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Abstract: Using2°’Pb magic angle spinning and static NMR, we have resolved and assigned different lead sites in
crystalline lead oxides and lead silicates to their isotropic chemical shifts. Chemical shift anisotropies were also
obtained for lead sites from the intensities of spinning sidebands. Empirical correlations bé¥Rieisotropic
chemical shifts and structural parameters are proposed. For ionic compounds, we show good correlations between
chemical shift and coordination number or mean bond length. For more covalent compounds, the best empirical
correlation has been obtained by using the degree of oxygprhgbridization and second neighbor electronegativity
similar to that previously used to character#8i shifts in aluminosilicates. The Pbchemical shift anisotropies
increase with more positive chemical shifts. These correlations, established for simple crystalline compounds, should
allow better characterization of lead environments in disordered materials of complex composition.

Introduction Experimental Section

Lead contamination of the environment is a significant health =~ Most of the crystalline samples were high purity (Merck 99.9%)
hazard. A knowledge of the nature of lead speciation in waste °Ptained_commercially and checked by powder X-ray diffraction

. R oy _(XRD). The exceptions were the lead silicate phases, Ph&id
disposal r_n_edla IS e_ssentlal if we want to evaluate the Iong H-Ph:SiO,, which were synthesized by a previously described sol-gel
term stability or resistance to external attack of those media.

/ ) ) process with lead nitrate and tetraethoxysilane precufsors.
As waste disposal forms are often disordered materials of  Tne20pp NMR experiments were carried out on Bruker MSL and

complex composition then an element-specific spectroscopic psx 300 spectrometers (7.0 T) operating at 62.6 MHZ21db, using
technique is preferred to give direct information on the local standard 4 and 7 mm MAS probes (Bruker). Magic angle spinning
bonding environment of lead at the point of incorporation into (M_AS) spectra were obtaine_d_ yvith spinr_ling rates from 1 to 15 kHz,
the waste disposal medium. High-resolution solid-state nuclear using single pulsex/9) acquisition. Stati¢”Pb NMR spectra were
magnetic resonance (NMR) has proved to be a powerful tool ccr)]llecteld "‘l"th Uﬁe ofa H"?‘hc:‘ fecho sequenﬂ:&{-r—n—_r—acqunlfe).
for the investigation of structure and local bonding in solids. 1€ Pulse length was varied from 2.8 to 0.6us to verify complete

. . . . . irradiation of the spectra. The recycle delay between acquisitions was
However, interpretation of NMR chemical shift data requires a

. ” . . varied from a few seconds to a few minutes to ensure no saturation.
knowledge of the structureshift relationship to be established the number of acquisitions ranged from 32, for narrow spectra

empirically since the calculations of chemical shifts from (typically Pb(NQ),), to 32000, when intensity was spread over
electronic structure do not approach the precision to which they numerous spinning sidebands. Chemical shifts were referenced to
can be measured. In terms of nuclear spir (/2), gyromag- tetramethyllead Pb(CHk at O ppm, using a 0.5 M aqueous lead nitrate
netic ratio, and natural abundané®Pb would appear to be an  solution as a secondary refereh¢® = —2941 ppm vs Pb(Ch)). Al
attractive nucleus for the NMR spectroscopist. It has a slightly SPinning experiments were carried out at nominally room temperature,
higher resonance frequency tha¥si, the same spin, and a but some spectra did exhibit slight shifts related to spinning speed,

natural isotonic abundance almost five times areater. However which we attributed to an increase of temperature inside the MAS rotor
P 9 : 'due to frictional heating. The high sensitivity of solid st&éPb

lead’s large number of electrons, and hence polarizability, mean chemical shift to changes in temperature has been reported already for
that even slight deviations from spherical symmetry lead to |ead nitrate®

significant chemical shift anisotropiéshat can broaden the The processing of thes®’Pb spectra with extensive spinning
static resonance lines by more than 2000 ppm and chemicalsideband manifolds was carried out very carefully, ensuring that all
shifts have been reported to range over 708000 ppmt2 This Fourier transforms started ait= 0 (probe deadtime at 62.6 MHz was

results in mag|c ang'e Spinning (MAS) Spectra with a |arge array typlcally 8#3) OtherWise, prOblemS with the phase of the sidebands
of sidebands, even with spinning speeds of 15 kHz, that can petan lead to spectra that are difficult to interpfeSometimes three or
difficult to phase and to determine isotropic bands unambigu- 0Ur SPectra of the same sample at different spinning speeds were
ously. Here we present a series of detailed experiments thatreqwred in order to unambiguously assign the isotropic bands.

g . - hemical shi . | The intensities of spinning sidebands were fitted to obtain the
provide isotropic chemical shift data for a series of lead ,qsqciated chemical shift anisotropies with a modified version of the

compounds. We attempt to provide an understanding of the wiNFIT progran? (Bruker) according to Herzfeld and BergeiThe
primary influences on th&"Pb chemical shift so that®Pb

NMR may be developed as a structural probe for lead local __(3) Bessada, C.; Massiot, D.; Coutures, J., Douy, A.; Coutures, J. P;
. y L P . P o Taulelle, F.J. Non-Cryst. Solid4994 168 76—85.

environments in disordered materials of complex composition. "~ (4yrwin. A. D.; Chandler, C. D.; Assink, R.; Hampden-Smith, M. J.

Inorg. Chem.1994 33, 1005-1106.
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Table 1. 20"Pb Chemical Shifts of the Lead-Containing Compodnds

compd diso (PPMYP Q (ppm) K O11 (ppm) 022 (ppm) 033 (ppm)
Pb(NQy), —3494+ 2 55 1 —3475.6 —3475.6 —3530.6
(—3491.69)
PbCQ —2630+ 2 793 0.6 —2312.8 —2471.4 —3105.8
(—2622.45)
PbSQ —3613+ 2 563.5 0.43 —3371.6 —3532.5 —3935.1
(—35059)
PbMoQ —2009+ 2 182 -1 —1887.7 —2069.6 —2069.6
(—2004.99)
Phy(PQy)2: Pb(1) —2886+ 2 210 —0.64 —2758.6 —2930.8 —2968.6
Pb(2) —2016+ 2 1784 0.64 —1314.3 —1635.4 —3098.3
PbCh —1717+2 533 0.64 —1507.3 —1603.3 —2040.3
(—1723)
PbR —2667=+ 2 443 0.53 —2484.6 —2588.7 —2927.6
(—26684)
red PbO 1939t 5 3114 1 2977 2977 —137
yellow PbO 1515+ 5 3917 0.81 2944.7 2572.6 —972.3
P04 P —1105+1 158 —0.69 —1007.8 —1141.3 —1165.8
PR 795+ 2 3048 0.69 1968.5 1496 —1079.5
PbSiQ: Pb(1) 93+ 5 2878 0.66 1215.4 726.1 —1662.6
Pb(2) —166+ 5 3259 0.69 1088.7 583.6 —2170.3
Pb(3) —366+5 3061 0.64 838 287 —2223
H—Pb,SiO; Pb(3) 329+ 5 3579 0.75 1671.1 1223.7 —1907.8
Pb(1) 634+ 5 3602 0.81 1948.7 1606.5 —1653.2
Pb(4) 1344+ 5 3712 0.81 2698.9 2346.2 —1013.1
Pb(2) 1382+ 5 3824 0.87 2739.5 2491 —1084.5

2The uncertainties fodcsa vary from &3 ppm for lower range up te-15 ppm for higher valuesjcsa & 0.05.P Chemical shift is referenced
relative to Pb(Ch)a.

Table 2. Crystallographic Data of the Lead Containing Compounds

P2+ Pb—X
compd space group  Z/unit cell cell dimens (nm) coord no.  mean bond length (nm)
Pb(NQy)33 P3a 4 a=0.7859 12 d(Pb—0) = 0.2809
PbCQ3 Pbnm 4 a=0.8468b=0.6146,c= 0.5166 9 (6+ 3) d(Pb—0) = 0.2702
PbSQ3 Pnma 4 a=0.8480,b = 0.5398,c = 0.6958 12 d(Pb—0O) = 0.2889
PbMoQ?® 14./a 4 a=0.5435c=1.2108 8 d(Pb—0O) = 0.2657
Phy(POy) % c2lc 4 a=1.3816b=0.5692c=0.94298=10236  Pb(l): 6 d(Pb—0) = 0.2660
Pb(2): 7 d(Pb—0) = 0.2658
PbC},%¢ Pbnm 4 a=0.9030,b = 0.7608,c = 0.4525 7 d(Pb—CI) = 0.2986
PbR;6 Pbnm 4 a=0.7636,b = 0.6427,c = 0.3891 9 d(Pb—F)=0.2652
red PbQ’ P4/nmm 2 a=0.396,c=0.501 4 d(Pb—0O) = 0.2309
yellow PbG® Pbcm 4 a=0.5893b=0.5490,c = 0.4753 4 d(Pb—0)=0.2358
PO, P4,/mbc 4 a=0.8811,c=0.6563 PB": 6 d(Pb—0)=0.2176
PR 4 d(Pb-0)=0.2374
PbSiQ1 P2/n 12 a=1.123b=0.708,c=1.226, = 113 25 Pb(1): 3 d(Pb1-0) = 0.2389
Pb(2): 4 d(Pb2-0) = 0.2356
Pb(3): 4 d(Pb3-0) = 0.2416
H-Ph,SiO,° Al2/m 32 a=3.8789,b=0.7567,c=1.22123 =96° 78 Pb(3): 3 d(Pb3-0) = 0.2382
Pb(1): 3 d(Pb1-0) = 0.2216
Pb(4): 3 d(Pb4-0) = 0.2270
Pb(2): 3 d(Pb4-0) = 0.2249
chemical shift anisotropy (CSA) can be characterized by the following 0112 052 033 2
three parameterS:the isotropic chemical shiftiiso, the spanQ, which
measures the full extend of the spectrum, and the skewthe deviation Results
from cylindrical symmetry. Here, these parameters are defined
according to the following convention8: The 2°Pb NMR chemical shifts of the lead-containing
compounds studied in this work are reported in Table 1, and
Oiso = Ya(01; + 09y + 039 the crystallographic data for each crystal form are reported in
Table 2. Figure 1 shows the spectrum of P36 is typical
0O=5. — 5.0 of ionic lead compounds with a single sitisf = —3613 ppm,
—%n 33=

Q = 563.5 ppm,K = 0.43). For these ionic compounds, the
207Ph chemical shifts range approximately betweedv00 and
K = 3(022 ~ 9ise) 1 —1000 ppm. The®Pb shifts measured in MAS experiments

Q are in good agreement with previous static NMR studié8
with the principal components defined in the sequence: (11) Nolle, A.Z. Naturforsch 1977, 32a 964-967.
(12) Lutz, O.; Nolle, A.Z. Phys.1980Q B36, 323-328.
(8) Massiot, D.; Thiele, H.; Germanus, Bruker Rep1994 140, 43— (13) Nizam, M.; Allavena, M.; Bouteiller, YJ. Magn. Resorl989 82,
46. 441-453.
(9) Herzfeld, J.; Berger, A. El. Chem. Physl98Q 73, 12, 6021-6030. (14) Neue, G.; Dybowski, C.; Smith, M. L.; Barich, D. I3olid. State

(10) Mason, JSolid. State NMRL993 2, 285-288. NMR 1994 3, 115-119.
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Figure 1. 20Pb MAS NMR spectra of PbSOPbO, PbSi@ H-PhSiO,, and PBO, (asterisks mark isotropic lines; indicates impurity).

for Pb(NG),, PbCQ, PbMoQ,, PbC}, and PbE but differ by shifts are more difficult to determine. The assignments in these
some 110 ppm for PbS(Table 1). We have carefully re- cases are detailed below.

checked this shift and also examined the pUblIShEd SpeCtrUm in The Spectrum of lead monoxide (PbO) is shown in Figure 1.
ref 15 to find that the discrepancy is not a typing error. More ppQ exists in two polymorphic forms. Red PbO (Litharge) is

covalent compounds such as PbO give positive chemical shiftstetragonal and yellow PbO (Massicot) is orthorhombic; both

with larger spinning sideband manifolds among which isotropic phases contain single lead sites. @b MAS NMR spectra

(15) Neue, G.; Dybowski, C.; Smith, M. L.; Hepp, M. A.; Perry, D. L. of PbO (Figure 1) clearly show the presence of both of these
Solid State NMRL996 6, 241—250. two phases which exhibit large chemical shift anisotropies and
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Pb** atom

Figure 2. View of the unit cell of PBO..

integrated intensities in the ratio 3:1, in agreement with X-ray
diffraction analysis. The most intense contributiopd= 1515
ppm, Q = 3917 ppm,K= 0.81) is attributed to yellow PbO,
and the second spinning sideband pattern, centered at 1939 pp
with an axially symmetric CSA tensof) = 3114 ppm K=

1), is attributed to the red tetragonal form. The spectra at two
spinning speeds were required to determine the isotropic

chemical shifts, and the CSA tensor parameters were fitted to
match the two spectra. Both phases have layered structures

containing infinite Pb-O chains. The P atoms are located

on the surface of the sheets and are bonded to four oxygens

forming a square pyramid with a lead atom at the apex. The

layers are then bonded together by Van der Waals interactions

between the electronic lone pair of Platom1® Pb—O bond
lengths are shorter than the sum of ionic radii (0.26 nm),
indicating a highly covalent character for the-F® bond?6 In

the tetragonal form, the PHO bond lengths and bond angles
are the same, whereas in yellow PbO, the P&gare pyramids
are severely distorted. The distinction between red and yellow

resonances can be made on the basis of signal intensity and th@

smaller span and skew of the Pb axially symmetric site in the
tetragonal formK = 1).

The crystalline network of R, (Minium) consists of chains
of PbGs octahedra (the octahedra are joined by sharing two
edges) linked by square Ph@yramidst’ In the tetragonal
phase (room temperature), there are two lead valences and tw
different coordinations. Two-thirds of the lead atoms ar&"Pb
in a pyramidal coordination and the others ar&'Rb octahedral
coordination. Figure 1 shows the MAS spectrum of®H two
distinct contributions are observed with integrated intensities
in the ratio 2:1. The spectrum consists of a large manifold of
sidebands, similar to that in PbO, centered at 795 ppm, assigne
to the PB" site and a narrow symmetric linéi{, = —1105
ppm) corresponding to the Pbionic site, associated with two

symmetric satellites having a spinning rate independent separa

tion. These satellites are attributed to theoupling between
the PY*+ and a neighboring lead site populated b3%b atom
(J = 2260 Hz). In the P#D, structure, the PY site has two
Pt closest neighbors at a distance of 0.328 nm (Figure 2).
Considering the natural abundance?8#Pb (22.5%) and the
possible site occupancies (isolat&dPb, pair or triplet), this
results in a multiplet that we clearly observe in Figure 1. The
calculated intensities are 62.5:¢2 17.4):(2 x 1.25) for the

Fayon et al.

J-coupled line interfering with the measured intensities. Note
that J coupling is not resolved on the Phspectrum. The
intrinsic line width of the Ph" resonance is much less than
that for PB*, and the possibilities of chemical shift dispersion
due to the pyramidal geometry probably serve to obsdure
coupling in this case. The low chemical shift anisotropy of the
octahedral site has been measured from a static spectrum.
The20’Pb MAS NMR spectrum of Alamosite (PbSj3hows
three sets of spinning sidebands corresponding to the three Pb
sites present in the unit cell (Figure 1). The structure consists
of zigzag chains of Sigxetrahedra perpendicular to screw chains
of PbQy and PbQ@ pyramids!® The crystalline network is made
up of these two types of chains linked together by-Bb-Si
bonds. In the leadloxygen spiral chains, two types of Pb are
in the form of PbQ square pyramids and another Pb atom forms
PbG; trigonal pyramids. The short interatomic distances
between lead and oxygen indicate the covalent character of these
Pb—0O bonds. The two isotropic peaks-a866 and—166 ppm
can be attributed to Pb in Ph@yramids (Pb(2) and Pb(3))
with the remaining peak at 93 ppm attributed to Pb in a trigonal
yramid (site Pb(1)). Considering that a decrease in mean
b—0O bond length is associated with a more positive chemical
shift in lead monoxide, the isotropic peak-al66 ppm might
be assigned to the site labeled Pb(2) with the shorter mean PbO
bond length.
Lead orthosilicate (Pi$iO4) has four different polymorphic
phases, but only the structure of HJ8E0, (the higher
temperature phase) has been determined by X-ray diffrattion.
Our sample was checked by powder XRD to correspond to the
H-P,SiO, described by Kattd? However, examination of the
XRD pattern also has shown the presence of an impurity
identified as the M-PJ5iO, phase. According to Katto, the
complex structure of this lead silicate consists ofOgj rings
and ribbons of Pbgxrigonal pyramids. In this description, there
are four unequivalent Pb sites in the unit cell. Two of them
involve only Pb-O—Pb bonds while the other sites involve-Pb
—Si bonds. As shown on Figure 1, tf8Pb MAS spectrum
of this sample is extremely complex and exhibits six isotropic
peaks at 1382, 1344, 745, 710, 634, and 329 ppm, each with
large spinning sideband manifolds. These six isotropic peaks
correspond to six unequivalent Pb sites that we can try to link
to the four sites of H-Pi8iO, described by Katto. By using

é(atto's description of the structure, the two peaks at 1382 and

1344 ppm (close to the yellow PbO value) should correspond
to the sites with PbO—Pb linkages (Pb(2), Pb(4)). As
previously, the assignment of the line with more positive
chemical shift is made by considering its shorter mean®b
bond lengths. The other four peaks would then appear to
orrespond to Pb9units with silicon neighbors (PBO—Si
onds) as described by Katto (Pb bound via oxygen to two
silicon atoms). The two peaks with highest intensity at 329

and 634 ppm might be assigned to the Pb(3) and Pb(1) sites,

while the contributions with lowest intensities and highest
chemical shift values (744, 710 ppm) might be attributed to
traces of the M-Pi5iO, phase (distorted PhQpyramidal unit
close to the Pb(1) site).

Discussion

Structural Correlations. In order to use NMR chemical
shifts as a structural probe, it is necessary to establish the

center band and the first and second pair of satellites, respec+elationship between them and the different local environments

tively. The measured intensities are 59.2¢247.8):(2x 2.6);
however, a spinning sideband from®loverlaps the narrow

of atoms in different structures. First principles calculations
of chemical shifts are possible, but the precision to which shifts

(16) Dickens, B.J. Inorg. Nucl. Chem1965 27, 1495-1501.
(17) Gavarri, J. R.; Weigel, Dl. Solid State Cheni975 13, 252-257.

(18) Boucher, M. L.; Peacor, D. RZ. Krist. 1968 126, 98—111.
(19) Katto, K.Acta Crystallogr 198Q B36, 2539-2545.
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Figure 3. Evolution of diso 2°Pb vs Pb coordination number (the
straight line gives the linear correlation for CAN7: R= 0.979,n =
9, diso (PpmM) = 622.8— 349.7CN).
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Figure 4. Evolution of diso 2°’Pb vs mean PbO bond length (the
straight line gives the linear correlatiolR = 0.953,n = 21, dis, (Pppm)
= 20854— 86689.5(Pb—0) (nm)).

can be measured in NMR exceeds that of the calculations, coordination number decreases, the paramagnetic shielding
although the rank ordering of the shifts of different structures increases (chemical shift more positive). If we look at just the

can be derived from calculatidf. The general approach is to

lead coordinations of seven or greater (Figure 3), then a

establish an empirical correlation by measuring shifts of reasonable correlation for shift vs coordination is found vdth

materials of known structure.

The magnetic shieldingz, of a nucleus occurs because of
the modified motion of its surrounding electrons induced by
the applied external magnetic field. There are two effects: a
diamagnetic induced field due to the circulation of electrons in

= 0.979 anch = 9:
3)

If we restrict the lead first neighbors to be oxygens and look

Oiso (PPM)= 622.8— 349.7CN

the core which opposes the applied external field and a second@! the correlation between the mean-fhbond length (varying
paramagnetic field due to a slight unquenching of orbital angular from 0.2216 to 0.2889 nm) and chemical shift (Figure 4), a
momentum in electron orbitals with orbital angular momen- 900d correlation is found witlR = 0.953 andnh = 21

tum2! The shielding is, thus, generally written as the contribu-

tion of two terms??2 ¢ = ogia + Opaa Where ggia is the

diamagnetic term andparathe paramagnetic term. In the case

of heavy nuclei like Pb, the variation of thga., contribution

is dominant but very difficult to evaluate by formal computation.

0iso (PPM)= 20854— 86689.5i(Pb—0O) nm 4

Considering the large variations of lead local environment
for the compounds studied, the mean+bbond length appears

We used a simplified approach to understanding shift/structure t0 be @ reasonable controlling parameter fot'Ritiemical shifts,

correlations for th&%"Pb chemical shifts in oxides and silicates,

even if the departure from linearity increases for the more

and we propose to establish correlations between NMR experi- covalent compounds with short mean bond length. Considering
mental parameters and simple structural parameters that willthe empirical eq 4, as the mean bond length decreases the

allow structural information to be determined fréfPb NMR
spectra of unknown structures.
For nuclei such as°Si or 27Al, the structural change

responsible for the major changes in NMR chemical shift is

local coordination chang®. Figure 3 shows the influence of
this parameter on thRPb chemical shift for the Pb compounds
examined. Additional NMR-15and crystallographic dat&?’
from the literature for PbWg@) PbCrQ, PbTiG;, and PbZrQ

paramagnetic shielding increases (negative slope) leading to
more positive chemical shift, and a bond length variation of
0.001 nm should correspond to a shift difference of about 86.7
ppm. If we look at just the lead coordinations of seven or
greater, the correlation coefficient is slightly improve® €
0.957,n = 7: diso (ppm) = 14836 — 64323.4I(Pb—0O) nm).

For the more ionic compounds, the similar good correlations
between coordination number and mean bond length are not

have also been plotted here. The data plotted as a function ofsurprising since steric effects will mean that coordination number
coordination number are in general agreement for coordination @1d bond length are themselves highly correlated for a single

being a controlling parameter for chemical shifts, at least for ligand type.

coordination numbers of seven and over. The general evolution

Covalent Compounds. For the more covalent lead com-

of 207Pp shifts vs Pb coordination number shows that as the Pounds, such as lead oxides and silicates, simple chemicat shift

(20) Tossel, J. APhys. Chem. Minerl984 10, 137-141.

(21) Slichter, C. PPrinciples of Magnetic Resonancd ed.; Springer-
Verlag: Berlin, 1990; pp 87108.

(22) Pople, J. AProc. R. Soc1957 A239 541-549.

(23) Engelhardt, G.; Michel, DHigh-resolution solid-state NMR of
silicates and zeoliteslohn Wiley and Sons: Chichester, 1985; pp 422
134.

(24) Effenberger, H; Pertlik, FZ. Krist. 1986 176, 75—83.

(25) Sleight, A. W.Acta Crystallogr 1972 B28 2899-2902.

(26) Shirane, G.; Pepinsky, R.; Frazer, B.Azta Crystallogr 1956 9,
131.

(27) Jona, F.; Shirane, G.; Mazzi, F.; PepinskyPRys. Re. 1957, 105
849-856.

structure relationships based on coordination number and mean
Pb—0O bond lengths give poor correlation coefficierfis< 0.6,

n = 9). In these materials lead usually has a pyramidal, 3- or
4-fold coordination with oxygen. However, the general trends
of the influence of coordination number on the shift are still
true. Chemical shifts for three- and four-coordinated lead are
more positive than higher coordinations (see Figure 3). The
chemical shift range for these lower coordinations becomes
larger and causes the ranges of 3- and 4-fold coordination to
overlap almost completely. The large range of shifts for these
coordinations means that it should be possible to derive further



6842 J. Am. Chem. Soc., Vol. 119, No. 29, 1997 Fayon et al.

structural information by relating the shifts to other more subtle 850 (ppm)

structural parameters. 2000 o
One such parameter could be the bond angles at the lead site

such as is used to correl&fSi chemical shifts in silicates when 1500 4

Si is tetrahedrally coordinated by oxygen ir? $yybridization.

In the case of Si, linear correlations have been proposed with 1000 J

use of mean bond angt&put using these for Pb, in lead oxides
and silicates, yields poor correlation coefficier®s< 0.6,n =

9). The best empirical correlation has been obtained by relating
the bond angles to the degree of s-hybridization of the oxygen 0
orbitals. This formulation has been used successfully to
reproduce trends i#?Si chemical shifts in silicates and alumino-

4

500
H-Pb,Si0,4

-500 -

silicates?®3° The degree of s-hybridizatiop, of the oxygen R R

(sp' hybridization, 1< n < 3) is given by the equatioff 0.2 0.4 0.6 08 0 12
p = (cosh)/(cosh — 1) (5) P = cos8/(cosB -1) +Agn.N

) ) Figure 5. Evolution ofdis, 2°’Pb vs P parameter (the straight line gives
whered is the Pb-O—Pb bond angle. For an asymmetricPb  the linear correlationR = 0.969,n = 9, A= 0.2, diso (ppm) = 2076.2

O—X linkage the oxygen atomic orbitals in the PbO and XO - 2180.%P).
bonds are inequivalent and will be characterized by different Table 3. M Pb-0-X Bond Andle. Number of Si in the Pb

_ A : - H H H apble o. ean — on ngle, Number o I'In the
dggrees of s hybndlz’?mon' To a f|r§t_ appmx'ma“on’ thls Second Coordination Spher(Si)), and Degree of s-Hybridization
difference betWt_een cation eIggtronegaﬂwges may be takgn iNto of the Oxygen P) for the Crystalline Lead Oxides and Silicates
account by using an empirical corrective faéfothat is

prop_ortior_lal to the n_umber of uns_ymmetric !i_nkages. We h_ave compd mean Ft;g;do;i(gle (deg) N(Si) p
applied this formulation to lead oxides and silicates by consider- PO 1096 0 0251
; ; ; ; e re . .
ing .Pb(OPIq)H,(OSDn units and the following modified equa- yellow PbO 1098 0 0.953
tion: PbSiQ: Pb(1) 110.2 3 0.856
Pb(2) 116.3 4 1.107
P =[(cos6)/(cosb — 1)] + AN (6) Ph(3) 113.9 4 1.088
_ ) H-P:SiOs: Pb(1) 118.9 2 0.726
where@ is the mean PbO—X bond angle (X= Pb or Si),N Pb(2) 109.9 0 0.254
is the number of Si atoms bound via oxygen to the lead atom, Pb(3) 117.8 2 0.718
and A is a constant to take into account the electronegativity Pb(4) 108.7 0 0.243
difference between Si and Pb. A good correlation is obtained
by using the reliable data of PbSi@3 sites) the two PbO 5.
polymorphs and takings = 0.2. A least-squares fit gives the 3000 4 -
following correlation R = 0.982 withn = 5): ad, ) 3
2000 { 4% -
Oiso (PPM)= 2306.4— 2395.P ©) 038, : I
1000 - .
When, following the analysis of the data for H430,, we A ‘_
added the four assigned sites to the additional five sites with 0 1 .
Pb—0O—(Pb/Si) linkages, the data fell satisfyingly close to the 1000 ] l ) .
line and this linear correlation is confirmeR & 0.969 withn i oo ' e
— . 1 A B ° °
= 9): 2000 1 g_...z‘g”" LI I
Oiso (PPM)= 2076.2— 2180.P (8) 3000 4 Bq © o
This plot is shown in Figure 5, and the values of eq 7 are  -4000 4 "0
given in Table 3. In this correlation, we used a corrective term —T 7T T T T
-4000  -3000 -2000  -1000 0 1000 2000

A close to the electronegativity difference between Pb arfd Si,
but this constant is of rather low weight to the linearity of the B0 (PP™)

correlation. In these lead oxides and lead silicates, constitutedFigure 6. Evolution of the principal components of the CSA tensor
of PbQy, pyramidal units h = 3, 4), the mean PbO—X bond vs the isotropic shift.

angles are between 108nd 120, ((cosd)/(cosf — 1)) between

0.24 and 0.34. With use of the valde= 0.2, the termAN, become more negative. The explanation ¥Pb chemical
which corrects for the modified degree of s-hybridization due shifts to decrease with increasing-PD—X mean bond angle

to Si rather than Pb neighbors, is of the same order of magnitudewould be similar to that for silicates: increasing the degree of
as the (co®)/(cos6 — 1) term, and both the increase of the s-hybridization 6 increasing) causes the p character to diminish
Pb—O—X angle and the addition of Si into the second and the paramagnetic contribution to the chemical shift to fall
coordination sphere of Pb cause tH&Pb chemical shift to and shifts are more negative for higher bond angles.
Chemical Shift Anisotropy. Since the chemical shift

(28) Ramdas, S.; Klinowski, Nature 1984 308 521.

(29) Engelhardt, G.; Radeglia, Rhem. Phys. Letl984 108, 3, 271 anisotropy (CSA) is caused by the nonspherical symmetry of
274. ) the bonding environment around the nucleus, empirical cor-
30(30) Radeglia, R.; Engelhardt, Ghem. Phys. Let1985 114 1, 28~ relations between anisotropy and structure generally use an

(31) Gordy, W.; Thomas, W. J. Q. Chem. Phys1956 24, 2, 439 average deviation of bond angles{®—0) or bond lengths

444, from that of a perfect polyhedron (X{3%2 These typical
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correlations yield poor results in the case of Pb. However, the assign spectra that consist of manifolds of sidebands often
large spans of’Pb NMR spectra show its sensitivity to slight overlapping in a complex manner. These can be assigned to
deviations from spherical symmetry. Figure 6 shows the different lead sites in crystalline lead oxides and lead silicates
evolution of the principal components of the CSA tensor versus and used to derive empirical correlations betw#&pb isotropic

the isotropic shift of PH. For the ionic compounds, the chemical shifts and structural parameters. We have established
isotropic and principal values of the CSA tensor are of the same experimentally the following primary influences on #b
order of magnitude. For the covalent Pb bonding state (lead chemical shifts. For ionic compounds, we observe good linear
oxides and silicates), we observe a large splitting betwien correlations between chemical shift and2Plzoordination
anddi1 ~ 02, interpreted as being due to the steric effect of number or mean PbO bond length. For more covalent
the electronic lone pair of Pb which prevents the existence compounds, the best empirical correlation has been obtained
of symmetric environments with short P® bond lengths. For by using the degree of s-hybridization of the oxygen and the
the covalent compounds, the lead atoms occupy the apex of arelative electronegativity of dissimilar second neighbors. These
distorted pyramidal PbQunit (n = 3, 4). This gives acloseto correlations, established for simple crystalline compounds,
axial symmetry shielding tensob{i ~ 022, |K| ~ 1) where should allow the use of®Pb NMR as a structural probe for
d33 is approximately along the symmetry axis (lone pair). lead local environments in disordered materials of complex

. composition.
Conclusion P
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