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In a previous paper, we reported the first longitudinally detected electron paramagnetic resonance (LODEPR)
measurements of fa$te values in agueous solutions of two &athelates, and we included predicted values

for these relaxation times, based on zero field splitting (ZFS) parameters derived from multifrequency EPR
data on the two systems [Atsarkin, V. A.; Demidov, V. V.; Vasneva, G. A.; Odintsov, B. M.; Belford, R. L.;
Radichel, B.; Clarkson, R. BJ. Phys. Chem2001, 105 9323-9327]. The model used in that analysis was
derived from the original work of Hudson and Lewis and did not explicitly consider the static and dynamic
parts of the ZFS. A more comprehensive model for relaxation in tiSese’/, systems has been recently
published. Here, we reexamine the multifrequency data in light of this new model, recalculate the ZFS
parameters, and calculate new predictionsTir which much more closely agree with experimental values.
Additionally, the LODEPRT ¢ values for two standard chelates, [Gd(DOTAY] and [Gd(DTPA)(HO)]>~

are reported, together with predicted relaxation times. Both the importance of the new model and the validity
of the LODEPR values are strengthened by these data.

1. Introduction Since publishing that work, Rast et al. have published a more
complete treatment of electron spin relaxation Sn= 7/,
systems112 explicitly considering static and dynamic ZFS
interactions. We have now utilized this more complete theoreti-

Measurement of fast electron spin relaxation has been
experimentally challenging since the inception of EPR. With
the advent of pulsed EPR, Iongltudmlal relaxation rats) ( cal model, implemented without recourse to the high-field
often have been measured by these direct methods. Among the, ., imation that was used in the previous work (ref 9), and
most popular techniques are inversiaecovery (IR} and have recalculated ZFS parameters from the original multifre-
saturation-recovery (SR3. Unfortunately, the use of these quency EPR data. Furthermore, we have now measTizgior
approaches requires tha@ie must be long enough .to.observe two other chelates, [Gd(DTPA)®)]2~ and [GA(DOTA)HO)]
an electron spirrecho, and this places a lower limit on the 5,4 haye compared these experimental values with relaxation
measurement of fast relaxation®e ~ 1 ns. For the measure- ¢ cajculated from literature values for the compleXeés.
ment of faster relaxing paramagnetic systems, longitudinally \/5es ofT; calculated for X band are in much better agreement
detected (LOD) EPR methods can be uséfti. o with experimental values than those previously reported and

Recently, we published an account of the application of give greater confidence that the experimental LODEPR method

LODEPR for the measurement 0fc in aqueous solutions of 5 g yseful approach for studying fast longitudinal electron spin
GdP* chelates at an experimental frequency of 9.5 GHz (X relaxation in these Gt systems.

band), where the observed longitudinal relaxation times varied

between 1.7 and 4.0 rsln that account, we described a 2. Theoretical Methods
calculation ofT1e values based on zero field splitting (ZFS) . 1 . . .
parameters evaluated from cw multifrequency EPR spectra of The relaxatl(_)n of ar > /> ele_ctron Spin system Is expla_une(_j
the compounds. That calculation made use of an approachby the modulatlogsofageneral time-dependent spin Hamiltonian
originally developed by Hudson and Lewis for evaluating the Ha(t) of the form:
Redfield relaxation matrix ir§ = 7/, systems, and modified "
for fitting ZFS parameters A, tv) from the peak-to-peak Ny — kiy k4

multifrequency EPR line widthsABpp)®. T1e values calculated Hi(O) = ZIB Z bq Tg (1)

==k
for X band from the ZFS parameters made use of longitudinal g

relaxation matrix elements provided by Powell et%lThe whereT¢ is an irreducible spin tensor of order(k = 2, 4, or
predicted values were all shorter than the observed values ing ¢, a crystal field acting upohelectrons in the case of,@é 14
these systems. B“ is a real coefficient describing the magnitude of the
" interaction, and thdag" are complex coefficients of the devel-
+ To whom correspondence should be addressed. opment of the Hamiltonian as a sum of linear combinations of
Ecole Polytechnique Terale de Lausanne. in t h to b th LM ifically. if
* Russian Academy of Sciences. spin tensors, chosen to be orthonormal. More specifically, i
8 University of Illinois. the modulation is partly due to molecular tumbling [isotropic
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Brownian rotation described by a time-dependent Wigner matrix
D‘;q (Q(t)) with correlation timery = 1fk(k + 1)Dg}, Dgr
being the rotational diffusion constant], and partly to vibrations
that affect the coordination sphere geometry (described by time-
dependent Hamiltonian coefficier®8"(t), limited to 2nd order,
and a single correlation time,), the Hamiltonian may be
rewritten in the laboratory frame as ed#:2

ﬁt)-ZBk” Z by TiDpo(R(D) +
7

p.a=—k

> ¢ Z ¢ TD2L(Q(1) (2)

n p.g=-2

The Hudsor-Lewis approachis formally a special case of
this more general theory, with a development limited to 2nd
order, and only one ZFS contribution (either static or dynamic).
Now the Redfield theory of relaxatiéhallows us to calculate
the relaxation matrix elements from the spectral densitiggy
(eq 3) associated with the spin statesa’, 3, and ' (for
transverse relaxatiom, = o' + 1 andf =" + 1, whereas for
longitudinal relaxatior. = o' andf = f'):

Rma.’ﬁﬁ’ = Jaﬁa'ﬁ'((a' —p)w) +J ﬁ’a’ﬁa((ﬂ - )w) —
6a’ﬁ'Z‘Jayﬁy((ﬂ —7w) — 6&[32‘];/0&';//3’(()/ —Bw) (3)
7 7

The spectral densities may be evaluated either explicitly from

the matrix elements of the irreducible tensors (see for example

Poupko et al® for a development to 2nd order &= 3/, 5/,
and7/,) or by taking advantage of the WigneEckart theorem
to yield eq 4:

Jw.ﬂﬁ,(w)=
T wrkz
—|Eﬂ| T|STP +i x
&k+1 1+ 0’2 1+ 0%’
k S—a k S—f S k S
pXCRECE I GV P
(4)

where

) (K)'(2S+ k+ 1)!
TS \/ 2,2K)!(2S — K)!

is the reduced matrix element and

)
is a 3§ symbol. A similar spectral density with a correlation
timet, = 1/(1k, + 1/t,) is obtained for the transient part. The
complete longitudinal and transverse relaxation matrixes may
thus be written as the sum of the static 2n#, and & order,

and the dynamic 2nd order ZFS contributions, in terms of just
a few adjustable parameters:

k S
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—a=[y (87"
and the associated correlation time= 1{k(k +1)Dg}

T = [zn(Czn(O))z] 1z

and the associated correlation time

These parameters, plus the natugafactor, determine the
line shape. In this work, a simplified program, based on the
FORTRAN code presented in ref 12, was used for the analysis
of the peak-to-peak widths and central fields and the calculation
of the longitudinal relaxation rates.

3. Experimental Section

Experimental methods have been discussed in the previous
publication? Both new compounds that were studied aré'Gd
chelates, based on the DOTA ligand (1,4,7,10-tetrakis(car-
boxymethyl)-1,4,7,10-tetraazacyclododecanggHgN4Og*).

The two compounds are shown in Figure 1 and are designated
(1) and (2). Gd DTPA and Gd DOTA were obtained from
Schering AG and were treated in an identical fashion.

4. Results and Discussion

Best-fit values for the multifrequency EPR data on the four
compounds, making use of the improved theory of Rast et al.
are shown in Table 1, together with values obtained by use of
the older Hudson and Lewis approach. Simulations were made
to second order for the static ZFS contribution, because only
very small changes in the values were observed when the
simulations were made to sixth order.

Close agreement between the valuespfor the second-
order static ZFS in the Rast model and the phenomenological
A from the earlier theo/suggests that they may characterize
the same interaction. However, one should be careful to avoid
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TABLE 1: Summary of Best Fit Parameters from Multi-Frequency EPR Data

this work previous work®
ay asT TR v A TVT I:20
compound (10'°rad/sec) (10°rad/sec) (psec) (psec) (10'°rad/sec) (psecy (10 sec?)

1 0.555 0.298 500 1.2 0.453 15.6 1.57

2 0.319 0.289 495 1.1 0.332 10.3 1.48

[Gd(DOTA)(H,0)]" [ref 12] 0.35 0.43 491 0.54 0.331 12.6 0.76

[GA(DTPA)(H,0)]2 [ref 11] 0.92 0.43 395 1.33 0.89 24 0.76

ar,' according to Hudson and Lewis [8].
TABLE 2: Experimental and Calculated Room stronger reason to believe that the LODEPR technique used in
Temperature Ty Values for Several Gd* Chelates in this work can accurately measuFe. in fast-relaxing paramag-

Agqueous Solution netic systems.

conc ABpp  Tie(nS) Tie(ns) Tie(nS)

compound  (mM) (Gauss) inwater predicted previous?® Acknowledgment. Partial support for this work was pro-

1 35 155 1.74+02 1.8 1.0 vided by grants from the NIH (RR01811), and the Swiss
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2 30 77 33+03 39 17 EU COST Action D18.
2 60 77 3.2+£03 3.9 1.7
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