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NMR Experiments with a New Double Rotor
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We describe a new double-rotor design that achieves an outer-rotor speed of about 1
kHz and an inner-rotor speed of 5 kHz under conditions of double rotation. Mechanical
analysis and experimental data are presented illustrating the mechanism and optimal con-
ditions for the double-rotor motion. The performance of this double rotor is demonstrated
by double-rotation NMR spectra of 2Na and "0 in some polycrystalline compounds
where the static NMR spectra are broadened by dipole~dipoie and second-order quadrupole
interactions. Spectra obtained by synchronizing the double rotor with radiofrequency pulses
are in agreement with computer simulations. © 1990 Academic Press, Inc.

The work of Andrew er al. and Lowe (1) over 30 years ago to reduce dipole-dipole
line broadening by means of magic-angle spinning (MAS) showed that mechanical
motion of the sample is a useful approach to resolution enhancement for solid-state
NMR. Since then, other types of sample motion have been demonstrated (2), most
recently the introduction of double rotation (DOR) and dynamic angle spinning
(DAS) (3).

In the DOR NMR probe (4), the sample is contained in a small, fast-spinning
inner rotor; this inner rotor is embedded in the body of a large outer rotor which
spins at the magic angle 8, = 54.74° with respect to the static magnetic field; the angle
B between the spinning axes of the inner and outer rotors is 30.56°. One of the
applications of the DOR technique is to narrow the central NMR transition (} «
—1) of half-odd-integer quadrupolar nuclei; the central transition is broadened, among
other effects, by anisotropic second-order quadrupole interactions. For example, the
static linewidth of the >*Na central transition in polycrystalline sodium oxalate powder,
which is about 10 kHz in a 400 MHz (proton) spectrometer, was narrowed by DOR
down to 150 Hz without losing information about the isotropic shift.

One of the problems associated with DOR spectra is the large number of sidebands
originating from the slowly spinning outer rotor whose angular frequency is consid-
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erably less than the reduced second-order quadrupole coupling constant (scaled down
by the fast inner-rotor spinning ); attempts to increase the speed of the outer rotor can
lead to a crash of the inner-rotor motion. In order to make DOR more widely appli-
cable, higher spinning speeds could be useful. In addition, synchronization of the outer
rotor with the radiofrequency pulses makes it possible to eliminate all the odd-num-
bered sidebands. In this paper, we describe a new double-rotor design that achieves
an outer-rotor speed up to 1 kHz under double-rotation conditions and an associated
inner-rotor speed of about 5 kHz. The mechanism leading to the crash of the inner-
rotor motion is discussed based on an analysis of the mechanics and experimental
data. To demonstrate the performance of this new double rotor, DOR spectra of
23Na and 'O are shown for several situations including sodium oxalate in which the
linewidth has been reduced to 80 Hz. Computer simulations of the sideband pattern
are shown to be in good agreement with experimentally obtained synchronized spectra.

EXPERIMENTAL

Experiments were carried out on a 400 MHz spectrometer. The static magnetic
field was shimmed using the deuterium resonance of D,O; the linewidth is below 10
Hz in our DOR probe.

Double rotor. A useful double-rotor design must meet, in many aspects, the re-
quirements for a conventional high-performance MAS system. In addition, a further
complication with the double rotor arises from the well-known fact that a spinning
object, like the inner rotor, has the tendency to maintain its spinning orientation
unless a torque is exerted on it. Torque is obviously not desirable here because it
imposes an extra burden on the bearing system which only has a limited load capacity.
Fortunately, as will be illustrated below, the torque can be reduced to a tolerably smail
value when the ratio of the angular velocities w,/w, approaches a certain fixed value
that depends on the structure of the inner rotor.

As illustrated in Fig. 1, the motion of the inner rotor can be visualized as the motion
of a rigid cylinder with a fixed point, in this case the cross point of the two rotation
axes; the pattern of the motion is the well-known precession motion but without
nutation. The equation relevant to such motion is

a_
dt
where J is the angular momentum of the inner rotor and r is the torque applied to

the inner rotor through the bearing. The angular momentum can be expressed in
terms of the angular velocity w as

J = ilwy, + jlLw, + klLw,, (2]

T, [

where i, j, and k are the unit vectors of the principal axis system (x, y, z) of the
moment of inertia tensor of the inner rotor with principal values I, I, and Z,. In our
case, the tensor is symmetric, I, = I,. There are two contributions to the inner-rotor
angular velocity, the angular velocity w, of the inner rotor around its own axis and
the angular velocity w, imposed by the outer rotor. This second contribution can be
decomposed into two components, w,cos 3, along the z axis, the spinning axis of the
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FI1G. 1. By adjusting the ratio of moments of inertia (J,/1,), the addition of the two vector components
of the angular momentum along the inner-rotor axis z and the y axis can be made to point along the outer-
rotor axis Z, so that spinning the outer rotor will not affect the orientation of the total angular momentum
of the inner rotor.

inner rotor, and w,sin B, along the y axis which is chosen to be in the plane of z and
Z where the Z direction is along the outer-rotor spinning axis. Thus we have

wy =0, w, = wysin By, w, = wy + wicos Gy. 13]

Viewed from the laboratory frame, the only way to make J time-independent, with
no torque, is to design the system in such a way that J points along the Z axis as
depicted in Fig. 1, i.e.,

_ T,wssin
el pera— [4]
or
Iy
wi/ws = cos 3 T~1 = k. [5]

Clearly, for a fixed ratio of 1,/I,, determined by the dimensions of the inner rotor,
the ratio w;/w, is fixed for the torque-free condition.

For a ratio w;/w, of 5, when the outer-rotor speed reaches | kHz, the inner-rotor
speed must be 5 kHz, which is not difficult to achieve with current technigues. Since
the inner rotor is inclined at an angle inside the outer rotor, the dimensions of the
inner rotor (both the iength and the diameter) will determine the eventual diameter
of the outer rotor which is a crucial factor in obtaining high outer-rotor speeds. With
the goal of producing higher speeds for both the inner and outer rotors, we have
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designed a new double rotor with a reduced diameter of the outer rotor and a turbine
system for the inner rotor with parameters recommended for MAS operation (5); the
driving jets are placed at both ends of the inner rotor.

An iltustrative sketch of the double-rotor probe is shown in Fig. 2. For the purpose
of detailed studies of the inner-rotor behavior, we used a two-port air injection system
similar to the original design (4) as shown in detail in Fig. 2a. In principle, one-port
air injection is sufficient and stable if the position of the outer rotor is fixed with a flat
air bearing from the bottom as shown in Fig. 2b. The new double rotor, as shown in
Fig. 2c, is machined in three pieces held together with the axle (part 13) and the step
shoulders (part 14) on the center piece (part 2) by press-fitting into the matched
counter parts (parts 13’ and 14’) on the end pieces (part 2°). This structure has several
advantages. The cylindrical structure of the center piece allows efficient use of the
available space within the outer rotor. Moreover, the cylindrical shape also prevents
structural deformations; deviations less than 0.015 mm can be made over the whole
length of the outer rotor. In addition, we can use more fragile ceramic materials for
the rotor body because a tight press fit of the matching pieces is not necessary here;
we can use clamp buttons screwed on top of the axles (part 13) to hold the three
pieces together as well. The new structure also prevents any air leakage through mis-
matched fits. As a result of these modifications and of reducing the inner-rotor diameter
to 4.6 mm, we were able to reduce the outer rotor diameter to 13 mm, with a length
of 46 mm. A further reduction of length and diameter is possible with a one-port air
injection system feeding both the bearing and the drive of the inner rotor as shown
in Fig. 2b. The outer rotor described above is able to reach an angular velocity of 2
kHz after careful balancing under conditions of single rotation; a spinning inner rotor
has no appreciable influence on the outer-rotor performance when the outer rotor is
spinning below | kHz.

To operate the double rotor, we first spin the inner rotor and then the outer rotor.
Initially, the ratio w;/w, is too high to satisfy the torque-free condition discussed
above. Consequently, a torque is generated, and the increased friction on the inner
rotor from the bearing system slows down spinning of the inner rotor; at the same
time, the ratio w;/w, decreases and with it the torque and friction, finally stabilizing
the inner-rotor spinning speed at a lower value close to the torque-free condition. As
the outer-rotor speed increases, the inner-rotor speed also increases automatically in
order to adapt itself to the torque-free condition. In fact, precisely at the torque-free
condition the system is not stable, since any accidental slow-down of the inner rotor
can trigger a torque avalanche. To be more specific, any decrease of w; increases the

F1G. 2. New double-rotor probe designs. (a) Double-rotor probe with two-port air injection. (b) Double-
rotor probe with one-port air injection. (c) Details of new double rotor. (1) inner rotor with flutes at both
ends; (2 and 2’) building blocks of the double rotor held together through the axles (13) with the matched
counter parts (13’), and the step shoulder ( 14) with the matched counter parts (14'); (3 and 4) air channels
and holes for bearing and drive system of the inner-rotor; (5) pins to hold the inner-rotor in place; (6 and
7) bearing and drive system for the outer-rotor; (8) air exhaust holes for the outer rotor; (9) pins to hold
the outer-rotor in place; (10) air passage for the inner rotor which fits into (10') with small clearance; (11)
space for RF coil; ( 12) bearing system on which the outer rotor floats; ( 15) caps holding inner rotor in place
and allowing air escape for the inner-rotor system.
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torque when the ratio w,/w, is at the torque-free condition; this in turn decreases w;
implying a further increase of the torque and leading finally to a crash of the inner-
rotor motion; the outer-rotor system is too large for w, to adapt itself quickly to any
change of the inner-rotor motion. On the contrary, the system is in a stable state when
the ratio w;/w, is close, but higher than the torque-free condition, as long as the weak
torque generated can be tolerated by the bearing system of the inner rotor. Any ac-
cidental stow-down of the inner rotor will now decrease the torque and friction, bringing
w; up again; similarly, any accidental speed-up of the inner rotor will increase the
torque bringing w; down again. This self-adjusting mechanism protects the inner rotor
against any instabilities. It can be shown (6) that under the influence of a torque the
relationship between w, and w, can be written as

w1 = cos By (I/I, — D, + I_w_zén—ﬁ; = kw, + Aw, (61
which reduces to Eq. [ 5], the torque-free condition, when 7 (the absolute magnitude
of 7 in Eq. {1]) or Aw, is set to zero.

Both the inner- and outer-rotor spinning speeds can be measured experimentally
from the sideband positions of *Na in sodium chloride where the line is broadened
by dipole-dipole interactions. The sidebands resulting from motions of the inner and
the outer rotors can be clearly distinguished owing to the large w,/w, ratio which
effectively adiabatically decouples the NMR effects of the two rotors. Figure 3 shows
an example of such a spectrum; sidebands due to the inner rotor can be clearly seen
from the magnified spectrum. Figure 4 is a plot of v, = w; /27 versus v, = wy/27
obtained for two different inner rotors; A is 13.3 mm long and B is 15.2 mm long
with k values of 4.5 and 5.1, respectively. The different specific gravities of Vespel and
sodium chloride have been taken into account in the calculation of k. Points in Fig.
4 represented by same solid symbols are obtained under the same conditions for the
inner rotor, i.e., the same bearing and drive air pressures. The plot shows that the
inner-rotor speed depends linearly on the outer-rotor speed over a wide range of »,,
but tends to deviate from it when v, comes closer to the point where the motion of
the inner rotor crashes. The experimental slope k obtained from the linear fitting is
4.9 for rotor A and is 5.4 for rotor B and does not depend on the air pressure used;
moreover, these values are quite close to the calculated values. According to Eq. [6],
this implies that the torque exerted on the inner rotor through the bearing adjusts
itself with w, until it can no longer be tolerated by the bearing system. The intercept
of »; at v» = 0 is not zero and is larger for rotor B which makes the deviation from
the linearity more significant when Ar, = Aw,/27 starts to change. The nonzero
positive value of Ay, is in agreement with our argument above based on the stability
argument requiring that »; must slightly exceed the value dictated by the torque-free
condition. The relationship between Ay, and the air pressure used to operate the inner
rotor depends on the details of the inner-rotor bearing and drive system; as seen in
Fig. 4, the inner rotor A has a smaller Av, value than B for the same air pressure and
it depends less sensitively on the air pressure used.

Synchronization. There are three different axes in the DOR experiment, namely
the static magnetic field, the inner-rotor axis, and the outer-rotor axis. The relative
positions of these three axes at the time when the RF pulse is applied is important for
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FIG. 3. (a) Static spectrum of 2 Na in polycrystailine NaCl. (b) DOR spectrum obtained with », = 4.4
kHz and », = 620 Hz. The sidebands seen in this spectrum arise from spinning. of the outer rotor. By
expanding this spectrum 32 times (c), the sidebands corresponding to spinning of the inner rotor can be
recognized and are indicated by the arrows.

the evolution of the spin system (7). When the three axes are coplanar, two angles
can be defined, namely, v, = 0° when the outer-rotor axis is between the magnetic
field orientation and the inner-rotor axis and vy, = 180° when the inner-rotor axis is
between the magnetic field and the outer-rotor axis. By synchronizing the RF pulse
with the rotor motion alternately at y; = 0° and -y, = 180° and adding the two specira
together, odd-numbered sidebands can be eliminated.

Synchronization is realized with a homemade apparatus consisting of two parts, a
light sensor and a logic circuit. Two light-reflecting white marks painted on the external
surface of the outer rotor and separated by 180° are detected by light reflected from
an optical fiber. When the outer rotor spins, the two white marks pass through-the
light beam sending out TTL pulses to the logic circuit. The logic circuit splits the train
of TTL pulses from the light sensor alternately into two output channels so that each
channel contains TTL pulses corresponding only to one of the two white marks. The
acquisition event is triggered externally by TTL pulses which, in our case, come from
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FIG. 4. The inner-rotor spinning speed »; is plotted versus the outer-rotor spinning speed »,. The symbols
A, B, and V¥ represent data for inner rotor A (see text) obtained with air pressures of 25, 30, and 35 psi,
respectively. Line 1 is a linear fit for all of these data with k = 4.9 and Ap, = 573 Hz (see Eq. [6]). The
arrows indicate the highest », speeds before the motion of the inner rotor crashes. The symbols O, @, and
# represent data for inner rotor B (sce text) for which ® were obtained with an air pressure of 30 psi and
¢ with an air pressure of 35 psi; O were obtained with variable air pressures. Line 2 is a linear fitting for ®
with k = 5.3 and A, = 1.4 kHgz; line 3 is a linear fit for ® with k = 5.4 and Av, = 1.2 kHz.

one of the output channels of the logic circuit. The output of the logic circuit can
toggle between the two output channels whenever it receives an external TTL pulse;
this external TTL pulse is transmitted from the spectrometer interface after each ac-
quisition event. In this way, the acquisition is triggered alternately by TTL puises
corresponding to the two white marks. By inserting a proper delay time between the
external trigger and acquisition, the acquisition can be set exactly at v, = 0° and v,
= 180°.

RESULTS

To show the effect of the outer-rotor speed on the sideband pattern in the case of
quadrupole interactions, the central transition spectra of >*Na in sodium oxalate are
presented in Fig. 5. Figure 5a shows the static powder pattern which arises from the
second-order anisotropic broadening of the quadrupole interaction, the chemical-shift
anisotropy, and the dipole~dipole couplings. The linewidth is about 10 kHz. When
the sample is subjected to a slow double rotation at », = 200 Hz (Fig. 5b), sharp
peaks start to appear; the overall lineshape becomes a superposition of sidebands
separated from each other by »,. As », increases to 320 Hz (Fig. 5c), all the sidebands
separate and the linewidth decreases to 110 Hz. The centerband is hardly recognizable
in this spectrum. At », = 440 Hz (Fig. 5d), the centerband starts to emerge above all
the sidebands and the linewidth decreases further to 100 Hz. When », goes up through
640 Hz (Fig. 5¢) to 850 Hz (Fig. 5f), the linewidth narrows down to 85 Hz. The
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FIG. 5. NMR spectra of *Na central transition in polycrystalline sodium oxalate. (a) is the static spectrum
which has a linewidth about 10 kHz. (b), (¢), (d), (¢), and (f) are DOR spectra with v, (the angular velocity
of the outer rotor) as indicated.

residual linewidth thus depends on rotation speed ' and arises primarily from dipole~
dipole interactions among the 2*Na spins. This is because the dipole—dipole interactions
cannot be fully truncated by the inner-rotor rotation if the dipole-dipole coupling
constants wp are not negligibly small compared with the inner-rotor speed w,. Con-
tributions of higher-order quadrupole interactions are negligible since the third-order
contribution vanishes. Other possible contributions to the linewidth are the inho-
mogeneity of the magnetic field, defects in the crystalline structure, and errors of the
magic-angle setting. The spectra in Fig. 5 are obtained without synchronization. The
sideband pattern is an average over a random set of v, values.

Figure 6 shows the unsynchronized spectra and the corresponding synchronized
spectra for two different outer-rotor speeds, 604 Hz and 800 Hz. Both of the synchro-
nized spectra are obtained with 10 scans and, indeed, addition of the spectra obtained
at y; = 0° and v, = 180° eliminates the odd-numbered sidebands. The sideband
pattern can be simulated (since the parameter v, is known) using values of (e%¢Q/
h) =243+ 0.02 MHz and n = 0.77 = 0.02. In general, however, the DOR sideband
pattern contains both first- and second-order effects, i.e., the effects of not only quad-
rupole interactions, but also chemical shifts and other interactions. The centerband

' The linewidth depends mainly on the inner-rotor speed in this case. The outer-rotor speed indirectly
affects the linewidth through its influence on the inner-rotor speed as discussed in the text.
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FG. 6. The effects of synchronizing the outer rotor at angles v = 0° and 180° with RF pulses on the
DOR spectra of >Na in polycrystalline sodium oxalate. (a) shows the unsynchronized and the synchronized
spectra at », = 604 Hz. A computer simulation is also shown with (e?gQ/k) = 2.43 MHz and n = 0.77.
(b) shows similar spectra obtained with », = 800 Hz. The computer simulation uses the same parameters
asin (a).

lineshape in MAS does not contain information about first-order effects (except for
homogeneous interactions which are negligible in high-speed MAS compared with
the second-order quadrupole interaction).

Figure 7 shows 2*Na spectra of a sample containing a mixture of sodium sulfate
and sodium oxalate of which the molar ratio of sodium atoms is 2:1. The static spectrum
shown in Fig. 7a is again 10 kHz wide. Under MAS at 5.7 kHz (Fig. 7b), the linewidth
is reduced to 2.5 kHz and some structure is visible, Under DOR (Fig. 7c), the line
collapses into sharp lines and the two-peak structure is clearly revealed; the intensity
ratio of the two components is 2:1 just as expected and the linewidth is 80 Hz (0.8
ppm) for both lines.

Finally, we demonstrate the resolution of this DOR probe with '’O spectra of a
sample of the mineral wollastonite which contains nine crystographically distinct ox-
ygen sites. Figures 8a and 8b show the static and MAS spectra. Higher MAS spinning
speeds do not help to improve the resolution since the spectrum is broadened mainly
by quadrupole interactions. The resolution is improved by DOR as shown in Fig. 8c.
Eight different lines can be identified and are indicated by arrows. The linewidth is
about 70 Hz (0.7 ppm). Those peaks not indicated by arrows are spinning sidebands
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FIG. 7. NMR spectra of 2?Na central transition in a 2:1 polycrystalline mixture of sodium suifate and
sodium oxalate. (a) is the static spectrum and (b) is the MAS spectrum with rotor spinning speed of 5.7
kHz. (c) is the DOR spectrum with v, = 970 Hz clearly revealing the two line structure. (d) is an expanded
version of (c) showing the centerband peaks originating from the two components of the mixture.
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FIG. 8. NMR spectra of '’O central transition in polycrystalline (CaSiO;) wollastonite. (a) Static spectrum;
{b) MAS spectrum with a rotor speed of 5.6 kHz; (¢) DOR spectrum with », = 830 Hz. Lines arising from
eight resolved oxygen sites are indicated by arrows. The chemical-shift reference is ’O in water.

associated with the spinning of the outer rotor identified by using different outer-rotor
speeds.

CONCLUSIONS

A new double-rotor design achieves an outer-rotor speed of about 1 kHz and an
inner-rotor speed of 5 kHz under DOR conditions. Based on a simple model, the
mechanics of the double rotor can be understood and verified experimentally by mea-
suring the spinning speeds of both the inner and the outer rotors. The important point
is that the torque-free condition is not a stable state and a certain amount of excess
speed is needed for the inner rotor in order to maintain a stable motion. The excess
speed depends on various quantities such as the torque, the moment of inertia, and
the outer-rotor speed. The mechanism causing the inner rotor to crash and ideas on
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how to improve the double-rotor performance are now clearer. Further improvement
and other designs are under way in our laboratory.

The outer-rotor speed influences the sideband pattern for the case of quadrupole
interactions and being able to spin at higher speeds improves the resolution of the
centerband and reduces the sidebands significantly. With synchronization, the odd-
numbered sidebands are completely eliminated and the sideband pattern can be sim-
ulated rapidly and accurately due to the known geometric relationship between the
two rotation axes and the magnetic field orientation. Experimental spectra on *Na
in sodium chloride, sodium oxalate, and sodium sulfate and on !’O in wollastonite
illustrate the performance of the double rotor.
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