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Relaxation times T 1 and T 2 of 207 Pb in liquid PbCl4 have been studied for the purpose of establish
ing an absolute nuclear shielding scale for lead. Tl has been decomposed into scalar and spin
rotation contributions using variable temperature measurements at the two field strengths 6.59 and 
16.90 kG. T2 is much shorter than Tl and is strongly dominated by scalar coupling to chlorine. 
Knowledge of the scalar contributions to Tl and T2 determines the halogen relaxation times (T35 

= 7.15 I.Lsec at 25°C), the lead-chlorine coupling constant [(Je07 Pb - 35 CI) = 705 Hz) 1 , and the 
reorientational correlation time (To = 1.72 X 10-11 sec at 25°C). A correlation time T J for the 
angular momentum vector has been computed using J diffusion theory, but the value obtained ap
pears to be too short (0.8-2.9 X 10-14 sec) to be meaningful in terms of classical diffusion of rigid 
molecules. Nevertheless, the known range of 207 Pb chemical shifts places an absolute upper limit 
on TJ of 6 X 10-14 sec at 263 oK. The physical significance of such short correlation times is dis
cussed, and it is concluded that T J probably describes collision-induced distortions in the molecu
lar structure. Experimental values of the spin-rotation contribution to (T1 r 1 are used in con
junction with estimated values of T J to compute limiting values for the spin-rotation constant 
that place limits on the paramagnetic part of the magnetic shielding constant. A shielding scale 
previously deduced from optical pumping data is discussed, and a source of possibly substantial 
error in this scale is pointed out. 

I. INTRODUCTION 

Group IV elements possess a series of isotopes 
for which absolute nuclear shielding scales can 
readily be determined by magnetic relaxation mea
surements. All except germanium have naturally 
abundant spin- i isotopes. Relaxation times T 1 

and T 2 of these nuclei often contain an identifiable 
contribution from the spin-rotation interaction, 
the tensor elements of which are directly propor
tional to corresponding elements of the magnetic 
shielding tensor. 1,2 Thus, relaxation data provide 
a direct means of establishing absolute nuclear 
shielding scales when (1) the correlation time T J 

for the spin- rotation interaction is known and (2) 
anisotropies of the spin- rotation tensor and the 
reorientational self-diffusion tensor are known. 
The simple tetrahedral compounds of Group IV 
elements are particularly convenient for study 
since both these anisotropies vanish. The reso
nant nucleus lies in a site of tetrahedral symmetry, 
and consequently the spin-rotation and shielding 
constants are scalar. Molecular reorientation is 
likewise isotropic and is described by two cor
relation times T Band T J that characterize, re
spectively, reorientation of a molecule-fixed tensor 
and reorientation of the angular momentum vector. 

Magnetic relaxation of 119Sn in liquid SnCl4 and 
SnI4 has previously been analyzed by one of us 3 

and the results used to obtain an absolute shield
ing scale for tin. In the present work we extend 
these measurements to the 207Pb resonance in 
liqUid PbCI 4• Only two studies of 207Pb relaxation 
in nonmetallic systems have previously been pub
lished. These include a preliminary account of the 

temperature dependence of T 1 in aqueous per
chlorate solution4 and various room temperature 
T 1 measurements in undegassed samples of organo
lead compounds. 5 Gibbs and co-workers,6, 7 how
ever, have reported an absolute magnetic moment 
for 207Pb based on their optical pumping data, which 
are sufficiently precise for accurate calculations of 
an absolute shielding scale. The shielding scale 
computed from this magnetic moment predicts 
shielding and spin-rotation constants that are ex
tremely large compared to those of other ele-
ments (for example, up"" - 1. 8% in aqueous solu
tion4.8). In fa.ct, computed spin-rotation constants 
imply that T 1 for 207Pb in most liquid phase com
pounds is of the order of a few milliseconds and 
is entirely dominated by spin- rotation. T 1 of 
207Pb in aqueous perchlorate solution is indeed 
dominated by spin-rotation at higher temperatures, 
but the relatively long value of T1 (7 sec at 25°C) 
implies an angular momentum correlation time that 
is difficult to rationalize in terms of any conceivable 
rotating molecular entity. The present measurements 
on PbC14 were undertaken to provide an independent 
determination of the shielding constant for lead. 

II. EXPERIMENTAL 

PbCl4 was prepared from PbC12 and chlorine 
gas by the method of Baudler. 9 In this procedure 
lead is oxidized to the stable yellow pyridinium 
hexachloroplumqate (IV) complex, which reacts 
with a large excess of cold (-10 °C)H2S04 to pro
duce lead tetrachloride. 20 g of PbC12 yields 10 g 
(3.5 ml) of PbCI4, which settles out of the sulfuric 
acid as a clear, rather viscous yellow liquid. The 
melting point of freshly prepared degassed PbC14 
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is - 10 DC, which is substantially higher than a 
previous literature value of - 15 0 C. 10 Liquid 
PbCl4 is unstable with respect to slow thermal de
composition to PbCl2 and chlorine. PbCl2 is 
easily removed by shaking the sample with con
centrated H2S04, but chlorine gas is probably 
quite soluble in PbCl4 and apparently lowers the 
melting point as it saturates the liquid. Approxi
mately 2 ml of the sample were transferred to a 
10 mm NMR tube and maintained under 5 ml of 
concentrated H2S04, Samples were degassed by 
ten freeze-pump-thaw cycles and sealed under 
vacuum. The tubes were sealed with a Teflon stop
cock joined to the NMR tube by an 0- ring seal in order 
to provide a means of relieving the buildup of chlorine 
gas pressure that accompanies decomposition. 

The pulsed NMR spectrometer, gated integrator, 
and signal averaging computer have been described 
elsewhere.3 The older 12-in. wide-gap magnet 
has been replaced by a 9. 5 in. Varian electro
magnet, which, although capable of higher fields 
(21 kG), is relatively inhomogeneous (T;~ 2 msec 
over a 10 mm diameter by a 2. 5 cm high sample 
volume). The field is locked externally on the 7Li 
or IH resonance of a doped aqueous LiCI solution. 
A broad-band time-shared field lock has been con
structed which permits locking on resonances in 
the frequency range 16- 32 MHz. 

Longitudinal relaxation times were measured 
by plotting the height of the free induction decay 
(Fill) following the 1T/2 pulse of a 1T-7-1T/2 se
quence as a function of pulse separation 7. 64 
Fill's were sampled for each value of T, with a 
delay of five T 1 between successive sequences. At 
least ten 7 values were used to define each expo
nential. The null technique has often been used to 
measure T b although substantial corrections for 
HI inhomogeneity and long T 2 are required to ob
tain accurate data. 11,12 Corresponding corrections 
are negligible in the present system, for which 
7 180« T: « T 1(7 180 is the width of the 1T pulse), as 
long as a full exponential plot is used to define T l' 
The estimated uncertainty for each data point is 

± 10%. 

T2 was measured using the phase-shifted Carr
Purcell sequence, with pulse spacings of 400 and 
600 Msec. Since T2 is dominated by scalar coupling 
to chlorine, the pulse spacing must be long com
pared to the halogen relaxation time (2-10 Msec). 
The CAT samples successive echo peaks and aver
ages 64 decays. Tuning in the probe of the Bruker 
spectrometer, and hence the rf phase shift; is 
rather temperature dependent and was readjusted 
carefully at each temperature. Measured T2 val
ues were reproducible within 10% and probably 
have an accuracy similar to the T 1 data. 

III. RESULTS 

Lead tetrachloride, like most other tetrahalide 
compounds of Group IV elements, is composed al
most entirely of unassociated tetrahedral mole
cules in the liquid phase. Raman spectra of PbCl4 

show the four fundamentals characteristic of tetra
hedral geometry, 13,14 and the Raman frequencies 
and force constants form a regular series with 
those of other Group IV tetrachlorides. 14,15 The 
NMR spectrum of 207PbCl4 consists of a single 
resonance, shifted 850 ppm upfield from the 207Pb 
resonance in PbEt4• Thus the major species in 
PbCl4 is definitely a tetrahedral monomer, and the 
;)vailable spectral data give no indication of sub
stantial concentrations of either polymers or ion 
pairs. Lead relaxation could also be affected by 
the presence of small concentrations of nontetra
hedral species if chemical exchange between major 
and minor species were rapid on the NMR time 
scale. These effects can, however, be identified 
qualitatively from their specific temperature and 
field dependence. A detailed analysis of lead re
laxation presented below indicates that chemical 
exchange does not contribute significantly to ob
served relaxation times and that T 1 and T 2 are 
readily understood in terms of mechanisms intrin
sic to monomeric PbCI4• 

A. Relaxation mechanisms 

General features of the relaxation behavior of 
207PbCl4 are very similar to those previously ob
served for 119Sn in SnCI4. 3 (T 2fl is shown as a 
function of temperature and field strength in Fig. 1. 
T 2 is more than three orders of magnitude shorter 
than T 1 at a given temperature, indicating that 
scalar coupling from 207Pb to 35, 37CI dominates the 
relaxation. Both chlorine isotopes possess nu
clear quadrupole moments and are relaxed on a 
submillisecond time scale. An additional T 2 path
way could in principle be present if lead exchanged 
rapidly between the major molecular species 
PbCl4 and various chemically shifted species 
present in much smaller concentration. This 
mechanism increases as the square of the field, 
however, and cannot contribute significantly to the 
observed T 2, which is field independent. Thus 
transverse relaxation of 207Pb results solely from 
scalar coupling to the two naturally abundant 
chlorine isotopes and consists of a superposition 
of exponentials ariSing from five isotopic species, 
207Pb35Cln 37Cl4_n (n = 0, ... , 4). Each 207 Pb_ 35CI 
bond contributes an amount 16 

( 
735) X 735+ 2 2 1+ (W207 - W 35 ) 735 

(1) 
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FIG. 1. (Tzt 1 vs temperature in liquid 207PbC14• Data 
at 15.065 MHz denoted by.; 5.863 MHz by O. 

to the total relaxation with a similar contribution 
for the 37Cl isotope. AS5 and 7S5 are the coupling 
constant and correlation time for the scalar inter
action. S is the chlorine nuclear spin and w is the 
angular Larmor frequency of the indicated isotope. 
Fortunately the T 2' s of the various isotopic species 
differ only slightly, and the observed relaxation 
rate is approximately equal to that of a molecule 
with the average composition 207Pb35Cls.o4 s7Clo. 96. 
Neglecting the second term in the brackets in 
Eq. (1) because of its large frequency denomina
tor and using the relations AsJA37= 1. 202 and 
7sJ7S7= (QS7/Q35)2= 0.886,17 we find that the ob
served relaxation rate reduces to 

(2) 

[Equation (3b) of Ref. 3 is in error and should be 
replaced by this equation. As a result of this cor
rection, J(119Sn_35Cl) is reduced from 410 to 
375 Hz.] 

The correlation time for scalar coupling is 
identified physically with the halogen relaxation 
time or, in the case of sufficiently rapid inter
molecular chemical eXChange, with the residence 
time of chlorine in a speCific molecule of PbC14. 
The temperature dependence of (T 2r1 unambigu
ously demonstrates that scalar coupling is modu
lated by relaxation, rather than chemical ex
change, since 735 becomes longer with increasing 
temperature. Nevertheless, chemical exchange 
is undoubtedly quite rapid in PbCI4• Even the 
tin tetrahalides undergo halogen exchange on a 
time scale of tens of milliseconds, 16 and lability 
of Group N tetrahalides appears generally to in
crease with atomic number of the central atom~9-22 

At sufficiently high temperature (T 2fl should pass 
through a maximum value when exchange and re
laxation rates of chlorine are equal. (T 2r 1 does 
in fact fall substantially below a simple exponen
tial dependence at the highest measured tempera
ture (52°C). The observed drop is larger than 
typical experimental uncertainty and may reflect 
a chemical exchange contribution to 735' Unfor
tunately it is difficult to obtain data at tempera
tures above 50°C due to the rapid rise of chlorine 
gas pressure in the sealed tube. 

Longitudinal relaxation rates of 207PbC14 are 
plotted as a function of temperature at two field 
strengths in Fig. 2. (T 1f1 is in general a sum of 
four contributions 

(3) 

corresponding to relaxation ariSing from the spin
rotation interaction, nuclear dipole-dipole coupling, 
chemical shift anisotropy, and scalar coupling to 
chlorine. The observed temperature dependence of 
(T i)~~s is characteristic of a dominant spin-rotation 
interaction (T 1 decreases with increasing tempera
ture). This contribution to the relaxation of a nu
cleus in tetrahedral site symmetry is given by the 
expression23,24 

(4) 

where I is the moment of inertia, Co is the spin
rotation constant in Hz, and 7.J is the correlation 

(Tf l 
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FIG. 2. (T1)-1 vs temperature in liquid 207PbC14• Data 
at 15.065 and 5.863 MHz denoted, respectively, by 0 and 
o. 
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time for the molecular angular momentum vector. 
A smaller scalar contribution is also evident at 
lower temperatures where (T l);~S shows an in
verse dependence upon field strength. (T 1)~~ 
varies as the inverse square of the field strength,16 

when (wr - WS)27;c» 1, and is therefore consistent 
with the observed field dependence. Of the re
maining two mechanisms, (T l)~lsA vanishes since 
the nuclear shielding tensor of lead in PbCl4 is 
isotropic. A significant contribution from this term 
is also precluded from the experimental data since 
(T l);lSA increases as the square of the field strength 
in contrast to (T l);~S' which varies in the opposite 
direction. Relaxation caused by dipole-dipole cou
pling is likewise negligible in PbCI4, as is readily 
verified using standard theoretical expressions3,16 
and angular correlation times obtained below. 

Longitudinal relaxation in 2!J7PbC14 therefore re
sults from competing scalar and spin-rotation in
teractions. The scalar component is computed 
for a molecule of the average composition 
207Pb35CI3.04 37Clo.96, using Eq. (5) and assuming 
that (W207 - W35)2 ~5» 1: 

(6) 

An expression based on the average composition 
is essentially exact for (T 1);~ if not for (T 2)~~ since 
chemical exchange of chlorine is almost certainly 
rapid compared to T 1 (but not necessarily T 2) of 
207Pb. Equations (2) and (6) uniquely determine 
the scalar coupling constants and halogen relaxa
tion times provided that (T l);~S can be separated 
accurately into scalar and spin-rotation compo
nents. The scalar portion of (T l);~S is readily 
identified by its field dependence at a specified 
temperature. Since scalar coupling provides the 
only field-dependent contribution to T 1> we have 

(T l);~S, 5.8 - (T l);~S, 15.1 = (T 1);~, 5.8 - (T 1);~, 15.1 

and from Eq. (6) 

where resonance frequencies appear as subscripts. 
(T 1)~ has the same temperature dependence as T 2 
since they are both proportional to 73~. Thus the 
plots shown in Fig. (2) for the scalar relaxation 
component are determined within experimental 
accuracy (± 20%) of the quantity (T l);~S (5.8 MHz) 
- (T l);~S (15 MHz). 

The ratio of Eqs. (2) and (6) gives the halogen 
relaxation time directly, 735= 7. 15X 10-6 sec at 
25°C. Substituting 735 back into Eq. (2) then 
gives the scalar coupling constant J 35 = 710 Hz. 

Relaxation of 35CI is considerably more rapid in 
PbCl4 than in most other liquid tetrahalides in
cluding SnCI4, for which 735= 22 Jlsec at 25°C. 25 
Since the chlorine quadrupole coupling constants 
in PbCl 4 and SnCl4 are nearly equal, the relaxation 
times indicate that PbCl4 reorients approximately 
three times more slowly at 25°C than does SnCl4 

and seven times more slowly at - 10°C. This dif
ference in molecular dynamiCS is also apparent 
from the relatively large activation energy for 735 
in PbC1 4, E~ = 5. 17 kcal/mole, compared to 1. 86 
kcal/mole for SnCI4 • An attempt was made to veri 
fy the computed value of 735 in PbCl4 by measuring 
the 35Clline width by wide-line NMR. The reso
nance was difficult to observe owing to its breadth, 
but the estimated 735 (5 ± 2 Jlsec) is consistent with 
the value calculated from 207Pb relaxation. 

B. Correlation times 

Two correlation times are required to describe 
reorientation in PbCI4. One of these 7: j ,kl, de
scribes reorientation of the spherical components 
of a molecular tensor of rank j. 7 !2) can be ob
tained experimentally from the relaxation time of 
35CI, for which relaxation is dominated by inter
actions of molecular electric field gradients with 
the nuclear electric quadrupole moment: 

73~=-io (e 2qQ/ff)27:2). 

The quadrupole coupling constant e 2qQ Iff is known 
from NQR measurements, 26 and the asymmetry 
parameter vanishes since chlorine lies on a three
fold axis. 7:2) is an effective correlation time for 
the second rank coupling tensor and is given for a 
symmetric top molecule by the expression27 

7 ~2) = t (cos2rp _ 1)2 7: 2,0) + (3sin2rpcos 2rp) 7 :2,1> 

+<hin4rp) T ~2,2) , 

where rp is the angle between the symmetry axis 
and the chlorine bond axis. In a spherical top 
molecule, 7:2

) = 7:2,0) . This correlation time is 
plotted against temperature in Fig. 3. As men
tioned above, 7:2) is relatively short in PbC14 

compared to values in other liquid tetrachlorides. 

The second correlation time T J pertains to re
orientation of the molecular angular momentum 
vector and appears in the spin-rotation relaxation 
formula. Although T J cannot be measured directly 
by NMR (assuming that the spin-rotation constant 
is unknown), T J has been related theoretically to 
7:2,0) via the Langevin diffusional mode128 ,29 and 
also via Gordon's extended diffusion hypothesis .so, 31 
Extended diffusion provides a convenient basis for 
analyzing relaxation in PbCI4• This theory has 
been tested previously on several symmetrical 
molecular liquids 3,27,32-35 and simple solutions. 35 
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The results for pure liquids generally agree quan
titatively with the J diffusion limit, while solutions 
of polyatomic molecules in noble gas solvents are 
described more accurately by M diffusion. In the 
limit of small step diffusion of a spherical top 
molecule, characterized by the inequality T: 
;: (kT /1)1/2 -r~2) ~ 3, the Langevin and J diffusion 
models approach the same limiting form: 

(7a) 

M diffusion, which assumes no transfer of rota
tional energy during intermolecular collisions, 
approaches a different limit32

: 

T ~jl(M) = 31/j (j + 1)kTT.r • (7b) 

The applicability of these limiting expressions 
to reorientation in PbCl4 is readily verified using 
data in Fig. 3a. T: varies from 5.2 at 50°C to 
33 at - 10 °c so that the criterion for small step 
diffusion is satisfied over the entire temperature 
range. Equations (2) and (4) also require that 
-r:2)T.rT - TT2/(T 1)SR be independent of tempera
ture. Figure 3b shows that this quantity is not 
quite constant, although the variation with tem
perature is much smaller than that of individual 
relaxation times. Similar behavior was observed 
for SnCI4, although the variation of -r: Tj was in 
the opposite direction. Angular momentum cor
relation times for PbCl4 have been computed from 
Eqs. (7a) and (7b) and are plotted in Fig. 3(c). 
Neither equation is entirely consistent with the 
observed temperature dependence of T 1 and T 2, 

but results in other pure liquids containing poly
atomic molecules suggest that the more accurate 
results are to be expected from J diffusion. Values 
of T.r computed from the J diffusion model vary be
tween O. ax 10-14 sec (- 10 DC) and 3x 10-14 sec 
(50°C). This time scale is extremely short and 
is difficult to reconcile with the assumptions of 
classical diffusion. By comparison the period of 
a carbon-hydrogen stretching vibration is about 
1 x 10-14 sec, while the period of a typical bending 
mode (- 300 cm-1) is approximately 10-13 sec. If 
one interprets the measured angular momentum 
correlation time strictly in terms extended dif
fusion theory, lead tetrachloride (assumed to be a 
rigid rotor) suffers a collision that randomizes 
J after an average rotation of O. 005 rad. This 
correlation time is unphysically short, even if 
the concept of binary collisions is replaced by a 
more sophisticated picture of random torques 
exerted on the rigid PbCl4 molecule by angular 
variations in the intermolecular potential energy 
function. Diffusion theories assume that collisions 
are of negligible duration relative to T", but the 
opposite inequality must apply when T.r is much 
shorter than the half-period of a bending vibration. 
For this reason it is surprising that J diffusion 

appears to describe reorientation in several liquids 
(CIOsF,33 CCI3F, 27,34 SnCl4

3 at temperatures 
for which T.r approaches 3 x 10-14 sec. Correlation 
times in PbCl4 are also qualitatively consistent 
with behavior expected from diffusion theory, but 
the extremely short values computed for T J em
phasize the necessity of a nondiffusive interpre
tation of the spin-rotation correlation time. 

At least two nondiffusive motional hypotheses 
are consistent with the relatively long measured 
value of T e and with a relatively short value of 
T.r (10- 13_10- 14 sec). 

1. At low temperature J may be randomized 
by librational motion of PbCl4 trapped in a trans
lationally (almost) rigid potential well. Librational 
motion does not contribute to efficient randomization 
of vectors fixed with respect to a molecular co
ordinate system and is therefore consistent with a 
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FIG. 3. Correlation times in PbCI4. (a) T~2.0) vs T-1 

as derived from 3sCI relaxation; (b) a test of Hubbard's 
relation for validity of the small step diffusion limit; 
(c) angular momentum correlation times derived from 
extended diffusion theory. "Limiting" represents absolute 
maximum values of T.r permitted by the known range of 
chemical shifts. 
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relatively long value for TIJ. On the other hand, an 
upper limit for a lib rational frequency is about 
200 cm-\ J is inverted once every half-period or 
0.8 X 10-13 sec. This interval is much longer than 
the measured value of T J' Furthermore, experi
mental evidence based on the absolute shielding 
scale of lead and the known range of 207Pb chemical 
shifts places an absolute upper limit of 5. 9 X 10-14 

sec on T J at - 10 0 C (see below). 

2. T J may be a correlation time for collision
induced distortions. Each distortion can be de
composed into a net vibration and a net rotation 
with respect to the molecular center of mass. The 
rotational portion contributes to nuclear relaxa
tion. If collisions with a given nearest neighbor 
occur every 10-13 sec, and if distortions arise 
from uncorrelated interactions with ten nearest 
neighbors, the time scale for changes in the angu
lar momentum vector is 10-14 sec. 

We believe that the latter model (collision-in
duced distortions) provides a qualitatively satis
factory explanation of the data. Angular reorienta
tion is still coupled to randomization of the angu
lar momentum vector through the frequency of 
intermolecular collisions. A distortional model 
grades conceptually into the classical diffusion 
picture at long T J and therefore may be expected 
to exhibit a similar T; vs T; relation. 

M diffusion predicts a range of correlation times 
2.4x10-14<TJ<9x10-14 sec that are three times 
longer than those of J diffusion. Even these values 
appear to be too short to be consistent with the 
assumptions of extended diffusion theory. 

C. Absolute shielding of 207 Pb 

Spin-rotation constants based on both the J dif
fusion and M diffusion models have been calculated 
using Eq. (4) and are given in Table II. These 
scalar quantities provide an indirect means of cal
culating the paramagnetic shielding constant up 
in Ramsey's shielding expression. 36 Of course 
the resulting absolute shielding scale will contain 
uncertainty associated with the interpretation of T J> 

but such a calculation places useful limits on up 

and provides a very interesting comparison with 
an absolute shielding scale derived previously 
from optical pumping data. 

The relation between Co and up for a nucleus in 
a site of tetrahedral symmetry has been derived 
by Flygare1

: 

+~(~)(~) -~ ~I~] , 
~ 117fT gz 3mc2 

k rl k 

where the sums are over i electrons and k nuclei 
(other than the nucleus l at resonance) in the mole
cule, lVlp and m are proton and electron masses, 
I is the moment of inertia, Z is the nuclear charge, 
and gl is the nuclear g factor. The magnitude of 
the first term in up is the order of ± 5000 ppm for 
PbCl4 and greatly exceeds the second term, which 
is only - .550 ppm. The term containing Co is as
sumed to be negative in order to give up a net de
shielding effect. Flygare and Goodisman37 have 
also suggested that the quantity 

u~ = e
2 

(/oj ~ ri1 j 0\ _~I~) 
~ '\ i '/ k rZ k 

(8) 

is approximately constant in various molecular 
environments and approximately equal to the free 
atom diamagnetic shielding constant, ~. In this 
approximation, u ~ provides a fixed and calculable 
reference point on an absolute shielding scale, 
and chemical shifts reflect variations in the spin
rotation term, denoted u~. The association of 
u~ and u~ implies physically that the molecular 
binding energy is small compared to the total 
electronic energy. 

Recent calculations of u~ using Hartree-Fock
Slater functions give a value of 10.05 x 10-3 for the 
lead atom. 38 u ~ can be calculated for PbCl4 from 
Eq. (8) using gPb = + 1. 18 and values of Co and I 
given in Tables I and II: 

u ~= (1. 109 x 1031
) (CoIl gk) 

= - 6. 8 X 10-3 (J diffusion) 

= - 3.9 X 10-3 (M diffusion). 

An alternate method of calculating u~ is based 
on the gas phase lead atom, for which the mag
netic moment has been measured in an optical 
pumping experiment by Gibbs et al. 6,7 u~ for 207Pb 
in a given compound is computed from the dif
ference between the magnetic moment of vapor 
phase lead as measured by optical pumping and 
the effective magnetic moment of chemically bonded 
lead as measured by NMR. The absolute effective 
magnetic moment of lead in dilute aqueous solution 
has been reported by Lutz and Stricker8 using a 
deuterium stabilized field and by the present 
authors4 using a proton stabilized field. The 
shielding constant reported in Ref. 4 refers to a 
3. 5M aqueous perchlorate solution. This reference 
solution was chosen because the chemical shift at 
3. 5lVl is equal to the extrapolated shift at infinite 
dilution. u~ calculated by this method is three 
times as large as that calculated from relaxation 
data: 
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TABLE 1. Molecular and nuclear spin parameters in 
PbC14• ~ is the activation energy of 1"0; 7) is the asym-
metry parameter; lleo1Pb, corr.) is the magnetic moment 
of 201Pb, corrected for diamagnetism. 

r(Pb-CD = 2.43 x 10-8 cm a 

1=92.8x10-39 cgs 

J(201Pb_35CD = 705 Hz 

(e 2qQ/h)=45.4 MHz,b 7)=0 

,~=4.94 kcal/mole, 1"0 (25 "C) =1.71x 10-11 sec 

lle01Pb, uncorr.) = + 0.582 5691lN 

1l(201Pb, carr.) = 0.586 511lN !~:~~~ U ~ ~W~~l:: 

~. W. Lister and L. E. Sutton, Trans. Faraday Soc. 
37. 393 (1941). 
~eference 26. 

~ (Pb,·2 info dil. aq. sol.) = - 17 BOO ppm, 

~ (PbCI4) = - 19900 ppm. 

Shielding scales derived from both experiments 
are compared with the range of previously mea
sured chemical shifts in Fig. 4. On the optical 
pumping scale all lead compounds for which data 
are available are deshielded by at least 7000 ppm 
with respect to the totally unshielded lead nucleus. 
This degree of deshielding in electronically dia
magnetic compounds is unprecedented among 
nuclei for which shielding scales have been deter
mined and is not readily explained by Ramsay's 
theory. The scale derived from relaxation data, 
on the other hand, places resonances of all non
metallic compounds of lead intermediate between 
resonances of the bare nucleus and the free atom. 
This behavior is expected on physical grounds and 
is analogous to the behavior exhibited by several 
lighter elements, including 31p, 39.40 19F,40 119Sn, 3 
and 203Tl. 41 Metallic lead and lead dioxide are 
electrical conductors 42 and are Knight shifted down
field of the resonance of the bare nucleus on both 
scales. 

The discrepancy between the two shielding scales 
appears to result from neglect of the coupling be
tween electronic and nuclear magnetic moments 
that occurs in the ground state lead atom. This 
coupling increases the Zeeman splitting of nuclear 
spin levels in an optical pumping experiment. 
Atomic lead is electronically diamagnetic in the 
ground state of an isotope with zero nuclear spin. 
The magnetic moment vanishes according to the 
expressions. 

J.l = (J, J I J.l 01 • J I J, J )/J(J + 1) 

= J.lolJ .jJ(J + 1), (9) 

where the electronic state I J, M j ) is labeled by 

quantum numbers of the total angular momentum, 
J = L + S, /-lois the Bohr magneton, and /-lei 
= /-lo(gLL+gsS) is the electronic magnetic mo
ment operator resulting from spin and orbital 
angular momentum. In a state for which J = 0, 
but L = - S *- 0, /-leI does not vanish (since g L *- g s) 
even though the magnetic moment defined by Eq. 
(B) is zero. 

The presence of nuclear spin in the 207Pb iso
tope gives rise to a total angular momentum F = r 
in the nuclear Zeeman levels, M[= ± i, of the 3pO 

state. In an optical pumping experiment these 
levels are irradiated while resonance is detected 
by changes in optical absorption. The question is 
whether the separation of the Zeeman levels re
flects shielding other than that represented by the 
Lamb term. This separation is given by the dif
ference in (J.lz) for the two levels. According to the 
decomposition theorem43 for states of sharp angu
lar momentum, 

where iJ. n is the nuclear magnetic moment opera
tor. The first term of the sum on the right-hand 
side gives the usual nuclear Zeeman energy 

MiF,FIJ.ln' rIF,F)/F(F+ 1)=gnJ.lnMr. 

The second term 

M[(F, F I J.l el' I IF, F) 
F(F+1) 

_ M[(F,FI[/-l!II"+i(J.l:ll"+J.l;l r )]IF,F) 
- F(F + 1) 

vanishes in the approximation that J2 and /2 are 
diagonal in the state IF), but in general is non
zero since the nuclear spin mixes a small para
magnetic contribution into the electronic ground 
state. The major contribution probably arises 
from the M F = ± J Zeeman sublevels of the 3p 1 state, 
which lie B25 cm-1 above the 3Po ground state. We 
label the Zeeman components of sp states accord
ing to the magnetic quantum numbers of J and I, 
sPJ(Mj,Mr ). Mixing occurs between the following 

TABLE II. Limiting values of the spin-rotation con
stant, the paramagnetic shielding constant, and the an
gular momentum correlation time consistent with extend
ed diffusion theory and with tabulated 201Pb chemical 
shifts. 

J diffusion 

7.8 kilz 
6.8x10-3 

.81 X 10.14 sec 

Lower limit 
permitted by 

M diffusion chemical shift range 

4.5 kHz 
3. 9x 10-3 

2. 4 x 10-14 sec 

2.9 kHz 
2.5x10-3 

5.9xlO .. 14 seC' 
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Pb (nucleus) 'r, J Pb (9) 
~ crtf'bC~ ~ 

M-Diff. J-Dift P M-Diff. J-Diff. 

!=:;=l I !=:;=l 

d [Pb+
2

(aq)] = -17,800 ppm 207pb (nucleus) 

I I P I I i I I ,I 
Pb (9) 

I 

PbC~ PbCI2, PbCP4 

Pb(CH3)4 ~I Pb+
2 

(aq.) 
"" ~~o PbZ r<1~ 

Pb (metal) Pbq~eU 'tId) / a::~~(N03)2 
~1~1~~_bO~~~I~lrl~I~II~II~I~III_P~~S_O~~~ __ r-TI~ __ ~r-~1 

-10 0 10 20 

CHEMICAL SHIFT, PARTS/10-3 

FIG. 4. Shielding scales for lead. Upper: shielding 
scales derived from relaxation data and extended diffusion 
theory. Middle: shielding scale derived from optical 
pumping data. Lower: typical chemical shifts for 207P b 
in various compounds. Data taken from Ref. 4 and L. H. 
Piette and H. E. Weaver, J. Chern. Phys. 28, 735 
(1958). 

components of 3PO and 3p1 : 

SPo(O, + i) - SP1(+ 1, - i), 3P1(0, + i), 

3PO(0, - i)_3P1(0, - i)3P1(- 1, + i). 

Coupling of the electronic and nuclear angular momen
ta of the lead atom thus gives rise to a non-Lamb type 
contribution to the measured magnetic moment. 

Probable limits of uncertainty on the absolute 
shielding scale derived from relaxation data are 
indicated in Fig. 4 and Table n. At the upper ex
treme we have the shielding constant consistent 
with J diffusion, for which T J = 0. 81 X 10-14 sec at 
- 10 DC. A shorter correlation time than this is 
difficult to rationalize in terms of any physical 
model. A somewhat smaller value of ifp is pre
dicted by M diffusion, for which T J = 2.4 X 10-14 

sec at - 10 DC. It is interesting that the chemical 
shift data in Fig. 4 place an absolute upper limit on 
T J that appears to rule out the librational model 
outlined above. Assuming that lead in the ionic 
solids Pb(NOsh and PbS04 is deshielded relative 
to a spherical environment in which all shielding 
is due to the Lamb term, we compute an absolute 
upper limit of 5.9 x 10-14 for T J and a lower limit 
of 2. 5x10-3 for a;. 

Spin-rotation constants, shielding constants, 
and correlation times obtained from these calcula
tions are summarized in Table II. Limiting values 
of the absolute magnetic moment for 207Pb, cor
rected for diamagnetism, are given in Table 1. 
The latter values have been computed from the 
shielding scale in Fig. 4 and from previous mea
surements 4 of the relative resonance frequencies 
of lH in H20 and of 207Pb in 3. 5 molar Pb(Cl04b 
Refinement of the shielding scale can be based on 
relaxation measurements in other symmetrical 

systems. Tetraalkyllead compounds, in which an
gular correlation times can be determined direct
ly from 13C relaxation times, appear suitable for 
this purpose. 
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