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When observing spin | = 3 nuclei with important chemical shift more, the spectrum can become so wide that there is incor
anisotropy in disordered materials, the distribution of isotropic plete excitation even under high-power conditionssd). These
shift can become so large that no accessible spinning rate is able to  gjfficulties, which are partly overcome in the case of a crys
provide a resolved spectrum. This is the case of ™'Pb in glasses  t5)jine compound because of its narrow linewidth, become
where static and high-speed MAS spectra are nearly identical. It is major obstacle to obtaining resolved MAS spectra for disorde
still possible in such a case to rebuild a spinning sideband free bearing materials such as glasses due to severe overlap o

spectrum using a shifted echo modified PASS sequence. This | f spinni . hi .
makes it possible to discuss isotropic and anisotropic chemical arge number of spinning sidebands, which are unavoidab

shifts of lead in phosphate glasses, to characterize its structural ~Under currently accessible spinning rates. In such a case, st
role and its chemical bonding state. © 1999 Academic Press spectra, eventually acquired in pieces, were used to charact

Key Words: solid state NMR; MAS; PASS; *’Pb; glass. ize the lead environment. Usirfd’Pb static spectra, in agree-
ment with L, Pb edge XAFS analysis andSi NMR, we
showed that lead is in a covalent bonding environment i
INTRODUCTION SiO,—PbO glasses with low coordination numbers and that |
plays the role of a network former7(8). The aim of this
High-resolution nuclear magnetic resonance has provedagntribution is to show that, even in the case of an unresolve
be a useful tool for the investigation of local structure anillAS spectrum, it is possible to experimentally separate th
chemical bonding in crystalline phases, but also in disordersgtropic and anisotropic part of the chemical shift tensor usin
solids: amorphous powders or glasses. Led@PK) is an at- a shifted echoq) modification (PASS-SE) of the 2D-PASS
tractive NMR nucleus, with a reasonable sensitivity and &n | sequence proposed by Antzutlehal. (10). From the obtained
1 nuclear spin, but, as mentioned earlié—4), “'Pb suffers two-dimensional isotropic/anisotropic correlation dataset it be
from a very wide range of chemical shift (7000—8000 ppntomes possible to better describe the lead bonding environme
with very large chemical shift anisotropy (more than 200( P,Os—PbO glasses.
ppm) due to its high number of electrons and high polarizabil-
ity. Its characterization by NMR is currently regaining interest EXPERIMENTAL
(5). From a systematic MAS NMR study of oxide compounds
we showed that the chemical shift tensor parameters, bothThe ROs—PbO samples have been prepared by quantitati
isotropic and anisotropic (mostly measured from sideband iprecipitation from aqueous solutions of ammonium hydroge
tensities 6)) can be correlated to the bonding environment gfhosphate and lead nitrate. The,f®#0,),, Pb,P,0;, Pb;P,O,5,
lead @). In ionic bonding environments, lead has large cooand Pb(PG@), crystalline phases were obtained by annealing &
dination numbers and long Pb—O distances correspondinghigh temperature and the 3PbO-@2R glass by quenching
low isotropic chemical shifts with low chemical shift anisotfrom the liquid phase.
ropy in the NMR spectrum. In covalent bonding environments, All the solid-state NMR experiments have been carried ou
lead has small coordination numbers (down to 3 to 4) witlsing a Bruker DSX 300 spectrometer operating at 7.04 T wit
short Pb—O distances in a typically pyramidal geometry with Larmor frequency of 62.6 MHz fof”Pb. The /2 pulse
the Pb atom at the apex and O at the base. In this é4B&, duration was 1.7us (w./2m = 147 kHz). The spinning fre-
NMR spectra show large spans with high isotropic chemicgluiency was stabilized t&z10 Hz for MAS and PASS exper-
shift values. Resulting from this large chemical shift anisotments. Timings for the PASS sequence corresponding to 1
ropy, the moderate field (7.04 T) high-speed (15 k&Zpb pitch increments are given in Table 1. These 16 pitch incre
NMR MAS spectra of covalent crystalline compounds exhibinents allow a complete sideband separation of'tiRb spec-
a very large array of spinning sidebands in which the deterntia at high spinning frequency (10 kHz). The pulse phases we
nation of the isotropic positions can be problematic. Furtherycled by steps of 120° to fulfill the coherence pathway of Fig
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FIG. 1. (a)*Pb MAS spectra of crystalline Pb(R@and PR(PQ,).. (b) ®’Pb MAS and 2D PASS spectra of crystalline;PlD,; (height pitch increments,
486 transients per slice) and 0, (16 pitch increments, 972 transients per slice).
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TABLE 1 TABLE 2
Delays between Pulses Used for the 2D PASS Experiments Isotropic and Anisotropic *’Pb Chemical Shifts of the Four
(Measured in Sample Revolution Angles) Crystalline Lead Phosphates Pb(PO;),, Pb;P,0y, Pb,P,0O,,

and Pbs(PO,), (8,50 = 2 ppm, € = 10 ppm, K £ 0.05) with
Increment  A0./2m  A02m  A02m  A0J2m  AO2m  AB/2m Q) = §, — 835, K = 3(8, — 8i5)/Q (21)

1 0.16667 0.16667 0.16667 0.16667 0.16667 0.16667 Siso O 81 820 8a
2 0.18989 0.17512 0.15541 0.17615 0.15470 0.14873compound (ppm) (ppm) K (ppm) (ppm) (ppm)
3 0.21668 0.17874 0.14270 0.18365 0.14062 0.1376%

4 0.24453 0.17549 0.12896 0.18947 0.12651 0.13508p(PQ), (a) —3023 450.5 0.53 —2837.5 —2943.5 —3288
5 0.26915 0.16096 0.15737 0.19608 0.11511 0.14297 (b) —2962 387.5 0.87 —28245 —28495 —3212
6 0.28147 0.12931 0.11053 0.21004 0.10800 0.16065h,p,0,, (c) —2926 595 0.53 —2681 —2821 —3276
7 0.26731 0.09195 0.13166 0.22798 0.10102 0.18008 (d) —2906 695 0.20 —2582 —2860 —3276
8 0.23472 0.07687 0.17459 0.22846 0.09069 0.19467 (e) —2533 840 0.75 —2218 —2323 —3058
9 0.20979 0.08043 0.20978 0.20979 0.08043 0.20978p,p,0, (f) -2680 861 0.38 —2303 —-2571 —3165
10 0.19467 0.09069 0.22846 0.17459 0.07687 0.23472 (g) —2635 675 0.43 —2346 —2539 —3020
11 0.18008 0.10102 0.22798 0.13166 0.09195 0.26731 (h)y —2571 657 0.24 —2269 —2518 —2926
12 0.16065 0.10800 0.21005 0.11052 0.12934 0.28144 () —2412 573 0.04 —2129 —2405 —2702
13 0.14297 0.11511 0.19608 0.11574 0.16095 0.2691pp,(PO,), () —2886 210 —0.64 —2758.6 —2930.8 —2968.6
14 0.13504 0.12651 0.18947 0.12896 0.17549 0.24453 (k) —2016 1781 0.64 —1315 —1638 —3096
15 0.13761 0.14062 0.18365 0.14270 0.17875 0.2166+

16 0.14874 0.15469 0.17615 0.15541 0.17512 0.18989

head hardware. Spinning sideband suppression technigt

) ] (TOSS (2-19; SELTICS (15)) can give spinning sideband

3a (10). Chemical shifts were referenced to tetramethyl leggbe spectra; however, they have limited utility since the ob
Pb(CH), at 0 ppm, usig a 1 Maqueous lead nitrate solutioniained jsotropic spectrum is not quantitative: i.e., the sites wit

as a secondary referenckd). large chemical shift anisotropy have lowered contributions
One possible solution is to separate the different spinnin
RESULTS sidebands using a multiple pulse experiment so as to reco

The *’Pb static NMR or MAS (10 kHz spinning) spectra of
the 3PbO-2FO; glass, both acquired as full echo (rotor syn- 4
chronized in the case of the MAS spectrum), are identical. This
indicates that the distribution of isotropic chemical shift (width
of the individual spinning sidebands) is greater than the spin-
ning rate (10 kHz~ 160 ppm). These spectra exhibit an
asymmetric lineshape that contains both isotropic and aniso-
tropic contributions and cannot be modeled without informa-
tion on the related crystalline compounds. By analyzing the
spinning sideband intensities in the MAS experimes)t (ve
independently measured the chemical shift anisotropy param-
eters of"”Pb in 11 different structural positions in four crystal
structures: PY{PO,),, Pb,P,0O,, Pb,P,0,;, and Pb(PG), (Table
2). The *'Pb experimental MAS and PASS spectra of these
crystalline compounds are shown in Fig. 1. In these crystalling,
structures lead—oxygen coordination numbers varying from 7
to 10 are difficult to discern in the NMR spectrum. Figure 2
shows the€®’Pb static NMR spectrum of the glass together with
the modeled static spectra of the four crystalline lead phosphate
compounds. Considering the shape of the crystalline com-
pound spectra, it clearly appears that there is no unambiguous
interpretation of the spectrum obtained for the glass sample ‘ ‘ ‘ . ,
without characterizing the chemical shift tensor distribution;gg 0 J1000 2000 -3000  -4000  -5000
To determine the®®Pb isotropic chemical shift distribution (ppm)
which is related to the local glass structure, it would be nec-r,; (@) ®Pb static NMR spectrum of the 3PbO~ZR glass, (b)

essary to acquire a spinning sideband free spectrum by SRijdgeled static NMR spectra of the four crystalline lead phosphates Bp(PO
ning at 50 to 60 kHz, which is impossible with today’s probern,P,0,;, Pb,P,0;, and PR(PO,),.

Glass
3PbO-2P,04
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FIG. 3. (a) Pulse sequence and coherence pathway used for the two-dimensional PASS-SE experiment (smait/gudsrl ikarge ones are pulses);
delays between pulses are given in Tabldd).(An integer number of rotor periods is added to the last delay to acquire a full ecRIPRD PASS spectrum
(10 kHz) of 3Pb0O:2F0s glass represented as a contour plot. Sixteen pitch increments were taken, each the sum of 4131 transients. For clarity, da
concatenated in thg, dimension to generate spinning sideband separation by null slices. (c) Stack plot8Pthetatic, MAS (10 kHz), and isotropic NMR
spectra of the 3Pb0O:28; glass.

struct theinfinite spinning ratesideband-free spectrum. Toeach spinning sideband by a pitch variable. Double Fourie
achieve this aim we have implemented a modified PASS axansformation, according to the (acquisition time) and pitch
periment (0, 12. This experiment, designed for an= 1 variables, results in a two-dimensional spectrum in whict
nuclear spin subject to chemical shift anisotropy, uses a trainggfinning sidebands are sorted by number inRhe&limension.
5 7 pulses placed in the spinning period to encode the phasd-odm this dataset it becomes possible to reconstruct the sic
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band free isotropic spectrum correlated to an anisotropic di-
mension. The obstacle to directly applying the PASS sequence
to our *Pb spectrum lies in the very short duration (very large
bandwidth) of the lead signal (FID). As described in the case of
the QPASS experimentl), it is possible to add an integer
number of rotor periods in the last evolution period (between
the fourth and fifth pulses—Fig. 3) which results in shifting the
echo out of the last pulse and thus enables the acquisition of a
full echo (PASS-SE: PASS-shifted echo), as used in static echo
experiments®, 8, 17 but also in DAS 9) or MQ-MAS (18).
Using a full echo acquisition results in unambiguous phasing of
the pure absorption mode two-dimensional spectrum and im-
proves the signal-to-noise ratio by a factor of up 6 @).

Figure 3 presents the PASS-SE pulse sequence and the

-800

-400

Anisotropic Dimension (ppm)

results obtained for the 3PbO—&R glass. The two-dimen- . SR A L SN
sional spectrum shows very wide spinning sidebands which 1200 -1600 -2000 2400 -2800 *;3200
were summed to give the isotropic spectrum shown at the //ISOthpiC Diménsion (ppm)
bottom of the figure together with the MAS and static spec- L/ \V ‘\N

trum. This isotropic spectrum has a width of 830 pprbR
kHz) covering the whole range of isotropic chemical shift | L
positions observed in crystalline phases of the PbOzBys- = —
tem. Furthermore, it has a Gaussian shape and can be ascribed [~
to a continuous distribution of isotropic chemical shift centered |
at —2320 ppm with a width of 830 ppm. A similar approach - - - — - -
could have been work out using MAT experiment®,(29. --t—--F—----- - - - - -
The advantage of the PASS sequence is that it provides reso-
lution with a minimum number of pitch increments, thus min-
imizing the whole experimental acquisition time. L =
By shearing the obtained two-dimensional spectrum we can B

transform this representation to a more conventional isotropic |2 g g g g g
vs anisotropic correlatioriL(), from which we can now discuss
the anisotropic part of the chemical shift tensor across the © =1490 ppm Q=910 ppm Q=590 ppm

isotropic line. This is presen in Fig. 4. | m lear in
Sgt opic fine . S is presented . 9 t beF:O es clea FIG. 4. *Pb 2D PASS sheared spectrum (10 kHz) of 3PbQR2Ryjlass
this representation that there exists a correlation between ;&gesemed as a contour plot,

isotropic and anisotropic parts of the chemical shift tensor. The
lower chemical shift part has a lower chemical shift anisotropy

while .the higher ghemical Sh,ift part of the line has a high?fum that gives an accurate measure of the distribution c
chemical th||ﬂ an.u:,otk:.opy.I This show]? that the bonding envisy o hic chemical shifts and enables the separation of isotrop
ronment of lead in this glass varies from & Mmore 1onic enviy, g anisotropic parts of the chemical shift interaction. In the
ronment (longer Pb—O bond lengths, low anisotropy) to a MOLEse of*'Pb NMR, the PASS-SE experiment reveals a con

covalent bondingd elnvironmen;f (shorte(; Eb_ho bpnd Iengtr{ﬁuous distribution of the lead environment in lead phosphat
more pronounced lone pair effect, and high anisotrof)y ( lasses from more ionic to more covalent bonding environ

across the isotropic line. Using these results it becomes po Bnts, thus revealing the mixed network former/network moc

ble to identify the structural role of lead in these phosphaH;?er role of PF" in P,0,~PbO glasses. This experimental

glasses and to show that it changes from a network mOdifLer,rheme could be of much interest in the NMR study of heav

roled.:crj thel phqshphate-rlch cclnmgosmon to_l_a;fm'xﬁldbforlrlnerrﬁetals such as Sn, Cd, and Hg, which all have large chemic
moditier role wit Increasing fea content. This will be Mlusypg anisotropy, in amorphous materials or glasses.
trated in a forthcoming publication.
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