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Abstract: For the first time, a very general theoretical method is proposed to interpret the full electron
paramagnetic resonance (EPR) spectra at multiple temperatures and frequencies in the importaBistatee of
metal ions complexed in liquid solution. This method is illustrated by a careful analysis of the measured
spectra of two G# (S= 7/,) complexes. It is shown that the electronic relaxation mechanisms at the origin
of the EPR line shape arise from the combined effects of the modulation of the static crystal field by the
random Brownian rotation of the complex and of the transient zero-field splitting. A detailed study of the
static crystal field mechanism shows that, contrarily to the usual global models involving only second-order
terms, the fourth and sixth order terms can play a non-negligible role. The obtained parameters are well
interpreted in the framework of the physics of the various underlying relaxation processes. A better understanding
of these mechanisms is highly valuable since they partly control the efficiency of paramagnetic metal ions in
contrast agents for medical magnetic resonance imaging (MRI).

1. Introduction The influence of the electronic spin relaxation on the relaxivity
is essentially governed by the decay of the electronic spin
magnetization in the direction parallel to the external field. This
decay is described by the longitudinal electronic relaxation time
T1e 0f the GE™ complexes which is too short for being directly
measurable by the presently available techniques. Nevertheless,
'the investigation of the decay of the electronic spin magnetiza-
tion perpendicular to the external field, usually characterized
by a transverse electronic relaxation tifig, may allow an
estimation ofT1. within the framework of a given model of the
electronic relaxation. For a reasonable predictiomgfwe need

to find a model which correctly describes the underlying physics.
For this purpose, multiple frequency and temperature EPR
measurements were performed to get detailed information about
the dynamics of the system.

The basic theory of the EPR line shape offGdomplexes
was proposed three decades ago by Hudson and Uewis.
transient zero-field splitting was used as the main relaxation
mechanism. The transverse electronic spin relaxation could not
be described by a singlee, but four different relaxation times
* Authors for correspondence. E-mail: fries@drfmc.ceng.cea.fr. E- Were necessary as the experimental spectrum results from a

Paramagnetic = 7/,) Gd®" complexes are widely used as
contrast agents in magnetic resonance imaging (MRI) due to
their enhancement of the relaxation of the neighboring praotons.
This relaxation rate enhancement, the so-cal@dxivity, is a
consequence of the dipolar coupling between the proton nuclea
spin and the electronic spin of the metal ion. The relaxivity is
usually divided into an inner-sphere contribution coming from
the water molecules directly bound to the metal ion, and an
outer-sphere contribution stemming from the bulk water protons.
The inner-sphere contribution is determined by (1) the rotational
correlation time of the complex, (2) the water residence time
v in the first coordination shell, and (3) the electronic spin
relaxation. The outer-sphere relaxivity is mainly governed by
translational diffusion but is also influenced by the electronic
spin relaxation. While (1) and (2) are rather well understbod,
the electronic spin relaxation theory still needs an improvement
to be included in a complete description of the magnetic
resonance experiments on¥&adomplexes relevant for MR8

maiilz andre.merbach@icma.unil.ch.. superposition of four transitions with different intensities. To
%EX‘_*S‘;%%TSW Fourier. simplify this theory, Powell et & proposed empirical formulas
 Universifede Lausanne. to describe both the transverse and longitudinal relaxation times,
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Lebedev, Ya. SHelv. Chim. Actal993 76, 2129. _
(3) Powell, D. H.; Ni Dhubhghaill, O. M.; Pubanz, D.; Helm, L.; Lebedev, (5) Borel, A.,; Tah, E; Helm, L.; Jamossy, A.; Merbach, A. EPCCP
Ya. S.; Schlaepfer, W.; Merbach, A. E.Am. Chem. So4996 118 9333. 200Q 2, 1311.
(4) Clarkson, R. B.; Smirnov, A. |.; Smirnova, T. |.; Kang, H.; Belford, (6) Rare-Earth Information Center Newl999 2, 4.
R. L.; Earle, K.; Freed, J. HMol. Phys.1998 95, 1325. (7) Hudson, A.; Lewis, J. W. ETrans. Faraday Socl97Q 66, 1297.

10.1021/ja003707u CCC: $20.00 © 2001 American Chemical Society
Published on Web 02/24/2001



2638 J. Am. Chem. Soc., Vol. 123, No. 11, 2001 Rast et al.

tion of the measurements. Even so, the obtained results werethese large complexé&Our theory is very general and can be
in a generally poor agreement with the experimental EPR data.used for all systems where the orbital angular momentum is
More recent approaches also account for the dynamic zero as in the Feé, Mn#*, G&®*, and Ed" complexes. 19
frequency shift, which is a small displacement in the transition ~ The main features of our model are described in the
frequencies, often neglected. Several theoretical treatments oftheoretical section. The following section is devoted to some
this effect were independently proposed by different groups. computational details about our programs. In the last section,
Strandberg and Westluhdsed the superoperator formalism to We present and discuss our results concerning the [gE)gH+
derive an analytical expression for the EPR line shape. This and [Gd(DOTA)(HO)]~ complexes.
approach is equivalent to the earlier development of Poupko et
all® but has never been applied to the analysis of extensive
experimental data sets. Although the inclusion of the dynamic  The model described hereafter is developed in the framework of
shift is an improvement, the description of the crystal field Redfield’s relaxation theory, so that it is valid for weak crystal fields
dynamics remains the same as in the work of Hudson and Lewis.and fast fluctuation® The multiparticle Hamiltonian of the statistical
Clarkson and co-worketd! used a theory originally developed ense_mblc_e of probe r_nole_cules in sc_)lutior! is r_eplaceql by a one-particle
by Alexander et al2 to derive simple equations for the line I—_|am|Iton|an approximating the spin-lattice interaction by a rand_om
widths and shifts. However, these equations are only valid for time-dependent operator. The knowledge of the correlation functions
. . ... of its matrix elements allows calculation of the line shape of the EPR
high-frequency measurements. Furthermore, the dynamic shift

LS . . A~ spectra.
is independent of temperature in their approximation. 2.1. Crystal Field Hamiltonian. The Hamiltonian of the system is

The recent EPR experiments on [Gd(®g]®" and [Gd- a time dependent random operathH (t) containing two main
(DOTA)(HO)]™ at various temperatures and field stren§ths contributions in the laboratory (L) fram®xyz the time-independent
represent a rich collection of full spectra including peak-to- Zeeman term
peak distances supplemented with dynamic frequency shifts
which contain valuable complementary information that is rarely hH, = fiw,S, 1)
published because these shifts are difficult to measure and
interpret. Borel et al.interpreted their data with the help of the = Wherewo is the EPR Larmor frequency, and a time-dependent random
above-mentioned model of the crystal field modulation in the term fiH {’(t) which describes the fluctuating crystal field, the
framework of Redfield’s relaxation thed@#in which they also superscript (L) |nd|c_at|ng thgt it is also written in the laboratory frame.
took the frequency shift into account. This analysis, performed The complete Hamiltonian is
for the first time over such a wide temperature and frequency
range, showed the shortcomings of the model. As in the work
of Powell et al3 a spin rotation mechanism had to be introduced ) ) ] o

It is easier to define the crystal field Hamiltonian in the molecular (M)

to obtain a satisfactory fit of the data. i
15 . frameOXYZand to transform it into the laboratory frame later. In the
Very recently, Rast et df.*° developed a refined model of  gjecular frame we have a static contribution of the crystal field which
the electronic relaxation of thi@states of metal ion complexes e express as linear combinations of irreducible tensor operators

in solutions. This refined treatment now includes the contribution 79(g < K) of rank k of the electronic spin componerisThe
of the static crystal field surrounding the &don caused by resulting static crystal field Hamiltonian is:

its modulation by the rotation of the whole complex besides a

part due to the usual transient crystal zero-field splitting (ZFS) K k

caused by vibration, intramolecular rearrangement, and collision AH (g = hzsza z bl 7% 3)
with surrounding solvent molecules. A good agreement with e o=k
?;ior;ggﬂgdd(gﬁsgt&zrgﬁi,d;it(?r[lé?js(vall'?:’SA?Bblt/?K;?;CS)]r [Gd_OnIy even values ok are involved. For d electroné = 4 and for f

I id f tic field dt electronsk = 6. The linear combinations;__, b, 7§ have complex
COmPpIEXes over wide ranges ol magnetic Nelds and lempera- ., ofgients by, and must be invariant under the operations of the

tures. But no attempt was made for the interpretation of the gymmetry group of the system. There are in general several such linear

EPR shifts and line shapes. combinations of same rarkk making necessary the supplementary index
The purpose of this paper is precisely to remove this lack of o. The coefficientdy, can always be chosen orthonormal:

interpretation of the EPR spectra, and it will be shown that our

model including the effects of the static crystal field and of the K

transient ZFS is able to provide a complete and satisfactory z (08 * Dor = O “4)

description of the full line shapes under all of the investigated =k

experlmental cond|t|c_>ns. In the f_re_lmework of this ne\_/v model, The real coefficient8, determine the magnitude of each contribution

and Cor_]trar'ly tc_) previous Wc_’r'é? '_t IS not necessary t_o include and are time-independent. This is no more the case for the fluctuating

the spin rotation mechanism in the interpretation of the contribution describing the variation of the crystal field due to vibrations

measurements as this effect is expected to be very weak forand intramolecular rearrangements. Here, we restrict ourselves to the

second-order terms obtaining

2. Theory

AH(t) = AH, -+ AH () 2)

(8) GonZdez, G.; Powell, D. H.; Tissies, V.; Merbach, A. EJ. Phys.
Chem.1994 98, 53. 2
(9) Strandberg, E.; Westlund, P.-@. Magn. Res. A996 122, 179. M) 4y — q 5
(10) Poupko, R.; Baram, A.; Luz, Mol. Phys.1974 27, 1345. hH 37 (1) = thZaT(t) Z bt 73 5
(11) Smirnova, T. I.; Smirnov, A. |.; Belford, R. L.; Clarkson, R. B. a =2
Am. Chem. Sod 998 120, 5060.

(192) Alexander, S.; Luz, Z.; Naor, Y.; Poupko, Rol. Phys.1977 33, where 75 are the irreducible tensor operators of rank 2, the complex
1119.

(13) Abragam, A.The Principles of Nuclear MagnetisnOxford (16) Nyberg, G.Mol. Phys.1967, 12, 69.
University Press: New York, 1961: (a) pp 44247, (b) p 282, (c) p 279. (17) Sur, S. K.; Bryant, R. GJ. Phys. Chem1995 99, 6301.
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coefficients bj,; are again assumed to be orthonorméjﬁzL2 Similarly, the longitudinal relaxation behavior is described by
(0,7)* bJyr = Oux) and Bar(t) are time-dependent real random
functions with zero average valuBs,(t) = 0.

The transformation ofH M) = H + HM(t) from the G0 = o5+ 1NZ Zu(®Zu(0) (12)
molecular frame into the laboratory frame is performed in the following s
way. Denoting byR : the rotations transformin@xyzinto OXYZat . © cntich
timet, and byDX(R ) the associated active Wigner rotation matrix of ~Where the matrix element satisfy:
rankk we get forH I(t):
dz,,
_t = ;RMM,MlMl(_wO)ZMl (13)

H(L)(t)_ ZBka ; bka - qq(RI)+

with the initial conditionZy(0) = M|St)|MO= M
ZBZaT(t) ; bt 74 Dyq "R (6) Generally, the spectral densities are complex functions, and therefore
the matrix Rum mvy iS also complex. It has been shoWft that the
relevant Redfield matrix for the transverse relaxatléﬁM =
Rum-1m;m,-1 IS complex and symmetric (but is not a normal matrlx)
leading to complex eigenvalues. On the other hand, the relevant matrix
AﬁMl = Rummym, for the longitudinal relaxation is a real symmetric
S+ 1) E matr_ix. The te_chnical d_etails concernin_g the diagonalizgtion of these
D(S 5 — _) + E(S 2+ +58?%) = De7g + _(72*2 + y—g) (7) matrices are discussed in the Computational Details section. In our case
3 2 we have checked that the eigenspace\yfy (—o) = Rum-1usm-1-
(—wo) M, M;=-=S+1,..,9is 2S-dimensional and its eigenvalues
with real coefficientsD, E. are denoted byAy, M = —S + 1, ..., S with the corresponding
2.2. EPR Line ShapeWe have built the Hamiltonian which governs eigenvectors‘m, M = —S+1, ...,Swhich have to be chosen to fulfill
the time evolution of our quantum mechanical system, and we turn the relationZ>__¢,, 7w,/ = ouw. At a given external magnetic
our attention to the line shape. Let us consider a spin operator field By with an associated frequenay, we obtain an _explicit formula
component; with i = x,y,zand its correlation function for the Fourier transform oB,(t) which is denoted bys,(w,w).1° For
w ~ wo this Fourier transform can be safely approximated as:

In the molecular frame, the best known form of these type of operators
is a second rank term

Gi(t) = ==——1rS;()S;(0 8 .
=357 7SWS(0) @ s Re[(X(0)77,)IReAy,
Gx(w’a)o) ~ 5 2 -
The bar indicates the mean value of the matrix elements of these M==5t1| [w — (w + IMA)]° + (ReA,)
operators, and tr is the trace operation. In what follows, it is useful to N = \2r
define a slowly time varying operat§i(t) = e HdSi(t)e e, i = x,y,z IMIXO) ) L@ = (0o + IMA)]

and the vectorsX, Z in a 2S or 2S + 1 dimensional space, the (14)

components of which aréu(t) = M|S,()IM—10M = —S+ 1, ...,S
andZy(t) = MISH)IMOM = —S ..., S Defining gyt) as

[0 — (0 + IMA)]? + (ReAy,)?

where the contribution to the absoption centered-at, has been
dropped. In eq 14, Re(and Img) are the real and imaginary parts of
1 s a complex numbez and {i,7) = S5 _ ., Ui, is the hermitian scalar
90=5 7 Z+ €%()X4(0) ©  product B0 = s it
M==5+1 The absorption part of the EPR spectrum at fixed frequemend

variable fieldBy is proportional to the derivativeqﬂ“(Bo)/dBo of the
we have showit that, at constant external magnetic fiedg corre- absorption function

sponding to a resonance frequergy= gusBo/h and variable frequency

w, the measured EPR absorption line shape is proportional to the th A
derivative of the Fourier transform of ¢a(Bo) = G(@ QugBy/h) (15)
% In this equation, note thaky andju, which slightly depend omo,

o) + g(t) t=0 _ _
(0 20+ o) (10) can be approximated by their values @t In what follows, the
9LY+ ()" t<0 experimental (exp) EPR spectrum, denoted b$®Bo)/dB, includes

additive absorption and dispersion contributions. Theoretically, the

From eq 9 we have to calculatéu(t) = IM|S,(t)M—10 For this dispersion contribution ¢(Bo)/dB, is derived from the absorption
purpose, we use Redfield’s approximation which gives these matrix contribution @.\(Bo)/dBo using the KramersKronig relation?223

elements as a solution of a system of linear differential equafions In the calculation of the spectral densities defined by eq 4 of reference
14
dX,
o ;RMM—l,Mlml—l(_wo)le (11) e (@) = L dor
M]H () + H (0 IM M, H {3(t — 7) + H Rt — 1)IM,/3 de
whereRuv-1mm,-1(—wo) are constant matrix elements of the so-called (16)

Redfield relaxation matrix. The matrix elemerRsm m,m, are linear
combinations written in terms of the spectral densitigem,m, () and

are defined by the general egs 8 and 4 of reference 14. The initial we find a term involving only the rotation-dependent modulation of

condition for the system of equations (11Xg(0) = M|SyM — 10= the static part of the crystal field described Hy!2(1), a pure transient
SSF1)-MM—1)/2. term involving only H {- 1T, and cross terms. By assuming that the
stochastic fluctuations described by('\")(t) are independent from the
(20) Buckmaster, H. A.; Chatterjee, R.; Shing, Y.Fhys. Status Solidi rotations, the cross terms vanish. As in reference 14, assuming that the

(A) 1972 13, 9. complex undergoes a Brownian rotation with a characteristic tigne
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we write multiple frequencies and temperatures. We also developed a
program allowing the calculation of the longitudinal relaxation
1= R 17) function. Both programs are available from the authors in pure
k(k+ 1) FORTRAN-code. The FORTRAN-code calls freely available

For the transient part, denotes the correlation time, aig,r(0) subprograms fro.m the El.SPACK and MlN.PACK I|bra3t‘y.
are the values of the random functioBs:(t) att = O [ref 14, eq 34]. Now, we consider the fitting procedurglln more detall: The
Let7 be defined by ¥ = 1/, + 1/, and[8I73ISthe reduced matrix ~ Measured EPR spectra are a superposition of absorption and
elements [ref 14, eq 26]. In analogy to egs 29 and 36 of reference 14, dispersion contributions and of a baseline which is a linear
but now including the imaginary part of the spectral densities, we get: function of the magnetic field®,. For a given set of the nine
fitting parameters, the theoretical spectrum is
K |E$|e7;||3]12( 7 wi?

T (@) = +i x  (18) dp"(B,)  dol d
S K+1 \140% 1+ 0% ——— =&-(By) + £ (By) + EBy+ &, (23)
\ k k dBO ldBO 0. ZdBO 0. 3~0 4
B Y2(_1)25M-M: S Kk S
x z( k) (—1) “M M=M M Thus, for each experimental spectrurd #/dBo, where the
* S K s indexn corresponds to a particular temperature and frequency,
(—M M—M M ,)+ the associated theoretical spectrum is that given by the
1 1 parametersin, Exn, Ean, E4n Which minimize the function
ISIZISF( ¢ o
N (1+T2'2+51frz,2) 1 |dg" doy® |
ot wt f(81.6283.84) = — Z _(Bo,|) - _(BO,I) (24)
ng &1| dB, dB,
2 aesM-M (S 2 S
%Y Bor(O)(-1) (_M VY M,)
@ where ng is the number of experimental value,. All
S 2 S experimental spectra were normalized by the condition
-M; M—M" M/

1 re(dey® |2

The imaginary part in eq 18 is at the origin of a small line shift in the — By =1 (25)
spectra called the dynamic shife.c ng &1\ dB, o
For comparison with experiments we will adjust the following
independent parameters defined by to ensure the same weight to each spectrum in the fitting
procedure. This provides a set dfl parameterg,, i = 1, ...,
- B Y and a.:= B. (O)? (19 4_, n =_1_, ....,N, whereN is the nu_mber o_f recorded spectra. The
% N Z( ) Y/ Z( 210" (19) nine fitting parameters are adjusted in order to minimize the
function
It will be assumed that the correlation times have a temperature
dependence described by an Arrhenius law= 298.15 K)2314 1 N
F.=—)f 1EomEam 26
‘L’R(T) _ ‘L’R(TO) eERA/R(]-/T — 1/Ty) (20) S N A n(‘sln §2n §3n §4n) ( )
() = 7(Ty) GEARWT — 11T) 1) Now, we give some technical details about the calculation of

the theoretical spectra, the peak-to-peak distarzkjdgp, and
Eh is the activation energy for rotations,”Eor the vibrations the central fieldsBy. AHS}J and BY" will only be used in a
contained in the transient zero-field splitting. We assume that the comprehensive comparison of our theoretical results to the
complex unde_rgo_es a rotqtional Branian motion'with_ a diffusion experimental counterpartSHf;;p and ngF’, but no fit to these
constanDg which is proportional td/x in the Stokes Einstein model, quantities was performed. Since the theoretical line shape is
7 being the solvent viscosity. ThuBg is related toy(T) through the  derived from eq 14, we have to diagonalize the relaxation matrix

relatiort! AX(—wo). This matrix is symmetric with respect to its diagonal

RT,T  n(MT, and its anti-diagonat: In such a case, it is possible to transform
Ep= n (22) the matrix in block-diagonal form by a similarity transformation
To= T n(TgT with the symmetric matrix defined by:
We summarize the parameters of our model. We have the coefficients 1 )

a, au, as, and apr, the characteristic times for rotatiork(To) and Tum, = —=(0 1 = SIGNM)Syyy, +

transient effects,(To) with respective activation energiEé, and EC. \/E

We have to add to these parameters the isotrgiactor allowing the \/E‘SMMlé—MMl—l)a M,M,=-S+1,..,S (27)

conversion of the values on the abscissa of the spectra from magnetic

field into frequency units. Thus, at most nine parameters have to be where signl) = —1 for M < 0, signM) = 1 for M > 0. Note

adjusted in such a way that the theory fits with the existing spectroscopic D A .
data. It is worth noting that our model is valid for any symmetry of that T N T. The transf(_)rmed matrit A% (—wo)T is reduc_ed
the static crystal field. Even in the absence of any particular symmetry 0 blockdiagonal form with two blocks. But, we must diago-

the number of parameters is not increased, provided that the transientnalize the only block for whictEy TumXw(0) # 0 so that in

effects are treated only to second order. (21) Binsch, GMol. Phys.1968 15, 469.
. . (22) Ayant, Y.; Borg, M.Fonctions speiales Dunod: Paris, 1971.
3. Computational Details (23) Bateman, HTables of Integral Transformd&Erdelyi, A., Magnus,

. . . W., Oberhettinger, F., Tricomi, F. G., Eds.; McGraw-Hill Book Company,
We built a program which performs a fit of the above | ¢ New YO,E, 1954 Vol, 2. pany

parameters to a set of full experimental spectra recorded at (24) EISPACK, MINPACK; Netlib Repository, http://www.netlib.org.
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eql4 5((0),ﬁM)¢0. This avoids some numerical problems due This implies a monoexponential decay exp(l. of the
to the presence of almost degenerate eigenvalues of the matrixransverse magnetization, clearly being inadequate in sight of
AX(—wo). Although the blocks are not normal matrices, we did our physical relaxation model involving four different expo-
not encounter problems of diagonalization in the range of nentials. However, we found that a single Lorentzian line almost
physically reasonable parametéfd. perfectly fits the different [Gd(pD)g]3" spectra, whereas the
The central fieIdBtch and the peak-to-peak distanm-i;hp spectra of [Gd(DOTA)(HO)]~ are less well reproduced, but
were extracted from the expression of the absorption line shapethe values ofl2¢ do not correspond to a true physical description
#Y(Bo) by searching the zeros of its first and second deriva- Of the system and are only independent fitted parameters.
tives, using the bisection method. There was never any Nevertheless in this paper, the comparison of peak-to-peak
ambiguity in the definition of the peak-to-peak distance to the distances and central fields from theory and experiment is a
extent that ¢2"7dB2 has only two zeros, because the dynamic Comprehensive way to present our restits.
shift is small Compared to the peak-to_peak distance. For all of these reasons, in this WOl‘k, the CryStaI field
Performance of the programs is in no case a limiting factor Parameters, correlation times, activation energies gefiagtors
since we obtained results within seconds or a few minutes on Were adjusted simultaneously, within our physical model, to the
a persona| Computer_ Of course, the performance depends Orv\/hole set of fU", not phase-corrected, Spectra as described in
the procedure employed in order to minimize eq 26. A good the Computational Details section.
efficiency can be achieved by combining simplex and gradient ~ In Figure 1, we show some examples of experimental spectra

methods. and their counterparts calculated from our best-fitting model
for the [Gd(HO)s]®t complex. To summarize the results, we
4. Results and Discussion calculated the peak-to-peak distances and central fields of the

theoretical absorption spectra and compared them with the data
extracted from the experimental spectra used in the fit. In Figure
OI2, for the convenience of the graphical representation, we do
not show the central fields, but we depict the appagefatctor
aPP which is defined by

Extensive dataare available for full EPR spectra of [Gd-
(H20)g]3" and [Gd(DOTA)(HO)]~ in water at various concen-
trations at the spectrometer frequencies of 9.425, 75, 150, an
225 GHz, and temperatures between 0 and 100 These
experiments are more complete than those used in ref 14 wherée?
only the peak-to-peak distances were at the authors’ disposal. K
The published data for [Gd(DOTA)@®)]~ showed an apparent g*P= o (28)
discontinuity in the graph of the central fielBS® versus #gBe
temperature at X-band, as well as a lack of experimental points
near room temperature. For this reason we performed newwherew is the operating frequency of the spectrometer Bnd
X-band (9.425 GHz) measurements of this complex. Solid Na- the central field.

[Gd(DOTA)(H.0)] was provided by Guerbet CA, Paris, and The displayed “experimental” data points (symbols in Figure
used without further purification to prepare a stock solution in 2) differ somewhat from those presented in ref 5 where a
bidistilled water. The spectra were recorded on the same Brukerdifferent extraction procedure afH; " and B;* was chosen.
ESP-300 spectrometer as in ref 5. The continuous lines are the results o, andBY' from our

To minimize the concentration effects on the results of our model using the parameters shown in Table 1.
fitting procedure of the full spectra, we generally took those  4.1. [Gd(H.0)g]3t. The [Gd(HO)g]3+ complex is discussed
recorded at the lowest concentration. For [Gd(DOTAJM - in more detail because the known square antiprism symmetry
at X-band the new measurements (0.0099 mol/kg) were usedof the static crystal field allows a deeper insight in the physics
instead of the former data (0.005 mol/kg). The concentration of this complex.
effect at X-band is so small that the now higher concentration  The minimization of the functiorFs given by eq 26 with
of [Gd(DOTA)(H0)] ™ introduces a negligible additional broad-  respect to the nine adjustable parameters is rather difficult
ening of the spectra. because of possible mutual compensation effects. We found that

A significant source of uncertainty in the determination of the g-factor is very well determined at the minimum &%
the model parameters arises from the extraction of the peak-whereas it is more difficult to adjust the other parameters. We
to-peak distances\H5 " and central fieldsB;* which are  decided to start from the parameters of modél) (of our
biased, whatever the extraction method. Indeed, for each previous work? limited to the peak-to-peak distance analysis,
experimental spectrum, the associated peak-to-peak distance angut fixed the rotational correlation timex(To) at 140 ps and
appareng-factor are those of a theoretical spectrum of the form the corresponding activation ener&ﬁ at 18.9 kJ/mol in the
(eq 23) which best fits the experiments and obviously corre- fitting procedure to maintain them at the values predicted by
sponds to a particular molecular and line shape model. Such anthe Stokes Einstein model as discussed in ref 14. The
indirect procedure is necessary because each experimental EPBarameters of our previous work are recalled in Table 1 in
spectrum is a superposition of absorption and dispersion parentheses beside the new adjusted values. The guessed starting
contributions related to an unknown phasing problem with an value of theg-factor was 1.99270. The constraint minimization
additional effect of shifted and tilted baseline. led to a valueFs min = 0.013 of Fs which is somewhat lower

Until now approximate values ofAH;;" and B were than the value 0.038 found fd#s using the initial parameters
obtained through two different methods. First, a direct reading and the above startingvalue. The agreement with experimental
procedure from the spectra was used, as it was done at X-bandine shapes, peak-to-peak distances, and dynamic shifts for all
in a prior publicatiorf, but it is particularly affected by the  of the studied frequencies and temperatures is excellent for the
uncontrollable error due to the lack of knowledge of the phasing new parameter set as it is demonstrated in Figure 1 for typical
of the spectra and of the baseline positions. Second, as donexamples of whole spectra and in Figure 2a for the peak-to-
also in ref 5,AHZY and B;™ can be determined by fitting a  peak distances and appargptactors. The line shape is very
single Lorentzian curve and its corresponding dispersion part well reproduced even in the wings of the spectra, underlining
to each experimental spectrum to address the phase problemthe quality of our fit.



2642 J. Am. Chem. Soc., Vol. 123, No. 11, 2001 Rast et al.

, | 94250Hz b 4
2 9.425 GHz a ) 75 GHz ¢
o
m -
2 o+ o 2
B3 2
-1
.2 0
2 T=291K
B T=3541K S — ]
20 T=3151K
v Y v T y T v -2 T T v T T
0.5 1 2.65 2.70 2.75 2.80
! © 0.0 0.5
© 0.0 -_MWWWM ] 0.0 PR TP Y TUTER TN
-0.5 : T v T + T v 1 2.0 T T T -0.5 T T T
025 030 035 040 045 025 030 035 040 045 265 270 275 2.80
Bo /T Bo /T (1}
4
150 GHz, d 2 ] 225 GHz e
2 -~
[=3 0 4
m o
2 0 g
3 % 24
-2
T=365K 7 T=3201K
-4 T T " T T T T T
0.5 05 5
200 it Aonetneniryhap] > 003 Hnaltiitonan
-0.5 ] T T v 0.5 T | S — | T
5.35 5.40 545 804 806 808 810 812 814

B, /T By /T
Figure 1. Selected experimental (full line) and nearly identical underlying theoretical spectra (dotted line) for@3gtHat fixed frequency and
temperature versus variable external magnetic field. The theoretical line shape is calculated from the parameters@gJfGdHTable 1. The
difference between experimental and theoretical line shape is shown on the bottom of each figure. (a) 9.425 GHz, 354.0 K; (b) 9.425 GHz, 291.0
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Figure 2. Experimental (symbols) and theoretical (lines) peak-to-peak distances and agptaeors versus the inverse temperature at different
fixed frequencies for (a) [GA(#D)s]*+ and (b) [GA(DOTA)(HO)]~ (M) 9.425 GHz (X-band);®) 75 GHz; ) 150 GHz; @) 225 GHz; crossed-out

points were not included in the fit (see text).

It should be stressed that it was not necessary to include anyinterpret the various experiments. This contribution to the
contribution from the spin rotation mechanism in our model to transverse relaxation, which is independent of the spectrometer
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Table 1. Adjusted Crystal Field and Dynamical Parameters to practically a mono-exponential function with a characteristic

Yield the Experimental EPR Spectra for the [Ge(h]** and the time T1e having a relative weight of at least 97%, as discussed

[Gd(DOTA)(H;0)]~ Complex;Fsmin Is the Value of the Function in ref 14.

(eq 26)Fs at the Local Minimum Given by the Parameter Sets e

4.2. [Gd(DOTA)(H20)]". In the fitting procedure of the
[Gd(HO)e]** [GA(DOTA)(H0)I” whole set of experimental spectra for the [Gd(DOTAXH]~

a,/(10%ad st 0.38 (0.29) 0.35 complex we have to be more cautious than in the previous case.
aJ(10 rad s7) 0.024 (0.023) - The rotation correlation time is longer than for the [Gel(hy]3+
?i%?;gz‘gg) 12&%59'018) 4;1 complex so that t.he Redfield limit may bg violated. at low
ER/(kamol-Y) 18.9' (17.7) 16.4 temperatures, mainly for the X-band, as discussed in ref 14.
ar/(10%ad §7) 0.65 (0.74) 0.43 Therefore, the spectra recorded at temperatures lower than 17
7,(To)?/(1071%) 0.63 (1.1) 0.54 °C were not included in the fit. In a first adjustement, we fixed
E%/(kJ-molY) 9.2 (15.0) 6.0 a, = as = 0 to reduce compensation effects between the
g 1.99273 1.99252 parameters. In subsequent adjustements we let freely vary also
Fs min 0.013 0.017 a4 andag, but their values remained negligible. The lower limit

2 For [Gd(HO)g]*", the eight parameters in parentheses are those Of the activation energ§, was set to 6 kJ/mol. The quality of
from ref 14 and correspond to an adjustement to the sole peak-to-peakthe adjustment of the spectra is almost as good as for [Gd-
dist.ancesEJ To d= 298.15 K_clNote that.ourfz = 7r/6 Of eq 17 is often (H20)8]3+ as shown by the similar value & mi, of Fs. We
defined asrr. © Parameter fixed at this value. neglected the fact that the m-[Gd(DOTAWB)]~ isomer exists
in an approximately 4-fold lower quantity besides the M-[Gd-
(DOTA)(H20)]~ isomer (see ref 29) to avoid the introduction
of too many parameters. Nevertheless, the agreement with the
gis‘xperiments is good, without any spin rotation mechanism.

The theoretical and experimental values for the peak-to-peak
distances and the apparegfactor g2°P for the [Gd(DOTA)-
(H20)]~ complex are presented in Figure 2b. It must be stressed
; . SO . that the so-called “experimental” peak-to-peak distances and
thtr:: fsz’;ltralt:ecsgriyrﬁtpacirifrllctj ;i:;gg?'ﬁg(;ﬁedn%rggam at X-band, apparentg-factor_s are less weI_I defined_ as in the case of the

) aqua complex since the experimental line shapes are no more

For theg-factor, we found reasonable values comparable t0 | grentzian. The rotational correlation timg(To) = 491 ps is
those in other G salts in solidg® The perfect agreement of very close to that (6(To) = 462 ps) of ref 3. The activation
the experimental spectra with their theoretical counterparts in energy for the rotation of the complex is about the same as for

the framewark of our model justifies the choice ©{(To) = the hydrated GY# complex. This is expected in the framework
140 ps andgg = 18.9 kJ/mol from the StokesEinstein model  of the StokesEinstein model for a Brownian rotation in a

of rotational diffusiont* These values are in reasonable agree- viscous medium. The rotational correlation tima(To) is

frequency, was introduced in other wotRsand was leading to

an approximate agreement with the experimental data. It does
not seem to be effective, a result quite understandable, accordin
to the large size and therefore to the large inertial moment of
the magnetic comple} A good agreement with the experiments
is possible only with two different, but frequency-dependent
crystal field contributiond# We observed that the contribution

ment with 7r(To) = 672(To) = 246 ps andEg = 15 kJ/mol roughly proportional to the volumes of the complexes [ref 14,
given in ref 3 which are deduced from independent NMR eq 42]. The ratio of the volumes of the [Gd(DOTAY®)]~
experiments1z in ref 3 corresponds to oumn). and [Gd(HO)g]®" complexes is estimated from the correspond-

From the diagonalization of the crystal field Hamiltonian with  ing Connolly surface® to be 2.3, while our fits lead to a ratio
the square antiprism symmetry of the [Gd@®Js]>t complex of 3.5, showing the correct tendency.
we obtained a total crystal field splitting of the order of 0.46 In general a full knowledge of the Hamiltonian is not possible
cm~1 whatever the choice of the signs of the coefficieBis without further information because the EPR study does not
B, Bs. This value is in reasonable agreement with that observedgive access to the coefficien®, in the static crystal field
for GA* in lanthanum ethyl sulfate (0.25 ¢ in the solid Hamiltonian (eq 3), but only to the parametegsvhich are the
state?> It is not very useful to compare our crystal field roots of the sums oBﬁa according to eq 19. In the present
parameters, and a,t to the zero-field splitting parametey? case B4, andBg, can be approximated to zero according to the
of previous works;3® becauseA? reflects an averaged effect  very weak values ad, andag obtained with our fitting procedure
of the transient and static zero-field splitting. This is a (see Table 2). The total static crystal field splitting of ®e
consequence of the rather simple model including only one 7/, multiplet was found to be 0.27 cth For both [Gd(DOTA)-
second-order term in the Hamiltonian and a unique correlation (H,O)]~ isomers, the symmetry group &, leading to three
time to describe all the crystal field fluctuations. invariant linear combinations, both fédr= 4 and fork = 6.

In the context of magnetic resonance imaging, where tiié Gd S0, we need three coefficien®,, o = 1, 2, 3 and three
complexes are used to enhance the longitudinal relaxation ratecoefficientsBey, o0 = 1, 2, 3 to define the static crystal field
of the observed water protons, the longitudinal electronic Hamiltonian.
relaxation functionG/t) plays the major role at the usually As for the hydrated Gd ion, the adjustedy-factor is in
applied magnetic fields. This is easily understood in the reasonable agreement with knogivalues for G&" hydrated
framework of the modified SolomerBloemberger-Morgan salts?®
approach commonly used to describe the interaction between
nuclear and electronic spiRg628 We observed thaB(t) is 5. Conclusions
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atures and frequencies. In contrast to the approaches used upur frequency rangeH j|zc can be roughly estimated to be
to now, this model rests on a detailed picture of the crystal field a,rr(T)/6 for a temperaturd. At T = 298.15 K andT = 274
Hamiltonian and of the dynamics of the complex, the parameters K, respectively, the values @hr(T)/6 are 0.09 and 0.17 for
of which have all physically meaningful values. We found that [Gd(H,0)g]** and 0.29 and 0.5 for [Gd(DOTA)@D)]~ (see
it is impossible to determine in a simple way the peak-to-peak Table 1). Consequently, Redfield’s theory may be questionable
distances and central fields from the experimental spectrain the description of the experiments at low temperatures. To
without the introduction of uncontrollable errors. This is due avoid this problem we excluded the data points below 290 K
to a phasing problem of the experimental spectra which cannotin our fitting procedure. A more complete analysis of the
be represented by a single Lorentzian. We overcame thiselectronic relaxation beyond the Redfield limit would be of great
problem by a complete line shape analysis. Despite the largeinterest.
amount of spectroscopic data our optimized computer codes
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