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Abstract

A switching-angle sample spinning (SASS) probe workable at high spinning speeds was developed using a commercially available
rotor/housing system. Details of the construction are described. As application examples of the SASS probe, we report experiments
of powder pattern separation at the spinning speed of 20 kHz and broadband '*C-'3C polarization transfer at 16 kHz.
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1. Introduction

In solid-state NMR, measurements of anisotropic
interactions provide plenty of information on static
and dynamic structures of molecules. Accordingly, a
variety of methods to measure anisotropies have been
developed. Switching-angle sample spinning (SASS),
which is one of such methods, enables us to separately
observe individual powder patterns of chemically distinct
nuclei, using a two-dimensional (2D) NMR scheme with
the rotor orientation along an off-magic angle during the
evolution period and the magic angle during the detec-
tion period. The 1D version of SASS has also been per-
formed using a selective rf-pulse [1,2]. Powder patterns
due to chemical-shift anisotropy (CSA) [3.4], *C-'H
dipolar [5], and '*C-'>C dipolar interactions [6] have
been separately observed by 2D or 1D SASS for studies
of the conformations of inclusion compounds [7-9], the
motions of glassy polymers [10,11], and the orienta-
tion-ordering of liquid crystal [12]. Another powerful
approach to recover anisotropic interactions is rotor-
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synchronized rf-pulse sequences, which have been devel-
oped to recover CSA [13,14], '*C-"H dipolar [15,16], and
13C-13C dipolar [17] interactions under magic angle spin-
ning (MAS). These sequences are sensitive to pulse
imperfections such as rf-field inhomogeneity, finite pulse
width, and resonance offset, while SASS is free from such
rf imperfections at least in separation of overlapped CSA
powder patterns. Furthermore, MAS frequency usable in
the rotor-synchronous pulse sequences is usually limited
to ~5 kHz, although a few trials have been reported to
raise the limitation to somewhat higher frequency
[18,19]. In general, however, fast MAS is required both
for obtaining sideband-free spectra in high magnetic
fields and for removing '*C—'*C dipolar broadening in
uniformly "*C-labeled samples. Although SASS experi-
ments have been made at relatively low speeds
(<10 kHz), there should be no limit to the MAS fre-
quency in principle. In this work, instead of improving
spinning speed in the published probe designs [20,21],
we built a SASS probe workable at high-spinning speeds
utilizing a commercially available rotor/housing system.
The blueprints of the probe are available on request.
As shown in Fig. 1, the probe system was constructed
by adding upper and lower attachments to a commer-
cially available probe: DSI-692 Doty Co. The height of
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Fig. 1. The whole sketch of the SASS NMR probe. The upperside of the probe is drawn with the cover taken off.

A

Fig. 2. Sketches of the upper attachment. (A) Parts: a, rotor housing; b, air inlet; c, panel; d, pulley; e, clamp; f, bearing; g, pulley axis; h, pulley
holder; i, pedestal; j, prop; and k, air pipe. (B) Assemble; rf components are omitted.
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the whole probe is short enough to enter the space under
the magnet. The upper attachment, which is illustrated in
Fig. 2, is composed of the movable assembly (a, b, d, ¢, f,
in Fig. 2A) and the fixed assembly (c, g, h, 1, j, in Fig. 2A).
In the former, pair of pulleys with a bearing and a clamp
firmly hold a commercial rotor/housing system with air
inlets (Vespel; DuPond). Most of commercially available
rotor/housing systems can be incorporated by slightly
modifying the lower and upper clamps. In fact, we could
incorporate a Doty 5 mm rotor/housing system (max
spinning speed: ~14 kHz) and a Chemagnetics 3.2 mm
rotor/housing system (max spinning speed: ~20 kHz).
The solenoid coils in these commercial rotor/housing sys-
tems were used as they are. In the fixed assembly, pair of
pulley holders with a panel (Duracon; Polyplastics), and
a pulley axis (Vespel) are fixed on a brass pedestal sup-
ported on the top of a Doty DSI probe by four duralu-
min props. The movable assembly is supported by the
fixed assembly via the connection of the pulley axis and
the bearing. Thus, the orientation of the spinner axis
can be changed around the pulley axes, where the zigzag
shape of the panels restricts the range of the angle
between the spinner axis and the magnetic field to 20°—
90°. The range can be expanded, for example to 0°—
90°, by modifying the shape of the panel. The
compressed air for sample spinning is supplied with the
air inlets via the flexible silicon tubes. We connected each
end of the sample coil with a different tuning-capacitor
via a flexible wire (three pieces of copper-mesh solder
wick) and a semi-rigid cable. In practice, we confirmed
that the solder wick pieces exhibit no signs of break after
bending 1,000,000 times.

The lower attachment is composed of a pulley and a
stepping motor system. The upper and lower pulleys are
linked with each other by 0.5 mm-diameter high tensile-
strength strings of Zylon (Toyobo) or Kevlar (DuPond).
To adjust the tensile strength of the string, the tension
adjuster with two polycarbonate bolts and acrylic nuts
is used. We adopted a high-precession stepping motor
system (Compumotor) for switching the spinner-axis,
which includes a motor driver (Zeta-A4 driver) and a
programmable motor controller (500-controller). The
field gradient at the position of the stepping motor
should be small enough not to cause motor malfunction.
We used a motor shaft of ca. 35 cm long ca. 12 cm below
the bottom of the magnet to set the motor at a proper
position. The motor driver has a resolution of 0.0072°
per step with the settling time shorter than 7 ms. An-
gle-switching sequence programs are written in the con-
troller, which can be executed synchronously with a
pulse sequence by applying a trigger signal. We found
that the angle switching of ca. 20° takes about 40 ms
for keeping spinning speed stable within the accuracy
of +0.01 kHz at a spinning speed of 20 kHz.

NMR experiments were carried out with the '*C res-
onance frequency of 100.65 MHz at room temperature

by using a Chemagnetics CMX-400 spectrometer and
the present SASS probe system with a Chemagnetics
3.2 mm rotor/housing system to demonstrate the perfor-
mance of the probe.

We firstly made a 2D SASS NMR experiment for '*C
CSA powder pattern separation in dimedone (5,5-di-
methyl-1,3-cyclohexanedione) under the spinning speed
of 20.07 kHz and 0,5 = 67.0° using the pulse sequence
shown in Fig. 3A. This spinning speed ensures observa-
tion of spinning sideband-free spectra. The observed and
simulated powder patterns are shown in Fig. 3B for the
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Fig. 3. 2D SASS NMR separation of '3C CSA powder patterns. (A)
Pulse sequence. (B) Separated '>C powder patterns for C1 (top), C3
(middle), and C2 (bottom)in dimedone. Left side: observed spectra
under the spinning speed of 20.07 + 0.01 kHz and 0,4 = 67.0°. 128
FIDs with 512 ¢, points were accumulated. The CP contact time was
3 ms and 'H TPPM decoupling [22] was applied with 92 kHz nutation
intensity and +20° phase alternation. Right side: simulated spectra
using the reported chemical-shift principal values (1, d22, and d33) in
ppm relative to TMS: C1 (284.1, 254.9, and 79.0); C3 (298.2, 188.0,
and 75.6); and C2 (158.4, 107.7, and 43.3) [23].
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carbons of Cl, C3, and C2. The simulated powder pat-
terns were obtained by using the reported chemical shift
principal values [23], well reproducing the experimental
spectra. The curve of the solder wick pieces was adjusted
so that the 'H channel could be tuned at the magic angle
(0,,) and 67.0° simultaneously. Then, the 'H channel is
slightly off-tuned at the other off-magic angles. On the
other hand, we found that the tuning of the 13C channel
is almost independent of the rotor orientation.
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Fig. 4. 3C-13C SASS polarization transfer experiments. (A) Pulse
sequence. (B) '*C-'*C 2D NMR spectrum for ['*C, *N]glycilisoleucine
under the spinning speed of 16.000 + 0.005 kHz and 0,5 = 40.5°. FIDs
(64) with 256 t; points were accumulated. (C and D) 1D cross-section
spectra at the dotted lines in (B).

As another application example of the SASS probe, a
broadband '*C-'°C polarization transfer experiment
was performed in uniformly [*C, '*N]-labeled glyciliso-
leucine under the spinning speed of 16 kHz using the
pulse sequence given in Fig. 4A. Broadening due to
dipolar and CSA interactions induces the spectral over-
lap necessary for the polarization transfer during the
mixing time. Fig. 4B shows a 2D exchange spectrum ob-
tained with the mixing time of 120 ms and 0,4 = 40.5°.
The cross peaks and cross-sections (Figs. 4C and D)
clearly indicate that broadband '*C-'3C polarization
transfer takes place. It is in progress to examine the 0
dependence as well as the mixing time dependence of the
2D spectrum to clarify whether these cross peak intensi-
ties are related to the corresponding '*C-'*C distances.
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