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A systematic experimental and numerical evaluation of several
basic approaches to multiple-quantum magic angle spinning (MQ-
MAS) NMR is presented for spin-3 nuclei. The approaches use
identical MQ excitation, via a single RF pulse of high power, and
three types of methods for conversion to observable coherence: (a)
nutation by strong continuous wave pulse; (b) rotation-induced
adiabatic coherence transfer (RIACT), and (c) fast amplitude
modulation (FAM-1). The optimization strategies and maximum
achievable MQMAS efficiencies of ®Rb in RbNO; and LiRbSO,
are investigated using several coherence transfer schemes under a
wide range of experimental parameters. These parameters include
the strength of the RF magnetic field vy, the sample rotation
speed g, the length of the conversion period, and the modulation
frequency in FAM-1. The data provide new insights into the spin
dynamics involved in these techniques and the experimental
guidelines for achieving the best sensitivity. The RF requirements
for maximum efficiency of conversion depend on the method to be
used. In general, FAM-1 performs better than the nutation and
RIACT methods in terms of efficiency and off-resonance behavior,
especially when wge is small compared to the quadrupole fre-
quency v,. The experiments performed using nutation, RIACT,
and FAM-1 methods yield similar resolution in the isotropic di-
mension, regardless of vge.  © 2000 Academic Press
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INTRODUCTION

orderp during the course of a two-dimensional experiment. |
addition, sample spinning at the magic angle eliminates tt
chemical shift anisotropy and reduces the dipolar interactior
The MQMAS experiment correlates the phase evolutions of tt
p-quantum coherence in and the single-quantum coherence
in t, by generating a purely isotropic echo at

te = R(S, p)ty, [1]
whereR(S, p) is a known function of the nuclear sp8andp.
MQMAS is technically straightforward and consequently
found numerous applications in the studies of catalysts)(
glasses &, 9), and other amorphous and crystalline inorgani
solids (0, 17). However, considerable research effort wa
focused on further developments of the method itself. Spec
ically targeted in these investigations was the main weakne
of MQMAS, namely the limited efficiency of excitation of
multiple-quantum coherence (MQC) and its conversion to tt
observable single-quantum coherence (SQC). It quickly b
came clear that the overall efficiency of MQMAS is mainly
controlled by the conversion step2). Both numerical simu-
lations and experimental results have shown that efficient e
citation of the MQC can be simply achieved with a single
continuous wave (CW) short pulse of high intensity. Th
excitation schemes that used two pulses, composite pulses:
shaped pulses, produced, at best, only a small additional g

Following its discovery in 1995 by Frydman and colleague¥ Signal-to-noise ratio§N) (13-13. On the other hand, the
(1, 2), multiple-quantum magic angle spinning (MQMAS) peéfficiency of conversion processes could b_e significantly ir
came the method of choice for acquiring isotropic spectra 6f¢ased by using the highest possible RF fidl),(fast am-
half integer quadrupolar nuclei with the quadrupolar couplingfitude modulation (FAM) 17,18, or double frequency
constanC,, in the megahertz range. Complete averaging of tHRV/EePs that cover the satellite transitions of all crystallites in
second-order broadening in such nuclei was earlier accoRgwder (9). The FAM method, which follows the concept
plished by rotating the sample about time-dependent axesU#fd earlier by Vega and NadtQ), is of special interest, as it

double rotation §) and dynamic angle spinningl)( experi-
ments. MQMAS eliminates the quadrupolar broadening
fixing the rotor orientation at the magic angle (54.7° wi

is easy to implement in standard NMR spectrometers.
by In the absence of large offset, the response of quadrupolar sf
tf0 RF excitation depends mainly on the relative magnitudegof

respect to the magnetic field) and by changing the coherer@®¥l the quadrupole splitting,. This splitting is given by

' To whom correspondence should be addressed at 230 Spedding HaII;‘;Q(as, Bs UQ) = 1_5VQ[3 CO§BS -1+ ’f]QSinZBsCOS Qas],

Ames Laboratory, lowa State University, Ames, IA 50011. Fax: (515) 294

5233. E-mail: mpruski@iastate.edu.

1090-7807/00 $35.00
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.

286

(2]



CONVERSION OF TRIPLE- TO SINGLE-QUANTUM COHERENCES IN MQMAS NMR 287

wherev, = Co/45(2S — 1) is the quadrupole frequency, While the primary purpose of this study is the efficiency, wi
is the asymmetry parameter, and the angleand 3, describe also investigate the sensitivity ©, and the resolution in the
the orientation of the magnetic fieB, in the principal axis isotropic dimension. The effect of several experimental parar
system of the electric field gradient tensor. As a result, tleers is investigated, including the shape and length of tl
MQMAS efficiency varies with the crystallite orientation in aconversion pulse(s), the magnitude of the RF figld and the
powdered sample and spectral distortions are likely to occurgample rotation rateg. Patterns for optimizing the experimen
the anisotropic dimension. The relative intensities observél strategy in MQMAS are shown, which are mainly dictate
along the isotropic dimension are also skewed, as the sabyerelative sizes ofr: andv,,. It is emphasized that most of the
mechanism is responsible for uneven excitation of differeapectral intensities reported in this work include contribution
sites in a sample. Several strategies have been proposedfrdm both echo (6— -3 —...) and antiecho (8> +3—...)
remedy this problem. Some of them rely upon numericabherence pathways. The second-order lineshapes and the
simulations of the MQMAS spectra. For example, the isotropterplay between echo and antiecho intensities will be scru
chemical shifts and quadrupolar induced shifts obtained framezed in a separate study.
MQMAS can be utilized in the computer simulations of one-
dimensional, quantitative MAS spectra in order to obtain the EXPERIMENTAL
remaining lineshape parameters, including their relative inten-
sities @). More advanced techniques involve complete quan-The experimental data were mostly obtained using 3QMA
titative determination of quadrupolar and chemical shift p&MR of ®Rb in rubidium nitrate (RbNG). This is a popular
rameters via direct simulation of MQMAS spectral(22. testcompoundin MQMAS NMRZ5, 26, 28-3)) and we will
Other methods for quantitative detection use the excitation areder to some of the earlier results in the discussion. RbNC
conversion schemes that are less sensitive to the magnitudeva$ obtained from Aldrich and was used without further pt
the quadrupole splitting, especially in experiments involvingfication. The quadrupole coupling constaly, the asymme
triple-quantum coherence (TQC) of sgimuscles. Rotation- try parameter,, and the isotropic chemical shifics (with
induced adiabatic coherence transfer (RIACIJ)( as well as respect to an aqueous RbM6&blution) of the three Rb sites in
the FAM-1 (17, 18 experiment mentioned previously, fall intoRbNG; are as follows: Rpb(1.7 MHz, 0.2,—27 ppm), Rh (2.0
this category. Both methods can achieve TQGSQC transfer MHz, 1.0, —28 ppm), and Rb(1.8 MHz, 0.5,—31 ppm) @5).
under magic angle spinning when, given by Eq. [2], be Several spectra were also recorded with crystalline lithiut
comes time dependent and oscillates back and forth betweenutsidium sulfate (LiIRbSG@), which at room temperature ex
extreme values of the order ofv,. Efficient TQC — SQC hibits a single®’Rb line with a largerC, value of 5.35 MHz
conversion requires that these changes are adiabatic, i.e., S[8%).
enough that the spins continuously follow the eigenstates of theThe basic approaches to MOQMAS examined in this stuc
Hamiltonian. Vega introduced the following, practical definiuse four types of coherence transfer pathwayss @3 — —1,
tion of the adiabaticity paramete24): 0-+3—-+1—--1,0—-*x3—-0——-1,and0— £3—
+1 —0— —1. We will refer to them, for brevity, as schemes
I, 1, I, and IV, respectively. One additional experiment
derived from scheme IV utilized the pathway-& =3 —
+1 —-0— +1 — —1 (scheme IV). Schematic diagrams of
The adiabaticity parameter must satisfy the conditigh> 1 the RF sequences used and the corresponding coherence tr
for the passage to be characterized as adiabatic. Faer the fer pathways are shown in Fig. 1. Scheme | has been intr
1 case, referred to as sudden passage, the spins remain in th&ed in the initial studie2( 5, 3. Scheme Il is used in the
original eigenstates during MAS. In addition to these developplit-t,/shifted echo experimenb, 26, 33, 3 The splitt,
ments, numerous pulse schemes and coherence transfer patthod redefines thig domain in order to eliminate the need
ways were devised to obtain pure absorption MQMAS linder shearing, whereas the shifted echo method can improve |
shapes25-27. S/N ratio and yields pure absorption spectra. Schemes Il a
Given the multitude of available pulse sequences, coheren@eeature symmetric pathways® =3 — 0 and 0— =3 —
pathways, and acquisition schemes, the choice of which waytd — 0, respectively. They are followed by selectivé2
carry out the MQMAS experiment is often uncertain. While thpulses, which complete the so-calledfilter (27, 35. This
performance of various methods has been demonstrated fayemetrization of pathways allows for simultaneous acquis
number of samples under selected experimental conditidien of the echo and antiecho signals with equal intensit)
(12,17, 18, 23, 26, 28 a general comparison of MQMAS which leads to cosine modulated FIDs and thus to pure abso
schemes is difficult to make due to the incompleteness and tlen phase spectra. Scheme Ill does not use a direct FQC
incompatibility of the existing data. In this work, we present 8QC conversion and is commonly applied as shown in Fig.
systematic experimental and numerical study of the basicheme IV is used in the split-experiment 85) and can be
methods used in the TQE& SQC conversion in spidnuclei. further combined with the shifted echo (scheme)|(26).

Qag= VadBVUR. [3]
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FIG. 1. Pulse sequences and coherence transfer pathways used in this work: standard two-pulse experiment/ihhsigliecho experiment (I1), simple
z-filtered experiment with symmetric pathway (lll), split-experiment (IV), and its whole echo extension (JVThe v values were 178 kHz for the first
(excitation) pulse and 16 kHz for the selectiweand 7/2 pulses.

To reduce the number of variable parameters, the excitatiselective pulses for single quantum transitions usgd= 16
of TQC was always achieved with a single pulse of duratidtHz. The time delay between the second and third pulses
7, = 2.1 us and the RF fieldvg = 178 kHz, whereas the scheme Il and between the twd2 pulses in schemes IV and
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IV" was always 0.2 ms. The conversion step used CW (nutatimms {I;}, where « = X, y, z andr, s denote the energy
and RIACT-I) and FAM-1 pulses that varied in terms ogigenstates of the quadrupolar Hamiltonifi:= [3), . . . , |4)
duration 7, and powervg.. The FAM-1 pulse sequence-in = |—3). The dynamics of the TQE> SQC conversion process
cludedn sections of alternating RF pulses:(¢)-0-vr(¢ + can be described ad§)

)—0 (Wwherep denotes the pulse phase), with each level turned

on for an equal period of time,,. Thus, the overall duration 114 S e (D)2 + ny(t)|§3v
7, of the FAM-1 sequence was equal tm#, with the 14 ’s ’s
corresponding irradiation frequency componerits,, and Iy = (D157 + cpu(O157 (4]

+2van, Wherevy, = (47ay) . We note that the rise time and

fall time of the RF pulses received by the probe used in thighere the coefficients,,(t) andc,,(t) represent the amount of
work were of the order of 0.3s, which may have affected theSQC I;* and I7® created from TQQ %, etc. In general, an
experimental data obtained with, < 0.5 us. efficient echo in MQMAS is obtained when @),(t) andc,,(t)

All spectra were recorded at room temperature on a Chare maximized, (iic,.(t) = *=c,,(t) (the sign depends on the
magnetics Infinity spectrometer operating at 130.88 MHz. Thi®herence pathway selection), and (@i)(t) = c,(t) = 0.
frequency matched the first moment of the MAS lineshape inIn the static sample, the FAM-1-driven TQ& SQC con-
RbNO,. The spectrometer was equipped with a 3.2-mm-Vaversions will occur only in those crystallites for which the
ian/Chemagnetics MAS probehead, which employed sampiedulation rate of RF matches the quadrupole splitting. Und
rotation rates between 5 and 20 kHz. For all schemes, thAS, the anticrossing of energy levels can take place for ea
overall intensity of the 2D spectrum was simply determined asicleus that undergoes the spinning-induced resonance cot
the magnitude of the signal resulting from Fourier transform ¢ibn. Under the adiabatic FAM conversion, this condition re
the cosine and sine components of the first row of hypercomuires thab, = +v,, or +2v,, and results in efficierit;;, — 12
plex data. In selected cases, complete two-dimensional Mt@ansfer withc,,(t) = c,,(t) = 1 and no intermixing &,,(t) =
MAS spectra were obtained to evaluate the resolution. C,x(t) = 0) (18). In the presence of off-resonance modulatiot

The behavior of'Rb spins in a rotating sample was simuand second-order quadrupolar effects the transfer is not co
lated using the homemade program PULSAR)( This pro- plete and intermixing becomes possibtg,(t) # 0 # c,.(t)).
gram provides a powder-averaged analysis of the spin dynawhile the CW irradiation also induces thg, — 125 transfers,
ics involved in various experiments by propagating the spthe efficiencies of;* — 1:° and1;* — 17° processes are not
density matrix under relevant Hamiltonians, which in this caszjual. More importantly, however, severe oscillations of one «
included the first- and second-order time-dependent quadruffte magnetization components are expected in this case. Th
lar interactions and the RF fields. In agreement with the egscillations should have a detrimental effect on the formatic
perimental data, the reported intensities are equal to the modlithe echo in MQMAS experiments that use long-pulse CV
ulus of the 3, 3) coherence at, = 5 us. Two important conversion, as is the case in the RIACT scheme.
assumptions were made to accelerate the numerical analysi§he analysis of rotating powders is very complex. As w
First, a single set of values was used in RoNO, = 2.0 MHz mentioned earlier, the magnitude of quadrupole splitting vari¢
andn, = 0. With the quadrupolar interactions for RiRb,, widely depending on the orientation of a crystallite. Thi:
and Rh in RbNG; being similar, this assumption has a neglicauses a complex nutation behavior of quadrupolar spins d
gible effect on the main conclusions of this work. Second, tlieg excitation and conversion pulses,jgcan be much larger,
simulations did not account for inhomogeneity of the RF fielcthuch smaller, or comparable i@ (e.9.,7o = 3vq for as =
across the sample. Most likely, this is the largest source Bf = 0, andv, = 0 for as = 45° andB, = 54.74°, see Eq. [2])
discrepancy between the experiment and the simulations. depending on the crystallite orientation. In addition, a shal

All figures presented in this study show the total Rb intensiglistinction between sudden and adiabatic anticrossing ca:
in the sample normalized with respect to the maximum signeknnot be made in a powdered sample. Under most experim
that can be obtained in a conventional MAS experiment usit@ conditions this distinction has only a statistical meaning,
a selective excitation of the central transition by a 90° pulseignificant fractions of crystallites undergoing adiabatic an
sudden passages may coexist in the sample. Further compli
tions arise from the fact that TQE&> SQC are not the only
transfers used in MQMAS, as is the case in scheme Ill. Als
different coherence transfer mechanisms and pathways ¢
compete in a single experiment, as will be demonstrated lat

The spin dynamics involved in the TQS SQC conversion Finally, most schemes utilize both echo and antiecho pathwa
under FAM-1 and CW conditions has recently been studied khich can interfere constructively or destructively under vat
Madhuet al. (18). Their analytical approach involved fictitiousious experimental conditions. It is thus imperative to use nt
spin4 operator formalism, which expresses the spin states americal simulations of the evolution of the spin density matri;
operable Hamiltonians in terms of angular momentum opet@-obtain the powder-averaged efficiency curves for MQMAS

RESULTS AND DISCUSSION

General Considerations
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———scheme IL, V, =20 kHz, the efficiency of TQC excitation depends on the sample rot
a 704 LZEEZ?SZ iil v;=:2§0kFHz;er 178 kHz tion rate. According to the simulations, a 2u%- pulse with

L scheme I v, = 10 kHz, vre = 178 kHz results in TQC intensity of 148, 144, and 1309
603 e scheme 1L, V, = 5 kHz, for v = 5, 10, and 20 kHz, respectively. This decrease ¢
504 intensity has been explained in an earlier stuti).(

] Generally, there is a satisfactory qualitative and quantitati\
agreement between the measured and calculated curves. -
validates both the experiment and the theory and allows us
discuss these results jointly hereafter.

Figures 2 and 3 show that for both CW methods the over:
efficiency of MQMAS in RbNQ increases with increasing,

] regardless of the spinning conditions. This is in agreement wi

L previous studies1@, 16, as the conditionvg: = v, applies

0 50 100 T (1s) 150 200 250 here. However, the efficiencies observed using schemes lll a
IV evolve in sharply different ways. Scheme 1V vyields the

Ve = 78 KHz intensities that are modulated coherently with the rotor peric

VRF =125 kHz

intensity (%)

=2
w
=)

]

S = When the RF field is sufficient to fulfill the adiabaticity
2 criterion for most crystallites (see Fig. 2b). This phenomenc
«;: 20 results from the RIACT effect between TQC and SQC cohe
- 1041 ) ences 23, 29. The three-pulse sequence used in scheme
1 R produced very different results. The observed signal shoy
0 . I o L o 250 o 4 faster and deeper oscillations. Since the frequency correspo

C 507 T, (M) ing to these oscillations is equal to, (i.e., to the nutation
] frequency of the spind, they are interpreted as the result of
~ 407 Vee = 36 kHz continuous transfer between zero- and single-quantum coh
£ 304 ence states. These oscillations decay to zero within one ro
g period. It is noted that this oscillatory behavior is also supe
2 imposed on the initial part of the curves for scheme IV, wher

it competes with the RIACT phenomenon. The initial behavic
of magnetization observed in this case is consistent with tl
T ' " ' earlier study that used the two-pulse sequence withkdilter,
0 50 100 150 200 250 . .
T, (M) i.e., the nutation coherence transfer pathway of typk2).(

FIG. 2. Efficiency of schemes Ill and IV in RbNQversusr, in the range As a result of these phenomena, the experiments involvi
0< 7, < 24045: (@) ver = 125 kHz, (b)vee = 78 kHz, and (C)JZRF — 36 kHz. schemes Il and IV require different optlmlza}tlon strategies. Fc
The dashed line represents scheme lll, which usee 20 kHz. The maxi vee < 100 kHz, scheme IV performs best WFHZ" betweenTRM
mum intensity obtained with this schemeiat = 178 kHz is shown with an and 7x/2, i.e., when the conversion time is sufficiently long tc
asterisk. The dotted, dotted/dashed, and solid lines represent scheme IV @illow for an efficient RIACT mechanism to become operative
MAS ratesvg = 5, 10, and 20 kHz, respectively. The RIACT effect is especially evident in Fig. 2b. This conclusiol
is consistent with a recent study by Larsen and Niel28)) (vho
found similar optimized conditions in an experiment that utilizes
the 0— £3 — =1 pathway followed by the quadrupolar echc

We begin our discussion by examining Fig. 2, which showend Carr—Purcell-Meiboom-Gill sequence. However, at high F
the evolution of MQMAS intensities in RbNQobtained ex fields, the initial burst of intensity due to CW nutation maximize
perimentally for the symmetric schemes Il and 1V. Schemesthe efficiency (see Fig. 3a). Our results also validate earlier re
II, and V', which all include direct TQG— SQC transfers, ommendations of using short pulses in the sequences that util
require a similar optimization strategy to scheme IV. The dasgheme Il {2, 3). The maximum efficiencies achievable with
were measured under CW conversion, for selected valuestliése methods and the optimized conditions are given in Table
vre (36, 78, 125, and 178 kHz) ang; (vx = 5, 10, and 20 which will be discussed later in this work.
kHz). Forvge =78 kHz, a long time scale of & 7, < 240 us The representative results of the FAM-1 experiment i
has been chosen to monitor the change of magnetization oR&MNO; are shown in Fig. 4Since this method results mainly
several rotor periods. In order to protect our MAS probe, wia the TQC — SQC conversion, initial experiments were
limited 7, to 50 us atvge = 125 kHz and to 2us atvge = 178 performed using schemes Il and IV. The search for best ef
kHz. A closer view of the initial 3Qus of the evolution and the ciency was carried out in a three-dimensional space of variat
corresponding simulations is shown in Fig. 3. It is noted thaarameters, which includeg, 7.y, and the number of med

Optimization of CW and FAM-1 Conversions
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———scheme II, v, =20 kHz,
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——scheme 111, V. =20 Kkllz,
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FIG. 3. The experimental data of Fig. 2 (left column) are compared with the corresponding density matrix simulations (right column) in thecrange 0
30 us. The dashed line represents experiment Il performed with MASiate 20 kHz; the dotted and solid lines were obtained with scheme IV using
5 and 20 kHz, respectively. The double dotted/dashed line in (a) represents experiment Ill performedwith<05 ps andvg: = 178 kHz.

ulation blocksn. Two examples of the observed dependenci€®r decreasingg: values, the maximum intensity is measurec
are shown in Fig. 4. Figure 4a presents the total efficiency af decreasing modulation frequencies. This behavior may res
the FAM-1 3QMAS experiment that utilized scheme 1V, as &tom (i) the effect of other coherence transfer mechanisms tt
function of vge. The curves were measured forsln = 5 and compete with FAM-1, e.g., nutation in case of largg, and

a constant modulation frequenay, = 250 kHz. The maxi (ii) loss of adiabaticity during spinning-induced level crossin
mum intensity observed under these conditions varied betwestriower values ofige.

54% forn = 1 (atvge = 115 kHz) and 56% fon = 3 (at Despite these complications, the FAM-1 3QMAS experi
vee = 90 kHz). The curves shown in Fig. 4b represent thaent is surprisingly robust as the maximum intensity measur
efficiency of scheme Il as a function af,,, obtained for does not change significantly versur v It is also noted
several values ofg- with n = 3. As was mentioned earlier, thethat, for a givervge, the optimized values af,,, are similar for
maximum efficiency in FAM-1 is obtained wher, = *v,, all schemes used in this work (see Table 1).

or 2w,y (18). Itis difficult to make a good estimate of,, for
a powder; however, values between 1 and is5are expecte
for RbNQ,. Interestingly, Fig. 4b shows that the optimum The efficiencies of conversion using CW and FAM-1 meth
value ofr,y, strongly depends on the magnitude of the RF fieldds in RbNQ are compared in Table 1 and Fig. With the

d Efficiency
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TABLE 1
Optimized Nutation, RIACT, and FAM-1 Conversion Pulses as a Function of vge
and the Resulting MQMAS Intensities Measured in RbNO;

I max (%) I max (%)

Vrr T2 T2 -

Method (kHz) (us)? | 1] \% v’ (us)? 1]

Nutation 178 0.65 75 56 44 34 0.85 66
125 0.75 48 39 29 23 1.25 46
104 1.1 44 35 26 20 1.4 35
78 15 36 28 21 16 2.0 27
60 2.2 29 22 16 13 3.0 22
36 5.0 20 13 12 8 6.5 15

RIACT 125 18 84 48 37 27
104 18 87 48 36 28
78 18 85 49 37 29
60 25 80 48 35 26
36 50 61 34 28 20

FAM-1 178 0.55 77 63 46 37 0.65 54
125 0.65 82 69 52 40 0.85 52
104 0.80 83 70 51 40 1.15 49
78 1.15 79 67 49 39 1.95 45
60 1.45 72 59 44 34 2.4 41
36 3.2 56 44 36 27 4.6 36

#In the case of FAM-17, = 7.

exception of scheme I, the intensities reported here include 360_

contributions from both echo (8> —3 — . ..) and antiecho ]

(0 - +3 — ...) coherence pathways. For the symmetric 50

schemes lll, 1V, and IV, these two pathways provide equal ]

intensities when selected separately, regardless of the conver- 40 ]

sion method. Nevertheless, when the echo and antiecho are

intensity (%)

acquired in one experiment, the observed signal can be less ]

intense than the sum of its individual components acquired 201

independently. This interplay between echo and antiecho be- ]

comes more complex in the nonsymmetric scheme I. When 10

used with nutation or RIACT conversion, this scheme benefits ]

from contributions from both pathway2%, 2§. Under prop- LI B L I I
erly optimized FAM-1 conversion, however, scheme | exhibits 20 40 60 80 100 120 140
high selectivity toward the 06— —3 — —1 pathway. This ver (412)

feature of FAM has been earlier illustrated in Re#8), We b

also note that a delayiry = 5 ms was used for schemes Il and 607 11[04

IV’ in order to observe the whole echo. However, the intensi- 50

ties reported for these two schemes are based on the Fourier ]

transformation of the half-echo signal. The same signal can be 3407

transformed starting at = O to yield, after appropriate linear 5305

phase correction, a spectrum that is almost twice as intense as £ 3

would have been observed forr; = 0. Full signal recovery is - 207

not possible due t@, relaxation, which in the case of RoNO 10

andmr; = 5 ms reduced the intensity by almost 15% &= ]

66 ms). Small additional losses can result from the imperfec- 000' T '1‘0' i '2'0' T '3'0’ i '4‘0
tions of selective pulses. Note, however, that acquisition of the ’ ' Tan (US) ' '

whole echo increases the noise level, by a factoNVd, as o . . .
FIG. 4. Optimization of FAM-1 3QMAS experiment in RbNQexper
well. Thus, the_ qata reported here for schemes Il ar.]d I%ental data). In (a), the total efficiency of scheme IV is shown vergufor
ShOU|d be mult'p“ed by\/é to I’eﬂect the abSO|Ut§/N ratio Taw = 1 us and 1= n = 5, as marked. (b) Shows the total efﬁciency of
achieved with these methods. scheme Il versus,, measured fon = 3 and several values of, as marked.
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a pulses were optimized according to the rules described in t
1007 _ . previous section, yielding a wide range of experimental cor
] === nutation - . . L .
o0d e RIACT ditions. In the case of CW |rrad|.a't|0n, .the optimization in-
] e cluded 7,. In experiments that utilize direct TQS> SQC
80 transfer (schemes I, I, 1V, and 'Ywith CW irradiation, two
3 intensities were measured for each value/gf As explained
earlier, these schemes produce a local intensity maximum a
small value ofr,. The fact that the optimum values of are
inversely proportional tovge is consistent with this transfer
being due to a nutation process. A second maximum represe
the RIACT case, with the optimum, being on the order of
Trl4. The RIACT effect has not been observed for scheme |l
as it is the only approach that does not directly utilize th
TQC — SQC conversions. As expected, the optimized value
of T, are slightly longer for this scheme. In the FAM-1 method
the efficiency was maximized versusg,, while using a con
N stant value ofn = 3. In all, 80 3QMAS experiments were
00 1.0 20 30 40 performed, with the values af, and 7,y as given in Table 1.
VoV Note that common values af (or 7,y) are given for schemes
b I, I, IV, and V', as they responded similarly to the tuning
procedure.
=—==FAM In agreement with previous studie$?}, the efficiency of
90 conversion via nutation strongly depends on the ratio betwe
] vo and vge. The signal intensity increased with increasing
1 in the entire range shown in Fig. 5 (36 kHz vgs =< 178 kHz
or 4.2 = volvge = 0.84). Additional simulations showed that
for RbNQ, the efficiency plateaus around, = 180 kHz and
declines at values exceeding 200 kHz. Two experiments pe
formed using schemes Il and IV with the maximum availabl
RF field (200 kHz) were consistent with these predictions (nc
shown). The dotted lines in Fig. 5a show that remarkably hig
30 conversion was observed for the RIACT method, especial
] with moderate values afz:. The data confirm that the RIACT
transfer is less sensitive than nutation to the ratjbvge.
103 Figure 5b shows that FAM-1 performs very well for al-
values used in this work. It is more efficient than CW nutatiol
U IR N and RIACT with schemes I, IV, and IVand comparable to
0010 \i‘?v” 3040 RIACT with scheme |. Surprisingly, it also performed very
well with scheme Ill, although it was less efficient than the CV/
FIG. 5. Optimized MQMAS intensity of'Rb in RbNQ, versusvg/vee,  nytation method abee = 178 kHz. We note that the relative

obtained experimentally with schemes |, II, lll, 1V, and’I\dsing nutation, . . o L 0
RIACT, and FAM-1 for TQC— SQC conversion. The excitation of triple- intensities shown here fors: = 78 kHz agree to within 15%

quantum coherences was achieved using a single CW pulserwiti2.1ps  With those re?ently repgrteql by Vosegaatal.(28), who used
andvg: = 178 kHz, whereas the selectivé2 andm pulses used- = 16 kHz. the same spin systemi’Rb in RbNQ,)) and vg: = 80 kHz to

The vo/vg: ratio was evaluated using an avera@g value for RbNQ: vo =  compare FAM-1 conversion in schemes equivalent to I, Il, IV
(1.8 MHz)/45(2S — 1) = 150 kHz. Note that schemes Il and’I¥sed the gnq |\/.

whole echo (hrr = 5 ms). Since the reported intensities are based on Fourier . . .
transformation of the half-echo signal, the act8&\ ratio is underestimated The efﬂCIenCy of conversion should not be used as the or

by \/2 for these two methods. standard when comparing the conversion methods. An impc
tant advantage of FAM-1 transfer is its low sensitivity to the
value of vo/vge. The implications of FAM-1 are therefore as
As mentioned previously, the excitation of triple-quanturfollows: (i) quadrupolar sites with values &, larger than
coherences was accomplished by using a single nutation pulsese accessible to the method of CW may be studied; (
with 7, = 2.1 us andvge = 178 kHz. A constant rotation rate nuclei with moderate values @&, may be probed with rela
(vg = 20 kHz) and six different values of: (36, 60, 78, 104, tively moderate RF power; and (iii) the qualitative distortion:
125, and 178 kHz) were used for conversion. The conversionMQMAS can be significantly reduced, both in the isotropic
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and in the anisotropic dimension. In addition, recently reportegl b
experimental data showed that FAM-1 is relatively robust with  RbNOs LiRbSO,
respect to off-resonance irradiation, especially when compared
with RIACT (18). It should be mentioned that the use of higher
RF fields increases the tolerance to the off-resonance effects in
all methods.

Due to the lower sensitivity, only a few efficiency tests were
performed with LIRbSQ We have determined that in schemes
IIllhand IV at vge = 178 kHz FAM-1 outperformed the CW
nutation method by a factor of approximately 2. The FAM-1
sequence used = 3 and yielded the best efficiency 8§, = A
0.54 us, which is consistent with the larg€, value for this
compound. Our attempts to collect the RIACT spectra for
LiIRbSO, were not successful.

¥Rb MAS

¥Rb MQMAS
Resolution (isotropic projection)

As pointed out earlier, the conversion coefficients must
satisfy the conditiongc,,| = |c,,| = maximum andc,, = J
c,x = 0 in order to obtain the optimum TQ& SQC conver
sion (@18). Clearly, a deviation from these ideal conditions,” ™ "5, " Lo & .80 200 100 0 100 200 300
affects the intensity of the observed signal. However, since the ppm ppm
timing of the echo formation, as described by Eq. [1], iS fig. 6. mAS and MQMAS (isotropic projection) spectra &fRb in
independent on the orientation of crystallites, it appears URbNO, (a) and LIRbSQ (b) taken at 130.88 MHz.
likely that a deviation from these ideal conditions may affect
the resolution. In order to test the observed linewidth in the

isotropic dimension, several 3QMAS spectra of RoNid  version may be possible by using more efficient amplituc
LIRbSO, were obtained using CW nutation, RIACT, andynd/or frequency modulated schem@s, (19, 37, 38

FAM-1 conversion. The representative lineshapes are shown irExperimentaIIy, the nutation, RIACT and FAM-1 methods
Fig. 6. LIRbSQ was particularly useful in these tests due tQielded similar resolution, regardless af: and C,,.
exceptional resolution enhancement that MQMAS provided In \yjith regard to coherence transfer pathways, scheme | €

this well-crystallized sample. The linewidth ofRb in pipjts high efficiency with all conversion methods and low

LIRbSO, changed from~400 ppm in a static sample 10 150sqsitivity tow, in the case of RIACT and FAM-1. However,

ppm under MAS and 1.5 ppm under 3QMAS. As expected, Wis sequence is not generally suitable for the measurement
were “”"?‘b'? to detect any significant changes in resoluti lre phase spectra, because it lacks the symmetry neede
while SW|tCh'.ng among d|ﬁergnt coherence transfer schem lance the contributions from echo and antiecho pathways.
ver frequencies, and conversion methods (CW, FAM-1, aMfe nutation method, it is possible to lessen this effect by

RIACT for RbNG;; CW and FAM-1 for LIRbSQ). proper choice ofr, (12). The RIACT experiment performed
with this scheme using strong RF field also provides simile

CONCLUSION intensities from the echo and antiecho pathwa&3.(In the
FAM-1 case, the spectrum is strongly dominated by the ecl

Our results show that FAM-1 performed better than thdldnal @8, 2§ and such a strategy is not suitable. Scheme
nutation and RIACT methods in terms of maximum achievabRErforms in a similar way, except that (i) it can be used t
efficiency and lower sensitivity to the quadrupole frequenc§€nerate pure phase spectra through the acquisition of 1
Only in two cases do the CW methods provide comparalﬂhO'e echo, which further increases the sensitivity by up t
efficiency in RbNQ: (i) in the nutation experiments when, V2, providing that the echo is not strongly affected by homo
matches, and (ii) in the RIACT experiment with scheme |, aggeéneous interactions, and (i) these spectra do not requ
it benefits from simultaneous transfer via echo and antiechbearing.
pathways. As is demonstrated in Fig. 5, it is currently possible The z-filter method (scheme Ill) easily provides pure phas
to obtain MQMAS signal in RobNQthat exceeds 80% of the spectra. This scheme, when used with a short CW puls
intensity achievable by selective excitation of the central traperformed very well at 178 kHz yielding over 60% efficiency
sition. Since the efficiency of excitation was around 130% in RbNO,. Thus, thez-filter method with CW nutation offers
our experiments, further improvement in TQE SQC con- an attractive strategy in MQMAS wheny/ve: = 1. A major
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shortcoming of this scheme is that it suffers from high sengit.
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D. Massiot, R. Conanenc, W. Feldmann, R. Marchand, and Y.
Laurent, Inorg. Chem. 35, 4957 (1996).

The 0— =3 — =1 — 0 — —1 pathway (scheme IV) yields 12. J.-P. Amoureux, C. Fernandez, and L. Frydman, Chem. Phys. Lett.

pure phase spectra that do not require shearing, but is the leas

efficient. It performs better with FAM-1, especially at lowe
vge. Similarly to scheme I, this method can be improved by
implementing the acquisition of the whole echo (schem§ IV, .
when irreversibleT, effects are not too severe. 16.
In summary, scheme Il with FAM-1 conversion is the most
successful implementation of the MQMAS experiment foy;.
spin3 nuclei in a wide range ofx: values that satisfy the
condition vge < vo. When very highvg, fields are available, 1s.
scheme Il with “brute force” excitation via nutation can be
advised. Additional increases in sensitivity can be achieved b
“recycling” the converted magnetization in the dimension
using the so-called Carr—Purcell-Meiboom-Gill MQMAS ex20-
periment 9, 39 and by improving the methods for numericaf!-
analysis of data. For spiauclei, FAM-1 conversion sequence??:
should be replaced with double frequency swe8g) (or
FAM-2 (40), and time domains in scheme Il should be redé>
fined accordingly.
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