Downloaded viaFLORIDA STATE UNIV on June 28, 2023 at 15:49:27 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

THE JOURNAL OF

PHYSICAL CHEMISTRY

LETTERS

A JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JPCL

Coherent Dynamic Nuclear Polarization using Chirped Pulses

Yifan Quan, Manoj V. H. Subramanya, Yifu Ouyang, Michael Mardini, Thierry Dubroca, Stephen Hill,
and Robert G. Griffin*

Cite This: J. Phys. Chem. Lett. 2023, 14, 4748-4753 I: I Read Online

ACCESS | [l Metrics & More ’ Article Recommendations | Q Supporting Information

ABSTRACT: This paper presents a study of coherent dynamic nuclear polarization (DNP) using
frequency swept pulses at 94 GHz which optimize the polarization transfer efficiency. Accordingly, an chirped
enhancement & ~ 496 was observed using 10 mM trityl-OX063 as the polarizing agent in a standard Hw
6:3:1 dg-glycerol/D,0/H,0 glassing matrix at 70 K. At present, this is the largest DNP enhancement %,"“'S”S
reported at this microwave frequency and temperature. Furthermore, the frequency swept pulses Z 2
enhance the nuclear magnetic resonance (NMR) signal and reduce the recycle delay, accelerating the K
NMR signal acquisition.
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uclear magnetic resonance (NMR) is well-known for its complete theory of NOVEL is published,'” and it was explored
high, site-specific resolution and its applicability to a experimentally at 9 and 34 GHz'®'” where transient
wide variety of chemical, physical, and biological problems. oscillations were observed. A ramped version of NOVEL'
However, it is also known as a low sensitivity technique relative was shown to substantially improve the enhancements. In
to other forms of spectroscopy. Thus, the development of high experiments to date, NOVEL has not shown a frequency
frequency dynamic nuclear polarization (DNP) techniques, dependence and can be considered a “gold standard” for time
which offer sensitivity gains of ~10” to 10%, has enabled many domain DNP. Nevertheless, the requirement to match the
NMR experiments that were otherwise not possible. As a Larmor frequency with the Rabi field renders it a challenging
result, DNP has evolved in several guises as the method of experiment at high fields (>800 MHz for IH),
choice for enhancing NMR signal intensities in dipole A second family of coherent DNP experiments utilizes
recouplingl’z and many other experiments.3_11 pulsed pw fields and modulates the Rabi frequency and the
However, in what are now routine continuous wave (CW) pulse timing. In particular, integral multiples of the sum of
DNP experiments exploiting the solid effect (SE) or cross these two frequencies, ®, = 27/7, (the modulation
effect (CE) mechanisms, the signal enhancements, ¢, exhibit a frequency) and w. (the effective field), match an integral
frequency dependence proportional to ~ @, to ~ g/, where multiple of @,; and therefore result in polarization transfer.
@y is the nuclear Larmor frequency, usually of protons. In the This approach, TOP-DNP, was first implemented with a train
case of the SE, the source of this dependence is the fact that & of pulses with constant phase’”' and yields an oscillatory

~ (05/wy)’,""* and @y is increasing while @, the electron nuclear Zeeman polarization frequency profile. More recently,
Rabi field, is constant. In particular, raising ;s requires the approach was extended by implementing analogs of the
unacceptable increases in the CW microwave power applied to TPPM** and XiX**** 'H decoupling sequences and (with
the sample. In contrast, coherent or pulsed DNP mechanisms, much higher power) as BE AM-DNP,>S all of which seek to
which manipulate the microwave (uw) frequency, phase, and “recouple” electrons to 'H.
amplitude, have low duty cycles (~1%) and even substantial A third promising approach to coherent DNP methods
pulse power results in low average power. Furthermore, once utilizes relatively low uw power and either magnetic field
the pulse power is available, the sequences should behave like sweeps or frequency swept (chirped) pw pulses to implement
INEPT"® and cross-polarization transfers'* in NMR, which are the integrated solid effect (ISE) 26 the stretched solid effect
field independent. Thus, pulsed experiments can substantially (SSE) 27gan d the adiabatic solid )effect (ASE).** The ISE was
mitigate the field dependence of the enhancement and should ’
provide a promising approach to improve sensitivity in the
acquisition of high field NMR spectra. Received: March 17, 2023
Accordingly, coherent polarization transfers were initially Accepted: May 5, 2023
demonstrated with the nuclear orientation via an electron spin Published: May 15, 2023
locking (NOVEL) experiment,~"” which employs a spin
locking sequence on the electrons, and utilizes a Rabi field that
matches the lab frame nuclear Larmor frequency, @5 = @g;. A
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initially performed by adiabatically sweepin% the magnetic field
through both SE matching conditions,”**”*° coherently
transferring the electron polarization to the surrounding
nuclear spins. It was then shown that ISE can be more readily
performed with frequency chirped pulses using an arbitrary
waveform generator (AWG) while keeping the magnetic field
constant.”””" Subsequently, the SSE*” and ASE*® were carried
out using narrower yw chirped pulses, and it was observed that
they can yield larger enhancements than the ISE.

Recently, a theoretical and experimental study was presented
that explains many aspects of the spin dynamics associated
with the three microwave chirped pulse experiments’” and
provides the impetus for the results presented here. In
particular, the ISE utilizes a broad uw frequency sweep
through both the forbidden SE double quantum (DQ) and
zero quantum (ZQ) matching conditions, e.g, with uw
frequency offset chirping from —oo to oo (in practice slightly
wider than + @,;). In contrast, both the SSE and ASE sweep
through only one of the SE matching conditions. The SSE uses
a broad sweep terminating at the EPR center, e.g,, a sweep
from —oo to 0, while the ASE uses a narrow sweep around one
of the SE matching conditions at @wys + @e;. To compare the
different approaches, we define the polarization transfer ratio E
as the gain of the nuclear polarization induced by each DNP
pulse, AP;, over the difference between the initial electron and
nuclear polarizations, P3 — PY. Expressions of the polarization
transfer ratios for sweeping over a single SE matching
condition, Egg; (for the SSE and ASE), and both matching
conditions, Egg (for the ISE), were derived using the Landau—

Zener theory32 and are
s _ AR _ 2
UR-P1+Q 1)
and
AP 4
Ege = —5 0~ -1
Pi—pP  (1+2Q)(1+Q) )
where
Q=21 sinz(@A)M2
lcos(6,) 3)

Here, sin(8,) = @,s/@; and denotes the extent of state mixing,
@ is the frequency sweep rate, and M, is the second moment of
the |A,,| hyperfine electron—nuclear interaction.

Furthermore, the DNP transfer ratio of an arbitrary
frequency chirp over a given EPR line shape can be calculated
by integrating over the EPR line using an approach previously
developed by our group.”” The DNP transfer ratios, Eg and
Ejgp, denote the polarization difference (between electron and
nuclear spins) that can be transferred per microwave pulse. As
shown in eq 1, the SSE or ASE may reach a DNP transfer ratio
greater than 1 when Q is also greater than 1, approaching E = 2
for Q> 1. A large Q value is achieved by applying a strong yw
pulse, making @,/ @, large, combined with a slow frequency
chirp (small ).

In an ideal swept frequency experiment, the electron
polarization goes from +1 to —1 after a single uw pulse;
thus, the polarization transfer ratio is E 2, and the
surrounding N nuclear spins each gain a polarization of E/N.
Furthermore, the nuclear polarization cannot be enhanced
more than the electron polarization as it is the polarization
difference that is transferred and oscillating. When the nuclear
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polarization is larger than the electron polarization, the nuclei
will lose polarization to the electron. This reversal of
polarization transfer is also why the ISE exhibits lower
enhancement than the SSE in this regime. Theory demon-
strates that the ISE has a maximum transfer ratio of 0.686,
lower than 2 for the SSE, understood by realizing that a sweep
through the first SE matching condition, when the DNP
process is efficient, yields an electron polarization that is
inverted; experimental verification of this prediction via EPR
experiments is provided in the Supporting Information.
Therefore, when transitioning through the subsequent
matching condition, the polarization is transferred from the
nuclear spins back to the electron spin or equivalently the
nuclear spins are polarized toward the other direction
compared to the first matching condition. This limits the
efficiency of the ISE. A link to a video illustrating the electron
and nuclear spin polarizations is provided in the Supporting
Information. The trajectory of the electron spin polarization
vector is simulated using the SpinEvolution software™ with
one electron spin hyperfine coupled to five nuclear spins.

In summary, it appears that a DNP transfer ratio Eggg of 2
obtained with the ASE and SSE is, thus far, the more efficient
pulsed technique. This transfer ratio compares to a value of
0.686 for the ISE,”” which is derived from eq 2, and 1.3 for
NOVEL."” TOP-, XiX-, and TPPM-DNP can have a similar
theoretical maximum transfer ratio as NOVEL per pulse train.
However, TOP-DNP”’ and XiX-DNP** require longer
irradiation periods, which yields additional decoherence of
the spins, and therefore an efficiency lower than NOVEL. The
high DNP transfer ratio of chirped pulses is attributable to the
adiabatic level crossing that is intrinsically more efficient than
other transition pumping pulsed techniques. This is also the
case for ramped-amplitude NOVEL'’ and BEAM-DNP.*
These estimates are discussed in more detail in the Supporting
Information. Finally, chirped DNP allows utilization of all of
the electron spins by integrating the EPR frequencies, which is
an advantage over single frequency pulsed techniques. Similar
improvements have been demonstrated for other frequency
modulation DNP schemes.** ™’

To date, most pulsed DNP experiments have been
performed at X-band and Q-band'’~*”***° because of the
availability of pulsed microwave amplifiers at these frequencies.
The single time domain DNP experiment performed at W-
band (3.4 T) is the SSE/ISE experiment mentioned
previously’’ using the HiPER (High Power quasi-optical
EPR) spectrometer, a design first developed by Smith et al.*>*”
The spectrometer used then was equipped with a 94 GHz, 1
kW extended interaction klystron (EIK) and NMR console
and achieved an enhancement & ~ 70.

In this work, we use an upgraded version of the National
High Magnetic Field Laboratory (NHMFL) HiPER instru-
ment.”” In addition, the improved understanding of the spin
dynamics of chirped pulsed DNP permits an optimization of
the DNP efficiency, leading to an enhancement of € ~ 496
with ~250—300 W of microwave power. This is a significant
improvement in the efficiency of the DNP process, even with
only about 1/4 of the yw power available in the previously
reported experiment. The lower yw power is due to the limited
AWG output power and aging of the EIK.

B METHODS
Three trityl- OX063 samples—(1) 10 mM trityl in the 6:3:1
glycerol-dg/D,0/H,0 glassing matrix, (2) 20 mM trityl in
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6:3:1 dg-glycerol/D,0/H,0, and (3) 10 mM trityl in 6:4 dg-
glycerol/H,0—were prepared for the DNP experiments. All of
the samples were thoroughly degassed by storing the matrix
material inside fluorinated ethylene propylene (FEP) vials in
an argon atmosphere inside a glovebox for more than a week.
During the storage period, FEP allows oxygen molecules to
diffuse out of the solutions through the FEP tubes, while
remaining impermeable to liquids such as glycerol and water.
In addition, the samples were transferred inside FEP tubes (3
mm OD, 2 mm ID, 30 mm long, ~70 uL volume) and sealed
by welding the tube to itself inside of the glovebox in order to
minimize oxygen contamination. The long nuclear T}, at 70 K
reported below confirms that the samples were well degassed.

The DNP experiments were performed with the recently
upgraded NHMFL HiPER spectrometer,”®*” and the upgrade
consists of the addition of a Keysight M9502A AWG,*
SpecMan4EPR 3.0 for the control software,"" and a custom
designed NMR system. The NMR instrument is composed of a
single channel RF coil, with external tuning and matching
circuits following a previously established design®’ and
powered by a Direct Drive Agilent NMR console (10—24S
MHz, 250 W). Finally, the magnet is fitted with a helium flow
cryostat allowing low temperature measurement compatible
with the radio frequency detection system.

As discussed above, a large w5 and low @, to maximize Q,
are preferred to optimize the efficiency of chirped DNP.
Therefore, 12 us pulses (the maximum allowed by the EIK)
were used for all experiments in order to minimize @. In
addition, to increase the DNP enhancement, we set the
magnetic field to match the SE condition at 93.7 GHz
frequency where the EIK produces the optimal power (~250
W, ®s/2n ~ 20 MHz, see Figure 1). A train of NMR
saturating pulses was applied to dephase the nuclear spin
polarization prior to each DNP buildup, and a solid echo 'H
experiment was used to monitor the DNP enhanced NMR
signal.
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Figure 1. Field profile of the DNP enhancement comparing ASE and
SE for sample 1, 10 mM trityl-OX063 in 6:3:1 dg-glycerol/D,0/H,0.
The DNP enhanced NMR signals were measured after 150 s of DNP
using 12 us microwave pulses with a repetition delay of 1.2 ms. For
the ASE experiment, a 40 MHz frequency chirp was applied, while for
the SE no chirping was employed. The dashed line shows the
frequency dependence of the microwave power profile (arbitrary
units) produced by the EIK and at 93.7 GHz is ~250 W.
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Shown in Figure 1 is the DNP Zeeman field profile recorded
for 10 mM trityl-OX063 at 70 K using the ASE under
optimized conditions. The enhancements were recorded using
a 12 ps, 40 MHz frequency chirp with a repetition delay of 1.2
ms. For the data in Figure 1, the chirps were performed for a
total of 150 s. These results are compared to the SE Zeeman
field profile recorded without chirping. In addition, the relative
microwave power profile of the EIK is included in the figure as
the dashed line. The echo detected EPR spectrum is shown in
the Supporting Information. The ZQ SE/ASE enhancement at
93.98 GHz is significantly smaller than the DQ enhancement
due to the lower @ at a high frequency.

The ASE results in larger enhancements for the DQ
transition, while the SE appears more efficient than the ASE
for the ZQ transition due to the lower microwave power. This
observation brings to focus several experimental aspects of the
ASE. Given a fixed pulse length, one can increase the sweep
width to bring more electron spins across the matching
condition. However, since this increases the sweep rate @, the
DNP transfer ratio decreases (see eqs 1 and 3 and Figure 2 in
ref 32). This decrease of the DNP transfer ratio can be
compensated by increasing ¢ to keep Q large. At sufficiently
high g, the broader sweep can be applied to cover additional
electron spins, eventually transitioning to SSE. In the other
extreme, where the microwave @ is lower, then the SE
without chirping can be more efficient than ASE with chirping,
which we observe for the ZQ transition. The optimization of
the sweep width for the sample at 70 K is shown in Figure 2.
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0.2 r

O 1 L 1
50

100 150

Chirp Width (MHz)
Figure 2. Normalized NMR signal intensity of sample 1, 10 mM
trityl-OX063 in 6:3:1 dg-glycerol/D,0/H,0, enhanced by ASE with
different chirp widths. All of the sequences were with the same 12 us
pulse length. With no chirping, the left most point is the SE, while the
right most point becomes the SSE with 180 MHz of chirping.

The first point is without chirping and corresponds to the SE,
while the last point uses a chirp width of 180 MHz and
corresponds to the SSE. Additionally, the optimum repetition
delay was determined to be 1.2 ms, which depends on the
pulse sequence, the T, and the DNP transfer ratio.
Following optimization, the DNP buildup for the ASE is
compared to the NMR saturation recovery, shown in Figure 3.
The rise time of the optimized ASE is estimated to be T,
250 s, significantly shorter than T, &~ 460 s. Figure 4 shows
the comparison of the DNP enhanced solid echo signal with
the optimized 40 MHz frequency swept ASE pulses (see Figure
2) and the thermal signal (scaled by 100, taken overnight with
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Figure 3. Saturation recovery curves of sample 1, 10mM trityl-
0X063 in 6:3:1 glycerol-dg/D,0/H,0, at 70 K with the microwave
on (T ~ 250 s for the DNP rise time with ASE) and off (T, ~ 460
s). They are both normalized for comparison.
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Figure 4. 'H solid echo signal of sample 1, 10 mM trityl-OX063 in
6:3:1 dg-glycerol/D,0/H,0, at 70 K with optimized ASE (40 MHz
chirp pulses) compared to the thermal NMR signal. A higher input
power to the EIK is used for this measurement, giving an output
power of ~300 W. The thermal signal was measured with 1800 s
recovery time (~4T;,) and scaled by a factor 100 in the plot for
comparison. The enhancement is calculated to be & ~ 496.

a recovery time of 1800s ~ 4 X T,,). A slightly higher power
(~300 W) was made available from the EIK by manually
overriding the control software for this experiment, resulting in
an enhancement of € ~ 496. The error in the measurement is
estimated to be 5%, mainly from uncertainty in the thermal
signal. As the DNP rise time is much faster than the nuclear
spin—lattice relaxation, the NMR signal for microwave &,,/€.4
can be even larger when the nuclear spin polarization is not yet
fully recovered, e.g, S.,/Sox > 1000 at the same 150 s time of
DNP build-up and nuclear spin polarization recovery. In this
case, DNP not only enhances the NMR signal but also reduces
the repetition delay allowing faster NMR acquisition and an
even larger increase of the signal-to-noise per unit time than
the enhancement alone implies.

In addition, we compared the enhancements obtained from
the SE, ASE, SSE, and ISE at 70 K with the same w g (with an
EIK output of ~250 W instead of ~300 W used in Figure 4),
and these results are tabulated in Table 1. The ASE is the most
efficient pulse sequence at this relatively modest @, as Figure
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Table 1. Comparison of the DNP Enhancements of the
Sample 1, 10 mM Trityl-OX063 in 6:3:1 Glycerol-dg/D,0/
H,0, at 70 K with Difference Chirped Pulse Techniques

pulse chirp width £
SE 0 MHz 272
ASE 40 MHz 480
SSE 180 MHz 192
ISE 360 MHz 28

2 suggests. Theoretically, when the microwave power is
sufficient, the SSE that covers more electron spins should be
more efficient than ASE. In practice, however, since the ASE
uses a narrower and thus slower frequency chirp than the SSE,
it achieves a higher Q with the same w5 and becomes the
more efficient approach for our conditions. Furthermore, the
enhancement of the 10 mM sample was quickly measured at
90 and 110 K without a full reoptimization, and an
enhancement above 300 was obtained at these temperatures.

Table 2 summarizes the DNP enhancements with optimized
ASE for each of the three samples at 70 K. The 10 mM

Table 2. DNP Enhancement of the Samples with Optimized
ASE As Well As the T, at 70 K

sample Trityl-OX063 glycerol-dg/D,0/H,0 s &
1 10 mM 6:3:1 460 s 496
2 20 mM 6:3:1 96 s 255
3 10 mM 6:0:4 54 s 125

sample 1 shows a much higher enhancement than the 20 mM
sample 2. Although the fully protonated sample 3 has a low
enhancement, it has 4 times more protons, so we estimate
comparable overall polarization transfer to that of sample 1.
Furthermore, we performed a temperature dependent study on
sample 2, which has a reasonable nuclear T, to fit into the
instrumental time available. This is plotted in Figure 5. A
significant decrease of the enhancement is observed from 110
to 130 K. A similar effect was observed previously for BDPA in
oTP, although at 240 K.*

In summary, we studied coherent DNP with chirped pulses
at 94 GHz using the HiPER instrument. In particular, we
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Figure S. Temperature dependence of the DNP enhancement of the
optimized ASE for sample 2, 20 mM trity]l- OX063 in 6:3:1 dg-
glycerol/D,0/H,0.
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studied three trityl-OX063 samples in the dg-glycerol/D,0/
H,O mixture glassing matrix, a typical matrix for MAS NMR.
An enhancement of & ~ 496, approaching the theoretical
maximum of 658, was measured for sample 1, 10 mM trityl-
OX063 in 6:3:1 dg-glycerol/D,0/H,0 at 70 K with the ASE
pulse sequence. Compared to the 7previous pulsed experiment
at 94 GHz using chirped pulses,”’ a significant improvement
was achieved, due to a better understanding of the spin
dynamics.”> To our knowledge, this is also a record
enhancement achieved at this magnetic field and temperature
for such a sample. With the capability of manipulating the pw
frequency, phase, and amplitude, a high enhancement can be
achieved using pulsed DNP techniques. Furthermore, we have
shown that it is critical to understand the spin physics, which
can lead to advances in the DNP techniques and applications.

We have also compared different chirped DNP pulse
sequences. In practice, with limited microwave power and
duty cycle, the ASE, which is less technically demanding, can
be the more efficient DNP approach compared to the SE, SSE,
and ISE. In addition, not only can DNP enhance the NMR
signal but it can also reduce the NMR repetition delay,
accelerating acquisition. Finally, we observe that the DNP
enhancement remains high below 110 K but drops
considerably above 130 K for glycerol-D,0—H,O mixtures.

As mentioned above, pulsed DNP is still in its infancy and is
mostly limited to experiments at the X-band and Q-band.
However, in experiments reported here at 94 GHz, we
achieved & = 496, which is presently a record enhancement for
this frequency and temperature. Thus, we believe that our
experimental results at the W-band are compelling evidence
that coherent DNP methods are extremely promising
approaches for spectroscopy at higher fields, where the
resolution of NMR spectra is optimized. Accordingly, it is
important to develop the instrumentation and expertise to
explore and develop these methods further.
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