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The determination of the chemical environment of Pb in natural samples is a challenge of great importance in
environmental and health physics. We report a high energy resolution fluorescence detection (HERFD) X-ray
absorption near-edge spectroscopy (XANES) study at the Pb L and Ly absorption edges to determine the chemical
environment of Pb in a series of model and environmentally relevant compounds. HERFD spectroscopy can reveal
increased spectral detail due to an apparent reduction in the core hole lifetime broadening. HERFD spectra of model
Pb(Il) compounds were compared to FEFF 8.4 multiple scattering calculations with reduced peak broadening
parameters, and density of state (DOS) simulations, to determine the origins of the spectral features. A pre-edge in the
L3 XANES is revealed which is shown to arise from hybridization between the Pb p and d states. HERFD spectra of
Pb(Il)-containing environmentally relevant solutions were compared to model spectra and calculations. The results
presented in this paper show that the chemical environment of Pb can be identified from spectral features resolved in
HERFD spectroscopy at the Pb L; edge. The technique provides information that is complementary to conventional
extended X-ray absorption fine structure (EXAFS) spectroscopy.

Introduction

Understanding Pb coordination is of paramount impor-
tance in environmental studies.' Divalent lead (Pb(II)) is a
widespread trace element in soils, sediments, waters and
atmospheric pollutants. The highly toxic effect of Pb(Il) is
believed to be caused by its high binding affinity for thiol and
phosphate groups in enzymes, proteins and cell-membranes.”
At oxidative conditions and neutral pH, complexation to
various oxygen containing inorganic ligands such as phos-
phates, carbonates and hydroxyls, as well as halides and
organic ligands dominate the chemical speciation of Pb(II)
in the environment. In low molecular mass (LMM) organic
ligands, Pb(II) binds mainly to oxygen, nitrogen and sulfur
functional groups, whereas the identity of Pb(II) ligands in
macromolecules such as natural organic matter is less well
studied.® The high-affinity of the Pb®" ion for oxygen func-
tional groups at surfaces of iron(I1I)-oxyhydroxides, as com-
pared to other trace metals, is well-known (e.g.*), whereas
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organic ligands and sulfides compete for Pb(II) under anoxic
conditions.’ Childhood lead poisoning,® crop poisoning,” and
pollution by atmospheric Pb species®® are growing health
issues in polluted regions and require the identification of Pb
species in different complexes.

Extended X-ray absorption fine structure (EXAFS) spec-
troscopy has been used in studies of Pb speciation in soils,
plants and microorganisms.'°~'* Because of a stereochemical
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influence of the lone electron pair in the outer-shell (Pb(II)
has a 5d'%6s” electronic structure), the coordination geome-
tries of Pb(II) are often complex (holo- or hemidirected) and
asymmetric. The number of possible ligands varies; a high
coordination number of up to 12 oxygen donor ligands is
possible, as is a low coordination number of nitrogen donor
ligands, with 4—6 donor O/N/S atoms in the most common
structures.'* The complex coordination chemistry of Pb(II),
combined with a high static and dynamic disorder results in
smeared-out spectral features, and makes it difficult to obtain
higher-shell structural data from conventional Pb EXAFS
analysis.'” Thus, other spectroscopic techniques need to be
developed if the coordination chemistry of Pb(II) is to be
understood in complex matrices such as natural organic
matter and biological samples.

With the increase in the number of synchrotron radiation
sources worldwide, the use of synchrotron based techniques
is now a viable option for more and more researchers in
various research fields. A commonly used technique for
studying the oxidation state and chemical coordination of
atoms in dilute samples is fluorescence detected XANES,
which is often achieved using a Ge detector or photodiode to
measure the fluorescence photons emitted. Ge detectors have
an energy resolution of 0.05,'> whereas photodiodes have no
energy resolution. To resolve spectral features unique to a
particular compound or chemical environment which can act
as a chemical fingerprint, rather than simply observing a shift
in the absorption edge, an X-ray analyzer using perfect
crystal Bragg optics may be used. The experimental broad-
ening in such a setup is greatly reduced and a spectral
resolution can be achieved that is below the core hole lifetime
broadening.'®”'® This high resolution approach is particu-
larly useful in studying heavier elements such as Pb which do
not show fine structural details in conventional XANES. %%
Due to the reduced efficiency of emitted photon capture, an
intense photon source is required for the technique, namely a
third-generation synchrotron.

In this paper we describe the use of HERFD spectroscopy
in studying Pb compounds to measure characteristic spectral
features from different Pb chemical environments, and to
compare these measurements with FEFF calculations of the
HERFD spectra and the Pb density of states (DOS) to
determine the origin of different spectral features. For three
model samples (Figure 1) a full resonant inelastic X-ray
scattering (RIXS) 2D plane was measured by recording the
L;edge XANES spectra over a range of energies covering the
LS5 X-ray emission line. It is important to ensure the equiva-
lence of transitions being recorded in HERFD compared with
conventional XANES by recording a full RIXS plane and
noting the absence of additional peaks away from the HERFD
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Figure 1. Schematic diagrams of the crystal structures used for FEFF
calculations of PbO, PbAc (Pb(O,C,H3),+3H,0), and PbS.
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Figure 2. Comparison of Pb L; edge XANES and HERFD measure-
ments for the standard compounds PbO, Pb(NO;),, PbAc, and PbS, and
full 2D RIXS planes over the Lf5 emission line for PbO, PbAc, and PbS.

diagonal (see Figure 2). We show that characteristic features
for each compound can be resolved using HERFD, thus
providing a fingerprint for Pb within different chemical
environments. Previously reported preliminary HERFD
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studies at the Pb L3 edge show encouraging enhancements in
spectral detail.>' This paper builds upon previous work to give
a systematic characterization of model crystalline and metal-
loorganic Pb compounds. We also measured HERFD spectra
at the Pb L; absorption edge, where increased resolution is
achieved using HERFD although little additional detail is
revealed compared with standard XANES. We show that the
spectra from model powder Pb compounds can be simulated
using the FEFF 8.4 multiple scattering code with reduced
broadening parameters to mimic the effective reduction in the
experimental broadening observed using HERFD. From
these calculations we show the contribution of the Pb p
DOS and d DOS to the L, and L; absorption edges.

Method

X-ray Emission and Absorption Measurements. Experiments
were performed on beamline 1D26 at the European Synchrotron
Radiation Facility. The electron energy was 6.0 GeV with a ring
current of between 170 mA and 200 mA. The incident energy was
selected by using the (111) reflection of a pair of cryogenically
cooled Si single crystals. Higher harmonics were suppressed using
two mirrors with a Pd/Cr coating at 3 mrad. The beam size was
approximately 0.3 mm horizontal and 1 mm vertical. The analyzer
used exploits the Bragg reflection of a spherically bent crystal with
1 m bending radius in the horizontal Rowland geometry: Si(880)
was used for detecting the LS5 emission line (13.014 keV) and
Si(951) for the LS, emission line (12.307 keV). We recorded the
intensity variation of the Lfs (Lf4) line as a function of the incident
energy to record high-resolution absorption spectra at the Pb L;
(L) edges at 13.035 keV (15.861 keV). The emitted photons were
measured using an 200 ym avalanche photodiode (APD). Pb L;
edge (probing 2ps», — nd, n = 6 transitions) HERFD spectra
were recorded for the Pb compounds over an incident energy
range of 13.01—13.10 keV for solid samples and between
13.021—13.057 keV for solution samples. L; edge spectra of the
solid samples (probing 2s — np, n = 6 transitions) were recorded
between 15.82—15.94keV. Full 2-D RIXS planes for the solid model
compounds were recorded by measuring the Pb L3 absorption edge
over a range of emission energies spanning the L35 line. The energy
bandwidth in the incident energy is 1.9 (2.3) eV at the L3 (L;) edge,
and the combined energy bandwidth (incident convoluted with
emission energy bandwidth) is 3.0 (3.5) eV using the LS5 (LS,) line.

The core hole lifetime broadenings of the intermediate and
final states determine the overall spectral broadening seen in
HERFD spectra, as determined from the formula given by de
Groot et al.** as

Typp = 1/\/1/(F1Nr)2+1/(rF1N)2 (1)

where I 4 pp, Ty, and gy are the apparent, intermediate, and
final state lifetime broadenings, respectively. As well as inherent
core hole lifetime broadening, it is necessary to include the
instrumental broadening or energy bandwidth. In this case
the overall bandwidth E;o7is 3.0 (3.5) eV, which is a combina-
tion of the incident (E;y¢) and emission (Eg,,;) energy band-

widths, related by the expression Eror = \/Elvc+Ery,-

E;nc is determined as the incident energy divided by the resol-
ving power of the monochromator (7000 in this case). The
formula for the approximate broadening of the Voigt-type
profile peak f}, obtained by convoluting the Gaussian-type
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Table 1. Core Hole Lifetime Broadenings of the Intermediate (I';y7) and Final
(Trzy) States Used To Record the Pb L and Ly Edges®

Emission line M; (La,) Oy (LPs) M, (LB4)
Edge L3 (2173,/2) L3 (2173/2) L (2s)
Tivr 5.8 5.8 12.2 12.2
Crn 2.8 0.4 7.0 15.0°
Ene 1.9 1.9 2.3 23
Egnr 2.4 2.4 2.7 2.7
Tev*Eenvit = Ti(eq 2) 4.2 2.6 8.0 15.5
Ty*Epyg = Ti(eq 2) 34 2.4 6.7 9.6
Do*Eve = Trorleq 2) 4.3 34 7.4 10.1

“The total overall spectral broadening Tz is calculated using the
instrumental broadening of the incident energy (E;yc) and the emitted
energy (Ega ). The total instrumental broadening is 3.0 eV at the L; edge
and 3.5 eV at the L; edge. “ Tz for the M5 line is not available in the
literature; the number here is estimated to be 7 eV from extrapolation
from available data in the literature*® and is given in the FEFF
calculations as 15 eV, thus both values are included.

profile broadening f; with the Lorenzian-type profile broaden-

ing /1 is™
fr = 0.5346f1+1/0.2169f, > +-15* (2)

We estimate the overall spectral broadening in three steps. First
we convolute the final state lifetime broadening I'z;y with the
emission energy bandwidth Ez,; using eq 2. We use this value in
eq 1 as the final state broadening and determine the broadening
including the contribution from the intermediate core hole lifetime
broadening I';y7 . Finally we include the effect of the incident
energy bandwidth, E;yc, again using eq 2. Table 1 gives the core
hole lifetime broadening of the intermediate and final states for the
spectra presented here,”* with the experimental broadening factors.
The estimated overall peak broadening "7 is calculated using the
method above. For comparison the Lo, line figures are included as
used by Izumi et al.>! to record the Pb L edge. Using the Lgs line we
further reduce the lifetime broadening effects at the Pb L3 edge
compared with using the Loy line and thus achieve an overall
improvement of the spectral resolution, which is in fact dominated
by the experimental bandwidth.

The model lead compounds chosen for study were powders of
PbO (massicot, orthorhombic $-PbO), Pb acetate ([Pb(CHs-
COO0),-3H,0], abbreviated in this paper as PbAc), PbS(galena),
and a 40 mM Pb(NOs), aqueous solution (dominated by >95%
hydrated Pb*>" ions). These model compounds were selected to
provide different Pb-ligand systems, including O, C, S, and Pb*"
ions in solution. The powder Pb compounds (PbO, PbAc, PbS)
were diluted with boronitride and pressed into pellets for
mounting at the beamline. Model aqueous phase compounds
were prepared by adding Pb(Il) (from a 150 mM Pb(II)-nitrate
solution) to different organic ligands relevant for natural waters
and soils, namely glycine (PbGly), cysteine (PbCys), histidine
(PbHist), and desferrioxamine-B (a siderophore, PbDFO-B).
The final concentration of Pb was 40 mM. The ligand concen-
tration and pH were adjusted in order to (when reliable thermo-
dynamic data were available) produce one dominant species as
well as providing a good signal-to-noise ratio for XAS analyses.
The pH was adjusted to 10.4 in PbGly (resulting in >95%
Pb(Gly), complexes, as verified by EXAFS) and to 7.7 in PbCys
(predominance of PbCys), PbDFO-B, and PbHist (composi-
tions unclear). In all solutions some precipitation occurred,
indicating that both dissolved and colloidal forms of Pb-com-
plexes were formed. Measured count rates were determined for
the LS5 line to be 40,000 counts/s for concentrated pellet samples

(21) Izumi, Y.; Nagamori, H.; Kiyotaki, F.; Masih, D.; Minato, T.;
Roisin, E.; Candy, J.; Tanida, H.; Uruga, T. Anal. Chem. 2005, 77, 6969—
6975.

(22) de Groot, F. M. F.; Krisch, M. H.; Vogel, J. Phys. Rev. B: Condens.
Matter 2002, 66, 195112.

(23) Olivero, J. J.; Longbothum, R. L. J. Quant. Spectrosc. Radiat.
Transfer 1977, 17, 233-236.

(24) Unoccupied Electronic States: Fundamentals of XANES, EELS, IPS
and BIS; Fuggle, J. C., Inglesfield, J. E., Eds.; Springer, Berlin, 1992; Vol. 69,
Appendix B.



Article

and 1600 counts/s for the diluted solutions. The beamline is
capable of measuring low levels of Pb in an organic matrix down
to <0.1% or 1 mM, with an excellent signal-to-noise ratio
of >95% (the background counts are <35 counts/s). The experi-
ments here were performed using one analyzer crystal, but it is
possible to increase the solid angle by a factor of up to 20 times, by
adding extra analyzer crystals and reducing the bending radius, to
further improve the count rate. The measurements can also be
made from various bulk sample environments, such as soils and
liquids, making the technique ideal for the study of natural Pb-
containing matter. The samples were checked for radiation damage
prior to measuring spectra by recording the absorption edge region
using a photodiode (for the highest detection efficiency), and the
time taken until a change was seen between two consecutive spectra
was taken as the time limit after which radiation damage occurs.
All the spectra were then recorded on fresh sample spots for a time
less than this radiation damage time limit.

Calculations. FEFF8.4%>2® was used to model the measured
HERFD spectra and to determine the Pb DOS contributions to
the spectra. The code employs full multiple scattering (FMS)
and the muffin-tin (MT) approximation for wave function
expansion, to determine a periodic potential and calculate the
absorption spectrum for the scattering atom. FEFF calculations
were performed using a self-consistent field (SCF) approxima-
tion within a 5 A radius of the central Pb atom and include both
dipole and quadrupole contributions. In fact the inclusion of the
quadrupole component has a negligible effect on the calculated
spectra which are dominated by dipole transitions. The calcula-
tions were performed both with and without the NOHOLE card
to assess the effect of the core hole. Little difference was found
between the two cases; the presented spectra include the NO-
HOLE approximation. The Hedin-Lundqvist self-energy cor-
rection was employed. The high energy resolution was modeled
by reducing the spectral broadening in FEFF using the EX-
CHANGE card (using —5.0 for the L; edge and —4.2 for the L,
edge). This EXCHANGE parameter reduced the tabulated
broadening value applied to the calculated spectra by —5 eV
(—4.2 eV). Spectra calculated for comparison with standard
XANES (total fluorescent yield, or TFY) used the default
EXCHANGE card parameters.

The crystal structures were taken from the current literature
and are shown in Figure 1: PbO (massicot),”” PbAc (Pb(O,-
C,H5),+3H,0),%® and PbS (galena).?® The Amsterdam Density
Functional code (ADF*’) was used to model molecular species.
A single Pb>" ion surrounded by eight water molecules®!' was
modeled to represent a Pb(II) ion in solution in likely coordina-
tion geometries, with Pb—O bond distances constrained to 2.49
A per Rouff et al.*®> ADF was also used to model molecular
species for PbGly and PbCys using bond distances obtained
from EXAFS measurements.*

Results

Pb L3 Absorption Edge. Figure 2 shows the standard
XANES and HERFD data for the model compounds
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PbO, PbAc, and PbS as well as Pb(INOs), in solution.
The RIXS planes are also given for the solid samples. Due
to the increased detail obtained, the HERFD spectra are
easily distinguishable for each compound and thus are
much more useful for identifying a particular compound,*”
conversely it is difficult to identify distinct features unique
to a particular compound in standard XANES. The PbAc
XANES spectrum is similar to that previously reported for
Pb(CH3COO),- 3H,0.** Some differences among the
samples are apparent in both the XANES and HERFD,
for example the higher pre-edge intensity for PbO and
lower pre-edge intensity for Pb(NO3),,,; can be observed
using both techniques. The lower intensity for PbO and
Pb(NO3),,, spectra at 13.046 keV compared with the
other two compounds is apparent in both measurements.
Also the energy of the absorption edge follows the same
trend in both XANES and HERFD spectra as far as
discernible. It can be seen that the PbO spectrum in
particular has the most intense pre-edge and has a post-
edge maximum shifted to higher energies compared with
the other samples, at 13.054 keV rather than 13.050 keV.
Also for the PbS sample, it can be seen that there is a pre-
edge feature which is not a distinct peak but is less
separated from the main edge than for the other samples.

Comparison of HERFD spectra with the full 2D RIXS
planes confirms that measuring the absorption edges
using the high resolution method with a crystal analyzer
does not include any extra information, or remove infor-
mation recorded in standard XANES, as there are no
additional peaks away from the diagonal cut (which
would represent additional electronic transitions). There-
fore the HERFD line scan spectra in Figure 2 represent the
same transitions as those probed in standard XANES.
HERFD spectra are partial fluorescence yield (PFY)
spectra which record one type of secondary process, and
the signal may not be proportional to the absorption cross
section.’® However, it can be seen that the PFY are a good
approximation to the absolute cross section here since the
same features seen in the XANES are also seen in the
HERFD, as described above. The main difference be-
tween the HERFD and XANES in this case is the appar-
ent reduction in lifetime broadening in the high resolution
spectra, allowing the identification of spectral features
unique to each particular compound.

Pb L3 Edge FEFF Calculations. The apparent reduction
in lifetime broadening to enhance spectral details can be
modeled using FEFF calculations as shown in Figure 3,
which compares the measured and calculated Pb L; edge
HERFD spectra for each model compound. The calcu-
lated spectrum for solid PbO shows three main peaks at
the same energies as peaks in the HERFD measurements,
at 13.032 keV, 13.042 keV, and 13.054 keV. A calculation
with standard broadening is also shown for PbO, com-
pared with the TFY XANES measurement. The PbO
calculations for HERFD and TFY XANES show a lower
spectral intensity before 13.054 keV (all spectra have been
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Figure 3. Comparison of measured and FEFF calculated L3 absorption
edge spectra for PbO, PbAc, and PbS solid samples and Pb(NO3), solution.
HERFD and standard TFY XANES are shown for PbO to demonstrate
the effect of reducing the broadening in FEFF. The TFY spectrum for the
Pb(NO3), solution is shown here as the range extends above 13.057 keV.
Calculations for an isolated Pb>" ion coordinated with eight water
molecules are shown for comparison with the Pb(NO;), solution.

normalized at this energy as the maximum intensity
generally occurs here) which may be due to self-absorp-
tion effects; however, self-absorption does not affect the
analysis presented here. The peaks in the TFY XANES
spectrum for PbO are broadened in both the experiment
and the FEFF calculation, making it a difficult task to
confidently identify individual spectral features which are
observable in the HERFD spectra.

PbS crystal calculations based on a galena structure re-
produce the measured spectral pre-edge feature at 13.033 keV
and postedge peaks at 13.041 keV and 13.050 keV, giving a
satisfactory calculation of the experimental data.

The PbAc calculations show a feature at 13.030 keV in
the pre-edge region, and the measured features at 13.049
keV and 13.071 keV are reproduced. However, there is no
obvious sharp absorption edge as seen in the measure-
ments. Thus the differences between the calculated and
measured HERFD spectra here may be due to limitations
in the theoretical model or the atomic positions used in
the calculations. However, this model gives reasonable
agreement with the experimental data in terms of pre-
edge intensity and peak positions.

Both the HERFD and TFY spectra for Pb(NOs),
solution are given, as only the TFY spectrum was re-
corded above 13.057 keV for solution samples. The

Swarbrick et al.
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Figure 4. Comparison of measured and reduced broadening calculated
spectra for PbO, PbAc, and PbS at the Pb L, edge. Inset: Close inspection
of the white line peak positions show the peak at higher energy for PbO
than for PbS. The edge is also clearly shifted to higher energy for PbO
compared with PbS in the HERFD spectra.

spectra show a pre-edge peak at 13.032 keV and postedge
peaks at 13.042 keV and 13.050 keV. From previous
studies of Pb(NO;), solutions it is known that a high
proportion of Pb atoms in Pb(NO3), solution are readily
solvated and exist as Pb>" ions bonded to water mole-
cules. Comparison of the Pb(NOs), solution HERFD
data with the FEFF calculated spectrum for a Pb > ion
surrounded by eight water molecules shows a reasonable
agreement after the absorption edge, although the calcu-
lations give a smaller pre-edge intensity to the measured
peak at 13.030 keV.

Thus from these examples, we demonstrate that FEFF
can be used to satisfactorily calculate experimental L; edge
HERFD spectra providing the nature of the sample is well
understood, i.e. whether the compound can be considered
as a crystal as for PbO and PbS, or if predominantly
solvated Pb ions are present as with Pb(NO3),.

Pb L, Edge Measurement and Calculations. The L edge
was measured for the powder model samples, PbO, PbS,
and PbAc, via standard XANES and HERFD. The
spectra are shown in Figure 4 alongside FEFF calcula-
tions of the L; absorption edge. The calculated broad-
ening for all three compounds was set to —4.2 in the
EXCHANGE card. Although the resolution is improved
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in HERFD compared with the standard XANES mea-
surements, there is no real increase in spectral detail which
can be gained. This is due to the larger final state lifetime
broadening of the LS, line used to measure the L edge,
compared with the Lfs line used for HERFD measure-
ments of the L3 edge. The measured and calcula-
ted spectra for PbO exhibit an increased intensity at
15.895 keV compared with the other two samples. This
increase in intensity at 15.895 keV for PbO is reproduced
by the calculations as is the shift to higher energy of
the PbO white line peak. The increased broadening seen in
the PbO white line compared to that of PbS is due to the
lower symmetry of PbO, which splits the 5p levels and
gives a broader multicomponent white line compared
with that of PbS, which has higher symmetry and
lower energy level splitting, and consequently a narrower
white line.

A limitation of the FEFF calculation method is seen in
the Pb L; edge calculations. The input structure for PbAc
used is that proposed by Bryant et al.”® which has a Pb
atom coordinated to four oxygen atoms in two acetate
molecules, three oxygen atoms from water, and two
bridging oxygen atoms (see Figure 1). This structure is
similar to that proposed by Wang et al.” and Manceau
et al.,'” which have a coordination of Pb with eight
oxygen atoms (rather than nine in the Bryant model).
The structure used in the calculations here is the best
model we have available at present for the PbAc sample,
but it may not be accurate enough to reproduce all the
spectral features seen in the calculations. Most notably,
the white line broadening in the calculated PbAc spec-
trum is broader than that measured. We suggest this is a
consequence of the input model used. FEFF is also
known to be more accurate in calculating the absorption
spectra for solid state systems than for systems involving
organic ligands,** which may also play a role in the
limited accuracy of the applicability of FEFF in calculat-
ing the PbAc spectrum.

FEFF was used to calculate the electron occupation per
orbital angular momentum type for the different atoms.
In PbS the Pb and S s (/ = 0) orbital angular momenta
occupations are both 2.0, with the S p (/ = 1) occupation
at 4.1. These figures suggest highly covalent bonding (for
a system with no charge donation between atoms, we
would expect Pb and S s occupations of 2.0 and an S p
occupation of 4.0). In PbO the Pb and O s (/ = 0) orbital
angular momentum occupations are 1.7 and 1.9, respec-
tively, where the O p occupation is 4.5, which indicates
charge donation between atoms and therefore a more
ionic character. These calculated figures are included as
an indication of the charge donation and to demonstrate
the calculated trend, rather than as absolute values.
The shift to higher energy of the white line is observed
in Figure 4 for the more ionic PbO with respect to the
more covalent PbS and PbAc compounds. The edge and
white line peak energies are strongly influenced by screen-
ing effects due to the charge density in the valence
orbitals. A more ionic system will show a higher energy
absorption edge, while additional screening in covalent
systems lowers the absorption energy. The reduced back-
ground and line-sharpening in the HERFD spectra facil-
itates identification of this edge shift in the white line
peak.
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Figure 5. FEFF calculated Pb p and d DOS for PbO, PbAc, and PbS
powder compounds, compared with HERFD spectra (measured and
calculated). a) At the Pb L edge the spectrum is predominantly the Pb
p DOS. b) Past the Pb L; absorption edge the spectrum resembles the Pb d
DOS, but at the pre-edge region (~13.032 keV) there is p-d orbital mixing
for PbO and PbAc giving a stronger pre-edge intensity. The lack of Pb d
DOS in the pre-edge for PbS means that the pre-edge feature begins at a
higher energy than for PbAc or PbO. The Pb p DOS for PbS is shown at
x 0.5 size for presentation.

Calculated Pb DOS. An examination of the orbital
momentum-projected local density of states (I DOS)
provides detailed information on the origin of the spectral
features. The Pb p and d DOS contributions for the three
crystalline model systems were calculated using FEFF and
are compared with the measured HERFD spectra at the Pb
L, and L; edges in Figure 5. Comparing the calculated
Pb/DOS with the measured L, absorption edges we see the
spectra represent the Pb p DOS. The L; edge arises from
2s—np,n = 6 transitions. The sharper calculated white line
seen for PbS arises from the single sharp peak in the p DOS.
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The white lines in PbO and PbAc are broader than for PbS
as the Pb p DOS is made up of a broader multiple
component peak (vide supra).

At the L; edge we probe 2p;,, — nd,n = 6 transitions.
Only the PbO and PbAc calculations show a significant
calculated pre-edge intensity in the HERFD, where the
Pb p DOS is a broad multipeak feature coinciding with Pb
d DOS intensity. This overlap, leading to intensity in the
pre-edge of the absorption spectrum, suggests that Pb p —
d orbital mixing is present and determines the pre-edge
structure. The L3 HERFD spectrum calculated for PbS
does not exhibit a strong pre-edge peak, and PbS has a
single sharp Pb p DOS peak which does not overlap any
Pb d DOS intensity in the pre-edge region. Thus only
minimal Pb p — d orbital mixing occurs for PbS, and no
clear pre-edge peak is seen. Comparing all the calculated
L; edge HERFD spectra with the Pb / DOS beyond the
pre-edge region (above 13.035 keV) shows the spectral
features to be dominated by the Pb ¢ DOS. This is in
agreement with similar studies on Pb*” and Bi*® com-
pounds where the Pb or Bi d DOS was found to dominate
the main XANES spectral features after the edge.

We conclude that comparison of the L; main edge with
the L; pre-edge spectra provides valuable information on
orbital hybridization where the L3 pre-edge is only re-
solved in high-resolution spectra. A mixing of Pb orbitals
with p and d orbital angular momentum is only allowed if
no local inversion symmetry with respect to the Pb centers
is present. This is the case for strongly distorted PbO and
to a lesser extent in PbAc, while PbS exhibits a very high
(octahedral) local symmetry. Figure 1 shows the crystal
structure for the different compounds. PbO and PbAc
have complex structures which lack inversion symmetry
with respect to the Pb center; these have a significant pre-
edge intensity through p-d mixing. Galena PbS has a
simple cubic type structure with inversion symmetry,
which eliminates the ability for p-d mixing to occur as
seen in the lack of a distinct pre-edge. The lack of a clear
pre-edge in PbS may also relate to the nature of the ligand
and the energy of the outer S s electrons.

Contribution of the Ligand DOS. The O and S s and p
DOS were calculated for PbO and PbS and are shown in
Figure 6 alongside the Pb s, p, and ¢ DOS and the
experimental HERFD spectra. In PbO it can be seen that
the O s and p DOS coincide in energy with the pre-edge
peak and also in this case with the Pb s, p and ¢ DOS.
Previous DFT studies of the bonding in PbO* show that
the crystal arrangement has reduced symmetry to drive
the hybridization between the Pb s and O p, Pb pand O p,
and Pb p and O s DOS, which helps to stabilize the crystal
structure. This hybridization argument agrees with our
calculations which show the DOS occur at the same
energies in the pre-edge region in the O and Pb DOS
spectra.

In PDbS the S p DOS has some intensity coinciding with
the Pb p DOS, but this is at lower energy than the pre-
edge. The first S s DOS peak is much lower in energy than

(37) Masterlaro, V. R.; Neves, P. P.; Michalowicz, A.; Eiras, J. E. J. Phys:
Condens. Matter 2007, 19, 226212.

(38) Jiang, N.; Spence, J. C. H. J. Phys..: Condens. Matter 2006, 18, 8029—
8036.

(39) Watson, G. W.; Parker, S. C.; Kresse, G. Phys. Rev. B: Condens.
Matter 1999, 59, 8481-8486.
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Figure 6. Ligand and Pb DOS calculated in FEFF compared with the
measured Pb L; edge (shifted so the Fermi level is at 0 eV) for a) PbO and
b) PbS. Coinciding intensity between the Pb s, p and ¢ DOS and ligand s
and ligand p DOS indicates hybridization is possible between the orbitals
in PbO.

the pre-edge. The main contribution to the PbS pre-edge
shoulder is the Pb d DOS. For PbO we see that the Pb s, p,
and d DOS and the O s and p DOS all coincide at the
pre-edge, thus showing that hybridization occurs between
these orbitals. We therefore suggest that in PbS the lack in
hybridization between the Pb d and S s and p orbitals as
evidenced by the calculated DOS explains the weak pre-
edge signal at higher energy as compared with PbO. In
PbO we see a strong pre-edge due to extensive hybridiza-
tion between the Pb and O DOS.

Another aspect of the bonding nature of the PbO and
PbS systems is the covalency in the system. The FEFF
calculations confirm that PbS is less ionic (more covalent)
than PbO. We observe that the L; white line peak of PbO
is shifted to higher energy compared to PbS as expected
based on screening arguments. This trend is also seen in
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Figure 7. Ligands used in the environmental model Pb samples:
a) glycine, b) cysteine, c) histidine, and d) desferrioxamine.

the L; main edge position where the edge for PbO is at a
higher energy than for PbAc or PbS. However, we see the
L; pre-edge of PbO at a lower energy than the pre-edge of
PDbS. This is because the L3 pre-edge structure is dictated
by hybridization effects due to Pb p-d orbital mixing,
which give the different pre-edge shapes for different
samples.

Environmental Model Pb Compounds. Four Pb aqueous
model compounds (PbGly, PbCys, PbHist, and PbDF-
O-B) were included in the study and are shown in Figure 7.
The ligands chosen occur at uM levels in natural environ-
ments and represent species of interest in inorganic
chemistry relating to health physics. Importantly, they
also represent possible arrangements of O, N, and S
functional groups in naturally occurring macromolecules
(e.g., humic substances) which are more abundant and
commonly reach mM levels.

Figure 8 shows the HERFD spectra obtained for these
Pb compound solutions with the results shown previously
for the other model systems. All spectra have been
normalized to the most intense measured feature of each
spectrum. All spectra exhibit a peak just after the absorp-
tion edge at 13.042 keV, although very weakly for Pb-
(NOs3), and PbCys. The two sulfur-containing samples,
PbS and PbCys, have the least distinct pre-edge features.
The spectra for Pb(NOs3),, PbHist, and PbDFO-B are
very similar to each other. In PbHist and PbDFO-B, we
see a precipitate which is likely to contain the Pb com-
plexes, and therefore we conclude the solutions which
were measured contained only solvated Pb>" ions. Pre-
liminary EXAFS data and comparison with the FEFF
calculations for Pb with eight H,O molecules support this
proposal of solvated Pb>" ions (Figure 3).

The PbGly and PbCys spectra are different to the
spectrum of Pb>" ions in solution. PbGly shows a large
pre-edge intensity at 13.031 keV and a postedge peak at
13.042 keV. In contrast, the HERFD spectrum of PbCys
shows almost no pre-edge peak, and has postedge peaks
at 13.042 keV and 13.050 keV. EXAFS data®® suggest
that the PbCys and PbGly species consist of two ligands
bonded to Pb to give two ring-like structures, both with
very low inversion symmetry. For PbGly Pb—N and
Pb—O bonds form, which give two ring structures likely
to orient in a hemidirected geometry with an angle of
approximately 140—150° between the two rings opposite
the Pb lone pair (see Figure 9).

In PbCys, EXAFS analysis shows that Pb—S and
Pb—N/O bonds form to give the two ring structures. It
is not possible to distinguish whether the second bond is
Pb—N or Pb—O; however, Rajh et al. report a Pb-cysteine

(40) Li, N. C.; Manning, R. A. J. Am. Chem. Soc. 1955, 77, 5225-5228.
(41) Rajh, T.; Ostafin, A. E.; Micic, O. I; Tiede, D. M.; Thurnauer, M. C.
J. Phys. Chem. B 1996, 100, 4538—4545.
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Figure 8. HERFD spectra of all Pb samples. The Pb(NO;),, PbDFO-B,
and PbHist spectra are very similar to each other, indicating the presence
of solvated Pb>" ions. Two solutions, PbGly and PbCys, are different than
the other solution samples, suggesting Pb complexes existing in solution.
The vertical lines are a guide to relative peak shifts between samples.

structure where the ligand bonds in a bidentate fashion
through S and O.*!' In our studies the Pb—S bonds are
determined by EXAFS and molecular modeling to be
2.72 A long, or the Pb—N/O bonds are shorter at 2.43 A.
EXAFS data indicate that the O and N not directly
involved in bonding to Pb are oriented to be close to the
Pb atom, which is in agreement with early reported
measurements which describe a tridentate-fashion bond-
ing between Pb and cysteine O, N, and S atoms.** The
bond lengths determined by EXAFS are in agreement
with other reported structures'*** of hemidirected Pb-
ligand geometries which occur due to the presence of the
Pb lone electron pair. It is also likely that in our samples
the Pb atoms are coordinated with a number of water
molecules; between two and five coordinations to water
are possible from EXAFS fitting and from the possible
coordination numbers, which can be up to eight for
hemidirected Pb(II) compounds.'* The EXAFS fitting
suggests O/N coordination at a bond distance of 2.71 A.

(42) Marandi, F.; Shahbakhsh, N. Z. Anorg. Allg. Chem. 2007, 633,
11375-1139.

(43) Smolentsev, G.; Soldatov, A. V.; Feiters, M. C. Phys. Rev. B:
Condens. Matter 2007, 75, 144106.
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Figure 9. First approximations of the structures of a) PbGly and
b) PbCys in solution. The bond distances shown in a) are approximate
and have been determined from EXAFS data (Pb—N 2.35 A, Pb—O
2.50 A, Pb—C 2.85 A). The two ring structures are out of plane and are at
an angle of ~140° to each other. The structure shown in b) is a possible
candidate for the PbCys structure, with hemidirected ligation and bond
distances of Pb—S 2.72 A, a short Pb—O/N distance of 2.43 A, and a
longer Pb—O/N distance of 2.71 A. Between two and five water molecules
(not shown) may be involved in the structure opposite the S atoms. The
lone electron pair is indicated on both models.

This contribution may be from the carboxyl-O or amino-
N atoms in the organic ligand or from oxygen atoms from
additional water molecules. The relatively long Pb—O/N
distance may be due to a bond orientation with O posi-
tioned closer to the lone electron pair. The models in
Figure 9 were obtained using molecular mechanics mod-
eling in ADF?® to optimize the geometries within the
constraints noted above. The additional two to five water
molecules bonded to the Pb are omitted for clarity. We
stress that these models are first approximations of
possible structures.

The HERFD spectra for the two compounds containing
S (PbS and PbCys) show similar pre-edge shapes, which
are quite different to the pre-edges for non S-containing
systems. We conclude that the presence of S close to the
Pb atoms (either through the crystal structure in 6-fold
coordinated Pb in PbS or the close positioning of S ligand
atoms in PbCys) contributes to the characteristic less
pronounced pre-edge feature compared with the other Pb
systems measured. From the above considerations of the
ligand and Pb DOS, the presence of S may influence the
Pb p DOS intensity so that it occurs below the pre-edge
region, thus very little pre-edge intensity is seen in materials
or complexes with Pb—S bonding. We can also say
that HERFD spectroscopy is a useful complementary
technique to EXAFS when deducing atomic positions in
complex systems, since we observe a relatively small
improvement in the EXAFS spectral fit using different
Pb—S/O/N bonding arrangements, but we observe a char-
acteristic pre-edge shape for Pb—S interactions in the
HERFD pre-edge compared with Pb—O bonding
(comparing PbO and PbS HERFD spectra).

Swarbrick et al.

In this study it has been found that molecular com-
plexes are more difficult to reliably model using FEFF
than crystalline or solid state materials, and methods
which go beyond the muffin-tin approximation may be
required for more appropriate modeling.** We found that
FEFF calculations of the molecular PbGly and PbCys
systems cannot be used alone to reliably model the
pre-edge features, and comparisons with model systems
such as PbS are more instructive.

Conclusion

In this paper we demonstrate that HERFD is a powerful
tool in enhancing the spectral features in L; absorption edge
spectra of Pb compounds through increased resolution by an
apparent reduction of the lifetime broadening and that these
spectra can be used in chemical speciation studies. HERFD
spectra have been compared with FEFF calculations with
reduced broadening parameters and agree within the limita-
tions of the calculation method. FEFF was also used to
calculate the Pb/DOS in the solid model compounds; from an
analysis of the Pb / DOS we can conclude that the Ly HERFD
spectral shape is governed by Pb d DOS where the pre-edge
arises from p-d hybridization. The interpretation is corrobo-
rated by the L; HERFD spectra that reflect the Pb p DOS.

This paper demonstrates that an understanding of Pb
model compounds (PbO, PbS, and PbAc) through HERFD
measurements and calculations may be used to determine the
ligands in more complex Pb compounds. Pb samples which
model natural systems by incorporation of amino acid
ligands (such as cysteine and glycine) were also measured
using HERFD. PbGly and PbCys samples give unique
HERFD spectra, and we conclude that these exist as molec-
ular complexes in aqueous solution, most likely as two
bidentate ligands per Pb atom bonded through N and O
atoms for PbGly and S and either N or O for PbCys. The Lj
pre-edges of PbCys and PbS can be compared and have a
characteristic shape which we suggest is due to Pb—S bond-
ing, where the S s DOS hybridizes with the Pb p DOS below
the pre-edge absorption region preventing the possibility of a
strong pre-edge peak. Other considerations are the relative
positions of the ligand outer s electron binding energies and
the symmetry of the complex. Using HERFD and FEFF
modeling, natural Pb samples from soils or groundwater
may be analyzed, and the chemical environment giving
rise to particular spectral features can be identified by
comparison to the model compounds in this paper and to
FEFF calculations.
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