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Dynamic nuclear polarization (DNP) improves signal-to-noise in nuclear magnetic resonance (NMR)
spectroscopy. Signal-to-noise in NMR can be further improved with cryogenic sample cooling.
Whereas MAS DNP is commonly performed between 25 and 110 K, sample temperatures below 6 K lead
to further improvements in sensitivity. Here, we demonstrate that solid effect MAS DNP experiments at
6 K, using trityl, yield 3.2� more sensitivity compared to 90 K. Trityl with solid effect DNP at 6 K yields
substantially more signal to noise than biradicals and cross effect DNP. We also characterize cross effect
DNP with AMUPol and TEMTriPol-1 biradicals for DNP magic angle spinning at temperatures below 6 K
and 7 Tesla. DNP enhancements determined from microwave on/off intensities are 253 from AMUPol and
49 from TEMTriPol-1. The higher thermal Boltzmann polarization at 6 K compared to 298 K, combined
with these enhancements, should result in 10,000� signal gain for AMUPol and 2000� gain for
TEMTriPol-1. However, we show that AMUPol reduces signal in the absence of microwaves by 90% com-
pared to 41% by TEMTriPol-1 at 7 Tesla as the result of depolarization and other detrimental paramag-
netic effects. AMUPol still yields the highest signal-to-noise improvement per unit time between the
cross effect radicals due to faster polarization buildup (T1DNP = 4.3 s and 36 s for AMUPol and
TEMTriPol-1, respectively). Overall, AMUPol results in 2.5� better sensitivity compared to TEMTriPol-1
in MAS DNP experiments performed below 6 K at 7 T. Trityl provides 6.0� more sensitivity than
TEMTriPol-1 and 1.9� more than AMUPol at 6 K, thus yielding the greatest signal-to-noise per unit time
among all three radicals. A DNP enhancement profile of TEMTriPol-1 recorded with a frequency-tunable
custom-built gyrotron oscillator operating at 198 GHz is also included. It is determined that at 7 T below
6 K a microwave power level of 0.6 W incident on the sample is sufficient to saturate the cross effect
mechanism using TEMTriPol-1, yet increasing the power level up to 5 W results in higher improvements
in DNP sensitivity with AMUPol. These results indicate MAS DNP below 6 K will play a prominent role in
ultra-sensitive NMR spectroscopy in the future.

� 2019 Published by Elsevier Inc.
1. Introduction

Magic angle spinning (MAS) nuclear magnetic resonance (NMR)
spectroscopy is a high-resolution technique capable of providing
not only site-specific structural information in biomolecules, phar-
maceuticals, and materials, but also information on the dynamics
of the system relating to its function [1–5]. However, NMR is typ-
ically sensitivity limited due to a weak nuclear spin Zeeman inter-
action compared to thermal energy [6–8]. Dynamic nuclear
polarization (DNP) can overcome this limitation by transferring
large electron spin polarization to nuclear spins of interest [9–
18]. At high magnetic fields suitable for site-specific NMR resolu-
tion, this transfer is achieved with the use of high frequency micro-
wave sources [19–25].

The most common mechanism employed in continuous wave
DNP with MAS is the cross effect [26,27]. The cross effect is active
when the electron paramagnetic resonance (EPR) lineshape of the
polarizing agent is dominated by inhomogeneous interactions,
and the combined lineshape of all of the radicals that make up
the polarizing agent is wider than the Larmor frequency of the
nucleus to be polarized [28–30]. However, in the absence of
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microwave irradiation, level crossings at the cross effect matching
conditions are still present and can depolarize nuclei, leading to
signal-to-noise ratios considerably lower than the Boltzmann case
seen in the absence of radical [28–32]. Therefore the large gains in
sensitivity from cross effect DNP must often be analyzed in the
context of detrimental effects arising from the DNP polarizing
agents. The AMUPol binitroxide radical is one of the most common
polarizing agents for cross effect DNP, yet has been shown to depo-
larize as much as 60% under MAS at 100 K [28,33,34].

Radicals have been developed that avoid depolarization while
still allowing for the cross effect, thereby improving overall sensi-
tivity [29,34,35]. One such radical is TEMTriPol-1, which contains a
trityl radical tethered to a mononitroxide radical [29,36]. The
higher symmetry of the trityl g-tensor results in less inhomoge-
neous broadening, and attenuates detrimental level crossing which
can result in depolarization [29]. The degree of depolarization of
TEMTriPol-1 has previously been characterized at 100, 110, and
125 K [29].

MAS DNP is typically performed at temperatures near 100 K,
but there is a large desire to access MAS below 25 K [19,37,39–
43]. Among other benefits, DNP-NMR signal-to-noise ratios are
improved at lower temperatures due to higher Boltzmann polar-
ization of the electron spins and longer electron spin relaxation
resulting in more efficient DNP transfers [41,42].

Here, we investigate the behavior of DNP radicals including tri-
tyl, TEMTriPol-1 and AMUPol at temperatures below 6 K and at a
magnetic field of 7 T. We characterize the sensitivity with respect
to signal-to-noise per unit time. For cross effect DNP, we also mea-
sure the nuclear longitudinal relaxation times (T1), polarization
build-up times (T1DNP), maximum enhancements, and depolariza-
tion effects. The DNP enhancement profile of TEMTriPol-1 is also
recorded with MAS at 90 K, as is the microwave power dependence
of biradicals with MAS at 6 K and 90 K.
2. Experimental methods

2.1. Sample preparation

Samples were prepared with 4 M [U-13C,15N] urea (Cambridge
Isotope Laboratories, Tewksbury, MA) and 5 mM radical AMUPol
(Cortecnet, Voisins-le-Bretonneux, France), 5 mM TEMTriPol-1, or
40 mM Trityl Finland radical (Oxford Instruments, Abingdon, UK)
in a d8-glycerol/D2O/H2O mixture at a 60/30/10 vol ratio. An iden-
tical radical-free sample was also prepared. Once mixed, approxi-
mately 36 lL of each sample was packed into 3.2 mm zirconia
rotors, and spun in a custom-built MAS DNP spectrometer
[22,38,44].
Fig. 1. (a) 1H Zeeman enhancement profile of TEMTriPol-1 at varying gyrotron
frequencies. (b) DNP-enhanced CPMAS spectrum at 90 K of 4 M [U-13C,15N] urea
with TEMTriPol-1 at 5 mM, mrot = 3200 Hz. Black represents no DNP, red is with DNP
at mgyrotron = 197.670 GHz. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
2.2. MAS-DNP-NMR spectroscopy

Electron polarization from biradicals was transferred to nearby
protons via the cross effect using continuous wave (CW) micro-
wave irradiation, and the bulk protons were polarized via spin dif-
fusion [16]. The microwave irradiation frequency was 197.670 GHz
for TEMTriPol-1, 197.674 GHz for AMUPol, and 197.719 GHz for
the Trityl Finland radical. Polarization transfer with cross polariza-
tion (CP) was achieved with x1H/2p = 50 kHz, x13C/2p = 52 kHz,
and a Hartmann-Hahn contact time of 1 ms. The 1H Larmor fre-
quency was 300.179 MHz, and the 13C Larmor frequency was
75.494 MHz at a B0 = 7.05 T. All data were recorded with a
custom-built, four-channel, 3.2 mm, transmission line MAS-NMR
probe using a Redstone spectrometer (Tecmag Inc., Houston, TX)
[44]. Rotor-synchronized, echo-detected, CPMAS sequences were
used to record all data. A nutation of x1H/2p = 90 kHz was used
for p/2 pulses and TPPM decoupling on 1H [48]. A nutation of
x13C/2p = 100 kHz was used for the 13C refocusing pulse to gener-
ate Hahn echoes. Magnetization was saturated with a train of
pulses on both 1H and 13C prior to the DNP polarization time (spol).
The spol was 3 s to measure the enhancement profile of TEMTriPol-
1. The spol for all other experiments was 1.26 * T1DNP. A saturation
recovery sequence was used to measure the longitudinal nuclear
relaxation times with no microwave irradiation (T1), and also
polarization build-up times with microwave irradiation (T1DNP).
Spinning frequencies were between 5600 and 5800 Hz with
±40 Hz stability, and exact details of spinning are described in
respective figure captions. Microwave irradiation generated from
custom-built 198 GHz gyrotrons was coupled to the sample using
corrugated waveguides, tapers, and mirrors [22,44]. The gyrotron
output was 40 W, with approximately 7 W incident on the sample
[22,23,44].

Enhancements were determined by taking the ratio of signal
intensity recorded with microwave irradiation and without micro-
wave irradiation, taking into account scaling required by the num-
ber of scans used for each experiment. DMFit was used to fit the
peaks and determine the areas and intensities. [45] For power
dependence measurements, the microwave power was varied with
attenuators placed within the waveguide (Tydex LLC, St. Peters-
burg, Russia), and microwave power was measured using a
custom-built water calorimeter.

To achieve sample temperatures below 6 K, liquid helium was
used as a variable temperature (VT) fluid directed at the center
of the spinning zirconia rotor [37]. Ultra-high purity helium gas
at 80 K was used for bearing and drive. The sample temperature
was monitored at the interface of the VT outlet and NMR stator
with a calibrated Cernox temperature sensor (Lake Shore Cryotron-
ics, Inc., Westerville, OH). This temperature represents the sample
temperature as previously described [13]. A Lake Shore tempera-
ture controller was used to monitor the temperature of the sample,
incoming transfer lines, and exhaust line.
3. TEMTriPol-1 enhancement profile

To determine the microwave frequency for maximal enhance-
ment with TEMTriPol-1, CPMAS experiments were performed at
varying gyrotron frequencies to record the 1H Zeeman enhance-
ment profile of the biradical (Fig. 1a). For these experiments, a
polarization time of 3 s was used, even though it is significantly
shorter than the optimal polarization time shown in Fig. S3b. At
90 K, 5 mM TEMTriPol-1 yielded a maximum positive enhance-
ment of 76 at a gyrotron frequency of 197.670 GHz with a polariza-
tion time of 3 s (Fig. 1b). This profile is similar to that reported
previously [29,36].



Fig. 3. Area of the [U-13C,15N] urea 13C resonance dependence on relative
microwave power below 6 K for (a) TEMTriPol-1 and (b) AMUPol.
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4. Sensitivity of trityl at 6 K

To put in perspective the increase in sensitivity at 6 K compared
to more conventional temperatures around 90 K, the sensitivity of
cross polarization experiments at both temperatures was com-
pared using the solid effect. Fig. 2 shows spectra of 4 M
[U-13C,15N] urea with 40 mM trityl. The polarization time for each
experiment was chosen to be 1.26 * T1DNP at their respective tem-
peratures (Fig. S1). Since the 1H T1DNP at 90 K was half as long as at
6 K, the number of scans taken at 90 K was doubled to keep the
total experimental time the same for both experiments. As can
be seen in Fig. 2, the spectrum recorded below 6 K shows much
improved signal to noise. The intensity of the 13C Urea resonance
is 3.2� larger, indicating a significant improvement to NMR sensi-
tivity available at cryogenic temperatures below 6 K by a factor of
3.2� compared to 90 K.

As discussed below, AMUPol and TEMTriPol-1 affect the sample
through depolarization and other deleterious effects, such as para-
magnetic relaxation. Note that while TEMTriPol-1 has been shown
to not depolarize the sample at temperatures near 100 K, this is not
necessarily the case below 6 K, as we will show in the following
sections. Trityl is a narrow-line monoradical that does not meet
the cross effect condition and thus does not cause depolarization.
However, other detrimental effects such as paramagnetic relax-
ation can remain.
5. Power dependence comparison

CPMAS experiments with varying microwave transmission
through the waveguide were performed below 6 K to determine
dependence of the maximum 1H signal enhancements for
TEMTriPol-1 and AMUPol on the incident microwave power
(Fig. 3). Attenuators were inserted into a 9 mm gap in the middle
of the corrugated waveguide to modulate the microwave power
on the sample. The microwave power on each sample without
any attenuators was estimated to be 7 W at a microwave frequency
of 197.670 GHz, resulting in an average electron Rabi frequency of
0.45 MHz [22,23]. Lower microwave powers result in lower cross
Fig. 2. Comparison of the sensitivity of CPMAS experiments on 4 M [U-13C,15N] urea
with 40 mM trityl at 90 K (black) and 6 K (red). The total experimental time to
acquire both spectra were the same. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
effect DNP enhancement if on-resonance electron spins are not
fully saturated. [46,47] The cross effect becomes saturated at about
0.6 W of microwave power using 5 mM TEMTriPol-1 (Fig. 3a).
However, in the case of 5 mM AMUPol, increasing microwave
power continues to increase NMR signal intensity up to about
5 W of microwave power (Fig. 3b). Therefore, we demonstrate that
lower microwave sources are fully suitable for cross effect DNP
from biradicals containing a slowly relaxing narrow-line radical,
yet gyrotron sources capable of producing > 10 W are advanta-
geous for bi-nitroxide polarizing agents. We observe similar power
dependencies at 90 K for both radicals (Fig. S2). The cross effect
saturates at higher powers for both radicals at 90 K, but
TEMTriPol-1 still saturates at a significantly lower power com-
pared to AMUPol at 90 K.
6. Signal-to-noise and sensitivity

As described by De Paëpe and colleagues, the signal-to-noise
per unit time is the true measure of sensitivity, and depends on
many parameters besides DNP enhancement including, but not
limited to; temperature, experimental repetition time, noise fig-
ures, and signal attenuation due to the presence of radicals
[28,29,34,49,50]. Note that, when comparing the sensitivity
between two experiments that are not taken over the same
amount of time, it is necessary to consider the square root of the
polarization time. As such, in our comparison between AMUPol
and TEMTriPol-1 in this paper we consider the square root of the
polarization time when comparing the sensitivity of both radicals
below 6 K. The signal-to-noise per unit time provided by 5 mM
AMUPol (Fig. 4a) and 5 mM TEMTriPol-1 (Fig. 4e) were compared
from CPMAS experiments below 6 K (Fig. 4). With an incident
microwave power of 7 W, 5 mM AMUPol provided an enhance-
ment of 253 at 5.1 K (Fig. 4b). 5 mM TEMTriPol-1 provided a smal-
ler enhancement of 49 at 4.2 K (Fig. 4f). DNP polarization periods of
1.26 * T1DNP were used for each radical.

It is important to note that the signal enhancement with
TEMTriPol-1 has been shown here to be greater at 90 K than at
6 K. An explanation for the different behavior of the cross effect
for different biradicals is that it is dependent on electronic relax-
ation times [33]. It was demonstrated by Vega and colleagues that
at temperatures below 30 K the cross effect starts to become much
less efficient [51]. Neither AMUPol nor TEMTriPol-1 were designed
for use at such low temperatures and, as such, their performance at
6 K do not mimic the improvement in sensitivity seen with trityl
(Fig. 2).

While the enhancements from AMUPol were significantly larger
than TEMTriPol-1, AMUPol reduces the signal obtained from the
nuclear spins in the absence of microwaves more substantially
than TEMTriPol-1 due to a combination depolarization and other
detrimental effects such as paramagnetic relaxation. The extent
of the depolarization of AMUPol has been partially attributed to



Fig. 4. Structures of AMUPol (a) and TEMTriPol-1 (e) and their corresponding DNP CPMAS spectra of 4 M [U-13C,15N] urea with 5 mM AMUPol (mrot = 5700 Hz) (b) and 5 mM
TEMTriPol-1 (mrot = 5700 Hz) (f), with the DNP signal in red and the no DNP signal in black. (c) and (g) show the signal reduction of the sample caused by the addition of 5 mM
AMUPol and TEMTriPol-1, respectively, with the urea signal with no radical in black and the urea signal with radical in red (mrot = 5700 Hz). (d) and (h) show the 1H T1DNP
polarization buildup times for AMUPol and TEMTriPol-1, respectively. All data was recorded at a microwave power of 7 W below 6 K. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Sensitivity comparison of AMUPol, TEMTriPol-1, and trityl at 90 K and 6 K. Columns
show the signal-to-noise divided by the square root of the polarization buildup time.

Radical (Mechanism) 90 K S/N/sqrt(spol) 6 K S/N/sqrt(spol)

AMUPol (CE) 222 261
TEMTriPol-1 (CE) 134 84
Trityl (SE) 156 506
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its longer T1e relaxation times compared to other, non-depolarizing
radicals [29,33]. In the case of narrow-line monoradicals such as
trityl, these paramagnetic relaxation effects can be mitigated with
electron decoupling [24,41]. However, biradicals with extensive
inhomogenous broadening will require much higher electron spin
Rabi frequencies to implement electron decoupling.

CPMAS experiments were performed in the absence of micro-
waves below 6 K at 7 T to determine the extent to which the signal
was reduced by 5 mM AMUPol compared to 5 mM TEMTriPol-1,
which has been shown to not depolarize at 100 K. Urea with
5 mM AMUPol results in only 10% of the intensity compared to
urea without radical (Fig. 4c). Markedly, 5 mM TEMTriPol-1
reduces signal to a lesser extent, at 59% of the intensity compared
to urea without radical (Fig. 4g). Substituting the radical-present
microwave-off signal with its no-radical counterpart, the ‘‘adjusted
enhancements” were 25 for 5 mM AMUPol and 29 for 5 mM
TEMTriPol-1 at an incident microwave power of 7 W [28].

While the adjusted enhancements obtained with 5 mM
TEMTriPol-1 and 5 mM AMUPol were more similar in magnitude,
the 1H T1 polarization buildup times (T1DNP) were significantly dif-
ferent. The T1DNP plots for 1H below 6 K are shown in Fig. 4d and h.
Urea with 5 mM AMUPol had a short T1DNP time of 4.3 ± 0.1 s
(Fig. 4d). In contrast, 5 mM TEMTriPol-1 exhibited a much longer
T1DNP time of 36.2 ± 1.1 s (Fig. 4h). Thus, the polarization time
required to achieve the maximum enhancement with AMUPol
was about 9-times shorter than for TEMTriPol-1. This shorter
T1DNP allows AMUPol to provide superior signal-to-noise per unit
time. To compare the sensitivity for each radical, the adjusted
enhancement was divided by the square root of the corresponding
T1DNP. The sensitivity for AMUPol was calculated to be 2.5 times
larger than for TEMTriPol-1.

A similar comparison using the signal-to-noise divided by the
square root of the polarization time for each radical is shown in
Table 1. An extended table is provided in the supplemental infor-
mation (Table S1). For reference, dividing the signal-to-noise by
the square root of the polarization time shows that AMUPol pro-
vides 3.1� more signal-to-noise per unit square root time than
TEMTriPol-1 at 6 K. At 90 K, AMUPol provides the greatest sensitiv-
ity, yielding 1.4� more signal-to-noise per unit square root time
than trityl, and 1.7� more than TEMTriPol-1. However, at 6 K trityl
yields 1.9� more signal-to-noise per unite square root time than
AMUPol, and 6.0� more than TEMTriPol-1 at 7 T. Thus, at 90 K,
AMUPol with the cross effect is preferential for obtaining the great-
est sensitivity, while at 6 K, trityl is preferable for more sensitive
experiments with the solid effect.

The sensitivity comparison between 90 K and 6 K performed on
trityl in section 4 can also be made for the cross effect radicals dis-
cussed here. To do so, we compared the signal-to-noise produced
by both radicals at each temperature divided by the square root
of their respective polarization times (Table 1). Surprisingly, nei-
ther AMUPol nor TEMTriPol-1 displayed a significant increase in
sensitivity when the sample temperature was reduced to 6 K, with
TEMTriPol-1 actually decreasing in sensitivity. AMUPol’s signal-to-
noise per unit time increased by a factor of only 1.2�, while
TEMTriPol-1’s sensitivity is only 0.6x compared to 90 K
(Table S1). This is in stark contrast to trityl, which increased in sen-
sitivity by 3.2� (Table S1). As mentioned previously, it has already
been observed that the cross effect is less efficient at temperatures
below 30 K [51]; this decrease in efficiency may be preventing the
increase in sensitivity for AMUPol and TEMTriPol-1 that was
observed for trityl.

To determine whether the relationship between 1H relaxation
times remains the same in the absence of microwaves, we com-



Fig. 5. 1H T1 of [U-13C,15N] urea with (a) 5 mM AMUPol and (b) 5 mM TEMTriPol-1.
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pared the 1H T1 (without microwaves) of [13C,15N] urea with AMU-
Pol and TEMTriPol-1 (Fig. 5). It was determined that the 1H T1 with
AMUPol was 9.4 ± 0.7 s (Fig. 5a), which is 9 times shorter than the
83.7 ± 3.0 s T1 we determined for TEMTriPol-1 (Fig. 5b). It is note-
worthy that the 1H T1 and the 1H T1DNP times are not equal for
either biradical used, which is not typically observed for biradicals
and cross effect DNP. The disparity in T1 and T1DNP indicates that
DNP mechanisms at 6 K and 90 K are not identical [33]. This could
be partially due to the difference in electron polarization at 6 K
compared to 90 K. The increased polarization at 6 K makes
electron-electron pairs with opposite spin orientation to partici-
pate in the cross effect less common [56].
7. Conclusions

Here, we definitively demonstrate that solid effect DNP is more
sensitive below 6 K than at 90 K by performing CPMAS experi-
ments with trityl. The sensitivity at 6 K was determined to be
3.2� greater than at 90 K. We also show that AMUPol offers signif-
icant advantages over TEMTriPol-1 for quickly obtaining improved
signal-to-noise below 6 K at 7 T. While AMUPol greatly depolarizes
nuclear spins, the adjusted enhancement was still of similar mag-
nitude to that of TEMTriPol-1. Furthermore, the polarization time
required to achieve these enhancements drastically favored AMU-
Pol, which required only one ninth the time to provide its maxi-
mum enhancement. The shorter T1DNP effectively enables
AMUPol to provide 2.5 times more signal-to-noise per unit time.
While AMUPol exhibited these clear advantages between the two
cross effect radicals, TEMTriPol-1 may still offer its own distinct
advantages below 6 K at 7 T. For instance, a chelated gadolinium
moiety could be covalently attached to trityl-nitroxide radicals to
achieve shorter electron spin relaxation properties [57]. Further-
more, electron decoupling of trityl within TEMTriPol-1 could also
mitigate detrimental effects due to the strong hyperfine interac-
tions [24,41]. We have already shown electron decoupling with a
trityl radical has the ability to improve the signal intensity while
decreasing the linewidth of the signal at temperatures below 6 K
[41]. Furthermore, this sensitivity comparison may not scale up
to larger magnetic fields (>18 T), where TEMTriPol-1 is known to
provide more efficient DNP transfer than at 7 T [29,36].

Trityl yielded the highest sensitivity between all three radicals
studied. Using the solid effect, trityl yielded 1.9� and 6.0� more
signal-to-noise per unit square root time than the cross effect rad-
icals AMUPol and TEMTriPol-1, respectively, at 6 K and 7 T. Fur-
thermore, we demonstrated that at 6 K the cross effect is
saturated at about 5 W of microwave power with 5 mM AMUPol,
and at 0.6 W with 5 mM TEMTriPol-1. Since trityl uses the solid
effect as its primary DNP mechanism, we do not expect DNP
enhancements to diminish with stronger microwave fields, open-
ing the possibility for even greater sensitivity at 6 K with greater
microwaves powers. Greater microwave powers will also open
the possibility of pulsed DNP for coherent manipulation of electron
spins, especially with a narrow-line radical such as trityl. We have
successfully performed electron decoupling on trityl below 6 K
[41]. We have also demonstrated that we can successfully decou-
ple the hyperfine interactions between the electron spins and
nuclear spins in close proximity to the radical [58]. One advantage
that TEMTriPol-1 has over trityl, though, is that the solid effect is
less effective at fields for which TEMTriPol-1 is optimized
(>18 T). This opens the possibility that TEMTriPol-1, or other cross
effect radicals designed for operation at high magnetic fields, will
yield greater sensitivity at 90 K and/or 6 K.

The overall signal enhancement of 1000� we have demon-
strated using MAS DNP < 6 K will benefit structural biology and
characterization of materials. For example, determining distance
constraints on biochemical structures involves multiple evolution
dimensions, leading to currently lengthy experimental times [51–
55]. Maximizing the signal-to-noise ratio obtained in an NMR
experiment by achieving the largest possible electron Boltzmann
polarization, as well as optimizing the efficiency of DNP transfers,
allows these experiments to be performed in a fraction of the time
required otherwise.

Aside from its in vitro applications, AMUPol has also been
shown to be effective for enhancing NMR signals in an in vivo envi-
ronment of HEK293-F cells [42]. In-cell DNP experiments will be
critical for elucidating the structure-function relationship of many
biological systems in their native cellular environment. Maximiz-
ing the signal-to-noise of the sparsely-populated NMR spins in
these cellular samples through DNP and through cooling the sys-
tem down to cryogenic temperatures below 6 K will be necessary
for such experiments.

There are two distinct routes for improving the MAS DNP-NMR
below 6 K. One is to use new radicals for continuous wave DNP
transfers that are designed to have optimal relaxation properties.
However, we believe continuous wave DNP will evolve into the
pulsed regime, as microwave technology is developed and
becomes widely available. A second route to ultra-sensitive NMR
below 6 K is therefore the application of pulsed microwaves for
time-domain transfer mechanisms, followed by pulsed electron
decoupling. Therefore, we will develop new instrumentation to
implement intense chirped microwave pulses for MAS.
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