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1. Introduction

ABSTRACT

Nuclear magnetic resonance (NMR) and magnetic resonance imaging (MRI) at very low magnetic fields
(0.05-20 mT) have gained interest due to the simple and portable magnet design and newly emerging
applications outside of the usual laboratory setting. A method to enhance the NMR signal is needed
due to the low thermal polarization of nuclear spins at these fields; dynamic nuclear polarization
(DNP) via the Overhauser effect from free radicals is an attractive option. In this report we describe a
DNP-enhanced NMR system operating at a fixed field of 1.5 mT and measure 'H signal enhancements
of up to —350 fold during the saturation of a selected electron spin resonance (ESR) transition of dissolved
nitroxide radicals. This —350 fold enhanced polarization is equivalent to what would be obtained by pre-
polarization in a 0.53 T field. The ESR spectra at varying radical concentrations are indirectly found
through DNP-enhanced NMR detection. Here, ESR line broadening at higher radical concentrations due
to Heisenberg electron spin exchange is observed. Enhancements in the limit of maximum power are
reported as a function of concentration for three ESR transitions, and are found to increase with concen-
tration. The >300 fold '"H NMR signal amplifications achievable at 1.5 mT will reduce experimental time
by several orders of magnitude, permitting NMR relaxation, imaging or pulsed-field gradient diffusion
experiments that are inaccessible without using the DNP effect at 1.5 mT. We demonstrate the potential
benefit of such large signal amplification schemes through T, and T relaxation measurements carried out
in a much shorter time when employing DNP. Finally, we compare our results to those obtained in the
earth’s magnetic field and find that the signal to noise ratio (SNR) of DNP-enhanced signal at 1.5 mT is
much greater than that obtained by previous studies utilizing DNP enhancement in the 0.05 mT earth’s
magnetic field.

© 2010 Elsevier Inc. All rights reserved.

At very low magnetic fields it is necessary to use some form of
signal enhancement to overcome the low thermal polarization of

In recent years, nuclear magnetic resonance (NMR) and mag-
netic resonance imaging (MRI) at very low magnetic fields have
gained interest due to the ability to use portable and often simple
magnet designs. While the magnetic field inhomogeneities present
in such magnets prevent spectroscopy and chemical shift resolu-
tion, a wide array of other experiments are still feasible, such as
relaxation measurements [1,2], diffusion experiments [3-5], 2D
NMR [6] and MRI acquisition [7]. Portable magnetic resonance
has found a diverse range of applications, including well-logging
[8], food quality control [9], the study of intact plants [10], materi-
als [1,11] and cultural artifacts [12,13].
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the nuclei. The first of two common methods is prepolarization
[3,5,14], where the sample is placed in a higher magnetic field until
reaching thermal polarization then returned to the low field for
signal acquisition. Very inhomogeneous polarization fields can be
used and either permanently placed around the sample (prepolar-
ization coils) or installed as a separate magnet (sample shuttling).
Prepolarization has the disadvantage of potentially complicating
magnet design but more importantly limits the type of samples
that can be used, because the sample needs to have a longitudinal
relaxation time T; long enough for the prepolarization to last
through the time to switch off the prepolarization coil (40-
150 ms [15-18]) or physically shuttle the sample. The second sig-
nal enhancement method is hyperpolarization, where the higher
polarization from a second group of spins is transferred to the tar-
get nuclei for detection. While methods such as parahydrogen-in-
duced polarization (PHIP) [19,20] or dissolution dynamic nuclear
polarization [21] could be used at low fields, it is technologically
and experimentally simpler to dissolve a stable radical in the
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sample and utilize liquid-state Overhauser dynamic nuclear polar-
ization (DNP). Here, we focus on the utilization of the Overhauser
DNP effect for signal amplification because it can give higher polar-
ization using simple and light-weight hardware and provides the
possibility of signal accumulation with faster repetition delays
than are feasible with field cycling or sample shuttling. Recent
applications of Overhauser DNP at low fields have included MRI
contrast [22-24] oximetry [25-27] and pH determination [28],
monitoring of free-radical reaction products [29], magnetometry
at low magnetic fields [30] and two-dimensional spectroscopy
[17].

Previously, Overhauser DNP has been described using the
earth’s magnetic field (0.05 mT [17]) and fields between 1 and
9mT [16,18,31-33]). All of these experiments were performed
with field-cycling DNP [32,34], where the field is cycled to a polar-
ization field for electron saturation then returned to a lower or
higher value for NMR detection. One advantage of this method is
that the radio frequency (RF) saturation coil can remain tuned at
a given frequency, but similar to prepolarization a more complex
setup is required, signal accumulation takes longer and the appli-
cation to samples with short T; is limited. A few studies have been
performed with a constant magnetic field [35,36] but have em-
ployed low radical concentrations and focused on theoretical as-
pects of the Overhauser DNP effect. In this paper we investigate
the NMR signal enhancement through Overhauser DNP at a fixed
magnetic field and describe the optimal radical concentration
and frequency of electron spin resonance (ESR) saturation for max-
imum signal amplification effects at 1.5 mT, thus providing guide-
lines for carrying out NMR relaxation, diffusion and imaging
experiments using hyperpolarized signal.

2. Theory

To perform DNP via the Overhauser effect, an electron transition
of the radical is saturated with on-resonant radiation. This non-
equilibrium population distribution is then transferred to nuclear
spins that experience a rapidly modulated dipolar field from the
electron spin due to molecular diffusion. We begin by describing
the ESR transitions at low magnetic fields then relate these to
the DNP factors of the nuclei, for the purpose of showing where
the theory breaks down at higher radical concentrations. More de-
tailed accounts of the theory for both N and °N nitroxide radicals
can be found in the literature [16,18,32,37].

Most experiments are performed with N nitroxide radicals,
where the unpaired electron spin S =1/2 is coupled to a nitrogen
nuclear spin K =1 by the hyperfine constant A. The time-indepen-
dent Hamiltonian of the nitroxide radical in an external magnetic
field By is described in angular frequency units by

H = —sBo-S—7¢Bo-K+AK-S (1)

where ys and )i are the gyromagnetic ratios of spins S and K. In a
high magnetic field, spins S and K are coupled only through the
hyperfine interaction and lead to the familiar six wavefunctions of
the nitroxide system, labeled here in order of decreasing energy
with  [1) = [ms,mg) = [1/2,1),12) = [1/2,0),]3) = [1/2, 1), |4) =
|—1/2,-1),|5) =|—1/2,0) and |6) = | —1/2,1). In low magnetic
fields, however, spins S and K are strongly coupled and the wave-
functions are superpositions of the high field states:
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where ws is the electron Larmor frequency. In Eq. (3) the nitrogen
Larmor frequency is neglected and while the equations give the
same result described by Guiberteau and Grucker [16] the simpler
formalism of Fedin et al. is used [38]. At high magnetic fields C,
and Cs converge to zero. The energy level of each state is given di-
rectly by the Breit-Rabi equations [39] and is well described by
other authors [34,37]; a plot of the energy levels is presented in
Fig. 1.

At low magnetic fields ten transitions are possible, as opposed
to three that are allowed at high magnetic fields. The eight transi-
tions that are induced by RF radiation perpendicular to By are
known as m transitions: Ti3, T1g, T23, T2s, T34, T36, T45 and Tse. The
other two transitions, Tos and Tss, are called o transitions and
are induced by RF parallel to By. The transition frequencies as a
function of magnetic field are shown in Fig. 2. Note that at zero
magnetic field or in the earth’s magnetic field all transitions occur
with a frequency of 3/2 A, around 70 MHz. The transition probabil-
ities are given by the following [16,32],
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Fig. 1. Electron energy levels for the coupled two-spin system of a N nitroxide
radical as a function of magnetic field strength, calculated with a hyperfine coupling
constant of A =47.6 MHz. The energy axis is given in megahertz corresponding to
the ESR frequency of a given energy difference.
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Fig. 2. Transition frequencies for the "N nitroxide system as a function of magnetic
field strength. The solid lines represent m transitions, while the dashed lines depict
o transitions. While the ¢ transition frequency continually increases, the transition
probability decreases with increasing field. The vertical line represents the fixed
magnetic field strength used in this experiment, 1.5 mT.

where c is a normalization constant such that the sum of all transi-
tion probabilities is equal to one for each By value and ¢ is the angle
of the RF excitation field with respect to Bo. Since C, and C; converge
to zero as magnetic field increases, only the Ty, To5 and T4 transi-
tions have a non-zero probability at high magnetic fields.

In a 'H DNP experiment the nitroxide radical is also coupled to
the protons of the solvent. The amount of 'H signal enhancement
upon saturation of the ESR transitions is known as the DNP factor
(DNPF), and is defined as [16]

_ ) «((Sz) =S
DNPL%J — pfs (%) (5)

The polarization of spins I and S after ESR saturation are de-
noted I; and Sz while the polarization of the spins at thermal equi-
librium are Iy and So. The coupling factor, p, gives the degree of
coupling between the electron and proton and can range from
—1 (pure scalar coupling) to 0.5 (pure dipolar coupling). The cou-
pling factor for 'H at low magnetic fields is very close to 0.5 due
to almost exclusive dipolar coupling [40] and low field values
[41]. The leakage factor f describes how much of the nuclear spin
relaxation is due to the radical and ranges from O to 1, and is easily
measured with the relation f=1 — T1/T1o, where T; and T;q are the
longitudinal relaxation rate constants of the nucleus with and
without radicals, respectively. The leakage factor approaches 1 as
concentration increases. The saturation parameter s* gives the
amount of saturation of the individual ESR transition under study
and lies between 0 and 1 if there is no mixing of the individual
hyperfine lines. However, as will be described later, if mixing of
hyperfine lines occurs the values of s* can effectively become much
larger than 1. Here, the saturation factor is labeled s* to illustrate
the difference from the saturation factor as conventionally used
in DNP theory, s, which gives the saturation of the whole electron
system across all hyperfine lines [41]. The parameter s* is an addi-
tion used only to describe the low field system, whereas the high
field form of Eq. (5) is normally written as:

pf<< 2) = 50> :1,pf<50—570<5z>>%:1,pf5(\;s|>

(6)
The difference between <Sz> and S, is calculated with
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where i represents each state |1’> through |6'> and n{ and n; are the
populations of state i before and after saturation of the ESR transi-

tion, respectively. The thermal polarization of each state, n?, can be
easily calculated with the high-temperature approximation of
Boltzmann’s law:
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Combining Egs. (2), (5), and (7) with the use of An; = n; — n? gives
the DNP factor for the saturation of the transition Tj

DNPF; = 1 — @ (An; — Ang) + (Any — Ang)(1 - 2(C2)?)
—2(C3)?)] 9)

Guiberteau and Grucker made the following two assumptions [16]
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in order to calculate the DNP factors as the following,
DNPF;; = —d(E; — E;)(C2)* W1,
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where d = pfs*[12kTl,.

The preceding equations are valid for low radical concentra-
tions, but the assumption in Eq. (11) is no longer true if Heisenberg
electron spin exchange mixes the hyperfine states of the nitroxide
radical. Heisenberg spin exchange is a process where two radicals
with opposite electron spins exchange during a molecular collision
leading to the mixing of hyperfine states; with regards to DNP this
spin exchange mixing is significant above 0.5 mM radical concen-
tration [42]. Therefore, the assumption that no other states k expe-
rience a population change during the saturation of the i j
transition is not valid if states i or j participate in Heisenberg spin
exchange, as the saturation of i and j will affect the population of
other states. To compensate for this invalid assumption, the
parameter s* has been added to the equations in this paper.

Heisenberg spin exchange also plays a key role in broadening
ESR lines, in fact the first observation of spin exchange was made
through ESR linewidths [43]. At radical concentrations higher than
~3 mM, spin exchange broadening is the dominant mechanism
and the linewidth is given by [44]

k[R]

I'=To+u
Tysl

(13)
where I' is the absorption linewidth, I is the theoretical linewidth
at zero concentration, k is the electron exchange rate and [R] is the
concentration of radicals. The constant u relates to the probability of
an exchange event occurring between two radicals with different
hyperfine states, and u = 2/3 at high magnetic fields. In the low field
case u is likely to be much closer to 1.

The result of the invalid assumption in Eq. (11) on the DNP fac-
tors is unclear. At high magnetic fields, the addition of Heisenberg
spin exchange has been fully described by Bates and Drozdoski
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[45,46], where it primarily effects the saturation factor. The satura-
tion factor used in the high field case, s, relates to the saturation of
the whole electron system (Eq. (6)). The maximum saturation s at
low radical concentrations is s=1/n where n is the number of
hyperfine lines in the spectrum (3 for '“N nitroxides at high field)
because there is no mixing of the individual hyperfine lines. At
high radical concentrations (10-20 mM) with the addition of ex-
change effects, the saturation factor can reach s — 1. However, in
the low field formalism, s* only depends on ESR saturation power
and will approach 1 at low radical concentrations in the absence
of electron spin exchange, since the parameter relates to the satu-
ration of the individual hyperfine transition. The addition of Hei-
senberg spin exchange at high radical concentrations would
affect more An; terms in Eq. (9) than the two from the saturated
transition, and if it was known how the other An; terms were af-
fected new DNP factors could be calculated. Since the change of
other An; terms with spin exchange is unknown, the effect of spin
exchange can be compensated for by increasing the saturation fac-
tor s* to values higher than 1, up to a maximum value of ~10.
The expansion of the Bates model [45] for the complete descrip-
tion of the transitions at 1.5 mT is an intractable problem, as it re-
quires the solution of a system of 40 equations even with
assumptions used in the high field case. Instead, in this paper we
account for the effects of exchange on various transitions by
employing values of s* greater than 1 and describe the observed
spectra and enhancements with currently available theory.

3. Results

Using the homebuilt 1.5 mT electromagnet and DNP-NMR sys-
tem, saturating the Ty transition gave '"H NMR signal enhance-
ments of —350 over thermal polarization for the solvent water
protons in a 20 mM solution of the free radical 4-amino-2,2,6,6-
tetramethylpiperidine-1-oxyl (4-amino-TEMPO). This was the
highest observed enhancement, although it was only slightly larger
than 10 mM solutions of 4-amino-TEMPO. Enhanced signal was
clearly visible in a single acquisition, while unenhanced signal re-
quired between 100 and 1000 scans.

3.1. Frequency swept DNP experiment

By recording the '"H NMR signal enhancement at a constant field
as a function of ESR irradiation frequency, the shape of the ESR
spectrum can be reproduced and the various transitions observed.
The frequency swept DNP spectra are shown in Fig. 3 with 4-ami-
no-TEMPO radical concentrations of 1, 15 and 40 mM. The 1 mM
spectrum, Fig. 3A, shows the contribution of both 7 and & transi-
tions with ESR saturation both perpendicular and parallel to Bp.
The only o transition observed was Ty, the T35 transition occurs
at 69.9 MHz but was not seen due a slightly lower transition prob-
ability. Fig. 3B and C show the spectra for 15 and 40 mM 4-amino-
TEMPO concentrations, where significant line broadening due to
Heisenberg electron spin exchange is visible. Due to overlapping
1 and o resonances and B; inhomogeneity, the ¢ resonances were
not reliably observed at higher radical concentrations and are not
reported. Care was taken to deliver the same RF power to the sam-
ple for each frequency, but was experimentally difficult to ensure
due to variances in probe tuning and amplifier output at each fre-
quency. This was taken into account when fitting the spectra, as
discussed in the next paragraph. As a reference the B; output of
the ESR saturation coil was measured as a function of frequency
and is shown in Fig. 3D.

The theoretical spectrum (solid line) in Fig. 3A was created by
placing Lorentzian absorption lineshapes at each transition fre-
quency, with the exclusion of the T35 resonance. The amplitude
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Fig. 3. (A) DNP-enhanced NMR signal as a function of ESR irradiation frequency at a
constant field of 1.5 mT, with a 4-amino-TEMPO concentration of 1 mM. Selected
transitions are labeled. The filled circles represent data taken with ESR saturation
perpendicular to By for the observation of 7 transitions while the open circles used
ESR saturation parallel to By to observe G transitions. The solid trace is a theoretical
spectrum calculated from the DNP factors and transition frequencies; details can be
found in the text. Panels (B) and (C) also show DNP-enhanced NMR signal as a
function of frequency at 1.5 mT, with radical concentrations of 15 and 40 mM,
respectively. The solid trace in both (B) and (C) was calculated similarly to (A) but
with the addition of line broadening due to Heisenberg electron exchange. Panel (D)
gives the B; output of the coil used for ESR irradiation as a function of frequency,
measured with a pickup coil in place of the sample connected to an oscilloscope.

of the Lorentzians was set by the corresponding DNP factors in
Eq. (12), which depended on f and s* while p was assumed to be
0.5. The leakage factor of f=0.49 was measured through separate
experiments and used in the calculation. The data from each peak
was fit separately to find the saturation factor s*, half-linewidth at
half the maximum height and exact magnetic field. The theoretical
spectrum in Fig. 3A was then generated by using each peak’s differ-
ent saturation factor s* and the average fit values for half-linewidth
of 2.2 MHz and magnetic field of 1.5218 mT. The half-linewidth of
2.2 MHz corresponds to an electron T, =450 ns assuming exclu-
sively T, broadening.

The saturation factors (s*) varied between 0.77 and 16.4, and
are greater than 1 due to electron spin exchange as discussed in
the theory section. The fit values of s* for each peak are given in Ta-
ble 1. Even though the linewidths at 1 mM radical concentration
are not affected by Heisenberg spin exchange, the hyperfine states
are still mixed resulting in an increase of DNP efficiency and s* val-
ues larger than 1. As seen in Fig. 3D, the B, field generated by the
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Table 1

The transition frequencies at 1.5218 mT and s* parameters determined by fitting each
peak, which are used for the theoretical spectra in Fig. 3. All low field transitions are
included except Tss, which was not observed.

Transition Frequency (MHz) 1 mM s* 15 mM s* 40 mM s*
Ti2 9.73 7.26 2.69 0.54

Tas 12.34 16.4 6.07 1.21

Tse 12.34 16.4 6.07 1.21

Tsq 20.58 3.05 1.13 0.23

Tas 49.33 3.69 1.37 0.27

Tas 82.25 1.16 0.43 0.086

Tse 82.25 1.16 0.43 0.086

Tz 94.59 0.77 - -

Tis 104.3 0.87 0.32 0.064

ESR saturation coil increases at lower frequencies, which should
give higher saturation as the frequency decreases. This trend was
observed, as the s* fit values are higher for the lower frequency
peaks, as shown in Table 1. The variance of the B, field with fre-
quency, even over the range of a single ESR peak, will contribute
to the error in our theoretical spectrum, thus the variation of the
s* parameter for each peak is an approximation that gives a suffi-
cient theoretical spectrum. Interestingly, the s* values for the
low-frequency transitions T3 and Tsg are higher than the expected
maximum s* = 10. The cause for this discrepancy is unclear, but it is
likely that the quality of the fit is not optimal in the relatively noisy
and crowded low-frequency part of the spectrum.

For the 15 mM radical concentration (Fig. 3B), the theoretical
spectrum used the same parameters as Fig. 3A, except with the
measured leakage factor for 15 mM of f=0.95, the exclusion of
the Ty transition, and the addition of exchange broadening in
the linewidth through Eq. (13). A half-linewidth of 6.59 MHz was
used, and the saturation factor of each peak was reduced by a com-
mon factor to account for the decreased saturation of broader ESR
lines. An exchange rate of 0.71 x 10° M~ ' s~! gave the best fit at
1.5 mT, which is one third of the value as measured at 0.35T.
The plot in Fig. 3C (40 mM) was fit in the same manner, with
f=1 and an exchange broadened linewidth of 18.5 MHz, which
are both due to increased radical concentration. The region be-

tween 5 and 30 MHz shows more enhancement than expected,
which is most likely related to the large s* values for these peaks
in the 1 mM spectrum. This behavior could be due to the large
number of transitions being saturated at each point, as the Ty,
T3, T34 and Tse are all very close in frequency.

3.2. Maximum enhancement measurements

The enhancement in the limit of maximum power, E;ax, Was
measured as a function of radical concentration for the 7 transi-
tions T and T»s and the o transition Tyg and is presented in
Fig. 4. The E,,.x is determined by recording enhancement as a func-
tion of saturating RF power then extrapolating to infinite power,
and is a useful measure of enhancement because it is reproducible
across samples and systems. Ey.x is equivalent to Egs. (5) and (9)
when s* reaches its highest possible value, and is dependent on
radical concentration through the concentration dependence of
the leakage factor, f, and the increase of s* due to Heisenberg spin
exchange. Fig. 4A shows that enhancement initially increases with
concentration then reaches a constant value, similar to what is
seen in higher fields [42]. This behavior is mainly due to the leak-
age factor increasing towards f = 1, but also partly due to s* increas-
ing with concentration. At high concentration, the enhancement
should reach the value of the DNP factor in Eq. (12) with s* at its
maximum value. At high radical concentrations of 20 mM, the E,.x
of Ty corresponds to s* ~ 4, the E,.x of T5 corresponds to s* ~ 5.5
and the E,.x of T corresponds to s* ~ 1. Since the effects of elec-
tron spin exchange are added into the current theory by increasing
the saturation factor s*, this causes s* to be greater than one for
higher radical concentrations. The behavior of the T, transition
is distinctive in that the E.x initially increases then decreases to
a constant value as concentration rises. This might be due to some
behavior unique to o transitions, such as a decrease of s* or in-
creased broadening with concentration.

3.3. T; and T, measurements

To illustrate the utility of DNP-enhanced NMR signal in a porta-
ble, low field system, T; saturation-recovery measurements of
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Fig. 4. Enhancement in the limit of maximum power (Ena.x) measurements at 1.5 mT. (A) Emax of the Tqg, Tas and Tye transitions as a function of 4-amino-TEMPO
concentration, with the y-axis inverted. The T;¢ and T»s values were obtained with ESR saturation perpendicular to By, while T, was measured with ESR saturation parallel Bo.
Panels (B) and (C) show the individual measurements for T,5 at 2.5 mM and T at 15 mM, respectively. The enhancement is recorded as power is increased then extrapolated

to maximum power to determine E,.x, as detailed in the experimental section.
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20 mM 4-amino-TEMPO were taken with and without the aid of
DNP. The Ty transition was saturated with 104 MHz irradiation,
because this frequency gave the highest observed enhancement
(—=350) and Epax (—583) out of all transitions studied. The result
in Fig. 5A was obtained with an experimental time of 30 s employ-
ing DNP, while the result in Fig. 5B used only thermally polarized
signal with an experimental time of 1 h. The T; values are in good
agreement with T; =106 ms. This nicely illustrates the conve-
nience of using the DNP effect at low fields. Also, a DNP-enhanced
measurement of transverse relaxation time, T, was performed
with a total experimental time of 30s and yielded a value of
T, =78 ms (Fig. 5C). The T, measurements could not be carried
out using thermal polarization due to low signal and high noise fig-
ures at 1.5 mT. In these experiments, we saw a reduction of exper-
imental time by a factor of 120, but for other types of experiments
such as pulsed-field gradient diffusion measurements or MRI the
time savings will be much larger. The same signal to noise ratio
(SNR) found in the —350 fold enhanced spectrum would require
3502 =1.2 x 10° transients to achieve the same signal amplitude
without enhancements at the same detection field of 1.5 mT, and
thus the use of the DNP effect could reduce experimental time by
five orders of magnitude. A wide range of NMR relaxation, diffusion
and imaging experiments on sample systems that are not feasible
at 1.5 mT will become amenable when DNP is utilized.

4. Conclusion

DNP-enhanced NMR is an effective way to increase signal in
very low magnetic fields. At 1.5 mT we observed signal enhance-
ments of —350 with 104 MHz ESR saturation of the T;¢ transition.
This amplification factor could also be achieved by employing a

A

T, =106+ 8 ms
30s acq. with DNP

0 100 200 300 400 500 600 700

T,=107+ 17 ms
1h acq. without DNP

0 100 200 300 400 500 600 700

T,=78+£6ms
30s acq. with DNP

0 100 200 300 400 500 600 700
Magnetic Field (mT)

Fig. 5. T; measurements (A) with and (B) without DNP and (C) a T, measurement
with DNP, to illustrate the utility of DNP for relaxation, diffusion or imaging
experiments in a low field, portable magnet. The T, decay curve does not reach zero
due to detection in magnitude mode.

prepolarization field of 0.53 T. Such fields cannot be easily created
by fast switching of portable electromagnetic coils, but are feasible
using specialized, state of the art, Halbach type permanent mag-
nets. However, the use of permanent Halbach magnets would re-
quire physical sample shuttling over a relatively large distance of
~40 cm, and thus is not a feasible approach for most '"H NMR sam-
ples with relatively short T; relaxation times. Also, physical sample
shuttling is not feasible for imaging and diffusion measurements
using pulsed-field gradient NMR approaches due to distortions of
sample position, shape, packing and/or dynamics. The effect of rad-
ical concentration on the DNP detected ESR spectrum was demon-
strated, with the observation of significant line broadening due to
Heisenberg electron spin exchange at higher radical concentra-
tions. Maximum enhancements were shown to increase with con-
centration, as expected from the concentration dependent
characteristics of the leakage factor and saturation factor. T; and
T, experiments were performed to demonstrate the utility of
DNP for measurements in a low field, portable magnet, when
sample and signal amplitude is limited. Experiments that may
particularly benefit from such prospects include multi- dimen-
sional relaxation, pulsed-field gradient diffusion or imaging
experiments.

Heisenberg electron exchange must serve to mix many of the
transitions, as our results are consistent with the DNP factors cal-
culated when the saturation factor s* > 1. This is important to con-
sider when deciding between the use of low magnetic field or the
earth’s magnetic field. At first glance, it would seem that the col-
lapse of all hyperfine structure to a single 70 MHz peak at earth'’s
field would be advantageous for saturation, but since Heisenberg
spin exchange mixes many of the states, saturation factors s* at
field strengths greater than the earth’s magnetic field can be great-
er than one. The higher theoretical enhancement in the earth’s
magnetic field is also not a large advantage, as it is outweighed
by low thermal polarization. Halse and Callaghan [17] reported a
DNP enhancement of —3100 over thermal polarization when satu-
rating at 131.5 MHz and 2.7 mT then detecting at earth’s magnetic
field, which was convincingly demonstrated to be greater enhance-
ment than possible with prepolarization. Using the Boltzmann dis-
tribution, their enhancement value corresponds to an enhanced
nuclear polarization of 1.15 x 107, The enhanced polarization at
1.5 mT is about 3 times greater than the DNP-enhanced signal at
earth’s field, as —350 fold enhancement at 1.5 mT gives a polariza-
tion of 3.65 x 107°. Given that the earth field setup allows for lar-
ger sample volumes than 1.5mT due to the natural field
homogeneity of the earth’s magnetic field, the overall signal inten-
sity <[> can be comparable. However, the signal to noise ratio
(SNR) of DNP-enhanced signal detected at 1.5 mT is still expected
to be 380 times larger than DNP-enhanced signal detected at the
earth'’s field, because the SNR of a magnetic resonance experiment
increases with proton frequency by a factor of wy** in addition to
the effect of higher polarization <I;> [47]. Given the greater detec-
tion sensitivity at higher NMR frequencies, the overall SNR of the
1.5 mT system is much higher. A low field system is also less sus-
ceptible than an earth’s field system to magnetic field inhomoge-
neities found in the average lab or outdoors near other technical
equipment, and thus should be considered when choosing a mag-
netic field for DNP-enhanced NMR and MRI measurements, even
for outdoor and field experiments.

The experiments and conclusions presented here will assist in
the selection and optimization of a system to perform DNP-en-
hanced NMR at low magnetic fields. The frequency of ESR satura-
tion and the concentration of radical both play a large role in
determining enhancement, and should be considered when plan-
ning a system to perform relaxation measurements, pulsed-field
gradient diffusion experiments or acquire images in a low mag-
netic field.
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5. Experimental

All experiments were carried out using a homebuilt DNP appa-
ratus (Fig. 6). The electromagnet was a Helmholtz pair with radii
and inter-ring distance of 20.2 cm. Each ring consisted of 138 turns
of 15 AWG wire, and a magnetic field of 1.52 mT was produced
with a current of 2.500 amps from a GW-Instek PSS-2005 power
supply. NMR detection and spectral analysis were performed using
an Aurora spectrometer and Prospa software (Magritek Limited,
Wellington, New Zealand). A homebuilt solenoid NMR coil with a
length of 6.5 cm, diameter of 3.5 cm, and 200 turns of 30 AWG wire
was used, and the cable to the coil was equipped with a BLP-1.9
low pass filter (MiniCircuits, Brooklyn, NY, USA). A two turn saddle
coil and multiple low pass birdcage coils were constructed for elec-
tron excitation. Birdcage coils were built around flat bottom glass
tubes 8.5 cm long with a diameter of 2.0 cm and were designed
using BirdcageBuilder v1.0 (Penn State College of Medicine, Her-
shey, PA, USA). The saddle coil was built around a glass tube and
was 10 cm long and had a diameter of 2.5 cm. The coils were con-
nected to an LC tuning circuit via coaxial cables and then to a
BT00100-AlphaSA-CW amplifier (Tomco Technologies, Norwood,
SA, Australia) which was gated by the spectrometer. An HP
8672A Signal Generator (Agilent HP, Santa Clara, CA, USA) was
used as a frequency source. A 3 mm thick aluminum box equipped
with an air cooling system was used for RF shielding and to cool
the sample, and the sample temperature was measured with a
thermometer during the experiments. ESR saturation was only ap-
plied to the sample during polarization build-up, and was turned
off during acquisition and between scans. The NMR coil had a
0.1 ms 90° pulse using an unamplified 8 V transmit voltage and a
built-in capacitance of 1 nF.

Tuning Circuit

Aurora NMR | To/From NMR Coil To ESR Coil
Spectrometer L
5 E
=) e
=)
Laptop 2 g
31
2
m
Magnet Power Frequency
Sulpply | | Source

Fig. 6. Photograph and schematic of the DNP-NMR system. Labeled in the
photograph are the (A) Aurora NMR spectrometer, (B) Tomco BT00100-AlphaSA-
CW amplifier, (C) HP 8672A signal generator, (D) GW-Instek PSS-2005 power
supply, (E) electromagnet, (F) homebuilt LC tuning circuit and (G) sample RF
shielding box. The inset in the upper right shows inside of the RF shielding box, with
the NMR coil on the left and a birdcage coil for ESR saturation on the right. During
operation the ESR coil is placed coaxially inside the NMR coil.

4-Amino-2,2,6,6-tetramethylpiperidine-1-oxyl (4-amino-TEM-
PO 95%) was purchased from Sigma-Aldrich. All samples were pre-
pared by dissolving 4-amino-TEMPO directly in deionized water.
The samples were not degassed. 25 mL sample volumes were
placed directly into the ESR coils.

For the frequency swept DNP experiment, a birdcage coil, capa-
ble of tuning between 70-116 MHz, and a saddle coil, capable of
tuning between 9 and 70 MHz were used. ESR irradiation durations
of five times the T, of the sample were used, followed by the NMR
detection pulse. Multiple scans were performed at each point until
a good signal was obtained. The resulting NMR peak was used to
determine signal enhancement, <I;>/lp, which was plotted as a
function of irradiation frequency. The 7 transitions were observed
by aligning the B; field perpendicular to the external magnetic field
while the & transitions were observed with the field parallel to the
external field. A low RF power and air cooling were necessary to
prevent sample heating. All Plots were created and data was fit
with Mathematica 7.0 (Wolfram Research, Champaign, IL, USA).
The power output of the birdcage and saddle coils were measured
by placing a small pickup coil inside the ESR coil which was con-
nected to an oscilloscope (HP 54110D) by coaxial cable. The
peak-to-peak voltage was measured and converted into RMS volt-
age then B; magnitude.

The maximum enhancement was measured using two birdcage
coils, one for studying the transitions at 104 and 95 MHz and the
other for the 82.5 MHz transition. As in the previous experiment,
ESR irradiation durations of five times the T; of the sample were
used, followed by the NMR detection pulse. The experiment was
performed by recording the proton NMR signal enhancement as a
function of RF power applied to the amplifier. Sample temperature
was maintained within 5 °C of room temperature using airflow of
1.7 cubic meters per hour (60 standard cubic feet per hour) and
by varying the length of time between RF irradiation. The E,.x val-
ues were found by using Igor Pro v5.05A (Wavemetrics, Inc., Port-
land, OR, USA) to fit the data to E(P) =1 — AP/(1 + BP), where P was
power and A and B were free parameters, giving Enax =1 — A/B.

The T; and T, measurements were performed on a 20 mM aque-
ous solution of 4-amino-TEMPO, and DNP was performed by satu-
rating the T;¢ transition with 104 MHz irradiation. The T; was
obtained with a standard saturation recovery experiment, with five
saturation pulses followed by a variable delay then the 90° pulse
and acquisition. The T, measurement was performed using a stan-
dard 90° - 7 - 180° - T - acquire sequence. With the aid of DNP,
only one scan per point was necessary, while without DNP 256
scans/point were used. When the ESR saturation was used a 1s cool
down time between experiments was employed.
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