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It is known that the patterns of spinning sidebands observed in Multiple spinning sidebands are frequently observed in
the multiple-quantum dimension of MQMAS spectra are often the MQMAS spectra. Their number is usually much greater
significantly wider than expected from the anisotropies of relevant along the multiple-quantum (n1) than along the single-quan-
interactions. It has been recently shown by others that these side- tum (n2) dimension. More importantly, however, the overall
bands are generated due to the rotor-driven reorientations that the width of the sideband pattern along n1 often exceeds the
quadrupole tensors of the crystallites undergo during the evolution

spectral range expected from direct rotational modulation ofperiod between the multiple- and single-quantum conversion pro-
the interaction anisotropies during t1 , which is the ‘‘classi-cesses. We present an experimental and theoretical study of the
cal’’ origin of spinning sidebands in solid-state NMR. Thiseffects of the spinning speed nR and RF field strength nRF on the
phenomenon was recently reported and analyzed by Ma-development of these sideband patterns. The theoretical analysis
rinelli and Frydman (10) , who concluded that it was due torelies upon numerical simulations and includes propagation of

the density matrix during the entire MQMAS experiment. The rotor-driven reorientations that the quadrupole tensors of the
possibility of additional rotational encoding during the RF pulses crystallites undergo during the evolution period between the
is discussed. Both the theoretical and experimental results show two H pulses. In their study, the MQMAS spectrum was
the benefits of using the highest available nR and nRF. q 1998 calculated analytically from the powder-averaged evolution
Academic Press of the density matrix under the effect of the first-order quad-

rupolar Hamiltonian. The results of the numerical simula-
tions and the sideband intensities measured for 23Na (S ÅIt has recently been demonstrated that a combination of
3
2) in polycrystalline sodium oxalate (Na2C2O4) and sodiumtwo-dimensional multiple-quantum NMR with magic-angle

spinning (MQMAS) can be used to remove the second-order sulfate (Na2SO4) appeared in good agreement with the ana-
quadrupolar broadening of the central transition of half-inte- lytical predictions (10) . This approach did not account for
ger nuclear spins (1) . The MQMAS method is now widely modulation of the quadrupole interaction during the strong
used to separate isotropic chemical shifts and second-order RF pulses, however, because they last only a small fraction
quadrupolar shifts. Several improvements to the original ex- of the rotor period.
periment have since been developed, aimed at increasing the In this Communication we present an experimental and
efficiency of the multiple-quantum coherence excitation and theoretical study of the sideband patterns in the MQMAS
at obtaining pure-phase 2D spectra (2–7) . One of the ap- spectra as a function of the RF power level nRF and spinning
proaches uses the (0, {p , 0, 01) coherence transfer path- speed nR used in the experiment. The theoretical analysis
ways, which are simultaneously selected by the appropriate relies upon numerical simulations and includes propagation
phase cycling (8) of two strong RF pulses, followed by a of the density matrix during the RF pulses. The benefits of
selective ‘‘softer’’ 907 pulse: H1(t1)f1

0 t1 0 H2(t2)f2
0 using the highest available nR and nRF are discussed.

t 0 S(t3)f3
0 t2 , where H and S denote hard and soft Figure 1 shows the isotropic projections of the 3QMAS

spectra of Na2C2O4 recorded for several values of nRF and nR.pulses of duration ti and phase fi . The last part of this
The experiments were performed at 9.4 T on a Chemagneticssequence [0t 0 S(t3)f3

] makes up the so-called z filter,
Infinity spectrometer using a 3.2-mm Chemagnetics MAS(8, 9) which removes the undesired transients from the ob-
probehead and the pulse scheme described above. The spec-served signal and provides an easy and robust method for
tra, denoted 100/5, 100/10, . . . , 300/20, were acquired us-obtaining pure-phase spectra. The final selective 907 pulse
ing three RF fields for the multiple-quantum conversionsallows the observation of the central-transition signal during
(nRF Å 100, 200, and 300 kHz) and three rotation speedst2 . Two-dimensional Fourier transformation with respect to
(nR Å 5, 10, and 20 kHz). The soft pulse was generatedt1 and t2 results in a spectrum from which the isotropic
using nRF à 8.5 kHz. To save experimental time, the t1lineshape can be obtained by performing a shearing transfor-

mation or an appropriate skewed projection (1, 2) . evolution time was truncated at 1.3 ms, and only one phase
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FIG. 1. Projections of sheared 23Na 2D MQMAS spectra of Na2C2O4 onto the isotropic axis. RF field nRF Å 100 (a–c), 200 (d–f) and 300 (g–i)
kHz; spinning speed nR Å 5 (a, d, g) , 10 (b, e, h) , and 20 (c, f, i ) kHz.

cycle was acquired for each t1 increment. The height of previous work (10) . More noticeable, however, are the
changes in the sideband patterns obtained when nRF is variedeach spectrum in Fig. 1 has been normalized to 25% of the

maximum intensity of the centerband. Also shown, in Fig. and nR is kept constant. Comparison of spectra a, d, and g;
b, e, and h; or c, f, and i indicates that ( i) for a fixed spinning2, is the full 2D 3QMAS 100/5 spectrum of Na2C2O4. As

noted earlier (10) , the number of sidebands along n1 is speed the number and relative intensity of the n1 sidebands
decreases with increasing nRF , and (ii) the overall width ofgreater than along n2 , despite the fact that at 9.4 T the

second-order quadrupolar static linewidths in these two di- the sideband pattern increases at higher spinning speeds.
Since our MQMAS experiments were independently opti-mensions should be 10 and 12.4 kHz, respectively (11) . The

static NMR spectrum of the central transition of sodium mized for each value of nRF , we must conclude that the
observed changes originate from different evolution of thein polycrystalline Na2C2O4 is dominated by the quadrupole

interaction with a coupling constant CQ Å e 2qQ /h Å 2.43 spin density matrix during the pulses. It is well known that
the nutation behavior of quadrupolar spins depends on theMHz and an asymmetry parameter hQ Å 0.77. This spectrum

is only slightly broadened by the small shielding anisotropy RF power. Thus, even under optimized conditions, the 3Q
coherences of 23Na spins at t Å t1 strongly depend on nRF .and dipolar interactions (12, 13) .

For a constant value of nRF , the spectra in Fig. 1 show a This, in turn, must affect the sideband intensities, even if
the only operable encoding process is due to the samplestrong dependence on nR, which is in agreement with the

AID JMR 1275 / 6j29$$$622 03-13-98 08:11:20 maga



172 COMMUNICATIONS

FIG. 2. Two-dimensional 23Na unsheared 3QMAS spectrum of sodium
oxalate acquired at 105.8 MHz, using nRF Å 100 kHz and nR Å 5 kHz.

reorientation during t1 , as described by Marinelli and Fryd-
man (10) . However, rotational modulation of the interac-

FIG. 4. Creation of 3Q coherences versus t1 and nR, for S Å 3
2 and nRFtions responsible for the creation of the MQ coherences also Å 50 (A) and 100 (B) kHz. Other parameters were the same as in Fig. 3,

except curve f, for which CQ Å 4.86 MHz.

occurs during the RF pulses. This indirect encoding process
is considered below.

A PC-based program, PULSAR (14) , was used to analyze
the evolution of the spin density matrix in a rotating sample
during the entire MQMAS experiment. The propagating of
the density matrix results from the first (HQ1)- and second
(HQ2)-order quadrupole interactions, as well as the RF Ham-
iltonians during the pulses. As a result of sample spinning,
all these interactions are rendered time-dependent. Since the
shielding and dipolar interactions are negligible in Na2C2O4

(12, 13) , they were excluded from the simulations. In the
rotating frame, HQ1 is given by

FIG. 3. Relative intensity in 3QMAS spectra of sodium oxalate (hQ Å
0.77, CQ Å 2.43 MHz) (12, 13) versus the RF field amplitude used for the HQ1( t) Å n

V Q(a( t) , b( t) , hQ)[S 2
z 0 S 2 /3] , [1]

first two pulses. Both HQ1 and HQ2 were included in the simulations. Curves
have been computed assuming rectangular pulses with n0 Å 105.8 MHz,
for static and rotating samples (nR Å 5, 10, 20, and 40 kHz). Experimental where n

V Q and hQ represent the quadrupole interaction and
values are presented for the total (l, ., j) and centerband (s, ,, h) the asymmetry parameter, respectively. The two polar angles
intensities with nR Å 5, 10, and 20 kHz, respectively. Small differences a and b describe the static magnetic field in the principal axis
between numerical and experimental data are most likely due to pulse

system of the electric-field tensor. Due to sample rotation, aimperfections (phase glitches, RF field inhomogeneities, finite rise and fall
and b are rendered time dependent. Similarly, HQ2 can betimes) , and residual contributions from chemical shift anisotropy and dipo-

lar effects. expressed in a general form
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phasing in the static sample, this dephasing may increaseHQ2( t)Å A(a( t) , b( t) , hQ)SZ/ B(a( t) , b( t) , hQ)S 3
Z ,

strongly during t1 due to the change in orientation under
[2] high-speed MAS. Thus, important contributions via the ND

pathways result only from those crystallites for which HQ1

where A(a, b, hQ) and B(a, b, hQ) can be expressed in remains small at all times during the first pulse.
terms of the Wigner matrices (14) . It follows then, that for a given CQ, a decrease in the

The elements (m , m *) of the density matrix of a quadrupo- MQMAS signal should be observed upon reducing the RF
lar spin system describe statistical coherences between Zee- field (and, consequently, increasing t1) and/or increasing
man states Ém … and Ém * … . The presence of a nonvanishing nR. The numerical calculations and experimental results of
(m , m *) element in the density matrix shows that there our work support this notion. For example, in Fig. 3 the
exists a coherent superposition of the quantum states Ém … relative intensity of the 3QMAS spectrum of 23Na in sodium
and Ém * … , with multiplicity defined by m 0 m *. Thus, the oxalate is shown as a function of nRF for various spinning
diagonal (D) elements of the density matrix (m , m) , which speeds. In this figure, as well as in Figs. 4 and 6 discussed
represent the populations of the Zeeman levels, correspond below, the numerical results are percentages of the intensity
to zero-quantum coherences. Let us denote the anti-diagonal that can be obtained in a conventional experiment using a
elements (m*Å 0m) by (AD) and the nondiagonal elements selective 907 pulse (nRF ! CQ). While raising the RF field
(m* x {m) by (ND), respectively. from 100 to 300 kHz benefits the MQMAS experiment by

In the absence of relaxation processes and an RF field, causing a four- to sevenfold rise in the total signal intensity,
the effects of first- and second-order quadrupolar interactions the effect of changing the spinning speed is somewhat am-
on the phase cmm= of an (m , m *) coherence during time biguous. Indeed, although both the numerical calculations
interval dt can be described as and the experimental results show a notable decrease in total

signal intensity with increasing nR, especially for lower val-
ues of nRF , the development of spinning sidebands depletesdcmm=( t) Å dc1( t) / dc2( t)
the integrated intensity of the centerband at slow spinning

Å n
V Q( t)(m2 0 m* 2)dt / [A(a, b, hQ) speeds. For this reason, the use of high spinning speeds

remains more advantageous./ B(a, b, hQ)(m2 / mm* / m* 2)]
Figure 4 shows the simulated development of 3Q coher-

1 (m 0 m *)dt . [3] ences in Na2C2O4 as a function of t1 for the nRF fields of
50 and 100 kHz and for MAS speeds of up to 40 kHz.

Clearly, the quadrupolar interaction has no effect on the Clearly, the optimum value of t1 not only depends on the
zero-quantum coherences (i.e., D elements) , whereas the RF field used but also is strongly affected by the MAS speed
AD and ND elements are dephased by second (dc2)-order (compare curves b and e in Fig. 4A). The two maxima
and first- and second-order (dc1 and dc2) effects, respec- present in most curves of Fig. 4 correspond to the intensities
tively. Strong RF fields will, however, affect both the ampli- ‘‘arriving’’ via the two different pathways: the more efficient
tude and the phase of all elements in the density matrix. pathway around the AD (first maximum) and the less effi-

At equilibrium, the only nonzero elements of the density cient one through the ND (second maximum). Finally, we
matrix are located along the diagonal. The 0Q r 3Q coher- note that the efficiency of the ND pathways strongly depends
ence transfers produced by the first-pulse can be approxi- on CQ, especially when a small RF field is used (compare
mately classified into two types of pathways. The primary curves d and f in Fig. 4A).
contribution originates from the É { 1

2 … populations which Those crystallites which do contribute to the 3Q coher-
quickly ‘‘flow’’ along or around the AD pathway, e.g., ences via the ND pathways will have their quadrupolar fre-
(1

2,
1
2 ) r (1

2, 01
2) r (3

2, 01
2) r (3

2, 03
2) . Since HQ1 does not quency affected by the sample rotation, i.e., at the end of

operate along most of this pathway, no substantial dephasing the first pulse, the 3Q coherences can be partly modulated
can occur during this pulse (t1 is typically on the order of with the frequency nR. This supposition is corroborated by
a few microseconds) (15) . In addition, a slower transfer the numerical results of Fig. 5, which shows the simulated
occurs via alternative pathways involving several ND coher- effect of changing t1 from 7.5 to 2.5 ms. Other parameters
ences, e.g., ({3

2, {3
2) r ({3

2, {1
2) r ({3

2, |1
2) r ({3

2, |3
2) . used in this simulation correspond to the 100/5 spectrum

shown in Fig. 1a. Although the processes of rotational encod-Considerable dephasing will occur in this case, since HQ1

ing during t1 and t1 are not separable in this calculation,can vary between zero and several megahertz, depending on
Fig. 5 shows that the length of the first pulse has a markedthe instantaneous orientation of the crystallite under consid-
effect on the observed sideband pattern.eration. As a result, for most crystallites the contributions

The results obtained for S Å 3
2 can be extended to otherof this pathway to the overall 3Q intensity is not very im-

portant. Even in the crystallites where HQ1 is sufficiently spin numbers and multiquantum orders. It has been shown
(16) that for a fixed RF field, optimal t1 values are approxi-small at the beginning of the pulse to cause negligible de-
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mately proportional to (2S / 1)01 . Thus, the rotational
effects induced during the first pulse are expected to be at
a maximum for S Å 3

2 and very small for S Å 9
2 (compare

Figs. 4A and 6).
The transfer of the 3Q coherences toward the É{1

2 … Zee-
man populations is brought about by the second pulse. This
process occurs mainly along the AD under a propagator that
is represented solely by HQ2 . Thus, the optimal pulse dura-
tion t2 is smaller than t1 (15) , and the corresponding de-
phasing dc2 should not be as strongly affected by sample
rotation. This conclusion is supported both by the simula-
tions and the experimental results. First, the numerical calcu-
lations show that the loss of signal due to sample rotation
occurs only during the first pulse. Second, while a change
of t1 from 7.5 to 2.5 ms resulted in a spectrum with a greatly
diminished sideband pattern at nRF Å 100 kHz (Fig. 5) , a FIG. 6. Intensity of 3Q coherences versus t1 and £R, for S Å 9

2 and £RF

Å 50 kHz. Other parameters were the same as in Fig. 3, except that CQsimilar simulation performed for the second pulse did not
was set to 10 MHz in order to maintain the same spectral width along £2 .show any noticeable change in the lineshape. Note that due

to the limited ND transfer, the spectrum of Fig. 5b is very
similar to that observed with nRF Å 300 kHz, see Fig. 1g.
Clearly, when the highest available RF fields are used (Figs.
1g–1i) and, consequently, the H pulses become very short, the overall efficiency increased by 50%. This corresponds to
the above-mentioned encoding process during t1 and t2 be- a gain of Ç80 in experimental time and, in addition, the
comes insignificant. This limit case corresponds to the math- resulting spectrum exhibits fewer spinning sidebands. Fur-
ematical descriptions of Marinelli and Frydman (10) . Fi- ther improvement in S /N can be obtained by eliminating the
nally, the experimentally observed lineshape along n2 (not sidebands along n1 via rotor synchronization (17) . However,
shown) is independent of nRF and is close to the one observed this technique limits the spectral width along n1 and thus
using standard MAS. requires high spinning speeds (10) . This, in turn, may have

While it is not obvious if a sideband analysis in the n1 a notable effect on the overall MQMAS intensity, except
dimension could become a simple diagnostic tool for probing when using high RF fields (Fig. 3) . Finally, we have shown
the local nuclear interactions, the results of this work do that the spinning speed used in an MQMAS experiment
have important practical significance. Since the experimental affects the length of RF pulses required to optimize the
S /N ratio is determined by the centerband intensity and not signal.
by the total intensity, our analysis augments previous argu-
ments regarding the need for using a combination of high
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