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Frydman and Harwood have shown that a combination of
the experimental techniques of magic-angle spinning (MAS)
and two-dimensional multiple-quantum NMR can be used
to remove the second-order quadrupolar broadening of the
central transition of half-integer nuclear spins (1 = 3, 3, etc.)
(1, 2). Since its introduction in only 1995, this approach
has already gained widespread popularity and has been used
to measure chemical and second-order isotropic shifts in a
range of quadrupolar nuclei, including *'B, ®Na, ¥Rb (I =
2) and YO, ZAl, *Mn (I = 2) (1-8). Indeed, it seems likely
that, owing to its experimental simplicity and often excellent
resolution, this new method will largely supplant the older
techniques of doublerotation (DOR) (9) and dynamic angle
spinning (DAS) (10, 11).

Several modifications and improvements to the original
multiple-quantum MAS experiment have recently been pre-
sented. Fernandez and Amoureux have shown that pure ab-
sorption-mode lineshapes can be achieved by combining the
echo and antiecho coherence-transfer pathways in the same
manner as that widdly used in liquid-state two-dimensiona
NMR (3,5). Brown et al. have aso adopted this approach
and have used a split multiple-quantum/ single-quantum evolu-
tion (t,) period to obtain complete refocusing of the second-
order quadrupolar broadening in the F; dimension of the two-
dimensional spectrum (8). Meanwhile, Massiot et al. have
taken a different approach to pure absorption-mode lineshapes
and, following on from the DAS work of Grandinetti et al.
(12), have demonstrated a multi ple-quantum MAS experiment
based on acquisition of the whole coherence-transfer echo (6).
This last method is reminiscent of techniques widely used in
magnetic resonance imaging (MRI) (13).

The purpose of this Communication is to discuss the ad-
vantages of using whole-echo acquisition in the multiple-

are unchanged. Our new experiments, however, have the
following favorable properties: (i) the acquisition (t,) period
can be kept very short, thereby minimizing the introduction
of noise; (ii) time-domain weighting functions are easily
applied; and (iii) shearing and/or time-dependent first-order
phase correction of the data are not required.

Figure 1a shows the pulse sequence and coherence-transfer
pathway diagram (14) used by Massiot et al. for recording
triple-quantum MAS spectra (6). Phase cycling can be used
to select either p = +3 or —3 coherence during the evolution
period, t;. The 7 period and the final (refocusing) pulse ensure
that a symmetrical or whole echo is detected in the acquisition
period, t,, even when t; = 0 (12). A whole echo has the
property that its Fourier transform does not contain any disper-
sion-mode components (13), and therefore, this experiment
yields pure absorption-mode lineshapes even though only a
single-coherence pathway is selected during t; . For the whole-
echo method to be successful, however, the inhomogenous
second-order quadrupolar broadening must dominate the ho-
mogeneous broadening (6, 12). Otherwise, relaxation will
lead to echoes with asymmetric envel opes and these will yield
partly dispersion-mode lineshapes.

To review the theory behind this experiment, we will start
by considering a system where the nucleus has spin quantum
number | = 3, the asymmetry parameter, n, of the quadrupo-
lar interaction is zero, and a single crystalite, rather than a
powder, is present. The orientation of the principal axis of
the quadrupolar interaction with respect to the rotor axis is
described by an angle x. In this case, the MAS-averaged
second-order quadrupolar frequency shifts for the central
transition and the triple-quantum coherence can be given in
the notation of Brown et al. (8) as

2

guantum MAS experiment and, in particular, to show that 22 = xA(7 - 278), [1a]
this approach to pure absorption-mode lineshapes is espe- Q2.3 = =A(-21 + 21 B), [1b]
cialy suitable for use in combination with a split multiple-
quantum/ single-quantum evolution (t,) period. We present where
experiments that differ from those of Massiot et al. (6)
only in the manner in which the free-precession periods are _ ZL?) [2a]
defined. As a result, both the sensitivity and the resolution 35w;
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FIG. 1. Pulse sequences and coherence-transfer pathway diagrams for
two-dimensional triple-quantum MAS NMR experiments with acquisition
of the whole echo. The experiment in (a) is that used by Massiot et al. (6)
while the new experimentsin (b, c) are discussed in the text. The vertical
dotted lines in (b, c) indicate the limits of the acquisition period, t,. For
spin | = 2 nuclei, the coherence-transfer pathways shown as solid lines
should be selected using phase cycling while, for spin | = 3 nuclei, the
pathways shown as dashed lines should be selected. Consideration of the
efficiency of coherence transfer achievable with soft pulses leads us to
believe that the pulse sequence in (b) is the method of choice for spin |
= 2 nuclei and that in (c) for spin | = 3 nuclei. Phase-cycling schemes for
the pulse phases ¢4, ¢», and ¢ and for the receiver phase ¢ are discussed
by Massiot et al. in Ref. (6).

B = doo(x)doo(54.7°). [2b]
The corresponding first-order quadrupolar frequency shifts,
Q. and Q{.5, are al zero. Thus, for asingle crystallite
spinning at the magic angle (54.7°), there are isotropic quad-
rupolar frequency shifts of —7A and 21A, as well as aniso-
tropic frequency shifts of 27AB and —21AB, for the p =
—1 central transition and p = —3 triple-quantum coherence,
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respectively. In a powdered sample, a spherical average over
all values of the angle x must be considered and the resulting
continuous distribution of anisotropic frequency shifts will
appear as an inhomogeneous second-order quadrupolar
broadening.

If the p = —3 pathway is selected during t; (solid lines
in Fig. 1a), the detected signal for the experiment used by
Massiot et al. (6) has the form

s(ty, 1) = exp{ —iA(21 — 21B)t,}

X exp{ —iA(=7 + 27B)(t, — 1)}, [3]
where the homogeneous broadening (transverse relaxation)
and the chemical shift have been neglected. The anisotropic
frequency shifts are refocused when

21 7
t2:T+2_7tl:T+§tl.

[4]
Thus, in apowdered sample, an echo will forminthe acquisi-
tion period at the point given by Eq. [4]. The duration of
the period = must be greater than half of the echo duration
so that, as mentioned above, the symmetry of the echo enve-
lope is not broken when t; = 0 (6, 12).

As t; is incremented during the two-dimensional experi-
ment, Eq. [4] shows that the echo forms later and later in
the acquisition period. Grandinetti et al. (12) and Massiot
et al. (6) have discussed the problem of applying aweighting
function to this data and have suggested using a time-shifted
Gaussian function that tracks the echo through the acquisi-
tion period, t,. After two-dimensional Fourier transforma-
tion, the inhomogeneous second-order broadening is spread
out along a ‘‘ridge’’ (15) which has a slope of —& with
respect to the F, axis. The slope is a direct consequence of
Eqg. [4]. This is not the desired format for the spectrum,
however, and it has become standard practice to shear the
data such that the inhomogeneously broadened ridges appear
paralel to the F, axis. A projection of the spectrum onto the
F, axisthen yields a purely isotropic spectrum. Grandinetti et
al. (12) and Massiot et al. (6) have shown that this shearing
is best performed in the time domain by applying at;-depen-
dent first-order phase correction to the data after the Fourier
transformation with respect to t,. Simultaneously, they also
apply a 7-dependent first-order phase correction to remove
the phase distortion that results from the top of the echo not
coinciding witht, = O when't; = 0.

As discussed by Massiot et al. (6), it is aso possible to
select the p = +3 pathway during t; (dashed lines in Fig.
1a). In this case, the detected signal has the form

s(ty, t,) = exp{ +iA(21 — 21B)t,}

X exp{ —IA(=7 + 27B)(t, — 7)}, [5]



COMMUNICATIONS

and the refocusing of the inhomogeneous broadening occurs
when

7

t2:7'_§t1.

[6]

Equation [6] shows that the (anti)echo forms earlier and
earlier in the acquisition period as t; is incremented. There-
fore, the = period must be much longer than inthep = -3
version of the experiment so that the symmetry of the echo
envelope is not broken when t; reaches its maximum value.
This means that the p = —3 version of the experiment is to
be preferred since signal loss through relaxation will clearly
be less during the shorter 7 period. Apart from taking into
account the different signs in Egs. [4] and [6], the same
data processing is used with both versions of the experiment.

The processing procedures used by Massiot et al. (6) to
apply time-shifted Gaussian weighting functions, to shear
the inhomogeneously broadened ridges, and to correct the
T-dependent phase become unnecessary if the modified mul-
tiple-quantum MAS experiment of Fig. 1b is used. This ex-
periment isidentical to that in Fig. 1a except that the evolu-
tion and acquisition periods, t; and t,, have been defined
differently, with the t; period split between evolution of
triple- and single-quantum coherence in the manner of
Brown et al. (8). If the p = —3 pathway is selected during
the first part of t; (solid linesin Fig. 1b), the detected signal
for this experiment has the form

. bt
S(ty, t2) = exp{ —iA(21 - 21B) ﬁ)}

X exp{ —iA(—=7+ 27B) <t2 +

at,
a+b

_ exp{ _iA[7(3b— a) + 3(9a— 7b)B] ail b}

xexp{—iA(—7+27B)(t2—T)}. [7]

and if the parameters describing the division of thet; period
arechosenasa = 7and b = 9, Eq. [ 7] becomes

s(ty, t) = exp{—i 37:’ Atl}
X exp{ —1A(=7 + 27B)(t, — 7)}.

(8]

Only an isotropic second-order frequency shift is now pres-
ent in the modulation as afunction of t;. Therefore, shearing
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of the final spectrum is unnecessary as the inhomogeneously
broadened ridge is already parallel to F, (8).

In the experiment of Fig. 1b, Eq. [ 8] shows that the echo
forms when

[9]

t2:7'

and hence always forms at the same point in the acquisition
period. This confers several practical advantages. It means
that the acquisition period can be much shorter than in the
experiment of Fig. 1a, thereby keeping the introduction of
noise to a minimum. It also means that the same simple
weighting function can be applied to al the acquired free-
induction decays. For optimum sensitivity, the best position
within the acquisition window to form the echo is at its
center, that is, to have 7 = 3 t7® as shown in Fig. 1b. This
means that the need for the explicit 7-dependent first-order
phase correction used by Massiot et al. (6) is obviated as
one of two computationally simpler corrections can be made.
As shown in Fig. 2, either the time origin of the discrete
Fourier transform can be moved to the center of the echo
or, after a conventional Fourier transformation with respect
to t,, alternate data points can be inverted (16).

Even with the highest radiofrequency power amplification
currently available, the pulses used in multiple-quantum
MAS experiments on half-integer quadrupolar nuclei are al-
most always ‘‘soft’” or ‘‘weak.”” That is, the inherent nuta-
tion rate of the pulse, w, = — yB;, isusually small compared
to atypical quadrupole coupling parameter, wq. Thisis not
a disadvantage for the first and third pulses in the experi-
ments of Fig. 1 where efficient direct excitation of triple-
guantum coherence and selective refocusing of the inhomo-
geneous second-order broadening of the central transition
are only possible because |w;| < |wel| (17, 18). However,
the weakness of the second pulse in the experiments of Fig.
1 represents a major disadvantage as it results in the effi-
ciency of coherence transfer between the p = +3 pathways
andthe p = +1 pathway being poor, thereby greatly reducing
the sensitivity of the experiment. Figure 3 shows plots of
the calculated efficiency of coherence transfer between co-
herence ordersp = +3 and p = +1 (solid line) and p =
—3and p = +1 (dashed line) for spin | = £ over a range
of values of the pulse flip angle 8 = |w|t, and of the ratio
|wi/we|. The plots show that, as expected, the efficiency
of coherence transfer falls rapidly as the ratio |w,/wg| de-
creases. However, they also show that, when |w;| < |wol,
the efficiency of coherence transfer between p = +3 and p
= +1 is greater than that between p = —3 and p = +1 for
most flip angles. This reflects the well-known result that the
larger the change in coherence order, p, the more difficult
efficient coherence transfer is to achieve.

For use on aspin | = 2 nucleus, both the p = —3 version
of the experiment in Fig. 1a (i.e., the preferred version with
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FIG. 2. Discrete Fourier transformation of a whole echo to yield a purely real lineshape. The real (R) and imaginary (1) parts of the echo are shown
at the top left. Note that the real part is symmetric and the imaginary part antisymmetric about the top of the echo. If the echo is in the center of the
acquisition window, then Fourier transformation yields a purely real, absorption-mode lineshape, but one where there is a 180° phase difference between
adjacent points. This can be corrected by inverting the sign of alternate data points to yield the desired spectrum shown at bottom right. The same result
can be achieved by redefining the time origin of the Fourier transform to be the top of the echo.

the shorter — period) and the experiment in Fig. 1b involve ¢
coherence transfer between thep = —3 and p = +1 path- = exp{ +iA[7(3b — a) + 3(9a — 7b)B] —1}
ways. To achieve greater coherence-transfer efficiency, a+b
therefore, we introduce the new triple-quantum MAS experi-

ment in Fig. 1c in which the second part of the split t; period x exp{ —IA(=7 + 27B) (. — 7)}, [10]
precedes the  period rather than the acquisition period. If

the p = +3 pathway is selected during the first part of t;  and if a = 7 and b = 9, Eq. [10] becomes

(solid lines in Fig. 1c), the detected signal for this experi-
ment has the form

s(ty, ) = exp{ +i 3—5 Atl}
s(t t):exp{+iA(21—215)ﬂ} !
ath % exp{ —iA(=7 + 27B)(t, — 7)}. [11]

. at
X exp{ —IA(=7+27B) (tz - a_+1b - T> } Thus, apart from achangein the apparent sense of precession
during t;, this experiment yields an identical result to the
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FIG. 3. Cdculated efficiency of coherence transfer between coherence
ordersp = +3 and +1 (solid line) and p = —3 and +1 (dashed line) for
aspinl = i; nucleus over a range of values of the pulse flip angle 8 =
|wilty. Theratio |wo/w;| is 0.0 in (&), 2.0 in (b), and 4.0 in (c). The
amplitude of the coherence transfer has been normalized such that it is
equal to 1.0 for a ‘“*hard’’ 90° pulse. Since the longest pulse of this type
that we apply in the present experiments (2.1 us) is much shorter than a
typical rotor period (~190 us), these cal cul ations were performed assuming
a nonspinning sample.

experiment in Fig. 1b and retains the advantages of having
short 7 and t, periods and a stationary whole echo that, if =
= 317, isformed in the middle of the acquisition window.
The advantage of the experiment in Fig. 1c over that in Fig.
1b and the p = —3 version in Fig. lais that the change in
coherence order produced by the second pulse is Ap = —2
rather than Ap = +4. For spin | = 3 nuclei, therefore, we
believe that the experiment in Fig. 1cisthe method of choice
as a triple-quantum MAS experiment with whole-echo ac-
quisition.

For aspin | = 2 nucleus and for a single crystallite with
asymmetry parameter n = 0, the MAS-averaged second-
order quadrupolar frequency shifts for the central transition
and the triple-quantum coherence are given by (19)

R, = iZ—SA (28 — 108B), [12a]
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QP = t%A (21 — 171B), [12b]

where A and B are as given in EqQ. [2]. In the experiment
of Fig. 1a, if the p = +3 pathway is selected during t;
(dashed lines), the detected signal has the form

s(ty, tp) = exp{ —i %‘(21 - 17lB)t1}
X exp{ —i 2?A(—28 + 108B) (t, — T)}, [13]

and the second-order quadrupolar echo occurs at the point

171 19
t2=7'+_t1=7'+_t1.
108 12

[14]
For a spin | = 3 nucleus, therefore, it is selection of the p
= +3 pathway that produces an echo that forms later and
later in the acquisition period ast; increases and means that,
in the experiment of Fig. 1a, a short = period can be used.
Similarly, in the experimentsin Figs. 1b and 1c, the opposite
triple-quantum coherence order to that used for spin | = 3
must also be selected during the first part of the t; period,
as shown by the dashed coherence pathways. This change
in coherence pathway means that, for spin | = 2, the p =
+3 experiment of Fig. 1b becomes the whole-echo triple-
quantum MAS experiment of choice since the change in
coherence order produced by the second pulseis Ap = -2
as opposed to Ap = +4. Note that the constants a and b
also change their values for spin | = 3 experiments to a =
19and b = 12.

Experiments were performed on a Bruker MSL 400 spec-
trometer using a commercial 7 mm MAS probehead. All
pulses were generated with the highest achievable gain of
the Bruker 1 kW broadband radiofrequency power amplifier.
Two samples were used: (i) an equal mixture of sodium
oxaate, Na,C,O,, and sodium sulfate, Na,SO,, for *Na
NMR at 105.8 MHz, and (ii) albite (Oxford University Mu-
seum, OUM 9408), NaSi;AlOg, for Al NMR at 104.2
MHz. The MAS speed was approximately 5.3 kHz. The
experiment of Fig. 1c was used for the ®Na (I = 3) NMR
and that of Fig. 1b for the ¥Al (I = 3) NMR. In each
experiment, a 96-step phase cycle was used to select the
solid coherence-transfer pathways, as described in detail by
Massiot et al. (6). These phase cycles consisted of 12 steps
to select either Ap = +3 or —3 with the first pulse and 8
steps to select Ap = —2 with the third pulse. Note that
neither the States—Haberkorn—Ruben (hypercomplex) (20)
nor TPPI (21) methods for sign discrimination in F, are
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FIG. 4. Two-dimensiona triple-quantum MAS #?Na NMR spectrum of
an equal mixture of sodium oxalate, Na,C,O,, and sodium sulfate, Na,SO,,
recorded using the experiment in Fig. 1c witha = 7 and b = 9. The contour
plot is shown in (a) and the projection onto F; in (b). The full F; and F,
spectral widths were 15 and 50 kHz, 192 transients (consisting of 256
points each) were averaged for each of the 64 increments of t;, and the
relaxation interval was 1 s. Total experiment duration was ~4 hours. The
length of the triple-quantum excitation pulse was 6.1 us, of thep = +3 to
+1 transfer pulse was 2.1 us, and of the selective refocusing pulse was 4.0
uS. The 7 period was 1.33 ms (7 X rotor period) . The data were zero filled
to 1024 points in t; and 512 points in t, prior to Fourier transformation.

necessary in this type of experiment since the sign informa-
tion is inherent in the selection of a single-coherence path-
way int;.

Figure 4 shows a contour plot of a 15 by 15 kHz region
of the two-dimensional triple-quantum MAS #Na NMR
spectrum of the sulfate/oxalate sample recorded using the
experiment in Fig. 1c (with selection of the solid coherence
pathway) . The isotropic spectrum obtained by projection of
the two-dimensional spectrum onto the F, axisisalso shown.
The two distinct Na sites are easily distinguished. Note the
presence of spinning sidebandsin both the F, and, especially,
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F, dimensions. The pattern of spinning sidebands in F; is
complex and will be discussed elsewhere. The time-domain
data were processed by (i) symmetric zero filling of the
echoes in t,, (ii) applying a simple symmetric Gaussian
weighting function in t,, (iii) redefining the time origin of
the discrete Fourier transform as in Fig. 2, (iv) complex
Fourier transforming with respect to t,, (v) conventional
zerofillingint,, and then (vi) complex Fourier transforming
with respect to t;.

Figure 5 shows a contour plot and F; projection of a 10
by 10 kHz region of the two-dimensional triple-quantum

Fo

10 kHz

A

Y
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FIG.5. Two-dimensional triple-quantum MAS #Al NMR spectrum of
abite, NaSi;AlOg, recorded using the experiment in Fig. 1b with a = 19
and b = 12. The contour plot is shown in (&) and the projection onto F;
in (b). The full F; and F, spectra widths were 10 and 62.5 kHz, 96
transients (consisting of 256 points each) were averaged for each of the
128 increments of t;, and the relaxation interval was 1 s. Total experiment
duration was ~4 hours. The length of the triple-quantum excitation pulse
was 7.5 us, of the p = +3 to +1 transfer pulse was 1.5 us, and of the
selective refocusing pulse was 7.5 us. The 7 period was 1.11 ms (6 X rotor
period). The data were zero filled to 1024 points in t; and 512 pointsin t,
prior to Fourier transformation.
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MAS Al NMR spectrum of the albite sample recorded
using the experiment in Fig. 1b (with selection of the dashed
coherence pathways). The data were processed in the same
fashion as that in Fig. 4.

It should be noted that the new experiments presented
in this Communication are formally equivalent to those of
Massiot et al. (6), differing only in their modulation as a
function of t;. For example, a data set recorded using the
experiment in Fig. 1a can be converted into aform identical
to that which would be obtained with the experiment in Fig.
1b by (i) time shifting the free-induction decays so that all
the echoes are aligned and then (ii) deleting the unwanted
noise from either side of the echoes. This time shifting of
the echoes is, of course, exactly analogous to the t;-depen-
dent first-order phase correction used by Grandinetti et al.
(12) and Massiot et al. (6) to shear their spectra. However,
we believe that it is preferable to record the datain a format
that leads directly to the desired form of spectrum with the
minimum of computational manipulation. As a result of the
formal equivalence, there is no difference between the two
approaches in terms of sensitivity and resolution. This as-
sumes, however, that, with the experiment of Fig. 1a an
additional processing step is introduced to remove the extra
noise acquired during the longer t, period. The approach
described in this Communication to multiple-quantum MAS
experimentsis aso applicable to DAS experiments (12) and
to the **hypercomplex’’ whole-echo experiment of Massiot
et al. (6).

A full discussion of multiple-quantum MAS experiments
with split multiple-quantum/single-quantum evolution (t;)
periods, including further theory, simulations, and experi-
ments, will be presented elsewhere.
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