COMMUNICATION
pubs.acs.org/JACS

High-Field Dynamic Nuclear Polarization with High-Spin Transition
Metal Ions
Bj€orn Corzilius,† Albert A. Smith,† Alexander B. Barnes,† Claudio Luchinat,‡ Ivano Bertini,‡ and
Robert G. Griﬃn*,†
†

Downloaded via UNIV LEIPZIG on January 8, 2020 at 16:36:42 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Department of Chemistry and Francis Bitter Magnet Laboratory, Massachusetts Institute of Technology, 77 Massachusetts Avenue,
Cambridge, Massachusetts 02139, United States
‡
Magnetic Resonance Center and Department of Chemistry, University of Florence, Via L. Sacconi 6, 50019 Sesto Fiorentino (FI), Italy

bS Supporting Information
ABSTRACT: We report the dynamic nuclear polarization of
H spins in magic-angle-spinning spectra recorded at 5 T and
84 K via the solid eﬀect using Mn2þ and Gd3þ complexes as
polarizing agents. We show that the magnitude of the enhancements can be directly related to the eﬀective line width of
the central (mS = 1/2 f þ1/2) EPR transition. Using a Gd3þ
complex with a narrow central transition EPR line width of 29
MHz, we observed a maximum enhancement of ∼13, which is
comparable to previous results on the narrow-line-width trityl
radical.
1

A

pplications of magic-angle-spinning NMR spectroscopy
(MAS NMR) are often limited by the low Boltzmann
polarization of nuclear spins and therefore the low inherent
sensitivity. Thus, in samples such as large biomolecules or compounds with a low abundance of magnetic nuclei, the experimental
acquisition time can be prohibitively long. The same is true even
when uniformly 13C/15N-labeled samples are employed and multidimensional techniques are required to perform assignments and
measure 13C15N and 13C13C distances and torsion angles.14 In
such cases, high-frequency dynamic nuclear polarization (DNP) can
be used to signiﬁcantly boost the sensitivity of MAS NMR by
transferring the relatively large polarization of electron spins to the
nuclei.510 Accordingly, DNP has been successfully applied to the
investigation of functional membrane proteins in their native lipid
environments11,12 and amyloid ﬁbrils1316 without compromising
the spectral resolution.17 These experiments would not be feasible in
a reasonable amount of time with conventional MAS NMR.
The polarizing agents used in contemporary DNP experiments
have primarily been persistent g ≈ 2 organic radicals [e.g., trityl, 1,3bis(diphenylene)-2-phenylallyl (BDPA), and nitroxide-based monoand biradicals].1820 In principle, however, paramagnetic metal ions
can also be used as a source of polarization, and they oﬀer at least two
potential advantages. First, many metalloproteins contain paramagnetic metals or can be doped with a paramagnetic substitute,
thus providing an intrinsic source of polarization that could lead
to eﬃcient enhancement of protein resonances. Second, they
oﬀer the possibility of locally polarizing the nuclei adjacent to the
metal and thus could yield site-speciﬁc structural details for the
active sites of metalloproteins. In addition, this local character of
the polarization could provide important details about the DNP
r 2011 American Chemical Society

Figure 1. Chemical structures of the (protonated) octadentate chelating ligands DOTA and DTPA.

process. Besides that, many inorganic samples often contain or
can be doped with paramagnetic metal ions. This opens the
possibility of applying DNP to a variety of materials sciencerelated problems. For these reasons, we initiated investigations
of DNP enhancements with high-spin transition-metal ions,
and we report the initial results for Gd3þ and Mn2þ in this
communication.
The two metals were used in the form of complexes with the
octadentate chelating ligands 1,4,7,10-tetraazacyclododecane1,4,7,10-tetraacetic acid (DOTA) and diethylenetriaminepentaacetic
acid (DTPA) (Figure 1). These ligands form extremely stable
complexes and are used as magnetic resonance imaging contrast
agents in clinical applications. Furthermore, Gd3þ complexes with
DOTA and DTPA exhibit signiﬁcantly diﬀerent electric ﬁeld
gradients at the metal site,21 allowing us to investigate the inﬂuence
of the magnitude of the zero-ﬁeld splitting (ZFS) on the eﬃciency of
the DNP process. Experimental details about both the DNP/NMR
and EPR experiments are available in the Supporting Information.
The DNP mechanism that governs the polarization transfer in the
compounds used in this study is the solid eﬀect (SE).22 This is a twospin process in which microwave irradiation at ωmw = ω0S ( ω0I
(where ω0S and ω0I are the electron and nuclear Larmor frequencies,
respectively) excites forbidden electronnucleus transitions that
become partially allowed through mixing of adjacent states. The
Hamiltonian relevant to this system is
^ ¼ ω0S ^SZ  ω0I^I Z þ A^SZ^I Z þ C^SZ^I þ þ C^SZ^I 
H
where A is the secular hyperﬁne coupling constant, C = 3/2(γSγI/r3)
sin θ cos θ eij is the usual term in the van Vleck form of the
electronnuclear dipole Hamiltonian, and ^S and ^I are spin operators
for electrons and nuclei, respectively.23 Double- or zero-quantum
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Figure 2. EPR spectra of the complexes under investigation, recorded at
139.5 GHz using a Hahn echo sequence. The solution [1 mM in 60:40
(v/v) glycerol/H2O] was contained in a 0.5 mm o.d. quartz capillary at a
temperature of 20 K.

transitions that are partially allowed as a result of state mixing by the
^SZ^I ( terms are excited at ωmw and transfer polarization from the
electron spins to the nuclear spins. The transition probabilities scale
with the magnetic ﬁeld as ω0I2.24,25 A requirement for a large SE
enhancement (ε) is that both the homogeneous (δ) and inhomogeneous (Δ) EPR linewidths of the paramagnetic center be smaller
than ω0I of the nucleus to be polarized (i.e., δ,Δ , 2ω0I). When this
criterion is not satisﬁed, the zero- and double-quantum transitions
broaden or overlap, leading to cancellation of positive and negative
enhancements. The remaining net enhancement is due to a diﬀerential solid eﬀect (DSE). In addition, large γB1 values are known to
increase SE enhancements. For example, in experiments to be
reported elsewhere,26 ε ≈ 100 was observed using trityl as a polarizing
agent at the high microwave ﬁeld strengths available in a microwave
resonator. Despite these limitations, signiﬁcant enhancements of ∼15
can be observed using even moderate γB1 values and B0 = 5 T.25
EPR spectra (140 GHz) of all three complexes in the form of
glassy solutions are shown in Figure 2. As can be seen in the case of
Gd3þ (S = 7/2), each EPR signal consists of a narrow resonance arising
from the central (mS = 1/2 f þ1/2) transition and a broad resonance resulting from single-quantum transitions (7/2 f 5/2 f 3/2,
etc.) that are broadened by the ZFS. Although neither ligand
signiﬁcantly alters the g value of Gd3þ (g = 1.9918), the line widths
of the central EPR lines diﬀer by more than a factor of 5 (29 MHz
full width at half maximum (fwhm) for GdDOTA and 150 MHz for
GdDTPA). This diﬀerence is due to the signiﬁcant diﬀerence in the
ZFS constants (D = 0.57 GHz, E = 0 for GdDOTA; D = 1.44 GHz,
E = 0.39 GHz for GdDTPA).21 Though the central transition is not
aﬀected by the ZFS to ﬁrst order, residual second-order eﬀects that
scale with D2/ω0 lead to nonvanishing coupling eﬀects that govern
the line width of the central transition.27 Therefore, other broadening mechanisms such as g strain, hyperﬁne coupling to 155Gd and
157
Gd (both of which are present with a natural abundance of
∼15%) and 14N, and homogeneous broadening can be considered
as small relative to the second-order ZFS for both Gd3þ complexes.
Although this line-broadening mechanism is not present in S = 1/2
systems, the SE experiments reported to date using carbon-centered
radicals in aqueous solutions have utilized a minimum line width of
55 MHz observed with trityl,28 which is still signiﬁcantly broader
than the GdDOTA line.
The EPR spectrum of MnDOTA shows the typical sextet pattern
centered at g = 2.0014 due to hyperﬁne coupling to 55 Mn (I = 5/2)
with a hyperﬁne coupling constant of A = 254 MHz. Again, only the
central transition of the high-spin (S = 5/2) system yields narrow

Figure 3. Field-dependent DNP enhancement proﬁles of GdDOTA
and GdDTPA recorded at 84 K with a microwave frequency of 139.65 GHz,
a microwave power of 6 W, and an MAS frequency of 5 kHz. Data points
were obtained by directly detecting the 1H polarization via a Bloch decay.

EPR lines, whereas the higher spin transitions are broadened by the
ZFS and contribute to the spectrum as a broad component visible in
the spectrum. The fwhm of each central line is ∼25 MHz. Despite
the narrow line width, we expect a reduced enhancement because
the S = 1/2 transition is dispersed by the mS = 1/2 f þ1/2 nuclear
hyperﬁne coupling.
In a high-spin system (S = 5/2 or 7/2), the selective polarization of
the mS = 1/2 f þ1/2 transition is less than for S = 1/2. For the
S = 7/2 Gd3þ system, the relative polarization (population diﬀerence
in the mS = 1/2 f þ1/2 subspace divided by the total population
of all mS states) is one-fourth of that of an S = 1/2 system, and for
Mn2þ (S = 5/2), it is one-third. However, in the case of Mn2þ, the
selection of only one line of the hyperﬁne sextet leads to an eﬀective
reduction of the selective relative polarization to only 1/18. For both
the Gd3þ and Mn2þ complexes, a concentration of 10 mM in
60:30:10 (v/v) glycerol-d8/D2O/H2O yielded the maximum enhancements and was chosen for all experiments.
The ﬁeld-dependent enhancement proﬁles of the Gd3þ compounds (Figure 3) exhibit the shape characteristic of the SE. In the
case of GdDOTA, the positive and negative enhancement peaks are
well-separated, since the overall EPR line width of the central
transition (29 MHz) is much smaller than the 1H Larmor frequency
(213 MHz). In contrast, GdDTPA approaches the condition for
DSE because the EPR line width is comparable to the 1H Larmor
frequency (150 vs 213 MHz). The maximum enhancements
obtained at 6 W microwave power2931 for GdDTPA and GdDOTA were 3.5 and 12.8, respectively. Thus, because of the line width
at this ﬁeld, GdDTPA is not an attractive polarizing agent. A similar
Gd3þ line width was present in a recent study of polarization transfer
in DNP experiments. However, only the decay of the EPR signals,
rather than the nuclear polarization, was examined in that study.32
In contrast, for GdDOTA, ε = 12.8, which is comparable to the
performance of conventional trityl polarizing agents (ε ≈ 15).
This result is quite surprising since the population diﬀerence in
the mS = 1/2 f þ1/2 subspace of the high-spin system is only
about one-fourth of the polarization found in an S = 1/2 system. A
possible reason for the relatively good DNP performance might
be the 4-fold larger transition moment of the S = 7/2 central
transition relative to those of low-spin (S = 1/2) radical centers,33
which corresponds to a 16-fold increase in the eﬀective
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Table 1. Experimental DNP Parameters
sample

enhancement

integral enhancement

buildup time (s)

GdDOTAa

12.8

0.98

6.6

GdDTPAa

3.5

0.70

5.2

MnDOTAb

1.9

0.89

5.6

a

At 6 W microwave power. b At 5 W microwave power. For further
details, see the text.

Figure 4. Field-dependent DNP enhancement proﬁles of MnDOTA
recorded at 86 K using a microwave frequency of 139.65 GHz and a
microwave power of 5 W. For further details, see Figure 2.

microwave power. However, this neglects the contribution of the
higher-mS transitions to paramagnetic relaxation. Additionally, the
complex relationship between electronic relaxation, nuclear relaxation, hyperﬁne coupling, and double- and zero-quantum transition
moments and their respective inﬂuence on DNP eﬃciency remains
to be elucidated theoretically and experimentally.
The ﬁeld-dependent enhancement proﬁle of MnDOTA
(Figure 4) has a more complicated structure that reﬂects the overlap
of two hyperﬁne sextets with amplitudes of opposite sign that are
shifted by twice the 1H Larmor frequency with respect to one
another. Because of the narrow line width of the SE transitions and
the mismatch between the 1H Larmor frequency and the hyperﬁne
coupling (212 vs 254 MHz), all 12 DNP peaks are clearly resolved.
However, the maximum enhancement observed at the second
outermost peak on the high-ﬁeld side is only ∼1.9 at a microwave
power of 5 W. We ascribe this small enhancement to the distribution
of the DNP conditions over all six hyperﬁne lines, which leads to an
even smaller fraction (1/18) of spins involved in the DNP process in
comparison with the Gd3þ case, in which ∼70% of the nuclear spins
lack a magnetic moment and the hyperﬁne coupling to the magnetically active nuclei is too small to have a signiﬁcant impact on the
line width. In addition, the lower spin state of Mn2þ (S = 5/2) and
the lower transition moment of the central EPR transition (3 times
larger than that for S = 1/2) might result in a slightly lower
performance than for Gd3þ.
To compare the relative performances of the diﬀerent polarizing
agents quantitatively, we evaluated the areas under the ﬁelddependent polarization proﬁles (ε  1). We emphasize that the
shape and width of the enhancement proﬁle peak are neither
inﬂuenced by nor similar in line width to the enhanced 1H NMR
signal. Rather, they primarily reﬂect the line width of the EPR central
transition; in fact, the ﬁeld-swept DNP proﬁle can be considered as
an EPR spectrum being detected indirectly via the 1H enhancement.
Thus, the integral over the DNP peak should allow us to compare
the diﬀerent paramagnetic species independent of the line widths of
their EPR central transitions. The intended integration was straightforward in the case of the two Gd3þ compounds, since we could
integrate over the complete positive enhancement peak. In contrast,
the full integration was not possible in the case of the Mn2þ complex
because of the overlap of the hyperﬁne lines of the positive and
negative DNP peaks. Therefore, we integrated over only the two

Figure 5. (ac) Comparison of the microwave-on and -oﬀ signals
detected after transfer of the 1H polarization to 13C (in 1 M 13C-urea) via
cross-polarization. Both Gd3þ complexes were measured at 84 K and
6 W microwave power; MnDOTA was measured at 86 K and 5 W.
(d) Buildup of polarization for the DNP-enhanced signals under the
same experimental conditions used for the enhancement measurements.

high-ﬁeld peaks that were clearly resolved and well-separated from
any negative DNP condition and then multiplied the result by 3. The
results of this simple analysis are summarized in Table 1. Despite the
very diﬀerent maximum enhancements obtained from the three
compounds, the integrated enhancements, which represent excitation of all transitions yielding positive enhancement, are very similar.
GdDTPA performed ∼30% less eﬃciently than the corresponding
DOTA complex, which might be caused by the onset of the DSE
condition. Although there should be little overlap of double- and
zero-quantum transitions at the centers of the respective peaks, there
should be some cancellation eﬀects, especially closer to the center of
the enhancement proﬁle. However, since the use of a monochromatic microwave source did not allow us to utilize this integral
enhancement, these results show that the eﬀect of spectral dilution
due to ZFS or hyperﬁne coupling dominates the actual enhancement obtained under experimental DNP conditions. Since the
magnitude of the second-order ZFS that broadens the central
transition scales inversely as the external magnetic ﬁeld, these
compounds at yet higher ﬁelds might potentially outperform organic
radicals like trityl, whose EPR resonances are mostly broadened by g
anisotropy under these conditions.28
The dynamics of polarization buildup did not diﬀer signiﬁcantly
among the three compounds investigated, as can be seen in Figure 5.
The polarization buildup times are listed in Table 1 and are
comparable to those using biradical polarizing agents.17 The fact
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that deviations of the dynamics are negligible is not surprising.
Generally, diﬀerences in the buildup times might be attributed to
diﬀerences in the relaxation times of the paramagnetic center and the
nuclei and variations in eﬀective sample concentrations, among other
things, as well as the actual rate of polarization transfer from the
electron spin to the surrounding nuclei and the subsequent spreading
of the polarization to the bulk via 1H1H spin diﬀusion. The fact that
the buildup and relaxation properties are very similar for all three
compounds furthermore supports our ﬁnding that the DNP performance is mostly inﬂuenced by the actual widths of the DNP
transitions, which in turn are closely related to the EPR line widths.
We have shown that dynamic nuclear polarization via the solid
eﬀect is possible using high-spin transition-metal compounds as
polarizing agents. When the EPR line width is narrow and there is
no spectral dilution by strong hyperﬁne coupling to the metal
nucleus, DNP performance comparable to that obtained with the
well-established trityl radical can be achieved. However, when
signiﬁcant broadening of the central transition by second-order
ZFS or strong hyperﬁne coupling to the metal nucleus is present,
the enhancement is strongly compromised. The depletion of the
enhancement is not caused by alteration of the actual DNP
process but rather simply due to more selective excitation of
electron spins participating in DNP. In this context, we suggest
that the higher eﬀective transition moment of the high-spin
system in combination with reduced line broadening caused by
second-order ZFS might lead to improved performance of these
compounds even at higher ﬁelds (e.g., 9 T and above).
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