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Isotope fractionation of palladium in chemical exchange reaction
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Summary. Palladium isotopes were fractionated by the
solvent extraction technique with a crown ether. After purification by ion-exchange chemistry, the isotopic ratios of
105
Pd/106 Pd, 108 Pd/106 Pd, and 110 Pd/106 Pd were determined by
multiple-collector inductively coupled plasma mass spectrometry. Isotope fractionations between the two phases were found
to be larger than 0.1 ‰. The isotope fractionation of the odd
atomic mass isotope (105 Pd) showed a deviation from that
estimated from the even atomic mass isotopes (106 Pd, 108 Pd,
and 110 Pd). The mass-independent isotope fractionation found
was attributable to the nuclear field shift effect. The quantum
chemical calculations for the different Pd species supported
the validity of the isotope fractionation factors obtained.

1. Introduction
The isotopic composition of an element changes via chemical exchange reactions. This is because the equilibrium constant of a chemical exchange reaction corresponding to an
isotope is slightly different from one to another isotope. The
effect called chemical isotope effect (or simply, isotope effect) has been widely known and the chemical exchange is
an isotope separation method based on the isotope effect.
For example, isotopes of light elements, C [1], N [2], and
S [3], were successfully separated by the chemical exchange
in Urey’s pioneering work. Even for heavy elements like U,
isotope enrichment by chemical exchange is feasible [4].
The classic theory of isotope effect has been established
by Urey, Bigeleisen, and Mayer [5, 6]. The intramolecular
vibrational energies are different in isotopologues due to
the difference in the nuclear mass of isotopes. The theory
only predicts the mass-dependent isotope fractionation. Exceptions to the rule have been found since the 1980s. The
mass-independent isotope fractionations observed possessed
a similar profile of isotopic variation in their nuclear charge
*Author for correspondence (E-mail: tosiyuki@rri.kyoto-u.ac.jp).

radius [7]. The conventional mass-dependent theory was reconsidered by one of the original authors [8]. The theory has
been extended to include correction terms to account for nuclear properties, especially the nuclear size and shape [8, 9].
The nuclear field shift effect, which results from the isotopic change in the nuclear size and shape, is recognized as
the major origin of the mass-independent isotope fractionation in chemical exchange reactions [10]. In recent studies
on geochemistry and environmental chemistry, the nuclear
field shift effect attracts attention as a possible origin of
isotopic anomalies found in nature [11–14]. The effect via
chemical exchange reactions may have accompanied the formation of these samples. In this context, laboratory scale
experiments with highly precise analytical methods are important to understand the mechanism of the nuclear field
shift effect.
The nuclear field shift effect has been found in a platinum
group element, Ru [12], and hence the isotope fractionation
characteristics in the same group are of interest. The nuclear
field shift effect of palladium is demonstrated in the present
study. Palladium has six stable isotopes whose natural abundances are 1.02% (102 Pd), 11.14% (104 Pd), 22.33% (105 Pd),
27.33% (106 Pd), 26.46% (108 Pd), and 11.72% (110 Pd). The
nuclear charge radii of even atomic mass isotopes show
a linear increase with mass, while that of an odd atomic mass
isotope 105 Pd show a deviation from the linear relation [15].
This suggests that a mass-independent isotope fractionation
may be observed in 105 Pd. The isotope fractionation studied
was a two phase distribution of Pd, in which an aqueous
solution and an organic solution were used. A macrocyclic
compound, dicyclohexano-18-crown-6 (DC18C6) known as
crown ether, was selected as a complexation agent with Pd.
The isotope fractionation has been found in the solvent extraction of Ca by crown ethers [16] and this application was
expanded to various elements [10, 17]. The isotopic ratios
of Pd were measured precisely by multiple-collector inductively coupled plasma mass spectrometry (MC-ICP-MS).
In order to check the validity of the isotope separation
factor obtained, we performed the molecular orbital calculations for related Pd complexes. The isotope fractionation
via intramolecular vibrations was estimated
as the reduced
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bution of the nuclear volume to the RPFR was also estimated
by an ab initio method.

2. Experimental
Dicyclohexano-18-crown-6 (over 98% purity) was a product of Sigma-Aldrich, Co., Inc. Palladium dissolved in 10%
HCl was a product from Spex Plasma Standard, lot#4-141Pd
with a purity >99.9%. Other chemicals were reagent grade.
Using the standard solution and HCl, 0.1 mol dm−3 (M)
Pd(II) with various [HCl] was prepared. The organic phase
was 0.1 M DC18C6 in 1,2-dichloroethane. A 7 cm3 aqueous
solution and a 7 cm3 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 extraction 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 298 ± 0.5 K. The Pd concentration in the
back extraction water was analyzed by ICP-AES (Shimadzu,
ICPS-100TR). The typical uncertainty of volumetric treatment was estimated to be < 5%.
Organic impurities carried over the extraction were
separated from Pd on anion exchange resin (AG1X8
200–400 mesh) in HBr/HNO3 . The sample solution was
dried up, and then dissolved into HBr. This was dried up by
heating once more, and then dissolved into 1 M HBr again.
On the anion exchange resin in 1 M HBr, Pd was strongly
adsorbed while organic substances passed through freely.
Finally, Pd was collected in 0.5 M HNO3 .
The solutions of purified Pd (5 ppm in 0.3 M HNO3 )
were analyzed on a Neptune (Thermo Fisher) multiplecollector inductively coupled plasma mass spectrometer
(MC-ICPMS) at the “Pole Spectrometrie Ocean” (PSO) of
Brest. Isotopes 105 Pd, 106 Pd, 108 Pd, and 110 Pd were analyzed
on Faraday collectors. The solutions were spiked with a Ag
monoelemental solution (PlasmaCal, SCP Science, Canada),
lot #SC 7332640 with a purity of 99.999%, for internal
mass discrimination correction. 111 Cd and 112 Cd peaks were
recorded to account for contributions of 108 Cd and 110 Cd
on 108 Pd and 110 Pd signals respectively. The instrumental
background was corrected for by measuring on peak zeros
signals.
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As for the mass-independent isotope effect, the contribution of the nuclear volume was estimated by the numerical
multiconfigurational Dirac-Coulomb Hartree-Fock (MCDCHF) method, which was implemented in the fourcomponent relativistic atomic program package GRASP2K [25].
Calculations of the electronic structure of Pd0 ([Kr]4d 9 4s 1 )
and Pd2+ ([Kr]4d 8 ) were performed.

4. Results and discussion
Chemical species of Pd(II) in HCl media considered here are
Pd2+ , PdCl+ , PdCl2 , PdCl3 − , and PdCl4 2− , which are related
through the following reactions,
Pd2+ + Cl−  PdCl+
PdCl+ + Cl−  PdCl2
PdCl2 + Cl−  PdCl3 −
PdCl3 − + Cl−  PdCl4 2−

(1)
(2)
(3)
(4)

The apparent stability constants of equilibria 1 to 4 have
been summarized in a literature [26]. Fig. 1 shows the mole
fractions of Pd species estimated by using the reported stability constants at [HCl] < 0.1 M.
The anionic species are easily formed in HCl system. The
fractions of Pd(II) species are significantly switched in this
region. The anionic species are predominant in our experimental acidity region 1.0–6.0 M HCl.
A neutral ligand DC18C6 precedes ion association extraction, and hence the extraction reaction of Pd(II) may be
written as,
Pd2+ + 2Cl− + L  PdLCl2

(5)

where L stands for DC18C6. The distribution ratio,
D = Σ[Pd(II)]org /Σ[Pd(II)]aq

(6)

where subscripts org and aq mean the organic and aqueous phases, respectively, is shown in Fig. 2. The distribution
ratio once increased then decreased. The decrease of D suggests a complaxation of crown ether with H3 O+ [27, 28],
which may have depressed the extraction of Pd(II).
The isotope separation factor αm , between the aqueous
and the organic phases, is defined as,
αm = ([m Pd]/[106 Pd])org /([m Pd]/[106 Pd])aq

(7)

3. Computational details
The orbital geometries and vibrational frequencies of aqueous Pd(II) species were calculated by using the density
functional theory (DFT) as implemented by the Gaussian03
code [18]. The DFT method employed here is a hybrid density functional consisting of Becke’s [19] three-parameter
non-local hybrid exchange potential (B3) with Lee-Yangand Parr (LYP) [20] non-local functionals. Similar to an ab
initio study on aqueous Pd(II) chlorides [21], we selected
the basis sets. The 6-311+G** basis set (all-electron basis
set) was chosen for H, O, and Cl. An effective-core potential (ECP) basis set, CEP-121G [22–24], was chosen for Pd.
For the solvation effect, CPCM continuum solvation method
(CPCM: conductor-like polarizable continuum model) was
used.

Fig. 1. Formations of the Pd(II) species in HCl solutions. The mole
fractions were calculated from the reported stability
constants (apparUnauthenticated
ent) [26].
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m)/(m × 106). At all acidities, even atomic mass isotopes
(δ106 Pd = 0, δ108 Pd, and δ110 Pd) showed a good relation with
(106 − m)/(m × 106), while δ105 Pd broke the relationshop.
δ105 Pd was found to be larger than the value expected from
δm Pd’s of the even atomic mass isotopes. This trend is graphically shown in Fig. 2a with the δm Pd data at [HCl] = 5.3 M.
For comparison, isotopic difference in nuclear charge radius,
δr 2  is shown in Fig. 2b. A similar trend can be seen.
The conventional mass-dependent theory has been expanded by adding the nuclear field shift effect [8],
Fig. 2. Distribution ratio of Pd(II) as a function of [HCl].

ln α =
Table 1. Isotope fractionation of palladium () ‰.
[HCl] (M)
2.0
5.3
7.0

δ105 Pd

δ108 Pd

δ110 Pd

−0.24 ± 0.01
1.48 ± 0.35
0.72 ± 0.04

0.88 ± 0.03
−0.43 ± 0.53
−1.22 ± 0.05

1.60 ± 0.04
−0.86 ± 0.61
−2.53 ± 0.16

The 2σ uncertainties of δm Pd are shown. In our isotopic analysis, uncertainty of reproducibility is certified to be less than ∼ 0.6 ‰ (e.g.,
[HCl] = 5.3 M case).

where the superscript m indicates the mass of one particular isotope (m = 105, 108, or 110). ([m Pd]/[106 Pd])org and
([m Pd]/[106 Pd])aq are the isotopic ratios of m Pd relative to
106
Pd found in the organic and aqueous phases, respectively.
In the present paper, we use δ notation, for which δm Pd is
defined as,
δm Pd = (αm − 1) × 1000

(8)

Since αm is close to one, αm − 1 is approximately equal to
ln αm . Theoretically, legarithms of reduced partition function
ratios (RPFRs) are used to derive ln αm [6].
The δm Pd values obtained are shown in Table 1. The
errors on isotope fractionation factor are mainly due to
mass spectrometry [12]. Two standard deviation of the repeated measurements (2σ) is shown together. The classic
theory of chemical isotope fractionation is based on the
mass-dependent isotope effect via the isotopic difference
in vibrational energies of isotopologues [5, 6]. The isotope
enrichment factor is proportional to δm/mm  , where δm
means the isotopic mass difference of masses m and m 
of two isotopes (prime represents the light isotope). In the
present study, mass-dependence of isotope fractionation can
be assessed by fitting δm Pd on a linear function of (106 −

1
hc
νfs a +
kT
24



h
kT

2

δm
b
mm 

where νfs 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, c the light velocity,
k the Boltzmann constant, and T temperature. The nuclear
field shift effect is recognized as the origin of the massindependent isotope fractionation in chemical exchange reactions [10]. The nuclear field shift is an isotope shift in
orbital electrons [29]. This results from the isotopic difference 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 distribution, which is usually represented as the mean-square charge
radius r 2 , is affected by the number of neutrons in the nucleus. 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 νfs is proportional to the isotopic difference in the
mean-square charge radius, δr 2  [29].
Recent quantum chemical studies have adopted finite
nucleus models into ab initio methods [14, 30, 31]. In the
present study, the total electronic energies at the ground
states of Pd0 ([Kr]3d 9 4s 1 ) and Pd2+ ([Kr]3d 8 ) were calculated for different isotopes with different nuclear charge
radii. The most stable energy states of [Kr]3d x 4s y calculated
were used. The root mean square radii (r 2 1/2 ) reported in
the literature [15] were used in the calculation. The calculation results are shown in Table 2 in atomic units (a.u.).
The nuclear field shift effect is attributable to the probability
density of electrons at nucleus, and hence, the drastic change
in the electron configuration should cause a larger effect.
As a drastic case, the nuclear field shift effect in Pd0 –Pd2+
redox reaction was estimated. It should be noted that our
experimental system is a ligand exchange system of Pd(II)

Table 2. Total energy of Pd(II) and Pd0 for Pd isotopes.

105

Pd
Pd
108
Pd
110
Pd
106

(9)

r 2 1/2
(fm)

Pd2+ total
energy (a.u.)

Pd0 total
energy (a.u.)

4.514 ± 0.002
4.531 ± 0.003
4.556 ± 0.003
4.578 ± 0.002

−5043.517660946
−5043.516977647
−5043.515968725
−5043.515076867

−5044.404068138
−5044.403384790
−5044.402375794
−5044.401483872

NFS effect a
(×10−3 )
−0.052
0.000
0.078
0.146

a: Nuclear field shift effect, {δE(Pd0 ) − δE(Pd2+)}/kT , T = 298.2 K. The uncertainty was estimated
in the seme manner with the literature [30], and was ∼ 2% of each NFS effect.
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Table 3. Bond distances determined for hydrated Pd2+ .
Method a
DFT
DFT c
DFT

Fig. 3. δm Pd and δr 2  as functions of mass number. (a) δm Pd at
[HCl] = 5.3 M. (b) Isotopic difference in nuclear charge radius, δr 2  =
δr 2 (m Pd) − δr 2 (106 Pd). The r 2  values were reproduced from [15].

DFT
MD
QM/MM MD
QMCF MD

complexes, that is, Pd2+ , PdCl+ , PdCl2 , PdCl3− , PdCl4 2− , and
PdLCl2 .
From the data shown in Tables 1 and 2, in the most drastic case, the contribution of nuclear field shift effect to δm Pd
is expected to be ∼ 10%. Theoretically and experimentally,
the nuclear field shift effect as the mass-independent isotope fractionation is possible, nevertheless, the contribution
of the conventional mass effect is larger in the present study.
We estimated the magnitude of the mass-dependent isotope fractionation. Isotope exchange reactions in reactions
1–4 have taken place in the present study. The intramolecular vibrations of the Pd(II) complexes (Pd2+ , PdCl+ , PdCl2 ,
PdCl3 − , and PdCl4 2− ) in the aqueous phase and those of
PdLCl2 in the organic phase should cause the mass effect. It
is difficult to model Pd-crown complex in ab initio calculation, but to model aqueous Pd complexes would be possible.
The structural studies of hydrated Pd2+ and aqueous palladium chlorides have been intensely performed [21, 32–41].
In order to evaluate the respective strength of mass-dependent effects, we performed some quantum chemical analysis
calculations of the vibrational energies of the aqueous Pd(II)
species. It is well known that the core structure of Pd(II)
complex has the square-planar structure via the hybrid orbital dsp2 . The hydrated Pd2+ with the first coordination
sphere is generally expressed as Pd(H2 O)4 2+ . For this equatorial plane, two water molecules are arranged at the axial
orientation. The shell including the first coordination sphere
and the two water molecules called “meso-shell.” The PdO bond length for water molecules at the axial positions is
longer than that at the equatorial postitions. The two waters
at the axial position are stabilized by water molecules in second coordination sphere [39]. Initially, the calculation of this
aqua complex was examined. The Pd-O bond distance calculated is shown in Table 3. The literature values are shown
together. We performed structural analysis of Pd(H2 O)4 2+
and Pd(H2 O)14 2+ . Our calculation results are consistent
with other calculation methods [21, 36–41]. Setting water
molecules in the meso-shell and the second hydration sphere
shortened the Pd–O bond distance 0.011 Å in the first coordination sphere. The difference was also reproducible by
using CPCM method for Pd(H2 O)4 2+ .
For aqueous palladium chlorides, structural studies on
an anionic species PdCl4 2− have been commonly performed [21, 32–35]. The Pd-O bond distance calculated
is shown in Table 3. The literature values are shown together. We performed structural analysis of PdCl4 2− and

CP MD

EXAFS
EXAFS

Bond a , Pd–O (Å)

Reference

2.062(4)
2.050(4)
2.051(4)
2.959(2)
4.249(8)
2.052–2.065(4)
2.019(4)
2.780(2)
2.07(4)
2.66(1)
2.05(4)
2.71(2)
4.4(8)
2.04(4)
3.5(1.1)
4.02(10.3)
2.001(4)
2.5(2)
2.006(4)
2.77(2)

This work
This work
This work

[21]
[37]
[38]
[39]

[40, 41]

[36]
[39]

a: DFT (density functional theory), MD (molecular dynamics),
QM/MM (quantum mechanics/molecular mechanics), QMCF (quantum mechanical charge filed), CP (Car-Perrinello), EXAFS (extended
X-ray absorption fine structure);
b: Numbers of bonds are shown in parentheses;
c: CPCM was used.

[PdCl4 (H2 O)10 ]2− , in which four water molecules of the
first coordination sphere of Pd(H2 O)14 2+ were substituted by
Cl− to form [PdCl4 (H2 O)10 ]2− . The Pd–Cl bond distances
showed similar values. Setting water molecules around
PdCl4 2− shortened the Pd–Cl bond distance, which came
closer to that experimentally determined [32, 33]. An experimental study suggested that two water molecules exist in
the meso-shell [33], while a theoretical study resulted in no
waters in the meso-shell but eight waters in the second coordination sphere [35]. In our calculation, if we set two waters
in the meso-shell, their Pd-O distance increased to be close
to that of eight water molecules in the second coordination
sphere.
2−n
The structures of PdCln (H2 O)2−n
4−n and PdCln (H2 O)14−n
(n = 0, 1, 2, 3, or 4) were optimized and then intramolecular frequencies of these species were calculated in order to
evaluate δm Pd. The isotope enrichment factor due to the intramolecular vibrations can be evaluated from the reduced
partition function ratio (RPFR) [6], (s/s  ) f ,
ln(s/s  ) f = Σ[ln b(u i ) − ln b(u i )]
ln b(u i ) = − ln u i + u i /2 + ln(1 − e−ui )
u i = hνi /kT

(10)
(11)
(12)

where ν 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 (ν) summed over all the different modes. The
Pd-108 Pd at 298 K
RPFRs obtained for the isotope pair 106
Unauthenticated
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Table 4. Bond distances determined for PdCl4 2− and [PdCl4 (H2 O)10 ]2− .
Method a

DFT
DFT
DFT
DFT
MM MD
QM/MM MD
LAXS
LAXS

Bond,
Pd–O (Å)

Bond,
Pd-Cl (Å)

Reference

2.425(4)
2.396(4)

This work
This work

2.420(4)
2.329(4)
2.307(4)
−b
2.315(4)
2.315(4)

[21]
[34]
[34]
[35]
[32]
[33]

4.389(2)
4.419(8)

3.62(8)
2.77(2)

a: LAXS (large angle X-ray scattering);
b: Not reported.

Table 5. Logarithm of the reduced partition function, ln(s/s  ) f , for
isotope pair 106 Pd-108 Pd at 298 K.
103 ln(s/s’) f

Pd(H2 O)4 2+
PdCl(H2 O)3 +
PdCl2 (H2 O)2
PdCl3 (H2 O)−
PdCl4 2−
Pd(H2 O)14 2+
PdCl(H2 O)13 +
PdCl2 (H2 O)12
PdCl3 (H2 O)11 −
PdCl3 (H2 O)10 2−

2.54, 2.52 a
2.30
2.07
1.76
1.28
2.70
2.50
2.24
1.94
1.64

a: CPCM was used.

the range 1.28 ∼ 2.70 ‰. There are three prominent features: 1) Substitution of H2 O by Cl− decreases the RPFR;
and, 2) Setting the second hydration sphere increases the
RPFR, and 3) Using CPCM shortens the Pd–O bond length
but does not change RPFR so much. The third feature has
also been pointed out for aquo ion of Sr2+ [42]. Though
the structure of the Pd-crown complex is not clear, a similar magnitude of the RPFR may be expected. According to
the data in Table 5, the maximum difference in the RPFRs
is ln(s/s  ) f [Pd(H2 O)14 2+ ] − ln(s/s  ) f [PdCl4 2− ] = 1.42 ‰.
This magnitude covers δ108 Pd’s shown in Table 1, and this
suggests that isotope fractionation of Pd could be explained
by the intramolecular vibration. If the RPFR of Pd-Crown
complex is determined, δm Pd via intramolecular vibrations
can be estimated by using mole fractions of aqueous and organic Pd species (Pd2+ , PdCl+ , PdCl2 , PdCl3 − , PdCl4 2− , and
Pd-Crown complex) and their RPFRs as we have reported on
first-row transition metals [43, 44].

5. Conclusions
Palladium isotopes were fractionated in the chemical exchange reaction with DC18C6. δm Pd observed resulted from
the intramolecular vibrations and the nuclear field shift effect. A maximum contribution of the nuclear field shift
effect was estimated to be ∼ 10% of δm Pd by quantum
chemical calculations. The reduced partition function ratios

(RPFRs) of PdCln (H2 O)4−n 2−n and PdCln (H2 O)14−n 2−n were
obtained by quantum chemical calculations. The magnitude
of RPFRs agreed with that of δm Pd experimentally obtained.
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