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A paramount feature of robust experimental methods is acquiring consistent data. However, in dynamic
nuclear polarization (DNP), it has been observed that the DNP-induced NMR signal enhancement of
nominally the same sample can vary between different experimental sessions. We investigated the
impact of various freezing conditions on the DNP results for a standard sample, a 50/40/10 by volume
dg-glycerol/D,O/H,0 solution of 40 mM 4-amino TEMPO, and found that annealing the samples 10 K
above the glass transition temperature (Ty) causes significant changes to the DNP profiles and
enhancements compared to that in rapidly frozen samples. When varying the glycerol composition to
yield a solution of 60/30/10 dg-glycerol/D,O/H,0O, the DNP performance became markedly more
consistent, even for samples prepared under vastly different sample freezing methods, in stark contrast
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with that of the 50/40/10 solution. The EPR lineshapes, T, and glass transition temperature, T, were
measured under the same sample and experimental conditions as used for the DNP experiments to
support the conclusion that different freezing methods change the distribution of 4-amino TEMPO
radials in the 50/40/10 solution due to the formation of different polymorphs of the glass, which is
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1. Introduction

NMR signal enhancement via dynamic nuclear polarization
(DNP) has become increasingly relevant for biological and
materials studies," where electron polarization is transferred
to the surrounding nuclei upon irradiation with microwaves
(uw) corresponding to the electron paramagnetic resonance
(EPR) frequency.”” Although research to achieve DNP at room
temperature is an active field,>° DNP is most commonly applied
to frozen aqueous glasses at cryogenic temperatures under
magic angle spinning (MAS) or static conditions.'®™*® The
solvent type, sample composition, and freezing conditions will
directly impact the type of glass formed, and thus the radical
distribution throughout the sample."*® Freed and co-workers
have shown that the quality of the glass formed affects the EPR
echo intensity, with better glasses producing stronger EPR
signals.’® In EPR studies of nitroxides, Kirilina and co-workers
found that the size and structure of mono-radicals did not
significantly influence the electron spin relaxation rates, while
the solvent glass greatly influenced the electron spin relaxation
rates.'” In fact, the radical distribution in a sample can change
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mitigated in the 60/30/10 solution and is consistent with the water/glycerol vitrification literature.

the DNP mechanism and the maximum achievable NMR signal
enhancement.'®® As such is it important to investigate the
influence of the quality and properties of vitrified glasses and
their radical distribution on DNP and EPR performance.

The DNP community commonly uses water/glycerol solvent
systems to form amorphous glasses upon freezing, with the
glycerol content ranging from 40-72% by volume, while the
trademark DNP juice™ specifically refers to 60:30:10%
dg-glycerol : D,O : H,0.>>*" In water/glycerol glasses, the sample
volume dictates the minimum required water to glycerol ratio
for effective vitrification,'* where larger water concentrations is
expected to yield inhomogeneities in the solvent system.'®
Although water/glycerol is a commonly used solvent for DNP
studies, there is a contention in the vitrification literature on
the degree of heterogeneity occurring at the mesoscopic scale
upon the formation of water/glycerol glasses.”>>” Murata and
Tanka argue that a liquid-liquid transition occurs, which does
not affect the homogeneous macroscopic distribution of water
and glycerol molecules - i.e. no macroscopic phase separation
occurs, but it alters their hydrogen bonding network, and thus
the density of the glass formed, at the mesoscopic scale, and
the system’s glass transition temperature.”>** The Feldman
group proposes that at glycerol concentrations of <55% by volume
water-water interactions prevail in addition to water-glycerol
and glycerol-glycerol interactions that result in the formation of
ice crystals on the mesoscopic scale with some interfacial water
connecting the ice crystals and the water/glycerol domains.***
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The Giovambattista group agrees with the Feldman group
regarding the formation of ice at low glycerol concentrations,
but they disagree over the range of glycerol concentrations
wherein this micro-phase separation occurs. They further state
that the glycerol content will factor into whether the ice formed
will have cubic or hexagonal structures - thus influencing the
density and glass transition temperature.*>*” The contentions in
the literature regarding the conditions, resultant products, and
mechanism of water/glycerol vitrification are significant, but
they all suggest that polymorphism exists to some degree in
water/glycerol solvents, which will impact how the radicals essential
for DNP and EPR are distributed in the sample. Therefore, the
quality of the glass formed and the radical distribution in the glass
must be known to accurately predict the ideal sample formulations
to achieve large DNP enhancements, or simply consistent DNP
enhancements by mitigating or utilizing solvent polymorphism.

In order to fully investigate a system used in DNP studies, a
complete picture of the electron-nuclear interactions in the
sample is needed. As such, it is relevant to acquire both EPR and
DNP data under comparable experimental conditions.'®'%*8
Before the start of this study, we observed that the DNP
enhancement for a single sample at 7 T and 4 K under static
conditions varied significantly from day-to-day, by up to 40%,
with a water/glycerol solution of 50:40:10 by volume dg-glycerol/
D,0:H,0. Thus, we investigated the glass forming conditions
(freezing history and sample composition) of the water/glycerol
samples under static DNP conditions at 4 K, with the aim
of improving the consistency and predictability of the DNP
enhancements. The findings of this study are relevant for other
low temperature DNP operations, including MAS-DNP at 80-100 K
with a commercial DNP instrument, as most water/glycerol glasses
have formed by 150 K.

2. Results/discussion

The effect of sample composition and freezing conditions were
evaluated on the DNP and EPR performance and the day-to-day
consistency for the commonly used water/glycerol mixture-
based solvents. Two different solvent compositions of water/
glycerol were tested: 541 (50:40:10) versus 631 (60:30:10) by
volume of dg-glycerol:D,0:H,0 to make 40 mM 4-amino
TEMPO (4AT) solutions. The EPR and DNP properties of each
solvent composition were compared under two different freez-
ing conditions: fast cool (FC) and thermally controlled (TC),
with the two freezing histories depicted in Fig. 1.

In order to understand the glassing behavior of the solvents
under different freezing conditions, differential scanning calori-
metry (DSC) analyses between 100 and 300 K were completed to
determine their glass transition temperatures, T, The T, values
were determined from the second heating cycle and are shown in
Table 1, while the raw DSC curves are shown in Fig. 2, where the
difference in heat flow between the FC and TC freezing methods is
a consequence of the cooling rate - slower cooling rates induce less
heat flow. All four systems form a glass, and the glass forming
transition is symmetrically observed in both the cooling and
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Fig. 1 Time versus temperature depiction of the two freezing conditions:
fast cool (FC) 10 K min~t from 290 K to 4 K [black — solid] and thermally
controlled (TC) 1 K min™* from 290 K to 10 K above Tg, then 1 K min~* to
100 K followed by 12 K min™ to 4 K [red — dashed]. Temperature was
monitored with a Lake Shore Cernox® temperature sensor.

Table 1 T, values as determined by DSC analysis of the second cycle
heating curve, maximum DNP enhancements after 60 s of irradiation, ¢eo,
at 197.7 GHz of MW irradiation, and maximum EPR echo intensity for
40 mM 4-amino TEMPO when irradiated at 197.925 GHz when t, and tau =
500 nsat 7 T and at 4 K for the different solvent compositions and freezing
conditions. The echo intensities were normalized to the highest signal
(631-FC). Both the DNP enhancements and the EPR echo intensities
represent the average of triplicated data sets and the errors correspond
to day-to-day variations, where echo intensities were not corrected for T,

Sample T, (K) €60

631

TC 168.05 220 £ 20
FC 169.95 181 + 24
541

TC 180.35 125 + 85
FC 164.85 143 £ 32

heating cycles. From this, the T, for 631-FC, 631-TC, and 541-FC
was found to be ~167.7 £ 1.5 K, and for 541-TC the T is
180.4 £ 1.7 K. In the heating DSC curve of 541-FC, a crystallization
and subsequent melting peaking is observed above the T,. The
finding that 631-FC, 631-TC, and 541-FC have a similar T, suggests
that similar glassy matrices are ultimately formed. Only 541-TC
yielded a Ty that is statistically an outlier, implying 541-TC forms a
different type of glass compared to the other systems.

The differing T, between the TC and FC freezing methods
observed only for the 541 solvent agrees with the literature that
suggests at <55% glycerol content, non-negligible water-water
interactions prevail in addition to water-glycerol and glycerol-
glycerol interactions.>»** We postulate that persistent water-
water interactions in the 541 solvent leads to the formation of
minute ice particles depending on the freezing condition, while
water-water interactions are non-dominant for the 631 solvent.
The crystallization and melting peaks observed in the 541-FC
DSC curve support the idea that ice crystals in the 541 solvent
form due to the reorganization of the hydrogen bonding net-
work between water and glycerol above the T, that subsequently
melted—similar DSC data have been reported by Popov and
colleagues.” Since this thermodynamic transition is not symmetric
on cooling and heating and was only observed on the heating
cycle, we can say that the overall heterogeneity of the glass that
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Fig.2 DSC plots of the different freezing conditions fast cool (FC) and thermally controlled (TC) for 40 mM 4AT in 5:4:1 (a) and 6:3:1
(b) dg-glycerol: D,O:H,O. The T4 from each of the heating curves are noted in the plots by dashed grey vertical lines. The cooling curves are the
top curves, while the heating curves are the bottom curves. Exothermic events are on top.

formed upon cooling, according to DSC, is similar between the
631-FC/TC and 541-FC samples. However, this also shows that
although 541-FC forms a similar glass as the 631 samples on
cooling, there are fundamental differences in the 541 sample
that allows for polymorphism to occur. This observation reiterates
the influence and importance of the thermal history on water/
glycerol glasses.

The reproducibility of polymorphism in frozen glasses needs
to be verified in addition to the influence polymorphism has on
the EPR and DNP results. If a different glassy matrix is formed
with 541-TC, it is reasonable to expect that the radical distribution
in the matrix would also be different. This difference should be
reflected in the EPR lineshape, phase memory times (7,,), and
DNP spectra. These combined techniques provide insight into the
bulk and local electron spin environments, wherein detailed
descriptions of the methods and sample preparation are available
in the ESL¥

The EPR lineshapes were measured to study the bulk electron
spin environment, both by continuous wave (cw-) and field-swept
echo detection, of the different glassing conditions and solvent
compositions at 8.56 T and 240 GHz. At high magnetic fields,
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the lineshape of a nitroxide EPR spectrum is dictated by the
g-factor anisotropy, where the principle axis system can be
determined from the spectrum with g,, on the low field side
and g, on the high field side. The anisotropy of the hyperfine
interaction between the electron spin and N of the nitroxide
will further delineate the EPR lineshape; however only the
z-component of the hyperfine coupling for nitroxides is easily
observable at 240 GHz. In Fig. 3, the 631 samples present
consistent EPR lineshapes acquired by cw- and field swept echo
detection for both freezing conditions. The 541 samples EPR
lineshapes differ in the g, region of the spectra, where the
541-TC sample has a lower intensity gy, peak that is shifted
slightly lower in field by ~250 ppm, as indicated in the inset of
Fig. 3a. The cw-EPR spectra were simulated by varying the
relative ratio of two populations that differ only by their g,
values, as shown in the ESIt (Fig. S1 and Table S1). We found
that the 631 and 541-FC samples all favorably populate the high
field species, while 541-TC favorably populates the low field
species. Independent of the solvent choice, the TC freezing
method displays a slightly higher population for the low field
species relative to the solvent’s FC counterparts. This indicates
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Fig. 3 EPR lineshapes of 40 MM 4ATin5:4:1(aand b)and 6:3:1 (c and d) dg-gylcerol: D,O : H,O at 8.56 T and 4.5 K. cw-EPR (a and c) and field swept
echoes (b and d) are shown for both freezing conditions: fast cool (FC) and thermally controlled (TC). The inset in (a) shows the shift in g,, annotated by 4,
corresponding to 250 ppm, where g, shifts from 2.00839 to 2.00787. All spectra have been normalized to the double integral. The arrows in (d) are to

show the relative position of the T, measurements in Fig. 3.
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that some (small) difference exists between the 631-TC and
631-FC systems, but that the 631 solvent is more resistant to
variations in the freezing method. The consistent favoring
of the high field species by 541-FC and both 631 samples
corroborates the T, data that the glass properties and radical
distributions are more similar between these three samples. In
contrast, there is a clear difference in the gy, peak of the 541-TC
sample, where differences in the radical or proton distribution
due to inhomogeneities in the bulk sample would plausibly
cause a shift in the g, peak (Fig. 3). It has been shown that the
number of hydrogen bonds to the nitroxide moiety can shift the
position of the g, peak and 4,,, where more hydrogen bonds
shifts the g,, peak to lower g-factors and smaller 4,,.>**" Thus,
we speculate that the shift in the g,, of 541-TC towards a lower
magnetic field is caused by 541-TC having fewer average
hydrogen bonds compared to the other three systems, where
the observed shift of ~250 ppm is slightly larger than the loss
of a single hydrogen bond - 205 ppm.’’ The difference in
nitroxide-hydrogen bonds is likely due to the differences in the
mesoscopic structure of the glass caused by glass polymorphs;
however, a rational analysis of the hydrogen bonding network
within the water/glycerol glass is outside the scope of this paper.
Differences in 4., could not be identified given the inhomogeneous
broadening of the spectra, and thus were not considered
further. To determine if the change in 541-TC’s g,, is affected
by inhomogeneities in the radical distribution, in addition to
differences in the hydrogen bond network, the local electron
spin concentration was evaluated for all four samples. One such
method is the measurement of electron spin phase memory
time, Ty, that is sensitive to the local electron spin concentration
above a threshold radical concentration.**

Tm was measured at five points across the EPR line (see
arrows in Fig. 3d) for the different solvent compositions and
freezing histories to get an overview of the local radical dis-
tributions for the entire EPR line, as T}, is sensitive to the local
electron concentration. The T,,, measured across the EPR line
accounts for distortions in the EPR spectra due to differing
relaxation effects that become more anisotropic at high magnetic
fields.>* At 8.56 T, we found Ty, to be approximately 9.5 s across
the whole EPR line for the 631-FC, 631-TC, and 541-FC samples
(Fig. 4a). The 541-TC sample had distinctly shorter T;, values
across the EPR line, as well as the largest anisotropy, with the
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shortest value of Ty, ~7.5 us, found at the center of the EPR
spectrum. T,,, was also measured at 7 T to see if the trend at these
two fields are consistent, and thus determine whether the EPR
data at 8.56 T can be used to rationalize the DNP data at 7 T. To
compare the T, data at the two fields, the data was acquired at
the same relative positions along the EPR line for both fields,
wherein all the echo decays to determine T, are shown in Fig. S2
(ESIt). At 7 T, 541-FC, 631-FC, and 631-TC yield slightly smaller
average Ty, values compared to those at 8.56 T, while 541-TC has
a distinctly shorter T, (Fig. 4b). However, at 7 T all Ty, values were
somewhat dependent on the EPR frequency. T,, is expected to
lengthen with decreasing magnetic field strength, as was
observed.*® Since similar trends in T, are observed at 7 T and
8.56 T, the EPR lineshape analysis completed at 8.56 T can be
used to support the DNP results at 7 T. Further explanation of the
differences in the 7 T and 8.56 T T,, data can be found in the
ESL+ The similar Ty, values for 631-TC, 631-FC, and 541-FC
across the entire EPR line for both magnetic fields suggest that
relaxation effects did not distort the EPR spectra. The congruence
between these three samples at each position implies that the
average local radical distribution for each system is similar, and
thus glasses with similar radical heterogeneity are formed.**
The anisotropy observed for the 541-TC system suggests a
heterogeneous glass was formed, since different glass types
can alter the relaxation rates."” The analysis of Ty, can be taken
a step further as stated by Edwards et al., who show that the
temperature dependence of T, below the Zeeman temperature —
here 9.7 K - is modulated by the electron flip-flop rate above
a threshold radical concentration (~1 mM).** This electron
flip-flop rate is dependent on the electron-electron dipolar
interactions between the non-irradiated electron spins, which
follow an r* dependence.®” The radical concentration is
extracted based on the average inter-radical distance for a given
concentration. Therefore, longer Ty, values correlate to shorter
electron flip-flop rates and longer average distances between
nearest neighboring radicals.®” Thus, the finding that the
541-TC system at 4 K yields shorter T}, values across the entire
EPR line at 7 T and 8.56 T, specifically around the center of the
EPR line, where the electron spin population is greatest, implies
the presence of regions with higher effective radical concentrations
compared to the other three systems.*® In other words, the radicals
in the 541-TC system cluster, resulting in a more heterogeneous

T, (us)

® ]

8.645 8.550 8.555 8.560 8.565
Field (T)

Fig. 4 T,, was plotted as a function of the relative position along the EPR line as indicated in Fig. 2d for the different freezing conditions and model

solutions of 40 mM 4AT as defined by the color code inside the plot, where (a

measured at 4 K and at 7 T (198 GHz). Lines are drawn to guide the eye.
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) indicates T,,, measured at 4.5 Kand at 8.56 T (240 GHz) and (b) indicates T,
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radical distribution than in the other three samples, which is
likely caused by 541-TC forming different glass polymorphs.
The effect of the glass polymorphism on the DNP performance
was examined through the maximum NMR signal enhancement
(€60 = Son,60/Soft,eq) and the DNP spectra—DNP enhancement as a
function of the pw irradiation frequency. DNP spectra were taken
in triplicates to compare the average enhancements in the
different glassy matrices of the samples. Their consistency over
multiple days is shown as error bars in Fig. 5, with representative
spectra for each system shown in the ESIT (Fig. S3). The 631-FC
and 631-TC DNP spectra are similar to each other, with the
measurable NMR signal enhancements occurring within the
frequency span of the allowed EPR transitions and a peak-
to-peak frequency difference of ~400 MHz. The 631-FC DNP
spectrum is slightly broader than the 631-TC spectrum. The
541-TC spectrum differed significantly from the 541-FC spectrum
with a broader spectrum near the baseline and a peak-to-peak
frequency difference of ~500 MHz compared to the ~400 MHz
of the 541-FC spectrum, as well as a ~20% smaller negative
enhancement. In fact, the 541-TC sample displayed such large
variations in the day-to-day signal enhancements that we cannot
conclude whether the 541-TC yields larger or smaller enhance-
ments relative to 541-FC sample, even after comparing more
than six data sets, where &g, ranged from 40 to 210. The &g, were
determined in reference to the steady state NMR signal without
pw irradiation, where Ty, was assumed to be the same for all
systems as the global radical concentration is the same. This
effectively means that all &6, were scaled equally, but it does not
account for any differences in the nuclear relaxation rates due to
radical clustering. The 631-TC sample showed the least day-to-
day variability, and yielded the largest overall &, by 15-20%
relative to the 181 signal enhancement observed for 631-FC as
noted in Table 1, where the reported values are the average &g
and the error represents the standard deviation of the day-to-day
variation. The 631-FC sample was second best in terms of yielding
large and consistent signal enhancements. Even though the
distribution of radicals between the 631-FC and 631-TC systems
is similar according to Ty,, and the overall glass property is
similar according to the T, from DSC, the DNP studies illuminate
the existence of heterogeneities even between 631 samples with
different freezing histories, although the simulated EPR spectra
did hint at this. These results show that DNP is sensitive to the
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arrangement of the nuclear spins, as well as the electron spins
in the glassy matrix as dictated by glass polymorphism, but
differentiating between the different factors is beyond the
scope of this study. It becomes clear that predicting DNP
enhancement values is significantly more challenging than
rationalizing the EPR lineshapes, T, data, or the shape of the
DNP profile, as explaining DNP enhancements will require an
in-depth understanding of the entire nuclear and electron spin
ensemble of the sample."® Notably, 631-TC yields the highest
DNP enhancement but also the weakest EPR signal intensity
and requires ~4 hours to freeze the sample, while 631-FC
yields both good DNP enhancements and EPR echo intensities,
and only takes ~2 hours to freeze the sample.

The variability of the 541-TC sample and the larger DNP
signal enhancement found with the 631-TC sample is consistent
with the TC freezing resulting in clustering of the radicals,
which is partially mitigated by the 631-TC sample forming a
better glass. In order to test this hypothesis, we evaluate a
sample that contains a low radical concentration of 5 mM,
where a homogeneous distribution of the radicals would yield
an average inter-radical distance of 3.75 nm. A sample with this
range of inter-radical separation should yield a distinct DNP
spectrum and DNP power curve (DNP signal enhancement as a
function of applied pw irradiation power) corresponding to the
solid effect (SE) DNP mechanism. If radical clustering occurs
during glass formation of the 541 solvent with a TC freezing
history, then the DNP profiles of 5 mM 4AT should no longer be
dominated by the SE. Indeed, the influence of the freezing
history on the radical distribution in water/glycerol glasses
can be observed in the DNP spectra of 5 mM 4AT with a 541
solvent composition. The 541-FC sample shows a broader DNP
spectrum near the baseline with a peak-to-peak DNP frequency
of 450 MHz compared to the 400 MHz observed for the 541-TC
sample (Fig. 6a). Neither sample exhibits a classic SE DNP
spectral lineshape; however, the differences in the DNP spectra
are consistent with 541-FC having a larger SE contribution than
that of the 541-TC sample.'®'® (See ESIf for discussion on the
effect of the DNP mechanism on the DNP spectra.) A comparison
of DNP spectra of the 5 mM 4AT samples with the 40 mM 4AT
541-FC is shown in Fig. S4 (ESI{) to illustrate the larger cross
effect (CE) mechanistic contribution for the 5 mM TC sample.
The larger CE contribution observed in the DNP spectrum of
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Fig. 5 Normalized average DNP profiles comparing the freezing conditions (FC and TC) of 40 mM 4AT in5:4:1(a) and 6: 3:1 (b) dg-gylcerol: D,O : H,O taken
at 7 T and 4 K. All spectra were normalized to the maximum signal intensity and standard deviations are shown to indicate the variability from day-to-day for the

triplicated data sets. Lines are drawn to guide the eye.
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Fig. 6 Normalized DNP profiles comparing the freezing conditions (FC and TC) of 5 mM 4AT in 5:4:1 (a) and the power curves of the same sample
obtained at 193.65 GHz of MW irradiation (b) at 4 K and 6.95 T. The DNP profiles were normalized to the maximum of the signal intensity and the
frequency was scaled by 4 GHz to represent data acquired at 7 T for comparison to the rest of the data presented here. Lines are drawn to guide the eye.

541-TC shows that radical clustering must be present, effectively
increasing the local radical concentration induced by glass
polymorphism in the 541 solvent above the nominal 5 mM.
This hypothesis is corroborated by the Ty, measured for the
5 mM 4AT samples at 7 T being 9.2 us and 14.5 ps in the 541-TC
and 541-FC samples, respectively. As discussed, the shorter T,
for TC implies a higher local radical concentration compared to
FC. The DNP power curves show that the 541-TC yielded larger
signal enhancements than the 541-FC sample (Fig. 6b). This is
consistent with the hypothesis of radical clustering and glass
polymorphism occurring in 541-TC, given that the CE is more
efficient than the SE in polarizing nuclei, which results in larger
signal enhancements."®"

3. Conclusions

The analysis of DSC, EPR lineshape, Ty,,, and DNP spectral data
shows that water/glycerol glasses with <60% v/v of glycerol are
prone to solvent polymorphism upon freezing below 150 K that
affect the performance and reproducibility of the resulting DNP
and EPR data. We provide a mechanistic basis as to why the 631
solvent provides a more consistent DNP performance from day-
to-day by minimizing glass polymorphism, relatively independent
of the freezing method. The TC freezing method for 631 resulted
in a 15-20% (when considering day-to-day variations) improve-
ment on 'H signal enhancement by DNP for our model system at
4 K, due to a slight increase in the local radical concentration,
even though this was not detectable by T,,. The TC freezing
method may be beneficial for some systems where every feasible
improvement on signal enhancement is necessary or desired. If
maximal signal enhancement is not necessary, then a faster
cooling method, such as FC is recommended to save experi-
mental time. Although some users prepare samples via rapid
quenching in liquid nitrogen, which should improve the quality
of the glass formed, not all sample or hardware systems are
compatible with this vitrification method.

The consistency between the EPR lineshape, T;,, and DNP
results shows that EPR is a critical evaluation metric for DNP,
wherein variation in DNP performance can be understood and
rationalized by EPR analyses, however only to a certain degree.
The residual day-to-day variation, with larger variations observed for
the 541 solvent composition, is a function of the freezing/thermal
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histories of each sample. Although the 541 solvent has a propensity
to form glass polymorphs, the freezing method will determine the
degree to which polymorphism and radical heterogeneity occur.
Thus, we reiterate the importance of the solvent thermal history,
which can induce greater polymorphism, especially if the glycerol
content in a water/glycerol glass is <55%, as in 541, and/or is
combined with thermal annealing, as defined by TC in this study.
Perhaps not surprisingly, the empirically optimized and widely used
solvent for cryogenic DNP, DNP juice™, has a glycerol content of
60%, which provides the most reproducible DNP and EPR results
independent of freezing history.*>*® For all that the 631 solvent
yields consistent EPR spectra, Ty,, and DNP spectral lineshapes,
consistent day-to-day DNP signal enhancement persists as the
hardest parameter to achieve. This is because the spatial
arrangement of the entire electron and nuclear spin ensemble
of the sample contributes to the DNP performance that may
show variation, even if globally and qualitatively comparable glasses
are formed. Thus, there is still significant development efforts
needed to rationalize and predict the complete DNP performance.
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