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1 INTRODUCTION

Obtaining detailed structural information from NMR of
solid samples is more complex than for liquids because of the
absence of molecular tumbling in solids to average line-broad-
ening interactions; hence, much greater probe bandwidths are
required.”™ The wideline probe usually has spectral excitation
bandwidth greater than 80 kHz (i.e., able to generate 90°
pulses less than 3 us). To do this, it normally must withstand
peak rf voltages in excess of 3 kV. Often wideline probes are
double-tuned (DT) to permit cross polarization (CP) and high-
power decoupling for increased sensitivity and resolution. If
7/2 pulse lengths below 2 us can be generated, multiple pulse
line-narrowing techniques may be used to remove dipolar
broadening,3 but this is generally possible only in single reson-
ance probes where low inductance coils can be used
effectively.

The most common solids probe is the cross polarization/
magic angle spinning (CP MAS) probe, which adds high-speed
sample spinning at the magic angle to the other capabilities of
the DT wideline probe for effective averaging of the chemical
shift anisotropy (and perhaps dipolar broadening at very high
speeds), thereby greatly improving resolution for spin-% nuclei.’
Single resonance MAS probes can generate the short pulses
needed for the combined rotation and multiple pulse spec-
troscopy (CRAMPS) line-narrowing technique for 'H or '°F.
Large volume MAS rotors can achieve the rotational spin rate
stability needed for slow MAS, where pulses are applied at
precise rotor orientations to average out the anisotropic chemi-
cal shift broadening as with high-speed MAS, although
sensitivity may be reduced. Commercially available extended
variable temperature (X-VT) CP MAS probes permit experi-
ments from 35 K to 650°C.

When sufficiently large single crystals of the sample can be
grown, high-resolution spectra and the chemical shift tensor
can be obtained using a single crystal probe,6 which is similar
to a wideline probe but includes a goniometer and crystal

orientation mechanism for rotating the sample about three per-
pendicular axes.

Quadrupolar interactions require more complex motions for
effective averaging.” The dynamic angle spinning (DAS) probe
allows the spinning axis to be changed rapidly while spinning
the sample at high speeds. In another approach, known as
double rotation (DOR), the sample is placed in a small spinner
inside a larger spinner and spun about two intersecting axes
simultaneously.

The short 75 values (and often long 7 values) in solids
make sensitivity much lower than in liquids, and the require-
ment for high-power decoupling requires attention to efficiency
at the proton frequency. In liquids probes, it is the sample coil
that is most critical. For solids, it is the capacitors.

2 HIGH-POWER CAPACITORS

The special requirements of capacitors for NMR probes
include the following: ultra-low magnetic susceptibility, high
0, high voltage, high current, ultra-low piezoelectric effects,
and dielectrics devoid of unwanted NMR background signals.
Losses in rf capacitors at a given frequency may be indicated
by a capacitor quality factor Q., an effective series resistance
[ESR = (wCQ.) '], a loss tangent (tan 6 =~ 7/Q.), or a loss
factor, kqtan 6, where kq is the dielectric constant (relative per-
mittivity). Direct current losses may be specified by a leakage
resistance, but this usually has no relationship to Rp (the effec-
tive parallel resistance of a tuned circuit) above 1 MHz. Table
1 lists typical permittivity and loss properties of dielectrics fre-
quently encountered in NMR probes.>*

Solids probes are usually designed for peak voltages of 2.5—
4 kV, compared with ~1 kV for most liquids probes. Voltage
breakdown strengths often tabulated for dielectrics are best
ignored unless two important parameters are also specified: test
material thickness and frequency. The frequency dependence is

Table 1 Dielectric Properties

Dielectric kg tan &%
Teflon, PE, PP 2.0-22 0.0002+
Kel-F 2.5 0.001
PMMA 2.8 0.03
PEK 34 0.003
Vespel 35 0.004
Epoxy 3.6 0.03
Quartz 3.8 0.0001
Macor 5.5 0.005
Porcelains 5-8 0.0002+
SisNg® 8 0.001+
MgO 9.65 0.0005
Al,O3 (sapphire) 9.9 0.0002
PSZ (ZrO,-MgO) 22 0.005+
BaO 34 0.001
COG 65-95 0.001
TiO, 90 0.001
S1TiO; 330 0.002+

*Loss tangent is approximate at 300 K, 30 MHz, and increases with
temperature and frequency, especially in plastics and high-k dielec-
trics.

PHigh purity, high density, with minor Y-Al-Mg—O glass phase.
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Table 2 Typical Dielectric Breakdown Voltages

Thickness (mm) Vg, k3>30 (V) Vg, ka<10 (V)

0.1 500 1000
0.5 1200 2200
3.0 3000 5400

not easily characterized, but dc ratings of rf capacitors are typi-
cally four times the short-pulse rf ratings at 100 MHz. For very
short pulses where heating is not much of a factor, the voltage
rating at 10 MHz is typically only twice that at 500 MHz, but
with long pulses the voltage derates at least as the % power of
the frequency above a cutoff that is a function of Q./C. Table
2 shows typical rf breakdown voltages, Vg, for several thick-
nesses of low-k and high-k dielectrics at 30 MHz. Above 50—
100 V, Vg is a square root function of thickness and shows
relatively little variation within the two classes of rf dielectrics
listed."" Dry air has an ionization Vi comparable to that of
high-k dielectrics, but arc voltage in monatomic gases (He, Ne,
Ar) is less by a factor of at least five (more for large gaps)
because of the absence of low-energy rotational and vibrational
relaxation modes."* The additional rotational modes in poly-
atomic gases usually increase the breakdown voltage, except in
the case of ionic gases such as H,O.

2.1 Ceramic Capacitors

The standard COG (ceramic oxide glass) rf capacitor speci-
fication (formerly type NPO) requires a temperature coefficient
of less than #30 ppm and tané below 0.001 for the range
—55°C to I25°C. For moderate-power applications up to 300
MHz, the COG formulation usually consists of fine-grained
baria—neodymia-titania systems or magnesium titanate prefired
with 6 mol% calcium titanate, but they are also made from
mixtures of neodymium carbonate, titania, and barium titanate.
A two-stage firing is generally required for multilayer capaci-
tors so that the final firing temperature can be kept below
1150°C to allow the use of Pd—Ag electrodes. The ceramic
precursors are prefired at a high temperature, then reground
and mixed with a powdered glass binder with matched thermal
expansion such as 36% CdO, 23% Bi,O3, 25% PbO, 5% ZnO,
5% B,0s, 5% SiO,, 1% A1203.9 Alternate layers of ceramic/
glass and metallization slurry are built up by a screening or
spraying process.

Porcelains (magnesium—aluminum-silicates) are often used
in the UHF range for high-power capacitors below 15 pF.
Corning Pyroceram 9606 consists mostly of cordierite (2MgO—
2A1,03-58105), with lesser amounts of cristobalite and various
magnesium titanates. Its low thermal expansion can cause prob-
lems with the metallization. Forsterite (2MgO-SiO;) is
electrically almost as good as Pyroceram, easier to produce,
and easy to metallize, but has poor thermal shock resistance.

UHF high-power capacitors above 30 pF are usually based
on strontium titanate, which is not piezoelectric but may con-
tain piezoelectric barium titanate impurities. High-power rf
capacitors are often coated with a sealing glass such as
2Pb0-Si0, (550°C) to keep out moisture,® as it facilitates sil-
ver migration in the presence of an electric field.

For list of General Abbreviations see end-papers

The magnetic properties of ceramic capacitors are unpredict-
able, as most ceramics are slightly diamagnetic (bismuth
compounds are very diamagnetic), palladium is extremely para-
magnetic, and ferromagnetic nickel barriers are sometimes used
in the terminations. A number of manufacturers are by now
quite familiar with the stringent requirements of NMR/MRI
capacitors and offer ‘nonmagnetic’ chip capacitors with 500-
1000 V rating (a 2.5-3 mm cube), but it is always necessary to
screen them for magnetism using a small magnet (a 2-mm
cube of high-energy neodymium-boron—iron) suspended from
a string. Also, nearly 1% of new capacitors may be noisy in a
double resonance circuit as a result of microgaps between the
electrodes or terminations and the dielectric.** Premature break-
down may be initiated by surface tracking and moisture in
solder rosin.

At least four manufacturers (JFD, ATC, Murata Erie, and
Tansitor Electronics) offer 3-kV multilayer ceramic rf capaci-
tors in roughly a 3.5 x 10 x 11 mm’ package. The JFD
capacitors have generally been found to have the highest O,
but the difference is often not important. Some of the best
NMR ceramic capacitors (when available, but once discontin-
ued) are the 2-kV UV10 and UV17 series (3.3 x 6 x 8 mm’)
by Murata Erie, as they have very low magnetic susceptibilities
and a 2-kV rating in a small package. Moreover, for typical
circuit values (reactance above 100 ), Q. is usually greater
than 3000 for capacitance below 150 pF at frequencies at least
up to 50 MHz, and Q. is usually greater than 1000 up to 500
MHz.

2.2 Piezoelectric Acoustic Ringing

While acoustic ringing is seldom a problem in liguids
probes because of the longer T»s and the effectiveness of the
Patt acoustic suppression sequence,15 piezoelectric-induced
acoustic ringing'® of capacitors can obscure signals in solids
probes requiring short recovery times. Subjecting a capacitor
with ferroelectric impurities to a dc electric field in excess of 1
kVmm™ ', as may occur in a voltage withstanding test or from
asymmetric 1f breakdown, causes domain alignment and
imparts a net crystallographic piezoelectric orientation to the
ceramic. The ferroelectric is said be ‘poled’, and may exhibit
acoustic ringing. The polarization of ferroelectrics can be
annealed out by heating above the Curie temperature (130°C
for BaTiOz; 180-300°C for lead-magnesium—niobates), but
they can easily become poled again.

Grain size is usually under 4 pm for 1f power COG capaci-
tors in the 10-30 pF range, in which case Rayleigh scattering
will normally keep acoustic decay times under a few us above
30 MHz. However, grain size may exceed 100 pm in high-vol-
tage (HV) capacitors above 150 pF and occasionally in low-
valued capacitors, resulting in reduced acoustic absorption and
acoustic decay times greater than 10 us at frequencies as high
as 45 MHz. On the other hand, acoustic ringing in bulk metals
from the Lorentz interaction is seldom a problem above 15
MHz."”

2.3 Variable Capacitors

The double rotation (DOR) probe shown in Figure 1 illus-
trates the use of three common types of variable capacitors
(air, quartz, and pressurized gas) and 3-kV ceramic chip
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capacitors (attached to the left of the quartz variable near the
center of the photo). The Johanson 5000-series nonmagnetic,
air-dielectric, trimmer capacitor (one is mounted on the upper
circuit board near the center of Figure 1, just to the right of the
central support post) is typical of that used in most liquids
NMR probes and the high-frequency (HF) channel in solids
probes with capacitive voltage division. It consists of an
alumina ceramic housing supporting several concentric, silver
plated brass cylinders at the ‘hot’ end; a precision screw mech-
anism adjusts a similar intermeshing arrangement at the mount
end. The minimum radial air gap is under 0.1 mm, and break-
down occurs at 500-700 V when new. With use, alignment
deteriorates, and the voltage rating decreases. Care must be
taken to avoid dissolving the internal lubricants (which are
essential for an acceptable lifetime) with cleaning solvents. The
capacitors may be sealed, but this is inconvenient; hence, their
voltage rating also decreases with altitude and humidity or high
concentrations of monatomic gases. These variable capacitors
are manufactured using 300°C Pb-Ag solder between the
alumina and brass body parts, and they tolerate repeated over-
voltages.

Also shown in Figure 1 (near the center, on top of a gas
variable capacitor, just left of the central support post) is the
IMC 7584, quartz-dielectric, 0.8—10 pF, variable capacitor. Its

Figure 1 DOR WB probe (Doty Scientific, Inc.)

2.5-kV 1f capability allows five-times the tuning range of the
above air variables, as tuning range is generally proportional to
(CVZ)%. Defective silver plating on the piston or sleeve has oc-
casionally been found to produce noise at lower voltages in
double resonance circuits. ™ Impurities in the brass base and
piston of the JMC capacitor are not controlled as carefully as
in a similar capacitor by Voltronics, but the IMC capacitor is
more robust which simplifies certain capacitive voltage division
arr:cmgements,18 and the magnetism is acceptable unless it must
be very close to the sample. These capacitors have been used
successfully up to 400 MHz. They may lock up at high tem-
peratures from the piston expanding or at low temperatures
from the lubricants freezing.

The single component most synonymous with solids NMR
probes is the Jennings CHVIN-45 gas variable capacitor—the
22-mm diameter ceramic cylinder on the left side of the main
circuit board in Figure 1. It is pressurized with about six
atmospheres of CO, and SO, in its minimum capacitance
position and may be adjusted from 1.5 pF to 45 pF using a
pushrod mechanism. It has a peak breakdown voltage Vg of
about 3.5 kV near the low end of its range (~10 pF) but V3
increases to about 5 kV near the high end as the gas becomes
more compressed. The ceramic-to-metal seals are slightly mag-
netic, but this is seldom a problem as they are normally more
than 20 mm from the sample. These variables have been used
successfully for tuning purposes up to 220 MHz. With proper
layout, they are usable on the low-frequency (LF) channels of
multituned circuits with 500 MHz HF. These capacitors tolerate
repeated overvoltages and are usable from —20°C to 100°C. If
the external mechanical stop is not set properly, they may be
easily damaged by pushing the adjustment rod beyond the
specified limit.

Teflon variables with very low magnetism are available
from Polyflon and Voltronics in a variety of sizes and ratings
similar to the three described above, but Teflon does not toler-
ate the brief, inadvertent overvoltages which are unavoidable in
most laboratories.

3 SAMPLE COILS FOR SOLIDS

Almost all solids probes use solenoidal 1f coils for higher
filling factor and Q than saddle coils. Standard oxygen-free,
high-conductivity (OFHC) electronic-grade copper wire
(C10100, 99.99%) has acceptably low iron content (less than
25 ppm, typically 4 ppm) for most solids coils at high fields.
Optimum space between wires is half the wire diameter'® or
perhaps a little less. An enamel coating does not usually cause
a background problem with carbon experiments, but it should
be removed using warm sulfuric acid if proton experiments are
planned.

High-Q circuits are usually preferred—except perhaps for
wideline. Coil length-to-diameter ratio is not critical, but values
between 1.0 and 1.4 (depending on available wire sizes) are
usually best, except for MAS. Larger ratios (1.4-3.0) give bet-
ter S/N for MAS (more sample for a given speed and lower
dielectric losses), but some manufacturers use short coils to
achieve shorter pulse lengths and higher decoupling fields. Coil
forms help stabilize tuning but reduce both filling factor and
maximum voltage before the onset of arcing. If used, they

For References see p. 4484
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should be of low-permittivity dielectrics for minimal electric is often applied to prevent copper sulfates and chlorides (which
field gradients and arcing. have a large positive susceptibility due to antiferromagnetism)

Special or custom wire may be obtained from MWS Wire from forming on the wire surface, but it is critical to specify
Industries, Westlake Village, CA. Gold flash (0.3-yum plating) that the common practice of first applying a nickel strike (to

Table 3 Properties of NMR Probe Materials at 300 K

(a) Conductors

Material Density Young’s Poisson Yield Electrical Thermal Thermal Specific Magnetic
modulus ratio strength conductivity conductivity ~ expansion heat susceptibility
Symbol d E r S o kt by C, Xv
Units kgm™ GPa MPa (MWm) ™ WmK™? 10°K! J(kgK)™! 107°
Aluminum 2700 69 0.33 30 36.6 230 22 900 21
Copper 8950 122 0.34 150 58.0 400 16.5 490 —9.8
Gold 19300 78 0.42 20 44.0 315 142 128 —34
Hafnium 13090 110 0.34 300 2.9 22 5.9 145 69
Iridium 22500 440 0.27 1200 19.8 147 6.8 130 38
Molybdenum 10200 320 0.3 300 18.1 138 52 276 120
Palladium 12020 115 0.38 250 9.3 76 11.8 245 840
Rhodium 12440 330 0.29 800 20.9 150 8.3 247 168
Silver 10500 78 0.38 100 61.4 428 19 235 —24
Tungsten 19250 410 0.28 1000 18.4 173 3.8 133 80
Zirconium® 6506 99 0.35 200 2.3 21 5.85 295 160
AL-6061T6" 2700 69 0.33 214 25 180 23.6 896 20
H. C-22° 8690 206 0.3 400 0.9 10 12.4 414 650
J-bronze* 8780 115 0.34 200 235 173 18.6 380 —10
P-bronze® 8860 110 0.35 200 11.5 84 17.8 380 92
60/40PbSn 9700 30 0.4 40 6.3 45 24 176 ~5
$5304 8000 193 0.31 300 1.4 16 17 500 ~3000

(b) Insulators

Material Density Young’s Poisson Yield Dielectric Thermal Thermal Specific Magnetic
modulus ratio strength constant conductivity ~ expansion heat susceptibility

Symbol d E r S kd k’[ bT Cp Xv
Units kgm™ GPa MPa MQm)™! WmK™! 10°k~! TkgK)™! 10°°
99.5A1,05 3950 390 0.22 240 9.9 35 8 780 —18
A-JGN3030% 1560 10 0.35 130 37 0.3 ~35 960 =5
HIPd-Si;N," 3250 310 0.26 710 7 25 32 740 —20
Kel-f 2100 13 ~0.45 20 2.5 0.21 60 800 —10.6
Macor' 2520 64 0.28 80 5.9 1.7 9 750 ~—15
99.5% MgO 3400 250 0.2 100 9.6 20 13.5 955
PEK 1300 3.8 ~0.4 70 33 0.24 54 1500 ~—8
pPSZ) 5700 200 0.25 500 23 3 9.5 490 -8
Pyrex-7070 2500 70 0.2 60 4.0 1.3 33 800 —11
Quartz" 2250 74 0.16 50 3.8 14 0.5 700 —16
Silica foam" 770 ~20 - ~5 ~1.5 ~0.1 0.5 700 -3.5
Teflon 2200 04 ~0.45 12 2-2.2 0.25 120 750 -9.8
Vespel™ 1430 3.1 0.41 86 35 0.33 54 1130 -9
Water 997 0 - 0 80 0.6 - 4182 -9.06

Note: Volume susceptibility x. in SI is related to cgs molar susceptibility x, by: Xy = 4mdxn/(M.wt.).
dCommercially pure zirconium, grade 702: 96Zr, 3Hf, 0.1Cr, 0.1Fe.
*97Al, 1Mg, 0.6Si, 0.4Fe.

“Haynes C-22: 60Ni, 22Cr, 13Mo, 5W + Co.

4C22600: 88Cu, 12Zn, 0.005Fe.

°C51000: 95Cu, 5Sn, 0.1Fe.

'68Fe, 19Cr, 9Ni, 2Mn, 1Si.

EAurum PI resin, 30% glass fiber.

"98Si;3Ny, 2Y,05, HIPd.

iAl—B—Si—Mng ceramic glass, Coming.

3947r0,, 3HFO,, 3MgO.

kFused silica, electronic grade.

"Fused silica foam, industrial grade.

MDupont polyimide SP-1.

For list of General Abbreviations see end-papers
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minimize diffusion into the copper) be omitted or the wire will
be very magnetic. The gold flash degrades the Q by about 1%.
Silver plating does not improve Q (because of unavoidable
defects) and does not provide the same degree of protection
against corrosion—even when the plating thickness is increased
to 3 pm. Silver and its compounds are quite diamagnetic but
often contain paramagnetic impurities.

High-purity copper coils for high resolution are often plated
with the proper thickness of iridium or rhodium to cancel the
diamagnetism of copper.?® Palladium can also be used for this
purpose if it is plated only on the side that will be the external
surface of the coil (where there is little current flow) so that
the Q is not spoiled. Table 3 lists various properties, including
volumetric magnetic susceptibility ., for materials commonly
found in NMR probes. The desired plating thickness for foil is
that for which the algebraic sum of the product of thickness
and x, for the different layers is zero.

4 WIDELINE

The initial instrumentation for solids NMR borrowed exten-
sively from radar and UHF transmitter technology, using fixed-
frequency transmission lines as circulators and magic-Ts to iso-
late the multikilowatt transmitter from the low-noise
preamplifier.® However, it was soon determined that it was
not difficult to deal with the phase transients from Qs of 50—
200—an order of magnitude higher than initially thought. Pulse
rise times could be as much as one-third the pulse length with-
out serious difficultics.>® Hence, several hundred watts were
sufficient except perhaps for low-~v nuclei. The cost savings of
moderate power transmitters and the shift from transmission
line traps to lumped elements facilitated the commercial solids
probe,” which is usually required to be multinuclear and
reasonably user friendly.

For proton NMR it is still beneficial to damp the Q to about
100 by coating the coil with tin-lead solder (as proton line-
widths are large and sensitivity is enormous) but care must be
taken not to trap rosin in the coating, or backgrounds will be
seen. Also, experiments on other nuclides with very broad lines
may benefit from moderate Q-damping if samples larger than
0.1 ml are being used, since the increased bandwidth simpli-
fies data collection. A number of accelerated ringdown
schemes have been proposed,®** but the method seeing more
use today appears to be overcouplingz‘"25 because of noise,
reliability, and magnetism problems associated with other
methods. Moreover, the recent availability of linear prediction
often obviates the need for active damping (see Fourier Trans-
Jorm & Linear Prediction Methods).

The unbalanced, capacitively matched DT circuit (see Probe
Design & Construction, Figure 6) is usually used for wideline
probes to simplify multinuclear tuning. The HF tuning coil Ly
(which may be a capacitively shortened M\/4 coaxial transmission
line) is chosen to have an inductance such that its untuned reac-
tance would be between 25 Q and 60 2 at the HF. Lead
inductance is minimized subject to VT, high voltage, and multi-
nuclear constraints. The total series lead inductance is then
typically 25-40 nH." Maximum By/Vy, where Vr is the maxi-
mum total circuit voltage, is obtained for coil inductance Lg half
of the total circuit inductance, but a somewhat higher value is

usually selected for improved LF sensitivity with some sacrifice
in HF efficiency and a slight reduction in maximum B;.

Minimum 90° pulse lengths have typically been 3 us, but
recent successful demonstrations of wideline H Hadamard
NMR?*¢ may have a major impact on single resonance solids
NMR. In Hadamard NMR, the spin system response to the ap-
plication of a large number of pseudorandom pulses with flip
angles as small as 0.1° (mW, us pulses) at periods on the order
of tens of microseconds can be transformed into the equivalent
NMR response from a single high-power pulse. A Hadamard
wideline probe should benefit from a low-Q (~5) saddle exci-
tation coil in combination with a moderate-Q (~100) solenoid
receive coil. SNR for Hadamard appears comparable to Fourier
transform (FT). (See also Stochastic Excitation.)

5 MAGIC ANGLE SPINNING

In 1958, Raymond Andrew?” and co-workers showed that
high-speed sample spinning at the ‘magic’ angle of 54.7° could
be an effective tool in averaging out dipolar broadening. How-
ever, the required rotational rates for abundant dipolar nuclei
(35 kHz for 'H) appeared impossible, and the technique was
largely ignored®® for nearly two decades until Stejskal and
Schaefer*® showed that more realistic totational rates (3-5
kHz), capable of averaging chemical shift anisotropy, combined
with high-power decoupling to remove the 'H dipolar broaden-
ing, could be extremely effective in obtaining high-resolution
13C spectra from solid samples.

Andrew used a conical bearing/drive surface which even-
tually achieved speeds in excess of 10 kHz using helium gas.29
This spinner was based on the classic ultracentrifuge work by
Beams®® and depended on the Bernoulli effect to hold the
sample spinner close to the drive jets. The stiffness of such a
bearing is extremely low, which results in low-frequency oscil-
lations, precession, and instabilities. Moreover, angular
accuracy of 0.3° is sometimes required in MAS, which is an
order of magnitude beyond the capability of the conical Ber-
noulli-Beams bearing. Lippmaa,*' Veeman, Pines, Eckman,
and others introduced the double bearing cylindrical rotor
to circumvent these problems, and Doty and Ellis presented
an approximate analysis of the cylindrical air bearing
optimization.32 [Note that typographical errors resulted in
equations (9) and (12) in the referenced article® appearing
twice. The second equation in each case is correct. The first
should be deleted.]

The high-strength ceramics® that have recently become
available are required to obtain high sensitivity (from high fill-
ing factor) and high spinning speeds simultaneously. Silicon
nitride® has the highest strength-to-mass ratio of any available
ceramic, which allows the highest surface speeds with low-den-
sity samples; but zirconia has higher strength, better toughness,
and fewer defects, making it the preferred material for heavier
samples—except perhaps at very high fields or high tempera-
tures. Most commercial MAS rotors and stators are ground and
lapped (using precision diamond tooling) from partially stabil-
ized zirconia (PSZ) or hot isostatic pressed (HIPd) SizNy. As
a consequence, these items are rather expensive. The press-fit
turbine caps are usually machined from Vespel, as polyether
ether ketone (PEEK) has poor wear resistance despite its other
desirable properties. Zirconia turbines may be attached to a

For References see p. 4484
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zirconia rotor by thermal interference fit. Other high-strength
plastics and ceramics as listed in Table 3 are also used for
special thermal or background considerations. Fiber-optics
spin-rate detection is normally provided to allow precise, syn-
chronous pulsing for the total suppression of sidebands (TOSS)
technique.™

5.1 High-Speed Air Bearings

The high mass of ceramic rotors requires more attention to
rotor resonances than was required in the earlier designs using
plastic rotors.>® For stability throughout a wide speed range, it
is advantageous to have the high bearing stiffness that comes
from tight radial clearances. However, as the clearance is
reduced, bearing frictional heating becomes more severe; more-
over, the possibility of a ‘crash’ increases. A crash may occur
in a hydrostatic bearing when the rotor moves close enough to

Drive air
inlet

Bearing —

— Bearing stator

region

the stator to cause extreme choking around the perimeter of the
bearing nozzles on the proximal side, at which point the stiff-
ness changes sign and the rotor is driven into the stator.
Pockets or recesses at the orifice exit may eliminate this crash
mechanism,*® but the reduced response time adversely affects
stability at very high speeds unless the pockets are very
small.>’

Highest spinning speeds have been obtained with the design
illustrated in Figure 2, which has achieved surface speeds in
excess of the speed of sound at room temperature for rotor
diameters from 5-14 mm. Half of the bearing gas exits over
the ends of the rotor forming an axial thrust bearing at each
end, while half exits out the center of the stator. Allowing the
gas to flow axially inward as well as outward (nearly) doubles
the bearing stiffness (by nearly doubling effective area) and
was probably the most significant innovation in the spinner by
Langer et al.®® which achieved a 40% increase in surface speed
over previous designs.
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Figure 2 Supersonic sample spinner (Doty Scientific, Inc.)
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Optimum bearing radial clearance for controlling Taylor
vortices® in the air bearing at moderate speeds is proportional
to (uzd/czp2)§’ where (4 is the gas viscosity, d is the rotor diam-
eter, ¢ is the velocity of sound, and p is the gas density.
Optimum clearance r. for the control of whirl instabilities with
minimum friction at high speeds fits the following empirical
equation for typical NMR spinners:

re 2= kT%54%% (mixed units) (N

where T is the gas temperature (K), d is the rotor diameter in
mm, and k has an approximate numerical value of 0.0027 for
nitrogen and 0.0035 for helium with units of K~%2° mm®¥; it
is necessary to take into account the strain that will occur even
in ceramic rotors at top speeds: 0.1% and 0.15% for silicon
nitride and zirconia, respectively. Smaller clearances than given
by equation (1) may be used if the additional heating can be
tolerated, and larger clearances may be used with large rotors
if other measures are taken to control whirl instabilities. Opti-
mum bearing hole size is such that bearing mass flow at 0.3
MPa with the rotor in place is 60%—85% of the mass flow with
the rotor removed. Short bearing hole sizes normally range
from 0.13 mm for 3.5-mm rotors to 0.28 mm for 14-mm
rotors, but slightly larger long bearing holes work better for
VT.

With very small rotors, the bearing clearance becomes
extremely critical—partly for manufacturing reasons and partly
for fundamental reasons. To appreciate the fundamental limi-
tation, consider the conical resonance frequency,>* which is
approximately proportional to the square root of the quotient of
the bearing stiffness and the rotor mass near the end of the
rotor. In order for this resonance to scale as 1/d, the stiffness
must be linear with diameter (since the mass is cubic with
diameter), which requires the radial clearance to be pro-
portional to the diameter if the pressure is constant. But
clearance cannot be linear with diameter or frictional power
density on the rotor surface becomes unmanageable with small
rotors. Hence, Nature does not like small rotors, and it is in
fact fortuitous that 5-mm rotors can achieve supersonic surface
speeds (21 kHz) under optimum conditions with nitrogen bear-
ing pressures of 0.5 MPa. While 3.5-mm Si;N, rotors have
occasionally reached 27 kHz, they are fraught with instabilities
above 24 kHz which are exacerbated by the large, axial Ber-
noulli effects from poor turbine efficiency.

5.2 Radial-Inflow Microturbines

To achieve surface speeds above 240 ms™' it is necessary

to use microturbines in a symmetrical fashion so that axial
reaction forces are precisely balanced at all speeds (unless
helium drive gas is used), since the load capacity of the axial
thrust bearings is quite limited.*® The reduced-diameter radial-
inflow microturbines used in Figure 2 achieve order-of-magni-
tude higher isentropic efficiency that the earlier Peltier
microturbines by (a) controlling flow separation over the
blades, (b) operating at lower tip speed, and (c) reducing
exhaust swirl.*! Inlet and exit angles are not particularly criti-
cal, but axial clearance over the blades is—unless the turbine is
designed for a very low reaction ratio. A vaneless radial-inflow
supersonic diffuser may be used with the larger sizes to obtain
supersonic, nonseparated flow at the rotor entrance. The micro-

turbines on a 14-mm rotor have 28 blades with 10-mm tip o.d.
and produce 25 W shaft power each at 40% isentropic effi-
ciency at 6 kHz. The 2.5-mm o.d. microturbines on the 3.5-
mm rotor have only 12 blades and achieve approximately 10%
efficiency at 22 kHz. Unlike large turbines, substantial effi-
ciency losses occur in the nozzles (even with the 14-mm
spinners) because of boundary layer effects. For an excellent
treatment of turbine theory and design, the reader is referred to
the text by Wilson,*?

5.3 Radiofrequency Circuits

Most MAS work requires CP and/or high-power decoup-
ling. Hence, the circuit is essentially identical to that described
earlier for the DT wideline probe except that lead inductance
may be a little larger,' necessitating somewhat higher sample
coil inductance for high sensitivity. Maximum B, is usually
30% less than expected of a similar DT wideline probe, but
many wideline experiments are still possible with an MAS
probe. For large samples at high fields, it can be beneficial to
balance the HF channel for more efficient decoupling—espe-
cially at high temperatures. A modified form of the standard
"H-"H high-resolution balanced decoupler/lock circuit may be
adapted to the high-power requirements of solids.*®

Wu and Zilm** showed that high f homogeneity is much
more important than originally recognized for efficient CP at
high speeds and that variable amplitude proton B, can greatly
improve CP efficiency in the presence of large 1f inhomogen-
eity. Leifer*® recently presented an elegant method of
optimizing rf homogeneity for six- and 10-turn solenoids.
Many software packages using numerical methods are now
available for general field calculations and optimizations, and a
few are capable of properly handling nonuniform surface cur-
rent distributions.*

Single resonance circuits can efficiently use very low induc-
tance coils (e.g., two-turn, 6-mm, 18-nH coils) to achieve the
short 7/2 pulse lengths (1.5 us) needed for multiple pulse tech-
niques to average dipolar interactions of abundant 'H or 1°F
nuclei.* When combined with sample spinning at several kHz
to average chemical shift anisotropy, the technique is called
combined rotation and multiple pulse spectroscopy (CRAMPS).
High resolution in CRAMPS requires extremely high By homo-
geneity. Since wide conductors and leads are required with
low-inductance coils (to limit lead voltage, if not losses), the
current locations are not known and the method of Leifer and
related analytical methods cannot be used to homogenize the
field. However, the most difficult technical problem in making
CRAMPS probes is usually that of eliminating proton back-
ground signals from hydrogenous contaminants in Teflon and
even Kel-F.

Triple resonance circuits have been used occasionally for
more than a decade,?’ but the development of the powerful ro-
tational echo double resonance (REDOR) technique48 for
accurate distance determinations from weak dipolar couplings
has recently resulted in a large demand for triple resonance
MAS probes. The circuit shown in Figure 3 uses an inductively
coupled HF tank to permit multinuclear tuning at both the
middle and the low frequency with high efficiency and excel-
lent isolation on all ports.*® Tt has been used successfully for
'H up to 500 MHz, and can easily be extended to quad reson-
ance experiments such as RETRO.*® Fixed frequency triple

For References see p. 4484
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Figure 3 Doubly broadband, tripleresonance circuit (Doty Scientific, Inc.)

resonance MAS probes for REDOR experiments are expected
to be available soon at 750 MHz.

6 GONIOMETERS AND SLOW MAS

The earliest applications of NMR to solids involved the
study of single crystals, as relatively narrow lines are observed
without multiple pulse or high-speed spinning techniques.
These studies are necessarily limited to materials that can be
obtained in single crystals of sufficient size (usually several
mm?®) for acceptable S/N. The method requires the ability to
slowly and precisely rotate the crystal about three orthogonal
axes while observing the anisotropic chemical shift. The stan-
dard method for the past two decades has involved gluing a
small crystal into a three-sided, 4-mm ‘semicube’.® (Similar
probes with larger coils have rotated sealed tubes to study
oriented liquid crystals.) The sample may then be inserted into
a precision holder inside the sample coil for 360° rotation
about an axis perpendicular to By in small increments at which
spectra are collected. The semicube is then removed and re-
inserted for rotation about a second axis, and the process is
repeated again for the third axis. The crystal orientation with
respect to the semicube holder is determined using X-ray crys-
tallographic techniques.

The sample holder axis may be inclined at the magic angle
to permit slow MAS, which is a method of addressing the spin-
ning sideband problem by applying pulses precisely at 0°,
120°, and 240°. There is renewed interest in this technique for
obtaining high-resolution spectra from large samples of dilute
systems. (See Magic Angle Turning & Hopping.)

Rotation has usually been accomplished using precision
aluminum or brass bevel gears, but worm gears, belts, and flex-
ible shafts have also been used. The early versions used a
manual goniometer, but a stepper motor under computer con-
trol is now common. A DT multi-X circuit is usually used.

For list of General Abbreviations see end-papers

7 VARIABLE TEMPERATURE (VT)

Most CP MAS probes operate from —120°C to +160°C,
but XVT CP MAS probes are available for wider temperature
ranges, and several methods®! have been used to cool the drive
gas and circumvent liquefaction problems in pressurized nitro-
gen. Gay>> optimized the conventional high-resolution sample
tube spinner to obtain rotational rates sufficient for many MAS
applications (over 3 kHz for 5-mm tubes) with the advantages
of greater independence of the sample temperature and spin-
ning characteristics and the ability to spin long, sealed glass
tubes at the magic angle. The MAS design of Bartuska et al.>>
also provides clear separation between the VT and the bearing
gas.

One manufacturer (Doty Scientific) uses a low-temperature
and a high-temperature CP MAS probe, as pictured in Figure 4
along with a standard CP MAS probe, to cover the range from
35 K to over 900 K. In these probes, the electronics are main-
tained near room temperature and positioned close to the
sample to allow multinuclear tuning without excessive lead
losses, although lead inductance is increased by about 30 nH
over the standard probes. Another manufacturer (Bruker) offers
a gas-levitated, laser-heated wideline probe for experiments to
1200°C.3* Attempts to provide CP MAS down to 6 K have
proven too difficult for commercial success thus far, but a
number of research groupsss’56 have performed wideline NMR
experiments in the 0.03-3 K range.

8 DYNAMIC ANGLE SPINNING (DAS)

High-resolution NMR spectra can be obtained from quadru-
polar nuclei if the sample spinning axis can be dynamically
reoriented such that the time average of the second and fourth
spherical harmonic functions vanishes.” The dynamic angle
spinning (DAS) probe allows the spinning axis to be rapidly
changed while spinning the sample at high speeds to accom-
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Figure 4 VT CP MAS, low-temperature CP MAS, and high-
temperature CP MAS probes

plish the required averaging. One early design used a pneu-
matic system to switch between two fixed angles, but a high-
performance servo motor and precision encoder are now stan-
dard, as programming flexibility is needed to experiment with
the various ‘magic angle pairs’ such as [0°, 63.43°], [30.56°,
70.12°], and [37.38°, 79.19°1.%7

Two basic approaches have been used: moving coil and
fixed coil. The moving coil design has the tf coil mounted on’
the spinner stator and attached with flexible leads or sliding
contacts.™® The fixed coil design uses a small spinner assembly
that can be rotated perpendicular to its spinning axis inside a
large rf coil that is perpendicular to the external field and coax-
ial with the reorientation axis.® The first commercial DAS
probes used a moving coil, but it was abandoned in favor of
the fixed coil because of lead failures, as most DAS experi-
ments are two-dimensional and require millions of flips. The
fixed-coil design has inherently poor filling factor, but special
spinners and coils are being developed to minimize this draw-
back.

High-torque, low-inertia servo motors with optimized link-
age should permit axis reorientation under 5 ms if the air
bearings supporting the sample rotor have sufficient stiffness
and load capacity; but control limitations, linkage compliance,

and structure vibrations have often resulted in settling times of
25 ms or more.” The currently available commercial DAS
probe shown in Figure 5 uses a 21-mm diameter f coil, § mm
long, and offers a choice of three interchangeable sample spin-
ners: 8.6-mm diameter by 12 mm; 7-mm diameter by 13 mm;

and belt-drive

Figure 5 DAS probe with fixed coil
reorientation

spinner

For References see p. 4484
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and 5-mm diameter by 14 mm. The shortest reorientation times
thus far with 8.6-mm rotors are about 15 ms. Half that time
may be possible with the 5-mm rotors, but the filling factor is
very small. One of the factors contributing to the engineering
difficulties is that the motor must be positioned well below the
magnet to operate properly, which requires a rather long drive
linkage that still must allow easy insertion of the probe into the
magnet. The other major technical problem is that rotors with
small aspect ratio (length-to-diameter ratio) are required for
good filling factor, but a large aspect ratio is needed for bear-
ing stability during rapid reorientation.

9 DOUBLE ROTATION (DOR)

In the DOR technique, the sample is placed in a small spin-
ner inside a larger spinner and spun about two intersecting
axes simultaneously to accomplish the time averaging needed
to remove dipolar and quadrupolar interactions. It usually
comes as a surprise to the uninitiated that such a feat would be
possible at high speeds, even though most have observed a
football traveling through the air executing free precession—
spinning about two axes simultaneously with no significant
external torques acting upon it.

The requirement for no net torques on the inner rotor is
given by the following:

falIp = I5) cos by
Iy

f= (2)
where f; is the frequency of the inner rotor, f, the frequency of
the outer rotor, I, the axial moment of inertia of the inner
spinner (rotor, sample, caps), It the transverse moment of iner-
tia of the inner spinner, and ¢, is the angle of the inner rotor
with respect to the axis of the outer rotor.%°

In practice, the outer rotor is always inclined at the dipolar
magic angle, 54.7°, and 6, is 30.56°. For stability, (a) f; must
be a few per cent larger than given by the above, (b) the center
of mass of the inner rotor must lie precisely on the axis of the
outer rotor, and (c) the outer rotor must be dynamically
balanced when the inner rotor is removed. The highest double
rotation rates thus far are approximately 1800 Hz outer and
7000 Hz inner for 0.1-mL samples. The outer spinner assembly
of a DOR spinner is shown in Figure 1, inclined at 54.7°. (The
braid-reinforced lines entering each end of the assembly supply
air to the inner spinner.)

10 RELATED ARTICLES

Ceramics Imaging; CRAMPS; Double Rotation; Dynamic
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1 INTRODUCTION

Current understanding of the structure and dynamics of
lipids in membranes is, to a large extent, promoted by the
availability of various membrane model systems. Sonicated
membrane vesicles, or small unilamellar vesicles first character-
ized and prepared by Huang in 1969, have been utilized
extensively in NMR studies because of the high-resolution fea-
tures in their spectra. A reflection on how the original idea was
conceived to prepare a homogeneous fraction of a sonicated
membrane vesicle is given by C. Huang.1 Much structural and
dynamic information of membrane lipids was thus inferred
before the advent of solid state NMR spectroscopy suitable for
unsonicated membrane studies. Therefore, solution NMR stu-
dies of sonicated membrane vesicles may be considered to
have played a pioneering role for the solid state NMR investi-
gation of planar membranes.

The interest in studying sonicated membrane vesicles, how-
ever, extends beyond a simple model membrane system for
NMR studies. There is a growing interest in how curvature of
the lipid/water interface affects packing of the lipid acyl
chains.®> It has been suggested that the curved membrane sur-
face may be important in affecting protein—lipid interactions.
The discussions and endeavors for settling the controversial
issue in the interpretation of fatty acyl chain order derived
from NMR studies of small vesicles in comparison to planar
membranes has also attracted many ingenious NMR
approaches. Progress in the application of NMR lineshape
analysis to studies of the molecular ordering and conformations
of membrane lipids and in the interpretation of nuclear spin
relaxation experiments has been made possible partially
because of these efforts.

One of the important criteria for the quantitative interpret-
ation of the NMR spectra of sonicated membrane vesicles,
unfortunately often neglected, is the homogeneity of the spin
systems used for experiments.

First, simple sonication of aqueous dispersions of phospholi-
pids does not produce the homogeneous preparation of
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