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Abstract

Variable angle spinning (VAS) experiments can be used to measure long-range dipolar couplings and provide structural information
about molecules in oriented media. We present a probe design for this type of experiment using a contactless resonator. In this circuit,
RF power is transmitted wirelessly via coaxial capacitive coupling where the coupling efficiency is improved by replacing the ordinary
sample coil with a double frequency resonator. Our probe constructed out of this design principle has shown favorable properties at
variable angle conditions. Moreover, a switched angle spinning correlation experiment is performed to demonstrate the probe’s capabil-
ity to resolve dipolar couplings in strongly aligned molecules.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Variable angle spinning (VAS) experiments establish a
correlation between isotropic and anisotropic spectra using
off- and on-magic angle spinning. This technique was first
introduced 25 years ago to extrapolate the quadrupolar
couplings in solids from spectra obtained at different spin-
ning angles [1]. A related method, switched angle spinning
(SAS), was later adopted to measure the chemical shift
anisotropy [2] and heteronuclear dipolar couplings [3] in
solids by rapidly switching the sample spinning axis within
the same experiment. It was later demonstrated that high-
resolution spectra of quadrupolar nuclei could be measured
by changing the spinning axis between two particular an-
gles [4]. This is the principle of dynamic angle spinning
[5], which is a special case of switched angle spinning. Re-
cently, VAS methods have proven particularly useful in li-
quid crystals where the stochastic molecular motion makes
rotor synchronized recoupling more difficult to achieve. It
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has been demonstrated that the director of a liquid crystal
may be manipulated by changing the sample spinning axis
[6], and that the anisotropic interactions are scaled by
(3cos2h�1)/2, where h is the angle between spinning axis
and external magnetic field. The ability to change the
molecular alignment tensor by variable angle spinning
could allow scaling of dipolar coupling in strongly aligned
molecules [7].

Although variable angle spinning is conceptually simple,
its actual implementation presents several technical chal-
lenges. There are several requirements of an ideal variable
angle probe. Firstly, we need a small sample coil that can
reorient with the sample spinning axis in order to maximize
the filling factor, instead of a big stationary coil as was used
in the original design [8]. Secondly, a transverse coil is pre-
ferred over a standard solenoid so that constant B1 field
can be generated irrespective of the sample orientation
[9]. Most importantly, we need a reliable RF junction to
connect the mobile sample coil and the stationary tuning
circuits. There have been continuous efforts to resolve this
issue over the past 20 years, including sliding contact [10]
and flexible power leads [11]. Both of these methods are
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Fig. 1. (a) Schematic representation of double frequency contactless
resonator. (b) Equivalent circuit of the resonator at high frequency (HF)
where L02 is the equivalent inductance. (c) Equivalent circuit of the
resonator at low frequency (LF) where C02 is the equivalent capacitance.
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successful to a great extent, but over long-term use the slid-
ing contact could suffer from the problem of arcing and
oxidization at the contact surface, while the flexible leads
would eventually introduce mechanical aging after many
hops. As an alternative approach, we would like to intro-
duce a design where the radio frequency is transmitted
wirelessly via coaxial capacitive couplings. The core com-
ponent of this design is a double frequency resonator which
is coupled to stationary power transfer line via coaxial
capacitors. The entire resonator containing the sample coil
can reorient along an axis perpendicular to the external
magnetic field. Here, we use a double frequency resonator,
both because double resonance experiments are required,
and because the resonator design improves the power
transfer efficiency across the coupling capacitors. Since a
transverse sample coil is used, the effective B1 field remains
constant regardless of the orientation angle of the coil.

In this communication, we first illustrate the design prin-
ciple of our variable angle probe. We will then summarize
its RF performance and analyze the major factors that af-
fect the probe sensitivity. The double resonance capability
is demonstrated by a solution state HSQC experiment with
magic angle spinning. Finally, we report an example of
dipolar local field spectroscopy with switched angle spin-
ning methodology on a model system in a strongly oriented
medium. The potential applications of our probe and
improvements for future designs are also discussed.

2. Design principles

The simplest model for a single channel NMR probe is a
lossless, impedance matched LC resonant circuit. In the
presence of non-ideal components, the power dissipation
on the series matching capacitor Cm is the major loss mech-
anism. If the single matching capacitor Cm is replaced by
two series capacitors, each with a capacitance of 2Cm, a
balanced circuit can be obtained with the same resonance
frequency. Balancing the circuit helps to even out the RF
field profile along the length of the resonator [12], and also
allows efficient power transfer on both sides of the coil even
if it is not mechanically attached to the external circuit.
This efficiency is optimized if the tuning capacitor Ct is
on resonance with the coil Ls and if the quality factors of
the coupling capacitors 2Cm are reasonably high.

The core of the double resonance circuit is two-fre-
quency contactless resonator. One implementation of this
resonator is shown in Fig. 1a. In this circuit, an additional
series branch L2–C2 is introduced that has a resonance fre-
quency slightly higher than the desired low frequency (LF).
At high frequency, xL2 � 1/xC2 > 0 and the equivalent
circuit is represented in Fig. 1b, where xL02 ¼
xL2 � 1=xC2. The power dissipation on the resonator is
maximized at its high frequency self-resonance:

xHF ¼
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

LsCtð
L0

2

LsþL0
2

r
Þ:

ð1Þ
At low frequency, however, xL2 � 1/xC2 < 0 and the equiv-
alent circuit is represented in Fig. 1c, where 1=xC02 ¼
1=xC2 � xL2. Now the power dissipation on the resonator
is maximized at its low frequency self-resonance, which is
represented by

xLF ¼
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

LsðCt þ C02
p

Þ:
ð2Þ

Fig. 2 shows the geometrical arrangement of this resonator.
The double-tuned resonator has two pairs of coaxial rings
connected to the cylindrical sample coil, so that the high
frequency and low frequency RF are transmitted from
the left and right sides, respectively. The solenoid (L2) is
soldered to the outer metal ring directly at one end, and
connected to the inner metal ring via a chip capacitor at
the other end. This arrangement allows the sample coil to
reorient inside the probe while maintaining the same capac-
itive coupling with the rest of the circuit at any spinning
angle.

Once the contactless resonator is tuned, the remaining
challenge is to impedance match this basic circuit with
the power input. The resonator is impedance matched to
50 X using a network of variable transmission line seg-
ments [13]. Fig. 3 shows the complete circuit model for
the entire double resonance probe. In order to ensure max-
imum isolation and minimum loss in sensitivity, the high
frequency and low frequency inputs are placed at opposite
ends of the sample coil. An open quarter wave tuned to the
high frequency is used on the low-frequency side of the cir-
cuit in order to provide a ground path for the high fre-
quency. If desired, a similar element tuned to the low
frequency may be used on the opposite side of the coil.
In principle, it is straightforward to extend the current de-
sign to multiple resonant circuits by combining a multiple
frequency resonator and multiple frequency matching
networks.

3. Results and discussion

Numerical simulation of the probe was helpful in pre-
dicting the B1 conversion efficiency of the resonator. Be-
cause most of the components used in the resonator are
distributed elements, we use the finite element method
(FEM) for calculation. The commercial package COM-
SOL32 was used to calculate the electromagnetic field dis-
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Fig. 3. The impedance matching network for double resonance probe. At high frequency, the contactless resonator (enclosed in dashed box) is impedance
transformed by tunable transmission line Th and matched to 50 X by shunt impedance Zh. The same principle applies to the low frequency channel.

Fig. 2. (a) The physical layout of the capacitively coupled contactless resonator. The sample coil (brown) has a 4.7 mm inner diameter, 9.5 mm window
height and 110� open angle. There are tuning capacitors on both sides of the coil. Each of the tuning capacitors is made of Teflon dielectrics sandwiched by
coaxial copper rings (yellow). The OD of inner ring is 15.9 mm while the ID of the outer ring is 20.6 mm. Both rings are 6 mm long. The seven turn
solenoid is made by wrapping a gauge 22 copper wire around a 1/16 inch diameter rod. The chip capacitor has a 39 pF capacitance. The resonator is
capacitively coupled to the coaxial input (red) from the left and the right side. There is no mechanical contact between the yellow and red rings. (b) The
stator assembly orienting at the zero degree and the magic angle. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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tribution with the input of the geometrical model and the
proper choice of boundary conditions. In order to evaluate
the coil efficiency, we define the figure of merit N as the ra-
tio between the square of B1 field magnitude and the dissi-
pated power through the input port. The ratio is indicative
of the device’s efficiency to transform its input power into
the magnetic energy in the coil.
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Fig. 4. Simulated frequency dependent behavior of figure of merit for the reson
(b) when high frequency input is used. FEM model is constructed and simula
N � jB1j2R
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Fig. 4 shows the simulation results for the frequency depen-
dent behavior of N at low and high frequencies. The preci-
sion of this type of calculation is strongly dependent on the
level of details incorporated into the input model, which
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ator geometry depicted in Fig. 2. (a) when low frequency input is used and
ted by COMSOL32.
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presents a challenge when simulating a circuit that has
many stray reactances due to its complicated geometry.
However, several useful qualitative results can be obtained.
Firstly, the LF input channel has a maximum N around
126 MHz and HF input channel has a maximum N around
505 MHz. At 125.7 MHz, N � 1.3 · 10�7 corresponds to a
B1 field of 3.6 · 10�3 T (39 KHz) with the input power of
100 W. At 500 MHz, N � 3.4 · 10�7 corresponds to a B1

field of 5.8 · 10�3 T (248 KHz) with the input power of
100 W. Therefore, in this resonator design, the HF nuta-
tion is 6.4 faster than the LF one. Secondly, if we define
the optimum tuning range as the range within which N is
above 75% of its maximum, LF channel has a tuning range
from 124.5 MHz to above 127 MHz (calculation for higher
frequencies is not performed), while the HF channel has a
tuning range from 492 MHz to above 520 MHz. As a pro-
totype probe, we adopted a single turn Alderman-Grant
coil because this type of resonator generates a low electric
field at high frequencies [14]. This consideration is a high
priority in investigations of semisolid biological samples
because their high salt content leads to dielectric loss. Be-
cause of the high symmetry of this design, simulations
are relatively straightforward. The resonator works better
at higher frequencies because the coupling efficiency across
coaxial capacitors is increased when the operating fre-
quency goes up. At lower frequencies, this resonator has
a much narrower tuning range that is slightly below the
self-resonance frequency of serial branch L2–C2. In our
500 MHz probe, the tuning ranges at both frequencies
are enough to ensure that we can tune the probe to 13C
and 1H in samples with different electrical properties.

The experimental measurement demonstrates good tun-
ing property. The input return loss of the proton channel is
�35 dB, and the LF channel has a �30 dB return loss. The
isolation between the channels is above �50 dB. The mea-
sured quality factor is 185 on HF channel and 118 on LF
channel. In order to directly evaluate the B1 homogeneity
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Fig. 5. (a) Measurement of B1 homogeneity along z-axis of sample coil. The do
length is restricted to 3.5 mm, the 810/90 ratio is nearly 100% on proton channe
100% on the carbon channel as demonstrated by (c). The proton channel is cali
2 ls and increases at 2 ls per step. For the carbon channel, inverse calibration
pulse width starts from 0.2 ls and increases by 3.26 ls for each step.
within the sample coil, a tiny droplet of water placed inside
a sample holder was vertically moved along the coil cylin-
drical axis. Precise positioning of the water droplet is
achieved by a position adjustment screw [15]. As is shown
by Fig. 5a, 90% relative B1 homogeneity could be achieved
within the ±3 mm region. This level of homogeneity is suf-
ficient for a great many decoupling experiments that are
sensitive to B1 field deviations. The nutation curves in Figs.
5b and c again demonstrate the excellent homogeneity on
both channels when the sample length is further restricted
within a ±1.7 mm region. In each case, the ratio of signals
after effective 810� and 90� pulses is almost 100%. The two
curves correspond to a 6 ls 90� time on proton channel and
a 13.24 ls 90� time on carbon channel at power levels suf-
ficient for experiments on samples in liquid crystalline med-
ia. When the probe is tested with the coil oriented at
different angles, a constant B1 field is generated and there
is a maximum of 8% change in reflection voltage. This is
in contrast to the conventional solenoid that has a vanish-
ing efficiency when aligned along the external field.

In order to demonstrate the double resonance capabil-
ity, we performed a 13C, 1H HSQC experiment on a
5 mM (U-13C)-glucose in D2O. The total sample volume
is 8 lL and 200 Hz magic angle spinning is applied to re-
move the susceptibility broadening in sample of restricted
length. Here, the slow spinning speed is chosen because
the spinning is used only to remove magnetic susceptibility
broadening. The spinning apparatus in this probe consists
of a homebuilt stator using 4 mm rotors, as well drive and
bearing hardware purchased from Varian Inc. (Fort Col-
lins, CO). This hardware is capable of spinning at the fast
MAS rates used for traditional solids experiments, how-
ever, we do not use this capability in these experiments.
Our focus is on stable spinning at slower speeds, since we
are using the spinning primarily to control the alignment
of the director of liquid-crystalline samples, rather than
to average out strong anisotropic interactions in solids.
ts represent sampling points of 1.27 mm distance interval. When the sample
l as demonstrated by the nutation curve in (b) and the 720/0 ratio is nearly
brated with 8 lL of 2% H2O/D2O sample with the pulse length starts from
sequence was applied on a sample of 8 lL of 1 M (2-13C)-Gly. The carbon
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Because the experiment is performed in a wide bore solid
state magnet, shimming was not performed to the stan-
dards of traditional solution state experiments. After 64
scans for each FID, a reasonably good 2D spectrum could
be obtained (Fig. 6). Although our probe shows a modest
Fig. 7. Undecoupled HETCOR with switched angle spinning. The sample is
detection period. The delay period for rotor hopping is 150 ms.
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Fig. 6. 13C,1H HSQC experiment of a 5 mM solution of (U-13C)-glucose
in D20, 298 K. Residual H2O is suppressed by 50 Hz on resonance
irradiation for 0.5 S before the sequence. Experimental parameters are
t1, max = 25.6 ms, t2, max = 102.4 ms, relaxation delay between successive
scans is 3 s. 13C 90� time is 48 ls and 1H 90� time is 11.8 ls. On the carbon
channel, all inversion pulses are substituted by 90x180y90x in order to
achieve enhanced tolerance to off-resonance effect. The 13C dimension
spectrum width is 5 KHz and the carrier is set at 80 ppm so that the entire
chemical shift range of glucose can be covered. 1H dimension spectrum
width is 5 KHz. WURST-40 decoupling is applied during signal acqui-
sition. States-TPPI method is employed for frequency discrimination in
the indirect dimension. 1H frequency is 500.09 MHz, 64 scans per FID,
Chemagnetics INFINITY spectrometer.
sensitivity on a rather concentrated sample, our detection
volume is only 1/40 of that of the conventional solution
state probe and the line width here is ten times bigger than
that could be obtained by a commercial probe with careful
shimming. In our current application for dipolar local field
experiments, the dipolar coupling is far bigger than the line
width and the signal is strong enough for concentrated
samples. Future probe designs will include susceptibility-
compensated resonators with palladium-plated copper, as
previously described [9,16]. In this way, the probe sensitiv-
ity could be greatly improved with enhanced resolution.
Also, better manufacturing techniques combined with care-
ful circuit optimization are crucial for further improvement
of coil efficiency.

In order to demonstrate the switched angle capability of
our probe, we performed a switched angle spinning exper-
iment on acetonitrile dissolved in organic liquid crystal I52.
We used a modified HETCOR sequence (Fig. 7) for our
experiment. In this sequence, the rotor is first spinning at
0� during t1 when the magnetization evolves on proton in
the presence of frequency switched Lee Goldberg (FSLG)
homonuclear decoupling. There is no inversion pulse on
carbon channel during this time so that the heteronuclear
dipolar coupling retains. In the optional delay after t1,
the magnetization is stored along the z-direction to allow
sufficient dephasing of transverse magnetization and pro-
ton spin diffusion. The magnetization is then transferred
to carbon by cross polarization and stored again as a lon-
gitudinal component before the second delay during which
the rotor changes its spinning direction from the zero de-
gree to the magic angle. SPINAL-64 [17] decoupling is
spinning at 0� during t1 period and spinning at magic angle during the
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Fig. 8. Switched angle spinning HETCOR spectrum. The sample is a
mixture of (1-13C) CH3CN and (2-13C) CH3CN dissolved in organic liquid
crystal I52, with the concentration of each labeled species to be 6.8% (v/v).
The total sample volume is 18 lL. For simplicity, the proton carrier
frequency is set on resonance to the methyl chemical shift value. 13C 90�
time is 15.1 ls and 1H 90� time is 11.8 ls. During t1 period, a Lee
Goldberg spin lock field of 50.81 kHz is applied to achieve homonuclear
decoupling. The spectral width in the indirect dimension is 3.176 kHz,
while the spectrum width in the direct dimension is 25 kHz. SPINAL-64
decoupling is applied at 21.2 kHz during signal detection. Other exper-
imental parameters are t1, max = 10.07 ms, t2, max = 20.48 ms, relaxation
delay between successive scans is 2 s and 8 scans are acquired for each
FID, 64 FID acquired for the whole spectrum. TPPI method is employed
for frequency discrimination in the indirect dimension. Because of the
application of FSLG homonuclear decoupling sequence, the apparent
splitting in the indirect dimension is scaled by

ffiffiffi
3
p

relative to the actual
coupling value.
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applied during the signal detection period to remove heter-
onuclear dipolar coupling. Due to the axial symmetry of
the coaxial capacitors, a constant B1 field is generated at
different angles without having to retune the probe. A mod-
erate spinning speed of 1600 Hz was chosen so that the li-
quid crystal could be aligned along the spinning axis
without being disrupted by too big a centrifugal force.
The angular orientation is controlled by a stepping motor
within ±0.1 degree.

Fig. 8 is the spectrum obtained by the undecoupled
HETCOR sequence. The indirect dimension contains
information about heteronuclear dipolar coupling while
the direct dimension corresponds to the isotropic chemical
shift. Since the sample is switching between off- and on-ma-
gic angle spinning during the same experiment, the aniso-
tropic and isotropic dimension are directly correlated.
This kind of correlation will enable us to assign a specific
coupling value to a particular spin pair. In the current spec-
trum, the apparent splitting in the indirect dimension is
1311.2 Hz for the C–H pair in methyl group and
378.2 Hz for the coupling between the methyl proton and
the nitrile carbon. After correction with the scaling factor,
the actual value of the heteronuclear couplings are 2271.1
and 655.1 Hz, respectively. In the direct dimension, the
methyl carbon has chemical shift at 1.8 ppm and the nitrile
carbon has chemical shift at 116.6 ppm. This correlates well
with the standard values in literature.

4. Conclusions

The contactless resonator represents a way to provide a
homogeneous RF field with constant amplitude indepen-
dent of the spinning angle. These circuits can be modeled
effectively using the finite element method as a guide to
the design. They can be double-tuned and paired with var-
iable transmission line impedance matching networks for
double resonance experiments. Future work will include
improvement of resolution by using a susceptibility-com-
pensated coil, and variable angle spinning experiments on
molecules in strongly oriented media are on the way.
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