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The analysis of heavy-metal solids with NMR spectroscopy provides a means of investigating the electronic
environment through the dependence of the chemical shift on structure. We have investigated the relation of
the 2°Pb NMR isotropic chemical shift, span, and skew of a series of solid Pb(ll) compounds to lattice
parameters. Complementary relativistic sparbit density functional calculations on clusters such ag*Pbl

that model the local environment in the dihalides show a dependence of NMR properties on the local structure
in good agreement with experimental results.

I. Introduction parameters on the leat@bdide distanceréy-) analogous to the
experimentally determined dependence of chemical shift on cell

The 2°7Pb nuclear magnetic resonance (NMR) spectroscopy dimension observed for PbMaOPbCh, and Pb(NG)».

of solid lead-containing materials has recently been investigated
by several groups:!® These results indicate some general
trends: (1) The range of isotropic chemical shift extends over

approximately 10 000 ppm. (2) The isotropic shift depends  The PbMoQ and PbGl samples were purchased from Sigma-
strongly on the local electronic structure making the lead NMR A|drich and were used without further purification. The quoted
chemical shift a sensitive reporter of local stat@) The2°’Pb purity of the materials was 99.9999%. The Pb@iGample
resonance in many ionic materials tends to be more strongly yas the same as used elsewHete.

shielded than in organolead materials. (4) The range of the 207ppy NMR spectra were measured as a function of temper-
principal elements of the chemical shift tensor at a single site 4t,re at 62.6 MHz on a Bruker MSL-300 NMR spectrometer
may be as large as several thousand ppm showing the striking(7_0491 T, corresponding to #H resonance frequency of
dependence of the chemical shift on local structufg) The we/27 = 300.130 MHz, with ar/2 pulse width of 2.8:s) or at
chemical shift can be correlated with other structural parameters 41 7 MHz on a TecMag Discovery NMR spectrometer (4.6954
such as interatomic distarieor electronegativity difference T, corresponding to &H resonance frequency aby/2r =
between lead and its ionic partnéis(6) For certain materials 199 916 MHz, with az/2 pulse width of 4.2:s). Phase cycling,
such as Pb(Ng),, the chemical shift parameters vary signifi- - gata processing, and fitting procedures have been previously
cantly with temperatur&3which engenders the use of the lead reportecd=718 All NMR spectra are referred to the isotropic
NMR as a thermometric reporter. (7) Application of external chemical shift of liquid Pb(Ch)4 using the chemical shift of

pressure causes large changes in the shift paraniéters. Pb(NQy), at the peak of the powder pattern as a secondary
In this paper, we report the dependence of the experimental .oference.13d

chemical shift tensor parameters (isotropic shift, span, and
skewt®1% of PbMoQ, and PbCJ on temperature and reconsider
the thermal behavior of these parameters for PipOhe

II. Experiments and Calculations

Temperatures above room temperature were achieved by
blowing heated nitrogen gas over the sample. Temperatures

. . ) . . .. below room temperature were achieved by blowing heated cold
experimental variation of the isotropic shift and the span with nitrogen gas boiled off from a liquid-nitrogen source. Temper-

temperature is strongly correlated with the thermal expansion ature was measured by monitoring the spectrum of a very
in these materials from which one may infer the dependence Ofsmall (0.04 mL) volume of ethylene glycol (HO(GHOH)

NMR parameters on unit cell dimensions. (above room temperature) or methanol ¢CHH) (at or below

Density functional (DFT) calculations of the electronic 4 temperaturé For measurements at 62.6 MHz on the
structure of cluster models of lead-containing solids, incorporat- g ,ker MSL 300. these liquids were contained in small glass

ing relativistic effects with the zero-order regular approximation s that were included in the sample chamber. For measure-
(ZORA), have also been performed. The calculations predict jants at 41.7 MHz on the TecMag Discovery, the variable
chemical shifts of the series of lead dihalides that are in yomperaure system was calibrated with these liquids in separate
reasonable agreement with exfaenmental values. NMR simula- gy eriments. The Fourier transform spectra at all temperatures
tions on a cluster model, [P, that has several different 1\ ere fitted to theoretical powder patterns with a program
reported structural motifs show a dependence of chemical Sh'ftdeveloped in this laboratory to obtain the chemical shift

F Universitv of Delaware parameters as discussed previodSly.

*Bryn Maa’w College. Cluster models based on X-ray structures in the Inorganic

§ Widener University. Crystal Structure Database (ICSP)were used to perform
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and

= 3(6225 6iso) (4)

These three quantities are the isotropic chemical shift, the span,
and the skew, respectively.

Ill. Results

Experimental Chemical Shifts. Figure 1 shows 62.6 MHz
g B S —— Sy 207Pp spectra of a powder sample of PbMad188 and 354 K

-850 1900 - A ) i and Figure 2 shows 41.7 MH#"Pb spectra of Pbglat 297

Chemical Shift (ppm)
and 365 K. A room-temperature spectrum of Pbgh@ppears

Figure 1. The solid-state NMR spectra of static polycrystalline elsewheré, and the temperature dependence of the spectrum
PbMoQ at wy/2 = 62.6 MHz. Solid lines indicate the fitted spectra.  has been investigatéd2°
Both spectra were produced using a 50 kHz spectral window. Spectrum The dependence @i, on temperaturd for Pb(NQ), has

A is the sum of 24 scans with a recycle time of 85 §at 188 K, and b ted to qi l d deftd which b
the values of the fitted chemical shift parameters &igg= —2028 een reported 1o give a linear depen Which can be

ppm andQ = 209 ppm. Spectrum B results from the coaddition of expressed as
200 scans with a recycle time of 29 sTat= 354 K and is fitted with
diso = —1988 ppm and? = 165 ppm.

iso

do
Oiso = OisorT T [ aT ](T = Try) )

density function (DFT) calculations of the electronic structures

of several compounds. The DFT calculations, carried out with Where room-temperatufsr is 295 K anddiso,rris diso at Trr.

the Amsterdam Density Function program packaged its The constandiso rrand the slope dls/dT are given in Table 1.
associated NMR modufR®,23 incorporated relativistic effects ~ The sparf2 of Pb(NG), at three temperatures has been reported
with the zero-order regular approximation (ZORAYS and by Bielecki and Burun#? Those data and additional measure-
triple- (ZORA/TZ2P) basis sets. All atoms were treated without Ments by us are shown in Figure 3. The data obey the equation
frozen cores. The module DIRAC was applied to generate the do

core potentials for all atom types. We used the local density Q=Q+ —](T —Try) (6)
approximation (LDA) of Vosko, Wilk, and Nusair (VWR) dr

augmented with the Becke8®erdew86 generalized gradient  \yhere the subscript RT again means room temperature (295
approximation (GGA) (BP86) facility>2° Diamagnetic, para- ¢ and d2/dT for Pb(NQy), are given in Table 1. Because
_magnet|c, and sp|n-orb|t_al contributions to t_he che_mlcal shield- of the 3-fold rotation site symmetry, for Pb(NQy); is fixed at

ing were summed to give the total chemical shielding. The +1, and this value was assumed in the data fitting.

shielding of tetramethyllead Pb(GH [TML] was calculated diso andQ for PbMoQ;, shown in Figure 4, are fitted to eqs
within the same model, using the experimental geonfétayd 5 and 6 to obtain the slopes and room-temperature values given
all chemical shifts are reported relative to TML. in Table 1. The room-temperature values are the same as the

The NMR chemical shift is a second-rank symmetric tensor. \,5jues of Van Bramer et &IBy point symmetry of the lead

There are several ways to express the tensor information. Agjie , for PbMoQ, is fixed at—1, which was assumed in the
common means is specification of the three principal elements 55 fitting.

of the tensorpis, 922, anddss, with the convention that diso and Q for PbCb, shown in Figure 5, are also fitted to
egs 5 and 6. The slopes and room-temperature values are given
0112 05 033 @) in Table 1. Because for PbCh is not required by the lead site

. ~ symmetry to have a specific value, the powder spectra were fit
In this report, we use the IUPAC-recommended notation in to the general asymmetric pattern allowing all three variables
which the following three quantities are defined in terms of the to change. Over the temperature range studieg, 0.505 +

principal elements of the chemical shift ten3®#8 0.023, independent of temperature within experimental error,
as indicated in Figure 5C.
_1 The temperature dependencies of the unit cell dimensions of
Oiso 3 (011F 02, F 0g9) (2) Pb(NQ)2,3° PbMoQ,3! and PbCL2 have been determined by

TABLE 1: Experimental Values and Derivatives Involving the Isotropic Chemical Shift, Span, Temperature, and Characteristic
Length of Pb(NOs),, PbM00O,, and PbClL

unit Pb(NQ). PbMoQ, PbClL
dois/dT ppm/K 0.758+ 0.002 0.494+ 0.026 0.976+ 0.043
Oiso,RT ppm —3490+ 1 —2005+ 2 —1721+2
dQ/dT ppm/K —0.224+ 0.004 —0.255+ 0.019 —0.912+ 0.087
QpT ppm 52.5+ 0.3 183+ 1 556+ 4
du/dT 1075 nm/K 2.07+0.02 1.13+0.02 2.000+ 0.005
LrT nm 0.784 0.708 0.677
doiso/dL 10* ppm/nm 3.658t 0.045 4.35+ 0.32 4.89+ 0.18
dQ/dL 10* ppm/nm —1.079+ 0.050 —2.30+0.22 —4.56+ 0.17

aThe uncertainties gt are less than 1 part in 10
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Figure 2. The solid-state NMR spectra of static polycrystalline RbCI
at wo/2r = 41.7 MHz. Solid lines indicate the fitted spectra. Both

-1200

spectra were produced using a 37.6 kHz spectral window, and each
spectrum results from the coaddition of 512 scans with a recycle time

of 15 s. Spectrum A was obtained &t 297 K, and the values of the
fitted chemical shift parameters adg, = —1716 ppm and2 = 543

ppm. Spectrum B was obtained at 365 K, and the values of the fitted

chemical shift parameters ad@, = —1653 ppm and2 = 484 ppm.
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Figure 3. The temperaturel dependence of the spa® for Pb-
(NOs)2: @, 62.6 MHz (this work) M, ref 29. The solid line is the best-
fit linear relation as given in eq 6 with the parameters given in Table
1.

0 (ppm)

X-ray diffraction. It is convenient to characterize the unit cell
at a temperature by a characteristic lengty V13, whereV is

the volume of the unit cell. As an example, the temperature
dependence df for PbMoQ, is plotted in Figure 6 and is fitted

to

L=Lgrt+ ’% (T—Try) (7)

with the room-temperature valugsr and the slopes lddT
given in Table 1. Similar plots can be made for Pb@yGnd

Dmitrenko et al.

-1960

-1980

-2000

-2020

0., (ppm)

-2040

-2060

_2080 1 l 1 l 1 l 1 l
350

220

210

200

190

2 (ppm)

180

170

LU LN I R NN L B
PR I TR I S

160

200 250

T (K)

Figure 4. The temperatur& dependence of (A) the isotropic chemical
shift diso and (B) the spar2 of PbMoQ, determined at 62.6 MHz.
These parameters are obtained from fitting the experimentally obtained
spectra as indicated in Figure 1. The solid lines are the best-fit linear
relations as given by egs 5 and 6 in the text.

Model Cluster Calculations. Relativistic DFT chemical shift
calculations for molecular structures such as PEX = Cl,
Br, 1) have been shown to give reasonable agreement with
experimental measuremefitas have calculations of molecular
adducts of leatt and 13%La chemical shifts in lanthanum
halides®® Solid materials such as the lead dihalides exist in
extended arrays that periodically repeat. To make the calculation
of the properties of these solid materials tractable, we have
modeled the local structures with clusters, RbX of the
dihalides PbX (X = F, ClI, Br, 1) that are based on reported
X-ray structures. The number of atoms included in the cluster,
the ICSD number of the X-ray dat8,and the chemical shift
results are given in Table 2. The agreement of the calculated
Jiso With experimental isotropic shifts for the dihalide structures
is good as can be seen in Figure 7.

To investigate the change in parameters as a function of

PbCh, and the slopes and room-temperature values are givenstructure, we have calculated the NMR parameters of*Pbl

in Table 1.

(representing the local environment in PbPbk was chosen

The linear dependencies in eqs 5 and 6 and the linearfor this purpose because it has a well-defined local structure (a

dependence in eq 7 allow the NMR parametégs and Q to
be expressed in terms af

iso

do
Oiso = OisorT T [E (L= Lgy) 8)

and
Q=CQpr+ [%](L ~ Lgo) 9)

The resulting slopesgi/dL and d2/dL for the three compounds
are given in Table 1.

distorted octahedron with a single Phdistance, Figure 8) with

a clear distinction between nearest neighbor Ritistancespp-

and next-nearest neighbor distances. In addition, a range of
crystal structures of Pplpresents an opportunity to study the
changes in chemical shift parameters under realistic structure
variations. These reported structures each have a single value
of rpp-| between 0.298 and 0.323 nm and a single valué@ of
between 0.205and 10.88 as indicated in Table 2. The next-
nearest neighbors are about 0.56 nm from the Pb nucleus. The
rhombohedral distortion can be completely described by the
Pb—1 distancerpp-; and a bond angle deviatiahfrom 90°.
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Figure 5. The temperaturd@ dependence of the NMR parameters of
PbC}h: (A) the isotropic chemical shifdis,, (B) the spar2, and (C)

the skewx determined at a frequency of 41.7 MHz. These parameters
are obtained from fitting the experimental spectra as indicated in Figure
2. The solid lines fobis, andQ are the best-fit linear relations as given
by egs 5 and 6 in the text. appears to be temperature independent
from the results of fitting, the average value being 0.309.023.

340

diso for Pblg*~ is shown as a function afy,-; in Figure 9A.
The data in Figure 9A can be fitted to the linear equation

iso

o
drep

iso = Oiso,0 T ("po—t = Tppi0) (10)

whererpp-10 = 0.310 nm is a convenient reference distance.
The slope disd/drpp-1 and the constantiso o (the isotropic shift
atr =rpp-1 ) are given in Table 32 as a function of), shown

in Figure 9B, is also linear and is fitted to

_[de
Q—’d6]0+90 (11)
with dQ2/d6 and Q, given in Table 3. In Figure 9C, we show

the dependence @& onrpp-;. Although, as Figure 9B shows,
Q is a linear function off, it is convenient to discuss its
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Figure 6. L, the cube root of the volume of the unit cell in crystalline
PbMoQ as a function of temperaturtaken from X-ray diffraction
data®! The solid line is the best-fit linear relation as given by eq 7.
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Figure 7. Oiso calculationV€rSUSOiso experimen{ DOth referenced to Pb(G)d)
for PbR, PbCh, PbBk, and Pbl. The values 0Bis caiculation@re given
in Table 2. The values Giso,experimen@re taken from ref 8 for all four
compounds. For comparison, the life caicuiation= Oiso,experimeniS Shown.
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in a region centered aroung,—; = 0.320 nm to—1.4 x 10*
ppm nnt!in a region centered aroung,-; = 0.300 nm in
Figure 9C. These limiting slopes are reported in Table 2.

IV. Discussion

The measured temperature dependencies of the isotropic shift
and span of th@Pb chemical shift parameters of Pb()&
PbMoQ,, and PbC] (Table 1) are linear functions of the
characteristic length in the range of temperature we investi-
gated. The skew of the PbQlesonance (for which symmetry
does not requirex +1) is, within experimental error,
independent of temperature. Of particular note is the general
trend that the isotropic chemical shift increases with increasing
unit cell size and that the span decreases with increasing unit
cell size.

Insight into the direct effects of structural parameters on the
chemical shift tensor components and its contributors (para-
magnetic, diamagnetic, and spiarbit) can be obtained from
DFT-ZORA calculations on model clustefs?2-23The reason-
ably good agreement between the calculated isotropic chemical
shifts of the lead dihalides and their room-temperature experi-
mental values (Figure 7) reinforces our confidence in the
usefulness of calculations on clusters to model the local
environment of 2°/Pb nucleus in these solids. The agreement
between calculation and experiment strongly suggests that the
geometric parameters of the Pb ion’s immediate environment
are the principal structural determinants of the chemical shift
tensor components. The results indicate that both the para-
magnetic and spinorbit contributions affect the variation of

variation as a function of the interatomic distance. As discussed the chemical shift, but the paramagnetic contribution dominates.

in the following section, we are interested i@tlrpp— in very
small A rpy- regions (Figure 9C) from-0.4 x 10* ppm nnt?t

The diamagnetic contribution remains almost constant in all
models (Table S1 in the Supporting Information).
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TABLE 2: lonic Clusters of PbX, (X = F, Cl, Br, and I) Used in the Calculations: ICSD Codes: Model Fragments,
Geometrical Characteristics, and Calculated?®’Pb NMR Parameters

ICSD # model Ipp-1 (NM)
fragment
Pbb
42013 [Pbd]4~ 0.323
23762 [Pbd]+~ 0.323
77 324 [Pbd]4~ 0.318
42 510 [Pbd]+~ 0.316
52 370 [Pbd]4~ 0.314
77 325 [Pbd]+~ 0.303
30 347 [Pb]+~ 0.298
PbBr
202 134 [PbBg]"~ b
36 170 [PbBg] "~ b
PbChb
52 346 [PbC]]"~ b
43 344 [PbGd ™~ b
202 130 [PbGj7~ b
15 806 [PbGd ™~ b
27736 [PbG ™ b
81976 [PbGd ™~ b
PbR
14324 [PbR] "~ b
24 523 [PbR]®~ b

0 (degrees) Q (ppm) Jiso(PPM)
0.205 2.1 780.3
0.225 2.9 725.4
1.231 15.6 559.3
2.394 315 482.6
2.465 32.6 433.3
7.081 106.5 76.1

10.88 179.8 —62.4
811.8 —527.2

876.9 —-531.9

b 959.8 —1826.7
b 531.9 —1832.5
b 620.7 —1854.0
b 580.2 —1864.4
b 627.5 —1864.5
b 561.4 —2061.3
220.9 —-3076.1

b 0.0 —3076.4

aFrom ref 19.2 In view of the complex structure of PbBPbCh, and Pbk model clusters, there are multiple distances and angles. Therefore,
there are no single value data for distances, and bond angles are not meaningful.

Figure 8. The Pbk* fragment representing the local environment of
a Pb nucleus in a Phlcrystal. The structure of the fragment is a
rhombohedrally distorted octahedron possessing a single 3-fold roto-
inversion axis. It has six equal Pibdistancespy-i, Six I—Pb—I angles

that are smaller than 9y 0, and six FPb—I angles that are larger
than 90 by the same deviation. The andlés a measure of deviation
from octahedral symmetry. See Table 2. The body diagonal of the
vectors connecting Pb with,I14, and & is the 3-fold symmetry axis.

TABLE 3: Calculated Values and Derivatives of the
Isotropic Chemical Shift and Span for a Pbk*~ Cluster

unit Pbk*
doiso/drpp—| 10* ppm/nm 3.30+0.12
Jiso @trpp- = 0.31 nm ppm 318 12
dQ/drpp- 10* ppm/nm —-0.4to—1.4
dQ/de ppm/degree 4424

The DFT calculations are carried out at a fixed average
structure. As such, the effects of vibrations are not considered
explicitly in the results in Tables 2 and 3. The vibrational
amplitude of atoms in an ionic lattice is about 0.005 #r8ince
the chemical shifts are found to be linear functions of the lattice

The calculated chemical shift parameters of the/Phdluster
are quite sensitive to the structure of the local environment as
can be seen in Figure 9 by the range of isotropic chemical shifts
calculated for the Pt~ clusters that were reported by X-ray
crystallography. As seen in Figure 9A, over this range, the
calculated isotropic chemical shift is a linear ascending function
of rpp-1, the lead-iodide distance. This is indicative of a trend
of the lead resonance toward reduced shielding when interatomic
distances increase. As seen in Figure 9B, the §palinearly
proportional tof over the same range of structure variation,
indicating that the deviation of the shift tensor from spherical
symmetry depends primarily on the deviation of the cluster from
octahedral symmetry, consistent with a speculation by Sharma
et al. on the angular dependence?$fTl NMR parameters of
TIPbls.2 On the other hand, the relationship &f with the
interatomic distance is not linear as seen in Figure 9C. It reflects
the nonlinear relationship betweéhand rpp,-; of the X-ray
structures and indicates that the angular distortion of the cluster
has a more direct effect on the span than the interatomic distance
has.

One may understand the approach of the span to zero in
Figure 9C qualitatively by noting that the structure becomes
more nearly octahedral asp-| increases. These DFT derived
predictions agree with the experimental results on PRJNO
PbMoQ,, and Pbd] in that, as the characteristic length
increases, the isotropic shift increases and the span decreases.
The experimental results do not reveal a noticeable deviation
from a linear relationship between span and lattice expansion,
most probably because the rangeloin the measurements
(~0.003 nm) is much smaller than the rangergf-; (~0.03
nm) in Figure 9C.

The characteristic dimensioh, is a measure of the size of
the unit cell, whereas the interatomic distangg | measures a
single distance in a cluster. These two measures are not directly
comparable. Howeverpy- is always smaller thah by a factor

dimension over comparable ranges, the average over theof approximately 2-3. Keeping this difference in mind, one

vibrational motion is expected to be the same as the chemical
shift calculated at the average structure.

sees that the experimentally determined slopégy/dL in
Table 1 are within a factor of 1:41.5 of the calculated slope
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200 R R therefore be expressed as the derivative of the isotropic chemical
I shift with respect to the characteristic dimension
E 600 |
g i d(Siso _ 3ZisoB (13)
S 400 - aL L
< 0 |
- For PbSZsoB is about 5000 pp#ff andL is 0.5936 nré giving
0 dois/dL = 2.5 x 10* ppm nntl. Similarly, for PbSe and PbTe,
200 T T T T T ZisoB are about 5400 and 6300 ppm, respectivélyVith
0.295 0.305 0.315 0.325 appropriate dimensions (0.6124 nm for PbSe and 0.6454 nm
7 (nm) for PbTé), one predicts derivativesddy/dL between 2.6x
Fb-1 10* ppm nnt! and 3.0x 10* ppm nnTl. These estimates of
the derivatives from the studies of the pressure dependence are
T T T T T T in remarkably close agreement with the derivatives, both in sign
200 - 1 and in magnitude, derived from the experimental thermal
—~ 160 . behavior of Pb(NG),, PbMoQ, and PbCJ (Table 1) and with
é - . the calculated behavior of RAT (Table 3). This agreement
S 120 ] supports the proposition that the thermal behavior of the
Q st - isotropic shift of2’Pb in these solid materials reflects mainly
- . the effects of lattice expansion.
40 0 7] Fayon et al? have correlated the lead chemical shift with
0 average leatloxygen distance in a set of materials containing
. L oxygen atoms showing that compounds with larger average
0 3 10 lead—oxygen distances are more shielded. This trend is opposite
¢ (degrees) to that observed by us for changes of-Pbdistance within a
single expanding structure. Apparently, the chemical nature of
S AR AR AR RARAL R AR the ligand influenqes th@ﬂ?b chemical shift in larger measure
L o (C) ] than does the Phligand distance alone.
—~ 160 - -
g - 1 V. Conclusions
o 120 -
=~ - ¢ ] The temperature dependencies of the chemical shift tensor
SR 7 of lead Pb(N@)2, PbMoQ, and PbGJ have been documented.
40 oo . By comparison to the known thermal expansion of the unit cell
- e ] in these materials, we derived the dependence of NMR chemical
T T T RS shift parameters on the characteristic lengiths V3, of these
0.295 0.305 0.315 0.325 materials. The results are expressed as derivatives of the various
Vo (nm) chemical shift parameters with respect to the characteristic

length. These are of the order>310*to 5 x 10* ppm nnt?!
for the isotropic chemical shift anet1 x 10* to —5 x 10*
ppm nnt? for the span of Pb(N§),, PbMoQ, and Pbd. In
the case of Pb@| the skew was found to be independent of

ddiso/drpp_ 1 in Table 3. It is significant that the calculated and témperature within experimental error.
experimental slopes of the isotropic chemical shift are all We have used DFT-ZORA calculations on model clusters to

positive and that the span decreases with expansion of the cell Predict dependencies of the isotropic shift and span on structure.

The relation between chemical shift and lattice dimensions T.he. derivatives with respect to interatomic d|§tance are of
. similar orders of magnitude and sign as the experimental results.
has also been addressed by Zwanziger et al., who recentl

\ - . SCeNYAn extensive set of calculations on Bbl shows that the
reported experimental and ab initio results for chemical shielding isotropic chemical shift depends strongly on the local structure.

g};:ﬁ??iﬁ:;g%g;?::ﬁtgfé%ggguslairg driﬁle\tﬁr(:lte:ohogrro\ggtli(c The dependence of isotropic shift on the interatomic distance
9 y is linear, but the span is nonlinear. The span is found to be

_pl)_Lessu_rei azplled to the fcf!lt_"c gru?ures ofthSt,thSf?, atnd fP bTeIinear in the angular deviation of the cluster from octahedral
ey introduce a coefficientis, to quantify the effect o symmetry tending toward zero as the lattice expands.

pressureP, on the shielding The experimental and theoretical results are also in agreement
with recent measurements of the dependence of chemical shift
parameters on pressure in similar matert&fEhis confirms that

the temperature dependence that has been reported many times
The authors relatés, to the bulk modulus of the materialt* for materials like Pb(NG), is a reflection of changes in the
The pressure dependence in eq 12 can be converted to a distandecal structure.

dependence by using the definition of the bulk modulus as the  These results, taken together, provide a consistent picture of
ratio of the pressure to the fractional volume changes= chemical shielding in materials containing heavy nuclei like lead.
—BAV/IV, and by replacingAV/V by 3AL/L, L being the Changes of structure affect both the paramagnetic and-spin
characteristic dimension of the unit cell. The change in chemical orbit contributions to the shielding. To get semiquantitative
shielding,Aaiso, is tantamount to the negative of the change in agreement of calculation with experiment, one must calculate
isotropic chemical shift. The results of Zwanziger et‘atan all contributions to the shielding, and that requires a treatment

Figure 9. Calculated NMR parameters of a Bblcluster using ZORA-
DFT techniques. (Adiso versusen-, (B) Q versus, and (C)Q2 versus
pb-1.

Ao,

ISO

=ZP (12)
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of the system as containing relativistic particleg2333\we (11) Zhao, P.; Prasad, S.; Huang, J.; Fitzgerald, J. J.; Shore,JJ. S.
have found that a cluster model representing the immediate localP"ys: Chem. 8999 103 10617. _

structure of the lead center semiquantitatively accounts for the 95_(12) Bussian, D. A.; Harbison, G. Solid State Commur200Q 115
observed experimental results. The strong dependence of NMR (13 (a) van Gorkom, L. C. M.: Hook, J. M.; Logan, M. B.; Hanna, J.
parameters on local geometry suggests the possibility thatv.; wasylishen, R. EMagn. Reson. Chem995 33, 791. (b) Ferguson,
measured NMR chemical shift parameters and DFT calculationsD: B.; Haw, J. F.Anal. Chem1995 67, 3342. (c) Mildner, T.; Ernst, H.;

of them may be used to determine elements of local structure

including internuclear distances and bond angles.
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