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Abstract Recent developments in sample rotation technology have had a profound impact
on magic-angle-spinning NMR. First, rotation frequencies approaching, and even exceed-
ing, strong homonuclear spin interactions have made high-resolution solid-state 'H spec-
troscopy much more accessible. Second, the new concept of fast rotation sweep spectroscopy
has emerged. Third, high-resolution NMR at cryogenic temperatures has become feasible,
offering an enormous sensitivity gain and the opportunity to study a wide range of physi-
cal phenomena.
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1
Introduction

Magic-angle-spinning (MAS) NMR is one of the most fascinating experimental
techniques in modern science, offering unprecedented cross-disciplinary appli-
cations. MAS NMR, with rotors routinely spinning at subsonic rates, is being used
across the world by physicists, chemists, biologists and materials scientists. Al-
though the technique was invented in the late 1950s, it became widely used only
about 25 years later, due to advances in spectrometer hardware and ceramics
technology. The sample spinning systems now use much more stable double-
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bearing designs than the prototype mushroom-shaped Andrew-Beams rotors.
The rotors are fixed in a shaft by gas-lubricated bearings, while the driving mo-
mentum is provided by one or more separate sets of high speed gas jets.

Originally designed with the aim of eliminating internuclear interactions,
MAS spectroscopy was concerned with a systematic study of cross-polarization
between abundant and rare spin systems. Subsequent developments have in-
troduced many sophisticated manipulations of spin interactions to unravel the
structure and dynamics of solid materials. The latest advances described in this
contribution illustrate the new methods of tackling the problems of selectivity,
sensitivity and spectral resolution.

2
Basic Theory

The product of maximum sustained rotation frequency and rotor diameter, ob-
tained from the well-known relationship

,oV3 [TA1

n ¢ D

where T is the tensile strength of the material, A the relative wall thickness of
the rotor, ¢ density of the material and D the rotor diameter, is at present
~90 Hz m, so that the external surface of the rotor travels at ca. 85% of the speed
of sound. The actual limit depends primarily on the tensile strength of the ro-
tor material, provided that the necessary precautions concerning rotor bal-
ancing and bearing lubrication are taken [1].

Not only the ultimate speed but also the safety of operation are very im-
portant considerations in MAS NMR. For example, isotopically labelled
biopolymers are not only very expensive, but may also pose a serious health
hazard if a rotor containing a sample such as amyloid fibril protein disinte-
grates in the laboratory.

Reliable operation of MAS requires a reasonable understanding of the prin-
ciples of mechanics, careful rotor handling and a stable supply of very clean
compressed gas. The performance and stability of the experiment depend on
the quality of rotor filling, which can be conveniently tested by a histogram of
the rotor speed. The alignment of the rotor with respect to its bearings can be
described in terms of harmonic oscillations. To a good approximation, the de-
viation of the axis of the rotor from the ideal position is countered by a force
proportional to the deviation at low spinning frequencies. The rotor then ex-
periences two mechanical resonances, characteristic of translational and con-
ical whirl modes, at the respective frequencies

wT=\/fw—K (1)
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where K is the bearing force constant and Ly is the length of the bearing. Trans-
verse and axial inertial moments depend on the diameter, length and mass of

the rotor:
I =\—+—|M 3
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The frequency of the conical resonance is ca. 1.4 times higher than the trans-
lational resonance for a typical aspect ratio a=L/D of the rotor. Demand for the
rotor drive energy increases on approaching the mechanical resonance fre-
quency. The increasing amplitude of the rotor deviation from the symmetry
axis on approaching the frequency of mechanical resonance directs part of the
drive energy to vibration of the rotor housing. Figure 1 shows a set of rotation
speed spectrograms for different bearing pressures, with a slow gradual in-
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Fig.1 Mechanical resonances of a 4-pL rotor filled with a specially shaped solid, simulat-
ing cylindrical and conical asymmetry. Rotation speed was slowly increased by servo-con-
trolled drive pressure. Cylindrical imbalance (long dash) enables corresponding modes of
resonance to be identified. The ratio of jerk positions closely corresponds to the theoretical
ratio of two different resonance modes. Higher bearing pressure increases the force constant

and the frequencies of the mechanical resonances



18 A. Samoson et al.

crease in the drive pressure. The mechanical resonance parameters can be read-
ily identified by using a test rotor with deliberately simulated asymmetric ro-
tor filling. The increase in rotor speed almost disappears on approaching the
resonance condition. After passing the resonance threshold, the rotor picks up
speed very quickly, following a virtually linear curve. The force constant is
larger and mechanical resonances shift to higher frequencies for higher bear-
ing pressures (right hand graphs). The plot also shows the splitting of transla-
tional resonance positions, indicating that different conditions apply at oppo-
site ends of the rotor. Part of the energy which is absorbed by the stator is
proportional to the deviation of the rotor and thus to the imbalance. The ec-
centricity may become too large for the rotor-bearing geometry, or residual
drive energy may become insufficient for a further rotor acceleration. Reduc-
tion of the force constant by lowering the bearing pressure brings resonance
frequencies down and, by doing so sufficiently quickly, rotor motion may ‘tun-
nel’beyond the critical resonance barrier. This procedure is frequently used to
spin up poorly balanced rotors.
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Fig.2 2%7Pb signal of lead nitrate at 3 kHz and 40 kHz rotation frequencies. The profile of
the signal reflects temperature distribution in the rotor, as tested with two filling configu-
rations
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Another common problem with fast rotation is rotor warming. Surface fric-
tion heats rotors proportionally to the second power of the speed [2]. Lead ni-
trate is a convenient compound to monitor the temperature via the change of
chemical shift [3]. A peak shift of ca.30 ppm, corresponding to a ca. 40 °C tem-
perature increase, is observed as the rotation speed is increased to 40 kHz
(Fig. 2). The distribution of the recorded signal is associated with the heating
profile. This is a manifestation of the rotor size scaling. The ratio of the rotor
surface area to the bulk volume scales up with the reduction of linear dimen-
sion, thus amplifying the temperature distribution. A very similar scaling effect
applies to the inhomogeneity of the magnetic field induced by the coil and the
stator. We have also observed a measurable increase in sample temperature in
a poorly balanced rotor, indicating increased friction caused by reduction of
the clearance between the rotor wall and the bearing surface. The spinning sys-
tem is then more sensitive to other fluctuations, such as contamination of the
driving gas by dust particles, and the probability of mechanical damage is thus
increased.

3
Spectroscopy at High Speed Limits

One of the major problems in solid-state NMR is homogeneous line broaden-
ing of the spectra of abundant spin systems. Multiple-pulse suppression meth-
ods work only within a very limited range of rotation frequency and require ex-
tremely careful setup. Even then, results suffer from quantitative distortions by
the frequency offset and by the relaxation and mobility properties of atoms at
different positions within the solid. The offset and chemical shift anisotropy be-
come even more of a problem at higher magnetic fields. A straightforward non-
scaled Bloch decay measurement may be the most convenient and reliable so-
lution in many cases. In addition, various 2D experiments benefit from direct
suppression of the 'H dipolar interaction. A combination of high rotation fre-
quencies with increased chemical shift range at high magnetic fields is espe-
cially attractive [4]. While the homogeneous broadening remains constant on
the frequency scale, line separation increases on the ppm scale. A “quadratic”
effect can thus be obtained with a combined increase in mechanical spinning
and in spin precession frequencies.

We have found that the dependence of the linewidth on rotor speed for the
aminoacid alanine is almost linear (Fig. 3). Although the residual homogeneous
dipolar line broadening is the dominant resolution-limiting factor even at
70 kHz, a much more detailed study of the individual lines and spin relaxation
properties becomes feasible. For example, a rotation speed dependent relax-
ation has been observed and discussed by Gil and Alberti [5]. A site selective
study will be available due to suppression of spin diffusion. Figure 3 also shows
that the width of the lines from the amine protons converges to a quite differ-
ent value than that from the aliphatic and methyl protons (see below).
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Fig.3 Dependence of the linewidth of the 'H spectrum of alanine on rotation speed, mea-
sured at 600 MHz. The sample was cooled to compensate for rotation-induced heating

Multi-spin behaviour in an abundant spin system can be observed indirectly
by studying the linewidth dependence of a rare spin as a function of the am-
plitude of the decoupling radiofrequency. Figure 4 shows the efficiency of the
proton decoupling on the amplitude of the alpha carbon line in glycine. Well
known recoupling conditions, where the proton rf amplitude matches the dou-
ble and single spinning frequency, are complemented by evidence of the re-
coupling at a third of the rotation frequency. This phenomenon becomes ob-
servable only at very high rotation frequencies (above 35 kHz) and implies a
three-quantum overtone process in the proton spin system. Three-spin inter-
actions have been theoretically analysed as the ultimate mechanism of homo-
geneous line-broadening at high rotation frequencies [6].

As is clear from Fig. 4, CW decoupling and resolution enhancement are more
effective at the low end of decoupler power for a given range of ca 200 W. Low-
power decoupling is a completely new situation in standard MAS. Theoretically,
the order of spin interaction averaging is reversed, and mechanical reorienta-
tion has to be considered first. More sophisticated decoupling schemes have
been proposed and analysed by Ernst et al. [7, 8]. Although the CH, lines were
still narrower at high decoupling powers, the low power option constitutes a
very competitive, if not better, alternative for the rest of the spectrum. In the
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Fig.4 Sequence of 150 MHz Ca lines of glycine with progressively decreasing decoupling
power, step -1 dB and -0.25 dB (insert). Rotational resonances occur at double, single and
fractional (1/3) rotation frequency

case of temperature-sensitive biological samples, low power decoupling may
well become established as the method of choice.

Various correlation and internuclear distance measurements are based
on zero- or double quantum spin flips. The most efficient correlation me-
thods are based on the adiabatic process, which is relatively insensitive to ac-
tual, orientation-dependent coupling strength. A double-quantum spin flip is
generated by a sweep of the rf field amplitude, centred at half rotation fre-
quency (the HORROR condition [9]). The increased rotation frequency leads
to a crucial improvement in the broad-band character of the DREAM method
[10]. The zero-quantum adiabatic spin flip process is considered in the next
section.

Various 1D and 2D experiments related to first-order quadrupole broaden-
ing also benefit from the fast rotation frequency. For heavier nuclei, quadrupole
interaction and chemical shift anisotropy averaging at higher speeds results in
better focusing of signal intensity to the remaining rotation sidebands (Fig. 5).

4
Rotation Sweep

The recently introduced rotation sweep spectroscopy [11] is based on the re-
alization that decreased rotor size provides acceleration proportional to the in-
verse cube of the rotor diameter
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Fig.5 % Alspectrum of the mineral petalite measured at 156 MHz. Quadrupole coupling can
be estimated at 4.8 MHz, and the set of first-order satellite transition sidebands spans ca.
1 MHz
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where, in addition to the definitions given earlier, fis the driving force per unit
circumference. A stator with two 5-bar drive rings at opposite ends of the ro-
tor provided acceleration rates up to 1 MHz for a 10 pL sample in our experi-
mental setup. A rapid change of speed over 10 kHz is then performed in a
timescale much shorter than typical spin-lattice relaxation, and even shorter
than spin-lock relaxation in many cases. This experimental degree of freedom
permits diverse real-time combinations of radiofrequency field amplitude and
rotation frequency. For example, a robust broad-band cross-polarization ap-
proach was experimentally demonstrated [12]. Generally, efficient thermal con-
tact between two spin species during sample spinning is provided only if the
respective rf field amplitudes differ by a single or double rotation speed value.
However, the rf field falls across the (regular pitch) solenoidal coil towards the
coil ends in proportion to the maximum value, whereas spinning frequency is
uniform. Therefore, whole sample cross-polarization is not possible if the two
fields and sample spinning are kept constant. Fast acceleration is allowed to
ramp the initially stationary sample to a regular high-resolution speed during
the cross-polarization process. The resulting signal intensity is immune to vari-
ations of radiofrequency amplitude over the length of the coil and to a mis-
match of the Hartmann-Hahn condition, thus providing maximum available
polarization transfer over the entire sample.

A very useful class of solid-state experiments exploits the rotational reso-
nance condition, where the rotation frequency is set to be equal to a multiple
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of the difference between the isotropic line positions. Selective homonuclear re-
coupling is generated, providing information on the internuclear configuration.
By changing the rotation speed, the rotational resonance condition can be
passed adiabatically. A formal description can be given in terms of the inter-
change of phase (=identity) information of the two nuclear spins. The site-spe-
cific coherent phase, acquired during the evolution period, is stored in level
population density matrix elements @,,. The sweep through the rotational res-
onance condition swaps populations ¢,; and @,, of the inner energy levels,
which on the basis of the direct product can be written as:

Mg, (1) = Tr{S1,0(2)} = % (@00 + Q11 — €22 — @33) = M,(2) (5)

Mg () = Tr{S2,0()} = % (000 + @22~ 011 - 03) = M (1) ©)

The physical picture of the experiment is analogous to the adiabatic passage in
the rotating frame, as in the case of a strong Zeman field and a small perturb-
ing transverse field, which is scanned over the resonance condition of a two-
level system by changing the carrier frequency. Here, a two-level system is com-
posed of the inner pair of energy levels of a two-spin system, and the
radiofrequency field is formed by the perpendicular component of a dipolar
field, modulated by the sample rotation at the ‘radio frequency’, typically in the
range of 10 kHz. If the rotation frequency approaches the difference between
the energy levels, here equal to the difference in chemical shifts, spins start to
follow the change of the dipolar field modulated by the rotor frequency sweep.
An alternative description uses the avoidance of level crossing of the so-called
dressed states [13], where each spin energy level is flanked with a swarm of vir-
tual levels, displaced by multiples of the rotation frequency.

Unlike correlation spectroscopy based on spin diffusion, the adiabatic ver-
sion enables, in principle, almost full exchange of magnetization between the
two spins. As a result, the entire signal intensity will reside in the cross-peaks.
Violation of the adiabaticity is characterized by the appearance of a diagonal
peak and can be expected to occur if the rotation sweep is too fast compared
to the interaction between spins. While numerical simulations indicate possi-
ble linear dependencies of the polarization transfer coefficient on spin coupling
and the rate of the sweep over a range of practical values, the validity of this as-
sumption remains to be tested. Here we present a semi-quantitative example of
a relayed polarization transfer process.

The model test sample is uniformly '*C enriched trans-crotonic acid. The
methyl (S1) resonance is well separated from the two carbonyl lines. The clos-
est carbonyl, S2, is spatially two bonds away, while S3 is directly bonded (Fig. 6).
The usual spin phase encoding is stored after t, evolution in the z direction,
whereupon the rotation speed is changed to sweep, in this case sequentially
over the rotational resonance between methyl and both carbonyl sites. The mix-
ing flowchart is thus composed of a sequence of passing rotational resonance
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conditions. Assuming an initial rotation speed of ca. 10 kHz, which is then in-
creased, the first contact is made between S1 and S2. For the sake of generality,
only part of the exchange is expected. Once the frequency of rotation has
reached 13-14 kHz, position S2 is labelled dominantly by the phase of S1. Since
the distance is two bonds, the adiabatic condition may not be completely ful-
filled and some residual original S2 phase is left on S2 too. Position S1 acquires
phase information from S2 (plus some residual S1) in a complementary fash-
ion. The next event is the exchange between S1 (which now actually carries new
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Fig.6 Schematic presentation of events during a rotation sweep. The mixing flowchart pre-
sents a two-step relayed mixing process. Original populations along F, in sites S;, S, and S,
end up in positions as shown in the top line. The rectangle presents the resulting 2D spec-
trum, where original populations project to F, and final populations to F,. 2D correlation is
derived from labels of mixing flowchart top line (F, coordinate) and positions (F, coordi-
nate). The relayed process of semi-adiabatic polarization transfer renders the cross-peak pat-
tern asymmetric about the diagonal. The bottom figure represents the 1D spectrum of trans-
crotonic acid as a reference. The sideband of S, crosses the positions of S, and S; during the
rotation sweep described
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information from S2!) and S3. Here we assume full adiabatic exchange as a re-
flection of the much stronger one-bond dipolar interaction of the model sam-
ple. As a result, the two-dimensional spectrum shows migration from the orig-
inal Sn positions (F1 dimension) to new locations. The signal from S3 resides
at S1in the final F2 dimension, S1 (+S2) at S2,and S2 (+S1) at S3. This is shown
schematically by respectively larger and smaller circles in an illustrative 2D
plot. The relayed transfer is characterized by a single cross-peak, i.e. a peak on
one side of the diagonal only. Assigning transfer coefficients, Kmn, to the var-
ious rotational resonance exchange processes,a simple equation cascade can be
written as

Sm;,, = KmnSn; + (1 -Kmn)Sm,; (7)

The dynamics of the rotor speed can be conveniently analysed and adjusted by
feeding a signal from the rotor motion monitor (via an optical fibre) to a con-
sole ADC (Fig. 7). The corresponding spectra are shown in Fig. 8. The faster
sweep clearly reduces K12, and to a lesser extent K13. Both direct complemen-
tary peaks (1-Kmn) and relayed peaks depend on the product of complemen-
tary transfer coefficients, and correlate well with the expected influence of the
sweep rate variation. The observed relay process can be shorted by proton-dri-
ven spin diffusion. Consequently, efficient rotation-speed independent (or care-
fully synchronized) decoupling is required during the entire mixing period.

The 13C spectra of proteins consist of three separate bands, with the back-
bone carbons separated by 15-20 kHz in medium-field spectrometers, thereby
enabling NMR sequencing of small peptides. On passing through rotational
resonances in the aliphatic region, the carbonyl carbon will transfer magneti-
zation from one adjacent a-carbon to the other, generating correlation peaks
between sequential aminoacids. Figure 9 shows the results of NMR “Edman
degradation” [14], where aminoacid sequencing can be directly inferred from
the spectrum of a small model peptide.
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20 40 80 ms

Fig.7 Rotor speed profile for the two experiments in Fig. 8
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Fig.8 Rotation sweep spectra of trans-crotonic acid at two different sweep rates
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Pom

Fig.9 NMR peptide sequencing by rotation sweep illustrated with a 1*C spectrum of the fully
isotopically labelled peptide LVFFA. Carbonyl sites mediate polarization transfer between
neighbouring alpha-carbons. The sequential ordering of amino acids can be directly inferred
from the spectrum

5
Cryo-MAS™ 1

The new potential of MAS comes mainly from a reduction in rotor size. The
fastest rotors (70 kHz rotation frequency) currently hold 4 pL of sample, while
ca. 10 pL samples can be rotated up to 50 kHz. If the filling factor is maintained,
down-scaling leads to better mass sensitivity. On the one hand, increased mass
sensitivity is welcome in cases where the availability of the sample is a problem,

! CRYOMAS is a registered trademark (NICPB, Tallinn, Estonia, 2004)
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as is the case with isotopically labelled biopolymers. In addition, reduced ro-
tor dimensions enable the construction of more efficient radiofrequency cir-
cuits at high frequencies. On the other hand, the absolute sensitivity decreases
with the decreasing number of resonating nuclei. This disadvantage can be
compensated for by working at lower temperatures. The effect of radiofre-
quency noise reduction has been exploited by using cryoprobes from high-res-
olution NMR (a term invented to annoy solid-state NMR spectroscopists),
where the radiofrequency circuit is carefully isolated from the sample and
cooled to ca.20-30 K. A three- to fourfold improvement in the signal-to-noise
ratio has been reported by commercial manufacturers. The same idea works
much more effectively in solid-state NMR, since the sample generally does not
need thermal isolation, being typically “frozen” already. Considering both ma-
jor contributions, the increase in equilibrium magnetization and the reduction
in thermal noise, a gain in sensitivity of an order of magnitude can already be
expected at ~70 K. The theoretical factor of 30 in the signal-to-noise ratio can
be reached when the temperature is reduced from 293 K to 30 K. The ideal gain,
however, may be reduced by instrumental factors as well as by long relaxation
times, if relaxation agents are not used.

Such obvious benefits have stimulated solid-state MAS experiments at cryo-
genic temperatures in several research laboratories. In the most successful and
reproducible case, a sealed sample with a liquid-nitrogen temperature spinning
module was cooled in a helium bath, but rotation speeds did not exceed 2 kHz
at40 Kand 1 kHz at 5 K [15]. This is a serious limitation for practical applications.

The design features of the cooling technique harmonize perfectly with the
general down-scaling. The requirements for lubrication and drive gas refrig-
eration power will be far less demanding, as will the thermal isolation of the
probehead. The combined effect on power of heat extraction is thus very non-
linear. Moreover, the small mass of the sample enables the use of fast temper-
ature ramps. Correlation spectroscopy of phase transitions and polarization
enhancement using the Haupt effect [16], where dynamic proton polarization
upon a rapid change of temperature is induced by the relaxation of the coupled
nuclear spin and the methyl group rotation levels, are among potential appli-
cations.

Our prototype experiment, capitalizing on the new generation of fast rotors,
demonstrated a promising perspective. At the lowest temperature, a 10-pL ro-
tor was driven by helium gas at a rate of 3 m®h, cooled to 7 K by a heat ex-
changer located in the probehead. The heat exchanger was cooled by liquid he-
lium at ca. 2-3 1/h. The temperature was measured by a thermometer in the exit
gas flow. The rotor heating in the He atmosphere was controlled to within a few
degrees. For a given rotor speed, the lowest temperature is determined mainly
by the effectiveness of the heat exchanger.7 K can be reached at 5 kHz, 13 K at
10 kHz, and 20 K at 20 kHz sample spinning. As an example, Fig. 10 shows the
freezing of a H, molecule in a fullerene cage [17, 18].

The principal resolution may depend on the sample temperature. Under-
standing the interference of molecular motion with rotation and line narrow-
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Fig. 10 Variable-temperature 'H MAS spectra of H,@ATOCF at 360 MHz, 10 kHz sample
spinning speed. The spectrum at 279 K consists of a broad line from the protons at the
fullerene opening region and of a sharp line corresponding to the hydrogen molecule which
is rotating nearly freely inside the fullerene cage. The span of spinning sidebands is caused
by the residual dipolar interaction between the protons of the hydrogen molecule. Below
100 K the sideband pattern broadens with decreasing temperature. Saturation of this broad-
ening below 20 K indicates the freezing of the molecular rotation. The sample was synthe-
sized by K. Komatsu and brought to our attention by M. Levitt and M. Carravetta

ing is essential for the design of multi-pulse line-narrowing techniques. In the
case of alanine, reducing the temperature by ca. 50 K resulted in a significant
broadening of the 'H line from the amino group (higher field and higher rota-
tion speed, Fig. 11). Measurements in a wide-bore magnet at lower tempera-
tures confirm the broadening. Although the resolution is much lower because
of the lower field and lower rotation speed, a reversal of the line-broadening ef-
fect could still be observed at the lowest temperature of 27 K. The central band
and sidebands sharpen up, indicating different relative dynamics of the mole-
cular motion. This phenomenon may also explain the failure of certain pulse
narrowing techniques to maintain quantitatively correct intensity ratios of dif-
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Fig.11 Variable-temperature "H MAS spectra of alanine at 600 and 360 MHz. Low temper-
ature spectra are registered for instrumental reasons at lower field; nevertheless sharpening
of the signal can be observed at the lowest temperature
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ferently moving molecular units and different convergences of linewidth on in-
creasing rotation speed (Fig. 3).

6
Conclusions

Reduction of the rotor size opens up several hitherto unexplored avenues for
study of the principles of MAS NMR and for practical applications. Exploita-
tion of these new possibilities and features may sometimes reward the obser-
vant investigator with unexpected associations and nodes of seemingly unre-
lated regularities.
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