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Abstract

Sample heating induced by radio frequency (RF) irradiation presents a significant challenge to solid state NMR experiments in pro-
teins and other biological systems, causing the sample to dehydrate which may result in distorted spectra and a damaged sample. In this
work we describe a large volume, low-E 19F–1H solid state NMR probe, which we developed for the 2D 19F CPMG studies of dilute
membrane proteins in a static and electrically lossy environment at 600 MHz field. In 19FCPMG and related multi-pulse 19F–1H exper-
iments the sample is heated by the conservative electric fields E produced in the sample coil at both 19F and 1H frequencies. Instead of
using a traditional sample solenoid, our low-E 19F–1H probe utilizes two orthogonal loop-gap resonators in order to minimize the con-
servative electric fields responsible for sample heating. Absence of the wavelength effects in loop-gap resonators results in homogeneous
RF fields and enables the study of large sample volumes, an important feature for the dilute protein preparations. The orthogonal res-
onators also provide intrinsic isolation between the 19F and 1H channels, which is another major challenge for the 19F–1H circuits where
Larmor frequencies are only 6% apart. We detail steps to reduce 19F background signals from the probe, which included careful choice of
capacitor lubricants and manufacture of custom non-fluorinated coaxial cables. Application of the probe for two-dimensional 19F
CPMG spectroscopy in oriented lipid membranes is demonstrated with Flufenamic acid (FFA), a non-steroidal anti-inflammatory drug.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Solid state 19F NMR has emerged as a versatile tool for
investigating the structure and dynamics of biological sys-
tems [1–3]. Fluorine’s advantages as a molecular probe
include the absence of a natural biological background,
an exceptional NMR sensitivity, a spin 1/2, a strong dipo-
lar coupling, and a chemical shift range of more than a
hundred ppm [4–7]. A fluorine atom can be substituted
for a hydrogen atom or OH group in amino acids with little
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effect on structure and dynamics. A number of 19F-labeled
amino acids are now routinely incorporated in peptides
and proteins: 4F-Phg, 4-CF3-Phg, 3F-Ala, 5F-Trp, 6F-
Trp, 4F-Phe, 3F-Phe, 3F-Tyr, dF-Leu, dF3-Leu, cF-Val,
and cF3-Val [3].

Unfortunately, the strong radio-frequency fields needed
for solid state NMR techniques can readily heat the protein
samples, resulting in distorted spectra and eventual dehy-
dration of the sample [8–10]. High magnetic field, with its
correspondingly high 1H Larmor frequency, greatly exacer-
bates this problem [11,12]. A number of recent articles
address 1H decoupler heating in biological solids by using
low-inductance RF coils that subject the sample to lower
conservative electric fields in comparison with conventional
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solenoids [13–16]. Since the Larmor frequency of 19F is
only 6% apart from that of 1H, 19F irradiation during
Carr–Purcell–Meiboom–Gill (CPMG) [17,18] or related
multi-pulse experiments also contributes to sample heating.
Isolation between the detection and decoupling channels is
another important issue for effective 19F–1H probes. With
the 19F detection frequency lying so close to the 1H decou-
pling frequency, it is difficult to achieve the >80 dB isola-
tion from decoupler noise required for dilute samples. In
order to obtain this level of isolation, a double-tuned sam-
ple coil with separate inputs for 19F and 1H channels
requires elaborate filtering implemented both inside and
outside the probe. Another well known approach utilizes
two overcoupled resonators with a single port for both
19F and 1H channels, and then employs an external splitter
and filters [19–23]. Although this approach may require
iterative tuning, it has been used in commercial solid state
probes equipped with solenoidal sample coils. However,
our attempts to tune and match a low-inductance sample
coil (�10 nH or less) with such a circuit for use with heat
sensitive biological solids resulted in a probe with very
unstable and unwieldy tuning.

In this article, we describe a large volume 600 MHz
19F–1H flat coil probe designed for studies of heat sensitive
and dilute samples of membrane proteins oriented in
hydrated lipid bilayers. Our design employs orthogonal
low-E sample resonators [15] for both the 19F and 1H chan-
nels, with the aim to reduce sample heating from irradia-
tion at both frequencies. The resonators are nested, with
the 19F resonator placed on the inside to provide the great-
est sensitivity. Separate single resonance matching net-
works drive each resonator, eliminating complex traps
and filters from the probehead. The low mutual inductance
of this orthogonal low-E approach provides P 23 dB of
isolation between the two frequencies within the probe-
head, without outside filters. The independent tuning net-
works and low mutual inductance between the resonators
remove the need for iterative tuning typical of single-port
designs. We also describe special steps taken for the reduc-
tion of 19F background and demonstrate an application of
the probe for two-dimensional 19F CPMG spectroscopy in
oriented lipid membranes.
Fig. 1. Design of the nested 19F–1H low-E flat coil (a) and its mechanical a
resonator, where it is supported by two dielectric spacers. The resonators are o
mode of the 19F coil produces a B1 field in x-direction, whereas the 1H LGR pr
to an RF circuit below with 4 screws using holes 1, 2 (19F) and 3, 4 (1H).
2. Methods

2.1. Nested low-E coil assembly

The 19F–1H flat sample probe presented here utilizes two
orthogonal resonators nested together as shown in Fig. 1.
The outer coil is a rectangular loop-gap resonator (LGR)
that produces a 1H magnetic field, normally used for decou-
pling, along the y-axis. It is identical in design and dimen-
sion to the 1H resonator in a previously described 15N–1H
probe for PISEMA experiments [15]. The inner, 19F observe
resonator is a variation of an Alderman-Grant coil [24] with
internal dimensions of 8.1 · 5.8 · 10 mm closely matching
the size and shape of the rectangular sample cell for maxi-
mum sensitivity. It is formed from 0.38 mm copper foil,
which was chosen to be strong enough to maintain its shape
without additional reinforcement. The bottom and top
halves of the 19F resonator are joined at the corners by four
100B series non-magnetic chip capacitors from ATC (Amer-
ican Technical Ceramics, Huntington, Station, NY) each
measuring 15.3 pF. The resulting Alderman-Grant coil is
held in place inside the larger 1H loop-gap resonator by
two tightly fitting low-loss dielectric plates (Rexolite�,
Boedeker Plastics, Shiner, TX). The coils are arranged to
allow unobstructed insertion of a sample cell along the x-
axis, through the rectangular sample-shaped openings in
the 1H LGR.

The 19F resonator must be further modified from the
traditional Alderman-Grant configuration to perform well
within the 1H coil. The values of the chip capacitors in the
19F resonator are large enough to allow substantial 1H
eddy currents around the two openings perpendicular to
the y-axis, causing a drastic loss of efficiency in the decou-
pling channel. To remedy both of these problems, a slit has
been placed across the top plane of the 19F resonator as
shown in Figs. 1 and 2, interrupting the path for 1H eddy
currents. A traditional Alderman-Grant coil [24] without
guard rings has 3 resonant modes, two of which provide
homogeneous magnetic field in the x- and y-direction.
We are only interested in the mode that produces homoge-
neous 19F B1 along the x-axis—orthogonally to the 1H B1.
The slot reduces the number of resonant modes in the 19F
ssembly (b). A double-gap 19F resonator is inserted into a 1H loop-gap
riented to produce RF fields in orthogonal directions. The homogeneous

oduces a B1 field in the y-direction. The nested low-E assembly is attached



Fig. 2. Physical dimensions of the inner 19F flat sample resonator, in
millimeters.

Fig. 3. Photograph of the probehead.
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coil from 3 to 2. Of these remaining 2 modes, f0 = 581 MHz
and f1 = 724 MHz, only f0 generates a homogeneous mag-
netic field along the x-axis. The other mode f1, consisting of
counter-rotating currents, generates zero field in the middle
of the coil. The resonances f0 and f1 above were measured
on the bench with the 19F resonator removed from the
matching network and the 1H resonator.

When connecting the 19F resonator to its matching net-
work, it is important not to reconnect the resonator across
the top slot and re-create a path for 1H eddy currents. To
avoid this, the 19F resonator is fed across its conductive bot-
tom plane, which is modified accordingly to incorporate the
lead extensions (Figs. 1 and 2). Another possibility is to feed
19F resonator across any single chip capacitor at some cost to
the spatial homogeneity of the RF field. The exact physical
dimensions of the inner 19F resonator are shown in Fig. 2.
Once the 19F resonator has been inserted into the 1H resona-
tor, the whole assembly is connected to the probe’s 19F and
1H matching networks by means of four non-magnetic brass
screws, using holes 1, 2, and 3, 4, respectively (Figs. 1 and 3).

2.2. Probe RF circuit

The two orthogonal resonators in this low-E 19F–1H flat
coil probe are driven by independent single-resonance bal-
anced circuits similar to those described in our article on
the 15N–1H PISEMA probe [15]. The chip capacitors
within each resonator were chosen to bring its standalone
resonance frequency f0 just slightly above the respective
Larmor frequency f. This allows for a small but sufficient
tuning range while maximizing the current that flows
around the sample and hence the B1. The circuit compo-
nents outside the resonators are relegated to line matching
and to fine sample-dependent tuning adjustments, which
are inherently small due to the reduction of electric field
achieved in low-E coils. We used f0 = 581 MHz for the
19F (f = 564 MHz) and f0 = 631 MHz for the 1H
(f = 600 MHz) resonators.
F
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Figs. 3 and 4 show the layout and RF circuit of our
19F–1H probe. The matching network for the 1H loop-
gap resonator (L0–C0) and its operation have been
described previously [15]. Matching and tuning of the 1H
channel is accomplished by variable capacitors C1 and
C3, respectively. C2 is a symmetry capacitor whose purpose
is to equalize voltage amplitudes at the sides of the gap
capacitor C0. C2 reduces the maximum electric field at
the terminals of C0 and thereby reduces the possibility of
arcing to the 19F resonator or other conductors at lower
potential. A properly balanced resonator can therefore sus-
tain a higher B1 field without arcing during long decoupling
pulses. Voltronics 11 series chip capacitors C4A and C4B

serve as voltage dividers that safeguard the trimmer capac-
itors C2 and C3. In the previously described PISEMA
probe we used high voltage trimmer capacitors made with
PTFE dielectric. However, the presence of these capacitors
in either of this probe’s two channels leads to a strong 19F
background signal. Therefore our choice of trimmer capac-
itors was limited to models made with quartz or glass
dielectric, which in general are rated to withstand less volt-
age. The variable trimmer capacitors used for this probe
are from the relatively low-voltage NMQM quartz series
manufactured by Voltronics Corporation (Denville, NJ).
Specifically, they are the NMQM3G and NMQM6GE
non-magnetic quartz models, only these were modified to
eliminate the strong 19F background from commercial
lubricants used by Voltronics in its standard manufactur-
ing process (see Section 2.3 below).

The RF circuit driving the 19F resonator is very similar
to that employed in the 1H channel. Fixed capacitors C9A

and C9B (11 series Voltronics chips) reduce the voltage
experienced by the quartz trimmers located underneath.
Matching the 19F resonance to 50 X is done with variable
capacitor C5 (NMQM3G). Tuning capacitors C6 and C7

(NMQM6GE) have their extended shafts connected by a
3-gear mechanism to a single tuning rod that changes posi-
tions of both pistons at the same rate, automatically read-
justing the circuit balance as the 19F channel is tuned. We
find that maintaining circuit balance in this way expands
the range over which 19F resonance can be tuned without
losing its match to 50 X.

The absence of a large conservative electric field in the
low-E resonators greatly reduces the tuning and matching
range needed to accommodate samples of varying hydra-
tion and salinity. This property plays very well into using
low-voltage trimmers to reliably handle high levels of RF
power. The resonance frequency and matching of the
probe change very little upon sample insertion, so it is
never necessary to adjust the piston positions of the trim-
mer capacitors to produce such a low capacitance that
the voltage across the trimmer would increase beyond its
ability to withstand. A properly chosen network of fixed
capacitors can therefore serve as a voltage divider to pro-
tect the probe’s vulnerable trimmer capacitors from arcing
over a wide range of sample conditions. The capacitance of
each trimmer can be estimated by counting the number of
turns from the on-resonance position to the nearest piston
stop. For the 1H circuit, voltage dividers C4A and C4B were
adjusted until the ratios of (C1 + C2)/C4A and C3/C4B were
slightly larger than 1 in order to reduce the voltage across
C2 and C3 by approximately 50%. The equivalent ratios
(C7 + C7A)/C9A and (C5 + C6 + C6A)/C9B for the 19F net-
work were set close to 2, reducing the voltages across the
19F trimmers even further. Adjusting the balance for the
outer 1H resonator was accomplished by touching its top
plane with the grounded wire and adjusting C2 as reported
previously [15]. The same could not be done for the 19F
resonator, since it is hidden within the 1H resonator, so
we measured the on-resonance piston position of the
C5 trimmer and modified chip values to satisfy
(C7A � C6A) � C5.

The orthogonal placement of the two resonators in the
low-E assembly provides good intrinsic isolation between
the 1H and 19F channels, despite only 6% difference in their
Larmor frequencies. Small low-voltage parallel traps L2–
C10 and L3–C11 were placed at the 1H and 19F ports, tuned
to 564 and 600 MHz, respectively. For the circuit shown in
Fig. 4, isolation between the 19F and 1H ports is 30 dB at
the 1H frequency and 23 dB at the 19F frequency. Inductors
L2 and L3 were made with just 1/2-turn of 2 mm wide flat
wire (�10 nH), as can be seen in Fig. 3.

2.3. Reducing 19F background from probe components

Eliminating the 19F background signal requires careful
selection of structural materials and RF circuit compo-
nents. While rare in biological systems, fluorine is present
in a wide range of commercial plastic materials. Fluoro-
polymers are particularly common in electronic compo-
nents for radio and microwave circuits where they
provide low dielectric loss at high frequencies and their
high dielectric strength makes them an ideal choice for high
voltage components. As originally constructed, our 19F–1H
probe had produced a large 19F background as shown in
Fig. 5a. In subsequent tests we have found that fluorine-
containing material must be removed not only from the
proximity of the sample coil, but also from a distance
below the coil that is determined by homogeneous volume
of the magnet and by the width of the spectral window. The
RF magnetic field produced by currents within coaxial
cables and trimmer capacitors will interact with PTFE
dielectrics and contribute 19F background signal if static
field B0 at that location remains within the spectral window
of the spectrometer. Complete elimination of background
signal is therefore particularly difficult for wide bore mag-
net spectrometers, where B0 homogeneity is maintained
over a physically large volume. In our 600 MHz wide bore
NMR spectrometer, achieving a background-free spectral
window of 1 MHz (no detectable 19F NMR signal after
104 scans) would require moving PTFE-containing trimmer
capacitors and RF cables at least 13 cm away from the
sample coil. Because doing so would present additional
challenges for the high frequency matching networks, we
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Fig. 5. Reduction of 19F background signal in a single-pulse experiment
(83 kHz 19F B1). Initially, a strong 19F background signal ((a), 128 scans)
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ig. 6. Modified semi-rigid coaxial cable to reduce 19F background signal
om the PTFE dielectric. Dimensions are in millimeters unless noted
therwise.
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chose to focus instead on modifying the RF components by
stripping them of fluorine containing material.

Using trimmer capacitors with quartz or glass dielectric
instead of PTFE is an obvious step but it still does not
guarantee a fluorine-free probe. For example, the non-
magnetic trimmer capacitors sold by Voltronics Corp. are
now made with popular lubricants containing Teflon
micro-particles, resulting in a strong 19F background sig-
nal. We tested several in-house lubricants to find those that
do not produce 19F signal. We then ordered custom ver-
sions of the quartz trimmers with Dow-Corning silicone
high-vacuum grease replacing the standard fluorinated
lubricant for the piston screw. The Voltronics part num-
bers for these modified trimmers are V2687 (replaces
NMQM3G) and V2688 (replaces NMQM6GENL). The
capacitors made with vacuum grease produced no detect-
able 19F signal.

Even more significant background signal came from the
PTFE dielectric in the semi-rigid coaxial RF cables (.14100

OD, p/n, UT-141-C by MicroCoax Pottstown, PA) leading
to the probe’s 19F and 1H matching networks. Like the
capacitors, these cables had to be modified by expunging
the Teflon material, as shown in Fig. 6. The copper jacket
and the PTFE dielectric were removed from the top 8 cm of
each coaxial cable, exposing the bare center conductor. A
custom copper tube was slid over the exposed region and
then soldered to the original jacket with the help of a sleeve
F
fr
o

coupling. The copper tube was centered on the wire con-
ductor by a few very short PolyEtherEther-Ketone (PEEK)
spacers. To minimize reflection at the juncture, the inner
diameter of the tube D was chosen to give a characteristic
impedance of 50 X to match the original PTFE transmis-
sion line. This diameter was determined by using the
formula:

Z0 ¼
138
ffiffi

e
p log10

D
d
¼ 50 X;

where d is the diameter of the center conductor and e = 1 is
the relative dielectric constant of air.

The variable temperature sample chamber around the
coil was constructed of unfilled PEEK (Fig. 3). Other plas-
tics used in the probehead were unfilled Ultem, and G-10/
FR4 glass-filled resin rods for tuning trimmer capacitors.
The trimmer capacitors were mounted below the VT cham-
ber on a plate made of solid copper.

Fig. 5 shows the effect of removing fluorinated material
from the trimmer capacitors and coaxial RF cables on the
probe’s 19F background. Initially, while using commercial
quartz trimmers and semi-rigid cables, a strong 19F back-
ground signal had been observed in the empty probe after
just 128 averages (Fig. 5a). After switching to fluorine-free
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lubricant in the trimmer capacitors and removing PTFE in
the RF cables (Fig. 6), the experiment was repeated with a
spectral width of 1 MHz and 104 averages. The only
remaining signal was a small bump at �45 kHz. Fig. 5b
shows the central 500 kHz for comparison with the unmod-
ified probe. A dead time of 50 ls was used for both plots.
The shape, position, and intensity of the residual peak in
Fig. 5b changes with the type of chip capacitors used in
the RF circuit and seems to be connected to other small sig-
nals outside of the chemical shift range of 19F. Therefore,
we think that it is unlikely to be an NMR signal.

2.4. Measuring sample heat deposition

Measurements of RF-induced sample heating in the new
19F–1H probe were done using a technique described in our
previous article [15]. Power efficiencies g of each channel
were obtained by measuring the 360� pulse length and
the power input at the base of the probe in the presence
of lossy and non-lossy samples. The amount of heat qheat

deposited in the sample was then calculated in units of
W/kHz2 as

qheat ¼
1

gbio

� 1

gnl

where gbio and gnl are probe power efficiencies g = (x1/
2p)2/(APin) in the presence and absence of sample loss,
respectively. This formula is identical to one in [15], with
exception of the minor correction coefficient A < 1 reflect-
ing the fact that input power Pin is measured at the base
of the probe. The actual power reaching matching network
at the end of the probe’s 50 X semi-rigid cable is APin. Both
reference samples are made with a solution of equal parts
99.9% D2O and trifluorethanol (TFE) to allow simulta-
neous 360� pulse measurement in the 19F and 1H channels.
The lossy sample reference also contained 100 mM of NaCl
in order to raise the ionic conductivity. The D2O/TFE solu-
tion was sealed inside the standard rectangular glass cell
(New Era Enterprises, Vineland, NJ, p/n SK-190505-1)
with each sample occupying the precise rectangular sample
space of 6 · 4 · 9 mm. Our goal for this probe was to
reduce 19F and 1H sample heating in 19FCPMG experi-
ments to the level achieved by the PISEMA probe reported
in our previous article. To establish a basis for comparison,
qheat for the same set of D2O/TFE samples was also mea-
sured in the 600 MHz low-E PISEMA probe previously de-
scribed in [15] as low-E coil II.

3. Results

Pulse lengths for the D2O/TFE samples with and with-
out 100 mM NaCl were first measured in the 600 MHz
low-E PISEMA probe. When analyzed as described in
above paragraph, it was determined that 1H power absorp-
tion by the lossy sample in that probe was 6.3 ± 0.5 mW/
kHz2. The measurements were then repeated for both
channels of the new low-E fluorine probe. In the new
probe, the amount of power qheat absorbed by the
100 mM D20/TFE sample was actually reduced to
3.8 ± 0.3 and 3.6 ± 0.3 mW/kHz2 for the 19F and 1H chan-
nels, respectively. Smaller sample heating in the 1H channel
of fluorine probe is probably due to the partial shielding of
1H electric field by the top and bottom conductive planes of
the inner 19F resonator. The degree of tuning shift upon
insertion of different samples is also important experimen-
tally, as described above, and depends on the level of elec-
tric field in the sample. Insertion of the 100 mM sample
into the empty probe resulted in tuning shifts of only
0.13 MHz for the 19F resonance and 0.95 MHz for the
1H resonance, indicating that only a fairly small electric
field was present in the sample. The RF field homogeneity
over the 6 · 4 · 9 mm sample volume was measured as the
ratio of 810� to 90� pulse amplitudes for both 19F and 1H
channels. The ratios were found to be 83% in the 19F and
93% in the 1H channels. It is worth pointing out that the
length of the test sample was nearly the same as that of
the 19F resonator. RF fields x1/2p = 100 kHz were
achieved for the non-lossy sample at 330 W of input power
in the 19F channel and at 695 W in the 1H channel. The
power efficiency of the 1H channel is notably smaller than
that of the low-E PISEMA probe, which achieved 100 kHz
at 380 W. We attribute the loss to the non-zero z-axis compo-
nent of the 1H B1 field near the top and bottom planes of the
19F resonator (Fig. 1). It may induce 1H eddy currents in these
horizontal planes that are not removed by slotting the 19F res-
onator. However, since the 1H channel in this probe is used
solely for decoupling and not for detection, the reduced 1H
efficiency does not affect the NMR experiment. It means only
that we need to have an amplifier with sufficient power to pro-
duce the desired B1. Intuitively, one might erroneously con-
clude that having to apply more decoupling power will lead
to more sample heating. In fact, RF loss in the sample is a
function of electric-to-magnetic field ratio E/x1 which
depends on coil geometry and not on power efficiency [14].
Isolation between the 19F and 1H ports provided within the
probe was measured 30 dB at the 1H frequency and 23 dB
at the 19F frequency. Further isolation of at least 80 dB can
be achieved by additional external filters.

The experimental capabilities of the 19F–1H low-E probe
are demonstrated in Fig. 7. It shows both experimental
(Fig. 7a) and simulated (Fig. 7b) two-dimen-
sional19FCPMG spectra of Flufenamic acid (FFA), a
non-steroidal anti-inflammatory drug, aligned in hydrated
DMPC lipid bilayers. The experiment was conducted using
a Bruker DRX 600 NMR wide bore spectrometer (14.1
Tesla) at the National High Magnetic Field Laboratory.
The CPMG experiment was performed in two dimensions
to correlate dipolar coupling with the chemical shift, as
in PISEMA experiments. The CPMG multi-pulse sequence
[17,18] was used in the indirect, t1, dimension to suppress
all interactions except for 19F homonuclear dipolar cou-
plings, resulting in pure dipolar spectra of spin pairs, while
the 19F anisotropic chemical shift and dipolar coupling
were observed in the t2 dimension. An XY-4 phase cycling
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Fig. 7. Experimentally obtained (a) and simulated (b) two-dimensional
19FCPMG spectra of Flufenamic acid (see top diagram) aligned in DMPC
bilayers (1:16 molar ratio, fully hydrated, at 35 �C). In this experiment (a),
the echo time of 10 ls was used and for each t1 increment. Four 180�
pulses were used with an XY-4 phase cycling scheme [25] to minimize the
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pling) = 70 kHz. Simulation in (b) was done using Simpson software [27]
with above NMR parameters, CSA powder pattern � 12 ppm and order
parameter SCF3 � 0.18 [26].
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scheme [25] was employed in the t1 dimension to minimize
the 180� pulse imperfections. Experimental parameters are
described in the caption to Fig. 7. The center peak at
�51.0 ppm in Fig. 7a represents the anisotropic chemical
shift of the CF3 of the FFA aligned in the lipid bilayers. Its
isotropic chemical shift is �62 ppm. The outer two peaks
in the x2 dimension, 3.8 kHz away from the center peak,
stem from the homonuclear dipolar coupling in the CF3

group. This homonuclear dipolar coupling is verified in the
x1 dimension of the 2D CPMG spectrum (Fig. 7a) where
two intense peaks appear at around ±3.8 kHz, which is close
to the previous measurements [26]. Fig. 7b shows simulation
of the same FFA compound using the SIMPSON software
package [27], with the same NMR parameters as in Fig. 7
caption and with CSA powder pattern �12 ppm and order
parameter SCF3 � 0.18 [26]. All main features of the simula-
tion match well the experimental spectrum. Interestingly, it
can be noticed from Fig. 7a that the 19F anisotropic chemical
shift spans a range of�3 ppm while the 19F dipolar coupling
appears to be dependent on the 19F anisotropic chemical
shift position, which cannot be seen in 1D experiments. This
may imply that the time-averaged director of such an aligned
molecule wobbles at a small degree around the axis parallel
to the bilayer normal.

4. Conclusion and discussion

The design and application of a large volume and sam-
ple-friendly solid state NMR probe has been demonstrated
for 19F CPMG studies in hydrated and lossy oriented pro-
tein preparations at 600 MHz. We built upon a previously
reported 15N–1H low-E probe design [15], where use of a
separate loop-gap resonator reduced 1H decoupler heating
by an order of magnitude compared to a conventional sole-
noid. Replacing the 15N observe solenoid with another
loop-gap resonator for the 19F channel produced a probe
that minimizes conservative electric fields, and their corre-
sponding sample loss, in both 19F and 1H channels. This
has benefits to 19FCPMG and related multi-pulse experi-
ments, in which the sample is subjected to RF irradiation
with high duty cycles at both 19F and 1H frequencies. With-
out the strong conservative electric field of a solenoid, the
probe’s tuning and matching need only a small adjustment
upon insertion of hydrated and salty samples. In each of
the new probe’s two channels, dissipation of RF power
within a lossy biological sample is smaller than in the
decoupling channel of the low-E 15N–1H probe. The
loop-gap resonators provide excellent RF homogeneity
across the sample in each channel, benefiting cross-polari-
zation efficiency. Absence of wavelength effects in the
loop-gap resonators enables the study of large sample vol-
umes at high fields. The orthogonal placement of indepen-
dent 19F and 1H resonators greatly simplified the issue of
channel separation, allowing P23 dB of isolation within
the probe itself and P80 dB with external inline filters. It
also resulted in convenient tuning, where adjustment of
either resonance does not affect the other one. Finally,
the elimination of fluorinated materials from the probe,
which involved modification of trimmer capacitors and
construction of custom 50 X coaxial cables, resulted in a
1 MHz-wide spectral window free of 19F background
NMR signal after 104 averages. The low-E 19F–1H probe-
head design described in this paper need not be limited to
the static applications and could be implemented in MAS
stators in a manner similar to that discussed in [28].
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