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Structural Investigation of Pd(Il) in Concentrated Nitric and Perchloric Acid Solutions by
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XAFS spectra of palladium(ll) in concentrated HMBCIO, acid mixtures have been recorded and analyzed.
Structural parameters of the Pd®)42" complex and the mixed nitric Pd(NR(H-O), complex, for the first
time, were determined by the XAFS method. Forgp6rM HCIO, and for mixtures (6:0.3 M HNG;), the
XAFS spectra of the 0.02 M Pd solutions are indeed very similar and originated from feu®Pequivalent
distances. For the PdgB),>* square-planar aqua ion in strong perchloric acid, the use of an FEFF6 theoretical
approach led to a first-shell P®,, distance of 2.00 (1) A and a Deby&Valler (DW) factor ofo? = 0.0030

(3) A2 Four water molecules are tightly bound to the?Pbn in the equatorial plane, while two (or one)
axial water molecules are weakly bound to the metal ion at 2.5 A with a DW factor of 0.0152(FoA
highly concentrated mixtures {46 M HNQOs;) and for pure concentrated<4 M) nitric acid as well as for
crystalline powder Pd(N§,(H0),, the XAFS spectra are very similar and are determined by the mixed
nitric complex Pd(NG)2(H20),: four Pd—O near-equivalent distances of 2.01 (1) A from twgOHand two

NOs; molecules with a total DW factor af2 = 0.0037 (3) &. Moreover, two Pd---N distances of 2:2.9 A
were determined in the second coordination shell. Finally, for intermediate mixturésNILHNOs in 5 M
HCIQ,), the XAFS spectra are a superposition of the XAFS of BAJ#" and Pd(NQ)2(H20). complexes.

The mean ligand number NOaround Pé" has been calculated, and the XAFS results at pH close to zero
confirm the spectrophotometric results previously published.

Introduction Nowadays it is well established that a thorough understanding
Many long-lived fission products formed in nuclear spent of many chemical properties of.ionic sqlutipns should be based
fuels are elements of interest for the long-term radiotoxicity of O @ Precise knowledge of their coordination geometry. How-
high-level wastes. The impact of their storage on the environ- ever, strt,2|$tural data for the ground-state SPecies (for example
ment is a problem of great importance; in solving this problem, Pd(HZO).“' and Pd(HO)Z(.NO?)Z) are quite limited. Morgover,
a strategy coupling separation processes, transmutation, an ynthesis and characterization of solld-state_ Cry_stallme Pd(I1)
specific conditioning is to be considered. Palladium-107 is one ydrates _have_ not t_)een repo_rted SO fa_r. This might be due to
of these long-lived fission products, and its behavior in aqueousthe low _y_|eld in their synthe5|s,_wh|ch IS prpbably related to
solutions needs, consequently, to be well-known. In particular, the Sta.b'“ty of the complex..A hlghlly.ac[d mixture of HCJQ .
the nature of the aqueous ions in nitric media is still contro- HNOs Is necessary to avoid preC|p|tat_|(_)n_r|sk and to limit
versial. hydrolysis in ord(_ar to chara_cterlze equilibrium between pure
The pioneering works of the Elding,JargenseA, and Pd(H0),>" aqua ions and In|>§ed Pd(MQHZO){'a PA(NQ)-
Merbach groups have made substantial contributions toward (H20)z, and Pd(NSk(HzQ) nitrate complexe:
an understanding of the structure and mechanisms of substitution Only [Pt2(+"'20)4] » Which can t_)e taken as an analogue of
processes at four-coordinated square-planar Pd(ll) complexes._Pd(HZO)“] , has been charactenzed by XAFS (X-ray absorp-
This geometrical arrangement is highly favorable for thed- tion fine structure) technique? Note that the LAXS (large-
(Il) as well as for the PY(Il) electronic configuration due to the andle X-ray scattering) technique requires too high concentra-
ligand field effect. It is also compatible with experimental data tions and long exposure times to be apph_cable o the solutions
reported for different Pd(Il) complexes, both in the solid phase of the hydrated cations availaiidnformation on the PeO

and in solution, using many solvents (DMSO, &, and bonding distance as well as the possible presence of axially
H,0), ligands (é’r NOs-, ...), and counterionss ' coordinated, weakly bound solvent molecules is still lacking.

Nevertheless, a theoretical modeling of water exchange on both
* Author to whom correspondence should be addressed at Dipartimento Pd(H0)42" and Pt(HO),?* has led to the definition of similar
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ltaly. Phone: +39-0461-88 16 79. Fax: 39-0461-88 16 96. E-mail: I, - s
pUrans@science.unitn it (2.04 A) within 0.03 A of the experimental result for Pt

tInstitut de Physique Nutre. (H20)42".7 For Pd(ll), the calculated MO distance is thus 2.01
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Structural Investigation of Pd(ll) in HNgand HCIQ,

Figure 1. Schematic structure of Pd(NJp(H2O), molecule in crystal-
line PA(NQ)(H20),: Pd in the center; brown, ©(H-O, hydrogen
atoms missing); red, @(NOs7); white, N (NGs7).

nitric acid solutions. The structure of orthorhombic PdgN©
(H20), (see Figure 1) was previously determined by X-ray
powder diffraction and refined by the Rietveld method with
medium accuracy.

The first aim of the present work was to determine by XAFS
the structure of Pd(Il) in both perchloric and nitric acids. The
experimental K-edge XAFS spectra of¥dh aqueous solutions
were analyzed using the multiple-scattering formalism. The
second objective was to have a better knowledge of the
complexation of Pd(ll) by nitrate ions, by varying the nitrate

J. Phys. Chem. B, Vol. 109, No. 21, 20061075

TABLE 1: Amount of Nitric Acid and Perchloric Acid (5
M) Added for the Preparation of XAFS Samples; Resulting
HNO3; Concentration and HCIO, Concentration

[HNOy  [HCIOJ]
sample Viinos Vicio, M) (M)

SN1 3.75mL 0 3.75
SN2 3mL (0.5 M) 0.75mL 0.3 0.75
SN3  0.5mL (5M) 3.25mL 05 3.25
SN4 1mL (5M) 2.75mL 1 2.75
SN5  3mL (5M) 0.75 mL 3 075
SN6 1.35mL (15 M) 2.4 mL 4 2.4
SN7  17mL(15M)  2.05mL 5 2.05
SN8 2mL (15 M) 1.75mL 6 1.75

samples: this was chosen to be high enough to give an XAFS
signal with high accuracy and sufficiently low to avoid
precipitation at the pH studied. Prior to the measurements, the
palladium solutions were centrifuged (5 min at 3500 rpm) in
order to eliminate the colloids which could be formed.

An X-ray absorption cell with Kapton windows was used
for the XAFS transmission measurements of solutions. The
optical length was optimized to give a good absorption jump
and to minimize the absorption of the bulk solution. The
measurements were done at an optical length of 40 mm, resulting
in values of the absorption jump of about 0.5 for Pd K-edge
that corresponds to about 0.02 M, the concentration expected

concentration in a large range. As a matter of fact, the published " the solutions. Therefore, XAFS spectra with high accuracy

stability constants concerning the system Pd(ll){N@re very
scatterec:® 14

In the final stage of this paper submission, a new theoretical
papet® on the molecular dynamics study of the solvation
phenomenon for a square-planar hydrate, [BO(H%", ap-

peared. The first peak at the calculated RDF, centered at 2.00
A, corresponds to the first-shell water molecules and integrates
to four water molecules, while the second peak appearing at

2.67 A integrates to two water molecules.

Experimental Section

Itis generally accepted that perchlorate forms only very weak
complexes with most ion$,and it is considered that significant
complex formation between the soft ?dand the hard per-
chorate anion is especially unlikely:X8 A highly acid mixture
of HCIO#/HNO;3; was necessary to avoid precipitation risk and
to limit hydrolysis in order to characterize equilibrium between
pure Pd(HO)s2" aqua ions and mixed Pd(N{dH.0)s*, Pd-
(NO3)2(H20),, and PA(NQ@)3(H20)~ nitrate complexes. 3818

were measured. Moreover, the kinetics of Pd(Il) precipitation
was followed by successive scans after 1 h, 4 h, 10 h, and so
forth, in the XANES region, and the change of the absorption
jump was controlled.

The reference crystalline compounds Pd@¥20), (99.9%,
~40% of Pd, STREM chemicals) and PdO (STREM chemicals)
were finely ground and mechanically mixed with cellulose
powder to give pressed pellets with thickness chosen to obtain
an absorption jump value of about 0.5 for Pd K-edge. The light-
brown powder Pd(Ng),(H,0), is more-or-less stable in air and
decomposes into Pd@However, an XAFS measurement is very
sensitive to the formation of PdO, and therefore the samples
were checked. The XAFS spectra have shown that no PdO was
formed in the samples under study.

XAFS Measurements XAFS measurements were performed
at the LURE synchrotron radiation facility (Orsay, France) on
the DCI D44 (XAS 4) beam line. Positron-beam energy and
average current were 1.85 GeV and 32B0 mA, respectively.
The XAFS spectra at the Pd K-edge (24350 eV; 24298050
eV) were measured in transmission mode. The synchrotron

Therefore, concentrated perchloric and nitric acids were usedradiation was monochromatized by the Ge(400) double-crystal

as the noncomplexing and the most complexing medium,
respectively.

Preparation of the Samples.Mother Solution.A 0.12 M
palladium stock solutionni 5 M HCIO, was prepared as
described elsewhet@Briefly, Pd(OH), precipitate was prepared
by adding an excess of NaOH (6 and 1 M) to a HEZ(® M)
solution containing 0.05 M Pd(Ng. The hydroxide was then
washed four times with deionized water and dissolved in 5 M
HCIO4. The palladium mother solution was centrifuged (5 min
at 3500 rpm) and filtered at 02m. The concentration of the
final solution was determined by spectrophotometry and con-
firmed by the measurements of the X-ray absorption jump at
the Pd K-edge (see below).

XAFS SampleShe liquid samples were prepared by diluting
1.25 mL of 0.12 M Pd(ll) mother solution in an appropriate
volume of nitric acid (see Table 1) and a complementary volume
of 5 M perchloric acid in order to obtain a total volume of 5

monochromator. The experimental spectra were measured using
two ionization chambers (the first filled with Ar and the second
filled with Kr) with a count rate 62 s per point, an energy
resolution of 7 eV. The calibration of the spectrometer was
carried out using a thick palladium foil. At least 10 complete
and identical XAFS scans were collected for each sample. Each
spectrum was checked individually before averaging. All
samples were measured at room temperature.

XAFS Data Analysis. The experimental XANES (Figure 2)
and XAFS signals (Figure 3) at the Pd K-edge were treated
using the EDA software packa®fén a way similar to the one
used in the study of the Biand S#" aqua iong! The obtained

XAFS spectra,y(E), were converted to th&-space of the

photoelectron wavevector, defined as

k= y/(2nmVh?)(E — Ey)

mL. The palladium concentration was then 0.02 M in the XAFS where € — Ep) is the photoelectron kinetic energy measured.
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Figure 2. Variation of the normalized absorption coefficients in the
XANES region (full lines) and their first derivatives (doted lines) at
the Pd K-edge. Experimental XANES spectra of 0.02 M palladium(ll)
in concentrated HN@HCIO, acid mixtures (see Table 1) in comparison
with the reference spectrum (Pd(M&H.0),) are plotted on the same
vertical scale and displaced vertically for clarity (from bottom to top):
Pd(NG)»(H20), crystal; SN1 (0.0 M HNG); SN3 (0.5 M HNQ); SN6
(4.0 M HNG;); SN8 (6.0 M HNQ). The energy scale is relative to the
Eo-position. TheEq-position, defining the zero photoelectron wavevector
value k = 0), was set at the maximum of the first derivatives found
by the alignment of the experimental XAFS signals. Main features are
labeled by letters frona to d.
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Figure 3. Experimental XAFS spectra of 0.02 M palladium(ll) in
concentrated HN@HCIO, acid mixtures (see Table 1): SN1 (0.0 M
HNOs), solid thick line; SN2 (0.3 M HNG), dotted line; SN6 (4.0 M
HNO3), dashed line; SN8 (6.0 M HN4D, solid thin line.

The energyEy; was located at the maximum of the first
derivatives (see Figure 2). The experimental XAFS spegtra
(k) given in Figure 3 are multiplied by a factkf to compensate

for the decrease of amplitude with increasing wavevector value.

The experimental XAFS spectra (Figure 3) were Fourier
transformed (FT) with a KaisetBessel window in the 613
A-1range using a photoelectron phase shift and amplitude (Pd
O) corrections. The use of the phase-shift correction allowed

Purans et al.

of anomalous features in the?Srand Lr?* aqua ion XAFS
spectra. In most cases, the multielectron transitions (MET) do
not disturb the XAFS analysis, as their intensities are low
compared to the oscillation amplitude. In the case of Pd(ll),
these anomalies result after FT in humps distorting the base of
the major peak standing for the first-sphere—f@l peak,
especially at low distances & A (see Figure S1 presented in
the Supporting Information). These humps prevent good first-
shell filtering of the experimental XAFS spectra by back Fourier
transform. Therefore, only structural information in the interval
from 1.5 to 4.5 A are presented and discussed in the next FTs.

Results and Discussion

Jargensen and Parthasardtihave demonstrated that, in
concentrated perchloric acid, Pd(ll) aqua ion is the unique
species up to 0.01 M total palladium. It is generally accepted
that perchlorate forms only very weak complexes with most
ions1617 On the other hand, in nitric aqueous solution, at pH
close to zero, Pd(ll) forms a mono-nitrato complex whh=
(1.24 0.4)2 Therefore, concentrated perchloric and nitric acids
were used in this work as the noncomplexing and the most
complexing medium.

XANES Experimental Data. The XANES structure for the
solutions studied (HN@HCIO, acid mixtures) and for the
crystalline Pd(N@)2(H20), sample are very similar and rather
featureless (see Figure 2). Note that the low resolution at the
Pd K-edge, which is due to the large natural broadening and
experimental resolution equal to 7 eV, results in a smearing of
the details in the XANES region. Nevertheless, the singularities
presented well at the first derivatives of the XANES spectra
(see Figure 2). Note that the energy scale is relative tdcghe
position. The Eq-position, defining the zero photoelectron
wavevector valuek(= 0), was set at the maximum of the first
derivative of the experimental XAFS signals. Main features are
labeled by letters frona to d.

A preedge shoulder at abotf eV (indicated bya in Figure
2), the inflection points at about 6 eV and at about 25 eV
(indicated byb andd, respectively), and the maximum at about
15 eV (indicated byc), as well as the singularities at their first
derivatives of the solutions, are very similar to that of crystalline
Pd(NG;)2(H20).. The spectra of the solutions and the crystalline
Pd(NG),(H20), sample superimpose, thus confirming that the
PdQ, square-planar coordination polyhedra are the same.

A typical characteristic of the Pd K-edge region, as for other
4d transition-metal oxides, is the presence of a preedge shoulder
(indicated bya in Figure 2), located below the continuum
thresholdE. It originates from the 1s(Pd)> 4d(Pd)+ 2p(O)
transition, in which the final state of the electron is the relaxed

us to reduce the nonstructural peaks distorting the baseline ancexcited state in the continuum with 4d(Pd) atomic character in

led to a significant sharpening of the FT peaks, allowing a more
precise Fourier filtering and interpretation of data.

the presence of the core hole at the 1s(Pd) level screened by
other electrons. For example, such a transition is forbidden in

Due to the lack of an appropriate solid reference compound the dipole approximation for a perfect octahedron, the preedge

that mimics the possible environment of thePbn in aqueous
solutions, it is extremely important to determine the theoretical

shoulder amplitude depends on the degree of thesRaa-
hedron distortion and on that of the 2p(0)-4d(Pd) hybridization.

phase and amplitude with the highest absolute accuracy. TheThe PdQ configuration is strongly favorable for the 1s(P¢)

theoretical phaseg(r,k) and amplitudesa6(r,k) were calcu-
lated by FEFF6 codé ab-initio quantum-chemical calculation
by using self-consisted potential with complex Hediundqvist

exchange-correlation part. The choice of different clusters that

mimic the possible environment of the®don in the solutions
will be discussed later in the article.

Multielectron Transition Effect. A number of authors has

4d(Pd)+ 2p(0O) transition, which explains the origin of the
preedge shoulder. The nearest group of oxygen atoms gives the
main contribution to the shoulder in the spectra.

However, the interpretation of X-ray absorption near-edge
structure at the Pd K-edge in the solutions has to be done in

the future within full multiple scattering formalism to answer
this point. The preliminary XANES calculation within the full

already discussed (see, for example, refs 21, 22) the presencenultiple scattering formalism on the cluster of Pd({iH-0),
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Figure 4. Part of Fourier transforms (modulus and imaginary parts)
of experimental XAFS spectra of 0.02 M palladium(ll) in concentrated
HNO3/HCIO, acid mixtures: SN1 (0.0 M HNg), solid thick line; SN2

(0.3 M HNG;), dotted line; SN6 (4.0 M HNg), dashed line; SN8 (6.0
M HNOs3), solid thin line. These Fourier transforms have been corrected
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for the photoelectron phase shift using the theoretical phase and

amplitude (see text for details).

15 T T T T
—— Cryst. Pd(NO,), 2H,0
----Sol. 6.0M.HNO,

10 === Theory FEFF6 g

L

4.0

3:0 3i5
Distance R (A)

Figure 5. Fourier transforms (modulus and imaginary parts) of the

experimental XAFS spectra of Pd(N@H:0). powder (solid line) and

0.02 M Pd(ll) n 6 M HNG; solution (dashed line) in comparison with
the theoretical MS FEFF6 calculation for Pd(R&H.0), crystal

1
25

4.5
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visible. While for a low nitrate concentration less than 1 M, as
well as in pure perchlorate solution, small peaks are observed
around 3.0 A (label B and around 3.7 A (label C). Moreover,

a hump appears at about 2.5 A (lab€).ANe conclude that,
with respect to the pure perchloric acid solution, the presence
of nitrate in the mixed solutions greatly increases the second-
shell peak (label B), whereas nitrate has a much lesser influence
on the first-shell peak (label A).

The availability of the crystalline Pd(N§(H20), as a
reference compound is especially valuable for the accurate
structural characterization of nitric acid solutions. The FT
functions obtained under similar conditions for the crystalline
Pd(NG;)2(H20), and the solution of Pd(l1)i 6 M HNO; show
interesting similarities in Figure 5. The XAFS observed for the
solution of Pd(Il) h 6 M HNO; and the crystalline Pd(Ng»-
(H20), indicate that the coordination around palladium is very
similar in the solution and in the crystal, despite the difference
in the amplitude of B and C peaks due to a structural disorder
in solutions. The first peak assigned to the-fbonds presents
the same maximum at a distance of 2.01 (1) A, which is very
close to the mean distances-Rd,, (from H,O molecule) and
Pd—Oy (from nitrate group) found by Caminiti et &*:252.02
A and 2.0 A, respectively. The second peak due to the Pd---N
single scattering contribution is, as expected by calculations (see
below), much wider and flatter in the case of the solutions
(structural disorder), compared to the crystal, and the distance
Pd---N is a little shorter in the solution (2.85 A) in comparison
with the crystal (2.90 A). Therefore, the second-shell interatomic
distance obtained in the crystal is in good agreement with that
proposed by Laligant et &.2.846 A.

XAFS Analysis of Pd(Il) Aqua lon in Pure Perchlorate
Solution. The theoretical phaseg,k) and amplitudeg(z,k)
were calculated by FEFF6 code for a regular Pgquare-planar
cluster using a muffin-tin (MT) approximation with MT radii
of 0.74 A for oxygen and 1.14 A for palladium, as in the case
of reference Pd(Ng)2(H>0), compound (see below).

(dashed doted line). These Fourier transforms have been corrected for  The single-shell XAFS spectra were fitted using the single-
the photoelectron phase shift using the theoretical phase and amp"tUdescattering curved-wave formalism in a way similar to the one

(see text for details).

is shown in the Supporting Information (Figure S2). Further
details will be presented elsewhere (Purans et al.,
published).

XAFS Experimental Data. The XAFS spectra are presented
in Figure 3. The XAFS signals features are very similar among
the high-concentration solutions of HN@—6 M). On the other
hand, the XAFS signals features are very similar among the
low-concentration solutions of HN{Jless than 1 M) and pure
5 M perchlorate solution, while an intermediate XAFS spectrum
is observed for the solutions with intermediate concentrations,
HNO;3; varying from 1 to 3 M. Consequently, the first and second
types of the FT are presented in Figure 4. Finally, the FTs
obtained under similar conditions for the crystalline PdgNO
(H20), and the solution of Pd(I)n 6 M HNO; are compared
in Figure 5.

to be

used in ref 21. The SS contributions, related to the first shell,
were singled out by the back FT with phase and amplitude
corrections in the interval 1-52.5 A. The best fit of the XAFS
signals analysis was performed in theange from 1.5 to 12.5
A-1 For the Pd(HO)2* square-planar aqua ion in a strong
perchloric acid, the use of an FEFF6 theoretical appr&ded

to a first-shell Pe-O,, distance of 2.00 (1) A with four water
molecules and a very small Deby®valler (DW) factor ofo?

= 0.0030 (3) &R. The fitting procedure was also performed for
unfiltered spectra, and the structural parameters determined were
equal (within error bar of experiments) to ones obtained for the
individual filtered first shell.

The refined fitting parameters are in close agreement with
those for the Pt(kD)s2" square-planar aqua ion previously
reported by Hellquist et &.(2.01 A) and Ayala et al. (2.02
A).6 Moreover, the structure of PdgB)2t is also in close

The FTs given present a series of peaks corresponding toagreement with the theoretical parameters of BA(kF " aqua

single-scattering (SS) and multiple-scattering (MS) contributions
of oxygen and nitrogen atoms around the Pd ion. Each FT
presented in Figures 4 and 5 has a first dominant peak well
superimposed at 1:8.5 A with a maximum at 2.0 A (label
A), corresponding to the first coordination shell of -R@.
Moreover, for high HN@ concentrations (36 M) and for
crystalline Pd(N@)2(H20), (see Figure 5), a second peak located
at 2.5-3.2 A with a maximum at 2.8 A (label B) and a third
peak at 3.44.0 A with a maximum at 3.7 A (label C) are clearly

ion reported by Deeth and Eldin¢R.01 A) and recently reported
by the Marcos group (2.00 A$.

Another feature to consider is the possible role of solvent
molecules loosely coordinated along thexis of the planar
complexes. To understand the origin of the peaks in the FT
spectra beyond the first shell, we have additionally included in
the FEFF6 calculation one or two axial water molecules and
eight hydrogen atoms of four water molecules in the plane.
Unfortunately, there is a difficulty in regard to the inclusions
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of hydrogen atoms in the FEFF col&-2627This difficulty @ 4ol : ' : ' ]
exists because the-€H bond is much shorter than the P@
distance, and for the oxygen and hydrogen it is difficult to
determine a good muffin-tin radius: FEFF code gives unrealistic 0.0¢
muffin-tin radii and an overestimation of the backscattering
contribution?1:26.27

Here, to resolve this problem, we have used a known

approximation by substituting the backscatter with the next _1_5.»\/\/\/\/-\,\_.__
chemical element. Thus, hydrogen atoms have been substituted 20 %/\/\/\/\/wvwm;@——

by helium atoms in the FEFF calculation. “Water molecules” . . . : : —]
following the Benfatto et al. pap®ron Ci#™ have been placed 2 4 6 8 10 12
for simplicity in the so-called “dipole” configuration, according Wave number k (A”)

to which the ion, oxygen, and two hydrogen atoms lie in one
plane. Note, that SS and MS contributions in the chain-Pd 15
O—H are not sensitive to the orientation of the hydrogen atoms.
Phase shifts have been calculated using MT radii of 0.35 and
0.65 A for helium and oxygen, respectively, and 1.25 A for
palladium. We have also repeated the Benfatto &t ahalysis NA B

on Cu(ll) in solutions in order to establish the accuracy of this 0 R
approximation. We have obtained the water molecules at a 5 \/ \/ ]

0.5

-0.5

X
=
f,'f 1.0
1
S

G
g
»

FT x(k)K*

planar position copperoxygen distance about 1.95 A and at
apical positions with a coppeioxygen distance about 2.4 A, 10+

while the copperhydrogen distance is about 2.7 A, in good 15 20 25 30 35 40 a5
agreement with previously published resifts. Distance R (A)

We have tested three structural models of'Pd(i) PdOup,
square-planar cluster; (i) Pdgi02ax square-planar cluster with © 15
two axial oxygens; and (i) Pd§HgO2ax square-planar cluster i
with two axial oxygens and eight hydrogens. We have followed o
the Benfatto et ai® analysis by MSXAS and GNXAS codes of !
the XAFS data of Cu(ll) solutions in order to establish the water
molecules at apical positions with a metalxygen distance

about 2.5-3.0 A and a metathydrogen distance about 2.7 A.

The first model was the regular Pggpsquare-planar cluster sk
with Pd—Op of 2.00 A (given by XAFS). The calculated SS |
and MS paths and related XAFS signals, which produce the 10 . : . \ .
largest contribution, are presented in Figure 6a. The two curves 15 20 25 30 35 40 45

in Figure 6a are the PeOy equatorial first-shell SS signals Distance R (A)

and the MS contribution associated with the two linegr-O Figure 6. () Comparison between the theoretical MS XAFS spectrum
Pd—0Op, configurations of the equatorial plane. Note that thermal of PdQ,,HsOzax cluster (solid line) and the raw experimental data
damping was included by multiplying the signals with one DW (dashed line) of 0.02 M palladium(ll) in the concentrated HCIO

factor = 0.003 & (the value obtained for the first shell by ~solution: 1, total calculated MS XAFS spectra of RgiB:0zax 2, SS
contribution from four planar oxygens P@®sy; 3, SS contributions

XAFS). _The FT is shown 'R Flgure S3 (s_ee Supportl_ng from two axial oxygens of PdO,a 4, MS contributions from four
Information). Feature A (2.00. ) is due to the smgle-sg:attermg planar oxygens PeOsy; 5, SS and MS contributions from eight planar
by four oxygen atoms of the first shell. Thg©Pd-0y, signal hydrogens Pd---k Theoretical XAFS spectra are plotted on the same
is responsible for the origin of the third peak C at 3.7 A. The vertical scale and displaced vertically for clarifp) Fourier transforms
calculated (first model) and experimental signals become similar (modulus and imaginary parts) of theoretical XAFS spectrum of the

except for the Bpeak at 2.8-3.0 A and the shoulder'Zat 2.5 PdQypHsO2ax Cluster (solid line) in comparison with the raw experi-
P P mental data of Pd(¥D).2* (dashed line). These FT have been corrected

for the photoelectron phase shift using the theoretical phase and
The second model was Pgl{2ax the regular Pdg square- amplitude (see text for details(t) Partial SS and MS contributions of

planar cluster with two long axial oxygens P@ at 2.5 A the different atoms to the Fourier transform (modulus and imaginary
with the angle @—Pd—0a. = 90°. This model was used to parts) of theoretical XAFS spectra calculated for the RH3Ozx
check the importance of the contribution from axial oxygens Cll:)“;t%r: o!asr}%dl'lme %‘ pealf),SSSS conttr_|é)utt_|on off:‘\zur plar:ar oxygens
(SS signals) versus the SS_ and MS contributions_ from the regularEP d—OzZB)’; SS%:i d Ilri]nee( (szza)k’), totc.':l ncgnltjrilt?LTtign (gsagﬁdolaysg)egi
PdQ,.. The thermal damping (DW factor) was included: one  pygrogens (PetO,—H); dashed line (C peak), MS contributions of
for PdQ, square-planar oxygens (as in the first model) by four planar oxygens PeO4p. These FT have been corrected for the
multiplying the signals with one DW facte= 0.003 2, and photoelectron phase shift using the theoretical phase and amplitude (see
the second for Pdg axial oxygens (loosely bonded water text for details).
molecule) by multiplying the signals with a large DW facter
0.015 & taken as in the fitting results (see below). The contributions associated with the two linear,-€Pd—0Op
calculated SS and MS paths and related XAFS signals, which configurations of the equatorial plane. Note that MS signals
produce the largest contribution, are presented in Figure 6a. Theassociated with the rectangular configurations and th@®-O
total XAFS signal for the PdgOay cluster is also shown in  axial path are negligible in this energy range. The FT is shown
Figure 6a. The three last curves from the top are the Gl in Figure S3 (see Supporting Information). For the second
equatorial and PeO,y axial first-shell SS signals, and the MS  model, the calculated and experimental FT signals become

FT x(k)K*
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TABLE 2: First-Shell Structural Parameters for the Zn2"), controversy exists. For example, in the recent paper of

Aqueous 0.02 M Pd(ll) Solution Obtained from the XAFS Campel et al. is reported that the second shell ofds

gggaré?r?:t%sr:slwﬁsdseulgnafpg 4-fold, 5-fold, and 6-fold responsible only for about 1/3 of the XAFS FT signal at the
position of the second shéll. Therefore, the interpretation of

R 02° the second hydration shell at the Pd K-edge XAFS in the

model paths R (A) (A9 ¢ x 10 solutions has to be done in the future within full multiple
g'(;g'g coord. s 4 2001(5 00032 (3 scattering formalism and MD simulation to answer this point.
pd_oZ'x ss 2 2:5(1)( ) 0.015 (5()) 27 To conclude about MS analysis, the XAFS data strongly
Pd---Hs SS 8 29(2 0.015 (5) indicate that the hydrated Pdion binds four water molecules
Op—Pd-Oy  MS 4 3.9() 0.025 (5) arranged in a square plane at 2.00 A and with a DW factor of
5-fold coord. 0.003 &, and that a further two (or one) weakly bound water
Pd—Oy SS 4 1999 (5) 0.0035(3) molecules are bound at the apical sites at 2.5 A with a great
Pd—0x« SS 1 25() 0.009 (5) 2.2 DW factor of 02 = 0.015 2.
(F;g_;bd_opl ,\SASS f 3? '99((12)) 8 'gzlj ((55)) Lets Compare the Results Obtained with#esly Published
4-fold coord. Data. On one hand, Deeth and E_Idlhglave claimed that
Pd-Op ss 4 1.997(5) 0.0034(3) noteworthy attempts to detect axially coordinated solvent
Pd—0y sSS 0 4.4 molecules by NMR, large-angle X-ray scattering (LAXS), and
Pd-—-H Ss 8 27(2 0.005 (5) XAFS have given negative resuft$. On the other hand,
Op—Pd-Oy  MS 4  39(1 0.028 (5) Caminiti et al?425have applied a “sharpening” analysis of the

aThe coordination number is fixed inside the modeEstimated LAXS data of highly concentrated Pd(ll) and Pt(ll) solutions
errors are presented within parentheses. Values in parentheses refer tin order to establish the water molecules at apical positions with
a standard deviatiorf.N is the coordination numbef.Ris the metat- a metat-solvent distance about 2.8 A. Moreover, calculated by
oxlygen avera?e distanceo? is the DW factor e is the error function Deeth and Elding,metal-axial water distances fall in the range
value (see ref 21). of 2.6-2.8 A with binding energies of about 5 kJ/mol (local

similar also for shoulder Aat 2.5 A. So, the calculated and density approximation LDA) and abotit20 kJ/mol (gradient-
experimenta| Signals become similar (N” And C), except for corrected GC) That iS, the axial water is Weakly bound at the
the B peak at 2.8-3.0 A. LDA level, while the GC calculations suggest no axial binding.
The third model was PdfgHgOzax. The DW factors for the As we have written before, in the final stage of the paper
oxygens were included as in the second model, while for the submission, a new theoretical paj&n the molecular dynamics
hydrogens, the DW factor of 0.015Avas taken as in the fitting  study of the solvation phenomenon for a square-planar hydrate,
results (see below). The FTs are compared in Figure 6b, and[Pd(H,O)4]%", appeared. The first peak at the calculated RDF,
the calculated and experimental signals become similar also forcentered at 2.00 A, corresponds to the first-shell water molecules
the B peak at 2.8-3.0 A. Partial contributions of the SS and  and integrates to four water molecules, while the second peak
MS paths to the total FT are shown in Figure 6c. appearing at 2.67 A integrates to two water molecules. It points
Finally, three different coordination models have been used out that this geometry suggests a dynamical picture in which
in the fitting procedure. In particular, the XAFS data have been the axial oxygens undergo a fast exchange, while the planar
fitted with hydrogen and without hydrogen contribution, as- oxygens undergo a slow exchange, with the second-shell water
suming the presence of four water molecules in the equatorial molecules.
plane and zero, one, or two axial oxygens. During the fitting Thus, our experimental result on the structure of RAJE*
procedure, the coordination numbers have been kept fixed. Thejg 5154 in close agreement with the theoretical model of Pd-
structurjlll parabrlneters hc?lbta;]ned from thedflttlr}g .procedures are 4,0),2+ aqua ion reported by the Marcos group in 2004.
reported in Table 2, while the corresponding fitting parameters XAFS Analysis of Crystalline Pd(NO)s(H:0)s. The MS

are reported in Table S1. The results obtained for the six-, five- calculations were performed by FFEF6 code using the crystal
4-fold- i | h in th . . )
and 4-fold-coordinated complexes are shown in the upper, lographic data of Pd(N§,(H»0),.28 Phase shifts have been

middle, and lower panels of Table S1, respectively. lculated using th fin-tin (MT N h MT
The result of this analysis is that the XAFS experimental data calculated using the muffin-tin (MT) approximation with |
radii of 0.76 and 0.61 A, for oxygen and nitrogen, respectively,

b duced with th , using both a 5-fold . .
can be reproduced wi € Same accuracy, Using both a 1o and 1.17 A for palladium. The choice of the clusters PdgO

or a 6-fold coordination. In particular, the DW factors and the ) h horh .
coordination numbers associated with the axial oxygens are (Ow)2 (see F'gl_”e 1) was based on the orthorhombic PEINO
(H0), crystalline coordinate’.

highly correlated, and this hampers a unique determination of
these parameters. On the other hand, the XAFS theoretical The structure of orthorhombic Pd(NJ(H20), was previ-
spectra associated with the fitted 5-fold and 6-fold models are ously determined by X-ray powder diffraction and refined by
in much better agreement with the experimental data, as the Ritveld method with medium accuratgonsequently, three
compared to the 4-fold one. In particular, in the latter case the coordination shells can be separated on the radial distribution
theoretical curve is not able to completely reproduce the hump function (RDF) around the Pd(ll) ions. The first coordination
appearing at about 2.5 A (labelAeature associated with the ~ shell achieves the square-planar coordination distorted as a
axial oxygens. This finding is confirmed by the increase of the consequence of two types of bond lengths:—Bx, (from H;O,
error function values going from the square-planar model to  2.095 A) and PeOy (from NOs; 1.963 A). The second
the distorted octahedral model. coordination shell contains the contributions from two mono-
However, the interesting question remains: “What is the dentate nitrato complexes: two nitrogen atoms (Pd---N of 2.846
second hydration shell contribution in the EXARS The A) and two oxygen atoms (Pd--;of 2.931 A). The third
problem is usually explained by strong first-shell MS contribu- coordination shell is very purely defined and contains 12 oxygen
tions competing with the second hydration shell sigia# 3! and nitrogen atoms (3.2 to 4.1 A) from the next coordination
Also, in the simplest case, as octahedral aqua iong"(&@nd shell water molecules and NQ and also a contribution from
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TABLE 3: XAFS Parameters of the First and Second Coordination Shells as a Function of the [HNg)/[HCIO 4] Concentrations
in Aqueous 0.02 M Pd(Il) Solutiong

Rlc 012d ch UZZd
sample; [HNQ]:[HCIO] N*S A) (A? N> S A (A3 e x 10
cryst. PA(N@)2(H20), 4.2 (3) 2.006 (5) 0.0030 (3) 2.4(3) 2.91(5) 0.004 20
XRD datd 4.0 2.029 2.0 2.846

SN1;0M:3.75M 4.3 (3) 2.006 (5) 0.0030 (3) 12
SN2; 0.3 M:0.75M 4.3 (3) 2.000 (5) 0.0030 (3) 0.2(3) 2.77 (9) 09004 14
SN3;0.5M:3.25 M 4.6 (3) 2.004 (5) 0.0032 (3) 0.8 (3) 2.82(5) 09004 30
SN4; 1 M:2.75 M 4.7 (3) 2.005 (5) 0.0037 (3) 0.7 (3) 2.87 (5) 09004 19
SN5; 3 M:0.75 M 4.3(3) 2.009 (5) 0.0030 (3) 1.1(3) 2.87(5) 09004 15
SN6; 4 M:2.4 M 4.3 (3) 2.007 (5) 0.0031 (3) 2.0(3) 2.85(5) 0004 7
SN7;5M:2.05M 4.6 (3) 2.010 (5) 0.0034 (3) 2.3(3) 2.85(5) 09004 9
SN8; 6 M:1.75 M 4.6 (3) 2.009 (5) 0.0037 (3) 2.5(3) 2.86 (5) 09004 6

a Estimated errors are presented within parentheses. Values in parentheses refer to a standard tisvimtimcoordination numbet Ris the
metal-oxygen average distanc&o? is the DW Factoré ¢ is the error function value (see ref 21)hese data have been arithmetically averaged
from two types of bond lengths: P®,, (from H,O, 2.095 A) and PgOy (from NOs, 1.963 A) reported in ref & Fixed.

two oxygen atoms (Pd---Qof 4.02 A) of the NQ~ first R,, DW, with N; = N, = 2). Surprisingly, the one-shell model
coordination shell. gives a small fitting error with a reasonable DW factor and
The theoretical analysis of the XAFS signals was performed amplitude of XAFS spectrad\*S = 4.6). In contrast, the two-
within an ab-initio MS model with known crystallographic data shell model with crystallographic distances-Fd of 2.095 A
for a cluster within the 6-A radius, taking into account all SS and 1.963 A gives an unreasonably great fitting error with
and MS paths up to the third order. The comparison of MS and unreasonable coordination numbers. Therefore, only the one-
SS calculations for the clusters of different dimensions allowed shell model fitting results for the first coordination shell is
us to assign different peaks on the experimental XAFS FT. So presented in Table 3.

the cluster within a 4.0-A radius around Pd mimics well the  xAES Analysis of Pd(NOs)n(H20)m Complexes in Solution.
crystal structure of Pd(Ng)(H20). and possible environment  The MS calculations were performed by FFEF6 code using the
of Pd(ll) in nitric solutions. Therefore, the MS calculations were crystallographic data of Pd(N§3(H-O), (see before). The peak
reduced to the radius of 4.0 A. observed at 2.0 A and well superimposed on each XAFS

With the first step, we tried to understand qualitatively the spectrum should correspond both to the-®y, (H,0) and Pd-
nature of the peaks Aat =25 A, Bat24-3.3 A, andCat o (NOy) bonds. This is in good agreement with the fact that
3.3-4.0 A, beyond the first coordination shell in the XAFS  the corresponding two bond distances are very close in the Pd-
_FTs and particularly about the MS contributions. The more (NO3)»(H-0), crystal, as mentioned earlier. Moreover, the peak
important SS paths (4) and all MS (9) paths are for the cluster gpseryed at 2.85 A when the nitrate concentration exceeds 3 M
of 11 atoms Pd@N0x (that mimic well the molecule Pd(Ng- should correspond to the Pd---N distance. This distance is also
(H:0)): two oxygen atoms from the water moleculefat= very close to the value obtained in the case of the PdJNO
2.095 A, two oxygen atoms from the (NJD ion atR = 1.963 (H20), solid compound. The fact that we can observe only a
A, two nitrogen atoms from the (N ion atR = 2.846 A, shoulder at nitrate concentrations as high-a8 M and a small

two oxygen atoms from the (N§p ion atR = 2.931 A, and peak for higher concentration values tends to confirm that the
two oxygen atoms from the (N§" ion atR =4.0268 A that complexation of palladium(ll) by nitrate ions is rather weak
strongly overlap with the third coordination shell around Pd. 4, these concentrations.

The SS calculation (4 paths) gives surprisingly good agreement
with the experiment (see Figure 5). The modulus and imaginary X
parts of these FTs coincide well too. The MS signals give only
a small distortion of the form of the SS contributions. The
modulus and imaginary parts of these FTs coincide well too.
The MS signals produce some contribution in the XAFS region
and to the FT peak C; however, it seems that the MS signals™* . ;
produce a smaﬁ)l contribution in the experimental spectra.gThis with theoretical phases(r.k) and amplitudesa6(r.k) calcu-
result is mainly due to the interference effect between MS lated by FEFF6 code. ) .
signals and, possibly, structural and/or thermal disorder. ~ For Pd(NQ)n(H20)m complexes in the solutions under
To conclude about MS analysis, we suggest that also on theinvestigation, the qne-shell model gives a small_ﬂttlng error with
experimental FTs the main first peak (A) corresponds to SS reasonable coordination numbeté = 4.6), distances, and
processes on the four oxygen atoms, the second (B) correspond®W factors. Therefore, for the first coordlna'Flon shell, one-
mainly to SS from the second shell around a palladium ion shell model fitting results are only presented in Table 3.
formed by the two nitrogen atoms and two other oxygen atoms, Second Coordination Shell Fitting Results and Speciation of
and peak C corresponds to MS contributions within near-linear Pd(ll) in Nitrate-Containing SolutionsThe raw XAFS spectra
Pd—N—0O; chains and the third coordination shell. Its amplitude without Fourier filtering were fitted using two-shell SS formal-
is damped by the dispersion of the distances structural andism (first and second shells). The best-fit analysis was performed

First Coordination Shell Fitting ResultsThe single-shell
AFS spectra were fitted using the single-scattering curved-
wave formalism. The SS contributions, related to the first shell,
were singled out by the back FT in the intervals 4255 A
(AR = 1.0 A). The best fit of the XAFS signals analysis was
performed in th& range from 1.5 to 12.5 AL (Ak = 11.0 A9

thermal disorder. in the k range from 1.5 to 12.5 & (Ak = 11.0 A" with
For the Pd(N@):(H.O), complex in the crystal under theoretical phaseg(s,k) and amplitudes<a6¢r,k) calculated
investigation, one-shell (PeD.,) and two-shell (PO, Pd— by FEFF6 code (see above). The two-shell model gives a small

ON) contribution models were used. We took three fitting fitting error with reasonable distances, DW factors, and coor-
parameters for the one-shell modé&l-&, R, DW), and four dination numbers. Therefore, the fitting results are presented
fitting structural parameters for the two-shell modeg{,(DW;, in Table 3.
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30+ 4 From each set of stability constants collected in Table 4, the
distribution of the Pd(Il) species formed in nitrate media is
calculated and a mean NOIligand number is derived, which
is plotted in Figure 7 as a function of the nitrate concentration.
As expected, the resulting curves appear to depend strongly on
the source used for the thermodynamic data. In Figure 7, the
XAFS results of Table 3 are also reported. The mean ligand
number calculated in the present work appears in good agree-
ment with the values obtained by Jgrgensen and Parthasarathy
as well as Camacho et &for low NOs~ concentrations (less
than 3 M) and confirms thus the weak complexation observed
from spectrophotometric analysis. For high N@oncentrations,
a better agreement is observed with the values proposed by
Tarapcik and derived from solvent extraction experiméhthe
apparent disagreement observed between spectrophotometry and
"0 ' 05 ' 0.0 ' 05 " 10 XAFS results for [NQ@'] > 3 M can be due to the difficulty,

log[NO ] for the former method, to deconvo_luate ac_curately the optical

s spectra when more than three species are simultaneously present

Figure 7. Mean number of nitrate ligand complexing Pd(ll) calculated in the solution. In all the other work&€:13 the Pd-nitrate

from the stability constants given in Table 3 in comparison with XAFS - . .
data: 1 (solid line), XAFS fitting results (this work); 2 (dashed line), complexation has been analyzed by extraction of palladium from

Number of NO,

Camacho et aP:3 (dashed line), Tarapci®4 (dashed line), Shmidt. nitric acid solutions. One of the authors, Shmidt et'ahas

pointed out that the proposed stability constants were calculated
TABLE 4: Stability Constants Published in the Literature assuming that the activity coefficients remain practically constant

source b1 B2 Bs B4 in the considered nitric acid concentration range. The so-

calculateqs; constants can only represent empirical parameters
Jorgensenetdl. 1.2+0.4 P . Lo -
Camacho etdl.  147+008 0.173:0.015 satisfying the expression for the Pd distribution coefficient
Shmidt et aF 14 2 6 between the two phases. Thus, these data should be also used
Tarapcik 3.28 2.13 0.223 0.004 with caution.

aRef 2.5 Ref 9.¢Ref 11.9 Ref 10. )
o Conclusions
From the second shell (Pd---NDcoordination numbers

collected in Table 3, the distribution of the Pd(JgH20)m The hydration of Pd(Il) ions in agueous solutions was studied
species formed in nitrate media can be calculated and a meart room temperature by X-ray absorption spectroscopy. The
ligand number,n, can be derived. These XAFS results are XAFS above the Pd K-edge was interpreted using the MS
reported both in Table 3 and Figure 7. approach. For the Pd@),2" square-planar aqua ion in strong
The existence, in aqueous solutions, of two bound water perchloric acid, the use of an FEFF6 theoretical approach led
molecules at the apical sites of Pf&£l and PdCf2~ ions is to a first-shell P&-O,, distance of 2.00 (1) A with four water
pointed out by Caminiti et @425 using experimental LAXS ~ molecules and very small DW factor of = 0.0030 (3) &.
technique (hump at 2.77 A). They also suggested that in the The experimental XAFS FT signal can be well interpreted by
case of concentrated 0.98.58 M nitrate solutions, Pd(ll) is  taking into account the first coordination shell four planar water
coordinated by two nitrates and two water molecules in the first (2.0 A) molecules and two or one axial water (2.5 A) molecules
shell, each of these first-shell water molecules being surroundedwith great DW factor, and by attributing the high-frequency
by three second-shell water molecules. The mean distanees Pd component (3.7 A) to the MS contribution originating within
Ow (from H,O molecule) and PdOy (from nitrate group) are  four planar water molecules.
found to be close: 2.02 A and 2.0 A, respectively, and cannot  This study has confirmed the formation of Puitrate
be strictly compared to those determined ab initio from X-ray complexes in concentrated HN®olutions. The radial distribu-
powder diffraction data on the solid Pd(NgH20), com- tion functions of these complexes are similar for the solid Pd-
pound® 2.095 A and 1.963 A, respectively, despite the same (NO3)2(H20), with Pd—O and P&-N distances of 2.0 and 2:8
square-planar geometry. Note that the apical sites of,Rd© 2.9 A, respectively. The first coordination shell XAFS spectra
vacant in the crystalline Pd(N$(H,0)s. were fitted to calculate the mean NOligand number around
Speciation of Pd(ll) in Nitrate-Containing Solution. Jar- Pd(ll). The results, obtained at a pH value close to zero, confirm
gensen and Parthasarathlyave demonstrated that in nitric  those published both by Jargensen etahd Camacho et al.
aqueous solution, at pH close to zero, palladium(ll) forms a
mono-nitrato complex with; = (1.2 & 0.4) L mol. 1 . The Acknowledgment. We thank the “Laboratoire pour
value of 81 = (1.47 £+ 0.08) L mol ! obtained recently by  I'Utilization du Rayonnement Electromagtigie” (LURE Or-
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constants,f3;, proposed by these authors are consequently Switzerland) for many helpful discussions.
scattered (see Table 4). Note that in a very acidic medium, the
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