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Abstract

Dynamic nuclear polarization (DNP) is a nuclear magnetic resonance (NMR) hyperpolarization
technique that mediates polarization transfer from unpaired electrons to nuclear spins. DNP
performance can vary significantly depending on the types of polarizing agents employed, and
the criteria for optimum DNP efficiency are not fully understood. Thus, a better understanding of
the structure, electron paramagnetic resonance (EPR) linewidths, and relaxation properties would
aid in designing more efficient DNP polarizing agents. However, EPR characterizations of the
polarizing agents are typically performed in different environments (e.g., strength of magnetic field
and microwave power) than typical DNP experiments. Here, we demonstrate a low-cost and
home-built setup that enables in-situ EPR detection in a dual resonance DNP-NMR/EPR probe
using an optical chopper. The chopper modulates the microwave irradiation, thereby modulating
the longitudinal magnetization (Mz) of the electron spins. Our results of DNP and EPR spectra on
TEMPOL using a solid-state microwave source at 6.7 T / 188 GHz and 4.2 K showed a good
agreement. In principle, an optical chopper should be compatible with a wide range of microwave
sources, including gyrotrons that output high-power microwaves. To verify this, we placed an
optical chopper in between the waveguides of a 527 GHz gyrotron and successfully reproduced
a DNP field profile similar to the case without a chopper. Hence, our work provides a proof-of-

principle setup that could enable a gyrotron-based EPR spectrometer in the future.
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1. Introduction

Dynamic nuclear polarization (DNP)I-3l is an NMR hyperpolarization technique widely
applied in studying materials and biological macromolecules, including catalysts, battery materials,
fibrils, membrane proteins, etc.[*° In DNP, polarization is transferred from unpaired electrons,
borne on either organic radicals or paramagnetic metal ions, to nuclear spins. However, the actual
DNP performance varies significantly depending on factors such as magnetic field strength, types
of radicals, solvents, temperatures, target molecules, etc. For instance, we have recently
investigated 'H-DNP enhancement factor £ on amyloid fibrils at 18.8 T,1] and the results vary
significantly (e~6-50) depending on the type of biradicals employed. Moreover, these numbers are
considerably low if compared to the theoretical limit of e~658. To improve DNP performance, it is
essential to characterize the radicals’ spin parameters, such as g tensors, relaxation times,
electron-electron coupling strengths, etc., to design more efficient DNP polarizing agents. -1
Nevertheless, unambiguously determining some of these parameters (for instance, g tensors) is
challenging without high-field EPR spectrometers that confer high resolution. Combining
experimental data obtained at lower fields with multifrequency EPR measurements and fittings
can characterize these radicals with higher accuracy.! Besides that, it has been reported that the
electron relaxation times Tie, a crucial factor affecting the DNP performance,l1©1? of several
organic radicals unexpectedly decrease as the magnetic field increases.!*314 However, most
commercial EPR spectrometers are limited to magnetic fields lower than standard DNP machines.
Hence, this justifies the need for in-situ EPR characterization of polarizing agents at the same
DNP conditions.[*5]

While various strategies exist for designing dual-resonance DNP-NMR / EPR probe,[16-22]
we adopted the LOngitudinal-Detected (LOD) EPR scheme due to its (1) general applicability to
microwave (uw) sources with almost any frequencies and power, (2) affordable cost, and (3)
relatively easy implementation with minimal modification needed for our existing DNP
setups.[181923-28] |n typical LOD-EPR experiments, the longitudinal magnetizations of electron
spins are driven to oscillate periodically along the z-axis by turning the uw on/off. The z-
magnetization (Mz) decreases when the EPR transition is saturated by pw and recovers via spin
relaxation when the uw are turned off. If the uw source is periodically turned on/off, the resulting
time-dependent M: (t) induces a voltage across a pickup coil placed along the z-axis, [19:23:29.30]

which is measured as an EPR signal. A key advantage of this detection scheme is that the induced
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EPR signal can be set to oscillate at a modulation frequency much lower than the electron Larmor
frequency, allowing detection of ~GHz EPR transitions in the audio frequency (~kHz) range. Thus,
LOD-EPR detection obviates the need for high-frequency uw accessories (switches, receivers,
and amplifiers) that are not readily available and expensive. The method has been demonstrated
on various dissolution DNP setups (3.35 T-7 T) by directly triggering the solid-state uw source
on/off.[18.19.25.27.31] \While it is trivial to modulate the pw power generated from the solid-state
sources using either voltage-controlled attenuators or electrical switches, such methods cannot
be easily applied to high-power sources like gyrotrons because the abovementioned pw
accessories are usually rated for operations at low powers (< 1 W).

Thus, we propose a new LOD-EPR design that does not require sophisticated pw
accessories and could potentially be applied on gyrotrons for EPR detection. This can be achieved
by using an optical chopper, whose rotating metallic blades periodically block the pw beams,
thereby modulating the uw amplitudes similar to gating of the uw source. Then, the following
detection scheme remains similar to the conventional LOD-EPR scheme, i.e., the induced voltage
V(t) across the LOD solenoid coil can either be directly observed on an oscilloscope or mixed with
the optical chopper reference signal in a lock-in amplifier. The deployment of an optical chopper
is inspired by the quasi-optical setup installed in NHMFL (Florida), which incorporates a
mechanical shutter that allows a gyrotron to be shared between two NMR spectrometers.[32 |t
was also demonstrated in another study that an optical chopper can be used to characterize the
uw beams generated from gyrotrons or solid-state sources. 3334

As a proof of principle, we first demonstrated how a modular LOD-EPR coil was retrofitted
to the existing 6.7 T dissolution DNP setup (Fig. 1) in our lab,'83l to achieve an in-situ dual
resonance DNP-NMR (*H Larmor of 285 MHz) / EPR (188 GHz) detection. Then, we showed the
experimental setup and the results of an optical chopper LOD-EPR. Finally, we demonstrated that
the optical setup is compatible with a 527 GHz gyrotron by showing the results of DNP

experiments.
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Raspberry Pi 4
X

Flgure 1 Photograph of the (a) 6.7 T DNP spectrometer and the (b) 188 GHz pw source.

2. Materials and Methods

2.1.Sample Preparation
All EPR / DNP experiments at 6.7 T were performed using 50 mM TEMPOL (Sigma Aldrich)
dissolved in DNP juice (ds-glycerol/D20/H20 in a 5:4:1 ratio by volume). About 200 uL of the
sample was pipetted into the sample cup (Fig. 2a). For the DNP experiment at 18.8 T, we prepared
~40 mM of BDPA (Sigma Aldrich) in a 1:1 mixture (by volume) of hexafluorobenzene and toluene.
The BDPA sample was then packed into a 10 mm NMR tube.

2.2.Dissolution DNP (6.7 T/ 188 GHz/ 285 MHz) Spectrometer
The 6.7 T dissolution DNP polarizer was provided by Bruker BioSpin to ENS,®U and the cryostat
prefilled with liquid helium can be cooled down to 1.2 K upon pumping to ~ 1 mbar.[35361 Al
temperature and pressure diagnostics and controllers, as well as the helium level indicator, are
embedded in the DNP polarizer console (Fig. 1a). The microwave is generated from a synthesizer
(AnaPico, model APUASYNZ20) at 15.66 GHz (Fig. 1b), which is then up-converted to 94 GHz by
a 6x frequency multiplier (RPG-Radiometer Physics GmbH). Then, a variable attenuator was used
to manually control the uw power that enters the frequency doubler (Virginia Diodes Inc., model

D200) and the final output power of the ~188 GHz microwave frequency is ~28 mW before being

5
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delivered to the probe. A stainless-steel circular microwave waveguide was used in the DNP probe
to achieve good thermal insulation. Nevertheless, stainless steel has poor electrical conductivity,
and, hence, results in a lossy (~ 10 dB) uw transmission. We have measured ~ 1 mW of uw power
at the sample position using a power meter (Ophir Optronics, model 3A-P-THz) at room
temperature. The uw frequency and amplitude generated from the AnaPico synthesizer can be

controlled directly from a GUI software provided by the manufacturer or a Raspberry Pi 4.

T -
2.3.Dual Resonance LOD-EPR (188 GHz) and Pream(:,"ﬁer Mid: EPR Goil "

Out: (d) RF Saddle Coil
DNP-NMR (285 MHz) Probe 1 ~— =am—
A custom-built LOD-EPR probe (Fig. 2a)l'8 was ]

adapted into an existing dissolution DNP probe. The

Dynamic
+— Seal

LOD EPR
Solenoid Coil

two components were integrated by using a 3D-printed
adaptor (Ender-3 S1 Pro, Creality) that couples the
dynamic seal region of the EPR probe to the top part
of the DNP probe (Fig. 2b). Then, the EPR coil made

from 600-turn 0.1 mm copper wire is positioned such

that the window faces the pw reflector (Fig. 2e). The g7 HW Window

4— Sample Cup

lnsertl
4

total resistance of the coil is ~30 Q at room

temperature or ~ 1.2 Q at 4.2 K. The EPR cail is
enclosed with an NMR rf insert (Fig. 2d), which is
inductively coupled to a sniffer coil. The NMR saddle

coil can be fabricated by using either laser or direct Brass Cage
Removed

CNC machining, and it is soldered to non-magnetic
ceramic capacitors (Johanson Technology, Inc) to
achieve a resonance frequency of ~ 285 MHz for H
NMR detection. The NMR coil was fixated on a
standard 10 mm NMR borosilicate glass tube (cut with

a diamond wheel) using either microwave-transparent Figure 2: Photographs of the (a) LOD-

Kapton or Teflon tape. The final assembly (Fig. 2f)
allows both DNP-NMR and EPR detection in a single
setup, i.e., an in-situ EPR measurement under the

same environment as DNP experiments.

2.4. Standard LOD-EPR Detection

EPR probe, (b) dissolution DNP probe,
(c) sample cup, (d) NMR rf saddle cail,
(e) zoomed-in sample region, and (f) the
final assembly featuring the sample cup
inside the LOD-EPR coil, which is inside
the RF saddle coil. Figure (a) was

extracted with permission from Lé et.
al.[28]
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The setup of a standard LOD-EPR detection via modulation of pw power using electrical switching
will be briefly discussed here. It is known that the LOD detection is, in general, less sensitive than
the conventional continuous-wave (CW) technique. Moreover, the low-frequency (< 10 Hz)
detection strategy in our LOD setup is severely susceptible to noise from vibration and electrical
grid, i.e., harmonics of 50 Hz AC noise. Hence, the induced voltage in the LOD-EPR caoil is pre-
amplified by 10,000x using a differential amplifier (AD8421, Analog Devices) and filtered via a
homebuilt 10 Hz low-pass filter comprised of a simple RC (resistor-capacitor) network. Note that
the preamplifier is powered by a 9 V battery (Fig. 3) to avoid AC noise from the grid. Then, the
signal is digitized by a USB-6001 data acquisition device (DAQ) from National Instruments (NI),
which performs digital lock-in detection in LabVIEW.[18:30] Alternatively, the signal can be acquired
using an oscilloscope (EDUX1052A, Keysight), which can average a maximum of 65536 scans.
We usually use the oscilloscope in the initial setup (for easier troubleshooting if signal is not
observed), before switching to the DAQ with lock-in detection for better sensitivity. Although the
oscilloscope directly displays the LOD-EPR waveform (Fig. S1) that allows the extraction of the
electron relaxation times (T1e), we switched to the DAQ because the oscilloscope connected to
the electrical grid is susceptible to the 50 Hz AC noise. The uw power is modulated by triggering
the frequency synthesizer (AnaPico) with transistor-transistor logic (TTL) pulses from either the
DAQ or a function generator (JT-JDS6600, Joy-IT).

2.5.0ptical Chopper and Lock-In Amplifier for LOD-EPR
Apart from the same probe and preamplifier discussed in the previous section, we used a
commercial optical chopper (SR540) and a lock-in amplifier (SR 860) from Stanford Research
Systems (Fig. 3). The optical chopper has a maximum chopping frequency of 400 Hz for the 5/6-
slot blade or 3.7 kHz if the 25/30-slot blade is employed. The 5/6-slot blade made from anodized
aluminum can reflect uw and it has a slot width of ~ 21 mm, which is sufficiently large compared
to the uw waveguides (~4.5 mm at 188 GHz and ~ 17 mm at 527 GHz).l¥"! Instead of using the
RC low-pass filter, we used the filter incorporated inside the commercial lock-in amplifier. The
optical chopper and the lock-in amplifier constitute an integrated commercial setup that is readily
interfaced and commonly employed for laser beam diagnosis. The settings of the lock-in amplifier
used are detailed in Table 1. Throughout the experiment, we engaged the ‘Auto Phase’ function
on the lock-in amplifier and recorded the absolute-value component of the demodulated signal as
the EPR intensity. Following adjustments to the puw frequency, we allowed ~ 1 minute for the

experimental setup to stabilize. Note that the optical chopper is always placed at 45° with respect
7
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to the direction of uw propagation to minimize reflection back to the uw source. Furthermore, it is
known that the uw diffracts and loses power in the absence of waveguides. Hence, we performed
DNP in the absence of both waveguides and optical chopper, i.e. in open air, to ensure that there
is still sufficient yw power to saturate the electron spins. This is justified by the fact that DNP is

observed if the electron spins are partially, if not fully, saturated.

Filter 24 dB/octave

Input Range 300 mV

Time Constant | 300 ms

Sensitivity 200 mV
Ground Float

Couple AC

Source Chop
External Positive TTL

Table 1 Settings of the SRS lock-in amplifier used in the LOD-EPR experiments.

Optical Chopper
Controller

5/6 Slot
Blades

Aperture
S

Lock-In
Amplifier

Differential
Voltage

Preamplifier : I
Figure 3: Schematic diagram of the optical chopper EPR setup at 6.7 T, which sinusoidally
modulates the uw power for LOD-EPR detection.
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2.6.18.8 T/ 527 GHz / 800 MHz Gyrotron-DNP Spectrometer
Our lab hosts a commercial (Bruker) 18.8 T magic angle spinning (MAS) DNP Spectrometer
equipped with a 527 GHz gyrotron, a field-sweepable superconducting magnet (range of £ 52 mT
or £ 2 MHz on 'H), a 3.2 mm HXY MAS DNP probe, and a nitrogen-based heat exchanger that
can cool the sample to ~ 100 K under MAS (or ~ 80 K in static) condition.!®! A section of the
waveguides was removed (Fig. 6) to facilitate the installation of the optical chopper. To bypass
the interlock mechanism (a failsafe system) inherent in the gyrotron system, the waveguide was
sealed with pw-transparent Kapton tape (to prevent N2 gas leakage) and a 470-Q resistor (Fig.
S2) was connected at the gyrotron interlock (to mimic a low-temperature probe environment). For
DNP NMR measurements, we used a Bruker MAS probe, but the stator that was replaced with a

3D-printed housing that can accommodate a cut NMR tube (Fig. S3).

2.7.DNP-NMR and LOD-EPR Spectroscopy at 6.7 T

All experiments were performed at 4.2 K and a pressure of ~ 980 mbar to minimize helium
consumption. The DNP experiments were performed with 28 mW uw power without frequency
modulation. The 'H saturation pulses were applied only once before acquiring the first data point
in the DNP frequency profile. Subsequently, a one-minute delay was waited before changing the
uw frequency, and the *H spectrum was acquired by using a small flip angle (5°) pulse. All EPR
experiments were acquired with a 5 Hz modulation frequency, which yields an optimal signal for
TEMPOL.

2.8.DNP-NMR Spectroscopy at 18.8 T
All DNP experiments were performed at 100 K. However, we observed a superposition of narrow
liquid-state and broad solid-state spectrum if excess uw power was used, which suggested a non-
uniform temperature distribution across the sample since only part of the static (non-spinning)
sample was exposed to the uw. Hence, determining the DNP enhancement factor by comparing
the NMR spectrum under pw on/off condition was unreliable. The DNP experiments were
performed using a gyrotron operating with a collector current of 110 mA and at a uw frequency of
526.98 GHz, which is on resonance with the BDPA radical (giso = 2.00264 at Bo = 18.801 T)38l to

mediate the Overhauser DNP effect. A DNP build-up time of 5 s was used prior to NMR acquisition.

3. Results and Discussion
3.1. Dual Resonance LOD-EPR and DNP-NMR Setup at 6.7 T

9
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Figure 4 shows the results obtained using the in-situ dual resonance DNP-NMR / EPR setup
(Section 2.3), where both DNP-NMR and EPR data were adjacently acquired in the same
experimental session without changing the sample or probe. It showcases a typical DNP
frequency profile exhibited by TEMPOL, where a maximum positive or negative DNP transfer is
observed at ~187.95 GHz or ~ 188.4 GHz, respectively, when off-resonance microwave irradiation
around or slightly less than *H NMR Larmor frequency v,y = 285 MHz is applied.[?73°40 To better
analyse the DNP profile, we introduce a derivative DNP profile (red plot in Fig. 4a), derived from
the first derivative of the DNP frequency profile (blue plot in Fig. 4a) using a 30 MHz modulation
in EasySpin.* Analysis via a derivative spectrum is a common technique in continuous-wave
(CW) EPR spectroscopy as it can unveil fine features that may not be evident in the integrated
spectrum. The LOD-EPR (Fig. 4b) spectra were obtained by modulating uw power using electrical
switching while the signal was acquired either using the DAQ (NI) with a low-pass filter or solely
the SRS lock-in amplifier.

We observed that LOD-EPR spectrum acquired using the DAQ setup is rather broad or
featureless. We speculated that the finite response time of the electrical components in the home-
built low-pass filter could influence the EPR spectrum. To confirm our hypothesis, we replaced
the analog filter and the DAQ setup (with a digital filter in the software) with an advanced
commercial lock-in amplifier (SRS), which indeed yields a higher-resolution EPR spectrum with
finer features. We simulated an EPR spectrum of TEMPOL (Fig. 4b) using EasySpin (see
Supporting Information) to fit the experimental results.*Y The fitted results yield g = [2.00878,
2.00584, 2.00204], which is similar to the values reported in the literature. A small deviation (less
than 0.001) was not unexpected because a different concentration and solvent were used here.!*?

Upon comparing the results of the DNP and EPR spectra, it is evident that the full breadths
(~ 800 MHz at ~ 10 % height) of both spectra align well. Moreover, dashed line (4) marks the pw
frequency at which the DNP zero-crossing (or the most negative value in the derivative DNP)
occurs, closely matching with the EPR gyy peak. Note that the DNP zero-crossing may not
perfectly coincide with the EPR gyy peak due to the asymmetric nature of the EPR spectrum of
TEMPOL. This is supported by the observation that the positive DNP condition usually yields a
higher 'H NMR signal than the negative DNP condition. Besides that, the pw power generated
from the source is not uniform across frequencies, with a 5-10 % deviation in power expected
according to specifications. Additionally, the *H-DNP intensity shown in Fig. 4a may not have
reached a steady state because the profile was acquired with a short delay between each

frequency point (see Section 2.7), and the 'H pre-saturation pulses were applied only once
10
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throughout the profile. This issue could be addressed by repeating the experiment with more
saturation and longer delays, but it will be too time- and helium-consuming. These factors may
account for the slight mismatch between the DNP and EPR spectra.

Three frequency steps were observed in the integrated DNP frequency profile (or three
peaks in the derivative spectrum marked with (1), (2), and (3)), which again correlate well with the
steps observed in the EPR spectrum (red plot in Fig. 4b). These steps clearly feature the well-
known electron-1“N hyperfine splittings along the Az axis,*3 where the line (2) marks the mi=0
manifold of the 1*N nucleus, as well as the g2z position of the EPR spectrum. Moreover, our results
corroborate well with the simulated EPR spectrum (magenta plot in Fig. 4b) using the Az; values
(~ 100 MHz) reported in the literature.?

Line (5) indicates the frequency at which the optimal negative DNP condition (or zero in
the derivative DNP) occurs. For the cross effect and thermal mixing DNP mechanisms, DNP
occurs when the frequency difference between the pw-saturated electron and the non-saturated
second electron matches the nuclear Larmor frequency.*44% Moreover, the DNP efficiency is
proportional to the polarization difference and the electron spin density (ne per unit Bo field)
between the two electrons. For nitroxide, the negative *H-DNP condition (line (5)) typically aligns
closely to the gxx position in the EPR spectrum because the frequency difference between the
most populous gyy and the gxx line is determined by the equation:

A = (gxx — Gyy)BBo/h (1)
where the equation governing the EPR frequency (hv = gBB,) is used; B and h are the Bohr
magneton and the Planck’s constant, respectively. By substituting the g values determined eatrlier
into Eqg. (1), one obtains ~ 276 MHz, closely matching the *H Larmor frequency of 285 MHz at
6.702 T. Note that the relation generally holds true for most high-field DNP experiments using
nitroxides as the value of (g, — 9,,)B/h = 41.1485 MHZz/T is akin to the gyromagnetic ratio of *H
yin/2m = 42.5775 MHz/ T. Again, the LOD-EPR spectrum measured using the dual-resonance
DNP / EPR probe confirms that line (5) indeed coincides with the predicted gx line. With the
establishment of a reliable LOD-EPR setup that remarkably complements the DNP spectrometer,

we proceeded to implement the optical chopper EPR setup.

11
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Figure 4: The results of (a) a standard or integrated DNP frequency profile (blue) with its’ derivative
(red) and (b) LOD-EPR curves of TEMPOL in DNP juice at 6.702 T and 4.2 K. The uw power was
modulated by either electrical switching (blue and red) or an optical chopper (black), and the signal
was measured by either the DAQ (blue) or SRS lock-in amplifier (red and black). A simulated plot of
EPR (magenta) is shown here for comparison. All intensities are normalized with respect to the
positive maximum values. The intensity of the DNP (blue) and measured EPR profiles in (b) are offset
in the y-axis for easier comparison. The first three numbered red dashed lines (--) at (1)187.706,
(2)187.814, and (3)187.923 GHz indicate the “N hyperfine splittings of Az ~ 100 MHz. The blue
dashed lines at (4)188.1758 and (5)188.393 GHz mark the DNP zero-crossing (EPR gyy value) and the
negative DNP condition (EPR gx value), respectively. The grey dashed lines ((6)188.0192,
(7)188.1276, and (8)188.32 GHz) mark the local minima in the derivative DNP plot.

EPR Intensity (Arb. Unit)
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3.2. Optical Chopper LOD-EPR at 6.7 T

Instead of modulating the uw power with electrical switching for LOD-EPR detection, a similar
objective can be achieved by using an optical chopper that mechanically transmits or reflects the
uw irradiation. To safeguard the microwave frequency doubler (VDI) from potential damaged
caused by the reflected uw, the optical chopper was installed at 45° (see Section 2.5) in between
the waveguides. The chopper was set to chop at 5 Hz, which corresponds to ~ 1 Hz rotation on a
5/6-blade disc (see the slow-motion video in Supporting Information).

The EPR spectrum acquired using the optical chopper (black plot in Fig. 4b) exhibits a
comparable linewidth, peak position, and the fine Az splittings to the other EPR spectra. However,
noticeable differences are observed around the gyy position, particularly those marked by dashed
lines (6) and (7). A possible explanation for these differences is that the sinusoidal modulation of
uw power using the chopper blades generates a different waveform in the induced EPR voltage
compared to square pulses used in electrical switching. When square uw pulses are applied,
electrons have sufficient time (Fig. S1) for full relaxation or saturation (assuming adequate uw
power), resulting in EPR signals closer to actual thermal equilibrium. Conversely, electrons
subject to sinusoidal uw irradiation reach a quasi-static thermal equilibrium with nearby H nuclear
spins that are inadvertently polarized by DNP during the LOD-EPR experiments. Our hypothesis
is supported by the need to wait for at least a minute between each uw frequency point during the
LOD-EPR experiment (see Section 2.5), allowing nearby 'H spins to be polarized by DNP and
reach an equilibrium with the electron. Moreover, the frequency difference between the troughs
or local minima ((6) and (7)) and the hyperfine-induced frequency steps ((1) and (2)) coincidentally
matches the *H Larmor frequency of 285 MHz, i.e., (6)-(1) = (7)-(2)=313 MHz. Unsurprisingly, the
frequency difference between the troughs ((7)-(6)) is 108 MHz, which is close to the Azz ~ 100 MHz
reported earlier. Such fine features can also be inferred from the derivative DNP profile, where
positions (6) and (7) also exhibit local minimal values, implying a significant change in the DNP
profile or EPR line (as agreed in the observed LOD-EPR spectrum).

A similar correspondence is observed on line (8), where a local minimum in the derivative
DNP profile coincides with a sudden signal drop in the LOD-EPR spectrum. Hence, we conjecture
that the operating principle of the optical chopper LOD-EPR method can be applied to better
understand the actions of the DNP polarizing agents in the actual DNP condition. These effects
may be less prominent in conventional CW or pulsed EPR experiments due to insufficient pw
power (for CW EPR) or pulse duration (for pulsed EPR) to enable efficient DNP, thus failing to

establish quasi-equilibrium between electrons and hyperpolarized nuclei.
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Another reason contributing to differences between LOD-EPR spectra may be the
transmission of lower averaged uw power in the optical chopper setup due to diffraction in the gap
between waveguides. Consequently, electron spins may be less efficiently saturated, resulting in
differently affected LOD-EPR signals influenced by the electron-electron spectral diffusion in the
high-concentration (50 mM) TEMPOL sample.! ¢l Although more points could be sampled in EPR
experiments and the signal-to-noise improved with additional scans, critical helium supply
shortages prevented further experiments. Alternatively, attempts were made to conduct LOD-EPR
experiments using cryogen-free magnets,3° but low-frequency vibration from the pulse tube (PT)
cryocooler interfered severely with measurements. This issue may be mitigated by employing
higher modulation frequencies and temperatures.?®! Various detection strategies are currently

under investigation, although discussion thereof is beyond the scope of this work.

3.3. Compatibility of Optical Chopper with 527 GHz Gyrotron

We hypothesize that the optical chopper setup could be adapted for high-power uw sources such
as gyrotrons, resulting in a gyrotron-based EPR (GyroEPR) spectrometer. Note that the
manufacturer of the gyrotron (Communications and Power Industries, Palo Alto) had exposed the
gyrotrons to 100 % reflection for at least an hour, and no fault or damage was observed.*” Thus,
we performed DNP experiments using a gyrotron incorporated with an optical chopper in between
the waveguides (Fig. 5a) . Figure 5b shows that the DNP field profiles on BDPA with or without
the chopper are very similar, with the maximum Overhauser DNP intensity observed at the same
Bo field.*8-51 Moreover, the DNP spectrum acquired with a chopper exhibits ~33 % less signal,
as some puw power was lost due to reflection and diffraction. In conclusion, the two-hour DNP
experiments further confirms that the optical chopper does not damage or adversely affect the
fundamental operation of a gyrotron.

Motivated by these promising results, we have installed an LOD-EPR coil into the probe (Fig.
S3) and attempted to acquire LOD-EPR signal. A faster chopper frequency of 100 Hz was chosen
because the commercial DNP probe can be cooled down to only ~ 100 K, where the electron
relaxation rate is likely faster than in the previous experiment performed at 4.2 K. However, no
EPR signal was observed, potentially due to (1) ~6x lower electron Boltzmann population than
the condition at 6.7 T and 4.2 K, (2) severe vibration noise from the high-flow cooling N2 gas, and
(3) a less sensitive LOD-EPR coil as the resistance of copper wire increases at higher
temperatures. These issues could potentially be resolved if the sample can be cooled down to a

lower temperature < 10 K, and such a system is currently under construction in our lab.
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Figure 5: (a) Photograph of an optical chopper interfaced with a 527 GHz gyrotron. (b) *H-DNP field
profile of BDPA with the optical chopper (a) turned off or (b) spinning at 100 Hz. Both data were
fitted with Gaussian curves for eye guidance. The experiments were performed using a commercial
DNP probe in static (non-spinning) mode at ~100 K, and the MAS stator was replaced by a 3D-printed
housing (see Fig. S3).

4. Conclusion and Outlook

We have demonstrated a dual resonance LOD-EPR / DNP-NMR setup that enables in-situ EPR
detection in a 6.7 T DNP polarizer. The results of the DNP frequency profile and EPR spectrum
allow us to analyze and better understand the DNP mechanism, confidently assigning the g values
and hyperfine interactions of the radicals in the actual DNP environment. Hence, we believe that
such a unique hardware allows for the characterization the DNP polarizing agents in the actual
high-field DNP condition, potentially aiding in the design of more efficient DNP polarizing
agents.[?1052531 Moreover, it could facilitate a better understanding of the fundamental DNP
mechanism involving a complex spin system.[® On the other hand, high-field EPR spectroscopy
offers a high resolution, particularly beneficial for studying Kramers’ system (half-integer
spins).l%%:%1 Additionally, we have established an LOD-EPR system using an optical chopper,
which is in theory applicable to any DNP system, including the gyrotron-based DNP spectrometer.
To confirm the compatibility of the optical chopper with a gyrotron, we have successfully performed
DNP experiments while both the optical chopper and the gyrotron are simultaneously turned on.

15

https://doi.org/10.26434/chemrxiv-2024-38z8] ORCID: https://orcid.org/0000-0002-3094-3398 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-38z8l
https://orcid.org/0000-0002-3094-3398
https://creativecommons.org/licenses/by-nc-nd/4.0/

Hence, our work provides a proof-of-principle setup that could enable a gyrotron-based EPR
(GyroEPR) spectrometer in the future.
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Supporting Information
EPR Simulation

The EPR simulation was performed using EasySpin (Stoll et. al., J. Magn. Resn. 178 (2006) 42-
55) using the values adapted from the literature (Florent et. al., J. Magn. Resn. 210 (2011) 192-
199). The MATLAB source code is given below:

Sys.g = [2.00878 2.00584 2.00204]; % g values
Exp.Field = 6702; $ static field, in mT
Exp.mwRange = [187.2 188.8]; % frequency range, in GHz
Sys.lwpp = 20; % linewidth

Sys.Nu
Sys.A
Sys.Q=

2.05,2.17,9.81*%10; % hyperfine principal values in MHz

cs = "14N'; % one 14N nucleus
= [
[-3.54 0.46]; % quadrupolar interaction, eeQqg/h [MHz]

Exp.Temperature = 4.2; % temperature in kelvin
[Field, Spec] = pepper (Sys,Exp); % returns the field axis and the spectrum

Observation of LOD-EPR Waveform
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Figure S1: Direct detection of the LOD-EPR signal at the gyy peak of TEMPOL at 4.2 K using an
oscilloscope. The square-wave signal (green) shows the microwave on/off trigger, while the induced
voltage (yellow) arises due to change in the EPR magnetization along the z-axis, i.e., V(t) = —2—=

peak-to-peak voltage of ~2.3 mV (after pre-amplified by 10,000x) was recorded using 4 Hz microwave
amplitude modulation (125 ms pw on and 125 ms pw off) and an average of 512 scans (total acquisition
time ~ 8.5 minute).
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Bypassing the interlock system in Gyrotron

Figure S2: A 470 Q resistor is used to bypass the gyrotron interlock system so that the gyrotron can
be turned on irrespective of the probe temperature.

DNP Probe adapted with a 3D-printed housing

Figure S3: A modified commercial DNP probe with the 3.2 mm MAS stator replaced by a 3D-
printed housing that hosts an LOD-EPR coil, a saddle rf coil, and a 7-mm NMR tube.
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