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We show increased dynamic nuclear polarization by adding a low
dosage of a S = 15/2 Gd based endohedral metallofullerene (EMF) to
DNP samples. By adding 60 pM Gd,@Cy9N, the nuclear polarization
of H and *3C spins from 40 mM 4-oxo-TEMPO increases by
approximately 40% and 50%, respectively, at 5 T and 1.2 K. Electron—
electron double resonance (ELDOR) measurements show that the high
spin EMF shortens the electron relaxation times and increases electron
spectral diffusion leading to the increased DNP enhancement.

Dynamic nuclear polarization (DNP) has gained popularity in
recent years as an effective method to address the nuclear spin
sensitivity challenges of NMR and MRI. In particular, by combining
DNP at low temperature with rapid dissolution, nuclear spin
polarization enhancements on the order of 10000 fold over
thermal equilibrium can be achieved for room temperature solu-
tions, enabling novel applications monitoring in vivo metabolism
in real time."” The use of Gd*" reagents, such as GdCl; or
Gd-chelates, co-dissolved at millimolar concentrations with stable
organic radicals, such as the trityl radical OX063, has previously
been shown to increase nuclear hyperpolarization at low
temperatures.® Adding millimolar Gd-chelates can yield an up to
250% increase in **C polarization at 3.35 T for various dissolution
DNP formulations incorporating 0X063.> The increased DNP
enhancement has been attributed to a shortening of the electron
relaxation time T;. toward an optimum for the thermal mixing
DNP mechanism.® Pursuing dissolution-DNP at higher magnetic
fields would enable further benefits from increased electron
polarization.>® However, moving DNP experiments to higher
magnetic fields brings a counter-acting challenge; a significantly
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slower buildup of **C polarization is seen at 4.6 T,” and this
buildup time becomes the primary constraint for experiments at
higher fields. Due to faster "H polarization build up times, 'H
DNP followed by cross polarization to **C spins has an advantage
over direct ">C DNP®° to boost dissolution DNP efficiency. As an
accessible and inexpensive alternative to the OX063 radical,
TEMPO has been demonstrated for direct DNP enhancements
at w-band (94 GHz/3.35 T) and higher fields."®"? This raises the
possibility that adding a relaxation boosting agent to DNP sam-
ples, using the TEMPO radical for high field dissolution DNP,
could similarly dramatically increase DNP enhancements, with
faster buildup times for both indirect, via "H-'*C cross polariza-
tion, and direct "*C polarization approaches. However, for DNP
samples containing either trityl or TEMPO at higher magnetic
field strengths (above 3.35 T), the beneficiary effects of Gd
compounds has rarely been reported. At fields of 4.6 T’ and
7 T, either very slight improvements or slight decreases in
polarization have been observed for **C spins in samples contain-
ing both Gd-chelates and 0OX063. In samples containing TEMPO,
addition of 2 mM Gd-chelates slightly decreased '*C polarization
at 5 T.”” Therefore, for high-field DNP applications beyond
w-band, alternative Gd-based compounds that can show positive
effects on DNP are in demand. In contrast to Gd-chelates that
have been reported in DNP studies so far, at higher magnetic
fields, such compounds should be able to effectively influence
TEMPO electron relaxation times and produce an optimal
electron polarization profile for achieving increased nuclear
hyperpolarizations.

In this study we present the novel application of a gadolinium-
based endohedral metallofullerene'* (EMF), Gd,@C-N,"> which
can effectively enhance "H and '*C nuclear hyper-polarization at
field strengths up to 5 T in samples utilizing 4-oxo-TEMPO as the
polarizing radical. Gd,@C,oN has a ferromagnetic high-spin
ground state of S = 15/2 arising from strong exchange coupling
between the two S = 7/2 encapsulated Gd(m) atoms and the S = 1/2
radical associated with the heterofullerene cage (C,oN)®~, as
observed by EPR'® and estimated by computational studies.">"”
This strong exchange interaction has resulted in some Ln,@C;oN
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(and related; Ln = lanthanide) EMFs displaying novel magnetic
properties, including single-molecule magnet behavior.'®>° Thus,
Gd,@CoN is an attractive target as an efficient relaxation agent
for boosting DNP enhancements due to its high spin ground
state. It is also advantageous that Gd-based EMFs are already
known for their use as MRI contrast agents for in vivo imaging,
having superior clinical compatibility as they require significantly
lower dosages for measurable contrast compared with Gd-chelates;
the latter are known to aggregate in aqueous environments, thus
reducing their efficacy. Here we report the positive impact of
Gd,@C,oN as a relaxation enhancing agent for dissolution-DNP
experiments at high fields, using 30 times lower concentration
compared to previous reports for Gd-chelates. Pulsed EPR experi-
ments measuring electron spin relaxation and spectral diffusion,
described below, explain the mechanism for the DNP improve-
ments seen upon addition of Gd,@CyoN.

The electron longitudinal relaxation time, Ty, of radical
polarizing agents is a critical factor determining DNP efficiency.
At temperatures typical for dissolution DNP (1-2 K), Ty, is
usually very long for radicals (typically 500 ms for TEMPO at
1.5 K); the addition of a fast relaxing high-spin species, such as
Gd,@C9N, increases the relaxation rate for the slowly relaxing
spin species, i.e., TEMPO in the present case. Because of the
fullerene encapsulation, the coupling of Gd,@C,4N to TEMPO
is through dipolar interactions rather than exchange. Since the
dipolar coupling strength scales with the factor S(S + 1), it is
readily apparent that an increase in spin quantum number
from 7/2 to 15/2 increases the effectiveness of the Gd** EMF for
reducing the Tj. of the TEMPO radical by a factor of 4.6. In
addition, the fact that the Gd,@C,9N molecules disperse uni-
formly in toluene glass at cryogenic temperatures further
improves its efficacy as an electron relaxation agent in comparison
to Gd-chelates.

Electron relaxation measurements were performed at 3.35 T,
a field close to that of the DNP polarizer. Table 1 shows the
effect of 60 uM Gd,@C5oN on the 4-oxo-TEMPO T, and T, the
spin echo decay time constant. The electron T,., which was
measured using a saturation recovery pulse sequence, indicates
an approximately eightfold reduction (45 to 5.7 ms) upon
addition of Gd,@C,oN (Fig. 1). However, even when using long
saturation pulses (longer than T;.), it is expected that there will
be a significant spectral diffusion component which is difficult
to separate from the longer intrinsic electron T;. relaxation,
even when fitting to a bi-exponential decay function. Therefore,
the observed decrease in Tj, is likely due to a combination of

Table 1 Experimentally measured electron relaxation times for 40 mM
4-0x0-TEMPO in toluene (exp. Tie, €xp. Ty) and parameters (par. Tie, par.
T>e) used for the best fit simulations of ELDOR spectra at 3.35 T and 6.5 K.
AP represents the electron polarization exchange rate of the eSD
process, and A%, and Afc measure the hyperfine coupling strength
between nuclei and electrons

Gd,@C,oN Exp. Exp. Par. Par. A%P/ ALy AL
conc./uM  Ty/ms Tay/ns Tie/ms Toe/pis x107°s™ MHz  MHz

180 £10 4 +£0.5 0.9 £0.1
350 £20 7 +£1.0 1.8 £0.2

0 45 920 45 10
60 5.7 520 15 10
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Fig. 1 Molecular structure of Gd,@C;9N and Ty saturation recovery
curve of 40 mM 4-oxo-TEMPO with 60 pM Gd,@C;9N measured at
3.35 T and 6.5 K. Saturation pulse length of 300 ms was used.

the two mechanisms. The 4-oxo-TEMPO T\, measured by the
Hahn echo pulse sequence indicates an approximately 1.8 fold
reduction (920 to 520 ns) upon addition of Gd,@C,oN (Fig. S3,
ESI{). Again, this can in part be explained by the dipolar
coupling between the S = 15/2 spin and the S = 1/2 radical,
which enhances spin decoherence.

For polarizing agents such as 4-oxo-TEMPO that exhibit sig-
nificant inhomogeneous broadening of their EPR spectra due to
large g-tensor anisotropy, electron spectral diffusion (eSD) influ-
ences the polarization profile across the EPR spectrum and,
hence, the efficiency of DNP.'?'® Electron-electron double
resonance (ELDOR) experiments were thus performed to probe
the influence of Gd,@C,oN on the 4-oxo-TEMPO eSD processes.
W-band measurements were carried out using a high power
(1 kW) quasi-optical 94 GHz spectrometer (HiPER),>* taking
advantage of its wide-band double resonance capability for pulsed
studies of broad EPR spectra. The experiments involve applying
a long (ms duration) variable-frequency saturation pulse (Rabi
frequency Qr = 0.2 MHz), followed by a fixed-frequency echo-
detection sequence. The experiment probes eSD by monitoring
changes in electron polarization at one location in the 4-oxo-
TEMPO EPR spectrum, set by the echo-detection frequency,
brought about via saturation (depolarization) at a different posi-
tion within the spectrum. ELDOR spectra (Fig. 2) are plotted as a
function of the detuning, v, from the maximum of the echo-
detected EPR spectrum; the saturation pulse frequency is then
stepped across the entire EPR spectrum, while the detection
frequency is fixed. The sharp drops in polarization occur when
the saturation and detection frequencies coincide, and at sidebands
corresponding to zero- and double-quantum transitions associated
with hyperfine coupling of the radical to *H and "*C nuclear spins.
Meanwhile, the broad background is indicative of the eSD.

ELDOR data for the 4-oxo-TEMPO radical with and without
the Gd,@C-oN relaxation agent, were fit to a model developed
by Vega et al** for DNP samples containing relatively high
electron spin concentrations. The model derives the electron
spin polarization profiles across the EPR spectrum using a set
of rate equations, accounting for microwave-induced electron
and nuclear spin transitions, electron and nuclear relaxation,
nuclear spin diffusion and the eSD mechanism. The eSD rate,
w;, in the model describes the polarization exchange between
pairs of electron spins, which depends on their frequency

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Experimental ELDOR spectra and fits both with (a) and without (b)
the Gd,@C9N relaxation agent. The fits were performed using the model
described in ref. 22 that considers hyperfine coupling with *H and
3C nuclear spins. The saturation pulse frequency was swept over a 600 MHz
bandwidth (1 MHz steps), followed by Hahn-echo detection sequence at
dv = =219 MHz in (a) and —209 MHz in (b). Electron depolarization by solid
effect (SE) polarization transfer is seen at two positions, detuned approximately
+36 MHz and +143 MHz from the detection frequencies, resulting from
hyperfine interactions with the *C (67% isotope enriched) and *H nuclei. The
fit parameters are given in Table 1. Other parameters: saturation pulse length
of 23 ms.

difference (w; — ;) through the simplified expression of
eqn (1), which assumes a Lorenzian line-shape;** the lone fit
parameter A°°” is given in Table 1. ELDOR simulations in Fig. 3
show the dependence of the electron spin polarization profiles
on the saturation pulse length. As shown in Fig. S4 (ESIt), good
agreement is obtained in terms of the saturation pulse length
employed for the ELDOR measurements in Fig. 2. The fits
indicate that addition of Gd,@C-,9N shortens the intrinsic
4-0x0-TEMPO electron T;. from 45 to 15 ms. The simulations
in Fig. 3(c) show that, using a long saturation pulse of 200 ms,
the ELDOR spectrum of 4-oxo-TEMPO with Gd,@C,oN is
narrower than the one without it. The differences in the ELDOR
spectra, and hence the electron polarization profiles, should be
a consequence of both the shortening of T;. and an increase in
the eSD rate from 180 to 350 x 10 ° s>. The eSD rate has
previously been suggested to play a significant role in the
observed increase in DNP enhancements upon addition of
Gd-chelates.?® The increase in spectral diffusion is also consistent
with the drastic shortening of the experimental T}, measured via
saturation recovery upon addition of Gd,@C,oN.

AeSD

—eSD __
“}j.j’ =

(o — o w
The DNP enhancement observed using 40 mM 4-oxo-TEMPO
at 5 T and 1.2 K is predominantly due to nuclear spin flips
concerted with flip-flops of pairs of coupled electron spins
whose Zeeman energies differ by the nuclear Larmor frequency.
The nuclear polarization is correlated to the polarization

difference of the electron spin pairs, and this difference is

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Simulated ELDOR spectra as a function of the saturation pulse
length, both with (a) and without (b) the Gd,@CoN relaxation agent.
(c) Superimposed simulations of the ELDOR spectra for both samples for
a saturation pulse length of 200 ms. The simulations assume hyperfine
coupling to 'H spins. The simulations assume hyperfine coupling to
IH nuclear spins. (@ and b) used the respective experimental detection frequen-
cies employed in Fig. 2, while (c) used the same value of dv = —209 MHz for
both samples.

generated by direct microwave irradiation in the case of the
cross effect (CE). With the sample system and experimental
conditions described in this work, the polarization difference is
also governed by indirect depolarization via eSD and Ti.
relaxation, a DNP mechanism termed the indirect cross effect
(iCE).>?* In the process of iCE, the electron polarization
exchange mediated by eSD can indirectly depolarize one of
the transitions of CE electron spin pairs that cannot be directly
saturated by microwave irradiation. Consequently, changes of
the polarization difference of those CE electron spin pairs can
cause changes of nuclear spin polarization, leading to DNP
enhancements.

For radicals such as 4-oxo-TEMPO that have inhomogeneously
broadened EPR spectra, low power microwave irradiation only
saturates transitions that are “on-resonance”, burning a hole in
the EPR spectrum. Without eSD, microwave irradiation only gen-
erates a polarization gradient near the excitation frequency rather
than across the entire EPR lineshape. The eSD process, mediated
by flip-flops among coupled electron spins, is much faster than Tye.
Thus, spectral diffusion away from the saturated region can rapidly
spread depolarization across the EPR line profile. For samples with
very long T, on-resonant saturation and rapid spectral diffusion
can lead to a partial saturation of the entire EPR spectrum. This
broad saturation reduces the spectral polarization gradient and,
therefore, has a negative impact on DNP enhancement. However,
shortening T;. will reduce this saturation, thereby maintaining a

Chem. Commun., 2018, 54, 2425-2428 | 2427
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Table 2 H DNP enhancement factors, decay time constants of hyper-
polarized 'H NMR signal, and *C DNP enhancement factors of toluene
containing 40 mM 4-oxo-TEMPO at 5 T and 1.2 K.2® Continuous MW
irradiation at 140.71 GHz was used to create DNP polarization at the
positive maximum enhancement of the DNP profiles for 4-oxo-TEMPO.
The maximum enhancement frequency does not change upon the addi-
tion of Gd,@Cs9N (see ESI for other experiment parameters)

Gd,@C,oN conc./uM He "H tdecayls BC g
0 66 + 7 1330 £+ 100 28 £ 6
60 91 +£9 770 £ 70 43 +£ 9

polarization gradient that is more optimal for DNP enhancement.
In this study, DNP induced polarization of 'H and "*C spins in
toluene containing 60 M Gd,@C,N and 40 mM 4-oxo-TEMPO
increased by approximately 40% and 50%, respectively, relative to a
toluene sample containing only 40 mM 4-oxo-TEMPO (Table 2).
This is because Gd,@C,N significantly decreases the 4-oxo-
TEMPO T, due to its large S = 15/2 spin, as confirmed by both
electron spin relaxation and ELDOR measurements. In this case, a
shorter Ty, results in a transformation of the electron polarization
gradient, as shown in Fig. 3(c), towards one that is favorable for a
greater contribute from the iCE mechanism, which leads to an
increase of DNP enhancement. Previous reports of the influence of
Gd** doping on *C DNP enhancements show that, at a magnetic
field strength of 3.35 T, adding 1-8 mM Gd-HP-DO3A results in
a maximal 20% increase in the enhancement, and a negligible
change in DNP build-up time for samples using TEMPO radi-
cals as the source of electron polarization;* at 5 T, the addition
of Gd*" even causes a decrease in '*C polarization.'* In this
study, we report significant '"H and '*C DNP enhancement
increases at 5 T via Gd*" for the first time by using Gd,@C,oN
in combination with 4-oxo-TEMPO. The observed polarization
boosting effects can benefit both samples suitable for direct
13C polarization and those where "H-'>C cross-polarization
transfer can provide experimental advantages.

This work is particularly significant considering the effects
of Gd,@C,oN were observed for a 60 uM concentration, whilst
millimolar concentrations are required for other Gd*" com-
pounds in order to show any noticeable effect on the electron
Ty of the polarizing agent. In fact, Gd** EMFs enable up to
50 times higher proton relaxivity*”"*® in comparison to conven-
tional Gd-based MRI contrast agents of chelate/macrocyclic
structures. Additionally, the encapsulation also provides an
inherent advantage of preventing the release of toxic Gd*" ions
in medical applications. Future work is proposed to explore the
possibility of using these water soluble Gd based EMFs as
dual agents for in vivo hyperpolarized MRI at various magnetic
fields, and the dependence on the doping concentration of Gd
based EMFs.
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