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The nutation frequency of a quadrupolar spin I depends on the quadrupole interaction. F r o m
nutation spectra, therefore, one obtains information about the direct surrounding of the atom. The
theory of the straightforward and of more complicated nutation N M R experiments is outlined. Two
applications of nutation N M R , to 2 3 N a in zeolites and 2 7 A1 in alumina, are shown. I n this way in
CaO • 6 A 1 2 0 3 penta-coordinated aluminum has been detected.

I. Introduction
Nuclei with a nuclear spin quantum number /
greater than 1/2 possess an electrical quadrupole
moment that can interact with electric field gradients
existing at the nucleus. This electric quadrupole interaction can provide valuable information about the
local structure in solid materials where the electric
field gradients arise from the charges surrounding the
nucleus. The determination of the parameters describing the quadrupole interaction is traditionally the field
of nuclear quadrupole resonance, NQR, and although
NQR has many advantages, in many cases the one
disadvantage is the low sensitivity of the experiment
for nuclei with small quadrupole moments.
Several techniques have been invented in the past to
circumvent this problem, especially by combination
with the NMR experiment in a high magnetic field. A
recent example of this combination is the zero-field
N M R experiment where the evolution of the spins
after excitation is studied with the sample outside the
magnet while the signal is detected in the magnet [1].
In a normal N M R experiment of a quadrupole spin
the price one pays for the relatively high sensitivity is
a broadening of the N M R line due to the anisotropy
of the quadrupole interaction of a spin in a magnetic
field.
At this point we should distinguish the quadrupole
line broadening of spins with integer spin quantum
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number I and half-integer /. When the quadrupole
interaction is appreciably smaller than the interaction
of the spin with the magnetic field (i.e. for strong fields
or small quadrupole interactions), then for half-integer
spins the Am = 1 transition between the Zeeman states
m = 1/2 and m'= —1/2 is broadened by second-order
quadrupole interaction only [2], while in all other
cases, for integer and half-integer spins, all Am = 1
transitions are broadened in first order. In many practical cases this means that it is relatively easy to measure the 1/2 <-> — 1/2 transition of half-integer spins,
but that at the same time the determination of the
quadrupole parameters from this broadened line is
difficult or inaccurate due to the presence of other line
broadening interactions. Some of these interactions
may be eliminated by magic angle spinning, but the
width of the quadrupole 1/2-<-+ — 1/2 powder spectrum is then also further reduced.
Here we want to discuss a technique, nutation
NMR, proposed by Samoson and Lippmaa [3], where
in a two-dimensional N M R fashion the effect of the
quadrupole interaction is separated from other line
broadening interactions, thereby increasing the information content of the spectra. The theory will be discussed for stationary samples, but later the effect of
magic angle spinning will be considered.

II. Theory
The two-dimensional nutation N M R experiment is
schematically indicated in Figure 1. During the evolution period
in the two-dimensional N M R experiment the spins are subjected to a resonant rf field of
strength a>l = yB x and phase x. During this pulse in a
frame rotating around the static external field the
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These frequencies are functions of o) l and a>q, and
therefore of the orientation angles 9 and </>. For a
powder this results in a characteristic powder spectrum for each of the four nutation frequencies, see
Figure 3. The total nutation spectrum is of course the
sum of the four independent spectra. Fortunately, the
l
l
2
nutation spectra are not always as complex as in Figure 3. Figure 4 shows calculated nutation spectra for
Fig. 1. Pulse scheme for nutation experiment; during
a rf
a spin 1 = 3/2 and 1 = 5/2 as a function of the ratio
pulse is applied and during f 2 the F I D detected, f , is stepwise
incremented in steps of 1 or 2 ps to 64 or 128 ps.
co1/coq [5], and it is clear that only for intermediate
ratios the nutation spectra are very complicated. The
spectra are simple in the two extreme cases where
Hamiltonian can be written as
either ol>1 is much smaller than coq or much larger. For
H = (ti1Ix + coq [ 3 / 2 - / ( / + l)]
(1)
small coq the nutation frequency is co1, for the other
extreme case this frequency amounts to (I + 1) cox. Nuwith
tation NMR can therefore be used to estimate the
e2qQ
OJ„ =
(3 cos 2 9 — 1+f/ cos 2 (j) sin 2 9), quadrupole parameters.
8/(27—1)
In the 2 D experiment of Fig. 1 the nutation specand where it is assumed that the quadrupole interac- trum can be measured by recording the free induction
tion, defined by the parameters e2 q Q and q, is much
decay (FID) during t2 for rf pulses with stepwise insmaller than the interaction of the spins with the static creasing length fj. A two-dimensional Fourier transexternal field. The angles 9 and </> define the orienta- formation with respect to tx and t2 then yields a twotion of the quadrupole tensor relative to the external dimensional NMR spectrum along two frequency
static magnetic field.
axes
and F2. The projection along F2 of the specDuring the pulse the magnetization precesses around
trum represents the normal spectrum with or without
the x axis in the rotating frame with a frequency deterMAS, depending on how the experiment is performed.
mined by the eigenvalues of the Hamiltonian (1). We The spectrum along
corresponds to the nutation
know that for a spin I there are 2 / -I-1 eigenstates, and
spectrum. It may seem that several nutation spectra
therefore in theory there could be 7(2 / +1) different
can be defined, depending on which transition in the
transitions and different nutation frequencies. Not all
of these transitions are "allowed" and it can be derived
[4] that for the nutation experiment described here,
for a spin 7 = 3/2 only four nutation frequencies are
possible (see Fig. 2) between eigenstates with energies
E, = (1/2)©! + D _ ,
£3 = ( - 1 / 2 ) < ö 1 + D + ,

E2 = (1/2)co 1 -D_ ,

H J
total

£4=(-1/2)O>1-D+,

where
D± = (wi±co1wq
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Fig. 2. N u t a t i o n transitions between rotating frame eigenstates for / = 3/2.
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Fig. 3. Simulated 1/2 <-»• — 1/2 nutation spectra for N a N 0 3
showing the separate powder lineshapes for each nutation
transition of Figure 2.
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in the F2 dimension and an intermediate a^/eo^ ratio,
Fig. 5 shows a characteristic 2 D nutation spectrum.
In most practical cases, however, the line shape is
less characteristic.
Before considering more complex nutation experiments we want to show some applications to make
clear what one can and cannot expect from nutation
NMR.

1= 5/2

III. Applications of Nutation NMR
Nutation NMR has been applied by several authors.
Here we show two examples from our laboratory.
Figure 6 shows the 2 3 N a (7 = 3/2) nutation spectra of
0.05
the zeolite NaA as a function of hydration [6]. The
complex pattern parallel to the F2 axis in the spectrum
of the dried sample is due to Na cations at three
different sites in the zeolite (Fig. 7): in 6-rings, in
8-rings and in 4-rings. The 6-ring sodiums give rise
3co,
to the two outer (i.e. along F2) peaks (quadrupole
"doublet") while the 8- and 4-ring ions cause the strucI = 3/2
tured inner peak. Their position along the Fx dimenCOJ/TOQ
sion at about 2a>x ( = (/ + l)co 1 for Na) indicates that
all three Na types have a large quadrupole interaction,
even though the 6-ring and 4-ring Na ions are located
on a symmetry axis. On stepwise hydration until
about 4 molecules H 2 0 per unit cell there is hardly a
change in the spectra but starting from the fifth molecule H 2 0 the outer doublet due to the 6-ring ions
starts to decrease until it is practically gone after the
15th molecule. Its intensity has shifted to a lower
nutation frequency but the line in the Fx dimension
has broadened. With the addition of more water the
line becomes very narrow in the F2 dimension and in
the Fx dimension becomes more or less symmetrically
centered around the nutation frequency a>x. The picture that evolves is that the first four molecules of
water are absorbed around the 8- and 4-ring Na ions,
2(0,
four ions in total, and have little effect on the local
symmetry. From the 5th H 2 0 molecule on, the water
Fig. 4. Simulated nutation spectra for / = 3/2 and / = 5/2 for
different ratios of ( o j c o .
is absorbed at sites where the local symmetry of the
6-ring Na ions is affected, making the symmetry high,
corresponding
to a small quadrupole interaction.
F2 dimension ("laboratory frame transition") is deWith
an
excess
of
water all Na ions experience a high
tected, but fortunately this is not the case. Therefore in
local
symmetry.
A
surprising effect is the broadening
the following we will only consider nutation spectra
in the Fx direction upon hydration, we shall discuss
detected via the m = 1/2 <-• m = —1/2 transition.
For the situation where there is both second-order this later. Note that these spectra are taken without
quadrupole broadening of the 1/2 <-> — 1/2 transition magic angle spinning.
0.15

Another application of nutation NMR was prompted
by the thesis of van Hoek [7] who investigated the
structure of CaO • 6 A1 2 0 3 by NMR. From his results
he concluded that no penta-coordinated aluminum
could be detected because of too much second-order
quadrupole broadening. Müller and coworkers [8]
reached the same conclusion. Figure 8 a shows van
Hoek's 156 MHz 27 AI MAS NMR spectrum, reproduced by Ruinaard [9]. Van Hoek assigned the signals
at 9 and 16 ppm to octahedrally coordinated aluminum and the signal(s) at 66 ppm to tetrahedrally
coordinated aluminum. Careful examination of this
spectrum, however, reveals a broad line under the
16 ppm peak, as is especially clear from the line-

narrowed spectrum in Figure 8 b. From the corresponding nutation spectrum two cross-sections parallel
to F2, at col and 3 co1, are shown in Figure 9. The
strong broad line at around 16 ppm is absent in the co1
section but present in the 3©! section. This proofs
that the spins responsible for the broad line experience
a quadrupole interaction larger than that of the tetraand octahedrally coordinated aluminums.
The 27 A1 quadrupole coupling constant e2qQ in a
simple point charge model is given by [10]

2 n
e2q Q

m

= (1 - y j

, e2qQ
I
4 n En h i

g l .(3cos
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Fig. 6. 2 3 N a n u t a t i o n s p e c t r a of zeolite N a A a s f u n c t i o n s of h y d r a t i o n . T h e h o r i z o n t a l axis is the F2 axis a n d the n u m b e r s
a l o n g Fj indicate \ o ) x a n d 2coi.
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Fig. 7. The 12 sodium sites in NaA, 8 in rings with 6 oxygens,
3 in rings with 8 oxygens and 1 in a ring with 4 oxygens.

where
y x = Sternheimer factor = —2.298,
Q = 2 7 A 1 quadrupole moment = 0.15 x 10~ 2 8 m 2 ,
eq t = charge at distance rt from aluminum.
In the bipyramid configuration of Fig. 10
is the
angle between rt and the pyramid axis. With R =
2.189 Ä, r = 1.734 Ä and qt = — 2 (pure ionic bonds) we
find
e2qQ=-

80

2(1-yj
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- ^ - - - ^ = 6.6 MHZ.
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Fig. 8. 156 M H z 27A1 MAS (11 kHz)
N M R spectra of C a O 6 A 1 2 0 3 ,
(a) without and (b) with line narrowing.
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Clearly the symmetry dictates that r] = 0.
From the nutation experiment and van Hoek's experiments at lower magnetic field we can estimate the
quadrupole parameters of the spin species responsible
for the broad line discussed above: e2qQ = 6.1 MHz,
r] = 0 and an isotropic chemical shift of 27.5 ppm [9].
This agrees well with the simple bipyramid model
discussed above, so we assume that the broad NMR
line in Fig. 8 at around 16 ppm is due to penta-coordinated aluminum. The simple point charge calculation
also seems to indicate that the split atom model of the
bipyramid aluminum, where the aluminum jumps between two sites, symmetrically on the pyramid axis, as
proposed by Utsunomiya et al. [11], is not realistic
since it can easily be seen from the calculation above
and from Fig. 10 that for such a case the quadrupole
interaction quickly decreases and will become much
smaller than the experimental value. The nutation
spectra, of which we show here cross-sections, have
been made with magic angle spinning. It is not difficult
to see that when the magic angle spinning frequency
is relatively low so that during the nutation pulses the
orientation of the spinner does not appreciably
change, the effect of magic angle spinning on the nutation spectra can be neglected.

60

40

20

-20

-40

-60

PPM
Fig. 9. Two cross-sections of the two-dimensional 2 Al MAS nutation
spectrum of C a O • 6 A 1 2 0 3 at a nutation frequency of co, (spectrum a)
and 3a>i (spectrum b).
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oxygen
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tFig. 11. The nutation experiment preceded with two pulses of
opposite phase and fixed length, the rotary echo nutation
experiment.

@
Fig. 10. The bipyramidal configuration of penta-coordinated
aluminum in CaO • 6 A1 2 0 3 ; the distances R and r are given
in the text.

IV. More Nutation NMR
An extension of the nutation N M R experiment of
Fig. 1, the rotary echo experiment, is suggested by the
results on NaA as discussed above. Clearly the spectra
of the hydrated zeolite do not resemble the simulated
spectra of Fig. 4, the linewidth is much broader. This is
a relaxation effect as the following experiment (Fig. 11)
shows [12]. Here the nutation pulse is preceded by two
short pulses with opposite phase, say x and — x. For
NaA with 6 H 2 0 molecules per unit cell a pulse length
of only 6 ps is enough to suppress the broad nutation
line (Figure 12). Clearly the width of nutation lines can
be affected by short T2e values when fluctuations are
present with a frequency component of the order of
the splittings between the eigenstates of the rotating
frame Hamiltonian (1), of the order of 100 kHz [12].
The nutation experiment of Fig. 1 is conceptually
the most simple one. However, as we have seen in
Figs. 3 and 4, the nutation spectra are not in general
simple. The reason is that there are many different
nutation frequencies and that each nutation frequency
gives rise to a powder spectrum. We have also remarked that not all transitions between the rotating
frame eigenstates correspond to a nutation frequency.
For instance of the 6 possible nutation frequencies of
a spin I = 3/2 two are missing, see Figure 2. The nutation experiment could become more valuable when

Fig. 12. The 2 3 N a rotary echo nutation spectra of partly
hydrated (6 molecules H 2 0 per unit cell, see also Fig. 6) NaA.
The length of the rotary echo pulses are increased from 1 ps
to 6 ps.
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Fig. 13. The x, — x nutation experiment; the length of both
pulses is stepped.

the pulse sequence would select out only one nutation
frequency. In the x x nutation experiment the nutation
rf pulse is split into two pulses with opposite phase
(Figure 13). Analysis [4] shows that the x x experiment
for a spin I = 3/2 again has four nutation frequencies,
the two frequencies that are missing in the x nutation
experiment plus the sum and difference of these two
frequencies. Although we can hardly say for this
approach that the spectrum has been simplified with
respect to the x experiment, it does show that it may
be worthwhile to investigate the result of composite
nutation pulses. Figure 14 shows schematically the
nutation frequencies of the x and x x nutation experiment for 7 = 5/2. Again the x nutation experiments
give the odd "multiple quantum" nutation frequencies
and the x x experiment the even "multiple quantum"
frequencies.

V. Conclusions

Fig. 14. A comparison between the allowed nutation frequencies in the x and x, — x nutation experiment.

Nutation NMR is a helpful technique to unravel in
spectra of quadrupolar nuclei the contribution of the
quadrupole interaction to the total shift from the
chemical shift. The information one obtains about
the quadrupole parameters in most cases is rather
qualitative, the technique is most useful when nuclei
with clearly different quadrupole interactions have to
be distinguished. The main difficulty in the interpretation is the complex spectrum that results from a nutation experiment since it can consist of many overlapping powder patterns.
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