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In the search for highly efficient magnetic resonance imaging contrast agents, polyamino polypyridine
carboxylate complexes of Gd3+ have shown unusual properties with both very rapid and very slow electron
spin relaxation in solution observed by electron paramagnetic resonance. Since the relationship between the
molecular structure and the electron spin properties remains quite obscure at this point, detailed studies of
such complexes may offer useful clues for the design of Gd3+ compounds with tailored electronic features.
Furthermore, the availability of very high-frequency EPR spectrometers based on quasi-optical components
provides us with an opportunity to test the existing relaxation theories at increasingly high magnetic fields
and observation frequencies. We present a detailed EPR study of two gadolinium polyamino polypyridine
carboxylate complexes, [Gd(tpaen)]- and [Gd(bpatcn)(H2O)], in liquid aqueous solutions at multiple
temperatures and frequencies between 9.5 and 325 GHz. We analyze the results using the model of random
zero-field splitting modulations through Brownian rotation and molecular deformations. We consider the
effect of concentration on the line width, as well as the possible existence of an additionalg-tensor modulation
relaxation mechanism and its possible impact on future experiments. We use17O NMR to characterize the
water exchange rate on [Gd(bpatcn)(H2O)] and find it to be slow (∼0.6 × 106 s-1).

Introduction

Gd3+ complexes with multidentate ligands are routinely used
in medicine as contrast agents for magnetic resonance imaging
(MRI). They accelerate the magnetic relaxation of the water
protons due to random modulations of the interaction with the
seven unpaired electrons of the Gd3+ center. This effect is
usually quantified by therelaxiVity, namely, the longitudinal
relaxation rate enhancement observed in the presence of a unit
concentration (1 mM) of the paramagnetic agent. Of course,
understanding the molecular origins of this enhancement is the
key to developing new and improved contrast agents. Therefore,
the magnetic properties of these complexes have been probed
using a number of techniques, such as1H NMR (in the form of
nuclear magnetic relaxation dispersion- NMRD), 17O NMR,1,2

and electron paramagnetic resonance (EPR).3-7

Due to the toxicity of the [Gd(H2O)8]3+ aqua ion, it is
necessary to embed the Gd3+ ion in highly stable chelates for
the development of potential contrast agents. The ligands are
generally polyaminocarboxylates, the basic example of which
is the well-known hexadentate edta4- (ethylene diamine tetra-
carboxylate). However, a higher denticity is usually necessary
to achieve sufficient stability. The commercial contrast agent

ligands (dota4-, dtpa5-, dtpa-bma3-, hp-do3a3-) occupy eight
coordination sites around the metal, leaving only one available
position for a water molecule. This reduced hydration number
has an obvious negative impact on relaxivity, as the chemical
exchange of water molecules bound to the paramagnetic center
is an efficient way to enhance the overall water proton relaxation
rate. It also affects the electron spin relaxation rates by changing
the zero-field splitting (ZFS) due to the different ligand field.
A major trend of research in recent years has been to increase
the relaxivity through an increase in molecular weight8-11 or
binding to macromolecules,12-14 or an acceleration of water
exchange.8,15 Although less attention has been devoted to this
aspect of relaxivity, it is worthwhile to investigate alternative
ligand designs that could optimize the electron spin relaxation
properties.

After fairly high relaxivities have been observed for two
complexes of tripodal ligands with pyridinecarboxylate arms,16,17

the heptadentate tpaa3- (6,6′,6′′-[nitrilotris(methylene)]tris[2-
pyridinecarboxylate]) and the nonadentate tpatcn3- (6,6′,6′′-
[(hexahydro-1H-1,4,7-triazonine-1,4,7-triyl)tris(methylene)]tris-
[2-pyridinecarboxylate]), it was suggested that very slow
electron spin relaxation might occur in those complexes.18 This
finding was later confirmed by EPR.19 The typical X-band EPR
(9-9.5 GHz) spectrum of a Gd3+ chelate in solution is a broad,
roughly Lorentzian line. The peak-to-peak width, related to the
transverse relaxation rates, is usually between 50 and 1000 G,
depending on the molecule and the temperature. At higher EPR
frequencies, the lines become sharper. In good agreement with
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the NMRD profile, the apparent peak-to-peak width of [Gd-
(tpatcn)] was in the 10-20 G region at X-band and 8-12 G at
W-band (∼94 GHz). The lines were actually so sharp that the
spectrum of a157Gd-enriched complex (natural abundance
15.65%,I ) 3/2) allowed an unambiguous determination of
the hyperfine coupling constant with the metal nucleus. The
electron spin relaxation of this complex was also measured by
NMR, yielding the longest effective electron relaxation time at
zero field reported to date (1500 ps, compared to∼650 ps for
[Gd(dota)(H2O)]-).20 It was suggested that the nitrogen-rich
coordination polyhedron of the Gd3+ center in this complex (six
out of nine coordination sites) might be the origin of a weaker
ligand field acting on the f orbitals, leading to a rather small
ZFS and consequently to a slow electron spin relaxation in
solution. However, [Gd(tpatcn)] is not suitable as a potential
MRI contrast agent, because no exchangeable water molecule
is bound to the metal ion, which seriously limits its relaxivity.

A later study on another polyamino polypyridine carboxylate
complex, [Gd(bpeda)(H2O)]- (bpeda4- ) 6,6′,6′′,6′′′-[1,2-
ethanediylbis[nitrilobis(methylene)]]tetrakis[2-pyridinecarboxy-
late]), showed that the pyridine carboxylate moiety itself cannot
be the single origin of the slow electron spin relaxation observed
for [Gd(tpatcn)].21 The EPR lines of solutions of [Gd(bpeda)
(H2O)]- were very broad (peak-to-peak width 800-1200 G at
X-band, 90-110 G at Q-band). However, the replacement of
carboxylate groups with pyridine carboxylates remains an
attractive strategy for the design of nitrogen-rich ligands, with
possible luminescence applications as well.22 In order to fully
assess the potential of that ligand type, further investigation was
needed. In this article, we use EPR over a very broad frequency
range (9.5-325 GHz) to probe the electron spin relaxation of
two recently prepared polyamino polypyridine carboxylate
complexes,22,23 [Gd(tpaen)]- and [Gd(bpatcn)(H2O)] (tpaen4-

) 6-[[(2-carboxyethyl)[2-[(carboxymethyl)[(6-carboxy-2-pyridi-
nyl)methyl]amino]ethyl]amino]methyl]- 2-pyridinecarboxylate;
bpatcn3- ) 4,7-bis[(6-carboxy-2-pyridinyl)methyl]octahydro-
1H-1,4,7-triazonine-1-acetate; see Figure 1). The former is a
ten-coordinate analog of [Gd(bpeda)(H2O)]- with more coor-
dination sites occupied by nitrogen atoms, and the latter
sacrifices one pyridine carboxylate arm compared to [Gd-
(tpatcn)] in order to accommodate one inner-sphere water
molecule. Previous NMR studies of the [Gd(bpatcn)(H2O)]

complex showed a shorter effective electron spin relaxation time
at zero field with respect to the more symmetric [Gd(tpatcn)].
However, more favorable electron relaxation properties were
foreseen as compared to [Gd(bpeda)(H2O)]- presenting the same
type of donor atoms but included in a different architecture.
Finally, we also used17O NMR to determine the chemical
exchange rate of that water molecule, an important factor in
the design of high-relaxivity contrast agents.

Experimental Section

EPR Spectroscopy.An 8.1 mM [Gd(bpatcn)(H2O)] solution
was prepared in situ by reacting GdCl3 with the protonated
ligand in water and subsequently adjusting the pH at∼6 with
KOH. Dilutions with bidistilled water yielded solutions with
concentrations of 2.2 and 0.49 mM. The same procedure was
followed with [Gd(tpaen)]- for a final concentrations of 13.2
mM. Solutions with [Gd3+] ) 3.4 and 0.78 mM were obtained
by dilution.

EPR spectra at X- and Q-band (9.4 and 34 GHz, respectively)
were recorded on a Bruker Elexsys E500 system. The micro-
wave frequency was measured using a frequency counter
embedded in the standard microwave bridge (X-band) or an
external Hewlett-Packard 5353B frequency counter (Q-band).
The temperature was varied between 274 and 340 K using
boiling nitrogen flowing over a thermoresistor, and measured
with a standard substitution technique.24 W-band (94.5 GHz)
spectra were recorded on a Bruker Elexsys E580 spectrometer.25

Spectra at very high frequencies (VHF) were acquired on a
quasi-optical spectrometer developed at the National High
Magnetic Field Laboratory (Tallahassee, FL) operating in
reflection mode. The instrument is similar to that of Smith,26

with a 108.5 GHz Gunn diode as a microwave source and
frequency multipliers allowing for 217 and 325 GHz.

The peak-to-peak widths∆Hpp and central fieldsB0 were
determined by fitting the digitally recorded spectra to Lorentzian
derivatives, with simultaneous baseline and phase correction.27

At W-band and higher frequencies, we took into account the
hyperfine coupling with the NMR-active Gd isotopes in the line
shape analysis by using a hyperfine coupling constant fixed to
the value observed for [Gd(tpatcn)] (4.34 and 5.67 G for155Gd
and157Gd, respectively).19 The X-, Q-, and W-band line widths
and positions were then analyzed within the framework of the
Rast model.7,28,29 Indeed, using only the reduced values∆Hpp

andB0 instead of the full line shape makes it easier to account
for new factors such as hyperfine coupling, concentration, or
instrumental effects, unrelated with the originally proposed
relaxation mechanism. The Rast model assumes that the electron
spin relaxation is determined by the so-called static or average
ZFS, which is modulated by molecular tumbling, and by the
transient ZFS, which is rapidly modulated by random distortions
of the complex. Here, we limited the static and transient ZFS
to second-order, although fourth- and sixth-order terms are also
possible for a spinS) 7/2. The least-squares fit procedure yields
the following parameters: the static ZFS magnitude parameter
a2, the rotational correlation time at room temperatureτR

298 )
1/(6DR) and activation energyER, the transient ZFS magnitude
a2T, the associated correlation timeτv

298 and activation energy
Ev, plus the natural isotropicg-factor in the absence of
relaxation. To reduce the number of adjustable parameters, the
rotational correlation time was fixed to the value obtained from
the Stokes equation based on the Connolly volume30 for simple
models of both complexes (100 ps for [Gd(tpaen)]-, 120 ps for
[Gd(bpatcn)(H2O)]). Furthermore, as the apparentg-factorgapp

) (hν/µBB0) converges toward its natural value with increasing

Figure 1. The tpaen4- (upper left), bpeda4- (upper right), bpatcn3-

(lower left), and tpatcn3- (lower right) ligands.
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frequency (as noted by Clarkson et al.5 using a transient-only
ZFS relaxation mechanism) due to the 1/ν decay of the
imaginary part of the spectral densities causing the dynamic
frequency shift, the naturalg-factor was fixed to its approximate
value at the highest available EPR frequency (1.9924 at 325
GHz). In a second phase, the VHFEPR data were added, and
the same analysis was performed over all available measure-
ments.

17O NMR Spectroscopy.A [Gd(bpatcn)(H2O)] sample was
prepared by mixing equimolar amounts of GdCl3 and ligand
solutions. An excess (20%) of ligand was used, and the pH was
adjusted by adding known amounts of HCl or KOH. The
absence of free metal was checked by a xylenol orange test at
pH ∼6.31 The reference sample (acidified water) and the Gd3+

complexes were enriched to 1% with17O-enriched water
(Isotrade GmbH) to improve sensitivity. The concentration of
the Gd3+ ion was checked by ICP-AES. The compositions of
the samples were [Gd3+] ) 0.03057 mol kg-1 (pH ) 6.02).

Transverse and longitudinal17O relaxation rates and chemical
shifts were measured for temperatures between 274 and 366 K.
The data were recorded on a Bruker DRX (9.4 T, 54.2 MHz).
A Bruker VT 3000 temperature control unit was used to
maintain a constant temperature, which was measured by the
substitution technique.24 The samples were sealed in glass
spheres, fitting into 10 mm NMR tubes, in order to eliminate
susceptibility corrections to the chemical shifts.32 Longitudinal
relaxation rates, 1/T1, were obtained by the inversion recovery
method,33 and transverse relaxation rates, 1/T2, were measured
by the Carr-Purcell-Meiboom-Gill spin echo technique.34

Results

The EPR spectra of both complexes are quite similar. At X-
and Q-band, the shape of the single EPR line was reproduced
better by the superposition of two independent Lorentzian-
derivative bands, whereas the line shape was essentially a single
Lorentzian derivative at W-band and 217 GHz. Nevertheless, a
single Lorentzian derivative was sufficient to achieve a reason-
able accuracy in the determination of the peak-to-peak widths
(10% difference at X- and Q-band compared to the sharper
component in a fit with two bands) and central fields (0.2%) in
all cases (see Figure 2 for a typical Q-band spectrum). The
results of the analysis with one single line are reported in Table
1. At all EPR frequencies, the apparentg-factor was in thegapp

) 1.97-2.0 region (see Figures 4 and 5). At 325 GHz, the
g-values approached 1.9924. At X-band, the room-temperature
peak-to-peak width of [Gd(bpatcn)(H2O)] was∆Hpp ≈ 210 G

and that of [Gd(tpaen)]- was∆Hpp ≈ 210 G. Both complexes
are thus slightly closer to [Gd(dota)(H2O)]- (∼90 G) than to
[Gd(dtpa)(H2O)]2- (∼600 G). We note that, although the X-band
EPR lines of [Gd(bpatcn)(H2O)] are much broader than those
of [Gd(tpatcn)], some beneficial effect of the pyridinecarboxylate
arms seems to be retained. In comparison, the simple polyami-
nocarboxylate equivalent [Gd(nota)(H2O)2] has even broader
lines, with ∆Hpp ) 500 G at room temperature.35 At Q-band,
the line width of [Gd(tpaen)]- is similar to that of [Gd(dtpa)
(H2O)]2- (60 G at room temperature). At higher frequencies,
however, the lines become much sharper and their widths
become comparable with those of [Gd(dota)(H2O)]-, whose
electron spin relaxation is quite slow. The lines of [Gd(bpatcn)-
(H2O)] are sharper than those of [Gd(tpaen)]- at all frequencies,
and sharper than those of [Gd(dota)(H2O)]- at Q-band and
above. At 217 and 325 GHz, the single line exhibited significant
shoulders that can be explained by the hyperfine coupling with
155Gd and157Gd, in good agreement with the results obtained
for [Gd(tpatcn)],19 as demonstrated in Figure 3.

In order to study the experimental line shape in more detail
without making any assumption regarding its physical origin,
we also analyzed the X-band spectra in terms of two independent
overlapping bands and obtained peak-to-peak widths, central
fields, and relative intensities for the two components (see
Supporting Information). As noted earlier, the sharper line was
very similar in width and position to the one obtained through
the single-component analysis. The room-temperature peak-to-
peak width of the broader component in the [Gd(bpatcn)(H2O)]
spectra was∆Hpp ≈ 600 G, and the ratio of its intensity (double

Figure 2. Q-band (33.9655 GHz) spectrum of [Gd(tpaen)]- at 321.6
K (full line) and the best-fitting single Lorenzian derivative (dotted
line).

TABLE 1: Electron Spin Relaxation Parameters Obtained
from the Analysis of the X-, Q- and W-band Peak-to-Peak
Widths and Central Fields Using the Static+ Transient ZFS
Modulation Modela

[Gd(tpaen)]- [Gd(bpatcn)(H2O)]

a2/1010 s-1 0.5795 0.7114
a2T/1010 s-1 0.4044 0.2845
τR

298/ps 100 120
ER/kJ mol-1 15 15
τv

298/ps 3.7 2.6
Ev/kJ mol-1 18.5 25.2
g 1.9924 1.9924
av rel error 0.0079 0.0206

a Underscored values were fixed during the least-squares adjustment.

Figure 3. Experimental (upper curve) and simulated (lower curves)
EPR spectra of aqueous [Gd(bpatcn)(H2O)] at 329.55 GHz and 278.7
K including (full line) and neglecting (dotted line)155/157Gd hyperfine
coupling.

Multiple-Frequency EPR Spectra of Gadolinium Complexes J. Phys. Chem. A, Vol. 111, No. 25, 20075401
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integral of the line with respect to the magnetic field) with
respect to the sharp component was about 2.5. At Q-band, the
peak-to-peak width decreased (∆Hpp ≈ 250 G), and the intensity
ratio was similar. Both the peak-to-peak width and the intensity
ratio depended on temperature. The peak-to-peak widths of the
broad component remain approximately the same for the
[Gd(tpaen)]- samples, whereas the intensity ratio was about 1
at X-band and 2.5-4 at Q-band. One can imagine various
possible causes for the non-Lorentzian shape of our spectra.
However, it must be noted that the values for that broad
component cannot be considered accurate. In the spectral
analysis, the width and the integral of a Lorentzian band are
strongly correlated (integral≈ width × maximum height; for
the derivative, the integral depends on the square of the line
width). Furthermore, the integrals depend of course on the exact
form of the lines. Assuming a Lorentzian derivative can induce
significant systematic errors, especially when the line widths
are not negligible compared to the central field, a frequent
occurrence for Gd3+ complexes at X-band (typically,∆Hpp )
100 to 1000 G depending on the complex and temperature, and
B0 ≈ 3400 G). It is indeed generally abusive to assume that the
relaxation rates (and thus the line widths) are the same
throughout a continuous-wave EPR spectrum. At X-band, the
Zeeman energy can change by 1 order of magnitude along the
spectral window required by a typical Gd3+ complex. Inciden-
tally, the latter problem also precludes a full line shape analysis
using the program of Rast,7 which uses a simple transformation

from the frequency to the magnetic field dimension and would
be unable to properly account for the broader component. Thus,
it is very difficult to provide a quantitative analysis.

For both complexes, we could estimate the effect of concen-
tration on the high-frequency (217 GHz and above) peak-to-
peak width and found it to be around 0.1 G/mmol. Since the
effect is small enough compared to the total width (always
>4 G) at the concentrations used, we neglected it in our analysis
and took all concentrations into account for our analysis. This
is almost equivalent to a trivial increase in statistical weight of
the high-frequency measurements in the fitting procedure.

The results of the analysis of the X-, Q-, and W-band EPR
data using the static+ transient ZFS model of Rast et al.7,29

are shown in Table 1 and Figures 4 and 5. The peak-to-peak
widths between X- and W-band were reproduced well, whereas
there was a significant error in the apparentg-factors (i.e., central
fields) for [Gd(bpatcn)(H2O)]. Unlike for [Gd(tpatcn)], the static
ZFS magnitude parametersa2 are not small at all. This was of
course expected from the X-band EPR line widths, where the
static ZFS modulation process often plays a dominant role.7,29

The low-frequency peak-to-peak widths lead to a value higher
than those of [Gd(dota)(H2O)]- and similar complexes (a2 )
0.319-0.555 × 1010 s-1) but lower than that of [Gd(dtpa)
(H2O)]2- (a2 ) 0.92× 1010 s-1).36 This confirms the fact that
the presence of pyridine carboxylate groups in the ligand is not
enough to ensure a slow electron spin relaxation. Even in the
case of [Gd(tpaen)]-, the fairly high nitrogen/oxygen ratio (6
vs 4) does not slow down the X-band transverse relaxation in
comparison with [Gd(dota)(H2O)]-. The low symmetry (C2 at

Figure 4. Experimental and theoretical peak-to-peak widths (left) and
apparent g-factors for aqueous [Gd(bpatcn)(H2O)] at X-band (]),
Q-band (9), W-band (0), 217 GHz (b), and 325 GHz (O). Theoretical
curves are calculated on the basis of the fit of X-, Q-, and W-band
data using the static+ transient ZFS modulation model.

Figure 5. Experimental and theoretical peak-to-peak widths (left) and
apparentg-factors for aqueous [Gd(tpaen)]- at X-band (]), Q-band
(9), W-band (0), 217 GHz (b), and 325 GHz (O). Theoretical curves
are calculated on the basis of the fit of X-, Q-, and W-band data using
the static+ transient ZFS modulation model.

5402 J. Phys. Chem. A, Vol. 111, No. 25, 2007 Borel et al.
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best) of the coordination polyhedron probably plays a negative
role for [Gd(tpaen)]-. The transient ZFS parameters seem to
remain essentially the same for all complexes (0.3-0.45× 1010

s-1). This value is probably determined by the amplitude of
the possible deformations of the chelate and could be optimized
by designing particularly rigid ligands (T1e ) 5.8 ns at Q-band,
i.e., ω0 ) 2.1× 1011 s-1 for [Gd(bpatcn)(H2O)] and 3.4 ns for
[Gd(tpaen)]-, compared to 7.7 ns for [Gd(dota)(H2O)]- and 2.7
ns for [Gd(dtpa)(H2O)]- using the published parameters7,36and
the equation of Belorizky and Fries37). The isotropicg-factors
of [Gd(bpatcn)(H2O)] and [Gd(tpaen)]- are almost identical to
those measured for other chelates in previous studies.

It was not possible to obtain a perfect agreement between
the theoretical curves and the experimental data when all EPR
frequencies were taken into account. The results of the fit were
significantly worse after adding the VHFEPR data than when
only partial experimental data were considered, either the lower
EPR frequencies or the higher ones (W-band, 217 and 325 GHz)
as demonstrated by the average relative error between the
experimental and simulated values (see Supporting Information).
The values obtained from the analysis of the conventional EPR
data yielded parameters that are unable to describe the VHFEPR
line shapes. They predict peak-to-peak widths 3 to 6 times
smaller at 217 and 325 GHz than what we observed experi-
mentally. The analysis of W-band and VHFEPR data alone
yielded very different parameters than those of conventional
EPR or the complete data set. While the transient ZFS magnitude
parametersa2T of both complexes changed only slightly, the
associated room-temperature correlation timesτv

298 were short-
ened down to the subpicosecond range and the static ZFS
magnitude parametersa2 increased dramatically. It has been
shown that, when large enough, the latter parameter plays a
dominant role at low EPR frequencies.7,29 Thus, the simulated
X-band line widths calculated from the high-frequency param-
eters were of course much larger than the experimental ones.
They were actually in better agreement with the peak-to-peak
width of the broader component estimated in a line shape
analysis with two Lorentzian-derivative lines. At Q-band, the
difference between the calculated peak-to-peak widths and the
experimental ones decreased slightly, but the calculated lines
were still twice as large as the experimental results. Overall,
we observed that some numerical improvement could be
achieved by including fourth- and sixth-order ZFS terms. The
average difference between the experimental and calculated
values decreased by a factor of 2, but the new fit was still far
from perfect. Furthermore, the second-order term was close to
zero in the resulting parameters, and the sixth-order term was
the only significant contribution of the static ZFS to relaxation.
Although a similar result was obtained recently for two
gadolinium cryptate complexes in solution,38 this finding seems
physically unlikely. In the solid, high-order terms are usually
much smaller39 unless the second order vanishes because of an
octahedral or higher symmetry, which is clearly not the case
here.

One possible explanation for the apparent discrepancy
between the low- and high-frequency measurements could be
the combination of a sizable static zero-field splitting with a
relatively long rotation correlation time compared with other
monomeric chelates. Rast’s equations, as used in this study, were
developed within Redfield’s theoretical framework.40 This
assumes small time-dependent Hamiltonian perturbations and
rapid random modulations, which can be expressed asa2 × τR

, 1 for the second-order static ZFS modulation. According to
our results, this assumption is not strictly valid for [Gd(bpatcn)-

(H2O)] and [Gd(tpaen)]- (a2 × τR
298 ) 0.85 and 0.58,

respectively).
Another possible cause could be the presence of isomers in

solution. This phenomenon is well-documented for [Gd(dota)
(H2O)]-,41 and one might attribute the non-Lorentzian character
of the X- and Q-band lines to the superposition of several lines,
due to different isomers, with different widths. Indeed, the1H
NMR spectrum of [Eu(bpatcn)(H2O)] shows a temperature-
dependent line broadening suggesting an exchange process
among isomers present in solution at very different concentra-
tion.23 However, a study of [Eu(tpaen)]- showed no such
evidence.22 Furthermore, even for the dota complex where the
equilibrium between the so-called M and m isomers is well-
characterized, the available EPR studies5,7,42 never showed a
clear effect of these species on the line shape. Thus, the observed
line shape is more probably a consequence of the multiexpo-
nential decay of the transverse relaxation predicted by the theory.
For example, by converting the four calculated transverse
relaxation rates for [Gd(bpatcn)(H2O)] at room temperature into
field units,3 we observe that the second sharpest line at X- and
Q-band has a peak-to-peak width compatible with our measure-
ments for the broad component (697 and 517 G, respectively).
As pointed out earlier, an accurate prediction of such broad
X-band lines is a difficult problem. The combination of the
Zeeman energy change along the spectrum and possible
violation of the Redfield conditions means that only time-
consuming spectral computations such as Monte Carlo simula-
tions43 or calculations involving the stochastic Liouville equa-
tion44,45 will be able to provide a final answer to this question.

The problem of underestimated relaxation rates at high
magnetic field has already been considered in the past from
the point of view of EPR5 and NMR.42 A magnetic field
independent spin-rotation mechanism46,47 was proposed but
rejected later in favor of the more reasonable static plus transient
ZFS modulation process.29 Instead, we suggest the possibility
of rotational modulation of the g-tensor anisotropy. This
mechanism (with an associated hyperfine tensor anisotropy) is
often invoked to explain the electron spin relaxation ofS) 1/2
species, either organic radicals or transition metal ion complexes.
There is some experimental evidence for such an isotropy in
the solid state for Gd3+ doped into various diamagnetic
matrices.39 The reported anisotropies are fairly small (0.01>
|gmax - gmin| > 0.0001) but can provide an efficient relaxation
mechanism when the external magnetic field is high enough.
A straightforward application of Refield’s relaxation theory,
combined with Rast’s work on the ZFS modulation processes,
leads to the relaxation matrices presented in the Appendix. By
diagonalizing the total relaxation matrix (i.e., static and transient
ZFS, plusg-tensor anisotropy, plus cross-terms), we can predict
the influence of a hypotheticg-tensor anisotropy on the peak-
to-peak widths at very high frequencies, proportional to the
slowest calculated relaxation rate (mS ) -1/2 f +1/2). The
results for [Gd(tpaen)]-, based on the ZFS parameters obtained
from X-, Q-, and W-band data, are reported in Table 2. We see

TABLE 2: Simulated High-Frequency Peak-to-Peak Widths
at Room Temperature, Using the [Gd(tpaen)] ZFS
Parameters Obtained from X-, Q-, and W-band, and
Increasing g-Tensor Anisotropy

g// g⊥ ∆Hpp 217 GHz ∆Hpp 325 GHz ∆Hpp 500 GHz

1.9924 1.9924 2.8 G 1.3 G 0.5 G
1.994 1.992 3.9 G 3.7 G 6.4 G
1.9945 1.9915 5.3 G 6.8 G 13.6 G
exptla 7.0 G 6.4 Gb -

a T ) 289.5 K. b ν ) 329.58 GHz.
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that g-tensor anisotropy of 0.002 to 0.003 would explain the
magnitude of the excess line width at 217 and 325 GHz.
Furthermore, we predict an increase in the calculated peak-to-
peak width at even higher frequencies as theg-tensor anisotropy
modulation becomes the dominant relaxation process. Thus,
measurements at 500 GHz (resonance field 17.93 T forg )
1.9924) would be the obvious way to confirm our hypothesis.

Due to the lack of a definitive answer regarding the electron
spin relaxation of our chelates, we did not attempt a simulta-
neous analysis of EPR and NMR relaxation data. A qualitative
assessment of the17O NMR relaxation rates and chemical shifts
(Figure 6 and Supporting Information) is sufficient to estimate
a rather slow water exchange for [Gd(bpatcn)(H2O)]. Indeed,
the maximum 1/T2r was only observed at a fairly high temper-
ature (T > 345 K), characteristic of a lowkex, and the chemical
shifts do not exhibit the usual plateau indicative of the fast-
exchange regime at high temperature. Indeed, by analyzing the
17O NMR relaxation data using the equations given by Powell,42

we estimatekex ) 0.6 × 106 s-1 at 298 K, a value similar to
that of the slowly exchanging complex [Gd(dtpa-bma)(H2O)]
(0.45 × 106 s-1). The 17O NMR data for [Gd(tpaen)]- is in
agreement with the absence of any water molecule in the first
coordination shell.

Conclusion

We carried out a study of two gadolinium polyamino
polypyridine carboxylate complexes, [Gd(bpatcn)(H2O)] and
[Gd(tpaen)]-, in aqueous solutions by EPR at multiple frequen-

cies and17O NMR. We observe that, in comparison with other
chelates studied in the recent years, their electron spin relaxation,
as manifested by the EPR peak-to-peak width, is moderate at
X-band and slow at higher frequencies and magnetic fields,
although not as slow as for the best compounds known to date.
The huge differences among the very sharp X-band EPR lines
of [Gd(tpatcn)], the intermediate [Gd(bpatcn)(H2O)] and
[Gd(tpaen)]-, and the broad spectrum of [Gd(bpeda)(H2O)]-

clearly show that the zero-field splitting in Gd3+ chelates is
highly sensitive to the nature of the coordination polyhedron.
[Gd(bpatcn)(H2O)] is more suitable than [Gd(tpaen)]- as an MRI
contrast agent due to the presence of one inner-sphere water
molecule. However,17O NMR shows unambiguously that the
water exchange is quite slow for this complex. In order to make
it suitable as a building block for macromolecular compounds
with a high relaxivity, the ligand framework should be modified
to achieve a higher water exchange rate. At very high EPR
frequencies, we find that the modern model of the electron spin
relaxation of Gd3+ complexes, taking into account the modula-
tion of the zero-field splitting by rotation and molecular
deformations, is apparently not able to account for the observed
line widths. We suggest that the rotational modulation of the
g-tensor anisotropy might become effective under such condi-
tions. Extrapolations suggest that the line widths of typical Gd3+

chelates might be reaching a minimum at 200-300 GHz and
start to increase again at higher frequencies and magnetic fields.
Measurements at 500 GHz/17.93 T would be a good test of
this hypothesis.
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Appendix: Transverse Relaxation under ZFS Modulation
Correlated with g-Tensor Anisotropy

Redfield’s theory40 can be used to predict the relaxation rates
and intensities of anS> 1/2 spin undergoing modulation of the
ZFS tensor correlated with rotational modulation of theg-tensor.
For the sake of simplicity, we will only consider the second-
order terms of the ZFS and assume that the main axis of the
ZFS is the same as that of theg-tensor. Furthermore, we will
only consider the case of an axially symmetricg-tensor. Finally,
we will neglect the dynamic frequency shifts. This is acceptable
since we are interested in the very high frequency regime, where
such shifts eventually vanish.

First, we decompose the Hamiltonian responsible for relax-
ation into a sum of three terms, namely the so-called static ZFS

Figure 6. Experimental17O NMR relaxation for [Gd(bpatcn)(H2O)]
at 9.4 T: reduced longitudinal (b) and transverse (9) relaxation rates,
chemical shifts (0). The curves were simulated using the ad hoc
equations of Powell (ref 42).
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and transient ZFS contributions,29 plus ag-anisotropy modula-
tion term.

The explicit formulation of the time-dependent terms can be
written using Wigner rotation matrices, following Rast29 for the
static and transient ZFS terms in the case of isotropic Brownian
rotation. Relaxation through the modulation ofg-anisotropy was
studied in detail by Freed and Fraenkel:48

We recall the explicit forms of the symbols for theg-tensor
anisotropy term in Table A1. We can now express the elements
of the Redfield relaxation matrix using the time correlation
functions of the Hamiltonian matrix elements.

The time correlation functions are of course combinations
of the three terms in the time-dependent Hamiltonian

The self-correlation functions for the static and transient ZFS
Hamiltonians lead to transverse relaxation matrices similar to
those originally derived by Hudson and Lewis,49 the relevant
correlation times being the second-order rotation correlation time
τR ) 1/(6DR) andτ′, the reciprocal sum ofτ2, and the vibrational
correlation timeτv.

Theg-tensor anisotropy transverse relaxation matrix is readily
calculated from the general expression of the Redfield matrix
elements. Here again, the correlation time of interest is the
second-order rotation correlation timeτR.

We now address the problem of the cross-terms. Rast’s
development assumes independent modulation of the static and
transient ZFS terms, and the same can be assumed for the
transient ZFS and theg-tensor anisotropy. We only need to
consider the cross-correlation functions of the static ZFS and
g-tensor anisotropy Hamiltonians.

TABLE A1: Spin Tensors and Parameters for g-Tensor
Anisotropy

q Âq
2 Fq

0 -2x(2/3)Ŝz -x(1/6)(µBB0/p)(g// - g⊥)
(1 -Ŝ( 0
(2 0 0

Ĥ1
L(t) ) Ĥ1

sZFS(t) + Ĥ1
tZFS(t) + Ĥ1

g(t) (1)

Ĥ1
L(t) ) ∑

η

B2η ∑
p,q)-2

+2

bq
kηT̂q

2Dpq
2 (R(t)) + ∑

η

B2ηT

(t) ∑
p,q)-2

+2

bq
2ηT T̂p

2Dpq
2 (R(t)) + ∑

p,q)-2

+2

Âp
2FqDpq

2 (R(t)) (2)

RRR′ââ′ ) JRâR′â′[(R′ - â′)ω] + Jâ′R′âR[(â - R)ω] -

δR′â′ ∑
γ

JRγâγ[(â - γ)ω] - δRâ ∑
γ

JγR′γâ′[(γ - â′)ω]

JRâR′â′(ω) ) ∫0

+∞
〈R|H1(t)|â〉〈â′|H1(t - τ)|R′〉 e-iωτ dτ

(3)

〈R|H1(t)|â〉〈â′|H1(t - τ)|R′〉 )

∑
µ,ν)sZFS,tZFS,g

〈R|H1
µ(t)|â〉〈â′|H1

ν(t - τ)|R′〉

R2(s,t) ) 1
5

a(2,2T)
2 (A E F 0 0 0 0

E B G H 0 0 0
F G C 0 I 0 0
0 H 0 D 0 H 0
0 0 I 0 C G F
0 0 0 H G B E
0 0 0 0 F E A

)
A ) -(54J0 + 174J1 + 66J2)

B ) -(24J0 + 174J1 + 126J2)

C ) -(6J0 + 784J1 + 186J2)

D ) -(30J0 + 210J2)

E ) 24x21J1

F ) 6x105J2

G ) x120J1

H ) 60x3J2

I ) 120J2

Jn )
τc

1 + (nω0τc)
2

τc ) {s,static:τR

t,transient:
1

1
τR

+ 1
τv

R2g ) ((g// - g⊥)µBB0

p )2 (a e 0 0 0 0 0
e b f 0 0 0 0
0 f c g 0 0 0
0 0 g d g 0 0
0 0 0 g c f 0
0 0 0 0 f b e
0 0 0 0 0 e a

)
a ) -( 4

45
J0 + 13

15
J1)

b ) -( 4
45

J0 + 23
15

J1)

c ) -( 4
45

J0 + 29
15

J1)

d ) -( 4
45

J0 + 31
15

J1)

e ) 2
5x7

3
J1

f ) 2

x5
J1

g ) 4

x15
J1
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The time correlation function for the Wigner rotation matrices
vanishes for Brownian rotations unlessp ) p′ andq ) q′, and
we can write

The other, and last, cross-term is of course

With these expressions, we can now construct the cross-
correlation matrix elements and the total transverse relaxation
matrix R2. In our case, all terms containing the rhombic ZFS
coefficient B20 ) 21/2EZFS vanish in the summation. By
remembering thatB20 ) (2/3)1/2DZFS,50 we can write

We see that, since this cross-correlation termR2x is not
influenced by the rhombic ZFS, it is not possible to obtain it
directly from the magnitude terma2. Furthermore, we note that
the sign ofDZFS, which plays no role in the pure ZFS relaxation
mechanism (a2 is positive by definition and always appears
squared), directly affects the sign ofR2x. The same is of course
true for theg-tensor anisotropy.

The final relaxation matrix is trivially given by

The eigenvalues and eigenvectors of the relaxation matrix
yield the relaxation rates and intensities, respectively. At very
high frequencies, the EPR spectrum is dominated by the-1/2
f +1/2 transition, which corresponds to the slowest transition
(i.e., the sharpest line).
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