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Abstract: The relaxation of electronic spins S of paramagnetic species is studied by the field-dependence
of the longitudinal, transverse, and longitudinal in the rotating frame relaxation rates R;, R., and Ry, of
nuclear spins | carried by dissolved probe solutes. The method rests on the model-independent
low-frequency dispersions of the outer-sphere (OS) paramagnetic relaxation enhancement (PRE) of these
rates due to the three-dimensional relative diffusion of the complex with respect to the probe solute. We
propose simple analytical formulas to calculate these enhancements in terms of the relative diffusion
coefficient D, the longitudinal electronic relaxation time Tie, and the time integral of the time correlation
function of the /—S dipolar magnetic interaction. In the domain of vanishing magnetic field, these parameters
can be derived from the low-frequency dispersion of R, thanks to sensitivity improvements of fast field-
cycling nuclear relaxometers. At medium field, we present various approaches to obtain these parameters
by combining the rates Ry, R,, and Ri,. The method is illustrated by a careful study of the proton PREs of
deuterated water HOD, methanol CH3OD, and tert-butyl alcohol (CH3)sCOD in heavy water in the presence
of a recently reported nonacoordinate Gd(lll) complex. The exceptionnally slow electronic relaxation of the
Gd(Il) spin in this complex is confirmed and used to test the accuracy of the method through the self-
consistency of the low- and medium-field results. The study of molecular diffusion at a few nanometer
scale and of the electronic spin relaxation of other complexed metal ions is discussed.

1. Introduction Among the observables due to a paramagnetic center, NMR
paramagnetic relaxation enhancement (PRE) is a versatile
spectroscopic property, which gives access to dynamical
processes happening over a time scale ranging from aboti 10

and the enhancement of image contrast in magnetic resonanc® 10°° S- It allows one to explore the magnetic energy levels
imaging® (MRI). Besides the applied use, the paramagnetism of the ion and he_nce its electronic interactions with t_he_llga.nds.
of a metal ion is a unique tool to explore the structure and It gives mformatloq about the spatial equilibrium distribution
dynamics of its environment and hence to optimize the Of the nuclear spins located both on the complex and on
underlying molecular factors in view of the applications: First, Surrounding species. It probes a wide variety of intramolecular
the equilibrium magnetic properties of the metal and the time Processes including the time distortion of the complex, its
correlation functions (TCF) of its magnetic moment are direct Brownian rotation, and the resulting electronic relaxation of the
probes of its electronic interactions with the neighboring atoms. Mmagnetic moment of the ion. It can be used to study the
Second, the paramagnetic effects induced on the nuclear spinglynamics of molecular recognition of the complexed ion by
give invaluable information, intrisically very long range, about the solvent and solutes.

Paramagnetic metal ions coordinated by organic ligands play
central roles in the preparation of molecular nanomaghéts,
the structure and activity of many metal-containing protéiris,

their positions with respect to the metal. Complexes of paramagnetic metal ions are used in MRI to
accelerate the relaxation of the water proton nuclear dpims
(1) Sangregorio, S Onm. 1 Paulsen. C.; Sessoll, R.; Gatteschhys. Re. the surrounding tiss@é thanks to the strong magnetic dipele
(2) Kahn, O.Molecular MagnetismVCH: New York, 1993 ~dipole interaction of these nuclear spins with the electronic spins
) o E'g’gﬂg}?%g;;gg%? osolution NMR of Paramagnetic g o the metal ions. This local increase of nuclear relaxation

(4) Handbook of Metalloproteinsviesserschmidt, A., Huber, R., Wieghardt,  rate provides the image contrast. The efficiency of a contrast
K., Poulos, T., Eds.; John Wiley: New York, 2001.

(5) Caravan, P.; Ellison, J. J.; McMurry, T. J.; Lauffer, R Ghem. Re. 1999 agent (CA) in terms of image contrast is measured by its
99, 2293-2352. i ; ; ; :
(6) The Chemistry of Contrast Agents in Medical Magnetic Resonance Imaging reIale.lt_y, i.e. the relaxation rate |n(_:rease of the nuclear Spins

Merbach, A. E., Tth, E, Eds.; John Wiley: New York, 2001. per millimole of complexed metal ions. Today, even though
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Mn(l1) complexes look promising for specialized applicatidfs,  imagers is thafTie is too short for an easy direct measure-
Gd(Ill) chelates are by far the most widely used contrast agentsment242>Here we describe an indirect, but model-independent,
in clinical practice. Indeed, Gd(lll) presents the highest magnetic PRE method for measuring the longitudinal electronic relaxation
moment 8= 7/,) of any element and a slow electronic relaxation rate 1T, of a Gd(lll)-based CA both at zero-field and above
that make it ideal as a relaxation agent. However the relaxivity 0.5 T. The method rests on molecular probes carrying the
of currently used CAs is only a few percent of the maximal observed relaxing nuclear spins and undergoing relative trans-
theoretical relaxivity. The “new generation” target specific lational Brownian motions with respect to the CA. It also
contrast agents require higher relaxivity. The simultaneous provides the relative diffusion coefficien® = Dyrobe + Dca
optimization of the molecular parameters determining the of the CA with respect to the probes. Diffusion coefficients are
relaxivity (electronic relaxation, water-exchange, rotation dy- useful to estimate molecular radii and are key parameters of

namics of the whole complex, solvation, ion-nuclear distance) the outer-sphere contribution to the CA relaxiVitybesides

is essential to prepare more efficient contrast agents.

their importance in transport properti€sThe self-consistency

Considerable experimental and theoretical efforts have beenand accuracy of the method will be demonstrated through a

spent over the last 20 ye&r$* in order to discover and optimize
the molecular factors affecting the relaxivity. Unfortunately, the
experimental characterization of the Gd(lll) electronic relax-
atior®>6 and its rigorous theoretical description are still open
issue$1® despite numerous attempts. Powell etéghioneered
the thorough investigation of Gd(lll) transverse electronic

careful multifield PRE study of the protons on various probes
displaying different sizes and self-diffusion coefficients, in heavy
water DO in the presence of the recently reported nonacoor-
dinate Gd(tpatcn) complék (tpatcn= (1,4,7-tris[(6-carboxy-
pyridin-2-yl)methyl]-1,4,7-triazacyclononane). This complex is
particularly suitable for validating our method due to its low-

relaxation by multifrequency and multitemperature EPR experi- field electronic relaxation time which was predicted to have an
ments. To interpret these extensive data, the Grenoble andexceptionally long vali& 10°—10"8 s. Previous crystal-
Lausanne group$1° had to reconsider the molecular mecha- lographic studies have shown that the tripodal ligand tpagcnH
nisms at the origin of the electronic relaxation. They introduced formed by addition of three pyridinecarboxylate arms to the
the modulation of the static, i.e., vibration-averaged, zero-field macrocyclic core 1,4,7-triazacyclonane is well adapted to the
splitting (ZFS) by the rotational diffusion of the complex and coordination of lanthanides ions of different sizes and leads to
showed how its relative contribution to the EPR spectra varies complexes which do not have water molecules coordinated to
with resonance frequency and temperaf§fEhe presence ofa  the metal center. Proton NMR spectroscopic studies indicated
static ZFS leads to the additional difficulty that the electronic that the C3-symmetric solid-state structure is retained in solution
relaxation at low field can often no longer be described by the where the macrocyclic framework remains bound and rigid on
second-order time-dependent perturbation approximation ofthe NMR spectroscopic time scale. Since the Gd(tpatcn)
Redfield. Therefore, Monte Carlo simulations beyond the complex has no water molecule directly bound to the metal ion,
Redfield limit were proposed to compute the quantum TCFs of it was suggested that an especially slow electronic spin
the electronic spiR?21 These theoretical improvements together relaxation might be the origin of the observed high relaxivity
with relaxation formalisms adapted to slowly rotating com- of the water protons at low field.

plexeg?23provide a framework intended to explain the nuclear  The PREs were measured between 10 kHz and 500 MHz.
and electronic relaxation of several CAs, both of standard and |ow-frequency longitudinal relaxation studies of semidilute
high molecular weights, in terms of structural and dynamic nuclei with short relaxation times have been made possible by
molecular properties. the recent sensitivity enhancement of fast field cycling (FFC)

The major obstacle to getting a clear understanding of the relaxometergé29The molecules of water HOD, methanol §H
effects of the longitudinal electronic relaxation tifig on the OD, andtert-butyl alcohol (CH)sCOD were chosen as probes
relaxivity at the magnetic field values 0.5 to 11 T of the MR pecause of their quite different sizes and self-diffusion coef-
ficients.

The paper is organized as follows: In section 2, the outer-
sphere (OS) PRE theory at the basis of our determination of
the relative diffusion coefficient® and electronic relaxation
rates 1Tie is recalled. The general expressions of the OS
longitudinal, transverse, and longitudinal in the rotating frame
PREs are given in terms of the time correlation function (TCF)

(7) Troughton, J. S.; Greenfield, M. T.; Greenwood, J. M.; Dumas, S.; Wiethoff,
A. J.; Wang, J.; Spiller, M.; McMurry, T. J.; Caravan, Rorg. Chem.
2004 43, 6313-6323.

(8) Nordhgy, W.; Anthonsen, H. W.; Bruvold, M.; Brurok, H.; Skarra, S.;
Krane, J.; Jynge, Magn. Reson. Med2004 52, 506-514.

(9) Botta, M.Eur. J. Inorg. Chem200Q 399-407.

(10) Aime, S.; Botta, M.; Fedeli, F.; Gianolio, E.; Terreno, E.; AnelliGhem.
Eur. J.2001, 7, 5262-5269.

(11) Li, W.; Parigi, G.; Fragai, M.; Luchinat, C.; Meade, T.ldorg. Chem.
2002 41, 4018-4024.

(12) Vander Elst, L.; Port, M.; Raynal, I.; Simonot, C.; Muller, R. Bur. J.
Inorg. Chem.2003 2495-2501.

(13) Thompson, M. K.; Botta, M.; Nicolle, G.; Helm, L.; Aime, S.; Merbach,

(22) Bertini, I.; Galas, O.; Luchinat, C.; Parigi, G.Magn. Reson., Ser. 995

A. E.; Raymond, K. MJ. Am. Chem. So@003 125 14274-14275. 113 151-158.
(14) Pierre, V. C.; Botta, M.; Raymond, K. N. Am. Chem. So@005 127, (23) Kruk, D.; Nilson, T.; Kowalewski, JPhys. Chem. Chem. Phy&001, 3,
504-505. 4907-4917.

(15) Zhou, X.; Caravan, P.; Clarkson, R. B.; Westlund, PJCMagn. Reson.
2004 167, 147-160.

(16) Powell, D. H.; Dhubhghaill O. M. N.; Pubanz, D.; Helm, L.; Lebedeyv, Y.
S.; Schlaepfer, W.; Merbach, A. H. Am. Chem. S0d.996 118 9333—
9346.

(17) Rast, S.; Fries, P. H.; Belorizky, E. Chim. Phys1999 96, 1543-1550.

(18) Rast, S.; Fries, P. H.; Belorizky, H. Chem. Phys200Q 113 8724—
8735.

(19) Rast, S.; Borel, A.; Helm, L.; Belorizky, E.; Fries, P. H.; Merbach, A. E.
J. Am. Chem. So@001, 123 2637-2644.

(20) Schaefle, N.; Sharp, R. Chem. Phys2004 121, 5387-5394.

(21) Rast, S.; Fries, P. H.; Belorizky, E.; Borel, A.; Helm, L.; Merbach, A. E.
J. Chem. Phys2001, 115 7554-7563.

(24) Borel, A.; Helm, L.; Merbach, A. E.; Atsarkin, V. A.; Demidov, V. V,;
Odintsov, B. M.; Belford, R. L.; Clarkson, R. B. Phys. Chem. 2002
106, 6229-6231.

(25) Borel, A.; Yerly, F.; Helm, L.; Merbach, A. E1. Am. Chem. SoQ002

124, 2042-2048.

(26) Callaghan, P. TPrinciples of Nuclear Magnetic Resonance Microscopy
Clarendon Press: Oxford, 1995.

(27) Gateau, C.; Mazzanti, M.;"Paut, J.; Dunand, F. A.; Helm, L1. Chem.
Soc., Dalton Trans2003 2428-2433.

(28) Anoardo, E.; Galli, G.; Ferrante, @ppl. Magn. Resor2001, 20, 365—

404.

)

(29) Fries, P. H.; Ferrante, G.; Belorizky, E.; Rast,JSChem. Phys2003
119 8636-8644.
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02(t) of the dipolar magnetic interaction of the observed nuclear the main and measurable sources of PRE dispersion at low

spin | with the Gd(lll) electronic spirS Low- and medium-
field ranges are defined with respect to the valueodnd

resonance frequency. The OSPRI@DS are assumed to
sten?62%from the random fluctuations of the dipolar magnetic

1/T1e. In both ranges, when the molecular probe carrying the interactionsl—hdsip of | with the Gd(lll) electronic spin$ of the

nuclear spif has no chargecharge Coulomb interaction with

various GdL complexes. More precisely, they are due to the

the Gd(lll) complex, simple low-frequency expressions of the fluctuations of HY created by (i) the relative translational

PREs in terms oD and 17, are derived from the universal
long-time t=3/2 behavior of g(t) resulting from the three-

diffusion of GdL with respect td1; modulated by the Brownian
rotational motions of the two species and (ii) the quantum

dimensional character of the relative translational Brownian dynamics of the electronic spir&

motion of the two specie¥ 37 Section 3 deals with the

Denote the vector joining the nuclear spimf a molecule

experimental details relative to the preparation of the paramag- M, to the electronic spit$ of a GdL complex byr. Let (r,0,¢)
netic solutions used to assess our method and to the PREbe its spherical coordinates in the laboratory (L) frame,zhe
measurements. The experimental data are interpreted in sectioraxis of which is taken to be parallel 8. The key quantity of

4, where the relative diffusion coefficiend for the various
probes together with the values off1d are obtained. The self-

the intermolecular PRE is the dipolar time correlation function
(TCF) go(t) of the random functions3Yz4(6,¢) of the interspin

consistency and accuracy of the method are discussed withyvectorr. It is defined a3l —34

particular emphasis on the additional cross-checking provided

by the slow electronic relaxation of Gd(tpatcn) at low field,
which allows one to derive the values Bfand of the dipolar
TCF integralfy ga(t) dt at low field and to compare them with

B(D) = B3 Yog (0o brco): Yaq(Brp) D 3)

and accounts for the relaxing contributions from all the GdL

those obtained in the medium-field range. Section 5 is a guide COMPplexes, so that it is proportional to their number derisigy

to the practical implementation of the method. In the last section,
the extension of the method to various paramagnetic centers in

solution and its potentiality to give insight into additional
microdynamic features are reviewed.

2. Theory

2.1. Outer-Sphere Paramagnetic Relaxation Enhancement.
In a liquid solution placed in an external magnetic figlgl we
consider dilute Gd(IlIl) complexes GdL moving with respect to
solvent or solute moleculeld, carrying nuclear spins. The
longitudinal relaxation rat&;, transverse relaxation rakg, or
longitudinal relaxation rat&, in the rotating fram# of the
nuclear spind in this paramagnetic (p) solution is the stfm

Ry =Ryt Ry (@=1,2, 1) )

of the valueR,o in the diamagnetic solution without GdL

9,0 =
Y2q(00’¢0) Y;q(0'¢) site—sit

stf e 3 O (re(rer.t) drodr (4)
0
where gii®s"(ry) is the pair distribution function of the

interspin distance, ang(ro,r.t), the propagator describing the
random evolution of the interspin vectoin the course of time.
Because of the rotational invariance gk® *'(ro) and p-
(ro,r,t), the expression 4 aiy(t) is independent of the index
= — 2,...,+ 2 of the spherical harmonicg,, Considerable
efforts have been spent to calculagt), or equivalently its
Laplace transform

G,(0) = [, 9,(t) exp(ot) dt (5)

complexes and of the paramagnetic relaxation enhancemenfanOI its Fourier-Laplace transform

(PRE) Ry of the nuclear spins due to their interactions with
the electronic spin§ of the complexed Gd(lll) ions. The PRE
Rup is conveniently?® described as the sum

Rup = Rip + Rip + Ry @

. 1 .
j2(0) = ~Ref},(0) )
also named spectral density. Analytical expressioris(o) were
obtained for spherical species carrying centéré&tand off-
center sping3 However, in the general situation of anisotropic

of the inner-sphere (IS), second-sphere (2S), and outer-spherénolecular interactions, the analytical formalism becomes very

(OS) contributionsRy, Re>, and Ry, corresponding, respec-

tively, to random intermolecular trajectories where, at initial
timet = 0, M, directly coordinates Gd(lll), has a noncovalent

intricate, and only cumbersome approximate expressions could
be derived in a few limiting casés.
As usual, lety;, ys be the gyromagnetic ratios of the nuclear

binding association to the ligand L, and undergoes a relative and electronic sping and S. Denote their angular Larmor

translational diffusion with respect to GdL. We will focus on
the OS relaxation contributio ps since they provide us with

(30) Harmon, J. F.; Muller, B. HPhys. Re. 1969 182, 400-410.

(31) Ayant, Y.; Belorizky, E.; Alizon, E.; Gallice, Jl. Phys. (Francell975
36, 991-1004.

(32) Hwang, L. P.; Freed, J. H. Chem. Phys1975 63, 4017-4025.

(33) Ayant, Y.; Belorizky, E.; Fries, P.; Rosset,JJ.Phys. (Francel977, 38,
325-337.

(34) Fries, P.; Belorizky, EJ. Phys. (France)l978 39, 1263-1282.

(35) Sholl, C. A.J. Phys. C1981, 14, 447—-464.

(36) Fries, P. HMol. Phys.1983 48, 503-526.

(37) Fries, P. H.; Belorizky, EJ. Chem. Phys1983 79, 1166-1169.

(38) Canet, D.; Boubel, J. C.; Canet-Soulas|.& RMN: Concepts, Mbodes
et Applications Dunod: Paris, 2002; pp 114124.

resonance frequencies by = — y,By, ws= — y<Bo. Introduce
the dipolar coupling constam defined as
A= 2ty dPs(s+ 1) ™)
The longitudinal PRERy, is of particular interest in all the
relaxation studies as a function of field. Indeed, liRg and

Ryop, Rip can be measured at medium and high fields. In addition,
using fast field cycling (FFC) relaxomete¥88-28its experi-

(39) Zeidler, M. D.Mol. Phys.1975 30, 1441-1451.
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mental study is possible down to very low field values of about
10~* tesla. The longitudinal OSPRE(; is given by

RES = Alia(@) + §i(©) ®)

where the longitudinal and transverse spectral dengiigs)
andj,(0) are the real parts of the Fourigtaplace transforms

. 1 e . .
Jaar@) = ~Re [ g,(0)Gg (1) exp(-iwt) dt (dir = I, 0) (9)
In eq 9, the normalized electronic TCFs

Ggir(t)
Gdir(o)

Gt = (dir =11, 0) (10)

are derived from the longitudinal and transverse electronic TCFs

Gi(t) = 5= —1SOS(O)] (12)

and

tr[S,.(9S-(0)]

1
G =325171

(12)

where the traces are taken over ti&-2-dimensional spin space

Finally, it was provefP36under the hypothesis 13, and Monte
Carlo simulations showed this mathematical property to be valid
even for relatively short time¥.On the basis of this theoretical
development, the/w dispersion ofjz(c = iw) was used to
study the translational diffusion in viscous pure diamagnetic
liquids*® and then in solutions of stable paramagnetic free
radicals**~43 In the present work, the long-time3/2 of g,(t)

will also serve to explore the electronic relaxation, in both the
low- and medium-field ranges.

(P2) Within the Redfield perturbation approximation of a
time-independent Zeeman Hamiltonian, the normalized longi-
tudinal electronic TCF has essentially a monoexponential
decay*

G}°(t) = exp(-t/T,(By)) (15)
characterized by a single longitudinal electronic relaxation time
T1dBo). This Redfield approximation is valid toward the high
fields By > BY**™ where the Redfield boundary fief**""
is given byBi*™? >0.1 to 0.2 T for the majority of the Gd-
(Il complexes. Moreover, when the static zero-field splitting
(ZFS), which contributes to the electronic relaxation, tends to
0, we getBi*™= 0 and the Redfield approximation can be
used for all field values.

(P3) Within the Redfield perturbation approximation of a

and the bars represent the ensemble average over all the possibiéme-independent Zeeman Hamiltonian, an approximate low-

evolutions of the electronic spin operat@gt) and Sy (t). For

the sake of simplifying the notations, the explicit dependence
of Gg'(t) andjzai(w) on By is dropped from the arguments of
these functions. It should be noted that the electronic TGF G
(t), which is involved in the definition 9 of the transverse spectral
density jo0(0) and modulatesy,(t), has much more rapid
oscillations than the nuclear Larmor frequency factors exp-
(— imit) and expiwit). Therefore, the spectral densitigg(+w))
occurring in the rigorous expression Efps are nearly indis-
tinguishable from;5(0) and replaced by the latter.

The simultaneous experimental determination of the relative
diffusion constantD of GdL with respect toM, and of the
longitudinal electronic relaxation timée of the Gd(lll)
complexed ion is based on the following three properties:

(P1) Denote thevij—GdL collision diameter byo. Assume
there are no chargecharge Coulomb forces betwedfi and
GdL, so that their molecular pair distribution functigr has
the ideal gas value 1 at not too lorg,—GdL intercenter
distanceR, i.e.,

gs=1forR = afew collision diameterb  (13)

Then, the dipolar TCH(t) shows the long-time decay
N 1
18\/7—t D3/2t3/2

This universal behavior af(t), or the equivalent/a disper-
sion of its Fourier-Laplace transfornj(o = iw) in the low-
frequency domain, was progressively shown in more and more
realistic situations of the interacting spins. First, the property
was found for models assuming that the molecules are spherical
have a relative translational diffusion in a viscous continuum,
and carry centeré®32 and off-centered spirS.Then, it was
observed when the liquid molecular order is taken into accunt.

ast — o

() = (14)

15804 J. AM. CHEM. SOC. = VOL. 127, NO. 45, 2005

field expression ofz(t) is simply

GIY(t) = explord) exp(-tir) (16)
wheretg = T1Bo = 0) is the longitudinal electronic relaxation
time at zero-field.

This can be proven as follows. Within this Redfield ap-
proximation, the transverse relaxation functi@ff'(t) is'84

4
G(t) = explod) y Wi(By) exp(—t/T,(By))

17)

where the four weights(Bo) (zi“:lwi(Bo) = 1) and transverse
electronic relaxation timeg,i¢(Bg) depend strongly oBo. Now,
at very small magnetic field, the transversandy directions
of the laboratory frame become equivalent tzithrection taken
to be alongBy, so thatGY(t) = G;°(t). According to that
equality and eqgs 15 and 17, we have

4
Wi(By) eXP(-YTe(B) — GI(t) 5 o = () 5,0 =

exp(—titg) asB,— 0 (18)

In the low-field domain, substituting exp(t/rs) for the sum
of the four exponentials in the Redfield expression 17, we have
proven approximation 16 within the Redfield relaxation theory.

(40) Harmon, J. FChem. Phys. Let197Q 7, 207-210.
(41) Fries, P. H.; Belorizky, E.; Minier, M.; Albrand, J. P.; €} M. C.Mol.
Phys.1982 47, 1153-1158.
)
)

(42) Darges, G.; Miler-warmuth, W.J. Magn. Reson1985 65, 444—-458.

'(43) Belorizky, E.; Gillies, D. G.; Gorecki, W.; Lang, K.; Noack, F.; Rouc, C.;

Struppe, J.; Sutcliffe, L. H.; Travers, J. P.; Wu, X.Phys. Chem. A998
102 3674-3680.
(44) Belorizky, E.; Fries, P. H?hys. Chem. Chem. Phy&004 6, 2341-2351.
(45) Hudson, A.; Lewis, J. W. Elrans. Faraday. Socl97Q 66, 1297-1301.
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Note that this approximation is often used as an ad hoc densityj.gi{wdgir) can be approximated as
simplifying hypothesis for the Gd(ll(l))scomplexé&
2.2. Relaxivities. The OSPRE are linear combina- . . 1 Ng -
tions>646 of the spectral densitiejsi%z)) which according to Jaai@ar) = J2(0) = g_nD_s/zRe(V lo+1T) (22
their definitions (9) are integrals over the intermolecular dipolar
TCF go(t) given by eq 4. Very often, &8 the ISPREs and  jth
2SPREs, they are simply proportional to the number density

Ns of the GdL complexes, which appears explicitely in the . 1 peo

expression ofjy(t). Then, the efficiency of a GdL complex, or 12(0) = Efo gy(t) ot (23)
more generally of a paramagnetic solute, to enhdc&,, or

Ry, can be defined as the corresponding PRE dua 1 mM for sufficiently smallw and 1T, values. The validity range of
increase of the concentration of Gd(Ill) complex. This efficiency the approximate formula 22 can be derived by estimating the
is named relaxivity. According to eq 2, the relaxivity (. = duration At required for a notable variation of the long-time
1, 2, 1p) is defined a%® expression 14 ofjx(t). The typical magnitude ofix(t) is given

by its valueg,(0) in the simple situation where the spechs

and GdL can be approximated as hard spheres, the spims

Sare located at the centers of these spheres, and the distribution
of the complexes GdL with respect 4, is uniform. Under
WhereRup is the PRE of typex, cs [mM] is the concentration these conditions, the interspin distance distribution function
of complexes in mmol L, and the IS, 2S, and OS relaxivities gy *"® simplifies to

arery = Rp/cs, 125 = ReJcs, andr® = R3Y/cs, respectively.

The number densitis of the complexes, which appears in the S"e_s”e(r) _
expressions oRy, Reo, RS, is readily derived from their Gis N
concentratiorcs [MM] as

r E—chp =

«= ogmM] rS 428428 (19)

{1ifrzb (24)

0 otherwise

and, sincep(ro,r,t = 0) = o(r — ro), 92(0) becomes

NS: 1076NAvogadrcpS [mM] (20)
It should b hasized that th laxivities defined b 1992(0)=NS><
t should be emphasized that the relaxivities defined by eq (0.0 Yo (0.0) .
are independent of the concentratioyof the complexes only ffvab 2q(3 ?) Yoo 3qﬁ) 2 i sing df do 3_;; 5)
S ;

if the PREs increase linearly with it. This can be false for the

OSPREs if the complex and the probe solute are charged speciesA ) o )
especially at low ionic strengthg;50 or for all the PREs in the ccording to eq 25, a notable variation of the long-time

case of macromolecular complexes at concentrations above £XPression 14 ngz(t) Wi;h_ respect tay,(0) requires a duration
few mM because of viscosity chaneln what follows, the At such asRAY*= > b, i.e., At > 7, where
PREs are assumed to be proportionatéso that the spectral

2
densities involved in the expressions of the relaxivities are TEb_ (26)
calculated for a concentrati@g= 1 mM, i.e.,Ns = 10"%Nayogadro D
2.3. Low-Frequency Expressions of the Longitudinal . . o )
Outer-Sphere Paramagnetic Relaxation Enhancement. is the translational correlation time of the OS intermolecular

2.3.1. Spectral DensitiesWe are now in a position to derive ~ Motion. Thus, the limiting form ofjx(0) at smallo given in
two low-frequency expressions fR(fpS or r<las, which can be Append|x_A cor_responds to a small v_arlatlon of_ r_expt) over
used to determin® andT:e from suitable longitudinal nuclear ~ the durationz, i.e., or < 1. The validity conditions of the
relaxation measurements as a function of field. These expres-aPProximation 22 are
sions are based on the universal long-time behaviobty /2
of the dipolar TCFgy(t) given by eq 14. Assume that the wr <landt <1 27)
normalized TCFG/(t) (dir = 11,0) is of the form G (t) = Te
exp( iwgdit) exp(= t/Te) wherewagdir iIs wg = 0 andwgp =
ws. Also definewgir as wy = w, and wg = 0. The spectral
densitieg2qi(wdir) introduced by eq 9 can be expressed in terms
of the transforms 5 and 6 givingp(o) andjz(o) as

2.3.2. Low Field. Assume that the static ZFS is small, so
that the usual relaxation theory of Redfield for a dominant
constant Zeeman Hamiltonian (“high-field” relaxation theory)
can be applied. At low field, substituting the monoexponential
decay exp{t/re) for G|°(t) and the approximation 16 for
GY'(t) in the definitions 9 of the spectral densities, these
functions take the form 21

. 1 o .
Jaail@qir) = ;Rej; 0,(t) exp(—iwt) exp(-t/T) dt

1. . .
==Rej,(c =iw + 1/T)
T (46) Banci, L.; Bertini, I.; Luchinat, CNuclear and Electron Relaxatipn
VCH: Weinheim, 1991.

)
=j(c=liw+ 1/T) (22) (47) Fries, P. H.; Patey, G. N. Chem. Phys1984 80, 6253-6266.
(48) Fries, P. H.; Jagannathan, N. R.; Herring, F. G.; Patey, Gl. Chem.
) Phys.1984 80, 6267-6273.
where the Larmor angular frequenaydefined asy = wgir + (49) Fries, P. H.; Rendell, J.; Burnell, E. E.; Patey, GINChem. Phys1985
wedr IS @ = w, for juy and w = ws for jon. As shown in )83’ 307-311.

X : . (50) Sacco, A.; Belorizky, E.; Jeannin, M.; Gorecki, W.; Fries, PJHhys. Il
Appendix A (Supporting Information pp S1S2), the spectral France 1997, 7, 1299-1322.
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ja(w) =j(0 =liw, + 1/rg) and
Jon(0) = j (0 =iwg+ 1lrg) (28)

Let Ap be the OS relaxivity-variation parameter defined as

2

j'D Enylzyéhzs(s + 1)1076NAvogadro

(29)

Under the low-field validity conditions)st < 1 andt/tg < 1,
the approximation 22 leads to the low-field expression of the
longitudinal OS relaxivity

r

OS low—field _
1 =T

?S Iovwfield(oyoo) + AI’?S low—field (30)

with

(31)

TRe, [i o, + Urg| (32)
3 Y

In egs 30 and 31, the arguments) stands foBy = 0 andry

In eq 32 the dispersion at the electronic resonance
frequencyws = (ydyi)2mv, stems fromjo(0). The dispersion

at the nuclear resonance frequergy= 2v, due tojz(w)) is

negligible at low field and is dropped in the expression of
Ar(l)s Iovwfield.

OS low-field ) o) — %)AjZ(O)

and

Ar(l)S low—field _

° |Re/1/rg, +

312
D

00,

2.3.3. Medium Field.Now, consider the medium field range
such asyit < 1 andwst > 1. In water, for most of the Gd(l11)
complexes, this occurs for magnetic field valu&s=>0.5 T.
Then, the spectral densify;(0) can be neglected because of
the very rapid oscillations o&’(t) and the general expression
of rP° reduces to

OS medium-field _

ry = Ajy(®)

According to the property (P2)G,°(t) is given by eq 15.
Substituting this monoexponential decay f6{°(t) in the
definition 9 of the spectral densiiy(w)), the latter takes the

form 21

(33)

Ja(@) = (0 = o, + 1T, (By)) (34)
Under the medium-field validity conditions;z < 1 andt/Tie
(Bo) < 1, the approximation 22 leads to the medium-field
expression of the longitudinal OS relaxivity at low nuclear
resonance frequenay, = 2y,

OS medium-field

rC :rtl)Smedium—field(o’oo) + Ar(lDSmedium—ﬁeld (35)
with

S medium-feld () o) — Aj,(0) (36)
and

. A
ArOS mediumfield D_3D/2R i277v, + 1M (By) (37)

15806 J. AM. CHEM. SOC. = VOL. 127, NO. 45, 2005

In egs 35 and 36, the argumentof) stands foiBy = 0 andTie
= o, According to egs 31 and 36, we obtain the low-field/
medium-field “10/3” relationship
r?s Iow—field(o,oo) — (10/3),(135 medium—field(o,oo) (38)

which holds in real situations where the Redfield perturbation
approximation of a time-independent Zeeman Hamiltonian is
justified.

2.4, Transverse Relaxation and Longitudinal Relaxation
in the Rotating Frame at Medium Field. In the medium field
range such a@r < 1 andwgr > 1, the transverse OS relaxivity
r9%is given by 646

(O medium field _ A[%I 2(0) + %izu(wl)]

The longitudinal OS relaxivity(; in the rotating fram# has a
similar expressiot?

(39)

r(fps medium-field _ A (40)

%Jzn(aﬁ) + %izn(ah)]

wherew; = — y,By is the angular Larmor resonance frequency
corresponding to the intensiB; of the radio frequency field®
For nonviscous solvents, the field dispersion dueBois
negligible, so thatja(wy) = jx(0) and rgymemied ~
r9S medumfield “ynder the medium-field validity conditions
< 1 and7/T1dBg) < 1, it can be shown as above that the low-

frequency expressions of the OS relaxivities 39 and 40 are

OS medium-field

OS medium-field __
5 =

1p
r2OS medlum—fleld(o’oo) 4 Arg)s medium-field (41)

=T

with
rgs medium—field(oyoo) — rtl)ps medium—field(o,oo) —
%AJZ(O) _ gr?s mediunfield(() o) (42)

and

2

ReVUTL(By) +

JReyizoy T 1T, (B)| (43)

Ao

Ar(ZDS medium-field _ __ i
D

In egs 41 and 42, the argumentof)) stands foiBy = 0 andTie
= 00,
Finally, introduce the wuseful mixed OS

OS medum-field a5 the linear combinations

relaxivity
r

r

=

mix ) 2 2rl
3

2

0S mediurm-field __ §(ros medium-field _ 1 0s medium—field)

0S medium-field _ 1. 0s medium—field) (44)

1o S

of the transverse OS relaxivity (or longitudinal OS relaxivity
in the rotating frame) and of the longitudinal OS relaxivity.
According to eqgs 33 and 3955 medumiield 5 given by

mix

rgi medium-field — AJZH(O) (45)
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which can be rewritten as

OS medium-field _

oS os mediunﬂield(oo) + AI"OS medium-field (46)

r rmix mix

with
rgimedium—field(m) — AJ2(0) — r?s medium—field(oioo) (47)

and

(48)

o A
0OS medium-field _ D e /
Armixme ium-field _ D3/2R 1/T1e(BO)

Again, in eqs 46 and 47, the arguments 0 awd of

rgﬁ(mediun‘\—field(w) and ri)s medium—field(oloo) stand fOI’Bo =0 and

T1e = o, respectively. Clearly, at medium field, the longitudinal

electronic relaxation rate T{(By) can be obtained from the

experimental knowledge of(l)Smedium—ﬁeld, r;)S medium-field (OI‘
r(li)pS medlumfleld)’ andD.

As mentioned at the beginning of section 2, the universal

(methyl alcohold, 99.5+ atom % D) andtert-butyl alcohol (CH)s-
COD (2-methyl-2-propan(ol-d), 99 atom % D) were purchased from
Aldrich.

Self-Diffusion Coefficient MeasurementsThe self-diffusion coef-
ficients Dx of Lu(tpatcn), HOD, CHOD, and (CH)sCOD were obtained
by measuring the attenuation of the spetho which arises from
diffusive dephasing under the influence of pulsed field gradi®ritet
S0) andS(g) be the amplitudes of the echo without field gradient and
with pulsed field gradients of amplitudg respectively. Denote the
pulse duration by) and the diffusion time interval between the starts
of the gradient pulse trains by. The pulsed gradient spitecho
(PGSE) sequences employed were (i) the standard StejEkaher
sequence such as

% — explyG0Dy(A — 013)]

and (ii) the simple stimulated-echo experiment with bipolar gradients
proposed by Jerschow and Ner (JM) (see Figure 1b of ref 51) such
as

(49)

9 _ exply %G, — 013 — /4]

S0) (50)

square-root terms of the OSPRESs are the major sources of PRE
dispersion at low frequency. Indeed, for the probe solutes, which 7o being an additional delay between the radio frequency and gradient
do not coordinate the metal, the possible 2SPREs display smallPulses. These sequences were applied to the proton signals of the

low-frequency variations img? and w? at low and medium
field, respectively:? Note that similar small variations oc&r

for the ISPRESs of probe solutes such as water, which directly
bind to the metal, provided that the complex rotates sufficiently 0) vsg

molecules on a Varian U400 operating at 400 MHz. In both cases, the
durationso, A, and v were fixed, and the attenuation of the echo
was recorded as a function of the squgt®f the gradient amplitude.

A simple fitting of the exponential decay of the echo attenuaS@)y

? by more than an order of magnitude gave the self-diffusion

rapidly as the usual contrast agents do in water and standardcoefficientsDy of the molecules with an accuracy of about 5%.
nonviscous solvents. Under these conditions, the IS- and 2SPRES  Nuclear Magnetic Relaxation Dispersion MeasurementsThe

can be considered as frequency independent with respect to theyroton relaxation timesT;, T, and T;, of the probe solutes were
OSPREs. Finally, it should be emphasized that the zero-field measured at 400 MHz on a Varian Unity 400 spectrometer and at 500

OS relaxivity values 95" €% o)

rg)S medlum—fleld(oyw)’ r(i)ps mEd'um—ﬂe'd(O,oo), and I.gﬁ(medlurﬂ—fleld(oo

S medium-field O,oo),

given by eqs 31, 36, 42, and 47 are simply proportional to the

dipolar TCF integralf, gz(t) dt according to the definition 23

of the spectral density,(0). They are independent of the

MHz on a Bruker Advance 500 and a Varian Unity500. The
temperature of the samples was set to 298 K with the help of the
temperature calibration samples provided by the manufacturers. The
T, andT, values were measured using the standard inversiecovery

and CarrPurcell, Meiboom-Gill sequences® respectively. The
relaxation timeT,, was obtaine# by rotating the equilibrium magne-

electronic relaxation and just give information on the relative ization in the direction of the radio frequency field by a/2 pulse
spatial dynamics of the species carrying the interacting spins. and, then, by recording the time evolution of this magnetization locked

3. Experimental Section

along theB; direction.
Longitudinal relaxation time$; were measured from 10 kHz to 28

Our goal is to study the proton relaxation rates of water HOD, MHz with a commercial Spinmaster FFC 2000 Stelar relaxorffeter

methanol CHOD, andtert-butyl alcohol (CH)sCOD in heavy water

(Stelar srl, Mede PV, ltaly) of the new generation. The prepolarized

solutions over a large frequency range between 10 kHz and 500 MHz. (PP) and nonpolarized (NP) sequences (see Figure 1 of ref 29) were
The longitudinal relaxtion rates were measured at low field by using a used below and above12 MHz, respectively. A high polarization

low-resolution FFC relaxomet®rwhich cannot separare the signals

of the protons in different chemical environments. In thesOB or

field Bpol corresponding to a proton resonance frequency of 28 MHz
was employed in the PP experiments. Thus, the NMRD profiles of the

(CH3)sCOD solutions, the HOD concentration should be kept as small rather dilute protons (2 to 3 molt) of the probe solutes were recorded
as possible, so that the residual HOD signal remains a few percent ofeasily with a satisfactory signal/noise ratio.

that of the investigated GHprotons. Therefore, extra-pure;® and

highly D-enriched alcohols are needed for the preparation of the CH

OD or (CHs)sCOD solutions.
Materials. The Gd and Lu complexes were prepared from LnCl

6H,0 salts (Aldrich 99.9%) according to the published procedgfres.

The relaxation measurements were generally repeated at least two
times. At 500 MHz, when passing from the Bruker Advance 500 to
the Varian Unity+ 500, the measure®, values may vary by 1%, and
the T, or Ty, values, by 2%, when these relaxation times are in the
range 50 to 150 ms as in the present study. These uncertainties define

The complex purity and formulas were checked by elemental analysis limits to the experimental accuracy which may be difficult to improve.
performed by the Service Central d’Analyses (Vernaison, 69, France). 4. Results

The solutions of Ln(tpatcn) complexes were prepared by dissolving
the isolated complexes in deuterium oxide. Extra-pure deuterium oxide

It is well-known that electronic relaxation is one important

(99.96% atom D, euriso-top) was required for the stock solution of factor affecting the relaxivity of Gd(lIl) complexé$.Recently,

Gd(tpatcn) complexes (64 0.1 mmol L), but standard deuterium

oxide (99.9% atom D, euriso-top) could be used for the solution of

[Lu(tpatcn)] complexes (5.6t 0.1 mmol L1). Methanol CHOD

the Gd(tpatcn) and [Gd(dotam)&]3" complexes sketeched in

(51) Jerschow, A.; Miler, N. J. Magn. Reson1997, 125 372-375.
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Chart 1 Gd(tpatcn)/probe solute in D,O
12 r,[s'mM]

NH;
=
| HaN f_i]j/ 101N
Hooc’gwjj 2 N N 1 ® * (CH,),COD
() T S
= =
QU L
HOOC™ N ~— N"YCOOH N,

B i, +
LW +:_. .
44 Aty ® e 0o 4 o
A A+ R
Hjtpaten dotam 2 44
0 v T v y x
0 1 2 3 4 5 "
v [MHz]
Figure 1. Measured longitudinal relaxivities vs the square-root of the
resonance frequenay of the HOD, CHOD, and (CH)3zCOD protons due
to Gd(tpatcn) in heavy water O at 298 K. The values were obtained
between 10 kHz and 28 MHz using a FFC Stelar relaxometer of the new
generation.
[Gd(tpaten)] Table 1. Measured Self-Diffusion Coefficients by the PGSE
Technique in Heavy Water D,O at 298 K&
Chart 1, with dotam= (1,4,7,10-tetrakis-(carbamoylmethyl)- species M; HOD CH40D (CHy),COD
1,4,7,10-tetrazacyglodOQecane), were shown to display remark- D (105 cres 1) 18 11 057
ably sharp EPR line¥ i.e., slow transverse electronic spin D =D, +Ds(105cn? s 2.18 1.48 0.95

relaxation, especially at X-band. In the Gd(tpatcn) complex, the
2 The self-diffusion coefficienDs of Gd(tpatcn) is assumed to be equal

Gd(ll) ion is fu'_ly encapsulated n the tpatcn ligand and no to the measured value 0.38 1075 cn¥ s™1 of the very similar complex
water molecule is coordinated to this ion, so that the PRES of |ytpatcn). The value® = D, + Ds of the relative diffusion coefficients

the nuclear spins of the water hydrogen atoms, and moreare also reported.

generally of solutes which do not bind to tpatcn, are of pure orderr;[HOD] < r1[CH;OD] < r1[(CHs):COD]. This can be

outer-sphere origin. L , ' os
The D,O solutions of the probe solutes water HOD, methanol qualitatively explamed_ as foIIows_. we har/__e— RiplCs [mM]
’ and the spectral densiti¢gii(wgir) involved in the expression

CH30D, and tert-butyl alcohol (CH)3COD contained the 0S -

following concentrations of interacting species: In the HOD 8 of Ry can be written @333t

solution, we hads= 5.0+ 0.1 mM and [HOD]= 2.1 M. In Ng

the CHOD solution, we hads = 5.04 £0.1 mM and [CH- Jodid®gir) = Ej}dir(wdirr) (51)
OD] = 1.0 M. In the (CH)3COD solution, we hads = 5.09 T

+ 0.1 mM and [(CH)sCOD] = 0.37 M. For each probe solute, where the auxiliary functionfgi(wdiz) are reduced spectral
the experimental relaxivities, (o0 = 1, 2, Jp, mix) were densities. On one hand, in this low-field domajgi(wair7)
obtained from equations 1, 19, and 44 under the hypothesis thaldepends moderately on the size of the probe sdlljts HOD,
the corresponding relaxation rat®so in the absence of Gd-  CH;OD, ort-(CHz)sCOD interacting with the Gd(l1l) complex.
(tpatcn) complexes are equal and display negligible field Furthermore, the collision diametds®f Gd(tpatcn) with these
dispersion. At 298 K and 400 MHz the values of the longitudinal species have similar values. On the other hand, the relative
relaxation rateR;o were found to be about 0.05, 0.08, and 0.4 dijffusion coefficientD of Gd(tpatcn) with respect b, is the
s™1 for the probe solutes HOD, GB®D, and (CH)3COD, sum

respectively. In these solutions, we checked that the dissolved

paramagnetic oxygen has negligible contributions to the relax- D=D, + Dg (52)
ation rates with respect to those of Gd(tpatcn), which are largely o o
dominant. of the self-diffusion coefficient®, andDs of M, and Gd(tpatcn)

4.1. Low-Field Study. The longitudinal relaxivities; of the reported in Table 1'_ . . e
protons of HOD, CHOD, and (CH)sCOD due to Gd(tpatcn) Thg_value of D is mainly D, since the _self_-d|f_fl_JS|on
were measured in heavy water at 298 K as a function of the coefficientDs of the large Gd(tpatcn) complex is 5|gn|f|.cantly
proton resonance frequeneyin the range 10 kHz to 28 MHz, ~ Smaller tharD,. Therefore, the reduced spectral densifigs

- ) Lo i iven by eq 51, and consequentty, are roughly
The relaxivity profiles are reported in Figure 1 V@,[MHZ], .(wd"r) 9 . - .
v being expressed in MHz. inversely proportional toD,. This explains whyr; notably

.. . . increases as the self-diffusion of the probe solute interactin
4.1.1. Relaxivity Magnitudes.The HOD relaxivityr;[HOD] ! st P el g

with Gd(tpatcn) becomes slower and slower.
decreases from 6 to 2.2’ smM~1, whenv, grows from 10 kHz . . '
P 4.1.2. Frequency DispersionFor all profiles,r; decreases
to 28 MHz. These values are significantly smaller than those ; y ISP P !

. . . by a factor of about 3, when grows from 10 kHz to 28 MHz
of the Gd(dtpa) or Gd(dota) CA which has a similar size but . .
one inner-sphere coordinated water moleé@l&hus, the (HOD and (CH)sCOD) or 20 MHz (CHOD). This factor is

: . near to 10/3. According to the expression 8RS, such a
magmtuQe of rl[HO.D] can be explaln_ed by a pure 0S factor of decrease is expected as soon as the following two
mechanism. At a given field, the magnitudesrefare in the - . . . . .

conditions (i) and (ii) are met when the field value increases in

(52) Borel, A.; Kang, H.; Gateau, C.; Mazzanti, M.; Clarkson, R. B.; Belford, the low-field domam’ .€., Changes from 0 @'5 T in the
R. L. J. Phys. Chemsubmitted. present study: (i) the spectral densjiy(w,) displays only a
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Gd(tpatenyHOD in D,0 rOSowfeld(0 o), D, and 1tg involved in P51 can be

1r,s"'mM™] considered as parameters, which are fitted so as to reproduce
the measured longitudinal relaxivity. The fitted values are
reported in Table 2.

They lead to theoretical values of* '™ ™" represented in
Figure 2 by continuous curves, which display the right low-
field dispersion behavior.

4.1.3. Accuracy.To estimate the accuracy of the values of
the molecular parameters obtained from relaxivity profile
2 T 1% 2 28 3 analysis, it is useful to compare them with their counterparts
v [MHz]"® derived from different experimental methods.

The relative diffusion coefficient® of Table 2 are in
excellent agreement with the values of Table 1 obtained by the
independent PGSE methd#&! presented in section 3. It should
be noted that the low-frequency square-root behavior of the OS
relaxivity is sensitive to translational diffusion over a duration
of the order of a few correlation times corresponding to
Brownian displacements over a few collision diametérs
Relaxivity profile analysis probes translational diffusion at the

* nanometer scale. The situation is quite different in the case of
the measurement of self-diffusion coefficients by PGSE meth-
. ods. The self-diffusion coefficients &, and LuL, representing
v,[MHz]”21 s GdL, are measured independently through the random transla-
tional displacements/6DyA (X = 1,§) of these molecules,
which for typical PGSE experiments with a field gradient pulse
181 Gd(tpaten)(CH,),COD in DO separationA = 100 ms are of the order of 1Am. It is
12 {Hls mMM7] remarkable that two independent methods exploring the Brown-
11 - ian motion on one hand at a molecular scale (nm) and on the
other hand at a semimacroscopic scaim) lead to the same
values of translational diffusion coefficients.

As discussed in section 2.3.1, the influence of the rapidity
8 of the relative diffusion on the spectral densjty(0), i.e., on
7 Riy or reS, is related to the variation of exp(iwd) over the
6 durationz and increases witlvsz, i.e., with the sizes of the
speciesM, and GdL, and also with IY according to the

eld lonaitudinal relasiit ) - definition 26 ofz. Practically, the dispersion af* vs ws s a
Figure 2. Low-fie ongltu inal relaxivitiesr; vs the square-root of the H H

resonance frequenay of the HOD, CHOD, and (CH)3COD protons due mea;qrable effect. that ylelds an estimate pfwhen the

to Gd(tpatcn) in heavy water4D at 298 K. The continuous curves are the ~ CONditionwst > ép is met withep = 0.02. _
theoretical relaxivities 95'°¥ ™" given by egs 30 and 32 with the fitted The values of the electronic relaxation rategd At zero-field
parameters of Table 2. reported in Table 2 are in overall good agreement with previous

determinations. They bracket the value?{)°°= 4.8 x 1C8
slight variation because of the modest influence of a rather slow S > Which was inferred by Gateau etZlfrom the NMRD
electronic relaxation, and (ii) the spectral dengity0) markedly ~ Profile analysis of the protons of light water.@ and is the
drops fromj,(0) = jx(0) to approximately O because of a limiting zero-field value of the ad hoc formula of the longitu-

A OO0 OO N

Gd(tpatcn)/CH,0D in D,0
s mM]

A OO0 OO N OO © O

1

o
S
o

05 1 1.5
v[MHz]"

o

notable dispersion at the electronic resonance frequesdyie dinal electronic relaxation rai®
to the oscillations ofGy(t). The two properties (i) and (ii), 1 12 1
“ ” i i ; _ +4/padhog2, adhog_ L 0000
referred to as the “10/3" validity conditions, are necessary in — 51~ & (A% { > adhos?
order to have a low-field range, where the expression of '1e 1+ wg(@™™)
roslowfeld given by eqs 30 to 32 applies. Practically, they 4 (53)
correspond to the low-field/high-field “10/3” relationship 38. 1+ 4(052(73" hog2
Since the “10/3” validity conditions hold, it is informative to
zoom on the low-field ranges, where the various profiles show such as
linear decays ir1/17|. This zooming can be seen in Figure 2. 1 1
The relaxivitiesr; are of the formr; = constant— m\/; , =12(A% ho‘)zrsd hoc_

a . X i . Tad hoc— -I-ad hoc(B — O)
pproximately in the interval 0.5 to 5 MHz for HOD, and in T le 0

the interval 0.25 to 2.5 MHz for C4#DD and (CH)sCOD. Now, 48x%x 10°s? andrsd h°(298 K)= 0.4 ps (54)
the low-field expressior9S“ ™ of the longitudinal OS

relaxivity, which is given by eqs 30 and 32 and has to be The estimates % 10° s* and 7.5x 1C® s fitted from the
adjusted, clearly reproduces the experimental square-root be-CH3;OD and (CH)3;COD relaxivity profiles are very near the
havior for By such as g < ydy 27v.. The quantities  value 1tgFFPR = 6.14 x 1 s7%, which is derived from the
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I7E'Iable 2. AR(’jleJsteq Rellqative Ii)/iffusiondC;efficli:enltg cD),szl_gr(l)—F_ie_Id litg is 15, 21, and 30% for the HOD, GAD, and (CH)s-
ectronic Relaxation Rates 1/rso, and Zero-Fie elaxivity o ) :
Values 19°'°""(0,e) in the Case of an Ideal Infinitely Slow EOD anIax::“tt)y iFrJII;?fIILeZ’ tresfeICtilr\l/?%' |-t|’—lwro Comv\?i!;n:ﬁ ntarryb
Electronic Relaxation to Yield the Low-Field Relaxivity Profiles of €asons can be Invoked 10 explain this Increase with the probe
HOD, CH30D, and (CH3)3COD Due to Gd(tpatcn) in Heavy Water solute size. First, this percentage variation is proportional to 1/
a 1 .
D-0 at 298 K /D becausgAr?® ™€) 0 1/D32 according to eq 57 and
species M, HoD CH0D (CHz):COD rOSow=feld g o0) [0 j,(0) O 1/D according to eqs 22, 31, and 51.
r9Slowfield g o) (st mML) 6.92 10.13 15.38 Second, as discussed in section 2.3.1, the influence of the
B(lf(ffogf;fs’l) i-gl %-45 ?-587 electronic relaxation on the spectral densifigs, i.e., onr>®,
70 . . . . . . .
7 (10°195) 10 17 34 is related to the variation of exp(t/ts) over the durationr

and increases with/tg, i.e., with the size of the specidg,
2 The quantitycs is the concentration of Gd(tpatcn) expressed in mmol and again with I according to the definition 26 oft.
L% Rough estimates of the translational correlation tiraee also reported. Practically, the value of the electronic relaxation rategléan
be derived from its effects orf’® when the conditiorr/rg >
)€e is met withee = 0.02. To sum it up, the accuracy of the
1/rs determination through relaxivity profile analysis increases
as the probeV, has a larger and larger size and a slower and
slower self-diffusion. As a counterexample, the HOD molecule
with its small size and rapid self-diffusion only provides a rough
1 2, 1 4 estimate of Ig. For instance, the fitted value 456 108 s71
T,(Bo) - EaZTR[l + wérg 1+ 4w§t§] given in Table 2 could be 20% larger without notable alteration

molecular parameters obtained by Borel efZathrough a
variable temperature and EPR frequency study of Gd(tpatcn
in light water. More precisely, & " is taken to be the zero-
field value of the longitudinal electronic relaxation ratd 1/
(Bo) given by the Redfield-limit analytical expressiéri*

of the quality of the fit.

Lr|l—t—+—2 ] 5 The low-field validity conditionsusr < 1 andz/rsy < 1 of
> 1+tog” 1+4od section 2.3.2 allow one to use the low-field expressions 30 and
) 32. However, according to the previous discussions, the relative
with diffusion coefficientD and the electronic relaxation raterd/
1 1 1 can be measured from their effects on the relaxivity profile only
7, = 15/6 and?Er_2+r_ (56) if /D and 1ty are large enough. The conditions of the
A

successful application of the low-field low-frequency relaxivity
In egs 55 and 56 the molecular parameters used to calculate 1Prof|le analysis to the determination Bfand 1¢g are

= = LTi(Bo = 0) are chosen as follows. The static and ¢p < wg < Lande, < tlrg < 1 (58)
transient Gd(lll) ZFS parametess = 0.0661 x 109 rad s?

- 0 1 : -
andapt = 0.2322x 10%rad s1, together with the characteristic with ep = 0.02 andee = 0.02. It should be noted that the

time 7y = 1.19 ps at 298 K of the vibratiomis'é%rtion of the definition 26 ofr rests on that of the collision diametewhich
complex, are the values fitted by Borel et>alunder the is only an approximate quantity for nonspherical species.

hypothesis that Gd(tpatcn) has the reasonable rotational cor~rperefore, the bounds of the conditions 58 are also approximate
relation time valuerg(H20) = 1/Dr(H20O) = 500 ps in light values which can easily vary by 50%.

water 6?t 298 K. These pa_ramete_r values yield theoretical EPR 4 1 4 collision Geometry.The general theory of the OSPRE
properties reproducing thelrexperlment_al cpuqterpaﬂs, measureqor speciesV; and GdL, which are coupled by an anisotropic
at several temper.atures and frequ.enmes.ln light ‘“?’a‘ﬁ!"""v intermolecular potential and/or dissolved in a polar solvent like
e piesent eXpeTens ere o ou 00T 8ol wte, iscomplcatlfIndeed, he ipolr TOR() defnt
4 nds on the interspin functi ro) and p-
gccording to the_Stokefinstein formulal218so that its value ?r)(/)f ?) wgﬁ:aestgfn?‘r o:n?he trioslgcull:r :;icrg(ﬁj%;ribm)or? fljjnp ction
in D20 at 298 K is taken to ber(D20) = [17(D20)/(H;0)]7r- (PDF) and the molecular propagator describing the time

(Hz0) = 615 ps, sinc€ 5(D20)/y(H0) = 1.23. . evolution of the relative position and orientation of the interact-
I S hould be notgd that thew values derived from relaxivity ing species. Two treacherous routes can be envisaged to obtain
proflles have relative errors of at least 5 to ;0%. These errors gs(t). First, the molecular PDF can be calculated with the help
ma!nly stem from the d|f_f|cu|ty of the experimental determi- of the sophisticated molecular integral equation theory of the
hation of the zero-field difference statistical physics of liquid8 and the molecular propagator
obtained by Brownian translational and rotational random
walks?® the diffusion coefficients of which can be determined
EA_DRW (57) by independent PGSE measuremehfd. Second, molecular
3 p3r ey dynamics (MD) can serve to generate trajectories of the interspin
positionr, the average over which directly gives the expression
which is all the more accurate because the percentage variatior8 defininggy(t), without resorting to the intermediate functions
| Ar9S lowfield )y OS 1ow=field g o0) of rOS 1€l o) at By = 0 ghe=s®(rg) and p(ro,r,t). Unfortunately, obtaining reasonable
is large. This percentage variation caused by the finite value of diffusion coefficients by MD simulations is still a difficult

|Ar(].t)8 IOW—fieId(0)| — rlos Iow—field(o,oo) _ rlos IOW—fieId(O) _

(53) Powell, D. H.; Merbach, A. E.; Gohlez, G.; Bricher, E.; Micskei, K.; (55) Fries, P. H.; Belorizky, E.; Bourdin, N.; Cinget, F.; Gagnaire, D.; Gorecki,
Ottaviani, M. F.; Kdnler, K.; von Zelewsky, A.; Grinberg, O. Y.; Lebedev, W.; Jeannin, M.; Vofto, Ph.THEOCHEM1995 330, 335-345.
Y. S. Helv. Chim. Actal993 76, 2129-2146. (56) Fries, P. H.; Richardi, J.; Rast, S.; Belorizky,Fure Appl. Chem2001,
(54) Marcus, Y.lon sobation; John Wiley: New York, 1985; pp 87, 9394. 73, 1689-1703.
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challenge posed by the design of accurate intermolecular

potentials’” Thus, the simulated OSPRES, which are strongly
affected by the rapidity of diffusion, are expected to be poorly
reliable. Moreover, simulations involving dilute species are

In the usual picture® of the OSPRE of the water protons
due to Gd(lll) complexes, the outer-sphere motion is given by
the ABHF model of a force-free translational diffusion applied
to the interspin vector with a collision distancegsqy taken to

computer demanding. To sum it up, precise information on the be the minimal distance of approach of Gd(lll) with a proton

collision dynamics of the specidd, and GdL beyond their
relative diffusion coefficient is not easily accessible from the

of a noncoordinated water molecule. For contrast agents such
as [GA(DTPA)}, acan is typically’2163.5 to 3.6 A. Although

OSPREs because the latter arise from intricate positional andthis range of values is compatible with simple molecular models

orientational correlations evolving with time.
Because of the difficulties of a detailed description of the

and provides a reasonable OSPRE contribution to the relaxivity,
it should be kept in mind that it rests on the ABHF model, which

collision of the species involved in the OSPREs, the usual is only valid for centered spins and neglects molecular packing
approach is to content oneself with the ABHF model proposed and possible H-bonding.

independently by Ayant and BelorizKy(AB) and Hwang and
Freed? (HF). In this model, the spinsand S are assumed to

be located at the centers of the irlteracting species approximategosmedumield giyen by eqs 35
as hard spheres diffusing in a viscous continuum. The spectralfrequency intervapedum-feld

densityj,(o) of the dipolar TCFgy(t) is a rational function of
oT

NSRA 4+ X
aDb 2 133
3(9+ X+ 4x° + X°)

jo(0) = with x = Vor (59)

At 0 = 0, it reduces to

Ns 4

0=~ =~ (60)

so that the expression 31 of the zero-field OS relaxivity in the
case of an ideal infinitely slow electronic relaxation becomes

_ 40 10—6NAvogadr0

sl 7Db

OS low—field
(0) =57

My (61)
By equating this expression to the fitted values of
rOS'ow=feld g o) reported in Table 2, estimates of the collision
diameteb are 3.8, 4.0, and 4.3 A for HOD, GAD, and (CH)s

4.2. Medium-Field Study.

Re/i2v, + 1T, (By) of the

The linear variation in
medium-field expression
and 37 occurs in the proton
medi <y < o™l According
to section 2.3.3, the lower bound®3™ €l qepends on the
value of the translational correlation tinmeFor the studiedv,/
Gd(tpatcn) pairs, it lies between 50 and 100 MHz. The upper
bound["edlmield ig that of the low-field,/v, validity range
timesydy, = 658. According to the low-field relaxivity profiles
of Figure 2,ve9um-feld should be about 1500 MHz for HOD,
1000 MHz for CHOD, and 600 MHz for (CH)sCOD. Contrary
to the low-field relaxation profiles, which can be measured on
a single relaxometer, the medium-field investigation generally
needs a range of spectrometers operating at different field values
Bo. Below 90 MHz, an electromagnet can be used to produce a
variable magnetic field with a resolution often between 1 and
10 ppm. In the interval 100 to 200 MHz, there are NMR imagers
operating at about 128 MHz (3 Ts), and rather old high-
resolution spectrometers with cryomagnets working at 200 MHz
can be found. At 300 MHz and above up to 900 MHz,
commercial spectrometers with cryomagnets, for both liquid and
solid state NMR, are available, but again they operate only at
a fixed given magnetic field. Thus, above 90 MHz, the NMR
profile can be recorded only at a small number of discrete

COD, respectively. These values have reasonable magnitudegeqyencies. Furthermore, the temperature of the sample in the
and show the expected increase with the size of the probe solute, 4 ious instruments should be kept the same by a correct

M,. However, they are somewhat too short because the ABHF

calibration so that the variation % is entirely due to the

model neglects the close packing and anisotropic shapes of th%hange of magnetic fiel@.

molecules, the eccentricity of the proton spjrand a possible
attractive potential oM, by Gd(tpatcn) due to H-bonding and/

or hydrophobic forces. Each of these molecular features resu“sfunction of magnetic fieldBs.

in an increase of the reduced dipolar spectral deifgidy which
is typically®* of the order of 20% because of the packing of

spherical molecules and a few percent because of the spin

eccentricity. Shoulgh(0) be 25% larger than the estimate 4/27
of the ABHF model, then the collision diametdssvould be
4.7, 5.0, and 5.4 A for HOD, C¥0D, and (CH)sCOD,

respectively. These values are near those obtained from th
crystallographic data of Gd(tpatcn) and compact molecular

models of the probe solutéd,. They can be used to roughly
calculate the translational correlation timelefined by eq 26.
For each probe solute, the estimaterobbtained from the
relative diffusion coefficient of Table 2 is also reported in this

table. It increases by a factor of 3.4 when passing from the small

HOD molecule to the larger (CHCOD solute. This rather large

dynamical range clearly supports the universal character of the

long time decay of the dipolar TC#(t) given by eq 14.

(57) Mahoney, M. W.; Jorgensen, W. I. Chem. Phys2001, 114, 363—366.

q

with ep = 0.02 andee

Assume that the longitudinal electronic relaxation raig &/
(Bo) of Gd(tpatcn) is given by eqgs 55 and 56. It is a decreasing
The static and transient ZFS
contributions, which are proportional HﬁrR andaﬁTr’, rapidly
decay as Bo? for wsr, = 2 andwst’ > 2, respectively. The
static contribution, which is largely dominant at zero field,
becomes less than 1% of the small transient ternBfor 1 T,
since the rotational correlation time = 83 ps is much longer
thant’ = 7, = 1.19 ps. Therefore, the predicted values dhd/

Bo) are smaller than & 1C° s™! for Bp > 1 T. Now, a
staightforward generalization of the discussion of subsection
4.1.3 shows that the conditions of successful determination of
accurateD and 1T1By) values from a medium-field relaxivity
profile are

€p < wg < lande, < 7/T;(By) <1 (62)

=

0.02. For the three probe solutes,
according to the estimates ofreported in Table 2, we expect
/T1Bo) =< €cif Bp > 1 T, so that deriving accurate values of
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Table 3. Experimental Relaxivities ri, r2, ri,, and rmix of the HOD, CH30D, and (CHs)sCOD Protons Due to the Gd(tpatcn) Complexes in
D,0 at 298 K for the Two Proton Resonance Frequencies 400 and 500 MHz?

species HOD CH;0D (CH3);COD
ri(stmM-1 400 MHz 500 MHz 400 MHz 500 MHz 400 MHz 500 MHz
experiment 1.682 1.616 2.215 2.104 2.78 2.496
theory (static and transient ZFS) 1.63 1.578 2.20 2.10 2.81 2.60
rz(stmM-1 400 MHz 500 MHz 400 MHz 500 MHz 400 MHz 500 MHz
experiment 2.29 2.24 3.09 3.07 4.40 4.34
rp (St mM—3) 400 MHz 500 MHz 400 MHz 500 MHz 400 MHz 500 MHz
experiment 2.23 2.24 3.11 3.07 4.48 4.31
mix (ST mMM~1) 400 MHz 500 MHz 400 MHz 500 MHz 400 MHz 500 MHz
experiment 2.12 2.14 2.98 3.03 4.58 4.61
theory (static and transient ZFS) 2.04 2.05 2.98 2.99 4.48 4.50
theory (T2 "9 1.89 1.92 2.70 2.74 3.88 3.97

aFor each probe solute, the experimental value.f is taken to be the average of theandr;, determinations. The independent measured values of

r1 andrmix are compared with the theoretical predictions obtained by using as parameters the relative diffusion doresidrite zero-field OS relaxivity

valuer?S '°‘“"“e'd(0,oo) derived at low field. The electronic relaxation is described by a model of fluctuating static and transient ZFS or an ad hoc approach.

1/T14Bo) from the medium-field relaxivity profiles should not 5. Practical Implementation

be possible. However, the medium-field study will allow us 10 g\ era) ways of extracting dynamical information from the
show the self-consistency of the method and discriminate |imiting hehavior of the relaxivities; and rmi are possible.
between the eIectr%r;lc relaxation models underlying the expres-pgre a few simple routes to exploiting the potentialities of the
sions 53, 54 of ¢ "**and 55, 56 of IWie For that purpose,  method are summarized in a self-contained way. The key
the measurements were performed at the proton resonancgarameter governing the validity of the OS relaxivity limiting
frequenciesy; = 400 and 500 MHz of the spectrometers pehavior is the translational correlation timedefined by eq

available to our laboratory. 26 whereb is the collision diameter of the metal complex ML
The measured relaxivities, rp, andry, of HOD, CH:OD, with the probe soluteM, and D their relative diffusion
and (CH)sCOD are reported in Table 3 together with the mixed coefficient. An estimate df can be obtained from CPK models
relaxivity rmix = 3/2(r2 — r1/2). or molecular modeling softwares. The relative diffusion coef-

The values ofr, and ry,, which in principle should be ficient D defined by eq 52 is the sum of the self-diffusion

identical, can differ by about 2%. This gives an estimate of the c0€fficientsD; of M and Ds OngL' which can be estimated
best attainable accuracy for these properties. Given the scatttef0M the Stokesigigem law?® possibly corrected by micro-
of the r; values to within 1%, the experimental precision on VISCOSItY fa:cctof.’ >"The self-(lj|ffu3|'on c;oeffluent@“ ar;)d
rmix i in the range 2 to 3%. For the three probasshows a D's = Dstba hlan;?;gsnétlc T}n"’,‘ Ogélie Mof ML can also be
measurable drop when, increases from 400 to 500 MHz, measured by the technide:

whereas mix does not change. To assess the self-consistency of Ge_neral Requwemer?ts for t_he Probe Solutes_The possible
. : . - candidatesv; are species which do not coordinate the metal,
the method, the medium-field theoretical relaxivity

0S medium-field do not have chargecharge Coulomb interaction with the metal

;15 aramete:latshgarlgg ?iﬂ}?g.ggiﬁi;ﬂggﬁ d3t8h2y(; ;mg complex, and carry observable nuclear sgitisat are mainly
par: os kwfie,l(}/ musion coetiicl : relaxed by the intermolecular dipolar magnetic interactions with
relaxivity valuer; (0.0) determined at low field and the metal electronic spir@ The latter condition is fulfilled by

reported in Table 2. The theoretical mixed relaxivity nuclear sping = Y, or nuclear spins > ¥, of small quadrupole

OS medium-field . L
fmix . was %Etﬁéﬂfn‘iﬁjgm"ar'ygg?anifnﬂf?e,jG to 48. The moments as soon as the concentration of metal complexes is
theoretical values; and r of r1 and larger than a few mM. Among the possible molecules the choice

rmix, Which account for the time fluctuations of both the static yests on the field range and on a rough estimate of the
and transient ZFS Hamiltonians and are calculated by using thejongitudinal electronic relaxation rate Th{Bo), as explained
electronic relaxation rate T{e given by egs 55 and 56, are  hereafter.

presented in Table 3 with the label “static and transient ZFS".  Let @, = 27y, and ws = 27vs be the Larmor angular
They are in excellent agreement with their experimental frequencies of the nuclear and electronic spins, respectively.
counterparts for the three probe solutes. This demonstrates that |ow-Field Domain. wst < 1. Only the longitudinal relaxivity
the parameters of the relaxivities determined at low field are r; is concerned. Letg be the electronic relaxation time at zero-
suitable to get accurate relaxivity values at medium field, which field. The following additional two conditions should be met
establishes the self-consistency of the method. This also supports

the fluctuating static and transient ZFS model predicting rates Tltgy < 1and 0.02< wgr (63)
1/T1e, which are smaller than & 1 s, thus leading to

theoretical values ofmix that are only about 2% smaller than  The first inequalityr/t < 1 expresses thaty is significantly
their maxima corresponding to an infinitely slow longitudinal longer thanr and ensures that the limiting OS behavior pis
electronic relaxation. On the contrary, the values:2.10° and not quenched by a too fast electronic relaxation. The condition
1.6x 10851 of 1”?2 hocat 400 and 500 MHz given by eqs 53, 0.02 < wsr leads to a relaxivity dispersion with field, which is
54 are much too large. Indeed, they lead to theoretical large enough to provide information abdbtand zs. Under
relaxivitiesrmix given in Table 3 with the _Iabel'l“‘}‘e‘ "%, which (58) Spernol, A.; Wirtz, KZ. Naturforsch., 1953 8, 522-532.
are significantly smaller than the experimental data. (59) Gierer, A..; Wirtz, K.Z. Naturforsch., al953 8, 532-538.
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the conditions 63, the relaxivity is expressed by egs 30 and

independent PGSE technique. Then, only the electronic relax-

32. Following the discussion at the end of section 2, the method ation rates and the ideal zero-field valueg' ""(0,x) or
can be easily extended to account for a 2S relaxation mechanismy "™ €l%g o) have to be fitted from the relaxivity profiles.

Then, the purely OS relaxivity valug®'""%(0 «) has to be

replaced by a more general temf* "®"%(0.e), which repre-

Furthermore, ifr"**"™ €90 ) is determined by a longitudi-

nal relaxivity study, the electronic relaxation ratd {4(Bo) is

sents the sum of the values of the OS and 2S relaxivities atreadily calculated from themix profile using eqs 46 and 48,

zero field in the ideal case of an infinitely long electronic
relaxation timerg > 7. The conditions 63 can be verified by
simply checking that the; profile has an overall linear decrease
VS \/7, with a possible attenuation at zero field due to the finite
t/tg value, as shown in Figure 2. The valuesrBt"(0,),

D, and 1ty are fitted so that the theoretical profile reproduces
the experiment. Note that the probe solutds should be
sufficiently soluble to get a good signal/noise ratio of the

sincermedum-field o) — pmedum-ield g 5) according to eq 47.

Suggested Probe Solutedn view of the previous discussion,
they can be classified as follows. Working with low-resolution
instruments implies that the probes bear only one kind of
equivalent nuclei. Working at low field on a conventional
spectrometer or a Stelar relaxometer requires a probe concentra-
tion typically =0.2 M and an observed nuclei of high gyro-
magnetic ratios such asl, 1°F, or3lP. Neutral, globular, soluble

observed nuclear spins. This requires a proton concentrationprobes are generally recommended. In heavy water, they can

above=2 mol L™ on the Stelar instrumefitwith the presently
commercial probe. The range of applicability of the method
would be extended by an improvement of the Stelar probe

be nonpolar likep-dioxane or have an electric dipole like
methanol CHOD andtert-butyl alcohol (CH)sCOD, provided
that the charge-dipole attraction with the metal complex is not

sensitivity or by using a dual-magnet high-resolution relaxometer too high. In perdeuterated organic solvents, especially of low

of the type designed by Bryant et ®l.

Medium-Field Domain. w;t < 1 < wst. Both the longitu-
dinal relaxivityr; and the mixed relaxivity mix are concerned.
Let T14(Bo) be the electronic relaxation time in the relaxation
field Bo.

The longitudinal relaxivityr; can be used if the following
additional two conditions are met

/T, (By) < 1and 0.02< w,t (64)
The first inequality7/T1Bo) < 1 expresses thaii{Bg) is
significantly longer thanr and ensures that the limiting OS
behavior ofr; is not quenched by a too fast electronic relaxation.
The condition 0.02< w7 leads to a relaxivity dispersion with
field, which is large enough to provide information abdut
and T14Bo). Under the conditions 64, the relaxivityy is

dielectric constants, where the electrostatic attractions are less
screened by the solvedftSinonpolar probes such as neopentane
(CH3)4C and tetramethylsilane (GHSi are preferable. For
neutral metal complexes in heavy water, tetramethylammonium
(CH3)4N™ and tetramethylphosphonium (@&N™ cations can

be envisaged. Fluorinated anions such as hexafluorophosphate
PR~ and triflate CESO;~ can be appropriate in light water,
but the absence of hyperfine scalar interaction should be
checked® On conventional high-resolution spectrometers or a
dual-magnet high-resolution relaxometer of the type designed
by Bryant et al8 the restriction that the probes bear only one
kind of equivalent nuclei can be removed and more bulky solutes
can be used. For instance, the tetraalkylammonium ions of
varying sizes and self-diffuion coefficients can be suitable probes
for neutral metal complexes in heavy water.

expressed by egs 35 and 37. To account for a 2S relaxation6. Conclusion

mechanism the purely OS relaxivity valug® ™™ (0 oo

has to be replaced by a more general tefffi"™ "€"%(0 o)
incorporating this additional effect. Again, the values of
ripedium-ield 9 o), D, and 17:4Bo) can be derived from a fit of
the theoretical profile to its experimental counterpart. Note that
rIlowffield((.-)’oo) — (10/3),lmediunrfield(oloo)l

The mixed relaxivityrmix can be used if the sole additional
condition is fulfilled

7T, (By) <1 (65)

Again, this inequality ensures that the limiting OS behavior of
rmix IS Not quenched by a too fast electronic relaxation. Then,
the limiting behavior ofrmix is given by eqs 46 and 48. The
purely OS relaxivity valuerO> ™4™ %) can be replaced
() accounting for a 2S

by a more general termnedum-field

relaxation effect. Information aboutle™™™(w) D, and
T14Bo) can be derived from a fit of the theoretical profile to its
experimental counterpart.

As discussed in section 4, the relative diffusion coefficient

Using three probe solutes covering a range of self-diffusion
speeds, we have shown how the outer-sphere (OS) paramagnetic
relaxation enhancements (PRES) oF11//T,, and 17, due to
the Gd(tpatcn) complex can serve to simultaneously determine
the relative diffusion coefficiend of the complex with respect
to the probe solute and the longitudinal electronic relaxation
rate 1M of Gd(lIl). The method rests on the long-time behavior
of the time correlation function (TCFy,(t) of the dipolar
magnetic coupling between an observed nuclear spin on the
probe solute and the Gd(lll) electronic spin. Indeed, when the
probe solute does not have a chargbarge Coulomb interac-
tion with the Gd(Ill) complex,gx(t) has a universal decay in
(D)~372 independent of the geometries of the interacting species
and of their local ordering in the solution. Starting from this
long-time behavior we derived simple low-frequency analytical
expressions of the PREs in termsDf /5 gq(t) dt, and 1Ty,
which allow one to determine these quantities by fitting the
analytical expressions to their experimental counterparts. At zero
magnetic field, the fitted electronic relaxation tirae1500 ps
of the Gd(tpatcn) complex is the longer value reported to date

D can be obtained as the sum of the measured self-diffusionfor a gadolinium complex (650 ps for the Gd(dotajontrast

coefficients ofM, and of a diamagnetic analogue of ML by the

(60) Wagner, S.; Dinesen, T. R. J.; Rayner, T.; Bryant, RJ.GJagn. Reson.
1999 140 172-178.

agent) in agreement with a previous estimate inferred from the

(61) Stell, G.; Patey, G. N.; Hagye, J. 8dv. Chem. Phys1981, 48, 183—328.
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relaxivity profile in light water. Taking advantage of the one with an information about the intermolecular dynamics of
particularly slow electronic relaxation of the Gd(tpatcn) com- the interacting partners, which is not blurred by the electronic
plex, we demonstrated the self-consistency of the method by relaxation. This can be useful to better understand the effects
cross-checking the low- and medium-field results. The accuracy of the intermolecular forces on the outer-sphere PRE and/or
on the determination dd, /¢ ga(t) dt, and 17, was estimated assess the presence of a second-sphere PRE. Fourth, the relative
to be about 5, 5, and 10 to 20%, respectively. diffusion is explored at the nanometer scale over a few collision
The method can be extended to other situations. First, the diameters of the interacting species, which can thus be confined
longitudinal PRE studies at low field can be used to measure in very small restricted volumes without preventing the validity
the relative diffusion coefficients involving paramagnetic mol- of the method. Applications to porous media and vesicles can
ecules and ions of slow low-field electronic relaxation. This be envisaged. The above-mentioned potentialities should be
includes the stable nitroxide radicals and the Gd(lIl) or Mn(ll) investigated, and studies along these lines are underway.
complexes, like the Gd(tpatcn) and the Mn(ll) aqua ion, which Acknowledgment. P.H.F. is grateful to P. A. Bayle, B.
have a slow longitudinal electronic relaxation because of suitable Gennaro, and A. Galkin for helping to use the Varian Unity
coordination structures. Second, at low field, paramagnetic metal 400 and Bruker Advance 500, the Varian UR#®00, and the
cations of electronic spirS> 1 often have electronic relaxation  rrc 2000 Stelar relaxometer, respectively. He thanks Prof. D.
times'® Tie = 79 <1071 s, which are shorter than the  canet for illuminating discussions on relaxation measurements.
translational correlation time, so that the method does not  Tne interest of Dr. M. Defranceschi in the relaxometric
apply. However, it was recently shot/r#? that 17T, is still exploration of the microdynamics of lanthanide complexes in
given by an expression of the form 55 and 5&if> 310 5 T, solution and the financial support of the Nuclear Energy Division
even in the case of static and transient ZFS as large as1 cm ¢ the CEA for the purchase of the relaxometer are highly
For these field valuesl;. rapidly increases a&j and becomes appreciated. This research was carried out in the frame of the
significantly longer thane in the rangeBo > ByRi™ ", EC COST Action D-18 “Lanthanide Chemistry for Diagnosis
where the method is again valid. To our knowledge, this is the and Therapy” and the European Molecular Imaging Laboratories
only model-independent way to measure longitudinal electronic (gmL) network. This work is dedicated to Prof. Elie Belorizky,

relaxation times above 3 to 5 T. Third, the method can be in honor of his 40-year distinguished work in many areas of
extended to metal complexes giving rise to inner- and/or second-magnetism.

sphere PREs. One difference concerns the frequency-indepen-
dent termsr S V€190 00) and rPS medumfield g o) which oc-

cur in the relaxivity analytical expressions to be fitted and

correspond to the outer-sphere relaxivity values for an ideal
infinitely slow electronic relaxation. These terms have to be

replaced by more general quantities which incorporate additional
similar contributions stemming from the inner- and second-

sphere relaxation mechanisms. Quite generally, they provide

Supporting Information Available: In pp S:S2, we propose

a mathematical proof of the analytical limiting behavior of the
Laplace transformd,(o) of the intermolecular dipolar time
correlation function as — 0. The low-frequency approximation

22 of the spectral densities stems from this fundamental property
and is the basis of all the analytical expressions of the relaxation
rates derived in this work. This material is available free of
charge via the Internet at http://pubs.acs.org.
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