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The quadrupolar phase-adjusted spinning sidebands (QPASS)
ulse sequence has been recently demonstrated as a useful method
or obtaining quadrupolar parameters with magic-angle spinning
MR. The sequence separates spinning sidebands by order in a

wo-dimensional experiment. A sheared projection of the 2D spec-
rum effectively yields the infinite spinning rate second-order
uadrupolar powder pattern, which can be analyzed to determine
uadrupolar coupling constants and asymmetry parameters. The
F power and spinning speed requirements of the original QPASS

equence make it an experimentally demanding technique. A new
ersion of the sequence is demonstrated here and is shown to
lleviate many problems associated with the original sequence.
ew solutions to the determining equations, based on the use of
ultiple rotor cycles in the QPASS sequence, lead to longer delays

etween the nine p pulses, provide less chance of pulse overlap,
nd allow for use of weaker RF field strengths that excite only the
entral quadrupolar transition. A three-rotor-cycle version of the
ew experiment is demonstrated on the 139La nucleus. © 1999

cademic Press

Key Words: QPASS; sideband separation; second-order quadru-
olar interaction; lanthanum-139.

Spinning sidebands present in magic-angle spinning (M
MR (1, 2) spectra of spin-1

2 nuclei can make the interpretati
f isotropic chemical shifts difficult due to sideband ove
nd the attenuation of the isotropic peak intensities. Sideb
an be eliminated from spectra by utilizing low magnetic fie
r by spinning the sample at a rate greater than the wid

requencies produced by the chemical-shift anisotropy (C
owever, the loss of the sidebands decreases the che
hift information content due to the second-rank tensor n
f the CSA (3). Procedures for separating the isotropic
nisotropic chemical-shift interactions while retaining th

nformation have been demonstrated in the phase-adj
pinning sidebands experiment (PASS) (4) and the 2D PAS
xperiment (5). In the latter, spinning-sideband manifolds
eparated by order into a 2D array of spectra through
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anipulation of fivep pulses during a fixed duration of o
otor period.

For half-integer quadrupoles, spectra are further complic
y second-order anisotropic quadrupolar interactions tha
ot sufficiently suppressed by the motional averaging of M
6). Nuclei with large quadrupolar coupling constants (CQ 5
2qQ/h) are particularly difficult to analyze using MAS b
ause even at very high spinning rates (i.e., 20–30 kHz)
econd-order broadened sidebands still overlap, yie
ighly distorted spectra containing very little interpretable

ormation about the quadrupolar interaction. Clean isolatio
pinning sidebands from the isotropic resonance for powd
amples undergoing magic-angle spinning and subject
ure second-order quadrupolar Hamiltonians has recently
chieved by the quadrupolar PASS (QPASS) pulse sequ
7). This method of sideband separation is analogous in d
o the 2D PASS sequence, but is based on the modulati
ideband order using ninep pulses spaced within a one-rot
ycle evolution period. As noted by Massiotet al. (7), high
pinning rates are desirable for this technique, leading to
otor periods and insufficient delays between the nine finip
ulses.
The goal of this communication is to present an interpr

ion of the QPASS experiment which facilitates its applica
t high spinning speeds. There are two ways in which th
ccomplished. The first is the extension of the sequence
single rotor cycle to multiple rotor cycles. The second is

election of sets of timing delays for the ninep pulses which
re solutions to the QPASS equations, but are spread as e

rom one another as permitted by the pitch angle condi
pplication of a new multiple rotor-cycle QPASS sequenc
sample of LaCl3 is also presented as an example of

otentially useful information that can be obtained from
139La nucleus. This nucleus is of chemical interest becau
ts use in catalytic systems.

The theoretical basis for the separation of spinning s
ands by their order (k) has been well described in previo
ork (4, 8). Although the spinning sidebands in routin
ublished spectra display a uniform phase (9), an appropriat
ulse sequence can shift sideband phases by2kQ, whereQ is

he pitch angle associated with sets of delays betweenp pulses
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4). Clean sideband separation for powdered samples und
ng MAS and subject to first and second-order Hamilton
an be achieved by satisfying the PASS equations (5):

2 O
q51

n

~21! qexp~imuq!

1 1 2 ~21! nexp~im~Q 1 uT!! 5 0 [1]

22 O
q51

n

~21! n1quq 1 uT 5 0, [2]

heren is the number ofp pulses in the sequence,u q 5 v rt q

wherevr is the MAS rotor frequency in radians per sec
ndt q is the time delay in seconds to the center of theqth p
ulse in relation to the beginning of the evolution period)
T 5 v rT (where T is the total duration of the evolutio
eriod). In the case of QPASS, nine nonlinear equations
eal and four imaginary) form 5 1 to 4 are solved for th
nknown delays,u q, of the nine pulses (n 5 9) over a fixed
T. In the previous work, the QPASS equations were so
nly for uT 5 2p (one rotor cycle) and code to generate
elay tables was presented (7). All time values were calculate
sing fixed starting points for a Newton–Raphson root-fin
lgorithm (10), thereby generating a unique set of solution
ach pitch. The equations also allow for multiple rotor-cy
olutions, a three-rotor-cycle version of which is pictured
ig. 1. Multiple rotor-cycle solutions greatly increase
mount of time available to apply the nine finitep pulses
owever, unlike the single-rotor-cycle solutions, the QPA
olutions for a givenQ are not unique for multiple-rotor-cyc
volution periods (e.g.,uT 5 6p and 10p). Use of a random
umber generator to provide the starting values for the N

on–Raphson method gives rise to many different sets ou

FIG. 1. The three-rotor-cycle QPASS pulse sequence used in this w
eceiver are independently phase cycled as discussed in the text.
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olutions for eachQ value. This aspect of multiple rotor peri
volution provides another option to help relieve the con

ion of p pulses in a single QPASS rotor period. Sets
olutions may be screened until delays with the maxim
ossible time between pulses (Dt q) are found. In our compu

ations, we have found that well-spaced solutions can be f
or three- and five-rotor-cycle QPASS. At the present time
umerical solutions could be obtained for two- and four-ro
ycle QPASS, and only the previously published solution7)
as obtainable for one-rotor-cycle QPASS. While this does
onstitute proof that no additional solutions are available
hese problems, it appears that this is the case, as many d
omputer search time were expended on this issue. The c
ation of sets of delays for both three- and five-rotor-cy
PASS experiments can been achieved using Mathem
ode (18), which solves the QPASS equations by the Newt
aphson method. The solution process is started via a ra
umber generator with a limited range of 2p centered aroun

he delays forQ 5 0. One particularly well-optimized set
olutions for a three-rotor-cycle experiment is given in Tab
he values of which were found by enforcing an empir
aximization of the spacing between pitch angles (Du q). In
able 1, the QPASS solutions are listed for allu q’s correspond

ng to 16 pitch angles from 0 to 2p. A plot of the pitch angle
ersus the timing of delays for these values is shown in Fi
here the relatively even distribution of pulse delays throu
ut the sequence is easily visualized.
All 139La spectra were obtained on a Chemagnetics/Va

nfinity 11.74 T spectrometer operating at a spectral frequ
f 70.564206 MHz using a 5-mm double-resonance Che
etics probe (Model MPRB 500318). Spinning during
PASS experiment was locked at 10 kHz6 2 Hz via a
hemagnetics MAS Speed Controller (Model M80640300
nsure a reproducible rotor cycle which is critical to the
ess of the fixed duration QPASS timing period. A low

. Shifted-echo detection is utilized, andn is usually set to 1. Thep pulses and th
ork
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eld strength was employed to deliver thep pulses of lengt
.7ms throughout the QPASS evolution. The sequence wa

n a hypercomplex format (11, 12) to help compensate f
rtifacts that occur along thek dimension and shifted-ech
etection (7) was utilized in order to ensure acquisition of
cho maximum. Independent phase cycling of the ninp
ulses in steps of 2p/3, and appropriate adjustment of

TAB
Timings for p Pulses, Given as Sample Revolution

FIG. 2. Timings for the ninep pulses in the three-rotor-cycle QPA
equence, in units of sample revolution angle, plotted as a function of
ngle. All angles are in radians. Note that the wider spacing between th
and thus thep pulses) compared to the one-rotor-cycle QPASS sequ
essens the RF power requirements (see text).
un
eceiver phase, was employed to select an alternating (11)3
21)3 (11)3 ( . . . ) coherence pathway (5).

Static spectra were recorded by using a {u–t1–2u–t2–Ac-
uire} echo experiment, whereu is the tip angle of the puls
13), with a u pulse duration of 3.5ms, at1 echo delay of 3
s, and at2 echo delay of 30ms. The phase cycle for theu
ulse was {x, 2x, y, 2y} and for the 2u pulse was {y, y, 2x,
x}. The receiver was phase cycled in the same manner a
pulse.
The result of a139La three-rotor-cycle hypercomplex QPA

xperiment on lanthanum chloride, LaCl3 (Aldrich Chemica
o.), is shown in Fig. 3. LaCl3 was chosen as a test compou
rimarily because of its close relation to other chemic

nteresting lanthanum compounds, but also because139La has a
igh natural abundance (99.9%), is extremely sensitive t
ffects of changes in local electric field gradients (EFGs),
xhibits wide linewidths due to strong quadrupolar inte

ions. The quadrupolar parameters for139La (I 5 7
2) of a single

rystal of anhydrous LaCl3 have been reported previously (14).
he quadrupolar coupling constant (CQ) is 15.3 MHz and th
symmetry parameter (h) is equal to zero indicating axi
ymmetry.
The stacked 2D plot in Fig. 3 retains the MAS-avera

econd-order quadrupolar interaction in thev2 dimension, bu
eparates the spinning sidebands by their order,k, in the v1

imension. Due to the combination of fast (10 kHz) MAS
he 15.3-MHz quadrupolar coupling constant, only 16 pitc
re required to achieve sideband separation, thus shorteni
xperimental time to a total of 12 h. Shearing of the approp

1
ngles (in Radians), for Three Rotor-Cycle QPASS
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idebands (15) yields theinfinite spinning ratespectrum pre
ented in Fig. 4d. This infinite spinning rate spectrum prov
ore accurate information about the EFG than the static

ern which contains CSA and dipolar interactions. These a
ropic first-order interactions are removed in the she
PASS spectrum, leaving only the equivalent of the sec
rder infinite spinning rate MAS spectrum. The second-o
uadrupolar lineshape can be fit directly with only the qua
olar parameters as shown by the simulated second-orde

FIG. 3. The 2D, 16-pitch angle QPASS spectrum obtained from the L3
ample, spinning at a MAS speed of 10 kHz. At least six separated side
re visible. The data shown were acquired in hypercomplex mode, with a
xperimental time of 12 h (see text).

FIG. 4. (a) Simulated static LaCl3 spectrum, with aCQ of 15.3 MHz and
c) Experimental static echo spectrum of LaCl(see text). (d) Infinite spinn
3
s
t-

o-
d
d-
r
-
at-

ern in Fig. 4b (7), which matches the experimental data ba
n the position of the singularities and the overall width of
attern.
The experimental static LaCl3 pattern displayed in Fig. 4

ontains a small amount of additional intensity on either sid
heh 5 0 pattern as well as a bump in the center of the pa
hen compared to a simulated static pattern in Fig. 4a. S
mounts of water are known to readily replace the Cl2 ions in
aCl3 with OH2 and O22 (16). The LaCl3 sample used in th
PASS and static experiments was heated at 750°C for 2 h in
n attempt to remove all water but the presence of a seco
ite of higherh is indicated in both the static and the infin
pinning rate spectrum. Other less plausible explanation
he nonideality of these lineshapes include nonuniformT2

elaxation, differential excitation of multiple quantum coh
nces, and nonuniform RF excitation across the powder

ern. However, since the principal features of the pow
atterns are not significantly affected, this does not affec
nalysis of the quadrupolar parameters for this sample.
bility of water molecules to modify the EFG tensor in La3
as been reported previously (14), in a study of pure LaCl3 z ca.
H2O, which has aCQ of 23.7 MHz and anh of 0.4. The stron
ffect of water demonstrates the sensitivity of the139La nucleus

o chemical modification.
The extreme width of the static second-order quadrup

attern associated with largeCQ’s makes the use of fast sp
ing rates necessary, in order to reduce both the numb

l
ds

tal

equal to zero. (b) Simulated infinite spinning rate MAS spectrum of La3.
rate spectrum obtained by shearing the LaClQPASS data shown in Fig. 3.
anh
ing
 3
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ossible sidebands and the duration of the 2D experiment
orrespondingly short length of one rotor cycle dictates a fi
uration evolution period, which makes application of ninp
ulses extremely demanding if feasible at all. The additio
ultiple rotor cycles to the evolution period not only makes
pplication of QPASS to nuclei with highCQ values possible
ut the extra time afforded by several rotor cycles prov
ore flexibility in RF field strengths. In order to remain in

oft pulse regime for nuclei with moderate to smallCQ’s, the
F field strength must be much less than the quadru

requency (17). This condition is desirable to avoid exciti
ransitions other than the central transition for half-inte
uadrupoles and can be achieved through the use of longp/2
nd p pulse lengths. A low RF power was utilized in the
xperiments so that only the central transition of the139La
esonance was excited. This was intended to alleviate the
n the phase cycle by minimizing the excitation of multip
uantum coherences. We have found experimentally tha

ow RF powers employed in this work aid in the suppressio
pectral artifacts (possibly due to multiple-quantum effe
hile their effects on the central transition can be negate
first-order phase correction. The limited excitation bandw
rovided by this RF power may have contributed to the n

deal shape of the sheared QPASS spectrum, althoug
dditional site visible in the static spectrum is probably
ain cause.
As previously mentioned, multiple solutions are possible

he pulse timings in multiple-rotor-cycle QPASS. Soluti
an be chosen that maximize the delays between adjacp
ulses. Delays such as those shown in Table 1 and F
liminate the narrow spacing between pulses generated b
nique solutions to the QPASS equations for a single-r
ycle experiment. The shortest maximumDu q calculated fo
he set of QPASS delays in Table 1 is 8.2% of three r
eriods, compared to the 4.4% of one rotor period in
riginal one-rotor-cycle QPASS. A practical guide for de
ining the feasibility of the delays in a QPASS experimen

o take the actual time of the shortest delay and compare
he instrumental limit of the spectrometer:

Nt rd 2 tp . instrumental limit, [3]

hereN is the number of rotor cycles,tr is the rotor period,d
s the minimumDu q fraction, andtp is the length of thep
ulse. In the case of our three-rotor-cycle experiment,
hortest delay is 18.9ms (i.e., 33 100ms 3 0.0822 5.7 ms),
hich is much greater than instrumental limits in the rang
.1 to 0.5ms. In more severe cases, the use of a five-rotor-c
PASS sequence might be warranted. This subject is u

nvestigation.
A drawback to the addition of more rotor periods to
PASS is decreased signal intensity from transverse relax
uring the increased evolution time. However, this effec
he
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inimized by the rapid sample rotation in this experiment,
n practice, transverse relaxation is not a significant prob

It is also important to note that the same approach ca
ncorporated into the 2D PASS sequence to aid in the a
ition of sideband-separated spectra of spin-1

2 nuclei. We have
alculated optimal PASS delays for two- and three-rotor-c
xperiments by solving the five nonlinear equations (three
nd two imaginary) for the five unknowns produced by Eqs
nd [2]. An interesting trait of bothsingle rotor period 2D
ASS and QPASS experiments is that there exists only on
f u q solutions to the nonlinear equations. Attempting to
ther solutions through the use of the random starting p

or Newton’s method always returned the same soluti
hich exactly match those of Refs. (5) and (7).
In conclusion, a three-rotor-cycle QPASS experiment

een successfully performed on a LaCl3 sample allowing th
eparation of overlapping sidebands and the determinati
uadrupolar parameters in agreement with previous re
he expansion of the QPASS experiment to multiple r
ycles avoids the experimental difficulty of including n
ulses and 10 delays within a single rotor period. This ad

age is especially useful for quadrupolar nuclei with la
uadrupolar coupling constants where rapid sample rot
nd correspondingly short rotor periods are a necessity
ptimized set of solutions to the QPASS equations withn 5 9
nd a fixed overall delay period (uT) of three rotor cycles (6p)
as been presented here.
We have introduced this augmentation of the orig
PASS experiment with139La spectra of LaCl3 and anticipat

ts application to other materials where the sensitivity of139La
o the EFG can be used to probe chemically interesting s
ures. An important example is that of the reduction of Nx
ases by methane over La2O3 (19). Furthermore, decreasi

he experimental challenges involved with the QPASS ex
ment should help promote its use with other nuclei wh
verlapping sideband intensities have made analysis of q
upolar parameters difficult.
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