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The multiple-quantum magic-angle spinning (MQ-MAS) solid-state nuclear magnetic resonance (NMR)
experiment and a sensitivity-enhanced variant detecting the second-order quadrupolar powder pattern through
a train of quadrupolar CatPurcel-Meiboom-Gill refocusing pulses (MQ-QCPMG-MAS) are analyzed

with respect to the effects of finite radio frequency (rf) pulse irradiation and the MAS frequency. Taking
these effects explicitly into account, it is possible to accurately determine optimum conditions for excitation

of MQ coherences and reconversion of these into detectable single-quantum coherences as well as simulate
the second-order quadrupolar lineshape necessary to extract accurate parameters for quadrupolar coupling
interactions and isotropic chemical shifts. This accurate determination is of great importance for the exploitation
of MQ-MAS and MQ-QCPMG-MAS NMR experiments for quantitative determination of site populations.

The various effects are described analytically and demonstrated by numerical simulations®&Rid B\Q-

MAS and MQ-QCPMG-MAS experiments on RbNO

1. Introduction

Since its introduction in 1995, the multiple-quantum magic-
angle spinning (MQ-MAS) experimértias attracted widespread
interest as a method to obtain high-resolution spectra of half-
integer quadrupolar nuclei. Contributing to this success has bee
the fact that MQ-MAS experiments relative to the previous
dynamic-angle spinning (DA3)* and double rotation (DORY®
experiments do not require sophisticated experimental equip-
ment. Furthermore, MQ-MAS is not limited by the demand of
long T; relaxation times (DAS) or limitations in the spinning
frequencies easily met under DOR conditions. In addition to
these obvious advantages, the 2-dimensional (2D) MQ-MAS
experiment provides information about the second-order qua-
drupolar shifted isotropic chemical shifts in the high-resolution
dimension correlated to second-order quadrupolar powder
patterns in the other dimension. This information allows the
establishment of structurally important information about the
electric field gradients for the individual sites and through this
knowledge about the isotropic chemical shifts from the high-
resolution dimension of the MQ-MAS spectra.

With the positive aspects of the MQ-MAS experiment stated,
it is relevant to consider a number of practical difficulties also
present for this method. These difficulties have motivated the
large number of the papers published on MQ-MAS nuclear
magnetic resonance (NMR). The first and most obvious problem
is the low transfer efficiencies associated with excitation of MQ
coherences and the following reconversion of these into
detectable single-quantum (1Q) coherence. These efficiencie
highly depend on the magnitude of the quadrupolar coupling
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tensor, the radio frequency (rf) field strength, and the sample
spinning frequency, which effectively sets an upper limit on
the quadrupolar coupling constaid) for the nuclei amenable
for analysis by MQ-MAS NMR. Furthermore, the strong
dependence oBg may severely complicate application of MQ-

"MAS for quantitative determination of site populations. To

improve the sensitivity and the conditions for quantitative
measurements, the original three-pulse sequence has been
modified to involve single-pulse MQ excitatidn? spin-lock
type excitation and mixing (RIACTY1 composite pulse¥,
shaped pulse'$, and adiabatic or phase-modulated puldes.

By these methods, the sensitivity of MQ-MAS experiments has
been improved by a factor of up to about four. A second problem
is the detection of the MQ-MAS spectra via second-order
guadrupolar broadened powder lineshapes. To cope with this
problem we recently introduced the MQ-QCPMG-MAS experi-
ment® which by detection of the signal in course of a
quadrupolar CarrPurcel-Meiboom-Gill (QCPMG)'718train

of refocusing pulses effectively splits the second-order powder
pattern into a manifold of narrow spin-echo sidebald3! In

this manner, the sensitivity of the MQ-MAS experiment may
be improved by an order of magnitude while maintaining
information about the anisotropic interactions.

Despite these achievements, the general utility of MQ-MAS
still critically relies on specific details on the quantum evolution
taking place during periods of free precession and finite rf pulse
irradiation under consideration of MAS. This covers the

Jeasibility of the experiment considering act@y values and

available rf field strengths, quantitative measurements, and
extraction of reliable quadrupolar coupling and chemical shield-
ing parameters to characterize the individual sites. In this work
we analyze MQ-MAS and MQ-QCPMG-MAS experiments with

respect to finite rf pulses and sample spinning conditions. This
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C D €2qQ/h denote the Larmor frequency, the isotropic chemical
%% . -, M shift, the quadrupole splitting, and the quadrupole coupling
L H . constant, respectively. The parameteis the spin quantum
H H _ number. Effects from anisotropic chemical shielding and dipolar
o5 AN PR 7 coupling as well as relaxation are ignored in the present analysis.

The relevant irreducible spin tensor operators are related to

E 7 - Cartesian spin operators as
===
N - - =231~ 101 +1 7
Figure 1. (a) Timing diagram for the MQ-QCPMG-MAS pulse 20 Jé( z ( ) 0
sequenc¥ with the periods A, B, C, and D designatingzdiltered 1
MQ-MAS sequence, a QE sequence, Wdime replicating part of a 2 _q2_
QCPMG sequence, and an additional sampling period to ensure full [Tgl’ T§*1] 2'2(4|(I +1)-8l, 1) (®)

decay of the FID, respectively. The rf pulse durationg &ndtss) or

nominal flip-angles are given above the pulses, and their phases are T3, TSl = 1L21(01+1)— 22— 1) 9)

given below the pulsed denotes the number of refocusing pulses in ’ '

pulse train. The pulse sequence is rotor synchronized to ensure The irreducible spatial tensors may conveniently be written

coincident spin and rotor echoes using= tr — taua, 72 = 7r — tu2,

and Nr; = 73 + 74 + t; + 74, WhereN is an integer andy the length .

of a pulse with flip angl@. (b) The coherence transfer pathway selected (Rgm)" = z W(Z (Rgm')P e QPRdfTZf), m(Bpr) X

by phase cycling as described in refs 19 and 32= ¢ + 27j/N;, ' f =l ' '

withj =0, ..., N — 1 andN; representing the number of steps 6, 4, 2, _

2, 1Jand 2foi =1, 2, 3, 4, 5p and 6, ?espectively and th% receiver d(z)m(ﬁRL)e mverton) (10)

reference phase adjusted to select the coherences indicated, according

to standard proceduréd¢s = ¢3 = ¢3 = ¢35 = 0 and¢2 = ¢ = 7/2. where R2 O =32, R )" =0, and R2 1) = nal2 are
spatial elements of the quadrupolar couphng tensor (asymmetry

work leads to optimum conditions for the excitation and mixing parameten;q) in the principal axis frame (P). The parameter

pulses (which is particularly important if only moderate rf fields d@ is a reduced Wigner matrix, andodrBrryer) and

strengths are available) being different from and considerably (w,t,8.,0) denote Euler angles for the transformation from P

better than those attained following established rules. Further-to the rotor frame (R) and from R to the laboratory frame (L),

more, this work enables accurate simulation of second-orderrespectively, withw, being the angular sample spinning

powder or spin-echo sideband spectra detected in the anisotropigrequency.

dimension of MQ-MAS and MQ-QCPMG-MAS experiments. To obtain analytical insight and an expression for the isotropic

On basis of the experimental parameters and quadrupolarshift in the w1/ dimension of the MQ-MAS experiment, it

coupling parameters established through iterative fitting, it is proves convenient to rewritel @ A1) ag?

possible to determine isotropic chemical shifts and extract

accurate information about site populations. These aspects are-- (2

demonstrated b§’Rb MQ-MAS and MQ-QCPMG-MAS NMR 28\/_ BVoo(3l,” — I(1 + 1)) + 5v/14V,((8I(1 +

spectra of RbN@ 1) - 12 f — 3)+ VTOV,(18I(1 + 1) — 341 2 — 5)} (11)

2. Theory using
The response of an ensemble of half-integer quadrupolar )
nuclei to MQ-MAS and MQ-QCPMG-MAS NMR experiments 20q" 2 . 0 \LaoiL
(Figure 1) may be described in the Zeeman interaction repre- Vjo=——— ) C(22; —nn)(R;_,) (R5,,)
sentation by the high-field truncated effective Hamiltonian Wo A=
A () = Fin (0 + Ay (1) —zmwzémw%wWW%%m
Fin(® = A5+ A M + AW @ (12)
with
where
~ 2w 22
Hy = w,(l, cose + 1, sing) @ A =- C(22; —n(n = K)(RE_) (RS i)”
Wy =
A5 = —w,, 4) (13)
= Wy QL whereC(22j; pg) denotes a ClebshGordan coefficient?
Ha ®= 2“’Q(Rz,o) Tgo ®) Restricting focus to the lineshape of the centerband being
2.2 sufficient using high-speed MAS, it is relevant to consider only
— 0 L . _o .
H g)(t) - _ o0 (2(R§,1)L(R§])L[T‘§,1, -|-<22’71] + the time-independent parts ®fp with n = 0; that is,

(Rgfz)L(Rgz)L[ng. 1'(2?72]) (6) Vj'O_ OO(ﬂRL) Z Ajk(77 )e_lkaPRd(J)kO(ﬂPR) (14)
K|
describe rf irradiation of amplitude, = —yB and phase, .
isotropic chemical shift, and the secular part of the quadrupolar Wheredoo(,BR,_) correspond to th¢" degree Legendre polyno-
coupling interaction to first and second order, respectively. The mlals d9(Bry) = 1, dQ(Br) = Y2(3 co$(Brl) — 1), and
termswo = —yBy, diso, wg = 27Co/(41(21 — 1)), andCq = (ﬂRL) = 1/5(35 cos‘(ﬁRL) — 30 cog(BrL) + 3). It is evident
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that Vg is an isotropic shift induced by the second-order

quadrupolar coupling interaction and thaf, is eliminated by
adjustingBr. to the magic angle.
The remaining anisotropic term

d

H,o= ﬂ|z(18|(| +1)— 34 2—5) (15)
J70

may be eliminated using MQ-MAS.This result becomes

evident by considering the anisotropic transition frequency for

the m-quantum (V2,—m/2) transition,

Sl
MV

(18I(I +1)—
70

, mi= -
wp(mi2,—m2) =} E‘Hm Flao

2

17mzz+ 10) (16)

revealing thatﬁm may be averaged by evolution ofr
guantum coherence in a peria(1 + k) followed by evolution
of 1Q coherence in a peridd/(1 + K) with

_wgm2-m2)  m(36I(1 + 1) — 170" — 10)

= = 17
wb(l/Z,—l/Z) 361(1 + 1) — 27 (17
This condition leaves us with
') 26‘)QZ 2 2
Hiso = —1 6isow0 + %(3 + Mo )(3|z = 1(1 + 1)) (18)
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Equipped with the Hamiltonians described by egslO, it
is feasible to numerically calculate the response of an ensemble
of half-integer quadrupolar nuclei to the MQ-MAS and MQ-
QCPMG-MAS pulse sequences in Figure 1. Both experiments
employ zfiltering to balance the evolution of 1Q and MQ
coherences and thereby facilitate the attainment of pure absorp-
tion spectra without the need for shearing transformatior%
and, more importantly in the present context, combination with
quadrupolar-echo (QEY2° type refocusing sequences. The
MQ-QCPMG-MAS sequenééis composed of four elements:
part A represents afiltered MQ-MAS sequence, part B is a
rotor-synchronized QE sequence with sampling of the decaying
part of the echo, part C is avi-time repeating unit constituting
the QCPMG train of rotor-synchronized refocusing pulses during
which the signal is sampled, and part D is an additional sampling
period ensuring full decay of the signal. Thdiltered MQ-
MAS pulse sequence with detection following a quadrupolar
echo (MQ-QE-MAS) is formed by parts A and B of the pulse
sequence alone. The relevant coherence transfer pathway is
given below the timing diagram of the pulse sequence in Figure
1.

Within the secular approximation, the propagator describing
the spin evolution in the period from to t, takes the general
form

O(tyt,) = T expf —i ffﬁ(t) dt} (22)
depending on the Hamiltonian in eq 1 withs = 0 andws =

0 for periods without and with rf irradiation, respectively. The
parametefT is a Dyson time-ordering operatdmecessary in

describing evolution under the isotropic parts of the chemical the latter case becausg([t’), H(t")] = 0. In periods of free
shielding and second-order quadrupolar coupling interactions precession, the Hamiltonian is diagonal and the propagator is

during thet; period of the MQ-MAS experiment.
The isotropic shiftd, in the wi/27 dimension may be
calculated as

1 (g g |t
(5iso_ 6()0(1 T+ k) (k{ %‘Hiso ZD B— Z‘Hiso 2@ —+
g‘ﬁiso %D_ B_ g‘ﬁiso - g
8w 2
= ﬁ( Jisok +m) + 5‘}(3 +7o)(BkK+m’) —
4k + m)i(l + 1))| (19)

We note thatis, and wq?(3 + 10?) may be determined from
the isotropic shiftsd;s, ; and di, , determined in two experi-
ments with different Larmor frequencies @fo; and wg

respectively:

2 1 1
k + 1: woz(éisoz_éiso
P o+ — d . 20
iso k_|_ m iso,1 (UO’ZZ B (1)0’12 ] ( )
0 (3 +no) =
5(1 + k)wo,lzwo,zz(aiso,z - 6i'so, (21)

8{3(k + m’) — 4k + m)I(l + D} (wy," — wo5)

More practically,0iso may be determined from a single experi-

ment by simulation of traces in the anisotropic information of

the 2D experiment or usindj,, in combination with values for
Cq andynq established from this dimension.

formed by direct integration. During rf pulses, the Hamiltonian
is tridiagonal and the propagator is obtained as a time-ordered
product of propagators, each corresponding to a time interval
over which the Hamiltonian may be considered time indepen-
dent?! With the reduced density operator at any titrduring

the pulse sequence expressed as

p(t) = U(1,0) p(0) U'(t,0) (23)

wherep(0) = I, represents the initial equilibrium polarization,
the free induction decay (FID) for a powder sample takes the
form

1
s(t) =—;

2 T 2
820 da(:RfO sin(Bcr) dﬂCRL X

dyer TH{I" B} (24)

with I being an representative of the ‘observable’ operator
under quadrature detection.

3. Experimental

All 8Rb MQ-QE-MAS and MQ-QCPMG-MAS spectra were
recorded on a narrow-bore (51 mm) Varian INOVA 300 (7.05
T; 98.14 MHz for8’Rb) spectrometer equipped with a home-
built MAS probe using 7 mm PSZ (partially stabilized zirconia)
rotors. The experiments employed a MAS frequencyw@®r
= 4808 Hz stabilized tat2 Hz using a Varian spinning speed
controller. An rf field strength ofv/27 = 50 kHz was used
for the excitation and reconversion pulses, whereas the strength
waswir/2r = 25.6 kHz for thez-filter and refocusing pulses.
The 2D spectra were recorded using 192 scans (0.5 s relaxation
delay) for each of the 98 increments taken in steps of 28.



10828 J. Phys. Chem. A, Vol. 103, No. 50, 1999 Larsen and Nielsen

Pure absorption spectra were obtained using the hypercomplex
method as described by Massiot et%The time-domain signals
were zero-filled to 2048t() x 32 768 {,) complex points prior

to 2D Fourier transformation. ThH€Rb chemical shifts were
referenced to an exterhd M aqueous solution of RbN{O
Numerical simulations and iterative fitting were performed on
a 450 MHz Pentium 1l computer using procedures similar to
those described in refs 19 and 21. The simulations used powder
averaging with 987 (QCPMG) or 4181 (QE) pa{f&cr,Scr}
angles distributed according to the tiling scheme of Zaréfnba
and 20 equidistantly distributegtr angles. Integration of the
homogeneous evolution during rf pulses (i.e., Dyson time
ordering) was accomplished in steps of Q5. A typical
simulation of aw,/2x trace, taking into account finite rf pulse
effects, required 107 and 68 min (24.3 min) of computation
time for MQ-QE-MAS and MQ-QCPMG-MAS experiments,
respectively. The number in the parenthesis refers to simplified
simulations taking finite pulses into account by replication of
the FID sampled in part C of the pulse sequence.

mG, )

4. Results and Discussion

As discussed by several authors, the sensitivity of the MQ-
MAS experiment for spin = 3/2 nuclei critically depends on
appropriate excitation of of triple-quantum (3Q) coherence and
subsequent reconversion of this into observable 1Q coher-
ence’1233|n the simplest approach, both the 3Q excitation and
the 3Q-to-1Q reconversion may be accomplished by single rf
pulses—* exploiting finite pulse effectd'~36 Sequences of this
type benefit from straightforward performance and relatively
high sensitivity under favorable conditions. Unfortunately,
however, the efficiency is highly dependent on the magnitude
of the quadrupolar coupling interaction for the individual sites - . . .
relative to the applied rf field strength as well as the sample 0 40 80 120 160 200
spinning frequency. To analyze these aspects and to optimize Tyo1s)

the p_a rameters fgr th_e MQ-MAS- and_ MQ-QCPMG-MAS. Figure 2. Efficiencies for transfer of, into +3Q coherence (imaginary
experiments descnbed I.n the following, Figures 2 and 3 (.:omam part of p1.4) versus the pulse lengthy, (cf. Figure 1). The curves reflect
curves _for +3Q excitation ar_1d+3Q-to-+1Q reconversion, lwolwg ratios of (a) 1, (b) 2, (c) 3, and (d) 4 usif = 2.4 MHz and
respectively, calculated for single rf pulses with quadrupolar ;. = 0 and spinning frequencies of 0 (solid line), 5 (dashed line), 10
splitting to rf field strength ratios|@o/wi|) of 1, 2, 3, and 4 (dot-dashed line), and 20 (dotted line) kHz.
(Cq = 2.4 MHz) and sample spinning frequencies/2x) of 0
(static), 5, 10, and 20 kHz. Specifically, the excitation curves evolution over one or more rotor periods. This consideration
display the imaginary part op14 (i.e., +3Q coherence) as appears relevant for both pulses in the regime of large
function of the pulse widthsq (cf. Figure 1), whereas the  quadrupolar couplings relative to the rf field strength (i.@q/
reconversion curves (based on the optimum excitation ef- wy| > 2) and in particular for the 3Q-to-1Q reconversion pulse,
ficiency) depict the imaginary part @ » (i.e.,+1Q coherence)  which even in the case of relatively large rf field strengths may
after thez-filter as function oftz1. The curves, which describe  be as long as/4 to 3/4 (t; = 27/w;). This recommendation
the spin evolution over one or more rotor periods, are calculatedis in marked contrast to those prevailing in the literature. For
by explicitly taking into account the sample spinning in course example, using similar rf irradiation and quadrupolar coupling
of the rf pulses>36 parameters and explicit integration of the spin evolution during
In accord with previous findings33it is seen that both the  the rf pulses, Wu et dlfound maximum reconversion for much
+3Q excitation and the-3Q-to-+1Q reconversion are favored  shorter rf pulses with flip angles of the order4&0°. It is noted
using the strongest possible rf field strength under slow-speedthat we arrived at similar results when transforming a mixture
spinning conditions. This result may imply a compromise to of —3Q and+3Q (as generated by an optimum 3Q excitation
be taken between sensitivity and resolution, although typically pulse) into+1Q coherence (not shown). Among these transfers,
taken in the favor of a reasonably high sample spinning however, only thet-3Q-to-+1Q transfer causes refocusing of
frequency. Overlap between the centerband and the spinningthe second-order quadrupolar coupling interaction. Several
sidebands in thew,/27 dimension of the 2D spectrum is practically important features can be extracted from the curves
undesirable not only for sensitivity reasons but also because itin Figures 2 and 3. First, it appears that by using appropriately
may complicate extraction of information about the anisotropic long excitation and reconversion pulses, it is possible to
interactions. Spinning sidebands in the isotrapi¢2z dimen- considerably enhance the sensitivity of the MQ-MAS experi-
sion are not desired for sensitivity reasons. Obviously, the latter ments relative to what was achieved using commonly recom-
problem may be alleviated by rotor synchronizatiéfirom the mended pulse lengths. Using this approach, however, it should
excitation/reconversion profiles in Figures 2 and 3 it becomes be realized that anisotropies in the excitation and reconversion
clearly evident that it is worthwhile considering the spin processes potentially may cause a considerable distortion of the
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Figure 3. Efficiencies for transfer of+3Q coherence tot+1Q
(imaginary part of.,3) coherence versus the pulse length(cf. Figure
1). The 3Q-to-1Q transfer efficiencies are based on the optiriGQ

operator determined from the excitation profiles in Figure 2. The curves

reflect |wolwy| ratios of (a) 1, (b) 2, (c) 3, and (d) 4 usil@g, = 2.4
MHz and#q = 0 and spinning frequencies of 0 (solid line), 5 (dashed
line), 10 (dot-dashed line), and 20 (dotted line) kHz. Optimmpulses
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Figure 4. Experimental and simulatédRb MQ-QE-MAS spectra of
RbNG;. The experimental 2D spectrum shown in (a) along with
projections onto they,/27 (vertical) andw2/27r (horizontal) axes was
recorded using the pulse sequence in Figure 1 (parts A and B only)
with w/27 = 50 kHz, wi/27 = 25.6 kHz,w /27 = 4808 Hz,7; =
200.7us, o = 203.1us, t, = 9.75us, and optimum pulse widthsg

= 35.0us andts; = 42.0us. The 2D spectrum was obtained using 192
scans for each of the 9&-increments with dwell times of 20.0 and
142.9us in thet; andt, dimensions, respectively. The spectrum was
apodized by Lorentzian linebroadenings of 1 and 5 Hz in the isotropic
and anisotropic dimensions, respectively. ¢bj2r traces through the

LA A Mt ik
-25 -35 -45

for the various spin rates (in parenthesis) and rf field strength were (a) threew:/2 resonances of the experimental spectrum (left column) along

3.5us for all spinning frequencies; (b) 26.5 (static), 17.5 (5 kHz), 12.5
(10 kHz), and 7.5 (20 kHz)s; (c) 40.0 (static), 25.5 (5 kHz), 18.5 (10
kHz), and 11.Qus (20 kHz); and (d) 32.5 (static), 25.0 (5 kHz), 24.0
(10 kHz), and 35.5:s (20 kHz).

second-order powder patterns observed indpi@z-dimension
of the 2D spectrum. This distortion calls for explicit evaluation
of finite rf pulse effects to extract information about the

with numerical simulations (center column) using parameters obtained
by iterative fitting of the corresponding./2z traces from the MQ-
QCPMG-MAS spectrum in Figure 5 (parameters in Table 1). For
comparison, the right column includes simulations using the same
parameters as the center column but calculated under the assumption
of ideal single-pulse excitation.

with the relevant pulse widths scaled by a factorlof-(%2)~1,

quadrupolar coupling parameters. Second, with appropriate ensures selective operation on thg,{/,) central transition.
knowledge on the quadrupolar interaction parameters (deter-The contour plots and the adjacent projections display the typical

mined from thew,/27r dimension of the 2D spectrum), it is

correlation of high-resolution isotropic peaks in tha/2z

possible to determine the relative site populations. Both aspectsyiansion with second-order quadrupolar powder patterns

reinforce the need for explicit evaluation of finite rf pulse effects
in simulation of MQ-MAS spectra.

Figures 4 and 5 sho#/Rb MQ-QE-MAS and MQ-QCPMG-
MAS spectra, respectively, of RbN@btained using the pulse
sequence in Figure 1 with a modest rf field strengthwgf2z
= 50 kHz for the excitation and reconversion pulses with
optimized pulse lengths ofzg = 35 us andts; = 42 us,
respectively. For thé’Rb sites in RbN@ this modest rf field
strength correspond two/ws| values in the region of 2.8 to
3.3. A relatively weak rf field @r./27 = 25.6 kHz) was used
for the zfilter and refocusing pulses. This weak rf field strength
corresponds ttwolw| > 5 and % (wewrz) =~ 0.02 which,

(Figure 4) or spin-echo sideband manifolds (Figure 5) in the
w72 dimension. Comparing the sensitivity of the two spectra
reveals a gain by a factor of 12 (corresponding to a factor of
144 in spectrometer time) for the MQ-QCPMG-MAS spectrum
obtained by splitting the powder pattern into sidebands by
detection through a QCPMG train of central-transition selective
refocusing pulses. The actual gain in sensitivity obviously
depends on the sideband separations inadf@z dimension
(and thereby omy,), allowing compromises to be taken between
sensitivity and details in the information about the anisotropic
spin interactions.
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Figure 5. Experimental and simulatédRb MQ-QCPMG-MAS NMR
spectra of RoN@ The parameters and layout of the figure is identical
to Figure 4 with the exception that the experimental spectrum was
recorded using the full pulse sequence in Figure 1 with the additional
parameterss = 74 = 75.0us, 7o = 4.0 ms,M =19, andry = 3.92 ms.
Furthermore, the spectrum was apodized by 1 Hz Lorentzian line-
broadening in both dimensions.

-55

To extract information on the electric field gradients and the
chemical shifts, both reflecting the local electronic environment
of the quadrupolar nuclei, as well as reliable quantitative
information about site populations, it is fundamental to deter-
mine parameters for the anisotropic interactions freai2:z
sections through the various isotropig/27 resonances. In

Larsen and Nielsen

TABLE 1: Magnitudes of Quadrupolar Coupling Tensors
and Isotropic Chemical Shifts for ’Rb in RbNO3

site Co (MHz) ) diso (PPMP method
Rb(1) 1.80 0.30 —-27.5 MQ-QCPMG-MAS
1.69 0.25 —275 MQ-MAS?®
1.68 0.2 —27.4 MQ-MAS?
1.83 0.12 —26.2 DAS?
Rb(2) 2.00 0.97 —28.7 MQ-QCPMG-MAS
2.01 0.94 —28.9 MQ-MAS®
1.94 1.0 —28.5 MQ-MAS?
2.07 1.0 —26.8 DAS?
Rb(3) 1.67 0.63 —-32.0 MQ-QCPMG-MAS
171 0.55 —-314 MQ-MAS?®
1.72 0.5 —-31.3 MQ-MAS?
1.85 0.48 —30.9 DAS?

a|sotropic chemical shifts on thé&scale are referenced to a 1.0 M
solution of RbNQ.

respectively. The sections through the experimental spectra
shown in the left columns of Figures 4b and 5b may be
reproduced fairly well by the numerically exact simulations
shown in the corresponding center columns. The simulated
spectra were obtained by iterative fitting@$/2 sections from

the experimental MQ-QCPMG-MAS spectrum using the for-
malism already described under consideration of finite rf pulse
effects. The resulting parameters are summarized in Table 1
along with parameters from receéfiRb solid-state NMR studies

of RbNG;s. Using the optimum parameters to calculate the same
w2 sections under the assumption of ideal single-pulse
excitation leads to the simulations shown in the right-hand
columns of Figures 4b and 5b. The differences between the two
sets of simulations reveal that accurate extraction of the
anisotropic interaction parameters requires appropriate consid-
eration of finite rf pulse effects. In this context, it is important
to note that the distortions originate from the first two MQ pulses
in the experiment whereas the followiggilter and refocusing
pulses may, to a good approximation, be considered ideal in
their behavior (vide supra).

The distortion of the MQ-QE-MAS powder pattern or the
MQ-QCPMG-MAS spin-echo sideband envelope strongly de-
pends onjwg/wy| and wy. To illustrate this aspect, Figure 6
shows a series @b,/2 projections calculated for MQ-QCPMG-
MAS experiments using different rf field strengths and sample
spinning conditions for a powder of splrn= 3/2 nuclei with

favorable cases, this information may, at least approximately, wq/27 values of 167 kHzGq = 2 MHz) and 333 kHz Cq =

be extracted by simulation of the)/2z sections using standard

4 MHz) at a Larmor frequency of 98.14 MHz. For comparison,

programs for calculation of second-order quadrupolar powder the upper row of Figure 6 contains the corresponding QCPMG-

spectra resulting from ideal excitatié#23° In more general
cases, using finite pulses with rf field strengths in the region of
1 < |wglwy| < 3 and with durations extending over a significant
fraction of the rotor period® the transfer efficiency may vary
significantly for the various crystallite orientations causing
distortion of thew,/27r dimension powder pattern relative to
ideal spectrum!40In this case, extraction of reliable information
from thew,/27-dimension lineshape requires numerical simula-
tions considering effects from the time-modulated first-order
quadrupolar interactions in course of the rf pulses. Intuitively,
this requirement appears most relevant for the MQ-QCPMG-
MAS experiments detecting they/2r spectrum through a series
of finite refocusing pulses, although the weak rf field strength

MAS spectra calculated under the assumption of ideal rf pulse
conditions. From these spectra it is evident that the spectra with
the smallest values ¢iv/wi] (i.e., smallesCq and largestorr)

most closely resemble an ideal second-order spin-echo sideband
spectrum, whereas very significant distortions are observed for
larger values of this ratio. The effect of the sample spinning
frequency becomes apparent by comparing the two left-most
columns in Figure 6, indicating that even in case of lww/

wyf| ratios, this effect has to be considered. We note that part
of the differences originate from the different optimuyn and

t31 values. Independently of this effect, it can be concluded that
the highest possible rf field strengths are highly desirable and
that with an rf field strength of 200 kHz, essentially undistorted

should ensure almost isotropic behavior during B and C of the traces are observed even fog/2r = 333 kHz. This rather

Figure 1 pulse sequence (vide supra).

The relevance of considering the effects of finite rf pulses
becomes evident from the,/27 sections through the various
isotropic resonances in th&#Rb MQ-QE-MAS and MQ-
QCPMG-MAS spectra of RbN§in Figures 4b and 5b,

high value for the quadrupole splitting promises a wide range
of applicability of the MQ-QCPMG-MAS experiment when
strong rf fields are available.

Equipped with accurate parameters for the quadrupolar
coupling interactions and the isotropic shifts in the/27-
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Figure 7. Calculated (a) and experimental (b)/27 projections of
the®Rb MQ-QCPMG-MAS spectrum of RbNOThe simulations used
parameters identical to those in Figure 5 and Table 1. The calculated
/27 trace is apodized by a Lorentzian weighting of 100 Hz.

was assigned the value 1.00. This assignment implies that
experimentally, the populations of the various sites are 1.00:
0.84:0.91, which are fairly close to the values expected from
theory.
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Figure 6. Calculated (a, e, i) QCPMG-MAS spectra and-¢h f—h,
j=1) w27 sections from MQ-QCPMG-MAS spectra. The QCPMG-  ~gnclusion

MAS spectra were calculated under the assumption of ideal rf pulse

excitation and the MQ-QCPMG-MAS spectra calculations used finite  In conclusion, we have demonstrated that it is practically
f pulse conditions withw«/27 values of (b, f, ) 200, (c, 9, k) 100, and  feasible to numerically simulate and iteratively fit experimental
(d, h, 1) 50 kHz. The spectra uséd= 3/2, wo/27 = —98.14 MHz,77q MQ-QE-MAS and MQ-QCPMG-MAS spectra to establish

= 0.0, diso = 0.0 ppm, w22t = 25 kHz, 75 = 4.0 ms,M = 20, 74 = ; . i .
0.1 ms. The spectra correspond@g values of (a-h) 2 and (i-l) 4 optimum experimental conditions and obtain accurate parameters

MHz andw./27 values of (a-d) 4.9 (1 = 7, = 204.08us, 73 = 74 = describing the quadrupolar coupling interaction, the isotropic
35.8us) and (e-) 11.8 (r; = 7, = 84.75us, 73 = 74 = 28.9us) kHz. chemical shifts, and the relative populations of different
The MQ-QCPMG-MAS calculations used optimugy and ts; pulse quadrupolar spin sites. By explicit calculation of transfer

lengths (inus) of (b) 34.5, 42.5, (c) 17.5, 66.0, (d) 3.5, 82.0, (f) 34.5, efficiencies, we have demonstrated that the sensitivity of the
30.5, (9) 12.5, 42.5, (h) 3.5, 57.0, (j) 103.5, 59.0, (k) 12.5, 11.5, and sjmple two-pulse MQ-MAS experiment may be about doubled
%Sﬁsz'. 84.75. All spectra were apodized by a Lorentzian weighting of i significantly longer excitation and reconversion pulses
than typically recommended. In addition to this comes an order
dimension extracted from the 2D spectra in Figures 4 and 5, it of magnitude in sensitivity obtained using the MQ-QCPMG-
is a simple matter to determine the isotropic chemical shifts MAS experiment splitting the second-order powder patterns in
for the various®’Rb sites of RbN@ The specific values are  thew,/2r dimension of the 2D spectrum into distinct spin-echo
included in Table 1. Furthermore, using the quadrupolar sidebands. For MQ-MAS as well as MQ-QCPMG-MAS experi-
interaction parameters and the actual pulse widths/amplitudes,ments, we have demonstrated how numerically exact simulation
it is possible to determine the populations of the various sites and iterative fitting of the lineshape or sideband pattern in the
from the intensities observed in the projection onto ¢h&r anisotropic dimension may be used to obtain accurate parameters
axis. This determination may be accomplished using excitation for the involved isotropic and anisotropic interaction parameters
and reconversion profiles as in Figures 2 and 3 or by specific as well as the relative site populations. All these aspects are
calculation of thew1/27 projection of the 2D spectrum. In  practically important and are anticipated to find direct applica-
addition, the latter approach will provide a direct test on the tion in future MQ-MAS studies.
isotropic chemical shift values extracted from the/27
dimension of the 2D spectrum. Both aspects are illustrated in  Acknowledgment. The use of the Varian INOVA-300 NMR
Figure 7, which compares experimental and calculaig@r spectrometer, sponsored by by the Danish Natural Science
projections for the®’Rb MQ-QCPMG-MAS spectrum of  Council, at the Instrument Centre for Solid-State NMR Spec-
RbNG:s. The two spectra in Figure 7 reveal that the calculated troscopy, University of Aarhus, is acknowledged. The authors
dis, values are withint=1 ppm from the experimental values. thank Mads Bak for helpful discussions regarding numerical
Assuming an ideal 1:1:1 population of the three sites, in simulation of multiple-quantum transfers.
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