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Dynamic Nuclear Polarization (DNP) can increase the sensitivity of
Nuclear Magnetic Resonance (NMR), but it is challenging in the
liquid state at high magnetic fields. In this study we demonstrate
significant enhancements of NMR signals (up to 70 on 13C) in the
liquid state by scalar Overhauser DNP at 14.1 T, with high
resolution (~0.1 ppm) and relatively large sample volume (~100
uL).

NMR spectroscopy is widely used for the study of structural
and dynamical properties of molecules and materials. Unfor-
tunately, its sensitivity is very low. DNP can increase NMR’s
sensitivity by orders of magnitude by transferring magnetiza-
tion from electrons to nuclei?. In DNP, the sample is mixed
with organic radicals containing unpaired electron spins. These
spins are driven out of equilibrium by irradiating the sample
mixture with microwaves matching the electron Larmor fre-
quency at the associated magnetic field. Through electron-
nuclear cross-relaxation processes, the initial large electron
polarization is transferred to the nuclei of interest, which can
lead to dramatic increases in the observed NMR signal. At high
magnetic fields DNP is most efficient in the solid phase, where
the solid effect, cross effect, or thermal mixing dominate the
electron-nuclear polarization transfer’. Dissolution DNP, where
the sample is first hyperpolarized in a frozen solution at low
temperature and then rapidly melted so that it can be studied
in the liquid phase, provides one route to sensitivity-enhanced
solution state NMR™. However, its applications are limited to
long-lived spin states. DNP is challenging to perform directly in
the liquid state at high magnetic fields due to the unfavorable
scaling of the polarization transfer efficiency. Resolving this
challenge would enable measurement of NMR spectra with
high resolution and high sensitivity, a goal of great importance,
with scientific applications such as low concentration studies
of small molecules (e.g.,
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natural products and metabolites) and their molecular dynam-
ics. Loening et al.> showed significant enhancements on a vari-
13c 15
T). Meanwhile, the Prisner groups_9 demonstrated the feasibil-
ity of performing liquid DNP at higher field (9.2 T) on 'H (=80x
enhancements), though in nano-liter sample volumes accom-

ety of nuclei (19F, 31P, N) at moderate magnetic field (5

modated inside a custom microwave resonator needed to
achieve the high microwave magnetic (B,) fields required to
drive an otherwise inefficient Overhauser electron-nuclear
polarization transfer. Liu et al.”® demonstrated very high en-
hancements on C (=1000x) at moderate magnetic fields
(3.35 T), while van Meerten et al.™* demonstrated 'H DNP
(=160x at 3.35 T) in a very low viscosity solvent (supercritical
CO,, with viscosity n = 40 uPa.s'l) with measured correlation
times of 2 — 4 ps needed to overcome the inefficient polariza-
tion transfer between the radical and the 'H on the molecules
of interest, paving the way to high field liquid "4 DNP. More
recently, Yoon et al.”? demonstrated that liquid DNP is possible
(=10x 'H and =200x 'p enhancements) at high magnetic field
(9.2 T) without a resonator and, therefore, with moderate
sample volumes (=10 pL).

We have also recently demonstrated a large liquid DNP en-
hancement at high fields (14.1 T) for *pin a large volume
(100 pL) sample of triphenylphosphinels. The present investi-
gation expands on that work by demonstrating that large 3¢
DNP enhancements of up to 70x can be achieved at high fields
(14.1 T) via the scalar Overhauser effect in large volume (100
uL) solutions containing several target molecules, while also
improving the resolution, with =0.1 ppm linewidths typical of
modern NMR spectrometers. The measurements described
here were performed using an in-house developed DNP spec-
trometer operating at 14.1 T (i.e. 600/150 MHz H/3c fre-
quencies), employing a custom solution-state NMR probe cou-
pled to a 395 GHz gyrotron source via a quasi-optical table™.
Figure 1 illustrates typical enhancements obtained with this
system (see supporting information for details), as reported by
the ratios of the *C NMR peak amplitudes observed with and
without microwaves. These are x21+1 for 1'°‘CCI4, and x70%7 for
CHCl; in n-pentane-d;, with 10 mM TEMPO [(2,2,6,6-
tetramethylpiperidin-1-yl)oxyl]; no enhancement are observed
for the n-pentane-d;, peaks. As will be discussed later, these



enhancements stem from scalar interactions of the nuclei un-
der investigation with the unpaired electrons in the TEMPO
radicals, which are absent for the *C of n-pentane. A signifi-
cant rise in temperature during these experiments was ob-
served due to microwave heating: from the change in the B¢
chemical shift of the 13CHCI3 peak relative to 13CCI4, we deduce
that the temperature rose from 20°C to 67°C (see Supporting
Information, Figure SI-1, for details about the temperature
calibration). This reflects the fact that the polar chloroform
absorbs microwaves at 395 GH214; a 125 mM concentration
was employed to mitigate this heating. Also, to further reduce
heating, the high power (13 W) microwave beam was gated13
so that it remained “on” for only 3 s to maximize the en-
hancements while avoiding overheating. During the experi-
ments the sample was cooled using a flow of nitrogen gas
(20°C, ~1.5 bar, ~30 L/min) directed around the sample tube. A
relatively long recycling delay (30 s) was used to further limit
the temperature rise during microwave on experiments.

Figure 2 shows the NMR intensity build-up curves observed for
3ccl, and 13CHCI3 as a function of irradiation time (microwave
on-time, also referred to as gating time). The NMR peak inten-
sities increase monoexponentially for both compounds, with
build-up times of 0.70+0.05 s for 13CCI4 and 0.33+0.05 s for
13CHCI3. In the case of 13CHCI3, the build-up time is very similar
to the nuclear T; of 0.30 s, according to saturation recovery
curves recorded at the same field, radical concentration and
temperature (20°C); by contrast, the nuclear T, of CCl, (3s)
under the same conditions is considerably longer than the
build-up time. This discrepancy could be explained by the rise
in temperature during the DNP build-up experiment compared
to the temperature during the NMR T; measurements. Notice
that the peaks exhibit a fair amount of variability in these
build-ups. This can be attributed to instrumental instabilities
derived primarily
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Fig 1. *°C NMR spectra of labelled CCl, and CHCl; measured at 14.1 T without (blue
trace) and with microwaves (red trace). The CCl, linewidth remained essentially identi-
cal at 0.1 ppm. The natural abundance Bc peaks from the solvent, n-pentane-d;,, are
also visible. Sample information: Bccl, (9% vol.), PCHCl; (1% vol., i.e. 125 mM) in n-
pentane-d;; with 10 mM TEMPO (dissolved oxygen was removed by freeze pump
thaw), 100 pL volume (3 mm OD, 2 mm ID and ~30 mm long sample tube). Microwave
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power: 13 W. Microwave gating time: 3 sec before each NMR observation pulse (90°,
no proton decoupling used).

from variability in the cooling gas flow (hence the tempera-
ture), microwave source power, and sweep coil regulation.
Similar sample conditions and measurement methods were
used to study 3¢ in deuterated chloroform and phenylacety-
Iene-2-13C; their measured steady-state enhancements are
summarized in Table 1, and the ancillary NMR spectra are
shown in supporting information Figures SI-2 and SI-3. The
errors reported in Table 1 are estimated from the signal-to-
noise ratio observed in the spectra. In the case of chloroform,
two peaks are observed due to the J-coupling between the
labelled **C and the covalently bonded 'H. The larger errors
stem from the relative change in heights between the two
peaks present in 3¢ Jabelled chloroform (Figure 1: without
microwaves, both peaks are equal in intensity while the left
peak is stronger with microwaves on). It should be noted that
the difference in peak heights observed with microwaves on is
explained by a temperature gradient (due to the probe geome-
try), combined with the temperature sensitivity of the chloro-
form “3C chemical shift. If we were to add the instabilities ob-
served at the longer gating times in Figure 2, one would have
to add +10% to the errors on the enhancements. Note: the
parameters A and B defined in Figure 2 are used in the data
analysis section.

The enhancements of 13CCI4 and 13CHCI3 were measured as a
function of the applied microwave power (Figure 3). The mi-
crowave gating time was chosen to be 0.5 sec to limit the tem-
perature rise, which reached 56°C at the highest power setting
(30 W); the sample temperature is shown in the inset to Figure
3. The different gating times used explain the differences in
enhancements at 13 W between Figures 1 and 2. It should be
noted that the sample tubes are sealed, allowing for some
pressure to build-up, thus preventing the pentane solvent
from evaporating during the DNP experiments.
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Fig 2. °C NMR peak amplitude of labelled carbon tetrachloride (green squares) and

chloroform (blue dots) measured at 14.1 T with increasing microwave gating time. The
microwaves were on during the indicated times just prior to the NMR observation
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pulse. The solid lines are mono-exponential fits. The samples and experimental condi-
tions were the same as those in Figure 1. The parameter A marks the amplitude for a
gating time of 0.5 s, while the parameter B marks the steady state amplitude. An
average of 64 scans was used to collect each NMR spectrum.

Table 1 Enhancements for various “C labelled target molecules. The solvent was not
labelled. A 10 mM TEMPO/n-pentane-d;, solvent mixture was used in all cases.

Target molecule Enhancement Enhancement

(% vol. in solvent) peak height ratios  peak area ratios

Carbon tetrachloride (9%) 21+1 201
Deuterated chloroform (7%) 52+1 702
Chloroform (1%) 707 88+2
Phenylacetylene-2-*C (5%) 3546 33+1
n-Pentane-d;, (solvent) 1+0.05 1+0.05

In order to fit the measured power dependence of the en-
hancement (Figure 3), we used the well-established Overhau-
ser DNP model, according to which the enhancement € is de-
fined as™

Ye

Yn

e=1-pfs|=|, (1)
where p is the coupling factor, f the leakage factor, s the satu-
ration factor, and y,, v, the gyromagnetic ratios of the electron
and nucleus of interest, respectively (|y./y,| = 2600 for 13C).
The leakage factor f=1-T,,/T5,, can be estimated from meas-
urements of the nuclear longitudinal relaxation in the pres-
ence (T4,) and absence (Tgn) of radicals. In the cases of **CCl,
and *CHCI; with 10 mM TEMPO, this leads to f = 0.9, which is
consistent with previously published values’. The saturation
factor is defined as:
_l VﬁB%TleTZe
TN 14y2B3TieToe

(2)

where n is the number of resolved hyperfine components of
the EPR spectrum (3 for N nitroxides), B, is the microwave
magnetic field, and T, and T,. are the electron longitudinal
and transverse relaxation times, respectively. Equation (2)
becomes an inequality (s = ...) when the spectral diffusion is
strong enough to reach the other N hyperfine components
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Fig 3. B¢ enhancement for *’ccl, (green squares, arrow pointing to right scale) and
BCHCl; (blue dots, arrow pointing to left scale), as a function of microwave power.
Respective enhancement models are also fit (dotted green line and dashed blue line).
Inset: Sample temperature as function of microwave power (red triangles, the dotted
red line is a guide to the eye). The same sample was used as in Figure 1. Experimental
parameters: 20 s relaxation delay (for both microwave on and off experiments), 16 and
2500 scans were averaged for on and off microwaves, respectively.

the one used for excitation (in other words n could be less
than the number of hyperfine components observed). 10 mM
TEMPO in a low viscosity solvent® has 3 resolved hyperfine
components, thus, using n = 3 would assume no spectral diffu-
sion between the resolved hyperfine EPR spectral compo-
nents. From Orlando et aI.,15 who found s = 0.53 in the case of
strong spectral diffusion at 1.2 T using a fullerene functional-
ized TEMPO radical at 10 mM in CCl,, one can calculate an ef-
fective n = 2. The average microwave B, field (in Tesla) can be
calculated from the microwave beam power P in watts (see
B,=3x10" p*?
beam size of 3 mm, as used when collimating it into the DNP

supporting information for details) as , for a
sample tube. A correction term, one for each compound,
needs to be introduced to account for the gating time (0.5 s in
Figure 3), being shorter than the steady state where the en-
hancement is fully built-up (above 1s for CHCl; and several
seconds for CCl,). The correction terms are the ratios B/A, as
indicated in figure 2. We obtained correction factors of 1.1x for
CHCI3 and 1.7x for CCl,, to be used as multipliers in the en-
hancement models in Figure 3. Using the numbers above for n,
B, and f, and including the correction terms, fitting the data in
Figure 3 to equations (1) and (2) leads to coupling factors
of -0.11 for 13CHCI3 and -0.018 for 13CCI4, as well as TieTye =
1.8x10™" s? for both compounds (using n = 3, would lead to
higher coupling factors by 50%). This T4T,. product is reason-
able: T,. and T, are typically in the 10 to 100 ns range for solu-
tions of radicals such as TEMPO at room temperature and high
magnetic fields7’16; for example, Denysenkov et al.’® reported a
T1eT2e product of 3.5x10” s> at 9.2 T. Ultimately we found a
saturation factor, s, of 0.3 at 30 W (with n = 2). This is a rea-
sonably high value considering that the electron relaxation
rates are very short, and we are not using a microwave cavity
(thus allowing for large sample volumes). While the leakage
factor is essentially maximized in our experiments, the bulk of
the limitation for maximum enhancements in liquid DNP at
high field comes from the saturation and coupling factors. In
particular, the saturation factor does have some room for im-
provement under our experimental conditions: an increase
could be possible either by intensifying the microwave power
or by using a radical with a single narrow EPR line. Liquid
Overhauser DNP coupling factors have been mostly studied at
lower fieldslo’ﬂ, including a -0.37 value at 3.35 T for 13CHCI3;
this is consistent with our coupling factor, as | p| is expected
to decrease towards zero with increasing magnetic field. Also
consistent are theoretical models™® for chloroform, which pre-
dict coupling factors in the -0.22 to -0.075 range at 16.4 T. Re-
cently Orlando et al."® have measured enhancements of 23 for
CCl, and 17 for CHCI; at 14.1 T. These results are similar to
what we observe for CCl, but differ for CHCls. This difference
could arise from different sample preparations, from the in-
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strumentation used and/or experimental designs. Coupling
factors will be directly influenced by the temperature via
changes in the correlation times'®. While we assume that the
temperature is constant throughout the experiments, we
know that this is not the case; as shown in the inset to Figure
3, for instance, the temperature rose from 20 to 56 °C upon
applying the highest microwave power. In liquids, the viscosity
will decrease by about 30% in this temperature rangezo. This
will influence the correlation times and the various relaxation
times (T1n, Ton, T1e, @and Tye) and, thus, influence the coupling
factors. Another difference could relate to the microwave
powers delivered at the sample, which are not necessarily the
same as the power delivered by the gyrotron. In our setup the
microwave propagation system, including the quasi-optical
bridge, was designed to minimize losses™. Furthermore, our
solvents (pentane and carbon tetrachloride, which account for
99% of the sample volume in Figure 3) were chosen to be es-
sentially transparent to microwaves at 395 GHz.

It is also interesting to speculate on the origin of the different
enhancements that we observe for the different compounds
(Table 1). Since all experiments were performed under the
same experimental conditions (radical identity, concentration,
solvent, microwave power), it can be assumed that the satura-
tion coefficients were the same for all samples studied. One
can conclude that the leakage factor f was the same in all cas-
es as well, as corroborated by the very similar enhancements
measured for CCly in the different samples (see supplemental
information, Figures SI-2 and SI-3). Therefore, the main pa-
rameter left to explain the variation in enhancements between
the different compounds is the coupling factor. The model
developed by Abragam19 and Hausser-Stehlik®* predicts a cou-
pling factor dependence on the correlation times and, specifi-
cally, shorter correlation times give larger coupling factors. It
should be added that the dipolar coupling has not been con-
sidered in this analysis as it is very weak at low radical concen-
tration® and high field?. Furthermore, e coupling factors for
CCly and CHCI3 at high field have been demonstrated to be
mostly scalar contacts rather than dipolar23.

In summary, this work demonstrates that significant enhance-
ments of up to 70x at 14.1 T can be imparted on 3c NMR sig-
nals of liquids via the scalar DNP Overhauser mechanisms, with
high resolution (0.1 ppm) and large sample volumes (100 pL)
that are approaching values typical for standard liquid-state
NMR spectroscopy. This is a step towards the use of DNP to
boost traditional high-resolution liquid NMR sensitivity. The
next challenge is to demonstrate 'H liquid Overhauser DNP
enhancements at high field, while maintaining high resolution
and large volume. This will require further development in the
area.
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