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Summary. Lead isotopes were fractionated by the liquid-
liquid extraction technique between an aqueous phase and
a crown ether. After purification by ion-exchange chemistry,
the 2’Pb/?Pb and 2®Phb/2%Ph isotopic ratios were measured
by multiple-collector inductively coupled plasma mass spec-
trometry (MC-1CP-MS). Isotope fractionations > 0.05 %o have
been found. The conventional equilibrium mass-dependent
isotope effect estimated by an ab initio calculation was
smaller than the Pb isotope fractionation experimentally ob-
tained. Conventional mass-dependent isotope fractionation is
not a valuable explanation for our results . The nuclear field
shift effect, which results from the isotopic change in the
nuclear size and shape, was also estimated by an ab initio
method combined with a finite nucleus model. The nuclear
field shift effect calculated was in agreement with our experi-
mental results. Therefore, this study reports the first nuclear
field shift effect of Pb in an equilibrium ligand exchange
reaction.

1. Introduction

Lead has four stable isotopes, in which abundances of 2¢Pb,
27pp, and #8Pb, are affected by radiogenic decay of U and
Th. The isotope composition of Pb is hence one of the essen-
tial chronological information in geology [1]. The isotopic
composition of an element also changes via chemical ex-
change reactions. This is because the equilibrium constant of
a chemical exchange reaction corresponding to an isotope is
slightly different from that to another isotope. The effect is
called chemical isotope effect or simply, isotope effect.

The classic theory of isotope effect has been estab-
lished by Urey, Bigeleisen, and Mayer [2,3]. The theory
originates from the difference in the intramolecular vibra-
tional energies of isotopologues. The theory predicts the
mass-dependent isotope fractionation. The magnitude of
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isotope effect (isotope enrichment factor, ¢) is proportional
to sm/mm, where sm means the isotopic mass difference
of masses m and nmv of two isotopes (prime represents the
light isotope). Though it is small, isotope fractionation via
chemical exchange reactions is possible even for heavy
elements like U [4]. However, these isotopic fractionations
of very heavy elements, like Pb, are usually neglected in
geochemistry.

The isotope effect found in heavy elements has fre-
quently been larger than that expected by the classic the-
ory. This is now recognized as the nuclear field shift ef-
fect [5—10]. The nuclear field shift effect, which results from
the isotopic change in the nuclear size and shape, is clearer
for heavy elements and it is recognized as the major origin
of the mass-independent isotope fractionation in chemical
exchange reactions [10]. The conventional mass-dependent
theory has been extended to include correction terms to
account for nuclear properties, especially nuclear size and
shape [5,6]. In recent studies on geochemistry and envi-
ronmental chemistry, the nuclear field shift effect attracts
attentions as a possible origin of isotopic anomalies found
in nature [7, 11, 12]. The effect via chemical exchange reac-
tions may have accompanied the formation of these samples.
In this context, laboratory scale experiments with highly pre-
cise analytical methods are needed to understand the mech-
anism of the nuclear field shift effect.

The nuclear field shift effect of lead is demonstrated in
the present study. The isotope fractionation in a two phase
distribution of Pb was studied, in which an aqueous so-
lution and an organic solution were used. A macrocyclic
compound called crown ether was selected as a complex-
ation agent with Pb. The isotope fractionation has been
found in the solvent extraction of Ca by crown ethers [13].
A liquid-liquid extraction system composed of an organic
solution containing dicyclohexano-18-crown-6 (DC18C6)
or dibenzo-18-crown-6 (DB18C6) and of an aqueous so-
lution of CaCl, was used. This application was expanded
to various elements [10, 14]. We chose a similar system of
the pioneering works [10, 13, 14]. The isotopic ratios of Pb
were measured precisely by multiple-collector inductively
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coupled plasma mass spectrometry (MC-ICP-MS). Because
of a mass-independent bias found for Pb isotopic analysis by
thermal ionization spectrometry (TIMS) with the silica gel
technique (see references in [15]), we did not use TIMS in
the present study.

In order to check the validity of the isotope separation
factor obtained, we performed the molecular orbital calcu-
lations for related Pb complexes. The isotope fractionation
via intramolecular vibrations was estimated as the reduced
partition function ratio (RPFR) of isotopologues. The contri-
bution of the nuclear volume to the RPFR was also estimated
by an ab initio method.

2. Experimental

Dicyclohexano-18-crown-6 (DC18C6, over 97% purity)
and 1,2-dichloroethane (over 99.8% purity) were prod-
ucts of Fluka Chemie GmbH. Hydrochloric acid (Merck
KGaA) of analytical grade was purified by distillation.
Lead(I1) chloride (99.999% purity) was a product of Sigma-
Aldrich, Co., Inc. PbCl, was dissolved in HCI to create
solutions, 0.035 moldm= (M) Pb(Il) in various concen-
tration of HCI. The organic phase was 0.1 M DC18C6 in
1,2-dichloroethane. A 3 cm?® aqueous solution and a 3 cm®
organic solution were mixed in a glass vial with a stirrer
bar, and the glass vial was sealed. The two phases were
stirred by a magnetic stirrer for 30 min. After the extrac-
tion equilibrium was attained, the two phases were separated
by centrifugation. An aliquot of the upper aqueous solution
was taken for analysis. These procedures were carried out at
294.540.5 K. The Pb concentration in the sample solution
was analyzed by ICP-QMS (Agilent 7500 CX).

Organic impurities carried over the extraction were sep-
arated from Pb on anion exchange resin (AG1X8 200-
400 mesh) in HBr/HCI. The sample solution was dried up,
and then dissolved into HBr. This was dried up by heat-
ing once more, and then dissolved into 0.5M HBr again.
On the anion exchange resin in 0.5 M HBr, Pb was strongly
adsorbed while organic substances passed through freely. Fi-
nally, Pb was collected in 6 M HCI.

The solutions of purified Pb (5 ppm in 0.3 M HNO;)
were analyzed on a Neptune (Thermo Fisher) multiple-
collector inductively coupled plasma mass spectrometer
(MC-ICPMS) at the “Pole Spectrometrie Ocean” (PSO)
of Brest. Isotopes 2%Ph, 2’Ph, and 2%Pb, were analyzed
on Faraday collectors. Because of the small abundance of
204pp (1.4%), this isotope was not used for discussion. Solu-
tions were spiked with Tl isotopic standard NIST997 (NIST,
Gaithersburg, MD) to achieve [Pb]/[TI]~ 10 to correct for
mass discrimination. The instrumental background was cor-
rected for by measuring on peak zero signals.

3. Computational details

The molecular geometries and vibrational frequencies of
aqueous Pb(Il) species were calculated by using the dens-
ity functional theory (DFT) implemented by the Gaussian03
code [16]. The DFT method employed here is a hybrid dens-
ity functional consisting of Becke’s [17] three-parameter
non-local hybrid exchange potential (B3) with Lee-Yang-

and Parr (LYP) [18] non-local functionals. The 6-314+G**
basis set (all-electron basis set) was chosen for H, O, and
Cl. An effective-core potential (ECP) basis set, SDD, com-
pensated the relativistic effect [19] was chosen for Ph. These
pseudopotential and basis sets were reported to be reliable
for calculations of Pb species [20]. The SDD basis set in-
cluding the g function [21] was also tested.

As for the mass-independent isotope effect, the contri-
bution of the nuclear volume was estimated by the Dirac-
Coulomb Hartree-Fock (DCHF) method implemented in the
UTChem program [22]. Calculations of the electronic struc-
ture of Pb°([Xe]4 f14 5d'° 6s? 6 p?), Pb*([Xe]4 f1* 5d* 6s?),
and a few simple Pb(Il) molecules were performed. Expo-
nents of basis sets are taken from Faegri’s four-component
basis for Pb [23], third-order Douglas-Kroll basis for H
and CI [24], and ANO-RCC for O [25]. Contraction coef-
ficients is optimized by four-compoenent atomic calcula-
tions [26]. After we added some diffuse and polarization
functions, the final contraction form of the large com-
ponent basis sets is (23s21p14d9f)/[8s7p5d3f] for
Pb, (16s11p1d)/[4s3p1ld] for Cl, (14s9p2d)/[3s2p2d]
for O, and (8s2p)/[3s2p] for H. More details are in the
literature [9].

4. Resultsand discussion

Chemical species of Pb(Il) in HCI media considered here are
Pb?+, PbCl+, PbCl,, PbCl;~, and PbCl,?-, which are related
through the following reactions,

Pb2* -+ CI~ = PbCI* @)
PBCI* 4 + CI~ = PbClyy @)
PbClys + CI™ = PhCly 5 3)
PbCl; o+ CI™ = PbCL> 4)

The apparent stability constants of equilibria 1 to 4 have
been summarized in the literature [27]. Fig. 1 shows the
mole fractions of Pb species estimated by using the reported
stability constants at ionic strength 4 M.

The anionic species are easily formed in HCI system.
The fractions of Pb(ll) species are switched as shown in
Fig. 1. To avoid hydrolysis, our experiments were performed
at high acidity region, 4.9-9.8 M HCI, in which the anionic
species are predominant in the system.

[HCI] (M)

Fig.1. Formations of the Pb(Il) species in HCI solutions The mole
fractions were calculated from the reported stability constants (appar-
ent) [27]. The validity of mole fractions may be less precise at higher
[HCI] region.
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Fig. 2. Distribution ratio of Pb(ll) as a function of [HCI].
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A neutral ligand DC18C6 precedes ion association ex-
traction, and hence the extraction reaction of Pb(ll) may be
written as,

sz*aq +2CI" +L =2 PbLCl, (5)
where L stands for DC18C6. The distribution ratio,
D= E[Pb(”)]org/z[Pb(”)]aq (6)

where subscripts org and aq mean the organic and aque-
ous phases, respectively, is shown in Fig. 2. The distribu-
tion ratio decreased with acidity. The formation of anionic
species in the aqueous phase would have depressed the ex-
traction of PbCl,. The decrease of D may also be due to that
the extraction of HCI consumed “free” crown ether.

The isotope separation factor «,, between the aqueous
and the organic phases, is defined as,

Uy = ([mpb]/[Zospb])org/([mpb]/[zospb])aq (7)

where the superscript m indicates the mass of one par-
ticular isotope (m =207 or 208). (["Pb]/[**Pb])s, and
([™Pb]/[*®Pb])., are the isotopic ratios of ™Pb relative to
26pp found in the organic and aqueous phases, respectively.
In the present paper, we use § notation, for which §™Pb is
defined as,

8™Pb = (atm — 1) x 1000 (8)

Since «, is close to one, o, — 1 is approximately equal to In
am. Theoretically, logarithms of reduced partition function
ratios (RPFRs) are used to derive In o, [6].

06
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[HCI] (M)
Fig. 3. 8™Pb’s as functions of [HCI]. Bold curves are quadratic curves
fitted to the data. Dotted curves are quadratic curves fitted to the
data ruled by a correlation, §2Pb/8%"Pb = ((r2)20s — (r?)206)/({r?)207 —
(r?)206).

Tablel. Isotope fractionation of lead.

[HCI] (M) §27Ph 52Ph

4.90 0.12040.022 0.23340.048
5.72 0.09240.022 0.11140.048
6.13 0.063+0.022 0.14240.048
7.35 ~0.11540.022 —0.10540.048

The 20 uncertainties of §™Pb are shown.

The §™Pb values obtained are shown in Table 1. Analyt-
ical errors (20) of 8 replicates are shown together. Isotope
fractionation observed was as large as a few sub %.. The
3™Pb values obtained are also shown in Fig. 3. §"Pb was
found to decrease with acidity.

The classic theory of chemical isotope fractionation is
based on the mass-dependent isotope effect via the isotopic
difference in vibrational energies of isotopologues [2,3].
The isotope enrichment factor is proportional to ém/mm),
where sm means the isotopic mass difference of masses m
and m’ of two isotopes (prime represents the light isotope).
The conventional mass-dependent theory has been expanded
by adding the nuclear field shift effect [5],

hc 1 (h\* sm
Ina = ﬁl)fsa-l-ﬂ (ﬁ) mb €)]

where v is the nuclear field shift, a the nuclear field shift
scaling factor, and b the scaling factor for the conventional
mass effect. h is the Plank constant, ¢ the light velocity,
k the Boltzmann constant, and T temperature. The nuclear
field shift effect is recognized as the origin of the mass-
independent isotope fractionation in chemical exchange re-
actions [10]. The nuclear field shift is an isotope shift in
orbital electrons [28]. This results from the isotopic differ-
ence in the nuclear size and shape. Different isotopes have
the same number of protons, but they do not have the same
distribution of protons in space. The nuclear charge distribu-
tion, which is usually represented as the mean-square charge
radius (r2), is affected by the number of neutrons in the nu-
cleus. The nuclear charge distribution gives an electric field,
and its isotopic difference shifts the atomic energy levels,
also displacing the electronic molecular states. The nuclear
field shift is not mass-dependent but is strongly related to
the neutron configuration of nuclear structure. The nuclear
field shift v is proportional to the isotopic difference in the
mean-square charge radius, 8(r?) [28].

Firstly, we estimated the magnitude of the conventional
mass effect. In order to evaluate the respective strength of
mass-dependent effects, we performed some quantum chem-
ical calculations of the vibrational energies of the aqueous
Pb(Il) species. The structure of aqueous Pb(Il) complex,
which has 6, 7, or 8 ligands configuration, is under dis-
cussion [20]. A six-coordinated PbCl,(H,0)s_,2™" (n =0,
1, 2, 3, or 4) was examined in the present study. The hy-
drated Pb(H,0)s*" with octahedral symmetry (O,,) was cal-
culated. The Pb-O bond length for water molecules was
calculated to be 2.664 A which agreed with the reported
value [20]. The hydration enthalpy was calculated in the
same manner with a literature [29], which was calculated
to be AH;,, = 360 kcal/mol. This agreed with the reported
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AHg , [30-32]. Our calculation results present the validity
of the calculation method.

The structures of PbCl,(H,0)s_,>~" were optimized and
then intramolecular frequencies of these species were cal-
culated in order to evaluate 6™Pbh. The isotope enrichment
factor due to the intramolecular vibrations can be evalu-
ated from the reduced partition function ratio (RPFR) [3],
(s/s)H) f,

In(s/s) f = Z[Inb(u)) — Inb(u)] (10)
Inb(u) =—Inu;+u/2+In(L—e™) (11)
Uy = hU|/kT (12)

where v means vibrational frequency. The subscript i stands
for the ith molecular vibrational level with primed variables
referring to the light isotopologue. The isotope enrichment
factor due to the molecular vibration can be evaluated from
the frequencies (v) summed over all the different modes. The
RPFRs obtained for the isotope pair 2°Ph-2%Ph at 298 K
were shown in Table 2. For Pb(H,0)s?*, a g-function [21]
was added into SDD to see a polarization effect of g-
orbital of Pb. It was marginal change in the RPFR. 12 water
molecules were arranged in the second hydration sphere as
reported for divalent transition metal ions [29]. The RPFR
of 0.024 %o increased. The RPFRs showed magnitudes in
the range of 0.151 ~ 0.218 %o. The molecular orbital calcu-
lation and vibrational frequency analysis of a large crown
complex, PdLCI,, might be possible by using highly per-
formance calculation system, but there is no reference data
of PdLCI, structure in organic solvents for assessing the
validity of calculation result. Though the structure of the Pb-
crown complex is not clear, a similar magnitude of the RPFR
may be expected. 5™Pb observed results from differences
in the RPFRs of Pb?*, PbCI*, PbCl,, PbCl,~, PbCl,?>", and
Pb-Crown complex, and their mole fractions. From the data
shown in Table 2, the maximum difference in the RPFRs
is 0.067 %o. This is much smaller than §2®Pb’s shown in
Table 1. This suggests that the conventional mass effect is
not the major origin of Pb isotope fractionation in our ex-
perimental system.

Recent quantum chemical studies have adopted finite
nucleus models into ab initio methods [7-9]. Since the
method needs high computer performance, calculations
for a few simple molecules have only been performed at
present [7-9]. In the present study, the total electronic en-
ergies at the ground states of Ph®([Xe]4 f* 5d° 6s? 6 p?) and
PbZt([Xe]4 f14 5d¥° 6s?) were calculated for different iso-
topes with different nuclear charge radii. Calculations for
a few simple Pb(Il) molecules were also tested. The mo-
lecular structures were optimized by the similar method to

Table3. Total energy of Ph® and Pb?* isotopes and Ph(Il) isotopologues.

Table2. Logarithm of the reduced partition function, In(s/s) f, for
isotope pair 2°Pb-2®Ph at 298 K.

10%In(s/s) f

Pb(H,0)e2* 0.185
PbCI(H,0)s* 0.218
PbCl,(H,0), 0.204
PbCl4(H,0), 0.184
PbCI,(H,0),2 0.151
Pb(H,0)e2* 2 0.184
Pb(H,0).52+ 0.209

a: g-function was introduced in SDD for Pb;
b: 12 water molecules were arranged in the second hydration sphere.

obtaine RPFRs. The root mean square radii ((r2)%/) reported
in the literature [33], that is, 5.4897 (**Pb), 5.4942 (*’Pb),
and 5.5010 fm (*®Pb), were used in the calculation. The
total energies calculated are shown in Table 3 in atomic units
(a.u.).

The nuclear field shift effect (K¢ [5]) compared to a ref-
erence can be estimated as,

h

InKg = T
where §E = E(™Pb) — E(*®Pb). We set Pb?* as a reference.
The estimated values are shown in Table 4. The nuclear
field shift effect is attributable to the probability density of
electrons at nucleus, and hence, drastic change in the elec-
tron configuration should cause a larger effect. As a drastic
case, the nuclear field shift effect in the Pb°-Pb*" redox re-
action was estimated. We also estimated the magnitude of
nuclear field shift effect in the complex formation of Pb**
with O%*~, CI~, or H,O. Note that our experimental system
is a ligand exchange system of Pb(ll) complexes, that is,
Pb?+, PbCI*, PbCl,, PbCl;~, PbCl,?~, and PbLClI,. As shown
in Table 4, the hydration was found to be less effective to
create the nuclear field shift effect. The ion association of
Pb?* with CI- resulted in ~10 times larger nuclear field
shift effect than the hydration case. Though it is smaller
than that of the Ph°-Pb?** redox case, the ligand exchange
between H,O and CI- created competing magnitude of the
effect. The covalent bonding of Pb** with O% resulted in
the largest effect and this was larger than the Pb®-Pb?* redox
case.

In the aqueous phase, the ligand exchange reactions be-
tween H,O and CI~ have taken place. From the data shown
in Table 4, the nuclear field shifts of 0.108 %o for ¥7Ph and
0.269 %o for 2%8Pb are expected for this ligand exchange re-
action. The magnitudes cover all §™Pb values, and hence, the

(8 Ereference -8 Especies) (9)

Species E(*®Pb) (a.u.) E(*"Pb) (a.u.) E(*®Pb) (a.u.)

Ph° —20913.809914518 —20913.802358242 —20913.790929932
Pbz* —20913.040069792 —20913.032513369 —20913.021084835
PbO —20988.661517728 —20988.653961531 —20988.642533338
PbCI* —21374.555114672 —21374.547558360 —21374.536129993

Pb(H,0)*" —20989.191326323 —20989.183769909

—20989.172341391
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Table4. Nuclear field shift effects of Pb species compared to Pb?*.

Species 10% In K¢ 10% In K¢
(207 Pb) (ZOBPb)
Ph? 0.156 0.393
PbO 0.239 0.601
PbCI* 0.118 0.295
Pb(H,0)? 0.010 0.026

nuclear field shift is the possible origin of Pb isotope frac-
tionation in our ligand exchange system. Since §™Pb is pos-
itive at smaller [HCI] (Fig. 3), the In Ky value for ™PbLCl,
would be larger than that for "PbCl,. With the increase of
acidity, the ligand exchange reaction of H,O by CI- pro-
ceeds. According to In K¢ shown in Table 4, the promotion
of this ligand exchange reaction depresses the §™Pb value
observed. The acidity dependence of §™Pb shown in Fig. 3
may be hence attributable to the nuclear field shift effects
between PbCl,(H,0)s_,2™" species in the aqueous phase and
their mole fractions.

5. Conclusions

Lead isotopes were fractionated in the ligand exchange re-
action with DC18C6. é™Pb observed resulted from the in-
tramolecular vibrations and the nuclear field shift effect.
The conventional mass-dependent isotope fractionation esti-
mated by the DFT calculation was smaller than the experi-
mental results. The nuclear field shift effect was estimated
by the ab initio method including a finite nuclear model.
The magnitude of nuclear field shift effect calculated cov-
ered 8™Pb experimentally obtained. Therefore, the nuclear
field shift effect is most probable origin of Pb isotope frac-
tionation in the ligand exchange system.
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