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1 INTRODUCTION

Fast mechanical rotation is used in diverse situations, rang-
ing from the gentle breeze of a dental drill, spinning at
5-7kHz, to the roar of aircraft jet turbines with 500ms~' tip
speeds. Rotation frequencies of 23kHz have been achieved
with microfabricated single crystal silicon turbines, repre-
senting a level of fast developing microelectromechanical
systems.! The ultimate example was recently demonstrated by
rotating a single molecule:? Cl, was polarized by a strong elec-
trical field, oscillating at a frequency of 370 THz. Despite rapid
alternation of the electric field polarity, the molecule lines up
with the axis of the field. The alignment energy of 50 meV is
actually about one million times larger than the proton Zeeman
energy in a 11.7 T magnet. The axis of the oscillation of the
electric field was then made to rotate by combining frequency
modulated circularly polarized laser beams. The molecule fol-
lowed adiabatically up to 4.1 THz, at this point two atoms
dissociated.

Several branches of spectroscopy benefit from fast rota-
tion. A high peripheral speed can be used to provoke Doppler
shifts in gamma spectroscopy.® Line narrowing due to a wave-
function phase summation at three different sample positions
was demonstrated in ESR.* However, due to exceptionally low
transition energies and long relaxation rates, the most benefi-
cial application of the fast rotation has been in NMR.

The magnetic field, used in NMR as a generator of the spin
energy levels, has one inherent drawback: the axial nature. If
nonoriented solid samples are studied, the observable signal
sums up from all spectral transition frequencies determined
by the orientation of the field direction in atomic coordinates,
instead of a single scalar value required for the best resolution.
The field orientation dependency can be suppressed by fast
mechanical reorientation of the sample. One particular field
trajectory has proven specially efficient. It is described by a
rotation at an angle, derived from a root of a second order
Legendre polynomial. The rotation angle is equal to the angle
between the body diagonal of the cube and one of its edges

and the trajectory of the magnetic field can be regarded as an
infinite collection of three orthogonal spatial directions. The
intuitive explanation of the averaging effect can thus be related
to a cubic approximation of SOz symmetry which would
perfectly annihilate the original axial nature of the magnetic
field. Next (and so far only) regular distributions of field
directions follow octahedral symmetry. This can be shown
to remove 15 interactions including rank 29 as the highest,’
if the interactions are classified by symmetry properties of
the Legendre polynomials. The key to a scalar measurement
process is the speed of the magnetic field reorientation. If the
time constant is short compared to the nuclear relaxation and
dephasing processes, the scalar value emerges from the spectra.
Although a rotation as slow as few hundred revolutions per
second (Hertz) may show an effect on the spectra, lines may
still be broadened or flanked by sidebands. Higher speeds are
usually advantageous and offer more experimental flexibility.

The experimental history of high resolution NMR in solids
has thus been a quest for higher spinning speeds. Principally
two different rotor designs have been used. First experiments
used a conical rotor design, exploiting Bernoulli forces to hold
the rotor in the coil.® Better stability and higher speeds have
been achieved by a double gas bearing system, pioneered by
the group of Lippmaa in Tallinn.” The design principles are
relatively well mastered by now and several implementations
have claimed a rotor surface speed exceeding that of the
speed of sound in air. However, practical applications are
limited to sub-sonic speeds by the dependable strength of
the rotor material. The presence of the magnetic field limits
the choice of materials to nonconductive ceramics or polymer
compounds.

2 PRINCIPLES OF HIGH SPEED ROTATION

The design and successful exploitation of MAS equipment
is based on a careful consideration of the stress acting on
the rotor wall. The most important equation in high-speed
technology of hollow rotors was given by Chree in 1891 and
it relates peripheral speed, V, with the ratio of the working
strength, 7', to the density of the rotor wall material o8

Vi=— M
pl‘
For the filled rotors the total force, directed towards the rotor
wall, can be evaluated using an analogy with a pressurized
vessel (Figure 1).
Each particle with a mass dm, rotating at an angular
velocity w at a distance r from the axis of rotation, is pulled
towards the periphery with the force

dF = dma*r )

As seen from Figure 1, the mass of the particle with density
p can be expressed as

dm = rsinadrhp 3)

where & is a measure of the length of the rotor. Integration
over the full radius of the rotor gives

K [,
F = dF = §R w” sinahp 4)
0
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Figure 1 Evaluation of the stress force, acting on the rotor wall

The ratio of the force to surface gives a pressure on the
wall of the rotor of

1
P = gszzp 3)

The effective cross section, subject to a uniform pressure,
can be trivially expressed as

S =2Rh (©6)

The total force, acting on a semicylindrical rotor element,
should be counterbalanced by a wall strength

PS = 2AhT 7

where T represents the tensile strength of the material. From
this the basic expression follows immediately

1 [3TA
V= —
D P

®

where A’ is a relative wall thickness.

Although this expression does not take into account the
mass of the rotor wall, essential conclusions can be made
readily. A convenient measure is a product of the rotor
diameter and speed (mm x kHz or m x Hz). This, along with
the sample density, gives the load on the rotor wall. The
maximum load is determined by the wall thickness and tensile
strength.

The support for high speed rotors is provided typically by
gas lubricated bearings. The reason is not only the low friction,
but also a certain freedom for self-balancing. This freedom is
given by the gap of the order of few tens of micrometers

between the bearing surface and the rotor. The principle of
self-balancing was established by De Laval in 1889. According
to this principle, rotors spin about the principal axis of
inertia rather than the axis of symmetry after passing critical
frequencies. The critical frequencies are determined by the
stiffness of the bearing and the mass of the rotor and are
typically of the order of a few kilohertz for high speed rotors. A
brief reduction of the bearing gas pressure lowers the stiffness
and may promote passing of the resonance region during the
rotor startup. Many details about construction of turbines with
gas driven rotors can be found in a seminal paper by Doty and
Ellis.®

3 PRACTICAL CONSIDERATIONS

Obviously, the most straightforward way to increase the top
speed that is still sustainable by the rotor is to reduce the rotor
diameter. A further improvement can be brought about by a
careful selection of the rotor material, due to the inverse square
root dependency on the tensile strength. For polymers, the ten-
sile strength is determined by a limit of spatial expansion.
A relatively low Young’s modulus of most polymers pre-
vent them from reaching high speeds, since rotor expansion is
sufficient to quench a lubrication of the gas bearing. Better per-
formance can be expected from more rigid ceramics, despite
their brittleness. For nonductile ceramics the tensile strength
is set by a fracture limit. A rigorous estimation of the criti-
cal rotation frequency, associated with material disintegration,
is complicated for technical ceramic materials. An unrealis-
tically detailed picture of microscopic processes is required.
The mechanical properties of two frequently used compounds,
zirconia and silicon nitride, depend sensitively on their prepa-
ration history. Both are typically powder sintered, resulting
in quite inhomogeneous structure. They are characterized by
an average grain size, the grain size distribution and adhesion
quality. Zirconia derives its strength from a martensic phase
transformation. At a room temperature, zirconia is stable in
its monoclinic crystal phase. With special processing, parts of
the material can be made to retain a high-temperature tetrag-
onal phase, which is 3—-5% more compact.!® If this partially
stabilized zirconia (PSZ) is subjected to a mechanical load,
cracks eventually start to form. High stresses around the crack
tip trigger the expansive phase transformation to low density
form, squeezing further crack propagation.

Various (semi)macroscopic parameters are used to estimate
the mechanical properties of the ceramic materials. The most
widespread property, fracture toughness, requires a knowledge
of critical flaw size and gives only an indirect estimate for the
rupture limit."! More pertinent flexural strength is estimated
usually from bending tests. The three point bending test char-
acterizes a material only over a relatively small volume; four
point bending data are more representative. Overall volume
performance is further characterized by a Weibull modulus,
m. For NMR rotors, where material strength over the entire
specimen is important, m = 30 can be considered to provide a
reasonable confidence for the strength values. Comparing data
from different ceramic providers suggest that tensile strengths
of 500—800 MPa can be expected for a well prepared material.
This value may change with thermal chocking and continuous
stress, especially for zirconia. The strength reduces also with
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Figure 2 Dependence of the critical speed—diameter product on
the ratio of sample density to rotor density. Three plots are given
for different relative (i.e., divided by density) tensile strengths
900/6, 700/6 and 500/6 MPa cm? g_l, for a wall thickness A =0:2.
Horizontal line shows the speed of sound at the rotor surface

an increase of temperature, noticeably already by a few hun-
dred degrees. More involved calculations, which also account
for the rotor wall weight, are presented graphically in Figure 2.
A bold line marks the speed of sound in air at the surface
of the rotor. For a reasonably broad range of sample densi-
ties, 100 mm kHz appears as a limit for high-strength materials.
Indeed, practical realizations are in agreement with this esti-
mate. In 1997, 2.5-mm rotors, specified up to 33-35kHz,
became commercially available.!? Speeds of up to 50 kHz with
rotors of about 2 mm diameter were demonstrated in 1999 in
an academic laboratory (National Institute of Chemical Physics
and Biophysics, Tallinn, Estonia).!® It is instructive to compare
these values with the ultimate molecular rotor, as described in
the introduction. Considering internuclear distance 0.26 nm at
the breaking point, ca. 1000 mm kHz as a product of the max-
imum rotation speed and diameter can be evaluated. This is
merely an order of magnitude more than achieved with the
macroscopic MAS rotor.

Several artifacts accompany the high speed experiments.
The sample is subjected to a stress gradient, ranging from 0
to about 10° g at the periphery. This may for example broaden
lines of quadrupole nuclei due to piezoelectric effects. Another
potential complication may be the sample heating. Friction
with the surrounding atmosphere becomes quite noticeable at
high speeds. As brought to the attention of the NMR commu-
nity in Ref.! the surface temperature heats up as a quadratic
function of the speed.!® The isotropic shift of Pb in lead nitrate
is a convenient thermometer for solid state NMR.!® Deduced
temperatures, measured up to speeds 40 kHz,!3 indeed follow
closely the quadratic speed dependency (Figure 3). The upper
data point was deliberately limited to 40kHz in view of the
exceptionally high density (4.53) of lead nitrate. Extrapolation
to 50kHz, and using a conversion factor 0.753 ppm degree ™'
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Figure 3 Dependence of 207 Pb(NOs3), temperature on the rotation
speed (kHz)

predicts about a 66° increase in the rotor temperature over
ambient.

The problems listed above are present for any size of rotor,
reaching critical frequency of the mechanical failure. Specific
for the small rotors is a loss of the signal due to a reduced
amount of the sample. On the other hand, smaller resonance
coils provide higher rf fields.

4 APPLICATIONS SPECIFIC TO HIGH SPEEDS

As explained above, reliable speed range can most eff-
iciently be increased with reduction of the rotor diameter.
Disregarding a trivial case of economy with expensive isotope-
labelled or otherways limited samples, this is generally consid-
ered in NMR to be a disadvantage. For a majority of routine
applications, spinning at 10—15kHz gives adequate spectral
quality. The problem associated with the reduction of the num-
ber of resonating nuclei is gradually alleviated by advances in
magnet technology. Moreover, proliferation of the high-field
magnets naturally demands faster spinning to keep in par with
increased anisotropy and spectral expansion. There are also a
number of special experimental situations, where the quality or
even the feasibility of the measurements depend on the speed
of rotation.”

Of the many nuclear recoupling methods, adiabatic two
spin coherence generation, based on avoided level crossings
(DREAM),!® is remarkably insensitive to specific parameters
of (inter)nuclear interactions. The key mechanism of nuclear
dipolar recoupling, the so-called HORROR condition,? is only
efficient when sample rotation frequency is exactly two times
larger than the locking rf field amplitude. To be broadbanded
enough to cover a typical carbon-13 spectrum, the rf amplitude
should be comparable to (or larger than) the spectral width of
carbon at the magnetic field applied. An example of the speed
dependency is illustrated in Figure 4. The DREAM-filtered
double quantum spectra of antamanide, cyclic decapeptide,
have been recorded under otherwise identical conditions at two
speeds, 20 and 40 kHz. Drastic differences can be observed in
the aliphatic region of the spectra.

The rotation speed increase can be useful in the spec-
troscopy of quadrupole nuclei. A single quantum second-order
linewidth features a definite value under the magic angle spin-
ning conditions. For very strong quadrupole coupling con-
stants, high speeds are required to separate the centerband



4 SPECTROSCOPIC TECHNIQUES

(b) ppm

Figure 4 A comparison of 20 and 40kHz '3C DREAM spectra of
antamanide. High speed spectra also exhibit some negative peaks due
to the second polarization transfer during adiabatic passage. Spectra
were acquired by A. Verhoeven and R. Verel, B. Meier NMR group,
ETH Ziirich

from sidebands.?® Even more crucial is the rotation speed for
registration of the satellite transitions, which are subject to
a relatively strong first order quadrupole interaction.?! The
satellite transitions have a different isotropic position, and
particularly in the case of spin 5/2 are also less affected by
effects of the electric field dispersion.?? This makes the satel-
lite transition spectroscopy a valuable complementary method
for high-resolution work. The gain of the satellite transition
intensity as a function of the rotation speed is illustrated in
Figure 5.

Perhaps the most intriguing high speed application is the
possibility of suppressing homonuclear dipolar interactions.
Homonuclear dipolar linebroadening in a rigid system of
hydrogen atoms may exceed 50kHz. Under magic angle
spinning, the residual linewidth is only a weak function of
spinning speed, decreasing linearly with first power of the
speed. Multipulse sequences?® have been developed to refocus
dipolar dephasing periodically. This refocussing has been
demonstrated to work also in combination with a slow sample
rotation.?* For rigid systems the multipulse approach can offer
resolution of a few tenths of ppm. In the case of plastic
crystals and the presence of fast molecular motion, the multi-
pulse approach becomes principally less effective. It may also
be technically difficult to retain stability over a sufficiently
long measurement period. Figure 6 presents 'H MAS only
spectra of camphor, where J-coupling becomes visible at
50kHz. Moving to the higher fields, fast rotation starts to
provide informative spectra also for rigid systems, as shown in
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Figure 5 ?3Na spectra of NaNO; at 53 MHz. Expanded plots

show centerbands and respective first sidebands, formed by the
overlapping (3/2 — 1/2, —1/2 — —3/2) satellite transitions of the
spin 3/2 nucleus. The sideband pattern in the low speed spectrum
indicates a shape of the first order quadrupole broadening of the
satellite transitions. At the high speed, the centerband of the satellite
transition has an intensity, comparable to that of the central transition.
The two peaks are shifted due to the second quadrupolar effect

Figure 7. The relative resolution grows proportionally with the
field strength, since residual linebroadening retains its absolute
value which depends mostly on the rotation speed. Both
advantages combined bring a virtually quadratic improvement
in resolution. However, a subtle deviation from this trend
can already be observed in higher field spectra (831 MHz).
Although the resolution is better, the absolute linewidth is
clearly larger than at 500 MHz. Here a natural, susceptibility
induced broadening starts to compete with the residual dipolar
linewidth and no further substantial resolution enhancement
is possible.”> The case of high speeds as a method of
improving resolution may actually turn out to be the only
alternative for measurements at high fields, because several
experimental parameters start to complicate the application
of the multi-pulse sequences. First, it is technically more
demanding to generate the required rf field strength. Secondly,
the multi-pulse sequences inherently lose efficiency with
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Figure 6 'H spectra of camphor. Lines are relatively narrow due to
a molecular rotation. Nevertheless, faster rotation brings a substantial
resolution enhancement, revealing finally J splitting of the two lines
in the 1.8 and 2.3-ppm regions

expansion of the spectral width. This is particularly true
for the spectroscopy of '°F. A qualitative improvement can
be observed when both high field and rotation speed are
combined, as seen in Figure 8.26 For several experimental
situations, resolution enhancement under MAS may be not
only a matter of convenience, but imperative in order to
free the pulse space for specific tasks. For example in the
case of inverse detection experiments, the homonuclear proton
system needs to remain decoupled, while being selectively
cross-polarized by nitrogen.?” High rotation speeds also allow
exchange of averaging order in decoupling experiments.?® A
very low amplitude proton rf field is then needed for well-
resolved carbon spectra.

5 CONCLUSIONS

Material strength of the rotor presents a major constraint
in determining the performance range of MAS. A product of
rotor diameter and highest speed form a material constant,
set currently to about 100 mmkH. Practical and reliable
values remain about 10—20% below that, as a tribute to the
statistical nature of the mechanical properties of ceramics

v
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Figure 7 'H spectra of alanine at 200, 500 and 831 MHz. Sample
rotation at 45 kHz. The 831 MHz spectrum was recorded at NHMFL

3Na, 1Al
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Figure8 '°F spectra of the mineral Chiolite NasAl3Fj4. A combined
effect of the field (19.6 vs. 8.5 T) and rotation speed (40 vs 20kHz)
confirms the existence of three different coordination environments,
as indicated, with intensity ratio of 2:4: 1. Spectra were recorded by
L. S. Du, SUNY Stony Brook

used for the rotors. Development of the sub 2-mm rotors has
allowed speeds of 50kHz to be reached. The most immediate
benefits that arise from fast MAS are likely to be found in
the spectroscopy of high-gamma and quadrupole nuclei. The
extended range of possible rotation frequencies provides more
exibility in choosing various matching conditions with either
rf field amplitudes or spectral positions of different atomic
sites. This feature may significantly facilitate atomic topology
studies.
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