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Dynamic nuclear polarization (DNP) is introduced as a powerful tool for polarization enhancement in
multi-dimensional Earth’s field NMR spectroscopy. Maximum polarization enhancements, relative to
thermal equilibrium in the Earth’s magnetic field, are calculated theoretically and compared to the more
traditional prepolarization approach for NMR sensitivity enhancement at ultra-low fields. Signal
enhancement factors on the order of 3000 are demonstrated experimentally using DNP with a nitroxide
free radical, TEMPO, which contains an unpaired electron which is strongly coupled to a neighboring 14N
nucleus via the hyperfine interaction. A high-quality 2D 19F–1H COSY spectrum acquired in the Earth’s
magnetic field with DNP enhancement is presented and compared to simulation.
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1. Introduction non-Faraday induction detection schemes such as atomic magne-
Earth’s field nuclear magnetic resonance (EFNMR), which is
nearly as old as NMR itself [1,2], has long been used in the field
of magnetometry and for teaching the principles of magnetic reso-
nance to students. More recently, however, EFNMR has been
shown to have promise for a much broader range of applications
including multi-dimensional imaging [3–5], high-resolution spec-
troscopy [6–9] and measurements of molecular diffusion [10–13].

While EFNMR enjoys the advantage of sub-hertz spectral resolu-
tion over large (>100 mL) sample volumes due to the natural homo-
geneity of the Earth’s field, it suffers from low sensitivity, a
consequence of the approximate B2

0 dependence of signal-to-noise
ratio (SNR) on field strength, which for the Earth’s field is on the order
of 50 lT (0.5 G). In addition, at the Larmor frequency of protons in
the Earth’s field (�2 kHz), the observed noise is dominated by exter-
nal interference not by the Johnson noise of the detection coil. In or-
der to fully realise the potential of Earth’s field NMR, clever strategies
for sensitivity enhancement need to be employed. The ultimate goal
of the work presented herein is the acquisition of high quality, multi-
dimensional NMR spectra in the Earth’s magnetic field. Therefore, a
strong emphasis is placed on sensitivity enhancement methods
which are readily adapted to multi-dimensional experiments.

A relatively obvious solution to the problem of external noise
interference involves the use of Faraday screening to reduce ul-
tra-low frequency (ULF) noise pickup. Alternatively, the observed
SNR of the EFNMR signal can be enhanced through the use of novel
ll rights reserved.
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tometers [14] or super-conducting quantum interference devices
(SQUIDs) [15]. This paper, however, will be concerned exclusively
with the sensitivity enhancement which can be achieved within
the realm of Faraday induction.

The problem of overcoming the very low thermal polarization
available at 50 lT can be addressed using one of two general
strategies. The first is prepolarization [1], whereby the sample
is allowed to come to thermal equilibrium in a strong, but not
necessarily homogeneous, magnetic field prior to excitation and
detection in the highly homogeneous Earth’s magnetic field.
The second is hyperpolarization, whereby the polarization of
the target nuclear spin is enhanced beyond thermal equilibrium
polarization by means of a polarization transfer from a second
group of spins with a much higher level of polarization. An
example of this is dynamic nuclear polarization (DNP) where
the polarization transfer occurs between unpaired electron spins
and the target nuclear spins via the so-called Overhauser effect
[16]. DNP has been very successfully implemented in conjunc-
tion with Earth’s field magnetometers both for raw signal
enhancement and for a clever noise cancellation scheme [17].

2. Theory

2.1. Prepolarization

Conceptually, one of the simplest approaches to sensitivity
enhancement is to prepolarize the sample using a strong but not
necessarily homogeneous magnetic field prior to excitation and
detection in a weaker but highly homogeneous magnetic field.
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In the 2D COSY pulse sequence presented in Fig. 1, the sample is
exposed to the polarizing field, Bpolz, for a period, tpolz, during
which it comes to either full or partial thermal equilibrium with
this field. This polarization field is then removed from the sample
and following a delay, td, the enhanced polarization is excited and
detected in the highly homogeneous Earth’s magnetic field, BE. The
maximum achievable enhancement factor (EF) relative to thermal
polarization in the Earth’s field is given by Eq. (1). Note that this
expression assumes that the sample is allowed to come to full ther-
mal equilibrium in the polarization field, i.e. tpolz P 5T1

EF ¼ Bpolz

BE
e�

td
T1 : ð1Þ

Eq. (1) indicates that in order to achieve significant enhancements
the polarization field must be large relative to the Earth’s field
and the delay time, td, between the polarization phase and the
detection phase of the pulse sequence must be very short compared
to T1. In the context of multi-dimensional spectroscopy, it is very
important that the enhancement factor is constant between succes-
sive transients. Therefore, it is imperative that the polarizing field
strength, Bpolz, the polarizing time, tpolz, and the polarization to
detection delay, td, are constant.

In any prepolarization scheme, the polarization field can be
generated by either an electromagnet or a permanent magnet ar-
ray. First consider the case of an electromagnet, which is very
advantageous for a variety of reasons. First, it is relatively easy
and cost effective to construct an electromagnet which is not par-
ticularly homogeneous, that is with a homogeneity on the order of
a few percent rather than a few parts per million (ppm). Second,
the field of the electromagnet can be switched on and off as re-
quired, providing the user with sufficient control over Bpolz, tpolz

and td to ensure a constant enhancement factor between tran-
sients. Third, the field is under software/spectrometer control
and therefore is easily used in multi-dimensional experiments.
There are, however, several practical limitations. The first concern
is field strength. In order to achieve large magnetic fields with an
electromagnet, large currents must be used and this can result in
significant resistive heating in the coil. Coil heating can be dealt
with through the use of water cooling but this greatly complicates
the overall system and limits its size, cost and portability. The sec-
ond concern, which is also a matter of resistive heating, is the
polarization time. Long T1 samples will require long polarization
times which will enhance the problem of coil heating. The final
practical concern is associated with the rapid switching of a strong
polarizing field. If Faraday screening is employed to reduce pick-up
of external ULF noise, rapid switching of a strong polarizing field
Fig. 1. Pulse sequence diagram for a 2D correlation spectroscopy (COSY) experi-
ment with prepolarization (Bpolz) and/or DNP irradiation (B1RF) prior to signal
excitation and detection in the Earth’s magnetic field (B1ULF). For multi-dimensional
spectroscopy experiments, consistency of timing in the prepolarization phase and
the delay time, td, is essential.
will give rise to strong eddy currents in the screen and so the delay
time, td, will need to be sufficiently long so that there are no time
dependent disruptions to the homogeneity of the Earth’s field dur-
ing detection.

As shown by Appelt et al. [7], an attractive solution for single-
shot experiments is the use of a permanent magnet Halbach array
for prepolarization. If high homogeneity is not a concern, Halbach
arrays with field strengths of up to 1 T can be constructed without
much difficulty. One of the significant advantages of the Halbach
design is that these arrays are largely self-screening and so can
be located within a few meters of the Earth’s field NMR probe
without significantly disrupting the homogeneity of the detection
field. If shimming is available, the Halbach array can be located
as close as 1–1.5 m from the EFNMR probe without disrupting
the sub-hertz spectral resolution. In addition, all of the electromag-
net concerns of resistive heating and field switching are removed
with the use of a Halbach array. The most significant disadvantage
of the Halbach prepolarization approach lies in the transfer of the
sample from the Halbach array to the EFNMR probe. In [7] this
transfer was done manually and transfer times were on the order
of seconds. In a multi-dimensional experiment, sample transport
from Halbach to EFNMR probe would be very challenging to auto-
mate, especially in terms of maintaining a constant polarization
time and transfer time. Therefore, this is not an attractive solution
for the purposes of multi-dimensional spectroscopy.

2.2. Dynamic nuclear polarization

DNP is a technique for enhancing, above its thermal equilibrium
value, the polarization of a target nuclear spin, a proton for exam-
ple, by means of a net polarization transfer from an excited un-
paired electron spin via the process of cross-relaxation. This
polarization transfer is commonly achieved in liquids by means
of the Overhauser effect. In most applications where DNP is used
for signal enhancement, the free electron must be introduced into
the sample via the addition of a free radical. The most commonly
used DNP free radicals are nitroxide radicals, such as 2,2,6,6-tetra-
methylpiperidine 1-oxyl (TEMPO).

The DNP process can conceptually be divided into two phases:
(1) the excitation of the electron spins and (2) the polarization
transfer between the excited electron spins and the target nuclear
spins. The excitation of the electron spins, phase 1, can only be
achieved and optimized through a thorough theoretical under-
standing of the energy levels and transition probabilities of the free
electron spin system. The transfer of polarization between the elec-
tron spins and the target nuclear spins, phase 2, can be understood
and quantified through a consideration of the so-called Solomon
equations [18].

For the purposes of this discussion of DNP in the Earth’s mag-
netic field, the TEMPO free radical containing 14N at natural abun-
dance (99.6%) will be considered, exclusively. Therefore, in terms
of determining the allowed transitions of the electron spins, the
system under consideration contains a single free-electron spin,
with a spin quantum number s = 1/2, and a single 14N nuclear spin,
with a spin quantum number k = 1. There exist a number of 1H
spins within the free radical molecule; however, these nuclear
spins are far removed from the site of the free-electron. For the
purposes of this discussion, any intramolecular hyperfine coupling
between the free electron and these 1H nuclear spins will be con-
sidered to be negligible.

For a given solvent-dependent hyperfine coupling constant, A,
between the electron spin, S, and the nuclear spin, K, and in the
presence of an external magnetic field B0 ¼ B0ẑ the spin Hamilto-
nian can be written, in angular frequency units, as follows:

H ¼ �cSB0Sz � cKB0Kz þ AS � K: ð2Þ
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This Hamiltonian is not diagonal in either of the product opera-
tor or the total angular momentum representations. In the high
field case, where cSB0� A, the product operator formalism, charac-
terised by the azimuthal spin quantum numbers mS and mK, is typ-
ically used and the hyperfine coupling term is treated as a
perturbation to the dominant Zeeman terms. However, in ultra-
low fields such as the Earth’s magnetic field (�50 lT) the hyperfine
coupling term is strongly dominant. Therefore, this system needs to
be solved exactly in order to understand the system under the influ-
ence of magnetic fields ranging from the Earth’s field to the mT
fields used for prepolarization. A detailed quantum mechanical
description of this system can be found in [19].

The six energy levels of the coupled spin system, given by the
Breit Rabi equations [20], are shown in Fig. 2 as a function of field,
B0. This plot clearly indicates the transition from the ultra-low field
case where the hyperfine coupling term is dominant to the ‘‘high”
field case where the electron Zeeman term is dominant. In the ul-
tra-low field case, the signal enhancement is potentially orders of
magnitude larger than the theoretical maximum DNP enhance-
ment in the high field case (�658 for protons). This is a conse-
quence of the fact that the hyperfine field of the 14N nucleus
experienced by the unpaired electron is much larger than the pre-
vailing static magnetic field and therefore the polarization of the
electron spin is much higher than the thermal polarization pre-
dicted by the Zeeman interaction alone.

There are 10 allowed transitions for this two-spin system. These
include eight p transitions, which can be induced by a B1RF applied
perpendicular to B0 and two r transitions, which can be induced
by a B1RF applied parallel to B0. Fig. 3 presents a plot of the frequen-
cies of these allowed transitions as a function of field, B0. The six
transitions which are of interest over the range of fields shown
are labeled in Fig. 3. Of these, T26 and T35 are r transitions while
the others are p transitions. A calculation of transition probabilities
[19] shows that the r transitions can only be induced at very low
B0 values whereas all of the p transitions, with the exception of T45,
have significant transition probabilities over the range of fields
shown. The transition probability of T45 drops off significantly with
increasing B0 in a manner analogous to the decrease in transition
frequency.

In order to achieve a polarization transfer between the unpaired
electron spins and the target nuclear spins of the solvent, one or
more of these transitions needs to be excited. This is achieved
through the application of a continuous wave (CW) radiofrequency
(RF) field, B1RF, at a particular transition frequency. There are two
3
2

sω

Fig. 2. Energy level frequencies as a function of static field strength, B0, for the
coupled two spin, electron and 14N nucleus, system in 2,2,6,6-tetramethylpiperi-
dine 1-oxyl (TEMPO). At ultra-low fields the hyperfine coupling between the
electron and the nitrogen nucleus dominates whereas at higher fields (10 mT) the
electron Larmor term dominates. 2p � 45 MHz was used for A in this calculation.
approaches to selecting the transition and field strength at which
this is achieved.

The first and most straightforward approach is to apply the RF
excitation in the presence of only the Earth’s magnetic field, BE.
This approach has been previously reported for sensitivity
enhancement of Earth’s field magnetometers [17,21] and for
Earth’s field NMR imaging [22]. As indicated by the vertical line
in Fig. 3, this corresponds to a transition frequency (for T16) of
approximately 68 MHz. Since the field value is fixed as B0 = BE,
determining the exact transition frequency in practice requires
successive re-tuning and matching of the B1RF coil over a range of
frequencies. The exact resonant frequency of the transition is then
deduced as that corresponding to the largest observed signal
enhancement. This process can be time consuming and is not easily
automated; however, it does have the advantage of requiring no
other external magnetic field than the Earth’s field itself.

In the second approach, following the field-cycled DNP experi-
ment previously reported for indirect observation of electron para-
magnetic resonance (EPR) spectra via DNP [19,22–26], a higher
frequency is chosen, for example 131.5 MHz, at which the B1RF coil
tunes and matches very well. A CW RF field at this frequency is ap-
plied in the presence of a weak prepolarizing field generated by an
electromagnet (as in Fig. 1). Note that this prepolarizing field will
necessarily be stronger than the Earth’s magnetic field, but it can
be far below the value where some of the heating and eddy current
problems of large electromagnetic prepolarization fields are expe-
rienced. In order to determine the field at which a maximum
enhancement is achieved, the strength of the prepolarizing field
is iteratively varied, in the manner of field-cycled NMR, and the
resultant signal is observed. The DNP enhancement will increase
and decrease as the chosen irradiation frequency moves in and
out of resonance with the various electron transitions. This is illus-
trated by the data in the inset of Fig. 3. It is clear from this data that
for TEMPO in aqueous solution a maximum enhancement for an
irradiation frequency of 131.5 MHz is achieved in a field of
2.7 mT. This corresponds to the T16 transition. The benefit of this
field cycled approach for opimizing the DNP signal enhancement
is not only larger signal enhancements compared to DNP per-
formed directly in the Earth’s magnetic field due to the higher irra-
diation frequency but also a simplification and potential
automation of the signal enhancement optimization.

Given the excitation of a specific transition, the resultant
polarization transfer from the excited electron spins, S, to the
target nuclear spins, I, can be described and quantified using
the Solomon equation [18], which defines the maximum DNP
factor, DNPF, in terms of the ratio of the polarization of the ex-
cited electron spins to the thermal equilibrium polarization of
the nuclear spins, I0, scaled by f, the leakage factor, s, the satu-
ration factor and q, the coupling factor. S0 is the thermal polar-
ization of the electron spins and hSzi is the ensemble average
expectation value of the electron polarization under the influ-
ence of the cw DNP irradiation
DNPF ¼ hIzi � I0

I0
¼ �qfs

hSzi � S0

I0

� �
: ð3Þ

The coupling factor, q, is a measure of the efficiency of the cou-
pling between the electron spin and the nuclear spin and is a function
of the dominant coupling mechanism. Theoretically, q has a value of
�1 for pure scalar interactions and has a value of 0.5 for pure dipolar
coupling [19]. In this work, liquid systems with relatively low free
radical concentrations are used and therefore it is assumed that the
dominant coupling mechanism between the target nuclear spins
and the unpaired electron spins is the dipolar interaction.

The leakage factor is a measure of how much of the spin-lattice
relaxation of the target nuclei is driven by interactions with the
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Fig. 3. Transition frequencies as a function of B0 for the 10 allowed transitions of the unpaired electron coupled to a 14N nucleus in a TEMPO molecule (A = 2p � 45 MHz). The
transitions with appreciable frequencies over the range of fields shown are labeled. T16, T45, T34 and T25 are p transitions. T26 and T35 are r transitions. The r transitions have
significant transition probabilities only at ultra-low B0 values and so cannot be easily excited at higher values of B0. The vertical gray line indicates the position of the Earth’s
field at �54 lT, while the fields at which 131.5 MHz transitions occur are indicated by the horizontal gray line. Inset is an experimental measurement of the observed signal
enhancement, relative to thermal polarization in the Earth’s field (54 lT), with a DNP irradiation applied at 131.5 MHz in the presence of a range of prepolarization fields from
2 mT to 8 mT. It is clear that the maximum signal enhancement is observed at 2.7 mT, which corresponds to the T16 transition. The sample was a 1.5 mT aqueous solution of
TEMPO. B1RF was oriented perpendicular to Bp and therefore only p transitions are observed.

Fig. 4. Maximum DNP enhancement factors relative to thermal polarization in the
Earth’s magnetic field for the transitions: T16, T26, T25, T35, T34 and T45 over a range
of polarizing fields from the Earth’s field to 10 mT. The horizontal line indicates the
maximum enhancement factor, relative to thermal equilibrium in the Earth’s field,
achievable using a 1 T prepolarization magnet. In this calculation, A = 45 MHz, s = 1,
f = 1 and q = 0.5.
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electron spins. The leakage factor, f, can be calculated using the fol-
lowing equation:

f ¼ 1� T1

T1;0
; ð4Þ

where T1,0 is the spin-lattice relaxation time of the nuclear spin
ensemble in the absence of the free radical and T1 is the spin-lattice
relaxation time in the presence of the free radical. Clearly Eq. (4)
presents us with the need for a compromise. A value of f close to
the maximum of unity implies a significantly faster free-radical in-
duced relaxation and hence a broadening of the proton homoge-
neous linewidth.

The saturation factor is a measure of the saturation of the cho-
sen transition and is a function of RF power and the properties of
the RF resonator. A more comprehensive discussion of the satura-
tion factor, the coupling factor and the leakage factor in the context
of DNP at high magnetic fields can be found in [27].

In order to determine the maximum DNP factor for the various
transitions as a function of B0, the expectation value of the electron
spin system is evaluated assuming total saturation of the transi-
tion, i.e. assuming the equalization of the populations of the two
energy levels involved in the chosen transition. For the calculation
of the maximum DNP factors, the saturation and leakage factors
are assumed to be 1 and the coupling factor is assumed to be 0.5,
the theoretical maximum for a liquid system where cross-relaxa-
tion is dominated by dipole coupling. Enhancement factors are cal-
culated relative to the thermal equilibrium polarization of protons
in an Earth’s magnetic field of 54 lT.

Fig. 4 presents the relative enhancement factors of four p tran-
sitions, T16, T45, T25 and T34, and two r transitions, T26 and T35, over
a range of prepolarization fields from 54 lT (no prepolarization) to
10 mT (moderate prepolarization). For comparison, the maximum
enhancement factor achievable by a prepolarizing field of 1 T
(without DNP) is indicated by the dotted line. This plot illustrates
the dramatic sensitivity enhancements which are possible using
DNP. This enhancement is much larger than the high field maxi-
mum DNP enhancement given by the ratio of gyromagnetic ratios
(�658 for protons) because of the presence of the strong hyperfine
coupling between the electron spin and the nitrogen nucleus. In ef-
fect, the electron ‘‘sees” the field of the nitrogen nucleus perturbed
by the Earth’s magnetic field rather than the Earth’s magnetic field
perturbed by the nitrogen nucleus and so the thermal polarization
of the electron spins, and in turn the maximum possible DNP
enhancements, are much greater than is predicted by the electron
Zeeman interaction in the external magnetic field alone.

3. Results and discussion

Fig. 5 presents a comparison of Earth’s field NMR spectra ac-
quired of 100 mL of water doped with 1.5 mM of TEMPO. The spec-
trum in gray was acquired with an 18.7 mT prepolarizing field
generated by an electromagnet. The spectrum in black was ac-
quired with a DNP irradiation at 68 MHz and no prepolarization.
By integrating the peaks it is found that the DNP signal enhance-
ment is greater than the prepolarization signal enhancement by a
factor of �6.5. Extrapolating this back to the Earth’s field strength
of 54 lT, this is an enhancement over thermal equilibrium polari-



Fig. 5. Earth’s field NMR spectra of 100 mL of water doped with 1.5 mM of TEMPO
using 18.7 mT prepolarization (gray) and 68 MHz DNP irradiation in the Earth’s
field (black). The DNP enhancement is �6.5 times larger than the prepolarization
enhancement, which is equivalent to a DNP enhancement factor of �2250 over
thermal equilibrium polarization at 54 lT.
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zation of �2250. A larger signal enhancement of approximately
�3100 over thermal equilibrium can be achieved with a DNP irra-
diation at 131.5 MHz in the presence of a 2.7 mT prepolarizing
field. This is illustrated by the inset of Fig. 3, a field cycled DNP
experiment which shows that the T16 resonance provides the larg-
est signal enhancement under these experimental conditions.

While the signal enhancements demonstrated in the inset of
Fig. 3 are larger than that in the Earth’s field alone, this experiment
is not optimized because full saturation of the transitions has not
been achieved. This is due in large part to the inhomogeneity of
the polarizing coil relative to the size of the sample. This inhomo-
geneity broadens the EPR spectral lines to such an extent that, with
an RF source of 50 W, only partial saturation was possible. How-
ever, even with this hardware limitation, an SNR advantage of al-
most an order of magnitude is observed when comparing the
field cycled DNP approach to prepolarization by an electromagnet
at 18.7 mT.

Fig. 6a presents a 2D 19F–1H COSY acquired of neat 2,2,2-trifluo-
roethanol in the Earth’s magnetic field using the pulse sequence in
Fig. 1, which includes DNP irradiation at 131.5 MHz in the presence
of a prepolarization field of 2.5 mT. The 100 mL sample was doped
with 1.5 mM TEMPO. The spectrum was acquired in approximately
11 h with four signal averages. Fig. 6b presents a simulated COSY
spectrum for comparison. The experimental spectrum displays sig-
nificantly superior SNR and resolution compared to the previously
reported 2D Earth’s field NMR spectra [9] and was achieved using a
much smaller sample size. In addition the ULF noise interference is
greatly reduced through the use of a Faraday screen.

Comparison of the experimental and simulated COSY results
highlights some of the interesting spectroscopic features of the
DNP experiment. Fig. 7a presents a 1D projection, taken along
the f1 dimension, of the experimental 2D COSY spectrum in
Fig. 6a. Fig. 7b presents a 1D simulated spectrum for comparison.
These 1D spectra illustrate a few of the interesting features of
DNP enhanced Earth’s field NMR spectroscopy. First it is clear that
the central proton peak, which corresponds to the OH group, is
only weakly enhanced in the DNP spectrum. The OH proton is in
rapid exchange and a comparison of these spectra reveals that it
does not couple as strongly as the other protons to the unpaired
electron spins. Second, it is clear that the remaining quartet of pro-
ton peaks are enhanced to a much greater degree than the fluorine
peaks. This suggests that the coupling of these protons to the elec-
trons is much more efficient than the coupling of the fluorine spins
to the unpaired electrons. The third point of interest is the sugges-
tion of high-resolution structure which is observed in the simu-
lated spectrum due to the fact that the hetero-nuclear J coupling
constant between the 1H and 19F nuclei (�8.5 Hz) falls into the
strong coupling regime when compared to the difference in Larmor
frequency of the 1H and 19F nuclei (135 Hz). A vector model to de-
scribe ultra-low field NMR spectra in this strong coupling regime
has been presented by Appelt et al. in [28]. Under this theory, 12
high-resolution lines would be expected for the 19F spectrum and
16 high-resolution lines plus one uncoupled line would be ex-
pected for the 1H spectrum. An improvement in resolution of the
experimental setup, either through improved shimming and/or a
decrease in the free radical concentration will potentially reveal
more experimental information about this high-resolution
structure.

4. Conclusion

In this work, it has been shown that dynamic nuclear polariza-
tion provides a very powerful mechanism for polarization
enhancement of multi-dimensional Earth’s field NMR spectros-
copy. A theoretical analysis indicates that large polarization
enhancement factors are possible using DNP with nitroxide free
radicals where the unpaired electron spins experience a strong
hyperfine coupling to a neighboring 14N nucleus. Comparing this
DNP approach to the more traditional signal enhancement idea
of prepolarization, the sensitivity enhancement factors which can
be achieved using field-cycled DNP with an irradiation frequency
in the range of 100–150 MHz are on the same order of magnitude
as that achieved using a 1 T prepolarizing field and no DNP.

Experimental results show that DNP enhanced Earth’s field
NMR can be implemented either in the Earth’s magnetic field or
in a weak prepolarizing field to achieve enhancements of 2000–
3000, almost an order of magnitude better than the enhancements
achieved using an 18.7 mT electromagnet for prepolarization.

DNP enhanced Earth’s field NMR was successfully used to ac-
quire a high-quality 2D 19F–1H COSY spectrum of 2,2,2-trifluoro-
ethanol. Comparison with simulation indicates that the DNP
approach provides additional information about the sample
through the coupling factors which determine the observed signal
enhancement.

Future work includes the optimization of the system such that
the maximum DNP enhancement can be observed. It is anticipated
that this will require a more uniform prepolarization electromag-
net for the field-cycle DNP approach as well as a more complete
understanding of the combined effects of saturation and coupling
factor at ultra-low fields, similar to that presented for the high field
case in [27]. With respect to the goal of high SNR, high-resolution
multi-dimensional Earth’s field spectroscopy, a compromise needs
to be reached between leakage factor, f, and by extension DNP
enhancement factor, and homogeneous line broadening such that
high SNR multi-dimensional spectra with a resolution on the order
of 0.1 Hz can be achieved. It is also anticipated that this method
will be highly advantageous for looking at other nuclei besides
19F and 1H.

Experimental issues such as sample heating due to power depo-
sition by B1RF irradiation must also be further examined and under-
stood in order to optimize this methodology.

5. Experimental

A photo of the entire experimental apparatus is presented in
Fig. 8. All experiments were performed indoors using a Terranova
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Fig. 6. (a) 2D 19F–1H COSY of 2,2,2-trifluoroethanol doped with 1.5 mM TEMPO acquired in the Earth’s field with DNP irradiation at 131.5 MHz in a prepolarization field of
2.5 mT. A reference scan was acquired between each t1 step to track and offset any fluctuations in the Earth’s magnetic field. The experiment took 11 h to complete and was
acquired with four signal averages. (b) A simulated 2D 19F–1H COSY spectrum corresponding to the experimental spectrum in (a).
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MRI Earth’s field system (Magritek, Wellington, New Zealand). This
system is equipped with a 3.13 mT/A electromagnet for prepolar-
ization as well as three orthogonal gradients used for first order
shimming. A 10 mm thick copper box was used as a Faraday shield.
Due to the use of this shield, a delay of 350 ms is typically intro-
duced between the switch off of the polarizing coil and the excita-
tion pulse to allow for the decay of any induced eddy currents. This
delay was shortened to 150 ms for the COSY experiment with DNP
because a smaller prepolarization field was used. Two homebuilt
low-pass birdcage coils were used for the RF excitation. Both coils
were 100 mm long, 58 mm in diameter and were designed using
BirdcageBuilder version 1.0 (Penn State, PA, USA). The RF irradia-
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Fig. 7. (a) A 1D projection along f1 of the 2D COSY spectrum in Fig. 7(a). (b) A
simulated 1D NMR spectrum of 2,2,2-trifluoroethanol for comparison with (a). Note
the relatively weak enhancement of the central 1H peak in the experimental
spectrum, which indicates that the proton associated with the OH group is not as
strongly coupled to the unpaired electron spins as the other protons. The other
proton peaks, associated with the CH2 group, are more strongly enhanced than the
19F peaks, indicating that the coupling between these protons and the electron spins
is greater than that between the 19F nuclei and the electron spins.

Fig. 8. A photo of the Earth’s field NMR setup which consists of a Magritek
Terranova MRI Earth’s field system, a 10 mm thick copper Faraday screen, a PTS RF
synthesizer, a Tomco high powered amplifier and two homebuilt birdcage coils for
RF irradiation at 68 MHz and 131.5 MHz, respectively.
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tion was generated by a PTS synthesizer (Programmed Test
Sources, Littleton, MA, USA) and amplified by a Tomco AlphaSA
high powered amplifier (Tomco, Norwood, SA, Australia). All simu-
lations and data processing were performed using the Prospa soft-
ware package (Magritek, Wellington, New Zealand).

The samples used were water and neat 2,2,2-trifluoroethanol
(Sigma–Aldrich, USA), each doped with 1.5 mM 2,2,6,6-tetrameth-
ylpiperidine 1-oxyl (TEMPO) (Sigma–Aldrich, USA). Both samples
were deoxygenated to increase T1 and the leakage factor, f. The
leakage factor for the doped water sample was 0.82 and T1 was
measured to be 1.1 s. Due to the limited signal available for the
trifluoroethanol sample without the use of DNP, the leakage factor
for this sample could not be measured accurately. It was estimated
to be approximately 0.7 with a T1 of 1 s.

It is known that there exists a temporal drift in the Earth’s mag-
netic field [29]. This drift can result in a Larmor frequency drift of
several Hz over a period of hours or even minutes. In order to pre-
vent this drift from degrading the resolution of the long 2D COSY
measurement, reference scans were acquired between each t1 step.
These reference scans were used to monitor any changes in the
Larmor frequency of the sample and any observed changes were
opposed by adjusting the current in a B0 lock coil incorporated into
the gradient set within the EFNMR probe. Using this method, the
observed Larmor frequency can be effectively stabilized over many
hours to within the linewidth of the reference signal.
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