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Frequency-chirped microwaves decouple electron- and *C-spins
in magic-angle spinning N@Cgo:Cgo powder, improving DNP-
enhanced *C NMR signal intensity by 12% for 7 s polarization,
and 5% for 30 s polarization. This electron decoupling demonstra-
tion is a step toward utilizing N@Cgg as a controllable electron-spin
source for magic-angle spinning magnetic resonance experiments.

Electron decoupling improves nuclear magnetic resonance
(NMR) signal that has been enhanced by dynamic nuclear
polarization (DNP)."? Techniques for DNP enhancement often
utilize doped radical electrons as a source of relatively high
polarization and microwave irradiation to facilitate transfer
of polarization to nuclear spins in dipolar contact with the
electron spins, with spin diffusion sending the polarization to
nuclear spins not coupled to the electron spin.*™ Following
polarization transfer, this dipolar contact reduces NMR signal
intensity and resolution. The improvement afforded by electron
decoupling comes from the attenuation of the electron-nuclear
dipolar contact, by way of on-resonance, frequency-chirped
microwave pulses. Combined with advances in cryogenic
magic-angle spinning (MAS) NMR instrumentation, electron
decoupling has been an effective tool for in-cell DNP NMR
spectroscopy and a necessary component for “direct DNP” and
MAS electron spin relaxation experiments.®® To date, these
experiments have employed only trityl, (Finland radical) and
trityl derivatives as a polarizing agent.”'® Here, the utility of
electron decoupling is expanded to the electron spin-3/2 of a
nitrogen atom trapped in Cg, fullerene (hereon referred to as
N@Cgo, and represented in Fig. 1, in a corner call-out)."* ™
Decoupling the electron spin in N@Ce, improves *C signal
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intensity by 5% and 12% following a DNP-transfer period of 30
and 7 seconds, respectively, at 4.0 kHz MAS and 90 K.

The symmetry of the Cq, cage (g-tensor value = 2.0024) and a
sparse spin-interaction network in 160 parts-per-million (ppm)
N@Ceo: Coo (160:10°) poly-crystalline powder result in one of
the narrowest electron paramagnetic relaxation (EPR) signals in
solid state (Fig. 1).">"® The spin-spin relaxation of the N@Csj
electron spin is tens of microseconds (inhomogeneous contri-
bution in this sample due to crystalline imperfections), up to an
order of magnitude greater than that of other narrow-line
radicals, such as trityl and BDPA, used for DNP."”2° Addition-
ally, the symmetric environment, even below the polycrystalline
phase transition temperature, and the near absence of
g-anisotropy give rise to a zero-field splitting of 0.52 MHz."®
Even considering the proportionally greater dipolar coupling
due to the electron spin quantum number of 3/2, the stability
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Fig.1 EPR spectrum of 160 ppm N@Cgo, experiment performed on
Bruker X-band (10 GHz) spectrometer at 298 K. 5.68 Gauss splitting
corresponds to a 15.9 MHz hyperfine-dipolar coupling. Featured in the
outlined callout is a representation of an N@Cgo molecule.
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and electron relaxation of N@Cg, make it a sensible target for
electron decoupling, and DNP experiments with electron spin
control.

While higher-power microwave devices are being developed
for MAS DNP application (gyrotrons, gyro-amplifiers), current
frequency-agile gyrotrons are able to produce shaped micro-
wave pulses (chirps, sweeps) that cover the frequency range of
the targeted electron spin resonance and exert control over
the spin.> > A narrow electron spin resonance reduces the
required frequency range of this chirped pulse to control the
spin. The EPR signal from N@Cs, is so narrow that electron
spin control with hard pulses will be possible with existing
frequency-agile gyrotron technology.>* The gyrotron used for
these experiments generates an approximate microwave Rabi
frequency of 0.38 MHz at the sample, which is on the order of
the electron-">C (local *C, on the N@Cq, cage, itself) hyperfine
dipolar coupling (predicted at 0.44 MHz; 1.3 MHz for +3/2 spin -
measured to be 0.30 MHz, however)."®> Although certain
pulsed-DNP mechanisms require currently-inaccessible micro-
wave Rabi frequencies (at high magnetic field), there are some
that become possible with such a “narrow-line” radical.>*®>°
Demonstration of electron decoupling on this 160 ppm
N@Ce0:Cso poly-crystalline powder is the first step toward
pulsed DNP MAS and pulsed EPR MAS using the N@Ce,
electron spin.

The experiments here are performed on a relatively dilute
collection of electron spins. For effective use of N@Cgo as a
polarizing agent, 100% pure N@Cq, will be required. The
dipolar linewidth at 100% approximates 60 Gauss, but when
diluted to lower concentration in a sample of interest, this
interaction will be reduced and the corresponding linewidths
narrow.*® Current limitations regarding the methods of endo-
fullerene generation (ion implementation, gas-discharge,
and radio-frequency plasma discharge) and purification, using
high-performance liquid chromatography, severely restrict
access to milligram-amounts of pure N@Ceo.>' >’ Dissemina-
tion of endofullerene production and optimization of for-
mation methods is a path toward production of realistic
amounts of pure N@Cs, for experiments. However, currently-
accessible quantities of pure N@Cg, would be sufficient for
DNP NMR MAS experiments that utilize small sample volumes
(1 pL and lower), which have been demonstrated using 2 mm
MAS spherical rotors. However accomplished, the protection
and symmetry afforded the electron spin by the Cg cage, the
affinity of Ceo for plasma membrane incorporation, and the
capability of Ceo-functionalization make a variety of endofuller-
enes promising agents for powerful magnetic resonance experi-
ments in burgeoning areas of science, such as in-cell DNP/EPR,
inorganic/surface-DNP/EPR, and quantum computing.**?*°

The electron-decoupled MAS DNP experiments presented
here use a cryogenic-MAS radio-frequency probe for excitation
and detection of nuclear spins, and a frequency-agile gyrotron
for control of electron spins and transfer of polarization
(DNP).>>*° Fig. 2 shows the pulse sequences used to probe
the electron decoupling effect. On the “electron channel” line,
there are 3 different conditions: DNP, electron decoupling, and
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Fig. 2 *C-Hahn echo pulse sequences for DNP experiments without (a)
and with (b) electron decoupling. The break in the DNP segment indicates
its length in time is orders of magnitude greater than that of the other
events in the sequence.

o

off-resonance chirps. The microwave power for each event is
constant, and each event is characterized by different micro-
wave frequency/frequencies. During DNP, the transfer of elec-
tron polarization to '*C spins is facilitated by microwave
irradiation at 197.484 GHz. This satisfies the double-quantum
solid effect condition (Ve rarmor — V13c,1armor)- The solid effect is
the “active” DNP mechanism since the inhomogeneous line-
width of the N@Cg, electron resonance is less than the nuclear
Larmor frequency. During electron decoupling (Fig. 2b), the
microwave frequency is time-dependent, changing according to
a chirped triangle-waveform that covers a 60 MHz range,
centered over the electron resonance frequency (197.559 GHz),
in 6.63 ps.' This range is large enough to ensure that the chirp
covers the entirety of the N@Cs, electron spin resonance. The off-
resonance chirps shown in the Fig. 2a sequence describe a
frequency-chirped waveform of the same magnitude and shape,
but is centered at 197.409 GHz (75 MHz below the DNP condition)
so that electron spins remain unaffected. This control experiment
provides a DNP-enhanced NMR signal to which the electron-
decoupled signal is compared.

The exact microwave frequencies required to meet these
conditions are verified experimentally with the construction of
a “DNP profile” (Fig. 3). Each point on the profile indicates the
intensity of "*C NMR-signal with microwave irradiation of
the frequency corresponding to its place along the horizontal
axis. The spacing between the enhancement local maxima
correspond to the 15.9 MHz hyperfine splitting, as observed
in the N@Cgo EPR spectrum (Fig. 1). The difference in resolu-
tion between the EPR spectrum and the DNP profile is attri-
buted to frequency instability of the gyrotron. Using these
frequencies, the **C Larmor frequency, and the condition for
the double-quantum solid effect condition, the frequency-agile
gyrotron is then calibrated so that electron decoupling chirps
effectively cover the N@Cg, electron spin resonance.

For electron decoupling and off-resonance/control experi-
ments, a period of DNP transfer from electron to the **C spins
occurs between a *C-spin “saturation train” and a '*C excita-
tion pulse (n/2), which is followed by a rotor-synchronized
refocusing pulse (Hahn echo, ). All **C pulses applied have a
nutation frequency of 83 kHz (3 ps pulse = n/2). These experi-
ments are performed at a magnetic field of 7.05 T (75.49 MHz

This journal is © the Owner Societies 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2cp04516h

Open Access Article. Published on 03 February 2023. Downloaded on 11/11/2025 4:28:31 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP
4.0 197.500
| 197.484 ’
1 197.468
3.0 4 | 1 .
o i J |
g 20 { w |
5 ] |7
<
W] A
1.0 | I | ‘ ’
| [ I
! o
0.0_ «—* | | |
197.40 1 97:45 I I 197150 1 97155

Microwave Frequency (GHz)

Fig. 3 DNP profile of N@Cep with 30 s DNP-transfer period. Each point
represents the 3C signal intensity of a 16-transient DNP experiment. The
“enhancement” value is calculated as the difference in signal intensity
between experiments with and without microwave irradiation, divided by
the signal intensity from the experiment without microwave irradiation.

3C Larmor frequency) and at a temperature of 90 K, with
a 3.2 mm cylindrical rotor spinning at 4.0 kHz (+5 Hz).
A vacuum-jacketed cryogenic transfer/recovery system allows
for stable MAS DNP operation at 90 K.*>*' The frequency-agile
gyrotron is controlled by a spectrometer-integrated arbitrary
waveform generator (Tecmag Inc.). This, in series with a high
voltage amplifier, alters the gyrotron anode potential, changing
the microwave frequency.

Fig. 4a and b show the comparisons of electron-decoupled,
DNP-enhanced NMR signal (red) to DNP-enhanced signal
acquired without electron decoupling (black) for experiments
with 30 s and 7 s DNP-transfer periods, respectively. The 30 s
spectra are summations of 320 transients each, and the 7 s
spectra are 2048 transients. After a 30 s DNP transfer, the only
significant improvement is observed on the isotropic peak at
143.6 ppm.*>"® Here, electron decoupling improves signal
intensity by 5%. The effect of electron decoupling is greater
for a 7 s DNP transfer, with a 12% improvement in signal
intensity for the isotropic, central peak, and a 15% improve-
ment for the spinning sideband at 196.6 ppm. The spinning
sideband at 90.6 ppm shows no significant improvement
in signal intensity with electron decoupling. All spectra are
processed using tNMR software, and signal integration and
linewidths are obtained using DMfit.**

The induced broadening from the electron-nuclear hyper-
fine interaction has been shown to completely attenuate
3C NMR signal at high N@Cg, concentrations (N@Csp : Cgo at
a 3:2 ratio).” Shorter DNP-transfer periods enhance nuclear
spins that are closer to the polarizing electron spins, effectively
increasing the ratio of paramagnetic endofullerenes to
BC spins that contribute to observed, DNP-enhanced NMR
signal. In this sample, the DNP build-up time is characterized

This journal is © the Owner Societies 2023

View Article Online

Communication

-

.0

Normalized Signal Height

T T T T T T
a.) 200 180 160 140 120 100 80
3C Chemical Shift (ppm)
0.3 4
=
=2
©
I -
©
c
2
w
°
o}
NS
©
£
<}
P4
04
T T T T T T T
b.) 200 180 160 140 120 100 80
8C Chemical Shift (ppm)
Fig. 4 (a) Comparison of signal obtained with (red) and without (black)

electron decoupling following a 30 s DNP transfer. (b) Comparison of
signal obtained with (red) and without (black) electron decoupling follow-
ing a 7 s DNP period. The vertical scale is normalized to the height of the
largest signal (30 s, isotropic peak). First-order spinning sidebands are
feature an asterisk atop. Call-outs of peaks are featured adjacent to their
corresponding signals to highlight changes in intensity.

by a time constant of 31 s, thus the difference in number of
enhanced nuclear spins between 7 s and 30 s DNP transfer
periods is noticeable (see relative vertical scales, signal-to-noise
ratios in Fig. 4).*° As the DNP-transfer period is increased, spin
diffusion spreads the improved polarization to *>C nuclei with
weaker dipolar contact to the polarizing electron spins. The
signal from these *C spins will not be improved by electron
decoupling; this same effect is observed when electron decou-
pling trityl-based radicals.”®’ Here a shorter DNP period
results in greater electron decoupling effect, but the same trend
is expected with higher concentration of N@Cg.

An interesting feature of the 7 s DNP experiments is the
dissimilarity in the recovery of intensity between the first-order
spinning sidebands upon electron decoupling (Fig. 4b). This
difference suggests a change in asymmetry parameter asso-
ciated with the chemical shift anisotropy (CSA) of the *C spins
between the decoupled and non-decoupled spectra.*”*® As this
effect is not observed with electron decoupling following 30 s
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DNP, a possible explanation is that the >C CSA of spins local or
near to N@Cs, is non-identical to that of bulk **C (those not
close to N@Cs). Similar to the efficacy of electron decoupling,
this effect is also highlighted at shorter DNP periods, when
N@Cso-proximal *C spins are enhanced to a greater extent
than the bulk, N@Cgo-distal spins.

Electron-decoupled MAS DNP using N@Cg, as a polarizing
agent is a step toward utilizing the unique properties of N@Ce,
for powerful experiments in MAS NMR/EPR. N@Cg, and other
endofullerene species are the focus of innovations in quantum
bit engineering and small molecule study, as well as novel DNP
techniques and use of the electron spin as an environmental
sensor.**® Localized DNP with N@Cg, can be extended to
more significant systems, such as the interior of a lipid bilayer
membrane where surrounding proton spins from the lipid tails
should afford an improved rate of polarization transfer, or
to catalyst surfaces where a functionalized Cq, cage may be
exploited.’>®® Combined with advances in endofullerene gen-
eration, frequency-agile gyrotrons can expand the application
of MAS DNP using endofullerenes, and establish the practice of
integrated NMR/EPR with MAS and at high magnetic field.
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