E.; Merbach, Al.EEhem.
Phys.1989 90, 3254.

(23) Cossy, C.; Powell, D. H.; Helm, L.; Merbach, A. Bew J. Chem.
1995 19, 27.

(24) Weingatner, H.; Braun, B. M.; Schmoll, J. M. Phys. Cheml 987,

1). The concentration dependence, observed systematically foro1, 979.
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Figure 3. Temperature dependence of transverse electronic relaxation rates (top boxrpatad- (0.34 T,0), Q- (1.2 T,0) and 2-mm- (5.0

T, A) band, of reduced transverse,(a, O) and longtudinal @, v, O) 17O relaxation rates (second box from top) at 1.41, 4.7, and 9.4 T, of reduced

170 chemical shifts (third box from top) at 1.4A) 4.7 @), and 9.4 T ©); NMRD profiles in saline buffer (bottom box) for (a) [Gd{B)s]**

(NMRD profile at 283.2 K), (b) [Gd(DTPA)(KO)]>~ (NMRD profiles at 278.2®), 298.2 (0), and 308.2 K 4)), (C) [Gd(DTPA-BMA)(H,0)]

(NMRD profiles at 278.20), 298.2 (), and 308.2 K 4)), (d) [Gd(DOTA)(H:0)]~ (NMRD profiles at 277.20), 283.2 (), 298.2 »), 305.2 {),

312.2 K €)), (e) [pip{Gd(DO3A)(H:0)} 2] (NMRD profile at 309.2 K), and (f) [bisoXaGd(DO3A)(H:0)} 2] (NMRD profile at 309.2 K). The lines

represent simultaneous least squares fits to all data points displayed as described in the text with the exception of the lower lines in the bottom
boxes which show the outer-sphere contribution to proton relaxivity calculated from the fitted parameters at 283.2 k (a), 298.2an@302.2

K (e, f).

to another should be twice this value. Thus watkycq~ 6.1 x 10710 s at 298 K whereas, from Figure 1, the transverse
A andDggeg~ 1.2 x 1079 m2 s~ L one can estimategggq~ 3 electronic relaxation time is longer than £0s at the same
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Table 2. Parameters Obtained from Analysis of the Variable-Temperature, High-Field, Multiple-Concentration Electronic Relaxatfon Rates

(Qmese Dgace Epcded »o8
complex 10s™? Eo (kJ mol?) (10 m?s™h (kJ mol?) The (1071%5) Ere (kJ mol?)
[Gd(Hz0)g]3" 7.6+0.1 8.4+ 0.7 6.7+ 2.3 4413
[GA(DTPA)(H,0)]2 2.38+0.02 4.9+0.3 9.8+ 0.8 4+3
[Gd(DTPA-BMA)(H,0)] 2.67+0.04 4.6+ 0.4 7.3+£0.8 14+5
[GA(DOTA)(H,0)]- 1.67+0.02 5.1+ 0.5 5.0+ 0.3 7+2
[pip{ Gd(DO3A)(H:0)} 2] 1.67 5.1 1.8+0.2 0t4 1.49+ 0.04 10+ 1
[bisoxa Gd(DO3A)(HO)} 2] 167 51 1.7+0.1 4+3 1.51+ 0.03 5+ 1
aUnderlined quantities were fixed in the fitting procedure.
temperature, so that/Tie will be small compared tasry and pole—dipole relaxation by like spins are given by eqs 7 and

the effect of the electronic relaxation rates on the spectral density8 21 where the spectral density functioj’;ﬂ"a, is defined by eq

functions will be minor. For the other complexes, electroni-

crelaxation at 5.0 T is even slower, so that the effect will be A 32, 4

smaller and the Redfield approximation is justified. A \na_ 1fHo RS+ 1)(2Jintra+ 8Jintra) @)
It is difficult to estimate the distance of closest intermol- T, 5\47 r e ! 2

ecular approach for the @dions in the poly(amino carboxy-

lates). In the crystal structures of [Gd(DTPA-BMA}8)],2> 4 252, 4

[Eu(DOTA)(H,0)]-2* and [Nd(DTPA)(HO)P~ 2’ complexes, ({)z 1(@) MY D g+ e 4 209

the metat-carbon distances within the carbon backbonecare T S\4r FGGde

3.5 A, whereas the nonbonding carboxylate oxygensaré.5 (8)

A from the metal center. There will certainly be some

interpenetration of these coordination spheres, so we estimated and rggcq is the intramolecular GdGd distance. The

an effective radius oa. 4 A and a value obggeq~ 8 A for

all the poly(amino carboxylates). ) T
The observed transverse electronic relaxation rates for the Jne = % 9)

aqua ion and the three monomeric complexes as a function of 1+ wgtge

temperature and concentration at 5.0 T were fitted using egs 3

and 4. The distance of closest 66d approach was fixed at  equations are valid provided the rotation of the molecule is rapid

the values estimated above and the concentration independentompared to the electronic relaxation. The rotational correlation

a simple exponential function (eq 5) with valueT3/*® at dependence (eq 10) with valug? at 298.15 K and activation
=) o Wl )
e GG et | O ol 1)
T T R\298.15 T = 7298 i N N
2 2 Tre = TRe €X R\T 2981 (20)
298.15 K and activation enerdsp. The diffusion coefficient,
Dadcs Was similarly assumed to obey eq 6, with vabg energyEge.  The observed transverse relaxation rates at 5.0 T

and variable temperature and concentration for the two dimeric
208 Epcaad 1 1 complexes were fitted using eqs-8 and 8-10, with agdcd
Doaca= Dadca R \208.15 T () fixed at 8.0 A. The intramolecular GeGd distances were
estimated atggeq = 8.7 A for [pip{ Gd(DO3A)(H:0)} 2] and
at 298.15 K and activation energiipcics The results of the  rgggq= 9.3 A for [bisoxd Gd(DO3A)(H0)} 5] on the basis of
fits are shown in Figures 2a to 2d and the fitted parameters for molecular mechanics calculations. The concentration indepen-
the monomers are given in Table 2. The fitted relative diffusion dent contribution to the relaxation rates was assumed to be the
coefficient, D34 for two [Gd(H:0)g]3" complexes, is of the  sum of (129" and (17,¢)°, where (17,¢)° was approximated
order of magnitude estimated above. This suggests that theby the values for [Gd(DOTA)(KD)]~. The resulting fits are
theory presented here is adequate to explain the observedshown as curves in Figures 3e and 3f and the resulting
concentration dependence of the electronic relaxation rates.parameters for the dimers are given in Table 2.
However, it must be stressed that the diffusion coefficients 5 expected, the diffusion coefficients obtained for the

32?'130' ffor a_II th? corr]nptlj(_axes are fog?en to error due to the relatively bulky dimeric complexes are very much lower than
ifficulty of estimating the distance of closest approadics those for the monomeric complexes, adding credence to our

The relaxation rates at 5.0 T for the two dimeric complexes interpretation of the concentration-dependent part of the relax-

differ from those of the other poly(amlno_carboxylates) in that ation rates. The values obtained for the rotational correlation
(a) the rates are much greater, especially compared to thet 298

[Gd(DOTA)(H,0)]~ complex, which has a similar coordination imes, 7g,, are reasonably close to those determined"ky

structure and (b) the rates decrease rather than increase Witf{\l.'vIR anql NMRD (seg be]ow), so our model of mtramolegular
temperature. These observations suggest that there is arg|pole—d|pole relaxatlon_ls a_ble to account for j[he _magmtude
additional contribution to the relaxation rates due to intramo- of the large concentration-independent contributions to the

lecular dipole-dipole interactions between the two &dons re|a_1xat_|on rates_ observed hfor t:esE tv;o complex_gs. b‘ll'he
in the complexes. The relaxation rates for intramoleculardi- activation energlesERe, on the other and, are considerably
lower than those obtained BJO NMR: this discrepancy almost

ggg ga_nlofti N“%Cgmeg,grivatte gogmunicatign-lz Loncin Miifo certainly originates from uncertainty in the calculation of
irlet, M.-R.; Rebizant, J.; Desreux, J. F.; Loncin, M.forg. .
Chem.19%4 23 359, . g 1/T3,, approximated here by the values for [Gd(DOTA)-

(27) Stezowski, J. J.; Hoard, J. Lsr. J. Chem1984 24, 323. (H0)].
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It will be useful for the analysis below to consider these
dipole—dipole relaxation mechanisms in more detail. If one
substitutes the fitted parameters into eqs 4 and 8 one finds that,

T=272K

12.6

for all complexes studiedy is at least three orders of magnitude § 12.5¢

greater than eithed; or J, for both inter- and intramolecular =

relaxation mechanisms. This has two important conse- 1241

quences: firstly the contribution of these mechanisms to the . 2 To0 150 200
overall relaxation rates will be practically independent of P/MPa

magnetic field and secondly the contribution to the longitudinal Figure 4. Pressure dependence of reduced transvé@eelaxation
relaxation rates will be negligibly small, sindg appears only  rates of an aqueous solution containing [bigae(DO3A)(HO)} 2]

in the expressions for the transverse relaxation rates (eqs 3 anéyt 272.0 K and 9.4 T; the line represents a leasts-squares fit that yields
8). an activation volume ohAV* = +(2.3 & 0.2) cn? mol=L.

298

TR =Tg €X (15)

Multiple-Field EPR Measurements: Relaxation due to
Zero Field Splitting Interactions. The multiple magnetic field  a temperature dependence similar to thatgf with its own
EPR measurements were analyzed using eq 1 to yield theactivation energyEg (eq 15)29:30

transverse electronic relaxation rates shown in the upper boxes

of Figures 3ato 3f. The data for [Gd§B)g]®" and [GA(DTPA- Erf1 1

BMA)(H,0)] have already been publishé& The other data ;{E(T - mg]

are new. Electronic relaxation rates in &ccomplexes have )

generally been interpreted in terms of a zero field splitting ] ) ]
interaction using the theory due to McLachBémnwhere the It should be noted that, although this electronic relaxation
relaxation rates are averaged over the different transitions term was included in the analysis, its influence on the transverse
contributing to the overall line shape. In a previous publication €lectronic relaxation rates is negligible. Its main effect is on
we showed that the transverse electronic relaxation rates in [Gd_the Iongitudinal electronic relaxation rates, which influence the
(H20)5]3", [GA(PDTA)(H:0),] -, and [Gd(DTPA-BMA)(HO)]

could indeed be accounted for by modulation of the zero field

splitting, but an average over the different relaxatioresrather

than rates gave a better description of the magnetic field

dependence of the ratésThis approach resulted in eqs 11 and

12, where eq 11 for the longitudinal relaxation rates is that of

1\zrs 1, 1 4
= =A% {45(S+ 1) - 3}
(Tle) 25" 1+ 022 1+ 40
(11)
1\2Fs_ 5.26 7.18
= =a% (12)
(TZe) V[l +0372%; 1t 1-24wsfv]

McLachlan?® AZ?is the mean-square zero field splitting energy
andz, is the correlation time for modulation of the zero field
splitting interaction. This modulation may result either from
rotation or from transient distortions of the complex. We
assume that, has the simple exponential temperature depen-
dence given by eq 13 with value’®® at 298.15 K and

€
oo ot~ b

activation energyE,. It should be noted that our notation is
different from that generally used in the interpretation of NMRD
profiles. The zero field electronic relaxation timeg, that is
normally quoted corresponds to (1%2r,)~1 in our notation.

We found, in a previous study, that it was necessary to invoke
a further, magnetic field independent electronic relaxation
mechanism in order to explain the observ&d relaxation rates$.
We proposed that there is a spin-rotation relaxation mechanis
with relaxation rates given by eq 14, whevgl = ¥i0g’, oL

1

Ti
being the deviations from the free electron value ofghealues
along the principal axes of thg tensor. tr is assumed to have

_ 298

T v

(13)

v

m

S o

_9‘L'R 1=1,2

(14)

(28) McLachlan, A. D.Proc. R. Soc. Londot964 A28Q 271.

170 NMR data, and is used to explain a slower than expected
decrease of The with magnetic field. The spin rotation
mechanism has been described for several paramagneti&ions,
and it is quite reasonable that it should operate fof'Gd

The overall transverse electronic relaxation rates are thus
a sum of intermolecular dipotedipole, intramolecular dipote
dipole (dimers only), zero field splitting, and spin rotation
relaxation mechanisms, with the zero field splitting contribution
dominating except at high fields. Data for low concentration
solutions were used in the analysis of the multiple field data,
in order to minimize the contribution from intermolecular
dipole—dipole relaxation. The data were fitted simultaneously
with the 1’0 NMR and NMRD data (see below) using egs 3, 4,
6, 12, and 13 (plus egs 8 to 10 for the dimers). There are thus
10 parameters affecting the fit to the multiple-field EPR data
(Table 2) of whichA2, 72 andE, are the most important. The
poor quality of the fits in Figures 3a to 3f show that, although
eq 11 gives a better description of the data than the treatment
by McLachlan, the relaxation theory used is only very ap-
proximate. For this reason, the variable-concentration data were
not fitted simultaneously with the multiple field data, as the
poor fit to the multiple field data would mask the concentration
effect. The values foDZs,andEpcacawere entered as fixed
parameters in the least-squares fit.

Variable-Temperature 7O NMR Measurements. From
the measureyO NMR relaxation rates and angular frequencies
of the G&* containing solutions, T4, 1/T,, andw, and of the
acidified water reference, Tya, 1/T2a, andwa, one can calculate
the reduced relaxation rates and chemical shift, 11/T,,, and

(29) One might userc instead oftr for the spin rotational mechanism,
too. However, the anisotropic interaction between rotating charges and the
‘electronic spins (“spin rotation”) is dominated by correlation time for the
rotation of theg-tensor, represented by the spin rotation terS8an the
HamiltonianH = S-C-J, whereS is the spin angular momentum operator,
andJ the angular rotational momentuihThe rotation of theg-tensor is
linked to the rotation of the local coordination environment ofGend
will be better described by the &d—water vector, measured BYO NMR
and NMRD, than by the rotation of the whole complex, espcially in the
case of the dimers. Therefore we choegeather thange as correlation
time for the spin rotational relaxation mechanism.

(30) Banci, L.; Bertini, I.; Luchinat, ONuclear and Electron Relaxation
VCH: Weinheim, 1991; pp 8385.

(31) Atkins, P. W.; Kivelson, DJ. Chem. Phys1966 44, 169.
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Aw, which may be written as in eqs 1683233where 1T,

1 1
—=—|=—-= + = (16)
Tia T mT Tm Tios
1Tt Tmt A0y 1
T plT. T T e 2+T_
2A Tm (‘[m + T2m) + Aa)m 20s
17)
1 Awp,
Aw, = (0 —w,) = + Aw
" Py M A+ Y+ A Z’S |
18

1/Tom are the relaxation rates in the bound watkn, is the
chemical shift difference between bound water and bulk water
(in the absence of a paramagnetic interaction with the bulk
water), P, is the mole fraction of bound water, ang is the

Powell et al.

field. We assume that the outer-sphere contributionde has
a similar temperature dependenceA®e, and is given by eq
22 whereCos is an empirical constarit?
Aw = C Ao, (22)
The Y70 longitudinal relaxation rates in &t solutions are

dominated by the dipotedipole and quadrupolar mechanisms,
and are given by eq 2%1-35wherey, is the nuclear gyromag-

232 2 2
h
Ti = 15(1;) WSS(S+ 1)||67y, + 14—
im Gdo + wsfdz
37> 20+3 2
———"(1+ 53)1; (23)
10 1221 — 1) R
netic ratio { = —3.626x 10’ rad s'1 T~ for 170), rggois the

mean G@&"—O distance] is the nuclear spinl (= 5/, for 170),

mean residence time (or inverse exchange ratg,=1ke,) of x is the quadrupolar coupling constan, an asymmetry
water molecules in the inner-coordination sphere. The total parameter, andg = 7,,* + T,.;* + 75" Using the quadrupolar
outer-sphere contributions to the reduced relaxation rates andcoupling constant for acidified wateg(1 + 5%3)/2 = 7.58
chemical shift are represented by 1/Tz0s andAwos The MHz,36 and estimating = 2.5 A from the available crystal
temperature and magnetic field dependence of the reducedstrycture€s-2’ the dipole-dipole mechanism (the first term in
relaxation rates and chemical shifts for the six complexes studiedeq 22) is expected to contribute. 70% of 1My g is the

are shown in Figures 3a to 3f. The data for the aqua ion and rotational correlation time for the Gt—0O vector. While, for
the three commercial contrast agents have been at least partiallthe monomeric complexes, this is equivalent to the rotational

published*®10 The 1.4-T data for [Gd(DTPA)(+D)]?>~ and
[Gd(DOTA)(H0)]~ and all the data for the two dimeric
complexes are presented here for the first time.

correlation time of the whole complex, this is not necessarily
true for the dimers, as part of the molecule may rotate
independently of the rest. We therefore differentigtéor the

We have shown in previous publications that the outer-sphere Gi+—0O vector from rre, Which influences the electronic

contributions in eqs 16 and 17 are negligibléNe used the

full egs 16 and 17, with the outer-sphere terms set to zero, in

the analysis. However, it is useful to consider the simplified
egs 19 and 20, where the contribution &by, in eq 17 is

11

== (19)
Tlr Tlm + Tm

1 1
e (20)
T2r T2m + Tm

assumed to be negligible. Sincg decreases, whilé;, and

relaxation rates.

The 170 transverse relaxation rates in bound water ir#'Gd
solutions are dominated by the scalar relaxation mechanism,
and are given to an excellent approximation by eq 2here

A/R)? T
1 _Gh Tist % (24)
Tosc 3 1+ werog
lhtis = 1l + LT It is the efficiency of this relaxation

mechanism that allows the determination of faster exchange rates
with 70 NMR, as it shortend,n, in eq 20, so that the slow

Tom generally increase, with increasing temperature the sign of exchange regime can be observed. The mechanism is not

the temperature dependence ofTi/or 1/T,, will depend on
which term dominates in the denominator of eqs 17 and 18.
The maxima observed in the temperature dependencelgf 1/

effective in longitudinal relaxation due to the absence of the
T1s term in eq 24, and so has been neglected in eq 23 above.
Scalar relaxation is much less important in proton relaxation,

(Figures 3b to 3f) are characteristic of the changeover from the because the protons are more distant from the paramagnetic

“fast exchange” regime at high temperatures, whergis the
dominant term in eq 18, to the “slow exchange” regime at low
temperatures, wherg, is the dominant term. The changeover

center so that the scalar coupling constant for the eleetron
proton interaction is small. In NMRD, where longitudinal
proton relaxivity is measured, the scalar relaxation contribution

between fast and slow exchange limits is also manifested in is negligible3 While this simplifies the treatment of NMRD

Aw;, the maxima in I, corresponding to the points of
inflection in Aw,. At high temperatures, the inner-sphere
contribution toAwy is given by the chemical shift of the bound
water molecules, which is determined by the hyperfine interac-
tion between the G4 electron spin and thEO nucleusiia eq
2134 whereg, is the isotropic Landey factor . = 2.0 for

_ eSS+ 1BA
KT R

Gd*t), Sis the electron sping = 7/, for Gd"), Ak is the
hyperfine or scalar coupling constant, aBds the magnetic

Aw (21)

m

data, it means that the method is a poor measure of water
exchange compared {60 NMR.

The electronic relaxation rates are given by the equations
derived in the previous two sections. Since thg term
dominates in eq 24 it is the longitudinal electronic relaxation
rates that contribute to tHeO transverse relaxation rates. As
discussed above, the dipeldipole electronic relaxation mech-
anisms are ineffective in longitudinal electronic relaxation, so
that it is the zero field splitting and spin rotation contributions
that dominate (parameter®, 2%, E,, 02, tay, andEge).

The longitudinal’O NMR relaxation rates are essentially in
the fast exchange regime (little influence mf) and are thus

(32) swift, T. J.; Connick, R. EJ. Chem. Phys1962 37, 307.
(33) Zimmermann, J. R.; Brittin, W. BE. Phys. Cheml957, 61, 1328.
(34) Brittain, H. G.; Desreux, J. Fnorg. Chem.1984 23, 4459.

(35) Kowalewski, J.; NordensKp, L.; Benetis, N.; Westlund, P.-®rog.
Nucl. Magn. Reson. Spectrosk985 17, 141.
(36) Halle, B.; Wennerstm, H. J. Chem. Physl981, 75, 1928.
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influenced by four parametera2®, Eg, redo, and the quadru-  vector?® As described above, the scalar contribution to

polar coupling constant(1 + 7%3)2 longitudinal proton relaxation is negligible and has been ignored
The binding time (or exchange rate,) of water molecules  in eq 28.

in the inner sphere is assumed to obey the Eyring equation (eq The outer-sphere contribution to proton relaxivity can be

25) where AS" and AH* are the entropy and enthalpy of described by eq 392°whereN, is the Avogadro constant, and

1_ kexzk%TeX[{As* AH*}

Tm

AS  AH' R =6400\|An(@)2 hzj/é)/f
R RT los 81 \47/ agyDga

e T [AHH 1 1 73 odwsT,dl (30)
2081557 R \z08.15 T/ ®®

S+ 1)[3dwy,T1) +

the spectral density functiodys, is given by eq 31.Dggn IS

activation for the exchange process aki@B is the exchange 1
. 1. TGdH

rate at 298.15 K. Jodw,T) =Re{ 1+ iwrgy + —=—

The data were fitted simultaneously with the EPR and NMRD  >° ' A% (13,2H Tie -
data using eqs-24, 6-18, and 2+-25. There are thus 6, 13, {1 + (inGdH + G_dH) + _(inGdH + G_dH) +
and 14 parameters that affect the fits of th&;1/1/T, and Tie 9 Tie
Aw, data, respectively (Table 3). o3

H i i T

NMRD. The measured increases of longitudinal proton 1 iWTGdH"‘G_dH withj =1,2 (31)
relaxation rates, compared to a pure water or serum reference, 9 Tie
normalized to millimolar G&" concentration, are shown as the
bottom boxes in Figures 3a to 3f (the data for [GelQh]** the diffusion coefficient for diffusion of a water proton away

and [Gd(DOTA)(HO)]" are literature dat&?’ the other data  from a Gd*complex (approximately the sum of the diffusion
were provided by Sanofi Nycom&). These NMRD profiles  coefficient of water and that of the complex), aagk is the
contain contributions from both inner-sphere and outer-sphere distance of closest approach of a second sphere water proton to
relaxivity, as described in the introduction (eq 26). Since the the Gd+ center. The correlation timegggy = aédH/DGdH-
corresponds to the time taken for a water proton to diffuse away
R; = Ryjs + Ry (26) from the vicinity of a G&" complex.

To our knowledge, no published variable-temperature NMRD
normalization of the relaxivity is different from that used for study has made use of an explicit temperature dependence of
1/Tyr in 70O NMR, we adopt the usual notatidR, for the the diffusion coefficient, which has been fitted independently
longitudinal proton relaxivity. However, it should be borne in  for each temperature available. We introduce an additional
mind that these two quantities are analogous. The inner-sphereconstraint on the data by assuming an exponential law (eq 32)
contribution to overall proton relaxivity in"$ mol~! L can

be described by eq 27 (analogous to eq 18), whei® the o8 F{EDGdH( 1 1)}
Doan = Dea ) —r 598 15 T (32)
1is — ¢ i 1 (27) 208
100055-5TTm +1, for the diffusion coefficient, wher®g,y, is the value at 298.15
K and Epggn is the activation energy for the process.
gadolinium concentration in mol andq the number of inner- The data were fitted, simultaneously with the EPR af@

sphere water molecules. The longitudinal relaxation rate of NMR data, using egs 2632, together with eqs-24 and 6-18

inner-sphere water protons,'l'ff@, is given by eq 28240where describing the electronic relaxati(_)n rates that enter in eq 28.
There are thus 18 parameters that influence the fits to the NMRD

2.2 2 profiles (Table 3).

1 _ MS(S—F 1) 3ta1 + 42 (28) Simultaneous Fitting of EPR, NMRD, and’0O NMR Data.
Tim 1545 1+ 0ty 1+ 0, The parameters that influence the fits to the different types of

measurement, according to the theoretical treatment presented
vs () is the electron (proton) gyromagnetic ratig & 2.765 above, are summarized in Table 3. It can be seen that there
are a total of 21 parameters! The parameters that influence the

x 10 rad st T for protons),regn is the effective distance X e
between the gadolinium electron spin and the water protons,sma” concentration-dependent contribution to the EPR relax-

298 :
oy is the proton resonance frequency at the magnetic field ation ratesacacs Dgace @aNdEpcdca Were fixed at the values
applied, andrq is given by eq 29, wherag is now the obtained in the independent analysis given in the first section
of the results. Following previous NMRD and structural studies,

1 ) the distance of closest approach of a water proton to & Gd
+ T i=1,2 (29) center,aggr, Was fixed at 3.5 A, and the inner-sphere3GedH

'€ distance,rgan, was fixed at 3.1 A. In addition, either the
quadrupolar coupling constant(l + 72/3)Y2, was fixed at its
value for acidified water, 7.58 MHz, or the inner-sphere
Gd**t—0 distancergqo, Was fixed on the basis of structural
studies at 2.5 A (attempts to fix both these parameters led to
poor fits to the data). For the dimensqcq Was fixed at the
(37) Aime, S.; Benetello, F.; Bombieri, G.; Botta, M. Submitted for values given in the separate section above, ﬁﬁi?jand Ere

1

_I_

1,1
T Tm TR
correlation time for the rotation of the &d-proton vector. We
assume that, for both proton ah®© NMR as well as for the
spin rotational mechanism (egs 14 and Xfh)js given by the
overall rotational correlation time of the gadolinium-water

p“?gg?t}i(%rl‘lé K- Brown. R. D.. lll. Private communication were allowed to vary. This left 15 adjustable parameters in
(39) Bloembergen, NJ. Chem. Phys1957, 27, 572. ' the least-squares fits of the data for the monomers and 17 for

(40) Solomon, 1Phys. Re. 1955 99, 559. the dimers.
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Table 3. The Parameters That Influence the Fits of the Different AVF, is independent of pressure, am is the exchange rate

Types of Measuremerits at zero pressure and temperatiirte®-11
EPR  TONMR YONMR YONMR NMRD We performed a least-squares fit of the data in Figure 4 using

parameter (1)  (UTw)  (UT2) (Ao (Ry) egs 1114, 17, 21, 24, and 33 wittk()! and AV* as fitted
Tm (Kex) X X X X parameters. The scalar coupling constant was found previously
AH* X X X X to be independent of pressuffeso we assume that it is constant
é{i‘ X ;(( and equal to the value in Table 4. The mean-square deviation
2% X X of the g.-tensor, Ag.2, was also assumed independent of
Er X X pressure. We calculated the correlation timgsndzg at zero
72 X X X X X pressure and 272.0 K, using egs 10 and 13 and the parameters
E, X X X X X in Table 4. Ascribing a pressure dependence equivalent to an
A? X X X X X activation volume oft:5 cn® mol™! to these correlation times
og; x x X X X had a negligible effect on the fitted parameters (as expected,
acdn § since the contribution of2m in eq 16 is so small). The fitted
E[fg:H X function is shown in Figure 4. The fit parameters ag)§’*
acaes X X X X = (3.1+£0.3) x 1 st andAV* = +2.3+ 0.2 cn? mol™.
D&y X x x x
Epcaca X X X X Discussion
A X (dimers) X X X )
Ere X (dimers) X X X Simultaneous Treatment of EPR,1’O NMR, and NMRD
yA(1+ X Data. As illustrated by Table 3, there are a large number of

713) parameters influencing the data obtained by the different
:23: X X techniques. This is particularly the case for NMRD: even if
Foded X (dimers) X (dimers) X (dimers) X (dimers) X (dimers) W€ remove the additional parameters originating from our more

complete treatment of the electronic relaxation, there are still

A capital X indicates that a parameter has an influence, and a small seyen parameters required to fit a single NMRD profile. It has
x indicates a minor influence. b . .

een possible in the past to separate these parameters to some

The data were fitted simultaneously using the equations extent, since different parameters affect the profile at different
specified in the separate sections above, with eigier 7% magnetic fields (proton frequencies). Thus, electronic relaxation
3)M2=7.58 MHz and-cqo adjustable og(1 + #%3)"?adjustable  usually dominates the dipotelipole correlation time for inner-
andrggo = 2.5 A. For the macrocyclic complexe, had to sphere relaxivity at low field, and produces the first dispersion
be fixed at a small positive value, otherwise negative activation at around 3-4 MHz, whereas rotation dominates at higher fields
energies would result (typically: <1 £+ 2) kJ mofY). The and determines the shape of the dispersion at around 30 MHz.
weighting of the data sets was adjusted to give the best The combination of the shapes of the curves with the magnitude
subjective compromise in the quality of fits to the different data at low field can allowr g+ to be fixed reasonably well. However,
sets: the optimum weighting factors were found to be 10 for there remains a considerable uncertainty due to the fact that
the 9.4- and 4.7-1’0 NMR data, six for the 1.4-F'O NMR outer-sphere relaxivity makes up around 50% of the overall
relaxation rates, and unity for the other data sets. The lower profile.
weighting of the electronic relaxation rates is justified by the 170 NMR has the advantage that the outer-sphere contribu-
relatively poor agreement of experiment and theory, and that tions to the relaxation rates are negligibly small: this is a
of the NMRD data by the relatively Iarge number of data points Consequence of the oxygen nucleus being closer to the para_
and the fact that the data enter linearly rather than logarithmi- magnetic center when bound in the inner-sphere. In addition,
cally into the fit. The results of the least-squares fits are shown the longitudinal relaxation rates are dominated by the dipole
as the curves in Figure 4. For the monomeric complexes the dgipole and quadrupolar relaxation rates, for which at the fields
quality of the fits is somewhat reduced compared to those employed rotation determines the correlation time, while the
obtained from fits of the individual techniqué&;° showing transverse relaxation rates are dominated by scalar relaxation,
that the effect of the greater constraint on the data more thanwhich is insensitive to rotation of the complex. This scalar
compensates the increase in the number of adjustable parameterge|axation mechanism is highly efficient and often results in a
The parameters obtained from the least-squares fits are giVerkineticaIIy controlled “slow-exchange” region at low temper-

in Table 4. In the two fits with eitheg(1 + #%3)"? or reao atures. These facts have allowed a better separation of certain
ﬁxed, the values obtained for the remaining parameters were parameterS, especia”y those describing the water exchange
identical. process. The EPR results are in principle simpler to interpret,
Variable-Pressure NMR Measurements. The pressure  sjnce they are only affected by the transverse relaxation rates.
dependence of the reduced transverse relaxation rales,far However, we have seen that the electronic relaxation rates are

[bisoxg Gd(DO3A)(HO)}2] at 272.0 K and 9.4 T is shown in  themselves complicated, being determined by a large number
Figure 4. At this temperature and magnetic fieldilis near  of parameters and not very well described by the theories used.
the slow exchange limit and so is dominateday(using the Since the data from all three techniques are influenced by a
parameters in Table 4, is only ca. 4% of the denominator  \,mper of common parameters, it is clear that there will be an
in eq 19). The decrease ofTh/ with pressure in Figure 4 1S,  ihcrease in the constraints placed on these parameters by a
therefore, due to a slowing of the water exchange process. Thegimiraneous least-squares fit. This is evident in the reduced
pressure dependence of the water exchange rate may be W”tte'auality of the fits in Figures 3a to 3f compared to separate
as in eq 33, where it is assumed that the activation volume, fjic 49.10 A well as fitting the data sets simultaneously we have
increased the constraint on the NMRD data at different
1 AV } temperatures compared to previous studies. We have assumed

==k = (koo eXF{ ~ Rl (33)

Tm

(41) Cossy, C.; Helm, L.; Merbach, A. Fhorg. Chem1989 28, 2699.
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170 NMR than for NMRD, so that the combined approach is macrocyclic monomer [Gd(DOTA)(#D)]~, suggested strongly
very useful for determining the activation energy for rotation. that, in addition to the intermolecular interaction, an intramo-
Of the other fitted parameter§es is similar to the values lecular interaction between the two &dons in each dimeric
obtained in our previous studies of [Gd®hg]*" and [Gd- complex could produce a relaxation effect. The data were
(DTPA-BMA)(H20)].41° The larger discrepancies for analyzed in terms of the intramolecular GeGd*t distance,
[GA(DTPA)(H.0)]?>~ and [Gd(DOTA)(HO)]~ are influenced estimated from structural studies, and a rotational correlation
by the different electronic relaxation parameters. The values time of the G&"—Gd®" vector, 7, with associated activation
obtained fordg? are significantly different from those obtained ~energy,Ere The rotational correlation times obtained, from
in our previous studies. This is certainly due to the change in both the independent fit (Table 2) and the simultaneous fit (Table
7R in comparison to previou¥’0O NMR studies gide supra. 4), were quite reasonable, although the activation energies
Comparison with previous studies leads us to believe that obtained were rather low. This suggests that the applied theory
the parameters obtained from our simultaneous least-squareds basically correct, but that the activation energies are deter-
fits represent a more self-consistent parameter set than thosénined incorrectly due to the difficulties associated with separat-
obtained from individual techniques. The simultaneous fits are ing the zero-field splitting and intramolecular dipeigipole
a critical test of the relaxation theories used in the data analysis.contributions to the relaxation rates.
The quality of the fits obtained suggests that, with the exception  The parameters describing the zero-field splitting interaction,
of the EPR treatment, the theories used are satisfactory. Wer\z,%, Ev, andA?, are determined by the EPR data, but also by
are therefore confident in the new values that we have obtainedthe’0 NMR and NMRD data. This is potentially problematic
for the two dimeric complexes. in the simultaneous fits, as the theory for the influence of
Structural Parameters. The only parameters relevant to the electronic relaxation rates on nuclear relaxation assumes es-
structure of the complexes that are obtained from our fits are sentially that the EPR line shape is perfectly Lorentzian. As
redsoandAh. The former is heavily influenced by the interplay  pointed out by one of the pioneers of NMRINMR relaxation
with the quadrupolar coupling constant as discussed above, andn the presence of a paramagnetic center can be likened to an
we do not attach any significance to the variation of this value extreme off-resonance EPR experim&htThe nucleus, pre-
from one complex to another. The scalar coupling constant, cessing at the nuclear Larmor frequency, relaxes through
AR, determined from thé’O NMR shifts, is a measure of the  absorption of energy by the spin system, which resonates at
Gd** spin density at thé’O nucleus. The value should be the much higher electronic Larmor frequency. If the absorption
approximately the same for all the complexes, sing@ does by the spin system is not perfectly Lorentzian, the relaxation
not vary significantly. The values for the different contrast rate extrapolated from an electronic relaxation rate calculated
agents are indeed very similar. This is evidence that our near the center of the resonance may be quite different from
assumption of one inner-sphere water molecule is correct, sincethat actually observed at the nuclear frequency. From the curves
the number of water molecules enters directly in our calculation in Figure 3, it is clear that the simultaneous fit produces poor
of Aw,. This is in agreement with specific structural studies of fits to the EPR data. Independent fits of the EPR data are not,
the two dimeric complexes using X-ray diffraction, molecular however, a great deal better, particularly for the macrocyclic
mechanics calculations, and U¥isible spectroscop{? complexes. Thus, while there are undoubtedly problems of
Electronic Relaxation. The theory governing electronic ~ incompatability of the NMR and EPR data, much of the poor
relaxation rates and their effect on NMR relaxation rates is quality of the fits to the EPR data is due to the inadequacy of
undoubtedly the least well understood part of our data analysis.the theory used to describe the dominant zero-field splitting
Electronic relaxation in Gt complexes has generally been relaxation mechanism. The relaxation matrix treatment that led
explained in terms of a zero-field splitting interaction. Our to this theory predicts that the EPR line shape should be a
previous!’0O NMR measurements have led us to propose that superposition of four Lorentzian lines that, at least at the highest
there is an additional spin-rotational contribution to the electronic field used, should have very different relaxation rates. No
relaxation rate$. Our high-field EPR measurements have e€vidence for this is found experimentally: the four transitions
demonstrated two further electronic relaxation mechanisms, appear to be mixed in some way to give a single, approximately
which have not previously been reported for3Gdomplexes. Lorentzian line. We have taken the approach of assuming that
The concentration dependence of the electronic relaxation rateghe relaxation is described by a mean relaxation time. While
at a field of 5.0 T suggested an intermolecular dipal@ole this gives a much improved description of the field dependence
relaxation mechanism. This was analyzed in terms of an of the relaxation rates, compared to that predicted by the usual
estimated distance of closest approach of two complexass McLachlan treatment?®a more sophisticated treatment of the
and a relative diffusion coefficient for one complex with respect relaxation rates would no doubt explain the remaining discrep-
to another,D,, With associated activation ener@cdcs ancies. Nonetheless, we believe that our simultaneous least-

The values obtained fobZ%,, are quite reasonable, and as sguares fit gives the best determination of the parameters

. . . . . 98 L .. .
expected are lower than the relative diffusion coefficient of water 7. » Ev, andA? within the limitations of current theory. The

protons with respect to a compleRZ, In addition, the values of the correlation time for modulation of the zero-field
) ' 298

values for the bulky dimeric complexes are significantly lower SPplitting interactionz,™, are all several times shorter than the
than those for the monomeric complexes. Although we hesitate rotational correlation times;2’®. This suggests that the zero-
to give too much weight to the absolute values obtained, thesefield splitting interaction is modulated not by rotation of the
facts suggest that we are indeed observing a diffusion-relatedcomplex but by random distortions of the coordination sphere.
phenomenon, and that the applied theory is at least ap-Indeed, a recent molecular dynamics simulation of the [Yb-
proximately correct. (H20)g]3" ion in solution showed a random pseudorotation,
The relatively large electronic relaxation rates of the two corresponding to sudden 9Qumps of the main axis of

dimeric complexes at 5.0 T, compared to those for the Symmetry of the square antiprism formed by the eight coordi-
nated water molecule®8,on a time scale of 11 ps i.e. close to

(43) Frey, S. T.; Chang, C. A,; Carvalho, J. F.; Varadarajan, A.; Schultz,
L. M.; Pounds, K. L.; Horrocks, D. Winorg. Chem 1993 33, 2882. (45) Kowall, T.; Foglia, F.; Helm, L.; Merbach, A. El. Phys. Chem.
(44) Koenig, S. HJ. Magn. Reson1982 47, 441. 1995 99, 13078.
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the 72% obtained for [Gd(HO)g3t. If the interaction is  The values obtained are all close to those for self-diffusion of
modulated by random distortions, this implies that the mean- water molecules in pure wateB?%= 2.3 x 10 °m? st and
square zero-field splitting energi2, corresponds to a transient  Ea = 17.3 kJ mot1.47 This suggests that, while NMRD may
zero-field splitting. The three macrocyclic complexes have low not be the ideal method of determining diffusion coefficients,
A? values compared to the other complexes. This results in the breakdown of the analysis into inner- and outer-sphere
slower electronic relaxation rates in the low field limit, and can contributions is reliable in this simultaneous data analysis.
be advantageous to their relaxivity properties. This suggests The parameters describing the diffusion of one complex with
that the instantaneous structure of the macrocyclic complexesrespect to anotheDZ. ,and Epcdcas Were obtained from the
is more symmetric than those of the other complexes. On the analysis of the variable-concentration high-field EPR data. The
other hand, th<a,~§98 values are similar for all the complexes, so theory applied is certainly only approximate, since the electronic
that the macrocyclic complexes can change their distortion axis relaxation acts as a correlation time in the intermolecular
as quickly as the other complexes. dipole—dipole relaxation mechanism, so that we do not wish
The spin rotation mechanism was invoked in order to explain to attach too much importance to the absolute values. Never-
the slower than expected decrease dfdwith magnetic field theless, the values obtained are quite reasonable, all being
implied by thel’O NMR relaxation data. The values obtained considerably lower than the self-diffusion coefficient of water
for the mean-square deviation of tgetensor,dg?, are quite (see above). We believe that the relatively low values obtained
reasonable compared to those found fofCeomplexeg8 and for the two dimeric complexes are significant, and are another
there is no reason why a spin-rotation relaxation mechanism manifestation of the increased bulk of the complexes slowing
should not operate. In principle, tiigf values are a measure ~down their motion.
of the degree of permanent distortion of the complexes. Water Exchange Kinetics. The picture of water exchange
However, we do not attach any significance to the variation of on lanthanide(lll) complexes that we have built up over a series
6g? from one complex to another as it is certainly affected by Of publicationd.102223:4146.4%3 is intimately related to the

inadequacies in the description of the electronic relaxation ratescoordination of the complexes in solution. The coordination
due to the zero-field splitting interaction. number of the lanthanide(lll) aqua ions is known to change from
Rotation. The rotational correlation times2® in Table 4 9 for the early members of the series to eight for the late
. R .
are reasonably well correlated with the size of the molecules, members, as a resul_t of the Ianthamde Contra&%ﬁ'The .
increasing from the aqua ion to the monomeric complexes to members near the middle of the series exhibit a coordination
the dimeric complexes. For the dimeric complexes we have equilibrium betwee_n th.e octaaqua and enneaaqua complexes:
distinguished between the rotational correlation time of the the apparent cc_)ordln_atlon number of Snis known to be 8.5
GP*—water vectorzg, and that of the Gt —Gd** vector, rre from neutron diffraction measuremenés.The exchange rates
the former being determined primarily by the NMR and NVRD  for the late lanthanides from ¥bto Gd* increase toward the
middle of the lanthanide seri@while the negative activation

data and the latter by the electronic relaxation rates. For the L S . .
[pip{ GA(DO3A)(HO)} 5] complex the values ofégs and Téges ;/olurﬂ]es |nd|cate_ ané?s_srck)]ma_ltlvely actl_vated r(]axchange mechan(ljsm
are identical within error. This implies that the &d-water Er a octaa(fquk? I(Im h .g Increase In exc angde ratl;es_ toméar
vector turns as the whole complex turns. For [biddxd- t ecentgro t € .ant'anl € series s m'gerprete as being due to

08 - the relative stabilization of the 9-coordinate transition state as
(DO3A)(HO)}2], on the other hand, the value Gﬁ IS the size of the lanthanide(lll) ion increases.

significantly lower than both the value of° and the value of . .
ngs for [pip)EGd(DO3A)(HZO)}2] The val%es ot 2% are very The five contrast agents studied here are, on the otlher'hand,
R ’ Re all nine-coordinate Gt complexes. The positive activation

?lmllzatrr]fqr thelifwo Q|merjlf:hcom|émle§[<e§, (‘;".S v;/m#]d tbtehggzcwd volumes demonstrate that the exchange mechanism is disso-
rom their simar size. €s€ 1acts indicate tha ciatively activated, i.e. the transition state in the exchange

water vector in [biSOX%Gd.(DOSA)(FbO)}Z.] rotates more r_apidly process resembles an eight-coordinate species. For the mon-
than the whole complex, '”?p'y'“g that either macrocyclic m_0|ety omeric species, there is a considerable amount of evidence that
of the complex can rotate independently of .the qther. This can the lanthanide analogues are nine-coordinate across the whole
be interpreted as belng d”‘? to the_ more erX|bIg linkage loe'["Veenseries. This is an indication that the eight-coordinate species,

the two macrocyclic chelating moieties in the bisoxa(DOSA) which are the transition states in the exchange processes, are

compared to the pip(DOSA‘T "ga!”d’ Whi.Ch is rgasonable in energetically very unfavorable compared to the nine-coordinate
the light of the 'r|g|d|ty of the cyclic bridging mqety '”?"ed to ground state, leading to the slow exchange rates compared to
the planar amide groups. The result of this relatively fast the octaaqua ion. This picture of the exchange process has been

rotation of the G@&™—water vector is a somewhat lower
L . : corroborated by recent measurements of the water exchange
relaxivity for [bisoxg Gd(DO3A)(H:0)} 2] than for [pip{ Gd- rates and activation volumes for the DTPA-BMAcomplexes

(DO3A)(H,O)}2). It is clear that, in the design of new with NdB*, EL+, GEB*, Th*, Dy3*, and HG* ¢ The activation

macro_molecular contrast agents, the _Iink between the different, | mes from [EU(DTPA-BMA)(HO)] to [Ho(DTPA-BMA)-
chelating groups must be sufficiently rigid that the3Gdwater (H;0)] are all large and positive (betweei7.3 and+9.8 cn?

vector rotates with the whole complex, if the full relaxivity gains mol-3), indicating a limiting dissociativé® mechanism. The

due_to s.lower rotat|_on 9f the complex are to be aCh_'eV?d' exchange rates increase along the series from [Gd(DTPA-
Diffusion. The diffusion coefficientsDgqn, and activation
energies Epcan, for the relative motion of water protons and (47) Mills, R. J. Phys. Cheml1973 77, 685-688.

G+ complexes, determined primarily from the NMRD mea- Chg‘ni)l';‘é%agz B&?Oﬁ”*’zv G.; Powell, D. H.; Merbach, A. Bnorg.
surements, are similar for all the complexes studied. Since the (49) Graeppi, N.; Powell, D. H.; Laurenczy, G. iZay, L.; Merbach,

complexes themselves are of different bulk, and so should A. E. Inorg. Chim. Actal995 235 311.
diffuse at different rates, the similarity of the diffusion coef- (50) Kowall, T.; Foglia, F.; Merbach A. EJ. Am. Chem. Sod 995

- - ; 117, 3790.
ficients indicates that they are dominated by the much more (51) Kowall, T; Foglia, F.; Helm, L.; Merbach A. EEhem. Eur. J1996
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BMA)(H,0)] to [Ho(DTPA-BMA)(H,0)], consistent with the  correlation time is to be achieved, the water exchange rate needs
increased accessibility of the eight-coordinate transition stateto be at leastan order of magnitude faster than for the two
as the size of the lanthanide(lll) ion decreases. Between [Nd- dimers studied here. Since the water exchange rates in the two
(DTPA-BMA)(H,0)] and [Gd(DTPA-BMA)(HO)] the ex- dimers are so similar, it would seem that the water exchange
change rates vary very little. The activation volume for rate is determined primarily by the structure of the first
[Nd(DTPA-BMA)(H,0)] is near zero{0.8 + 1.6 cn? mol ™), coordination sphere of Gd and is independent of the structure
indicating that as the dissociative mechanism becomes slower,of the bridging moiety. We thus expect little marketable gain
and the lanthanide(lll) ion becomes larger, an interchange in relaxivity if the same basic coordinating groups are used in
mechanism (with significant participation from the incoming the synthesis of polymeric contrast agents.
water molecule) takes over. The interpretation of the phenom-  Conclusions We have shown that a simultaneous treatment
enon has been that the crowding of the water binding site of EPR,1’O NMR, and NMRD data leads to improved definition
determines the rate and mechanism of the water exchangeof the many parameters affecting the proton relaxivity ofGd
reaction. complexes. In addition, we have used high-field EPR data to

On changing from [Gd(DTPA-BMA)(kD)] to [Gd(DTPA)- demonstrate two electron relaxation mechanisms that have not
(H20)]>~ two amide ligating groups are replaced by more Previously been reported for &d one of which is peculiar to
strongly ligating carboxylate groups. These more strongly dimeric complexes containing two paramagnetic centers. Our
coordinating groups can be expected to pull the ligand more results show that in the design of new polymeric 3Gd
tightly around the metal center, thus increasing the crowding complexes, in order to maximize the relaxivity gain, care must
at the water binding site. This would favor the dissociative Pe taken that (a) the linking group is sufficiently rigid to ensure
exchange mechanism (indicated by the large positive activationthat the G&"—water vector does not rotate more rapidly than
volume) giving the observed increase of water exchange ratethe whole complex and (b) the water exchange rate on the
(Table 4). Similarly on changing from [Gd(DOTA)#)]~ to complt_exes is sufﬁuently_rapld to ensure efficient transfer of
[bisoxg Gd(DO3A)(H:0)} 5] or [pip{ Gd(DO3A)(H0)} 7] there relaxivity to the surrounding water.
is a decrease in the number of carboxylate ligands, so that the Our results suggest that potential complexing and linking
ligand is pulled less tightly around the metal center and there groups should be screened by studying dimeric complexes,
is less crowding around the water binding site. The dissociative before the time-consuming synthesis of large polymeric species
exchange mechanism is thus disfavored leading to the near-is embarked upon. In addition, it appears that changing the
zero activation volume for [bisox&d(DO3A)(H:0)},] (see steric crowding at the water binding site through minor
Figure 4) and the relatively low exchange rates for the two modification of ligand structure could be sufficient to ensure
dimeric complexes (Table 4). All these results indicate that thatthe complexes achieve the second of the above conditions.
the best strategy for increasing water exchange rates éh Gd
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correlation times there is a gain in relaxivity at the usual imaging . . .
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and 25% for [bisoxeGd(DO3A)(HO)}2] with respect to Iongltud|'naI17O rela>.(a.t|on rates and reduced angular frequencies
[GA(DOTA)(H,0)]. Simulating an NMRD profie for [bisoxa- ~ Of solutions containing [Gd(k0)e]*" (Table Slae), [Gd-
{Gd(DO3A)(H0)} 2] with an exchange rate ten times smaller (PTPA)(HO)I” (Table S2a-e), [Gd(DTPA-BMA)(HO)] (Table
(15 x 10F 1) than that measured and all other parameters 532 €), [Gd(DOTA)(HO)]™ (Table Saj), [pip{ Gd(DO3A)-
unchanged reduced the proton relaxivity to that of [Gd- (H20)}2] (Table SSae), and [bisoxpGd(DO3A)(HO)}2]

(DOTA)(H20)]~, while the same process with an exchange rate (Table S_G&f) at1.4 (@), 4.7 (b), and 9.4 T (c) and transverse
ten times greater (1.5 107 s-%) enhanced relaxivity at fields electronic relaxation rates at X-band, Q-band, and 2mm band

lower than the first dispersion, but left the value at 20 MHz (d) as a function of temperature, proton relaxivities in saline
nearly unchanged. Similar calculations can be done with buffer at different temperatures as a function of magnetic field
[bisoxd GA(DO3A)(H:0)} o] with qualitatively the same resullt. (expressed as proton resonance frequency)j (@r [Gd-
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has a marginal limiting effect on relaxivity at imaging fields relaxation rates of a solution containing [bisogai( )-

(20 MHz). Although the effect is very small for the dimeric (sl_ész)}fé at9.4 T aSnd 272 K a5 atfuncti?hn 0; preSSL:cre (T(ej\bl_e
complexes presented here, it will become extremely important ) (16 pages). See any current masthead page for ordering

for higher molecular weight, polymeric contrast agents. If the and Internet access instructions.
full gain in relaxivity expected due to the lengthened rotational JA961743G



