
2

t

Journal of Magnetic Resonance143,153–160 (2000)
doi:10.1006/jmre.1999.1992, available online at http://www.idealibrary.com on
Multiple-Rotor-Cycle 2D PASS Experiments with Applications
to 207Pb NMR Spectroscopy

Frederick G. Vogt, James M. Gibson, David J. Aurentz,1 Karl T. Mueller, and Alan J. Benesi2

Department of Chemistry, The Pennsylvania State University, 152 Davey Laboratory, University Park, Pennsylvania 16802-6300

Received July 20, 1999; revised October 18, 1999
ain

tro
res
, th
fo

nin
c-
tio

a ds
f the
s t or
i
s lem,

idual
t

t tive,
p aring
t t (
B ntains
s n, it
i The
fi opic
c di-
m nt of
n peri-
m y of
m
c

ies
clear
fairly

r of
ical

atic
tterns
from
ropy
een in

ange
est in
n an
eters

irical
an
of

ation

lle
The two-dimensional phase-adjusted spinning sidebands (2D
PASS) experiment is a useful technique for simplifying magic-
angle spinning (MAS) NMR spectra that contain overlapping or
complicated spinning sideband manifolds. The pulse sequence
separates spinning sidebands by their order in a two-dimensional
experiment. The result is an isotropic/anisotropic correlation ex-
periment, in which a sheared projection of the 2D spectrum effec-
tively yields an isotropic spectrum with no sidebands. The original
2D PASS experiment works best at lower MAS speeds (1–5 kHz).
At higher spinning speeds (8–12 kHz) the experiment requires
higher RF power levels so that the pulses do not overlap. In the
case of nuclei such as 207Pb, a large chemical shift anisotropy often
yields too many spinning sidebands to be handled by a reasonable
2D PASS experiment unless higher spinning speeds are used.
Performing the experiment at these speeds requires fewer 2D rows
and a correspondingly shorter experimental time. Therefore, we
have implemented PASS pulse sequences that occupy multiple
MAS rotor cycles, thereby avoiding pulse overlap. These multiple-
rotor-cycle 2D PASS sequences are intended for use in high-speed
MAS situations such as those required by 207Pb. A version of the
multiple-rotor-cycle 2D PASS sequence that uses composite pulses
to suppress spectral artifacts is also presented. These sequences are
demonstrated on 207Pb test samples, including lead zirconate, a
perovskite-phase compound that is representative of a large class
of interesting materials. © 2000 Academic Press

Key Words: solid-state NMR; 207Pb NMR; magic-angle spinning;
D PASS; lead zirconate; composite pulses.

INTRODUCTION

Magic-angle spinning (MAS) is commonly applied to obt
high-resolution NMR spectra of spin-1

2 nuclei in solids (1–3). In
some cases, MAS can be used to remove the aniso
chemical shift interaction, yielding a spectrum containing
onances at their isotropic chemical shifts. More frequently
anisotropy of the chemical shift interaction is too great
MAS to completely average away, and a manifold of spin
sidebands is produced (4, 5). Although they complicate spe
ra, the spinning sidebands also contain useful informa

1 Present address: Air Products and Chemicals, 7201 Hamilton Blvd., A-
town, PA 18195-1501.

2 To whom correspondence should be addressed.
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bout the chemical shift tensor (4, 5). However, the sideban
rom multiple chemical sites can overlap and obfuscate
pectra, rendering any meaningful interpretation difficul
mpossible. The 2D PASS (two-dimensionalphase-adjusted
pinning sidebands) experiment can overcome this prob

since it separates spinning sidebands by order into indiv
rows of a 2D NMR experiment (6, 7). The information abou
he anisotropic interaction is then retained, and a quantita
urely isotropic spectrum can be reconstructed via a she

ransformation and summation of the rows of the data se7).
ecause the sheared isotropic spectrum no longer co
pinning sidebands but still retains quantitative informatio
s often referred to as the “infinite spinning rate” spectrum.
nal result of a 2D PASS experiment is an isotropic/anisotr
hemical shift correlation map, which through its second
ension provides additional information on the environme
uclear sites. Several different forms of the 2D PASS ex
ent have been successfully applied to a wide variet
aterials (8–12), including materials containing the207Pb nu-

leus (12).
Recently, there has been a resurgence in solid-state207Pb

NMR spectroscopy. The207Pb nucleus has many propert
beneficial to its study by NMR spectroscopy, such as a nu
spin of 1

2, a reasonable natural abundance (22.6%), and a
high resonance frequency (about1

5 of that of 1H). Its main
drawback as an NMR nucleus is due to its large numbe
electrons, whose polarizability can lead to a large chem
shift anisotropy (CSA). This in turn produces broad st
NMR lineshapes and complicated spinning sideband pa
under MAS. In cases where there is a large deviation
spherical symmetry, the size of the chemical shift anisot
can exceed several thousand parts per million, as was s
early 207Pb studies (13–15). For the same reasons, the207Pb
nucleus can experience isotropic chemical shifts that r
over about 16,000 ppm. Despite these drawbacks, inter
207Pb NMR has remained high. Recently, there has bee
increase in the understanding of the chemical shift param
in many lead-containing compounds, and significant emp
correlations between207Pb chemical shift and structure c
now be made (16). The presence of lead in many types
materials has lead to continuing interest in its characteriz

n
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154 VOGT ET AL.
by Pb NMR. Some examples include inorganic salts (13–20)
(some of which are environmentally important) and Pb-
taining glasses (12, 21–24). Lead is also found in the intere
ing class of compounds known as perovskite double ox
(25–28). These compounds have generated some intere
cause of their ferroelectric, antiferroelectric, and piezoele
properties.207Pb NMR in the solid state has just recently b

pplied to the characterization of these materials (18, 27, 28).
207Pb is an ideal candidate for an experiment that corre

isotropic and anisotropic chemical shifts, such as 2D PA
The anisotropic chemical shift can provide additional site
olution in amorphous materials, in addition to more comp
information about the chemical shift tensor. This was conv
ingly demonstrated for lead phosphate glasses in a r
publication (12). Furthermore, the 2D PASS sequence circ
vents the sideband overlap problem that is common in207Pb

AS NMR, and generates isotropic207Pb spectra that mig
otherwise be unattainable with the maximum spinning sp
of currently available MAS probes (12). However, fairly fas
spinning speeds (around 8–12 kHz) are desirable for 2D P
on 207Pb samples, since this reduces the number of 2D row

eed to be acquired, and thus shortens the total experim
ime. The spinning speeds needed are attainable with
ommercially available MAS probes in the 4- to 6-mm ro
iameter range. Unfortunately, the single-rotor-cycle P
equences currently available are designed for lower spi
peeds, and finite pulse widths can lead to “collisions” betw
ulses at higher spinning speeds, such as those requir

207Pb PASS.
In this paper, we extend the 2D PASS experiment to m

ple rotor periods, making it easier to apply at higher spin
speeds. Multiple-rotor-cycle extensions were recently ap
to the closely related quadrupolar PASS (QPASS) experi
(29), which separates quadrupolar sidebands by their
(30). The extra time provided by multiple rotor cycles a
allows for the incorporation of compositep pulses (31) in the
PASS sequence, as was previously demonstrated for bo
PASS (10) and for the 1D total suppression ofsideband
(TOSS) sequence (32). This is primarily of interest for207Pb
samples with longer spin–spin relaxation (T2) values, wher
the sharper peaks can often enhance artifacts in PASS s
that arise due to the poorB1 homogeneity and excitatio
bandwidth of RF pulses. The use of compositep pulses, which
correct for these nonidealities, is shown to greatly alleviate
problem. The pulse sequences are demonstrated on lea
taining samples, including perovskite-phase lead zirco
(PbZrO3).

MULTIPLE-ROTOR-CYCLE 2D PASS SEQUENCES

The 2D PASS experiment has recently been analyzed
retically using general symmetry arguments, and the sequ
has been specified in terms of “PASS equations” that giv
positions of RF pulses within the sequence (7, 33). In the
-
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analysis, many simplifications and insights are obtained b
development of the “carousel” concept (34). Chemically equiv

lent powder sample sites are members of a carousel if
ave the same values for the anglesaPR and bPR, two of the

three angles that relate the CSA tensor in its principal
system to the MAS rotor axis system (7, 33, 34). The third
angle, gPR, is different for the sites in the carousel, and
powder average is the basis of the ability of PASS seque
to phase shift an MAS sideband of orderk by the “pitch” angle
Q (6, 7, 33). The carousel allows for the derivation of sideb
amplitude and phase behavior without inclusion of the an
aPR andbPR. The 2D PASS experiment is unlike most conv-
ional 2D NMR experiments in that its second dimensio
pecified by the pitch angle. This can be seen from the com
mplitude of a sideband under a PASS sequence of pitcQ,

which is shown in Ref. (7) to be given by

aQ~k! 5 a0~k!exp~2ikQ!exp~2lT!. [1]

ere a0(k) is the complex spinning sideband amplitude i
normal MAS spectrum,T is the total duration of the PAS
sequence, andl represents a relaxation decay constant tha
be discussed further below. The pitchQ is incremented from
to 2p to form the second dimension in a 2D PASS experim
Equation [1] indicates that pitches ofQ 5 0 and Q 5 2p
represent no phase shift of any sidebands (i.e., like an ord
MAS spectrum), while other values ofQ lead to spectr
ontaining sidebands that are phase shifted by an ang
kQ. The additional relaxation decay in Eq. [1] also indica

hat the effects of relaxation can lead to a variable linewid
he pitch dimension of a 2D PASS experiment if the dura
f the sequence varies withQ, thus yielding undesired inte

erence between the rows of the 2D experiment. Cons
uration 2D PASS sequences avoid this problem, and ar
nly type of sequence discussed in the present work (7).
Actual 2D PASS pulse sequences can be designed by

ng the “PASS equations,” which are reproduced below (7):

2 O
q51

n

(21)qexp@imuq# 1 1 2 (21)nexp@im~Q 1 uT!# 5 0

[2]

(22) O
q51

n

(21)n1quq 1 uT 5 0. [3]

In Eqs. [2] and [3],u q represents the timing of theqth pulse
given as an angle (i.e.,u q 5 v r t q wheret q is the timing of the
qth pulse),n is the number of pulses in the PASS seque
and uT is the total duration of the sequence expressed a
angle (for one- or multiple-rotor-cycle PASS,uT 5 2p, 4p, 6p,
or higher integer multiples of 2p). The variablem in Eq. [2]
results from the Fourier expansion of the time dependen
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155MULTIPLE-ROTOR-CYCLE 2D PASS EXPERIMENTS
the chemical shift Hamiltonian under MAS, and requires
Eq. [2] be expanded into two equations, one form 5 1 and one
or m 5 2 (35). For half-integer quadrupolar nuclei, the ti
dependence of the MAS second-order Hamiltonian req
that the range ofm be extended from 1 to 4, as is done in
QPASS experiment (30). The first PASS equation contains
equirement for sideband phase shifting as shown in Eq
he second PASS equation imposes an additional cons
nown as the Hahn echo condition, so that the pulse seq
ntroduces no additional phase shifts via the isotropic chem
hift (33). Equation [2] yields four equations when it is e
anded intom 5 1 and 2 with separate real and imagin
arts, which are combined with Eq. [3] to yield five nonlin
quations withn unknowns. These equations were solve
revious work foruT 5 2p, which we refer to as the one-roto

cycle solution. This solution is the successful five-pulse,
stant-duration, single-rotor-cycle 2D PASS sequence tha
first proposed in Ref. (7), and was demonstrated for13C in both
oriented and powder samples (9, 11), typically at slower MAS
speeds in the range 1–3 kHz.

The major problem with performing the five-pulse, const
duration 2D PASS experiment at higher spinning speeds
possibility of overlap of the fivep pulses. An example wou
be an attempt at 2D PASS at a 12-kHz spinning speed, w
the rotor period is just 83.3ms in duration. Using the PAS
timings given by Antzutkinet al. (7), and used for high-spe
2D PASS on207Pb by Fayonet al. (12), one finds a minimum
pulse spacing of 0.07687 rotor revolution (between the se
and third pulses), or 6.4ms. (The use of a shifted echo in R
(12), discussed below, alleviates a similar pulse spacing p
lem between the fourth and fifth pulses). Therefore, if the p
or spectrometer cannot achieve a RF power of at least 78
so that thep pulses are less than 6.4ms in duration, th
experiment cannot be performed at this spinning speed
fortunately, as previously noted, high spinning speeds are
desirable for 207Pb 2D PASS experiments, since a sma
number of pitch angles leads to shorter overall experim
times. Since many commercial MAS probes, especially t
using 5- and 6-mm rotors, are incapable of achieving this
power, many users are left with a dilemma when attemptin
implement PASS experiments on nuclei like207Pb.

A solution to this problem is the use of a multiple-rot
cycle PASS experiment. Such an experiment is shown in
1, for the case of a two-rotor-cycle experiment. The shif
echo version of the sequence is shown, in which addit
delays of one rotor cycle are inserted prior to and after the
pulse so that echo detection is possible (6, 12). As long as
fairly well-spaced solutions to the PASS equations ca
found for two rotor cycles, the sequence will relieve the s
gent requirement on probe RF power. These solutions t
PASS equations for multiple rotor cycles can in fact be fo
via a method similar to that used for the QPASS experim
(29). The equations are solved via a Newton–Raphson me
with random starting points and the multiple solutions retu
t
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by this procedure are screened in order to find well-sepa
delays for each pitch. TheMathematicaprogramming environ
ment (36) can be used for such a task, and good solutions
typically be found with about 1–2 days of computer time on
workstations. Other methods exist for solving equations o
sort, such as Broyden’s method (37), but because of the co
straint that the solutions must be well spaced, they offer
advantage over the fast and reliable Newton–Raphson me
We also note that the graphical method recently employ
Ref. (10) would also be applicable to this problem, and m
show some additional advantages over the method used

EXPERIMENTAL

All 207Pb NMR spectra were obtained on a Chemagne
Varian Infinity 11.7-T spectrometer operating at spectral
quencies ranging from 104.16 to 104.38 MHz. Experim
were run without a field-frequency lock, as the magnet
has a field drift rate of less than 2.5 Hz per h, which is
sufficient to produce the spectral artifacts discussed in
(11). The experiments were performed using a 5-mm dou
esonance Chemagnetics MAS probe (Model MPRB 5003
he spinning rate during all experiments was locked to w
2 Hz of the set value using a Chemagnetics MAS s

ontroller (Model M806403000). As the chemical shift of le
ompounds is often temperature dependent (38–40), temper
tures in the probe sample chamber were held at 23.06 0.1°C
ia a Chemagnetics variable temperature accessory (M
806114000). Radiofrequency pulses for the experim
ere set to the strongest power available, and pulse w
ere in the range of 3–4ms for p/2 pulses and;7 ms for p

pulses. The spin–lattice (T1) relaxation times were obtained
all samples, using either inversion-recovery methods (41) or
data already given in the literature, and recycle delays we
accordingly to allow for full relaxation. The lead compou
used in this work are commercially available, and were
tained from Aldrich Chemical Co. All chemical shifts we
externally referenced to tetramethyl lead at 0 ppm via a

FIG. 1. A five-pulse, 2D PASS sequence for207Pb NMR with two roto
ycles of evolution. The shifted-echo version is depicted (see text). Norm
is set to 1 to minimize relaxation effects. The lengths of the delaysDu1 to Du5

are determined by the solution set used for a particular pitch in the
experiment, and are the differences between theu values given in Tables 1 a
2 multiplied by the rotor period.
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156 VOGT ET AL.
ondary reference (16). The 2D PASS experiments are inh
ntly phase-sensitive in the pitch dimension (see Eq. [1]

here is no requirement for special 2D phase-sensitive a
ition conditions.

RESULTS AND DISCUSSION

A Two-Rotor-Cycle, Shifted-Echo 2D PASS Experiment

As a demonstration of multiple-rotor-cycle 2D PASS
plied to 207Pb NMR, a two-rotor-cycle 2D PASS experim
was performed at a high MAS speed (12 kHz) on a samp
crystalline lead zirconate (PbZrO3). This material exhibits
arge CSA, and has two crystallographically distinct lead
18, 26). Under MAS at 12 kHz, the spectrum contains

detectable sidebands. The results of the two-rotor-cycle
PASS experiment are shown as a stacked plot in Fig. 2.
sideband is separated into a row of the two-dimensiona
periment. The pulse timings used in this experiment w
calculated as discussed above foruT 5 4p and are presented
Table 1. The shifted-echo version of the 2D PASS sequenc
shown in Fig. 1) was used because of the breadth o
spectrum (12), so that the timing of the fifth pulse is advanc
by a single rotor period (i.e., 83.3ms).

TheT1 relaxation time of PbZrO3 is approximately 1.5 s, s
that a recycle delay of 8 s ensured complete recovery
longitudinal magnetization. Because of this relatively s
recycle time, an extended phase cycle for the fivep pulses wa
used in this experiment. Eachp pulse is independently pha
cycled in steps of 2p/3 to yield a 243-step phase cycle (as
Ref. (7)) that is designed to select a coherence transfer pat
of (11) 3 (21) 3 (11) 3 (21) 3 (11) 3 (21). The
receiver phase is calculated from

c receiver5 2~c1 2 c2 1 c3 2 c4 1 c5!, [4]

wherec1 throughc5 are the phases of the fivep pulses. In

FIG. 2. Results of a two-rotor-cycle 2D PASS experiment on a samp
PbZrO3. The data set was acquired at a spinning speed of 12 kHz, witp
pulse duration of 7.0ms and a recycle delay of 8 s. For each of the 16 pitc
972 scans were acquired, using shifted-echo detection (see text or Ref12)).
An oversampled spectral width of 1.5 MHz was employed to clearly ma
the shifted echo. The total 2D experimental time was 35 h. The 243-step
cycle used in this experiment selects a (11) 3 (21) 3 (11) 3 (21) 3
11)3 (21) coherence pathway (see text).
o
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addition, simple quadrature phase cycling of thep/2 pulse (an
the receiver) was simultaneously used with the above p
cycle.

The most significant advantage of the two-rotor-cycle
PASS experiment is its avoidance of pulse overlap. As m
tioned before, at a 12-kHz MAS speed, thep pulses canno
exceed 6.4ms in duration, or overlap will occur. In our ca
we were unable to achieve this power without occasi
arcing of the probe coil. With two-rotor-cycle PASS, the m
imum pulse spacing becomes 0.10071 rotor revolution, w
corresponds to a maximump pulse width of 8.4ms (about 60
kHz of RF power). In our case, this reduction in RF powe
enough to make the experiment possible without destru
electrical arcing inside the probe.

While reducing the MAS speed could also alleviate the p
width problem, the use of higher spinning speeds effect
decreases the total experimental duration by requiring f
2D rows. In the case of PbZrO3, the use of a 16-pitch expe-
iment at 12 kHz is optimal, as there are just enough 2D
to hold the 14 discernible sidebands. If the experiment
performed at 10 kHz MAS speed, the sidebands would fo
the second dimension unless more pitches were used. As
spectrometer software packages can only perform the
Fourier transform on data sets that are 2n in length, this
requirement avoids the use of either a 32-pitch experi
(using the spectrometer software) or additional processing
ware that performs Fourier transforms on data sets that a
2n in length.

A shear transformation (7) can be applied to the 2D PAS
data to construct an isotropic/anisotropic correlation spec
as is shown in Fig. 3. The isotropic projection of the she

TABLE 1
Timings for p Pulses, in Units of Sample Revolutions,

for Two-Rotor-Cycle PASS

Pitch (Q/2p) u1/2p u2/2p u3/2p u4/2p u5/2pa

0.0000 0.25941 0.75534 1.00000 1.25941 1.75
0.0625 0.39721 0.74701 1.02130 1.40778 1.73
0.1250 0.45239 0.82796 1.04547 1.47400 1.80
0.1875 0.50024 0.90483 1.07523 1.53303 1.86
0.2500 0.54353 0.97566 1.11202 1.58717 1.90
0.3125 0.15459 0.63853 0.93986 1.04057 1.58
0.3750 0.19999 0.68872 0.96387 1.10052 1.62
0.4375 0.24568 0.73895 0.98300 1.15658 1.66
0.5000 0.29022 0.79022 1.00000 1.20978 1.70
0.5625 0.33314 0.84342 1.01700 1.26105 1.75
0.6250 0.37462 0.89948 1.03613 1.31128 1.80
0.6875 0.41534 0.95943 1.06014 1.36147 1.84
0.7500 0.09271 0.41283 0.88798 1.02434 1.45
0.8125 0.13761 0.46697 0.92477 1.09517 1.49
0.8750 0.19589 0.52600 0.95453 1.17204 1.54
0.9375 0.26372 0.59222 0.97870 1.25299 1.60

a For shifted-echo detection, one or more additional rotor cycles ca
inserted prior to and after this delay, as shown in Fig. 1.
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157MULTIPLE-ROTOR-CYCLE 2D PASS EXPERIMENTS
spectrum can be obtained by summation along the vertical
and is given, along with the MAS spectrum, in Fig. 4. The
sites expected from the crystal data are clearly visible in
isotropic projection at21000 and21349 ppm, and the
integrals are very close to a one-to-one ratio, as expected
analysis of the PbZrO3 spectrum, as far as counting sites
obtaining quantitative information is concerned, is clearly s
plified over the MAS spectrum since no changes in spin
speed are required. Because the sites are only 350 ppm
only a very high speed MAS probe (.30 kHz) would allow fo
the sideband separation needed to quantitatively analyze

These two sites in PbZrO3 are expected from the crys
nalysis, and their presence in NMR spectra has been no
arlier work (18, 28). However, to our knowledge, the207Pb
MR data have not been clearly assigned to the individual
ites known from the crystal data. The isotropic/anisotr
orrelation spectrum in Fig. 3, combined with new data rela

207Pb chemical shifts to molecular structure (16), allows for
entative assignments to be made. Due to the lattice shift o
ead atoms, the Pb in lead zirconate can be best describ
hree-coordinate Pb21, situated in a distorted perovskite str-
ture with an orthorhombic unit cell (26). The crystal data yiel
an average distance of the two Pb sites (labeled Pb9 and Pb0 in
Ref. (26)) to their coordinating oxygens of 2.5646 and 2.4
Å, respectively. As shorter Pb–O distances have been sho
correlate with higher207Pb chemical shifts (16), the resonanc
at 21000 ppm is likely due to the Pb0 site, and that at21349
ppm due to the Pb9 site. As is shown by Fayonet al. (16), the
orrelation between bond length and chemical shift is no lo
inear for lower coordination numbers, but the general tren
till correct, making these assignments probable. The ge
rend in chemical shift values for PbZrO3 also suggests
heightened degree of covalent character in the ionic bondi
lead to its closest oxygen neighbors, relative to other ionic
compounds (42).

The relative anisotropy of the two sites (Fig. 3) reinfor

FIG. 3. Results of the two-rotor-cycle 2D PASS experiment on PbZ3,
fter the shearing transformation, presented as a contour plot to highlig

sotropic-to-anisotropic correlation and the magnitudes of the CSA for th
ites.
is,

e

he
d
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art,
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in
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ic
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he
as
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to

er
is
ral

of
d

s

the above assignments, as this value has been empi
shown to increase in size with increasing chemical shif
many similar classes of compounds (16, 43). The greater de
viation in Pb–O bond length for the Pb0 site also predicts
relatively higher CSA, as was shown in model studie
orthophosphates (43). Due to the extreme width of the spe
trum, attempts at extracting the full chemical shift tensors f
both the complete set of sideband intensities and a subset
more intense sidebands have led to poor results. The fac
the sidebands are 12 kHz apart, coupled with the finite
fairly narrow) excitation bandwidth of the pulse seque
leads to distortion of nearly all of the sideband intensi
While this is too great to allow for uncorrected fit procedu
the situation can be improved by numerical simulation pr
dures, if desired, as was done by Neueet al. (17). Other cause
of distortion, such as finite probe bandwidth, resonance o
effects, andB1 inhomogeneity, may also be correctable
numerical methods. For amorphous samples, the relative
of the CSA pattern is enough to discern different sites and
magnitudes, so the full tensor fitting information is not v
useful (as a distribution of values is present) and woul
unnecessary (12).

The considerations discussed above can also lead to
ortion of the isotropic infinite spinning rate spectrum. T
ransmitter frequency used in this experiment correspond
bout21116 ppm on the chemical shift scale used here.

lies at almost the exact center of the MAS spectrum show
Fig. 4a. We have found that transmitter offsets of;25 kHz can
ead to gradually increasing errors in the quantitative ana
f the isotropic spectrum, and so we recommend both ca
lacement of the transmitter frequency and multiple ex
ents at several offset frequencies to ensure quantitativ

uracy for unknown samples. The quantitative accuracy

FIG. 4. (a) MAS and (b) isotropic (“infinite spinning rate”) spectra of
PbZrO3 sample, demonstrating the simplification achieved by the two-r
cycle 2D PASS experiment for samples with overlapping sidebands.
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tained here is most likely due to the contribution of the str
central sidebands, which are near the center of the p
bandwidth. Due to the wide chemical shift ranges foun
207Pb NMR, it may not be possible to acquire accurate q-
titative data for a sample with a single 2D PASS (or stati
MAS) experiment.

Despite these issues, the separation of interactions b
PASS is clearly useful for assigning chemical shifts in207Pb
NMR, as the anisotropic dimension serves to increase
resolution and identification in the isotropic dimension, w
sideband overlap is avoided. This utility is magnified by
intended application of 2D PASS to amorphous sam
where a distribution of chemical shift tensor values wo
make exact fitting of such information difficult by any meth

A Four-Rotor-Cycle, Compositep Pulse 2D PASS
Experiment

In cases of lead samples with a longerT2 relaxation time, th
sharper peaks can lead to an additional problem that can a
solved by multiple-rotor-cycle 2D PASS. RF field (B1) inho-
mogeneity and off-resonance effects cause the effectip
pulse width and nutation axis to vary across the sample, w
leads to an additional undesired modulation of peaks by th
PASS sequence. The problem is especially severe for s
sharp, off-resonance peaks. Using the full 243-step phase
can reduce this problem. However, its use is unreasonab
many 207Pb-containing samples with longerT1 relaxation
times. The use of compositep pulses (31) with a suitable

ultiple-rotor-cycle 2D PASS experiment can be a good c
romise in these situations.

TABLE 2
Timings for p Pulses, in Units of Sample Revolutions,

for Four-Rotor-Cycle PASS

Pitch (Q/2p) u1/2p u2/2p u3/2p u4/2p u5/2pa

0.0000 0.56307 1.31382 2.00000 2.56307 3.31
0.0625 0.73629 1.40778 2.02130 2.74701 3.39
0.1250 0.80411 1.47400 2.04547 2.82796 3.45
0.1875 0.86239 1.53303 2.07523 2.90483 3.50
0.2500 0.90729 1.58717 2.11202 2.97566 3.54
0.3125 0.93986 1.63853 2.15459 3.04057 3.58
0.3750 0.62538 1.10052 1.96387 2.68872 3.19
0.4375 0.66686 1.15658 1.98300 2.73895 3.24
0.5000 0.70979 1.20978 2.00000 2.79022 3.29
0.5625 0.75433 1.26105 2.01700 2.84342 3.33
0.6250 0.80001 1.31128 2.03613 2.89948 3.37
0.6875 0.84541 1.36147 2.06014 2.95943 3.41
0.7500 0.45647 1.02434 1.88798 2.41283 3.09
0.8125 0.49976 1.09517 1.92477 2.46697 3.13
0.8750 0.54762 1.17204 1.95453 2.52600 3.19
0.9375 0.60279 1.25299 1.97870 2.59222 3.26

a For shifted-echo detection, one or more additional rotor cycles ca
inserted prior to and after this delay, as shown in Fig. 1.
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As an example, a test sample with a 1:2 molar ratio of
II) nitrate (Pb(NO3)2) to lead sulfate (PbSO4) was prepared

Both of these materials haveT1 values in the vicinity of 20 s
and both show a smaller CSA compared to the lead zirco
The number of sidebands obtained from this mixture sugg
an 8-kHz spinning speed for the 2D PASS experiment. In o
to fit the longer composite pulses into a sequence at
spinning speed, a four-rotor-cycle 2D PASS sequence
necessary. The pulse timings for this sequence, solved foruT 5
8p, are given in Table 2. The spectra obtained with the f
rotor-cycle sequence, with and without composite pulses
illustrated in Fig. 5. In the spectrum shown in Fig. 5a, a sim
empirical phase cycle was employed, which consisted
simple (x, 2x) sequence of phase shifts for the fivep pulses
(to compensate for pulse width errors) combined with a c
to suppress artifacts of the quadrature detection. The full
step cycle was not employed, as the experiment would
then required a total time of nearly 87 h to complete the p
cycle for each pitch. In Fig. 5a, large artifacts are vis
running parallel to theF 1 dimension and make interpretation
the spectrum a potential problem.

In Fig. 5b, an improvement in spectral clarity is realized
use of compositep pulses. Thep pulses were replaced with t
composite pulse train (p/2)f1–pf2–(p/2)f1, where thef values
are the phases of the pulses, discussed below. This com

FIG. 5. (a) Results of a 16-pitch, four-rotor-cycle 2D PASS experimen
the mixture of Pb(NO3)2 and PbSO4. (b) Results of a composite pulse vers
of the same sequence on the same sample. Both experiments were pe
at a spinning speed of 8 kHz, with ap pulse duration of 7.0ms and a recycl
delay of 70 s. For both data sets, 40 acquisitions were performed at each
requiring 12 h of experimental time. The phase cycle and composite p
used in the experiments are discussed in the text.
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159MULTIPLE-ROTOR-CYCLE 2D PASS EXPERIMENTS
pulse train is designed primarily to suppressB1 inhomogeneit
roblems, while also reducing off-resonance effects, and
een employed in both inversion and spin-echo (transv
pplications (44). An empirical phase cycle developed
agemeyeret al. (32) was used to enhance the artifact s
ression of the sequence. Their phase cycle was extend
ne additional composite pulse, and is reproduced in Tab

n spin-echo situations, the composite pulse used here ha
hown to introduce a phase shift in the magnetization relat
rrors in p pulse measurement (44), but this small effec

cancels out for the first four composite pulses. It might lea
a phase shift after the fifth pulse, but this can be suppress
use of accuratep pulse widths and normal phase correctio

The combination of phase cycling and composite pu
results in an improved spectrum that required only 12 h, sa
time and improving artifact suppression over the other pos
phase cycles. The full 243-step phase cycle could be com
with composite pulses in samples with shorterT1 relaxation
times. The major drawback to the four-rotor-cycle compo
experiment is the loss of signal that would be observe
samples with shorterT2 values, especially if the addition
shifted-echo extension is used for samples with broader
This long sequence, requiring a total of six rotor periods, w
not be amenable to many lead samples of interest. An
tional problem is the increase in the total number of pu
from 6 to 16, even using the simplest composite pulse. If m
sophisticated composite pulses are used, the situation
worsen. In practice, we have found that samples like
zirconate are best analyzed by the shortest possible mu
rotor-cycle experiment, even if regularp pulses are used (
was demonstrated above). However, for samples that hav
T2 values, such as metal–organic precursors to perov
phase materials (27, 28), composite pulses are a useful opt

CONCLUSION

Multiple-rotor-cycle versions of the 2D PASS experim
have been presented and demonstrated on207Pb-containing
samples. The sequences reduce RF power requireme
higher spinning speeds, making the experiment techni
feasible for many materials with larger chemical shift ani
ropy. The utility of the 2D PASS method as an isotro
anisotropic correlation experiment has already been de
strated for lead phosphate glasses (12). Multiple-rotor-cycle

TAB
Phase Cycling Scheme Used in th

p/2 pulse and receiver

x 2y, x, 2y y, 2x,
y x, y, x 2x, 2y, 2

2x y, x, y 2y, 2x, 2
2y 2x, y, 2x x, 2y,
as
e)

-
by
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to
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versions should enable further207Pb investigations of oth
glass systems, such as the lead borosilicate glasses (21). Many

f these systems have only been studied by static207Pb NMR
echniques, or have not been examined by NMR at all.
ide ranges of static fields and spinning speeds availab
any laboratories, combined with PASS sequences des

or different spinning speed ranges, should also make
ASS applicable to other nuclei (such as31P) in amorphou

samples. The use of multiple-rotor-cycle 2D PASS also al
for incorporation of longer composite pulses that greatly
duce spectral artifacts. This may have some use in applica
to lead-containing perovskites and their precursors (27, 28).
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