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Dynamic nuclear polarization (DNP) at high magnetic ﬁelds (9.2 T, 400 MHz 1H NMR
frequency) requires high microwave power sources to achieve saturation of the EPR transitions.
Here we describe the ﬁrst high-ﬁeld liquid-state DNP results using a high-power gyrotron
microwave source (20 W at 260 GHz). A DNP enhancement of 29 on water protons was
obtained for an aqueous solution of Fremy’s Salt; in comparison the previous highest value was
10 using a solid-state microwave power source (maximum power 45 mW). The increased
enhancements are partly due to larger microwave saturation and elevated sample temperature.
These experimentally observed DNP enhancements, which by far exceed the predicted values
extrapolated from low-ﬁeld DNP experiments, demonstrate experimentally that DNP is possible
in the liquid state also at high magnetic ﬁelds.

Introduction
Dynamic nuclear polarization (DNP) is an important
technique to enhance NMR signals. Griﬃn1 and Golman2
showed with their pioneering work that very high DNP
enhancements could be obtained in solids also at high
magnetic ﬁelds. These substantial signal-to-noise enhancements have been used in solid state magic angle sample
spinning experiments on biomolecules3 or in the liquid state,
after fast liquefaction of the sample, either by rapid dissolution
of the pellet in hot solvent4 or by laser melting.5 This work
triggered new initiatives investigating the possibility of directly
achieving Overhauser DNP polarization at high magnetic
ﬁelds in the liquid phase, avoiding freeze-thaw cycling of the
sample. One approach is to polarize the liquid sample at low
magnetic ﬁelds, followed by a fast shuttle for high-ﬁeld NMR
detection.6 In this case, large initial enhancements can be
obtained, however losses due to the shuttle time, the
Boltzmann factor and magnetic ﬁeld proﬁle along the shuttle
path between polarization and detection ﬁelds limit the ﬁnal
reachable signal enhancement.7
Our approach is to polarize the nuclear spins directly at the
magnetic ﬁeld of the NMR detection,8 similar to the classic
approach at lower magnetic ﬁelds.9 This in situ approach has
the advantage that nuclear and electron spins can be excited
and detected simultaneously and no physical change of the
sample is necessary. Disadvantages for liquid samples are high
microwave (MW) absorption of the sample, especially for
water based solvents, and the lower expected enhancements
that can be achieved via the Overhauser eﬀect at high magnetic
ﬁelds. The reason for this is that the Overhauser eﬀect is driven
by electron-nuclear cross relaxation processes, which become
ineﬃcient at high electron Larmor frequency compared to the
electron spin relaxation processes. Recently we and others
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showed that enhancements at high magnetic ﬁelds are
substantially higher than expected from extrapolations of
low-ﬁeld DNP results.10,11 In these experiments the DNP
enhancement was limited by the available MW power of
solid-state microwave sources. In this paper we describe the
implementation of a 260 GHz gyrotron oscillator (GYCOM,
Russia) to our liquid-state 400 MHz DNP spectrometer and
demonstrate our ﬁrst experimental DNP enhancements
obtained with this MW source on an aqueous solution of
Fremy’s Salt.

Results and discussion
Fig. 1 compares our DNP experiments of a liquid solution of
Fremy’s Salt in water using a high (20 W gyrotron) or low
(45 mW solid-state source) MW power source. In both cases
the low ﬁeld 15N hyperﬁne EPR transition was pumped
continuously, while the NMR free induction decay (FID) of
the water protons and corresponding Fourier transformation
(FT) have been recorded (dots). The NMR pulse repetition
time was 4 s and 16 FID signals were averaged in all cases. The
NMR reference spectrum without MW pumping is shown in
black. The experimental DNP enhancement is calculated by
e = (INMRMW  INMR)/INMR, where INMRMW and INMR are
the integrated NMR signal intensities with and without MW,
respectively.
The line shape distortions of the NMR lines without MW
excitation result from static magnetic ﬁeld inhomogeneity
introduced by the MW waveguide close to the sample
(see below). The additional distortions and line shift of the
NMR lines with MW irradiation result from sample heating
and inhomogeneity of the MW ﬁeld strength along the
sample capillary. For the experiments shown in Fig. 1(a) the
full power of the gyrotron (20 W) had to be substantially
attenuated to limit the sample heating to approximately 35 1C
(sample temperature of 60 1C). If we extrapolate from a
calibration curve measuring MW power against water-proton
This journal is
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Fig. 1 Water 1H NMR spectra with MW (dots) and without MW (solid) on 40 mM aqueous Fremy’s Salt solutions with (a) using a high power
gyrotron, and (b) a low power solid-state MW source.

NMR shift for 0.03 mm capillaries, we can estimate the power
at the cavity to be approximately 110 mW. This MW power
corresponds to a MW magnetic ﬁeld strength of BMW = 1.5 G
at the sample. At this MW power a DNP enhancement of 29
was observed. For comparison, Fig. 1(b) shows DNP experiment on a 40 mM Fremy’s Salt solution under similar
conditions using the maximum power of the solid-state MW
source (25 mW at the cavity, BMW = 0.7 G). In this case a
DNP enhancement of 10 at a temperature of 40 1C was
achieved, the sample being placed in a 0.05 mm i.d. capillary.10
The leakage factor in both cases was measured to be f = 0.94.
The Overhauser DNP signal enhancement factor e for liquid
samples can be written as:9
e ¼ xfs

ge
gp

where ge and gp are the electronic and nuclear spin magnetogyric ratios, x is the coupling factor, s is the saturation factor
and f = 1 – T1R/T1W is the leakage factor. T1R and T1W are the
nuclear spin relaxation times with (R) and without (W)
radicals, respectively. In our case the nuclear spin is the proton
spin of the water solvent and therefore the ratio gS/gp is 660.
While e and f are easily determined experimentally, the
saturation factor s is much more diﬃcult to obtain for
nitroxides at high magnetic ﬁelds by EPR measurements. This
is due to the very short longitudinal and transversal relaxation
times of the nitroxide electron spin in liquid solution
(o200 ns)8,10 and polarization transfer between the nitrogen
spin hyperﬁne lines by Heisenberg spin exchange and nitrogen
nuclear spin relaxation. For a single homogeneous EPR line,
the inverse saturation factor 1/s depends linearly on the inverse
microwave power 1/PMW. This has been used in the past to
predict DNP enhancements emax under saturation condition
(s = 1). Under our experimental conditions the situation is
more complex: the sample is heated due to MW absorption,
leading to higher sample temperature as well as changed
relaxation times and coupling factor as a function of MW
power. Thus a 3 times higher enhancement observed with our
gyrotron source might have its origin in a changed saturation
and/or coupling factor.
In a previous paper,12 we have shown that the saturation
factor s for nitroxide radicals can be quantitatively calculated
based on the Redﬁeld perturbation theory, including the
This journal is
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eﬀects of nitrogen relaxation and Heisenberg exchange. Most
of the parameters needed for this calculation, like homogeneous EPR linewidth and Heisenberg exchange rate, can
be measured using EPR spectroscopy. However, as explained
above a direct determination of T1e in aqueous solutions of
nitroxides at high ﬁeld is diﬃcult. While T1e has been
measured for aqueous TEMPONE solutions at EPR frequencies
up to 95 GHz13 and estimates have been given for TEMPOL
at 260 GHz,10 T1e of Fremy’s Salt has so far only been
determined at low ﬁelds (X-Band, 9 GHz) to be 380 ns.14
Assuming two homogeneous hyperﬁne lines without nuclear
spin ﬂips and Heisenberg exchange the saturation factor
s can be calculated for diﬀerent T1e values, taking the
MW ﬁeld strength B1 from the pulsed EPR experiment
(see Experimental section), the transversal relaxation time
and the hyperﬁne splitting from the EPR spectra, which are
in good agreement with X-band measurements.15 For T1e
values in the range of 100–400 ns the saturation s changes
between high and low MW power only by a ratio s(110 mW)/
s(25 mW) of 2.2–1.3. Heisenberg spin exchange and nuclear
spin relaxation will further lower this ratio; therefore the
observed strong increase of the DNP enhancement cannot
be explained by only the saturation factor itself.
In a recent publication we were able to show that it is
possible to calculate dipolar correlations functions for radicalsolvent pairs from molecular dynamics studies.16 In the case of
TEMPOL in water a coupling factor x in very good agreement
with our low-power experimental DNP results could be
achieved. In contrast, high-ﬁeld coupling factors predicted
from low-ﬁeld DNP experiments assuming a simple translational and rotational motion model between electron and
nuclear spin9,17 have been too low. The MD study showed
that additional high frequency modes, other than translational
and rotational diﬀusion, contribute to the spectral density.
MD calculations performed for Fremy’s Salt radicals in
aqueous solutions at temperatures of 25, 35, 45 1C are shown
in Fig. 2.
There is a strong dependence of the coupling factor x on the
temperature T. Extrapolating the coupling factor to 60 1C,
where the high-power DNP experiment was performed leads
to an increase of the coupling factor of 1.5–2 going from
40 to 60 1C. This is again smaller than the experimentally
observed increase of the DNP enhancement. Therefore we can
Phys. Chem. Chem. Phys., 2010, 12, 5786–5790 | 5787
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Fig. 2 Coupling factors x calculated from MD simulations of
Fremy’s Salt in water for 25, 35 and 45 1C. The dotted line shows a
ﬁt with x(T) = 0.028 + 0.039  (T  25 1C)1.33 to the calculated
values to extrapolate x at 60 1C.

conclude that the high enhancements observed with the
gyrotron MW source is a combination of the increased
saturation of the 15N Fremy’s Salt nitroxide and an increased
coupling factor x by MW sample heating.
The coupling factor at 60 1C of x = 0.072 extrapolated from
MD calculations and the DNP enhancement of 29 implies
that the saturation achieved with the 110 mW power is
0.65. This value is higher than the saturation calculated above,
s(110 mW) = 0.3–0.5 depending on T1e and shows signiﬁcant
contribution of Heisenberg exchange to the saturation of the
electron spin system. The projected coupling factor of 0.072
at 60 1C would correspond to a maximum enhancement of
emax = 45 at full ERP saturation (s = 1).

Experimental
The DNP experiments were performed with 15N Fremy’s Salt
K2(SO3)2NO (di-potassium nitrosyl-disulfonate), in a 50 mM
K2 CO3 buﬀer solution to reduce the decomposition rate.
Radical concentration was determined by X-band EPR
measurements, proton NMR relaxation measurements, and
optically. A 40 mM Fremy’s Salt solution was placed in a
quartz capillary with 0.03 mm i.d. in order to reduce the
heating eﬀects from the high power gyrotron source as much
as possible.
Our home-built 260 GHz liquid-state DNP spectrometer
equipped with a low MW power source is described in detail in
ref. 8. The spectrometer is designed for in situ DNP, NMR,
and EPR experiments, where continuous wave MW excitation
and radio frequency (RF) pulses can be applied simultaneously. In this setup a standard 400 MHz Bruker NMR
spectrometer was modiﬁed to include a continuous wave EPR
bridge based on metallodielectric waveguide technology. The
MW bridge consists of a solid-state MW source (VDI, USA)
with a maximum output power of 45 mW, which is frequency
tunable within the range of 256–263 GHz; an interferometer
reference arm; a frequency counter; and an EPR signal
detection channel. The total transmission system losses are
less than 2 dB resulting in about 25 mW continuous MW
power at the sample position. The heart of the DNP spectrometer is a double resonance structure for aqueous samples,
5788 | Phys. Chem. Chem. Phys., 2010, 12, 5786–5790

consisting of a helix which serves as a NMR coil for excitation
and detection as well as a cylindrical TE011 cavity for EPR.
The MW cavity has two important features: ﬁrst, it drastically
reduces the MW electrical ﬁeld strength at the sample position,
thus avoiding excessive heating of the liquid sample; and
second, it enhances the MW magnetic ﬁeld strength at the
sample position. The maximum temperature increase for pure
water using maximum power from the solid-state MW source
depends on the diameter of the capillary containing the
sample: for samples with 0.03 mm and 0.05 mm i.d., a
temperature increase of 8 and 21 1C, respectively, was
observed by measuring the shift of the water proton NMR
at maximum power of the solid state source. The magnetic
ﬁeld inhomogeneity caused by the metallodielectic waveguide
results in a broad NMR peak with a total line width of 130 Hz.
The DNP active sample volume is 3–4 nL for 0.05 mm
capillaries. The conversion factor for the helix from MW
power PMW to ﬁeld strength BMW has been determined by a
single pulse EPR FID experiment on a ﬂuoranthenyl hexaﬂuorophosphate ((FA)2PF6) single crystal using a 200 mW
orotron source (GYCOM, Russia). The amplitude and shape
of the FID signal were monitored as a function of the applied
pulse length. Optimal p/2 and p pulses were estimated to be
80 ns and 160 ns long, respectively. This leads to a MW ﬁeld
amplitude of BMW = 1.2 G in this case. The Q-factor of the
helix probe loaded with the ﬂuoranthenyl single crystal was
1.5 times smaller compared to aqueous samples due to
distortions of the microwave ﬁeld introduced by the irregular
shape of the crystal. Therefore the maximum MW ﬁeld
strength with the solid-state source used for the DNP experiments can be calculated to be BMW = 0.7 G.
This initial DNP setup has been modiﬁed to include a
high-power gyrotron MW source. A quasioptical MW transmission line connects the gyrotron power source to the liquidstate (LS) DNP spectrometer used for these experiments and
a solid-state (SS) MAS DNP spectrometer both operating at
9.2 T, corresponding to 400 MHz 1H NMR frequency and
260 GHz EPR frequency (Fig. 3). The transmission line
consists of 18 mm i.d. corrugated waveguide pieces with a
total length of 14 m, and some passive components such as
calorimeter, attenuator, 901 bends, and mechanical MW
switch. Total MW losses are measured to be 3 dB to the
SS MAS DNP spectrometer, and 4 dB to the LS DNP
spectrometer.
The gyrotron is inherently a single frequency oscillator
operating in a magnetic ﬁeld of 4.7 T provided by a
cryomagnet. The operation frequency of the gyrotron is close
to the second harmonic of the electron’s cyclotron resonance
and is determined by the ‘‘non-tunable’’ cavity of the gyrotron
equal to 258.9 GHz. It can be slightly tuned by changing the
temperature of the cooling water for the copper gyrotron
resonator. A temperature change between 15–35 1C changes
the gyrotron resonance frequency by about 60 MHz. For
frequency stabilization a P-307 cooler (TermoTek AG,
Germany) with a temperature stability 0.1 K has been used.
The gyrotron frequency was calibrated with our liquid state
DNP spectrometer by simultaneous measurement of the EPR
spectra of TEMPOL by sweeping the magnetic ﬁeld of the
LS DNP spectrometer with calibration of the main ﬁeld
This journal is
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Fig. 3 Block-diagram of the DNP setup. The parts in the dashed lines belong to the two DNP spectrometers; the other parts belong to the
transmission line connecting the gyrotron source to the spectrometers.

by measurement of the water proton NMR frequency. The
frequency stability of the gyrotron has been evaluated with an
EPR signal of a TEMPOL solution monitored for 1 h by
periodic sweeping of the magnetic ﬁeld of the LS DNP
spectrometer. From such consecutive EPR spectra the
gyrotron frequency drift was estimated to be in the range of
6  106 h1. This is stable enough to run DNP experiments
on liquid Fremy’s Salt solutions, which show the narrowest
EPR lines among nitroxides at high ﬁelds.

Description of molecular dynamic simulations for
Fremy’s Salt
Molecular dynamics simulations of Fremy’s Salt in water were
performed for three diﬀerent temperatures: 298, 308 and
318 K. The simulation and analysis approach ﬁrst introduced
in ref. 16 were followed in the present study. In summary, one
molecule of Fremy’s Salt and two potassium counter ions
were placed in a cubical box initially containing 3000 water
molecules at the experimental water density for the appropriate temperature. After deleting eight waters overlapping
with the Fremy’s Salt molecule and replacing two waters with
ions, 2990 waters were left. The simulations were performed
with the simulation package NAMD18 and the CHARMM
force ﬁeld19 under constant temperature and volume using
periodic boundary conditions. As discussed in detail in ref. 16,
diﬀerent values were used for the friction coeﬃcient of the
Langevin thermostat at diﬀerent temperatures such that the
resulting translational diﬀusion of the employed TIP3P20
water model matched the experimental values for bulk water.
An integration time step of 2 fs was employed and
the simulations for each temperature lasted for 2.1 ns.
Coordinates were saved for subsequent analysis every 75
integration steps (0.15 ps) and the ﬁrst 600 snapshots (90 ps)
were excluded from the analysis.
This journal is
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Electron spin-nuclear spin dipolar correlation functions
were calculated from the MD trajectories using the positions
of the oxygen and nitrogen atoms of the nitroxide moiety and
the water protons as explained in ref. 16. To calculate the
coupling factors reported in Fig. 2, the dipolar correlation
functions were ﬁtted to a sum of three exponential decays.
Their long-time tail was separately ﬁtted to power-law decay
with exponent of 3/2 (see ref. 16 for more details.) Note that
any possible contribution due to scalar coupling between the
electron and nuclear spins has been ignored in the present
analysis. However, quantum mechanical calculations reported
in ref. 16 indicate that the DNP contribution of the scalar
coupling between water protons and the unpaired nitroxide
electron is at most a few percent of the dipolar contribution.
Nevertheless, if present, such scalar coupling can only reduce
the absolute value of the calculated dipolar coupling factors,
implying a somewhat larger degree of saturation than
presently estimated without changing the conclusions of
this study.

Conclusion
Liquid state DNP at high magnetic ﬁelds has to fulﬁl two
important experimental requirements: on the one hand, to
achieve a high MW magnetic ﬁeld strength at the sample to
saturate the electron transitions of the radical and on the other
hand, to avoid heating of the sample by the MW electrical ﬁeld
component. Therefore a resonant MW structure to separate
electrical and magnetic ﬁeld components has to be used, at
least for lossy solvents like water. The use of such MW
resonant structures additionally increases the magnetic ﬁeld
strength at the sample signiﬁcantly. Therefore reasonable
DNP enhancements can be obtained already with low power
solid state MW sources. Nevertheless, in such cases only single
mode resonators can be used, which exhibit large conversion
Phys. Chem. Chem. Phys., 2010, 12, 5786–5790 | 5789
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factors but severely limit the size of the sample. Double
resonance structures with larger sample volumes often have
much lower MW conversion factors and therefore need more
powerful MW sources to obtain maximum enhancement.
Gyrotrons have been exploited for solid state DNP
experiments21–23 and are available in the frequency range of
100–1000 GHz matching well the modern high-resolution
NMR spectrometers.
Here we have shown that with a 20 W gyrotron source
operating at 260 GHz liquid state DNP enhancement for water
protons of 29 has been achieved at a 1H frequency of
400 MHz and a magnetic ﬁeld of 9.2 T. The observed higher
enhancement is mainly a result of better saturation of the
electron spin transition; additionally the elevated temperature
leads also to a somewhat larger coupling factor. Presently,
we are working on new double resonance structures that
have much larger sample volumes and better ﬁeld homogeneity to improve the overall NMR sensitivity and a
possibility to stabilize sample temperature by active cooling.
This will allow accurate experimental determination of the
coupling factor and its temperature dependence. The observed
enhancements are by far larger than expected from theoretical
models based on translational and rotational diﬀusion
of the DNP agent and target molecular pair and promising
for applications in liquids at high magnetic ﬁelds. To understand the physical origin of this unexpected large enhancements will be a prerequisite for further optimization of the
liquid DNP eﬀect at high magnetic ﬁelds and potential
applications.
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