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We characterize a new generation of MAS probes, designed for 1H detection in solid and viscous struc-
tures. High top speed (currently 170 kHz), existence of a wide speed range and quick acceleration enable
numerous new experiment categories. Most notably, massive biomolecular structures become amenable
to a detailed structural and dynamics studies.

� 2019 Elsevier Inc. All rights reserved.
Over the last twenty years the development of ever faster MAS has
enabled spectacular improvements for resolution and sensitivity in
biomolecular solid-state NMR, allowing detailed structural and
dynamics studies of increasing complexity. Numerous novel possi-
bilities and experiment categories, all induced by the resolved H
resonances and technical virtues of sub-mm rotors, are illustrated
here with the characterisation of a new generation of MAS probes,
designed for 1H detection in solid and viscous structures, and cap-
able of >170 kHz top speeds.

A prevailing volume of NMR work indicates that there must be
some good reason for 1H detection. Informative chemical shift
range, high sensitivity and absolute natural abundance have
earned hydrogen atoms a solid position in the biochemical and -
medical research by solution NMR. In solid and viscous structures,
however, the practice has been very different. An embarrassing,
half a century long lack of practical methods to resolve 1H positions
by the chemical shift has limited options to 13C MAS and a rela-
tively limited number of ‘‘comfortable” molecules amenable to a
sensible study. As a result, only very few high-field spectrometers
are accessible to MAS, most are kept busy with ‘‘high resolution”
study of solvated structures.

The situation started to change in 2012 with the first announce-
ment of 100 kHz MAS at EUROMAR in Dublin [1]. Since then, ele-
vated MAS speeds have allowed to do protein structures
principally from scratch [2], determine a docking of sizable molec-
ular complexes [3] and introduce a direct way to track dynamics.
Numerous applications have been escorted by a gradual increase
in the spinning rates to 126 [4] and 140 kHz [5].

Although the design, materials andmachining present consider-
able challenges for keeping required nanometric tolerances, the
principal limit to top speed is set by the strength of rotor wall
material. Metastable zirconium oxide is currently a material of
choice, providing a working compromise of the processing effort
and mechanical reliability. This leaves a reduction of the diameter
as a first technical solution to increase the speeds any further. We
have developed series of fast spinning systems, optimized for the
speed � volume product. With the rotors of ca 0.5 mm in diameter
we have reached the rates over 170 kHz (Fig. 1).

Extrapolation to an infinite drive pressure would decrease the
rotation period to 4.66 ls, which amounts to 225 kHz and 344 m/
s rotor surface speed, equal to the speed of sound in air. Obviously,
the drive efficiency is one of the technical hurdles in achieving
higher spinning rates and preserving still any reasonable amount
of the sample. The reduction of rotor diameter (D) decreases the
sensitivity in principle quadratically as 1/D2 [6]. However, turns
out that the higher cH and better filling factor due to a more con-
centrated sample will actually compensate for the reduced volume.
The fastest rotors pack currently about 200 nL sample. Assuming ca
30% water to ensure native flexibility and resolution, ca 0.12 mg of
a protein will be then measured. For a comparison, in solutions the
sample coil volume is 1000� larger (D = 5.0 mm) and the whole
required solution volume twice of that, extending below and above
the measurement section. As the efficiency of a saddle coil is about
half of the solenoid, a factor of two more sample would be required
for the same principal efficiency. The magic instead of 90� angle
penalizes MAS by factor of sin(54.7�) = 0.82. Considering these
multipliers, H-MAS geometry and filling factor scale up to a mea-
surement of 0.12 * 1000 * 2 * 2 * 0.82 = 400 mg protein in a solu-
tion tube. Since the ‘‘rotor” diameter of the solution sample tube
is 10� larger, the sensitivity scales up by 102 times and respec-
tively less sample is actually required, 400/100 = 4 mg, to get the
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Fig. 1. (a) Rotation period dependency on drive gas (air) pressure (inverse scale). (b) Temperature rise with the spinning rate.
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same sensitivity as with the small MAS coil optimized for a 0.5 mm
rotor. Practically, for a typical 0.1 mM concentration, about 5 mg of
20 kDa protein is used in order to get 1H lines resolved to 20 Hz
without having to rely on a deuteration. It appears from these con-
siderations/conditions that the H-MAS integral sensitivity is tech-
nically very comparable to the solution S/N. This conclusion is a
subject to two practical corrections: linewidth and T1 relaxation
differences. They may nearly cancel each other out, if paramagnetic
relaxation agents are used in high speed MAS [7]. However, a con-
siderable �50� difference remains in the required amount of the
sample and isotopes. The difference may be even more of a game
changer in transition from 13C-MAS to 1H-MAS [8]. For an optimal
resolution, a preparation of (nano) crystals may be also needed
which can be a very demanding process. Transition from D = 2–
4 mm rotors to 0.5 means respectively 16–64 times less signal,
which is compensated by a product of polarization, magnetic
moment and induction as (cH/cC)3 = 63. The white noise voltage
grows with frequency by

p
4, but this noise increase compensated

by a
p
4 bandwidth factor, considering about four times reduced 1H

spectral span, 15 ppm against 250 ppm of 13C. All things consid-
ered, the transition to 1H detection from fully enriched 13C in
organic solids does not reduce S/N if a similar linewidth is
achieved. Moreover, J-coupling based polarization transfers can
be about 1.4 times (observed experimentally by S. Penzel) more
efficient than Hartman-Hahn CP. It is also pertinent to note that
the effective CP-active sample volume, where the rotation fre-
quency offset makes B1 field profiles match the CP condition,
reduces with the increasing rotation rate (explained graphically
in Fig. 2a). This and possibly also suppressed spin diffusion within
a thermal ‘‘spin bath” at higher rotation rate lead to significant loss
of CP efficiency in it’s basic form (Fig. 2b).

The INEPT polarization transfer advantage can be compounded
by ca 1.5 times higher hydrogen content compared to carbon in a
typical protein structure. 1H detection, as preferred and domi-
nantly used in a solution ecosystem, carries also more quality in
spectral information, and the required sample(isotope) amount is
reduced by (4/0.5)3 * 1.4 * 1.5 � 1000� compared to 13C MAS.
Quite intriguing is also a possibility to investigate the samples in
a form of a small single crystal [9] instead of powder collection.

Handling of sub-mm rotors requires special tools and vision
enhancement. Axial rotor symmetry and filling quality can be crit-
ical to the performance and stability at higher spinning rates. A
good indicative of this is a smoothness of passing mechanical res-
onances. At those points, a whirling motion will get amplified, in
worst case to the extent of preventing any speed increase, Fig. 3.

The availability of an extended spinning range allows a mea-
surement of the homogeneous contribution to linewidth directly
as an alternative to the spin-echo sequence. However, a certain
care should be taken to eliminate the temperature effect on mobile
structures. The spinning at 170 kHz equals to 80% sound speed at
the rotor surface, generating a frictional heating by D44� above
room temperature in quadratic extrapolation. Flushing the coil
compartment by just 3–4 L/min by 5 �C output from a vortex cooler
reduces the sample temperature over D20� centigrade. A hexam-
ethylbenzene (HMB) 1H linewidth dependency on rotation period
shows a slight quadratic component in both cooled and not cooled
cases (Fig. 4).

Introduction of a speed dependent correction straightens the
linewidth plot to linear within an experimental error and allows
to determine, also extrapolate the homogeneous linebroadening
to yet higher speeds. This assumption is corroborated by a similar
linear dependency observed in a diluted protein spin system (back-
deuterated ubiqutin) and on 23NaCl, where the dipolar interactions
are scaled down even further by the virtue of lower cNa. On median
a much sharper dependency is observed in a dipeptide Asp-Ala
[10], which is a representative of relatively rigid (with the excep-
tion of methyl and amide groups) strongly coupled spin system
in an organic structure. The difference seems to be quantitative
compared to, in the average 4.6 times lower, proton spin density
in a proton diluted system. A similar regularity was reported in
adamantine [11]. Interestingly, median linewidth of fully proto-
nated ubiquitin exhibits even sharper rotation period dependency,
this is presumably an effect of structural dynamics which spoils
the spin phase refocussing over rotation period. Although the
mobility is not affected by spin dilution, its effect is relatively
weaker from a distant spin and thus perdeuterated/diluted ubiqui-
tin resembles more of a rigid structure. Dynamics may also con-
tribute to observed quadratic speed dependencies. The motions
much faster than rotation are represented by adamantane and hex-
amethylbenzene, where effective spin distances measure from the
center of molecular motion and broadening coefficient is interme-
diate. The extrapolations to higher speeds do not predict the
resolution as such, since in solid and viscous systems shape effects,
crystal packing, bond dispersions, J-couplings, mobility and



Fig. 2. (a) CP matching at fast spinning rate. rf amplitude at the end of (long) solenoid drops principally to half of its center value. A uniform profile displacement of one B1

field leaves only a small part (blue) of sample (cyan, shown partially) active for the CP process. The active fraction is reduced with increasing rotation rate mr . (b) CP Hartman-
Hahn mismatch experiment series on adamantane at three rotation rates. CP signal drops drastically with the increasing rotation rate. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. MAS spectrogram, showing a time-flow of applied pressures and rotation
rate. Initially the speed does not increase despite adding the drive pressure, since all
the energy goes in a mechanical vibration at an eigenfrequency of the rotor/gas-
buffer/housing system, effectively a harmonic oscillator. Reduction of the force
constant (bearing pressure) allows to ‘‘tunnel” the spinning through a barrier of the
mechanical resonances.
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perhaps some more factors may contribute to the line broadening.
However, from presented data we can say that protein MAS homo-
geneous broadening at the rotor period of 6 ls (6 * 12 = 72 Hz)
does not contribute more than about 0.06 ppm at highest,
1.2 GHz fields as announced recently. This linebroadening does
not suffer from a size of biomolecular structure or increase of the
magnetic field like in solvents, on the contrary, increased spectral
span may help to suppress the residual spin-flips.
A mechanistic comparison of the line-broadening origin in two
different ecosystems can be conjectured as a randomwalk concept.
Thermal fast motion limit, a basis of solvent line narrowing, can be
generally understood as a random spin coherence dephasing. Accu-
mulation of single instance phase increments

2p/ � s
after T/s random walk steps leads to a statistical dephasing

U ¼ 2p/ � s
ffiffiffi
T
s

r

where s is a characteristic correlation time for an interaction /,
which itself assumes random nonperiodic values of varying sign.
Due to the shortness of correlation time s, a phase of U ¼ 2p,
may take seconds to accumulate

T
0
2 ¼ 1

s/2

While in solutions the interaction value and step direction change
fast and randomly, the MAS, on the contrary, renders interactions
periodical, principally proportional to

/ ¼ �A cos xtð Þ½�A2cosð2xtÞ þ B sinðxtÞ þ B2sinð2xtÞ
where A,B represent all orientational and tensorial functions (we
shall omit details and expression in square brackets for a conve-
nience) and x ¼ 2pmr . Whereas the interaction strength remains
about the same as in solution, the correlation time associated with
rotation is many orders longer from solvent thermal correlations,
yet the line broadenings we observe at high MAS speeds are not
so different from liquids. In order to understand and compare two
mechanisms of the spectral enhancement, we hypothesize that in
MAS conditions the correlation time can be considered as a gap
between random spin-flips. The integration over s gives for the
phase increment instance a value which is inversely proportional
to the rotation speed



Fig. 4. (a) HMB linewidth as a function of rotation period. Temperature correction renders it linear with a coefficient of �4.3. (b) Linewidth/period coefficients for different
spin systems. (m) is a median value of all resolved sites.

Fig. 5. 15N relaxtion dispersion in tripeptide f-MLF. Each residue exhibits a different
characteristic frequency of mobility, but only at a higher spinning rate.
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�A
Z s

0
cosðxtÞdt ¼ A

sinðxsÞ
x

A cumulative phase after time T in steps of duration s is then

U ¼ �2pA
Z s

0
cosdt

ffiffiffi
T
s

r
¼ 2pA sinðxsÞ

x

ffiffiffi
T
s

r

From this the linebroadening as D¼1/pT
0
2 can in analogy to random

walk above be evaluated as

D / ðA sin xsð ÞÞ2
x2s

If the correlation time, characterizing essentially a failure of spin
phase to refocus after the rotor turn, is independent of rotation
(angular) frequency x, like in the case of mobility, a quadratic
dependency can be expected. For a rigid lattice, the correlation time
is related to spin-flips and, assuming their inverse probability with
rotation speed

s / 1
x

a principally linear line broadening on rotation period can be
expected in accord with our experimental observations. The act of
spin-flip constitutes also a decay in the number of coherent spins
and adds to the line broadening, this process does not differ princi-
pally from the random tumbling in solvents. Slightly quadratic
dependencies have been claimed in several papers on proton dense
but wiggling bio-molecules which is well compatible with the
mechanistic (hand-waving) interpretation above.

Apart improving the resolution, higher spinning rate may pro-
mote H-MAS in other practical ways. A particularly valuable fea-
ture, now transferable from the solution-NMR ammunition, is
1H-15N-1H INEPT [12], a basic building block of a multidimensional
NMR. The polarization transfer efficiency depends critically on T0

2

of protons. For an optimally chosen interpulse delay value and
J = 92 Hz, it will grow to over 20% for fully and 65% for a partially
protonated structure at 170 kHz. Values are higher for 1H–13C
bonds (J = 140), reaching also over 60% for fully protonated sys-
tems [13].

High speeds enable also direct detection of molecular mobilities
by the virtue of rf-locking at the molecular dynamics timescale,
observing T1q. A critical feature here is adequate suppression of
the dispersing residual dipolar interactions, which would other-
ways screen the resonant mobility contribution to the decay of
magnetization. A molecular dynamics generated fluctuations in
dipolar fields and chemical shift, matching the rate of spin nuta-
tion, accelerate the T1q relaxation at specific values of B1 field. This
method can be very informative and selective over a wide range of
molecular motions as they are filtered out by the amplitude of
spin-lock field. Due to small coils, MHz range nutation frequencies



Fig. 6. Basic principles of the relaxation control. (a) Schematic presentation of relative size of proteins, Cu(II)EDTA and relaxation pathway in monoclinic lysozyme
microcrystal. The protein molecules are drawn with a solvent accessible surface (PDB entry 6lyt), spin diffusion is illustrated by random walk distance after equal time
intervals. (b) Experimental proton relaxation data of lysozyme (red), ubiquitin (blue) and amyloid fibril (green dots). (c) Correlation of the rate of relaxation time dependency
on speed and the shape factor (error bars assume 10% variation in molecular dimensions). Twomodels of amyloid protofibril are considered. Radius r = 1 of a spherical protein
is given for a reference. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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can be achieved, providing mobility information at a ls scale. The
destructive low speed effect is illustrated in Fig. 5.

There are numerous other applications which benefit from ele-
vated speeds, like study of paramagnetic compounds or integer
spin nuclei. The last is particularly interesting in the context of
an inverse detection of 14N overtone transitions [14].

Not only maximum spinning rate as such matters, the principal
availability of wide range of spinning values may be a valuable
experimental parameter. Line width variation rate (T0

2) provides
information on the local spin density (Fig. 3), this concept can be
further elaborated in context of the spin diffusion and distance
measurements.

One way to suppress other T1 relaxation mechanisms is to
amplify it by paramagnetic agents at a sufficiently high
concentration. Then the measurement of spin T1 relaxation
diffusion from a distant paramagnetic layer as a function of the
rotation speed can give quantitative information on shape factor
<r2> = 1/(rx-2 + ry-2 + rz

-2) of the particle (Fig. 6) as
T1pðmÞ � j < r2 > mr þ T1p 0ð Þ:
Remarkably, this method works without actual knowledge of

the diffusion constant and does not require sieving of paramag-
netic relaxation from other relaxation contributions. The analyses
of experimental data of different protein samples shows indeed a
linear dependency on the rotation speed mr (Fig. 6b). The rates of
relaxation time change (Fig. 6c) correlate linearly with shape fac-
tors, calculated from the distances of periferial atoms (1.3, 1.1,
1.1) nm of ubiquitine and (2, 1.2, 1.2) nm of lysozyme respectively.
Out of the two models of amyloid protofibril-single fold (1.5, 0.9,
1) and back-to-back connected fold (1.5, 1.7, 1), only the latter
gives a similar correlation. This method can be for example used
to profile cholesterol particles in blood.

The rotor speed can be changed not only parametrically, but in a
real time too. The acceleration is in principle an inverse cube func-
tion of the diameter. Rotational resonances are among the most
efficient known mechanisms of spin-recoupling [15], an adiabatic
passage through a rotational resonance is very efficient in switch-
ing polarizations of both spins, for example from alpha-carbon to
=CO and back to the next alpha along protein backbone. This feat
has been demonstrated on the relayed coherence transfer and CP
improvement with 1.8 mm rotors already [16], it can be used to
study a spin diffusion and relaxation. Extrapolating data in Fig. 3
to increased drive pressures would give for the acceleration
>10 kHz/ms.

H-MAS is bound to modulate considerably the progress and
in particular bio-medical impact of NMR, maybe even divert it
from a thermo-magnetic dead end. Higher magnetic fields
require faster thermal motion for a line narrowing, whereas the
logic of cell process research, arguably the most important NMR
application area of all, is inherently interested in larger and with
that slower molecular structures as they incarnate more valid
functional models of life. Perdeuteration as a resolution saver is
needed already for 50 kDa systems in solution. There is a notorius
problem with any access to information on molecular activity at
the cell membrane, despite this being a key wormhole to cellu-
lar/organ functionality in general and to any drug impact in partic-
ular. The H-MAS has already induced the shift of priorities for a
new, yet to be delivered infrastructure: over half of 1.2 GHz instru-
ments are conspired for the solid-state NMR. Apparently the phys-
ical dimensions of magnets and rotors correlate inversely. H-MAS
is comin’ to town [17].
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