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When observing spin I 5 2 nuclei with important chemical shift
nisotropy in disordered materials, the distribution of isotropic
hift can become so large that no accessible spinning rate is able to
rovide a resolved spectrum. This is the case of 207Pb in glasses
here static and high-speed MAS spectra are nearly identical. It is

till possible in such a case to rebuild a spinning sideband free
pectrum using a shifted echo modified PASS sequence. This
akes it possible to discuss isotropic and anisotropic chemical

hifts of lead in phosphate glasses, to characterize its structural
ole and its chemical bonding state. © 1999 Academic Press
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INTRODUCTION

High-resolution nuclear magnetic resonance has prov
e a useful tool for the investigation of local structure
hemical bonding in crystalline phases, but also in disord
olids: amorphous powders or glasses. Lead (207Pb) is an at
ractive NMR nucleus, with a reasonable sensitivity and an5
nuclear spin, but, as mentioned earlier (1–4), 207Pb suffers

rom a very wide range of chemical shift (7000–8000 p
ith very large chemical shift anisotropy (more than 2
pm) due to its high number of electrons and high polariz

ty. Its characterization by NMR is currently regaining inter
5). From a systematic MAS NMR study of oxide compou
e showed that the chemical shift tensor parameters,

sotropic and anisotropic (mostly measured from sideban
ensities (6)) can be correlated to the bonding environmen
ead (4). In ionic bonding environments, lead has large c
ination numbers and long Pb–O distances correspondi

ow isotropic chemical shifts with low chemical shift anis
opy in the NMR spectrum. In covalent bonding environme
ead has small coordination numbers (down to 3 to 4)
hort Pb–O distances in a typically pyramidal geometry
he Pb atom at the apex and O at the base. In this case,207Pb
MR spectra show large spans with high isotropic chem
hift values. Resulting from this large chemical shift ani
opy, the moderate field (7.04 T) high-speed (15 kHz)207Pb
MR MAS spectra of covalent crystalline compounds exh
very large array of spinning sidebands in which the dete

ation of the isotropic positions can be problematic. Furt
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ore, the spectrum can become so wide that there is in
lete excitation even under high-power conditions (7, 8). These
ifficulties, which are partly overcome in the case of a c

alline compound because of its narrow linewidth, becom
ajor obstacle to obtaining resolved MAS spectra for disor
earing materials such as glasses due to severe overla

arge number of spinning sidebands, which are unavoid
nder currently accessible spinning rates. In such a case,
pectra, eventually acquired in pieces, were used to char
ze the lead environment. Using207Pb static spectra, in agre

ent with LIII Pb edge XAFS analysis and29Si NMR, we
howed that lead is in a covalent bonding environmen
iO2–PbO glasses with low coordination numbers and th
lays the role of a network former (7, 8). The aim of this
ontribution is to show that, even in the case of an unreso
AS spectrum, it is possible to experimentally separate

sotropic and anisotropic part of the chemical shift tensor u
shifted echo (9) modification (PASS-SE) of the 2D-PAS

equence proposed by Antzutkinet al. (10). From the obtaine
wo-dimensional isotropic/anisotropic correlation dataset i
omes possible to better describe the lead bonding environ
n P2O5–PbO glasses.

EXPERIMENTAL

The P2O5–PbO samples have been prepared by quantit
recipitation from aqueous solutions of ammonium hydro
hosphate and lead nitrate. The Pb3(PO4)2, Pb2P2O7, Pb3P4O13,
nd Pb(PO3)2 crystalline phases were obtained by annealin
igh temperature and the 3PbO–2P2O5 glass by quenchin

rom the liquid phase.
All the solid-state NMR experiments have been carried

sing a Bruker DSX 300 spectrometer operating at 7.04 T
Larmor frequency of 62.6 MHz for207Pb. Thep/2 pulse

uration was 1.7ms (v1/2p 5 147 kHz). The spinning fre
uency was stabilized to610 Hz for MAS and PASS expe

ments. Timings for the PASS sequence corresponding
itch increments are given in Table 1. These 16 pitch in
ents allow a complete sideband separation of the207Pb spec

ra at high spinning frequency (10 kHz). The pulse phases
ycled by steps of 120° to fulfill the coherence pathway of
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117PASS SHIFTED ECHO
FIG. 1. (a) 207Pb MAS spectra of crystalline Pb(PO3)2 and Pb3(PO4)2. (b) 207Pb MAS and 2D PASS spectra of crystalline Pb3P4O13 (height pitch increment
86 transients per slice) and Pb2P2O7 (16 pitch increments, 972 transients per slice).
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118 FAYON ET AL.
a (10). Chemical shifts were referenced to tetramethyl
b(CH3)4 at 0 ppm, using a 1 M aqueous lead nitrate soluti
s a secondary reference (11).

RESULTS

The 207Pb static NMR or MAS (10 kHz spinning) spectra
he 3PbO–2P2O5 glass, both acquired as full echo (rotor s
hronized in the case of the MAS spectrum), are identical.
ndicates that the distribution of isotropic chemical shift (wi
f the individual spinning sidebands) is greater than the s
ing rate (10 kHz; 160 ppm). These spectra exhibit
symmetric lineshape that contains both isotropic and a

ropic contributions and cannot be modeled without infor
ion on the related crystalline compounds. By analyzing
pinning sideband intensities in the MAS experiment (6), we
ndependently measured the chemical shift anisotropy pa
ters of207Pb in 11 different structural positions in four crys
tructures: Pb3(PO4)2, Pb2P2O7, Pb3P4O13, and Pb(PO3)2 (Table
). The 207Pb experimental MAS and PASS spectra of th
rystalline compounds are shown in Fig. 1. In these crysta
tructures lead–oxygen coordination numbers varying fro
o 10 are difficult to discern in the NMR spectrum. Figur
hows the207Pb static NMR spectrum of the glass together w
he modeled static spectra of the four crystalline lead phos
ompounds. Considering the shape of the crystalline c
ound spectra, it clearly appears that there is no unambig

nterpretation of the spectrum obtained for the glass sa
ithout characterizing the chemical shift tensor distribut
o determine the207Pb isotropic chemical shift distributio
hich is related to the local glass structure, it would be
ssary to acquire a spinning sideband free spectrum by
ing at 50 to 60 kHz, which is impossible with today’s pro

TABLE 1
Delays between Pulses Used for the 2D PASS Experiments

(Measured in Sample Revolution Angles)

Increment Du1/2p Du2/2p Du3/2p Du4/2p Du5/2p Du6/2p

1 0.16667 0.16667 0.16667 0.16667 0.16667 0.16
2 0.18989 0.17512 0.15541 0.17615 0.15470 0.14
3 0.21668 0.17874 0.14270 0.18365 0.14062 0.13
4 0.24453 0.17549 0.12896 0.18947 0.12651 0.13
5 0.26915 0.16096 0.15737 0.19608 0.11511 0.14
6 0.28147 0.12931 0.11053 0.21004 0.10800 0.16
7 0.26731 0.09195 0.13166 0.22798 0.10102 0.18
8 0.23472 0.07687 0.17459 0.22846 0.09069 0.19
9 0.20979 0.08043 0.20978 0.20979 0.08043 0.20

10 0.19467 0.09069 0.22846 0.17459 0.07687 0.23
11 0.18008 0.10102 0.22798 0.13166 0.09195 0.26
12 0.16065 0.10800 0.21005 0.11052 0.12934 0.28
13 0.14297 0.11511 0.19608 0.11574 0.16095 0.26
14 0.13504 0.12651 0.18947 0.12896 0.17549 0.24
15 0.13761 0.14062 0.18365 0.14270 0.17875 0.21
16 0.14874 0.15469 0.17615 0.15541 0.17512 0.18
d
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ead hardware. Spinning sideband suppression techn
TOSS (12–14); SELTICS (15)) can give spinning sideban
ree spectra; however, they have limited utility since the
ained isotropic spectrum is not quantitative: i.e., the sites
arge chemical shift anisotropy have lowered contributi
ne possible solution is to separate the different spin
idebands using a multiple pulse experiment so as to re
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TABLE 2
Isotropic and Anisotropic 207Pb Chemical Shifts of the Four

rystalline Lead Phosphates Pb(PO3)2, Pb3P4O13, Pb2P2O7,
nd Pb3(PO4)2 (dISO 6 2 ppm, V 6 10 ppm, K 6 0.05) with

5 d11 2 d33, K 5 3(d22 2 d iso)/V (21)

Compound
d ISO

(ppm)
V

(ppm) K
d11

(ppm)
d22

(ppm)
d33

(ppm)

b(PO3)2 (a) 23023 450.5 0.53 22837.5 22943.5 23288
(b) 22962 387.5 0.87 22824.5 22849.5 23212

b3P4O13 (c) 22926 595 0.53 22681 22821 23276
(d) 22906 695 0.20 22582 22860 23276
(e) 22533 840 0.75 22218 22323 23058

b2P2O7 (f) 22680 861 0.38 22303 22571 23165
(g) 22635 675 0.43 22346 22539 23020
(h) 22571 657 0.24 22269 22518 22926
(i) 22412 573 0.04 22129 22405 22702

b3(PO4)2 (j) 22886 210 20.64 22758.6 22930.8 22968.6
(k) 22016 1781 0.64 21315 21638 23096

FIG. 2. (a) 207Pb static NMR spectrum of the 3PbO–2P2O5 glass, (b
odeled static NMR spectra of the four crystalline lead phosphates Pb(3)2,
b3P4O13, Pb2P2O7, and Pb3(PO4)2.
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119PASS SHIFTED ECHO
truct the infinite spinning ratesideband-free spectrum. T
chieve this aim we have implemented a modified PASS
eriment (10, 12). This experiment, designed for an I5 1

2

uclear spin subject to chemical shift anisotropy, uses a tra
p pulses placed in the spinning period to encode the pha

FIG. 3. (a) Pulse sequence and coherence pathway used for the tw
elays between pulses are given in Table 1 (10). An integer number of rotor p
10 kHz) of 3PbO:2P2O5 glass represented as a contour plot. Sixteen p
oncatenated in theF 1 dimension to generate spinning sideband separati
pectra of the 3PbO:2P2O5 glass.
x-

of
of

ach spinning sideband by a pitch variable. Double Fo
ransformation, according to thet 2 (acquisition time) and pitc
ariables, results in a two-dimensional spectrum in w
pinning sidebands are sorted by number in theF 1 dimension
rom this dataset it becomes possible to reconstruct the

imensional PASS-SE experiment (small pulse isp/2 and large ones arep pulses)
ods is added to the last delay to acquire a full echo. (b)207Pb 2D PASS spectru

increments were taken, each the sum of 4131 transients. For clarity
by null slices. (c) Stack plot of the207Pb static, MAS (10 kHz), and isotropic NM
o-d
eri
itch
on
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120 FAYON ET AL.
and free isotropic spectrum correlated to an anisotropi
ension. The obstacle to directly applying the PASS sequ

o our 207Pb spectrum lies in the very short duration (very la
andwidth) of the lead signal (FID). As described in the cas

he QPASS experiment (16), it is possible to add an integ
umber of rotor periods in the last evolution period (betw

he fourth and fifth pulses—Fig. 3) which results in shifting
cho out of the last pulse and thus enables the acquisitio

ull echo (PASS-SE: PASS-shifted echo), as used in static
xperiments (7, 8, 17) but also in DAS (9) or MQ-MAS (18).
sing a full echo acquisition results in unambiguous phasin

he pure absorption mode two-dimensional spectrum and
roves the signal-to-noise ratio by a factor of up to 21/2 (9).
Figure 3 presents the PASS-SE pulse sequence an

esults obtained for the 3PbO–2P2O5 glass. The two-dimen
ional spectrum shows very wide spinning sidebands w
ere summed to give the isotropic spectrum shown a
ottom of the figure together with the MAS and static sp

rum. This isotropic spectrum has a width of 830 ppm (;52
Hz) covering the whole range of isotropic chemical s
ositions observed in crystalline phases of the PbO–P2O5 sys-

em. Furthermore, it has a Gaussian shape and can be as
o a continuous distribution of isotropic chemical shift cente
t 22320 ppm with a width of 830 ppm. A similar approa
ould have been work out using MAT experiments (19, 20).
he advantage of the PASS sequence is that it provides

ution with a minimum number of pitch increments, thus m
mizing the whole experimental acquisition time.

By shearing the obtained two-dimensional spectrum we
ransform this representation to a more conventional isot
s anisotropic correlation (10), from which we can now discu
he anisotropic part of the chemical shift tensor across
sotropic line. This is presented in Fig. 4. It becomes clea
his representation that there exists a correlation betwee
sotropic and anisotropic parts of the chemical shift tensor.
ower chemical shift part has a lower chemical shift anisotr
hile the higher chemical shift part of the line has a hig
hemical shift anisotropy. This shows that the bonding e
onment of lead in this glass varies from a more ionic e
onment (longer Pb–O bond lengths, low anisotropy) to a m
ovalent bonding environment (shorter Pb–O bond len
ore pronounced lone pair effect, and high anisotropy4))
cross the isotropic line. Using these results it becomes p
le to identify the structural role of lead in these phosp
lasses and to show that it changes from a network mo
ole in the phosphate-rich composition to a mixed form
odifier role with increasing lead content. This will be illu

rated in a forthcoming publication.

CONCLUSION

Even in the case of severe anisotropic broadening of N
pectra, which leads to unresolved magic angle spinning
ra, it is possible to reconstruct aninfinite spinning ratespec-
i-
ce
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rum that gives an accurate measure of the distributio
sotropic chemical shifts and enables the separation of isot
nd anisotropic parts of the chemical shift interaction. In
ase of207Pb NMR, the PASS-SE experiment reveals a c
inuous distribution of the lead environment in lead phosp
lasses from more ionic to more covalent bonding envi
ents, thus revealing the mixed network former/network m

fier role of Pb21 in P2O5–PbO glasses. This experimen
cheme could be of much interest in the NMR study of he
etals such as Sn, Cd, and Hg, which all have large che

hift anisotropy, in amorphous materials or glasses.
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FIG. 4. 207Pb 2D PASS sheared spectrum (10 kHz) of 3PbO:2P2O5 glass
epresented as a contour plot.
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