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A new two-dimensional heteronuclear multiple-quantum magic-
angle spinning (MQ MAS) experiment is presented which combines
high resolution for the half-integer quadrupolar nucleus with in-
formation about the dipolar coupling between the quadrupolar nu-
cleus and a spin | = 1/2 nucleus. Homonuclear MQ coherence is
initially created for the half-integer quadrupolar nucleus by a sin-
gle pulse as in a standard MQ MAS experiment. REDOR recou-
pling of the heteronuclear dipolar coupling then allows the cre-
ation of a heteronuclear multiple-quantum coherence comprising
multiple- and single-quantum coherence of the quadrupolar and
spin | =1/2 nucleus, respectively, which evolves during t;. Pro-
vided that the t; increment is not rotor synchronized, rotor-encoded
spinning-sideband patterns are observed in the indirect dimension.
Simulated spectra for an isolated IS spin pair show that these pat-
terns depend on the recoupling time, the magnitude of the dipolar
coupling, the quadrupolar parameters, as well as the relative orien-
tation of the quadrupolar and dipolar principal axes systems. Spec-
tra are presented for Na,HPO,, with the heteronuclear 2’Na-'H
MQ MAS experiments beginning with the excitation of 2Na (spin
| =3/2) three-quantum coherence. Coherence counting experi-
ments demonstrate that four- and two-quantum coherences evolve
during t;. The heteronuclear spinning-sideband patterns observed
for the three-spin H-Na—H system associated with the Na(2) site are
analyzed. For an IS, system, simulated spectra show that, consider-
ing the free parameters, the spinning-sideband patterns are particu-
larly sensitive to only, first, the angle between the two IS internuclear
vectors and, second, the two heteronuclear dipolar couplings. It is
demonstrated that the proton localization around the Na(2) site ac-
cording to the literature crystal structure of Na,HPO, is erroneous.
Instead, the experimental data is consistent with two alternative dif-
ferent structural arrangements, whereby either there is a deviation
of 10° from linearity for the case of two identical Na—H distances, or
there is a linear arrangement, but the two Na—H distances are differ-
ent. Furthermore, the question of the origin of spinning-sidebands
in the (homonuclear) MQ MAS experiment is revisited. It is shown
that the asymmetric experimental MQ sideband pattern observed

for the low-Cqy Na(2) site in Na,HPO, can only be explained by
considering the 2Na chemical shift anisotropy. —© 2002 Elsevier Science

Key Words: MQ MAS; REDOR recoupling; rotor-encoded
spinning-sideband patterns; half-integer quadrupolar nuclei; hete-
ronuclear correlation.

INTRODUCTION

In solid-state NMR, anisotropic interactions, e.g., the chemi-
cal shift anisotropy (CSA) and the dipolar and quadrupolar cou:
plings, lead to a broadening of the resonances, which, on th
one hand, has the disadvantage of hindering the resolution ¢
distinct sites, but, on the other hand, contains valuable struc
tural and dynamic informationl&3). The challenge facing the
solid-state NMR spectroscopist is then how can experiments b
designed which combine high resolution with the preservation o
the valuable information inherent to the anisotropic interactions

In recent years, much progress has been made with regards
achieving high resolution in both half-integer quadrupolar nuclei
and'H solid-state NMR. For half-integer quadrupolar nuclei,
a residual second-order quadrupolar broadening of the centr
transition which cannot be fully removed by magic-angle spin-
ning (MAS) alone often prevents the resolution of resonance
due to chemically or crystallographically distinct site4). (

In 1995, Frydman and Harwood presented a two-dimensione
multiple-quantum (MQ) MAS experiment, which, by means of
the formation of an echo corresponding to the refocusing o
the residual (fourth-rank) second-order quadrupolar broadening
yields two-dimensional spectra in which anisotropically broad-
ened ridges are resolved on the basis of their different isotropi
chemical and second-order quadrupolar shBjs Ifx this way,

the experiment satisfies the criterion introduced above of achie\
ing high resolution while allowing the extraction of the parame-

1This work was presented at the 42nd Experimental NMR Conferend€r'S describing the anisotropic broadening. Itis to be noted the
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the experiment is only applicable for odd MQ orders (e.g., 3Q ot
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This method has the big advantage of requiring only conven
tional MAS hardware. In the past five years, much attention ha
been devoted to the optimization of the technique, with respec
to, e.g., obtaining pure absorption-mode lineshapes, improvin
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the sensitivity, and extending the applicability to nuclei with ever Since the dipolar coupling has an inverse cubed dependen
greater quadrupolar couplings; various groups have carried oat the internuclear separation, solid-state NMR experiment
studies to compare the different variants which have been prehich allow the quantitative determination of particular dipolar
posed 6—8). The development has been so rapid that MQ MA8ouplings provide much structural insight. For spia 1/2 nu-
NMR of nuclei such a$®Na (spinl = 3/2),%’Al (spinl =5/2), clei, the REDOR techniqué{) is well established as a method
and’O (spinl =5/2) can now be considered to be routine, wittior determining heteronuclear dipolar couplings, and hence dis
many applications having been presented, which encompaasces, between pairs of specifically labeled nuclei (otééh
e.g., glasses, minerals, and microporous mater®al$4. and®N). Recently, renewed attention has focused on the deve
1H NMR of rigid solids is complicated by the homonucleappment of methods suitable for the measurements of heteron
proton—proton dipolar interaction; this leads to a substantial hdear dipolar couplings between protons and other §piril/2
mogeneous broadening, which is only partially narrowed byclei (i.e.,**C—H and'>N-'H) (32—3§. The advantage of in-
MAS, with the degree of line narrowing increasing upon inverse detection if°N-'H experiments has been demonstrated
creasing the MAS frequencyr. Until recently, the maximum (20, 39).
typically achievableg was~15 kHz; at such ag, the resolution ~ The qualitative and quantitative probing of proximities be-
in aH MAS NMR spectrum of a rigid solid is inadequate. Théween half-integer quadrupolar and spig- 1/2 nuclei is also
past three years have, however, seen the introduction of MABSmuch interest. Indeed, the ability of the MQ MAS method
probes, which, by reducing the rotor diameter, allow the routine achieve high resolution for half-integer quadrupolar nucle
realization of avg in excess of 25 kHz. At these very fagf, has stimulated the development of experiments which provid
a number of examples have shown that the line narrowingdscess to the structural information inherent to the heteront
sufficient to permitH resonances due to particular chemicallglear dipolar couplings between half-integer quadrupolar an
distinct protons to be distinguishei53=21). The combination spinl =1/2 nuclei. For example, the introduction of a CP step
of MAS with two-dimensional MQ spectroscopy has also bedrom 'H or 1°F to a half-integer quadrupolar nucleus, €¥\a,
shown to be of great value i solid-state NMR, with double- 27Al, 1’0, or 4°Sc, achieves a spectral editing, whereby signa
quantum (DQ) MAS NMR 22) allowing the structural and dy- is only observed for those quadrupolar nuclei having a clos
namic information inherent to proton—proton dipolar couplingsroximity to the spinl = 1/2 nucleus. In the first examples of
to be probed15-19. this approach, CP t&Al single-quantum (SQ) coherence was
Solid-state NMR is, of course, not restricted to homdollowed by a selective 90pulse which created a population
nuclear experiments, with heteronuclear experiments whidkference across then=+1/2 central transition, from which
involve coherence transfer between different types of nucliQ coherence was excited as in a usual MQ MAS experimen
providing much important insight. For spin=1/2 nuclei, het- (38, 39. Subsequently, it has been shown that CP direct to th
eronucleatH-13C correlation experiments allow the better resMQ coherences of a half-integer quadrupolar nucleus is poss
olution and assignment of tH&l resonances, by taking advanble (40-46. Wanget al. have also presented?@Na->'P het-
tage of, first, the much greater resolution in i€ dimension eronuclear experiment, where an isotropibla dimension is
on account of the larger chemical shift range and inherently naorrelated with a SG'P dimension via a CP steg?).
rower linewidths, and, second, the comparative insensitivity of Recently, Fernandez al. (48) and Prusket al. (49) demon-
13C chemical shifts to through-space influences. Recently, thrsteated how the combination of the MQ MAS and REDOR meth-
different methods for recording high-resolutibidi—3C corre- ods allows the quantitative determination’8F-Al dipolar
lation spectra have been propos@8429. While two of the coupling constants, and hent¥-?’Al distances, for each of
methods23-26 use a homonuclear dipolar decoupling schemthe three distinct Al sites in a fluorinated aluminophosphate. Th
namely frequency-switched Lee-Goldburg (FSL@P)( at a experiments described in the two papers differ with regard to th
moderatenr, to achieve narrodH linewidths, the method due to 2’Al coherence order whose evolution is subjected to the RE
Saalvachteret al.(27-29 simply makes use of brute-force veryDOR pulses: the authors use the terminologyt3@EDOR and
fast MAS. In addition, the methods differ in the means by whicBQ-+,-REDOR to distinguish between dephasing’@fl 3Q and
coherence transferis achieved. The fieg @nd last27-29 ap- SQ coherences, respectively. The former approach has the ¢
proaches both make use of the heteronuclear dipolar couplingmtage that the dephasing of 3Q coherence is three times mc
The transfer mechanism is different in the two cases; polarizensitive to the heteronuclear dipolar coupling constant. Thi
tion transfer under rotational-echo double-resonance (REDOd&jvantage comes, however, at the cost of sensitivity losses ass
recoupling 81) in the latter case allows largely selective, i.eciated with the required inversion of the half-integer quadrupola
one-bond, transfer with a high sensitivity. This is not the casricleus MQ coherence.
with the simple cross-polarisation (CP) step employed by VanIn this paper, we present a new experimental method wheret
Rossunet al. (23), although it is to be noted that the selectivitya half-integer quadrupolar 3Q and sgia=1/2 SQ heteronu-
can be much improved using CP at the LG conditiB®)(By clear coherence is allowed to evolve duritg in analogy
comparison, the method developed by Emsley and co-workéwssthe methods developed by Saabhteret al. for dipolar-
(24-26 utilizes the isotropic through-bond coupling. coupled pairs of spith =1/2 nuclei 729, this heteronuclear
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coherence is generated by the application of a §piril/2 90  coupling as well as the relative orientation of the quadrupolal
pulse to the mixed state produced by the REDOR-recouplBAS. For an IS spin system, it is shown that, considering the
evolution of half-integer quadrupolar 3Q coherence undé&ee parameters, the spinning-sideband patterns are particulat
the heteronuclear dipolar coupling. The approach is relatedsensitive to only, first, the angle between the two IS internuclea
the 3Q#;-REDOR experiment due to Prusid al. (49) with the  vectors and, second, the two heteronuclear dipolar couplings.
important distinction that, since a heteronuclear coherence con-

taining spinl =1/2 SQ coherence is actually created, a second
REDOR-recoupling period must be applied afterto recre- 1. THE QUADRUPOLAR AND DIPOLAR HAMILTONIANS

ate homonuclear 3Q coherence. As a motivation for this work, L . . .
To begin with, we introduce the analytical framework with

we further acknowledge the 6Q experiment presented by Duer. ) ) )
and Painter, in which dipolar-coupled pairs?8Ra nuclei are which the presented experiments will be described. For nucle
observedio,) for which the MQ MAS experiment is of relevance, the

Thet; evolution of the heteronuclear MQ coherence is Corr%uadrupolar Hamiltoniartiq, can be treated as a weak pertur-

lated with, int,, the evolution of half-integer quadrupolar SQ co- ation oft;lhe Zbee?a:n mt_eraotl:tlor_m As descnbad '”_ﬁé‘?"r 5?h |
herence, such that anisotropically broadened ridges are resol C\?Gth ertl € Ie ern;me us:_rtlg z]verggel_ amiftonian t_eor‘
on the basis of their different isotropic chemical and secong-"/ ithout any loss of generality, the simplifying assumption

order quadrupolar shifts as in the usual MQ MAS experimer&/‘at the asymmetry parametgr,equals 0 can be made. Under

In this way, the ability of the homonuclear MQ MAS experimen AS,

to achieve high resolution is combined with a spectral editing

based on the proximity of the particular half-integer quadrupolar Hol(t) = Hg)(t) + Hg)(t), [1]
nucleus to a spih = 1/2 nucleus. As compared to the CP meth-

ods described above, this approach has the advantage that, first,

the required recycle delay is that of the quadrupolar rather thAR€re

the spinl =1/2 nucleus, and, second, the coherence transfer

occurs in a more controlled fashion. @ PAST 2
Provided that the; increment is not rotor-synchronized, a Hg (1) = @Q Z Dom(e, B, v)
heteronuclear MQ MAS spinning-sideband pattern is observed 2
in F1. For MQ MAS spectroscopy of dipolar-coupled pairs of x Diglwrt, 0m, O{1Z — 1(1 +1)/3}  [2]

spinl =1/2 nuclei, it is well established that the appearance of
a MQ MAS spinning-sideband pattern is determined predonypq
nantly by the rotor encoding of the dipolar interacti®i{53.

For example, it has been shown that the ability to quantitatively

extract the dipolar coupling by means of an analysis of MQ MAS H(z)(t) _ Z(wPQAS)Z{L £ M+ N} 3]
spinning-sideband patterns enables the order parameters for dif- Q 9wo ’
ferent discotic liquid-crystalline phases to be determined, with
the method having been demonstrated for both homonucl
(*H-'H) (16) and heteronucleati#—3C) (33) dipolar-coupled
nuclei. In addition, an analysis &H—'H double-quantum (DQ) 3
MAS spinning-sideband patterns has been shown to allow the L = §IZ{3I§ —1(1 +1)} [4]
quantitative determination of proton—proton distances within the
complex hydrogen-bonded arrangement in the biologically im- 3 2 ) )
portant molecule, bilirubinl9). Moreover, Gregoret al. have M=12 Dom(@. B, ¥)Dig(wrt, 6m, 0)
demonstrated that the rotor encoding of the CSE@-3C DQ -2
MAS spinning-sideband patterns permits the elucidation of the X Iz{12I§ —8I(l +1)+ 3} [5]
mutual orientation of CSA tensors4). o 4
We show, here, that the sideband patterns obtained for the _ 4 4
heteronuclear MQ MAS experiment are sensitive not only N = %Z Dom(@. . 7)Drolst. 6. 0)
to the dipolar coupling constant, but also to the quadrupolar
coupling as well as, for an isolated spin pair, the orientation x IZ{_34I§ +181(1+1) - 5}' [6]

of the quadrupolar principal axes system (PAS) with respect to

the internuclear vector, which defines the dipolar PAS. Sinttere,wr andéy denote the MAS frequency (in angular units)
the quadrupolar coupling can be determined in a conventioreld the magic angle (equal to arctgf®) = 54.7°), respectively,
MQ MAS experiment, an analysis of the heteronuclear M@hile the Euler anglesy, 8, y) relate the principal axes system
MAS spinning-sideband patterns provides access to the dipaséithe quadrupolar tensor to the rotor frame. g («, B, ¥)
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terms are Wigner matrix element$8). The quadrupolar where

frequencywy'S, is given by

t

WwPAS 3¢°9Q U(th, ta) = T exp —i/H(t)dt , [14]
Q T 4121 —1)h , J
37TCQ [ ]

with T being the Dyson time-ordering operator. The superoper

21(21 - 1) ator notation

where G is the quadrupolar coupling constant (in units of Hz). -

For the second-order term, a useful approximation which will be Up=UpU" [15]
employed here is to consider the average over an integral number

of rotor periods. For periods of free evolution, this corresponaiéll be used in all subsequent calculations of the spin syster
to a rotor-synchronized experiment, in which all spinning sidevolution. In the following, the eigenstatés, ) of the | -spin
bands can be considered to fold onto the centerband positideeman Hamiltonian are chosen as basis functions for the de
In this case, the average of tlmno(a)Rt, O, 0) term is only sity operator.

nonzero ifm=0, and Eq. [3] simplifies to In the following, we make the assumption that the quadrupola
and dipolar Hamiltonians commute such that the total propagatc

, Z(wPA%Z can be factorized into separate quadrupolar and dipolar term

H(Q) = 975)0{L + N}, [8] In this context, it is to be noted that Wu and Wasylishen have

shown, for the case of a spin=3/2 nucleus dipolar coupled
to a spinl =1/2 nucleus, that there is no residual broadening
due to second-order quadrupolar—dipolar effects in MQ MAS
9 NMR spectra where only symmetric transitions (i.e., the centra
N' = %déo(ﬂ) doo@m)12{—341Z + 18I (1 +1)—5}. [9] transition SQ and 3Q coherences) are involvg®.(This is to
be contrasted with the case where two quadrupolar nuclei al
Equation [8] is a good approximation also for evolution perioddiPolar coupled togethe60-62). _ o
of arbitrary length, provided that the second order quadrupolarconsidering firstthe quadrupolar interaction, it can be show!
interaction is significantly smaller than the MAS frequency. (Sé€ Appendix) that the propagator is given by
For an isolated pair of nuclei, the heteronuclear dipolar
Hamiltonian is given as t
Ug(th, ta) = Y Imy)(my| exp} —i /(ml [Ho(t)Im) dt
Hp(t) = 20p(t)12 S, (10] fa

where

[16]
where
5 Note that the termsgm,; |Hg(t)|m;) correspond to the diagonal
wp(t) = —Dis Z ng(l/f, 0, (p)DrznO(th’ 6w, 0), [11] teolizgﬁnts of the matrix representation of the quadrupolar Hami
_2 .
The propagator for the dipolar interaction for an IS spin pair
with the dipolar coupling constant (in angular frequency unité§ Similarly given as
being defined as

Up (t, ta) = Y [my )(my | exp(—i 2(m; |12 Sz M) Qo (t, ta)}
Dig = LONTSy [12]

3 = > Imy)(mi | exp(—i2m S, Qo (th. ta)}.  [17]

The Euler anglesi, 6, ¢) relate the principal axes systemyhere
of the dipolar coupling tensor to the rotor frame, apgdrep-
resents the internuclear distance betweenlttaad S nuclei, t
with y denoting the magnetogyric ratio of the nucleus. Qp(ty, ty) = /wD(t) dt. [18]
According to the Liouville—von Neumann equation, the evo- f
lution of the density operatop(t), is described by
By performing an integration for the summation of terms given
o(th) = U (tp, ta) p(ta)U T (ty, ta), [13] in Eq. [11], using the explicit expressions for the Wigner matrix
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elements §8), it can be shown that the dipolar phase is given TABLE 2
by: Na-H Distances and H-Na-H Angles in Na,HPO, (63)
D 1 Sodium Na—H Na—-H H-Na-H
Qp(ty, ta) = ZIs { ﬁ sin(d)[sin(wgrty +¢) — sin(wrta+¢)] Site distance/nm (D#2)/kHz anglef
w
R 1 0.279 1.46 180
1 . . . 0.279 1.46
-2 Sir?(0)[sin(2wrtp +2¢) — S|n(2tha+2¢)]}. 2 0270 162 180
0.270 1.62
[19] 3 0.260 1.83 81
0.269 1.63

2. EXPERIMENTAL AND SIMULATION DETAILS

L B . N
Experimental results were obtained for a sample of dibasic ' "¢ H MAS (vg =30 kHz) spectrum (not shown) is domi

sodium phosphate (Riedel-dedtsiG, 99% purity), NgHPO,. nated by a relatively sharp (full width at half—maximum.he.ight
In Ref. (63) the characterisation of NBPO, by solid-stat@3Na of 250 Hz) peak at 12.7 ppm. Other spectral features, principall

MAS NMR and powder X-ray diffraction is described. The so? broad hump of weak intensity centered at about 7 ppm, wer

determined®Na (spinl = 3/2) quadrupolar coupling constantd'ot observed in a 1D DQ f|!tered spectrum, obtained using ¢

and asymmetry parameters for the three crystallographically di9mPensated BABA recoupling pulse sequerits ¢f durat|10n

tinct sodium sites are listed in Table 1. A fit of the anisotropi¢, 'R (Wherézr denotes a rotor period) ak = 30 kHz. The'H

lineshapes obtained in a later MQ MAS investigation yieldeEi]c transmitter frequency was.set to be on resonance with th

within the experimental error, the same quadrupolar parametBF?k at12.7 ppm for_aII expe_nm_ents. )

(64). From the refined crystal structure presented in F&S),( Time-domain density m_atnx s_|mulat|0ns were performed us-

each sodium nucleus is found to have two nearby protoridd the SIMPSON NMR simulation prograr6{). Representa-

Table 2 lists the Na—H distances and H-Na-H angles (tH¥€ inputfiles are given in the Appendix.

next nearest protons are over 0.4 nm away). It is to be noted,

though, thatthe proton positionsin the structure were determined 3. AN ANALYTICAL DESCRIPTION

by merely chemical arguments, since “attempts to locate the OF THE 3Q MAS EXPERIMENT

proton by calculation of the residual electron density failed.”

This is acommon problem of X-ray diffraction; since X-rays are An important feature of the heteronuclear MQ MAS experi-

scattered by electrons, the localization of hydrogen atoms, whigfent is that the ability of the homonuclear MQ MAS experiment

have the lowest electron density of all elements, is very difficutb achieve high resolution is retained. In order toillustrate this, in
NMR experiments were performed on a Bruker ASX 50his section, we, first, briefly review the homonuclear MQ MAS

wide-bore spectrometer, operating'stand?Na Larmor fre- technique, and show mathematically how the residual seconc

quencies of 500.1 and 132.3 MHz, respectively, using a doublgder quadrupolar broadening is refocused.

resonance MAS probe supporting a rotor of outer diameterThe pulse sequence and coherence transfer pathway diagre

2.5 mm. For'H, the 90 pulse length was set equal to eithe(68, 69 for the simplest amplitude-modulated 3Q MAS ex-

2.0 or 2.2us. For®*Na, a power level was chosen which gavgeriment 64, 70-72 is shown in Fig. 1a. As discussed in

an optimized 3Q excitation pulse of 3.6 and a 3Q inversion Refs. , 65, pure absorption-mode 2D lineshapes are obtaine

pulse of 3.0us. At this power level, setting the 3Q to 1Q conusing this experiment, for the case of a spis: 3/2 nucleus,

version pulse to 1.7as led to the signals originating from theif the 3Q to 1Q conversion pulse is set equal t6.90is to be

p=+3top=—1andp=—3top=—1pathways (whereis noted that other approaches for obtaining pure absorption-moc

the coherence order) having equal amplitudes (as demonstratedineshapes have been proposed, such as the incorporation

by a coherence counting experiment in Section 5). As discussegfilter (73, 74 or the acquisition of a whole ech@Z, 79; a

in Refs. 6, 69). this pulse length of 1.7as corresponds to the comparison of these different approaches is presented in@Ref. (

*%Na 90 flip angle. In addition, much attention has been focused on optimizing the
sensitivity of the coherence transfer processes, for example, tt
TABLE 1 use of a double frequency sweep (DFB)(or a fast amplitude-

2Na Quadrupolar Parameters for Na,HPO, (63) modulated (FAM) pulsef?) has recently been shown to signifi-
. . cantly improve the sensitivity of the 3Q to 1Q step. In this paper,
Sodium Site G/MHz ! in order to demonstrate the feasibility of the REDOR-recouplec
1 21 0.7 heteronuclear MQ MAS experiment, we have chosen to adaf
g ;‘7‘ 8-; the simple amplitude-modulated 3Q MAS experimentin Fig. 1a.

The possibility of improving the experimental sensitivity by




106 LUPULESCU, BROWN, AND SPIESS

<

spin |

W”

|

\j

N O R NW
_NQ /I\ _@

p:
-3
a, y b
spin |
« A /\ AN -
D7 \/ v, >
N1, t N1, L
X -X ] % _X_ - X -X
| |
spin S : spin-lock |
|
| (C ‘ »
— )7 -
N1, t, N1, t,
4
3
2
1

°
oo
WNEFEO

FIG. 1. Pulse sequences and coherence-transfer pathway diagrams for (a) the simple (two-pulse) amplitude-modulated MQ MAS experiment anc
amplitude-modulated heteronuclear MQ MAS experiment. The widths of the rectangular blocks denoting radiofrequency pulses are propohtésapéiate
I and S channels) to the pulse flip angles. In both cases, spitNaf 3QC is initially created by a single pulse of flip ang!€4(, and finally converted into
spin | 33Na) SQC by a single pulse of flip angle®90n (b), heteronuclear MQC (both2 and=+4) is created by the application of a spin’Bl} 90° pulse to a
state created by evolution under the IS dipolar coupling, using REDOR recoupling (Spit) 830° pulses applied aiz/2 intervals); the application of the same
sequence of pulses and delays in reverse recreates homonucleaf3gim) 3QC. Evolution of spin | coherence under chemical and quadrupolar shifts during tt
two REDOR recoupling periods is refocused by a“1g80lse applied before the starttaf The spin S{H) 180° pulses at the start of the period beftrand at the
end of the period aftet; may be omitted for the first and last rotor period of recoupling, respectivelid Apin lock may be applied during. A phase cycling
scheme for the phases, ¢, ¢3 and that of the receiveRy, in (b) is given in Table 3 (see Section 5).

incorporating, e.g., DFS or FAM pulses and whole-echib is necessary to calculate the evolution of central-transitior

acquisition is discussed in the concluding section. SQ coherence (SQC),+1/2)(x1/2|, and 3Q coherence
Here, we consider the 3Q MAS experimentforadp#a3/2 (3QC), | +£3/2)(+3/2|, under the quadrupolar Hamiltonian.

nucleus using the analytical framework introduced above. Firfijote that the satellite SQCs are neglected, since they, unlike tt
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central-transition _SQC, are broadene_d to_first-order by the Sia(ty, t) = A33 exp{—i A(21 — 21B)t}
quadrupolar coupling. The corresponding signals in a powder
frequency-domain spectrum are spread over a frequency range
onthe order of a MHz, and can hence be assumed to be lost in the
spectral baseline.) Using Egs. [15] and [16] and rememberiligs to be noted that the isotropic chemical shift is not taken
the orthonormality of the eigenstatgs, ), into account in the above equations. In addition, the pulses ar
considered to have negligible duration (the validity of this ap-
proximation is considered in Section 8); the coherence transfe
amplitude for a given pulse is labeled By, wherem andn

are the initial and final coherence orders, respectively. Fof a 90

X AJ3exp(+HA(=7 + 27B)t}.  [27]

U o(to, ta) [£my) (Fmy |
t

= expyi / (Fmi [Ho(t)IF=m;) dt pulse,A"3 = A7 for all crystallite orientations, and the signal
fa is amplitude-modulated with respecttio
th
—i / (£m [Hg(t)£my) dt ¢ |£my)(Fm;|. [20] Stz t2) = 2AexcAconvCOS A1 — 21B)tu}
!/ x exp{+i A(—7 + 27B)ty}, [28]

Equations [1]-[9] express the quadrupolar Hamiltonibly, whereA ey andAqony denote the coherence transfer amplitudes
using average Hamiltonian theory. It can then be shown that tfee the excitation and conversion pulses, respectively.

first-order terms in Eq. [20] vanish, leaving only second-order The beauty of the MQ MAS experiment is illustrated by
terms. Considering the approximation corresponding to takigy. [26], which corresponds to the time-domain signal for the
an average over an integral number of rotor periods (Egs. K-called echo pathway (for a discussion of echo and antiech

and [9]), pathways in the MQ MAS experiment, the reader is referrec
to Ref. ©)); at timest, = 7t;/9, the fourth-rank anisotropic
U oty ta)|£1/2) (F1/2)| broadening, denoted B, is refocused, while, importantly, the

. isotropic second-order quadrupolar shift, denoted by A, anc

= exp(FIA(=7 + 27B)(bb — t)}|£1/2)(F1/2]  [21] he isotropic chemical shift are not refocused. (As describec
UQ(tb,ta)|i3/2)<ﬂF3/2l in, e.g., Ref. §), the same applies for the case of a nonzerc
asymmetry parameter.) A 2D frequency-domain spectrum ob

= exp{Fi A(21 — 21B)(ty — ta)}|£3/2)(F3/2l,  [22] tained using the amplitude-modulated experiment in Fig. 1a (th
time-domain signal for a single nuclear site being describec

where by Eg. [28]) consists of pure absorption-mode anisotropically
broadened ridges, each with a slope-af/9 with respect to the
Z(wEA 2 wy axis, which are resolved according to their different isotropic
A= 375600 [23]  (both chemical and second-order quadrupolar) shifts.
B = diy(B)dd(0m)- [24]

4. AN ANALYTICAL DESCRIPTION OF THE

. . . . HETERONUCLEAR MQ MAS EXPERIMENT
In the 3Q MAS experiment in Fig. 1a, a single pul€a( Q

7073, 78-8pis used to convertz equilibrium magnetization  The pulse sequence and coherence transfer pathway diagrz
into 3QC, whichis selected by a suitable phase cycle. This 3Qge total combined coherence order is represented) for a he
evolves during; and is subsequently converted by & §dlse  gronyclear amplitude-modulated 3Q MAS experiment is showr
into central transition SQC (by convention, the use of quadratyferig. 1b, with spins | and S referring to the spie- 3/2 and the

detection corresponds to the selectionpof —1 coherence), | — 1/2 nucleus, respectively. As in the 3Q MAS experiment in
which is detected in the second evolution perigdThe time- Fig. 14, a single pulse initially creates spin | 3QC, while a final
domain signalX(ts, t2), is thus described as spin | 90 pulse converts spin | 3QC into detectable spin | cen-
tral transition SQC, with equal amplitude for the two pathways.

S(ta, t2) = S 3(ty, t2) + Ss(ty, t2), [25] Immediately following the 3Q excitation pulse and immediately

preceding the 3Q to SQ conversion pulse, there are two perioc
of REDOR @1) recoupling—180 pulses applied on the spin
S channel everyr/2—which counteract the averaging of the
-3 . _ heteronuclear IS dipolar coupling by MAS. In addition, the in-
S-alta, ) = Ao~ expl+1 A1 — 21B)t ) sertion of a 3Q inversion pulse at the end of the first REDOR
x A_3exp(+i A(=7 + 27B)t,) [26] recoupling period ensures that the evolution of the spin | 3QC

where
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under all spin | shifts (i.e., both the isotropic and anisotrop&hown in Fig. 1b, the total time-domain signal (again making the
quadrupolar and the isotropic chemical shifts) is refocused agsumption that the spin-I pulses are of negligible duration, witl
the end of the second REDOR recoupling period. Thus, ontyly the coherence transfer amplitudes being considered), thu
evolution under the heteronuclear IS dipolar coupling needsttkes the form
be considered during the two recoupling periods.

Recently, Saalathteret al. have presented a related series St1, t2) = So(t1) So(ts, t2), [31]
of heteronuclear MQ MAS experiments which are applicable to
dipolar-coupled spith = 1/2 nuclei @7—29. In particular, a dis- Where
tinction was made with respect to whether the initial (after any . .
preparation, i.e., CP, step) and the finally detected magnetizationSD(tl) = Sin{6N<p(7r/2, 0)} si(BNp(7R/2 + 11, )}
states were of the same nuclear species or not, with asymmetric | 62N Ds
and symmetric sequences being termed recoupled polarization = 5'”{ T or
transfer (REPT)Z7, 28 and dipolar heteronuclear multiple-spin
correlation (DIP-HMSC) 29), respectively. By this classifica- | 62N Dy s
tion system, the pulse sequence presented here is of the latter S'”{T
symmetric type.

To analytically describe this experiment, it is first necessal
to calculate the evolution of spin | 3QC under the heteronu-
clear_dipolar Hamiltonian (as stat_ed qbove, it is assumed that So(t1. t2) = 2AexcAinvAconyCOS A(21 — 21B)t; )
the dipolar and quadrupolar Hamiltonians commute, such that .
the evolution under the two interactions can be considered sep- x exp{+i A(=7 + 27B)ta}. [33]
arately). In the following, an isolated IS spin pair is considered. ) ] _
Using Egs. [15] and [17] and remembering the orthonormali@q- [31] demonstrates that the total signal factorises into

sin(®) sin(fp)}

sin(X) sin(wrty + @)} [32]

of the eigenstatein, ), quadrupolar and a dipolar contribution. (Such a factorisatior
is equally achieved for the case of a non-zero asymmetr

Op(ty, ta)|£3/2) (3/2] parameter.) With the addltlop of thign, factor,_ Whlch denotes
_ the coherence transfer amplitude for the 3Q inversion pulse, th
= exp{F6i SzQ2p(tb, ta)}£3/2)(F3/2] quadrupolar contribution mimics the MQ MAS I-spin signal of

= {cos(X2p (ty, ta)) F 2i SIN(3X2p(ts, ta))Sz}+3/2)(¥3/2].  EQ. [28]. Thus, the virtues of the MQ MAS experiment, namely
[29] the refocusing of the residual second-order quadrupolar broas

ening and, hence, the ability to resolve the anisotropic lineshape

for distinct sites, are preserved. The role of the dipolar term will

Eq. [29] is derived by, first, expanding the exponential term S explained in the following sections.

a power series. After using the identi8? = 1/4 (wherel is
the identity matrix), the resulting expression can be identified

to consist of two power series corresponding to the trigo- 5. COHERENCE COUNTING EXPERIMENTS

nometric terms in Eq. [29]. For a recoupling timg,, equal . o . .
to Ntz of REDOR recoupling, Eq. [29] can be reexpressed An investigation of the coherence orders which evolve during
(assuming that the spi@ pulses are infinitely hard, i.e., of zerothe indirect time dimension of a MQ experiment may be carriec

duration) as out by performing a so-called coherence counting experimer
(the experiment is usually referred to as a spin-counting expe
Up(Ntr, 0)|£3/2)(F3/2| iment due to early applications to the study of dipolar-couplec

. proton networks&1); this terminology is less appropriate here).
= {cos(N2p(7r/2, 0) F 2i sin(6NQo(tr/2,0))S2}  ysing the method presented in Re32), this two-dimensional
x |£3/2)(F3/2). [30] experiment involves recording a series of free-induction decay
(FIDs) witht; = 0, with the phase of all the pulses preceding
A spin S 90 pulse converts thpet3/2)(F3/2|S, state into a thet; period being successively incremented. It is to be note
mixture of heteronuclear 4Q coherente&3/2)(F3/2|S,, and that the use of such an approach to observe the build-up of Mt
2Q coherence;:3/2)(¥3/2|S_. Foranisolated IS spin pair, thiscoherence in homonucledid MQ MAS (83) and heteronuclear
heteronuclear coherence only evolves under the spin | quadrupe—3C multiple-spin correlation29) experiments has recently
lar coupling (and also the spin | and spin S chemical shifts, whibieen described. To observe a maximurmafuantum orders,
are, for simplicity, neglected in this calculation). The spin S 9@he phase is varied inn2steps ranging from<0to 360 . Fourier
pulse which followg; and the second REDOR recoupling periotransformation with respect to the indirect dimension yields &
recreate a pure spin | 3QC state. Using Eqs. [21], [22], and [3§)ectrum, where theth line represents the contribution of the
and considering the selection of the coherence transfer pathwatfs coherence order. Experimentally, it is usual to concatenat
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thet; “FID” corresponding to phases betweehtd 360'; since

TABLE 3

there is no relaxation, an artificial linewidth is introduced by  Phase Cycling Scheme for the Heteronuclear MQ MAS
applying a weighting function before Fourier transformation. Experiment (Fig. 1b)

Note that, in order to be able to distinguish between positi\ég:

0° 60° 120° 180° 240° 300°

and negative coherence orders, it is necessary to use the geal 1(0°) 12(30°} 12{60°} 12(90°} 12(120°} 12{150°} 12({180°} 12{210°}

and imaginary parts of thig FID. It is to be further noted that

12(240°) 12({270°} 12{300°} 12{33C°}

the concatenation procedure leads to experimental noise otdy 6(90°} 6{(270}

being observed at positions corresponding to integer coherefe

orders.

a

\ \ \ \ \ \ \ \ \ \ \ \ \
6 5 4 3 2 1 0 -1 -2 -3 4 5 -6

coherence order

3{0° 180°} 3{180° 0°} 3{180C° 0°} 3{0° 180"}

Figure 2 presents the results of coherence counting exper
ments performed for N&PQ;. In each case, the phase incre-
ment was set equal to 30such that the maximum observable
coherence ordefp|, equals 6. The spectrum in Fig. 2a was ac-
quired using the simple amplitude-modulatétla MQ MAS
experiment (Fig. 1a), while the heteronucle&iNa-tH) MQ
MAS pulse sequence in Fig. 1b was used to record the spect
in Figs. 2b and 2c. The experiments additionally differed with
respect to the employed phase cycling sche@@ €9. In all
cases, selection of I-spif®Na) 3QC is achieved by a 6-step
phase cycle of the first I-spin pulse. In both heteronuclear MC
MAS experiments (Figs. 2b and 2c), a further 12-step phase cy
cle of the I-spin £3Na) 3Q inversion pulse selectsp = +6. In
Fig. 2c only, an additional two step phase cycle of the first S-spir
(*H) 90° pulse selecta p = +1. The full nested 144-step phase
cycle for the heteronuclear MQ MAS experiment in Fig. 1b is
given in Table 3.

InFig. 2a, the spectrum is dominated by the signajs-at-3.

It was stated above that setting the flip angle of the conversio
pulse to 90 leads to an equal contribution of the two pathways,
asis required for an amplitude-modulated signal, and hence pul
absorption-mode lineshapes. The near equality of the intensitie
ofthep=+3andp = —3signalsin Fig. 2aindicates that the ex-
perimental pulse length correspondsto (very close to) the desire
90 flip angle. In Fig. 2b, in addition to the stromm= £3 sig-
nals, weak negative intensity at the- +2 andp = +4 positions

is observed above the noise level. It is to be noted that the sig
of the heteronuclear 2QC and 4QC relative to the homonuclee
3QC depends on the relative phases of the tW®0° pulses;
when they differ by 180(as is the case here, see Fig. 1b), the
heteronuclear coherences have the opposite sign, while whe
the phases are the same, the homonuclear and heteronuclear

FIG.2. Spectra obtained from coherence counting experiments perform@grences have the same sign. In Fig. 2c, the full 144-step pha:

on NgHPQ, at an MAS frequency of 30 kHz, using (a) the homonucléiig)  cycle blocks pure homonuclear coherence, and only heteront
3Q MAS and (b) and (c) the heteronucle&Na-"H) MQ MAS (with 7ol = clear 2QC and 4QC is observed. Although four times as man:

2 1R) pulse sequences in Figs. 1a and 1b, respectively. In all experiments, a
step phase cycle was applied to sefédta 3QC. In (b), thé3Na 3Q inversion
pulse was additionally phase cycled, while in (c) the full phase cycle given
Table 3 was used. In each cagewas set equal to @s, and a two-dimensional 1S @pparent.

data set (consisting of 12 points) was recorded by successively incrementing

{hen Soncatenated 50 1mes, and a Gatisaan weighting functon was applieg © THE SENSITIVITY OF THE HETERONUCLEAR
before Fourier transformation; in this way, spectral noise only appears atintegral MQ MAS EXPERIMENT
coherence orders. A recycle delay of 2, 2, and 1.5 s was used in (a), (b), and_.

(c), respectively, with 36, 72, and 288 transients being coadded for each phas&igure 3 compares théNa (a) one-pulse spectrum of
increment in the respective cases. NaHPO, with MQ-filtered ¢; =2us) spectra recorded with

tHnsients were co-added for the spectrum in Fig. 2c as oppose
{9 thatin Fig. 2b, the poorer signal-to-noise (S/N) ratio in Fig. 2c
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both spectra, the broad features to the right of the two mos

a intense sharp peaks (at the left) show a reduction in relative ir
tensity in Fig. 3b. This illustrates a significant problem of the
MQ MAS technique, namely the efficiency of MQ excitation as
well as that of the subsequent conversion to observable SQC d
pend on the quadrupolar couplirgg], with a marked fall-off for
sites with large @ values (the broad features on the right in the
b

NapHPO, spectra are due to the Na(3) site, which haga&ue

of 3.7 MHz). The development of methods which alleviate this
problem has been and continues to be an area of active resear
for example, Alemanet al. have recently shown that it is possi-
ble, using the DFS technique, to observéaX (spin | = 5/2)

x 3.5 sitewitha of 18.5 MHz (14). Figure 3¢ shows that the incor-
poration of a 3Q inversion pulse leads to further spectral distor
tions as well as a factor of two loss in overall sensitivity. Such
effects of a 3Q inversion pulse have been discussed previous
in Ref. @9), where the results of computer simulations are alsc

C presented.
From the crystal structure data presented in Table 2, it is cor
cluded that all three Na sites in NPO, have approximately
X7 the same proximity to two nearby protons. Thus, in this case
the recording of a heteronuclegfa-*H) MQ MAS-filtered
spectrum should not lead to any spectral editing. Indeed, th
spectrum in Fig. 3d is of a similar form to that in Fig. 3c, al-
though the broad features due to the Na(3) site are lost in th
d noise. A fivefold reduction in sensitivity is observed as com-
pared to the 3Q MAS experiment with a 3Q inversion pulse; it
is to be noted that this reduction is in agreement with the rela
tive intensities of the positive and negative peaks observed fc

x 35 the coherence counting experiment in Fig. 2b. As discussed b
low, the loss in sensitivity is largely due to homonucl&dstH
| | | | | | dipolar couplings acting during the finitel = pulses. The poor
sensitivity is a significant drawback of the heteronuclear MQ
2 0 -2 -4 -6 -8  kHz

MAS experiment. However, the MQ MAS experiments incor-
FIG. 3. The?®Na (a) one-pulse spectrum of N&PQy is compared with Porating CP 88—44 discussed in the Introduction also often
MQ-filtered ¢1 = 2 us) spectra recorded with (b) the homonucl€dNg) 3Q  Suffer from poor sensitivity, since the advantage of the CP ste
MAS experiment in Fig. 1a, (c) a homonucled?Na) 3Q MAS experiment arising from the difference in the magnetogyric ratios of the two
based gn thlat in Fig. 1a but wi'th a 3Q ?nversion pulsg, aqd (d) the heteropyclei is usually far outweighed by the proton having a signifi-
clear £3Na-"H) MQ MAS experiment (withriepi = 1 7g) in Fig. 1b. A MAS captly longerT; as compared to that of the quadrupolar nucleus

spinning frequency of 10 kHz was used. In each case, 1872 transgnts were c? - . .
ded and a recycle delay of 4 s was used. The s&iNa pulse durations (see tis to be noted that Ashbrook and Wimperis recently presente
Section 2) were used in all MQ MAS experiments. A pulse length @évas  an*’O (at 35% isotopic enrichment) example where CP leads t
used in (a). a slight sensitivity enhancement, on account of the combinatio
of the lower abundance and lower magnetogyric ratid’af
(as compared to, e.¢7>Na) and the relatively large &of the
(b) the homonuclear’iNa) 3Q MAS experiment in Fig. 1a, investigated site4p).
(c) a homonuclearfNa) 3Q MAS experiment based on thatin The optimum recycle delay in the heteronuclear MQ MAS
Fig. 1a but with a 3Q inversion pulse, and (d) the heteronucleaxperiment is the same as that in the 3Q MAS experiment
(*®*Na-*H) MQ MAS experiment (withriep = 17r) in Fig. 1b. since both experiments begin with the excitation of spin-1 3QC
The MAS spectrum in Fig. 3a demonstrates clearly the diffin this respect, it is significant to report that, in the course of
culties presented by residual second-order quadrupolar brotids work, we noticed an interesting phenomenon, namely ther
ening, since it is certainly not immediately evident that theias a difference in the optimum recycle delay for the simple
observed spectrum is due to three crystallographically distindiAS as compared to the 3Q MAS experiment. To determine
sites. Comparing the MAS (Fig. 3a) and the 3Q MAS-filterethe recycle delay which gives the optimum S/N, we adoptec
spectra (Fig. 3b), although the same features are presenthi@ procedure of doubling the recycle delay until the increas



ROTOR-ENCODED HETERONUCLEAR MQ MAS 111

It is interesting to compare the sensitivity at the two MAS
frequencies for the cases whexg, is the same. It is evident
that the sensitivity is better at 10 kHz. This is due to, first,

a e the dependence of 3Q excitation and conversiorv@ri84).
In this context, it is to be noted that Vosegaatdal. recently

presented an approach, which, by employing rotary resonanc

excitation, allows efficient 3Q excitation and conversion at a
high v (85). In addition, at 20 kHz, there are matd 7 pulses

b f applied during the REDOR recoupling periods, as well as ther
being an increase in the proportion of a rotor period occupiec

by ther pulses. The greater importance of the latter effects ic
apparent from the significantly greater intensity difference be-
tween the spectra in Figs. 4b and 4h than that between tho:s
in Figs. 4a and 4f. This loss of sensitivity is a consequence
c W of homonucleatH-'H dipolar couplings acting during the fi-
nite *H 7 pulses—such effects were previously observed by
Chan and Eckertg6) and Saahachter and Spies29). In the
context of the analogous heteronuclear MQ MAS experiment:
for dipolar-coupled pairs of spih=1/2 nuclei, we note that
Mw WW such homonuclear dipolar effects at high are insignificant
for pulse sequences, such'&s-13C REPT @7, 28, 33 and in-
0 5 khz 0 5 kHz versely detectedH-°N DIP-HSQC @6, 37, where'H trans-

verse magnetization evolves during the REDOR-recoupling pe

FIG. 4. MQ-filtered ¢1 =2 us) spectra of NgHPQy, recorded using the riods, and the REDOR pulses are applied on tHéC or 15N
heteronuclear’®Na—H) MQ MAS experiment in Fig. 1b at MAS frequencies channel

of 10 kHz (a)-(d) and 20kHz (e)-(h). Recoupling times of one (a, €), two . .
(b, f), three (c, g), and four rotor periods (d, h) were used. In all experiments, It IS t0 be noted that Chan and EckeB6[ and Saalachter

3744 transients were coadded and a recycle delaysavasused. and Spiess29) propose an alternative REDOR reference ex-
periment which compensates for the sensitivity losses due t
homonuclear dipolar couplings. This method involves the appli-

in the signal intensity is less than a factor.g2(=1.41). For cation of an additionak pulse at the same time as the single

23Na NMR of NaHPQO;, doubling the recycle delay from 1 toxr pulse on the other channel, such that the dipolar dephasing

2 s, from 2to 4 s, and from 4 to 8 s gawereases in the signal in the first and second halves become identical in magnitude bt

intensity of 1.4, 1.3, and 1.2 for the one-pulse MAS experépposite in sign. For an isolated heteronuclear spin pair, ther

ment and 1.6, 1.6, and 1.3 for the 3Q MAS experiment. Thus, hence no dephasing, as in a normal REDOR reference e;

the optimum recycle delays are 2ch# s for the MAS and 3Q periment where all the dephasingpulses are simply omitted.

MAS experiments, respectively. (Note that different recycle d&here homonuclear dipolar couplings are significant, the de

lays were often used for the experimental spectra presentegirasing due to them during the pulses is now also present

this paper.) in the alternative reference experiment, unlike the case of th
Figure 4 presents MQ-filteredt;=2us) spectra of normal reference experiment. Indeed, we recommend that suc

Na,HPQ,, recorded using the heteronucled?Na-*H) MQ a reference experiment be employed in thet3@®EDOR @9)

MAS experiment in Fig. 1b. The spectra on the left- (Figs. 4aand 3Qt,-REDOR @8) experiments.

4d) and right-hand (Figs. 4e—4h) sides were recorded at MASIn this section, we finally note that, for a sample where there

frequencies of 10 and 20 kHz, respectively. On going from tap more than one distinct spih=1/2 resonance such that

to bottom, the recoupling time used increases from one to faff-resonance effects will come into play, it is recommended

rotor periods. In each case, the same recycle delay was udedapply the xy-4 phase schem87) to the REDOR 180

and the same number of transients were co-added. The speptiaes.

are all plotted on the same vertical scale. It is then evident

that, at MAS frequencies of 10 and 20 kHz, the maximum 7. HETERONUCLEAR MQ MAS SPINNING-SIDEBAND

signal intensities are observed for, =1z (Fig. 4a) and PATTERNS: SIMULATED SPECTRA FOR
2 g (Fig. 4f), respectively. This observation is not surprising AN ISOLATED SPIN PAIR

given that these cases correspond to the same recoupling time

of 100 us. Note also that similar lineshapes are observed wherWe now consider the role of the dipolar terr§(t1), in
the recoupling time is the same, i.e., in Figs. 4a and 4f and Egs. [31] and [32]. Mathematically, as shown in the Appendix,
and 4h. the powder average &(t;) over thep angle can be expanded




112 LUPULESCU, BROWN, AND SPIESS

conversion of the state which is present duripglepends on
the rotor phase angle, thet;-dependent change ip at the
start of the reconversion period relative to that at the star
of the excitation period leads to the generation of a “rotor-
LL 0.15 encoded” spinning-sideband pattern, with the mechanism be
ing referred to as reconversion rotor encoding (RRE).(For
b spin | =1/2 nuclei, the marked sensitivity of the observed
spinning-sideband patterns to the product of the dipolar cou
pling constant and the recoupling time (the latter is known anc
b 0.30 is under the control of the spectroscopist) has been exploite
S in both homonuclearH DQ MAS (16,19 and heteronu-
clear'H-13C (33) andH-'°N (36) MQ MAS experiments to
C probe dynamic processes and accurately measure internucle
distances.
It should be noted that the evolution of 3QC during the
LJ\_JL_J 0.45 REDOR recoupling periods in the heteronuclear MQ MAS ex-
periment of Fig. 1b leads to the presence of an additional factc
d of 3 for the $(t;) term as compared to the corresponding ex-
pression for a MQ MAS experiment between a heteronucles
pair of spinl = 1/2 nuclei, where SQC evolves during the RE-
0.60 DOR recoupling periods—compare Eq. [32] with Egs. [4] and
;JLJLJLJL_JL_J; [6] of Ref. (28). For example, to generate the pattern in Fig. 5c,
aDis ticpi/ 27 value which is three times larger (1.35) would be
€ required in the heteronuclear spia= 1/2 experiment. Thus, the
influence of the dipolar coupling can be considered to have bee
magnified by a factor of three by incorporating the evolution
LJ 0.75 of 3QC. As compared to a homonuclear spig:1/2 experi-
ment, the additional factor is reduced to 2, i.e., by a factor o
Y £ 3 1 1 & & & 2/3, which reflects the difference between the homonuclear an
V/VR heteronuclear dipolar Hamiltonians.
The simulated spectra presented in Fig. 5 correspond to pure

FIG. 5. Simulated heteronuclear MQ MAS spinning-sideband patterrg'pOIar rotor-encoded spectra. To mvestlgz?\te the gddmonal n
for the ideal case of an isolated spin pair. The product of the dipolar cofilence of thexy(ts, tz) term and also to consider the importance
pling constant and the recoupling timB;s trcpi/ 27, equals (a) 0.15, (b) 0.30, of the finite lengths of both the spin-l and spimfSulses, time-

(c) 0.45, (d) 0.60, and (e) 0.75. Simulations were performed in the time domgldmain density matrix simulations were performed using the

by calculating numerically the powder average of the expression in Eq. [32]'SIMPSON 67) NMR simulation program. (A representative
SIMPSON inputfile is given in the Appendix.) It was found that

as a series of Bessel functions: the observed spinning-sideband patterns additionally depend ¢
the quadrupolar parameters, i.eq &1dn, and the relative ori-

a Dt /21

repl

Ry 6+/2D;sN7r . 2 entation of the dipolar and quadrupolar PASs, as well as th

(So(ta))y =2 {32n+1<T 3'”(29)> } spin-1 and spin-S 90pulse lengths.
n=0 Figures 6 and 7 show, for example, the effect of changing th
x cog(2n + L)wrly}. [34] Cq and the relative orientation of the dipolar and quadrupola

PASs, respectively. For all simulated spectra in Figs. 6 and 7
The presence of onlyx,1 terms in Eq. [34] corresponds to theD,s tpi/27 equals 0.75 (corresponding to the case in Fig. 5e)
observation in the frequency domain of only odd-order spinning= 0, and the spin-1 and spin-S 9pulse lengths equal 1.5 and
sidebands. The relative intensities of these spinning sideba2d3us, respectively. Figure 6 illustrates that increasiggéads
depend upon the product of the dipolar coupling constant and tbemarked changes in the observed spinning-sideband patte:
recoupling timeDis ticpi/27. Thisis illustrated by Fig. 5, which For the relatively small value of £&= 1.0 MHz in Fig. 6a, the
presents spectra corresponding to the Fourier transformatiorpattern resembles that for the ideal dipolar only case in Fig. 5¢
FIDs simulated in the time domain by performing numericallglthough, first, the third- and fifth-order sidebands have a weake
the powder average of the expression in Eq. [32]. intensity relative to that of the first-order sidebands, and, secont
The origin of these unusual spinning-sideband patternsvieak centerband and even-order sideband intensity is observe
well understood §1-53; whenever the efficiency of the re-For the larger @ values, the odd-order spinning-sideband
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FIG. 6. The effect of changing & upon the spinning-sideband patterns

obtained using the heteronuclear MQ MAS experiment in Fig. peQuals

(a) 1.0, (b) 2.0, and (c) 3.0 MHz. Density-matrix simulations were performed
for an IS spin pair in the time domain using the SIMPS@NY) NMR simula-

tion program. A representative SIMPSON input file is given in the Appendix.
The following parameters were useis/27r = 2.5 kHz; n =0; vg = 10 kHz;

Trepl = 3 7R; TH 90° pulse length= 2.0 us;2°Na 90 pulse length= 1.5 1s;2°Na
pulse lengths for 3Q excitation, 3Q inversion, and 3Q to 1Q convetsid®,

3.0, and 1.5us, respectively. The quadrupolar and dipolar PASs were aligned
with each other.

pattern changes noticeably, while the centerband and even-order
sideband intensity increases appreciably. Figure 7 shows, for
the case o€Cq = 1.0 MHz andn = 0, that changing the relative
orientation of the dipolar PAS with respect to the quadrupolar

L

o

"

Dipolar PAS to
Quadrupolar PAS
Angle

%

[
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particular, a fitting of the anisotropically broadened lineshape:
in a standard homonuclear MQ MAS experiment allows the de
termination of G andn for each resolved site. The experimental

90 pulse lengths are also, of course, known—it is to be remem
bered, though, that the use of the correct experimental values
the simulations is essential in any fitting of experimental data
Considering the remaining parameters, namely the heteront
clear dipolar coupling and the relative orientation of the dipolar
and quadrupolar PASs, the sideband patterns are more sensiti
to the magnitude of the dipolar coupling, such that it should be
possible to determine this to a good degree of accuracy.

PAS also leads to significant changes in the observed spinninrgf-IG' 7. The effect of changing the relative orientation of the quadrupolar
d

sideband pattern; for a perpendicular orientation (Fig. 7d), tﬁ%n

dipolar PASs upon the spinning-sideband patterns obtained using the he
uclear MQ MAS experiment in Fig. 1b. The dipolar PAS is oriented at an

the intensity of the first-order sidebands as compared to un@es. Density-matrix simulations were performed for an IS spin pair in the time
domain using the SIMPSON6{) NMR simulation program. A representative

Experimental heteronuclear MQ MAS spinning-sideband p&I_MPSON input file is given in the Appendix. The following parameters were
used:Dis/27 = 2.5 kHz; Co = 1.0 MHz; = 0; vgr = 10 KHZ; 7y¢pl = 3 tR;

50% for a parallel orientation (Fig. 7a).

terns obtained using the pulse sequence in Fig. 1b, thus, dep

. pulse length= 2.015;23Na 90 pulse length= 1.5.5;23Na pulse lengths
on anumber of both system and experimental parameters. H3q excitation, 3Q inversion, and 3Q to 1Q conversio6, 3.0, and 1.5s,
ever, the majority of these parameters are known in advancerdspectively.
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in Fig. 1b show a marked sensitivity to both the heteronuclea
dipolar coupling and the relative orientation of the dipolar and
quadrupolar PASs, even for the case of a site with a lakge C
05 This is illustrated by the simulated spectra in Figs. 8 and 9
LAJUJM which show the effect of changing the heteronuclear dipola
coupling constant and the relative orientation of the dipolar ant
quadrupolar PASs, respectively, for g @f 3.0 MHz. In Fig. 8, it
is evident that both the ratio of the intensities of the third- to first-,
and fifth- to third-order spinning sidebands vary noticeably or
1.0 increasingD,s. Moreover, Fig. 9 shows that the intensities of
the higher order odd spinning sidebands relative to that of th

{D 121}/kHz

Dipolar PAS to
Quadrupolar PAS
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FIG. 8. The effect of changing the heteronuclear dipolar coupling upon
the spinning-sideband patterns obtained using the heteronuclear MQ MAS
experiment in Fig. 1bDis/27 equals (a) 0.5, (b) 1.0, (c) 1.5, (d) 2.0, and
(e) 2.5 kHz. Density-matrix simulations were performed for an IS spin pair
in the time domain using the SIMPSON7? NMR simulation program. A
representative SIMPSON input file is given in the Appendix. The following pa-
rameters were used:G=1.0 MHz; n =0; vg = 10 kHz; tycpi =3 1R; IH 90
pulse length= 2.0 u1s; 2Na 90 pulse length=1.5 us; 23Na pulse lengths for
3Q excitation, 3Q inversion, and 3Q to 1Q conversiod.6, 3.0, and 1.%us,
respectively. The quadrupolar and dipolar PASs were aligned with each other.

A=

UMLM
W
M

I I I I
7 5 3 1 -1 -3 -5 -7
In addition, it is to be noted that Prusddi al. have shown that V/VR
the heteronuclear dipolar coupling can be reliably determined
from a 3Qt;-REDOR build-up curve: simulations were pre- FIG. 9. The effect of changing the relative orientation of the quadrupo-

- . . . lar and dipolar PASs upon the spinning-sideband patterns obtained using tf
sented which show that such build-up curves are relatively ms%@feronuclear MQ MAS experiment in Fig. 1b. The dipolar PAS is oriented at

SitiV? to _CQ, at least in the case of a high (49). The combined an angle of (a) 8 (b) 30", (c) 60, and (d) 90 with respect to the quadrupo-
application of the two methods would thus allow the determiar PAS. Density-matrix simulations were performed for an IS spin pair in the
nation of the relative orientation of the dipolar and quadrupoléme domain using the SIMPSON?) NMR simulation program. A represen-
PASs. since this would be the onIy free parameter in a fit of e%;ive SIMPSON input file is given in the Appendix. The following parameters

K L . were usedDs /27 = 2.5kHz; Co = 3.0 MHz; 1 =0; vgr = 10 kHz; Tycpi = 3 1R;
perimental heteronuclear MQ MAS spinning-sideband patteris,q pulse length= 2.0,25:23Na 90 pulse length- 1.5,.5:23Na pulse lengths

Finally, it is to be emphasized that heteronuclear MQ MA&; 3q excitation, 3Q inversion, and 3Q to 1Q conversiod.6, 3.0, and 1.5s,
spinning-sideband patterns obtained using the pulse sequemggectively.
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first-order ones are significantly different for different orientasecond-order quadrupolar broadening has been removed. At

tions of the two PASs. 23Na Larmor frequency of 132.5 MHz, the Na(1) and Na(2) sites
in NaoHPO, are only just resolved in the 3Q MAS experiment;
8. SPINNING-SIDEBAND PATTERNS IN THE MQ the Na(2) site has the smallep@nd corresponds to the mostin-

MAS EXPERIMENT tense peak in the isotropic projection. The long anisotropically

broadened ridge due to the highy®la(3) site can be clearly

Figure 10 presents two-dimensional spectra recorded f{dentified in the centre of Fig. 10a (it is also evident, though

NapHPOQ, using (a) the homonucle&?Na) 3Q MAS and (b) the with a weak intensity, in Fig. 10b).
heteronuclear’fNa-*H) MQ MAS pulse sequences in Figs. 1a Spinning-sidebands are observed in both Figs. 10a and 10
and 1b, respectively. For both spectra, after Fourier transforniowever, the sideband patterns are very different. Ini#es)
tion in both dimensions, a shearing transformation was appligd MAS spectrum (Fig. 10a), the signal is concentrated at the
such that the anisotropically broadened ridges lie parallel to tbenterband position. By comparison, in the heteronuctésia-
SQ (F2) axis. In this way, the showi; (skyline) projections 1H) MQ MAS spectrum (Fig. 10b), as predicted in the previous
correspond to the isotropic dimension, in which the residugéction, the centerband and even-order sideband intensities &
weak, with intense signal being observed at the first- and third
order sideband positions. These experimental heteronucle:
MQ MAS spinning-sideband patterns will be discussed below
in Section 10; in this section, we consider first the origin of
the homonuclear 3Q MAS spinning-sideband patterns. For th
Na(2) site, alineshape analysis of the sideband patternin Fig. 1(
reveals that the-1 and+1 sidebands have integrated intensities
of 11 and 7% of that of the centerband.

An inspection of the literature reveals different explanations
for the origin of homonuclear 3Q MAS spinning-sideband
patterns. In Ref.88), Marinelli and Frydman present simula-
tions which show that the experimentally observed MQ MAS
spinning-sideband patterns can be explained by a rotor er
coding, of the type discussed in the previous section, of the
quadrupolar interaction. Support for this mechanism is providec
by Amoureuxet al. who present both experimental and simu-

_ lated MQ MAS spinning-sideband patterns, where the observe

80 e

kHz I e

patterns vary upon changing the pulse leng8#.(Charpentier
et al. have further presented simulations based on a Floquet fol
malism which support the conclusions reached by Marinelli anc
Frydman 89). By comparison, according to Duer, it is neces-
sary to include both homonuclear dipolar couplings as well ac
the CSA to explain an experimental 3Q MAS spectri#f)(
Finally, Wanget al.have shown that the isotropic 3Q MASRDb
spectrum of RpCrO,4 can be well fit in terms of the CSA alone
(92), although it is to be noted that the CS&=£ —110 ppm) is
very large for this sample.

Simulated 3Q MAS spinning-sideband patterns for an iso-

FIG. 10. Two-dimensional spectra recorded for PO, using (a) the lated spinl = 3/2 nucleus are presented in Fig. 11; simulations
homonuclear{®Na) 3Q MAS and (b) the heteronucle&fla-'H) MQ MAS  were carried out using the SIMPSON7 NMR simulation
(with zrep =2 g, and a'H spin lock duringty) pulse sequences in Figs. laprogram. (A representative SIMPSON input file is again given
and_lb,_ respecti_vely. The MAS freguency was 10 _kHz. After Fgurier transfoly the Appendix.) In each case, the spectra are dominated &
mation in both dimensions, a shearing transformation was applied such that the . L. Lo . . .
anisotropically broadened ridges lie parallel to the $9) @xis. Skyline pro- an mtepse centerband; since it is the spinning sidebands whic
jections are shown for the MQF¢) dimension. In (a) and (b), respectively, 48ar€ Of interest, the centerband has been truncated at 25%
and 288 transients were coadded for each of 370 and;3@6ints, with at;  its full height. The simulations mimic the experimental param-
increment of 6.0 and 3.6s and a recycle delay of 2.0 and 1.4 s. In both casegters used to record the 3Q MAS spectrum in Fig. 10a, an
sign discrimination was restored in tife dimension for thé3Na resonances quadrupolar parameters corresponding to those of the Na(2) si

by the TPPI 99) method, which involves incrementing the phase(s) offina . . o
pulse(s) applied befortg by 30> after recording each point. The bottom con- in Na;HPO, were used. The simulated spectrumiin Fig. 11a cor-

tour level corresponds to 1 and 8% of the maximum intensity in (a) and (FESPONdS to a consideration of solely the first-order quadrupc
respectively. lar interaction, while, in Figs. 11b—11e, a CSA is additionally

140 | L -—
kHz —

14 kHz
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5% or more of that of the centerband, are observed for condi
tions which favor the rotor-encoding mechanism, namely highe
Cq values and longe¥Na pulse lengths. However, we observed
that the rotor encoding of tHest-orderquadrupolar interaction
always leads teymmetricsideband patterns.
~ v * . v Upon solely additionally including the CSA in the simula-
b tions, it proved possible to reproduce the experimental spinning
sideband pattern for the Na(2) site in Fig. 10a. The simulate
spectrum in Fig. 11b corresponds to CSA parameter&-of
3.0 kHz (for a®®Na Larmor frequency of 132.3 MHz, i.e., corre-
sponding to 22.7 ppm) ang= 0, with the CSA and quadrupolar
v PASs aligned. Other simulations (not shown) demonstrate th:
C the first-order sideband intensities grow as the G&Ancreased
from 0O to 4 kHz. Figures 11b—11e show that changing the ori
entation of the CSA PAS with respect to the quadrupolar PAS
leads to a change from a marked asymmetry when the two PAS
J are aligned to an almost symmetric pattern for a perpendicule
arrangement.
d Two potential mechanisms leading to the generation of th
observed spinning-sideband patterns in Figs. 11b—11e can |
identified, namely, first, the simple evolution duriagof 2>Na
3QC under the CSA, and, second, the reconversion rotor enco
) Uu \ ing of the?®Na CSA. Within the framework of the SIMPSON
(67) NMR simulation program, it is straightforward to “turn
off” evolution under the®Na CSA. In this case, a simulation
corresponding to thatin Fig. 11b yielded a spectrum (not shown
in which the intensities of the sidebands are reduced to 1% c
that of the centerband. It is, thus, evident that evolution during
A J\ J t; is essential for the generation of CSA-dependent spinning
‘ ‘ ‘ ‘ ! ‘ ‘ ! ‘ sideband patterns. Does this mean that the rotor-encoding mec
vV ) anism plays no role? In this context, it is interesting to con-
R sider the effect of changing the CSAfrom 0 to 1 (spectra
not shown); for the case of the CSA and quadrupolar PASs be

FIG. 11. Aninvestigation of the origin of homonuclear 3Q MAS spinning-. . . . .
9 g Q P gé ghaligned (i.e., equivalent to Fig. 11b), a marked asymmetr)

sideband patterns. The simulated spectrum in (a) corresponds to a consider \
of solely the quadrupolar interaction, while, in (b)=(e), a C3A=@.0 kHz, Of the first-order sidebands was found to remain {Heside-
n=0) is additionally included. The axis of the CSA PAS is oriented at an band intensity is over twice that of thel sideband). This is to
angle of (b) 0, (c) 30", (d) 60", and (e) 90 with respect to that of the quadrupo- he contrasted to a standard one-pulse (SQ) experiment, whe
lar PA$. In each'spectrL_Jm, ‘the C(_enterband has been truncate_d at 25% O};l”&SA tensor withy = 1 gives a symmetric sideband pattern.
full height. Dens_lty-ma_trlx S|muI§1t|0n_s were performed for an _|solat§d sp|R/I . . . e . .
| =3/2 nucleus in the time domain using the SIMPS@Y)(NMR simulation oreover, a simulation, which art|f|C|aI|y started with a spin
program. A representative SIMPSON input file is given in the Appendix. The = 3/2 3QC state and used a 3QC detection operator, for th
following parameters were used& 1.4 MHz; n=0.2; \r =10 kHz;>*Na  same conditions as in Fig. 11b except that the GBAas set
90° pulse length=1.75s; *Na pulse lengths for 3Q excitation and 3Q to 1Qequal to 1 gave a symmetric spinning-sideband pattern. Thus,
conversion=3.5 and 1.75.s, respectively. is evident that an interplay of the CSA and quadrupolar interac
tions and thef irradiation during the excitation and conversion
included, with the effect of changing the relative orientatiopulses does plays a role in determining the observed 3Q MA
of the CSA PAS with respect to the quadrupolar PAS beirgpectrum.
investigated. This section has shown that the spinning-sideband patterr
In Fig. 11a, it is evident that only very weak spinning sidesbserved in homonuclear 3Q MAS spectra are sensitive to th
bands are observed—the maximum intensity is only about 188 A. By varying the anisotropy, asymmetry, and orientation o
of the centerband. It is, though, to be noted that, first, tg@C the CSA, we found that the experimentally observed 3Q MAS
the Na(2) site is small and, second, a hgNa rf field strength spectrum (Fig. 10a) for the Na(2) site in MPO, was repro-
was employed such that th&\a pulse lengths are short. Indeedduced using the following parametess= 2.8 kHz, n =1, and
other simulated spectra (not shown) demonstrated that morean-angle of 30between the axes of the CSA and quadrupolar
tense spinning-sidebands, i.e., the intensities are of the ordePASSs. The value of = 2.8 kHz (which corresponds to 21 ppm)
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is of the same order of magnitude as that determined for the
23Na CSA in a crown ether complex, Na(12G8)0,, by Wong

and Wu ©2). In this latter study, an analysis of the staiitla
spectrum revealed that the CSA contribution to the powder
lineshape (also at #Na Larmor frequency of 132.3 MHz) is
1.8 kHz.

For the Na(2) site in N&HPQy, the second-order quadrupolar
broadening is small. To conclude this section, it is necessary to
consider the situation, frequently encountered in applications ob
the MQ MAS method, where thedvalues are larger. In such
cases, in direct analogy to the above discussion of the CSA, itis
to be expected that evolution under gexond-ordequadrupo-
lar broadening duringy leads to the generation aymmetric
spinning-sideband patterns. Since the quadrupolar parameters
can be straightforwardly determined, it is possible, though, to
determine, by means of simulated spectra, whether an additional
mechanism, e.g., the CSA, is required to explain the expe
rimental sideband pattern, as is the case for the Na(2) site in
NaHPGQ,. It is to be remembered that the CSA will become
increasingly important at highes, fields. Finally, it is to be
noted that heteronuclear dipolar couplings can also (if heteronu-
clear decoupling is not employed) lead to sideband intensity;
however, in this case, symmetric sideband patterns are always
observed.

9. THE HETERONUCLEAR MQ MAS EXPERIMENT: THE
CONTRIBUTION OF HOMONUCLEAR PROTON DIPOLAR
COUPLINGS TO RELAXATION DURING t;

In this section, we consider the role of homonuclear proton—
proton dipolar couplings upon the evolution durihgof the
mixed coherence state in the heteronuclear MQ MAS experi-
ment. Figure 12 compares M@) FIDs recorded for NeHPO,
using (a) the homonuclea®®Na) 3Q MAS and (b)—(d) the het-
eronUCIGar%Na_lH) MQ MAS pulse sequences in Figs. 1a and FIG. 12. MQ (t;) FIDs recorded for NeHPQy using (a) the homonuclear
1b, respectively. The MAS frequency was 10 kHz in Figs. 12§%3Na) 3Q MAS and (b)—(d) the heteronucle@Na-tH) MQ MAS pulse se-
12c and 30 kHz in (Fig. 12d). In (Fig. 12c), a spin lock, i.equences in Figs. 1a and 1b, respectively. The MAS frequency was 10 kHz it
a continuous pulse with its phase aligned along the directiéh—(c) and 30 kHz in (d). Recoupling times of one (b, c), and two (d) rotor
of the transverse magnetization, was applied orfthehannel Periods were used. In (c) ‘i spin lock was applied during.
during t1; this has the effect of reducing the homonucl&dr
dipolar couplings by a factor of minus tw,(93. Comparing
Figs. 12b and 12c, the extension of the FID, which results ashen that in Fig. 13a was obtained (spectrum not shown) for th
consequence of the reduction of relaxation due to homonuclease where the experimental time-domain data set giving ris
proton dipolar couplings is evident. to the spectrum in Fig. 13b was truncated to the shaftéf

The corresponding resolution enhancement in the frequen@jue.
domain yielded by a spin lock is illustrated in Fig. 13, which The spinlock additionally achieves heteronuclear decoupling
presents MQ spinning-sideband patterns obtained feHR&), the removal of evolution durinty under perturbing heteronu-
using the heteronucleai®Na-H) MQ MAS pulse sequence in clear dipolar couplings, i.e., a coupling ¥Na to a proton ex-
Fig. 1b, with a MAS frequency of 10 kHz angy; =1 . A ternal to the heteronuclear MQC (remember that éanh nu-

H spin lock was applied during in (b). The presented spectracleus has two approximately equidistant proton neighbors), i:
correspond to a summation over the spectral range due to evidenced by the lower centerband and even-order sideband i
the Na(2) site for sheared two-dimensional spectra. It is to bensity in Fig. 13b. The generation of such spinning sideband
noted that the resolution enhancement in Fig. 13b is not siloy the influence of a perturbing coupling because of what is
ply due to the use of a longef'® value; a better resolution termed the evolution rotor modulation mechanism is discusse

0 1 2 3 ms
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a ing section were recorded a% = 10 kHz using aH spin-lock
duringt;.
A spin lock (or the heteronuclear 3QC experiment), of course
has the significant disadvantage of causing the lo$sl chem-
ical shift information. For NgHP Oy, as noted in Section 2, only
a single hydrogen-bonded peak is observed irtkhepectrum,
and, thus, théH chemical shift information is not relevant in
this case. An alternative approach, which was not pursued i
this study, would be the application of a “windowless” homonu-
clear decoupling sequence duringSpecific examples are the
b Lee—Goldburg (LG) techniqu®4) and refinements, namely the

frequency-switched and phase-modulated LG (FSBG 05
and PMLG 06) sequences, as well as the computer-optimizec
sequence, DUMBO-197). These sequences function well at a
vr between 10 and 15 kHz.

10. HETERONUCLEAR MQ MAS SPINNING-SIDEBAND
WW PATTERNS: EXPERIMENTAL SPECTRA FOR THE H-Na-H
SYSTEM IN Na,HPO,

\ \ \ \ Figure 14 presents the sum projection, over faespectral
1 -1 -3 range corresponding to the central-transition lineshapes of tf
V/VR three Na sites, for the two-dimensional heteronuciEhtd—H)
MQ MAS spectrum of NgHPO, presented in Fig. 10b. The po-
FIG. 13. MQ spinning-sideband patterns obtained fopNRO; using the  sitions of the spinning sidebands within the sideband manifold:
heteronuclear’fNa-tH) MQ MAS pulse sequence in Fig. 1b, with a MAS of the three Na sites are labeled separately. Comparing the thr
:Eq“ency of 10kHz andyp =1 7r. A “Hspin lock was applied during in (b). it et spinning-sideband patterns, it is apparent that the in
e presented spectra correspond to a summation ovEp #ygectral range due L . )
to the Na(2) site for sheared two-dimensional spectra. Sign discrimination vig)Sities of the centerband and even-order sidebands relative
restored in thé; dimension for thé3Na resonances by the TPBIgj method, those of the odd-order sidebands are significantly larger for th
which involves incrementing the phases of #Alla pulses applied befotg by Na(3) site, as compared to the case of the Na(l) and Na(2) Site
30" after recording eachy point. For each of 211 and 382 points in () and  Recalling the simulated spectra presented in Fig. 6, this obse
;bz"egif’eegg‘l':;y(‘)fzfitfns'e”ts were coadded wittiacrement of 5.is and i can be understood by remembering (see Table 1) that tt
Na(3) site has a significantly largep@3.7 MHz).
A detailed investigation of the structure of M#PO, is not a
in Ref. (63). This mechanism could be investigated by meamsimary aim of this work, rather the primary aim is to present
of a related experiment in which the tbl 90° pulses, which the new NMR method. Therefore, in the following, only the
brackett; in Fig. 1b, are brought together. In this way, thegpinning-sideband patterns due to the Na(2) site are analyzed.
simply act as a MQ-filter, such that heteronucl€dNg) 3QC s, however, to be emphasized that this focusing on the site wit
evolves during;. Since the proton magnetization is in a longithe lowest @ does not imply that it is not possible to extract
tudinal rather than a transverse state, there is no signal loss dimactural parameters from heteronuclear MQ MAS spinning:
to dephasing because of homonuclear proton dipolar couplingisleband patterns due to sites with medium and largeslues.
However, heteronuclear dipolar couplings to protons externallttdeed, the simulated sideband patterns for an isolated spin ps
the heteronuclear 3QC remain active. in Figs. 8 and 9 (Section 7) demonstrated that a marked sen:
Another means by which homonuclear dipolar couplings caiwity to both the heteronuclear dipolar coupling and the relative
be decreased is to increase the MAS frequency; as showroitentation of the dipolar and quadrupolar PASs is observed fc
Fig. 12d, the MQ FID obtained for a heteronuclear MQ MAS exa large & value of 3.0 MHz. As in a standard (homonuclear)
periment avg = 30 kHz (without aH spin lock) is significantly MQ MAS spectrum, it is to be noted, though, that the sensitivity
longer compared to that (Fig. 12b) recordedvat=10 kHz. is better for the Na(2) sidebands in Fig. 14 on account of the na
However, as discussed in Section 6, the sensitivity of a heteromow second-order quadrupolar broadened pattern and the go
clear MQ MAS experiment (for a constargy) falls off with in-  MQ excitation and reconversion efficiency.
creasingr. For example, we were not able to record a spinning- Figure 15 presents MQ spinning-sideband patterns obtaine
sideband pattern with a reasonable sensitivityrat 30 kHz  for Na,HPO, using the heteronucle&fNa-H) MQ MAS pulse
showing third-order spinning sidebands. Instead, the expesequence in Fig. 1b. The presented spectra correspond to a su
mental sideband patterns which are presented in the follomation overthd~, spectral range due to the Na(2) site for shearec
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Na(2) 5 3 1 -1 -3 -5

Nal) 5 3 1 1 3 5

Na@) 5 3 1 1 3 5
vivg

FIG. 14. The sum projection, over thE; spectral range corresponding to the central-transition lineshapes of the three Na sites, for the two-dimensi
heteronuclear’fNa-H) MQ MAS spectrum trepi =2 R, vR =10 kHz, a'H spin lock was applied duringg) of Na,HPOy presented in Fig. 10b. The positions
of the spinning sidebands within the sideband manifolds of the three Na sites are labeled separately.

two-dimensional spectra. H spinlock was applied during  (Cq andn), the relative orientation of the dipolar and quadrupo-
andvg = 10 kHz. The three patterns correspond to recouplid@’ PASs, and the spin-I and spin-S°9@ulse lengths. Some
times of (Fig. 15a) one, (15b) two, and (15c) three rotor perioddimplification of the situation is immediately possible since the
the patterns are dominated by odd-order sideband intensity, wigiadrupolar parametersq@ndy (see Table 1), and the expe-
the intensities of the higher order spinning sidebands increasfiigental 90 pulse lengths are not free parameters; their knowr
astep increases. The contribution of the Na(1) site is evidenglues were used in all the simulations described below.
for the lower order spinning sidebands as a small shoulder orf no additional information, e.g., diffraction data, is avail-
the left-hand side. The integrated relative sideband intensit@igle, the next step would be a fit of the experimental spinning
for the odd-order sidebands due to the Na(2) site, as obtainedsifjeband patterns to simulated spectra for which both the he
means of lineshape analyses, are given in Table 4. eronuclear dipolar coupling and the relative orientation of the
In the following, the quantitative determination of structuralipolar and quadrupolar PASs were varied. Adopting such a
information from the experimental spinning-sideband pattera®proach here, it was found that it was not possible to simulate
in Fig. 15 is considered. First, it is to be recalled that the sim{Pr the case of anisolated spin pair, spinning-sideband patterns
lations in Section 7 for an isolated spin pair have demonstraté@reement with the experimental data in Fig. 15. FofHNRO;,
a dependence of the observed spinning-sideband patternsaggitional information in terms of a refined crystal struct@@) (
the heteronuclear dipolar coupling, the quadrupolar parametisrgvailable; as stated in Section 2 (see Table 2), for the Na(Z
site, there are, according to the crystal structure, two equidis

TABLE 4
Relative Sideband Intensities? for the Na(2)
Site in the Heteronuclear MQ MAS Spinning-
Sideband Patterns in Fig. 15

Trepl/ TR 3rd/1st 5th/1st
1 0.11 —
2 0.32 0.08
3 0.29 0.21

a An average for the-n and—n sidebands is considered.

tant (0.270 nm) protons, with the H-Na—H vector being linear.
It is, thus, unsurprising that simulated two-spin spectra cannc
reproduce the experimental data. The following question mus
now be addressed: is it possible to extract structural informatiol
from heteronuclear MQ MAS spinning-sideband patterns for the
more complicated case of a three-spin H-Na—H system?

Itis straightforward to extend the analytical description of the
heteronuclear MQ MAS experiment presented in Section 4 t
include a heteronuclear dipolar coupling of the spia 3/2 nu-
cleus to a second spin=1/2 nucleus. Since the corresponding
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where
a
Sh(ts) = sin{6NQp (tr/2, 0)} cos{6NQ} (1r/2, 0)}
x sin{6NQp (tr/2 + t1, t1) }
w x cog{ 6N QY (tr/2 4 ty, 1) }
Sh(tz) = sin{6NQY (tr/2, 0)} cos{6NQ(r/2, 0)}
X sin{6N Q%(TR/Z + tq, tl)}
b x COS{6NQp (Tr/2 + tr, 1) }. [36]

Itisto be noted that the presence of the two dipolar phase terms
Eq.[35]implies adependence ofthe observed rotor-encoded he

eronuclear MQ MAS spinning-sideband patterns upon the tw
M dipolar coupling constants as well as the relative orientation o
the two internuclear vectors, which define the two dipolar PASs

For the spin-pair case, it has been shown (Figs. 7 and 9) th:

the observed heteronuclear MQ MAS spinning-sideband pa

Cc terns are sensitive to the relative orientation of the dipolar an

guadrupolar PASs. On the basis of this observation, a compl

cated and intractable dependence on the many angles descr

ing the relative orientations of three PASs is to be expecte

for an IS system. However, simulations reveal that only the
single angle defining theelative orientation of the two IS in-

ternuclear vectorhias a marked effect on the appearance of the

heteronuclear MQ MAS spinning-sideband pattern. This marke

D | | | dependence is illustrated in Fig. 16a, which shows the chang

1V/V 1 3 - in the intensity (relative to that of the first-order sidebands) of

R the third- (squares), fifth- (crosses), and seventh- (triangles) o

der spinning-sidebands as a function of the H-Na—H angle fo

FIG.15. MQ spinning-sideband patterns obtained fop,NRCy using the 5 hateronuclear MQ MAS experiment corresponding to that o

heteronuclear®Na-*H) MQ MAS (with a H spinlock duringt;) pulse se- . ; - . -
quence in Fig. 1b. The MAS frequency was 10 kHz, and the recoupling tim@g' 15c. In these simulations, both Na—H dipolar couplings ar

were (a) one, (b) two, and (c) three rotor periods. The presented spectra covr'l? same (1.6 kHZ_), a_nd theaxis of the quadrUp()'ar_PAS is
spond to a summation over the spectral range due to the Na(2) site for sheare@riented such that it bisects the H-Na—H angle. In Fig. 17, the

two-dimensional spectra. Sign discrimination was restored ifrifrdimension  simulated spinning-sideband patterns corresponding to H-Na
for the?*Na resonances by the TP method, which involves incrementing angles of (Fig. 17a) 170 (17b) 174, and (17c) 180 are

the phases of th&Na pulses applied befottg by 30 after recording each. . . S . .
point. In (a), (b), and (c), respectively, 288, 288, and 288 transients were coadgégsented' Itis evident that the observed splnnlng-5|deband I

for each of 362, 370, and 36dpoints, with & increment of 5.0, 3.5, and 35 tensities are particularly sensitive in the region COfreSp(_)ndin!
and a recycle delay of 1.4, 1.4, and 1.3 s. to H-Na—H angles between 17@&nd 180. The comparative

insensitivity upon the orientation of the quadrupolar PAS with
o _ respect to the dipolar PASs is illustrated by Fig. 16b, which
Hamiltonians commute, the evolution under the two heterongiyows the effect of changing the orientation of #eis of the
clear dipolar couplings can be considered sequentially. The adrupolar PAS for a fixed H-Na—H angle equal to°1 Fr
perimental use of phase cycling to sel&spin SQC during the third- and fifth-order sidebands, the relative intensities var
ty corresponds to selecting, at the end of the first REDOR Kgjiihin the ranges 31-35% and 20-25%, respectively, while :
coupling period, only the+3/2)(+3/2|S, state. Making use g|ightly more pronounced sensitivity is observed for the relative
of Eqg. [30] and making the assumption that there is no eVO'h'Ttensity of the seventh-order sidebands (5-18%).
tion under the heteronuclear dipolar coupling duringthis is In Section 8, it was shown that the observation of small
valid for the case of the application of-El spin lock), the total asymmetric spinning sidebands in the MQ MAS spectrum o
time-domain signal for an Ssystem is, thus, given by Na,HPO, (Fig. 10a) is due to th&Na CSA; for the Na(2)
site, a good fit to the experimental spectrum was found fol
S(ty, 1) = {Sh(ta) + Sh(ta) } So(ts, ). [35] §=2.8 kHz. To investigate the effect ofANa CSA upon the
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An inspection of Fig. 18 reveals that tR&Na CSA is re-

a 10 - - sponsible for the introduction of a small asymmetry betweer
] 0 - positive and negative sidebands of the same order, with the e
o 08 o O . fect being most pronounced for the first-order sidebands; suc
z o o o small asymmetries are observed in the experimental specti
G 06| XX in Fig. 15. It is to be noted that similar asymmetries due to
= « " CSA effects have been observedit—H DQ MAS spinning-
-% 04 1 o x o 2.4 sideband patternd 9, 9§. Changing the relative orientation of
N . x * 5 e the CSA and quadrupolar PASs leads to only small changes i
021 X . x ZAA the observed patterns. Further simulated spectra (not shown) i
0 ] N R A ° s s A dicate that the observed patterns are also similarly insensitive t
T o 20 4 60 8 100 120 140 160 180 the CSA asymmetry parameter; notably, as in the case of M(
Angle / degrees
b a H-Na-H
Angle
0.4 1
O
‘E 03 F] o o g o e
g . y . ) 170°
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FIG. 16. The intensity of higher order odd spinning sidebands in spec- 174
tra simulated for a three-spiftH 23Na H) system using the heteronuclear UJ
MQ MAS experiment in Fig. 1b as a function of (a) the H-Na—H angle and
(b) the orientation of the axis of the quadrupolar PAS with respect to one
of the Na—H internuclear vectors. Relative intensities with respect to that of
the first-order spinning sidebands are denoted by squares (third-order), crosses c
(fifth-order) and triangles (seventh-order). Density-matrix simulations were per-
formed in the time domain using the SIMPSO&YNMR simulation program.
A representative SIMPSON input file is given in the Appendix. The following
parameters were usedy& 1.4 MHz; n = 0.2; vg = 10 kKHZ; tr¢pi = 3 R; 1H
90° pulse length=2.2 us; 23Na 90 pulse length= 1.5 us; 23Na pulse lengths o
for 3Q excitation, 3Q inversion, and 3Q to 1Q conversioB.6, 3.0, and 1.&s, \_JLJ LL 180

respectively. For both Na—H spin pail;s/2r = 1.6 kHz. The homonuclear

proton—proton dipolar coupling af8Na CSA were neglected. In (), ta@axis

of the quadrupolar PAS is oriented such that it bisects the H-Na—H angle. In (b), \ \
the H-Na—H angle equals 170 7 5

[
[N
'
-
'
w
'
a1
'
~

appearance of heteronuclear MQ MAS spinning-sideband pat-
terns, density matrix simulations including?Na CSA were  FIG. 17. Spinning-sideband patterns simulated for a three-spin system us
performed for the same spin system and experimental pardﬁq_the heteronuclear MQ MAS experiment in Fig. 1b, where the H-Na—H angle

. . . equals (a) 179 (b) 174, (c) 180. Density-matrix simulations were performed
eters as in Fig. 17a, i.e., the H-Na-H angle equals,1wih in the time domain using the SIMPSOM7 NMR simulation program. A

thez axis of the quadrUp()la_r PAS bisecting the H-Na—H anglgypresentative SIMPSON inputfile is given in the Appendix. The following pa-
Figure 18 presents such simulated spectra féiNa CSA of rameters were used:C= 1.4 MHz; n = 0.2; vg = 10 kHZ; 7repi = 3 T}
8 =3.0 kHz andn =0, where the angle between th@xes of ‘H 90" pulse length=2.2 1us; **Na 90 pulse length=1.5 us; **Na pulse

the CSA and quadrupolar PASs are (Fig 186.XD8b) 45 and lengths for 3Q excitation, 3Q inversion, and 3Q to 1Q conversi@m6, 3.0, and
) ' .1.5 s, respectively. For both Na—H spin pais/2r = 1.6 kHz, while the

(18c) 90. For comparison, Fig. 18d pre;ents the CorreSpondlggxis of the quadrupolar PAS is oriented at an angle of (&) @9 87, and
patterq for the case where thtNa CSA is neglected (repeated;) 9o with respect to the two dipolar PASs. The homonuclear proton—proton
from Fig. 17a). dipolar coupling and®Na CSA were neglected.
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Fig. 19, which presents MQ spinning-sideband patterns obtaine
for Na,HPQ, using the heteronuclea®Na-H) MQ MAS (with
a'H spinlock duringt;) pulse sequence in Fig. 1b, where the
MAS frequency was 10 kHz in Fig. 19a and 20 kHz in Fig. 19b.
Two and four rotor periods of recoupling were used in Fig. 19¢
and 19b, respectively, such that the total recoupling time was th
same (20Qus) in both cases. Note that the apparent reduction i
linewidth in Fig. 19b is largely a consequence of the doubling
of the spectral width in this case.

It was shown in Section 9 that an increase in the MAS
frequency leads to more efficient homonuclear dipolar decou

a
b
MUJM pling. Thus, if homonucleatH dipolar couplings significantly
Cc
d

L
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-
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!
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FIG. 18. Spinning-sideband patterns simulated for a three-spin (H-Na—H)
system using the heteronuclear MQ MAS experiment in Fig. 1b, where (a)—(c) a
23Na CSA ofs = 3.0 kHz andy = 0 is considered. The angle betweenztaxes
of the CSA and quadrupolar PASs equals ()B) 45, and (c) 90. In (d), the
23Na CSA is neglected. Density-matrix simulations were performed in the time
domain using the SIMPSON6{) NMR simulation program. A representative
SIMPSON inputfile is given in the Appendix. The same parameters asin Fig. 17a

e Vo L/NWWMWW

MAS spinning-sideband patterns (see Section 8), the asymme-

try remains forn = 1. Importantly, comparing the spectra in ‘ ‘ ‘ ‘ ‘ ‘
Figs. 18a—18c with that in Fig. 18d, it is apparent that the aver- 5 3
age (for the positive and negative sidebands) odd-order sideband v/ VR

intensities for the simulations including#Na CSA are not sig-

nificantly changed as compared to the case wher€N@CSA  FIG. 19. MQ spinning-sideband patterns obtained fopNRO, using the

. . . 2 1 i 1 i i _
is neglected. Greater centerband and even-order sideband infgronuciear®®Na-H) MQ MAS (with a*H spinlock duringty) pulse se

L. . . guence in Fig. 1b. The MAS frequency was 10 kHz in (a) and 20 kHz in (b).
sity is observed when théNa CSA is considered. Two and four rotor periods of recoupling were used in (a) and (b), respec

Section 9 demonstrated that the evolution dutingf the'H tively, such that the total recoupling time was the same (26)0in both cases.
transverse magnetization part of the mixed coherence state e presented spectra correspond to a summation ovef.tisgectral range
der homonuclear dipolar couplings to other protons leads tdlig to the Na(2) site for sheared two-dimensional spectra. Sign discriminatio
rapid decay of thé; FID in the heteronuclear MQ MAS ex- was restored in th&; dimension for the?®Na resonances by the TPHIY]

eriment. The estion must then be asked. do homon CImethod,which involves incrementing the phases offiNa pulses applied be-
peri ) quest u ! u ﬁ)?e(tl by 30° after recording each point. In (a) and (b), respectively, 288 and

diF?O'a_r cogplings affect the observed heterPnUdea.r MQ MAﬁMransientswere coadded for each of 370 andi7@@ints, with &1 increment
spinning-sideband patterns? To address this question, considers and 1.75:s and a recycle delay of 1.4 and 1.4 s.

[N
|
[N
|
w
|
a1
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affect the sideband patterns, marked differences should bén the basis of the above discussion, it has been identified, b
apparent on doubling the MAS frequency. By contrast, if onljneans of density-matrix simulations, that, considering the free
a simple rotor-encoding of the heteronuclear dipolar coupligrameters, the appearance of heteronuclear MQ MAS spinning
would be acting, identical sideband patterns would be obtaineiieband patterns for anJdSystem is particularly sensitive to
Considering the dominant odd-order spinning sidebands, a clasdy, first, the angle between the two IS internuclear vectors anc
similarity between the two patterns in Fig. 19 is observed, whigecond, the two heteronuclear dipolar couplings. It should, thus
the centerband and even-order sideband intensity is redubegossible to determine these structural parameters by means
at the highervg. The latter effect is, however, most likely aa comparison of the extracted experimental spinning-sideban
consequence of a reduction in sideband intensity due to théensity ratios in Table 4 with the values extracted from spectre
tievolution of?3Na 3QC under thé®Na CSA. It can, thus, be simulated for different values of the H-Na—H angle and the twc
concluded that homonuclear dipolar couplings do not contributa—H dipolar couplings.

significantly to the observed spinning-sideband patterns. ThisAccording to the refined crystal structure presented in
conclusion is not surprising since, first, homonucledrdipo- Ref. 63), for the Na(2) site, there are two equidistant (0.270
lar couplings are suppressed duringoy the application of a nm) protons, with the H-Na—H vector being linear (see Table 2)
1H spin lock and, second, no transvetsemagnetization state The heteronuclear MQ MAS spinning-sideband pattern in
is present during the two REDOR recoupling periods. Moré~ig. 17¢c was simulated using the crystal-structure arrange
over, compared to a typical organic solid, there is not a densent. Aninspection of the 3rd:1st and 5th:1st spinning-sideban
dipolar-coupledH network in NaHPQy; according to the crys- intensity ratios reveals major discrepancies as compared t
tal structure presented in Re@3), the shortestH-'H distance the experimental values in Table 4. Itis, thus, concluded that th
is 0.34 nm. proton localization around the Na(2) site in the refined crystal

N N

T T T T I T T T T T T T T T T T
7 5 3 1 -1 -3 -5 -7 7 5 3 1 -1 -3 -5 -7
VAV v/v

FIG. 20. A comparison of spinning-sideband patterns (solid lines) simulated for two distinct three-spin (H-Na—H) systems using the heteronuclear MQ
experiment in Fig. 1b with the extracted intensities (dashed lines) of the 1st-, 3rd-, and 5th-order spinning sidebands (see Table 4) for théakzpeditre
in Fig. 15. The MAS frequency was 10 kHz, and the recoupling times were (a, d) one, (b, e) two, and (c, f) three rotor periods. In (a)—(c), the H-Na-H au
170 and the two Na—H distances are identical (0.266 nm, corresponding @z = 1.6 kHz), while in (d)—(f), the H-Na—H angle is 180and the two Na—H
distances are different (0.266 and 0.311 nm, correspondidgsi®r = 1.6 and 1.0 kHz, respectively). Density-matrix simulations were performed in the time
domain using the SIMPSOMNT) NMR simulation program. A representative SIMPSON input file is given in the Appendix. All other parameters are the sams
in Fig. 17a.
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structure of NaHPQO, presented in Ref.6Q) is erroneous. In- crystal structure®3) is available for NaHPO, which indicates

stead, as demonstrated in Fig. 20, we found that good agreenibat there are two protons equidistant to the Na(2) nucleus. |
with respectto the experimental data was achieved for two diffexpite of the complications caused by the need to consider tf
ent structural arrangements, whereby either there is a deviatibree spin H-Na—H system, it proved possible to derive valu
of 10° from linearity for the case of two identical Na—H dis-able structural information from an analysis of the experimenta
tances (left-hand side of Fig. 20), or the linear arrangementhisteronuclear MQ MAS sideband patterns (see Fig. 15). It wa
retained, but the two Na—H distances are different (right-hadémonstrated that the proton localization around the Na(2) sit
side of Fig. 20). It is to be noted that the 7th:1st sideband raecording to the literature crystal structure oL, N®Q, is erro-

tio for the 7,cpy =3 tr patterns was not optimized, since it hagieous. Instead, the experimental data was found to be consiste
been shown above that this ratio is additionally sensitive to théth two alternative different structural arrangements, whereb

orientation of the quadrupolar PAS. either there is a deviation of 1@rom linearity for the case of two
identical Na—H distances, or there is a linear arrangement, bl
SUMMARY AND OUTLOOK the two Na—H distances are different. In addition, it was shown ir

Section 8 that the asymmetry in the experimental (homonuclea

In this paper, a new heteronuclear MQ MAS experimemMQ MAS sideband pattern for the Na(2) site, where the seconc
suitable for application to dipolar-coupled half-integer quadrwrder quadrupolar broadening is small, can only be explaine
polar and spinl = 1/2 nuclei has been presented. The expeby a consideration of th&Na CSA.
iment involves the evolution of a heteronuclear MQC com- In a previous study, we and other co-workers have presente
prising 3QC of the half-integer quadrupolar nucleus and SQ@Q MAS spinning-sideband patterns for sgin=3/2 (**Na)
coherence of the spimh=1/2 nucleus. As far as the half-and 52 (?’Al) nuclei (53) in samples where there is a single
integer quadrupolar nucleus is concerned, the correlation of 3@iStinct nuclear site for which theqvalue is small. In particu-
evolution duringt; with SQC evolution during, ensures, as lar, for the aluminum sample, experiments wheréHydipolar
demonstrated in Fig. 10b, that the well-known ability of theecoupling was achieved by either partial deuteration or by th
(homonuclear) MQ MAS experiment to yield high-resolutiormpplication ofrf pulses allowed an investigation of the contribu-
spectra due to the refocusing of the residual second-ordien of the Al-H heteronuclear dipolar coupling to the observec
quadrupolar broadening is retained. The creation of the hetdeband pattern. It was shown that the effect was, as is also tl
eronuclear MQC depends on the presence of a dipolar caase in the work presented in this paper, magnified in the MC
pling between the half-integer quadrupolar nucleus and the spscompared to the SQ experiment. It should be noted that th
I =1/2 nucleus, with the REDOR pulse sequence being emrevious study differs from the study described in this paper ir
ployed to recouple the heteronuclear dipolar coupling during #mat spinning-sideband patterns corresponding to the break-t
excitation and a reconversion period. Thus, signal is only obf the whole first-order quadrupolar-broadened static spectrut
served for those quadrupolar nuclei having a close proximity ¥eere observed. In addition, a simple two-pulse sequence, whe
a spinl =1/2 nucleus. the evolution period between the two pulses is restricted to

This paper has focused, in particular, on the spinning-sidebathdatation ofrg/2, was used for the excitation and reconversion
patterns which are observed in the indirect dimension of tioé MQC.
heteronuclear MQ MAS experiment. It was shown analytically, Various modifications of the pulse sequence presented he
for the case of an isolated spin pair, that the rotor encodiegn be envisaged. Of particular interest would be the incorpc
of the heteronuclear dipolar coupling alone leads to sidebaradion of whole-echo acquisitio2, 79, which would involve
patterns (see Fig. 5) where only odd-order sideband intensityhig selection of eithet3 or —3 coherence for the half-integer
observed, with the nature of the pattern depending on the prodgaadrupolar nucleus during Such an approach would offer the
of the dipolar coupling and the recoupling time. Considering résllowing advantages: first, a more efficient 3QC to SQC con-
alistic experimental conditions, density-matrix simulations (seersion would be possible by means of the use of a DEbdr
Figs. 6-9) showed that the sideband patterns are also sensi® (77) pulse; second, the experiment is inherently sign sen
to the quadrupolar parameters (which can be determined frorsitive with regards to the half-integer quadrupolar nucleus, suc
homonuclear MQ MAS experiment) as well as, for an isolatatiat a TPPI 99) approach or similar could be used to achieve
spin pair, the relative orientation of the dipolar and quadrupolsign discrimination irt; for the spinl =1/2 nucleus. The latter
PASs. Considering the various angles defining the orientaticedvantage would be of particular importance for the case whel
of the quadrupolar PAS and the two dipolar PASs in grmsi8n  more than one distinct spih=1/2 nuclei have close proxim-
system, it was shown that the sideband patterns are particulatilys to the half-integer quadrupolar nuclei. In such a case, i
sensitive to only the angle between the two IS internuclear vegeuld be informative to perform a rotor-synchronized (the
tors (see Fig. 16). increment is set equal teg) experiment {5, 100, in which

The viability of the method was experimentally demonstratel the spinning sidebands can be considered to fold in at th
using NaHPQy. Specifically, heteronuclear MQ MAS spinning-centerband position. It is to be noted that the application o
sideband patterns obtained for the Na(2) site were analysedaAH spin lock duringt; would result in a loss ofH chemical
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shift information, and instead either very-fast MAS or a homdJsing the orthogonality of the Zeeman eigenfunctions, i.e.,
nuclear proton decoupling scheme would have to be employéd|/m) = §,m, where the Kronecker deltéd;n,, is equal to one

In addition to improving the sensitivity of the 3QC to SQQf n = m and zero otherwise, the following is obtained

step, it is to be expected that an improved method could be

found for inverting the half-integer quadrupolar nucleus MQC. t
Finally, the experiment can, of course, be applied to other

half-integer quadrupolar nuclei, e.g., spie=5/2 nuclei such (n exp{f H(t)dt} Im) = exp{/em(t)dt} Sm- [A8]
as 1’0 and?’Al (for which 5Q as well as 3Q experiments N
would be possible), as well as to other spia=1/2 nuclei,

e.g..’tP. Using Egs. [A2], [A4], and [A8], Eq. [A1] is transformed into
Eq. [16]:
APPENDIX
b
Derivation of Eq. [16] Uo(th, ta) = Z [y ) (my | exp{ —i f(m, [Ho(t)Imy) dt} .
For the quadrupolar Hamiltonian for a single spin,
[H(ta), H(ty)] =0, and the Dyson time-ordering operator can [A9]

hence be dropped from Eq. [14], i.e.,
Derivation of Eq. [34]

tp
U (tp, ta) = exp{ —i f H(t) dt} . [A1] From Section 4,
ta
6v2NDjs :
Using the identity) ", |a)(a| =1, (101), the following expres- S(ty) = sm{ sm(29)sm(¢)}
sion is valid for any operator and any bag. 6f
X sin{ S|n(29) sin(wrty + go)} [B1]

U= ij |a)(alU [b)(bl. [A2]

The sin{« sing} terms in Eq. [B1] can be expanded as sums of
The quadrupolar Hamiltoniaitig(t), is diagonal in the Zeeman Bessel functions1(02):

basis. Thus, ifm) is a Zeeman eigenstate

+00
Ho(t)Im) = en(t)|m), [A3] sinfrsing} = 2y~ Jonsa(e) sin{(2n + 1)B}. (B2]
n=0

where :
Equation [B1], thus, becomes

em(t) = (M[Hq(t)|m). [A4] oo oo
sf 2DisNt
o ICTORE)9) BEM B ED)

Any operator which is a function of another operator has eigen- m=0 n=0
values corresponding to the operation of this function on the 67/2D,sN R
X Jont1 T

eigenvalues of the latter operator, i.e., if sin(29)> sin{(2m + 1)p}

H(t)/m) = en(t)/m). [A5] x sin{(2n + 1)(wrt1 + ¢)}
F00 +o00
then = 42 Z sz+1<6fD'SNTR n(219))
m=0 n=0
f(H(t = f(en(t : A6
(H{®)Im) (Em(t))Im) [AG] X J2n+1<w sin(29)) sin{(2m + 1)p}

Therefore,

tp
exp[f HQ(t)dt] Im) = exp[/em(t)dt] Im).  [A7]

ta

x [sin{(2n + Dwgt1} cod(2n + 1)g}
+ coq(2n + Dwrts} sin{(2n + 1)p}]. [B3]

Equation [34] is, hence, derived by taking the powder averag
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over the angle np n
start _operator 11z
1 7 detect _operator Ilc
(Solt))y = o / So(t2) dy verbose 1101
2 proton _frequency 500e6
) variable tsw 1.0e6/sw
— ZZ {JZnH(G‘/_DISNTR n(29)>} variable tau?2 1.5
variable taul 2.4*tau2
variable tinv 2*tau?2
x cos(2n + Ljwrtl, [B4] variable rf 1.e6/tau2/4
variable p90 2
where use is made of the following relations: variable p180 2*p90
variable rfH 1.e6/p90/4
o variable d Trot/2-p180
/ sin(Ag)sinBg)dg = 7 ifA =B B5 !
proc pulseq {} {
0 global par t
matrix set 1 coherence {{3 1} {3 —-1}}
/sin(Aw)sin(Bw)dw =0 ifA#B [B6] matrix set 2 coherence {{-3 1}{-3 —-1}}
o maxdt 0.5
. # CALCULATE PROPAGATORS FOR
RECONVERSION (AFTER t1)
/ cos(Ag)sin(By)dy = 0 forallcases  [B7] for {seti 1 } {$i <=%par(n) } {incri } {
0 maxdt 1

Representative SIMPSON Input Files reset [expr

$par(taul)+ $par(Nrot)*  Ppar(Trot)+1*  $par
The following points should be noted: (tinv)+  $par(p90)+( $i —1)* $par(tsw)]
(i) Only at; FID is simulated (solely the first point i3 is pulse $par(p90) 0 0  $par(rfH) 270
acquired). delay  $par(d)

(i) Second-order quadrupolar effects are not considered.
(iii) Only the p = —3 pathway is selected durirtg, such
that sign discrimination is ensured.

o
o

pulse $par(p180)
delay $par(d)
pulse $par(p180)
delay $par(d)
pulse $par(p180)
delay $par(d)

$par(rfH) 0

o
o

$par(rfH) 180

o
o

The Heteronuclear MQ MAS Experiment $par(rfH) 0

The following input file corresponds to the case of an isolated pulse $par(pl80) 0 0  $par(rfH) 180
spin pair. delay $par(d)
spinsys  { pulse $par(p180) 0 0  $par(rfH) O
channels 23Na 1H delay $par(d)
nuclei 23Na 1H pulse $par(pl80) 0 0  $par(rfH) 180
quadrupole 1 1 1.e6 0 00O maxdt 0.5
dipole 12 —-2500 O 90 0
1 pulse $par(tau2)  $par(rf) 270 0 0
par { store  $i
conjugate fid false }
spin _rate 10000 # CALCULATE PROPAGATORS FOR 3Q

variable Trot 1.e6/spin _rate EXCITATION (P1), 3Q INVERSION (P3)
variable Nrot 3 # AND THE FIRST REDOR RECOUPLING PERIOD
variable n 20 AND FIRST 1H PI/2 PULSE (P2)

sw spin _rate*n reset

crystal _file rep256
gammaangles 19

set pl [expr 2* $par(n) + 1]
set p2 [expr 2*  $par(n) + 2]
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set p3 [expr 2*  $par(n) + 3]

maxdt 0.5

pulse $par(taul) $par(f ) 00O
store  $pl

reset [expr $par(taul)]

maxdt 1

delay $par(d)

pulse $par(pl80) 0 0  $par(rfH) O
delay $par(d)

pulse $par(p180) 0 0  $par(rfH) 180
delay $par(d)

pulse $par(p180) 0 0  $par(rfH) 0
delay $par(d)

pulse $par(p180) 0 0  $par(rfH) 180
delay $par(d)

pulse $par(pl80) 0 0  $par(rfH) 0
delay $par(d)

pulse $par(p180) 0 0  $par(rfH) 180
pulse $par(p90) 0 0  $par(rfH) 90
store  $p2

reset [expr $par(taul) +  $par(Nrot)
*$par(Trot)+  $par(p90)]

maxdt 0.5

pulse  $par(tinv) $par(rf) 90 0 0
store  $p3

# THE ACTUAL PULSE SEQUENCE

for {seti 1 } {$i <=%par(np) } {incri } {
set t1 [expr ( $i —1)* $par(tsw)]
reset
prop $pl
prop $p2
filter 1
prop $p3
filter 2
maxdt 10
turnoff all
delay $t1
turnon all
prop [expr (
acq

$i —1) % SPpar(n) + 1]

}
}

proc main {} {
global par
set f [fsimpson]
fsave $f $par(name).fid
funload  $f

The simulations for the three-spin system used the same bas
program, with it only being necessary to change the spin systel
and filter definitions to:

spinsys  {
channels 23Na 1H
nuclei 23Na 1H 1H
quadrupole 1 1 1.38e6 0.2 0 85 0
dipole 12 -16000 00
dipole 13 -1600 0 170 O

matrix set 1 coherence {3 1 0}
{3 -10} {301} {30 —1}}

matrix set 2 coherence {{—-3 1 0}
{-3 =10} {-3 01} {-30 —-1}}

It is to be noted that all interactions are “turned off” during
t;. In this way, the action of théH spin lock in suppressing
evolution under the second heteronuclear dipolar coupling i
taken into account. (Note that there is no evolution of 3QC unde
a first-order quadrupolar coupling.)

In simulations including th&Na CSA, the following line was
added to the spin system part:

shif t 1 0 3000 0.5 0 130 O

In addition, to observe the evolution under the CSA duting
the relevant lines of the pulse sequence part was changed to

turnoff quadrupole 1.2 dipole 1.3
delay $t1

turnon quadrupole

_1 dipole

_1 dipole 1.2 dipole 13

The (Homonuclear) MQ MAS Experiment

spinsys  {
channels 23Na
nuclei 23Na
quadrupol e 1 1 1.38e6 0. 2 00 O
shif t 1 0 3000 0. 0 90 O

}

par {

spin _rate 10000
variable n 10

sw spin _rate*n
crystal  file rep256
gammaangles 21

np n

start _operator 11z

detect _operator Ilc

verbose 1101

proton _frequency 500e6
variable nprim np

variable tsw 1.e6/sw
variable tau2 1.75
variable taul 35

variable rf 1.e6/tau2/4
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proc pulseq {} { 8.
global par t
matrix set 1 coherence {{-3}} 9.
maxdt 0.5 10
for {setil } {$i <= $par(n) } {incri } {
reset [expr $par(taul)+( $i —1) 11.
* $par(tsw)]
pulse $par(tau2)  $par(rf) 90 12.
store  $i 13
| .
reset 14.

set pl [expr 2*  $par(n) + 1]
pulse $par(taul) $par(rf) 0
store  $pl 16

15.

for {seti 1l } {$i <= $par(np) } {incri } {
set t1 [expr ( $ —1)* $par(tsw)]
reset 18
prop $pl
filter 1 19

17.

maxdt 2
delay $t1 20.
prop [expr ( $i —1) % $par(n) + 1] 21.
acq 90
} 22.
}
proc main {} { 23.
global par ”
set f [fsimpson] '
fsave $f $par(name).fid 25
funload  $f
} 26.
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