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Multiple-quantum magic-angle-spinnindQMAS NMR) spectroscopy has become a routine
method to obtain high-resolution spectra of quadrupolar nuclei. One of the main problems in the
performance of this experiment has been the poor efficiency of the radio-frequency pulses used in
converting multiple-quantum coherences to the observable single-quantum signals. As the MQMAS
experiment is basically an echo experiment this problem can be related to the efficiency with which
continuous wave pulses can normally achieve the multiple- to single-quantum conversion for
different crystallites in a spinning powdered sample. In this paper we investigate various aspects
involved in this multiple-to-single quantum conversion, in the hope to facilitate the devise of new
experimental schemes that can lead to significant MQMAS signal enhancements. We examine in
particular a recently suggested experiment for MQMAS spectroscopy which employs
amplitude-modulated radio-frequency pulses, and which can yield substantial signal and even
resolution enhancements over the commonly used pulse schemes in MQMAS experiments. The
mechanisms of operation of continuous-wave and of amplitude-modulated pulses as applied to the
selective manipulation of spin-3/2 coherence elements are examined in detail, with the aid of the
fictitious spin-1/2 formalism in combination with quadrupolar adiabaticity arguments. New insight
into the nature of the MQMAS experiment is thus revealed, and the superior performance of suitable
amplitude modulations toward the formation of MQMAS powder echoes is justified. Experimental
results highlighting the utility of this scheme in samples possessing multiple quadrupolar sites with
varying quadrupolar anisotropies and chemical shift offsets are demonstrated, as is the relative
insensitivity of the new signal-enhancement technique to the actual level of rf irradiation. Further
implications and uses of this new irradiation scheme are also briefly discusse2D0®American
Institute of Physicg.S0021-960600)00703-7

I. INTRODUCTION Such experiment has become quite widespread due to the
simplicity of its implementation, and it has enabled new ap-
The potential applications of NMR spectroscopy to theplications on a variety of nuclei possessing different spin
study of materials containing quadrupolar nuclei have beeguantum numbers and coupling environments such as so-
well documented in a gamut of fields including inorganic dium, aluminum, rubidium, oxygen, boron, niobium, chlo-
chemistry, catalysis, geochemistry, and cuprate high tenmrine, and cobalt’
perature superconductivily® These studies have been re- The pulse scheme suggested for the initial MQMAS ex-
cently stimulated by the introduction of the multiple- periments has come a long way with several improvements
quantum magic-angle-spinning spectroscopflQMAS)  geared at bypassing its limitations with respect to efficient
NMR experiment, capable of yielding high resolution spectraexcitation of MQC, of the subsequent conversion to SQC,
from half-integer quadrupolar nuclei devoid of both first- andand for obtaining spectra with purely absorptive line
second-order interactioisThis experiment averages out all shape$®-2Numerous studies have concentrated on analyz-
anisotropic spin interactions by a combination of spatial andng the effects of spinning speed, rf power, and decoupling,
spin space manipulations, and at its core lies the excitation a§n the efficiency of the MQMAS experimett:?® This
—m« +m multiple-quantum coherencd#1QC) and their  progress has been supplemented by the usefitfering,
subsequent conversion to single-quantum coheref®@€)  split-t; procedures, and synchronized data acquisitf6rs.
which are correlated in a two-dimensioné@D) fashion.  Particularly worth mentioning in the context of the present
analysis is the rotation-induced adiabatic coherence transfer

3Author to whom all correspondence should be addressed; electronic mai(:R_IACT) experiment prpposed by Griffin and CO-WOI’ké?S;
civega@wis.weizmann.ac.il this uses two long continuous-wawew) pulses for both ex-
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citation and conversion of the MQC, and relies on adiabatic )
transfer argument8to enhance quantitativeness and resolu- (2) H ; ﬂ ;
tion along the multiple quantum dimension. Despite all these ! VAN

significant advancements in both theoretical and experimen-
tal strategies a basic problem faced by this experiment re-
mains; namely, the relative inefficiency of the M@GSQC

conversion. One way to alleviate this problem and thereby
the potentially poor signal to noise ratio of the spectra is by

pushing the limits of rf power, spinning speeds, and mag- ¢
netic fields used in the experimenitsalthough this criterion  (b) H t t /\
is at the moment a potent driving force for the manufacture

of dedicated hardware for this experiment, further progress
will also demand an improved insight into the spin dynamicsrg. 1. (a) Basic two-pulse scheme employed in MQMAS experiments. The
that occur under the relevant Hamiltonians and their relatiorfirst pulse is phase cycled as=0°,60°,120°,180°,240°,300°; if the second
to new pulse sequences. Contributing to such stimulus is theylse is kept at a constant phase of 0° the receiver is then alternated as 0°,
. 180°. The TQC selected after the first pulse is converted to SQC after the
main goal of the presen-t paper. . . . . second(cw) pulse and results for a powder sample in an echo along,the
A common emphasis of the outlined investigations hasjomain due to the refocusing of all second-order quadrupolar anisotropies.
been the use of rectangular pulses. Relevant literature o) Generalized FAM pulse scheme; all pulse and receiver phases are cycled
high resolution NMR. however. recommends the use ofS in(a), but the conversion step is implemented by a symmetric irradiation
L A . f the satellite transitions within the spin manifold. Experimentally, the
shaped pulses for efficient excitation in the case of spin halfy pulse was implemented in this study via the four-point scheme
systems? Some efforts in this direction have been made,[0,0,,— w;,0],, with each of these events lastinguk and the block re-
particularly toward improving the excitation efficiency of the peatedn=3-5 times. Thew,/— »; modulation of the rf field strengttin
MQC_33—35 The present analysis emphasizes the modu|atiohilohertz) was implemented by shifting the rf phase by 180°.
and shaping of pulses during the efficiency-limited conver-

sion step. In fact the possibility of using amplitude- gnhancement. Furthermore, despite the technical differences
modulated(AM) pulses for converting MQC to SQC was petween our new FAM scheme and those proposed on the
first examined by Vega and Naor in studies of half-integeryasis of rf sweeps the physical phenomena involved in both
quadrupole single crystafS, which showed that up t0 @ of these techniques are very similar, and therefore most of
threefold increase for the central transition signal of a spinhe FAM arguments outlined in the following sections can be

3/2 was possible by combining selective 90° pulses and AMpxtended with only minor modifications to the case of fre-
rf acting as simultaneous 180° pulses on the satellites. In thigyency sweeps too.

class of experiments the modulation frequency of the rf

could be exactly matched to the quadrupolar frequency of thg THEORY

nuclei in the single crystal, but these ideas have also been ) )

subsequently extended to the case of powdieféMany of A General considerations

these latter techniques have in common the use of frequency |t is worthwhile to begin this analysis by reviewing the
sweeps, which result in nearly adiabatic inversions of thehasic pulse sequence for MQMAS experimeffigy. 1(a)],
satellite transitions. Two related advancements have beeahat is of common use and has served as a building block for
very recently made in the field of MQMAS spectroscopy. many later developments in the field. The first pulse in this
One of these makes use of double frequency sweeps oversaquence excites all possible coherences for a given spin
large range covering the satellite transitions of all crystallitesjuantum number, and the desired order of MQC is then se-
in a powder, to achieve a MQGSQC conversiofi? The  lected by appropriate phase cycling. This is then converted
second method replaces the conversion pulse by fasby a second pulse to observable SQ magnetization after a
amplitude-modulatedFAM) irradiation of the satellite tran- evolution period; an echo of the anisotropic second-order
sitions, and has been shown to lead to significant sensitivitguadrupole evolution is subsequently formed at a time
enhancements on a variety of samples and under various egeual to a specific fraction af, which depends on the spin
perimental condition&® A principal advantage of the latter quantum number and on the order of MQC that had been
scheme is that FAM is achieved simply by fast 180° phaseselected. The pulse sequence that triggers the present analy-
shifts of the irradiating rf thereby using the built-in potentials sis employs the FAM methodology outlined in Fig(b],

of standard NMR spectrometers. The present paper examinagere the cw conversion pulse has been replaced with an
the mechanism of operation of these conversion pulses. T@amplitude-modulated profile. We have recently shown ex-
ward this end a MQMAS formalism based on fictitious spin-perimentally that this modification—easily carried out, for
1/2 operators is developed, and used to reveal new featur@sstance, by a four-point discrete modulation of the form
not only of FAM-based pulse sequences but also of apfw;,0,— w{,0),—can significantly increase the efficiency of
proaches based on usage of short cw pulses and of rotothe conversion process. In this paper we describe the effects
induced adiabatic transfers. The results of these new analytdf those pulses vis-a-vis cw ones on MQMAS spin-3/2 ex-
cal formulations are then extensively corroborated by bottperiments with the aid of the fictitious spin-1/2 operator
numerical and experimental results, which highlight the usformalism?* This expresses both nuclear spin states as well
age of the FAM scheme toward resolution and selectivityas the relevant spin Hamiltonians in terms {d)ﬂq}C,:X,yyz
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operators, wher@,q denote state§1),|2),/3),|/4)} that corre- cw
spond to the energy eigenstates of the quadrupolar Hamil-
tonian:|1)=|3/2), |2)=|1/2), |3)=|—1/2) and|4)=|—3/2). Im- A 0q /\ O /\
portant properties of these operators that will be employed
throughout this study are summarized in the Appendix.

Our focus is the time evolution of a density matrix which FAM
at timet=0 only has TQC as its elements, and which is Aog /\ /\A%

1 1

converted to SQC by the action of either short-cw, long-cw
(RIACT) or FAM pulses(Fig. 1). Higher spin systems$
=5/2 will be discussed at a later stage. We begin here b)élG. 2. Diagrammatic representation of both the cw and the FAM irradia-

considering anl=3/2 spin in the rotating frame, whose tion sequences in the rotating frame, with the arrows representing the fre-
Hamiltonian is given bf quencies of the irradiation fields. As in the teftwo=wo— Wy, With wy,
the modulation frequency andg the quadrupole frequency.

H=—Awl,+iog[315-1(1+1)]+3{wd [4(1+1)

—812-1]l,+ 0Z?[21(1+1) = 21— 1]1 } + 4]y,

1
@ As previously mentioned the basic Hamiltonian for the
whereAw takes into account the resonance offset and chemiEAM case can be written wita,=0 anda;=1, i.e.,

B. FAM Hamiltonian

. . (Z’i)
gal shift anisotropy(CSA) effects, g and wg _reflect the H(t) = —(Aw™ §4+Aw23l 53) +wofl iz_ | 34)
first- and second-order quadrupolar frequencies, apds
the rf field strength. It is convenient to present this Hamil- + V3011524139 + 2041 Z]coswpt. (5)

tonian also in the language of single transition operators; ml'h i d d ¢ thi tation Hamiltoni b
preparation for the consideration of modulated rf fields we € time dependence ot this nutation Hamiltoman can be

thus rewrite Eq(1) as ehmmat_ed by transforming it into a modulated interaction
frame via the propagator

H)=— 3 AwPUP% wo(12— 134 + (V3w (112413 Un(t)=exiion(1z*~129t]. ®)
P=4 Transformation ofH(t) by Eq. (6) yields

+2w413)| D (aCcoswt+assinomt)+ag|, (2) Hm=Up " H(t)Upy

n
=Awq(177 13— (A0™ 3+ Aw®1 D)
where p,q take values from 1 to 4, thA »P% account for
: V3
off-resonance as well as second-order quadrupolar shifts, and +— wy(112413%) )
wy is the basic frequency with which the rf is potentially 2 ©ox

P c\2 S\ 271/2 —
modulated. The conditio[(a;)"+(ay)"]"*+a=1 can  \hereAw = wo— wyy and the assumption; <w,, has been

be demanded in this expression and thus result in a generglage This last approximation enables us to neglect all co-

Hamiltonian which can account for the simultaneous presggficients oscillating at frequencies,, and 2v,,, as well as

ence of linearly polarized cw and/or FAM irradiations. Still, terms like 2v; coSw 123 This modulated-frame Hamil-
m-ix

in the ensuing discussions and for simplicity we will deal,nian can also be written as
mainly with modulations of the forna; cosw,t; the cases

for FAM and cw may therefore be distinguished by Hm=Hio+ Hast HO, 8
_ . where all terms commute with one another and their explicit
ap=0, a;=1 pure FAM, forms are
a,=1, a,=0 pure cw, 3 Hip= i+ A2,
i ) . . Hoar= al 34+ A34| 34 (9)
and the Hamiltonian in Eq2) can be cast for the following 34~ Wyly z
discussion as HI=A(14+123),
H() = — (A *+ A0 2% + 0o(177—13) + (V3w (15 with
15+ 20113 (a1 oSOt +ap). (4) A= Awg— Ao+ HoS(})—w(d),
In this expressiom w®=Aw+0%(1/2) and Aw™=3Aw A¥= — Awo—Aw+ Y3 - 0%d),
+ w5(3/2) account for both the shielding and second-order (10)
quadrupolar shifts of the central single-quant(@»3 and of A=—-2Aw—3(0%(3)+wsd)),

the triple-quantum(1-4) transitions, respectively. With this

general Hamiltonian we shall now concentrate on the spe- wazﬁ ®
cific FAM and cw scenarios. 12
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e As indicated earlier our interest deals with the effects of
/ the second, MQ conversion pulse. Within b&n 3/2 frame-
work we thus discuss the time evolution of a TQC given by
1>, 4> 300 38040,(3) an initial density matrix of the formpo=a,l;*+a,l}*, acted
under the effects of the Hamiltonian given in E§). We
\L will be particularly interested in the conversion process of
Ao I N these coherences inté?y, a spin dynamics that can be rep-

resented as

14 23 23
>, [3> —/T/:l; 1= Cxd DI Coy (D17, s
R 14 Cyy (D124 ¢y (D12,

FIG. 3. Energy level diagram of a spif8/2 nucleus subjected to FAM The time-dependent nutation coefficients andc,, repre-
irradiation represented in the rotating/modulated frame. The positions of thgent the “amounts” ofl >2(3 and |§3 created froml )%4, while
energy levels in this frame are determined by the residual quadrupole inters “« n ~F23

Cyy andc,, represent the “amounts” ofy” and

; ned by 123 created
actionA wg= wg— wy, and by the chemical shift and second-order quadru-f 124 "Much of the f in the di . X foll il
polar shift terms iM w. Also depicted are the evolution frequencies of triple rom y - uch of the focus In the discussion to follow wi

(1-4 and single (2-3 quantum coherences, given bjw®=Aw b€ on the values and relative signs adopted by these coeffi-

+0%(1/2) andAw'*=3Aw+ w¥(3/2), respectively. cients in the FAM and cw cases, the importance of which
will become evident during the presentation. For the sake of
clarity we begin by exploring their behavior in static and

Both le and H34 look like conventional Spin-1/2 nutation Spinning FAM cases, beginning with the former.
Hamiltonians, while®¢ is purely diagonal. Thus it can be

stated that a characteristic of the FAM irradiation is that by; Fan-driven conversions in static single crystals
focusing on simultaneous manipulations of the satellite tran-
sitions, it transforms a complex spin-3/2 nutation manifold
[Eqg. (2)] into two decoupled two-level systems. Figure 2
shows this diagrammatically by comparing the principal po-

The simplest scenario to consider pertains to nonspin-
ning single crystals, as these involve single and time-
independent quadrupole interactions. Furthermore if we con-

sitions of rf irradiation for both the cw and FAM cases in the sider the simplest possible case, which neglects all second-
rder quadrupolar and off-resonance shifts and sets the

rotating frame. Figure 3 on the other hand shows the energ ) .

level diagram of the FAM HamiltoniadEq. (8)] in the odulation rate Of the_ rf .SUCh thato=wm ("e"AlzzAM
rotating/modulated frame, along with its various single—andzA:O)’ the Hamiltonian in Eq(8) reduces simply to
triple-quantum transition frequencies for a system affected H=w§l§2+ ol 34_ (14)
by potential off-resonance and second-order quadrupola]t
shifts. It is worth mentioning in passing that if instead of the
cosine modulation we would have chosen in E5). a sine po=1%y (15)
modulation of the form ¥3w,(11%+ 13+ 20,123 sinwpt, '
the last (rf) term in Eq. (7) would have become

(V312)w,(1;7=137). Still, the important subspace-decoupling iy ) [ eft
characteristic of the FAM irradiation would naturally have ~ Po—p(t) =1y} cos - | Ty sir? >
been preserved. .

A point of interest of these transformations into a modu-Where we have ignored all nonrelevant terms of the form
lated frame is the way by which they allow us to calculatelxy: Ixy: Ixy andlyy. The appropriate commutation rela-
analytically the time dependence of the density matrix coeflions used to arrive at E416) are outlined in the Appendix.
ficients during the pulse. Indeed the density matrix in thislt is clear that in this simple approximation, starting wift

hen according to Eq11), an initial density matrix given by

evolves under the action of such Hamiltonian as

a

tooe, o (16)

new frame can be written as or 1;* as the initial density matrix one gets orgy,(t)IZ° or
cyy())15°. In other words, the TQC upon conversion yields

pm(t)=Ur}1(t)pUm(t)=Z 2 aPi(t)1P, (12) pure SQC without the intermixing of theandy terms. This

i p<q does not, however, guarantee the full conversionlf

—12%0r15*~17°, and one can expect a loss in the amplitude

of the final value taken by the SQC unless the pulse is opti-
mized for that particular single-crystal orientation. In the

wherep is the density matrix in the rotating frame anhkes
the indicesx,y andz. Hence, since

P%3=P23. case of EQ.(16) it may be noted thatc,,(t)=c,/(t)
Pl 1 (120  =sird(t/2), meaning tﬂat the “amounts” of> and I7°
m ) |

achievable from;* and1* will be of the same magnitude.
(where as usual the superscripts 23 and 14 correspond to the Having discussed this illustrative but special case it is
blocks of the density matrix characterizing the &/21/2  possible to progress into the most general static situation,
and 3/2-3/2 transitiong, the values of both the single- and involving the evolution of the initial density matrix under a
the triple-quantum coherences are independent of whethgeneral time-independent Hamiltonian with'?#0, A%

the rotating or rotating/modulated frames are chosen for thet 0. We are thus interested in the evolutionlfﬁ/ under a
MQMAS description. Hamiltonian possessing both second-order quadrupolar and
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off-resonance shifts. We begin by inspecting the dynamics

under the actions oH;,+ Hs,4, @ problem that can still be

treated as involving two spin-1/2 cases since both of these
Hamiltonians commute. Furthermore, we are only interested

in following the terms:

() =TrA U U),

23 231 -1(14 (19
() =Tr(155U 7 15GU).

Thus withU=U4,U3, andU;;=exp(7;;t) the terms of in-
terest are matrix elements suchms, given by

p23(t)=(2|p|3)

=((3]p[2))*

~(2lu-u

yUI3)

EmZn (2|U~m)(m|1 34 [n)(n|U|3)

=(2|U~Y1)(1]1}4]4)(4|U|3)

+(2|U74)(4]153|1)(1|u]3). (18)
The second term in the last line of H4.8) drops out because
of U’s block nature; hence the only remaining term of inter-
est is

(2JUA3U%3)=m, (2|U1)(3]U*4), (19)
where m,=1/2 andm,= —i/2. Following a similar proce-
dure for the computation gf,, [see Appendix Aa straight-

forward calculation yields for the time evolution of the TQC
|14

X,y
12 34
w w
14 14 1 1 23 12 34
Ly— 1Ky cos{Tt)coé<7t +15j cosa “cosa
12 34
xsin -t sin| =L t] +--- (20)
2 2 ’

where we have focused again only on ﬂié andli?y coef-
ficients, and

w%ZZ (wil)Z_l_ (AIZ)Z,
/(wil)2+ (A34)2,

3=

b (21
A
tana12= —
w3
A34
tan 0[34: —
w1

[the various terms appearing in E&1) had been explicitly
defined in Eq.(10)]. With this expression for the TQC evo-
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wl? w3
1 1 .
1y — cos( - t) co{ - t) [15y CosAt= 14 sinAt]
12 34
L[ 01 L[ 01
+ cosat?cosa*sinl — t|sin| —t
2 2
23 23 i
X[I5y cosAt =135 sinAt]+---. (22

The cosdl terms represent rotations in the 12 and 34 sub-
blocks associated with TQEGSQC conversions; the maxi-
mum conversion efficiencya=0) is evidently obtained in
the on-resonance FAM scenarano=0, A=0. Also inter-
esting to note is the fact that becausétfthere is a definite
passage of :* to both 123 and 123, unlike the special case
previously considerefEq. (16)]. This intermixing ofx andy
components is brought about only by the presence of chemi-
cal shifts and second-order quadrupolar couplings, but not
due to the FAM off-resonance termg— wp, .

2. FAM-driven conversions in spinning single crystals

We discuss now the evolution of an initial TQC matrix
under the action of a quadrupolar Hamiltonian that has been
rendered oscillatory time dependent by the action of MAS.
Emphasis is again placed at this stage on the FEQC
conversion pathway of a single crystallite. In this case one
can identify a variety of different situations depending on the
initial conditions of the density matrix, and on the time de-
pendencies of botlwg(t) and of the modulated rf. A key
factor that will affect the conversion efficiency in both the
cw and FAM pulse sequences will be the manner by which
the spin system will go through the spinning-induced cross-
ing conditions (Awg=0 for FAM, or wqg=0 for cw/
RIACT). These crossing and anticrossing phenomena that
can occur between the energy levels of a quadrupolar spin
manifold being acted by rf, are best understood on the basis
of adiabaticity arguments introduced by Velahese were
initially established for the sake of clarifying spin-lock and
cross-polarization processes in half-integer quadrupoles,
where it was shown that spin states could remain locked in
the initial eigenstates of the Hamiltonideaudden passage
transform themselves into different eigenstates in a continu-
ous fashion(adiabatic passageor become distributed over
all populations and coherencdintermediate passap®®
Since this initial example these concepts have been used to
better understand numerous other experiments including
TRAPDOR?"*® REAPDOR?® MQMAS RIACT?**° and
double frequency quadrupole sweépgés will be shown in
the following the concept of adiabaticity can also provide
insight into the fate of spins wheliwq (for FAM MQMAS)
or wq (for cw-RIACT) decrease in a more or less sudden
fashion to zero while in the presence of rf irradiation.

a. FAM evolution under an adiabatic passag&/e be-
gin the MAS discussion by restricting'%(t)=—A3%(t); a
case that demands all off-resonance and second-order qua-
drupolar terms in Eqe8)—(10) to be neglected. To examine
the effects of level crossings we will also assume that these

lution in hand it is simple now to take into account also thematerialize around the middle of the pulse. Starting far from

commuting diagonal offset ter®=A(12*+12%, Eq. (20)
only needs to be modified as

the point of crossing implies that the FAM Hamiltonian at
t=0 takes the form
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H(O)|1=0= Awg(1z*= 17 + 03(1*+ 1KY ML cw .
NG B> |4 13>
a
Awg o] 0 0 RN 2= 1| 1> 2>
a 8
1 e —Awq 0 23 K
20 o0 0 Ao of | g [ 12 4
a HA e 11> 2> 1>
0 0 w3 AwQ ,
0 10 20 30 40 0 10 20 30 40
Then, as long ad wo>w,, it is clear that thd %, and 1%} Pulse Duration (us)

terms ‘?f the, den,SIty matrix will I’.IOt be Inf,luenced b_y the rf. FIG. 4. Plot of the anticrossings experienced by a single crystal in FAM
As earlier it is of interest to look into the time evolution of @ ang in cw-RIACT(b) cases as a function of the length of the pulse. While
density matrix whose initial form iS)l(fly; for clarity we de-  the FAM process is shown in the rotating/modulated frame, RIACT is
Scrlbe the evolutlon of each Of these quadrature Componenﬁgown in the rotating frame. These plOtS were done for a Single CryStaI

4 23 . assuming a rf strength of 100 kHz, a quadrupole frequéaty=0) of 2.4
Separa‘,tely' ,Ir,] order to relat,e Fhévy_ﬂxvy conyersmn and MHz, and a zero asymmetry parameter. No second-order quadrupolar or
the adiabaticity arguments, it is also convenient to go t0 &ff-resonance effects were taken into account.

reference frame where coherences look like populations; i.e.,
into a system where spins are locked with respect to the

Hamiltonian. With this in mind we transfori}* to a repre- pT()=H(— 18124 14 1B 1B, (30)
sentation where it takes the forly* at timet=0; this may _ o3 .
be done with the transformation Transformation of this—12° state from the tilted frame and

back to the original modulated frame resultsl§i. Hence
il il for the case of a spinning FAM experiment an ideal adiabatic
_ y y
U=exp - ——|exg — (24 transformation will convert 4 123

entirely into 15, and such
It can then be verified that in this tilted frame

conversion will take place due to level anticrossings in the
1-3, 2—4 subspaces of the modulated/tilted frame. Although
(|i4)T:|%4, (|)2(3 T:_|§3 (25  this entire transfer mechanism involves only spin coher-

) o ) o _ ences, it is interesting to note how it can still be cast into
as desired. The initial density matrix in this new tilted frame giates that are suitably spin locked and as passages that are
can also be written as adiabatic.

To consider now the spinning sample dynamics of the
po=(1HT=I %425 (73124414129, (26)  quadrature* state we follow the same path as before except

that we rewrite the tilting operatdEq. (24)] as
Under such tilting transformation the Hamiltonian in Eq.

i 77| 14 i 7123
2 becomes o - 2o 25 .
HT(1)=Awg(I77 =179+ (1717 . . . . -
This transformation, which is done again to facilitate the
Awqg 0 w? 0 visualization of the adiabatic process, leads to tilted states
1 0 —Awg 0 —of 27 (IT=12%, 1PHT=12, (32)
2| o] 0 —Awq O The explicit form of the tilted Hamiltonian is then
a
0 —or 0 Awg HT(1)=Awo(15E- 129+ 0i(11°-129
T . : :
‘H'(t) can also be written in a generalized form as Awg 0 —iwd 0
HT(t)=Hagt Hoaa, (28) 1] 0 —Awg 0 i}
where we have combined the 1-3 and the 2—4 subblocks in T2 iw? 0 “Aw 0 (33
. . 1 Q
Eqg. (27). Since these two subspaces commute with one an- Ca
other the whole problem can again be treated as that of two 0 —log 0 Awq
uncoupled spin-1/2 systems. and can be written in a generalized form as
As the time-dependent{'(t) evolves toward a state T
with Awg(t) =0 both subspaces experience an anticrossing, H () =Higt Haa. (34)

and an adiabatic transfer process may result. In terms of theransforming the initial density matrix into this new refer-
partial populations described in E@6) this will evidently  ence frame leads to
be associated with the inversions

po=(1yT=—13"= =303+ 174 1150, (35
Due to the arguments given earlier it follows that an adia-
The remaining ternh%“— in Eq. (26) remains invariant, as batic anticrossing af\ wq(t)=0 process results in a com-
can be demonstrated using the commutation relations ouplete population inversion, which in the case of E85)
lined in the Appendix. After a completely adiabatic processinvolves the simultaneous negation of boffiand12*. As a
the density matrix thus takes the form result we get at the conclusion of the passage

13 13 24 24
B LS (29)

23
Iz
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FAM . CW I )%4_’ Cxx(D1 53,

0s} (@ L (c)

ol _ 13—y (D172, (39)
sﬁoo " A with no intermixing or oscillatory behavior of the andy
o components being observgligs. 5a) and 8b)]. Therefore

041 \/ 1 it can be concluded that in general the conversion of TQC

0.8 into SQC by FAM pulses occurs in a pure fashion, by which

: : : : : . it is meant that the prefactors,(t) andc,,(t) are always

os} (b) L (d) ] positive, similar in magnitude, and that me-y mixing oc-

0.4l I ] curs. This does not imply that the efficiency of the conver-
%00 sion is complete, especially in the nonadiabatic case, but it
& means that no net rotations of the coherences inxthg

0.4} 171 1 plane are originated by the conversion. The important impli-

oal 11 ] cations of this behavior with regards to the resolution and

0 520 30 200 10 20 30 20 sensitivity of MQMAS experiments will become clear in the

powder sample discussion. Finally, it is worth concluding by
restating that if instead of the purely cosinusoidal modulation
FIG. 5. Generation of SQCIf) from TQC (1;3) for FAM (left-hand  [Eq. (5)] one adopts a sinusoidal one, straightforward calcu-

column and cw(right) pulse schemes. These calculations were performedgtions yield exactly the same results as those presented in
on the basis of a single crystal evolution obeying Etf), for which an this paragraph

anticrossing occurs at 2@s. Interesting to note is the fate of the coherences
during and after the anticrossings shown in Fig. 4: while no major oscilla—cl cw Hamiltonian
tions happen in the FAM situatiomh;*—|7* shows a clear oscillation in the
cw case due to the presence of the rf field. These nutations persist even in  Having treated the FAM scheme we now concentrate on
the absence of second-order quadrupolar shifts. A Larmor frequency of 79.4na effects of cw pulses, simpler to apply experimentally but
MHz (>*Na at a magnetic field of 7)Tand MAS at 6500 Hz were used for h tuall ’ hall gt derstand and
the simulations; other details are as given in Fig. 4. per aps COI:]CGp ually _m_ore Challénging 1o _un ers ap an
sensitivity-wise less efficient. We follow for this analysis the
same line of arguments as previously mentiofiadpect the
conversion pathways of botlii, coherences to the respec-
pT(t)=—3(— 1831244110123 = 53 (36) tive |7, elementsand then compare these results with those
of FAM.
a state which when expressed in the original modulated The cw Hamiltonian can be obtained from H) by
frame equal$§3. Hence an adiabatic process convdaf;ﬁsto replacing it witha,=0 anday=1, and can be written in
123, and here again the transfer is via coherences. terms of fictitious spin-1/2 operators as
Notice that in these adiabatic cases the conversions hap- 12, A 1212 34, x 3434 14, 123
14 23 14 23 : : o . P H:(wilx +A lz)"‘(“’?'x +A Iz)+A(|z+|z)
pen asly"—15" and "= 17", with no intermixing or oscil-
latory behavior for either th& or they components of the +2w1|)2(3, (39
coherences. Both of these processes may thus be representeﬁ the followina definit hold d:
as illustrated in Fig. @), where a simplified linear slope for where now the following definitions hold good:

the time dependence of the quadrupole A= o~ Ao+ Hw%(h) — (D)),

Pulse Duration (p s)

Awg(t)=agt+3Awo(0). B A¥=—wg- Bt i (D) - '),

(40)
has been assumed. It may be mentioned in passing that these A=—2Aw— w33+ w(3)),
conversion processes cease to be ideal once off-resonance

and second-order terms are introduced. Then, transfers from wi=Viw;.

|14 EIHO“;4 to both 123 6\”0”5,3 may result. However, as long Neglecting the off-resonance and second-order quadrupolar
as one works in the limit of short irradiation or of small terms the above Hamiltonian can be simplified into
off-resonance values the above-mentioned arguments hold 12 .34 a 12 134 23
true and can be relied on for meaningful conclusions. H=wq(Iz = 17) + 01(1,+ 5O + 204l
b. FAM evolution under nonadiabatic passagdhe
nonadiabatic regime includes numerous scenarios: sudden
anticrossing of energy levels, no anticrossing at all, and in-
termediate anticrossings. During the first and second of these
cases and unless off-resonance and second-order quadrupolar
effects are taken into consideration, nothing happens to the
I)l("‘y density matrix elements. In the intermediate case andhis matrix is to be contrasted with a static FAM Hamil-
again without taking into account the off-resonance andonian like that given in Eq(23). Its main difference lies in
second-order quadrupolar shifts, numerical simulations pointhe presence of», terms in the off-diagonal central transi-
to the conclusion that transfers occur according to tion positions which prevent an otherwise block diagonal

wq cuel1 0 0
1
= E al- (41)

0 0 cuell wq
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form; we clarify in the following how the presence of these lytical calculation that starting frorhi4 and in the absence of
terms complicates the dynamics of the TQSQC cw con- offsets the coefficient of the terrti3 is zero: one ends up
versions. without creating any magnetization.

To treat the dynamics of an initial density matrix of the
form I)l,4 we do a transformation analogous to that in Eg.
46):

In analogy with the FAM case we begin by considering( )
static single crystals with time-independent quadrupole fre- Ty -1 14 fa Tey -1
quencieswg . Also as before, we are interested in the TQC/ Uexp=iT U U exp iU 48
SQC interconversion starting from an initial density matrix
of the form p(0)=1",. After neglecting all off-resonance
and second-order quadrupolar shifts the cw Hamiltofiam
(39)] can be diagonalized analytically by a unitary transfor-

1. cw-driven conversions in static single crystals

A straightforward calculation then yields

13— 3134 cog( 1) co(6,) cog ™) + cog( 6,)

mation of the form X Sir?( 6,)cod w'%t) + sir?( 6;) coS( 6,)cos w>*t)
u=Uteuepul - 5Ju 7] + SR 0,)SiTP( 6;)co8 w?%)
+312%sin( 6,)sin( 6,)cog 6;)cog 6,) (cosw™?
=exp(i 0,15 expi 92|§3)9X+ g (|)l,4—|§3)}- (42) —cosw*t+ cosw?t —coswt)} +- - . (49)

The Hamiltonian under the action &f;(—m/2)UJ¥(m/2)  The wil's in Eq. (49) are defined as
becomes

H=[wol B+ 01 ¥~ [wol 2+ 031 2]~ 2011 2 0=+ (0% 0,
wg 0 o] 0 W= 0+ Y 0B— 0,
1 0 —wg—2w; 0 -0} (50)
2 o 0 —wgt2w; 0 “3 0?= 0~ 3( 0%+ 0?),
a
0 Wy 0 ®Q 0¥=w;— 0B 0.
with the definitions
_ A fore w nfin rselv nly t fficients of th
w1324 \/(iw1—wq)2+(wi‘)2, 13 befo gzs e confined ourselves only to coefficients of the
(44) Iy andIy terms. It follows from this analytical calculation

that the coefficient of the? term is zero and hence neither is
T_le- ?n this case any intermixing of_andy components. But it is
important to note that according to Eq€.7) and (49) the
“amounts” of 123 and|2® magnetization that can be respec-
tively created froml :* and11* are very different. This is in
H =01 B— 02124 0,(1 24139 =H5+ Hpyt HY,  (45)  contrast to the FAM situation where the respective coeffi-
_ . . cients were equal in magnitude, and marks an important dif-
which as for FAM is again given by the sum of three mutu-terence between the FAM and cw experiments whose conse-

ally commuting terms. » quences will become evident when dealing with powdered
As before we consider the fates pertaining to the eVO'”'sampIes.

tion of Ix*andI*. To treat the dynamics of an initial density
matrix of the forml1* we first transform this state into the
representation in which the cw Hamiltonian was made diag2. cw evolution in spinning single crystals
onal, then propagate it in this space and finally backtrans-

form. This cumulative transformation may be represented as € turm now to the MAS case and consider a time-
dependenty(t), with the relevant Hamiltonian for this case

Uexp—iHt)U MU expliH U, (46)  still given formally by Eq.(39). The relevance of this case
lies mainly in connection to the RIACT experiment, where
the conversion pulse lasts an appreciable fraction of a rotor
cycle. Like before we begin by considering the evolution of
12 | 14 Sir?( 0,)[ cod w™3t) — 1]+ sin?( 6,)[ cog w?%) po=11*, and to further exploit the adiabaticity arguments
introduced in the FAM paragraph we resort to solving the cw
— 1]+ 4}+13%{sirf(6;)[cog ™) — 1]+sir’(6,)  propagation with the aid of thel*—12* tilting transforma-
[cos )~ 1]+, 47 tion given in Eq.(24). The extra term in the cw Hamiltonian

transforms into—2w,123, which can also be written as
where again we have restricted ourselves to the coefficients w,(123+124—12%+12%. Therefore, the resulting cw Hamil-
of the relevant terms;, and1Z5 . It follows from this ana-  tonian in the tilted frame can be written as

.
tanfy; 35~

Under theUZ%(6,)U;%(6,) transformation the Hamiltonian
given in Eq.(43) becomes

whereU and X' are given by Eqs(42) and (45), respec-
tively. A straightforward calculation yields
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T_ 13 12 24 24 ow
H —[(CUQ_(U]_)IZ +w1|X]—[(wQ+w1)IZ +wllx] @ m
c
23_ (14 g \%
—wl(lz _IZ ) g fﬂ\““'\v-\._,_k‘A ]
a § A ama®
a
0 —a)Q—Zwl 0 —wq 5 -
=| a . (5 o e
w1 0 _wQ+2w1 0 0 20 40 60 80 100 0 20 40 60 80 100
_,a Pulse Duration (ps)
0 w3 0 g

Hence the Hamiltonian in this case can still be written in aFIG. 6. Description of the triple- to single-quantum coherence conversion as
d . a function of the pulse length for FANR) and cw(b) irradiations. These
blocked form astyzt Host H™. Furthermore, since the ex- simulations are the result of a powder average over 3722 orientations, with
tra Zwllg3 term commutes with I¢4 = I%4, the adiabatic  second-order quadrupolar shifts but no off-resonance effects. For(&oth
dynamics of this state retain the same forms as they adopteuid (b) squares correspond t§*—17%, circles tol ;*

—12%, lower triangles
in the FAM situation. The cw analogies of E4&6) and(30) I*~13%, and upper triangles tg*~13*. Although the conversion pro-
then are

files of the last two processes start growing in the FAM situation due to the
presence of second-order quadrupolar shifts, it should be remembered that
normal FAM pulses are-12—-20us long and thus hardly affected by this

T_ 4T (14_ 1,13, (24, (14_ 23
po=(Ix ) =1 ; =371+ ) phenomenon. Other simulation details are as given in Figs. 4 and 5.

(52)
pI()=3(— 12— 124112 =—12%

The second of these equations is the result of two completeumerically that for either FAM or cw irradiations,”
adiabatic processdg®— — 113 and 12— —12*. Upon back- —Cx(t)I5>. But in the cw-drivenl*—17° transfer strong

transformation from the tilted frame the resulting terms be-0scillations set in that affect considerably the efficiency of
comelig; hence it may again be seen that as in the FAMthe conversion process. Also to be noticed is the fact that

casex-phase TQC becomesphase SQC with unity effi- Wwhile the coefficients of théy*—17> and 1;*—~17° conver-

ciency, and no quadrature components result. The case &fons are similar in magnitude for FAM this ceases to be true
nonadiabatic evolution can also be treated as in the case &' the cw case. The consequences of these features will
FAM but it will not be further detailed here; it is sufficient to become clear in Sec. Il D, which extends these single crystals
state that according to numerical simulations and at least iarguments to the analysis of powdered samples.

the absence of offsets, this case will neither lead to quadrgy FAM, cw, and RIACT evolution in spinning powders

ture components nor to severe oscillation during thé ) )
—12% conversion. Figure 6 compares the FAM versus the cw creation of

however, the cw nutation dynamics of th¥ term is radi-  case of a powder. As can be appreciated from these calcula-

cally different from the one just described @4_ This hap- tions the routine short—pulse_cvx{ schemes yield a smaller

pens in spite of the fact that the tilted Hamiltonian remains@mount of SQC than FAM while in the RIACT case, where

the samdEq. (51)], and its origin can be traced to the fact the cw conversion pulse can be as long as a quarter of a rotor

that! 14 remains invariant under the tilting transformations in €ycle (7:/4), the amount of SQC created is comparable to

Eq. (42). Indeed for all the cases considered until now thethat of an optimized FAM pulse. Experimentally, however,

initial state p(0) was spin-locked such th&p(0),H(t=0)] we have observed that the RIACT enhancen_went is consis-

—0 and even though time dependent, the Hamiltonian could@ntly smaller than that of FAM; we dwell in this section on

always be written as the sum of two decoupled spin-1/2 in€XPlaining the reasons for this behavior.

teractions plus a commuting term. This allowed us to de- AS stated, MQMAS NMR spectroscopy is an echo ex-

scribe the fate of the coherences in terms of populationd?€riment in which the TQC evolution durirtg is refocused

which by adiabatic or nonadiabatic processes were inverte@Uing the SQC acquisition timgy. When fulfilling the re-

in suitably tilted frames resulting in effective interconver- focusing of the second-order quadrupolar anisotropy by

sions between TQC and SQC. In the caség)éf however, Mmeans of this TQC/SQC correlation, the rat!o betwbesnd

the spin system starts spin locked but during the anticrossintp "€€ds to be given for all the crystallites in the sample by

process it ends up connecting the two independent sub- t, Cf(1/2)

spaces; its evolution is consequently no longer describable P cS32) =K. (53

by population inversion processes. In fact these spinning- ! 4

induced anticrossings in combination with the cw irradiationHere theC3(m) are orientation-independent coefficients de-

create coherences whose behavior is highly unpredictable, agnding only on the spin numb&and the coherence order

it depends on the conditions in which both the system andn, which have been described elsewhere in détdiHence,

the Hamiltonian are residing at time zero. This variability all arguments that revolve around enhancing the sensitivity

results in nontrivial oscillations during thE*—c,,(t)I°  of MQMAS experiments should also address the manner in

conversion process, as can be clearly seen in the distinct cwhich they affect the basic features of this echo formation.

transfer curves shown in Fig. 5c. We consequently focus here on describing the differences
As a summary of these spinning single crystal analyseamong the FAM, short-pulse cw, and cw-RIACT schemes,

on the TQC-SQC conversion we find both analytically and vis-a-vis the TQC/SQC echo formation in powders.
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FIG. 7. Interplay between the relative magnitudes of the F€BQC con- FIG. 8. Plots depicting the interdependencies of thg (Cy,Cyy ,Cyy) fac-
. - ; . xy 1Cyx 1 byy.
version coefficientsd,,,c,,) and th_e potent[al attenuation of the MQMAS tors defining the TQC:SQC conversion in MQMAS NMREq. (13)]. Each
powder NMR echo(@) Ideal scenario involvindc,,| =[cy,| and showing a  point in the plot represents the signal arising from a single crystallite be-
completet, refocus.mg of the anisotropic second-order e_volutlon EXPEerl-onging to the powder sample; 3722 orientations weighted by their corre-
enced bypy, according to Eq(53). (b), (c) Imperfect refocusing caused by - sponding solid angles and other simulation details as given in Figs. 4 and 5
unequal conversion coefficient$c(,| #|c,,|); the time reversal for each were assumed. The top row corresponds to the short-pulse cw case, the
crystallite is not ideal in these cases leading to overall attenuated powdefiddle one corresponds to FAM, and the bottom one to the RIACT se-
echo intensities. quence. In the,, Vs ¢, column deviations from a slope of 1 are in detri-
ment of the formation of an appropriate echo sigitad). 7); the deviations
occurring even for the short-pulse cw case are highlighted by the square
inset. Notice in this correlation the spreadagf, to both positive and nega-
For simplicity we will assume the most straightforward tive values upon employing RIACT as a consequence of the fast oscillations

. . . . ;¢_introduced in Fig. 5. By contrast, the spread for FAM is minor and origi-
yanant of MQMAS_expenment;, one which begins by excit nates in second-order quadrupolar shifts.
ing the TQC of various crystallites and then lets them evolve
according to their own respective second-order quadrupolar ¢, (t)= *Cyy(1),

anisotropies. After an evolution tinte and before the appli-

cation of the conversion pulse the relevant density matrix for Cay(D) =y =0. (56)
each of the crystallites has the form Here the explicit choice in sign will depend on the relative
sign of thek in Eq. (53): whenk<0 c,,=c,, results in the
P(t1)=ax|>l<4+ay|§4, (54 inversion of the second-order quadrupolar shift, whereas

here for brevi have d d thetime d q ; whenk>0 a reflection of the coherence is necessary to yield
where for brevity we have dropped thetime dependence of o gopg. i the parlance of coherence transfer diagrams, the

the a coefficients. It follows from all the previous discus- ¢ mar condition corresponds to-a3——1 pathway selec-
sions in this paper that the effect of the TQGQC conver- 00 - d the latter to a3——1 one’

sion pulse can be fairly accurately summarized for either the It is in connection with these arguments that the(t)
cw, FAM, or RIACT cases as =c,,(t) condition satisfied for the FAM but not for the cw

allac,, ()12 (or RIACT) case becomes pertinent. In particular, the strong
X Temea X (55 orientation dependence and oscillatory character ofl {fie
23 . . . . vy
ay|§4—>aycyy(t)lf,3. — 137 cw conversion procesgFig. 5 will significantly re-

duce the intensity of the MQMAS echo, even if single-
Until now most MQMAS analyses have equated improvingcrystal conversions are themselves efficient. In order to fur-
the efficiency of a particular pulse strategy with maximizingther clarify how the rf-induced mixing and/or oscillatory
the magnitudes of the,,, c,, conversion coefficients. Also behavior of thex andy components will affect the MQMAS
important, however, is ensuring that the absolute values ddignals we present Fig. 8, which shows the relative sizes of
these conversion coefficients be made equal. Indeed as #l conversion prefactors for the cwshort-pulsg cw-
schematically illustrated in Fig. 7, if a conversion sequenceRIACT, and FAM cases. The plots depict the creation of
were to distort the relative sizes of the,(,c,,) prefactorsa  SQC from an ideal TQC state with = a,=1[Eq.(54)], and
net orientation-dependent rotation in tkey plane would these calculations included second-order quadrupole effects
result and the refocusing condition stated by Exg) would  in order to investigate their influence on the ideal behavior of
not be simultaneously attainable for all crystallites in theeach of the pulse schemes. The left-hand column of Fig. 8
powder. Therefore in addition to maximizing the conversionshows plots ofc,, againstc,, for each of the sequences;
factors, important conditions which an efficient conversionthese should have ideally been lines parallel to-+xeaxis as
pulse scheme must satisfy should include Cyy Should be null for a pure eci&q. (56)]. Their spread in
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presented in parta) assumed am}f state as the initial con-

@ phase=0 ® Full Phase Cycling

EAM FAM ] dition prior to the conversion as well as typical coupling and
Q 03 « 15 e .
» MAS parameters, and they show a substantial advantage of
% RIACT 1wt RIACT the FAM over cw or RIACT schemes compared to the naive
2 cw cw calculations shown in Fig. 6. In fact in the actual experiment,

0.1 1 05

due to the cycling of the phasginvolved in the initial TQC
‘ coherence excitation, the FAM advantages are even larger.
T Tmeme * " Time me) ' Indeed in these cases TQC components along bathd the

. ) ) y directions will be present at the time of the conversion even
FIG. 9. (a) Comparison between the TQ/SQ MAS powder intensity echoes:

produced by short-pulse cw, RIACT, and FAM irradiations. These numeri—In the absence of anty evolution. Realistic preconversion
cal simulations assumed an interpulse delay between the first and secosdates should then re@@=|i4COS¢>+|)1,4Sin ¢, meaning that
pulse t;=461.5us (three rotor periods the lengths of the conversion the conversion will no longer involve a pute” situation.
Pulses were 2us, 41 us (rotor period/3, and 20us (n=>5) for the short- g res 7 and 8 forecast then an even stronger echo attenu-
pulse, RIACT, and FAM schemes, respectively. The first pulse was assumed_:
7 us long and with a relative phase of 0; therefore it only created TQCsatlon of the MQMAS RIACT echo due to the stroihg os-
proportional tol 1. (b) Comparison between the TQ/SQ MAS echoes pro- Cillations. This scenario is reflected in Figb®, which com-
duced by RIACT and FAM for similar systems and conditions asain pares both the FAM and RIACT, responses that can be
O v oo s a5 sam " @ Expected on using the actual phase cycling of an experiment
involving six excitation pulses that are evenly phase shifted
between 0° and 300°.
the FAM and RIACT peaks is solely due to second-order  Before concluding this theoretical treatment it is worth
quadrupolar effects; the short-pulse cw case is essentiallgonnecting it with another feature which we have consis-
ideal reflecting the better behavior of the system in this lineatently observed in the FAM experiments; namely, an in-
regime(but notice the much smaller, values associated to crease in the resolution of the MQMAS spectra along the
overall weaker signals The middle column shows similar isotropic dimension. This heuristic advantage of the FAM
plots ofc,, againstc,,; here again FAM performs best, as it methodology can be traced to the relation between the better
shows an enhanced intensity with respect to the ideal cwlefined echoes afforded by FAM for crystallites throughout
response and a narrower distribution than RIACT. The rethe powder, and a reduction in the peaks’ mixed-phase dis-
sponse of FAM would have been ideal without second-ordepersive artifacts.
quadrupolar effects, a situation which would not have been
met by RIACT due to the strong oscillations in it§'— 17
conversion process. Yet the most important plots to be noted
are those in the right-hand column, whesg is plotted with
respect toc,, . Ideally one would expect here a straight line lll. EXPERIMENTAL PROCEDURES AND RESULTS
of.slope+1. as dlctgted by Eq56). A slight deviation from A. Acquisition details
this slope is seen in the cw case duecig# c,, [Egs. (47) _ _ _
and (49)]' while the much |arger values shown by the FAM A series of experiments were carried out to extend our
coefficients and their nearly perfect identity slope clarify thePrevious observations on the usefulness of FAM MQMAS
sensitivity and resolution enhancements of FAM-MQMAS NMR,* as well as to further corroborate the physical insight
as compared to cw-MQMAS. The oscillations introduced inprovided by the theory of the preceding paragraphs. All of
Fig. 5 make the above picture very complicated for RIACT,these experiments were performed in a Bruker DSX-300
explaining the attenuation of the overall powder echo signaMHz spectrometer equipped Wita 4 mm MASprobe. The
that we have observed. From all of this we can conclude tha&cquisitions were done mostly ofiNa (a spin-3/2 with
for the short-pulse cw case we could get a nearly pure MQsamples spinning at rates of 12 kHz; other experimental pa-
MAS echo but one with a low magnitude of intensity, rameters included 96 kHz rf fields, 266 increments,
whereas for the RIACT case the single-crystal magnitude@5ust; increments, 12 scans péf increment, the States
look promising but the powdered echo is attenuated due tecquisition modé; and 2 s relaxation delays. The fir@x-
oscillations in thel ;*—15% conversion. FAM, on the other citation) pulse was set at a 4.gs duration; the second
hand, combines good magnitude and refocusing characteriéamplitude-modulatedpulse consisted of five consecutive
tics, and is thus a good alternative to obtain a powder MQblocks of the four-point modulation scherp@,w,, — w4,0],
MAS echo. Furthermore, since second-order quadrupolar efwith each of these levels lasting foruds. Programs provided
fects decrease with increasing magnetic field the spreally Bruker were used for the processing transformation to get
among the coefficients seen in the FAM case is expected tihe sheared MQMAS spectra. No decoupling was used dur-
decrease when operating at higher fields, whereas the RIACINg the acquisition of any of the samples. To inspect the
problems would still persist since the oscillations arise due tgerformance of the FAM sequence on higher spin systems
the rf field itself. experiments were also performed arAl,O; by observing
Figure 9 exemplifies further the relevance of these pow-at the resonance 6fAl (a spin- 5/2. The first pulse used in
der refocusing arguments by showing a numerical comparithis case had a s duration, the number of blocks em-
son between the TQ/S echo formation for the short-pulse ployed in the FAM sequence were three, and other condi-
cw, the cw-RIACT, and the FAM schemes. The simulationstions were as stated for the spin-3/2 cases.

00
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2 r o T 2 FIG. 12. Sheared two-dimensional MQMAS NMR spectraaftrisodium
Frequency (kHz) citrate dihydrate(b) tetrasodium boratgc) disodium hydrogen phosphate,
and (d) aluminum oxide. All spectra were acquired on a DSX-300 MHz
FIG. 10. Comparisons between the time domain profiles and Fourier comspectrometer with a rf power of 96 kHz and MAS at 12 kHz. Additional
ponents of(@) the four-point FAM sequence employed experimentally, and Parameters for thé'Na experiment$(a)—(c)] were 256, increments with

(b) a purely sinusoidal FAM of the forn%[(sin(wmt)—sin(&umt)] with @, 25 us dwells, 12 scans peéf poi_nt, 2 s recycle delay, a first p_ulse of 4.8
=250 kHz. duration, and a FAM pulse withh value of 5. For the aluminum sample

128t,; increments with 10us dwells, 6 scans pdrn point, 0.5 s recycle
delays, 3us excitation pulse widths, and FAM with=3 was used.

B. Experimental FAM sequence: Frequency
components
The arguments of our theoretical analysis considerectiion of the form3 (sin(w{)—sin(2vyt) . The frequency com-
ponents for both of these schemes are very similar: Apart

only ideal cosinusoidal modes of modulation for describingf or hiah-f i d for FAM level
the FAM sequences. Yet as was just mentioned, the actu?gz?nmlgors Igbc;tLe?rlizggigsms%%Z?:ez agre cc)irominatee(;/ebs
experiments relied on the four-point modulation form 9 *us, y

[0.01,— w0, [Fig. 10@), insef. This form was chosen pe_aks p(_)smonegl at250 and*=500 kHz. Th|§ fact distin-

) : . vishes in one important respect our experiments from the
because of its good performance and easy implementation, ﬁ?eoret'cal discussions presented so far. which were based on
it is based on simple 180° phase shifts rather than on con- mmeltr'c blst uns”‘nsolnosh?oriat'c m?)d Ia’t'\gnrls ﬂ:cNo Fof
tinuous fast amplitude changes that may be challenging Y 'c bu ! uiatl m:

follow by high-power nonlinear electronics. We briefly dwell short expgnmentgl pulses the spins are St.'” likely FO expert-
pce, as in the ideal treatment, MAS-driven anticrossings

here on an analysis of how such choice based on the use ﬁwrou h onlv one of these components. However sequential
square phase-shifted pulses reflected on the spins’ evolution. 9 y ponents. q
events correspond to two-level anticrossirigsg— wm| =0

As illustrated by the Fourier component analysis shown in - N .
Fig. 10, the effects of the pulse shape that was chosen can Qd |@g—2wn| =0, wyn=250kH2) are also conceivable for

: . e case of the double modulation. To shed further light on
approximated very closely by those of a pure sine mOdUIathe qualitative behavior of spins under these conditions Fig.

11 illustrates for the case of a sinusoidal double modulation,
the anticrossings exhibited by an individual crystallite across

08 [ ' T ! 08 Fc ' ' ' ]
=08 :() 108 :() ] either thew,, or 2w,, frequencies, along with the resulting
= 02 ¢ , 3 02f A . o] buildups of its observable signal. These and other cases that
e y - M - T we have analyzed reveal that enhancements of the signal
o /\ VAR 1 (i.e., TQC—SQC conversionswill occur with each anti-
Zosl 1osb” N ] crossing in the experiment. This in turn implies that in such
So2 | -7~ < ] 02 } AN ] doubly modulated FAM sequences a larger number of crys-
o1 Tl 1Y <~ ] tallites will undergo anticrossing per unit time than, for in-
T stance, in a single modulated FAM or in cw cagedere
Pulse Duration (us) crossings occur only at zero frequencgll this is reason-

_ _ _ _ _ able by virtue of thavw, < w,, assumption, which implies that
FIG. 11. Plots comparing anticrossing and conversion behaviors for th?he overall evolution of the spins can be described by indi-

FAM sequence depicted in Fig. ). The bottom plotg(b), (d)] illustrate . . .
the anticrossing parameter=|1—w,/wy| for the two frequency irradia- vidual single-mode FAM responses. Still it should be noted

tion components: 250 kHgsolid line) and 500 kHz(dashed ling The top  that these anticrossings can also take place at different rates
traces[(a), (c)] depict the concurrent fate of the SQ@,§) starting from an (differing adiabaticity parametersthereby contributing to

ideal TQC (1) of unity. Whenever an anticrossing happee-0) a {ha signal generation in unequal ways. But in general we
buildup in SQC occurstb) shows only one anticrossing for the 500 kHz . .

component; plot(d) shows anticrossings for both the 250 and 500 kHz have observed both numerically and experimentally that the

components. main difference between the use of ideal FAM pulses versus
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TABLE |. The quadrupolar parameters and occupancy ratios of the various sites of different sodium samples.

€0Q Site population  Site population
Name of the compound Site h 7 Siso theory FAM

Trisodium citrate dihydrate | 111 08 -33 1 1

Il 1.65 0.6 1.3 1 1

1] 1.75 0.6 7 1 0.9
Disodium hydrogen phosphate | 131 0.2 4.5 1 1

Il 2.04 0.7 34 1 0.8

1] 3.84 0.3 8.8 2 0.75
Sodium tetra borate | 0.58 0.0 10.7 1 0.85

Il 0.92 0.2 -13 1 1

the use of their discrete doubly modulated counterparts iagainst ou 7 T systen), indeed subsequent RIACT work
that the latter can in principle be made shorter for the sameone by Lim and Gray at 8.4%F does not report such close
rotor spinning speeds due to the increased numbers of antkgreement between theory and experiment. Hence it may be
crossings. For the present study such pulse length optimizazoncluded that FAM sequences can be used for an acceptable
tion was done empirically. estimate of site quantification, provided it is used with cau-
tion and in conjunction with information obtained from nor-
mal MAS data'®
) ) ) - From the above-mentioned theoretical discussions it is
Purposes of this paragraph include comparing the utilityayigent that all the pulse sequences aiming at improving the
of FAM vis-a-vis our theoretical predictions, demonstrate its .onversion efficiency may suffer potential offset dependen-
applicability to higher spin systems, illustrate its potential ;jes But pecause it offers the possibility of undergoing
guantitative characteristics, and explore its offset and rf 'eveénticrossing-mediated TQGSQC conversions at numerous
performances. Toward these ends three different sodiurggsitions, the operational bandwidth for the sequence in Fig.
samples(disodium hydrogen phosphate, tetrasodium borate yg) can be expected to surpass the conversion performance
and trisodium citrate dihydratewere analyzed, as was a of gther alternatives. Indeed Fig. 13 shows the offset depen-
sample of AJOz. The resulting FAM MQMAS spectra are gence that we observed for the experimental FAM sequence;
shown in Fig. 12. The site population analysis obtained from gescribes the intensity variations observed for the three
peak mtegratmns of the three sodium samp_les is outlined iQadium resonances of disodium hydrogen phosphate, and
Table I. There is a very good agreement with the crystalloghoys an overall offset behavior that is fairly robust. We also
graphic expectations except for the case of disodium hydroestigated experimentally the influence of the rf power on
gen phosphate, for which a better matching was reportege performance of the modulation pulses. Although this pa-
when using RIACT: This is probably attributable to the use ameter has been shown to exert dramatic effects on the ef-
of a higher magnetic field in this previous stul4 T as  ficiency of cw-based conversiof&jts FAM dependence is
quite different. Figure 14 shows the MQMAS echo intensi-
ties observed in a sample of sodium sulfate for the same

C. Experimental FAM NMR results

T T T 1 1 1 T
Nah) experimental conditions previously described but as a func-
a
1.0 l\./l\- 7
E) P "~ 12
. [ Na(2) o
E’O 8F @ \' 4
(_“ ‘ ./.\./. \./. /\ _.\./ o 1.04 J\I\. /A
Na(3) .
5 /A—A A ‘/\A—’ _ an e ey 300ps
Los RN \ a S 08 /.,-/'
E A A E—
o Na(1)=0.2 MHz o] /.,f
g 0.4+ Na(2)=1.6 MHz . S 06 o 700us
= Na(3)=3.6 MHz w _o—0—o—9®
S o_o-e—0o-00 20,
= g 0.4 ’.’./._._-0:: mLA_AA—AA~A_A 1 600“ s
0.2 . -y oAt o vy T
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Na,HPO, 021 "y
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FIG. 13. Plot showing the 2D volume integral of the three sodium sites in

disodium hydrogen phosphate, as extracted from a seri&NafMQMAS FIG. 14. Dependence observed for tfiéla MQMAS echo intensity for
spectra acquired with different off-resonance values. Other experimentdlaS0O, as a function of the rf power for various interpulse delays:
factors are as given in Fig. 12; the quadrupole coupling constants of each af 300, 700, 1000, and 200@s. Data were collected using the acquisition
the sites are mentioned. parameters given in Fig. 12.
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tion of the rf power employed for the modulation. In all these APPENDIX

experiments the first pulse was always applied with a nuta- . ) _ ) )
tion rate of 104 kHz, while the strength of the modulated _ M this Al\ppendlx we outline some properties of the fic-
pulse was varied from 104 to 40 kHz. It is observed that thd!llOUS SPinz operators that have been used in various sec-
MQMAS FAM echo intensities remain fairly uniform down tions. AII4these pr.oper'ues have been given in further detail
to fields of about 60 kHz, and only then do they start toPY Vegd” and we just reproduce here certain aspects that are

decrease. We have also observed this feature in numericdf'evant for thlsipapier. The nonzero terms of the single tran-
simulations, and it is again reflecting the fact that efficiencieStion operatorsy!, 1y, andl} are defined as
of adiabatic transfers are not crucially dependent on the <i||ij|j>:<j||ij|i>:;
strength of the rf. All these aspects are relevant when extend- X X 2'
ing the ideas of FAM to higher spin systems lik®, char- - - i
acterized by large second-order quadrupolar couplings and (i[l}j)=—(j[I}|i)=— >
relatively low y values.

To conclude this section it may be worth noting that SN = ]y = 4

. . \ [Ong ANZly==anZliy=2

according to the experimental observations, the intensities of
MQMAS echoes may be further enhanced by other, mor&he following commuation relations have been used in ar-
elaborate FAM-based schemes. We have observed, for imiving at Egs.(10), (20), and(22). They have also been used
stance, that N&,O, MQMAS signals show a further 15% to arrive at the results of the transformations given in Egs.
enhancement by changing the delay between pulses and tf26), (32), (42), (44), (46), and(48),
pulse widths in the modulation from a uniformuk value to ]
0.3 and 0.8us, respectively. That this should result in a [ty l=itz,
performance improvement is also corroborated by numerical .
simulations. But for all practical and routine purposes it suf- i jikj— r ik
fices to set the various pulses and delays involved in the %" 2
discrete FAM conversion pulse to equal values, and then .
optimize the duration of these levels and the number of times [ k=~ ! |1k
that the module is repeated for any given rf power. Addi- oy 2
tional precautions needed for MQMAS FAM experiments on i

higher spins will be discussed in a coming publicatibn. [ k= — L
x 'y X 1

(A1)

(A2)

[17.157=0,
IV. CONCLUSIONS
[ 1%+ 1K=0, p=xy.
The principles and applications of new MQMAS meth- przo 2
odologies have been analyzed here in detail within theThe first four of these commutation relations hold well for
framework of single transition operators and of adiabatic cocyclic permutations of the three operataxsy, andz
herence transfer processes. These arguments enabled us to The following commutation relations have been used in
understand the various ways in which both cw or modulatedhe transformation dealing with the discussion of adiabatic-
pulses influences the conversion profiles in single crystaity:
MQMAS experiments. The insights thus gained were also
useful to get a more clear picture of the complex dynamics [|i2+|§4'|§3+|)1,4]=0,
that characterizes the MQMAS echo formation with respect 12 134 .23 (14
to the refocusing of precessing coherences in powders. These 1271271y 1y71=0,
arguments on the formation of coherence echoes are actually (1124134 | 14_ 28— _j(j13_ 28 (A3)
quite general, and can be extended in a straightforward man- XXX X y oy
ner to the analysis of several other solid state NMR experi-
ments such as REAPDOR and cross polarization transfers

from and to quadrupolar spins. Such analyses are currentlyg arrive at Eq(21) we use the fact that for ax22 matrix of
under way. the form expi(al,+bl,) wherea andb are any constants the
evolution operatot can be written in the form

U=explialy)expiya®+b?l)exp —ialy), (Ad)
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