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Abstract

Nuclear magnetic resonance (NMR) is an intrinsically insensitive technique, with Boltzmann
distributions of nuclear spin states on the order of parts per million in conventional magnetic
fields. To overcome this limitation, dynamic nuclear polarization (DNP) can be used to gain up to
three orders of magnitude in signal enhancement, which can decrease experimental time by up to
six orders of magnitude. In DNP experiments, nuclear spin polarization is enhanced by
transferring the relatively larger electron polarization to NMR active nuclei via microwave
irradiation. Here, we describe the design and performance of a quasi-optical system enabling the
use of a single 395 GHz gyrotron microwave source to simultaneously perform DNP experiments
on two different 14.1 T (*H 600 MHz) NMR spectrometers: one configured for magic angle
spinning (MAS) solid state NMR; the other configured for solution state NMR experiments. In
particular, we describe how the high power microwave beam is split, transmitted, and manipulated
between the two spectrometers. A 13C enhancement of 128 is achieved via the cross effect for
alanine, using the nitroxide biradical AMUPol, under MAS-DNP conditions at 110 K, while a 3P
enhancement of 160 is achieved via the Overhauser effect for triphenylphosphine using the
monoradical BDPA under solution NMR conditions at room temperature. The latter result is the
first demonstration of Overhauser DNP in the solution state at a field of 14.1 T (*H 600 MHz).
Moreover these results have been produced with large sample volumes (~100 pL, i.e. 3 mm
diameter NMR tubes).

"Corresponding authors. dubroca@magnet.fsu.edu (T. Dubroca).
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1. Introduction

NMR is a ubiquitous analytical technique used to characterize a wide range of solution and
solid-state samples. The ability of NMR to aid in structural and dynamical characterization
at atomic resolution underlies the universal nature of the technique. Despite its utility, NMR
spectroscopy suffers from an inherent insensitivity that stems from the small Boltzmann
population difference between nuclear spin states (i.e. polarization), at available magnetic
fields, due to the low nuclear gyromagnetic ratio, y,. Dynamic nuclear polarization (DNP) is
a technique that aims to alleviate the inherent insensitivity of NMR. Specifically, the
relatively large electronic polarization of a paramagnetic dopant is transferred to NMR
active nuclei of interest via microwave irradiation. The theoretical maximum achievable
signal enhancement is proportional to the ratio of the electron and nuclear gyromagnetic
ratios, or ye/y1n ~ 660 for protons, where -y and -y are the electron and proton
gyromagnetic ratios, respectively [1]. However, the mechanism of polarization transfer
largely dictates experimentally achievable DNP efficiencies, which becomes of particular
importance at high magnetic fields (=5 T) [2]. In this work, the cross effect [3-6]
mechanism is exploited for magic-angle-spinning (MAS) DNP experiments, while the
Overhauser effect is exploited for DNP enhancement in solution NMR experiments [7,8].

Historically, DNP was performed at relatively low magnetic fields due to limited microwave
technologies available for delivering high-power, high-frequency microwaves and due to the
unfavorable scaling of DNP enhancements with applied magnetic field via the widely
studied solid effect and thermal mixing mechanisms. However, when high power, high-
frequency microwave sources became available, Griffin and coworkers demonstrated
polarization transfer mechanisms that scale more efficiently with Bg, such as the cross effect
and the Overhauser effect in insulating solids [9-11]. DNP via the Overhauser effect in
liquids involves stochastic interactions between the electron spins of stable radicals and the
nuclei of interest that are either dominated by dipolar [12—16] or scalar interactions
[7,14,17], and can theoretically enable significant polarization enhancements even at field
strengths of interest for solution-state analytical NMR spectroscopy.

Developments pioneered by the groups of Griffin and Temkin also demonstrated that high
frequency gyrotrons capable of stable continuous operation [2] can provide significant DNP
enhancements at high magnetic fields via the cross effect and Overhauser effect
mechanisms. The commercial availability of this instrumentation has led to the wide-spread
use of DNP, particularly in magic angle spinning (MAS) solids NMR experiments [18-23].
Nonetheless, DNP applications at temperatures achievable with nitrogen-based cooling
(i.e.~100 K), require microwave powers in excess of 10 W. Currently, gyrotrons are the only
available microwave sources that can meet these power requirements at the high magnetic
fields (9-19 T) of interest to structural and material chemists.
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The National High Magnetic Field Laboratory (NHMFL) has undertaken an initiative to
develop a high-field DNP user facility. Germane to this work is the development of two 14.1
T DNP systems: one supporting MAS-DNP experiments with a commercially available
probe [24,25], and the other aimed at providing DNP enhancement of solution state samples
via the Overhauser effect. Commercially available gyrotrons operating at 395 GHz, of the
kind developed by Bruker Biospin in collaboration with Communications & Power
Industries (CPI), generate microwave beams that are powerful enough to support DNP-
enhanced NMR experiments on two 14.1 T NMR systems simultaneously. Therefore, we
decided to design a quasi-optical system capable of efficiently splitting the microwave beam
for use on the two parallel NHMFL DNP projects. Here we report the design and
performance of a mixed quasioptical and waveguided transmission system (Fig. 1),
developed in collaboration with Thomas Keating Ltd. (Billingshurst, U.K.), that we
constructed for efficient simultaneous use of a single 395 GHz gyrotron source for both
DNP systems. First, a conceptual overview of this microwave system and the paths of the
beams is described in Section 2. Then, a detailed explanation and characterization of the
various components is given in Sections 3 and 4. Finally, experimental NMR data
demonstrating achievable DNP enhancements for the two instruments are presented in
Sections 5 (MAS-DNP) and 6 (Overhauser DNP).

2. Microwave system concept

We designed the microwave propagation system following some of the concepts proposed
by Lesurf [26,27] to control the beam (power and polarization), continuously monitor its
power, and transmit the microwaves in a nearly loss-free manner. This section describes the
design of the microwave handling system, comprised of quasi-optical tables and corrugated
waveguides, as well as the characterization of its performance.

Fig. 2 displays schematically the overall concept. Quasi-optical elements (mirrors and
polarizating grids) are employed in such a manner that the microwave beam generated by the
gyrotron is manipulated via its polarization. The quasi-optical approach provides an
extremely efficient means of microwave beam manipulation due to the transmission of
microwaves through free-space in a similar fashion to traditional optics. In contrast,
waveguides are employed only for beam propagation, albeit with a reduced footprint,
allowing transmission in tight spaces such as the bores of superconducting magnets. Here we
have designed a microwave handling system which takes advantage of the best properties of
both quasi-optics and waveguides without sacrificing flexibility or performance.

3. Microwave components

In this section we describe the components used in the instrument, beginning at the gyrotron
and ending at the NMR sample.

3.1. Microwave source: gyrotron

A gyrotron is a high power vacuum tube device [28]. Microwaves are generated by
accelerating electrons through a resonant cavity structure located within a strong axial
magnetic field, provided in this case by a 7 T cryo-cooled superconducting magnet. The
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magnetic field causes the electrons to undergo helical trajectories due to the Lorentz force,
which induces cyclotron motion perpendicular to the direction of beam propagation.
Microwaves are generated via stimulated cyclotron resonance of the electrons within the
interaction region, which are then collected by a mode converter [29]. For our DNP
applications, the gyrotron operates at the 2nd harmonic of the cyclotron frequency,
producing continuous-wave 395 GHz radiation with up to 30 W of output power in the form
of a fundamental Gaussian beam mode. The microwaves are then directed through a window
into a corrugated waveguide for use in the DNP instruments. In this study, a commercial
gyrotron manufactured by CPI and acquired from Bruker Biospin, was utilized.

3.2. Quasi-optical table and mirrors

At the exit of the gyrotron’s waveguide, the microwave beam is transmitted in free space and
manipulated via a combination of plane and concave ellipsoidal mirrors [26,27,30], using a
breadboard table that allows precise positioning and alignment of all optical elements (see
Figs. 1 and 3 for further details). The table is designed such that each mirror is positioned at
the diagonal of a square (with 12.5 cm side), perpendicular to the table surface. The concave
mirrors have a focal length of 25 cm, and all mirrors are oriented at a 45° angle with respect
to the direction of propagation of the microwave beam. The concave ellipsoidal mirrors are
used in pairs to correct for distortions that arise from off-axis reflections. Multiple sets of
such pairs then allow for periodic refocusing and microwave beam propagation through free
space over relatively large distances. Additionally, the breadboard table permits insertion of
various microwave components along the propagation axis to control the microwave beam
power and polarization.

3.3. Wire grids

The wire grids employed in the instrument are made from thin parallel metallic wires
stretched across a holder (wires are 10 mm diameter with a spacing of 25 mm, and the grid
diameter is 100 mm). Depending on the wire grid orientation, a linearly polarized
microwave beam can either reflect from it, transmit through it, or be a combination of the
two [31]. Thus, this passive microwave component can be used as a beam splitter. Rotating
the grid controls the ratio of transmitted to reflected microwave power (Fig. 4). Both the
orientation, 6, of the wires in the grid with respect to the polarization of the microwaves, and
the orientation, B, of the plane of the grid holder with respect to the propagation vector of
the incident beam, affect the power transmitted and reflected. Here, the grid holders are set
at an angle of 45° with respect to the incident beam, such that the reflected portion is 90°
from the incident beam. The fractional distribution of power between the transmitted (T) and
reflected (R) beams can be written as:

sin(tan_ 1(%))

In our case, B = 45°. If B was 0°, the transmitted power would simply be proportional to sin?
0, otherwise known as the Malus law. By rotating the wire grid (i.e. adjusting ©), the ratio of
transmitted to reflected microwave power can be controlled (Fig. 4). A pyrometer (Ophir

2

T= and R=1-T (1)
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pyrometer 3A-P-THz) in combination with a corrugated horn was employed to measure the
microwave power either reflected or transmitted through the grid. The pyrometer was
calibrated by comparison with an absorbing water load power meter (provided by Bruker
Biospin), and its measurement error was determined as 3%. The gyrotron output power was
set to 160 mW to measure the transmitted and reflected microwave power.

3.4. Absorber

In cases where one wants to use only a fraction of the available microwave power, a
combination of a grid with an absorber is used. The unwanted microwave power is directed
from the grid into an absorbing conical load [32] and converted to heat. To prevent
overheating, a stream of air is directed into the conical absorber for cooling: see Fig. 1
(absorbing conical load located below the table).

3.5. Martin-Puplett interferometer

To manipulate the polarization, e.g., from linear to circular, or anything in between, a
polarizing Martin-Puplett interferometer [33] has been added to the microwave beam path in
the Overhauser DNP NMR system (Fig. 3D). By altering the path length in the
interferometer, the transmitted polarization state can be moved on a great circle around the
Poincare sphere, giving the user the option to inject vertical linear, horizontal linear,
clockwise circular, or counter-clockwise circular polarizations [30,34]. The benefits of
polarization control are multiple: by selecting only the circular polarization required for
saturating the electron spin transitions, one can reduce the overall power delivered to the
typically lossy sample, thereby decreasing NMR sample heating. This, in turn, improves
control of the sample temperature. Moreover, reduced power allows for operation at a lower
sample temperature, which maximizes the DNP enhancement achievable in MAS NMR
experiments. Alternatively, one can use the polarization control simply to vary the useful
microwave magnetic field (B;) in the sample.

3.6. Non-polarizing dielectric beam splitter

Wire grids are convenient to generate variable beam splitters when the output polarization
direction is not a concern. When using the Martin-Puplett interferometer, the incident beam
needs to be vertically or horizontally polarized. The use of a wire grid oriented at an angle
different from 0° or 90° would not meet these conditions. A solution involves adding a
second grid at either 0° or 90° orientation. The polarization output of the combined grids
does meet the requirements of the Martin-Puplett interferometer. However, additional
microwave power is diverted into an absorber at the 2nd grid. Thus, in situations where
power losses are not acceptable, non-polarizing beam splitters are needed [35]. Dielectric
slabs or sheets are the simplest way to create non-polarizing beam splitters. Here we use two
different materials for two different applications, as described below.

For the first application, we use a high dielectric material, silicon, which is also transparent
in the microwave region of the electromagnetic spectrum. Silicon is the perfect material for
such an application since large wafers are readily available in various sizes and
specifications, including those with a high dielectric constant. Silicon is known to be a
transparent material in the THz region of the electromagnetic spectrum [30]. The linear
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polarization orientation of the E-field of the microwave beam (called p-polarization) is
parallel to the quasi-optical table, allowing a 49/51 split for silicon according to Homes [36].
The microwave power division between the reflected and transmitted beams varies with the
angle of incidence, polarization, and wafer specifications. For this application we used the
highest resistivity wafer available, i.e., lowest doping, such that it is essentially as
transparent as pure silicon. The wafer was manufactured by Siltronic A.G. with the
following specifications: 100 mm diameter, 525 um thick, float zone, orientation 111, n-type
with phosphorus dopant, and resistivity between 5000 and 50,000 Q.cm. When using the
silicon wafer as described above, angled at 45° to the incident beam, we obtained a 45/55
ratio for the reflected versus transmitted microwave power. It is important to use thin wafers
for such applications to minimize shifts in the optical path, and mis-alignment from the
optical axis. A pyrometer (Ophir pyrometer 3A-P-THz) in combination with a corrugated
horn was employed to measure the microwave power that was either reflected or transmitted
through the silicon wafer. The measurement error of the pyrometer is 3%. The calculated
absorption loss of silicon for a 525 pm thick wafer oriented at 45° with respect to the
incident beam is just under 2% of the transmitted power. This loss is below the sensitivity
limit of the pyrometer used. A loss tangent of 1073 and an index of refraction of 3.4 was
used to calculate the absorption loss [30]. It should be noted that no beam loss was observed
using a pyrometer (Ophir pyrometer 3A-P-THz) and, furthermore, no heating of the wafer
was observed using a Forward Looking Infra-Red camera (FLIR model E6, with a sensitivity
of £0.06 °C) at 30 W of incident microwave power.

For the second application, a low cost (non-polarizing) beam splitter, made of a thin film of
polyethylene (specifically, household plastic wrap), is used to extract a small fraction of the
microwave beam which is then directed onto a pyrometer for power measurements. The
splitter has a transmission to reflection ratio of about 1000, such that 1 W of incident
microwave power results in ~1 mW sent to the pyrometer. This tool enables real-time
monitoring of microwave beam powers during NMR experiments. The reflectivity of a thin
film of polyethylene should be 0.85% using Fresnel’s law with a p-polarization, index of
refraction of 1.5 [30], and a 45° angle of incidence. However, we only observed a value of
0.1%. The difference between the calculated and observed reflectivity cannot be attributed to
absorption, since essentially no heat was absorbed by the film due to its very small loss
tangent, 3 x10~ 4 [30]. This was confirmed by monitoring the surface temperature of the film
with a FLIR camera when up to 30 W of microwave power was allowed to propagate
through it. Rather, the large discrepancy in reflectivity is due to destructive interference
between the reflections from the front and back surfaces of the thin film. Using the
difference between the expected and measured reflectivity one can calculate a 173.2° phase
difference between the microwaves reflected from the two surfaces, corresponding to a
thickness of 9.5 Im. This is in agreement with the polyethylene thin film manufacturer’s
specifications (for example Dow’s Saran® wrap is 12.7 pm thick).

A high speed mechanical shutter (Vincent Associates VS25) in line with the microwave
beam path can be remotely operated by the NMR spectrometer. When closed, the shutter
diverts the microwave beam into an absorbing load and, when open, allows the beam to pass
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through unaltered. Two high-speed mechanical shutters have been incorporated, one in each
of the two microwave beam paths to the two NMR spectrometers. The shutters can open/
close in 3 ms, with a repetition rate up to 33 Hz. The shutters are placed at a 45° angle with
respect to the incident microwave beam such that when they are closed their respective
beams are reflected down into conical absorbers. The shutters are controlled viaa5V TTL
signal supplied from the NMR consoles. Control of the shutter via the NMR console allows
for integration of microwave beam on/off commands into NMR pulse sequences. The shutter
opening is 25 mm, angled at 45° with respect of the microwave incident beam. The shutter
cross section with respect to the beam is thus elliptical (25 x 17 mm), and is located at a
focal point where the microwave beam waist is 10.2 mm. Monitoring of the transmitted
beam on a paper screen (using a FLIR camera) demonstrates that it is not affected by
passage through the shutter aperture.

Tapers are passive microwave components that can be used to change the diameter of a
propagating microwave beam. The gyrotron output beam has a 10.2 mm waist (16 mm
waveguide internal diameter), which must be reduced to 4.9 mm so that it can be coupled to
the narrow waveguide in the Overhauser DNP NMR probes. In order to match these
different beam sizes and limit transition losses, a corrugated transition taper was designed
and fabricated by Thomas Keating Ltd (the taper flare half-angle is 1°, the input internal
diameter is 16 mm and output diameter is 7.67 mm). The taper is essentially lossless, since it
employs an HE1; mode with very high coupling efficiency to the Gaussian quasi-optics [37].

3.9. Back-to-back horns

A set of corrugated back-to-back horns were designed and fabricated to serve as a spatial
filter for the microwave beam [26]. The horns have input and output internal diameters of
7.67 mm, with a circular taper down to a 1.6 mm internal diameter. These horns collect
power from the source side of the quasi-optics and pass it to a single-moded section. Only
the fundamental HE; corrugated mode propagates forward,! and it is then re-expanded to
propagate quasi-optically in free space. The spatial filtering is due to the inability of any
higher order HE,, or EHpm (N, m > 1) modes to pass though the fundamental moded
section. This ensures that the continuing beam is very well formed, enabling the Martin-
Puplett interferometer to generate high quality circularly polarized microwaves.

The Bruker-CPI gyrotron’s output beam is very close to Gaussian, with a fundamental mode
content that is greater than 94% according to the manufacturer’s manual. The back-to-back
horns function efficiently, with little power loss over and above the filtered component. A
power transmission of 91% (-0.4 dB) was measured through the spatial filter using an Ophir
3A-P-THz pyrometer with a measurement error of 3%, confirming the high fundamental
Gaussian mode output of the gyrotron. Fig. 5 displays the microwave beam shape before and
after filtering. The microwave power distribution was measured by acquiring an infra-red
image of the beam via a paper screen placed in the beam propagation path. The gyrotron

1The use of back-to-back horns as THz spatial mode filters came out of the astronomical community in the 1980’s and has had notable
uses in cosmic microwave background anisotropy measurements, most notably the Planck mission [45].
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microwave beam power output was set to 100 mW to avoid burning the paper screen and to
prevent signal saturation from the camera sensor. The paper temperature, which was
recorded with a FLIR camera, depends on the heat generated by the beam. A slight spatial
asymmetry is noticeable before the filter (Fig. 5A), which is corrected by the back-to-back
horns (Fig. 5B).

4. Microwave system

The upper quasi-optical table (2a in Fig. 1) is presented in detail in Fig. 3A & B. It includes
components that first split the microwave beam generated by the gyrotron, thus dividing the
power between the two DNP instruments. Additional components then allow for power
attenuation [38], power measurement, and gating of the two beams. To split the gyrotron
output, a non-polarizing beam splitter made from a silicon wafer (beam splitter #1, described
above) is used such that 55% of the power is directed to the MAS-DNP instrument.
Typically no more than 16 W of microwave power is required to reach the maximum
enhancement on the MAS-DNP instrument when the cross effect mechanism is employed at
about 110 K. Therefore, since the gyrotron can produce up to 30 W in the fundamental
Gaussian mode, this leaves up to 14 W for Overhauser DNP experiments.

The MAS-DNP beam is directed to the NMR probe via a series of concave and flat mirrors
and, eventually, a corrugated waveguide. Before reaching the waveguide, the microwave
power can be attenuated using grids and a shutter. The grids can be rotated such that only a
fraction of the power is transmitted, while the remainder is directed below the support table
into conical absorbers. A shutter, controlled by the NMR spectrometer, is also placed in the
path of the beam to control sample irradiation on a time scale as short as a few milliseconds.
This control allows integration of microwave gating into NMR pulse sequences.
Additionally, a non-polarizing beam splitter (#2) is used to divert a very small fraction
(1/12000, see Section 3) of the beam onto a pyrometer calibrated to provide a continuous
reading of the power going to the MAS-DNP spectrometer. Once adjusted for power and
polarization, the microwave beam is transmitted to the MAS-DNP NMR probe via a
corrugated waveguide (16 mm diameter, corresponding to a beam waist of 10.2 mm,
optimized for 395 GHz transmission). An in-house modified Bruker 1H, 13C, 15N MAS-
DNP probe enables NMR measurements for a variety of nuclei, including 2H, 170, 29Si, and
677n.

The remaining ~45% of the gyrotron output beam is directed to the Overhauser DNP
instrument along a separate path on the upper table. The power can again be gated via an
electronically controlled shutter, triggered from the NMR console (Varian Direct Drive
spectrometer), while rotating grids allow for continuous power control. The beam is then
directed via a 45° concave mirror into a corrugated taper that reduces the 10.2 mm beam
waist (taper input internal diameter of 16 mm) to a 4.9 mm beam waist (taper output internal
diameter of 7.67 mm) so that it matches the diameter of the waveguide in the DNP probe.
Upon passing through this horn, the beam impinges on another 45° concave mirror, which
directs it into the lower quasi-optical table (Fig. 3C & D, also 2b in Fig. 1). The power
reaching the lower table is monitored using a non-polarizing beam splitter (#3, Fig. 3D) in
combination with a pyrometer. Back-to-back horns are then used to clean up the beam, and a
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Martin-Puplett interferometer is used to control the polarization of the beam directed into the
NMR probe (i.e. circular vs. linear). Finally, the beam is directed into the Overhauser DNP
NMR probe waveguide via a 45° flat mirror. The waveguide propagates the microwave beam
to the bottom of the NMR sample tube, thus irradiating the sample under study. The sample
tube is oriented vertically surrounded by an NMR coil. It should be noted that the
microwaves do not interfere with the NMR coil.2

Finally, it should be noted that no “‘cross-talk” between the two instruments is observed.
That is, no change in the monitored microwave power is observed on the MAS DNP side
when the beam polarization or power is adjusted on the Overhauser DNP side. Similarly,
MAS DNP microwave power adjustments do not cause any observable changes in the beam
on the Overhauser DNP side.

5. DNP enhanced solid state NMR results

To verify efficient microwave transmission to the sample in the MAS-DNP NMR system,
NMR spectra with and without microwave irradiation were collected for the model
compound alanine, universally labeled with 13C and 1°N. The nitroxide biradical AMUPol
was used as a polarizing agent. DNP enhancements of ~128 and 90 were observed for 13C
(Fig. 6A) and 15N (Fig. 6B) cross polarization experiments, respectively. These
enhancement values are typical for this model compound at 600 MHz [11].

The buildup of the DNP enhanced signal was measured for the three 13C resonances of
alanine (methyl, Ca, and carbonyl) as a function of microwave beam exposure time. These
measurements demonstrate the utility of the shutter described in Section 3. The shutter was
held open for a variable time, t\yyy, during the nuclear relaxation delay (see Fig. 7A), and
was closed for the remainder of the NMR pulse sequence. A variable delay, tp, before
microwave irradiation, was used to keep the timing of the NMR sequence constant. In this
way, the DNP enhancement could be recorded as a function of microwave irradiation time,
as shown in Fig. 7B. A build up time constant of ~5 s was determined from these
measurements. Fig. 8 displays the enhancement for the 13C resonance of urea as a function
of microwave power. Full saturation is reached using a microwave power of 17 W, with an
enhancement of 131 achieved at a temperature of 110 K and a MAS spinning speed of 8
kHz.

6. DNP enhanced liquid state NMR

The Overhauser DNP effect is demonstrated here for the first time in a liquid at 14.1 T. An
enhancement of 160 is observed for the 31P signal in triphenylphosphine (Fig. 9A), using the
BDPA radical (1,3-bis(diphenylene)-2-phenylallyl) in deuterated benzene, with a sample
volume of 50 pL (3 mm outer diameter sample tube). This enhancement is essentially the
same as the one observed by Loening et al. at 5 T (140 GHz) [7]. The 3P nuclear spin of
triphenylphosphine couples to the unpaired electron of BDPA owing to a strong scalar

interaction when they form an adduct by making an association in the solution [7]. It has

2The complete design and performance of the in-house developed Overhauser DNP probe will be presented elsewhere.
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been shown that the scalar Overhauser effect should be field independent [39] but, in
practice, competing relaxation mechanisms make the effect field dependent [40]. Here we
use 3P in triphenylphosphine as a model compound to demonstrate that an optimized
microwave transmission system enables large DNP enhancements for large sample volumes
at high magnetic fields.

Our large sample volume is possible due to the high power microwave output of the gyrotron
and the optimized microwave-sample coupling design, while keeping sample heating to a
minimum. In the past [15,17,41,42], the lack of power available from microwave sources at
high magnetic fields and frequencies resulted in the use of resonant cavities to provide
sufficient microwave B field to polarize the electron spins. This reliance on resonators has
therefore limited the observation of Overhauser DNP in liquids to significantly smaller
samples volumes. For example, at a frequency of 260 GHz (corresponding t0 9.2 T), a
sample volume of 10 nL was irradiated using a 250 mW microwave beam to demonstrate the
Overhauser DNP effect [43].

The Overhauser DNP NMR signal enhancement is essentially proportional to a coupling
factor, p, a leakage factor, f, a saturation factor, s, and the ratio between the gyromagnetic
ratios of the electron and nucleus of interest (ye/y, ~ 1600 for 31P) [17]:

Y
e —pfs—e

Tn

In this case, scalar coupling with 31P gives a positive enhancement. The leakage factor was
calculated from measurements of the nuclear Ty, in the presence and absence of radicals, to
be about 0.9 which is consistent with previously observed values [41]. Finally the saturation
factor is defined as:
2.2
yeBlTleTZe

252
I+ YeBlTleT2e

s =

where B is the magnetic field generated by the microwave beam, and Tq and T, are the
electron relaxation times characteristic of the radical used at the selected magnetic field,
temperature and concentration. Organic radical relaxation times are typically in the range of
hundreds of nanoseconds and a few tens of nanoseconds for radicals in liquids at room
temperature in magnetic fields of 3.4 T [17] and 9.2 T, respectively [44]. At a fixed radical
concentration, temperature and field, the saturation coefficient, and, consequently, the

Overhauser DNP enhancement varies linearly with microwave power ( « B%) To maximize

the saturation coefficient, the microwave beam needs to be circularly polarized with a
handedness (clockwise or anti-clockwise) that matches the direction of the By field of the
NMR magnet. Here we take advantage of the installed Martin-Puplett interferometer to find
the microwave polarization which maximizes the saturation coefficient and, therefore, the
enhancement. Fig. 9B displays the enhancement obtained for 31P triphenylphosphine mixed
with the radical galvinoxyl in deuterated benzene as a function of the Martin-Puplett phase
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difference, i.e., the polarization state. When the enhancement is at its extremes, the
microwaves are polarized circularly, either clockwise or anti-clockwise, leading to an
increase or decrease in electron polarization. For an ideal system, the lowest enhancement
obtained should be unity (i.e. no electron excitation), while the maximum enhancement for
the sample employed in Fig. 9B should be close to forty (i.e. twice the enhancement of the
linearly polarized microwave beam). In these measurements, the correct circularly polarized
beam gives a 40% increase in enhancement over linear polarization. The microwave power
was kept constant throughout these measurements. The discrepancy between this value and
the ideal case is attributed to a loss of polarization in the probe. Nonetheless, the polarization
optimization is larger than the one observed by Thurber et al. [34], where they found an
increase in polarization of about 30% for solid samples using a MAS-DNP instrument at 9.4
T (400 MHz 1H, 263 GHz) with a similar quasi-optical Martin-Puplett interferometer. It
should also be noted that the enhancement increases with the polarization orientation as long
as one is in the linear regime (as opposed to the saturation regime).

7. Conclusions

A quasi-optical and waveguided microwave beam transport system designed to supply high
power microwaves to two independent DNP NMR instruments using a single microwave
source, a gyrotron operating at 395 GHz, is presented. The developed system allows
independent control of the microwave beam (power and gating) for each instrument as well
as full control of the beam polarization for the Overhauser DNP instrument. A MAS-DNP
experiment is demonstrated with an enhancement of 128 for a 13C cross polarization
spectrum using the model compound alanine with AMUPol as the polarizing agent. An
unprecedented Overhauser liquid DNP experiment is demonstrated for the first time at 14.1
T with an enhancement of 160 for a 31P spectrum using the model compound
triphenylphosphine with BDPA as the polarizing agent. It should be noted that the 50 pL
sample volume, is much larger than those employed up to now in setups that rely on a
resonant cavity, demonstrating that, with sufficient microwave power, more conventional
NMR sample sizes can be utilized.

There is a clear benefit to developing this hardware: quasioptical transmission lines bring
flexibility, gating, and more instrument time by supplying sufficiently high power
microwaves to two independent DNP NMR systems at a much lower cost than would be
realized by utilizing two separate gyrotrons. Beam shaping and polarizing capabilities
enable new DNP approaches that are not possible with traditional DNP NMR systems based
on waveguides alone. Future plans involve installation of a quasi-optical table in-lieu of the
current waveguide connection to the MAS-DNP NMR probe. This will allow for addition of
a Martin-Puplett interferometer for this instrument, thus providing control of the microwave
polarization going into the probe. The circularly polarized microwaves should allow the
saturation of the electron spins at a lower microwave power, enabling a reduction in
microwave heating and a subsequent further increase in the observed enhancements on the
MAS-DNP NMR instrument (these enhancements are inversely proportional to temperature
in this regime). In addition, we have designed and will install a high sensitivity /n-situ EPR
spectrometer with a phase coherent (and high dynamic range) source/detector combination.
This will allow the detection of EPR spectra for radicals present in the NMR samples, as
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prepared for DNP experiments and at the field of interest (14.1 T). Finally, various radicals
and sample preparations will be tested to demonstrate the Overhauser DNP effect in liquids
for large sample volumes via dipolar coupling.
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Fig. 1.
Photograph (left) and schematic (right) of the dual 14.1 T DNP-NMR systems. Components:

395 GHz gyrotron (1), upper quasi-optical table (2a), lower quasi-optical table (2b),
corrugated waveguide (3), 14.1 T MAS-DNP magnet (4), and 14.1 T Overhauser DNP
magnet (5).
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Fig. 2.

Schematic concept of the single gyrotron supplying microwaves to two DNP-NMR systems.
The microwave beam produced by the gyrotron is first split into two components, and each
beam is then manipulated and transported to each of the purpose built NMR spectrometers.
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Fig. 3.

Photographs of the upper (A) and lower (C) quasi-optical tables, together with schematics (B
and D, respectively); all components and beam paths are labeled accordingly (see main text
for further explanation).
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(A) Schematic representation of a wire grid on a quasi-optical table. (B) Measured
normalized transmitted and reflected power (data points) as a function of the grid angle, h,
with respect to the incident microwave polarization, and a fit to Eq. (1) (solid lines).
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Fig. 5.
Infrared image of the heat generated by the gyrotron beam on a piece of paper placed

transverse to the beam before (A) and after (B) the spatial filter; the color scale is in degrees
Celsius. The microwave intensity is highest in the center of the beam and decays radially.
However, a slight asymmetry can be seen before the filter (A) — the top right quadrant of the
beam is more extended than the bottom left quadrant. After the filter (B), the beam is
symmetric. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 6.

13?: (A) and 1°N (B) cross polarization spectra with microwaves on (black) and off (grey).
The spectra were obtained for a frozen glass containing 0.2 M U-13C, 15N alanine and 10
mM AMUPol dissolved in 60:30:10 glycerol-dg:D,0:H,0. Enhancements of &q/0tf = 128
(33C) and eqpoff = 90 (1°N) were obtained. The 15N spectrum with microwaves off is
magnified 10 x Resonances at the isotropic chemical shifts of glycerol and the Ca, carbonyl
(C=0), and methyl (CH3) groups of alanine are labeled in the 13C spectrum; all other
resonances are spinning sidebands. The enhancements were measured by taking the ratio of
cross polarization (1H-13C or 1H-13N) signal intensities with and without microwave
irradiation. The spectra were collected at a MAS rate of 5 kHz, a cross polarization time of
1.5 ms and a temperature of 110 K.
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Fig. 7.
(A) Pulse sequence used to measure the DNP enhancement buildup. The 1H spin bath was

first equilibrated by applying 300 rt/2 pulses followed by a delay, tp; the shutter was then
opened for a variable amount of time, tpy, during the nuclear relaxation delay period, and
then closed for the rest of the pulse sequence. A cross polarization scheme was then applied
to measure the 13C signal. (B) DNP enhancement of the 13C cross polarization signal as a
function of microwave irradiation time. The enhancements were measured by taking the
ratio of cross polarization signal intensities (*H-13C) with and without microwave
irradiation. The data were collected at a MAS rate of 5 kHz, a cross polarization time of 1.5
ms and a temperature of 110 K.
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Fig. 8.

Er?hancement for 13C-urea in glycerol-dg/D,O/H,0 (6/3/1) containing 10 mM AMUPol, as
a function of the microwave power (dots). An exponential fit (solid line) indicates a
maximum saturation of 131. The temperature was maintained at 110 K, the cross
polarization time was 1 ms and the spinning speed was set at 8 kHz for these experiments.
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Fig. 9.

(A?) 14.1 T NMR spectra of 31P for triphenylphosphine (850 mM) co-dissolved with the
BDPA radical (100 mM) in deuterated benzene at room temperature, with microwaves on
(blue) and off (red). The microwave power was set to 2 W at a frequency of 395.18 GHz.
The observed enhancement is 160 for a sample volume of 50 pL. (B) 31P enhancement as
function of the Martin-Puplett interferometer phase difference (experimental data points in
blue and, sine squared fit in solid red); In this case the sample is triphenylphosphine (700
mM) co-dissolved with the galvinoxyl radical (50 mM) in deuterated benzene with a 60 pL
sample volume and 2 W of microwave irradiation at room temperature. The simulated curve
fits the data when we account for some depolarization of the beam occurring in the NMR
probe. Dashed line: expected enhancement for a linearly polarized beam, i.e. equivalent to
no Martin-Puplett interferometer regulation of the beam polarization. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this
article.)
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