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ABSTRACT: Dynamic nuclear polarization (DNP) can overcome
the intrinsically low sensitivity of nuclear magnetic resonance
(NMR) and enable structural characterization of a wide range of
materials. In inorganic solids, DNP can be achieved endogenously
by introducing paramagnetic metal ions as polarizing agents directly
into the host lattice. However, DNP enhancements obtained with
metal ions are typically an order of magnitude lower than those
achieved with organic radicals because of the intrinsic properties of
high-spin metal-ion electron systems. Here, we present the first
experimental demonstration of coherent pulsed endogenous metal-
ion DNP using frequency-swept chirped microwave excitation at
the W-band (94 GHz). Experiments on Mn(Il)- and Gd(III)-
doped Li,Ti;Oy, (LTO) show that the integrated solid effect (ISE)
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improves DNP efficiency by up to an order of magnitude compared with the conventional single-frequency solid effect (SE).
Furthermore, ISE outperforms the adiabatic solid effect (ASE) for these systems with electron paramagnetic resonance (EPR)
spectra that are much broader than the nuclear Larmor frequency, in contrast to the behavior observed for narrow-line organic
radicals. Frequency-swept excitation is highly robust and maintains near-optimal performance over wide microwave frequency and
magnetic field ranges. We further demonstrate that adiabatic microwave pulses can selectively excite the satellite transitions of high-
spin electron systems, increasing the population difference of the central transition and thereby providing an additional mechanism
for enhancing the DNP efficiency. These results establish coherent frequency-swept pulsed DNP as an effective strategy for
overcoming the limitations of endogenous metal-ion DNP and pave the way for highly sensitive NMR studies of inorganic materials.

D ynamic nuclear polarization (DNP) has emerged as a
powerful and widely applicable technique for over-
coming the intrinsic sensitivity limitations of nuclear magnetic
resonance (NMR). Upon microwave irradiation, spin polar-
ization is transferred from the highly polarized unpaired
electron spins of a polarizing agent to nearby nuclear spins,
increasing NMR signal intensities by several orders of
magnitude.' ™ The resulting sensitivity enhancement has
enabled NMR investigations that would otherwise be
impractical, including studies of complex biological sys-
tems,” "7 the characterization of materials,"® >° and magnetic
resonance imaging (MRI) through dissolution DNPp.*07*

In typical DNP experiments, a solid is impregnated with a
solution containing radicals that forms a glassy matrix, e.g.,
glycerol/water or tetrachloroethane (TCE). Electron spin
polarization is first transferred from the radicals in the matrix
to nuclear spins at or near the sample surface and subsequently
propagates into the bulk through nuclear spin diffusion. As a
result, this approach can provide direct access to the structure,
dynamics, and interactions of a material interface,'®*>*%%3*
As an alternative to using organic radicals in a glassy matrix,
high-spin transition-metal ions such as Gd*" and Mn®" can
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provide the unpaired electrons required for DNP.**% In this
approach, the paramagnetic metal ions can be incorporated
directly into the structure of inorganic or molecular solids,
known as endogenous metal-ion DNP. Electron polarization is
then transferred from paramagnetic centers distributed within
the material rather than from exogenous radicals, providing
bulk-sensitive signal enhancement. This approach has enabled
studies of a wide range of materials, including metal oxides,
metal—organic frameworks, perovskites, and semiconductor
nanocrystals,>#>%2%3%36,37,39=41 Endogenous metal-ion DNP
also eliminates the need for sample impregnation with a glassy
matrix, thereby avoiding undesirable interactions with the
solvent or polarization agent and preserving the integrity of the
sample, which is crucial for highly reactive materials. In
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Figure 1. 'Li DNP profiles of Mn-doped LTO. (a) Pulse sequence used for the pulsed DNP experiments. The nuclear polarization was first
saturated using a train of RF pulses. Microwave pulses were then applied to transfer electron spin polarization to the “Li nuclei, and the resulting
nuclear polarization was detected by NMR using a Hahn echo sequence. (b) 94 GHz EPR spectrum of Mn-doped LTO sample at 20 K measured
with echo-detected field sweep (EDFS). The six narrow peaks correspond to the hyperfine-split central transition, while the broad line is from
overlapping satellite transitions. (c) EPR central transition and calculated SE profile, both obtained using panel b as well as the EIK profile. (d)
DNP frequency profiles acquired using single-frequency SE (0 MHz chirp) and frequency-swept chirped pulses with frequency bandwidths of 200,
400, and 1000 MHz. The magnetic field was kept at 3.364 T, the third from the right on the EPR spectrum in panel b. The optimal microwave
frequencies for ISE and SE are highlighted, illustrating the robustness of ISE. (e) Dependence of the NMR signal intensity on the chirp bandwidth
with the initial frequency fixed at 93.3 GHz. (f) Dependence of the NMR signal intensity on the microwave (ywave) power. (g) Dependence of the

NMR signal intensity on the microwave pulse length.

addition, paramagnetic metal ions are already widely employed
as dopants in functional inorganic materials, where they modify
properties such as ionic conductivity, catalytic activity, and
optical behavior.”””” These paramagnetic dopants can
simultaneously serve as polarization agents. Combining
endogenous metal-ion DNP with surface-sensitive DNP
techniques enables spatially selective NMR investigations by
distinguishing between bulk and surface environments.”>>*

Although metal-ion DNP offers unique opportunities for the
structural characterization of materials, its efficiency is often an
order of magnitude lower than that achieved with organic
radicals,””***%*>*> thereby limiting its broader application.
This limitation arises from the broad electron paramagnetic
resonance (EPR) line widths associated with large zero-field
splitting (ZFS) and strong hyperfine interactions, as well as the
typically rapid electron spin relaxation of paramagnetic metal
ions. This limitation becomes even more pronounced at high
magnetic fields required for high-resolution NMR because the
efficiency of conventional continuous-wave (CW) DNP
mechanisms, such as the solid effect (SE) and cross-effect
(CE), decreases considerably at high fields due to their
inherent field dependence.

Recent advances in coherent pulsed DNP have demon-
strated the potential to overcome many of these limitations
and significantly improve DNP performance. Unlike CW DNP,
pulsed methods exploit precise control of the microwave
frequency, phase, and amplitude to manipulate electron spin
coherence, thereby mitigating the unfavorable magnetic field
dependence of conventional DNP mechanisms and enabling
substantially larger enhancements at high fields."*™>" A
prominent example is the recent demonstration of a record
DNP enhancement of ¢ = 496 at 94 GHz, approaching the
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theoretical maximum, using trityl radicals and chirped
microwave pulses.”*

However, most pulsed DNP methodologies have been
developed exclusively for mono- and biradical polarizing agents
at low magnetic fields, primarily at X- and Q-band frequencies.
Here, we report the first experimental demonstration of
coherent pulsed DNP using endogenous metal ions in
inorganic solids at W-band frequency. By employing chirped
microwave excitation, in which the microwave frequency is
swept over a defined frequency range during the pulse, we
achieve a 3-fold increase in DNP enhancement relative to
conventional single-frequency irradiation for Mn** and a 10-
fold increase for Gd**. These improvements are significantly
more pronounced for metal-ion polarizing agents compared to
organic radicals,” as the broad EPR spectra of metal ions make
single-frequency excitation intrinsically inefficient. We com-
pared two chirped DNP regimes: the adiabatic solid effect
(ASE), which employs a narrow frequency chirp around a
single SE transition, and the integrated solid effect (ISE),
which uses a broad chirp spanning both SE transitions (Figure

2).> In contrast to narrow-line radicals, for which the ASE has
been shown to provide the largest DNP enhancements, we find
that the ISE is substantially more efficient for broad-line metal
centers where the EPR line width is much broader than the
nuclear Larmor frequency. Additionally, we demonstrate that
frequency-chirped DNP is robust over a wide range of
experimental conditions, providing a practical and effective
strategy for efficient polarization transfer in endogenous metal-
ion DNP. Finally, we demonstrate that exciting the satellite
transitions of high-spin electron systems can enhance the
population difference between the states for the central
transition (‘ms = —%> - ‘ms = %>), providing an additional
mean to further improve DNP performance.

https://doi.org/10.1021/acs.jpclett.6c02353
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Mn-doped and Gd-doped Li, TisO,, (LTO) in the form of
Li,_,/3Tis_5,/3sMn, Oy, and Li,_,/3Tis_,,/3Gd, O, where x =
0.005, were prepared by solid-state reaction for the DNP
experiments.”” Details of the sample synthesis and character-
ization are provided in sections I and II of the Supporting
Information. The experiments were carried out using the
recently upgraded W-band high-power quasi-optical EPR
spectrometer (HiPER)**™®" at National High Magnetic Field
Laboratory (NHMFL) in Tallahassee, Florida, USA. The
spectrometer is equipped with a kilowatt extended interaction
klystron (EIK) amplifier (power profile given in the
Supporting Information) and a Keysight M8190A arbitrary
waveform generator (AWG) allowing the manipulation of the
microwave pulses. Samples were cooled using an Oxford
Instruments variable-temperature insert (VTI), allowing
measurements at temperatures down to 1.3 K. The
SpecMan4EPR software package®” was integrated with the
HiPER spectrometer to control the microwave pulse sequences
and perform pulsed EPR detection. NMR spectra were
recorded using a Tecmag Redstone console in combination
with an Agilent 250 W RF amplifier and a home-built saddle-
coil RF resonator. Figure 1a illustrates the microwave and RF
pulse scheme for the pulsed DNP experiment.

The DNP frequency profiles of the Mn-doped LTO sample,
shown in Figure 1d, were measured using single-frequency SE
or frequency-chirped ASE/ISE and are compared with the
corresponding W-band EPR spectrum. For DNP measure-
ments, the magnetic field was held constant while the
microwave frequency was varied using the AWG. Frequency-
swept pulses with a duration of 12 us were applied at a
repetition rate of 2 kHz, unless otherwise noted. The frequency
sweep bandwidth, microwave power, and pulse length were
experimentally optimized, as shown in Figure le—g. The
optimal microwave power of approximately 200 W (Figure 1f)
corresponds to an electron spin nutation frequency w, close to
the ’Li nuclear Larmor frequency (55.6 MHz). The high
nutation frequency is further confirmed by the electron spin
nutation measurement shown in the Supporting Information
and ensures coherent manipulation of the electron spin
(adiabaticity factor Q; > 1 (vide infra)), which is critical for
efficient DNP.®* Note that, owing to the probe geometry, the
microwave field is inhomogeneous across the sample and the
experimentally determined optimum represents an average
condition that maximizes the overall DNP enhancement.
Under single-frequency SE excitation (0 MHz chirp width),
the signature multipeak Mn?* DNP frequency profile is
observed. Owing to the limited bandwidth (~1 GHz) of the
EIK source, the highest-frequency feature could not be fully
recorded.

Introducing frequency sweeps significantly increases the
DNP enhancement by a factor of approximately 3 compared to
single-frequency SE excitation. This relative improvement
substantially exceeds that reported for trityl-based pulsed
DNP,>* highlighting the greater benefit of frequency-swept
excitation for metal-ion systems. Two factors contribute to this
significant enhancement. First, the frequency sweep excites a
substantially larger fraction of the Mn®" EPR spectrum. As a
result, a much larger fraction of the electron spin ensemble
goes through the DNP matching conditions, where effective

electron frequency wyg = \/(wos —w,) + o’ = wy
matches nuclear Larmor frequency @, and contributes to
the nuclear polarization, as illustrated in Figure 2. @wyg denotes

P, = Pycos6; = H]w(vayn(t,)

worr(t:)

N

wos — W (t)

Figure 2. Schematic illustration of frequency-swept pulsed DNP in
the rotating frame. During a microwave frequency chirp from ,,(#)
to w,(t;) , the effective frequency (blue trajectory),

o = /(05 — @) + >, evolves adiabatically. The effective

electron polarization, P, is determined by the initial microwave
frequency and adiabatically follows the effective field. Polarization is
transferred to the nuclear spins when either of the two DNP matching
conditions (A and B), . = @y, is satisfied.>>®> For broad EPR
spectra, different electron spin packets (with different wgg values)
have different effective electron polarizations, P;, which may include
both positive and negative values for the same frequency sweep,
thereby generating nuclear polarizations of both signs. The resulting
nuclear polarizations may partially cancel, reducing the overall DNP
enhancement.

the electron Larmor frequency, @,; the electron nutation
frequency, and @, the microwave frequency. This effect is
particularly prominent for metal-ion DNP, with much broader
EPR than radicals. Second, frequency-swept excitation drives
the spin system through Landau—Zener level anti-crossings,
enabling more eflicient adiabatic polarization transfer than
SE.>*** Note that when @, = @, the SE matching condition is
satisfied when wys — w,, = 0, corresponding to the nuclear
orientation via electron spin locking (NOVEL) condi-
tion.***”%> However, in this case, the electron polarization in
the rotating frame is zero (see Figure 2 and the discussion
below). This is why NOVEL requires a 7/2 pulse to prepare
the electron polarization in the rotating frame before spin
locking. When @, > @, the SE matching condition can no
longer be satisfied, leading to a decrease in DNP efficiency as
the microwave power is increased.

Comparing different chirped DNP schemes, ISE outper-
forms ASE, in contrast to previous studies on narrow-line
radicals such as trityl, where ASE is typically more
efficient.”***° This performance difference is even more
evident for the Gd-doped sample (vide infra). As previously
shown,> for narrow-line radicals, highly efficient polarization
transfer under the first DNP matching condition can result in
partial back-transfer of polarization under the second matching
condition during the ISE sweep, thereby reducing the net
nuclear polarization.

However, the broad EPR spectra of Mn** (and Gd*") give
rise to a different behavior. During a frequency sweep, the
electron magnetization adiabatically follows the effective field.
The effective polarization for spin packet S is determined by
initial microwave frequency () and nutation frequency w,,
P =P cosb, = PO%, with P, being the electron
polarization and wgg the Larmor frequency of the spin packet.
For a broad ISE sweep initiated sufficiently far from the EPR

https://doi.org/10.1021/acs.jpclett.6c02353
J. Phys. Chem. Lett. 2026, 17, 10613—-10621
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Figure 3. DNP build-up and DNP-enhanced "Li NMR spectrum of the Mn-doped LTO sample. DNP build-up measured at (a) 20 and (b) 80 K
using the optimized experimental parameters (see Figure 1) for different microwave sweep bandwidths. The solid lines are exponential rise fits used
to determine the DNP build-up time, T}, The microwave-off (uwave off) data are multiplied by a factor of 10 for visualization. (c) Li NMR spectra
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Figure 4. 'Li DNP profiles of the Gd-doped LTO sample. (a) 94 GHz EDFS EPR spectrum of the Gd-doped sample at 20 K. The narrow feature is
the central transition, while the broad line is from the satellite transitions. (b) DNP frequency profiles acquired using SE and different frequency-
swept chirped pulses. The magnetic field was kept at 3.351 T (EPR peak). The inset compares positive and negative 400 MHz chirps, showing that
reversing the chirp direction reverses the sign of the DNP enhancement, demonstrating the coherent nature of chirped DNP. (c) DNP performance
as a function of the frequency bandwidth for chirps centered at 94 GHz. (d—f) Dependence of the NMR signal intensity on the microwave power,

pulse length, and pulse repetition time, respectively.

spectrum, cos 6; & 1 for essentially all spin packets, so the
effective electron polarization is maximized and has the same
sign across the entire EPR line. In contrast, the narrower
frequency sweeps typically used for ASE can produce opposite
effective polarizations (i.e., different signs of P;) for different
regions of the EPR spectrum, leading to partial cancellation of
the transferred nuclear polarization, as illustrated in Figure 2.
Combined with the fact that the broader ISE sweep affords a
much larger fraction of the EPR spectrum through the DNP
matching conditions (discussed above), ISE overall produces
substantially greater nuclear polarization and superior DNP
performance, even though ASE may be more eflicient for
certain electron spin packets. It should be noted that for very
broad EPR spectra, the distinction between ASE and ISE
becomes less well-defined, since different spin packets can
experience different regimes during the same frequency sweep.

As illustrated in Figure 1d, the optimal SE condition is
confined to a narrow frequency window. In practice, for
conventional CW DNP, locating the optimal DNP conditions
often requires repeated adjustments of the magnetic field or
microwave frequency, making the optimization process tedious
and time-consuming. Even for the same metal ion, such as
Mn?*, variations in the local coordination environment can
lead to changes in the EPR spectrum, shifting the optimal
irradiation frequency. In contrast, ISE not only provides a
much larger DNP enhancement but also maintains nearly
optimal performance over a wide range of frequencies, as
highlighted in Figure 1d. As a result, chirped DNP is
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significantly more robust with respect to the experimental
parameters and requires considerably less optimization.

Using optimized ISE conditions, a maximum enhancement
of € = &,,/€.¢ = 79 was achieved at 80 K. Panels a and b of
Figure 3 show the DNP buildup of Mn-doped LTO at 20 and
80 K, respectively, and the corresponding NMR spectra at 80
K are depicted in Figure 3c. This sensitivity enhancement is
significantly larger than those typically reported for the
abundant "Li nuclear spins in CW DNP experiments in similar
samples.*”*>** Interestingly, a larger DNP enhancement can
be achieved at 80 K than at 20 K. The shorter T, at 80 K (21
us vs 64 ps at 20 K (see the Supporting Information)) allows a
shorter optimal repetition delay (100 us vs 250 us), enabling
more frequent polarization transfer. Although the ratio
between the repetition delay, t;, and the nuclear T, is similar
at both temperatures, the smaller enhancement at 20 K may
result from more pronounced sample heating.

In addition to Mn®* (electron spin S = 5/2 and nuclear spin
I =5/2), G&* (S = 7/2, and I = 0), which has different
electron and nuclear spin quantum numbers, was also
investigated. Figure 4b compares the DNP frequency profiles
of the Gd-doped LTO sample acquired with different chirp
bandwidths at 20 K. The experimental parameters were
optimized (Figure 4d—f). Since the effective nutation

frequency scales as @, \/S(S + 1) — mg(mg + 1), optimal
DNP conditions for Gd* (S = 7/2) can be achieved at a
microwave power lower than that for Mn** (S = 5/2), as
shown by comparing Figures 4d and 1f.

https://doi.org/10.1021/acs.jpclett.6c02353
J. Phys. Chem. Lett. 2026, 17, 10613—-10621
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Frequency-swept DNP yields approximately an order-of-
magnitude larger DNP enhancement than SE, while maintain-
ing nearly optimal performance over a broad frequency range,
as depicted in panels b and ¢ of Figure 4. For Gd**, the
superiority of ISE over ASE is even more pronounced than for
Mn?". Reversing the chirp direction inverts the DNP frequency
profile, as shown in Figure 4c and the inset of Figure 4b. This
behavior further demonstrates the coherent nature of chirped
DNP, in which the electron polarization adiabatically follows
the effective magnetic field in the rotating frame (adiabaticity
factor Q; > 1 (see below)), as illustrated in Figure 2.

The DNP build-up at 20 K of the Gd-doped LTO sample is
shown in Figure 5. A maximum enhancement of & = 35 was
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Figure 5. DNP build-up curves of the Gd-doped LTO sample at 20 K.
’Li DNP build-up curves measured using SE and chirped pulses. The
solid lines are exponential rise fits. The microwave-off (uwave off)
data are multiplied by a factor of 3 for visualization.

achieved under the optimized ISE conditions, comparable to
that of the Mn-doped sample at 20 K (Figure 3a), despite the
narrower central transition of Gd** and the much longer
nuclear T). This can be explained by a lower than nominal
concentration of incorporated Gd dopants, as suggested by the
nuclear T; and NMR line width (shown in the Supporting
Information).

For metal-ion DNP, only the central transition (CT),
‘ms = —%> - ‘ms = %>, has so far been exploited to polarize

nuclear spins because its EPR line is considerably narrower
than the satellite transitions (STs). Coherent pulsed DNP
provides an additional opportunity to further improve the
DNP efliciency by utilizing the satellite transitions of high-spin
metal ions. Previous EPR studies have shown that microwave
pulses, particularly adiabatic pulses, can efficiently invert the
electron populations among the satellite transitions. This

increases the population difference between the ‘ms = —%>

and ‘ms = %> states, thereby enhancing the EPR signal of the
central transition. For instance, this principle has been
exploited in double electron—electron resonance (DEER)
experiments to improve sensitivity,’” and related approaches
have also been applied in NMR of quadrupolar nuclei.”® Here,
we employ this enhancement of the CT to improve the
efficiency of pulsed DNP.

Both population inversion of the satellite transition and the
ASE/ISE DNP process can be described in terms of level anti-
crossings using the Landau—Zener formalism.>> Population
inversion of the satellite transition involves a first-order allowed
transition, whereas ASE/ISE is mediated by a second-order
forbidden transition. Consequently, the efficiencies of the ST
inversion and ASE/ISE processes are governed by the
corresponding adiabaticity factors

w,? 27 sin” M,
Q=—5Q,= ;
@y Icos Oay,| (1)

where @, is the microwave frequency sweep rate, sin = @,/
2
1 1
Wy, and M2 = E 2 ‘ZAZ_F

nonsecular electron—nuclear dipolar interaction. Detailed
derivations can be found in refs 53 and 63.

Efficient ST inversion and ISE require separate optimization
of Q; and Q,. The former requires Q; >>1. As a first-order
transition, this condition can be readily satisfied, and a rapid
frequency sweep is sufficient to achieve nearly complete
inversion. Experimentally, the inversion efficiency is charac-
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Figure 6. Enhancing EPR and DNP through satellite transition excitation. (a) Electron spin echo signals of the Gd-doped LTO sample detected
following selective excitation of the STs on both sides of the EPR spectrum (at 1.1 and 1.97 GHz), on only one side (at 1.1 GHz), or without ST
excitation. The inset shows the microwave pulse sequence, in which two frequency-swept pulses with a sweep bandwidth of 630 MHz and a
duration of 0.8 s were applied prior to the Hahn echo measurement. (b—d) Dependence of the electron spin echo intensity on the frequency
sweep bandwidth, microwave amplitude, and chirped pulse duration of the ST excitation pulses, respectively. () DNP build-up with and without
ST excitation. Two rapid chirped pulses sweeping 600 MHz in 0.8 ys were applied before a 10 ys DNP chirped pulse sweeping 100 MHz and

compared with a single 12 us DNP chirped pulse sweeping 100 MHz.
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terized by measuring the Hahn echo intensity after the ST
excitation pulses, as illustrated in Figure 6. A relatively short
(<1 ps) pulse (large @,,) is sufficient to maximize the echo
intensity. The nutation frequency is approximately w,/27z ~ 50
MHz, and sweeping a 1 GHz bandwidth in 1 ps yields Q, ~ S0,
ensuring adiabaticity. Interestingly, the echo intensity
decreases for pulses longer than ~1 us. This behavior was
also observed by Doll et al.”” and was attributed to (i) sample
heating due to the pulses and (ii) pulse distortions resulting in
unwanted excitation of the spins to be polarized. However, we
observe only a ~12% increase in the EPR echo intensity
following ST excitations. This modest enhancement is
primarily limited by the bandwidth of the EIK (~1 GHz),
which is sufficient to excite only a small fraction of the Gd**
STs, whose STs span more than 20 GHz (Figure 4a). In
principle, a broader chirp would enable population inversion of
all STs, thereby exchanging the populations of the outer spin

. 1 o
states with the ‘ms = i;> states. In this ideal case, the

population difference for the CT can be enhanced by a factor
of 7 for § = 7/2 Gd¥, significantly exceeding the thermal
electron polarization limit.

In contrast to ST inversion, satisfying the optimal condition
for ISE (Q, ~ \/ 2/2)** is considerably more challenging at
high magnetic fields due to the nature of the second-order
forbidden transition. The dependence of the DNP enhance-
ment on the ISE pulse duration is shown in Figure 6a,
indicating that a slower frequency sweep is required to satisfy
the adiabaticity condition. To estimate the adiabaticity, we take
®,/2n = 50 MHz, \[M, ~ 0.1S MHz, and a 100 MHz chirp

over 10 s, yielding Q, ~ 1.1,>* which is close to the optimal
adiabaticity condition. We therefore apply the following pulse
scheme. Two rapid chirped pulses first invert the populations
of the STs enhancing the CT, followed by a slower ISE chirped
pulse that transfers the enhanced central transition electron
polarization to the nuclear spins. Compared with the sequence
without the satellite transition excitation pulses, this approach
yields an approximately 5% improvement, as shown in Figure
6e. This improvement is smaller than the 12% enhancement
observed in the EPR signal, likely due to additional limitations
by nuclear T relaxation during the polarization buildup and
inefficient "Li spin diffusion.

Another important factor that has not yet been discussed,
but is crucial for DNP, is the electron spin coherence time.®* In
conventional CW DNP, the polarization transfer efficiency is
often limited by the short electron spin coherence time, T,..
This is also one of the reasons why DNP generally performs
better at low temperatures, where T,. is significantly
prolonged. In contrast, coherent pulsed DNP can extend the
effective coherence time by more than an order of magnitude.
For example, in frequency-swept DNP, the relevant coherence
is governed by the T, in the rotating frame, rather than T,
and T, is typically much longer. This advantage is particularly
significant for metal-ion DNP, where the electron spin
coherence times of metal centers are generally much shorter
than those of organic radicals. Therefore, beyond the
advantages discussed above, the prolonged coherence time
by microwave pulses can further enhance DNP. More broadly,
this capability may enable efficient pulsed DNP at much higher
temperatures, potentially even approaching room temperature.

In summary, we present the first experimental demonstra-
tion of coherent pulsed endogenous metal-ion DNP at W-band
using the HiPER spectrometer. For Mn-doped LTO, we

achieved a maximum DNP enhancement of ¢ = 79 for
abundant 'Li using ISE at 3.364 T and 80 K, substantially
exceeding the values previously reported for similar samples
with the same metal center concentration.””*>*>** Unlike
using narrow-line radicals, for which ASE is typically the most
efficient DNP scheme, ISE is more efficient for metal ions with
a broad EPR line. Compared with conventional single-
frequency SE, ISE improves the DNP enhancement by factors
of approximately 3 for Mn*>" and approximately 10 for Gd**
under the same microwave power. This improvement is
substantially greater than that reported for radical-based DNP
systems" and is primarily attributed to the EPR line width of
the paramagnetic metal ions being much broader than the
nuclear Larmor frequency. These results highlight the fact that
metal-ion DNP is expected to benefit more than radical-based
DNP from the advancement of coherent pulsed DNP methods.
In addition, coherent frequency-swept DNP is highly robust,
maintaining nearly optimal performance over a broad range of
microwave frequencies and experimental parameters, which
simplifies experimental optimization. Interestingly, Mn-doped
LTO exhibits higher DNP efficiency at 80 K than at 20 K
because of the shorter electron Tj..

Additionally, we demonstrate the concept of using adiabatic
inversion pulses to selectively excite the satellite transitions and
thereby enhance the polarization of the central transition in
high-spin systems, which is then exploited for DNP. This
approach is expected to become significantly more effective
with the development of broadband microwave amplifiers,
such as traveling-wave tube (TWT) ampliﬁers.69

Despite significant progress, the development of pulsed
DNP is still at an early stage and has thus far been
demonstrated primarily at the X- and Q-bands using organic
radicals. Our results at the W-band provide compelling
evidence that coherent pulsed DNP is a promising strategy
for endogenous metal-ion DNP. Endogenous metal-ion DNP
holds great promise for applications in materials science,
inorganic chemistry, and metalloprotein research. However,
the relatively small CW DNP enhancements compared to the
values achieved with radicals have limited their broader
application. These small enhancements arise from the broad
EPR spectra and unfavorable electron spin relaxation proper-
ties of the paramagnetic metal centers. We demonstrate that
coherent pulsed DNP can overcome these key limitations and
substantially improve the DNP efliciency and robustness.

We anticipate that these advances, particularly when
combined with MAS NMR, will enable a broad range of
material studies that are currently beyond reach. For example,
they could facilitate the high-sensitivity detection and
characterization of low-abundance quadrupolar nuclei such as
170,°%* enable inherently insensitive techniques such as
multiple-quantum magic-angle spinning (MQMAS),”””" and
enhance the sensitivity of multidimensional NMR experiments
for the structural characterization of complex materials.
Continued advances in high-field pulsed DNP instrumentation
and methodology will be essential to realizing the potential of
these approaches.
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