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Overhauser Dynamic Nuclear Polarization-Enhanced NMR
Relaxometry

John M. Franck, Ravinath Kausik, and Songi Han
Department of Chemistry and Biochemistry, University of California, Santa Barbara

Abstract
We present a new methodological basis for selectively illuminating a dilute population of fluid
within a porous medium. Specifically, transport in porous materials can be analyzed by now-
standard nuclear magnetic resonance (NMR) relaxometry and NMR pulsed field gradient (PFG)
diffusometry methods in combination with with the prominent NMR signal amplification tool,
dynamic nuclear polarization (DNP). The key components of the approach introduced here are (1)
to selectively place intrinsic or extrinsic paramagnetic probes at the site or local volume of interest
within the sample, (2) to amplify the signal from the local solvent around the paramagnetic probes
with Overhauser DNP, which is performed in situ and under ambient conditions, and (3) to
observe the ODNP-enhanced solvent signal with 1D or 2D NMR relaxometry methods, thus
selectively amplifying only the relaxation dynamics of the fluid that resides in or percolates
through the local porous volume that contains the paramagnetic probe. Here, we demonstrate the
proof of principle of this approach by selectively amplifying the NMR signal of only one solvent
population, which is in contact with a paramagnetic probe and occluded from a second solvent
population. An apparent one-component T2 relaxation decay is shown to actually contain two
distinct solvent populations. The approach outlined here should be universally applicable to a wide
range of other 1D and 2D relaxometry and PFG diffusometry measurements, including T1–T2 or
T1-D correlation maps, where the occluded population containing the paramagnetic probes can be
selectively amplified for its enhanced characterization.
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Introduction
Transport of fluids within porous materials offers important insight to their structure at the
nm-mm length scale. Interestingly, in biology, transport from one location of the cell to
another necessarily requires the passage through and around complex “blockades” of
macromolecules, membranes, and structural elements that fill the cytoplasm, making the
study of flow in these systems even more interesting and complex [1]. Similarly, synthetic
materials are often designed with particular transport properties in mind, where the rate and
pattern with which fluids transport from one region to another frequently defines the
characteristic function of porous materials. To name a few notable examples, the analysis of
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pore sizes and transport between pores in rocks has proven to be an important tool for
identifying and characterizing underground reservoirs [2, 3, 4], while the transport of
protons through nafion and other polymer electrolyte membranes is both long-debated and
integral to the function of these materials, which offer great promise for the future of clean
energy [5, 6, 7]. More generally, through scenarios like those illustrated in fig. 1, a relatively
dilute portion of the porous sample can play an exceedingly important role. In a cell, this
might be an organelle or a protein population in the cytoplasm occluded from the
extracellular fluid or vice versa; in a catalytic substrate, this might represent small reactive
pores, or as in polymer electrolyte membranes, this might correspond to the relatively few
pores that permit complete transport of protons [8]. Thus, a minority and somewhat
occluded porous population can often play a key functional role, whose explicit detection
would be of great interest. It is clear that deeper insight to the complex transport patterns in
materials will offer powerful new insights into their microstructure and function, in
particular if one can target minority populations with distinct transport characteristics. Yet,
in realistic systems, attempts to rationalize a porous structure-transport-property relation
have often proven elusive.

Powerful experimental approaches exist, including light microscopy, surface
characterization techniques and light scattering-based methods, but apply to porous
materials only with great difficulty. Technologically relevant porous materials and systems
often operate under high pressure, or are present at high opacity or viscosity, or display large
susceptibility and permeability mismatches. Clearly, studies of intact materials under
operating conditions can prove difficult.

Fortunately, nuclear magnetic resonance (NMR) based methods offer unique opportunities
for the in situ, non-invasive, and tracer-less characterization of transport and flow in porous
systems. NMR-based methods are attractive because they uniquely locate and track the
displacements of nuclear centers of the solvent of interest. Thus, they characterize the
transport of the fluids themselves, such as water in situ [9], while other methods might
require the addition of a fluorophore or other external tracer particle. In contrast to the
limitation of other methods, NMR-based methods are mainly limited by a need for higher
sensitivity and signal contrast. Since rationalizing transport through percolated
microstructures requires the ability to analyze signals coming from exceedingly dilute
portions of the sample against a background of large signal amplitudes, overcoming the
sensitivity limitation is of particular importance. At the same time, NMR requires a means
of signal contrast, i.e. a means for resolving the signal from the dilute portion from the
signal from the large background.

Field gradients can frequency-label the NMR signal of water molecules according to their
position in space. This strategy for achieving signal contrast has allowed imaging, velocity,
and diffusion studies, and even the generalized q-space imaging of transport [10]. However,
one must apply very strong field gradients in order to achieve high spatial resolution, which
also leads to less available NMR signal amplitudes per voxel. While NMR images of single
cells [11] have been acquired and resolutions as low as one micron have been achieved [12,
13], such studies still represent values close to the technical limitation of the
instrumentation. In other cases, NMR can resolve different chemical shifts for protons in
different locations, and the use of NMR to track chemical exchange processes is very
common, but such measurements require high-field high-resolution spectrometers, and their
applicability is limited to systems where nuclei exchange between two different
environments with very different chemical shifts. Especially for the study of fluid transport
in porous system, this requirement is difficult to meet, as the solvent 1H NMR chemical shift
will not sufficiently change as a function of pore size. Thus, to observe transport between
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two populations of water, NMR requires alternative and better means of resolving the signal
arising from the different populations of water than currently available.

Over more recent years, a unique NMR methodology that identifies spins based solely on
their relaxation or diffusion properties has evolved [14, 15, 16, 17]. This method does not
require high fields and can function even in environments which, due to instrumentation
limitations or susceptibility mismatch, exhibit very inhomogeneous fields. In contrast to
NMR imaging and chemical exchange techniques that make use of NMR spectroscopic
signal and resolve signals that oscillate differently, this method achieves resolution of
different water populations by observing the rate of decay of the NMR signal, due either to
the transverse relaxation, the longitudinal relaxation (T1), or the diffusion-induced
decoherence (D)However, the problem of resolving signals that decay at different rates is
mathematically ill-determined and becomes particularly problematic if the populations begin
to approach the level of the noise [18]. This is unfortunate, since, as previously pointed out,
the most interesting components of a system can occur in relatively small regions out of the
overall whole. Here, DNP offers the opportunity to provide means for selectively enhancing
such small signals in the presence of a large background signal of the bulk fluid.

DNP is a technique that permits the transfer of the relatively large electron spin polarization
from an ESR (electron spin resonance) –active unpaired electron spin radical to the spins of
nearby NMR-active nuclei. By selectively locating the radical-bearing molecules (i.e. the
“spin labels”), which are typically TEMPO (i.e., (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl)
derivatives, at a particular site, NMR signal at a select location can be amplified. For
instance, this capability was recently demonstrated with solid state DNP by selectively
enhancing the NMR signal from natural abundance 13C nuclei in phenol or imidazolium
groups attached to the surface of a nanoporous silica framework. This was achieved by
adding an aqueous solution of the paramagnetic radical TEMPO to the sample, then
saturating the electron spins of TEMPO with microwaves [19]. This demonstration
represents the advent of a general technique that could be employed in solid-state magic
angle spinning NMR, where chemical resolution, high fields, and isotopic labeling are
feasible.

Here, we develop a similar technique that provides site resolution through the resolution and
selective amplification of relaxation populations in systems with limited diffusion between
different populations of water. Importantly, we rely on the Overhauser mechanism for DNP
(ODNP), which operates under liquid-state conditions, and requires only very small sample
quantities (3.5 µL). ODNP can efficiently amplify the NMR signal of water at ambient
conditions and 0.35 T, a field which permits simultaneous analysis by X-band ESR line
shape analysis, and is easily achieved with room temperature electromagnets or permanent
magnets [20]. ODNP enhancements have been shown capable of measuring the local
diffusivity of water within (sub-) nanometer distances of spin labels [21]. ODNP-derived
hyperpolarized water signal was also employed as an authentic contrast agent in a room
temperature imaging experiment to visualize flow through porous material [22], as well as
more recently through veins and the blood brain barrier of in vivo rat models [23]. In the
methodology presented here, ODNP selectively amplifies and provides contrast for a
relaxation component that would otherwise remain invisible or difficult to detect.

In this communication, we present proof of principle experiments that rely on an
experimental design involving three steps. First, a spin label – typically a TEMPO-based
label – is selectively incorporated into the fluid of one type of compartment, pore, or
otherwise occluded population of the sample. Alternatively, as discussed later, an
intrinsically present spin label could be identified. Second, the typical Carr Purcell
Meibloom Gill (CPMG) relaxation sequence measures the T2 decay of the NMR signal.
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Third, microwaves are applied to saturate the ESR transition of the spin label, and the
CPMG-derived signal is acquired again. The compartments/pores containing the spin label
are selectively enhanced, thus amplifying the signal arising from those compartments and
providing clearer resolution of the different relaxation components.

2. Experimental
To demonstrate this procedure, a phantom was constructed as shown in fig. 2. A 0.6 mm i.d.
0.84 mm o.d. quartz capillary tube, which fits into the exact hardware configuration used in
other ODNP experiments [21], was flame sealed in the center, loaded with 2.6 µL of water
one one side of the tube, and 0.44 µL of 100 mM 4-hydroxy-TEMPO in water was loaded
into the other. The two liquid chambers are completely isolated from each other. The 2.6 µL
of pure water models a less interesting bulk background signal, while the 0.44 µL chamber
where the 4-hydroxy-TEMPO probes have been incorporated models a smaller, occluded
volume of fluid in a porous system, whose contribution to the signal we wish to enhance.

To achieve this enhancement, approximately 2.5 mW of microwave power irradiates the
sample to partially saturate the electron spin transition. While the hardware can deliver up to
20 Watts of power, we chose 2.5 mW for illustration purposes as the dielectric cavity we
employ has a high Q factor of 4,000 and so that this power yields similar amplitudes for the
un-enhanced pure water signal and the enhanced signal from the 4-hydroxy-TEMPO
solution. The general form of the sequence presented here can employ a range of microwave
powers along an indirect “second” dimension, as shown in fig. 2, yielding datasets similar to
fig. 4. The signal was excited and allowed to undergo transverse relaxation (i.e. T2) decay
during a standard CPMG sequence (fig. 2). For each echo, the main signal peak was selected
from the Fourier transform of the time-domain signal.

In order to generate a real-valued signal decay for the T2 curve, the resulting signal
amplitudes needed to be correctly phased. Typically, the signal decay could be phased by
noting that it always consists of real and positive values. However, since ODNP-enhanced
signal is inverted in sign relative to the unenhanced signal, the signal decay – while entirely
real – can take on either positive or negative values. Therefore, in order to phase this signal,
the processing code adjusts the overall phase, ', of the signal to maximize the success
function, C, which is

(1)

where s(ti) is the echo amplitude of the CPMG signals at the different echo times, ti. This
correction yields entirely real-valued signal, with the imaginary component at noise levels
for most points.

3. Results + Discussion
Fig. 3 presents both the signal where microwave irradiation turns on the ODNP
enhancement effect, as well as the signal where the enhancement is turned off. In both cases,
the 4-hydroxy-TEMPO probe molecules in the smaller (0.44 µL) chamber cause the NMR
signal to decohere (i.e. decay) more rapidly – i.e. the water molecules in the smaller
chamber contribute a signal with a shorter apparent T2 time. Thus, the selective inclusion of
free radical probes into one chamber of the phantom allows one to use NMR relaxometry
techniques to separate the signal contributions arising from the two different chambers, even
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though they do not exhibit distinguishable chemical shifts. Specifically, we do this by fitting
the T2 decay curves.

First, we analyze the signal acquired with the microwave saturation turned off by fitting the
CPMG signal decay to a bi-exponential function.1 We normalize the signal amplitude
against the (best fit) amplitude of the signal at time 0. We can assign the slowly decaying
component, with T2 = 1.7 s (relative to a noise level of 0.017), to the signal from the
chamber containing pure water and the rapidly decaying component, with T2 = 36 ms and
normalized amplitude 0.42, to the signal from the chamber containing the 100 mM 4-
hydroxy-TEMPO. For pure water, without a second chamber, we measured a T2 of 1.9 s
Clearly, the T2 value differs from that of pure water and the normalized amplitudes differ
significantly from the actual ratio of the volumes in the two chambers, indicating that the
quantification of the amplitudes and relaxation rates extracted from this bi-exponential fit is
inexact. This may be related to the fact that the fast-relaxing component is highly dependent
on the first few echo points, which may present small oscillating imperfections due to B1 or
static field inhomogeneities [24]. In order to better resolve the two components, and in
particular better characterize the (spin-) dynamics of the fast relaxation component, one can
turn on the microwave saturation for selective ODNP amplification.

As a result of selective ODNP enhancement, we observe a CPMG signal (fig. 3, bottom) that
passes through zero and flips sign before finally decaying and remaining at zero amplitude.
Such behavior differs from any conventional CPMG curve that presents a decay of signal
from an equilibrium polarization state. The zero-crossing arises directly from the unique
nature of ODNP, which hyperpolarizes and inverts the magnetization of the water molecules
in the chamber containing the 4-hydroxy-TEMPO, and, as shown by fig. 3, provides
additional contrast between the two relaxation components – i.e. additional contrast between
the signals from the water in the two chambers. Furthermore, while the slow-relaxing
component, now with T2 = 1.9 s maintains a low amplitude of 0.55 (normalized against the
amplitude of the previous, unenhanced experiment at time 0), the fast-relaxing component,
with T2 = 21 ms, achieves a greatly enhanced and inverted amplitude of −10.2. Clearly,
ODNP amplifies the latter signal from the minority population to well above the noise level
for this experiment, which is 0.011.

In summary, we note that in this idealized model system, the two populations of water
remain physically separated throughout the experiment, and yet the apparent T2 signal decay
does not present the two signal populations with complete unambiguity until the ODNP
effect is turned on. Further, we have shown that even if the T2 decay is correctly assumed as
two-component, we may not obtain accurate or even sensible fits. By removing this
ambiguity, ODNP offers exciting prospects for analyzing fluid transport and solvent
dynamics of occluded fluid volumes in complex systems with enhanced sensitivity. For
instance, in the vesicle sample schematically represented in fig. 1, the specific localization
of the radical-based spin probes within an occluded or slowly exchanging fluid population
will allow for its unambiguous detection, even though the occluded population might be
much smaller than the bulk fluid population.

4. Outlook
Future applications will target systems that involve some level of transport between the
probe-containing, occluded fluid and the bulk fluid. For instance, the vesicle system pictured
on the left of fig. 1, water passes through the semipermeable membrane at a limited rate. We

1Since the first 4 points of the fit residual show a transient oscillation (cf. [24]), we eliminate these points before fitting. This gives
more reasonable values for the noise that we quote, but does not have a dramatic effect on the resulting fit.
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present a simple analytical model for the ODNP enhancements in such systems, to aid in
understanding and selecting future targets for this methodology. Here, we develop a model
for ODNP in a system with transport between two populations with different T1 rates.
Specifically, from the seminal work of Hausser and Stehlik [25], as well as more recent
work [26], we can deduce a differential equation for the enhancements of the two
populations:

(2)

where x is the mole ratio of the amount of “bulk” water to that of water “inside” the vesicles
or occluded pores; CSL is the concentration of the spin label of the “inside” water
population; kρCSL and kσCSL are the rates of NMR self-relaxation induced by the spin label
and of electron-nuclear cross-relaxation induced by the spin label, respectively; T1,0 is the
time constant for the background NMR relaxation processes; Φ is the flux of fluid molecules
between the two populations, in units of moles; and υ is the total number of moles of fluid in
the sample.2 The eigenvalues provide the two decay rates that would appear in a bi-
exponential analysis of T1, while the steady-state solution quantifies the two ODNP
enhancement factors for the occluded “inner” volume of water and the bulk water. With this
model one could use the observed decay rates and ODNP signal enhancements to determine
the flux Φ, in addition to the standard ODNP parameters kρ and kσ, which would offer
insight to a wide range of systems.

Many interesting systems, both naturally occurring or specifically designed, have an
occluded population of fluid that could be analyzed in detail with this methodology. A
TEMPO spin label can be covalently attached to the surfaces and interiors of proteins [27,
28], to various positions inside lipid membranes [29, 30], and to specific segments on
synthetic polymers [31]. Additionally, one can localize freely dissolved spin labels in
specific portions of porous media. can be encapsulated within lipid vesicles for extended
periods of time (~hrs) [32]Lipid vesicles that could be prepared with vectorially aligned,
spin labeled membrane proteins (for instance, the proteorhodopsin protein, studied by our
lab and others has this capability), as well as the previously mentioned nafion membranes,
which can form an ESR-active triplet state upon photoexcitation (as has been recently
characterized [33]) also provide potentially intriguing targets. Such studies would permit
analysis not only of the local translational dynamics of the spin label, but also of the
timescale it takes for the enhanced signal from the hydration water near specially positioned
electron spin to exchange and transport across the lipid membrane. These systems offer the
opportunity to demonstrate resolution of different sites by ODNP enhancement, and select
characterization via their T1 or T2 relaxation properties.

5. Conclusion
In this work, we have demonstrated a means for employing Overhauser Dynamic Nuclear
Polarization (ODNP) to selectively amplify an otherwise small contribution to the NMR
signal decay, thus allowing one to better resolve different contributions to the NMR
relaxation decay or diffusion coefficients, and so to better resolve isolated populations of
fluids in a porous material that may turn out to be critical. An important benefit of the EPR
and ODNP approach is that there is, in principle, no limit to the size and complexity of the
system to be studied, as long as spin probes can be strategically introduced. by combining
with other NMR techniques, it should be possible both to add a T1 dimension to the

2i.e. Φ/υ gives the flux of spin signal as a fraction of the total NMR signal
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experiment presented here, or to repeat this experiment in a constant field gradient with
different echo spacings in order to also measure the rate of diffusion of the various
relaxation components The results and discussion show that there is great potential for the
here debuted methodology to study realistic and heterogeneous porous samples, as well as
address important questions pertaining to the structure, transport and function in a variety of
microporous and mesoporous materials.
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Highlights

We have demonstrated a methodology that enhances the contribution of small

populations to standard NMR relaxometry methods.

We have proposed a model for applying this methodology to realistic systems.

We discuss how this methodology could be applied to study transport in porous systems.
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Figure 1.
Presents two possible applications of ODNP-amplified relaxometry. This technique could
selectively resolve the dynamics or other properties of the water signal from inside lipid
vesicle membranes (top), or from occluded water pockets within porous materials (bottom)
that display only limited or slow exchange with the bulk water.
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Figure 2.
Shows the CPMG pulse sequence used in this study (a) and the phantom sample (b) it was
tested on. The bracketed portion of the pulse sequence, denoted by “N”, repeats many times
and maps out the T2 relaxation decay. For the here presented data, the time τ is 3 ms and
N=1000 echoes acquired in total. As indicated, the microwave power can vary continuously
over a range of values, however, here, we present only slices along the indirect dimension at
0 and 2.5 mW of microwave power at 9.8 GHz. The phantom sample consists of a chamber
containing pure water, and one where paramagnetic probe has been added, contained within
a pinched 0.6 mm i.d. 0.84 mm o.d. quartz tube.
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Figure 3.
Shows the NMR relaxometry (CPMG) signal acquired, both with and without irradiation
with microwaves. The signal was generated by the phantom shown in fig. 2. The two
components of a bi-exponential least-squares fit are plotted underneath for both signals. The
saturating microwaves both invert and significantly enhance the rapidly relaxing and
initially indistinguishable signal from the chamber containing the 100 mM 4-hydroxy-
TEMPO probes

Franck et al. Page 12

Microporous Mesoporous Mater. Author manuscript; available in PMC 2014 September 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Two-dimensional dataset, showing CPMG signal as a function of time (direct) and
microwave power (indirect) dimensions. This data was acquired on a similar phantom as
that of fig. 3, but with 14 mM, rather than 100 mM, 4-hydroxy-TEMPO (so that the fast-
relaxing is slightly longer lived, allowing more facile biexponential fits). The unenhanced
fast-relaxing signal and the enhanced fast-relaxing signal are indicated on the plot to the left,
while the plot to the right provides the relative amplitudes of the two fit components for the
amplitude, Mfast(0) and Mslow(0), of the faster and more slowly relaxing biexponential fits
(which have time constants between 2–3 s and 12–18 ms), respectively. This data clearly
shows saturation of the enhanced signal as the increasing microwave power saturates the
ESR transition. For higher powers where the Mslow(0) parameter is not plotted, the fast-
relaxing, enhanced signal overwhelms the more slowly relaxing component, and the data is
fit to a single exponential.
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