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The dynamics of half-integer quadrupole spiths-3, 3, Z, and 3) during the multiple-quantuniMQ)

magic-angle spinning experiment with the two-pulse sequence, a recent NMR method, is analyzed in order to
scale in frequency unit and label in pptthe chemical shift unjtthe high-resolution isotropic axis of a
two-dimensional(2D) spectrum. Knowledge of the two observed chemical shif®d and 5%9) of the center

of gravity of an MQ-filtered central-transition peak in the two dimensions allows us to determine the true
isotropic chemical shift of an absorption line, which is related to the mean bond angle in a compound. Only the
isotropic chemical shift and the second-order quadrupole interaction for a sample rotating at the magic angle at
a high spinning rate are considered during the free precession of the spin system. On the other hand, only the
first-order quadrupole interaction for a static sample is considered during the pulses. The hypercomplex de-
tection method is used to obtain a pure 2D absorption spectrum. The pulse program and the successive stages
of data processing are described. For simplicity, only the density matrix for d sp}nat the end of the first

pulse of phase is calculated in detail, which allows us to deduce the phase cycling of the pulse sequence that
selectively detects the: 3-quantum coherences generated by the first pulse. The positions of the echo and
antiecho relative to the second pulse, and that of the MQ-filtered central-transition peak relative to the carrier
frequency (o) along theF; dimension are derived for the four half-integer quadrupole spins. The frequency
offset of w relative to an external aqueous solution in thedimension is linearly related to that in the
dimension. The shearing transformation, whose main interest is to shift the beginning of the acquisition period
from the end of the second pulse to the echo position and to yield a high-resolution spectrum albng the
dimension, is presented in great detail. In the literature, two conventions are used to define the evolution
period. Conventioi€ z takes the experimental evolution period as the evolution period, whereas convghtion
considers the echo position relative to the first pulse as the evolution period. The true isotropic chemical shift,
the second-order quadrupole shift of the center of gravity of a peak, and the par&pgteelating the
quadrupole coupling constant with the asymmetry parameter are functioi}&dfand 5{%9 ; their relation-

ships depend on the conventions. In fact, conver@iérintroduces a scaling factédepending on the spin and

the coherence ordethat modifies not only the spectral width and the linewidth, but also the positions of the
spinning sidebands in thE; dimension. ConventiorCz is recommended for linewidth comparison. The
analytical expressions are checked usfigb (I =§) in the extensively studied RbNGpowder with two

carrier frequencies: 98.2 and 163.6 MHz. Our data are in agreement with those of the literature.
[S0163-182698)01429-5

[. INTRODUCTION the second-order quadrupole interaction, which is inversely
proportional toBy and which has the property shifting an

Two-dimensional(2D) high-resolution NMR applied to  absorption linefrom its true isotropic chemical shifi’s? to
spin| =3 sSy_stv_aIm§(‘j4 hals given new ig.siglhts into m(_)lecullar the observed chemical shift of its center of gravitys®.
structure. Similar development on sgir 5 systems in sol- ¥ fp_ 3 5 1 9 )
ids has occuredMost of the elements in the Periodic Table ZI(I) ' Ss:f 'Q:,i?girn?:n{l?gﬁllg)sgﬁir ion Iizn’egrc])c: 22)D usél;ks
are quadrupole nuclei with spinlarger than, which are of%he gentral transition are observgd P
seqsitive o the electric-field gradiedEFG) gengrated by The first 2D method on half-integér guadrupole spins in
their surroundings. The present paper deals with NMR ex- lids is th tioRs-21Th ) t ists | -
periments in which the interaction of the spin system withS0!lds Is the nutation. € experiment consists in acquir
the strong static magnetic fieB, is much larger than the

ing a series of free-induction deca§D) following a single
quadrupole interaction. In this condition, we are used to tak!f €xcitation pulse for increasing pulse durations. The
ing into account the first two expansion terms of this inter-dimension of the 2D spectrum is the axis of the nutation
action, namely, the first- and second-order quadrupmérequenmes of the spin system around the rf magnetic field
interaction®~* Single-quantum(SQ) transitions between B:. The implementation is simple, but the interpretation is
consecutive energy levels as well as multiple-quantivi®) not obvious becaus¢he 2D spectrum associated with a
transitions between nonconsecutive energy levels occur dusingle crystallographic site may consist of several peaks
ing the excitation of the spin system by a radiofrequefy  along the K dimensionthese peaks are related to the nuta-
pulse. Most of the methods discussed in this paper deal wittion frequencies. Furthermore, only the SQ coherences gen-
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erated by the rf pulse are detected by the rf coil; the MQduring the rf pulses d&3%% The optimum experimental
coherences are not. Rotary-e6h®® and off-resonance conditions for the MQ-MAS experiments are: strong rf
nutationé*?°have also been introduced. Extensive computepulses, small offset, and high rotor spinning rité’ Quan-
simulation of experimental spectra is necessary to extract thitative results on spin populations are not obviGusit pos-
two quadrupole parameters: the quadrupole coupling corsible in particular condition®3’ A 2D MQ-MAS spectrum
stante?qQ/h and the asymmetry parameter Haase and represents the correlation of a specific MQ coherence in the
co-workerg®2” explored a two-pulse FID method that yields F, dimension with a SQ coherence in thg dimensionThe
the inner-satellite powder spectrum directly, providing the2D spectrum associated with a single site consists of a single
two quadrupole parameters independently. However, axigdeak—an MQ-filtered central-transition pedkimply called
peaks may distort the spectrum. Meanwhile Spiess’s groupgthe peak in the remainder of the papebut tilted. A shear-
has developed 2D exchange spectra on theIspih system, ing transformation, carried out on the experimental data be-
giving dynamic information. More recently has appearedfore the Fourier transformation versus the evolution period,
dynamic-angle spinningDAS) methodolog$#® which pro- yields a powder spectrum along t&, dimension and a
vides 2D SQ/SQ correlation spectra whéne 2D spectrum  high-resolution, featureless line shape in thedimension.
associated with a single site is characterized by a singleThe sheared 2D spectrum becomes a 2D isotropic/
peak A shearing transformation of the data is necessary duranisotropic correlation spectrum. It appears that MQ-MAS
ing the processing to yield a high-resolution isotropic specgives the same results as DAS but with a standard MAS
trum for the F; dimension. The spectrum becomes a 2Dprobehead, opening new fields of investigation that DAS
isotropic/anisotropic correlation spectrum. Switching-anglecannot explore, for example, nuclei with short spin-lattice
spinning (SAS) is also based on the 2D technicileThe  relaxation times or variable temperature experiments. In fact,
simulation of its rather complex 2D contour plot provides thethese two methodologies are complementjhe spinning
relative orientation of the chemical shift tensor with respectsidebands in th&, dimension, if present, arise from modu-
to the EFG tensor. Both DAS and SAS require a specializedations of first-order quadrupole effects.
probehead with a rotor and apply three rf pulses. For SAS, Thereafter, MQ-MAS leads to numerous developments,
the spinning axis of the rotor with respect By is at an  which are focused on the production of a pure 2D absorption
arbitrary angle during the evolution period, defined by thespectrum by designing various coherence transfer
duration between the first two rf pulses, and at the magig@athways'>* including thez-filter sequencé!~*°the effects
angle during the acquisition period, which starts at the end off the rotor spinning rate and the excitation conditions on the
the last rf pulse. DAS uses a specific pair of complementargpectrd,’ the optimization of the experimental condi-
angles of the rotor spinning axis in these two periods. SASions?"“* the synchronization of data acquisition with rotor
acquires the FID following the last rf pulse, whereas DASspinning, which produces better sensitivity and improves line
records the echo signal. Both methods take into account thehape!*~° Vosegaardet al*® proposed the MQ quadrupole
central transition only, and thus consider the spin system as@arr-Purcell-Meiboom-Gill MAS experiment which im-
two-energy level system. Three-dimensional dynamic-angl@roves the sensitivity of the MQ-MAS spectrum by splitting
correlation spectroscop§DACSY) has been developéed. the second-order powder line shape in Eedimension into
Recently Frydman's grodp®? introduced the multiple- manifolds of spin-echo “sidebands” while preserving high
guantum magic-angle spinnin1Q-MAS) methodology. In  resolution in theF; dimension. For moderate values of
MQ spectroscopy, the rf pulses with a carrier frequengy  €°qQ/h (smaller than 4 MHy, the method, called rotation-
excite nuclear-spin coherences with oscillation frequencieghduced adiabatic coherence transfer, is insensitive to the
that are nearly multiples ab,. The oscillation of these co- magnitude oe?qQ/h and, therefore, it provides quantitative
herences is then detected indirectly through its effect on theesults on spin populatiofS. Structural data via homo-
SQ absorption lines near,.3® This spectroscopy is based on nuclearH p(1) and heteronucleatps) magnetic dipole in-
2D methods. The MQ-MAS methodology takes advantage oferactions are also provided by MQ-MAS methodologfes.
the properties of the MQ coherences to generate highBrown and co-workefé**'avoid the shearing transforma-
resolution isotropic spectra along tRg dimension(see Sec. tion, which distorts line shapes in the final 2D spectrum, by
Il D), giving the number of different crystallographic sites in developing novel amplitude- and phase-modulated “split-
a compound when conventional 1D MAS experiment pro-t;” MQ-MAS experiments.
vides overlapping absorption lines. Among all the coher- Extensions of the MQ approach to well established
ences generated by the first rf pulse, the specific MQ cohemethods have also appeared such as variable-angle
ences are detected selectivélypy phase cycling the rf spinning® (MQ-VAS) that can provide chemical shift
pulses and the receiver in a two-pulse spin-echo sequencanisotropy data, the double rotdMQ-DOR),** shaped-
The rotor spinning axis is at the magic angle throughout thgoulse excitation that produces better sensitivityhigh-
experiment. Thus a standard MAS probehead suffices for theower decoupling;">® cross-polarization®=> or hetero-
experiment, but the NMR spectrometer must be equippeduclear correlation by observing a sginnuclei coupled
with a digital dephaser of the rf pulses. The interactions conto a half-integer quadrupole spin producing better
sidered between the two rf pulses and during the acquisitionesolution®® Experimental verification and application of
period define the nature and position of the echoes, wheredke above-mentioned methods have already been carried
the interactions considered during the rf pulses affect th@ut on the four half-integer quadrupole spins: spisuch
amplitude of the echoes. On the other hand, the shape am$ boron-1£°  rubidium-873841:455160 qor  godium-
spectrum of the echoes observed in a powder are affected [8;31:32:37-39.42,43,45,47-50.53-5561-84in 5 sych as manganese-
the two pulse durations more than the interactions acting5°%"%2  aluminum-272531:38:40.41,44,46,51,52,56,61,62,65- 74,
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oxygen-1738°5723gnin1 such as cobalt-59Ref. 37 or @ Tty ki

scandium-458 and sping such as niobium-93’ The two
most studied nuclei are sodium-23 and aluminum-27.
Conventional 1D MAS spectra obtained with short rf 4
pulse duration allow the determination of the spin popula-
tions if the absorption lines are not overlapping. If not, we

> T
can use the MQ-MAS methodology to determine the number b [ by tp 1 )
of peaks or crystallographic sites, their true isotropic chemi- t b ,
cal shifts, and the quadrupole parameters. Thanks to these © [ Ll ] [kt1I b ]
data, we can simulate the 1D MAS spectra to obtain the spin [t [ B
population of each sit&’ CUN: 1 t 1

Provided that the 2D MQ-MAS spectrum is labeled in (e)
chemical shift unit and the zero ppm positions in both axes @ @1 |0 60 120 30 90 150

are definedknowledge of the two observed chemical shifts
of the center of gravityo®) and 555 of a peak in the two
dimensions of a sheared MQ-MAS spectrum enables us to
determine the true isotropic chemical shift of an absorption . 1. various meanings of the time-domain parametés.
line,3*#14° which is related to the mean-bond angle in aour own notationst; is the first-pulse durations, is the experi-
compound®* Labeling of unsheared specttais exten-  mental or MQ coherence evolution peridd, is the second-pulse
sively used by Amoureux and co-workérs.”>The observed  duration, andr, is the acquisition period beginning at the end of the
chemical shift of the center of gravity of a peak alongf¥e  second rf pulse; the position of the echo involved in the MQ-MAS
dimension, 5, is obtained experimentally by using an methodology ist,=k(I,p)7,. (b) Standard notations used in the
external aqueous solution. There is little work on the labelingwo-pulse MQ-MAS experimentt; is the experimental evolution
of the high-resolution isotropic axis of theF; period andt, is the experimental acquisition perio@) Notations
dimension??*4*pecause this operation requires the analyti-involved in conventionCk used by Massioet al. (Ref. 41 and
cal expression of the OffS@Fl, in theF, dimension, ofw, Wanget al. (Ref. 38, (1+k)t, is the evolution period ang, is the

. K shifted-acquisition period after the shearing transformatignNo-
relative t.o the external aqueous SOIU.“. . e Egs(74) and. tations involved in conventio€z used by Medelet al. (Ref. 32
(75)]. This offset depends on the definition of the evolution

. ) . . ) and Hanaya and HarriRRef. 45: t, is the MQ evolution period and
period that changes the spectral width in tgdimension. t; is the shifted-acquisition period after the shearing transformation.

This is why this axis is e|th§2r6%nlabeldédl3'51or labeled with (@) The six-step phase cyclin@Ref. 34 of the two-pulse 30-MAS
poorly defined condition&>®* sequence for any half-integer quadrupole sgip:and ¢, are the
The present paper is devoted to scaling and labeling thghase of the first and second rf pulses, respectively,¢anis the
high-resolution isotropic axis of sheared 2D MQ-MAS spec-receiver phase. The acquisition methdtigpercomplex or TPBI
tra consisting iMMQ-filtered central-transition peakst is a  for generating quadrature detection in thedomain and pure 2D
sequel to an earlier one dealing with the effects of theabsorption peak are not considered.
second-order quadrupole effects on the Hahn echoes in fast
rotating solids at the magic angléHere, the analytical ex- rotor appears to be static during the rf pulse. In other words,
pressions, resulting from calculations about the echo and artkhe spin system can be described by time-independent inter-
tiecho signals in the two-pulse MQ-MAS experiment, are foractions. The main interaction that the spin system is submit-
single crystals but in practice their applications are also valided to is the first-order quadrupole interaction for a static
for powder samples. We focus on the simplest case of theample. Therefore the quadrupole coupltmg,12 which de-
3Q-MAS spectrum obtained with the two-pulse sequence appends on the orientation of the crystal with respecBtg
plied to a spinl =3 system, which is the easiest system. Ouraffects the amplitude of the FID following the rf pulse. For a
presentation on 3Q-MAS of a spin=3 differs slightly from  powdered sample, a computer is needed to average the re-
that of Massiokt al,** who dealt with the 3Q-MAS of a spin  sponse of the spin system over all the orientations of the
| =3 system. Results on the other three half-integer quadruerystal with respect t®, in order to predict the experimental
pole spins are only given as a generalization. Up to Sec. || Damplitude of the FID. Section Il B describes the density ma-
we shall use our own notations for the four time-domaintrix associated with an rf pulse dephased by an angle
parameterst, andts; are the first- and second-pulse dura-relative to anx pulse, which is an important ingredient of the
tions, 7, is the experimental or MQ coherence evolution pe-MQ-MAS methodology. The selective detection of an MQ
riod, and 7, the acquisition periodsee Fig. 1. From Sec. coherence, performed by phase cycling the rf pulses and the
Il E, standard notations are used:is the experimental or receiver, is shown in Sec. Il C. Section Il D derives the po-
MQ coherence evolution period, arid is the acquisition sitions of the echo and antiecho in the time domain as well as
period. those of the associated peaks in #gdimension of a 2D
Section Il A summarizes our previous calculations on thespectrunt?13364243The echo and antiecho pathways are
density operator describing the spin system from the thermaalso defined for the four half-integer quadrupole spins. The
dynamic equilibrium to the end of ax pulse? A density-  phase of the two rf pulses and that of the receiver, written for
matrix element is referred to by two half-integer magneticthe hypercomplex or States al. method®">~""for generat-
numbersr andc for row and columrnsee Eq(7)]. Since a ing quadrature detection in thte domain, are presented in
strong rf pulse with a short pulse duration is applied, theTable Il. This method yields pure 2D absorption spectra. The
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procedure for processing the experimental data is also giveparameter<,,,, of the three rubidium sites, provided by the
Section Il E explains why a 2D MQ-MAS spectrum is tilted two conventions, are in agreement with published data.
and presents the shearing transformation, which changes the

2D MQ/SQ correlation spectrum to a 2D isotropic/ Il. THEORY

anisotropic correlation spectrum whosg dimension be- Hamiltonians, carrier frequency, amplitude of rf pulse,

comes a h!gh-resolu.tlon 'S.Otmp'c XS’ The spectral and line positions throughout the paper are defined in angular
width SW1 in theF, dimension of a 2D MQ-MAS spectrum o4 ,ency units. Only the offsets are expressed in frequency
is equal to the inverse of the increment of the evolution peyhits pisregarding relaxation phenomena, the dynamics of a
riod. Ur!fortungtely, two (_je_fmltlons of the .evolutlon pgrlod spin| system submitted to a two-pulse sequefféig. 1(a)]
appear in the literature, giving two conventions $galing in i, NMR experiments is described by the density operator
frequency units the spectral width SW1 of the high-resolutiorb(tl,7.27t3,7.4) expressed in the rotating frame af,, the
isotropic axis The first conventioff*® (C2) considers the [atter being apositive value. The duratior; is that of the
experimental evolution period as the evolution period; therefirst rf pulse, 7, is the experimental evolution perioty is

fore SWk,=1/At,, At, being the increment of the experi- the second-pulse duration, anglis the acquisition periodn
mental evolution period. The second convertfdhh (Ck)  the absence of an rf pulséhe spin system is submitted to
considers the position of the echo relative to the first rf pulseinternal interactiondd;,;. As an internal interaction such as
equal to (- k) times the experimental evolution period, asthe quadrupole interacti6i™* can be much larger than the
the evolution period; therefore SWl=1/[(1+k)At;]. The  coupling of an rf pulse with the spin systein,the presence
scaling factor (1K) in the evolution period of convention Of an rf pulsethe spin system is submitted to

Ck affects the spectral width SW1. In contrast, conven- HeH. +H 1)

tion Cz does not introduce a scaling factor. In Sec. Il F, the e+
expressions of the true isotropic chemical shift of a peakihe latter being the Hamiltonian of the rf pulse. As usual, we
those of the offset of the carrier frequency in fagdimen-  limit the internal interactiondd;,, to secular Hamiltonians,
sion relative to an aqueous solution, those of the second-e., those that commute with the Zeeman interactithe
order quadrupole shift of the center of gravity of a peak, andiominant interaction in the NMR  spectroscopyor ex-

the parameterCQﬁz(equ/h)(n2/3+ 1)Y2 relating the @ample, the Isotropic chemical shiftcs= _.5ggw0|z- Since
quadrupole coupling constant to the asymmetry parametdhe rf pulse durations are shofsome microsecondisthe

are deduced for the two conventions. The param@tgy is ~ rotor containing the sample appears to be static during the
of particular importance for characterizing materials thateXcitation of the spin system by the rf pulses. As a result, the
have featureless NMR line shapes in fhedimension, such internal interactions remain time independent. Since strong rf
as glasse® where the asymmetry parametercannot be Pulses are applied, the internal interaction considered during
deduced by line-shape analysis. All the above-mentioned pdhe If pulses is the first-order quadrupole interaction
rameters allow us to describe the two procedures, associatéty’ " offset or shift interactions can be neglected.

with conventionsCz andCk, for labeling the spectral width During the free precession of the spin system, i.e., in the
of the F; dimension in chemical shift unit (oppm) and defining @bsence of the rf pulses, the chemical shift anisotropy, the
the zero ppm positioof the external aqueous solution. first-order quadrupole interaction, as wellldg sy are can-

Section Il provides experimental details. The spin3  celed in fast rotating solids at the magic angle, wikilg,
rubidium nucleus {'Rb) in the extensively studied RbNO is dramatically reduced. Strictly speaking, the major MAS
powdef830:38:41455L75.78y a5 ysed to illustrate the scaling Simplifications occur only for stroscopic observation syn-
and labeling of the high-resolution isotropic axis. The acqui-chronized with the sample rotation. Furthermore, the MQ-
sition and processing of the data were performed with théVAS linewidth in theF, dimension is largely independent
hypercomplex or Statest al. method. We did not synchro- of the magnitude oHp ;. *® As the main topic of this paper
nize the increment of the experimental evolution period,is the MQ-MAS methodology, we consider only the second-
At,, with the inverse of the rotor spinning rate,,. If  order quadrupole interaction for fast rotating solids at the
Aty=1/v,gr, then SWL,= v, for conventionCz and  magic angleH )™ MAS and Hcg in the remainder of the
SWlcr= vyoior/ (1+K) for conventionCk. Spinning side- paper. Therefore,
bands along thé-; dimension, located outside the spectral 2)fast MAS
width SW1, will be folded back onto the centerband, increas- Hin=Hcst HEQ) * (28)
ing the intensity and improving the line shape of theqyyring the free precession of the spin system and
centerband® However, if v, is Not high enough and the _
spectrum consists of several centerbands, one or several of H= Hg)Sta“CJr H (2b)
them can be located outside the spectral width SW1 but still, .
appearing in the spectral width SW1 by folding. As a result,durlng the rf pulses.
the positions of the center of gravity of these folded center-
bands will be erroneous.

Results are presented in Sec. IV. The 2D 3Q-MAS spec- We follow the spin dynamics from the thermodynamic
trum obtained at 98.2 MHz shows the three peaks of Rb asquilibrium to the acquisition period using density operators,
reported by Massioet al** On the other hand, the spectrum whose matrix elements, expressed in the eigenstatés, of
recorded at 163.6 MHz displays only two peaks as reportedre referred to by two half-integer magnetic numbeandc
by Wanget al2® The true isotropic chemical shifts and the for row and columrsee Eq(7)]. The coherence order asso-

A. Density matrix for an x pulse
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ciated with this matrix element ip=r —c. By convention, is not diagonal. The usual procedure is to determine the di-
the observable in the acquisition period is the operatoagonalized form(} of H and the transformation operator

| . =I,+il,, which means that the receiver has the coher+elated by
ence ordemp=—1. In the high-temperature approximation,
the thermodynamic equilibrium is described by the density Q=T'HT. 6)
operator p(0)=1,, whose coherence order |g=0. The i ) )
Hamiltonian of anx pulse is Equation(4) is rewritten as
Hy=—wgly. ©) p(t)=T exp—iQt) T p(0)T expiQt)T".  (6)
At the end of the first rf pulse the density operator is definedf Eq. (5) cannot be solved analytically, it can always be
by solved numerically using standard diagonalization proce-

_ r . dure, which is applicable for any half-integer quadrupole

p(ty)=ex —i(Hint Hi)ta]p(0)exii(Him+Hipt]. (4) spin and whatever the complexity bif [Eq. (1)]. For a spin
The matrix form of the interactiod [Eq. (1)] during thex ~ |=3 system, the density operatp(t,) has the following
pulse, expressed in the eigenstates of the Zeeman interactigggneral matrix form or density matrix:

312 11/2) |- 1/2) |-3/2)
(32 [Pty (M) T AY) iR RL)
(t ): <1/2| <|:j_/2’1/2(t1)> <Ii./2,71/2(t1)> _i<|§/2,71/2(t1)> <|J;/2,73/2(t1)> (7)
ptis (_ 1/2| <|312,71/2(t1)> i<|§/2,7l/2(t1)> _<|%/2,7l/2(t1)> <| :1/2,73/2(tl)> !
(=32 LIP3ty (1P %ty) (7)) (13 AL)
|
where the matrix elemen(r|p(t,)|c) is the complex(real H§f¢1) = — oyl ®

and imaginary amplitude of the {—c)-quantum coherence

at the end of the rf pulse. Form= —1 quantum coherence, where the operatdr,. is the operatot, expressed along the
the imaginary part ofr|p(t;)|r+1) is proportional to the x’ axis. They are related 38

area of the corresponding absorption line. In the MQ-MAS

experiment, rf pulses of various phases are applied. What is Iy =exp(—iel )l expliel,) 9
the density matrix for an rf pulse of phage with respect to ol
anx pulse?

(e1) _ o ;
B. Density matrix for an ¢, pulse Hi W =exp—ieal ) Hexplieqly). (19

The MQ-MAS methodology cycles the phase of the firstSince the operators exp{(¢;l,) and expip;l,) have no ef-
rf pulse to selectively detect the desired coherences develects on the secular Hamiltoniafi,,, we have
oped by the first rf pulse in the two-pulse sequence. This

section derives the density matrix describing the spin system  H;;+ H;f"l):exr(— i@1l) (HimtHip)explieql,).

at the end of the first rf pulse of arbitrary phase. Now the rf (1D
magnetic fieldB, is along thex’ axis in the rotating frame of
wg (Fig. 2). The angle between theandx’ axes is¢;. The At the end of theg; pulse, the dynamics of the spin

Hamiltonian of an rf pulse of phasg, relative to arx pulse  system is described by
or, in short, ag, pulse is on
pe1(ty)=exd —i(Hppt+H,*)t11p(0)

A
z X exi (Hi+ H )ty ] (12)
Becaus&®*
y
?1 ex —i(Hinet Hif )ty =exp(—igal )
B | .
X ToX xex —i(Hict Hita]
FIG. 2. The anglep; between thex axis and the rf magnetic Xexpliel,), (13

field B, along thex' axis in the rotating frame of the carrier fre-
quencywg. Eq. (12) become¥
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poi(ty)=exp —ipl,)exd —i(Hip+Hit,] (rlpeai(ty)|c) (written previously as[peq(t1)];c) of

po4(ty), located at the row and column whose magnetic

xexp(ipil,)p(0)exp—ipyl,)

X exfi (Hinc He)tyJexili o1, p(t) as
. . r ty|cy=(r|p(ty|c)exg —i(r—c
=exp —ipql,)p(ty)explieyl,). (14) < |P¢1( 1)| > < |P( 1)| > H—i( )1l
Thus the density operator of¢, pulse is related to that of =(r[p(ty)|c)exp(—ip¢1), (15
an x pulse by a simple relation. A matrix element or in the matrix form:
|
|3/2) |1/2) |—1/2) |—3/2)
<3/2| = <|§/2,73/2(t1)> <|?i/2'1/2(t1)> <|?i/2,71/2(t1)> _i<|3/2,73/2(t1)>-
X e o1 X e 2e1 X g~ 3e1
<1/2| <| ..1/2,1/2(':1)) <| %/2,— 1/2(t1)> _i<|;/2,—1/2(t1)> <| ];/2'_3/2(t1)>
pei(ty)= X e'#1 Xe i Xe e . (16)
<_ 1/2| <| ?J;/Z,f l/2(tl)> i<|;/2,7 1/2(t1)> _<|;./2,7 l/2(tl)> <| :1/2,73/2(t1)>
XeZi(pl Xei(pl Xe_i‘Pl
<_ 3/2| i<|§/2,— 3/2(t1)> <| J_;—/2,— 3/2(t1)> <| 11/2'_3/2(t1)> _<|§/2,—3/2(t1)>
x @3ie1 X @2ie1 X @l¢1

In other words, when an rf pulse is dephased by an aaglea p-quantum coherence is dephased by expf,), the spin
populations(1} ~"(t;)) or zero-quantum coherences are not affetehen ¢,=0, Eq. (16) reduces to Eq(7). From a
practical point of view, it is not necessary to diagonalize the matrikl dbr a ¢, pulse once that of am pulse is found.

number isr andc, is related to the same matrix element of

Especially for ay pulse, whose matrix contains complex numbers, the numerical diagonalization procedure is more tedious

than that of arx pulse, whose matrix contains real numbers only.

After the ¢, pulse, the spin system is submitted to the internal interactiiys The density operator describing the spin
system becomes

pe1(ty, 7)) =exp(—iHiy72) p@i(ty)exXpliH i 7s). (17)

As only secular internal Hamiltonians are considered, the matrix forms of-ékpg7,) and expiH;,m>) are diagonal. Using
the notation

wr,c:<r|Hint|r>_<C|Hint|c>v (18)
the matrix form ofp,(t1,7,) is

<12/2,—3/2(t1)>

3/2,172
(IE575 (1))
Xe'®t
X e "in®12,32
3/2,~1/2
(Iy (t1))
X %o
Xe  ino-1/2,32
+/73/2,—3/2
l(Iy (1))

X e3i%1

Xe " iT9-323

(EZ21%(1y))
Xe o1

X e " in2®32.172

(>~ Y(1y))

-7112,-1/2
l<1y (t1)>
X i1
Xe " inw-12112
1/2,-3/2
Iy (1)
X e2i®1

X e in®w-3211

(13_/2,—1/2(tl)> —i<13/2'_3/2(t1)>-

X e~ 2o
Xe im®32,-112
. /y1/2,~1/2
_l<1y (t1)>
Xe i®1

X e in®2,-112

—<I§/2'_”2(t1)>

<111/2,—3/2(t1)>
Xel®1

X e iT®-32,~1/2

X e 3o

X e im®312,-312
1/2,~3/2

(12 (t1))
X e 21

X e iT2912,~312
X e ie1

Xe in®-1/2,-32

_(Izlz,—3/2(tl)>

(19
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TABLE I. All of these parameters depend on the spiand the coherence ordprCy(l,p) is defined by Eq(22b) andC,(l,p) by Eq.
(23b); A (1,p)=Co(l,p)/Co(l,—1) is the ratio of the second-order quadrupole shift of the center of gravity of a spectrum generafe@ by a
coherence to that of the 1Q coherenc¢Eq. (25)]; k(I,p) = —C,(l,p)/C,(l,—1) defines the echo positiok;, andk,, in Eq. (37) define
the observed chemical shift of the center of gravity of the spectrum along tltgmension of a sheared 2D MQ-MAS spectrum labeled

using conventiorCz [Eq. (69)], ky, andk,y in Eq. (70) are those used with conventi@k; andkg, andkg, are defined in Eqg72) and
(73).

ConventionCz ConventionCk
I pPQ Co(l,p)  Co(l,p)  A(I,p)  k(I,p) ki, K2, Kz Kk Kok Kek
3/2 -1Q -3 —54
-3Q 9 42 -3 719 34/9 —-20/9 1/6 17/8 —5/4 8/27
52  -1Q -8 —144
3Q 6 228 -3/4 19/12 —-17/12 5/6 —4/9 —-17/31 10/31 —-31/27
-5Q 50 300 —25/4 25/12 85/12 —25/6 4/45 85/37 —-50/37 37/135
712 -1Q -15 —270
3Q 27 606 —-9/5 101/45 —34/45 4/9 —5/6 —-17/73 10/73 —73/27
5Q -15 330 1 11/9 —34/9 20/9 -1/6 —17/10 1 —-10/27
-7Q 147 966 —49/5 161/45 476/45 —56/9 5/84 238/103 —140/103 103/378
9/2 -1Q —24 —432
3Q 54 1092 —-9/4 91/36 —-17/36 5/18 —-4/3 —17/127 10/127  —127/27
5Q 30 1140 —5/4 95/36 —85/36 25/18 —4/15 —85/131 50/131 —131/135
7Q -84 168 712 7/18 —119/18 35/9 —2/21 —119/25 14/5 —25/189
-9Q 324 2232 —27/2 31/6 85/6 —25/3 2/45 85/37 —50/37 37/135

In a single pulse experiment, thg=—1 quantum coher- (r—c)-quantum absorption line relative tg or the second-
ences are FID’s whose Fourier transformations yield the corerder quadrupole shifto(2@" MAS of the (r —c)-quantum
responding absorption lines in the spectrum. The other coabsorption line:

herences are not detectable. A second rf pulse is required to

convert them tgp=—1 quantum coherences, as in the MQ- (%" MAS=(r|HZ)t MAQp) — (c|HP™! MASc) . (20)
MAS experiment. Equatiofl9) shows that, except for the o

zero-quantum  coherences, ap-quantum  coherence Of course, _onlyp: —1—quant_um absorp_tlon lines are detect-
(r|p@(t1,75)|c) is characterized by the complex amplitude able in a smgle—pul_se_ experiment. U.ntlllnow, the MQ-MAS
{r|p(ty)|c) and the phasepip; — mow, () of the p-quantum methodology has limited the investigation to on-resonance
FID following the ¢, pulse, which are identical to those symmetnc?i Sgoherences, that ig=—r; in this case,
generated by ar pulse if ¢, =0. In other words, the Fourier P=2r and:*

transformation ofr|p¢,(t,,7,)|C) with respect tor, yields 02 (1 1

a p-quantum absorption line, whose area is proportional to  (2)fast MAs_ _ 2"Q | = ~ p +>C.B d@

the imaginary part ofr|p(ty)|c), and whoseposition rela- O wo [27° 0d 7+ 5 ColBad M doo(Ar)
tive to wq is w, . This absorption line is that generated by (4) (4)
anx pulse but modified by the phagg of the rf pulse. From +2B, A 17)d30(B1)COS vy +2By 4(7)dy

a theoretical point of view, we can also perform a Fourier

transformation ofr|p4(ty,7,)|c) with respect top,. The X (B1)COS 4x1|P4(coS b)) |, (219

“absorption line” is located at the positiop on the new
axis, the coherence order axis; the absorption lines havingith
differentp values are split. In short, the double Fourier trans-
formation of (r|pe4(t;,7,)|c) with respect tor, and ¢, e’qQ
yields a 2D spectrum, whogg-quantum absorption peak is QQ:2|(2|—_1)ﬁ' (210
located atw, . along one axis and gt along the other axis.
The contribution of the isotropic chemical shifi.sto the ~ The two parameter€, and C,, given in Table I, can be
absorption line position with respect ta, is defined by expressed as functions of eithleandr or | andp:**%

[ _ — _ 2
o= (1 Hedr)— (€| Hed ) = — (w, — o) (r—0) Coll.n==Coll.mn= 2l =sr, - (22

=~ 589wo(r—c), (203 Co(l,p)=—Cyo(l,—p)=p[I(1+1)— ip°], (22b
wherew, = yB,, is the Larmor frequency of the nucleus, Cy(l,r)==Cy(I,—r)=2r[18I(1+1)—34>~5], (233

being a positive number. The analytical expression of
HE™s' MASis unknown but is defined by the position of the ~ Cy(1,p)=—Cy(1,—p)=p[18 (1 +1)— ¥p?~5]. (23b)
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The other parameters in E@1a were defined previoushf e’qQ .
In particular, the second-order quadrupole shift of the center CQ;;:T Vnl3+1
of gravity of the central liner(=—3) is

(2)iso

40 o
:I(ZI _1) ﬂ \/ _ 1/2,1/2
| 396 3 1 2 3[1(1+1)—-3/4] o
o= — 10w, I+ =7l 1+3 772)i (24) (269

C. Selective detection of thex 3-quantum coherences
that of an on-resonance symmetrical coherence is generated by the first rf pulse

As only p=—1 quantum coherences are detected, a sec-
) , ond rf pulse is required to convert the MQ coherences devel-
o=\ 0?3 . (25 oped by the first rf pulse tp=—1 quantum coherences.
This conversion is described by

The parametek, given in Table I, can also be expressed in pei(ty,m,t) =T exp —iQty) T pey(ty, )T
two ways: X expl(i QOta) T 27
To detect thet3-quantum coherences selectively, we have
Co(l,r) to phase cycle the first rf pulse. According to Efj5), the
X(l,r)z—k(l,—f)Im, (268  p==3 quantum coherences remain unchangedp4f=0,

2713, or 4w/3. On the other hand, the=*+2 and+1 quan-
tum coherences are affected by these three phases. For each
of these four coherences, the phase function eipg¢,)
N(1,p)=—\(I,—p)= Co(l,p) _ (26b) takes three values: 1, expg/3), and exp@dw/3). These
' ’ Co(l,—1) three complex numbers may be thought of as three vectors
in the complex plane which, when adding the tail of one to
the head of the previous one, form the sides of a triangle,
The parameter€,(I,p), C(1,p), andA(l,p) are odd func-  giving a zero resulf? i.e., 1+exp(2m/3)+exp(4n/3)
tions of the coherence ordpr If » cannot be determined by =0. Phase cycling the first rf pulse by the angles=0°,
line-shape analysis, the parame®y,, relatinge’qQ/h and  120°, and 240° and coadding the three contributions is
n, derived from Eqs(21b) and(24), is used for characteriz- equivalent to starting with the following matrix form of

ing a material: peqi(ty,m):
<| 3/2,— 3/2(t1)> 0 0 —j <| 3/2,— 3/2(t1)>e—i 0312312
0 (132 ¥ ty) 0 0
28
0 0 () 0 268
i <| 3/2,— 3/2(t1)>e_i72w’3/2'3/2 0 0 _ < | :Z’>/2,— 3/2(tl)>

The p==*1 and+2 quantum coherences are canceled by the three phase cyclings of the first rf pulse. Unfortunately, the
zero-quantum coherences are preserved. Asief§)(+ exp(n/2)+exp(57/6)=0, a new three-phase cycling, consisting of
the anglesp;=30°, 90°, and 150°, generates the following matrix formpef;(t,,m):

<| 123/2,—3/2(t1)> 0 0 i<|§/2,— 3/2(t1)>e—i7'2w3/2’,3/2
0 (%) 0 0
0 0 — (1Y vz )y 0 (28b)
z
_i<|§/2,— 3/2(t1)>e—i72w—3/2,3/2 0 0 _<| 2/2,—3/2(t1)>

The second three-phase cycling keeps#t8 and zero-quantum coherences and cantdlsand=2-quantum coherences as

in the previous case, but the signs of th&-quantum coherences are reversed. Those of the zero-quantum coherences are
unchanged. To cancel these unwanted contributions of the zero-quantum coherences, the receiver phase associated with th
second sequence must be reversed before coadding the two rgsgltsl(e)]. This sequence consists of six phase
cyclings3234+%n this case only the=3-quantum coherences are preserved. We need to consider the following density matrix

p(tliTZ):
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r 0 00 i<|3/2'_3/2(t1)>e_iTzw3/273/2-
0 00 0
, (280
0 0 o0 0
_i<|3/2»*3/2(t1)>e*iTzw—3/2,3/2 0O 0 0
|
for peq(t1,7) in EQ. (27). The latter becomes independent (= L1pS(ty, 7,15, )| )

of ¢, and can be written as

S S =exp( im0 2 (—3lpp(ti ta)]3)
P(tl y T2 ,t3) =T eX[X - |Qt3)T P(tl , Tz)T eX[X|Qt3)T . p=-33

29
29 xexq—irzw{;”};f_“’,'j}z . (30)
The two matrix elements in E428¢) contribute to the com- The superscripg means “simplified” and

plex amplitude of the FID following the second rf pulse and S _ S _

to that of the echo. For a spir= £, both =3-quantum co- p(t1ta) =T exp(—iQty) TTp(t) T expiQty) TT,
herences are represented by a single matrix element. For the (39
other half-integer quadrupole spins, it is not the case. This is . .

why only on-resonance symmetrical coherences are studied, wg}?’_’\’,’)’}f:)\(l ,p)w(_zi',sz?l,z— k(1,p)é_1/2.1/— pé(c'sso)wo,

considering only a single matrix element for a given MQ (32
coherence order. C,(1,p)
k(l,p)=—k(|,—p)=—m. (33
D. Echo and antiecho pathways for a spirl =3 system The parametet_,, 1, is related to the width of the central

As the present paper deals with the MQ-MAS techniqueine of @ powder sampl& The other two parameters(l ,p)
applied to a spin =2 system using the two-pulse sequence,andk(l ,p), were previously defined for the four half-integer
the first rf pulse is of phase,; that of the second is ax quandrupole spinS. Those related to MQ-MAS methodol-

pulse org,=0. We consider only the matrix elements asso-20JY are reported in Table I. For te= =1 quantum coher-

ciated with thep= + 3 quantum coherences developed at theences, which are detected during the acquisition period, Eq.

. A . 32 b
end of the first rf pulsgFig. 3(@] or Eq. (280 with 7,=0. (32) becomes
The time-domain signal— %|.ps(t1,72,t3,74).| 3) during the WPSMAS_ (%0 Lt 0o (34)
acquisition periodr,, described by the simplified density
operatorp(t;,7,,t3,7,), Was obtained previously from a For | =32 andp=—3, we havex=—3 andk=%. Equation
detailed developmeri? (30) is rewritten as

(- %|ps(t1,72,t3,7'4)|%)ZPEN<— %|p§(tl,t3)|%}exp{—iw@ii,sfl,i7'4+)\(l P) 721}

Xexp{—i&_ 114 Ta—k(1,p) 7] exH — i 608 wo( 74— PT2)]. (39)

The MQ-MAS methodology is concerned with the condition with
74=K(I,p) 72; in this case the effects of_,, 1/, are can-

celed, wr,(1,p) = 022 Tk(1,p) + M (1,p) ]+ 8¢ wolk(1,p) — p]
= k1z5gizsfso)wo+ k2zw(fzii/szc,’1/z- (37
(= 31p%(t1, m2.t3, 7a=k(1,p) ™) |3) The two parameterk,, andk,, are reported in Table | for

the four half-integer quadrupole spins. Equat{86) consists
— _1].S 1 s of two terms. Their expressions are similar to a matrix ele-
= 3 ty,t3)|z)exd —i I,p)l, 36 . X
13:2—3,3< 2|pp( vig)lo)ex TZwFl( P)] 36 ment of pp,(ty,75) in Eq. (19) with ¢;=0. In other words,



PRB 58 SCALING AND LABELING THE HIGH-RESOLUTION . .. 2773

l lo 1;1/2) (—3lp"M(ty, m2.t3, 4= 572) |3)
{3/2
@ al =(=2lpZ4(ty ) [2)exdl —impw (1,p)]. (38)
(ty) = i
™ -1Q / ! For the coherence transfer pathway-Qp= +3)— —1, Eq.
s2!|_sq / ‘\ (36) becomes
0
1 . .
V4 | (= 31p"A"eMty, 7o ts, 74= — §72)|3)
* Ea N N ! .
o1 ) N Sy =(—zlp3(ty,ta)|3)exdirp0p (1,p)]; (39
(b) AL . . . . I
N an antiecho in the evolution period, locatedrgt — 575, IS
b oot predicted and the pathway is called the antiecho pathway
T2 iy —t — T4 [Fig. 3(¢)]. Unfortunately, these definitions for the echo and
1% T 8% antiecho pathways are not universally accefteiquations
antiecho pathway 30 (38) and (39) show that the complex amplitudes of the echo
A | * and antiecho arphase modulatety exg —inwe (I,p)] and
© J/ \\ +1Q exdinor (1,0)], respectively. Sincepj(ty)=—p® (ty),
j\ ; -1Q the imaginary parts of (—3%|p3(t;,t5)|2) and
| / -3Q (—3|p25(t1,t3)|2) have opposite amplitudes of different

echo pathway

magnitudes, because the difference between the initial and
FIG. 3. (a) The elements of the density matrix at the end of thefinal coherence orders is 4 and2 for 3-quantum and
first rf pulse that contribute to the echoes and antiechoes for a spirr 3-quantum coherences, respectively. Thus the echo and
I=2 system.(b) Three echoesRef. 12 are predicted for a spin the antiecho have opposite amplitudes of different magni-
=3 system, submitted to the isotropic chemical shift and thetudes. If they have the same magnitude, their suamigpli-
second-order quadrupole interaction, in a fast rotating sample at thélde modulatedby the sine function, whereas their difference
magic angleEa is the usual Hahn ech&b the echo involved in  is amplitude modulatethy the cosine function.
the 3Q-MAS methodology, aniic a predicted echo not yet ob- For the four half-integer quadrupole spins, the coherence
served experimentallyc) The echo and antiecho pathways associ-transfer pathway 9:(p=—21)——1 is the echo pathway
ated with the 3Q-MAS experiment of a spiir 5 system. and 0—(p=2l)— —1 the antiecho pathway. For the other
coherences f# *21), in contrast, the coherence transfer
. <0)——
(~ 3lpp(t1,t3)[3), which depends on the two rf pulse dura- Bih(vp\)liyO)O:(—pl 31)6 echlo ;)Sat:\]/(\?ayéngﬁi(;hiz gl?;htvgatiei‘git
tions, andrw,(1,p) are the complex amplitude and the .+ the coherence following the echo pathway precesses
phase of the signal at,=k(l,p) 7,, respectively. The Fou- with angular frequencies of opposite signs in the experimen-
rier transformation of Eq.36) with respect to the experimen- tal evolution and acquisition periods. On the other hand, the
tal evolution periodr, yieldstwo absorption lines located at coherence following the antiecho pathway precesses with an-
the position&upl(l ,p) relative towg. In fact, “’Fl(' ,p) rep-  gular frequencies of the same sign in both periods.
resents the position of the center of gravity of an MQ-filtered _ 12@Ple Il presents the phases of the two rf pulses and those
central-transition peak relative ta, in the F, dimension of of the receiver that generate the quadrature detection for the

a 2D MQ-MAS spectrunisee Sec. Il F The line position F1 dimension. The 1[:)7r7oce.dure used is the hypercomplex or
. . (2)iso d Stateset al. method?"’’ This method generates two series of
«r,(1,p) depends only on two isotropic values.’s 3 1/, an files called the cosine par8°r,,7,) and sine part

5<CISSO), therefore, Eq(37) is valid for a Single CryStaI as well S(Sin)(72,7'4). These two files are, as mentioned above, a com-
as a powder sample. The acquisition of the time-domain sighination of the echo and antiecho signals:
nals is supposed to start at the echo positign k(I,p) 7, or
the top of the echo. In the MQ-MAS experiment, this is not 1 .
the case since the acquisition period starts at the end of the S (rp,ma) = 2 (1097, 7g) — f AR (7 7 ],
second rf pulse. As a result, the 2D spectrum is tiltsegle (40)
Sec. II B.

Our approach to determining the position of the center of
gravity wFl(I,p) of an MQ-filtered central-transition peak

differs with those of Nagayamet al.®® Grandinettiet al.®* (41)

Hanaya and Harri€] Medeket al,* and Massioet al** As  The factors 1/2 are included for convenience, so that in-
k(1,p) and\ (I, p) are odd functions ap [see Eqs(26b) and versely
(36)], they have opposite signs for the3-quantum coher-

) 1 )
ISV ( 7y, 7,)= 5 [f(ENO( 7y, 1)+ fANICCNO (1) 7],

ences. For the coherence transfer pathway (= —3) fEI () 74) =S (7, 7,) +iSEV(7,,74), (42
——1, an echo located at,= £ 7, is observed in the acqui- _ _
sition period[Fig. 3(b)], and the pathway is called the echo flAntiecho (7 )= — Sy, 1) +iSEV (75, 74).

pathway[Fig. 3(c)]. Equation(36) becomes (43
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TABLE Il. The phase of the first rf pulse, and the receiver phagg involved in the two-pulse 3Q-MAS
sequence applied to a spInz% system, using the hypercompléRef. 41) or Stateset al. method for
generating quadrature detection in the domain that consists of two parts: the cosine part and the
sine part. The phases are expressed in degré@s means +x pulse or receiver in
+x direction). The phase of the second rf pukgg remains equal to 0. The echo pathway is that of-t80Q
coherence whereas the antiecho pathway is that of thedherencdsee Fig. 3. The receiver phase is given
by ¢, = Eizzl(pi, —pi+) @i ,wherep;_ andp; .. are the coherence orders before and afterttnef pulse(Ref.

1). For the cosine part of the quadrature detection along~thdimension, the receiver phase of the echo
pathway isp, =3¢, —2¢, whereas the receiver phase of the antiecho pathway=is—3¢,;+4¢,. For the

sine part of the quadrature detection alongRhedimension, the phase of the first rf pulse is delayed of 30°
relative to that of the cosine part according to the rlé2p) or 90°/p, in the present cage= — 3. The four

receiver listsp, show that the signal associated with the cosine part of the quadrature detection is equal to the
echo signaminus(opposite receiver phase listhe antiecho signal; the signal associated with the sine part

of the quadrature detection is equal to the echo sighal(same receiver phase lighe antiecho signal. The
experimental receiver-phase lists for the cosine part and the sine part of the quadrature detection are that of
the cosine part of the ech{®0, 270, 90, 270, 90, 2F0It is understood that the signals associated with the
cosine part and the sine part of the quadrature detection are acquired in simultaneous mode.

Quadrature

detection

along theF,

dimension Pathway ©1 ®2 Pr

Cosine part Echo 30 90 150 210 270 330 O 90 270 90 270 90 270
Antiecho 30 90 150 210 270 330 0-90 —270 —90 —270 —90 -270

Sine part Echo 0 60 120 180 240 300 O 0 180 0 180 0 180
Antiecho 0 60 120 180 240 300 O 0 180 0 180 0 180

In practice, the cosine and sine parts are acquired conyields a high-resolution spectrum along fhedimension. In
secutively for the same experimental evolution period, i.e.the remainder of the paper, we adopt the notations com-
the acquisition for thé=; dimension is in the simultaneous monly used in the literature. Figure 1 lists the different no-
mode. Once the experiment is finished, the first data processations. From now on, the time-domain parameteis not
ing is to separate the series of data into two independent filege first-pulse duration any more but describes the experi-
Fa||ed5(cos)(72.74) andS(S'“)(TZ,m)..As the complex numbér  mental or MQ coherence evolution period. The acquisition
in Eq. (41) is not generated during the experiment, becaus@eriod is represented b, which starts at the end of the
the experimental receiver phase was that of the cosine part kcond rf pulse. These two experimental parametars.|
the echo(see Table Il and was used for both the cosine and are indeed used for the setup of the data acquisfiiig.
sine parts of the echo, the complex numbeés introduced 1(b)]

H : (sin) '
afterwards. Mult|ply|ngs (72’7.'4) b.y ex%ggz) to generate For simplicity, we model the echo signf°Xt, ,t,) by
the complex number and adding it t0S(°*\r,,,) yield a th . (Echoys _
: (Echo), N . e amplitude A (t,—kt;) of the echo located at
new file calledf (75,74) Or EQ.(42). Similarly, multi- —K d the oh £ thi h litud d th

. (cos b ¢ te the min ian in t,=kt; and the phasa(t;) of this echo amplitude, and the
plying S )(gz’Té)d yexp(rr)ho genera el N fus S% file @ntiecho  signal f(Antechoy¢, t)) by the amplitude
Eq. (43) and adding it to the previously transformed file - =

g. 43 g b y AlAntechoy ¢ 4 kt,) of the antiecho located a= —kt; and

iSGI"(r,,7,) yields a new file called A"echo) 7, 7,) or Eq. . : :
(43. Tr21e4complex numbei can be genera‘tzed4during the the phasea(—t,) of this antiecho amplitude. The phase

experiment if the experimental receiver phase for the sindunction is of the forma(t,) =exd —it,w¢ (1,p)] as in Egs.
part, i.e.,{0,180,0,180,0,180 is included in the pulse pro- (36) and (38). The echo and antiecho amplitude functions
gram and used to detect the sine part. could be modeled by the classical functiod§E"o\t,

In fact Eq.(37) is valid for the usual Hahn echo located at —kt, ) = exp(—[t,— |/ Tp) and  AlAntechoy ¢, ki)
4= 7, [Fig. 3b)]."* As mentioned above, the echo pathway = exp(—|[t,+kty|/T,,), whereT,, is the spin-spin relaxation
is 0—1——1, whereas the antiecho pathway is=0-1  time of the coherence with order. In fact this is not neces-
——1. In this casep=k=1 andA=—1 for the four half-  sary. we need to consider the general properties of the echo
integer quadrupole spirtd.As a result,we (I, p=1)=0.  angd antiecho amplitudes. The echo amplitud&°oXt,
The MQ-MAS methodology applied to thg =7, Hahn ech-  —kt,) is an extremum at the echo positibp=kt, . Further-

oes will not resolve peaks along thg dimension. At this more, we assume that they are far from the second rf pulse
point in data processing, we have two time-domain filesang thatA(Eeho)t,—kt,) and AAntecho)t, +kt,) are sym-

fEhO) 75, 74) and fAMecho) 7, 7). metrical functions of time as shown in Fig(al for the echo.
] . Of course, the echo and antiecho amplitudes also depend on
E. Shearing transformation the two rf pulse durationfsee Eqs(38) and (39)]. As the

This section shows why a 2D MQ-MAS spectrum is nor- latter are constant throughout the experiment, they are not
maly tilted and presents the shearing transformation whictiaken into account explicitly thereafter. Hence the echo sig-
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nal f(E"(t, ,t,) and the antiecho sign&fA™e"Yt, t,) are  erates two new functions fE"Yt;,w,) and
approximated as products of two functions: f(Antiecho) ¢, ),) of time- and frequency-domain parameters
t, andw,, respectively:

fEMI(ty ) = AEMI (1, —kty)a(ty), (44)
+ o
flAntiecho (¢ )= A(ANtiecha (4 kit ya(—ty). (45  f () =a(ty) fo AEI (1, —kty ) expl — i wstp)dty,
The echo and antiecho signals are functions of two time- (46)

domain parametenty andt,, which are not independent but
are related in so far as they are the variables of the amplitude (Antiecho f T (Antiecho
. ; o =a(— A +k
functions. In a 2D representation where thaxis ist; and f (ty,0)=a(~ty) 0 (tz+kty)
the x axis ist,, 1k is the slope of the echo position in .
f(Echoxt, t,) and — 1/ is the slope of the antiecho position Xexp(—iwatp)dt;. (47)

in f(Antiecho)(tl t2).ll’31’32’51’76 Consider E . )

' g.46): as we assume the echo is far from the
second rf pulse so that the full echo is observed, the lower
bound of the integral can be extended from zero to minus

The Fourier transformation of f(E"°(t, t,) and infinity. Then we make the variable chante=t,—kt, . Fi-
f(Antiecho) ¢ +.) with respect to the acquisition periosigen-  nally we divide the time domain into two parts:

1. Unsheared spectra

fEhI(t), w,) =a(ty)expl —iwykty)

0 +
f_mNEch@(t;)exp(—iwztg)dtg+fo A<Ech@(t;)exq—iwzt§)dtg>. (48)

We change the sign df, in the first integral of Eq(48), i.e., t, becomes—t,. Taking into account thaf(Echo(—t))
=AEchoxt)) | Eq. (48) becomes

40 + o0
f<Ech@(tl,w2)=a(tl)exp(—iwzktl)(JO A<E°h@(tg)exp(iw2tg)dtg+JO A<E°h@(t§)exp(—iw2t;)dtg)

=a(ty)exp —iwokt ) [AFN(— w,) +iD FNM(— w,) + AEM (w,) +iDFM(w,)]. (49)

The absorptio A" w,) and dispersio " w,) spec-  the expression of the echo signal differs with E80) when

tra are even and odd functions af,, respectively. They the full echo signal is not detected. This occurs when the
result from the Fourier transformation m(Echo)(té) where  experimental evolution period is shorter than the FID dura-
the time-domain variable it} instead oft, as in Eq.(46). tion. In a 2D representation of the absorption spectra of

That is,the Fourier transform of the echo signal starts at the FEXty, wy) andf(AmiECho)(_tlywz) for increasing values of
top of the echoThus t;, the effects of the functions exp{wykt;) and expiw,kt,)

are negligible when the experimental evolution perigds
short but become significant for longer durations of13276

(Echo _ . (Echo
Pt w) = 2a(ty expl —1 oKty A (wp). If we proceed further in applying the Fourier transforma-

GO fion to f(Echo)t,, w,) and fAMecho) ¢ 4.) with respect to
Similarly for the antiecho signdEq. (47)] we have the experimental evolution periotf, two new functions
f(ECh9Y 1, w,) and flAMECNoY ) .) of two frequency-
f(Antiecho (¢ ) = 2a(—tq) expli w Kty ) ALTENI (). dorgain parameters; and w, or two 2D spectra are gener-
(51) ated:

Equations(50) and(51) show that the absorption spectra of
f(EChO)t,  w,) and fAMecho) ¢, 4,y in the F, dimension,
which is described byw,, will be AFYw,) and - Antech Antech
A{nieCcho) ) if the latter are not modified by T oo (@1, 02) = 2AL"M () SN () —kwp),
exp(—iwykt;) for the echo signal and by expgkt;) for the (53
antiecho signal. This occurs if the acquisition period starts at .
the top of the echo. In the 1D experiment, taking the magniyvIth
tude representation of the echo sighféi®(t,,w,) gener- .
ates a pure absorption spectrum, canceling the effect of g(Echo _ s
exp(—iwkt)a(t;).*>518 However, a factor such as minus S (ortkes) fo alty)ex —i(oy tkz)tyldt,
one ora(t,), if present, is lost by this processing. Of course (54

f<ECh°)(w1,w2) — 2A(2EChO)(w2)S§LECh@(w1+ sz), (52)
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(Antiecho +o In contrast to Egs(52) and (53), Egs. (58) and (59) show
S} (01— kwy)= f a(—ty) that the 2D spectra are products of two functions of indepen-

0 dent variables. Equation®0) and (61) mean that a high-

Xexf —i(w;—Kwy)t;]dt;. resolution spectrum appears along tRe dimension for

55 SEMY ;) and S{AMeM ), whose positions are
w1=—wpl(|,p) andw1=wF1(I,p), respectively.
Equations(52) and (53) show that the 2D spectra are prod- Equations (60) and (61) show that S{E"w,) and

) . ( 1s
ucts of two functions like Eqs(44) and (45). The spectra S(;;\ntlecho)(wl) are not pure absorption spectra. To achieve

along theF, dimension depend only om,. The spectra s we reverse the 2D spectrum of the antiecho sigoal
along theF,; dimension[Eqgs. (54) and (55)], described by change the direction of the; dimensiori®

w1, depend also on the frequenay of the F, dimension,

which makes the 2D spectra tilte@ihe spectra show a cor- (Antiecho, _ a(Antiecho Antiechg, _
relation of MQ coherences in thE; dimension with SQ fs (—o1,07)=A; (@2)Ss (moy)
coherences in thE, dimension. In other words, the frequen-

ciesw; andw, are also not independertthe tilting of spec-  This transformation is equivalent to reversing the sigr,of
tra is due to the experimental data acquisition, which startsin Eq. (61),

at the end of the second rf puls€ernandezet al® %’

present a detailed analysis of this kind of 2D spectrum to , 0

extract the quadrupole parameters. sgém'“h@(—wl):f a(ty)exp(—iwqt))dt,. (63

62)

2. Sheared spectra Adding the 2D spectrum of the echo signal and the reversed

To make theF, dimension a high-resolution isotropic di- 2D spectrum of the antiecho signgives
mension,before the Fourier transformation with respect to

t;, the functionf E"°(t, , w,) is multiplied by expiwakt;) to fENI (g, ) + FAMECNO () )
cancel exptiwokt;) and flAniecho)t. ¢} is multiplied by (Echo Echo
exp(—iwykty) to cancel exp,kt;), which corresponds to a =2A5 " (w,) S5 (1)

first-order phase correction.This transformation is called
shearing The functionsf(5¢"°)t,  w,) and f(Anecho)t, 4),)

H (Echo), .
b&(zgercrgg) two new funct|on§ fo (t1,w5) f':md If furthermore,A(zEcho)(wz):A(ZAntlecho)(wz), (However, this
fs (t1, ;) where the subscripg means sheared: condition is not fulfilled in the two-pulse MQ-MAS se-
quence because only a part of the antiecho signal is ac-

+ 2A(2Antiech@( (1)2) S(I/;\ntiecho( _ wl) ) (64)

FEMI(ty,wp) = 2a(1) AF (), (56 quired, then
(Antiecho _ _ (Antiecho i
fs ntiec! (tl,wg)—Za( tl)Az ntiec! ((02)- (57) féEcho)(wl,wz)+féAnuechO)(_wl'wz)
In other words,applying the shearing transformation is = 2AENI () [ SENI () + S{ANEChI () )]

equivalent to shifting the acquisition period from to t;
[Figs. Xc) and Xd)], that is, the “acquisition” of the time- +oo )
domain signal starts at the position of the echo. =2A5" (w) wa a(tyexp(—iwgty)dty

Two definitions of the evolution period appear in the lit-
erature The first one, proposed by Medek al** and also =2AFEN () Sp[ w1+ e (1,p)]- (65)
applied by Hanaya and Har#3>* considers the experimen- '
tal or MQ coherence evolution periag as the evolution The Fourier transformation from minus infinity to plus infin-
period[Fig. 1(d)]. This convention for the evolution period is ity of the echo-phase function(ig) ensures that the result-
call Cz in the remainder of the papefhus, the original ing spectrum is a pure 2D absorption spectrum in the F
phase functions(t;) anda(—t;) are unchanged, and the dimensiotf:">7%#9n our approximation, the spectrum along

2D spectra are simply the F, dimension is the Dirac delta functiof . In other
words,a high-resolution spectrum is generated along the F
fEM (w1,07) = 2A5 " (0,)SE™™(w1),  (58)  dimension The signal-to-noise ratio associated with the final
A . _ 2D spectrum is larger than those 6f"(w,;,w,) and
fLANIECNO ()1 @) = 2ALANIEChI () gAntiecha ), flAntecho) )1 w,) [Egs. (58) and (59)] by a factor ofv2.

(59 Amoureuxet al®” showed that only for a spih= 2 system it
is possible to make the echo and antiecho amplitudes equal
or to satisfy the conditiomA¥ ") w,) =A%) ), by
+oo using suitable durations for the two rf pulses.
Siewy) = f a(ty)exp—iwsty)dty, (60) On the other hand, Massiet al*! and Wanget al38 con-
0 sider the position of the echo relative to the first rf pulse as
. the evolution period, which is described by {k)t;
g{Antiecho) () — J' a(—ty)exp—iwgty)dt,.  (61) [Fig. 1(c)]._|n the r_ema_under of the paper, this convention for
0 the evolution period is called CkThus, the phases of the

with
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echo and antiecho amplitudes becorafg(1+k)t;] and F. Labeling the high-resolution isotropic axis in ppm

: 55
a[—(1+K)t,] instead ofa(t;) anda(—ty).™ As a result, In a theoretical study, the chemical shifts of a peak along
the 2D spectra are the F, andF, dimensions of a 2D spectrum are referenced to

g, Which is located at the center of each of the two spectral

fEMI (g1 @) = 2AFN () 1 SiEcho P , widths. From a practical point of view, in a 1D spectrum or
1+k 1+k the F, dimension of a 2D spectrum, the chemical shift of an
(66) absorption line is referenced experimentally to an external
aqueous solution wit\sY=0 ppm, by definition. For both
f(Antiechd (), ) =D AANtEChd () L G{Antiecho @Y1 _ dimensions of a 2D MQ-MAS spectrum, knowing the fre-
S ' 2 1+k ~ts 1+k quency offsetsQ¢_in theF; dimension and¢, in the F;

(67) dimension—ofw relative to the aqueous solution allows us
Equations(66) and (67) are related to Eqg58) and(59) by  to express the observed chemical shifts of the center of grav-
the similarity theorem of the Fourier transformatibhe  ity, 659 in theF, dimension and%® in the F, dimension,
constant 1/(# k), outside the functions, has no effect on the of any peak relative to the aqueous solution. Unfortunately,
spectra. The arguments Sﬁ‘:ho) and S(l/;ntiecho) in Egs.(58) Q,:l differs with QFZ for an MQ-MAS spectrum. This sec-
and(59) concerning conventio@z are divided by (k) in  tion determines the relation betweéh:l and QFz for con-
conventionCk. The new spectral width SW4 is recalcu-  entionsCz andCk.
lated by replacing the increment of the experimental evolu- |t the acquisition of the data starts at the position
tion periodAt, by (1+Kk)At,, because we have the relation ¢,=kt, of the echo—i.e., at the top of the echo—the position
SWilckX(1+k)At;=1 for the simultaneous sampling e (1,p) of a peak relative taw, along theF; dimension is

Sr?eetggg‘z’i;er;vﬁliﬁknr%vg?hézlagﬁg Zr?)\gdeﬁtﬁr:el deissgrci)l;etgeabo \%ven by Eq.(37). Therefore, the observed chemical shift of
d ping ' P ItS center of gravitys{®* is equal to its position divided by

[Egs. (62)—(65)] to obtain a pure 2D absorption peak for "~ 37gg Gl
conventionCz is valid for conventionCk and applicable to ~ °-
unsheared spectra. 58{)9: wFl(l D) w. 68)

The shearing transformation shifts the acquisition period

from the end of the second rf pulse to the position of theas the purpose of the shearing transformation is to shift the
echo. As a result, it separates the two parameigrandw,.  data acquisition from the end of the second rf pulse to the
A high-resolution isotropic spectrum is present alongfhe  position or the top of the echo, E¢B7) remains valid for a
dimension whereas a powder spectrum appears alongzhe sheared 2D spectrum. Of course, it is meaningless to shear a
dimension. The 2D spectra resulting from the two conven2p spectrum of a single crystal where a peak has no disper-
tions differ in the spectral width of thé, dimension. The  sjon of orientation parameters. On the other hand, a powder
spectral width associated with conventiGik is smaller than  sample presents dispersions due to the orientation distribu-
that associated with conventio@z by the factor (}-k).  tion of all the crystallites. Shearing is necessary to obtain a
Consequently, conventio@k produces a smaller linewidth high-resolution isotropic spectrum along thg dimension.

in the F, dimension.The scaling facto(1+k) is the major  |n the remainder of the paper 2D MQ-MAS spectra are al-
drawback of convention CKThe linewidth depends on the ways assumed to be sheared.

value ofk, which, for a given spirl, is associated with a  Along the F; dimension, the observed chemical shift of
coherence ordep. In order to compare two linewidths along the center of gravity of a peak relative ég, Eq.(68), using

the F, dimension of two MQ-MAS spectra with differept conventionCz is

we have to multiply the linewidths by the scaling factor .

(1+k) of each spectrum. That is, we return to convention obs (is0) “’(—2?/52?1/2

Cz In other words,convention Cz makes linewidth com- 551y = (k—p) 8ES+ (k+\)
parison easier Similarly, conventionCz provides the ex-

i inNni i H i (2)iso
perimental spinning rate along tig dimension directly by , ® 151
measuring the difference in frequency separating two con- = k1,088 + ke, Py (69)
secutive spinning sidebantfswhereas the spinning side- 0
bands in conventiof k are scaled® As will be shown inthe  That corresponding to conventi@k is
next section, the choice of the evolution period has also an
implication on the chemical shift labeling of tie, dimen- obs _
sion of a sheared 2D spectrum, but it does not affect the Glk — 14k
chemical shift of theé=, dimension.

At this point in data processing, we know how to shearThe two observed chemical shif7s and 5515 are related
2D MQ-MAS data acquired with the hypercomplex methodby the same factor as the spectral widths in conventdks
and to scale the high-resolution isotropic axis of thedi- andCz Table | shows thak;,=—1.7 k,, andk,=—1.7
mension in frequency units according to conventi@mand  kp. Most of the values ok, in Table | differ with those
Ck. In conventionCz, the dwell time in the=; dimensionis ~ given by Wanget al;* on the other hand, we agree with all
the increment of the experimental evolution period. In con-of the values ok, . Equation(69) is in agreement with that
vention Ck, the dwell time in theF; dimension is (k)  of Medeket al3* and of Hanaya and Harfisfor =3 and
times the increment of the experimental evolution period. p=—3, except that their second-order quadrupole shift of

o

1 w(z)i/so )
i —1/2,1/2
a—— 6@&3: klkégsso)'f' k2k .

(70
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the center of gravity of the central line for= 3 is a factor of F F
z z

three smaller than that defined by Eg4). Equation(70) is ~ (76)
also in agreement with that of Baltisbergatral *° for | =3 wol(2m)=Qp,,  wol(2)
and p=3, and with that of Wuetal® for 1=% and ¢, conventionCz and
p= — 3, except that the latter authors usedemativevalue
for wg. Qp Qp
As the observed chemical shift of the center of gravity of 1k 2 (77

a peak relative tav, along theF, dimension i$? wo/(2m) = Qp,  wol(2m)
(2)iso for conventionCk. As ky, is larger thark,,, the following

. a)_ . . . .

5<Gozbs): 5(0155?) n al)/;,l/z 71) relation must be satisfied:

Q Q
Egs. (69 and (71) allow us to deduce the true isotropic Fiz_ Fix +(kyy— k) ———. (79
chemical shiftol of a peak relative ta, for convention wol(2m)  wol(2m) wol(27)
Cz The approximation made in Eq&6) and (77) is applied in
b5 <(ons practice®” ¥ Now we know the position of an absorption line
siso_ (k+N\) 8955 — 5851y _10 50005 4 1 5(0bS relative to w, and the offset ofw, relative to the aqueous
cs — p+X ~ o762 Gz%Gl1z - solution. Therefore we know the position of the absorption
(720 line relative to the aqueous solution, which is what we are

L looking for. Equations (71), (72), and (73) remain valid even
Similarly, Egs. (70) and (71) allow us to deduce the true \yhen the observed chemical shifts of the center of gravity of
isotropic chemical shift of a peak relative &g, for conven- 5 peak along the two axes are referenced to an aqueous

tion Ck: solution instead ofvg.
(k) 899 (1) 603 10 We also deduc_e the second-order quadrupole shift of the
5gsso): G2 Glk _ ¥ 5g12bs) Ky 5(603? _ center of the gravity of a peak
p+A 27 @iso
(73 @ 15102 (obs stobs
i . —)\T[émz—(k—p) G2 |
The numerical values &g, andkgy for the four half-integer ®o P
guadrupole spins are reported in Table I. Of cours&? = kg ] 8905k, 50097 (79
itself is independent of conventions and depends only on the iz ez
aqueous solution used as reference. for conventionCz using Egs(69) and(71), and
As mentioned above, the frequency off§kt, of w, rela- (2)iso
tive to the aqueous solution is used to establish the zero ppm @112 1HK ] (ohg  KTP 5tobs

position for the chemical shift scale along the dimension. o A+p [ O 14k Y62

It is not possible to set the zero ppm position in the = K 89D3 — Ky, 51909 (80)
dimension experimentally. We must compute the frequency G PGk~ MkG2
offset ¢, of w, relative to the aqueous solution in the  for conventionCk using Eqs(70) and(71). However, Egs.
dimension. Since the Hamiltonian associated with a fre{79) and(80) do not allow us to determine the quadrupole
quency offset and that of the isotropic chemical sHifisare ~ coupling constant and the asymmetry parameténdepen-
similar, the expressions about the isotropic chemical shiftdently. The latter may be obtained by fitting the line shape of
such as Eqs(69) and (70), remain valid for the frequency the cross-sectiofparallel to theF, dimension of the peak.
offset. By analogy with Eqs(69) and (70), where the If the spectrum has a featureless line shape, the parameter
second-order quadrupole shift of the center of gravity of theCq,, defined by Eq(26¢) is commonly used for characteriz-
central line was deleted, because this contribution is mearing a material:

ingless for an aqueous solution, we deduce that

Co,=1(21-1) 22 ] 40
QFlz:(k_ p)QFzzkleFz (74) o= ) 2m I(I+1)—32

for conventionCz and X kg 8P —k,,5509 (81

1 for conventionCz and
Qp, = 17K O =kug, (75

wqo 40
for conventionCk. Equation(74) is in agreement with that Co,=1(21-1) 27V AN +1)-2

of Hanaya and Harrfs for | =3 and p= — 3. Equation(75)
is in agreement with that of Massitt. X \Kai 0PI — Ky, 609097 (82)
The zero ppm position of the chemical shift in the _ erPeu - TkTez
dimension is defined by the offset of, relative to the aque- for conventionCk. ,
ous solution whose Larmor frequency is equaluig/(2) As for 6%, the numerical value o&)G{;g?l,zanch,] are
minusQF1:3 independent of conventions. They are related to two experi-
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mental values, the observed chemical shifts of the center of
gravity of a peak in thé=; andF, dimensions. Fernandez -60F
et al®’ established similar but not identical expressions of :
889 for unsheared and sheared spectra.

To summarize, the choice of the convention modifies not
only the spectral width or the chemical shift range along the i
F, dimension(see Sec. Il Ebut also the observed chemical _8ok
shift of the center of gravity of a peak relative to an external
agueous solution. However, the true isotropic chemical shift

8559 still allows us to compare the experimental results from —90¢
different authors. Fortunately, th&, dimension does not de- :
pend on the conventions, but the powder line shape may be _100F

distorted by the MQ effects.

At this stage in data processing, we know how to use Egs.
(74) or (75) to define the zero ppm position of the high-
resolution isotropic axis in th&; dimension. The observed ~60
chemical shifts of the center of gravity of a peak in both
dimensions are referenced to the aqueous solution instead of ]
to wg, thanks to Eqs(74) or (75). The true isotropic chemi- -70F - Rb(2) J -40
cal shift is provided by Eqg.72) or (73), and the parameter ]
Cq, by Egs.(81) or (82), according to convention€z or
Ck.

F4 (ppm)

T
—_—
O
~—
PSR
|
w
(8]

IIl. EXPERIMENT

The sample was rubidium nitrate RbN®owder. The ~100
8Rb (1=2) 2D 3Q-MAS spectra were obtained on Bruker
multinuclear spectrometers ASX-300 and -500 operating at
98.2 and 163.6 MHz, respectively. Standard high power
MAS probeheads equipped with 4 mm diameter rotors were
used. The rotor spinning rate was 10 kHz. The two-pulse
3Q-MAS acquisition program with hypercomplex procedure FIG. 4. Contour plot of the unshearéd and shearedb) 2D
was kindly provided by Massiot. The chemical shift was ref-3Q_MAS spectra of th&Rb (I = 2) nuclei in RbNQ powder, ob-
erenced to an external aqueous solutiérLdvl of RONO;  tained at 98.2 MHz. The thréERb sites, RHL), Rb(2), and RI§3),
which was used to determine the amplitudg of the rf a1 opserved. Their contour lines are drawn every 10% starting at a
pulse. The experiments were carried out on-resonance with|avel of 7% and ending at 97% of the maximum point in the spec-
recycle delay of 1 s. trum. The left-hand side axis is labeled with convent@nand the

At 98.2 MHz, w/(2m)=83.3 kHz, corresponding to a right-hand side axis with conventidBk.

/2 pulse duration of Jus. The first- and second-pulse du-

rations were 7 and &s, respectively. The offset of the car- Cz For conventionCk, Qp, was equal tok(=17/8)
rier frequency relative to the aqueous solution isgimes(, .

g, =—3535 Hz. At 163.6 MHzw;/(2m)=100 kHz, corre- 2

sponding to am/2 pulse duration of 2.5us. The first- and
second-pulse durations were 4.5 angs} respectively. The
offset of the carrier frequency wdsg = —4786 Hz. Figure 4 shows the contour plots of the unsheared and

The acquisition of the twd,-domain signals in quadra- sheared 2D 3Q-MAS spectra 8fRb acquired at 98.2 MHz.
ture was performed in simultaneous m&tf€like the hyper-  The left-hand axis is labeled according to convent®n
complex or Statest al. method. The dwell time was 5@s,  whereas the right-hand axis is for conventiGik. Scaling
corresponding to a spectral width in thg dimension of 20 and labeling thd=, dimension are independent of the shear-
kHz. The acquisition for 256 complex data points was 12.8ng transformation. However, a sheared 2D spectrum makes
ms. There were 128 increments of the experimental evoluthe interpretation simpler. The linewidths of the three ru-
tion period in steps of 3@s. bidium sites in theF, dimension, Rfl), Rb(2), and RK3),

The data processing program including the shearing transre different, ranging from 20 to 30 ppm, and are indepen-
formation, written for Macintosh computers, was down-dent of the shearing transformation. On the other hand, the
loaded from the WEB page of GrandinettiZero filling was  linewidths of the three sites along thg dimension in the
performed twice for thé, dimension. In this dimension, the sheared spectruiiFig. 4b)] are similar and much smaller
dwell time for conventionCz is 30 us and 53.3%s=(1 than those of the three sites along thedimension, less than
+Kk)x30 us for conventionCk. The offset of the carrier 8 ppm for conventiorCz and less than 4 ppm for convention
frequency relative to the aqueous solution in Bhedimen-  Ck.
sion isQFlz, equal tokq,(=34/9) timesQFz, for convention Figure 5a) presents the cross-section spe¢arallel to

IV. RESULTS
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(a) -80 | 4 -45
Rb(2)
é 90 F 17%°
& L
—
Rb(1) LL
Rb(3) 758
-100[
Rb@) || Rb(E) i _60
| [ | ‘ I | [ I ol o L v b
30 -40 -50 -60 25 -30 -35 -40 25 30 3% 40
F2 (ppm) Fo (ppm) F2 (ppm)
FIG. 5. Cross-section specttparallel to theF, dimension of FIG. 6. Contour plot of the sheared 2D 3Q-MAS spectrum of

the sheared 2D 3Q-MAS spectrum of tA&Rb (I=3) nuclei in  the ®’Rb (1=2) nuclei in RbNQ powder, obtained at 163.6 MHz.
RbNO; powder, obtained ata) 98.2 MHz [Fig. 4b)] and (b) at  Two of the threé’Rb sites, RHl) and RI§2) observed in Fig. 4, are
163.6 MHz(Fig. 6). The three chemical shift data for edtRb site  not resolved. Their contour lines are drawn every 10% starting at a
are given in the following order: first the observed chemical shift oflevel of 7% and ending at 97% of the maximum point in the spec-
the center of gravity!%9 of a peak along th&, dimension, then  trum. The left-hand side axis is labeled with convent@nand the
the observed chemical shifgd and 659 , along theF; dimen-  right-hand side axis with conventiddk.
sion, of the cross section for conventio@z and Ck. In (a),
(=35.2, —85.6, and—48.1 ppm for RX1), (-42.4, —77.6, and  |ated spectra to determine the quadrupole coupling constant
—43.7 ppm for Rb(2), and(—40.8, ~100.2, and-56.3 ppm for  and the asymmetry parameter of each site. The parameters
RB(3). In (b), (nd, —87.4, and—49.2 ppm for RA1+Rb2) and ¢ —(e2qQ/h)(52/3+1)Y2 of the three sites, deduced
(—32.2,-103.3, and-58.1 ppm for RK(3). from their results, are re i :
, ported in Table Ill. We have also

] o ) . reported our own values &, obtained from the two ob-
the F, dimension in Fig. 4b)] of the three sites. The chemi- served chemical shifts of the center of gravity of each site
cal shifts along thé&; dimension of these cross-section SPec-ysing Eqs.(81) or (82). Our values for RHL) and RI§2) are
tra are considered as the observed chemical shifts of the CeQery close to those of Massi@t al** and of Hanaya and

ter of gravity of the spectrum along tiig dimension. Their  Hgrris4® Only that of RI3) differs a little.
values, 5573 for conventionCz and 5§7¢ for convention Figure 6 displays the contour plot of the sheared 2D 3Q-
Ck, are reported in Table Ill. The observed chemical shiftsMAS spectrum of’Rb acquired at 163.6 MHz; the axes are
of the center of gravity along th&, dimension s of  labeled as in Fig. 4. The Rb and RI§2) sites are not re-
these three cross-section spectra, reported in Table Il asolved as observed by Wareg al.* who worked with the
determined by the point at which the integral of the spectrunsame Larmor frequency. This is not surprising, since at 130.9
is half that of the full spectrum. The true isotropic chemicalMHz these two sites are hardly resolv&d®Due to a higher
shifts of these three sites, deduced from the observed chemriarmor frequency, which makes the second-order quadru-
cal shifts in both dimensions using Eq§.2) or (73), are  pole interaction weaker, the linewidths expressed in ppm
reported in Table Ill. They are similar to those of Massiotalong theF, dimension are much smaller than those in Fig.
et al*! and of Hanaya and HarrfS. 4(b). When the linewidths are expressed in frequency units,
The three line shapes in Fig(&h are similar to those of the ratio of the linewidths is inversely proportional to the
Massiotet al** and of Hanaya and Harrf§,who used simu- ratio of the Larmor frequencies. On the other hand, the line-

TABLE lIl. Various parameters of the three rubiditffRb (I = %) sites in RbNQ powder deduced from sheared 2D 3Q-MAS spectra:
59 is the observed chemical shift of the center of gravity of a peak along thttmension 6529 and 5% are, respectively, the observed
chemical shifts of the center of gravity of a peak alongRhalimension according to conventio@z andCk, and 58530) is the true isotropic
chemical shift of a peak. Chemical shifts are expressed in ppnCae- (e?qQ/h)(%?/3+1)2in MHz units.

This work Massiotet al. Hanaya and Harris
(Ref. 41 (Ref. 45
163.6 MHz 98.2 MHz 98.2 MHz 65.5 MHz
site %0 oY o 6 Cop %Y S SR 6% Cop W 4 Cop  6E  Co
Rb(1) nd —-87.4 —-49.2 nd nd —-352 -856 —481 —-27.3 174 —49.0 —-274 169 -275 171
Rb(2) nd —-87.4 —-49.2 nd nd —-424 -77.6 —43.7 —28.6 230 —447 —-285 224 -289 2.29

Rb(3 —-32.2 -103.3 —-581 —-29.1 181 —40.8 —-100.2 -56.3 —31.8 1.86 —57.1 —-31.3 179 -314 1.79
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widths expressed in ppm along tlg dimension are com- only the spectral width and the linewidth, but also the posi-
parable to those in Fig.(8). This suggests that the linewidth tions of the spinning sidebands along tRe dimension.
in the F; dimension is dominated by the anisotropy of the Sheared 2D spectra allow us to determine the true isotropic
chemical shift. chemical shift, the second-order quadrupole shift of the cen-
The line shape of the Rb)+RW(2) in Fig. 5b) is nearly  ter of gravity of a peak, and the parame®y,,. The latter is
the sum of those in Fig.(8). The observed chemical shifts of importance for characterizing featureless line shapes in the
are reported in Table Ill. Only the data concerningB®tare  F, dimension. Experimental verifications on the rubidium
analyzed. Its true isotropic chemical shift is smaller than thatuclei in RbNQ show that experiments should still be car-
determined at 98.2 MHz but the parame®j, has a value ried out with several magnetic fiel®, in order to resolve
similar to that of Massioet al*! and those of Hanaya and all the peaks in thé=; dimension. The validity of the ana-
Harris#® Simulation of RI§1)+Rb(2) spectrum in Fig. &) lytical expressions concerning the true isotropic chemical
should yield the observed chemical shift of the center ofshift, the second-order quadrupole shift of the center of grav-
gravity 659 of these two sites. ity of a peak, and the paramet€g,,, should be checked for
other MQ-MAS sequences such as thélter sequence.

V. CONCLUSIONS
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