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Different approaches to obtain pure absorption-mode line-
shapes in MQMAS experiments employing a train of 180° phase-
alternating pulses for the multiple-quantum to single-quantum
mixing period are investigated. Four pulse sequences, which
achieve this by using either the shifted-echo approach or the
hypercomplex approach with symmetric coherence transfer path-
ways, are presented and their improved lineshape- and sensitivity-
performance is experimentally demonstrated by *Rb MQMAS of
RbNO;. Compared to the original modulated-rf mixing sequence,
sensitivity enhancements by factors up to 1.3 are obtained with the
sequences described here. © 2000 Academic Press

Key Words: MQMAS; modulated RF pulses; pure absorption-
mode spectra.

enhancements of the MQMAS experiment for spire 3/2
nuclei can be obtained by optimizing the triple- to single
quantum reconversior2Q—22, i.e., using modulated pulses
that selectively irradiate the satellite transitions. In addition t
an improved mixing efficiency they also found a highly selec
tive excitation of thgp = 0 — —3 — —1 coherence pathway
over thep = 0 — +3 — —1 pathway 22). This selectivity
has the drawback that it inhibits the acquisition of phe 0 —
+3 — —1 pathway signal which is necessary in the hypel
complex or TPPI approaches to pure absorption-mode lin
shapes.

In this Communication we present four MQMAS sequence

with modulated pulses that provide pure absorption-mode 2
spectra while retaining the sensitivity gain obtained with moc
The field of high-resolution solid-state NMR of half-integeglated-RF mixing period. The pure absorption-mode line
quadrupolar nuclei has experienced several important advanskspes are achieved by using either the shifted-echo appro
during the past decade. One of the most recent milestorfgsi14, 23, 23 or the hypercomplex approacB5) with sym-
within this field was the introduction of the multiple-quantunimetric coherence transfer pathwap$(27.
magic-angle spinning (MQMAS) experiment by Frydman and The MQMAS pulse sequence with modulated-RF mixing
Harwood (). Like the double rotation2; 3) and dynamic- period proposed by Madhet al. (21) is shown in Fig. 1a. We
angle spinning3-5 techniques the MQMAS experiment pro-will use this sequence as the basis for our modified acquisitit
vides isotropic spectra of half-integer quadrupolar nuclei dorsehemes because it is easier to implement than the dou
inated by the second-order quadrupolar broadening whichfisquency-sweep sequence presented by Kentgens and Vel
only partly averaged by MAS. As this experiment only usegen @O0). It should be noted that although these two sequenc
MAS and combined multiple-quantum and single-quanturely on similar physical principles they are still quite different
coherence evolution periods to achieve this, it enjoys ti@cause the latter sequence sweeps the carrier frequency ¢
benefit that its implementation requires only a simple MAghe entire satellite spectrur@@. On the other hand, the mod-
probe. However, the critical factor of the MQMAS experimentilated pulses used by Madiat al. (21) correspond to irradi-
is that it relies on efficient excitation and reconversion of th&tion at two distinct frequencies, ideally on the singularities ¢
multiple-quantum coherences. Unfortunately, these are néie satellite powder pattern. This pulse sequence consists c
mally associated with low transfer amplitudes, which furthetriple-quantum excitation pulse followed by the triple-quantun
more decrease with increasing quadrupole couplings. Theegolution periodt,. The triple-quantum to single-quantum
fore, the applicability of the MQMAS experiment is oftenreconversion is performed by th@(7) — 7 — px(7) — 7),
limited by a low sensitivity, especially for nuclei with largeblock of pulses which represents a simple but easy-to-impl
guadrupole couplings. While numerous groups have proposedént approximation to a cosine modulation of the RF signe
alternative schemes for improved multiple-quantum excitatidrhe acquisition begins immediately after the reconversic
(6-18, less attention has been drawn to optimizing the mupulses. Figure 1b shows tH&Rb free-induction decay (FID)
tiple-quantum to single-quantum mixing, (14, 19. for a sample of RbN@obtained by this pulse sequence an
Based on the early work of Vega and Na&B) some very splitintothep=0—- -3 —=—-landp=0— +3 — —1
recent studies have demonstrated that significant sensitiwfgnals. We note that the= 0 — +3 — —1 signal is almost
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FIG.1. (a) MQMAS pulse sequence with modulated triple- to single-quantum conversion pulses as proposed bgth\adaL). (b) *Rb FID of RbNG,
obtained by this pulse sequence recorded on a Bruker DSX 300 spectrometer (7.0 T) with a larmor frequ@Rbyofd®8.2 MHz. The spectrum was recorded
employing 10 kHz MAS, a spectral width of 50 kHz, rotor synchronizeshcrementation (10@s) (28), RF field strengths of 100 kHz for the triple-quantum
excitation pulse £,us. = 4us) and 80 kHz for the triple- to single-quantum reconversion pulggs € Teway = 1us) with an optimized number of loops =
3), and 48 transients followed by a repetition del&2 e for eacht; slice. (c) Isotropic/anisotropic spectrum obtained by a shearing transformétion1()
of the FID in (b). This spectrum employs 50 Hz shifted-gaussian apodization it} ttienension. Contours are drawn at 10, 20.,90% of the maximum
intensity.

absent in accordance with the fact that the modulated pulsesge_ — [wo(6, ) — ] (1272 —137%
mainly transfer thep = 0 — —3 — —1 signal.

The selectivity obtained by the cosine-modulated mixing
pulses may easily be justified by looking at the effec-
tive Hamiltonian for a spin-3/2 nucleus during the mixing
pulse

—

/3
— 203 cogont)1 30— S @ [(157+ 1779

X (14 c0os 2wt) — (1372 + 177 sin 2w,t].

(2]

o = w0, ¢) (1777 = 1379 Neglecting all the time-dependent terms, which will average 1
— wy(t) (\@(' 124|374 4 0273, [1] Zeroovera period of 2/w,,, and assuming that it is possible
to choosew,, to be on resonance withy(6, ¢) for elimination
of the first term, the effective Hamiltonian reduces to

where the quadrupolar frequenayd) is given bywo(6, ¢) =
e’qQ/2A X (1/2(3 cod 6 — 1) + m sin’ 6 cos 2p), w,(t) =
w, Cosw,t, andl’’ represent fictitious spin-1/2 operato§). Heo~ —
For our purposes it is convenient to express this Hamiltonian in

a frame that rotates about the quadrupolar interactiorf (—

13°%) with an angular frequency ab,, as proposed by VegaImmediately before the mixing pulses, described by the effe
and Naor 19). In this frame, which does not influence thdive Hamiltonian above, we assume that the spin system cc
triple-quantum- and central-transition single-quantum-operiins only triple-quantum coherence, represented by, l€-.,
tors, the effective Hamiltonian takes the form (p = —3 coherence). Suppose the mixing period is of duratic

\/§
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FIG. 2. (a—d) MQMAS pulse sequences with modulated-RF mixing period yielding pure absorption-mode spectra by (a,b) ttharepkhifted-echo
approaches where the echo is shifted with a central-transition selegtiukse, (c) hypercomplex acquisition of symmetric pathways (the duration of the select
pulse immediately after the modulated pulses is tuned to optimize the signal and may vary slightly#f@mudse), or (e) a combination of the shifted-echo
and hypercomplex sequences. For the four sequences 24 or 48 step phase cyclings were applied to select the indicated patfiRéysegeinduction decays
for a sample of RbN©for the two-dimensional experiments in (a—d) and obtained under the same conditions as the FID in Fig. 1b and splip int®the
+3 — —1 signals. The RF-field strength for the selective pulses was 40 kHz.

x = 27/(V3w,), the evolution during the mixing period should be noted that Vega and co-worked8) @re working on
yields a more extensive description of the modulated-RF mixing.
The isotropic/anisotropic correlation spectrum shown in Fig
1c is obtained by a shearing transformation of the 0 —
—3 — —1 signal of the FID in Fig. 1. The contour plot clearly
= @i Y 1 agmin0 iR 23 [4] reveals three distinct rubidiun_"n sites in _accordance with tf
crystal structure 31) and previously published NMR results
(9, 11, 24, 32 However, when taking a closer look at the cros:
From this equation it is clear that under the conditions deections through the three isotropic peaks we observe sign
scribed above, the cosine-modulated mixing pulses seleent phase distortions of the lineshapes compared to id
uniquely thep = 0 - —3 — —1 coherence pathway.second-order quadrupolar lineshapes. These distortions sh
Moreover, it is also clear why the modulated-RF sequencimt this sequence does not provide a pure absorption-mc
give improved sensitivity, because the Hamiltonian in Eq. [3pectrum.
transfers!*™* into 1>°® without loss to other coherences. It To obtain a pure absorption-mode 2D spectrum while takir

e i ?%eﬂTmlxI 1- 4e i Heirmix
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(14) in which thet, period is split between evolution periods as
p = 3 andp = 1. Consequently, the 2D FID, shown in Fig.

a _ JE 2e, contains echo tops that do not advance with incredsjng
e o sl — and because of the selective mixing pulses contains only t
55 R i ' I\ p=0— +3— +1(— —1) coherence pathway. When there
-50] i | Pl is an inhomogeneous broadening associated with the isotro

8 [ppm]

45 z
-4 _

dimension (as often occurs in glasses), then the shifted-ec
_ _ sequence in Fig. 2b may be able to refocus a greater sig
i — "8 volume and therefore would be preferred over the sequence
i - A P Fig. 2a. In this experiment the delay between the mixing puls
i and the selectiver pulse is constant. The FID (Fig. 2f) is now

dominated by th¢ = 0 - +3(— +1) — —1 pathway, and

=35

b , we note that for a crystalline compound the echo shifts towa
™ L o lower t, values with increasing,. As an alternative to the
55 == = { ' [ shifted-echo sequences, acquisition of both of-tt8quantum
T 50 - | [ coherence pathways may also provide a pure absorption-mc
% A AN GN Y spectrum. The sequence in Fig. 2¢ creates symmetric pathw.
! L e N A ~— by use of two central-transition selectiv#2 pulses immedi-
» \ 7 ately after the mixing period256—27. As the antiecho signal is
M AP0 A S shifted to negative, values and therefore only partly detect

able, the FID obtained by this hypercomplex sequence (Fi
2g) is dominated by the echo signal. Finally, to acquire the fu
p=0—--3—...»—-l1landp=0—-+3—...— -1

c
o] - signals we have combined the hypercomplex and shifted-ec
i — | sequences as shown in Fig. 2d. Employing this sequence
T 0] _ {7 FID (Fig. 2h) indeed contains both pathway signals with san
s e N intensity. Finally, it should be emphasized that the selectivit
0 N\ — -~ /= of the modulated mixing pulses may be used to reduce t
= L o8 T phase cycling in other MQMAS experiments as they requit
A% e 2304 S8 p = =3 — *1 coherence pathway selection of the mixing
; pulse (4, 27, 33.
Two-dimensional Fourier transforms of the FIDs in Figs
d 2e—2h are shown in Fig. 3. For the FIDs in Figs. 2g and 2h tt
: spectra are obtained by separate processing of the two pe
" e e T ways which are added to yield the spectra shown. It is note
z B [ that the FID from the hypercomplex shifted-echo sequent
f_ﬁ_j m_’ N N [ (Fig. 2d) provides pure absorption-mode spectra from eith
40 L . i — thep=0—-+3—...—>—-lorthep=0—--3—...—
354 s e —1 pathway signals. The contour plots of all four sequenct
20 o a:-ﬁji:)ml-ﬁn 60 200 230 -;Ipim 50 60
TABLE 1
Ft',G' 3(' 87Rk1 f'V'QNLﬁ‘S Fs]%e-m?- OfZRbt’:@)tObta"_‘ed by Snearﬁng)tr?rt‘;foéIDSignaI to Noise Ratios of the Cross Sections through the Three
mations (exce rom the INn FIg. Ze that requires no snearing) o e S B 87
in Fig. 2 with trr)le spectrum in (a) gorrespondir?g to the FID in F?g. 2e, (b) ta Sites of the "Rb MQMAS Spectra of RbNO,
Fig. 2f, (c) to Fig. 2g, and (d) to Fig. 2h. For each spectrum the FIDs were . . . .
wgighte((:i \)/vith 58 Hzgshifted(-g)aussign line broadeningp, processed, and for the Pulse sequence (Figure) Site 1 Site 2 Site 3
spectra in (c) and (d) the spectra for the two pathways were added to yield :
_sgectr_a Sh(O\)Nn. C(or:tours IOare drawn at 10,,p.20, Qg% of themaximu):n ?ﬁ%‘??l(z(g) 11_27 j’_32 1_21
Intensity. Shifted echo (2b) 121 1.24 112
Hypercomplex (2c) 0.56 0.56 0.44
advantage of the improved sensitivity of the pulse sequenceHypercomplex shifted echo (2d) . 507-77 . fé85 . ‘&74

Fig. 1a, we designed the four pulse sequences shown in Fifj{-Pulse sequence
2a,_2d' The S|mplest sequences _(F|gs. 2a and _Zb) HSE tmlaote.For all sites the S/N ratio is given relative to the S/N ratio achieved b
§h|fted—echo approacl@,(zél).to thaln pure absorptlon—mod_e_the sequence in Fig. 1.

lineshapes. The sequence in Fig. 2a uses a delayed acquisitiomwo-pulse sequence with single-pulse mixirgg §, 9, 12.
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posed by Madheet al. (21).

Provided there is no significant damping of the signal due to
T, relaxation, which is the case f6fRb in RbNQ, the sensi
tivity should increase when the whole echo is acqui@l.(To 1. L. Frydman and J. S. Harwood, Isotropic spectra of half-integer
investigate the resulting improvement on the complete 2D quadrupolar spins from bidimensional magic-angle spinning NMR,
spectra, Table 1 summarizes the S/N ratios for the traces of theJ- Am- Chem. Soc. 117, 5367 (1995). _ _
three sites for the four present sequences relative to the se-A- Samoson, E. Lippmaa, and A. Pines, High resolution solid-state

in Fig. 1. Indeed the i d S/N rati btained b N. M. R. averaging of second-order effects by means of a double-
quence in Fig. 1. Indeed the improve \ ratio obtained by ;i wol. phys. 65, 1013 (1988)
acquiring the whole eChO. '.S_alslo reflected in the complete 2@. B. F. Chmelka, K. T. Mueller, A. Pines, J. Stebbins, Y. Wu, and J. W.
spectrum. Thereby, sensitivity improvements by factors up to zwanziger, Oxygen-17 NMR in solids by dynamic-angle spinning
1.32 are obtained using the shifted-echo sequences. The twoand double rotation, Nature 339, 42 (1989).
hypercomp|ex sequences (F|gs 2¢c and 2d) do not providb A. Llor and J. Virlet, Towards high-resolution NMR of more nuclei in
improved S/N ratios, most likely due to the increased number solids: Sample spinning with time-dependent spinner axis angle,
’ Chem. Phys. Lett. 152, 248 (1988).
of pulses employed. Moreover, the two hypercomplex se; o . - o
. . 5. P. J. Grandinetti, Dynamic-angle spinning and applications, in “En-
quenceS_SUffer the usual decre_ase inthe S/N ratio by emplgylng cyclopedia of Nuclear Magnetic Resonance,” (David M. Grant and
symmetric pathways2d). To evidence the improved sensitiv-  Robin K. Harris, Eds.), Wiley, Chichester (1995).
ity obtained using modulated-RF mixing, the S/N ratios for thes. A. Medek, J. S. Harwood, and L. Frydman, Multiple-quantum
simple two-pulse sequenc@,(& 9, 1:) are included in Table 1. magic-angle sp?nning_ NMR: A new method for the study of qua-
Indeed we achieve a significant improvement of the sensitivity drupolar nuclei in solids, J. Am. Chem. Soc. 117, 12779 (1995).
mploving modulated-RFE mixing. i.e.. improvements of the G. Wu, D. Rovnyak, and R. G. Griffin, Quantitative multiple quantum
emp y 9 g, I o p ; magic-angle spinning NMR spectroscopy of quadrupolar nuclei in
SIN ratio by factors up to 2.75 are achieved by the shifted-echo sgjids, 3. Am. Chem. Soc. 118, 9326 (1996).
sequences relative to the single-pulse mixing sequence (fer . wu, D. Rovnyak, B. Q. Sun, and R. G. Griffin, High-resolution
w27 ~ 80 kHZ). multiple quantum MAS NMR spectroscopy of half-integer quadru-

Itis of interest to investigate the possible applicability of this  Polar nuclei, Chem. Phys. Lett. 249, 210 (1996). _
new type of MQMAS experiments to nuclei with larger spins,g' D. Massmt, B. Touzo, D Trumeau,_J. P._ Couture;, J. Virlet, _P.

27A1 and YO (both with spinl = 5/2). For spin-5/2 nuclei Florian, and P. J. Grandinetti, Two-dimensional magic-angle spin-
e.g., an ( wi pin = )_' .pl uclei ning isotropic reconstruction sequences for quadrupolar nuclei,
only thep = 0 — +3 — —1 pathway signal is refocussed at  Solid-State Nucl. Magn. Reson. 6, 73 (1996).
positivet, values. Thus, for a spin-5/2 nucleus it is imperativeo. J. P. Amoureux, C. Fernandez, and L. Frydman, Optimized multi-
to use sequences like those in Figs. 2b—2d that allow acquisi- Ple-quantum magic-angle spinning NMR experiments on half-inte-
tion of thep = 0 — +3 — - - - — —1 coherence pathway ger quadrupoles, Chem. Phys. Lett. 259, 347 (1996).
signal. Preliminary theoretical and experimental results in obt & Férmandez and J. P. Amoureux, Triple-quantum MAS-NMR of

L quadrupolar nuclei, Solid-State Nucl. Magn. Reson. 5, 315 (1996).
laboratory show that the sensitivity may be doubled and tl}? S. Ding and C. McDowell, Shaped pulse excitation in multi-quan-

efficiency for large quadrupole couplings increased by USiNg tym magic-angle spinning spectroscopy of half-integer quadrupole
modulated-RF mixing ori’Al, and similar results have very  spin systems, Chem. Phys. Lett. 270, 81 (1997).

recently been reported by other group4,(35. An extended 13. M. J. Duerand C. Stourton, Further developments in MQMAS NMR
study of improvedp = 3 — 1 andp = 5 — 1 quantum spectroscopy for spin-3/2 nuclei, J. Magn. Reson. 124, 189 (1997).

coherence mixing schemes for spin-5/2 nuclei will be give]rf*' S. P. Brown and S. Wimperis, Two-dimensional multiple-quantum
elsewhere MAS NMR of quadrupolar nuclei. Acquisition of the whole echo, J.

) o ) Magn. Reson. 124, 279 (1997); Two-dimensional multiple-quantum
In conclusion, we have demonstrated that it is possible to mMAS NMR of quadrupolar nuclei: A comparison of methods, J.

acquire pure absorption-mode 2D MQMAS spectra by choos- Magn. Reson. 128, 42 (1997).
ing appropriate acquisition schemes in combination with mo#s. L. Marinelli, A. Medek, and L. Frydman, Composite pulse excitation
ulated-RF mixing MQMAS experiments. In addition to pro- schemes for MQMAS NMR of half-integer quadrupolar spins, J.

. . . Magn. Reson. 132, 88 (1998).
Vldlng the undistorted second-order ImeShape the pmposl%q S. Ding and C. McDowell, Multiple-quantum MAS NMR spectros-

sequences impr(_)V_e the sensitivity by factors up to 1.3 com- copy of spin-3/2 quadrupolar spin systems using shaped pulses, J.
pared to the original sequence and 2.75 compared to the mMagn. Reson. 135, 61 (1998).

single-pulse mixing sequences. 17. T. Charpentier, C. Fermon, and J. Virlet, Efficient time propagation
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