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ABSTRACT

Double-rotation (DOR) is the only technique generally capable of yielding high-resolution NMR spectra of
half-integer quadrupolar nuclei in one dimension for solids without the need for sophisticated coherence
pathway selection. Unfortunately, due to the low outer rotor spinning frequencies currently available, the
spectra often contain a large number of spinning sidebands which may overlap with the resonances of
interest. We implement a simple, robust, and easy to use family of pulse sequences, which in practice
are fully analogous to the ‘total suppression of sidebands’ (TOSS) sequences, to suppress all sidebands
arising from the spinning of the outer rotor in DOR experiments. By removing the rotor phase depen-
dence of the evolution of the sidebands, the sidebands destructively interfere with one another during
the course of signal averaging to yield ‘solution-like’ spectra of half-integer quadrupolar nuclei in solids.
Advantages and shortcomings of the method compared to other DOR sideband suppression methods are

DOR sideband simulation
TOSS

explored with the aid of simulations.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Nuclear magnetic resonance (NMR) is one of the most impor-
tant tools for the characterization of chemicals and materials.
Since the introduction of magic angle spinning (MAS) [1,2] and
cross-polarization [3-5], solid-state NMR of spin-1/2 nuclei such
as 13¢C, 3'P, and 2°Si has become common practice in materials
chemistry. Some of the most important NMR-active nuclei, how-
ever, are half-integer spin quadrupolar nuclei such as !'B, 170,
23Na, and ?’Al. These nuclei possess a non-zero electric quadru-
pole moment that interacts with the electric field gradient (EFG)
at the nucleus. The quadrupolar interaction is often too large to
be adequately described by first-order perturbation theory [6].
There is thus a large residual broadening in the MAS NMR spec-
tra of such systems that cannot be averaged by conventional
means [7].

In double rotation (DOR) NMR, the sample is spun inside a
small inner rotor which is itself spun about the magic angle in
a larger outer rotor [8,9]. The net motion has the effect of averag-
ing all first and second-order NMR interactions to their isotropic
components [10-12]. Unlike multiple-quantum magic-angle-spin-
ning (MQMAS) [13], satellite-transition magic-angle-spinning
(STMAS) [14], and dynamic angle spinning (DAS) [15], which typ-
ically require a somewhat time-consuming two-dimensional
acquisition in order to resolve multiple sites, DOR yields high-res-
olution (‘solution-like’) spectra for quadrupolar nuclei in one
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dimension in ‘real time’. This makes it possible to conceive more
complex 2D experiments involving DOR such as multiple quan-
tum DOR (MQDOR) [16-20] and exchange spectroscopy (EXSY)
[19-21]. Another technique known as ‘satellite transitions ac-
quired in real time by magic-angle-spinning’ (STARTMAS) has re-
cently been proposed for the acquisition of isotropic spectra of
spin-3/2 nuclei in solids [22,23]. This appealing technique re-
quires both high power pulses to excite the satellite transitions
and a very accurately set magic angle, whereas in DOR, only a
simple one-pulse excitation is necessary. The principal drawback
to DOR NMR is the slow spinning rate because of the large size of
the outer rotor. This generally leads to a large number of spinning
sidebands which can overlap with other resonances. Although
these sidebands in principle contain all the quadrupolar and
chemical shift tensor information [24-26], they are more often
a hindrance. A method capable of removing all sidebands in
DOR is therefore desirable. Progress was made with the discovery
that all odd-order sidebands could be suppressed by synchroniz-
ing the pulses with the outer rotor phase such that the inner ro-
tor either points upwards or downwards at the moment of
excitation [27]. Samoson then showed that by using inversion
pulses, it was possible to selectively eliminate particular sideband
orders by taking appropriate sums of the results of up to seven
different experiments [28,29]. All sidebands in DOR have also
been successfully removed using a magic-angle-turning type
experiment, although two-dimensional acquisition is necessary
[30]. The technique we present here is an extension of Samoson’s
earlier experiments and in effect is an extension of TOSS to DOR,
so as to simultaneously remove all outer-rotor DOR sidebands.
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2. Theory

Previous treatments of DOR sidebands have shown that when
the inner rotor’s spin rate exceeds the breadth of the static line
width, then this spin rate can be reasonably approximated as infi-
nite. This approximation has been exploited in the development of
the now widely used synchronized experiment to remove half
of the sidebands in DOR. Under this approximation, the phase of
the time domain NMR signal may be expressed as a sum of four
sinusoidal terms [29,31] with an additional “g,” modulation which
is unique to DOR, compared to the MAS case:

4
@(t) = ot + Y _ aufsinn(wrt +7) - g (1)

n=1
where, in the case of one-pulse excitation,
g, = sinny, (2)

wy is the Larmor angular frequency, wy is the outer rotor’s spin rate,
and y is the phase of the outer rotor with respect to the magnetic
field. The four a, terms are functions with magnitudes that depend
on the different NMR interactions [27]. The first two terms depend
on the quadrupolar interaction, chemical shift anisotropy, and dipo-
lar coupling, whereas the two last terms depend only on the sec-
ond-order quadrupolar interaction. These last terms are much
smaller than the first two terms; they then affect the sidebands to
a lesser extent.

The phase of the sidebands depends on the rotor orientation as
follows:

4
d=Ny+> a:g, (3)
n=1

In the case of the synchronized DOR experiment [27], g, is equal
to zero for both outer rotor orientations (y=0° and 180°). The
phase of the odd sidebands is then inverted between both orienta-
tions and the spectra are free of odd-order sidebands. Using inver-
sion pulses, it is also possible to force g, and g, to be zero for rotor
phases of 90° and 270°. This increase in rotor orientation symmetry
removes 3 of the sidebands [29]. As the DOR sidebands’ phases are
y-encoded, unlike in MAS, they can naturally cancel one another
through signal averaging [32]. By removing the dependence of g,
and g, on the rotor phase, all contributions from a; and a, to the
sidebands would be removed after considering a large enough
set of different y angles. This concept, alluded to by Samoson and
Tegenfeldt [29], is the core foundation for the experiment proposed
here.

The effect of inversion pulses on sidebands has proven to be
useful in MAS in the case of the TOSS experiment [32]. These pulses
invert the phase of the magnetization and can be used to change
the initial value of the g, components of the sidebands. For exam-
ple, for a delay 7, followed by a single inversion pulse, the phase
components g, are expressed as follows:

8,(Ta) = =2 sinn(wgrTa + 7)) + sinny. (4)

To completely remove g; and g, four inversion pulses are nec-
essary. In that case, the g, terms are expressed as follows:

g, = —2sinn(y + wrTa + WRTE + WRTc + WRTp) + 2 sinn(y
+ WRTA + WRT + WRTc) — 2SINN(Y + WrTA + WrTE) + 2
x sinn(y + wrTa) — 2sinn(y) (5)
where the delays tx (X =A, B, C, D) are ordered alphabetically.
Contrary to the MAS case, the rotor phase dependence of the
sidebands needs to be separated to solve the g; and g, expressions.

It is then useful to rearrange the above expressions as follows. The
first term, g;, can be written as such:

g, =Esiny+Fcosy (6)
where
E = — cos(2(wrTa + WrTp)) — 2 COS(WRTA — WRTE — WRTC

+ WRTp) + 2 COS(WRTA + 20RrTD) + 4

WRTc
2

WRTc

x sin ( ) sin (a)RTA — WRTp — + szTD)v (7

and

F =sin(2(wgrTa + WRTp)) + 2 SIN(WRTA — WRrTE — WRTC

WRTc
2

WRTc . WRTc
5 +2erD)sm( 3 ) (8)

+ WRTp) — 2 Sin(WRTA + 20k Tp) + 4 5in ( ) COS(MWRTA

— (RT —

The second term of interest, g,, can also be rearranged in this

useful fashion:
g, = Gsin®y — Gcos?y + Hsiny cosy 9)
where
G =2sin(2(wrTa — WrTs — 2WRTp)) — 2 Sin(2(WRrTA — WRTE

+ WRrTc — 2WRTp)) + 2 SIN(2(WRTA — WRTE + WRTC

— RTp)) — SIN(4(WRTp + WRTp)) — 2 SIN(2(WRTA

— 2RTp — 200RTp)), (10)

and
H = —4cos(2(wrTa — WrTg — 2WRTp)) + 4 COS(2(WRTA
— WRTB + WRTc — 2RTp)) — 4 COS(2(WRTA — WRTB
+ WRTc — WRTp)) — 2 COS(4(WRTp + WRTD)) + 4
X COS(2(WRTA — 20T — 2R TD)) (11)

If the pulse timings are selected such that E, F, G, and H are zero,
then g; and g will be zero for all rotor orientations. Since the side-
band phase is given by Eq. (3), after summation of sufficient tran-
sients corresponding to arbitrary outer rotor phases, all a; and a,
contributions to the sidebands eliminate each other.

A non-zero contribution from as; and a4 remains, which is gen-
erally small in comparison with the other contributions; we note
that other DOR sideband suppression methods are also not capable
of eliminating these terms. The phase terms g; and g4 still have a
dependence on the rotor phase angle which is given below:

g5 =3.47cos’y + 1.84 cos® ysiny — 10.415 cos y sin® y
—0.61sin’y (12)

g, = 1.6cos*y — 22,59 cos’ ysiny — 9.59 cos® y sin® y
+22.59cosysin’ y + 1.6sin*y (13)

The value of g5 then oscillates between 3.53 and —3.53 and g4
varies from 5.87 to —5.87. To also remove g5 along with g; and
g, would require six inversion pulses whereas eight inversion
pulses are necessary to completely suppress all the sidebands. So
many pulses increases the possible effects of pulse imperfections,
and more importantly, increases the potential loss of signal due
to spin-spin relaxation.

3. Results and discussion

The pulse sequence to remove n=1 and 2 modulations is de-
picted in Fig. 1, where the possible pulse delays are given in Table 1.
We have referred to this experiment as AMBASSADOR, which
stands for Angle Modification Before Acquisition to Suppress
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Fig. 1. A schematic representation of the DOR-TOSS sequence.

Table 1
Pulse delays for the DOR-TOSS (AMBASSADOR) experiments.
Sequence  wgrTa (°)  wgrTe (°)  @grTc(°)  rTp (°) wgrte (°) Total (°)
1 152.61 15.52 236.07 27.88 14.72 446.80
2 44.20 27.88 80.52 15.52 278.68 446.80
3 207.39 80.52 27.88 236.07 81.32 633.18
4 67.98 14.84 209.20 345.16 82.82 720.00
5 67.98 209.20 14.84 150.79 277.19 720.00
6 44.20 123.93 344.48 279.48 14.72 806.81
7 315.80 236.07 15.52 80.52 345.28 993.19
8 292.02 150.79 345.16 209.20 82.83 1080.00
9 292.02 345.16 150.79 14.84 277.19 1080.00
10 152.61 279.48 332.12 123.93 278.68 1166.82
11 207.39 344.48 123.93 332.12 345.28 1353.20
12 315.80 332.12 279.48 344.48 81.32 1353.20

Sidebands Acquired in DOR. In fact, however, the delays that were
determined for this sequence are identical to those from the TOSS
experiment and therefore the g; » modulations can be removed in
the same way as the modulations in MAS.

A DOR sideband simulation program was written in C to test
whether the remaining n=3 and 4 modulations would have an
important effect on the spectrum. The free induction decay is cal-
culated according to Eq. (14) and is then Fourier transformed to get
the frequency domain spectrum [31]:

1 2 T 27 . )
FID(t) = T /0 /0 /0 exp(iep(t))sin g do dp dy (14)

where ¢(t) is given in Eq. (1). To simulate the DOR-TOSS spectra,
the g, modulations can be taken directly from Eqgs. (12) and (13)
where the rotor phase at the moment of acquisition needs to be
incremented by the duration of the pulse sequence. Simulations
performed using the quadrupolar parameters of sodium oxalate
(Cq=2.52 MHz, 1=0.75) [29,33] and an outer-rotor spin rate of
800 Hz are shown in Fig. 2. Alone, the g3 and g, modulations con-
tribute only to the sidebands of order 3 N and 4 N respectively,
although when combined the first and second sidebands are par-
tially reintroduced. According to these idealized simulations, fairly
complete sideband suppression can be obtained when we consider
only the g; and g, modulations. To determine whether this is gen-
erally the case, simulations were performed by keeping the quadru-
polar parameters constant and varying the spin rate, and, in a
second instance while keeping the spin rate constant at 1 kHz and
systematically incrementing the quadrupolar coupling constant
(Fig. 3). It can be seen that the remaining sideband intensity in
DOR-TOSS is mainly caused by the g3 modulations and that at least
a five-fold reduction of sideband intensity can be obtained in the
slow-spinning or large-Cq cases.

Of the 12 possible experiments (Table 1), the most appealing se-
quences are the first two in the table because they last only 1.24
rotor cycles (446.80° of rotation), although the delay for 15.52° of
rotor rotation may become too short at high spinning speeds. In
such situations, the delay may be increased by a full rotor cycle
without affecting the sequence, or, alternatively, sequence 3 which
lasts 1.76 rotor cycles and has longer delays may be used. All se-
quences theoretically remove equal contributions from both g3
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Fig. 2. Numerical simulations of various DOR NMR spectra using an infinite inner
rotor spinning frequency, an outer rotor spinning at 800 Hz, and ideal pulses. The
parameters used for the simulation are those of sodium oxalate (Cq=2.52 MHz,
n=0.75). In (a) the regular DOR spectrum is shown, in (b) the pulses were
synchronized with the outer rotor’s orientation, in (¢) the DOR-TOSS simulation is
shown and its contributions arising from the g5 and g4 modulations are shown in (d)
and (e) respectively. Bo=9.4 T.

and g4 and thus the only criteria for selection of the optimal se-
quence is the desired time between excitation and acquisition.
For some of the longer sequences, spin diffusion may become an is-
sue and only a small fraction of the initial magnetization will be
refocused. If this is the case, the signal may be entirely lost. As a
rule of thumb, to verify if DOR-TOSS will be effective on a given
sample, a Hahn echo may be set up with an echo delay equal to half
of the total length of the desired DOR-TOSS sequence. If an echo is
observed, then this method can be used to suppress sidebands. In
Fig. 4, a comparison between the regular DOR spectrum, the syn-
chronized DOR spectrum, and the DOR-TOSS spectrum is shown
for sodium oxalate. This test sample was chosen for easy compar-
ison with the prior DOR literature. It may be seen that most of the
sidebands are absent or substantially reduced in the DOR-TOSS
spectrum whereas the first-order sidebands are more efficiently
suppressed with synchronization. DOR-TOSS would then be
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Fig. 3. Numerical simulations of absolute integrated DOR sideband intensities as
the quadrupolar coupling constant is varied while keeping a constant outer rotor
spinning frequency of 1kHz (a) and as the spin rate is varied while keeping a
constant quadrupolar coupling constant of 2.52 MHz (b). In all simulations the
Larmor frequency was set to 105.8 MHz and the asymmetry parameter was 0.75.
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Fig. 4. A comparison of different 2Na DOR NMR experiments on sodium oxalate.
(a) The regular, one-pulse DOR spectrum, (b) the synchronized DOR spectrum, and
(c) the DOR-TOSS spectrum using experiment 2 from Table 1 while spinning the
outer rotor at 1.0 kHz.

advantageous in cases where there is a large number of spinning
sidebands, while synchronization is best when there are only a
small number of sidebands or when signal-to-noise is an issue.
Naturally, such an experiment may be sensitive to pulse imper-
fections. In Fig. 5, the DOR-TOSS spectrum is compared to the syn-
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Fig. 5. An experimental comparison of various DOR sideband suppression methods:
(a) the TOSS-9 experiment, (b) the DOR-TOSS experiment, (¢) Samoson’s two-pulse
experiment, (d) Samoson’s one-pulse experiment, and (e) the synchronized
experiment. The relative centreband intensities of the last three experiments in
comparison to the DOR-TOSS experiment are 5.42, 6.89 and 18.82, respectively.

chronized experiment [27], Samoson’s one- and two-pulse
experiments [28,29], as well as a TOSS-9 [34] sequence which
should, in theory, remove modulations of orders 1-4. In general,
sequences with the fewest pulses appear to better suppress the
targeted sidebands and have stronger centreband intensities,
although the DOR-TOSS sequence is the shortest sequence which
targets all sideband orders. The remaining sidebands in the
TOSS-9 and the synchronized experiment are caused by the finite
inner rotor rotation which can interfere with the inversion pulses.
Our simulations suggest that the loss in intensity is principally
caused by pulse imperfections, as the calculated spectra have high-
er centerband intensities, similar to what is seen in the MAS TOSS
case [35].

To see how the DOR-TOSS experiment performs when multiple
sites are present, sodium pyrophosphate was studied, which has
four crystallographically and magnetically non-equivalent sodium
sites with quadrupolar coupling constants ranging from 2.08 MHz
to 3.22 MHz [36]. A comparison of the DOR, synchronized DOR, and
DOR-TOSS spectra is given in Fig. 6. The first two spectra contain a
large number of sidebands which can render spectral assignment
difficult. In the DOR-TOSS spectrum, all sidebands are essentially
gone and the four sites can be distinguished although their relative
intensities are far from ideal. Since the sites with the smallest
quadrupole coupling constants will have a larger proportion of
the intensity held in the centreband and will be more effectively
refocused by the inversion pulses, they have a larger intensity rel-
ative to the higher-Cj, sites. The spectrum is thus dominated by the
site having a quadrupolar coupling constant of 2.08 MHz. Two
smaller peaks correspond to 2Na sites characterized by quadru-
pole coupling constants of 2.30 and 2.90 MHz and the last, least in-
tense, peak corresponds to the site characterized by a quadrupole
coupling constant of 3.22 MHz. It is therefore a possibility that
some high-Cq sites may be difficult to identify a priori when
employing DOR-TOSS if diffusion or relaxation is an issue, but this
is a drawback also suffered by the other proposed pulsed sideband
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Fig. 6. A comparison of the (a) DOR spectrum, (b) synchronized DOR spectrum, and
the (c) DOR-TOSS spectrum of sodium pyrophosphate while spinning the outer
rotor at 1.02 kHz. The four centerbands are marked by asterisks.

suppression methods. Importantly, we point out that none of the
previous DOR sideband suppression publications have presented
any results where multiple sites with a range of Cq values (e.g., so-
dium pyrophosphate) are resolved. Finally, we note that the overall
signal-to-noise of DOR-TOSS spectra is usually reduced when com-
pared to conventional DOR, and DOR-TOSS spectra therefore typi-
cally take more time to acquire, but the end result is a cleaner and
easier to interpret DOR spectrum.

4. Conclusions

We have presented an easy to use experiment based on the
TOSS experiment for MAS to remove outer rotor sidebands in
DOR NMR spectra by removing the rotor phase angle dependence
of the sideband evolution. The pulse sequence is simple to imple-
ment and only requires that the pulses be measured relatively
accurately. This method removes all outer rotor sidebands in
DOR without the need to manually sum the results of various
experiments using post-processing which can introduce unwanted
errors. Unlike the synchronized experiment which removes only
half the sidebands [27], DOR-TOSS targets all the sidebands and
does not require that the pulses be synchronized with the outer
rotor’s phase. While the resulting signal is reduced experimentally
when compared to idealized simulations and to single-pulse
experiments, DOR-TOSS will permit multiple resonances to be dis-
tinguished and remove issues arising from peaks overlapping with
sidebands. In this context, DOR-TOSS is a useful complement to
existing methods.

5. Experimental details

All experiments were conducted on a Bruker Avance III 400
spectrometer operating at 105.8 MHz for 2>Na. A Bruker HP WB
73A DOR probe with a 4.3 mm inner rotor and a 14 mm outer rotor
capable of achieving outer rotor spinning frequencies of up to
approximately 1.1 kHz was used. Typical inner rotor spinning fre-

quencies were 5.5 kHz. The spinning of the inner rotor was moni-
tored by connecting an antenna to the stator of the probe, which
was then connected to an oscilloscope. The 2>Na NMR spectra for
sodium oxalate were acquired using 176 scans whereas 16 and
1024 scans were used for the 2>Na DOR and DOR-TOSS spectra
of sodium pyrophosphate respectively; 4s recycle delays and
3.10 ps central transition selective excitation pulses were used in
all the experiments. COG11 (7, 6, 7, 6, 7; 0) [37] and COG19 (9,
10, 9, 10, 9, 10, 9, 10, 9, 10; 0) [38] phase cycles were used for
the DOR-TOSS and TOSS-9 experiments respectively. Generally, it
was observed that a minimum of 32 scans should be used for ade-
quate sideband suppression. This is supported by simulations
which show that the sideband intensity and phase has converged
once 32 outer-rotor phases are considered (See Fig. S1).
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