4‐1

© D. Freude and J. Haase, version of April 2015

4 Sample Rotation
4.1 Spinning Around One Fixed Axis
"Nuclear magnetic resonance spectra from a crystal rotated at high speed" was the title of the first
MAS paper by Andrew et al. [1] in 1958; see also [2]. The rotation frequency was 1.66 kHz, and an
external magnetic field of 0.6 T was applied [1]. Fields of more than 20 T and MAS frequencies above
100 kHz are now available, but the basic theory has not changed.
The common definition for the magic‐angle θm between the axis of rotation and the external
magnetic field is 3 cos
1
0 . The angular dependence in the brackets corresponds to the
term ′
0 in the table of the Wigner D‐Matrix elements for rank k = 2; see Table 1.1.
Therefore, θm plays the role of a magic angle only for those interactions that can be described by
a second‐rank tensor like homonuclear and heteronuclear dipolar interactions, chemical shift
anisotropy, first‐order quadrupole interactions, and inhomogeneities of magnetic susceptibility.
We consider the term rank
2,
0, in the laboratory axis system (LAB) for dipolar interaction,
chemical shift anisotropy or first‐order quadrupole interaction (see Section 1):
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The sample rotation with the angular frequency
about an axis, which is inclined by the angle θ
with respect to the external magnetic field, requires the transformation
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refer to the rotor axis system (ROT), which rotates in synch with

The operator components
the rotor in the LAB.

Eq. (4.02) includes the reduced real Wigner matrix elements (see Table 1.1),
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Eq. (4.02) describes with
0 the centerband and with
1 and
2 the spinning sidebands at
multiples of
and 2
, respectively. Spinning sidebands do not occur if the rotation frequency
is large compared to the width of the static spectrum.
The element
tensor:

0 in Eq. (4.02) describes the time‐independent (or time‐averaged) part of the
1
3 cos
2

1

.

4.04

for
0°, and
becomes zero for
. In the following
We have
. The factor on the right‐hand side of Eq. (4.04) is the scaling factor of a
we consider the case ≅
signal broadened exclusively by second‐rank interactions. If we aim for a resolution of 100 Hz, and
the static width of the spectrum is 10 kHz, this factor should be smaller than 1/100. This corresponds
| 0.4°. But the adjustment has to be even better for ST MAS NMR (see Section 6), or for
to |
2
H MAS NMR spectroscopy of solids. The latter faces a static line width of about 200 kHz, requiring
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| 0.02°. ST MAS demands even more precise conditions, |
| 0.002° [3‐5],
that |
due to larger quadrupole broadenings. The usual mechanism for setting the magic angle is hardly
sufficient for such precision. Mamone et al. [6] proposed a Hall sensor affixed to the MAS stator in
order to achieve a precision of about 0.01°.
The first‐order quadrupole interaction can be viewed as an inhomogeneous interaction [7], and each
satellite transition behaves exactly the same as a chemical shift anisotropy. The central transition has
no orientation dependence in the first order and is thus unaffected by MAS. Spinning sidebands
, where | | 1, 2, 3, … is limited by the static
appear around the Larmor frequency at
line width. The line at is usually called the "centerband". Hence, for quadrupole nuclei the
centerband is the sum of the 2
1 centerbands of the satellite transitions and the central
transition. The centerbands due to the satellite transitions must not be confused with the central
transition. If the central transition is broadened by other interactions, it may also split into a
centerband and various spinning sidebands. In the time‐domain the satellite transitions appear as
rotational echoes at times
/
. For a total of N spinning sidebands in the frequency domain,
the echoes in the time‐domain are a superposition of N cosine functions, cos 2π
. The
envelope of the echo train is given by the inverse line width of a single MAS line. The magnitude of
such a single echo is proportional to the total number of sidebands, N, and its width is proportional
to 1/N. Therefore, maximizing the magnitude of an echo after the Fourier transform maximizes the
number of observed spinning sidebands, and the first‐order quadrupole interaction may be used to
set the magic angle [8].
The first‐order quadrupole broadening is typically larger than the MAS rotation frequency. Thus,
the envelope of the first‐order MAS powder pattern can be used to determine the quadrupole
parameters, if the whole spectrum can be excited and the MAS rotation frequency is large compared
to the second‐order broadening. The signal‐to‐noise ratio of the MAS spectrum is higher than that
of the static spectrum, since the area under the line shape function is not changed upon MAS.
Therefore, quadrupole parameters and chemical shifts can be determined using a high‐performance
broadband MAS probe [9‐12].
Second‐order quadrupole interaction cannot be completely averaged by spinning about one axis.
Nolle [13] first reported the narrowing of the central transition of 95Mo in Mo(CO)6, upon sample
rotation (
60 Hz) about an axis perpendicular to the static magnetic field and calculated the
2.6 5.0 kHz) of half‐integer
theoretical powder spectra for
0. The first MAS studies (
⁄
for
nuclei were published in 1981 [14‐16]. A numerical calculation of the narrowing factor
the dependence of the second‐order quadrupole‐broadened center transition on the rotation angle
was published by Dirk Müller [17] and is presented in Fig. 4.1. In can be seen that the angle of 65°
gives the maximum line‐narrowing factor of about 5, whereas the narrowing factor for the magic‐
arccos 3 /
54.74° is only about 3.6; see Eq. (1.74).
angle
Spinning at variable angles allows the determination of quadrupole parameters. Oldfield and co‐
workers [18, 19] established a variable‐angle‐spinning technique for quadrupolar nuclei. Acronyms
are VAS NMR or VASS NMR. The powder average approaches of Alderman et al. [20] and Sethi et al.
[21] for the computation of sideband intensities were extended by Zheng et al. [22] for spectra of the
central transition of quadrupole nuclei with half‐integer spin in powdered solids spinning at any
angle and at any speed. Lefebvre et al. [23] neglected dipolar interactions and the anisotropy of the
chemical shift, and concluded that the angle θ = 43.5° allows an easy determination of quadrupole
parameters. The VAS NMR technique was used in about 20 studies between 1982 and 1998 for
relatively "diluted" quadrupolar nuclei [24].
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⁄
Fig. 4.1. Narrowing factor
for the second‐order
quadrupole‐broadened centerband of the central transition
for rotation about axes inclined at the given angle with
respect to the direction of the external magnetic field.
The values were calculated with respect to the center of
gravity and without consideration of spinning sidebands
for
by Dirk Müller.

Although the second‐order quadrupole shift is not completely averaged using MAS, working at the
magic angle still has the advantage of removing effects due to dipole interactions and chemical shift
anisotropy. Therefore, MAS line shape simulations of the central transition are more accurate than
static powder spectra. It can be stated for all NMR interactions which cause a signal broadening
much greater than the MAS frequency that a higher frequency yields better focusing of signal
intensity to the remaining rotation sidebands. With respect to the quadrupole interaction in
particular, the MAS frequency should be greater than the second‐order quadrupole broadening of
the central transition, and a rotation frequency of about 30 kHz is often necessary. The maximum
rotation frequency depends on the diameter of the rotor [25]. Commercially available rotors reach 8
kHz for a 7‐mm diameter, 18 kHz for 4 mm, 35 kHz for 2.5 mm, 80 kHz for 1 mm [26] and 110 kHz for
0.75 mm (JEOL NM 120001). But the smaller rotor diameter is connected with a smaller signal‐to‐
noise ratio, since the signal intensity is proportional to the square of the sample diameter. We
compared the 27Al signal of a zeolite using different rotors, adjusted the length of the excitation pulse
to the maximum signal amplitude and obtained the relative signal‐to‐noise ratios from experiments
in a 7‐mm‐rotor with 100%, in the 4‐mm‐rotor with 37%, in the 2.5‐mm‐rotor with 12% and in the
1.6‐mm‐rotor with 6%. Correspondingly, a 0.7‐mm‐rotor would yield 1%.
Intensity measurements are not recommended for MAS when the spectrum consists of a single
signal. But the quantification of MAS spectra is necessary if MAS is to allow different species to be
distinguished. In principle, MAS does not affect the intensity, 0 , as long as the duration of the
pulse is short compared with the rotation cycle. But the spectral distribution of intensity changes
and the intensities of the spinning sidebands have to be have to be added to the intensity of the
centerband [27] if the MAS frequency is not larger than the width of the static spectrum.
For a small quadrupole coupling, some intensity from the satellite transitions appears in the zero‐
order spinning sideband. This so‐called centerband of the satellite transitions overlaps the
centerband of the central transition and has to be subtracted if the intensities of central transitions
are compared. It can be neglected for strong quadrupole coupling, if we have for the quadrupole
frequency
2
1
100
. The subtraction is not difficult, since the intensities of zero‐order
and first‐ or second‐order spinning sidebands of the satellites show only a small difference for
2
1
10
.
However, for
/3
1
3/4
the signal of the central transition also splits into a
centerband and a few spinning sidebands. These central transition spinning sidebands must be added
to the centerband to compare intensities. The addition procedure decreases the signal‐to‐noise ratio
and multiplies the contribution from the satellite transitions.
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4.2 Dynamic Angle Spinning (DAS)
As already shown in Chapter 1.4, the second‐order quadrupole broadening of NMR signals can be
described by Legendre polynomials of degree two and four. With νcg as the center of gravity of the
,
as an angle‐dependent contribution,
line shape, F as a function of , , η and I, and
where , are Euler angles describing the transformation between the quadrupole PAS and the
rotor axis, we obtain for the central transition
,

cos

.

4.05

;

The term cos depends on the Euler angle β, the rotor axis orientation with respect to the
external field, and is given by the 2‐ and 4‐degree Legendre polynomials:
3 cos

1 ,

35 cos

30 cos

3 .

(4.06)

′
0 in the table of the reduced
The Legendre polynomials correspond to the values
0 it is inferred that
arccos 3 /
Wigner d‐Matrix elements for rank k = 2 and 4. For
54.74°, which is the magic angle. This means that the first summand in Eq. (4.05) vanishes upon
MAS.

0 yields

arccos

30.56° or 70.12°. Based on these considerations,

double rotation (DOR) operates with two angles of rotation,
alternatively,
70.12° and
54.74°.

30.56° and

54.74°, or

For dynamic angle spinning (DAS) we consider the phase development of the anisotropic part after
two equal time periods of rotation around two sequenced angles, and . A refocusing is obtained
if two conditions are fulfilled:
cos
cos
and
cos
cos
. It can be
solved for
37.38° and
79.19°. Different pairs of angles can be obtained by using unequal
time periods for the angles. If one angle in the pair is set to the magic angle, no solution exists.
DAS experiments were first performed independently by Chmelka et al. [28] and Llor and Virlet [29].
The rotor axis toggles in the simple case between the two angles of 37.38° and 79.19° for two equal
periods of time /2. During the hopping time, necessary for switching the angle (ca. 30 ms), a
minimization of the evolution of the magnetization can be achieved by means of two π/2 pulses at
the beginning and at the end of the hopping time. The pulses must be selective and calibrated
corresponding to the angle of rotation. The signal is the second‐order quadrupole echo with a
maximum at time after the last pulse. The data acquisition starts after the last pulse for the full
echo observation and gives the data for the F2 domain. A 2D spectrum can be acquired by varying
for obtaining the F1 domain.
There are four limitations to the application of the DAS technique. First, the spin‐lattice relaxation
time, T1, often short for quadrupole nuclei, has to be larger than the time period necessary for the
hopping of the rotor axis. Second, a strong homonuclear dipolar interaction is destructive for the
second‐order quadrupole echo. Third, the spin exchange due to dipolar interactions cannot be
eliminated during the hopping time of the rotor axis, and has to be sufficiently small. Last but not
least, a special probe is necessary for the angle hopping.
But many DAS NMR investigations on 17O, 87Rb and other nuclei have been successfully performed
[30]. The Web of Science refers to 25 experimental DAS studies in the years 1988‐2001, one DAS
exchange experiment in 2004 [31] and, since this time, various reviews. A concluding review was
presented by Grandinetti [30].
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4.3 Double‐Rotation (DOR)
Before 1988 only a few scientists believed in the possibility of building a rotor for double rotation,
even though Eqs. (4.05) and (4.06) were well‐known as the theoretical foundation for the
cancellation of the second‐order quadrupole broadening of NMR signals. But in that year Samoson
et al. [32] succeeded in building a double‐rotor probe. The outer rotor, inclined by
54.74° with
respect to the external field, rotated at about 400 Hz, and had a diameter of 20 mm. The sample in
the inner rotor, 5 mm diameter, rotated at about 2 kHz, and the angle between the two axes of
rotation was
30.56° [32].
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Fig. 4.2. Moments of inertia for double rotation.
By adjusting the ratio of moments, / , the two
added vector components of the angular
momentum along the inner‐rotor axis z and the y
axis could be made to point along the outer‐rotor
axis Z, so that spinning the outer rotor would not
affect the orientation of the total angular
momentum of the inner rotor [33].

Jy  2 sin 1
y

A torque‐free rotation can be achieved only for a certain ratio of
/ . Two contributions to
the inner‐rotor angular velocity are the angular rotation within the inner rotor, , and the angular
imposed by the outer rotor. The latter can be decomposed into one component
velocity
cos along the z‐axis of the inner rotor, and another component
sin perpendicular to this
axis in y‐direction, so that the y ‐direction, axis z of the inner rotor, and axis Z of the outer rotor are
all in one plane. Thus,
0,
sin ,
cos , and the resulting angular
momentum L must be in the Z‐direction in order to be torque‐free [34]; see Fig. 4.2. The result is
tan
For

arccos

sin
cos

.

4.07

1 ,

4.08

30.56°, we obtain
≡

0.861

6. Wu et al. [34]
and the usual design of the inner rotor gives values of / so that 5
explained that the spinning system is in a stable state when the torque‐free condition. given by Eq.
(4.08), is slightly violated and the frequencies obey the equation
Δ

,

(4.09)
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where the excess of the inner frequency, Δ

, is about 1 kHz.

DOR NMR gives accurate values of the isotropic shift, δiso, of the nuclear magnetic resonance of
a quadrupole nucleus. Two shift effects are superimposed, the isotropic quadrupole shift (see
Eq. (1.69)) and the isotropic contribution of the chemical shift (see Eq. (1.95)). We replace the
isotropic part of the shielding tensor, σiso, with the isotropic chemical shift
(4.10)

,

where
denotes the isotropic shielding of a reference compound. Conventionally, in the
determination of the gyromagnetic ratio, γ, the reference compound yields a signal at
/2π
[35]. This means that
0, if we take into consideration that the shielding, introduced in Eq.
(1.95) as a dimensionless factor of
, is like the chemical shift values usually expressed in the
relative units 'parts per million', ppm, with respect to the Larmor frequency. We substitute the
in Eq. (1.69) by the ppm‐units
isotropic part of the second‐order quadrupole shift
/ , /
10
/ . In this notation we obtain for the observed isotropic shift in the
/ , /
DOR experiment
10
30

1

3
4

1

3

.

4.11

The equation reflects the fact that the quadrupole shift decreases quadratically with increasing
external field (
2π / ). We see that the value of the isotropic chemical shift cannot be
obtained from a single DOR experiment. Two DOR experiments at different Larmor frequencies
could be applied, in order to obtain chemical and quadrupole shifts. But the easier option is the
determination of the quadrupole parameter by the simulation of an additional measured MAS
spectrum.
The analysis of the DOR sidebands can give additional information [36‐38]. But the application of
rotation‐synchronized pulses has been shown to be effective in eliminating half of the DOR sidebands
[39], if they are undesirable. Total suppression of the sidebands can be achieved by the application of
additional pulses [40, 41]. DOR has been combined with cross‐polarization [42], with two‐
dimensional homonuclear correlation experiments [43, 44], with double‐quantum coherences in
homonuclear spin systems [45] and with the multiple‐quantum technique [46‐49]. A recent review
was presented by Dupree [50].
The rotation frequencies of the inner and outer rotor presently do not exceed
= 12 kHz and
= 2 kHz, respectively. A pneumatic unit, which is controlled by a computer, simplifies the
experimental set‐up and makes it safer. Compared to the MAS technique, a more complicated set‐up
and stronger wear of the rotors must be accepted for DOR experiments. The filling factor of the RF
coil is low, since the sample is located in the smaller inner rotor. Nevertheless, the DOR NMR spectra
exhibit a relatively good signal‐to‐noise ratio, since the signals are relatively narrow. A comparison of
the signal‐to‐noise ratios of 27Al NMR spectra of andalusite in the external field of 17.6 T showed the
values 555, 615 and 197 for the MAS spectrum, DOR spectrum and 3QMAS DFS spectrum,
respectively [51].
The Web of Science refers to about 200 DOR studies in the years 1988‐2012, among them about 40
studies with Ago Samoson as one of the authors. About 130 papers were published before 2000, and
about 30 papers have come out more recently, in the years 2009‐2012. The fact that DOR probes are
not commercially available at present probably limits the use of DOR.
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4.4 MAS Spectra of Spin‐1/2 Nuclei Coupled to Quadrupolar Nuclei
The title of the given review "Quadrupole Effects in Solid‐State NMR" involves the well‐known effect
that MAS fails to completely eliminate the effect of dipolar coupling for spin‐1/2 nuclei when coupled
to quadrupole nuclei with a quadrupole frequency comparable to the Zeeman frequency of the
quadrupolar nuclei. This phenomenon was first discovered for the spin‐1/2‐spin‐1 pair 13C‐14N by
Opella et al. [52]. Reviews were presented by R.K. Harris [53, 54] and Olivieri [55, 56]. The spin‐1/2
spectra, calculated by using first‐order perturbation theory, show for the individual values of the
typical quadrupole second‐order line shape [57]. The transmitted influence can be described as the
second‐order quadrupole effect on NMR spectra of spin‐1/2 nuclei [58] which is on the ppm‐scale
with respect to the external field, , proportional to 1/ .
Olivieri [57] estimated the narrowing effect by MAS and calculated
, the isotropic shift of the
of one resonant spin‐1/2, dipolar coupled to one quadrupole nucleus in the state (first‐
line
order pertubative approach, spatial averaging for powder samples, and fast sample spinning so that
spinning sidebands do not overlap with the center band). In our notation, it is
Δ
10

1

3

1

3 cos

sin

cos 2

4.12

with the dipolar splitting
Δ

1

4.13

4π 4π

and the quadrupole frequency, cf. Eq. (1.50),
3
2 2

1

.

4.14

The dipolar splitting, Δ , is the frequency distance between singularities of the inner Pake's
doublet of the static powder spectrum of an
spin pair of distance . The quadrupole
frequency, , of the non‐resonant ‐spins is defined by Eq. (4.14). The Larmor frequency of the
non‐resonant quadrupole nucleus is , is the asymmetry parameter, and the angles and
define the orientation of the vector connecting the spin pair in the PAS of the quadrupole
interaction; see Sect. 1.4. The shift can be positive or negative, or even disappear for the
hypothetical case of
arccos 1/√3 and
0. The geometry factor in the round brackets
of Eq. (4.12) is 2 if the dipolar and quadrupolar principle axis systems are coincident
0 .
/
An estimate of the line narrowing by MAS, is given by the narrowing factor
/
.
Van Vleck's second moment for a heteronuclear spin pair (powder) can be obtained from Eqs. (4.13)
and (1.84) in squared frequency units as

4
Δ
15

1 .

4.15

is extremely
If only quadrupole effects are present, spinning sidebands are not considered, and
vanishes. For a stronger quadrupole interaction
can be calculated by summing up
small,
the values of
, given by Eq. (4.12):
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1
2

1
3
2
400

1 2

3 3 cos

1

sin

cos 2

.

4.16

Fenzke [59] calculated both the isotropic and the anisotropic contributions to the second moment
and obtained
∑

730
3 cos
729

3
2
400
1

sin

cos 2

1 2
20
4
729

3

4.17

3 cos

2

cos

2 sin

cos 2

arises from the isotropic part, except
Eq. (4.17) shows that the main contribution to
when the angle between both nuclei and the z‐axis of the field gradient tensor is the magic angle.
From Eqs. (4.15) and (4.17), the narrowing factor can be obtained as a function of β, α and S. The
analytically obtained values agree with the numerically calculated values of Böhm et al. [60] for
3/2 and
5/2 in the case of
. For
, the perturbative approach cannot be
there is only a small difference between
and
applied. Böhm et al. [60] showed that for
.
For coincident dipolar and quadrupolar principle axis systems and
be approximated with an error of less than 15% by
5
2

.

, the narrowing factor can

4.18

Recent studies of Lu et al. [61, 62] concern the inter‐nuclear distance measurement between spin‐
1/2 and quadrupolar nuclei and propose appropriate heteronuclear dipolar recoupling methods.
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