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Precise alignment of the sample’s spinning axis is vital for many magic angle spinning solid state NMR experi-
ments. Spherical rotors are a new paradigm for magic angle spinning NMR, having been demonstrated to spin
stably with little risk of rotor crash, but like cylindrical rotors, they have previously only utilized a mechanical

g/[AS " adjustment method to set the sample’s rotation axis to the magic angle. Here we show that by using a second
neumatic ei1s . . . . . .
NMR hardware gas aperture within the stator, a spherical rotor’s axis of rotation may be precisely pitched about the magic angle

without mechanical adjustment or motion of the stator. The 2H MAS sideband lineshape of the carboxylic acid
deuteron resonance in d,-malonic acid is used as a measure of the rotor’s absolute deviation above or below
the magic angle by comparing the experimental data to simulated lineshapes. We observe a linear, monotonic
relationship between the angle adjustment gas flow rate and the rotor’s pitch angle, which is also accompanied
by an increase in spinning rate. Precise and in operando control of the spinning axis angle is expected to have
considerable advantages to future implementation of MAS within narrow-bore magnets, and for variable angle
spinning (VAS) and dynamic angle spinning (DAS) experiments.

Solid state NMR

Introduction

A necessary part of every solid state NMR experiment employing the
technique of magic-angle spinning (MAS) is the adjustment of the rotor’s
spinning axis to be aligned with the magic angle, which is 54.7356° with
respect to the external magnetic field [1-3]. Rapidly spinning a solid
sample about the magic angle yields a significant increase in resolution
by averaging anisotropic spin interactions such as the chemical shift
anisotropy, dipolar coupling, and quadrupolar coupling to first order
[4-7]. To date, solid state MAS NMR probes have generally employed
a mechanical angle adjustment method for setting the sample to the
magic angle, where the linear motion of a threaded rod pitches the sta-
tor about an axis perpendicular to the magnetic field. While simple and
effective, the mechanical adjustment system can be quite problematic
in cryogenic MAS due to thermal contraction, and generally can take
up significant volume within the probehead. This extra space is becom-
ing increasingly valuable as more and more solid state NMR probes are
being designed to fit within narrow-bore magnets. Moreover, sufficient
space within probeheads is also required for RF circuitry elements, mi-
crowave components, and cryogenics for dynamic nuclear polarization
(DNP) experiments [8-11]. Additionally, the requirement that the sta-
tor and coil must be able to rotate together necessitates that flexible
copper leads must be used to link the RF circuit to the coil, which im-
poses a constraint in the RF engineering of probeheads and becomes a
significant drawback at high NMR frequencies (>800 MHz) where ide-
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ally, lead lengths should be rigid and short [8,12,13]. A non-mechanical
angle adjust method has been previously developed that uses a perpen-
dicular magnetic field coil to adjust the external magnetic field vector
with respect to the sample, but this method also faces challenges to im-
plementation in cases where probehead volume is limited, and may scale
inefficiently at high magnetic field strengths [14].

Spherical rotors are a promising new platform for MAS experiments,
exhibiting exceptional rotational stability and resilience against crash-
ing due to their axis of symmetry being aligned with their highest-inertia
axis [15-17]. The spherical rotor rotates within a hemispherical cup,
driven by gas flowing across the rotor’s equator from a single aperture
positioned within the cup to incline the rotor’s axis of rotation to the
magic angle. As there is no bearing or axle to direct the spinning an-
gle, the rotor’s rotational axis can pitch freely within the cup, and in all
previous sphere MAS stator designs, the spinning axis has been adjusted
mechanically by pitching the stator to move the aperture, whereby the
rotor follows to maintain its symmetry axis perpendicular to the direc-
tion of the gas flow.

In order to obtain the highest quality spectra at any MAS rate, the
angle at which the sample spins must be tightly controlled and adjusted
to account for any orientational changes to the experimental appara-
tus. While most solid state NMR experiments are insensitive to magic
angle offset to within a few hundredths of a degree, there are experi-
ments which require extremely precise setting of the magic angle, such
as satellite-transition MAS (ST-MAS) [18-21]. It can also be useful to in-
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tentionally spin samples at a precise angle slightly offset from the magic
angle to re-introduce residual couplings [22-26]. To set the sample’s
rotational axis to the magic angle for a cylindrical rotor, methods have
been developed to measure the angle of the stator with respect to the
magnetic field, such as laser alignment and Hall effect voltage measure-
ment [27-29]. However, the most common way to set the magic angle
is by maximizing the intensity of satellite transition rotor echoes in the
79Br time domain NMR signal of KBr, which is usually accurate to within
about 0.1° of the magic angle [30]. For very precise and absolute angu-
lar measurement, the off-magic angle 2H NMR lineshape of some deuter-
ated organic solids manifests as a peak splitting which is very sensitive
to magic angle offset [14,31,32]. J. Griffin et al. have demonstrated that
the 2H NMR signal of d,-malonic acid is highly dependent on magic an-
gle offset, where the residual quadrupolar interaction for the carboxylic
acid deuteron (COOD) manifests off-magic angle as an asymmetric peak
splitting, and the direction of the asymmetry is dependent on whether
the rotor is pitched above or below the magic angle [33].

Here we demonstrate a novel pneumatic method for setting the
magic angle for spherical rotors by using a second gas aperture to pitch
the rotor’s axis of rotation within the stator cup. Whereas previously
deployed pneumatic driven spinning angle adjustment mechanisms re-
quired an intermediary mechanical movement of the stator [34], here
the rotor itself is the only moving component of the apparatus. We show
that the angle can be precisely controlled by adjusting the flow rate of
gas through the angle adjustment aperture by measuring 2H NMR spec-
tra of ds-malonic acid as the gas flow rate is varied. These spectra are
compared to simulations in order to determine the angular precision of
the method.

Experimental details

The stator for spinning spherical rotors with pneumatic angle adjust-
ment was 3D-printed in a clear acrylonitrile-butadiene-styrene (ABS)-
like polymer using a Projet MJP2500 3D printer (3D Systems, Rock Hill,
SC, US). We note that this printer is relatively (10x) more expensive than
commonly deployed printers such as the Form3 printer from Formlabs,
but provides superb resolution. We have observed extremely good re-
producibility from the Projet printer, greatly simplifying the iterative
process required to optimize the stator for spinning and angle adjust-
ment. After the stator geometry was optimized using the Projet, we have
since also fabricated, using the more accessible Form3 printer, multiple
stators for pneumatic angle adjustment of 9.5 mm rotors. The stator
was installed into a modified double-resonance APEX-style Chemagnet-
ics probe using a double-saddle coil for NMR signal excitation and de-
tection as described previously [17]. A 9.5 mm rotor machined from
yttria-stabilized zirconia with a 161 uL sample space and 12 0.35 mm
depth 60-degree V-shaped grooves (O’Keefe Ceramics, Woodland Park,
CO, US) was used for NMR experiments [15]. The rotor was packed
with 180.1 mg of d4-malonic acid (98% atom percent deuterium, Sigma
Aldrich) using specially-designed rotor packing tools to ensure even dis-
tribution of material (Supplementary Information, Fig. S1), and sealed
at both ends using spherically-contoured (4.75 mm radius) 3D-printed
ABS-like plastic caps.

The design of the stator for pneumatic angle adjustment of the rotor’s
spinning axis is shown in Fig. 1. The rotor is placed into the stator cup,
where the primary contribution to the angular momentum of the rotor
comes from the gas flow out of the main drive aperture marked in blue.
The drive aperture is centered just beyond the complement of the magic
angle (145.74° from the vertical axis) to apply torque at the equator of
the rotor, causing the rotor to spin about an axis inclined at 55.74° with
respect to the vertical axis. The geometry of the drive aperture in this
design differs from the aperture previously employed in stators for spin-
ning spheres. This aperture geometry is designed to minimize gas flow
normal to the surface of the stator cup and to maximize gas flow in the
gap between the stator cup and the sphere surface, resulting in improved
stability of the rotor during the spin-up and spin-down procedures. The
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angle adjust aperture is placed at a 90° angle from the vertical axis on
the opposite side of the stator cup, producing gas flow in the opposite
direction of the main drive gas flow. The wall of the stator cup near the
angle adjust aperture was removed to allow for unimpeded expansion
of the gas flow from the angle adjust aperture, with no adverse effects
on the spinning stability of the rotor.

NMR experiments were performed at 7.05 T using a Bruker Avance
I1I spectrometer (Bruker Corp., Billerica, MA, US). 2H MAS spectra were
taken at a transmitter frequency of 46.08 MHz using a /2 pulse of
9 us at 300 W incident RF power and with an inter-scan delay of 0.8 s.
The 2H MAS spectrum depicted in Fig. 2C was collected at an MAS rate
of 6536 Hz using helium gas and processed by summing the spectra ob-
tained by stepping the frequency across the width of the resonance. MAS
was performed with either air or helium gas, where the main drive pres-
sure was kept constant at 2 bar, and the angle adjust gas flow rate was
coarsely adjusted by changing the pressure between 0 and 0.5 bar, and
finely adjusted using a needle valve to further restrict the gas flow going
to the stator. The angle adjust gas flow rate was monitored using a Red-
y compact digital mass flow meter (Vogtlin Instruments, Switzerland).
For troubleshooting purposes, the lever arm for mechanical adjustment
of the rotor’s pitch angle was included in the stator design, but in prin-
ciple, the probehead can be configured with no mechanically adjustable
parts whatsoever.

Spectra of the COOD deuteron resonance in d4-malonic acid as a
function of MAS angle offset were simulated with the SIMPSON package
by calculating the evolution of the quadrupolar interaction to second
order for a single spin-1 nucleus while rotating at the magic angle or
slightly off the magic angle [33,35]. All simulations were performed
using the ‘rep678’ angle set, and with 32 gamma angles. Spectra were
simulated across a range of rotor spinning axis angles at a rotation rate
of 3000 Hz. Additional simulations were performed at different spinning
rates (3 kHz, 30 kHz, 100 kHz) and magnetic field strengths (7 T, 21 T)
(Supplementary Information, Figs. S$2-S5). The simulated spectrum in
Fig. 2C was simulated in DMFit using the same quadrupolar parameters
(Cq4 and n,) that were used for the SIMPSON calculations [36].

Results and discussion

A point force applied tangent to the surface of a sphere will induce
a torque that causes the sphere to gain angular momentum about the
axis associated with that torque. A second point force applied to the
surface of the sphere at a different point will cause the angular momen-
tum vector to change direction and magnitude based on the sum of the
two torques on the sphere. Fig. 1C depicts two point forces applied in
opposite directions tangent to a sphere along the x-axis at points that lie
in the yz-plane, approximating the forces experienced by the spherical
rotor in the pneumatic angle adjust stator. The resultant torque (black
arrow) is aligned with the rotor’s angular momentum vector, and is the
orientation of the rotor’s spinning axis. When only the drive force (blue
arrow) is applied, the angular momentum vector is at an angle of 55.74°
with respect to the z-axis. As the angle adjust force is increased (red ar-
row), the angle between the z-axis and the angular momentum vector
decreases, while at the same time, the magnitude of the angular mo-
mentum vector must increase. This implies a monotonic relationship
between the angle adjust gas flow rate, the spinning rate, and the angle
of the rotor’s rotational axis. While the forces caused by the gas flow
from each aperture in the stator are not exactly perfect point forces and
the motion of the rotor is complicated by other fluid dynamical phe-
nomena, this simple model is sufficient to explain the mechanism of
pneumatic angle adjustment for this configuration of the stator.

The placement of the angle adjust aperture within the stator cup is
significant. In our early stator designs, we attempted to induce a pitch of
the rotor’s spinning axis by independently tuning the gas flow between
two closely spaced drive gas apertures equally offset on either side of
the magic angle complement within the stator cup. While some control
over the spinning axis was possible in this design, the spinning was com-
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Fig. 1. Design of the pneumatic angle adjust stator for 9.5 mm spherical rotors. A) Side view of the stator cup with spherical rotor included, with the main drive
aperture highlighted in blue and the angle adjust aperture highlighted in red. B) Cross-sectional view of the stator cup through the angled plane bisecting the main
drive aperture, showing the directions of gas flow for the drive (blue arrow) and the angle adjust (red arrow). C) Graphic depicting two point forces applied tangent
to the surface of a sphere in the + x-direction representing the angle adjust and drive gas flows (red and blue arrows respectively) and the resultant torque vector
(black arrow). D) Computer-aided design (CAD) model of the entire pneumatic angle adjust stator, with the drive aperture highlighted in blue and the angle adjust

aperture highlighted in red.
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Fig. 2. A) Calibration curve of the spinning axis angle against the difference in ppm between the two inner peaks of the simulated off-angle sideband lineshape for
the COOD 2H resonance of d,-malonic acid at 3000 Hz rotation rate. At values near the magic angle, the peaks are too close to one another to accurately measure a
splitting. B) Simulated spectra for the 1st order sideband of the COOD 2H resonance as a function of sample rotation angle at a rate of 3000 Hz, using a C, value of
180 kHz and an 5, value of 0.11. C.) Experimental 2H MAS spectrum of d,-malonic acid (blue) at 6536 Hz MAS (2 bar helium gas) at the magic angle compared to
a calculated 2H MAS spectrum at the same MAS rate for a single 2H resonance with Cq = 180 kHz and g = 0.11 (red).

pletely unstable when the gas flow rates from each aperture were similar
in magnitude, likely due to turbulent interactions between the two gas
streams within the stator cup. However, by placing the second aperture
on the opposite side of the rotor (as adopted in the final design, shown in
Fig. 1A), the two gas streams will not interfere with one another. If the
second aperture were placed exactly 180° opposite the main drive aper-
ture, an increase in the gas flow rate through that aperture would cause
the spinning rate to increase, but with no change in spinning axis angle.
Therefore, the angle adjust aperture must be slightly offset opposite the
main drive aperture rotor in order to pitch the axis of rotation. As seen
in Fig. 1A, at this chosen position, the angle adjust gas stream does not
flow over the rotor grooves, but we have previously demonstrated that
engagement with the grooves is not required in order to apply sufficient
torque to the rotor [17].

Fig. 2B depicts simulated 2H NMR spectra for the 1st order side-
band of d4-malonic acid as a function of spinning axis angle at 3000 Hz

rotation rate. The quadrupole coupling constant, Cy, and asymmetry pa-
rameter, 7, used for the simulations were set to 180 kHz and 0.11, re-
spectively. These values were chosen to be close to the experimentally
measured quadrupole parameters for the two nearly-identical COOD
crystallographic sites within crystalline malonic acid, which have been
previously determined to be C; = 179.1 kHz, 7, = 0.112 for site 1 and
C,=180.9 kHz, g = 0.098 for site 2 [37-39]. As a verification that the
chosen quadrupolar parameters are suitable for the simulation, the full
pattern under MAS was simulated using these values and compared to
experiment by spinning the rotor at 6536 Hz using helium gas as shown
in Fig. 2C. The sideband lineshape is highly dependent on the angle of
the spinning axis with respect to the magnetic field, developing into a
pattern with two peaks at angle values offset from the magic angle. The
relative peak heights between the upfield and downfield resonances of
the lineshape changes based on whether the angle is pitched above or
below the magic angle. The center band also manifests as a splitting,
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Fig. 3. A) 2H NMR spectra of the first order sideband in d,-malonic acid as a function of spinning angle at spinning rates ranging between 2869 Hz (54.64°) and
2861 Hz (54.84"), taken with 256 scans per spectrum. The first order sideband of the COOD resonance is centered at 63.4 ppm, and the first order sideband of the
CD, resonance is centered at 54.3 ppm. The spinning angle for each spectrum was assigned based on the linear fit given in Eq. (1). B) Relationship between measured
flow rate of air through the angle adjust aperture in liters normal per min (L,/min) and the observed spinning angle for the spherical rotor.

but does not have a difference in peak heights between the upfield and
downfield peaks as a function of absolute angle offset. A plot of the dif-
ference in chemical shift between the shorter and taller peak maxima as
a function of spinning axis angle (in degrees) is shown in Fig. 2a, and a
linear fit yields the following equation:

A& = (60.835 ppm/°®)0 — 3329.88 ppm )

This linear fit is valid only for spinning rates near 3000 Hz where
these spectra were simulated, as the off-magic angle lineshape for this
resonance changes significantly as a function of spinning rate (Supple-
mentary Information, Figs. S2, S3). For example, when spinning at 30
kHz, the first order sideband maintains the property of having an asym-
metric lineshape dependent on absolute angle offset, but it no longer
manifests as a peak splitting. At 100 kHz, the first order sideband no
longer contains much information about angle offset other than through
a narrowing of the linewidth at values near the magic angle. Though not
sensitive to absolute offset, at high spinning rates the center band line-
shape does manifest as a peak splitting when spinning off-magic angle.
This makes the use of d4-malonic acid or another deuterated organic
solid an ideal and sensitive method for setting the magic angle even
at extremely high MAS rates where other methods would fail (such as
the measurement of rotor echoes in the 7°Br NMR signal of KBr), as it
does not require observation of spinning sidebands. Currently, there is a
dearth of reliable methods for setting the magic angle at high MAS rates,
with the most effective method to date involving optimization of the in-
tensity of 'H signal obtained through a J-coupling mediated spin echo
experiment [40]. It is worth noting that the malonic acid 2H centerband
and sideband lineshapes are not dependent on magnetic field strength,
with simulated spectra effectively unchanging between 7 T and 21 T
(Supplementary Information, Fig. S4).

The successful implementation of the pneumatic angle adjustment
stator is shown by the results depicted in Fig. 3. The angle adjust gas
flow rate was finely adjusted at values between 1.97 and 2.03 L normal
of air per minute (L,/min), yielding spectra which differ in spinning
angle by 0.01° or less. The COOD resonance is the resonance at higher
chemical shift (CD, is the resonance at lower chemical shift), and the
angle for each spectrum was assigned based on the peak splitting for this
COOD resonance using Eq. (1). The sensitivity of the angle adjustment
capability of the stator was measured by taking the linear fit of the mea-
sured flow rate values as they correspond to rotor spinning axis angles,
resulting in a sensitivity of —3.3 + 0.1° per L,/min of flow. The needle
valve used in the experimental setup was capable of restricting the flow
at increments finer than the measurement precision of the digital flow

meter used (+5 mL,/min), meaning that the major contribution of er-
ror to the linear fit in Fig. 3B was from the flow rate measurement. As
predicted, a small but measurable linear change in spinning rate coin-
cided with the change in gas flow rate, with a spinning rate of 2861 Hz
at 54.84Y with 1.97 L,/min of air, and a rate of 2869 Hz at 54.64° and
2.03 L,/min of air. The spinning rate was extremely stable, varying by
less than +1 Hz at each angle adjustment gas flow rate value. As a result
of the linear relationship between spinning rate and spinning angle, use
of feedback-based control (PID control) of the spinning rate based on the
optical tachometer signal also controls the angle of the rotational axis
to a desired value. By changing properties of the angle adjustment aper-
ture such as its placement within the stator cup, its size, or the radial
distance from the aperture to the rotor’s surface, the angle adjustment
sensitivity could be modified to suit the desired technical requirements
for a given experiment.

Conclusion

We have demonstrated for the first time a pneumatic angle adjust-
ment method of rotors for MAS solid state NMR experiments that in-
volves no moving parts other than the rotor itself. This technique is
made possible by the use of spherical rotors and represents a unique
and novel advantage that spherical rotors have over cylindrical rotors.
We have also affirmed the utility of using a deuterated organic solid
such as d4-malonic acid as a very precise and absolute angle measure-
ment standard sample for solid state NMR experiments. The capability
for spherical rotors to pitch within the stator with no mechanical ad-
justment may enable the design of new probeheads that utilize a mono-
lithic RF circuit with precisely defined geometries, or may simply free
up space to make smaller and more technically complex probeheads.
Future work will entail further developing the pneumatic angle adjust-
ment stator to be capable of performing variable angle spinning (VAS)
experiments from 0° to 90° [41], or dynamic-angle spinning (DAS, also
known as switched-angle spinning or SAS) experiments [32,34,42-45],
which could be made possible by rapidly gating the gas flow through
the angle adjustment aperture.
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