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1 INTRODUCTION

The potential of solid-state NMR (SSNMR) spectroscopy
as a tool for investigating complicated biological problems
has long been appreciated. The spectroscopic selectivity pos-
sible with biosolids NMR is unique in answering mechanistic
questions, allowing one to measure in situ the structure and
dynamics of specific sites in insoluble biomolecular complexes
at atomic resolution. It has also shown promise in recent years
for solving complete structures of certain proteins that are not
amenable to more conventional techniques due to insolubil-
ity or due to insufficient crystallization domains. In particular,
structures for proteins crystallized on the nanometer scale or
reconstituted into lipid bilayers are now available in the protein
data bank.

Much of the recent progress in applying SSNMR spec-
troscopy to biomolecular systems is due to technical advances
in NMR experiments, including the development of pulse
sequences for addressing specific interactions, improved
signal-to-noise (S/N) through the design of higher field mag-
nets, and the development of signal detection technology.
In addition, advances in protein expression, isotopic labeling
strategies, sample preparation methodologies, and mechanical
manipulation of samples have increased sample availability,
resolution, selectivity, and sensitivity.

The major challenge and benefit of examining biomolecular
complexes in the solid state is that the spatial components of
the NMR interactions are no longer fully averaged by isotropic
tumbling of the molecules on the NMR timescale. These
interactions contain valuable information about the structure,
dynamics, and organization of the system of interest, but
they also lead to broad featureless spectra when examined by
standard high-resolution NMR spectroscopy. In order to gain
resolution and enhance sensitivity, it is necessary to remove
or reduce the anisotropic interactions by either applying
strong and precisely controlled radiofrequency (RF) fields,

orienting the molecules relative to the external magnetic field,
mechanically rotating the sample about an angle (the “magic”
angle), or a combination of these techniques. However, by
proper selection of sample conditions and pulse experiments,
one can obtain high-resolution spectra and measure the
structure and dynamics of the molecules in complex samples
at atomic resolution.

The requirements for spin choreography via RF control and
mechanical sample manipulation present unique design con-
siderations in terms of biosolids’ NMR probe construction
and optimization. For biomolecular samples, these include
trade-offs between maximum achievable RF fields, RF field
homogeneity, optimal S/N, and sample geometry. In addition,
the thermal limitations of many biomolecular samples require
contemplation of the relationship between B-fields and E-fields
for a chosen RF coil geometry. These issues become more
salient at high magnetic fields due to more rigorous band-
width requirements, as chemical shift anisotropies scale with
magnetic field, and due to increased risk of sample heating
during the application of RF pulses at higher frequencies.

2 GENERAL CONSIDERATIONS

2.1 Maximizing Sensitivity

Nuclear spin transitions generally occur in the 10–1000-
MHz range with currently available high-field commercial
magnets. The low irradiation energies allow one to interrogate
molecular structure and dynamics without destroying delicate
samples, but they also limit the inherent sensitivity of NMR
spectroscopy due to Boltzmann statistics. NMR signals are
typically transmitted and received via coaxial cable to a
copper coil, tuned to the proper frequency, surrounding the
sample in the NMR magnet. For biomolecular samples,
multiple frequencies, corresponding to the nuclei of interest,
are utilized for decoupling and recoupling of the nuclear
spins. In particular, 1H decoupling is critical in removing
heteronuclear dipolar couplings and allows the detection
of high-resolution spectra for 13C and 15N nuclei. Signal
acquisition is typically via observation of the lower γ nuclei
because strong homonuclear 1H dipolar couplings broaden
the proton signals, although significant strides in 1H-detected
SSNMR spectroscopy have been made.1 – 6

The receiver noise figure of commercially available NMR
spectrometers is typically less than 1.5 dB over the range of
frequencies used for NMR detection, and so affords nearly
full S/N. The primary sources of noise arise within the NMR
probe and the sample.7 – 10 At lower reception frequencies,
and for smaller and less conductive samples, most of the
noise and RF loss come from the probe itself. In these cases,
significant increases in S/N can be realized by cryogenic
cooling of the detection coil and other parts of the RF
circuitry. Cooling the probe coil reduces both the resistance
of the coil and its electrical noise. This has become the
standard in high-resolution NMR probes for 1H reception of
biomolecular samples, as cooling the probe is generally a more
cost-effective way to improve S/N than acquiring a higher
field magnet. These solution probes utilize cold, high-purity
aluminum coils11 or even high-temperature superconductors
(HTS)12 to increase sensitivity by a factor of 2–3 over room-
temperature probes. Solid-state NMR probes would stand to
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benefit greatly from cooled coils, as solid samples tend to
be less conductive and lower frequency nuclei are generally
detected directly. However, these gains have not been fully
realized in SSNMR probes, although progress toward a magic
angle spinning (MAS) probe with a cryogenically isolated
coil has been made in recent years.13,14 This is due to the
conflicting needs of high sensitivity and strong RF fields
as well as the technical difficulties of combining cryogenic
cooling with the air handling demands of MAS within the
available dimensions of an NMR magnet. Sensitivity of the
MAS probe can still be improved by cooling RF circuitry
below the coil, thereby reducing the loss in the traps that isolate
the probe channels.15

Sensitivity depends on the coil and sample volume. The
current standard in biosolids NMR probe design is the use of
copper sample coils. High-purity copper wire and foil can be
obtained in a variety of dimensions. Typically, copper wire is
wound into a solenoid for SSNMR probes as it has at least a
factor of two increase in sensitivity relative to a saddle coil
or other split coils used in solution spectroscopy. As might
be expected, for a fixed coil size, the S/N depends linearly
on the sample volume.16 If more sample is available than will
fit in a given coil, even better sensitivity can be obtained by
making the volume of the coil large enough to accommodate
the extra sample. For the “concentration limited” case, such
as membrane-embedded proteins or proteins adsorbed on
surfaces, sensitivity increases approximately as the square root
of the coil (and sample) volume. At some point, the benefits of
extra sensitivity from a larger sample are outweighed by other
considerations such as spinning speed or achievable nutation
rates. On the other hand, many samples of interest, such as
isotopically enriched nanocrystalline proteins, are available
only in small quantities. For these “mass limited” samples,
the sensitivity depends inversely on the square root of the
coil volume; so, minimizing the coil diameter maximizes
sensitivity and RF performance.17 Added benefits of reduced
sample size typically include a faster spinning rate (for
MAS applications) and higher RF nutation rates. The above
guidelines apply when coil loss and noise dominate over
sample loss and noise.

The concept of “filling factor” is often mentioned in
connection with optimization of coil and sample geometry.
In most practical cases, the filling factor reflects the ratio
of sample volume to coil volume. As can be seen from
the discussion above, improving the filling factor by either
reducing the coil volume to fit the sample or increasing the
sample volume to fill the coil will improve the S/N.

2.2 Sample Constraints

A major consideration in biosolids NMR probe design is the
form of the samples which will be studied. For biomolecular
samples, there are three general classes (Figure 1): samples
packed into rotors and spun at the magic angle18,19; samples,
particularly membrane-embedded proteins, aligned on thin
plates oriented with either a fixed angle or variable angle
relative to the external magnetic field20; and samples that
spontaneously align in the magnetic field which are contained
in ampoules.21 S/N can be improved by reducing the wall
thickness of the sample container to increase the amount of
sample within, but at a cost to reliability and robustness. In

(a) (c)

(b)

Figure 1 Examples of containers for biosolids NMR samples. (a):
zirconia rotors for magic angle spinning (various manufacturers); (b):
reusable, bubble-free containers for samples using magnetically aligning
bicelles (Revolution NMR, LLC); (c): a rectangular glass cell containing
a stack of thin plates for mechanically orienting lipid bilayers containing
membrane proteins (New Era Enterprises, Inc)

general, a compromise must be made between sample integrity,
convenience, and filling factor. For MAS samples, the rotor
wall thickness constrains the maximum achievable spinning
speed. For mechanically oriented samples, glass plates as thin
as 30 µm will improve the filling factor of the sample stack,
but this will also make them more prone to breakage. When
selecting between sample geometries, the finite thickness of the
container wall should not be underestimated. For example, on
going from a standard 2.5-mm to a thin-walled 4-mm Pencil
rotor the gain in sample volume is almost eightfold; a thick-
walled 4-mm rotor has more than double the sample volume
of a thick-walled 3.2-mm rotor.

A promising approach to avoid the compromise between
the integrity of the sample container and the filling factor is to
place the sample coil within the sample container. Of particular
note are recent developments for MAS samples in which a
resonant RF coil is placed within the rotor itself, improving
the filling factor.22 A static coil outside the rotor couples
inductively to the rotating coil and provides an efficient power
match to the spectrometer. Particularly for samples that, due
to safety issues, require a very thick rotor, these rotating coils
can greatly improve S/N. Although this approach is not broadly
applied at present, the use of through-space inductive coupling
is particularly suited to the NMR frequency band and provides
an intriguing solution to the filling factor challenges associated
with biosolids samples.

2.3 B1 Efficiency and Homogeneity, Multiple Frequencies,

and RF Overlap

Modern SSNMR spectroscopy relies on pulse sequences
to specifically remove and reintroduce nuclear interactions,
such as dipolar couplings, chemical shift anisotropies (CSAs),
quadrupolar couplings, and J-couplings, in a synchronous
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Figure 2 The amplitude ratio of signals from 90◦ and 810◦ pulses, as
shown in a probe’s B1 nutation profile, is commonly used to quantify
the RF field inhomogeneity within the sample

fashion. The sizes of these interactions vary from a few
hertz to several megahertz. In particular, many experiments
performed on biological samples rely on the removal of proton
dipolar couplings by the application of 1H decoupling fields
in excess of 100 kHz. CSAs scale linearly with magnetic
field, and carbon and phosphorous chemical shift ranges
exceed 40 kHz in modern high-field magnets (i.e., 14–21 T).
Many modern biosolids NMR probes are able to provide the
needed RF fields, given sufficiently high-power amplifiers.
However, the efficiencies and homogeneities of the individual
channels are often not specified. When considering the
performance of probes for biological applications, helpful
specifications for each nuclear frequency of interest include
maximum field, the input power required to achieve maximum
field, homogeneous sample volume, and the ratio of signal
amplitudes for an 810◦ pulse versus a 90◦ pulse for that volume
(Figure 2).

The need to provide strong RF fields simultaneously at
multiple frequencies (e.g., 1H and 13C or 1H and 13C and
15N) puts further demands on the design of probes for high-
field NMR applications. At lower magnetic fields or smaller
sample volumes, a single coil can be employed for both
1H and lower γ nuclei with the resulting RF fields for the
two resonant frequencies having adequate strength and nearly
coincident profiles within the NMR sample. However, in
higher magnetic fields or with larger sample volumes, the
1H frequency may approach or exceed the coil self-resonance
for a multiturn solenoid capable of efficient operation at
15N and 13C, requiring compromises at either the lower
or the higher frequency in terms of B1 efficiency and
homogeneity. In addition, as the 1H NMR resonance frequency
approaches the coil self-resonance, the profile of the 1H RF
field will change and no longer matches the low-frequency
profiles.23

Strong RF magnetic fields are associated with high voltages
across the capacitors and sample coil of the probe. Nutation
rate, RF field, coil current, and coil voltage are all linearly
related, and are in turn linearly related to the electric field
within the probe. Therefore, doubling the nutation rate will
double the electric field. Once a threshold electric field is
reached that exceeds the dielectric strength of the air or other
materials anywhere within the probe, ions will form during
the RF pulse and the probe is said to be “arcing.”24 It is not
generally possible to obtain meaningful results from a probe
that is arcing. The process of ionizing air or media creates a
large amount of electrical noise that can ruin S/N if it occurs
during the acquisition, and in almost all cases the probe is
instantly detuned during arcing. Depending on where in the

probe the arcing starts, rapid or slow damage to the probe itself
can occur. For this reason, RF fields utilized are commonly
reduced to just below the magnitudes where arcing occurs.
It should be noted that, for a given probe, arcing occurs at
a particular nutation rate. The concept of “power handling”
in probes can be misleading. An inefficient probe may arc
at a much higher power level but at the same nutation rate
as a more efficient probe. Clearly, the more efficient probe is
a better choice. Also, for large biological samples and high-
field magnets, the efficiency of the probe may be decreased
significantly by RF loss in the sample. For a nonlossy reference
sample, arcing will occur at a lower power level—but at
the same nutation rate. In these circumstances, special care
should be exercised in setting parameters, and power should
be increased from a low level to achieve the desired RF field.
Finally, arcing is more likely to occur when multiple channels
are simultaneously irradiated. Here, the peak electric fields in
the probe may be as much as the sum of the fields from the
two separate channels, and the achievable RF fields may be
reduced.

2.4 High Dielectric Samples and RF Heating

The aqueous, salty nature of many biological samples
can play a defining role in probe performance, particularly
for the proton channel at resonant frequencies of 500 MHz
and higher. The high dielectric constant of water leads to
several deleterious effects in high-frequency probes. First,
for highly inductive coils such as solenoids, there are
substantial changes in probe tuning and RF performance
between samples with varying dielectrics. Second, because
the RF wavelength is about nine times shorter in water
than in air,25 wavelength effects may become significant
and reduce the RF homogeneity of the probe.23,26 This
problem has been studied in detail for solenoids of varying
dimensions, windings, and wire types, as a function of RF
frequency, and with different matching networks (discussed
below). Third, biological samples hydrated with salty buffers
are electrically conductive, and will absorb energy during
the RF pulse from the strong electromagnetic field of the
probe. The amount of power absorbed increases monotonically
with both salt concentration and hydration level.27,28 This can
lead to substantial heating of fragile biological samples which
may irreversibly denature or dehydrate proteins. As a general
rule, a larger coil of the same geometry will produce more
heating at the same nutation rate due to the higher voltage
that is needed to drive the current. Some coil types, such
as solenoids, lead to more heating than others, as discussed
below.

Sample heating can be ameliorated by the addition of a
Faraday shield between the sample and the RF coil,29,30

but this compromises filling factor and it can also facilitate
arcing across the coil through the shield’s conductor when
larger sample volumes or higher B1 fields are involved.
Alternative probe designs described in the section “Typical
Probe Designs” have been developed in large part to provide
optimal generation of magnetic fields within the NMR samples
while reducing electric fields in the sample compartment. In
these probes, consistent RF performance is maintained across
a variety of sample conditions and heating of samples during
RF pulsing is minimized.
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2.5 B0 Homogeneity

The development of multidimensional biosolids NMR
experiments and techniques for making highly uniform,
isotopically labeled protein samples, has raised the prospect
of using solid-state NMR to reveal complete protein NMR
structures.18,31 When the demands of RF performance and
sample preparation can be met (i.e. structurally homogeneous
crystalline samples), natural NMR line widths approach those
observed for solution-state samples. In these instances, the
magnetic susceptibility of the NMR coil and sample are
major contributors to the observed line widths. In MAS
experiments, the magnetic susceptibility of the sample is
averaged by the mechanical rotation.32,33 However, coil
susceptibility artifacts remain. For copper coils, line widths
can be improved by the use of a susceptibility-matched wire
such as palladium- or rhodium-plated copper or aluminum-
core copper wire. For MAS probes, the typical standard
for the evaluation of B0 homogeneity is the 13C line shape
achievable with adamantane under suitable 1H decoupling.
With adequate shimming and susceptibility-matched wire, the
natural abundance 13C satellites, which have a splitting of
32 Hz, can be observed at the base of the main resonance.24

The shimming of mechanically oriented samples is inherently
difficult due to changes in magnetic susceptibility across the
sample; nonetheless, line shape can be improved by orienting
the thinner sample dimension in the direction of the static
field.34

3 TYPICAL PROBE DESIGNS

3.1 Single Coils

For many applications, matching two or more RF channels
to a single sample coil is the most appropriate and effective
approach to achieve a multifrequency probe. For solid-state
probes this coil is normally a solenoid, since the solenoid
produces a strong and uniform magnetic field. The solenoid
need not have a cylindrical cross-section to produce a uniform
field, so, for rectangular samples better filling factor can be
achieved by creating a solenoid with a matching rectangular
cross-section. When wavelength effects can be neglected, use
of a single coil ensures perfect overlap between the multiple
channels, which is particularly important for spin-lock pulses
to transfer polarization in the CP experiment.23 The number of
turns in the coil must necessarily be a compromise between the
ideal values for the various frequencies. For high frequencies,
in particular for 1H, the optimal number of turns may be
small. For low frequencies, a larger inductance can be more
efficiently matched to a standard 50-� transmission line,
requiring more turns. One would typically favor the sensitivity
of the observed channel by constructing a coil with a large
number of turns and forfeiting some of the efficiency on the
1H channel. When high-power amplifiers are available for the
nondetection frequencies, it is possible to further trade-off
irradiation efficiency for S/N. As coil size and frequency range
increase, the compromise in performance between frequencies
becomes greater. In particular, as the electrical length of the
solenoid becomes comparable to 1/4 of the 1H wavelength, the
homogeneity of the 1H RF field is compromised. This problem
is aggravated by aqueous samples, which increase the electrical
length of the solenoid.

3.1.1 Matching Networks

A very useful approach to designing 1H/low-frequency
double-resonance networks was introduced by Cross et al .35

In this approach, one side of the coil is matched to the lower
frequency, typically the detection channel, and the other side
is matched to the 1H frequency, typically the decoupling
channel. Isolation between the channels is provided by
resonant traps that provide a low impedance to ground (a
short) at the desired frequency. These traps can consist
of resonant transmission lines or compact lumped element
circuits. The traps are designed to have a very low impedance
at one of the two frequencies and a very high impedance at
the other. The original Cross–Hester–Waugh (CHW) circuit
utilized transmission line traps for both channels and has
since undergone numerous modifications.36 – 38 A common
configuration is shown in Figure 3(a). A shorted 1H quarter
wave (λ/4) line has a very high impedance at the 1H frequency;
at the lower frequency it is an inductor. Capacitor C3 is
chosen so that the pair forms a series-resonant trap or a short
to ground at the lower frequency. The ground for the 1H
frequency is the large-value tuning capacitor CXT for the low-
frequency channel. Combination L2 –C2 also forms a short to
ground at the 1H frequency, improving isolation between the
channels. A version of the CHW circuit exclusively employing
lumped elements, discrete capacitors and inductors, is shown
in Figure 3(b). The shorted λ/4 line has been replaced by the
parallel combination L1 –C1, resonant at the 1H frequency.
Addition of a third resonance is accomplished by adding a
second matching circuit on the low-frequency side and the
requisite traps for the individual low frequencies to their
counterparts as in Figure 3(c). The additional circuitry leads
to a further drop in efficiency for triple-resonance probes.
The needed capacitors for handling the currents and voltages
used in SSNMR spectroscopy present additional challenges
at high fields as their self-resonance can affect the matching
network. Well-known commercial implementations of the
CHW approach are the Varian Apex and T3 probes. Here, the
adjustable elements are formed from coaxial tubes that can be
varied in length.24 The tubes eliminate the need for high Q,
high voltage capacitors, and are especially useful for high 1H
frequencies where a capacitor below 1 pF may be required to
match a typical solenoid coil.

Another well-known approach to multiple-frequency match-
ing developed by McKay and coworkers39,40 is based on the
extensive use of transmission line networks. Here, RF power
is transmitted to the sample coil via a large-diameter, low-loss
transmission line (Figure 3d). The 1H matching network is
branched off at a voltage node “b” of the 1H standing wave
using a short transmission line or a stub, whose purpose is to
make the coil impedance at point “c” look inductive for the 1H
matching and tuning capacitors. The lower frequency channel
can then be connected at the end of the main transmission
line. At high fields the length of the wire from b to c is suf-
ficient without any additional stub, and so the stub is omitted
in Figure 3(d). The length of this last section is chosen to
form a high-impedance, λ/4 line shorted by the large tuning
capacitor CXT. The 1H signal at the voltage node “b” will flow
in the direction of minimal impedance toward the sample coil,
thereby effectively isolating the low-frequency port X from the
1H channel. The transmission line approach allows the tuning
and matching elements for the 1H and low-frequency channels
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Figure 3 Matching networks for double- and triple-resonance solid-state NMR probes, unbalanced. (a) A common variant of a double-resonance
Cross–Hester–Waugh (CHW) circuit utilizing a doubly resonant, unbalanced solenoid sample coil with isolation traps for both channels. The shorted
quarter wave (0.25 λ1H) line has a very high impedance at the 1H frequency; at the lower frequency, it is an inductor forming a series-resonant short
with capacitor C3. (b) A version of the double-resonance CHW circuit exclusively employing lumped elements, discrete capacitors, and inductors,
unbalanced. (c) A generic triple-resonance CHW circuit, unbalanced. (d) A matching approach developed by McKay and coworkers which makes
use of transmission line networks. See text for a detailed circuit description. (e) A single-port matching network for closely spaced resonances (e.g.,
19F/1H). Two overcoupled tank circuits with inductors LS and LDummy generate B1 fields in the sample coil LS at two Larmor frequencies. The
circuit is used with a commercial splitter and filters outside the probe43
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to be moved away from the sample coil and even, typically, out
of the magnet. Very high voltage capacitors can then be used,
which makes the McKay approach well suited to applications
requiring very high RF fields.

The matching networks for 19F detection fall in a separate
category. With the 19F frequency lying 6% below the
1H decoupling frequency, it is rather difficult to achieve
adequate isolation between the two using a dual-port matching
network. A simple and well-known approach developed
for simultaneous matching of a coil to the closely spaced
frequencies utilizes two overcoupled inductors (LS and
LDummy), with one of them serving as a sample coil
(Figure 3e).43,41,42 Such a circuit uses a single port for both
channels and employs an external splitter and filters to separate
the frequencies.

3.1.2 Challenges Arising from Wavelength Effects in the Coil
at High Frequencies

At higher 1H frequencies, the electrical length of a multiturn
solenoid coil for a typical sample size approaches λ/4 for
the 1H resonant frequency. At this point, the coil supports
standing waves, and so current in the coil is no longer
uniform. This results in an inhomogeneous RF field across the
sample. The 1H RF inhomogeneity across the coil typically
manifests as inefficient CP transfers23 or ineffective transfer
of magnetization in 1H homonuclear pulse sequences. This

problem is especially apparent for samples containing small
heteronuclear dipolar couplings due to molecular motion or
for experimental conditions where high MAS speeds are
utilized. The degree of inhomogeneity can be measured on
the bench by moving a conductive metal disc incrementally
through the sample coil and monitoring the frequency shift
of the 1H resonance.23 The inhomogeneity is because of the
uneven current distribution in the coil, with the highest density
(strongest B1) at the grounded end and the lowest density at
the driven end of the coil. Using fewer turns in the coil would
alleviate the situation, but would also decrease S/N in the lower
frequency detection channel. As long as the electrical length
of the coil is not more than λ/4, the effect can be corrected
for by electrically balancing the coil and moving the voltage
node to the middle of the coil. This effectively turns a long
sample coil into two shorter coils which are in series, with
a ground between them. The highest current density is then
shifted to the center of the coil and the B1 field distribution
is symmetric, if not exactly uniform. Another advantage of
the balanced design is that it halves the maximum voltage,
reducing the likelihood of arcing in the components of the
matching network. Figure 4a illustrates a CHW network that
is balanced at both low and high frequencies.44 The parallel LC
reflection trap prevents the low-frequency tuning network from
shorting the right side of LS to ground at high frequencies.
Instead, capacitor CHB must be adjusted so that there is a
voltage null at the middle turn of sample coil LS. Another
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Figure 4 Examples of balanced matching networks. (a) Balancing a CHW network at two frequencies by inserting a 1H-reflective LC trap and a
low-frequency capacitance CXB on the right and left sides of the coil, respectively.44 (b) Balancing a transmission line matching network at both
high and low frequencies by adding a 1H sleeve balun and a low-frequency capacitance CXB

45
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effective approach to balancing the sample coil is to employ a
sleeve balun, 45,46 a conducting tube that surrounds the probe
shield and is grounded to it at ∼λ/4 away from the sample
coil LS, as illustrated in Figure 4(b).

3.1.3 RF-Induced Heating in Biological Samples

Even when a balanced matching network is employed,
the operation of a solenoid at high 1H frequencies is partic-
ularly sensitive to sample loading. In particular, significant
problems with tuning and performance changes between sam-
ples with different electrical permittivities remain, and an
electrically conductive sample experiences significant heat-
ing from the currents induced in the sample media by
alternating electric fields during the 1H decoupling neces-
sary for high-resolution experiments.28 The heating in the
sample is readily quantified as a function of applied B1
field by replacing the sample with a nonlossy reference
and comparing the Q factor or the power efficiency of
the probe as measured by NMR nutation.47,49 Alternatively,
the steady-state temperature of the sample under actual
experimental conditions can be tracked by monitoring the
temperature dependent chemical shift of a suitable doping
compound.27,50 – 52

Historically, the problems of sample heating have been
circumvented by using lower decoupling fields, reducing salt
concentration, cooling the sample, or reducing the duty cycle
of the pulses with longer delays between scans (i.e., �5 T1).
Although these measures do reduce heating somewhat, at
high B0 they are insufficient to protect fragile, low-sensitivity
biological samples. The electric field in the sample during
an RF pulse is often thought of as having two independent
components.29,53 There is an electric field component E1 that
is produced by the time fluctuations of the magnetic field B1
that is needed to manipulate the spins. This nonconservative
electric field curls around the lines of magnetic induction, and
the Joule heating associated with it is commonly referred to
as an inductive loss. Inductive loss increases linearly with
conductivity and quadratically with frequency as σω2. A
spectroscopist can reduce the heating effects of inductive
loss by using the least conductive sample possible, either by
reducing its hydration or salt concentration. However, there
is not much that an RF probe can do to reduce this E1
field without changing B1 as well. The second component
of the electric field results from the voltage across the RF
coil that is needed to force the current through the large
inductance of a multiturn solenoid. This axial field is often
described as conservative, meaning that the motion of a
charge in this field conserves energy or ∇ × EC = 0. The loss
associated with EC, commonly called dielectric loss, depends
upon the distributed capacitance between the solenoid and the
sample.29 Unlike the inductive loss, dielectric loss does not
generally have a simple dependence on conductivity of the
sample.28

In a multiturn solenoid, dielectric loss typically dominates
inductive loss due to the large inductance. Therefore, reducing
the inductance of the coil can lower the magnitude of the
conservative electric field inside the sample. In the case of a
solenoid coil, this is readily accomplished by decreasing its
number of turns. Unfortunately, a reduction in the number of
turns usually leads to a less efficient low-frequency detection
channel and, therefore, it is an undesirable alternative for low-
sensitivity experiments requiring 13C or 15N detection.

3.1.4 Alternative Coil Geometries

To minimize the conservative EC fields generated within the
sample coil, several alternative coil geometries for biosolids
NMR probes have been explored in recent years. These designs
draw on strategies developed by the solution spectroscopy
and MRI communities for large dielectrically lossy samples
and by the electron paramagnetic resonance community due
to the high frequencies associated with their technique. Two
approaches for minimizing EC fields within the sample coil
are the use of a Faraday shield (FS)29 or a loop-gap resonator
(LGR).54,55

Faraday shields have been well appreciated and utilized
in coils for solution NMR and magnetic resonance imaging
for many years, but were thought to reduce the filling
factor in transverse solenoidal coils and thus have been
avoided in solid-state NMR spectroscopy. In solid-state NMR
probes, placing conductive shields too close to the solenoid
in an effort to conserve filling factor can lead to premature
arcing to the shield. However, this shielding arrangement can
be used with existing solid-state probes without extensive
modifications to the RF circuitry. The use of FS relieves
the sample area of the conservative electric field component
by concentrating it instead between the shield and the coil
windings. It maintains the strength of the magnetic field B1
and, somewhat counterintuitively, it improves to some extent
the homogeneity of the field, potentially increasing S/N and
improving pulse sequence performance. Some success with
FS has been demonstrated in MAS applications by placing
a slotted cylindrical shield between the solenoid coil and the
rotor (Figure 5a).30 Encapsulating the FS between the layers
of thin dielectric and thus removing air molecules from its
conductive surfaces increases the arcing threshold and achieves
further improvement in the filling factor.56 Faraday shielding
is particularly well suited for static probe configurations, where
thin conductive patterns can be placed or plated on the inside
wall of the nonspinning sample container. Loss of filling
factor is therefore negligible, and the finite thickness of the
container wall can offer enough separation to prevent arcing.
For experiments with mechanically aligned lipid bilayers,
partial Faraday shielding of the rectangular stack of plates
can be conveniently achieved by substituting the first and
the last glass plates with thin rectangular plates of silver
(Figure 5b).57 While the use of FS has proven effective in
lowering RF-induced heating, the lower self-resonance of the
coil-FS structure may hinder its application to larger sample
volumes.

A better alternative to the solenoid at high frequencies
is a low-inductance coil, particularly the LGR; EPR has
benefited extensively from the use of LGRs. However, at lower
frequencies, a low-inductance coil (<10 nH) lacks sensitivity
as it competes with stray inductors in the rest of the circuit,
making the LGR unsuitable as a multiresonant coil for both
high and low frequencies. An interesting variation related to
the LGR is the scroll coil (Figure 5c).27,59 The scroll coil
behaves like an LGR at high frequencies but more like a
solenoid at lower frequencies. This is because the parallel
capacitance between the turns of the coil leads to a near-
resonant structure at higher frequencies while the multiple
turns of the coil provide medium range inductance (∼30
nH) for acceptable sensitivity at lower detection frequencies.
The scroll coil’s spiral-wound geometry results in inherent
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Spiral inductors

Central loop

(a) (b)

(g) (h)

(e)

(c) (d)

(f)

Figure 5 Sample coils designed to minimize RF heating and improve performance at high 1H frequencies through reduction of conservative
electric fields. (a) Faraday shielding of a solenoidal coil in a MAS probe.30 (Reproduced from Alexander Krahn, Uwe Priller, Lyndon Emsley and
Frank Engelke, Resonator with reduced sample heating and increased homogeneity for solid-state NMR. Journal of Magnetic Resonance 2008, 191
(1)  Elsevier, 2008.) (b) Partial Faraday shielding inside a rectangular sample with mechanically aligned lipid bilayers.57 By staying inside the
sample container the shields do not reduce the filling factor of a coil. (c) A scroll coil which acts as a near-resonant structure at the 1H frequency
and is fairly inductive at lower frequencies.27 (Reproduced from John A. Stringer, Charles E. Bronnimann, Charles G. Mullen, Donghua H. Zhou,
Sara A. Stellfox, Ying Li, Evan H. Williams and Chad M. Rienstra, Reduction of RF-induced sample (c) Elsevier, 2005 heating with a scroll
coil resonator structure for solid-state NMR probes, Journal of Magnetic Resonance, 2005, 173 (1).) (d) A Z-coil, which is nearly resonant at the
1H frequency and appears inductive to the low-frequency network because of the addition of spiral inductors at the ends.58. (Reproduced from
Baudouin Dillmann, Karim Elbayed, Heinz Zeiger, Marie- Catherine Weingertner, Martial Piotto and Frank Engelke, A novel low-E field coil to
minimize heating of biological (c) Elsevier, 2007 samples in solid-state multinuclear NMR experiments, Journal of Magnetic Resonance, 2007,
187 (1).) (e) An XC4 crossed coil assembly by Doty Scientific with the 1H resonator arranged on the inside of a solenoid in a 4-mm MAS stator
(chamfered discs denote placement of chip capacitors).47 (Reproduced from F. David Doty, Jatin Kulkarni, Christopher Turner, George Entzminger
and Anthony Bielecki, Using a cross-coil to reduce RF heating by an order of magnitude in triple-resonance multinuclear MAS at high fields,
Journal of Magnetic Resonance, 2006, 182 (2) (c) Elsevier, 2006.) (f–h) Crossed coil low-E design arrangements in which an LGR tuned for the
1H channel surrounds the solenoid coil utilized for low-frequency excitation and detection: a 4-mm MAS stator assembly (f),52 a flat coil for glass
plates (g), and a 6.5-mm round coil for bicelle containers (h)
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Figure 6 A matching network for a crossed coil low-E probe.52 The B1 fields in the sample are generated using two separate coils (LGR L0 and
solenoid L1) with individual single-resonance, balanced matching networks

Faraday shielding of the outer turns by the inner turns. The
conservative electric field generated by the multiple turns
of a scroll does not enter the sample area, concentrating
instead in the gaps between the turns. A more recent variation
in geometry, the Z-coil (Figure 5d), also exhibits a self-
resonance near the 1H frequency but appears inductive at
lower frequencies due to extra spiral loops at the ends of
the coil.58 The scroll coil and Z-coil have the advantage of
being compatible with existing matching networks developed
for single, multiply tuned solenoids. Both coils have been
demonstrated to have exceptional characteristics at high 1H
frequencies, with little change in sample tuning on loading
with conductive samples, minimal RF-induced sample heating,
and high B1 homogeneity.27,58,60 However, the Z and scroll
coils are not as efficient as a solenoidal coil at lower
frequencies, leading to about a twofold drop in probe efficiency
and sensitivity at 13C and 15N frequencies. In addition, the
shape of the scroll coil must be mechanically constrained
or large temperature-induced changes in tuning will be seen
during RF pulsing.60 The scroll coil is the coil geometry
currently used in Varian BioMAS probes. The Z-coil was
developed by Bruker-Biospin.

3.2 Crossed Coils

A different approach to finding a matching network and coil
structure suitable for multiple frequencies is to use separate
coils for the low and high frequencies. In fact, solution NMR
probes typically have two coils placed orthogonally about the
sample chamber. This is easily accomplished with the saddle
coils utilized to allow facile sample loading into the probe.
However, saddle coils are incompatible with the efficiency
and sensitivity requirements of biosolids NMR spectroscopy.

Two solenoid coils in orthogonal configurations can only be
accomplished with a significant loss in filling factor, leading to
unacceptable performance as well. However, the combination
of a solenoid with an LGR-type structure allows the two coils
to be orthogonal while retaining reasonable filling factors for
both. Several examples of this crossed coil design in which an
LGR tuned to the 1H frequency is used in combination with a
solenoid coil tuned to lower frequencies have been published in
recent years and commercialized (Figures 5e–h).16,47,49,52,61

Because the frequencies are generated using separate orthog-
onal coils, the need for lossy traps that separate 1H and low-
frequency channel(s) is eliminated and the matching networks
are considerably simplified (Figure 6). For MAS probes, the
fact that the two coils are orthogonal allows the RF field pro-
duced by the LGR to remain orthogonal to the polarizing
magnetic field B0 even when the solenoid is rotated to the
magic angle. This further improves the 1H efficiency of the
LGR relative to a multiply tuned solenoid.

3.2.1 Doty XC Coil Design

In the commercially available XC design from Doty
Scientific, the 1H resonator is placed between the solenoid
and the sample (Figure 5e).47 The 1H resonator is a modified
Alderman–Grant coil made of thin foil which allows the
two coils to fit compactly within a small space, such as the
inside of an MAS stator. The resonator has evolved from
the earlier, optimized version of an Alderman–Grant coil,48

to the current segmented design that uses two additional
inner loops to further improve B1 field homogeneity. The
XC design has proven to successfully mitigate RF-induced
heating, and the inner 1H coil acts as a partial Faraday shield
for the low-frequency solenoid. The efficiency of the 1H
channel is comparable to that of a multiply tuned solenoid
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and about 60% that of the scroll coil. The lower frequency
coil performs much more efficiently than a comparable scroll
coil and more efficiently than the multiply resonant solenoid.
Since detection is generally via the lower frequency nuclei, the
XC configuration improves the overall S/N of many biosolids
NMR experiments. The only drawback of the XC design that
the authors have noted is that the placement of the leads for
the 1H coil restricts the overall length of the solenoid coil.
This, coupled with the stator design typically used, currently
limits the homogeneity of the B1 field of the solenoid coil, as
noted by the designers.

3.2.2 Low-E and Efree Coil Designs

The second, two-coil design which has also proven to work
well has the converse coil configuration, with the solenoid
on the inside and the 1H resonator on the outside. This
design was originally developed for the detection of dilute,
mechanically oriented samples with a rectangular cross-section
(Figure 5g).49 Termed the “low-E” coil assembly, it con-
sists of an LGR and solenoid with a sample volume of
470 µL that produce B1 fields in orthogonal directions. The
outer 1H resonator is slit strategically to cancel low-frequency
eddy currents which would otherwise be induced by the
inner coil. Even though in this configuration the LGR has a
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Figure 7 Plots of (a) B1 field homogeneity and (b) sensitivity of a
4-mm 750-MHz MAS low-E assembly containing an 8-turn, 8.2-mm
long solenoid coil52

lower filling factor, its decoupling power efficiency is com-
parable to that of a single, but double-tuned, solenoid. For
cylindrical sample geometries, filling factor can be somewhat
improved by using an LGR with a round cross-section.61 The
use of more turns in the low-frequency detection solenoid
increases its efficiency and sensitivity relative to the single-
coil designs described above. In a MAS implementation, the
homogeneity and sensitivity of the detection channel bene-
fit from a stator design where the MAS bearings are placed
further apart as this provides space for additional turns in
the low-frequency solenoid (Figure 5f). A MAS version of
the low-E design has been successfully integrated with a
4-mm spinner from Revolution NMR that utilizes commer-
cially available Pencil rotors.52 The length of the Pencil
rotors is sufficient to accommodate the low-E assembly, with
improved B1 homogeneity and sensitivity for longer than usual
sample volumes (Figure 7). The low-E design is named for the
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Figure 8 A comparison of sample heating in single solenoid and
low-E probes at 600 MHz. (a) RF loss in saline sample per B1

2 (mW
kHz−2) at 600 MHz as a function of salt concentration in a 5-mm tube.
Remaining losses in the low-E probe are mostly of inductive nature.
Note that dielectric loss in the solenoid has a nonlinear dependence on
sample conductivity. Reduction of conservative electric fields results in
10-fold decrease in sample heating for samples with <200-mM NaCl,
a value that is higher than the buffer strength in the majority of protein
sample preparations. (b) Temperature rise in a saline sample (100-mM
NaCl buffer doped with 20-mM TmDOTP5−) as a function of time-
averaged RF power that reaches the coil under actual experimental
conditions during the 1H decoupling pulse
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reduction in the conservative EC field within the LGR coil,
which leads to significantly less sample heating under RF puls-
ing as long as the sample is confined to within the dimensions
of the coils. In this configuration, the solenoid further lowers
the 1H EC field by acting as a partial Faraday shield between
the sample and the LGR. Like the Doty XC coil, the low-E
design reduces 1H decoupling-induced sample heating by an
order of magnitude when compared to the relevant multiply
tuned solenoid probe (Figure 8).

The low-E configuration has been utilized in probes
optimized for samples oriented on glass plates up to a
sample volume of 7.5 × 5.5 × 11 mm3, for bicelle samples
in 5.0 and 6.5-mm tubes, and for MAS applications with
3.2- and 4-mm rotors. A similar design, designated the
“Efree”, is commercially available from Bruker-Biospin. This
design has similar performance properties relative to the low-
E probes on the 1H channel although the homogeneity of
the lower frequencies is not as high because of the shorter
Bruker-Biospin rotor constraining the length of the detection
solenoid.16

4 CONSIDERATIONS FOR SPECIFIC APPLICATIONS

Given the substantial progress made in the design of RF coils
and matching networks for high-frequency biosolids applica-
tions, the prospects are strong for SSNMR playing a major
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Figure 9 CPMAS matching condition profile for a 750-MHz low-E
MAS probe as a function of sample length using adamantane at 10-kHz
MAS with a square spin lock pulse on both RF channels.52 The 1H RF
field was held constant at (ω1/2π) ∼ 35 kHz while the 13C B1 field
was varied; the signal is graphed as a function of the RF mismatch.
The solid line corresponds to a sample length of 3.7 mm; the dashed
line corresponds to a sample length of 11.7 mm. The X-axis is the
average 13C B1 field minus the average 1H B1 field. The longer sample
(11.7 mm, dotted line) has broader, weaker matching conditions. This is
from the wider range of RF energy the sample is exposed to due to the
lower homogeneity of the 13C B1 field. The shorter sample (3.7 mm,
solid line) shows excellent agreement with theory with maximal signal
at mismatch levels equal to integer values of the spinning speed

role in providing fundamental insights into biomolecular struc-
ture, dynamics, and function in heterogeneous environments,
such as those experienced by membrane-embedded proteins,
intra- and extracellular matrix proteins, proteins integrated
into biosensors, and proteins immobilized for drug delivery or
energy storage applications. However, in designing approaches
for studying these complex problems, several variables should
be considered, and the optimal probe design for a particu-
lar application may vary substantially from the design for
another application. This is akin to the wide range of com-
mercially available solution probes for high-resolution NMR
applications. While there has been some expansion in biosolids
probe offerings by the major NMR spectrometer vendors,
many research groups pursuing the development of SSNMR
applications work with third-party vendors or build probes
optimized for their particular interests. However, as discussed
above, several commercial formats do exist. When procuring
a biosolids NMR probe, several variables should be taken into
account. Standard probe specifications can assist in assessing
B0 homogeneity, maximal B1 fields, and sensitivity for a par-
ticular nucleus, but often additional information is needed in
choosing a probe that is optimal for a particular type of appli-
cation. For example, the glycine Cα resonance is often used to
benchmark MAS probe performance for 13C sensitivity. The
S/N for this resonance is dependent on the cross-polarization
conditions, proton decoupling strength, and MAS speed in
addition to the efficiency of the 13C channel; the reporting
of a single value for S/N of this model compound provides
little insight into what probe performance can be expected
under typical operating conditions due to dimensional col-
lapse. For this reason, the authors take a more reductionist
view in evaluating probe performance. Specifications which
are helpful in evaluating probes for a wide variety of appli-
cations include the (B1)

2 per watt of input power for a given
nuclear resonance under both high and low dielectric load,
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the maximum achievable nutation rates complete with the
sustainable pulse duration, the homogeneity of the B1 field
(reported as the 810◦/90◦ pulse amplitudes ratio) for different
sample lengths, the sample cross-section available in the sam-
ple holder, for MAS probes the achievable spinning speeds
and frictional heating for a series of spinning speeds and pres-
sures, levels of RF-induced sample heating as a function of
sample geometry and salinity, and RF overlap between 1H
and lower γ channels (e.g., a plot of CP matching conditions
under MAS).

Some key design factors to consider in selecting a probe
configuration, in addition to deciding between MAS versus
static sample approaches, are which nuclei are to be observed
(i.e., 1H detection or lower γ detection), whether irradiation
is required at two or three frequencies since adding the
third frequency reduces the efficiency of at least one of the
channels, and whether typical samples will be mass limited
or concentration limited. These considerations determine the
optimal coil configuration, the matching network, and the
sample coil size, respectively. For applications relying on
polarization transfer via spin-lock or multiple pulse sequences,
RF overlap (Figure 9) and B1 homogeneity are the major
considerations (Figure 10).16,52

Once the probe is selected and installed, all the specifica-
tions described above should be measured in detail for sample
loading conditions similar to those for one’s samples of inter-
est. This will allow optimal selection of sample holders and
sample volumes as well as experimental parameters for pulse
experiments. While this detailed analysis may seem daunting,
using model solution and solid samples most of the measure-
ments can be accomplished in a matter of days and will save
considerably in terms of sample preparation and spectrometer
run times.
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Probe Design and Construction; Solid State NMR Probe
Design; Magic Angle Spinning; Probes for High Resolution;
Spectrometers: A General Overview; Radiofrequency Systems
and Coils for MRI and MRS; Sensitivity of the NMR
Experiment; Homonuclear Recoupling Schemes in MAS
NMR; REDOR and TEDOR; Probes for Special Purposes;
Aligned Membrane Proteins: Structural Studies.

6 REFERENCES

1. B. Reif and R. G. Griffin, J. Magn. Reson., 2003, 160, 78.

2. V. Chevelkov, B. J. Van Rossum, F. Castellani, K. Rehbein, A.
Diehl, M. Hohwy, S. Steuernagel, F. Engelke, H. Oschkinat, and
B. Reif, J. Am. Chem. Soc., 2003, 125, 7788.

3. E. K. Paulson, C. R. Morcombe, V. Gaponenko, B. Dancheck,
R. A. Byrd, and K. W. Zilm, J. Am. Chem. Soc., 2003, 125,
15831.

4. V. Chevelkov, K. Rehbein, A. Diehl, and B. Reif, Angew. Chem.,
Int. Ed. Engl., 2006, 45, 3878.

5. D. H. Zhou, J. J. Shea, A. J. Nieuwkoop, W. T. Franks, B. J.
Wylie, C. Mullen, D. Sandoz, and C. M. Rienstra, Angew. Chem.,
Int. Ed. Engl., 2007, 46, 8380.

6. D. H. Zhou, G. Shah, M. Cormos, C. Mullen, D. Sandoz, and C.
M. Rienstra, J. Am. Chem. Soc., 2007, 129, 11791.

7. A. Samoson, T. Tuherm, J. Past, A. Reinhold, T. Anupold, and N.
Heinmaa, Top. Curr. Chem., 2005, 246, 15.

8. M. Carravetta, A. Danquigny, S. Mamone, F. Cuda, O. G.
Johannessen, I. Heinmaa, K. Panesar, R. Stern, M. C. Grossel,
A. J. Horsewill, A. Samoson, M. Murata, Y. Murata, K. Kom-
atsu, and M. H. Levitt, Phys. Chem. Chem. Phys., 2007, 9,
4879.

9. K. R. Thurber and R. Tycko, J. Magn. Reson., 2008, 195, 179.

10. A. B. Barnes, M. L. Mak-Jurkauskas, Y. Matsuki, V. S. Bajaj, P.
C. A. Van Der Wel, R. Derocher, J. Bryant, J. R. Sirigiri, R. J.
Temkin, J. Lugtenburg, J. Herzfeld, and R. G. Griffin, J. Magn.
Reson., 2009, 198, 261–270.

11. H. Kovacs, D. Moskau, and M. Spraul, Prog. NMR Spectrosc,
2005, 46, 131.

12. W. W. Brey, A. S. Edison, R. E. Nast, J. R. Rocca, S. Saha, and
R. S. Withers, J. Magn. Reson., 2006, 179, 290.

13. T. Mizuno, K. Hioka, K. Fujioka, and K. Takegoshi, Rev. Sci.
Instrum., 2008, 79, 044706.

14. S. K. Shevgoor, G. Entzminger, H. Mehta, J. B. Spitzmesser, J.
P. Staab, and F. D. Doty, In 50th Experimental Nuclear Magnetic
Resonance Conference, Pacific Grove, CA, 2009 .

15. S. K. Shevgoor, G. Entzminger, V. Cothran, J. P. Staab, J. Doty,
L. Holte, and F. D. Doty, In 48th Experimental Nuclear Magnetic
Resonance Conference, Daytona Beach, FL, 2007 .

16. S. A. Mcneill, P. L. Gor’kov, J. Struppe, W. W. Brey, and J. R.
Long, Magn. Reson. Chem., 2007, 45, S209–S220.

17. A. G. Webb, Prog. NMR Spectrosc, 1997, 31, 1–42.

18. M. Baldus, Curr. Opin. Struct. Biol., 2006, 16, 618.

19. A. Mcdermott, Ann. Rev. Biophys., 2009, 38, 385.

20. T. A. Cross and S. J. Opella, Curr. Opin. Struct. Biol., 1994, 4,
574.

21. A. Diller, C. Loudet, F. Aussenac, G. Raffard, S. Fournier, M.
Laguerre, A. Grelard, S. J. Opella, F. M. Marassi, and E. J.
Dufourc, Biochimie., 2009, 91, 744.

22. D. Sakellariou, G. Le Goff, and J. F. Jacquinot, Nature, 2007, 447,
694.

23. E. K. Paulson, R. W. Martin, and K. W. Zilm, J. Magn. Reson.,
2004, 171, 314.

24. R. W. Martin, E. K. Paulson, and K. W. Zilm, Rev. Sci. Instrum.,
2003, 74, 3045–3061.

25. D. R. Lide, ed, CRC Handbook of Chemistry and Physics , 89th
edn., CRC, 2008.

26. F. Engelke, Concepts Magn. Reson., 2002, 15, 129.

27. J. A. Stringer, C. E. Bronnimann, C. G. Mullen, D. H. H. Zhou, S.
A. Stellfox, Y. Li, E. H. Williams, and C. M. Rienstra, J. Magn.
Reson., 2005, 173, 40.

28. C. G. Li, Y. M. Mo, J. Hu, E. Chekmenev, C. L. Tian, F. P. Gao,
R. Q. Fu, P. L. Gor’kov, W. W. Brey, and T. A. Cross, J. Magn.
Reson., 2006, 180, 51.

29. D. G. Gadian and F. N. H. Robinson, J. Magn. Reson., 1979, 34,
449.

30. A. Krahn, U. Priller, L. Emsley, and F. Engelke, J. Magn. Reson.,
2008, 191, 78.

31. A. E. Mcdermott, Curr. Opin. Struct. Biol., 2004, 14, 554.

32. A. N. Garroway, J. Magn. Reson., 1982, 49, 168.

33. C. R. Morcombe and K. W. Zilm, J. Magn. Reson., 2003, 162,
479.

34. B. Bechinger and S. J. Opella, J. Magn. Reson., 1991, 95, 585.

35. V. R. Cross, R. K. Hester, and J. S. Waugh, Rev. Sci. Instrum.,
1976, 47, 1486.



PROBE DEVELOPMENT FOR BIOSOLIDS NMR SPECTROSCOPY 13

36. F. D. Doty, R. R. Inners, and P. D. Ellis, J. Magn. Reson., 1981,
43, 399.

37. Y. J. Jiang, R. J. Pugmire, and D. M. Grant, J. Magn. Reson., 1987,
71, 485.

38. Q. W. Zhang, H. M. Zhang, K. V. Lakshmi, D. K. Lee, C. H.
Bradley, and R. J. Wittebort, J. Magn. Reson., 1998, 132, 167.

39. S. M. Holl, R. A. Mckay, T. Gullion, and J. Schaefer, J. Magn.
Reson., 1990, 89, 620.

40. R. A. Mckay, Enc. Magn. Reson., 1996, 3768. DOI:
10.1002/9780470034590.

41. J. Haase, N. J. Curro, and C. P. Slichter, J. Magn. Reson., 1998,
135, 273.

42. S. L. Hu, J. A. Reimer, and A. T. Bell, Rev. Sci. Instrum., 1998,
69, 477.

43. S. P. Graether, J. S. Devries, R. Mcdonald, M. L. Rakovszky, and
B. D. Sykes, J. Magn. Reson., 2006, 178, 65.

44. P. L. Gor’kov, E. Y. Chekmenev, R. Q. Fu, J. Hu, T. A. Cross,
M. Cotten, and W. W. Brey, J. Magn. Reson., 2006, 181, 9.

45. R. Fu, W. W. Brey, K. Shetty, P. Gor’kov, S. Saha, J. R. Long, S.
C. Grant, E. Y. Chekmenev, J. Hu, Z. Gan, M. Sharma, F. Zhang,
T. M. Logan, R. Bruschweller, A. Edison, A. Blue, I. R. Dixon,
W. D. Markiewicz, and T. A. Cross, J. Magn. Reson., 2005, 177,
1–8.

46. J. Stringer, C. E. Bronnimann, Balanced Mode Operation of a High
Frequency NMR Probe, United States Patent #6,380,742, April 30,
2002.

47. F. D. Doty, J. Kulkarni, C. Turner, G. Entzminger, and A. Bielecki,
J. Magn. Reson., 2006, 182, 239.

48. F. D. Doty, G. Entzminger, Y.A. Yang, Concepts Magn. Reson.,
1998, 10, (4), 239–260.

49. P. L. Gor’kov, E. Y. Chekmenev, C. G. Li, M. Cotten, J. J. Buffy,
N. J. Traaseth, G. Veglia, and W. W. Brey, J. Magn. Reson., 2007,
185, 77.

50. C. Dybowski and G. Neue, Prog. NMR Spectrosc., 2002, 41, 153.

51. S. V. Dvinskikh, V. Castro, and D. Sandstrom, Magn. Reson.
Chem., 2004, 42, 875.

52. S. A. Mcneill, P. L. Gor’kov, K. Shetty, W. W. Brey, and J. R.
Long, J. Magn. Reson., 2009, 197, 135.

53. D. I. Hoult and P. C. Lauterbur, J. Magn. Reson., 1979, 34,
425–433.

54. W. Froncisz and J. S. Hyde, J. Magn. Reson., 1982, 47, 515.

55. (a) F. H. Larsen, P. Daugaard, H. J. Jakobsen, and N. C. Nielsen,
J. Magn. Reson., Ser. A, 1995, 115, 283; (b) R. W. Martin and
K. W. Zilm, J. Magn. Reson., 2004, 168, 202.

56. C. H. Wu, C. V. Grant, G. A. Cook, S. H. Park, and S. J. Opella,
J. Magn. Reson., 2009, 200, 74–80.

57. S. Saha, E. Chekmenev, C. G. Li, P. Gor’kov, T. A. Cross, and
W. Brey, In 15th International Society of Magnetic Resonance
Conference, Jacksonville, FL, 2004 .

58. B. Dillmann, K. Elbayed, H. Zeiger, M. C. Weingertner, M. Plotto,
and F. Engelke, J. Magn. Reson., 2007, 187, 10.

59. S. C. Grant, L. A. Murphy, R. L. Magin, and G. Friedman, IEEE
Trans. Magn., 2001, 37, 2989.

60. C. V. Grant, S. L. Sit, A. A. De Angelis, K. S. Khuong, C. H. Wu,
L. A. Plesniak, and S. J. Opella, J. Magn. Reson., 2007, 188, 279.

61. C. V. Grant, Y. Yang, M. Glibowicka, C. H. Wu, S. H. Park, C.
M. Deber, and S. J. Opella, J. Magn. Reson., 2009, 201, 87–92.

Biographical Sketches

Joanna R. Long. b 1968. Ph.D., 1997, Physical Chemistry,
Massachusetts Institute of Technology, USA. Research associate,
University of Washington, with P.S. Stayton and G.P. Drobny
1997–2000; Scientist, University of Washington, 2000–2002; Assistant
Professor, University of Florida, Biochemistry & Molecular Biology,
2002–2009; Associate Professor, University of Florida, Biochemistry
& Molecular Biology, 2009 to present. Approximately 35 publications.
Current research interests include solid-state NMR and its applications
in biological sciences, protein folding, membrane proteins, lipid
dynamics, extracellular matrix proteins, biomineralization, and lung
surfactant.

William W. Brey. b 1961. B.A., 1983, Rice University, TX,
USA, Ph.D. 1993, University of Florida, USA. Member of Technical
Staff, Conductus, 1994–1999; Assistant Scholar Scientist, National
High Magnetic Field Laboratory, Tallahassee, FL, USA, 1999–2006;
Associate Scholar Scientist, NHMFL, 2006 to present. Approximately
30 publications. Current research interests include solid-state NMR
probes, high temperature superconductors for NMR probes, and NMR
in resistive/superconductive hybrid magnets.

Peter L. Gor’kov. b 1971. M.S., 1993, University of Illinois at Urbana-
Champaign, IL, USA Research Specialist, UIUC, with P.C. Lauterbur
1995–1999; Assistant in Engineering, National High Magnetic Field
Laboratory, Tallahassee, FL, USA; 1999–2006; Associate in Engineer-
ing, NHMFL, 2006 to present. Approximately 20 publications. Current
research interests include design of solid-state NMR probes for special-
ized applications and small-animal MRI probes for high-field magnets.


