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a b s t r a c t

The direct enhancement of the 13C NMR signal of small molecules in solution through Overhauser-med-
iated dynamic nuclear polarization (DNP) has the potential to enable studies of systems where enhanced
signal is needed but the current dissolution DNP approach is not suitable, for instance if the sample does
not tolerate a freeze-thaw process or if continuous flow or rapid re-polarization of the molecules is
desired. We present systematic studies of the 13C DNP enhancement of 13C-labeled small molecules in
aqueous solution under ambient conditions, where we observe both dipolar and scalar-mediated
enhancement. We show the role of the three-spin effects from enhanced protons on 13C DNP through
DNP experiments with and without broadband 1H decoupling and by comparing DNP results with H2O
and D2O. We conclude that the efficiency of 13C Overhauser DNP in small molecules strongly depends
on the distance of closest approach between the electron and 13C nucleus, the presence of a scalar con-
tribution to the coupling factor, and the magnitude of the three-spin effect due to adjacent polarized pro-
tons. The enhancement appears to depend less on the translational dynamics of the 13C-labeled small
molecules and radicals.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Nuclear magnetic resonance (NMR) of 13C is vitally important as
a spectroscopic tool for biological systems because of its non-inva-
sive nature and wide range of available information. However, 13C
magnetic resonance suffers from an inherent lack of sensitivity
due to its low gyromagnetic ratio and natural abundance. This has
led researchers to seek methods of highly enhancing the NMR signal
of target nuclei. An increasingly popular approach is the amplifica-
tion of NMR signal through dynamic nuclear polarization (DNP),
which combines the principles of NMR and electron spin resonance
(ESR). In DNP, the orders-of-magnitude higher polarization of an
unpaired electron is transferred to nearby nuclei, resulting in poten-
tially large NMR signal enhancements. In addition to obtaining en-
hanced NMR signal, DNP can also help simplify the often complex
13C NMR spectra of biological systems, by only enhancing the
NMR signals of the 13C sites in close contact with the electron spins.

The initial application of DNP on 13C was the study of collision
dynamics in solutions of organic solvents with a small amount of
stable radical species [1,2]. Magic angle spinning-DNP (MAS-
DNP) experiments on solid samples were presented originally for
the purpose of investigating coal [3], then later at higher fields
for studying biological samples in frozen solutions [4,5]. Since most
biological processes occur in solution, there has been interest in
solution-state 13C DNP, initially demonstrated by flowing the sam-
ll rights reserved.
ple from a low polarizing field to a higher NMR detection field [6],
and more recently performed by polarizing in the solid state for an
extended period of time at 1.2 K, then rapidly dissolving the hyper-
polarized sample and delivering it to the system of interest [7]. The
latter methodology, known as dissolution DNP, is particularly nota-
ble for the extremely high, three to four orders-of-magnitude sig-
nal gain. This large signal enhancement has opened up new
applications for NMR and magnetic resonance imaging (MRI), be-
cause a 13C-containing molecule can be hyperpolarized and easily
observed, allowing for fast acquisition of solution spectra or the
in-vitro or in-vivo spectroscopy and imaging of metabolic processes
[8,9].

While dissolution DNP has the advantage of providing very
large signal, the disadvantage lies in the freeze-thaw sample polar-
ization process and lifetime of the enhanced signal. The samples
are polarized at 1.2 K for a few hours, then rapidly dissolved and
removed from the polarizing magnet [7]. From that point, the
polarization is significant only for approximately four times the
length of the longitudinal relaxation time (T1) of the substance,
which is typically between 20 and 60 s when quaternary or car-
bonyl carbons are used [8,9]. Even when employing multiple smal-
ler and variable angle pulses, the hyperpolarized signal is rapidly
consumed, limiting the total observation time for the polarized
molecule. Also, many samples including biological systems and
volatile molecules do not tolerate the process of freezing and rapid
thawing, and thus are not suited for dissolution DNP.

In this paper, we discuss the DNP of dissolved 13C-labeled small
molecules, carried out entirely under ambient conditions. While
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Fig. 1. The four-level energy diagram describing a system of two interacting spins,
in this case an electron (S) and a nucleus (I). The intrinsic electron and nuclear
relaxation is given respectively by p and w0, whereas the dipolar and/or scalar
interactions are represented by w0, w1, and w2.
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polarizing via the Overhauser effect at room temperature provides
smaller signal enhancements than dissolution DNP, nuclear polar-
izations can still be generated that are 2–10 times higher than the
thermal polarization in the highest current commercially available
magnetic field (21 T). There are numerous situations where modest
enhancement still enables new scientific insight into samples that
cannot be hyperpolarized otherwise. The time for maximum polar-
ization buildup is five times the T1 in the liquid state in the pres-
ence of radical, where the T1 is usually less than 10 s, as opposed
to hours at 1.2 K. Thus for a system where spectroscopy is per-
formed in the presence of radicals, DNP-enhanced scans can be re-
peated at a rate of 5 � T1. If the polarized molecule is to be
transferred to an external sample for spectroscopy or imaging,
the hyperpolarized signal at room temperature is still subject to
rapid decay due to the limited polarization lifetime and use of
pulses. However, since the polarization process can be repeated
much faster than dissolution DNP, multiple and continuous polar-
izations and transfers can be performed with �1 min repetition
rates. This can be advantageous for the study of processes that last
longer than 5 � T1, but are shorter than the time it takes to polarize
samples at 1.2 K; many enzymatic reactions and metabolic pro-
cesses fall into this category, especially the observation of chemo-
therapy or drug effects. The radical can also be attached to a solid
support and subsequently filtered from the liquid sample, provid-
ing polarized samples with zero residual radical concentration
[10]. Hyperpolarized water prepared in this manner and trans-
ferred to a system of interest was recently shown to have MRI sig-
nal distinct from bulk water in the system [11]; this procedure
could be effective for 13C MRI as well. In addition, since the DNP
process is carried out entirely at room temperature, the direct
polarization of complex biological systems that are unable to with-
stand cooling to 1.2 K can be performed. The equipment can also be
made portable [12], employing either a small permanent magnet
or the fringe field of an NMR or MRI magnet at the facility where
the experiment is to be performed.

To our knowledge, 13C DNP at room temperature via the Over-
hauser effect has not been reported for molecules dissolved in
water. Here we present a systematic study of the DNP mechanism
of different molecules at 0.35 T, discuss the effects of polarization
transfer from nearby protons (the three-spin effect), and describe
the effect of the solvent and varying proton exchange rates on
the NMR signal enhancement of 13C.
2. Theory

Dynamic nuclear polarization can occur through four different
mechanisms: the Overhauser effect [1,2], which is the only appre-
ciable effect for liquids, the solid effect [3], which has limited
experimental use, and the cross effect/thermal mixing [3,4], which
is the predominant effect for contemporary solid-state and dissolu-
tion DNP. In this report we focus on DNP in aqueous systems at
0.35 T, so we present only a summary of the Overhauser effect as
it relates to the systems of interest.

The Overhauser effect is typically described with the four-level
energy diagram shown in Fig. 1. Saturation of the electron transi-
tion p can lead to non-equilibrium nuclear polarization through
the cross-relaxation mechanisms w0 or w2. If w0 > w2, the electrons
and nuclei undergo scalar coupling, which requires an overlap of
the electron and nuclear wavefunctions. For 13C, scalar coupling
is more frequently observed in molecules which also contain a hal-
ogen atom, or at high fields [13–16]. Scalar coupling is character-
ized by a non-equilibrium nuclear polarization that gives an
enhanced NMR signal with the same sign as the equilibrium, ther-
mally polarized signal (positive enhancement). If the two spins un-
dergo dipolar coupling, w2 > w0, and DNP-enhanced signal with the
opposite sign of the equilibrium signal is obtained (negative
enhancement). Dipolar coupling dominates the DNP for hydrogen
nuclei and is quite common for 13C at lower fields. Relaxation
can occur through both the w0 or w2 transitions at the same time,
giving rise to a mixed scalar and dipolar interaction. Dipolar cou-
pling between 1H and 13C through this same mechanism forms
the basis of the nuclear Overhauser effect (NOE), a commonly used
method in NMR spectroscopy [17].

The observed NMR signal enhancement, E, is defined as the ratio
of the enhanced signal to the equilibrium signal <I0>, and

E ¼ hIZi
hI0i
¼ 1þ qfs

cS

cI
ð1Þ

where q is the coupling factor, f is the leakage factor, and cS and cI

are the gyromagnetic ratios of the electron and nucleus, respec-
tively. The coupling factor, q, gives the coupling between the elec-
tron and nucleus, can range from �1 (pure scalar coupling) to 0.5
(pure dipolar coupling), and has a strong field dependence [1].
Please note that our definition of q is identical to that of n in [1],
and our usage of q is not consistent with how q is usually defined
when discussing NOE [17]. The coupling factor strongly depends
on the translational correlation time, st, between the radical and
nucleus of interest. The coupling factor decreases with increasing
correlation times [1,18], and previous reports have shown that
the dipolar interaction for water [19] and small organic molecules
[16] with organic radicals is modulated mainly by translational mo-
tion, which leads us to discuss our results in terms of translational
instead of rotational correlation. The translational correlation time
is a function of the distance of closest approach, d, between the nu-
cleus and radical and their respective diffusion coefficients, DI and
DS [1]:

st ¼
d2

DI þ DS
ð2Þ

The leakage factor, f, relates to the electron’s ability to relax the
proton, and is given by

f ¼ 1� T1

T10
ð3Þ

where T1 is the longitudinal relaxation time of the system, and T10 is
the longitudinal relaxation time of the system in the absence of
radicals. A leakage factor of 1 implies that all the relaxation of the
nucleus is caused by the electron, whereas a leakage factor of 0
occurs when all relaxation of the nucleus is through other sources.
The saturation factor in Eq. [1], s, is the degree of saturation of the
electron spins, and can vary from 0 to 1, depending on the satura-
tion power applied, the radical used, and nitrogen relaxation rates
(for nitroxide radicals) [20]. The saturation factor also strongly de-
pends on the concentration of the radicals because of Heisenberg
spin exchange, which broadens the ESR lines and mixes the hyper-
fine states [21]. At high concentrations of nitroxide radicals
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Fig. 2. A schematic to show the signs and magnitudes of the observed NMR signal
without DNP enhancement (thermal polarization) with DNP enhancement (electron
saturation) and with DNP enhancement and complete proton saturation (electron
and proton saturation).
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(�20 mM), the maximum value of the saturation factor (smax) can
approach 1 due to Heisenberg exchange. Since s heavily depends
on applied microwave power, the observed enhancement can be
plotted against applied microwave power and extrapolated to infi-
nite power (s ? smax); this number is referred to as the maximum
enhancement (Emax) [20]

Emax ¼ 1þ qfsmax
cS

cI
ð4Þ

Eq. [1] holds for both NOE and DNP, but is usually rewritten to
describe DNP by factoring out the negative gyromagnetic ratio of
the electron:

E ¼ 1� qfs
jcSj
cI

ð5Þ

The 13C DNP described so far arises from direct radical–carbon
coupling. However, in most molecules of interest, there are bound
or otherwise nearby protons, which themselves experience dipolar
enhancement through the Overhauser effect with the radicals,
according to Eq. [1]. The NOE between these hyperpolarized pro-
tons and carbon can then provide positive enhancement to the car-
bon through Eq. [1], owing to the positive gyromagnetic ratios of
both hydrogen and carbon. In such a 13C, 1H and radical three-spin
system, Eqs. [1] and [5] are no longer valid [1,22,23]. Instead, the
equation for DNP in a three-spin system becomes [24]

E2 ¼ 1þ qS
2f S

2 s
cS

cI
þ q1

2f 1
2

cI1

cI2

ð1� E1Þ ð6Þ

where the detected species (carbon) is spin 2 and third species
(hydrogen) is spin 1. The second term in the equation is the direct
DNP term, as expressed in Eq. [1], with qS

2 indicating the coupling
factor of spin 2 due to its interaction with the electron spin S. The
third term in the equation, the three-spin term, gives enhancement
of carbon due to the NOE from a hyperpolarized proton, and in-
cludes the NOE interaction and E1, which is the DNP enhancement
of the proton as given by Eq. [1]. Thus, a simplified version of Eq.
[6] would be E2 = 1 + DNP term + three-spin term. The DNP term
is negative for dipolar coupling and positive for scalar coupling,
due to the sign of the coupling factor and the negative cS. The
three-spin term is always positive, since the interactions between
the proton and the carbon and those between the proton and the
radical are almost always dipolar, which causes E1 to be negative
and q1

2 to be positive. Thus, the second and third terms offset each
other if dipolar relaxation dominates the interaction between the
radical and carbon nucleus. The DNP term and three-spin terms
add together if scalar relaxation is dominant. The contribution from
the three-spin effect will decrease at higher radical concentrations,
where the NOE becomes much less effective due to leakage of the
carbon relaxation to the radical (f 1

2 goes to zero) [6]. Importantly,
the three-spin term of Eq. [6] will become negligible if the protons
are fully saturated along with the electrons in a triple resonance
experiment, where E1 = 0. The amplitude and sign of the observed
signal under double and triple resonant conditions depends on
the type of enhancement between the radical and carbon nuclei
and the magnitudes of the terms in Eq. [6]. Three cases are possible,
and they are listed below and schematically depicted in Fig. 2.

(a) If dipolar enhancement dominates, and the direct interac-
tion (the DNP term) is larger than the interaction through
the proton (the three-spin term), the enhanced signal is
inverted with respect to the equilibrium signal when only
the electrons are saturated (double resonant). The addition
of proton saturation to a DNP experiment, which effectively
removes the three-spin term, will increase the overall NMR
signal enhancement (Fig 2a).
(b) If dipolar enhancement dominates the DNP term, but the
three-spin term dominates Eq. [6], the enhanced NMR signal
will have the same sign as the equilibrium signal, even
though all the interactions are mainly dipolar. Complete sat-
uration of the protons will give a decreased and inverted
NMR signal (Fig. 2b).

(c) If scalar enhancement dominates the DNP term, the
enhanced and equilibrium NMR signal will have the same
sign. Saturation of the protons will decrease the signal,
regardless of whether the DNP term or three-spin term is
larger (Fig. 2c).

It is likely that the carbon nucleus experiences a mixture of
dipolar and scalar enhancement from the radical. However, it is
difficult to experimentally distinguish the difference between a
lower coupling factor due to the effects of mixed dipolar and scalar
enhancement versus a lower coupling factor caused by increased
correlation times of the 13C species with respect to the radical.
Therefore we are only able to determine which type of enhance-
ment dominates the DNP term, and not the extent of mixed relax-
ation mechanisms.
3. Results and discussion

All DNP, T1 and diffusion experiments were carried out at 0.35 T,
where the electron spin resonance frequency is 9.8 GHz and the 13C
NMR frequency is 3.74 MHz.
3.1. Enhancement of 13C in different molecules

The molecule that gave the greatest 13C NMR signal enhance-
ment was urea. The 13C spectra of 5 M 13C-labeled urea, 5 M N,N-
dimethylformamide (DMF, carbonyl 13C) and 1 M sodium pyruvate,
each dissolved in water along with 20 mM of the free radical
4-amino-2,2,6,6-tetramethyl-1-piperidinyloxy (4-amino-TEMPO),
are presented in Fig. 3 with and without DNP. The observed urea
enhancement (E of Eq. [1]) was �265 fold, with an estimated max-
imum enhancement (Emax at extrapolated maximum power from
Eq. [4]) of �455. The sign of the enhancement shows that urea
undergoes dipolar enhancement. DMF gave +60 fold enhancement,
and the sign of enhancement and decoupling experiments below
show that DMF experiences scalar enhancement. Sodium pyruvate
showed �160 fold dipolar enhancement.

The urea maximum enhancement of �455 (corresponding to
q = 0.19 assuming smax = 1) is lower than the maximum possible
DNP enhancement for 13C from Eq. [1], which is �1300 in the ex-
treme narrowing dipolar limit (where q = 0.5). This is due to the
correlation times of these molecules being slower than the inverse
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Fig. 3. The enhanced and equilibrium NMR signals are shown for aqueous solutions
of urea (a), DMF (b), and sodium pyruvate (c). The unenhanced spectrum is enlarged
by a different factor depending on the amount of observed enhancement. The
unenhanced (microwave off) and enhanced spectra are the average of 3200 and 8
scans for urea, 6400 and 16 scans for DMF and 18,000 and 64 scans for pyruvate.

Table 1
DNP enhancements of different molecules dissolved in water with 20 mM 4-amino-
TEMPO, expressed as a percentage relative to the observed enhancement of urea. The
percentage change of the signal upon broadband 1H decoupling is listed, and the
product of the middle two columns gives the relative enhancement in the absence of
three-spin effects (direct DNP).

Molecule Relative
enhancement (%)

Decoupling, %
change (%)

Relative enhancement,
direct DNP (%)

Urea �100 102 �102
Acetone C@O �80 109 �87
Acetone CH3 �18 121 �22
Pyruvate �55 98 �54
Methanol �27 119 �32
DMF 25 56 14
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of the electron spin Larmor frequency of 9.8 GHz at the magnetic
field of 0.35 T (�100 ps). Therefore, Overhauser DNP enhancement
decreases with increasing fields [1]. As a reference, the coupling
factor for water at 0.35 T has been reported to be 0.22 [25]. Since
urea has slower dynamics than water, a somewhat lower coupling
factor is expected.

Due to the long experimental times required to measure ther-
mally polarized (equilibrium state) signals, it was not feasible to
measure the actual or maximum enhancements for every sample.
This is due to homebuilt NMR electronics, and the fact that optimal
microwave penetration to the sample in an aqueous DNP experi-
ment is obtained for very small sample volumes (4 lL). Instead,
urea was chosen as a reference standard, and the value of the other
observed enhancements were referenced to a sample of urea. Be-
cause of this, the following numbers are expressed as percentages
relative to the measured urea signal, and the sign of the enhanced
signal relative to its equilibrium signal is specified by the sign of
the percentage (Table 1). All samples were dissolved in water at
5 M concentrations, except for sodium pyruvate, which is only sol-
uble to 1 M in water (the numbers reported are relative to 1 M
urea).

As seen in Table 1, the urea carbon gave the best signal
enhancement, followed by the carbonyl carbon of acetone. The
labeled carbonyl carbon in pyruvate gave moderate enhancement,
followed by methanol, DMF, and acetone’s methyl carbon. All
enhancements were negative, and thus dominated by dipolar
interactions, except for DMF, which gave positive scalar enhance-
ment. The sign of the enhancement was determined by either di-
rect measurement of the unenhanced signal or an analysis of the
decoupling results. Uniformly 13C-labeled glucose was also tested,
but DNP-enhanced signal was barely visible after 512 scans (urea
was clearly visible in a single scan). This low enhancement can
be attributed to an unfortunate combination of two factors: a
low leakage factor for 13C nuclear spins even with high (20 mM)
concentrations of radical (f = 0.25–0.3) and the expected presence
of a detrimental three-spin effect through the many bound and
highly polarized protons; this causes the NOE and DNP terms to
be of equal magnitude and offset each other. The error in all mea-
surements is estimated to be 15%, which is sufficient to make qual-
itative comparisons.

The coupling factor between the radical and 13C, q or qS
2, is the

physically meaningful parameter that describes the different sys-
tems, but due to experimental limitations we are only able to mea-
sure changes in E, which gives a sum of the DNP and three-spin
terms. We discuss the DNP and three-spin terms separately below
and in the next section.

In order to look at the DNP term, we first need to remove the
three-spin term. This is accomplished with broadband 1H decou-
pling. The change of the signal upon decoupling was measured
for each system, and is presented in Table 1 as a percentage change
of the integral of the DNP-enhanced signal after the addition of 1H
decoupling. An increase in signal upon decoupling gives a percent-
age larger than 100. The relative enhancement was multiplied by
the change in signal upon decoupling and listed in the rightmost
column, which gives the comparison of the DNP term for the differ-
ent systems.

The DNP term contains the radical – 13C coupling factor as a
product with the saturation and leakage factors. To relate the
DNP component of E to changes in the coupling factor, we first as-
sume the saturation factor, s, to be the same for all measurements.
The same microwave power was used for all measurements, and
care was taken to use the same amount of samples and place them
in the same position inside the microwave cavity. Thus, we assume
that the same amount of microwave power reaches the samples for
each experiment, but this alone does not imply that the saturation
factor is equal for all samples. We also can assume that smax � 1 for
all systems. This is because, for nitroxide radicals at high concen-
trations, Heisenberg spin exchange effectively mixes the hyperfine
states allowing the maximum possible saturation factor, smax, to
approach 1 [20,21]. To decide at which radical concentration
smax � 1 for all systems, the Heisenberg spin exchange rate was
experimentally determined for the most viscous system, 5 M
DMF, to be 1.96 � 106 mM�1 s�1 by measuring the ESR linewidth
vs. concentration [26]. The spin exchange rate was then used to
calculate smax at a given concentration [20]; concentrations of
20 mM were chosen for all measurements because it was the



Table 2
The second column gives the DNP enhancement values from Table 1. The ESR linewidths are listed for reference, and T1 and T10 are the longitudinal relaxation times of the system
with and without radical, respectively. The leakage factor and corrected relative enhancement are explained in the text. The far right column directly relates to changes in the
coupling factor between systems.

Molecule Relative enhancement, direct DNP (%) ESR Linewidth (G) T1 T10 Leakage (f) Relative Enhancement, f corrected (%)

Urea �102 2.27 3.40 35 0.90 �102
Acetone C@O �87 2.63 3.36 23.7 0.86 �91
Acetone CH3 �22 2.63 2.42 16.5 0.85 �23
Pyruvate �54 2.21 2.69 36.2 0.93 �52
Methanol �32 2.41 2.7 12.4 0.78 �37
DMF 14 2.21 1.70 6.92 0.75 17

Table 3
Ratio of enhanced NMR signal with broadband 1H decoupling to the enhanced signal
without decoupling for solutions with a 2 mM concentration of 4-amino-TEMPO. The
negative sign of the acetone methyl carbon indicates that the signal changed sign
with decoupling. The sign of each signal with respect to thermal equilibrium is not
specified.

Molecule 2 mM decoupling (%)

Urea 131
Acetone C@O 101
Acetone CH3 �128
Pyruvate 158
Methanol 232
DMF 26
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lowest radical concentration where smax was sufficiently close to 1
(smax = 0.95). Solutions of lower viscosity will have smax even closer
to 1 [20,21], allowing us to assume that applying the same micro-
wave power results in the same saturation factor. This is a fair
approximation, but does not account for the slightly increased sat-
uration factor from a narrower ESR line. For this reason, ESR line-
widths are also reported in Table 2. It can be seen that this is a
small contribution, as changes in enhancement do not directly fol-
low changes in linewidth. While smax is close to 1, the actual satu-
ration parameter s is limited by the amount of microwave power
we can use without sample heating. We estimate that our actual
saturation s � 0.6, based on a comparison of the urea enhancement
and Emax values. In addition, we can easily measure the leakage fac-
tor, f, and we correct the observed enhancement for differences be-
tween the leakage factors by applying a correction factor to each
measurement: Ecorrected = Eobserved � (furea/fsample). This is shown in
the far right column of Table 2, where the percentages directly re-
late to changes in the coupling factor between the radical and the
carbon nuclei.
3.2. The three-spin effect

The addition of broadband proton saturation to the experiments
above can help to describe the influence of the three-spin term in
Eq. [6], in addition to providing an increase in NMR signal in some
cases. Decoupling DNP experiments were performed on urea and
DMF as a function of the radical concentration. The results are
shown in Fig. 4, where the results are reported as a percentage be-
tween the integral of the enhanced signal with 1H decoupling ap-
plied and the enhanced signal integral without decoupling. An
increase in signal upon decoupling gives a percentage greater than
100, a decrease in signal when decoupling is added gives a percent-
age less than 100. Note that in this presentation of Fig. 4, the per-
centage only reflects the appearance of the signal before and after
decoupling, where the signal before decoupling is given the value
of +100% for both urea and DMF, even though urea displays nega-
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As seen in Fig. 4, urea gave larger enhancement upon decou-
pling at low concentrations of radical. This further shows that
the DNP term in Eq. [6] is the dominant term for urea, and that if
low concentrations of radical are used, decoupling can be applied
to enhance signal. At high concentrations of radical, the three-spin
effect is no longer effective due to the radical’s disruption of the
NOE. Fig. 4 also shows that the signal for DMF became smaller with
the addition of proton decoupling at all radical concentrations.
Since proton decoupling at high radical concentrations still altered
the signal, the proton–carbon NOE is appreciable for DMF even at
high radical concentrations. The observation that the sign of the
DNP signal did not change upon efficient proton decoupling at
any radical concentration indicates that the radical–carbon inter-
actions are scalar in nature (the DNP term is positive).

The effect of proton decoupling was tested for all molecules co-
dissolved with 20 mM (Table 1) and 2 mM (Table 3) concentrations
of 4-amino-TEMPO in order to examine the magnitude of the
three-spin effect. The decoupling percentage is reported as nega-
tive if the signal inverts upon decoupling. Table 3 shows that at
2 mM radical concentrations, the DNP term dominates for urea,
the acetone carbonyl carbon, pyruvate and methanol, whereas
the three-spin term dominates for the methyl carbons of acetone.
DMF undergoes scalar enhancement, and since the signal de-
creased by more than 50% upon proton decoupling, the three-spin
term is larger than the DNP term at 2 mM radical concentrations.
3.3. Solvent effects and chemical exchange

Next we would like to discuss the effects of intermolecular NOE
from solvent molecules, distinct from the NOE effects through
bound protons. We chose urea and DMF for this analysis, because
the amide protons on urea undergo chemical exchange with the
solvent while the protons on DMF do not.

To consider urea, we first investigate the effect of the amide
proton exchange rate on DNP and determine whether the large
enhancement of urea is due chemical exchange. The rate of ex-
change varies with pH, and is the smallest at pH 7 (the inverse



Table 4
The DNP enhancement of urea solutions at pH 4 and 10, referenced to a pH 7 solution.
The relative enhancement was corrected for differences in the leakage factors.

pH 2 mM relative enhancement (%) 20 mM relative enhancement (%)

4.0 102 94
7.0 100 100
10.0 97 98

Table 5
Diffusion coefficients of the solute, DI, and the radical, Ds, compared to the relative
enhancement corrected for proton decoupling and leakage factor differences. All
samples are 5 M aqueous solutions with 20 mM of 4-amino-TEMPO radical.

Molecule DI

(10-9 m2/s)
DS

(10-9 m2/s)
DI + DS

(10-9 m2/s)
Relative
enhancement (%)

Urea 1.07 0.32 1.39 �102
Acetone C@O 1.10 0.27 1.37 �91
Acetone CH3 1.10 0.27 1.37 �23
Methanol 1.36 0.26 1.62 �37
DMF 0.68 0.18 0.86 17
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lifetime of a proton on urea is about 1 s�1 at pH 7) and increases at
pH 4 as well as pH 10 (1380 s�1 and 250 s�1, respectively) [27]. The
DNP-enhanced signal of 5 M urea solutions at pH 4 and 10 was
compared to the enhancement at pH 7. Both 2 mM and 20 mM
concentrations of 4-amino-TEMPO were used, so that situations
with and without a large three-spin effect can be compared. The
results are shown in Table 4. There is no observed change within
the experimental error, showing that the exchange rate does not
play a role in the magnitude of DNP enhancements. This is likely
due to the fact that the lifetime of the amide proton on urea, which
is at most 1 s at pH 7, is shorter than the time required to affect the
polarization of the 13C nucleus that reaches full polarization after
five times the 13C T1, thus on the order of tens of seconds and long-
er. It would be plausible that the amide protons have a much smal-
ler NOE to the carbonyl carbon than the water protons, so that the
influence of the three-spin effect from amide protons would be
minimal even if the proton residence time is long.

To describe the influence of the intermolecular three-spin effect
due to solvent protons, the DNP enhancement of 5 M urea and 5 M
DMF were compared in water and D2O. Based on Eq. [6], there
should be a three-spin effect from the water protons to the carbon
that is not present when the molecules are dissolved in D2O. This
difference would be pronounced at low radical concentrations
and minimal at radical higher concentrations, because f 1

2 in Eq.
[6] decreases as concentration is increased. The comparison be-
tween solvents is shown in Fig. 5, where the signal in D2O, cor-
rected for leakage factor differences, was divided by the signal in
H2O, then multiplied by 100% for presentation as a percentage.
Again, the percentage does not specify the sign of the unenhanced
signal, so both urea and DMF have a positive percentage. For urea,
there was greater DNP enhancement when dissolved in D2O than
H2O, but only at low radical concentrations, because a disadvanta-
geous three-spin effect was removed. Note that deuterated urea
was not used, so the protons originally on the solid urea exchange
with the deuterons in solution to provide a non-negligible concen-
tration of HDO and H2O. It is expected that the enhancement in
D2O would be even greater if deuterated urea is used. The effect
of proton decoupling versus D2O/H2O exchange on the DNP
enhancement of urea is comparable, because the NOE effects of
the solvent versus bound protons cannot be differentiated for fast
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Fig. 5. Ratio of the enhanced NMR signal of molecules dissolved in D2O to that of
molecules dissolved in H2O, as a function of 4-amino-TEMPO concentration. The
open circles represent urea, and the filled diamonds represent DMF.
exchanging protons. There effect of D2O/H2O exchange on the DNP
enhancement of DMF was clearly visible, but smaller compared to
the effect of proton decoupling. This result shows that there a sub-
stantial amount of three-spin effect from the proton bound to the
carbon that does not undergo chemical exchange with the solvent.
However, we also determined that the solvent protons have non-
negligible intermolecular NOE effects on the 13C DNP of DMF.
3.4. Contributions to the coupling factor

Finally we discuss the contributions to the radical-13C coupling
factor for the different molecules studied. As discussed in Section
3.1, the percentages presented in the rightmost column of Table
2 directly give the differences between the coupling factors. Two
causes could be responsible for the variance in coupling factors,
either different correlation times or a different mixture of scalar
and dipolar enhancement for each molecule. The experimental
separation of these contributions is difficult, but we can discuss
individual factors affecting the correlation times.

In order to consider the relative importance of the components
of the correlation time, we assume that the dipolar enhancement is
mainly modulated by translational motions [16]. The coupling fac-
tor decreases as the translational correlation time increases, and st

is related to the distance of closest approach and the diffusion coef-
ficients of the 13C containing molecule and the radical as shown in
Eq. [2]. To separate these components, we compare the sum of the
translational diffusion coefficients of the nucleus, DI, and the radi-
cal, DS, to the observed DNP enhancement in Table 5. The diffusion
coefficients for 5 M solutions of acetone, DMF and methanol were
measured by the standard pulsed field gradient spin echo (PGSE)
method, and the diffusion coefficients of urea and the 4-amino-
TEMPO radical were calculated from literature values through a
procedure which is discussed in the experimental section. Accord-
ing to Eq. [2], a larger diffusion coefficient gives a smaller correla-
tion time, which results in an increased coupling factor. The easiest
comparison is between urea and acetone, because they have a
nearly equal sum of diffusion coefficients. The carbonyl carbons
of urea and acetone have nearly equal DNP enhancements, which
makes sense given their very similar molecular structure. How-
ever, urea and the methyl carbons of acetone have very different
enhancement even with the removal of the three-spin effects, sug-
gesting that the change in correlation time and enhancement is not
determined by diffusion but instead driven by molecular structure,
and thus the distance of closest approach between the radical and
nucleus. This idea is supported by the diffusion values of the other
systems presented in Table 5, especially methanol, which has a
higher diffusion coefficient but lower enhancement. The methyl
carbon of acetone and methanol would likely have a larger dis-
tance of closest approach due to the hindrance of the bound pro-
tons, which would increase the translational correlation time and
decrease enhancement. It is unclear if the enhancement of DMF
can be interpreted with translational diffusion coefficients, since
scalar enhancement requires the overlap of the electron and nucle-
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ar wavefunctions, and thus closer molecular contact for a longer
period of time than dipolar enhancement. Thus, DMF may form
complexes with the radical that are long-lived compared to the
translational correlation times, which could be governed by
rotational correlation times [1]. Regardless, our finding that the
distance of closest approach seems to play a large role in deter-
mining the translational correlation time, and thus enhancement,
is a generally useful insight relevant for DNP via other mecha-
nisms, such as the thermal mixing effect commonly used in disso-
lution DNP.

The analysis in the previous paragraph neglects any changes in
the coupling factor due to differing amounts of scalar and dipolar
relaxation across the sample set. The scalar component is very hard
to predict from molecular structure, as DMF has a structure similar
to urea and acetone, but has dominantly scalar enhancement while
urea and acetone do not. So while the connection between struc-
ture and an expected distance of closest approach in the previous
paragraph seems reasonable, we realize that we cannot rule out
a varying scalar contribution as the main determinant of 13C DNP
enhancement.
4. Conclusion

Urea dissolved in water gave the largest 13C NMR signal
enhancement through Overhauser-mediated DNP out of all the
molecules studied. This can be attributed to a combination of
two factors: a larger coupling factor than the other systems stud-
ied, which may be due to a smaller distance of closest approach
or smaller scalar contribution, as well as a lower three-spin effect
than for the other systems. The high enhancement of urea cannot
be due to the presence of amide protons that undergo chemical ex-
change with the solvent. Even if the amide protons would display a
strong NOE effect to 13C, the enhancement would decrease due to a
disadvantageous three-spin effect. Acetone and pyruvate gave
moderate enhancement, while small enhancements were observed
with methanol and DMF. The DNP enhanced signal of uniformly
13C-labeled glucose was barely visible, due to a low leakage factor
and the expected presence of a strong, unfavorable three-spin ef-
fect. All molecules exhibited DNP through a dipolar-mediated
Overhauser effect except for DMF, which gave enhancement med-
iated by scalar relaxation.

Saturating the protons during a DNP experiment can help de-
scribe the relative magnitudes of the direct DNP term versus the
three-spin term, and can increase the magnitude of the enhanced
signal for systems with a dipolar coupling factor where the 13C
{1H} NOE exists but does not dominate the enhancement. Similarly,
exchanging the H2O solvent with D2O will give a larger signal for
dipolar coupled systems with existing three-spin effects, as long
as the three-spin effect does not dominate the DNP enhancement.

Based on these experiments, the choice of a target molecule for
optimal DNP polarization needs to be based on two considerations:
(1) which molecule will have a small distance of closest approach,
which may be determined from molecular dynamics simulations
or might require systematic measurement, and (2) which molecule
will minimize the often detrimental three-spin effect through
hyperpolarized protons in close proximity to the 13C site. The pres-
ence of scalar enhancement is very hard to predict, and a better
understanding might require systematic studies of a wider range
of molecules.

Due to the need to study many biological systems in their native
environments, the use of dynamic nuclear polarization via the
Overhauser effect to enhance the 13C NMR signal under ambient
conditions can be desirable. The observations and systematic ap-
proaches presented in this paper will be useful in finding, rational-
izing and optimizing a system that uses 13C DNP in liquids via the
Overhauser effect.
5. Experimental

5.1. Sample preparation

Urea-13C (99%) and sodium pyruvate-1-13C (99%) were ob-
tained from Sigma-Aldrich/Isotec, while the N,N-dimethylformam-
ide-carbonyl-13C (99%), acetone-13C3 (99%), methanol-13C and D2O
(99.9%) were purchased from Cambridge Isotope Laboratories
(Andover, MA, USA). All were used as received, without further
purification. All samples were dissolved at 5 M in deionized water
or D2O, with the exception of sodium pyruvate and the urea to
which it was compared, which were 1 M concentrations. 4-Ami-
no-2,2,6,6-tetramethylpiperidine-1-oxyl (4-amino-TEMPO, Sigma-
Aldrich, USA) was also used as received, and was dissolved in
solution at 20 mM for the comparison between molecules, and at
variable concentrations for other experiments. The samples were
not degassed.

The urea samples at different pH values were made by first cre-
ating a mixture of 20 mM 4-amino-TEMPO and 20 mM buffer (so-
dium citrate for pH 4 and 7, sodium carbonate for pH 10), then
adjusting to the correct pH (±0.1 pH unit). This mixture was then
added to solid urea to form the final solution. Separate tests
showed that adding urea to a solution does not appreciably change
the pH.
5.2. DNP experiments

All DNP experiments were conducted in one of two systems.
The first system consists of a commercial EMX ESR spectrometer
and electromagnet (Bruker Biospin, Billerica, MA, USA). A home-
built NMR probe was inserted into the commercial TE102 resonant
cavity. The resonance of the cavity and field of the center ESR tran-
sition were determined by the ESR spectrometer, then the field was
set to the center transition and the cavity connected to a micro-
wave source and custom, high-power microwave amplifier. The
DNP experiment was performed in the resonant microwave cavity,
with the addition of airflow through the cavity for sample cooling.
The source and amplifier are capable of delivering up to 6 W of
power to the sample, as described previously [12].

The second system uses a widebore 0.35 T superconducting
magnet (Oxford Instruments, UK, formerly a 7 T magnet), with a
homebuilt, variable frequency TE102 resonant cavity. The variable
cavity consisted of a length of WR90 waveguide, with flanges at-
tached to both ends. On one end of the central waveguide, an iris
plate (0.015” thick brass with a centered 6.85 mm hole) and a
waveguide to coax adapter (RFWA90, RF Lambda, Plano, TX, USA)
were placed. On the other end, a cylindrical quarter wave back-
short with a threaded support rod was held in the center of the
waveguide via a threaded hole; this could be turned to vary the
length and resonance frequency. All parts of the cavity were made
of copper by a machine shop, as brass contains iron impurities
which dramatically increase linewidths. The cavity was placed in
the center of the magnet inside the room temperature shims from
a Bruker 7T system (Avance 300 Spectrometer, 7T Ultrashield
Widebore Magnet). A homebuilt NMR probe was inserted into
the resonant cavity. The NMR resonance was found and used to
calculate the electron resonance, the cavity was then tuned to
the electron resonance frequency and on-resonant microwave
radiation was applied with the custom microwave amplifier along
with airflow through the cavity.

The electromagnet system was used when it was desired to
measure an ESR spectrum concurrent with the DNP experiment,
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and for experiments of a shorter duration. For longer experiments,
it was found that the temperature dependence of the hall probe in
the electromagnet caused field drift with subtle changes in the
room temperature, which necessitated the construction of the sys-
tem in the superconducting magnet. The superconducting magnet
system was used for the comparisons between molecules, the
decoupling experiments and the acquisition of unenhanced spec-
tra. All other DNP data was collected with the electromagnet
system.

For the double resonant experiments, such as the comparison
between molecules or solvents, the NMR probe used was a double
U-coil design, where the two U-loops were 1 cm long and 1 mm
apart. The coil was connected via coaxial cable to a LC tuning cir-
cuit, then to a Kea NMR spectrometer (Magritek Limited, Welling-
ton, New Zealand) operating at 3.73 MHz. An external amplifier
was used for the 13C pulse amplification (BT00250-Beta, Tomco
Technologies, Norwood, SA, Australia). A simple 90� pulse and ac-
quire sequence was employed.

For the triple resonant, proton-decoupling DNP experiments, a
two-channel double U-coil NMR probe was constructed. The 13C
channel was connected in a manner similar to the double resonant
experiments, and the 1H channel was connected to another LC tun-
ing circuit at 14.84 MHz, then to a homebuilt duplexer and another
amplifier (BT00100-AlphaSA-CW, Tomco Technologies, Norwood,
SA, Australia). A splitter on the spectrometer output allowed for
the sending of signals to both channels. For decoupling, a MLEV-
16 decoupling sequence [28] was applied for 5 times the length
of the 13C T1, and then the signal was read with a single pulse
and acquisition on the carbon channel.

For DNP measurements, 4.0 lL of sample was placed in a 1 mm
outer diameter quartz capillary (Vitrocomm, Mountain Lakes, NJ,
USA). All DNP measurements are the average of at least two exper-
iments, and the error is estimated at 15%. The sign of the enhance-
ments with respect to equilibrium signal was obtained by
measuring the unenhanced signal. This gave the sign, but the signal
was too small to reliably integrate in some cases. The unenhanced
signal of the methyl carbon of acetone was unobservable, so the
sign was inferred from the decoupling experiments.

5.3. T1 experiments

All T1 experiments were conducted in the 0.35 T superconduc-
ting magnet, using a homebuilt 13C NMR probe operating at
3.74 MHz. A Kea NMR spectrometer and external TOMCO amplifier
were used for the experiments. Roughly 100 lL of sample was
placed in a 5 mm NMR tube, and a simple inversion–recovery se-
quence was applied. The number of signal averages acquired for
each delay value depended on the multiplicity of the 13C reso-
nance, concentration and volume of the sample, and varied from
16 to 148. The inversion–recovery curves were fit using Igor Pro
(Wavemetrics, Inc., Portland, OR, USA). The error in the fit was less
than 7% for all measurements.

5.4. Diffusion measurements

The diffusion coefficients for 5 M solutions of acetone, DMF and
methanol were measured in the 0.35 T superconducting magnet
with the X channel of a commercial 300 MHz solutions probe with
gradients (Bruker Biospin) for 1H detection at 14.85 MHz. A stan-
dard pulsed gradient sequence with stimulated spin echoes [29]
was used, where the gradient strength was varied up to 3.7 G/
mm, the duration between gradients was 50 ms, and the length
of the gradient pulses was 5 ms. The data was processed in Prospa
(Magritek Ltd).

The diffusion coefficient for urea was calculated from equations
present in the literature [30], because a direct measurement is dif-
ficult due to the fast exchange of the amide protons. It was unfea-
sible to directly measure the diffusion coefficients of the 4-amino-
TEMPO radical, because the signal from the radical at 20 mM
concentrations is hidden underneath the signal from 5 M solute
and the water signal, and the use of deuterated systems could
produce incorrect results. Because of this, DI was calculated with
the aid of the Stokes–Einstein equation, which relates diffusion
coefficients and the fluid viscosity, g,

D ¼ kBT
6pgr

; ð7Þ

where r is the radius of the molecule. The diffusion coefficient of re-
duced 4-amino-TEMPO dissolved in water was directly measured to
be 0.41 � 10�9 m2/s by PGSE, then this number and the viscosity of
water at 25 �C were used with Eq. [7] to calculate the radius of the
molecule, r. This value for the molecular radius was then placed
back in Eq. [7] along with literature values of viscosity at 25 �C for
5 M solutions of urea [31], acetone [32], DMF [33] or methanol
[34] to calculate the diffusion coefficient for the radical in the sys-
tems of interest.
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