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ABSTRACT: Nuclear magnetic resonance suffers from an
intrinsically low sensitivity, which can be overcome by dynamic
nuclear polarization (DNP). Gd(III) complexes are attractive
exogenous polarizing agents for magic angle spinning (MAS) DNP
due to their high chemical stability in contrast to nitroxide-based
radicals. However, even the state-of-the-art Gd(III) complexes
have so far provided relatively low DNP signal enhancements of ca.
36 in comparison to standard DNP biradicals, which show
enhancements of over 200. Here, we report a series of new
Gd(III) complexes for DNP and show that the observed DNP
enhancements of the new and existing Gd(III) complexes are
inversely proportional to the square of the zero-field splitting
(ZFS) parameter D, which is in turn determined by the ligand-type and the local coordination environment. The experimental DNP
enhancements at 9.4 T and the ZFS parameters measured with pulsed electron paramagnetic resonance (EPR) spectroscopy agree
with the above model, paving the way for the development of more efficient Gd(III) polarizing agents.

■ INTRODUCTION

Solid-state NMR is a well-developed characterization techni-
que to probe atomic-level structure and dynamics in solids.1,2

However, the application of NMR is frequently limited by its
low intrinsic sensitivity primarily due to the small population
difference between nuclear spin states. Dynamic nuclear
polarization (DNP) improves the sensitivity of NMR by
transferring the high polarization of electron spins to nuclear
spins; this is routinely achieved by saturating the EPR
transitions of a polarizing agent at low temperatures (100 K)
using high-power microwaves.3−5 Typically, the abundant 1H
spins are hyperpolarized, and the resulting hyperpolarization is
transferred to other heteronuclei such as 13C, 15N, 29Si, etc.
Aided by advances in the rational design of polarizing agents
and commercial instrumentation, DNP is now routinely
applied to accelerate NMR experiments with biomolecules,
materials, and surfaces by several orders of magnitude.2,4,6−12

MAS DNP samples are typically prepared by impregnating
the target solid with a solution of nitroxide-based biradicals
such as TEKPol,13 AMUPol,14 AsymPolPOK,15 TinyPol,16 and
HydrOPol.17 Recently, hybrid BDPA/trityl nitroxide birad-
icals18,19 have been proposed for high-field (800 MHz and
above) DNP experiments. However, nitroxide-based polarizing
agents may react with sensitive samples such as catalysts and
surfaces of materials that contain active species. Furthermore,
nitroxide radicals are unstable, for example, in reductive

cellular environments, limiting the application of in-cell
DNP.20,21 Although strategies have been proposed to circum-
vent this problem with in-cell DNP21,22 and highly reactive
surfaces,23−25 the availability of alternative polarizing agents
that are stable under such harsh conditions would facilitate
more widespread application of MAS DNP.
Metal-based polarization agents could be good alternatives,5

and some work has been reported on DNP from Cr(III),26

Mn(II),27 and V(IV).28 In this class, Gd(III) complexes are the
most promising alternatives due to the intrinsic chemical
stability of the Gd(III) centers.29 Gd(III) complexes also
possess favorable EPR properties such as a quenched spin−
orbit coupling and weak hyperfine couplings with 155/157Gd, in
comparison to other paramagnetic metal ions.30 Endogenous
Gd(III) dopants have been used to hyperpolarize nuclei in
inorganic solids such as metal oxides,31,32 glasses,33 and battery
electrode materials;34−36 for example, recently, Gd(III) has
been shown to provide large 17O solid effect DNP enhance-
ments of 652 at 100 K and 320 at room temperature in 17O-
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enriched ceria.32 These high enhancements were attributed to
the cubic environment of the metal in the ceria lattice and to
the relatively small magnitude of the higher-order electrostatic
multipoles, that in turn lead to relatively narrow EPR
linewidths which can be easily saturated under DNP
conditions. On the other hand, Griffin and co-workers
demonstrated that the molecular Gd complexes [Gd(dota)
(H2O)]

− and [Gd(dtpa) (H2O)]
2−, hereafter abbreviated as

Gd(dota) and Gd(dtpa), respectively (Figure 1A), could be

used as exogenous polarizing agents in MAS DNP,27 where
Gd(dota) exhibited a relatively good solid effect 1H DNP
enhancement.30 Bisgadolinium complexes have also been used
for solid and cross effect DNP; however, relatively low 1H
DNP enhancements of around 4 were observed so far.37

Recently, our group demonstrated a factor of two gain in DNP
enhancement with Gd(tpatcn) in comparison to Gd(dota)
(Figure 1A), which was ascribed to its lower mean zero-field
splitting (ZFS).38

Although Gd(dota) and Gd(tpatcn) as state-of-the-art
Gd(III) polarizing agents have been used to perform DNP
in biomolecular systems30,39 or frozen aqueous solutions,38 the
observed DNP enhancements are still moderate when
compared to efficient mononitroxide radicals.17 Therefore, it
is important to understand how to design Gd(III) polarizing
agents to yield better DNP efficiency. In particular, we have
proposed that high symmetry at the metal center can lead to
lower ZFS, which will in turn provide better DNP efficiency.38

Here, we report DNP enhancements at 9.4 T for four
Gd(III) complexes in aqueous solutions that have not
previously been used for DNP, namely [Gd(dotp) (H2O)]

3+,
[Gd(tbptcn)]3+, [Gd(tpatcnam)]3+, and [Gd(tpptcn)] [de-
noted hereafter as Gd(dotp), Gd(tbptcn), Gd(tpatcnam), and
Gd(tpptcn), respectively, Figure 1B]. We establish the
reciprocal quadratic dependence of the 1H DNP enhancement
on the mean ZFS parameter D and the feasibility of designing
Gd(III) polarizing agents by tuning ligand structures.

■ RESULTS AND DISCUSSION
Figure 1 shows the structures of the Gd complexes that were
previously reported and those that are studied in this work.
The corresponding measured DNP enhancements and EPR
properties are provided in Table 1. Gd(dtpa) and Gd(dota)
are both commercial magnetic resonance imaging contrast
agents that contain octadentate chelating ligands and vacant
coordination sites for solvent molecules.29,40 With Gd(dota),
we have previously observed a 1H DNP enhancement of −17
at 9.4 T and 100 K in the standard water-based DNP glass-
forming matrix glycerol-d8/D2O/H2O (6:3:1).38 However,
Gd(dtpa) which has a much higher D value of 1568 MHz in
comparison to 599 MHz for Gd(dota), showed a lower DNP
enhancement of −3.6 (Table 1).38 As mentioned above, the
molecular Gd(III) complex that currently provides the highest
1H DNP enhancement is Gd(tpatcn),41 a nonadentate
chelating complex that has a relatively narrow EPR spectrum
(D = 400 MHz) and generates a 1H DNP enhancement of
−37,38 which is comparable to current state-of-the-art
monoradicals17 and is, for example, significantly higher than
the enhancement obtained with TEMPO at 9.4 T.
The three established Gd(III) complexes are stable in

glycerol−water solutions and exist in well-defined structures
(Figure 1A),41−43 which are prerequisites for exploring the
impact of the local structure and symmetry at the Gd metal
center on the DNP efficiency. The complexes contain octa- or
nonadentate chelating ligands, which are known to confer
higher structural rigidity and stability in solution in the
presence of coordinating solvents such as water.29,44 Because
such chelates are likely to also be more rigid in frozen solution,
their structures should positively impact DNP perform-
ance.45,46 Figure 1B shows the structures of the four new
polarizing agents studied here that also contain 1:1 chelating
octadentate or nonadentate ligands. Gd(dotp) and Gd(tbptcn)
are cationic analogues of Gd(dota) and Gd(tpatcn),
respectively,47,48 where the carboxylate groups are replaced
by 2-pyridyl groups to assess the impact of changes in the
electronic charge distribution with nitrogen donors on the Gd
ZFS and DNP enhancements. To specifically evaluate
differences in basicity of the oxygen donor atoms of
Gd(tpatcn), we synthesized Gd(tpatcnam), in which the
carboxylate groups are replaced by diethylamide groups.
Gd(tpptcn) was made by adapting the procedure reported
for analogous lanthanide complexes to probe the importance of

Figure 1. Chemical structures of (A) previously studied Gd
complexes Gd(dtpa), Gd(dota), and Gd(tpatcn) and (B) Gd
complexes studied in this work namely Gd(dotp), Gd(tbptcn),
Gd(tpatcnam), and Gd(tpptcn). The directly coordinated oxygen
atoms and nitrogen atoms are highlighted in red and blue,
respectively. The positive and negative charges are balanced by I−

and Na+ counterions, respectively.
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high electronic density on donor atoms by introducing
phosphate groups that have more delocalized negative charge
than carboxylate groups.49,50 The stability and structure of
these complexes in water were confirmed from solution 1H
NMR of the corresponding Eu(III) analogues (Figures S3 and
S4). Notably, for the complexes with three positive charges of
Gd(III), the residual charge facilitates the solvation by water
molecules such that the complexes with +3 charge dissolve
more rapidly in an aqueous solution. Regardless of the kinetic
factors, all of these complexes exhibit high solubilities, in the
tens of millimolar regime, sufficient for DNP experiments. The
very detailed structure of the solvation sphere in the frozen
solutions may well cause slight distortions in the coordination
geometry and be one of the contributing factors to the
differences observed in the ZFS.
To study the impact of the structure of the Gd complexes on

the ZFS and ultimately the DNP enhancements, we have
carefully examined the relative differences in their crystal
structures. The crystal structure of Gd(dotp), which was
previously reported,48 exhibits a monocapped square antiprism
structure [similar to Gd(dota)]. Here, we obtained the crystal
structures of the three other Gd complexes, i.e., Gd(tbptcn),
Gd(tpatcnam), and Gd(tpptcn). According to the XRD results,
the core coordination structure for Gd(tbptcn), Gd(tpatcnam)
and Gd(tpptcn) can be described as a distorted tricapped
trigonal prism with a pseudo-C3 symmetry [analogous to
Gd(tpatcn)] (Figure 2). The lower trigonal face that
incorporates the three aliphatic nitrogen atoms from the
1,4,7-triazacyclononane moiety and the three pyridyl nitrogen
atoms at the capping positions in Gd(tpatcn) are also present
in the newly obtained structures (Figures 2, S5 and S6). The
average N−Gd−N bond angles and Gd−N bond lengths in the
lower trigonal face and the capping positions are similar to
those of Gd(tpatcn) in all structures (Tables S2 and S3) due to
the chemical similarity. The distance from the centroid of the
atoms in the upper trigonal face to Gd shows that Gd(tpptcn)
(1.476 Å) and Gd(tpatcnam) (1.533 Å) are similar to
Gd(tpatcn) (1.489 Å), while they are all significantly different
from Gd(tbptcn) (1.730 Å) due to the presence of nitrogen
donors instead of oxygen (Table S5), in good agreement with
the corresponding O-Gd−O and N−Gd−N bond angles
(Table S3).
To evaluate the distortion from an ideal prism, we measured

the angle made by the centroids of the two trigonal faces and

the Gd center, which will be 180° for an ideal prism. Notably,
for Gd(tpatcn) this angle is 179.80° with a deviation of only
0.20°, whereas the deviation is slightly larger in Gd(tbptcn)
(0.84°), Gd(tpatcnam) (1.07°), and Gd(tpptcn) (0.83°),
which may give rise to a larger ZFS. Another parameter that
evaluates the distortion from an ideal prism is the average value
of the torsion angles formed by the atoms of the rectangular
faces which is found to be 19(2)° for Gd(tpptcn) and 22.1(7)°
for Gd(tbptcn), which are similar as compared to Gd(tpatcn)
[21.8(7)°], but which is found to be −24(3)° for Gd-
(tpatcnam). These similar absolute values for all the torsion
angles cause similarity in the difference in orientation between
two trigonal faces among these four complexes, but with
Gd(tpatcnam) being twisted in the opposite direction (Figure

Table 1. 9.4 T MAS 1H DNP Parameters and Q-Band EPR Relaxation and ZFS Parameters

species D (MHz)a σD (MHz) TB (s) T1e (μs) T2e (μs) T1e·T2e (μs
2)

1H
enhancement

(ε)
contribution
factor (θ)d

absolute sensitivity
enhancement (Σ)d

Gd(dtpa)b 1568 728 15.7 −3.6 0.34 2.8
Gd(dota)a 599 ± 94 330 ± 214 12.8 0.7 0.3 0.21 −15.8 0.28 11.2
Gd(tpatcn)a 410 ± 25 106 ± 62 14.5 0.7 0.3 0.21 −35.5 0.38 32.1
Gd(dotp)c 1000 ± 100 250 ± 100 9.4 0.50 0.47 0.23 −6.8 0.40 8.0
Gd(tbptcn) 1125 ± 105 290 ± 80 12.8 0.86 0.46 0.40 −12.8 0.44 14.3
Gd(tpatcnam) 700 ± 75 233 ± 35 8.8 0.65 0.32 0.21 −12.9 0.32 12.6
Gd(tpptcn) 750 ± 40 224 ± 40 11.7 0.76 0.39 0.30 −17.3 0.41 19.6

aThe DNP and EPR data of Gd(dota) and Gd(tpatcn) were taken from ref 38, which were obtained from experiments under corresponding
conditions. bThe ZFS parameters of Gd(dtpa) were taken from ref 30. cThe EPR spectrum of Gd(dotp) was deconvoluted to two sites, with
relative contributions of 85% (D ∼ 5000 ± 500 MHz, σD = 300 ± 120 MHz) and 15% (D ∼ 1000 ± 100 MHz, σD = 250 ± 100 MHz). Only the
EPR properties of the low ZFS site are provided in the table, as this site will primarily contribute to the observed DNP enhancement. dThe absolute

sensitivity enhancement (Σ) is calculated using the equation θΣ = ϵ T
TB

Solvent with Tsolvent = 82 s. The contribution factor (θ) is the ratio of the

normalized, quantitative signal intensities of the solvent with and without the polarizing agent (see the Supporting Information).

Figure 2. Comparison of the coordination geometry of the newly
reported crystal structures with that of Gd(tpatcn). The donor atoms
at capping positions are omitted.
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S6). The distortion we discuss here is in crystals, therefore it
could be related to intermolecular interactions, which are
negligible in a dilute aqueous solution. Nevertheless, the fact
that the distortion from an ideal prism is the lowest for
Gd(tpatcn) is probably why it also has the lowest ZFS.51

Indeed, a similar twist angle has been linked to lower ZFS in
six-coordinated Mn(II) complexes.52

Figure 3 shows the negative lobe of the 1H DNP Zeeman
field profiles for MAS DNP experiments at 9.4 T of 4 mM
solutions of the new complexes in glycerol-d8/D2O/H2O
(6:3:1) solutions. A fixed concentration (4 mM) was chosen
here as this was found to be optimal previously.38 The DNP
enhancement was measured by taking the ratio of the
integrated signal intensities of the direct 1D 1H or 1H →
13C CP spectra with and without microwave irradiation.
Despite the differences in absolute enhancements, the profiles
resemble the typical shape of the solid effect, where a
symmetric negative peak appears at a frequency that is one
1H Larmor frequency higher than the electronic Larmor
frequency. Among the four new complexes, Gd(tpptcn) is the
most efficient polarizing agent and provides a DNP enhance-
ment of −17.3, which is comparable to Gd(dota), while the
other two nonadentate complexes Gd(tpatcnam) and Gd-
(tbptcn) show slightly lower enhancements of −13. Combined
with the similarity between Gd(tpptcn) and Gd(tpatcn)
observed in the crystal structures, the relatively high enhance-

ment of Gd(tpptcn) is expected. Considering the weaker
basicity of the phosphate acid group than the carboxylate
group, the high electron density on the donor atom could
benefit DNP performance in Gd(III) complexes. Gd(dotp),
the structural analogue of Gd(dota) that has a coordination
vacancy for solvent molecules, showed the lowest enhance-
ment of −6.8, which is still higher than that of Gd(dtpa). The
maximum negative DNP enhancements were all observed
within a range smaller than 100 ppm.
Mono-Gd(III) complexes exhibit DNP mainly via the solid

effect between the nuclear spin and the central transition of Gd
(ms = −1/2 to +1/2) because the central transition is
broadened by ZFS only to the second order, which scales
proportionally to D2/ω0S, whereas the satellite transitions are
severely broadened by the first-order ZFS interaction which
makes solid effect inefficient. Here, D is the axial component of
ZFS which can be extracted from the EPR spectra. Therefore,
neglecting other broadening factors, the maximum enhance-
ment of a series of Gd(III) polarizing agents is predicted to be
inversely proportional to the square of D (eq 1),38 which was
compatible with the enhancements observed for Gd(dota) and
Gd(tpatcn). A detailed theoretical appendix can be found in
the Supporting Information of the work by Stevanato et al.38

Figure 3. (Left) 1H MAS DNP Zeeman field profiles and (right) Q band echo-detected EPR field sweep spectra of (top to bottom) Gd(dotp),
Gd(tbptcn), Gd(tpatcnam), and Gd(tpptcn) in glycerol-d8/D2O/H2O (6:3:1). MAS DNP experiments were performed at 100 K with 4 mM
solutions, and the EPR experiments were performed at 10 K with 25 μM solutions.
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To measure D of the Gd complexes, we performed Q-band
echo detected EPR experiments (Figure 3). The spectra were
recorded at 10 K in 25 μM frozen solutions to remove any
relaxation bias of the signal intensities of the different
transitions and reduce Gd spin−spin interactions. Table 1
shows the mean ZFS D value and σD, the width of the
distribution of D, which were extracted by fitting the EPR
spectra (details in the Supporting Information). Gd(tpptcn)
and Gd(tpatcnam) show field sweep EPR spectra composed of
one narrow peak corresponding to the central transition and
broad shoulder peaks corresponding to the satellite transitions,
which are typical for weak-ZFS complexes as observed
previously.27,38 Therefore, we used model 2 reported by
Clayton et al.51,53 for Gd(tpptcn) and Gd(tpatcnam) which
includes a Gaussian distribution for D and a random
distribution for E/D that is limited to 0−1/3, by definition.
With this method, we measured D values of 700 and 750 MHz
for Gd(tpatcnam) and Gd(tpptcn), which are higher than
those of both Gd(dota) and Gd(tpatcn). For Gd(tbptcn), we
used model 1 to include a separate distribution for E and
determined the D value of Gd(tbptcn) to be 1125 MHz. In the
case of Gd(dotp), we observed two components in the EPR
spectrum (D of ca. 1000 MHz and 5000 MHz for the narrow
and broad components, respectively), and the component with
smaller D is likely to make the only significant contribution to
the DNP enhancement. The presence of two components in
the EPR spectrum and the relatively low DNP enhancement
with Gd(dotp) might be attributed to the isomerization in the
aqueous solution which has been observed for the Eu(III)
analogue.48

Besides ZFS, another crucial parameter that affects the
saturation of the EPR transitions and DNP is the relaxation of
the electron spins, which is characterized by the longitudinal
(T1) and transverse (T2) relaxation times. Long electronic
relaxation times will improve the saturation of the electronic
transitions under the continuous-wave microwave irradiation
and will enable efficient DNP at lower microwave powers. This
is particularly important for solid effect DNP because
forbidden double quantum or zero quantum transitions are
saturated, which require higher microwave powers. Previously,
similar electron relaxation times (T1e = 0.7 μs and T2e = 0.3 μs)
were observed with both Gd(tpatcn) and Gd(dota) at 100
K.27,38 Here, we find that under the same conditions, the T1e
and T2e relaxation times of all the complexes fall within similar
ranges of 0.5−0.8 and 0.3−0.5 μs, respectively, with Gd-
(tbptcn) and Gd(tpptcn) showing slightly longer relaxation
times than the rest of the complexes (Table 1). These values
are characteristics of relaxation time distributions, whose width
and shape are characterized by stretch exponents of 0.7−0.85
for T1e and 1.2−1.5 for T2e (Figure S10). Note that a large
fraction of the electron spins relaxes faster than the detection
limit of echo-detected EPR spectroscopy at 100 K, resulting in
measured relaxation times that represent only a fraction of the
entire distribution. However, the portion neglected by EPR
will also contribute less to DNP at 100 K, therefore measuring
relaxation times via pulsed EPR spectroscopy is still an effective
method to qualitatively characterize the relaxation properties of
DNP polarizing agents. Although fluctuations in ZFS are
expected to be the primary mechanism for electronic

transverse relaxation in Gd(III) in frozen solutions at 100 K,
T2e of the central transition is also affected by nuclear spin
diffusion.54 On the other hand, the Gd(III) electron T1
relaxation is expected to be caused by fluctuations of the
orbit−lattice coupling.55 The observed electron relaxation
times are largely similar within the series here (Table 1), and
the relative differences inside the series are likely caused by
differing electron−proton interactions, as for example partially
deuterated solvents have shown to provide longer electronic
transverse relaxation times.55 Given that the EPR relaxation
times were measured in the same solvent mixture for all
samples in this work (glycerol-d8/D2O/H2O (6:3:1 by
volume)), and that the relaxation times are largely similar, it
is clear that differences in electron relaxation and ZFS are not
strongly correlated in these compounds. The similarity of the
relaxation values and stretch exponents also indicates that the
DNP enhancements are likely limited by saturation of the
broad, inhomogeneous central transition signals primarily due
to differences in the ZFS. Note that the saturation level
achieved is likely only a few % given that the microwave B1
fields are estimated to be a few hundred kHz,56 whereas the
central transition EPR linewidths are approximately 5−15
MHz at 9.4 T.
Finally, in Figure 4 we compare the measured D and 1H

DNP enhancements for all the mononuclear Gd complexes

hitherto reported, to evaluate the impact of ZFS on DNP. The
figure illustrates a strong reciprocal quadratic relationship
between D and 1H DNP, confirming that this simple
relationship can be used to predict the DNP performance of
Gd(III) polarizing agents. Among the seven complexes, only
Gd(tbptcn) and Gd(tpptcn) are significantly above the curve,
and the deviation can be explained by their relatively large
mean saturation factors of 0.40 and 0.30 μs2 in comparison to
the other complexes, which show 0.21−0.23 μs2 (Table 1).
Consequently, in these two cases the Gd central transition is
better saturated, and slightly higher DNP enhancements are
observed. Nevertheless, it is clear that unless the saturation
factor can be significantly improved (>1 μs2), the ZFS is the
dominant parameter that limits DNP enhancements. Although

Figure 4. Plot showing the correlation between measured 1H DNP
enhancement and the measured ZFS parameter D. The red curve is a
fit to a reciprocal quadratic relationship (eq 1). Error bars on the
enhancements are estimated to be 20%.
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Gd(tpatcn) remains the most efficient Gd(III) polarizing
agent, the establishment of the correlation between ZFS and
DNP enhancement is useful as it supports the possibility to
screen Gd(III)-based polarizing agents based on their chemical
structure.

■ CONCLUSIONS
In this work, we have introduced four Gd(III) chelate
complexes to explore the relationship between the ZFS D
and DNP performance. On comparing the 1H MAS DNP
enhancement measured at 9.4 T and the electronic properties
extracted from the Q-band EPR spectra, we observed that the
main factor explaining DNP performance is an inverse
quadratic dependence between the DNP enhancement and
the ZFS parameter D, in very good agreement with theory.
This is due to the limited microwave saturation of the Gd(III)
EPR central transitions when ZFS is higher. We also see some
evidence that the electronic relaxation times then make a
smaller but noticeable contribution, again in good agreement
with expectations from theory. Finally, we noted that the
distortion from an ideal prism is likely an important structural
parameter that could be linked to ZFS. Although none of the
complexes yield a higher DNP enhancement than Gd(tpatcn),
the relationship established here will notably enable the search
for improved Gd(III) polarizing agents in the future.
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