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Sensitivity is a major limitation for structural studies of biomol-
ecules by high-resolution NMR spectroscopy. Recently it was
shown that dynamic nuclear polarization (DNP) can be used also
at high magnetic fields to strongly enhance solid-state NMR signal
intensity.1 In these experiments polarization of unpaired electron
spins was transferred to nuclear spins by solid-state mechanisms
(thermal mixing or cross effect),2,3 which couple electron spins to
the nuclear spin reservoir. The situation is more demanding for
high-resolution NMR structural studies on biomolecules in solution.
First, microwaves mandatory to excite unpaired electrons are
strongly absorbed by liquid water samples, and second, the
Overhauser polarization transfer mechanism4 effective for liquids
was predicted to be ineffective at high magnetic fields.5,6 The
predicted vanishing spectral densities for dipolar coupling between
electron and nuclear spins at high magnetic fields were based on
extrapolations of DNP and NMR relaxation measurements per-
formed at magnetic field strengths below 1.5 T.5-8 As a result only
few DNP experiments exist in liquid solutions at high magnetic
fields.9

Alternatively, DNP has been achieved in the solid phase, and
immediately thereafter the sample was liquefied either by rapid
dissolution10 or by laser melting.11 In liquid samples DNP was
performed at a low magnetic field followed by a shuttle of the
sample to a high magnetic field for detection.12 Both of these ex
situ methods are restricted with respect to repetition of the
experiment, because of the physical state changes of the sample
within each cycle.

We show here for the first time that unexpected high DNP
enhancements of more than 10 can be achieved in liquid water
samples at room temperature (RT) and at magnetic fields of 9.2 T
(corresponding to 400 MHz 1H NMR frequency and 260 GHz EPR
frequency). This opens up new possibilities for structural NMR
studies on biomolecules with small sample volumes and at
physiologically low concentrations.

Our approach is to polarize liquid samples in situ at high
magnetic fields using a double-resonance structure, which allows
simultaneous excitation of the NMR and EPR transitions. The
microwave (MW) resonance structure (a TE011 cylindrical cavity13)
was built from a flat helical copper band, which also serves as an
NMR coil (for more details see ref 14). The quality factor Q of the
MW resonator was 330, loaded with a water filled quartz capillary
(0.05 mm inner diameter) and a total sample volume of 3-4 nL.
The dimensions of the coupling iris were optimized for water filled
capillaries with this diameter. The MW cavity has two important
features: first, it drastically reduces the microwave electrical field
strength at the sample position, thus avoiding excessive heating of
the liquid sample; second, it strongly enhances the MW magnetic
field strength at the sample position, which allows significant DNP
enhancements already with a very low incident MW power of only
45 mW. The stability of the MW source (purchased from Virginia
Diodes Inc.) was improved so that the frequency drift was below

0.5 × 10-5 on time scales of our experiment. This improvement
has made it possible to measure radicals like Fremy’s Salt, which
have narrow EPR line widths of less than 0.1 mT at 260 GHz
(Figure 1). Additionally, the enhanced frequency stabilization
allowed us to improve and quantify the previously measured results
on a TEMPOL/water solution.15 The MW source is connected to
the double resonator by a microwave bridge with oversized metal-
dielectric waveguides with transmission losses of less than 2 dB
(purchased from the Institute of Radiophysics and Electronics,
Kharkiv, Ukraine). EPR signals were detected in reflection mode
with a zero biased Schottky diode (Virginia Diodes Inc.). The
complete MW system was integrated into a standard Bruker 400
MHz NMR spectrometer equipped with a wide-bore magnet.

Figure 1 shows EPR spectra (top) for 15N Fremy’s Salt (left)
and 15N TEMPOL (right) radicals in aqueous solutions at 260 GHz.
To improve Fremy’s Salt’s stability a 0.05 M K2CO3 buffer was
used. The EPR line widths were <0.1 mT and 0.4 mT for Fremy’s
Salt and TEMPOL, respectively, in aqueous solutions at RT.
Corresponding fits to the EPR spectra using EasySpin16 found a
radical rotational correlation time of less than 5 ps (Fremy’s Salt)
and 20 ps (TEMPOL). Both EPR spectra are well within the
motional narrowing limits, for their given g-factor anisotropies. The
dependence of the EPR amplitude on the square root of the MW
power was linear for both Fremy’s Salt and TEMPOL, indicating
that electron saturation had not been reached at our maximum MW
power.

During the DNP experiments, the low field EPR 15N hyperfine
transition was pumped continuously by MW while the NMR free

Figure 1. Top: EPR spectrum of 0.6 mM 15N Fremy’s Salt (left) in 0.05
M K2CO3 and 0.6 mM 15N TEMPOL (right) in H2O, MW frequency 260
GHz, RT. The structures of the radicals are given as an insert. Bottom:
Water proton NMR spectra with MW (red) and without MW (black)
pumping at 40 mM and 50 mM radical concentrations for Fremy’s Salt
(left), TEMPOL (right), respectively.
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induction decay (FID) of the water protons was recorded. The
pulsed NMR repetition time was 4 s, and 16 FIDs were averaged
for the signal in Figure 1 (bottom, red). The NMR reference
spectrum without MW pumping is shown in Figure 1 (bottom,
black) for comparison. The experimental DNP enhancement is
calculated by ε ) (νMW - ν0)/ν0, where νMW,0 are integrated NMR
signal intensities with and without MW, respectively. The corre-
sponding enhancements are -10.4(10) for Fremy’s Salt and -6.2(6)
for TEMPOL. The negative enhancement confirms that the Over-
hauser effect is mediated predominantly via electron-proton
dipole-dipole relaxation.5,6

The frequency shift of the water proton NMR peak is caused by
MW heating (Figure 1, bottom). Under continuous MW irradiation,
the temperature becomes stable at a higher value in less than a
second. The amount of heating is related to the size of the capillary;
for the sizes 0.05/0.03 mm i.d. the temperature increases ap-
proximately 20/10 K, at our maximum MW power, respectively.
The experiment was performed without any active cooling, which
will be implemented in a new probe. The broad NMR line shape
of 130 Hz is caused by static magnetic field inhomogeneity across
the sample (discussed in ref 15). Although this value does not yet
allow high-resolution NMR applications, the field inhomogeneity
in our present design does not affect our obtained DNP enhancement
results.

The DNP build-up time was measured to be on the order of the
water proton T1 with radicals, as predicted by the Solomon
equations.5,6,15 The water-proton relaxation rate dependence on the
radical concentration is given by R1 ) 1/T1W + kC, where k is the
relaxivity, C is the concentration in mM, and T1W is the relaxation
of pure water. The relaxivity constants were found to be 0.068(8),
and 0.09(1) s-1 mM-1, for Fremy’s Salt and TEMPOL, respectively,
and T1W is 4.8(4) s at 318 K (this is the temperature at maximum
MW power). While at room temperature, TEMPOL has a relaxivity
of 0.16(2) s-1 mM-1 and the T1W of pure water is 3.3(2) s. The
dependence of the DNP enhancement at maximum MW power for
both radicals is depicted in Figure 2.

Figure 3 shows the power curves for Fremy’s Salt and TEMPOL
in aqueous solutions, which is the dependence of the inverse
enhancement ε on the inverse MW power. The small deviation from
a linear relation at high MW power might be caused by the MW
heating described above, which shortens the translational radical/
water correlation time and, thereby, increases the DNP effect. Fitting

only the lower power values where the sample is near room
temperature, a maximum extrapolated DNP enhancement εMAX at
saturating power can be estimated: -7.7((1.0) for Fremy’s Salt
and -14(+8/-2) for TEMPOL.

The Overhauser enhancement, ε, is usually factorized into

where γe and γp are the gyromagnetic ratios of the electron and
proton, respectively, � is the DNP coupling constant, f ) 1 -
1/(R1T1W) is the leakage factor, and s is the degree of electron
saturation. The leakage factor f was easily determined experimen-
tally, by measuring the water-proton relaxation time with (1/R1)
and without radicals (T1W). The other two parameters, s and �, are
more difficult to obtain.

The strong dependence of the DNP enhancement on the radical
concentration can be mainly explained by the leakage factor, f, as
shown in Figure 2. Deviation from this behavior has been attributed
to Heisenberg exchange, which influences the electronic relaxation
times and thereby the ability to saturate the electron spin. The
leakage factor has been also plotted in Figure 2 and is scaled
(Fremy’s Salt 0.7f and TEMPOL 0.47f) to the DNP enhancement
data points. While TEMPOL shows a monotonically increasing
behavior, Fremy’s Salt shows a maximal DNP enhancement of
-11.5(10) at 20 mM and decreases at higher concentrations.
Modeling the dependence of the measured DNP enhancement on
concentration has proved to be a nontrivial problem.5-7 In
comparison to our results, the observed DNP enhancement of
TEMPOL at lower microwave frequencies (X-band: 9.8 GHz)
shows a maximum enhancement between 6 to 8 mM.7

The saturation expression for a homogeneously broadened single
EPR line is given by s ) γe

2B2
2T1eT2e/(1 + γe

2B2
2T1eT2e), where B2 is

the strength of the MW field and T1e,2e are the electronic spin-lattice
and spin-spin relaxation times. In this expression, the product T1eT2e

) 35 × 10-16 s2 had been estimated from an EPR power saturation
curve for a TEMPOL/water solution at 260 GHz.14 Together with
T2e ) 28 ns, calculated from the EPR line width (see Figure 1), T1e

is estimated to be approximately 120 ns at 260 GHz and RT. Direct
determination of electronic relaxation times by EPR have not yet
been performed for such high frequencies, but our results are in
good agreement with EPR results obtained at 95 GHz.17,18 A similar
T1e is predicted for Fremy’s Salt by comparison of the two slopes
in Figure 3 and by taking the different EPR line widths into account.

Figure 2. Dependence of the DNP enhancement at maximum MW power
on the radical concentration (Fremy’s Salt (black) and TEMPOL (red)).
As a comparison, the dependence of the leakage factor f on concentration
has been scaled to the DNP enhancement data points.

Figure 3. Dependence of the inverse enhancement (ε) on the inverse power
for the radicals Fremy’s Salt and TEMPOL. The maximum extrapolated
DNP enhancements are given by a linear fit to the data at lower MW powers.

ε ) (γe/γp)�sf (1)
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Although the Fremy’s Salt solution gave higher enhancements at
all MW power levels, Figure 3 predicts similar projected maximum
enhancements εMAX for both radicals at MW saturation. Therefore,
the difference in the observed enhancements for Fremy’s Salt and
TEMPOL can be mainly attributed to a difference in the saturation
factor s, whereas the coupling factor � seems to be similar for both
radicals.

In the past, DNP enhancement and NMR relaxation dispersion
measurements performed at lower magnetic field values have been
used to predict the spectral density function of the dipole-dipole
interaction. The analysis was usually based on a model assuming
free diffusion and a spherical radical (force-free model).19 From
X-band (9.8 GHz) DNP measurements with TEMPONE in water
a coupling factor � ) 0.186 was determined,7 leading to a
correlation time of 95 ps. These results were in good agreement
with NMR relaxation dispersion measurements,8 which estimated
a correlation time of 73 ps with TEMPAMINE in water. If we
predict the coupling factor at 260 GHz from this value and the
model described above, we end up with a maximum enhancement
at 260 GHz of only 1.6 (assuming s ) f ) 1). This is obviously
much lower than the experimentally extrapolated maximum en-
hancement of 14. More recent relaxation dispersion measurements
on TEMPOL in water20,21 predicted coupling factors � of 0.36 (X-
band) and 0.06 (W-band), corresponding to much shorter correlation
times of 25 ps (X-band) and 28 ps (W-band). Using their parameters
and our measured relaxivity at 260 GHz, we can estimate a coupling
factor of � ) 0.022(6) and a correlation time of 20 ps at 260 GHz.
This would correspond to a maximum enhancement of ap-
proximately 14, in excellent agreement with our experimentally
obtained values.

Our experimental DNP enhancements on TEMPOL in water at
260 GHz show much higher coupling factors than predicted by
DNP experiments performed at lower magnetic field strengths. The
discrepancy might be either due to difficulties in determining the
saturation factor s for nitroxide radicals accurately or a result of a
more complex behavior of the spectral density function than
predicted from the force-free model. In particular our high-field
DNP experiments will be very sensitive to dynamical processes in
the low picoseconds time scale. More elaborate investigations to
quantify the coupling factor and the radical electron/water proton
correlation times using molecular dynamic simulations are underway.

Additionally, our results demonstrate that Fremy’s Salt gives
significant DNP enhancements of -10 at very low MW power
levels, because of its long electronic relaxation time T2e. Even larger
enhancements will be achievable on both radicals with higher MW
power and at slightly higher temperatures. Pulsed MW at a spacing
similar to T1e of the radical might even double the achieved
enhancement on water.22 With an initial starting water polarization
of 10 or more, the chances to further transfer a substantial amount

of this polarization onto biomolecules are high. This transfer from
polarized solvent protons to the biomolecule might be accomplished
by direct proton exchange with liable NH or OH groups, through
NOE polarization transfer between solvent and biomolecule protons
or by directly attaching the spin label to the protein. Developments
to improve the field homogeneity at the sample and to increase the
effective sample size are underway which will allow application
of the method to biomolecules. Our results therefore demonstrate
the first important step toward the application of DNP to structural
investigations of biomolecules in the liquid state.
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