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Abstract: Taking advantage of the Curie contribution to the relaxation of the protons in the Tb(lll) complex,
and the quadrupolar relaxation of the 7O and 2H nuclei on the Eu(lll) complex, the effect of the internal
motion of the water molecule bound to [Ln(DOTAM)(H,O)]** complexes was quantified. The determination
of the quadrupolar coupling constant of the bound water oxygen yo(1 + 170%3)¥? = 5.2 + 0.5 MHz allows
a new analysis of the O and *H NMR data of the [Gd(DOTA)(H.O)]~ complex with different rotational
correlation times for the Gd(IIl)—Owawer and Gd(l11)—Huwawer Vectors. The ratio of the rotational correlation
times for the Ln(l1l)—Huatwer Vector and the overall rotational correlation time is calculated tru/tro = 0.65 +
0.2. This could have negative consequences on the water proton relaxivity, which we discuss in particular
for macromolecular systems. It appears that the final effect is actually attenuated and should be around
10% for such large systems undergoing local motion of the chelating groups.

Introduction chelate, the relaxivity did not reach the expected high valties.

Gd(lll) polyaminocarboxylate complexes are commonly used For every chemist’s intuition, it is clear that the inner-sphere
as MRI contrast agents. Among the macrocyclic systems thewater also undergoes internal motion. Indeed, this motion has
DOTA ligand (DOTA = 1,4,7,10-tetraaza-1,4,7,10-tetrakis- already beer_1 considered in the past, for example, by Dwek.
(carboxymethyl)cyclododecane) was early recognized as anH°¥Vever’ th'sl phﬁ&omeq?n has never Ibe(:nhdlrectly observed
excellent candidate for this kind of application due to the so far. Recently, t arslgl O NMR signals of t e_water bound
outstanding thermodynamic stability of its complexes with © [EUDOTAM)(HO)P** complex (DOTAM = 1.4,7,10-
Ln(lll) ions. Intensive research is performed to better understand tetrakls(carbampylmethyl)-:'l_,4,7,1(.)-tetragza.cyclododecane') were
their physicochemical properties, which should allow smart detected, opening a new field of investigatiéh©n the basis

development of new agent&Particularly, it is well known that of the Curie relaxatipn in the environzment of Tb(III) as well as
lengthening the rotational correlation time should increase the duadrupolar relaxation of th€0 and?H nuclei of the bound
relaxivity. This can be attained with dendriméricor poly- water in the Eu(lll) complex, we present experimental evidence
meric®—10 chelates. as well as noncovalent interactions with for this internal motion. The rotational correlation times of the
proteinsti-13Unfortunately, due to internal motions of the LN(!!N ~Huaierand Ln(lll)—Ouaer vectors are compared, and a
method to calculate the quadrupolar coupling constaft +
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of [Tb(DOTAM)(H-0)](SO;CFs)s, 500 uL of CD3CN, and 5uL of
H,O (crp = 12.45 mM); (b) 7.68 mg of [Yb(DOTAM)(HO)](SCs-
CFs)s, 500 uL of CDsCN, and 5uL of H,O (cvp, = 14.61 mM); (c)
6.26 mg of [Eu(DOTAM)(RO)](SOsCFs)s, 500uL of CDsCN, and 5
uL of D2O (cev = 12.40 mM); (d) 6.26 mg of [Eu(DOTAM)(kD)](SCs-
CRs);, 500uL of CDsCN, and 5ul of H,'"O (cgy = 12.40 mM).

Variable Field and Temperature NMR. TheH, 2H, and*’O NMR
spectra weremeasured on Bruker DRX-600, DPX-400, and DRX-200
spectrometers. The temperature was stabilized by Bruker VT-2000 and
BVT-3000 temperature control units and checked by a substitution
methodt®

Data Treatment. The NMR signals are fitted by a Lorentzian
function with the program NMRICMA 2.8 for MATLAB (L. Helm,
A. Borel, Institut de Chimie Mdleulaire et Biologique, Ecole Poly-
technique Feéerale de Lausanne, Switzerland). The half-width of the
1H NMR lines are corrected by subtracting the half-width of the TMS
line (field inhomogeneity, line broadening). The inhomogeneity is
neglected in the case 4fO NMR. The longitudinal relaxation times
are measured using the inversion recovery method. The fitting of the
data (line width,Ty) is performed by the programs VISUALISEUR
2.3.0 and OPTIMISEUR 2.3.0 for MATLAB (F. Yerly, 1992001,
Institut de Chimie Moleulaire et Biologique, Ecole Polytechnique
Fedérale de Lausanne, Switzerland).

Results

Curie Relaxation. The Curie contribution to the longitudinal
relaxation rate of a proton in the environment of a given
lanthanide trivalent cation depends on the magnetic fiBgl, (
the Ln(Ill)—H distance K), and the rotational correlation time
(zr). Its importance at high magnetic fields for lanthanides aqua
ions other than Gd(Ill) was shown by Bertini etlllt is
described by eq 1, wherg is the magnetogyric ratio of the
proton, ug the Bohr magnetorkg the Boltzmann constant,
the temperatureyo the vacuum permeability, andes the
effective magnetic moment of the lanthanide cation.
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Assuming that the Ln(IIF-H distances for the cyclen protons
in solution are the same as in the crystal structure, one can
calculate the overall rotational correlation timed) at a given
temperature. The validity of this assumption is shown by the
work of Aime et al., who calculated the Ln(IhH distances
of the [Tb(DOTA)(HO)]~ complex in agqueous solution from
a knownzgo.?? The longitudinal relaxation rate of the cyclen
protons of the [Tb(DOTAM)(HO)J** complex (12.45 mM,
CD3sCN/H;0 100:1) were measured at 4.7, 9.4, and 14.1 T and
260 K (Figure 1). The crystallographic Ln(Iit)Hcyciendistances
measured on Th(lll), Gd(lll), or Eu(lll) DOTA-like complexes
are equal£1%); therefore, we are allowed to use the distances
obtained for the corresponding Eu(ll) complex [Eu(DOTAM)-
(H20)]3".21723 The field dependence of the longitudinal relax-

TR
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Figure 1. Longitudinal relaxation rates field dependence of selected protons
of [Th(DOTAM)(H20)J** at 260 K (12.45 mM, CBCN/H,O 100:1).0,
water proton (crystalline Ln(lIl-H = 2.95 A); both axiall and ¢ (3.66

and 3.69 A); and both equatorialandw (4.30 and 4.34 A) cyclen protons.
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Figure 2. Schematic representation of the Ln(HIWater entity showing
the distances and angles used in the analy8iswith the water dipole
axis aligned with the Ln(l1l-O vector;B, position from the crystallographic
data.

ation rates produced by the Curie interaction allows us to
calculate the rotational correlation time from eqdko = 101

12 ps. In the same way, one can calculate the rotational
correlation time of the Ln(l1)-Hyater vector for two models
(see Figure 2): A), assuming that the water molecule aligns
its symmetry axis with the Ln(ll)-Oyawer vector, and an
H—O—H angle of 104, the Ln(lll)—Hyater distance i ny =
3.21 A andrgy = 117 + 20 ps; B) the Ln(ll)—Hyater distance
is directly measured from the X-ray structfre ,y = 2.95 A
andrgy = 60 £ 10 ps. The same measurements were performed
on the Yb(lll) complex cyclen protons under the same condi-
tions. Using the X-ray distances of a similar Yb(DOTA-
tetraamide) compleX} we obtaintro = 1154 11 ps, in good
agreement with the Th(Ill) complex value. They/tro ratio

(24) Batsanov, A. S.; Beeby, A.; Bruce, J. |.; Howard, J. A. K.; Kenwright, A.
M.; Parker, D.Chem. Commurl999 1011-1012.
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for the Tb(lll) complex is then 1.2t 0.3 and 0.6+ 02 for In the Encyclopedia of NMRWoessner reported the correla-
modelsA andB, respectively. tion functions for axially symmetrical ellipsoids with internal
Quadrupolar Relaxation. In the extreme narrowing condi-  motion?® In our case, we consider that the ellipsoid (the
tions, the quadrupolar contribution to the transverse relaxation complex) has an isotropical rotational motion; i.e., its rotational
of the 17O nucleus is described by eq 2, whéris the nuclear motion can be described by a unique rotational correlation time
spin of the quadrupoley is the quadrupolar coupling constant, (tro). In this model, it is assumed that the internal motion is
7o IS an asymmetry parameter, ango is the rotational only due to the rotational diffusion of the water molecule around
correlation time of the main axis of the electric field gradient. the Eu(lll)—Owatwer axis (see Figure 2). The spectral density
For a water molecule bound to a trivalent lanthanide cation, function corresponding to this model is given by eq 4.
this axis is most probably along the Ln(HDyater vector and
the associated rotational correlation time is the one of the whole Jw) = A A g Tc )

T B 51T C >
complex. 1+ (wzp) 1+ (wtg) 1+ (wt)

1 372 21+3 . where,
To 10 WOZ(l o) 1=1,2 (2)

A=11-3co2a? B=3si2a, c=3sifa (5)
In the case of Eu(lll) one can approximate that the transverse 4 4 4
relaxation rate of the bound water oxygen is only due to the 1 1 1 1 11 1 4
exchange with the bulk water and the quadrupolar interaction. —=— —=—+t= —=—+— (6)

- . ) Tn, T Ty T Tni Te T o~
Indeed, T, = T, within the experimental error, and the Curie A 'RO "B RO TRIPC RO TR

contribution is negligible in this case (see Supporting Informa- +14 axtreme narrowing conditions valid fago in the quadru-

tion). The.quadrupolar transver.se. relaxation rate is readily polar relaxation also holds fam, 7, andzc so that eq 4 can
calculated in the slow exchange limit from eq 3 as the exchange be replaced by eq 7.

contribution is well knowr##
J(w) = At + Brg + Cr¢ (7

A is the angle between the symmetry axis of the water molecule
and the relaxation vector of the deuterium which is fixed to
The transverse relaxation rates were measured at severab2° or 57.6 (see Figure 2). The rotational correlation time of
temperature between 225 and 262 K for the Eu(lll) complex the Ln(l11)—Oyatervector ro) is chosen to describe the isotropic
and the quadrupolar contribution was evaluated at 260 K, overall rotationzr; is the rotational correlation time character-
assuming an Arrhenius temperature dependence. The knowledggstic for the internal rotational diffusion.
of the rotational correlation time at 260 K (1@820 ps, taking The electric field gradient responsible for the relaxation of
the average between the Tb(lll) and Yb(lll) values) from the the deuterium quadrupole is along the-D bound. Hence, the
Curie relaxation allows us to calculate the quadrupolar coupling quadrupolar contribution to the longitudinal relaxation is
constant with eq 2, yieldingo(1 + 170%3)"2= 5.2+ 0.5 MHz. described by eq 8.
The second approach to estimate the internal motion of the

_1 P
T_TiQ+keX i=1,2 ©)

bound water molecule takes advantage of thkand 'O 1 37 2+3 14 1-23)] 8
quadrupolar relaxation. The rotational correlation time of the TlQ_ 10 1221 — 1)%0 (+773)() ®)

Ln(111) —Owater VECtOr (Ro) Can be easily calculated from the
170 quadrupolar coupling constant reported above and the On the basis of the work by Leyte et al. on Mg(ll) aquo
measured transverse relaxation rate of the bound water oxygercomplexes, the values, = 193 kHz andyp = 0.12 were taken
(egs 2 and 3). The temperature dependencerefcan be for the deuterium quadrupolar coupling constant and asymmetry
described by an Arrhenius law to yie’:@g.f3 = 48.6+ 3 ps and paramete?’ This seems acceptable singgvaries of only 20%

Ero = 14.4 4 0.5 kJ mof?® (Supporting Information, Figure  between the free water and the water bound to Mg(ll) and the
S2). influence ontgp of an error of 10% onyp is less than 1%.

To obtain the rotational correlation time of the Eu(HDyater The Tig values of the bound water deuterium calculated
vector, the longitudinal relaxation rates of the free and bound within the slow exchange limit were fitted to eqs 7 and 8 to
water deuterium were measured at various temperature betweeryield, for A, 75.° = 6.6 + 4 ps andEr; = 46.0+ 6 kJ mol?,

225 and 251 K where the exchange does not significantly and forB, 74° = 7.5+ 5 ps andEg; = 46.1 + 6 kJ mol?
influence the inversion recovery profiles. The quadrupolar (Figure 3). The rotational correlation times of the LnHDyater
contribution to the longitudinal relaxation rates can be easily (trp) correspond to the spectral density function for an angle
calculated within the slow exchange approximation (eq 3). To A’ =14.2 or 13 in eq 7 forA andB, respectively (see Figure
control the validity of the approximation, the free and bound 2).

water deuterium longitudinal relaxation rates were also analyzed The following parameters were calculated: forzrp?8 =
simultaneously with the exact equations for the relaxation rates 41.5+ 5ps andEgrp = 15.4+ 0.5 kJ mot?, and forB, Trp?%8
reported by Leigh#® The quadrupolar contributions calculated = 42.7 + 5 ps andEgp = 15.3 + 0.5 kJ motl. The ratios
with and without the slow exchange approximation are identical,
as can be seen in the Supporting Information (Figure S3).

(26) Woessner, D. E. liencyclopedia of NMRGrant, D. M., Harris, R. K.,

Eds.; John Wiley and Sons: Chichester, England, 1996; pp-10684.
(27) Struis, R. P. W. J.; de Bleijser, J.; Leyte, J.JCPhys. Chem1987, 91,
(25) Leigh, J. S., JrJ. Magn. Reson1971, 4, 308-311. 6309-6315.
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Figure 3. Temperature dependence of the quadrupolar longitudinal
relaxation rate of the bound water deuterium of [Eu(DOTAMIDI® at

9.4 T as calculated with the slow exchange approximation (12.4 mM; CH 8.0
CN/D;0O 100:1). The lines represent the best fit to the rates as described in
the text.

TRD/TRO = 0.854+ 0.15 @\) andrRD/rRo = 0.88+ 0.15 (B) at
298 K are constant over the temperature range since the
activation energies are fairly equal.

Multifit Gd(lll). The simultaneous analysis of EPRQO
NMR, andH NMRD data on the polyaminocarboxylate Gd(lll)
complex is also a method to elucidate the internal motion of
the bound water molecule. This type of analysis commonly s 30 35 2.0
affordedyo(1 + 170%/3)Y2 > 10 MHz with the Gd(l11)-Owater
and Gd(llI-Hyaterdistances fixed to 2.5 and 3.1 A, respectively,
and a unique rotational correlation time to describe the tumbling
of the Gd(lI)—Oyater and Gd(I1)~Hyater vectors?® In fact, it 14
seems now rather obvious that the high value of the quadrupolar
coupling constant could compensate (see eq 2) the need for a
longer rotational correlation time to describe @ longitudinal
relaxation data. Hence, we performed a new analysis of the
[GA(DOTA)(H.0)]~ dat&® whereyo(1 + 170%3)Y2 is fixed to
5.2 MHz and the ratiorn/Tro is taken as a parameter. Following 2
the recent progress on the electronic relaxation of Gd(lll), we
did not consider the EPR and low-field NMRDB<10 MHz)
data in the analysi® To obtain comparable parameters, the

— — i : Figure 4. Temperature dependence of reduééd transverse (a) and
Ln(1H) ~Ouwaterand Ln(lll)~Huarer distances were fixed to 2.44 longitudinal (b) relaxation rates at 9.4), 4.7 @), and 1.41 T ©); (c)

and 2.95 (or 3.21) A, respectively, as reported in Figure 2 (the \equced’o chemical shift 9.44), 4.7 ), and 1.41 T ©); (d) NMRD
X-ray distances for the [Gd(DOTA){@D)]~ complex are 2.458 profiles at (from top to bottom) 277, 283, 291, 298, 305, and 312 K. In all
and 2.94 ,&0)_ The experimental data are well described using cases, the lines represent the fit obtained from the simultaneous analysis of
ratiostri/tro = 0.65+ 0.1 (A) andrri/tro = 0.35+ 0.1 B). all data reported and a Gd(IthHwater distance of 3.21 A.

The experimental data as well as the calculated curves are
represented in Figure 4 for the mode(the analysis with model

B is similar and is not reproduced here). The parameters used
in the simultaneous fit are reported in the Supporting Information
(Table S5).

A popular tool in the NMR study of local motions is the
model-free approach of Lipari and Szat3¢? and one might
consider using it to describe the proton relaxivity in the
simultaneous fit. However, it seems unnecessary in the case o
small complexes such as [Gd(DOTAYB)]~. Sincetry and

A / 10°rad s

1000/T / K'

(@

10

B,/ mM's’

—_

10 100

Proton Larmor Frequency / MHz

Tro are short on the NMR time scale-100 ps) the model-free
approach of Lipari and Szabo {1S) is unable to distinguish
between an internal motion of the water molecule or a faster
isotropic tumbling of the Lr-H vector compared to the -rO
vector. Therefore, we assumed an isotropic tumbling and used
a single adjustable parameter (th&/tro ratio) instead of two

(€ andr) as in the IS equations. The case of macromolecular
fcomplexes, where thetS approach is required to account for
local motions of the chelate, is discussed later in the text (see
Discussion).

(28) Powell, D. H.; Ni Dhubhghaill, O. M.; Pubanz, D.; Lebedev, Y.; Schlaepfer, Discussion
W.; Merbach, A. EJ. Am. Chem. S0d.996 118, 9333-9346.
) e aa0s 18 gy aegs  Fries: P Hi Merbach, A-E. In the Curie experiments, the principal source of error is the
(30) Dubost, J. P.; Leger, J. M.; Langlois, M. H.: Meyer, D.; SchaefercM.  Ln(lll) —H distance as® is taken into account. Fortunately, the
R. Acad. Sci. Parid991, 312 349-354. B ; ; ; f
(31) Lipari, G.. S7abo, AJ. Am. Chem. So4982 104 4559-4570. dlstancc_es repqrted for DOTA derivative c_omplexes with diverse
(32) Lipari, G.; Szabo, AJ. Am. Chem. Sod.982 104, 4546-4559. lanthanides differ by less than 1%, which means an error of
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Table 1. Ln(ll)—Owater and Ln(lll)—Hwater Rotational Correlation Times Calculated As Described in the Text

Curie relaxation?

quadrupolar relaxation®

multifit Gd(lly:

Al B® Al

B¢ Al Be

TRIPS 101+ 12 1014+ 12 48.6+ 3
TRHIPS 117+ 20 604+ 10 41545
TRH/TRO 1.24+0.3 0.6+ 0.2 0.85+ 0.15

48.6+ 3 105+ 12 105+ 12
427+ 5 68+ 3 372
0.88+ 0.15 0.65+0.1 0.35+ 0.1

a Rotational correlation times at 260 K, in a @EN/H,O 100:1 mixture P Rotational correlation times at 298 K, in a @EN/H,0 100:1 mixture. At 260

K, Tro = 108 £ 20 ps (see texty. Rotational correlation times at 298 K, in@.

B from Figure 2.

less than 6% on the rotational correlation time of the cyclen
protons. Furthermore, due to the “rigidity” of the DOTA cage,
the Ln(lll)—H distances in solution for the cyclen protons should

d Calculated with the model from Figure 2.© Calculated with the model

overall tumbling of the molecule. Unfortunately, the model
limits the quantitative determination of the internal motion, with
A = 52° and an infinitely rapid internal motioneg; < 7ro),

be the same as the crystallographic values. The choice of limiting the ratio of the rotational correlation times has a minimum value

cases with Ln(lll}-Hyater distances of 2.95 and 3.21 A seems
reasonable since 3:@.1 A is the accepted value for most of
the reporteddH NMRD analysist Furthermore the Ln(IIF-
Owaterdistance fixed to the crystallographic value,p = 2.44
A) is justified in view of XAFS experiments in water solution
on the [Gd(DOTA)(HO)]~ complex, which afforded a Ln(11t)
Ouwaterdistancer o = 2.447 A8 essentially equal to the crystal
structure distance no = 2.458 A3

The values foryo(1 + 70%/3)Y2 are smaller than the 7.58
MHz obtained for the bulk water in acidic medighand much

smaller than the one fitted in the simultaneous analysis of EPR,

170 NMR, andH NMRD data of Gd(lll) chelates® yo(1 +
n043)Y2 = 10 MHz for DOTA}~ 14 MHz for DTPA~, and
even 18 MHz for DTPA-BMA3~ (DTPA = N,N,N',N",N"-
pentacarboxymethyl-1,4,7-triazapentane; DFBMA = N,N"-
bis[(N-methylcarbamoyl)methyl)N,N',N"-triscarboxymethyl-
1,4,7-triazapentane). Leyte et al. measyre(l + 170%/3)2 =
6.5 + 0.4 MHz for the bound water molecule in aqueous
Mg(l1).27 If we consider that the electric field gradient produced
by the metallic cation and felt by the oxygen atom is
proportional to the charge of the cation) @nd to 1/3, where
r is the metaloxygen distance, we can estimate tH®
quadrupolar coupling constant for the bound water molecule in
aqueous Gd(Il):yo(1 + 7o%3)Y? = 5.7 + 0.4 MHz, which is
very similar to our valueyo(1 + 170%/3)¥2= 5.2+ 0.5 MHz).

The structural difference of the compounds witstDor H,O
is negligible in the analysis with the model of Woessner. The
approximation of an internal motion only due to the rotational
diffusion neglects the tilting motions that certainly take place.
In principle, the comparison of the internal correlation timge
and the lifetime of the hydrogen bonds between the water
molecule under study and other water molecules would provide
useful information about the nature of the internal motion, since
rotation around the metabxygen axis certainly requires the
breaking of such bonds. However, in the case of [Ln(DOTA)-
(H20)]~, the information one may gather in this manner is very
limited. Molecular dynamics simulations of the solvation of

of TRH/TRQ = 0.82.

The simultaneous analysis of th&® NMR andH NMRD
data on the Gd(lll) complex including thexn/Tro ratio was
performed without the need for a new parameter as'tde
quadrupolar coupling constant for the bound water molecule
was fixed toyo(1 + 170%/3)Y2 = 5.2 MHz. The other parameters
obtained are reasonable as compared to the one previously
published (see Supporting Information, Table &5)lote that
we used the approximate expressions of Powell &f &b.
describe the electron spin relaxation rates. The more complete
theory of Rast et &? is a better choice for future studies. This
new approach combines the classical zero-field splitting modu-
lation by molecular vibrations and collisions with a static crystal
field modulated by rotation. Since the Gd(HDyatervector may
be seen as an integral part of the coordination polyhedron, it
should be safe to use the rotation correlation tirrg in the
description of the electron spin relaxation.

In the case of the Curie relaxation (Tb(lll)) or the multifit of
the Gd(IIl) complexes, the relaxation depends directly on the
rotational correlation time of the Ln(IH)Hyater vector and is
proportional to 1r.6 The importance of the difference between
the two geometrical modelé\(andB) can be explained by the
difference of the Ln(lIl)-Hyaterdistances 2.95 and 3.21 &,/
rés = 0.6, which is close to therp/Tro value obtained from
the fits (Curie, 0.6/1.2= 0.5; Multifit Gd(lll), 0.35/0.65= 0.54).

On the other hand, the electric field gradient that governs the
guadrupolar relaxation of the water deuterium is aligned with
the O-D bond. In the analysis of thEO and?H quadrupolar
relaxation following the model of Woessner, the Ln(Hp—D
angle plays the main role in the description of the internal
motion. The angleA is very similar in the two geometrical
model @ and B), and consequently, thegp/tro ratios are
similar as well (0.85 and 0.88).

The Curie method is in principle the best one since we have
a direct link between the observable and the rotational correla-
tion times. However, it is unfortunately restricted to a very small

[GA(DOTA)(H,0)]~  have shown that the second shell water class of compounds, namely, those where the bound water

molecules (residence time 27.4 ps) are not necessarily hydrogen

bound to the inner-sphere water (14.8% probability only) but

rather to the carboxylic oxygens. Nevertheless, for our purpose,

we only need a parameter including the information of the

various internal tumbling sources that can be compared to the

(33) Benazeth, S.; Purans, J.; Chalbot, M.-C.; Nguyen-van-Duong, M. K.;
Nicolas, L.; Keller, F.; Gaudemer, Anorg. Chem1998 37, 3667-3674.

(34) Halle, B.; Wennerstrom, Hl. Chem. Phys1981, 75, 1928-1943.

(35) Borel, A.; Helm, L.; Merbach, A. EChem. Eur. J2001, 7, 600-610.
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proton NMR signal is observable. Furthermore, it is strongly

dependent on the accuracy of the-tid distance, as can be
seen from the aberranky/tro ratio (larger than 1) obtained
for modelA. This shows that the distance of 3.21 A is certainly
overestimated, indicative of a possibly tilted inner-sphere water
molecule in solution. For all these reasons, the multifit method
with two rotational correlation times offers a convenient
alternative, even if the accuracy of the results is inherently less.
Notwithstanding the Curie modé&{ value (taken as 1.0), the
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average ratio obtained from the two methods above is &.65 internal motion is taken into account. We see that since the
0.2. The third method, based on the analysigtdfand 17O global contributionSrgi¢/(1 + wi? 74ig?) is not affected by this
quadrupolar relaxation rates, is limited by Woessner's model internal motion, the final effect on macromolecular agents will
of motion and thus unable to account feg/tro ratios lower be less than on the monomers (such as [Gd(DOTAQ(H")
than~0.8 (depending on the exact geometry of the model). for a reasonable choice of parameters (provided ¥ > 0).

We now address the impact of our findings for macromo-  Now in the limiting case wher& = 1 (no local motion of
lecular MRI contrast agents. The problem of global and local the chelate with respect to the supporting macromolecule), the
motion has been a subject of considerable interest for dynamicprevious analysis is obviously not valid. Clearly Woessner’s
NMR in the past decades. In the field of MRI contrast agents, model as discussed earlier (or a more elaborated description of
the’0 and’H NMR study of macromolecular complexes (i.e., the internal motion) is applicable in this case. Since the dominant
chelates bound to proteins, linear polymers, or dendrimers) contribution to the dipolar correlation timg; is the rotational
required using specific approaches, such as the one of Liparione, the full effect of the shorter proton rotational correlation
and Szabd-32to take such effects into account and assess their time will appear in the spectral density. Thus, a more general
influence on relaxivity:>3 The Lipari-Szabo model-free  approach might be to consider two order parameSafsand
approach expresses the spectral densiife$ as functions of  S;2 and only one local correlation time. However, the only

the global correlation time of the macromolecu}g(~1000- consistency check that could be performed on these parameters
10 000 ps), a local correlation time for the chelating graup  is thatSy? must be higher thaB.2. No further information can
(typically ~500 ps) and a generalized order paramege(8.1— be obtained in a model-free approach. To summarize, we can
0.4 in general), as given in eq 9 for the well-known dipolar say that the local motion of the chelating group in macromo-
relaxation equations of Solom¥rand Bloemberge#: lecular complexes leads to a smaller effect of the bound water

internal motion on the spectral densities, and thus on relaxivity
(—10% with our choice of parameters). The complex only

Szfdig n (1- Dy

Jyitg) 1+ 0’1y’ 1+t ©) suffers from the full effect of the reduced proton rotational
9 ' correlation time £34%) when the chelating group is rigidly
1 1 1 1 . bound to the macromolecular system.
— ==+ =+= i=1,2 (10) . . . L .
Taig Tm  Tg e Itis now evident that the rotational correlation time associated
with the Ln(I11)—Hyater vector is only~1.5 times shorter than
1 1 1 1 the one associated with the Ln(Hyater vector. In fact, the
—==+=+= (12) . e .
Tgi Tm T T internal motion is independently revealed by molecular dynamics
simulations on polyaminocarboxylate Gd(l1l) complexes, which
1_1.1 (12) provided a ratiorrp/tro = 0.73° These results show that the
T T, T bound water internal motion cannot be the main limiting factor

in attaining high relaxivity with Gd(IIl) complexes.
Obviously the global correlation time is not affected by the
internal motion of the bound water molecule and remains the Conclusion
same from the point of view dfO and'H NMR. Thetru/Tro
ratio discussed in this paper should only have consequences o
7, and/or &. However, since the LipariSzabo approach is
model-free, these are only effective parameters and their exathuantitative estimation of the internal motion of the water

calculat[on for the Wat.er protons and oxygen, respeptively, is molecule bound to LH(DOTA-like) complexes was performed.
npt elasny perfo:jmed n gtineral. we will nov¥ t(;]on5|dter F\/\io The rotational correlation times for the Ln(IHHyater vector is
simple casehs aC. as_ssessb € consequencejlo o € water INteMals ctor~1.5 shorter than the overall correlation time and should
motion on the IpartS5zabo parametens and/ors. . consequently not be a limiting factor for attaining high relax-
For the sake of simplicity, let us assume that the ratio between ivities with Gd(lll) complexes. The determination of the

the p)lrc:Font]ocal go;rr]elatlon t'me';'H ayd thet. O)f(ygfhn Ifocal quadrupolar coupling constapt (1 + 70%/3)Y2 of the bound
correlation timerio is the same as thex/tro ratio for the free o0 5yvgen allowed a new analysis of t® and!H NMR

DOTA-like complexes, say 0.66. The order parameter, which o5 of the [Gd(DOTA)(HO)]~ complex with different rota-
characterlze_s the_ degree of spatial restr_lct!on _of the local MOtioN iy =1 correlation times for the Gd(IH)Owater and Gd (Il

with correlation t_|mer|, sr_loul_d be very similar if not equal. As Huaer VECtors yielding reasonable parameters. This type of
Tg Jrows Ipnger,. its contribution to the local term of the spectral analysis could be generalized and should be very helpful for
den_sr[lyo\:gll Van'ihé I v;grloow corflfg:7rea$ona?_le Balr?rn;eters the understanding of potential Gd(lll)-based contrast agents. It
(TgS;_ 0 3S’T'E o ld S:Tm = S tielg ZT_I d can be seen that the bound water internal motion also affects
S _f -3), the Saescér;H enS|t|§s alrg_{ga_l'ylfa cu_ate at & macromolecular complexes, but the final effect when combined
proton frequency o 2f = 3 X 7). If on = 7o, with the local motion of the chelating group should be generally

—1) — 10 i —
we havel(3 x 18 s7) = 6;7 x 1077s. Now ifzi = 0.66 less than what is observed for the monomeric species.
Ti0, We obtainJ(3 x 108 s71) = 6.0 x 10719 s. The spectral
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National Research Foundation (FNRS) and the Swiss OFES agemperature dependence of the quadrupolar contribution to the
part of the EU COST D18 Action “Lanthanide Chemistry for transverse relaxation rate of the bound watéd of [Eu-
Diagnosis and Therapy*. (DOTAM)(H0)]3" (Figure S2); Parameters from the simulta-
neous analysis of th#O and'H NMR data of [Gd(DOTA)-
(H,0)]~ (Table S5); calculation of the Curie contribution to the
10 transverse relaxation rate of the [Eu(DOTAMY®)J3*
inner-sphere water molecule. This material is available free of
charge via the Internet at http://pubs.acs.org. See any current
masthead page for ordering information and Web access
instructions.

Supporting Information Available: Experimental field-de-
pendent relaxation rates of selected protons for [Tb(DOTAM)-
(H20)]3" (Table S1) and [Yb(DOTAM)(HO)J]*" (Table S2,
Figure S1); experimental temperature dependence of’the
transverse and longitudinal relaxation rates of the bound water
of [Eu(DOTAM)(H,0)]3+ (Table S3); experimental temperature
dependence of th# longitudinal relaxation rates of the bound
and free water of [Eu(DOTAM)(kD)]*" (Table S4, Figure S3);  JA016873Q
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