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Chapter 1
Introduction
X-ray absorption spectroscopy (XAS) has become important for applications in the material sciences,
geology, environmental science and biology, specifically in the field of molecular biology. The scope of
this thesis is to add more experimental evidence in order to show how applicable X-ray absorption near
edge structure (XANES) is to biology. Two biological systems were investigated at the molecular level
lead uptake in plants and the effect o f silver on bacteria. The two systems were chosen because o f their
relevance for the environment and for medical applications.
Lead is a widespread toxic pollutant (Peralta-Videa et al., 2009). Different methods o f cleaning
contaminated areas have been under research for more than 30 years. Phytoremediation is characterized by
the use o f plants to remove unwanted heavy metals (Salt et al. 1998, Ensley, 2000], This approach is more
ecological and less destructive to the chemistry of the soil as compared to conventional methods such as
chemical extraction (Salt et al. 1998). It is important that the “sewer plants” are carefully chosen to
remove a certain metal and that they store the metal in above ground tissue in large amounts for easy
removal. The mechanisms for the uptake and storage o f the metals by the plants are still not well
understood. Plants (and a lichen) from four different plant families, from a heavy metal meadow near
Keldenich/Kall, Eifel, Germany were chosen for this investigation because o f their natural adaptation to
lead in the soil at high levels as described in the work o f G. Brown (1986, and 1993). His extensive
investigations on the vegetation in this area were conducted together with W. Schumacher at the Institute
o f Geobotanics, Bonn University in order to determine the tolerance for heavy metals and the impact of
the lead toxicity on the plants. Ameria maritima, and Silene vulgaris grow in areas with very high lead
concentration (around 10,000 ppm). Festuca ovina, and Avena pratensis grow in areas with medium lead
concentration (5000 ppm and less) accompanied by humus and fine soil. The lichen Cladonia portentosa
can be found accompanying Ameria maritima, and Silene vulgaris in areas with high lead concentration.
Silver is used in a variety o f biological applications, e.g. as an antifungal agent, as an antibacterial agent
for antibiotic resistant bacteria, and as a silver based antiseptic, (Silver und Phung, 1996; Jung et al., 2008,
Chopra, 2007). Although silver ions (e.g. silver nitrate) and silver nanoparticles are widely used for
diverse antibacterial purposes, the exact antibacterial mechanism o f action has not been elucidated. The
human pathogenic bacteria, the gram-positive Staphylococcus aureus and Listeria monocytogenes as well
as the gram-negative Escherichia coli, were chosen as model organisms for this investigation. They have
been widely used as test organisms when dealing with topics related to antibacterial activity o f silver ions
or silver nanoparticles (Chopra, 2007, Jung et al., 2008, Kim et al., 2007).
The discipline that focuses on the biological processes at the atomic/molecular level is molecular biology,
brought to life in the 1930s with the involvement o f famous physicists such as as N. Bohr and E.
Schrödinger. Their approaches, based on physics, including ideas o f Quantum mechanics, led to a
basically new view o f biology (reductionism). All living things are made o f atoms and follow the laws of
physics. All phenomena that are observed in organisms, no matter how complex, are the result of
molecular interactions (Morange, 1998). The chemical foundation o f some central processes in biology are
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now understood, such as the double helix structure o f DNA, the genetic code, the three-dimensional
structure o f proteins, and central metabolic pathways. The main idea is that “there are common molecular
patterns and principles that underlie the diverse expressions o f life” (Stryer, 1975). Modem techniques to
study molecular biology, i.e. the chemical environment o f the different atoms in biological molecules, are
spectroscopic methods such as UV-visible spectroscopy, Infrared (IR) spectroscopy, energy dispersive
spectroscopy (EDS), electron energy loss spectroscopy (EELS), and NMR. For all these methods
commercially built equipment, which is easy to handle, is available today in most laboratories. This is a
great benefit and helps to get reliable data. UV-vis and IR probe the absorption of light due to transitions
o f valence electrons or vibrations o f the atoms in a material. These two techniques probe energies between
0.1 eV and 10 eV (Atkins and Paula, 2009). At these energies only a few metals have absorption edges in
this region (L and M -edges). EELS is limited to low Z elements (Egerton, 2009). For heavy elements life
time broadening reduces the sharpness o f excitation edges distinctly and beyond an absorption energy of 3
keV the signal is reduced (Ahn, 2004). EDS techniques such as Particle-induced X-ray emission (PIXE) or
X-ray fluorescence (XRF) detect the fluorescence of the emitted photons in order to determine the
elemental composition of the material. No structural information on the chemical environment can be
obtained (Beckhoff et al., 2006; Garman and Grime, 2005. NMR is limited to elements (metals) with
isotopes with an odd Z number. Also, in many cases (e.g. TEM/ PIXE, and IR/UV) a high vacuum is
needed for the measurements (Keeler, 2002). Other methods such as Chromatography, electrophoresis,
and X-ray diffraction (XRD) are limited to the analysis o f (protein) mixtures (Snyder et al., 2009;
Lyklema, 1995) or protein structures in crystalline materials (Warren, 1990).
X -R a y Absorption Spectroscopy (XAS) has proven to be an invaluable tool for the speciation o f the
chemical environment o f specific elements and thus for applications to molecular biology (Prange and
Modrow, 2002). Gardea-Torresdey and coworkers (2002b and 2005) point out the important contributions
o f XAS with regards to answering the above questions. All metals from sodium to bismuth, lanthanides,
and actinides can be investigated using XAS. The key advantages are that XAS is non-destructive, sample
preparations can be minimal, and the measurements can be performed in situ (e.g. aquatic environmental
samples and cultured bacteria in liquid media) (e.g. Prange et al., 2008). Parsons and coworkers (2002),
for example, review the applications and point out the advantages o f both Extended X-ray Absorption
Fine Structure (EXAFS) and X-ray Absorption Near Edge Structure (XANES). With XANES the
electronic and chemical states, i.e. oxidation state and bonding, o f the element under investigation are
represented. In addition XANES gives a three-dimensional picture o f the sample including geometrical
orientations (Parsons et al., 2002). With EXAFS bond lengths, different kinds o f neighboring elements,
and coordination numbers can be determined. One of the key attractions o f XAS is its ability to provide
structural information about non-crystalline systems including solids, fluids and gases. This is unique
information that is generally impossible to obtain crystallographically” (Penner-Hahn, 2005). XAS
measures the absorption as a function o f the energy o f the incoming x-ray photons. The use o f synchrotron
radiation makes XAS so powerful because synchrotron radiation is highly intense and delivers a
continuous spectrum o f energies needed for fine scanning. The XAS spectrum reveals a fine structure
which is directly correlated with the chemical environment o f the absorbing element in the substance. For
each chemical environment, this fine structure is different and characteristic. One approach, the fingerprint
analysis, makes use o f the distinct shape o f the spectrum (fingerprint) by comparing the spectra of
reference compounds with known structure to the spectrum o f an unknown sample in order to determine
the chemical environment. XAS is qualified by several advantages compared to other methods applied to
biological systems such as XRD or TEM. XAS is element specific and detection even o f low
concentrations down to ppm is possible. Measurements with low to high temperatures, with low to high
pressures, in gas environment such as Helium, Nitrogen or Argon can be applied (McNear et al., 2005).
But the method has also some disadvantages. XAS experiments require a synchrotron radiation facility
and are thus very expensive. There is no big library (on the web or elsewhere) yet which, as for IR spectra,
would automate and simplify the application o f the fingerprint method o f XANES spectra and so the
investigator has to make her own library - which is time consuming.
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This thesis is to be seen in the framework o f a systematic approach that was taken up by the Syli group at
the University o f Bonn since 2006, to extend XAS to applications in molecular biology. Previous projects
by members o f the Syli group (M. Schulz, J. Puschra, G.L. Bovenkamp, H. Lichtenberg, S. Weyler) were
based on the following questions in order to narrow the set of unknowns:
1.

Speciation:
• What is the oxidation state o f the metal in the biological environment?
• Is there a change in oxidation state after the uptake?
• What specific chemical coordination does the metal have in the biological environment?
2. What biological relevant molecules have to be modeled?
3. Can we say something about the storage location?
4. What can we say about the uptake and/or storage mechanism?
5. Are there differences in the mechanisms between different plants or kinds o f bacteria?
This approach will also be applied in the present investigation. Using these questions as guidelines,
Puschra (2008) and Schulz (2008) showed in their investigations on the phytoextraction o f chromium in
hydroponic cultures o f wheat and buckwheat in contaminated aqueous chromium solutions that in vivo,
time resolved XAS measurements can be very significant and that nutrition (absence o f nutrition solution)
can affect the results. They confirmed that freezing samples for storage is useful to stop further reactions
within the plant cells. It was shown by Schulz (2008) that for several Cr treated wheat plants the same
results were obtained. This means that plant diversity does not affect XAS. It was also shown that EXAFS
measurements were not very reliable for samples with low concentrations o f the absorbing element
because this increases the effect o f a low signal to noise ratio. For this reason in this project I concentrate
on XANES measurements. Also, it was observed that over long periods of time measurements (EXAFS)
increased effect o f the reduction o f Cr (VI) to Cr (III) by a focused x-ray beam. In my Diplom thesis I
investigated the phytoextraction o f arsenic in hydroponic cultures o f watercress (Bovenkamp, 2008).
These experiments confirmed that drying affects the results o f the XAS measurements so that the bonding
to sulfur was much reduced and exchanged by oxygen. In these measurements, like those on wheat and
buckwheat reported above, change o f the chemical environment (sulfur to oxygen) due to the focused high
intensisty x-ray beam was observed as well. Lichtenberg (2008) focused his investigations on spatially
resolved measurements and sulfur speciation in different biological systems. Examples include roasted
coffee beans, wheat leaves infected with rust fungus, onions Allium cepa L. and Allium sativa, and
microbial mats from sulfidic cave wells. Spatially resolved XRF and XANES measurements (about 50
(im) o f a buckwheat leaf showed the concentration o f Cr in the vessels o f the leaf with a dominant Cr(III)
oxidation state. Spatially resolved XRF and XANES measurements o f infected wheat leaves showed the
effect o f the fungus on the sulfur metabolism o f the plant in great detail. The results o f the sulfur
speciation showed that environmental changes, such as roasting of coffee and infecting with fungi strongly
affect the chemical environment around the sulfur. Weyler (2008) investigated the interactions of
magnetic nanoparticles with tumor cells as a biomedical application of XAS. She showed that XAS is a
valuable tool besides IR, XRD, and TEM to characterize the chemical speciation of, in this case Fe and
Co, nanoparticles before and after the treatment o f the cells. The size o f the nanoparticles affects the
intake o f the cell: smaller nanoparticles are more likely to enter the cell than larger nanoparticles.
While all these projects showed the usefulness o f the application o f XAS on biological systems they also
demonstrate the complexity o f biological system. One major problem in these projects was the limited
availability o f suitable reference compounds. The uptake and storage mechanism could not be determined
from the chemical speciation. Mainly the changes in the oxidation state were discussed.
In the present work these previous findings are combined and complemented with new information to
form a systematic approach: In order to determine the uptake and storage mechanisms a systematic and
extended analysis o f adequate reference compounds including ab initio calculations were carried out and
applied successfully.
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Introduction
The effects o f nutrition on the results obtained by XANES (change o f speciation) are discussed more
intensively together with investigations on the error o f the measurements. The sensitivity with regards to
the lowest concentration that can be measured reliably differs with energy and with facility when spectra
are taken. At the DCM beamline at CAMD for example in the low energy range (2keV - 5keV), the
detection limit is 10 ppm (Merchan, 2012). Summarized, the questions that characterize the hereafter
presented modular system are:
•
•
•
•
•
•
•

What
sample preparation methods should be used (dried, frozen, fresh)?
Can nutrition (from the nutrition solution) o f the biological samples have an effect on the outcome
o f the XANES measurements?
What
is the error o f the measurements and how sensitive (ppm) is the method?
What reference compounds (for XANES fingerprint) are adequate for biological systems?
What methods does XAS provide (XANES, EXAFS, different absorption edges) and the specific
advantages o f XANES and EXAFS?
Can ab initio calculations o f XANES spectra substitute real model reference compounds e.g. for
unavailable reference compounds?
How well can spatially resolved XRF and XANES spectroscopy help to understand the storage
mechanism?

The following set of assumptions laid the foundation o f the strategy/process for this thesis:
•
•
•
•
•

Uptake, change o f oxidation state, and bonding for storage are separate processes.
Biological diversity within a plant species does not result in different XANES spectra.
Life depends on water. Metabolic processes occur in an aqueous environment even though not in
pure water. Aqueous based reference compounds have to be synthesized.
Amino acids are the building blocks o f proteins. In order to study the effects o f metal bonding on
proteins at the molecular level the effect o f metals on amino acids has to be studied.
The complexity o f biological systems infers that more than one chemical reaction can occur at the
same time. On the other hand the number o f components used for the Linear Combination Fitting
(LCF) has to be limited in order to get reasonable results. Therefore only the dominant
contributions to a spectrum can be detected.

Within the investigations on lead uptake in plants the speciation o f lead, including a hypothesis for the
uptake and storage mechanism, could be successfully determined: Most plants do not have a specific
resistance mechanism. The chemistry o f lead plays a critical role in the uptake and storage due to its
sorption behavior. It was determined that lead is sorbed on surfaces such as cell walls inside the plants.
This investigation also included an analysis o f the sensitivity o f Pb L3- and Ag L3-XANES spectra with
regard to their chemical environment. It was shown that Pb L3- and Ag L 3 -XANES spectra are sensitive to
an environment with at least differences in the second coordination shell. For the present system with very
dilute samples these results are more sensitive compared to EXAFS analysis which can only determine the
first shell. Very important information on the antibacterial mechanism o f silver could be gathered applying
Ag L 3 -XANES measurements: Silver binds readily to amino acids, favorably to cysteine in enzymes.
Differences with regard to the bacterial speciation o f gram-negative and gram-positive were detected
which tend to arise from the different cell wall composition.
The non-destructive and element specific properties o f XANES are the key advantages that were very
important for this investigation. However, in both projects the adequate selection o f reference compounds
(requiring in some cases a chemical synthesis) was the critical factor in successfully determining the
chemical speciation successfully and, finally, the possible storage locations and uptake mechanisms in the
plants and antibacterial mechanisms of silver.
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Chapter 2
XAS - Theory and Experiment
The following chapter describes the setup and physics o f an X-ray absorption experiment and also the
theory o f X-ray absorption spectroscopy. Further, the methods o f sample preparation, including synthesis
o f compounds, the handling o f plants or bacteria, and their preparation for measurements are described.
The basics o f X-ray absorption spectroscopy (XAS), the theory, and the experimental realization o f the
method have been described over and over again within the theses o f the Bonn Synchrotron Radiation
group since 1985 and therefore will only be described briefly with emphasis on some features that are of
interest for this thesis. For the experimental setup see especially Chauvistre (1987), Kuetgens (1990), and
Modrow (1997). For more details on the physics of XAS see Modrow (1997), Kuetgens (1990). For
details on XAS theory see Rothe (1997), Modrow (1999 and 2003), and Kühn 2011. For Synchrotrons see
ANKA: Brendebach (2004), Bovenkamp (2008) and CAMD: Modrow (1997), Lichtenberg (2009).

2.1 The Physics of X-ray Absorption Spectroscopy
2.1.1 Basics of XAS
X-ray absorption spectroscopy (XAS) is a very sophisticated tool to analyze materials o f all kinds because
only the local environment of the element of interest is significant (no long range order required). Every
substance has a distinct spectral signature. This qualifies XAS as an excellent tool for the investigation of
non-crystalline biological systems. The analysis o f XAS spectra gives details on oxidation state, geometry,
and the kind o f neighboring atoms. The element under investigation can be chosen because o f the distinct
electron binding energies. There are a number o f introductory texts on XAS available in the literature
(Koningsberger and Prins, 1988, Agarval, 1991, Stoehr, 1996, Teo, 1986, Meisel et al., 1989, Thompson
et al., 2001) and from the Bonn synchrotron radiation group (Modrow, 1997/1999, Rothe, 1997, Kütgens,
1990, etc.) which present the subjects: interaction o f radiation with matter, photoabsorption, and
photoabsorption relaxation processes in detail.
Briefly, the Lambert-Beer law
I = I 0 6 T ^ i(E)X

Eqn. 2 . 1 . 1

describes the attenuation o f radiation o f initial intensity I0 to intensity I at a distance x within a material. |ii
is the linear absorption coefficient at energy E. For XAS experiments, bonding energies o f inner shell
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electrons extend from UV light for light elements (~ 50 eV) up to hard x-rays (~ 100 keV) for heavy
elements. In this typical energy range for XAS experiments, the linear absorption coefficient jii(E) is
dominated by the photo effect. Fine scanning o f the energy to measure the absorption close to the
ionization energy of an inner shell electron in a material reveals a fine structure (see figure 2 . 1 . 1 below).
The energy at which the absorption rises abruptly is called absorption edge and the energetic position is
denoted E0. This fine structure is an oscillatory structure that modulates the (atomic) absorption
coefficient. The fine structure originates from the interaction of an electron excited by photoabsorption
with the surrounding material. In the quantum mechanical picture of the photoelectron as a matter wave,
the oscillatory structure can be explained as interference between waves, leaving the absorbing atom and
the waves that are back scattered from the neighboring atoms according to the scattering effects o f the
chemical environment. This simplified model will be expanded more in the theoretical chapter. Materials
that can be examined with XAS are solids, fluids or gases. Because electron binding energies are element
specific XAS is element specific. Since the interaction o f radiation with matter is mainly o f dipole
character 1 the selection rules for the orbital quantum number Al = ± 1 and magnetic quantum number Am
= ± 1 , 0 apply. With respect to the main quantum numbers (n = 1,2, ...) the inner core transitions are
named K, L, M, and so on. Sublevels are marked by subscript numbers (Lr L 3 or M |-M 5) according to of
the angular momentum number 1 (1 = 0, ± 1, ± 2, and so on). For K or L r edge, etc. transitions s —> p are
allowed; for L 2 ,3 , or M 2 j3 -edge transitions p —> s, d are allowed, and for M4>5-edge transitions d —> p, f are
allowed.
The XAS spectrum is divided into 2 sections, the EXAFS region (Extended X-ray Absorption Fine
Structure) which arises mainly from single scattering processes observable up to 1000 eV above the
absorption edge and the XANES region (X-ray Absorption Near Edge Structure) which includes features
directly below E0, above Eo and the edge region itself (-20 eV to about 50 eV with respect to E0). The
lower limit o f EXAFS is defined through the single scattering approximation. Single scattering occurs
only if the wavelength of the outgoing photoelectron wave X is smaller than the inter atomic distance d. In
this work, I will concentrate on XANES - EXAFS was not a topic. For this reason only the features of
XANES spectra will be discussed in more detail. For details on EXAFS measurements and analysis the
reader is referred to the literature (Teo, 1986 and Koningsberger und Prins, 1988).

2.1.2 XANES
Near edge XANES spectra show distinct characteristics such as pre-edge peaks, a White Line (WL), shape
resonances (SR), and the energy position o f the absorption edge E 0 (cf. figure 2.1.1). After excitation the
photoelectron leaves behind a core hole. The core hole has a certain life time because an atom with a hole
in one o f the inner shells is highly excited, and relaxes through the occupation o f this inner level by an
electron from an outer energy level. The short life times of the inner shell holes result, according the
uncertainty principle, in a broadening o f the absorption line. This is called life time broadening. Tables o f
the natural line widths o f many elements are available (Campbell and Papp, 2001). As was described in
much detail by Agarval (1991), the XANES spectrum is the convolution of many lines with distinct
shapes. The non-modulated absorption coefficient (o.0, related to an environment where no neighboring
atoms are present, is called atomic background. The atomic background can be approximated by an arcus
tangens curve but is, mostly, masked by the features o f the main edge (cf. figure 2.1.1). The position of the
edge E 0 is defined as the first inflection point in the main rise o f |i(E). In cases such as transition metals
(Ti, Co, Fe, and so on), this position can be masked by pre-edge features. This can be seen in figure 2.1.1
for iron metal. Details on the method o f the calculation o f the edge position (Capehart el al., 1995) for
these cases are given in appendix B.4. However, in order to assign a value Eo to every XANES spectrum,
as a compromise, the first inflection point in the main rise o f |i(E) is used as E0. The edge energy E 0 is, in
1 The

contributions of the quadrupole term, or higher terms, of the multipole expansion of the interaction of
electromagnetic waves with matter are very small.
6

XAS - Theory and Experiment
fact, not the same energy as the ionization potential. The ionization potential is the energy when electrons
are excited into the continuum which is also correlated to the atomic background. The position o f the edge
E 0 can shift due to the oxidation state o f the absorbing atom or electronegativity o f the neighboring atoms
(Pantelouris, 1995).

Energy [eV]
Figure 2.1.1: Fe K-XANES spectrum of metallic iron (—) and the atomic background (...)
The White Line (WL) was named after the strong feature just above the absorption edge which was
observed in photosensitive films used to record spectra in early XAS experiments. Other characteristic
features are called pre-edge features and shape resonances. Pre-edge features, and WL peaks arise from
transitions into unoccupied atomic or molecular orbitals (MO) above the Fermi level. Pre-edge features
are related to transitions into forbidden orbitals, while WL peaks arise due to transitions into allowed
orbitals (Behrens, 1992). A comparison o f Pb L r and L3-edge XANES spectra (cf appendix B.3) shows
that for an ionic compound such as lead (II) chloride, the WL at Lr edgc is more intense and narrow
compared to the WL o f covalently bonded compounds, such as PbO. At L3-edge this behavior is reversed.
The reason is that the crystal field splitting effects are stronger for the covalent compounds and this can be
observed better at Lj-edge (Rao and Wong, 1984). All other features after the WL (up to about 50 eV) are
called SR. These characteristic features have their origin in multiple scattering with neighboring atoms.
Multiple scattering o f the photoelectron with neighboring atoms will be discussed further below. Together
the forms and positions o f all the characteristic features o f the XANES spectrum comprise a fingerprint of
the electronic and geometric environment o f the absorbing atom.

2.2 Theoretical Aspects of XAS and the FEFF9 code
Ab initio calculations are becoming more and more important in order to analyze experimental data and
simulate XANES spectra. In this section I will merely quote the main steps in the derivation o f the
equations from basic principles and focus on some key points. For details the reader is referred to the
literature (Rehr et al., 1994, 2000, 2005, 2008, and 2010, Durham, 1988, Stem, 1988, and Bianconi 1988).
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XAS is basically the interaction o f radiation with matter and can, therefore, be described by Fermi’s
Golden Rule:
H(E) « £

| < f|H| i >

|2

* 5(E - Eif ) * p(E)

Eqn 2 2 1

f
Eqn 2.2.1 describes the photoabsorption coefficient |i(E) as proportional to the square o f the transition
matrix element between the initial state |i> and final states |f>, respectively, and summarized over all final
states f into which excitation can occur. The Dirac 8 -function accounts for conservation o f energy, and
p(E) represents the density o f states. The Hamilton operator H o f this interaction can be approximated by a
dipole operator which leads directly to the selection rules (cf. section 2.1). The fine structure arises from
oscillations modulated on the absorption structure which are the result o f interference o f the wave function
o f the out-going excited photoelectron with parts o f this wave backscattered from neighboring atoms in
the material. The scattering path can progress as single (SS) or multiple scattering (MS). The challenge for
the theoretical description o f the process is the correct expression or good approximation of the scattering
matrix elements and inelastic losses. Details will be discussed below.
Single scattering is in general sufficient to calculate the EXAFS part o f the spectrum with the addition of
some corrections regarding multiple scattering and inelastic effects. This reduces the problem greatly and
makes the EXAFS equation
X(k) = ^

S° N r 1cR^" * sin (2kR + 2Sc + <l>)e'2 R/i(k)e ' 2 l,¥

Eqn. (2.2.2)

R

quite transparent: %(k) represents the pure oscillations in k-space. S0 2 is a factor which includes inelastic
losses, N r is coordination number o f neighbors at a certain radius, f(k) is the scattering amplitude, R is the
distance to the neighboring atoms, 8 e is the phase shift, X the mean free path for inelastic losses, and a2 the
Debye-Waller factor which relates to thermal and structural disorder. From these parameters bond lengths
and coordination numbers can be extracted.
XANES, the other part of a XAS spectrum, results mainly from multiple scattering o f the photoelectron
and is also sensitive to the spatial arrangement of the neighboring atoms. Changes in the charge
distribution around the absorbing atom due to different chemical environments can alter core-level binding
energies and thus lead to shifts o f the absorption edge (Durham, 1988). This list o f examples demonstrate
that a variety o f physical effects contribute to the XANES part o f the spectrum. This makes the theoretical
description o f XANES more complicated and different approaches are applied for each code.
In this work the FEFF9 code was used. FEFF was developed by J.J. Rehr, R.C. Albers, A. Ankudinov, B.
Ravel, J. Kas, and others. The real space Green function (RSGF) formalism forms the basis o f the
theoretical approach for this code. It is possible to replace p(E) in 2.2.1 by means of the Green function G:
-ilm G (E ) = £

|f > 5(E - Eif) < f|

Eqn. 2.2.3

f
G can be written with the path expansion
G = G° + G°TG° + G°TG°TG° ...

Eqn. 2.2.4

with the scattering matrix T. G describes all possible paths ways that the photoelectron scatter with the
neighboring atoms within its life time. For full multiple scattering all possible paths have to be used and
the limit o f the path expansion is calculated using matrix inversion:
G = (1 — G°T)_ 1 G°

Eqn. 2.2.5

The material of interest including the absorbing atom (core atom) is treated as a distribution of atoms in
real space which is incorporated into the formalism in form o f a spherical muffin tin geometry (see figure
2.2.1). Centered on each atom a spherical scattering potential is assumed to be non-overlapping while the
interstitial potential between the spheres is approximated by a constant potential. The muffin tin potential
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is the sum o f the contributions from the two regions (atomic potential and interstitial potential) including
some overlap to approximate the crystal lattice structure. The Hartee-Fock method is used to calculate a
self-consistent field (SCF) from the muffin tin potential, instead o f a more time consuming fall potential
calculation. The multiple scattering calculations are based on the separation o f the scattering potential into
the potential of a single scatterer at the location o f the central atom, and all other scatterers (“scattering
part”). This gives the factorization o f |i into jo. = p.0 (1+ X) which reveals how the structure in XAS depends
on the atomic background |i 0 and the pure oscillations o f the fine structure %(Rehr and Ankudinov, 2005).
The scattering has to be described by a series o f scattering contributions (single, double, and other
multiple scattering) and, for XANES calculations, all paths have to be included (Full multiple scattering FMS).

j
Figure 2.2.1: Representation of the muffin tin potential as non-overlapping spheres (from: Mihelic, 2002)
In the present work theoretical calculations o f XANES spectra using the FEFF9 code were applied to Pb
L3- and Ag L 3 -edge. Compared to earlier versions, the improvements for FEFF 8 and 9 codes are
a) the incorporation o f self-consistent potential and fall multiple scattering calculations,
b) ab initio Debye-Waller factors,
c) improved treatment o f inelastic losses, and d) improved treatment o f the effect o f the core-hole.
These improvements yield increasingly better agreement o f experimental and calculated XANES spectra
(Rehr et a l, 2008). While theory o f EXAFS is rather straight forward and evolved rather quickly and
version FEFF 6 was already able to simulate EXAFS, the simulation o f XANES spectra is still not always
satisfactory (Kas et al., 2007). Certain approximations are not yet evolved enough so that differences still
occur. The problems include the effects o f inelastic losses and, in some cases, the atomic background. The
term “inelastic losses” includes all effects o f dampening which give the final photoelectron state a finite
lifetime which farther results in broadening of the spectrum (Rehr and Albers, 2000). Intrinsic losses refer
to excitations in response to the creation o f the core hole. The transition o f an electron in the XAS process
from a deep core level into an unoccupied orbital results in the creation o f a core hole. The creation o f a
positively charged core hole changes the effective potential seen by the remaining electrons. This, in turn,
leads to changes o f the photoelectron wave function and a modified x-ray absorption coefficient. A fally
quantitative treatment o f the effect of the core hole in XAS is not yet developed. So usually the “Final
State Rule” is applied. This Rule states that the final state should reflect sufficient screening o f the core
hole (Rehr and Albers, 2000). Other examples o f intrinsic losses are shake up or shake off excitations, and
when more than one electron is excited (Kuetgens, 1990). When the photoelectron loses energy on its path
in the solid, e.g. by inelastic scattering or excitations (plasmons, electron-hole pairs), these are extrinsic
losses. In order to calculate these losses, the one electron approximation is used. In the one electron
approximation only one electron is regarded as active, while the other electrons o f the atom form an
effective potential, thereby screening the core. In this way the active electron can be described using the
one electron Schrödinger equation. In the process o f self-consistently calculating the effective potential
using variational methods (Hartee and Hartee-Fock (HF)), an additional term presents itself. This
corrective term is called the exchange correlation potential (ECP) Vx which reveals the correlation o f the
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“passive” electrons to each other according to of the Pauli-Exclusion-Principle 2 which was ignored
initially. The HF approach is non-local because the exchange term contains the inverse o f the distance of
the passive electrons to each other. The calculation of the exchange term in the HF approach is based on
the Coulomb-Potential, (Cohen-Tannoudji 2 1977, Schwabl, 1992). If the charge density p(r) of the
system varies only slowly over one wavelength 3 o f the photoelectron, which is a good approximation for
EXAFS4, the self-energy can be approximated by a local exchange potential (Chou et al., 1987). These
local density approximation (LDA) methods are based on the idea by Thomas and Fermi, which regards
only free electrons within a Fermi sphere o f radius pk in momentum space to calculate the density o f states
as:
n= ^4

Ecln- 2-2-6

3u

within that sphere. Here the momentum is replaced by the wavenumber kF = p FIh. If the local charge
density is known then the wavenumber can be calculated:
kF =

V 3 n 2 p (r).

Eqn. 2.2.7

Three main approaches to calculate the exchange correlation potential are used: the ground state
approximation (Xa), the Dirac-Hara potential, and the Hedin-Lundquist self-energy. In the ground state
approximation Vx is calculated as a statistical average over all occupied states which leads to
Vx ( r ) = - g k F.

Eqn. 2.2.8

The parameter a is tabulated for each element o f the periodic table o f the elements (PSE) (Z < 41). This
potential is independent o f the kinetic energy o f the photo electron and does not include inelastic losses,
therefore, overestimating |i(k) for higher energies where it should decrease. The Dirac-Hara approach
accounts for the energy dependence by including the momentum o f the photo electron approximated
through the local momentum p =

(k 2 + kF2)ft of a plane wave. This gives
Vx (r) = - ^ k Ff ( J ) .

Eqn. 2.2.9

With
f(x) = 1 + i ^ l n
2 x

I—
|
'l + x1

Eqn. 2.2.10

For a = 2/3 the expression for Vx reduces to eqn. 2.2.8 for the ground state exchange potential at the Fermi
energy. For high energies o f the photoelectron Vx becomes directly proportional to the charge density p(r).
This potential still does not include the energy loss of the photoelectron due to inelastic losses. Inelastic
losses can be incorporated for both potentials in the form o f additional broadening 5 (Sainctavit et al.,
2006).
In the third approach by Hedin and Lundquist, energy loss is accounted for by E(E) which is called the
self-energy. The self-energy is a complex function where the real part is the sum o f exchange and
correlation energy and the imaginary part, including the dampening, describes the photo electron within
the potential o f a free electron gas approximating the electron-gas dielectric function. For further details
see Chou and coworkers (1987). This electron gas model is only really valid in metals and comparison
with experiments shows that the HL-exchange potential is more suitable for metals. When the degree of

2This is the only difference between the Hartee- and Hartee-Fock-Method.
3 More precisely: local de Broglie wavelength of the photoelectron.
4 Problems with XANES are discussed below.
5 Broadening can be included by convolution of Vx with a Lorentian function.
10

XAS - Theory and Experiment
spatial localization and charge inhomogeneity due to local field effects, increase, this model fails. In this
case only the two previously described models, ground state and Dirac-Hara can be used, but the results
obtained with these potentials also do not always agree with the experiment.
Finally, I want to focus attention on the calculation o f the atomic background |i0- Within theoretical
calculations the atomic background has to be distinguished from the excitation into the continuum
described above (section 2.1.2). The multiple scattering approach includes the calculation o f the atomic
background:
|i 0 = |< c | Hem | RL > |

2

Eqn. 2.2.11

where |c> is the initial state o f the absorbing atom, Hem represents the interaction o f the radiation with the
matter (i.e. the atoms in the material), again in the dipole approximation and RL are radial functions that
represent the final state. The atomic background absorption (i0 is given by the absorption for an atomiclike
state which is defined by a central potential, instead o f a “free atom” potential. For further details (Rehr et
al., 1994 or Rehr and Albers 2000).

2.3 Synchrotron radiation
Synchrotron radiation, or synchrotron “light”, is emitted when a charged particle is forced to move in a
macroscopic circle at about the speed of light. For XAS experiments synchrotron radiation is used to
obtain high energy resolution for a wide range o f energies with high intensity. The light is continuous and
ranges from infrared up to x-ray energies. The intensity o f this light in the x-ray range is several orders
higher than light from ordinary x-ray tubes. Finally, synchrotron radiation is strongly linear polarized
which is useful in certain applications, e.g. fluorescence measurements (Bunker, 2010). A detailed
description o f synchrotron radiation and its properties can be found in, e.g. Krinsky et al., 1983, or Wille,
2 0 0 0 . 1 will limit my presentation o f the subject to a bare minimum, because synchrotron radiation sources
and the generation of synchrotron radiation were described already many times by other members o f the
synchrotron radiation group o f Bonn University: for CAMD, e.g. Modrow, 1997, Lichtenberg, 2009, and
for ANKA, e.g. Brendebach, 2003, Vitova, 2008.

Figure 2.3.1: Comparison of the radiation pattern of a) non-relativistic and b) relativistic electrons (from: Wille,

2000 )
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The radiation o f a relativistic electron is focused into a cone with half angle \p which is directly correlated
with the relativistic factor y as xp = 1 /y (see figure 2.3.1)6. The optical characteristics of a synchrotron
light source depend on the maximal speed o f the electrons in the ring, the spatial distribution o f the
electrons in orbit, and on the character o f the emission process (e.g. bending magnet, wiggler, or undulator
(Koch, 1983)). The current decreases in time due to loss o f electrons through residual gas scattering with
the molecules o f the imperfect vacuum and Touschek scattering o f the electrons in the bunches. The
characteristic energy o f the synchrotron radiation source Ec is an important value, because from this value,
the maximum energy (reasonable) for XAS experiments can be derived. As a rule of thumb Emax can be
calculated as Emax ~ 10 ■Ec (Modrow, 1997). The physical properties of the ring, i.e. the energy of the
electrons ER and the ring size p (orbit at bending radius), determine the characteristic energy which can be
derived from:
2 .2 1 8 -E R3[GeV]
Ec keV = ---------- - V ----- pfm l

,
Eqn. 2.3.1

For CAMD Ec= 1.66 keV; for ANKA Ec= 6.24 keV.

2.4 The XAS experiment
2.4.1 Experimental setup and Instrumentation
In a nutshell, synchrotron radiation is monochromatized using a set o f parallel crystals in a double crystal
monochromator applying Bragg’s law:
n ■A = 2 - d - s i n 0

Eqn. 2.4.1

with n: order number, X: wavelength o f the reflected light, d: spacing o f the crystal, 0: Bragg angle. Slits
are used to collimate and mirrors to focus the incoming beam onto the sample position.

Figure 2.4.1: Experimental setup of ä XAS Experiment e.g. INE Beamline (aus: Baumbach et a/., 2005).

6 Because of the transformation from the electron center of gravity system into the lab system
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The end-section of this experimental setup, called beamline, consists o f ionization chambers to measure
the photon current and o f an energy dispersive semiconductor detector, positioned at 90° angle with
respect to the incoming beam, to measure fluorescence photons. The layout is displayed in figure 2.4.1.
Table 2.4.1: Properties of crystals used for XAS monochromators (maximum range theta = 13° to 65.5°)
Material
Beryll(1010)
YB66(400)
lnSb(111)
Si(111)
Ge(220)
Si(311)
Si(400)
Ge(422)

Planar spacing
2d (A)

15.954
11.76
7.481
6.271
4.000
3.274
2.715
2.306

Emin
(KeV)

0.85
1.16
1.82
2.17
3.41
4.13
5.04
5.91

Emax
(KeV)

3.46
4.69
7.37
8.79
13.78
16.8
20.3
23.90

Absorption edges (examples)

AIk, SiK, Na«
AIk
P k, S k,CIk, PbM, PtM, Aum, PdL,AgL
TiK, Vk, Cr«, MriK, FeK, C ok
TiK, VK, O k, FeK, ZnK
C u k , ZriK, A s k , A u l , Pbi_, Pti.
C uk, ZnK, As k, Aul , PbL, PtL UL3-ZrK
C u k , ZriK, A s k , A u l , PbL, PtL

A double crystal monochromator with parallel crystal setup (Lemonnier et al., 1978) is preferred for XAS
experiments because the incoming and exiting beam are parallel to each other. This way the
monochromatized beam is fixed on the sample position while the energy is scanned. Both beamlines,
DCM and INE, use a monochromator developed in Bonn. The energy range is determined by crystal type
and spacing (2d) within the angle range o f 0min= 13° and 0max= 65.5° (for the Bonn monochromator Chauvistre, 1987). Table 2.4.1 gives an overview of crystal types and their energy range for this
monochromator.
The XANES spectrum is the convolution o f absorption lines as discussed above. The observed absorption
lines are broadened because o f the finite size o f the energy window of the setup. The experimental
broadening r cxp of the setup depends on several factors including the length o f the electron bunches, the
vertical divergence of the beam delivered from the synchrotron storage ring, and the width of the reflection
profile for each crystal set (for details on the calculation see Appendix A, Chauvistre, 1987, Kuetgens, 1990,
and Modrow, 1997). In addition to the experimental broadening, natural broadening rnat of absorption lines
has to be considered because o f finite life times (life time broadening). Both broadening contributions can be
approximated by the convolution o f a Gauss function and a Lorentz function which is called a Voigt profile
(Wertheim, 1974). The whole broadening is a weighted sum o f the natural broadening and the experimental
broadening (Wertheim, 1974). The broadening values for the energies used in this dissertation are listed in
table 2.4.2. Further, the motor is a stepper motor which results in a minimum step size at each energy. Table
2.4.2 shows that this limitation does not affect the measurement of the absorption lines, but the energy
position of the absorption edge E0 has an error o f one motor step AE = ± min step size.
Table 2.4.2: Natural line width compared with experimental resolution. Ref: a) Krause and Oliver, 1979 and
Campbell and Papp, 2001, b) Modrow, 1997, and Denecke et al., 2005 (for high energies)
Absorption edge
E0(in eV)
P K(2150)
S K (2472)
Pb M5i4 (2485)
Cl K (2622)
Pb M3 (3066)
Ag L3 (3351)
Pb L3 (13035)
Pb Li (15860)

Nat. line width (in eV)a
r nat(in eV)

0.53
0.59
2.5
0.64
9.0
2.4
6.48
12.2

Exp. Broadening”
r cxp(in eV)

0.4
0.5
0.6
0.6

0.9
1.0

2.5
3.4
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Sum. broadening
r sum(ineV)

0.93
1.09
3.1
1.2

9.9
3.4
8.96
15.6

Min step size
AE (in eV)

0.03
0.05
0.05
0.06
0.08
0.1

0.5
0.77
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After monochromatizing,thephotons are led into the end-section o f thebeamline inorder to measure |i(E).
For concentrated samples,the absorption |i can be measured directly by applying thetransmission mode
which derived from the law o f Lambert-Beer (cf eqn. 2.1.1) into:
H(E) oc In

Eqn. 2.4.2

The absorption coefficient |i(E) is determined by measuring the photon current before the sample (I0) and
behind the sample (Ii). If another ionization chamber (I2) is installed behind Ii, a standard (e.g. metal foil)
can be measured at the same time with the sample. This standard is used for energy calibration purposes.
Diluted samples with less than 1% concentration o f the absorbing element are measured in fluorescence
mode where the semiconductor detector collects the fluorescence photons (If) that are emitted as response to
absorption o f the incident beam (I0) by the sample. Fluorescence and Auger electrons are the two relaxation
mechanisms of atoms excited by x-ray radiation (Newville, 2004). For fluorescence detection the absorption
coefficient |i(E) is described by
H(E) oc In ( p )

Eqn. 2.4.3

Eqn. 2.4.3 is an approximation and only valid if the sample is thin and diluted, so that no self-absorption
occurs. Also, the sample should face in the direction o f 45° with respect to the setup (Bunker, 1988).
For the Pb-L3- (13035 eV) and L r edge (15860 eV) experiments, carried out at the INE beamline of the
synchrotron light source ANKA with an energy of 2.5 GeV, Ge(422) crystals for the Double-CrystalMonochromator were used. Earlier experiments at Pb-L3-edge were carried out at the INE beamline, using
Si(311) crystals for the Double-Crystal-Monochromator. In 2007 the synchrotron was operated with reduced
energy (2.4 GeV) and Si(311) crystals were used. Spectra of the same compounds measured with both
crystal pairs at Pb-L3-edge show small differences in energy resolution. These differences and their effect on
XANES spectra will be discussed in Chapter 3. The main focus o f the research conducted at INE beamline,
however, is on actinides. XAS experiments in the energy range of 2.3 KeV up to 23 KeV are possible. At the
sample position with an energy of 12 KeV and focus o f about 1 mm2, the current is about 10" photons/sec.
For measurements at Pb L-edges, the ion chambers were filled with argon under ambient pressure. The
specifics o f the INE beamline are described in detail by Denecke and coworkers (2005).
Table 2.4.2: Parameters for the XANES measurements at Pb edges (incr. = increasing step size due to
equidistant k steps)
Edge (step size in eV)
Pre-edge region 1
Pre-edge region II
Main-edge region
Post-edge region

Pb L,

Pb L3

S K/ Pb Ms

Pb M4

15710 -15810 (5)
15810-15830 (0.5)
15830- 15910 (1)
15910-16100(0.8
incr.)

12885-12985 (5)
12985-13005 (0.5)
13005-13085 (1)
13085-13275 (0.8
incr.)

2440-2460(1)
2460 - 2465 (0.5)
2465-2520 (0.1)
2520 - 2580 (0.3)

2520 - 2580 (0.3)
2455-2620 (0.1)
2620 - 2680 (0.3)

Table 2.4.3: Parameters for the XANES spectra at the Ag, Cl, P, and S (without Pb) edges
Edge (step size in eV)
Pre-edge region
Main-edge region
Post-edge region

Ag Lj

Cl K

3300-3330(1)
3330 - 3400 (0.2)
3400 - 3500 (0.5)

2780-2810 (0.7)
2810-2860 (0.15)
2860 - 2950 (0.5)
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SK

PK

2440 - 2468 (0.5) 2100-2140 (0.5)
2468-2485(0.1) 2140-2160 (0.1)
2485 - 2520 (0.3) 2160-2200 (0.3)
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Measurements at Pb M s^-edges (2584 eV, 2684 eV and 3066 eV), Ag L3-edge (3351 eV), Cl K-edge
(2822 eV), S-K-edge (2472 eV), and P K-edge (2145 eV) were carried out at CAMD, USA with an energy
o f 1.3 GeV using I nSb( l l l ) crystals. The energy range o f this beamline is 1.0 KeV up to 13 KeV.
However, the low ring energy o f 1.3 GeV makes this beamline rather suitable for low energy
measurements. The specifics o f the DCM beamline were previously described in detail by Lichtenberg
(2009). More information on the specifics o f low energy measurements can be found in Chauvistre (1987).
For calibration the energy o f the maximum o f the first derivative o f the corresponding metal foil7 was set
to the energy value o f the selected edge, i.e. Pb L-edges and Ag L3-edge
For Pb-M edges, P K-edge, and Cl K-edge the energy calibration o f S K-edge was used because these
edges are close to S K-edge. Calibration at S-K-edge was performed by setting the White Line maximum
o f Z n S 0 4 to 2481.4 eV. This calibration is permanently used by the Bonn synchrotron radiation group at
low energies (Chauvistre, 1992). Parameters for the XANES spectra at the specific Pb edges are
summarized in table 2.4.2 and parameters for XANES spectra at the Ag L3, Cl, P, and S K-edge are
summarized in Table 2.4.3. All measurements at Pb L-edges were performed under ambient air pressure
and room temperature conditions. All measurements at low energies were performed under reduced
pressure with 20 Torr at P K-edge, 44 Torr at S-K-edge /Pb-M 5 -edge, 50 Torr at Cl K-edge, and 6 6 Torr at
Ag L3-edge nitrogen inside the beamline and ionization chambers (according to Chauvistre, 1987).
Measurements at Fe (7112 eV) and Zn (9659 eV) K-edges (appendix D) were also carried out at CAMD.
The parameters for these experiments are a) Fe: 6962 eV to 7042 eV step size 5 eV, 7042 eV to 7092 eV
step size 2, 7092 eV to 7162 eV step size 0.5 eV and 7162 eV to 7312 eV step size 1 eV; b) Zn: 9509 eV
to 9589 eV step size 5, 9589 eV to 9639 eV step size 2, 9639 eV to 9709 eV step size 0.6 eV, and 9709 eV
to 9859 eV step size 1 eV.

2.4.2 Data analysis
The analysis o f the chemical environment o f an unknown sample exploits the fingerprint character of
XANES spectra and involves the comparison of the spectra o f the unknown sample to the spectra of
substances with known structure. For this reason, for most experiments, selected reference materials are
measured under the same conditions as the unknown sample (whereas transmission and fluorescence
mode are regarded as same conditions). The raw data are normalized to remove different experimental
conditions, such as different absorption due to sample preparation. The first part o f the normalization
process is the removal o f the background. The background arises mainly from the decreasing absorption
coefficient from higher shells with increasing energy (Bunker, 2010). The background can be
approximated by the Victoreen function (Victoreen, 1948). For XANES spectra it is sufficient to
approximate the background using a linear function by selecting 2 points (Modrow, 1997). The members
o f the Bonn synchrotron light group previously used a manual method o f normalization by selecting the
two points for the linear function by hand. This method is described in by Modrow (1997). In the present
work a new method o f normalization and analysis, using the ATHENA program o f the IFFEFIT package
(Ravel and Newville, 2005), is introduced in order to automate this process and to make the process
reproducible. The second part o f the data preparation is called normalization. For normalization the height
o f the edge step, i.e. the difference between the background function and a post-edge function at the
position o f the edge is determined and divided from every point o f the post-edge to get the absorption of
one on in the post-edge region.
The ATHENA program provides the following tools for the data analysis:
1. Alignment: At the same time with every measurement a standard (e.g. the lead metal foil) can be
measured. For the analysis, one o f the spectra o f this standard foil is chosen for o f the best signal

7 For silver not metal foil was available for low energies. A silver metal flake sample was prepared from
powder for calibration
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2.

3.

4.
5.

to noise ratio. In order to set the absorption edge E 0 to the value o f the specific edge and define the
energy scale the maximum of the 1st derivative is determined for the selected spectrum. Finally,
the whole derivative function of the standards o f all other measurements is aligned to the
derivative function o f the selected standard. This method allows the minimization o f the error in
calibration because the alignment includes the complete (differentiated) spectrum o f the standard,
instead o f only adjusting the spectra with regards to the one value o f the maximum o f the 1 st
derivative. The error o f the determination o f the 1st maximum o f the derivative depends on the
step size of motor which is different for different crystal types and energy. However, experience
teaches that the maximum o f the 1 st derivative is mostly not easy to determine because the
derivative is rarely a smooth spectrum with one clear maximum (see figure 2.4.2, below). The
reason for the glitches and (noise) of the derivative is that the motor can lose steps or the motor
steps do not have the same size (as they should have). At Pb L-edges this problem occurred
because the step size was set too small (0.5 eV). Aligning the spectra gives an error that involves
only the step size of the motor.
Background: For each spectrum the background is subtracted in the form o f a linear function in
the range o f -150 eV to -30 eV (selected points) with respect to E 0 (for Pb), and -50 eV to -10 eV
with respect to E 0 (for Ag and S/Pb-M5, P, Cl). In section 3.2 this choice (for Pb) will be discussed
in more detail.
Normalization was performed, following the outline by Kelly and coworkers (2008), to fit the fine
structures oscillations symmetrically around a first or second order degree spline. For the present
work the normalization range was set to +35 eV to +230 eV with respect to E 0 (for Pb L-edge),
+25 eV to -100 eV with respect to E 0 (for Ag), +50 eV to +90 eV (for S/Pb M5) and +10 eV to
+50 eV with respect to E 0 (for S (without Pb), P, Cl). In section 3.2 this choice (for Pb) will be
discussed in more detail. For the here presented analysis o f XANES spectra a linear function is
used.
Merging: after the above preparation o f the raw spectra the spectra o f 2-6 measurements (as
available) were merged.
Smoothing: For XANES spectra with bad signal-to-noise ratio, e.g. fluorescence spectra,
interpolative smoothing with 5-10 iterations was performed in some cases. The algorithm takes
the average of 3 points and is repeated for the specified times.

Energy (eV)
Figure 2.4.2: Example for the derivative functions of two XANES spectra of the lead metal foil at Pb L 3 -edge
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2.5 Materials and Sample Preparation
2.5.1 Powder materials and solution experiments for Pb experiments
For fingerprinting analysis at the lead edges reference compounds such as lead (II) oxide, lead (II) acetate
trihydrate, lead citrate tri-hydrate, lead carbonate, lead hydroxycarbonate, lead nitrate, hexadecyl lead
mercaptide, methyl lead mercaptide, ethyl lead mercaptide, lead sulfate, lead sulfide, phthalocyanine lead,
lead (IV) oxide, lead (IV) acetate, lead chloride, lead fluoride, lead bromide, lead iodide, lead titanate, lead
chromate, lead silicate, lead cyanurate, lead nitrite, tetra-n-butyl lead, and cellulose powder were
purchased from Sigma Aldrich and Alfa Aesar in high purity. About 20 mg o f the powder compounds
were mixed in an agate mortar with ca 50-70 mg of cellulose, compressed into a pellet and put on selfadhesive kapton film. For synthesis and solution experiments L-cysteine, citric acid (citric acid trisodium
salt), cellulose (cellulose powder, 20(im), HC1, and Calcium hydrogenphosphate were purchased from
Sigma Aldrich in high purity.
Chloropyromorphite was prepared by a modification o f the method reported by Cotter-Howells and
coworkers (1999) and purity as well as structure were verified by X-ray powder diffraction. The
precipitate was filtered out and dried for 24 h at 20°C.
All solutions for the Pb L-edge solution experiments were prepared with deionized water (Millipore) o f
pH 7.4. The basic solution for the high concentration experiments were prepared with lead nitrate and had
a concentration of 0.15 Molar lead nitrate (1= 0.15 M, pH 3.4). The solution with low lead concentration
was a 1.5 mMolar lead nitrate solution (1= 1.5 mM, pH 5.5). All these lead solutions contained mostly
(about 99%) Pb 2 +(aq) (Strawn and Sparks, 1999). For the first series o f solution experiments, pH was
increased by adding drops of 0.1 Molar solution o f sodium hydroxide. For the second series o f
experiments with chelate complexes, 1 0 0 mg o f citric acid, cellulose, or cysteine was added to the basic
lead nitrate solution. The pH o f these solutions was measured as pH: 5.0, 5.6 and 3.5 respectively. Another
solution that contained primarily the hydrolysis complex Pb 4 (OH)44+ (aq) was prepared using lead methyl
mercaptide (Sigma Aldrich rare library) 0.16 M solution (1= 0.16 M, pH 8 ). The water for this solution
was made free from dissolved CO 2 and O 2 by bubbling, using Argon gas while stirring for 30 min. The
speciation for this solution based on the hydrolysis constants given by Baes and Mesmer (1976) is likely
to be: 70% Pb 4 (OH)44+ (aq), 19% Pb2+ (aq), 9% Pb 3 (OH)84+ (aq), and 1.9% other Pb-OH complexes. Plant
sap was produced by centrifuging S. vulgaris leaves for several hours with additional compressing. For the
experiment, 100 mg of lead nitrate salt was added to 2 ml of plant sap (pH of 5.5). Further centrifuging
separated the liquid phase and a precipitate. After preparation the solutions were centrifuged for 10 min at
10 000 rpm to separate the liquid phase from the precipitate. The precipitate was put on a watch-glass and
dried in a drying furnace at 60° C for ca. 10-20 min, then mixed with ca 50 mg o f cellulose, pressed to a
pellet, and put on self-adhesive kapton film.
For XAS measurements at Pb-L-edges, the amount o f a specific compound was calculated in order to get a
sample thickness o f about 2 absorption lengths. At low energies only a small amount in the order o f 1 mg
is put on kapton tape. Solution samples were prepared as follows: 50|il liquid was put on a 0.5 cm 2 sized
piece o f filter paper which was put on self-adhesive kapton film. All solutions and powder references were
measured in transmission mode. Measurements o f transmission samples were repeated twice for
reproducibility with an integration time of 1 s per point.

2.5.2 Powder materials and solution experiments for Ag experiments
For fingerprinting analysis at silver L 3 -edge, reference compounds such as silver nitrate, silver (I) oxide,
silver (II) oxide, silver (I) fluoride, silver (II) fluoride, silver bromide, silver chloride, silver (I) sulfide,
silver (I) sulfite, silver (I) sulfate, silver lactate, silver phosphate, silver carbonate, silver benzoate, silver
acetate, silver methanesulfonate, silver thiocyanate, silver cyanate, silver diethyldithiolcarbamate, silver
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sulfadiazine, silver protein, silver flakes (size 10 |im), ATP as Adenosine-5’-tri-phosphate-disodium salt
hydrate, adenine, as well as glutathione were purchased from Sigma Aldrich, USA or Alfa Aesar
(Karlsruhe, Germany) in the highest quality available.
The measurement of the sulfur reference compounds has been described by (Prange et al., 1999, 2002).
For the production of Ag nanoparticles, a modification o f the method reported by Yong and coworkers
(2006) was used. For the film experiments a Kodak film 400 Tmax black and white negative film, 35mm
was used. Specifics were not available (besides Kodak T-grain emulsions). For solution experiments silver
nitrate was dissolved in nanopure water in the concentrations 0.1 M and 0.02 M.
For the synthesis o f silver amino acids L-histidine, DL-aspartic acid, L-alanine, and L-cysteine, Larginine, L-lysine, L-serine were purchased from Sigma Aldrich in high purity. Ag-histidine was prepared
by the method reported by Nomiya and coworkers (2000). Ag-DL-aspartic acid was prepared by the
method reported by Nomiya and Yokoyama (2002). Ag-cysteine (and Ag-glutathione) was prepared by
the method reported by Pakhomov and coworkers (2004). Ag-alanine was prepared by the method
reported by Demaret and Abraham (1987). Ag-adenine was prepared similar to the method reported by
Gagnon and coworkers (1979), using silver nitrate and nitric acid instead o f silver perchlorate and
perchloric acid.

2.5.3 Plant preparation
In two series o f experiments, first, dried plant samples, and second, fresh plant samples were used. For the
first series o f measurements whole plants o f Silene vulgaris, Ameria maritima, Festuca ovina and Avena
pratensis and the lichen Cladonia portentosa were collected at the meadow on the Tanzberg near
Kall/Keldenich, Eifel Mountains, Germany in winter 2006/2007. These plants were washed carefully with
tap water to remove soil and dust, then leaves8 and roots were separated. For the lichen, cutting was not
necessary because they have no roots. Finally the samples were dried in a drying furnace at 100 °C for
several hours. For XAS measurements, plant parts were ground with an achat mortar, sieved to get
particles smaller than 100 (im (not for A. pratensis samples because they could not be ground),
compressed into pellets (without adding cellulose powder) and put onto a self-adhesive kapton tape.
For the second series o f measurement, whole plants Silene vulgaris, Ameria maritima, Festuca ovina and
Avena pratensis together with soil were collected from the same area in the Eifel Mountains in summer
2008 and 2009. These plants were replanted in plastic pots together with the collected soil and taken to the
synchrotron facility (ANKA). To keep the plants fresh and alive they were watered with tap water. For
measurements, selected parts o f the plants (leaf, stem or root) were cut and washed carefully with tap
water. The plant parts were not dried prior to XAS measurements but used fresh. A few leaves or 1 cm
long part o f root were put on self-adhesive kapton film. Samples were prepared in close temporal
proximity to the measurements.
The plants o f the winter collection were measured in transmission mode because the semiconductor
detector at the INE beamline was not operable. The plants o f the summer collection were measured in
fluorescence mode using a Canberra 5-element Germanium semi-conductor detector. Fluorescence
measurements were repeated up to 6 times and averaged to enhance signal-to-noise ratio. Ffluorescence
samples were measured with integration time up to 5s per point. At Pb M-edges, plants were measured in
fluorescence mode using a Vortex™ silicon drift detector (SII Nano Technology Inc., USA).
Plant sap was produced by centrifuging S. vulgaris leaves for several hours with additional compressing.
For the experiment, 100 mg o f lead nitrate salt was added to 2 ml o f plant sap (pH o f 5.5). Further
centrifuging separated the liquid phase from a precipitate. After preparation, the solutions were
centrifuged and dried (see above). The XAS samples, precipitate and liquid phase, were prepared as
described above.

8In the case of silene vul. stems were used instead of leaves because during winter season leaves of silene vul.
were dry and had already fallen off
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2.5.4 Bacterial strains, media and cultivation
For the first set o f experiments: Staphylococcus aureus DSMZ 2569 and Escherichia coli DSMZ 1103
were grown for 24-48 h at 37°C in TS-bouillon (Oxoid, England, CM 129). The bacteria were diluted to
106 CFU/mL using sterile TS-bouillon. Then 0.02 mL o f 0.1 M silver nitrate solution was added to 1 mL
cell culture. The samples were incubated at 37°C for 90 min with shaking. The antibacterial effect of
silver ions was determined by conventional plate counting (repeated three times). In all the samples, after
90 min treatment, the bacterial count was below the detection limit (<1 CFU/mL). In control samples (not
treated with silver ions), 106 -10 7 CFU/mL were determined. About 20 jj.1 cell material was put on filter
paper and attached to Kapton tape. These samples were dried for l-2h. A control set was prepared as
described above without adding Ag-containing solutions.
For further experiments, Staphylococcus aureus DSMZ 2569, Listeria monocytogenes DSMZ 20600, and
Escherichia coli DSMZ 1103 were grown in a shaker for 24-48 h at 30°C in Difco™ Yeast-PeptoneDextose (YPD) broth (Becton Dickinson). Bacteria were washed and centrifuged twice. The bacteria were
diluted to 106 CFU/mL using sterile deionized water (to avoid chemical reactions o f silver ions with media
contents). Then 50^L o f a 0.1 M silver nitrate stock solution or 50(iL o f a 0.1 M silver acetate stock
solution, respectively, was added to 1 mL cell culture. The samples were incubated at 20°C for 10 min in
darkness. Later additional washing with 0.5 mL deionized water was employed so as to remove unreacted
silver ions. About 20 jxl cell material was put on filter paper and attached to Kapton tape. These samples
were dried in darkness for l-2h. A control set was prepared as described above without adding Agcontaining solutions. Samples for the XANES analysis were prepared and handled according to Prange et
al. (2 0 0 2 ).
The antibacterial effect o f silver ions was determined by conventional plate counting (repeated three
times). After 10 min treatment, the bacterial count was below the detection limit (<1 CFU/mL). In control
samples (not treated with silver ions), 105 -10 6 CFU/mL were determined.
In additional experiments silver bandages were purchased from Curad. The active ingredients, as specified
on the label, in the wound pad are silver (60-460 mg/m2). The function o f silver is described as natural
antibacterial. The label explains further, that laboratory testing o f pads showed that silver in the dressing
reduced bacterial growth (S. aureus, E. coli, E. hirae, and P. aerguinosa) for 24 hours (Curad band aids).
Silver sulfadiazine creme (1%) was purchased from Watson Pharmaceuticals.

2.6 Other experimental methods
2.6.1 ICP-AES and AAS analysis
Absolute concentrations o f lead in dried plants parts o f the winter season were determined by Dr.
Boehling Lab o f analytical chemistry, Bonn, Germany (Boehling, private communication 2008) using
standard AES and AAS-methods. For the concentration analysis we prepared one soil sample from the soil
that was shaken off the roots of the plants o f A. maritima and S. vulgaris. This soil sample is not
representative for the whole area because, as described in the introduction, the soil on the investigated
meadow consists of mosaic formed by a mixture o f components such as sandstone, clay and dolomite. The
lead concentration varies a lot from spot to spot.
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2.6.2 X-ray Tomography experiment and parameters
X-ray tomography was performed at the X-ray Tomography beamline at CAMD on a piece o f root o f S.
vulgaris (about 1 cm length). The X-ray Tomography beamline is equipped with a Multilayer
monochromator (W-B 4 C) with energy range from 8 keV to 40keV. Transmitted X-rays are converted to
visible light with a synthetic garnet (Ce:YAG) scintillator. The experiment was performed at 12.5keV and
13.5keV, below and above Pb L 3 -edge, at multiple positions in z-direction. Visualization was realized by
the program ImageJ. Further information and details on the method can be found in (Ham et al, 2002,
2004, 2006).

2.6.3 XRF experiments
The XRF experiments for silver samples were carried out at the DCM Beamline at CAMD with the same
specifications as was described above. The samples were measured with an excitation energy o f 3.5 keV
for 1 0 0 s.

2.6.4 XRD experiments
XRD measurements o f silver amino acids were carried out at the materials science center at LSU using
the Rigaku MiniFlex X-ray Diffractometer. The Rigaku Miniflex X-ray diffractometer is a general use
computer controlled table-top diffractometer. The Miniflex is equipped with a 1 kW x-ray source with a
Cu target. X-rays are detected with a sealed gas (Ar) proportional counter. The powder samples (about 2
mg) are pressed directly on glass plates using double sided scotch tape. For each sample, one scan with the
theta range of 10° to 50° with 0.05° steps was measured.

2.6.5 FTIR experiments
All Fourier Transform Infrared spectroscopy (FTIR) measurements were carried out at the infrared
microspectroscopy beamline at CAMD. Synchrotron radiation is collimated by an off-axis parabolic
mirror and fed into a Thermo Nicolet Continuum microscope through a Thermo Nicolet Nexus 670 FT-IR
spectrometer. The spectrometer, equipped with a DTGS detector (deuterated tri glycine sulfate detector
with KBr window: 12500-350 cm’ 1) and a globar source (9600-20 cm“’), was used to collect the IR
spectra o f the samples. The powder samples (2 mg) were mixed with high purity KBr powder (50 mg) and
compressed into pellets (using about 2 mg o f that mixture) to provide optically transparent discs. Air (i.e.
no sample in the sample compartment) was used so as to collect a background spectrum. To ensure an
acceptable signal-to-noise ratio o f IR spectra, 64 scans with 4cm ' 1 resolution in the frequency range o f
400-4000 cm ' 1 are averaged. Details can be found in Kizilkaya and coworkers (2005 and 2007).
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Lead speciation in plants
Parts of this chapter, specifically, sections 3.3 and 3.4, are reproduced form Bovenkamp and coworkers
(2013). Copyright 2013 American Chemical Society .
The first biological system in this thesis involves plants from a natural lead-contaminated site. The
objective was the determination of the lead speciation in plants using X-ray Absorption Near Edge
Structure (XANES) Spectroscopy. Such a natural lead deposit is an area near Keldenich-Kall in the Eifel
Mountains in Germany. Because of geological characteristics of the Keldenich-Kall area extended lead
deposits are very close to the surface. Detailed descriptions of the area and the vegetation are given
previously (Schumacher, 1979; Brown, 1990, 1994; Brown and Brinkmann, 1992; Eltrop et al., 1991;
Schalich et al., 1986). The soil of the Keldenicher heavy metal meadow at the Tanzberg, adjoining the
Sötenicher lime vale, is a composite of Triassic bunter sandstone, lime and dolomite. This area between
Mechernich and Kail is a lead deposit and was used since Roman times for mining and smeltering of lead
until 1957. After terminating the ore smeltering, large amounts of lead-containing sand (mining waste)
was left behind in addition to the natural lead ore deposits. Within the last 50 years plants have resettled
this area. Pioneer plants like Silene vulgaris and Ameria maritima were the first to rejuvenate the grounds.
As a result of the heterogeneous soil composition, the area resembles a mosaic of bare ground and grassy
vegetation. In areas with very high lead concentration and rough soil texture the vegetative society is
composed mainly of Ameria maritima and Silene vulgaris which are characteristic for heavy metal
meadows (Brown, 1994). They store a lot of lead in their tissue and produce organic material. Therefore,
the lead concentration in the soil decreases and organic material increases. Other plants like the grasses
Festuca ovina and Avena pratensis, less resistant to this heavy metal, follow, growing densely and
extensively. The pH of the soil ranges from 5.2 to 7. Soil and vegetation research in this area was
performed by Schumacher (1979), Schalich and coworkers (1986), and Brown (1986 and 1993). Finally,
the lichen Cladonia portentosa was included into the characterization to study if plants and lichen have
different mechanisms.
Lead, as one of the seven metals of antiquity, remains a very important metal in global economics because
of its wide applicability, but it is also a potent toxin to biological systems. Even though throughout history
the poisoning effects of this heavy metal are well known, there is still today a lot of research on the toxic
effects of lead (Casas and Sordo, 2006). At many industrial sites (e.g. paint and battery factories) lead
quite often contaminates the soil. Additionally, mineral deposits from mining activities often contain
particularly large amounts of lead. A technique for the remediation of heavy metal-contaminated sites that
is of great interest because of its ecological advantages is phytoremediation. This method uses the ability
of certain plants to take up high amounts of heavy metals into their aboveground tissue for storage. If
these plants can be planted on a contaminated site and the aboveground parts harvested after a certain
growth period the concentration of a heavy metal in the soil can be successfully reduced (Ghosh and
Singh, 2005; Peer et al., 2006). Certain plants have the ability to accumulate heavy metals that have no
biological functions. These include Pb as well as Cd, Ag, Se, and Hg (Baker and Brooks, 1989).
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To improve phytoremediation technologies, important questions regarding the mechanisms of uptake and
storage of metals remain: How plants react to metal toxicity? And on the molecular level: What
mechanisms for uptake and storage of metals do plants possess - do plant cells provide certain compounds
for forming bonding complexes? Where are the metals stored and how do they get there? The processes
and mechanisms of uptake and storage as understood so far are described by Clemens and coworkers
(2002). It is commonly believed that plants complex metal ions for transport and storage in order to reduce
their toxic effects. Possible bonding complexes in plants are phosphate, citrate, nitrate, histidine, small
sulfhydryl-containing peptides (e.g. glutathione, phytochelatins (PC), and metallothioneins), and
metallochaperones (Peer et al., 2006; Clemens et al., 2002). An overview of the studies regarding
elements such as As, Ni, Zn, and Cd shows that, for some elements such as As and Cd in plants, a sulfur
bond to the metal is preferred, but for Ni or Zn an oxygen (nitrogen) environment was reported (PeraltaVidea et al., 2009). In a recent review by Peralta-Videa and coworkers 2009 regarding the biochemical
mechanisms of plants due to heavy metal stress, it is pointed out that lead is initially adsorbed to the root
surface outside the roots, then bound in the form of phosphate and/or carbonate inside the plants on
various surfaces. On the other hand lead can bind to ion exchangeable sites in the cell walls because of its
2+ oxidation state and exchange with Ca2+ or Mg2+ ions. Few publications have reported that lead is bound
to phytochelatins (and production of these) in response to lead toxicity (quoted in Peralta-Videa et al.,
2009). Huang and Cunningham (1996) listed plants tolerating high concentrations of lead, for example:
Zea mays, Brassica juncea, Thlaspi rotundifolium, Thlaspi caerulescens, Dittrichia viscose, Prassica
pekinesis, Sesbania drummondii, Pelargonium spp.
Among the reports using XAS to investigate the lead environment in plants (Lopez et al., 2007, Wang et
al., 2007, Sharma et al., 2004, Cotter-Howells et al., 1999, Sarret et al., 1998a, 1998b, and 2001, Marmoli
et al., 2005, Tian et al., 2010 and 2011, Dupont et al., 2002, Gardea-Torresdey et al., 2002, De la Rosa et
al., 2005, Tiemann et al., 2002, Qin et al., 2006, and Sahi et al., 2002) there are a few studies that focus on
living plants such as alfalfa, wheat, European walnut, Sesbania drummondii, Agrostis capillaries,
Phaseolus vulgaris, and Sedum alfredii. They mostly use solid powder reference compounds like PbO,
PbS, Pb(II) acetate, Pb (IV) acetate, Pb citrate, Pb-EDTA (ethylene-dinitrilo-tetraacetic acid), Pb nitrate,
Pb sulfate, and pyromorphite for their analyses. The majority of these groups report an oxygen
environment for lead in these biological systems, presumably COOH, as in acetate. In addition to this
oxygen environment, Sharma and coworkers (2004) as well as Tian and coworkers (2010) report a Pb-S
environment using Linear Combination Fitting. Cotter-Howells and coworkers (1999) used pyromorphite
within their set of reference compounds and reported precipitation in the outmost layer of the root cells in
the form of a phosphate environment as in chloropyromorphite. Other studies investigated Pb-impregnated
dried biomaterials such as dried alfalfa biomass, humic materials, as well as peat and fungal cell wall
material with more or less the same limited number of lead powder references. These groups report mainly
a COOH environment around the lead atoms (Marmoli et al. 2005, Dupont et al., 2002, Gardea-Torresdey
et al., 2002, Dela Rosa et al., 2005, Tiemann et al., 2002, Qin et al., 2006, Sarret et al., 1998a) If lead was
introduced to the system in low concentrations (about 1 0 ' 3 mmol/g and below) a carboxylic environment
was observed. At high concentrations of lead a phosphate environment was reported (Kopittke et al.,
2008). In these studies (see above) only a few lead references were used and they were not well adjusted
to the biological system. Exceptions are the studies by Marmoli and coworkers (2005) and by Tian and
coworkers (2010 and 2011). Marmiroli and coworkers (2005) prepared biological model systems of
cellulose and lignin. Their analysis, together with TEM pictures of roots of European walnut, could
confirm that lead is indeed bound to the lingo-cellulosic matrix in the outer regions of plant roots, the
periderm. Tian and coworkers (2010) used several solutions (lead nitrate, lead malate, lead citrate, and
lead glutathione all prepared from lead nitrate solutions), and prepared Pb-cell wall samples consisting of
root cell wall material impregnated with lead nitrate. These samples were rinsed with water and frozen
with liquid nitrogen. Their analysis showed that lead is mainly stored on the cell walls.
As was pointed out by Kopittke and coworkers (2008) it is important to understand the chemical
speciation and the location of Pb in the plants at the same time in order to get a clue on the mechanism of
the uptake and storage. This group performed studies on the location of the lead using Transmission
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electron microscope (TEM) and energy dispersive spectroscopy (EDS) for the speciation. EDS does not
have the same high level of resolution towards the chemical speciation compared to XAS (Goldstein et al.,
2003). In their study Kopittke and coworkers (2008) only used two reference compounds for the
fingerprint analysis of the unknown sample. It was not discussed if other compounds could fit the
unknown spectrum as well.
It is very important to control the treatment of the plant material prior to the measurements. The studies
that found chloropyromorphite as the lead speciation in plants (Cotter-Howells et al., 1999, Kopittke et
al., 2008, Marmiroli et al., 2005, Sahi et al., 2002) used nutrition solutions or fertilizer with phosphorus
(because it is classified as essential). On the other hand, the studies that did not find chloropyromorphite
as the lead speciation in plants or plant material (Lopez et al., 2009, Gardea-Torresdey et al., 2002; Wang
et al., 2007) did not use P-containing fertilizer or nutrition solution. These examples show that the focus
should point towards natural conditions and not laboratory conditions. The potential significance of
chloropyromorphite for lead tolerance can only be determined by studying the solution chemistry of lead
at the same time. Pb(II) compounds have a complex and rich coordination chemistry (Shimony-Livny et
al., 1998; Davidiovich et al., 2009) and a specific behavior in solutions (Grimes et al., 1995). Firstly, lead
has the tendency to precipitate because most lead compounds such as chloropyromorphite are insoluble in
water (Claudio et al., 2003). Secondly, lead forms a number of hydrolysis complexes in solution (Baes
and Messmer, 1976). Lead in solutions was previously investigated regarding adsorption on different
minerals using XAS (Bargar et al., 1997a-c; Reeder et al., 1999; Rouff et al., 2002, 2004 - 2006, Um et
al., 2003, and Strawn and Sparks 1998 - 2000). Experiments by these groups, changing ionic strength and
pH of the sorption solutions, show that adsorption of inner- and outer-sphere complexes of lead is
dependent on pH and ionic strength of the initial solution. In the case of calcite, high concentrations of
lead resulted in precipitation of cerussite and hydrocerussite (Rouff et al., 2004). This explains why lead
has a very low mobility in soil: Lead favors complexation with organic matter, sorption on hydrous
oxides, clay minerals, and other surfaces.
This summary of the properties of lead and the chemical environment of lead in plants as reported in the
literature shows quite clearly that the results are still quite controversial, leading to the assumption that the
available reference compounds or the lack thereof very often directed the conclusions. A great effort has
to be made to understand the chemical speciation and solution chemistry of lead. We are, therefore, using
on the one hand a broad variety of organic in addition to inorganic lead reference compounds as powders.
Criteria for the selection of these lead reference compounds were:
1) The compounds are available from a commercial source.
2) Since inorganic lead compounds are dominated by an oxygen environment, the compounds were
divided into 2 groups - one containing lead oxide/lead oxy-anions and another group of lead
compounds having other neighbors.
3) Since all living systems are extremely dependent on water-based environments, we applied a
additional approach - simulating the plant environment by using several aqueous lead solutions
with and without complexing agents (such as citric acid, cysteine and cellulose).
The full list of compounds can be found in appendix B.2. Pb L3-XANES spectra of inorganic compounds
are displayed in appendix B.3 while the spectra of solutions are discussed in section 3.3 and B.5.
During the course of this investigation it became “obvious” that Pb L3-XANES spectra of various
compounds all look very similar compared to other absorption edges such as Fe or Cr K-edges (cf. figure
2.1.1). Since the XANES spectrum is a unique representation of the chemical environment of the element
under investigation, the standard procedure used for the analysis of XANES spectra is the fingerprinting
method. The fingerprinting method has to be reviewed, following the discussion on how sensitive PbXANES spectra at L3-, Li- and M5_edge are with regards to the chemical environment. In the application
of this approach to biological systems it will be discussed which references compounds are suitable and
which are actually required for analyzing the spectra of lead in plants.
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3.1 Sensitivity of XANES spectra regarding the chemical environment
Pb L3-XANES spectra of plants from the meadow on the Tanzberg in Keldenich show a high similarity
with each other (will be discussed in detail in section 3.4). Therefore, the question arises if Pb L3-XANES
spectra are in general very similar to each other, even for very different chemical environments. Reasons
for the similarity of Pb L 3 -XANES spectra are: Firstly, Pb in the natural environment is dominated by the
2+ oxidation state. For this reason energy shifts of the absorption edge E 0 are small. In appendix B.4 the
determination of the oxidation state of lead compounds, using XANES spectra, and correlation of
oxidation state and energy shift will be discussed. Secondly, with completely filled d-orbitals, the porbitals are mainly involved in the bonding. This results in a lack of fine structure which will be discussed
further below. Comparing the L-edge Pb XANES spectra of inorganic compounds, given in appendix B.3,
it can be observed that Pb XANES spectra at the L-edges in general are indeed very similar. However,
Bargar and coworkers (1997a) report that Pb L 3 -XANES spectra are very sensitive to the structure of the
1st coordination shell (e.g. element or coordination number) but do not give details. Therefore, the
development of a mathematical method that can determine when XANES spectra for different chemical
environments are distinguishable from each other was necessary. This method will be introduced as
ARMS method or sensitivity analysis. Sensitivity analysis was performed for all three major lead edges
that were covered in this investigation, i.e. L3, Lj, and M5, to evaluate if lifetime broadening and the
different dipole-allowed transitions (L|: s—>p, L3: p—>d', M5: d—>f2) affect the sensitivity of the XANES
spectra towards different chemical environment.

Table 3.1.1: Pb absorption edge
energies and broadening (from
a: Lindstom and Mallard, 2012,
b: Campbell and Papp, 2001)
Edge

Energy
(keV)3

K
L1
L2
L3
M1
M2
M3
M4
M5

88.005
15.860
15.200
13.035
3.851
3.554
3.066
2.586
2.484

Broadening
(eV])b

6Ö6
11.8
6.04
6.08
15.2
15
9
2.5
2.5____
Energy (keV)
Figure 3.1.1: Photoabsorption crosssection in dependence of energy
for Pb (from: Lindstom and Mallard, 2012)

Lead is one of the elements with K, L, and M-edges in the X-ray region of the electromagnetic spectrum
as shown in table 3.1.1 and figure 3.1.1. It is in principle possible to investigate lead compounds using
XAS at all these edges. Because the energy of Pb K-edge at 8 8 KeV is too high for most XAS beamlines
and also has a natural line width of 60.6 eV due to lifetime broadening (Campbell and Papp, 2001) the Kedge is not an option for XANES measurements. Lifetime broadening determines the line width, for core
levels that are further away from the core, lifetimes increase, therefore, line widths decrease. Line widths

1and s; but these transitions have a low probability
2and p; but these transitions have also a very low probability
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for the Pb edges can be found in table 3.1.1. XANES measurements at Pb Ms-edge (2484 eV) could have
better sensitivity because the effect of broadening is reduced. However, because of the low energy at the
Pb M-edges, photons are affected by significant absorption in air at ambient pressure. Certain equipment
is needed for measurements at reduced pressure. Only one publication reports Pb M5-edge XANES
measurements (Jun et al., 2003) because not many synchrotron facilities have XAS beamlines equipped
for this situation.
Pb Lr edge shows the same features as the Pb K-edge because of the same dipole-allowed transitions and
much lower broadening. However, the difference of the photo absorption cross sections (at L r edge: 131.1
cm2/g to 149.9 cm 2 /g) is about 10 times higher at the Pb L3-edge (64.0 cm2/g to 159.2 cm 2 /g) (Henke et al.
1993) compared to Pb L r edge. The lower difference in absorption at Lr edge compared to L3-edge results
in a low signal-to-noise ratio. Thus, usually Pb L3-edge is used for XAS measurements.

3.1.1 Determination of the limit of uncertainty for the sensitivity analysis of XANES spectra
Every physical experimental setup has to deal with errors of the measurement. Regarding XAS
experiments, errors of the absorption p(E) have been discussed within the XAFS community since 1988.
The development of the standardization of estimates of uncertainties is the goal of the “IXS Standards and
Criteria Committee” in order to improve the quality of reports with experimental results derived from
XAFS measurements (Lytle et al., 1989, IXS committee, 2000a and 200b). However, this process, limited
to EXAFS analysis, is still not finished.
XANES spectra, arising from multiple scattering and molecular bonding, are assumed to be significantly
different for different electronic and chemical environments around the absorbing atom (basis for the
fingerprint method) in the first coordination shell, and few reports discuss further shells (Chauvistre, 1987,
Modrow, 1997). Significant means that characteristic features of the spectrum (such as WL) show, for
example, a shift in energy which is beyond the error in energy (one motor step). The basic assumption of
the sensitivity analysis is that XANES spectra of can be similar even for compounds with different
chemical environments.
The level of sensitivity of XANES spectra is defined here as:
Number of shells of neighboring atoms around the absorber which show detectable differences in
the XANES spectra at a specific edge when their chemical environments are different.
A sensitivity analysis of XANES spectra should include:
1. In order to quantify differences in the absorption coefficient (i with regards to differences in the
chemical environment, the experimental error of the measurement of |i has to be evaluated. This
can be achieved by repeated measurements of a certain compound using the same sample.
2. The beamline setup and sample preparation are independent sources of error. Therefore, the error
of the measurement of n due to sample preparation has to be determined by measurements of a
certain compound at a specific edge using the same material with different sample preparations.
3. Calculation of the level of uncertainty of |a (from 1 and 2)
4. Spectra below the uncertainty level cannot be distinguished and neither can their chemical
environment. Therefore, it has to be determined if XANES spectra of compounds with different
chemical environment can be very similar, i.e. the differences between the XANES spectra, below
the level of uncertainty of |i.
5. Finally, it has to be analyzed up to what coordination shellchemical structures can be
distinguished using this method to determine the level of sensitivity.
Experimental errors of the measurement of a XANES spectrum occur due to systematical and statistical
errors. Statistical errors are connected to several features of the measurement process: photon counting
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statistics, fluctuations in the intensity and position of the photon beam, and electronic noise (EXS
Committee 2000b). The main source of systematic error is the sample preparation. A sample for
transmission experiments should be homogeneous, should have no holes (i.e. pinholes), and should have a
thickness of about one to two absorption lengths. Usually samples have to be made by hand, i.e. putting
some (1 mg) powder on kapton tape and swiping it flat with a spatula. These samples often have too low
or too high concentration, are too thick/too thin, and have pinholes. Other systematic errors are
insufficient suppression of higher harmonics in the monochromatized photon beam, radiation damage,
non-linearity of detectors, and improper sample alignment (IXS Committee 2000b). More automated data
processing as described in section 2.4.2 reduces differences due to unsystematically chosen background
subtraction.

Energy (eV)
Figure 3.1.2: Pb L3-XANES spectra of a standard compound (Pb foil) measured at different times
The statistical error in |i can be observed in XANES spectra of the same compound measured at different
times as differences in normalized intensity (|_i) of maxima or minima. This is displayed within the oval
and magnification of figure 3.1.2 above. These differences between XANES spectra can be calculated
using the tool “Difference spectra” of the Athena program.

Energy (eV)
Figure 3.1.3: Difference spectrum calculated from two Pb L3-XANES spectra of the lead foil at different times.
The black colored part represents the main edge region; the grey colored parts are the pre- and post-regions.
Figure 3.1.3 shows a difference spectrum of two lead foil measurements. A difference spectrum is
calculated as the difference of two spectra at each point that was measured. In order to quantify
differences for XANES spectra the root mean square is calculated using all points of the difference
spectrum. The ARMS, or RMS difference, between spectra is defined by equation 3.1.1 which calculates
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the root mean square of all points of this difference spectrum using the Origin program (Origin Lab
Corporation, Northampton, MA 01060, USA):

ARMS =

F ^ ( f ( x ) - g(x )

) 2

Eqn. 3.1.1

whereas the f(x) and g(x) are the values of normalized absorption of two spectra (f and g) to
corresponding energy values (x) and n is the number of points used. This number n is directly correlated
with the range selected for the calculation. There are two general options to set the range of the
(difference) spectra to calculate the ARMS. The whole spectrum as it was measured (-150 eV to 230 eV
with respect to E 0 all in fig. 3.1.3) including different step size regions or only the main edge region (-30
eV to 50 eV with respect to E 0 - black in fig 3.1.3) with only one step size. Since the pre-edge and post
edge regions (grey in figure 3.1.3) are only measured to gather enough data for background subtraction
and normalization these regions have almost zero difference. The approach for the calculation should
focus on the differences in the main edge region since the features of XANES spectra, WL and SR are the
important characteristics. Differences in |i are more pronounced in the calculations if the range of the
ARMS calculation is confined to the main edge region compared to a calculation where many “zeros” are
included for the long range which reduces the ARMS value. For a first estimate of the level of uncertainty,
the error of the setup Astat was calculated as the average of all ARMS values from pairs of XANES spectra
of the same standard compound, i.e. the Pb foil, at different times.
The discussion above was limited to one “ideal” sample such as a metal foil. The measurement error due
to sample preparation is independent of the measurement error due to experimental conditions. The effects
of sample preparation on XAS spectra were examined earlier (Lee et al., 1981, and Stern and Kim, 1981).

Energy (eV)
Figure 3.1.4 Pb L3- XANES spectra of samples PbO: thick sample (grey), thin sample/ ideal thickness (black)
Thickness and pinholes affect the measurement of the absorption p since the absorption is also determined
by the thickness of the sample (cf eqn. 2.1.1). If the sample is too thick |j can be compressed. This means
that maxima and minima in the XANES region are decreased in intensity as is shown in figure 3.1.4
(oval). An example for pinhole effects can be found in figure 4.3.3. More examples for these effects on
XAS spectra can be found in the EXAFS Workshop at NSLS 2003 (Workshop, 2003). In order to estimate
the error due to sample preparation Asamp I prepared several samples of lead II oxide with different
concentrations/thickness at Lj, L3 edge and several samples of P bS 0 4 at M 5 edge.
Together these two sources of errors, Astat + Asamp, give the level of uncertainty so that differences between
two XANES spectra due to experimental errors can be distinguished from differences due to different
chemical environment.
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3.1.2 Determination of the level of sensitivity of XANES spectra
To determine how sensitive XANES fingerprints are to different chemical structures, the ARMS method
that was described above is applied in this section to estimate the level of sensitivity of XANES spectra,
when XANES spectra of considerably different chemical environments are not distinguishable. In the
following section this method and the limitations (regarding the number of shells) will be explained. To
begin, certain terms have to be defined, including how to compare crystal structures and the naming of
coordination shells.
While chemical formulas are just symbolic/schematic representations of compounds the actual XANES
spectrum arises from the electronic and crystal structure around the absorbing atom. The information
about crystallography in this section is taken from Rossmann and Arnold (2006). In a crystal the atoms of
the solid are arranged next to each other with specific bond lengths and bond angles. Distortions caused by
lattice imperfections are neglected and crystal structures are classified by the structure within a repeating
basic unit, which is called a unit cell (For more information, see Rossmann and Arnold, 2006). From this
definition of the crystal structure the first definition (approach a) of a coordination shell is derived as such:
A coordination shell consists of atoms of the same kind of element with about the same distance (mainly
within 0.1 A) from the central atom (absorber). Ideally the distances of the neighboring atoms to the center
are the same but this is not always the case. The coordination number (CN) is the number of atoms in a
specific shell. For crystallographers the coordination number refers to the numbers of atoms within a
radius of about 3 A and can include several shells.
Table 3.1.2: Overview of crystal structures of the compounds used in this survey - distance (distances in Ä)
Compound

CN

PbO (Massicot)
PbS04
PbC03
Pb(N03)2
Pbcitrate * 3 H20
PbS
Phthalocyanine Pb
Pb-(SCi6H38) 3
Pb CI2

4
12

9
12

4
6

4
2

9

1s'(CN)

2na (CN)

0(2) 2.48
0(6) 2.9-3.3
0(3) 3.07
0(6) 2.69
0(6) 2.87
06) 2.75
0(4) 2.4-2.5 0(3) 2.8-2.9
S(6) 2.97 . Pb(12) 4.2
N(4) 2.2
C(8)
S
C
Cl(3) 2.8-2.9 Cl(4) 3.0-3.1
0 (2) 2.2-2.3
0 (6) 2.6-2.7

3™ (CN)

Reference

Pb(6) 3.5-3.7
S(6) 3.4-3.7
C(3) 3.59
N(6) 3.21
0(2) 3.2
S(6) 5.1

Hill, 1985
Miyake etal., 1978
Chevrier etal., 1992
Nowotny and Heger, 1985
Kourgiantakis etal., 2000
Noda etal., 1987
Ukei, 1973
Tiers and Bronstrom, 2000
Wyckoff, 1963

-

Cl(2) 3.63

Table 3.1.2 gives an overview of the coordination around the absorbing atom (lead) for the compounds
used to determine the sensitivity of XANES spectra with respect to the chemical environment. These basic
definitions cannot be applied to the lead system in an easy manner, because the coordination chemistry of
lead is rather complex. Coordination numbers from 2 to 12 are given for different lead compounds (Casas
et al., 2006 and Davidiovich et al., 2009) and distances from the central atom to the other atoms vary
significantly which is reflected in table 3.1.2.
Table 3.1.3: Overview of crystal structures of the compounds used in this survey - elemental (distances in Ä)
Compound
PbO (Massicot)
PbS04
PbC03
Pb(N03)2
Pbcitrate * 3 H20
PbS
Phthalocyanine
Pb-tSCieHaa'*
Pb CI2

CN

1st (CN)

4

0(4) 2.2-2.5
0(12) 2.6-3.3
9
0(9) 2.6-2.8
0(12) 2.7-2.9
: 12
0(9) 2.4-3.2
9
6
S(6) 2.9
4
N(4) 2.2
2 ,S
10
Cl(10) 2.9-4.5
12

2 (CN)

3™ (CN)

Pb(8) 3.5-3.9
S(6) 3.4-3.7
C(6) 3.1-3.6
N(6) 3.2
C(6) 3.0-4.3
Pb(12) 4.2
C(8)
C
Pb(12) 4.5-5.1

0(4) 3.3-3.9
0(4) 3.8-4.4
Pb(6) 4.2-4.3
0(6) 4.5
0(6) 4.3-4.6
S(6) 5.1
Cl(x) 5.3

3 No crystal structure is reported for bishexadecyl lead mercaptide: Pb(SC16H38)2
4 See footnote 3.
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The numbers in the brackets behind the element in tables 3.1.2 and 3.1.3 give the CN for each shell. Table
3.1.2 is titled “distance” in comparison to a second approach (b) where a shell is comprised only by one
kind of element. The coordination using approach b (titled “elemental”) is listed in table 3.1.3. The
distances of Pb to the neighboring atoms vary more for this second approach. In order to evaluate which of
the two approaches is reasonable for ARMS method the crystal structures of the compounds used in this
investigation are calculated in the form of the Cartesian and real space xyz tables. These tables include the
distances to the central atom (absorber) and are calculated from the reported crystal structures by the
references given with the compound respectively using the program ATOMS 3.0 (Ravel and Newville,
2005).
From these xyz tables distances and CN for each shell can be evaluated. There are some problems with
approach a). FEFF simulations using PbCl2 and exchanging the chlorine atoms with oxygen atoms results
in a very similar Pb L3-XANES spectrum of i) PbO if the unit cell is compressed to match the Pb-O
distance in PbO, and ii) P b 0 2 if the unit cell is compressed to match the P b-0 distance in P b 0 2. These
calculations show that the shells with heavier atoms, such as lead, have a great effect on the XANES
spectrum, more than the coordination. Further, the compounds lead nitrate, lead sulfate, and lead
carbonate would classify as different in the 3rd shell because the first and second shell contain only oxygen
atoms.
Also, for lead carbonate and lead citrate (tri hydrate) the coordination would differ in the 1st shell, due to
different coordination numbers, and in the 3rd shell only by carbon vs. oxygen atoms. It is unwise to give
too much weight to coordination numbers and to some extent interatomic distances for disordered
compounds (Sarret et al., 1998a). Recognizing the structural disorder of lead compounds would make
nearly every compound a “single” case and is not reasonable. Therefore, approach b) was selected for this
investigation.
The evaluation of the differences observed in the XANES spectra of compounds with known coordination
around the absorber was preformed along the following steps. First: determining a list of categories:
1.
2.
3.

1st shell difference: e.g. X-O, X-S, X-N, X-CL
2nd shell difference: e.g. X-O-C, X-O-S, X-O-N or X-S-Pb, X-S-C
3rd shell difference: e.g. X-O-C-O, X-O-C-Pb

This list ranks a change as first coordination shell difference if the element around the absorbing atom is
different in the first shell e.g., P b-0 compared to Pb-S, and so forth. Differences between spectra were
determined as was described in the section above. XANES spectra are called distinguishable if the ARMS
value of a pair of spectra of different compounds is higher than the limit of uncertainty for that edge
determined in sections 3.1.2-3.1.4. For each category from the list above several pairs are selected to
determine if XANES spectra in this category are distinguishable or not. Since beamtime at a synchrotron
is limited only a limited choice of coordinations as listed above was available. For the category first shell
difference lead monoxide versus lead sulfide, lead monoxide vs. phthalocyanine lead, and lead monoxide
vs. lead chloride was used. To see differences in the second shell, Pb-O-Pb vs. Pb-O-N or Pb-O-C in lead
monoxide, lead nitrate and lead carbonate was used, and further Pb-S-Pb vs. Pb-S-C in lead sulfide vs.
lead hexadecyl mercaptide. Differences between lead nitrate and lead carbonate probably arise from a
different coordination of oxygen atoms rather than from the effect of nitrogen vs. carbon (compare with
FEFF calculations in section 3.5). Pb-O-S vs. Pb-O-N in lead sulfate vs. lead nitrate which also have a
very similar coordination, only differing in sulfur atoms instead of nitrate atoms in the second shell, were
used as well for category two. For a different coordination in third shell Pb-O-C-Pb vs. Pb-O-C-O (e.g.
lead carbonate vs. lead citrate tri-hydrate) were used.
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3.1.3 Sensitivity analysis of Pb L3-edge XANES spectra
In this section the ARMS method will be applied to Pb-L 3 -edge. The experimental setup at the ENE
beamline at ANKA allowed measuring a lead foil as the standard channel simultaneously while measuring
plant samples and other references. For this reason, 60 spectra could be included in this survey.

For the lead foil the ARMS values of Pb L3-edge XANES spectra range from:
1.570 •10'3 to 1.58 ■ 10'2 with an average of: Astat = 3.7 ■10'3.
The effect of sample preparation on Pb L3-edge XANES spectra was investigated in a series using
different amounts of lead II oxide. For 3 samples with different concentrations (0.5 mg (low), 20 mg
(normal), and 40 mg (high)) ARMS values were calculated to Asamp = 1.24 • 10'2and 1.39 • 10'2.
A big advantage at the Pb L-edges is that for powder samples with known Pb concentration the ideal
amount for XAS measurements can be calculated (see NSLS workshop 2003)5. The sample is then stirred
in the agate mortar together with non-absorbing cellulose for about 2 0 min and pressed to pellets.
Therefore, thickness effects of samples (too thick or too thin) and pinholes are reduced. So, the effect of
sample preparation for high energies, such as Pb L-edges, should be weighted less, e.g. 50%. This gives
the level of uncertainty Ugen for Pb L 3 -edge:

Ugen = Asta, + 0.5 •Asamp = 3.7 ■10'3 + 0.5 • 1. 39 • 10'2 = 1.06 •10‘2

Eqn. 3.1.2

Sample preparation can also affect the measurement of the standard (lead foil) in the second, the standard
chamber (cf. figure 2.4.1).This effect was previously observed by Modrow (1997). For this reason those
lead foil spectra measured simultaneously with PbO were excluded from the calculation of Astat.

Energy (eV)
Figure 3.1.5 Pb L3-XANES spectra of the same lead (II) oxide sample measured at the same time in a)
transmission and b) fluorescence mode
Plant samples do not fit into this category of powder samples used for transmission measurements and
have to be discussed separately. Lead concentrations in the plants range from 100 ppm (and less) to about
10,000 ppm. These diluted samples are usually measured in fluorescence mode. There is a discussion
about if and how fluorescence spectra are comparable to transmission spectra (Bunker, 2010). Normal
reference samples with an amount of absorbing material that give an absorption length of about one
cannot be measured reliably in fluorescence because of self-absorption. In principle fluorescence
measurements of very dilute powder compound samples are possible. However, it is not practical to
measure all powder samples in fluorescence mode because sample preparation and measurement takes

5Actually, the ideal amount can be calculated for all energies. However, for low energies this is not reasonable.
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more time. The PbO sample with the lowest concentration (0.5 mg PbO) was suitable for fluorescence and
transmission mode. Figure 3.1.5 shows the XANES spectrum of PbO measured in fluorescence and in
transmission (simultaneously) have exactly the same shape. However, this is only one example. It shows
that fluorescence measurements and transmission measurements can be similar. In the case of
fluorescence measurements homogeneity of the sample is not important, so the previous calculation of the
level of uncertainty (above) does not hold any longer.
The ARMS calculations for differently prepared samples gave Asamp.fl = 1.39 • 10"2. Including these values
in the level of uncertainty for fluorescence samples results in:
U„ = As,a, + Asamp.,1 = 3.7 ■ 10 ' 3 + 1 . 39 ■ 10‘ 2 = 1 .7 6 ■ 1 0 ' 2

Eqn. 3.1.3

For the comparison of fluorescence samples to each other Uge„ from equation 3.1.2 above holds.
Finally, during the course of this project different crystal sets were used, Si(311) for measurements in
2007 and Ge(422) for measurements in 2008 and 2009. It is known that Si(311) has a slightly better
energy resolution than Ge(422) (CHESS). The first batch of plant samples (dry) was measured using the
Si(311) crystals. It was not possible to measure the dry plant samples again because of limited time. But
all reference compounds measured in 2007 were measured again later with the Ge(422) crystal set. The
deviations due to the different energy resolution only have to be considered for the comparison of the
dried plant samples with the fresh plant samples. However, since the uncertainty for fluorescence samples
was already calculated above and is higher compared to the uncertainty for transmission samples it seems
reasonable to assume that the changes in energy resolution (similar 2 d spacing equals similar energy
resolution) are not detectable with the higher uncertainty for fluorescence samples. In summary, the above
calculated values for a level of uncertainty, Ugen and Un, have to be considered for different conditions:
comparing only transmission samples or fluorescence samples with each other or comparing transmission
samples with fluorescence samples.

Table 3.1.4: ARMS values of the
XANES spectra at Pb L3-edge for
different chemical environments
Pair of Compounds
Pb-O/Pb-CI
Pb-O/Pb-S
Pb-O/Pb-N
Pb-S-Pb/Pb-S-C
Pb-O-S/Pb-O-N
Pb-O-N/Pb-O-C
Pb-O-C-Pb/Pb-O-C-O

ARMS

0.043
0.045
0.030
0.023
0.030
0.042
0.012

Energy (eV)
Figure 3.1.6: Pb L3-XANES spectra of a) lead citrate tri-hydrate,
b) lead carbonate, c) lead nitrate, d) lead sulfate, e) hexadecyl lead
mercaptide, f) lead sulfide, g) lead chloride, h) phthalocyanine lead,
i) lead monoxide.

31

Lead speciation in plants
In order to determine the sensitivity of Pb L3-XANES spectra with regard to the chemical environment,
the ARMS method will now be applied to Pb L3-XANES spectra of the selected compounds discussed in
the previous section 3.1.2. Figure 3.1.6 shows the Pb L3-XANES spectra of the selected compounds. For
the calculation of the ARMS values only transmission samples are compared. Therefore, only Ugen the
general level of uncertainty applies. Table 3.1.4 lists the results of the calculation of the ARMS values for
each pair of compounds.
Referring back to section 3.1.2, the ARMS values for all three categories (with differences in the first,
second, and third shell) are higher than the limit of uncertainty Ugen = 0.0106 as shown above. For changes
in coordination in the third shell (for lead citrate and lead carbonate) i.e. the differences in the Pb L3XANES spectra, the RMS value of 0.012 is only a little higher than Ugen. Figure 3.1.6 shows that the
energy positions of the WL maximum as well the SR maximum are shifted for lead citrate tri hydrate to
higher energies (for WL maximum: 13048.0 eV (lead carbonate) to 13048.9 eV (lead citrate)); for SR
maximum: 13082.3 eV (lead carbonate) to 13085.9 eV (lead citrate)). However, only the shift in energy
for the SR is significant because this shift in energy is higher than a motor step of ±0.5 eV. Further, the SR
maximum of lead carbonate is wider. Thus, the difference of these two XANES spectra can be determined
as significantly higher than the level of uncertainty and therefore detectable.
The conclusion of this section is that Pb L3-XANES spectra are sensitive to differences in the third
coordination shell. FEFF calculations of artificially changed lead citrate (see section 3.5) show that this
last statement has to be taken with caution. If the elements in the second shell or third shell are from the
same row of the periodic table and have about the same atomic weight, this sensitivity up to the second or
third shell might not hold. Therefore, the conclusion has to be changed to this: Pb L3-XANES spectra can
be sensitive to differences in the third coordination shell.

3.1.4 Sensitivity analysis of Pb Li-edge XANES spectra
Pb L r edge at 15860 eV is about 2000 eV above Pb L3-edge at 13035 eV and the spectra at both edges
were measured at INE beamline at ANKA under the same conditions described for Pb L 3 -edge.

For the lead foil the ARMS values of Pb l^-edge XANES spectra range from:
2.65 ■ 10'3 to 1.16 ■10'2 with an average of Astat = 5.0 ■10'3.
18 XANES spectra were included in this survey.lt was expected that the ARMS values of the two L-edges
are about the same. But as the edge jump at Pb Lr edge is only 10% of the edge step at Pb L 3 -edge, the
signal to noise ratio of Pb L r edge XANES spectra is not as good as for the spectra at Pb L 3 -edge. No
additional measurements to determine the error for sample preparation were performed. But, with the
same conditions for sample preparation compared to Pb L3-edge for Pb L r edge, the estimate for the limit
of uncertainty Uge„ is:
Ugen = As,at +

0.5 • Asamp = 5.0

■ 1 0 ' 3 + 0.5 ■ 1. 3 9 • 1 0 ' 2 =

1.2 ■ 10‘2

Eqn. 3.1.5

After this determination of the limit of uncertainty for the Pb L r edge the sensitivity of the Pb Li-XANES
spectra for different chemical environment can be estimated. The Pb L r XANES spectra of the compounds
used are shown in figure 3.1.7. Table 3.1.5 lists the results of the calculation of the ARMS values for each
pair of compounds. At Pb L r edge only the ARMS values for changes in the first and second shell are
higher than the level of uncertainty for this edge. However, for lead nitrate and lead sulfate significant
energy shifts of WL or SR maxima cannot be detected (WL maximum: 15865.0 eV; SR 15891.0 eV for
both). This means that at Pb L r edge only changes in coordination and neighboring atoms in the first shell
show significant changes in XANES spectra. Changes in the second shell (lead nitrate and lead sulfate),
and third shell (for lead carbonate and lead citrate tri hydrate) cannot be distinguished any longer (using
solely the ARMS criterion).
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Table 3.1.5: ARMS values of the
XANES spectra at Pb Li-edge for
different chemical environments
Pair of Compounds
Pb-O/Pb-CI
Pb-O/Pb-S
Pb-S-Pb/Pb-S-C
Pb-O-S/Pb-O-N
Pb-O-N/Pb-O-C
Pb-O-C-Pb/Pb-O-C-O

ARMS

0.073
0.044
0.030
0.013
0.031
0.008

Energy (eV)
Figure 3.1.7: Pb Li-XANES spectra of a) lead citrate tri-hydrate,
b) lead carbonate, c) lead nitrate, d) lead sulfate, e) hexadecyl lead
mercaptide, f) lead sulfide, g) lead chloride, h) lead monoxide.
The reduced sensitivity of Pb L,-XANES spectra arises mainly from higher life time broadening at Pb L r
edge compared to Pb L3-edge and the differences in the observation of possible hybridization effects at Pb
L r edge and Pb L 3 -edge. This can especially be observed for ionic compounds, such as lead (II) chloride
as compared to the covalently bonded lead (II) oxide. In Pb L r XANES spectra of PbCl 2 the WL is more
intense and narrower compared to PbO because, only in PbO does hybridization of s-, p-, and d-orbitals
occur (Rao and Wong, 1987). Most of the other compounds used for this investigation are semi-ionic and
do not show these distinct differences. Effects of hybridization are more prominent at Pb L3-edge due to
the involvement of the d-orbitals.
Although it was assumed that at Pb Lr edge XANES spectra would show more sensitivity to the
coordination environment of the absorbing lead, the results are quite contrary. Pb Lj-XANES spectra are
only sensitive to the first coordination shell and show less sensitivity with regard to coordination and
neighboring atoms than at L 3 edge.

3.1.5 Sensitivity analysis of Pb M5-edge XANES spectra
Pb M5-edge at 2485 eV is not far from S-K-edge at 2472 eV. These low energy measurements were
performed at CAMD. No lead foil for low energies was available; therefore, lead sulfate, which was used
for calibration, (because of the Z nS 0 4 WL maximum at 2481.4 eV (Chauvistre, 1992)) was also used as
the energy standard. The DCM beamline was equipped with a second sample chamber to measure the
standard, i.e. P bS 04, simultaneously with a sample measured in the first sample chamber. However, many
times nearly 90% of the photons were absorbed by the sample. Therefore, only 14 spectra of lead sulfate
could be used for this survey.
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Energy (eV)
Figure 3.1.8 : Pb M5-XANES spectra of a) two separately made lead citrate samples (—)/ (—), and a
fluorescence sample {...), b) lead nitrate (—) and lead sulfate (—)
The close proximity to the S-K-edge affects the calculation of the ARMS values strongly for lead sulfur
compounds in comparison to compounds without sulfur. In figure 3.1.8 we can see that the Pb M5-edge for
lead sulfate is “set on top” of the S K-edge. For this reason and only for this ARMS calculation, a special
normalization was chosen to be able to compare the Pb M5-edge XANES features above 2493 eV
(supposedly pure Pb M5-edge transitions). The linear background of the sulfur containing compounds
(lead sulfate and lead sulfide which are the two compounds to be compared with lead nitrate and lead
oxide, respectively) was chosen in the range of 2482 eV to 2493 eV (cf. figure 3.1.8). Therefore, the range
for the ARMS calculations at Pb M 5-edge was set to 2493 eV to 2580 eV which only includes the region
of the M 5 -edge.

For P b S0 4 the ARMS values of Pb M5-edge XANES spectra range from:
3.34 ■ 10' 3 to 4.21 • 10‘ 2 with an average of Astat = 1.7 ■ 10'2.
The average ARMS value Astat has tripled as compared to Pb L3- and L r edge! Sample preparation of the
main sample in the first sample chamber has a great effect on the measurement of the standard in the
second chamber. This effect that high absorption of the photons by the sample distorts the measurement of
the standard was also observed previously by Modrow (1997). If the sample in the first chamber is
inhomogeneous, the absorption changes in this sample due to the different thicknesses, and if the beam
moves across the sample as a function of the x-ray energy (which is not always avoidable), this leads to
differences in the average number of incoming photons on the second sample (compared to a setup
without a sample in the first chamber).
Further contributions to this effect come from the much higher absorption in the main sample because the
sample is rarely thin enough to represent one absorption length. As was discussed in the previous section
(3.1.3), the perfect sample for transmission measurements is supposed to be only between one and two
absorption lengths thick, so as to limit the absorption within the sample to 10-20%. Also, the sample
should be homogeneous. Sample preparation is very difficult at low energies, such as Pb M 5 -edge, because
one absorption length is very short. Calculating the amount of sample to get the desired 0.5-2 pm
thickness as it was done for Pb L-edges is not reasonable because these tiny amounts (< 1 mg) cannot be
weighted precisely with a balance having a weighing error of 0.1 mg. Also diluting the sample with
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cellulose and pressing pellets does not help in making more homogeneous samples. This is because at this
low energy, everything (including water in solution samples) absorbs photons and reduces the signal.
Thus, making thin samples of pm thickness is not really possible for self-made samples and thick spots
and pinholes cannot be avoided. The different XANES spectra of the example, lead citrate, in figure 3.1.8,
show how much the intensity p can be affected by sample preparation. The ARMS values for the different
sample preparation are Asamp = 3.9 • 10"2. In this case the errors from sample preparation have to be
included with 100% in the calculation. Therefore, for Pb M5-edge XANES spectra, the general level of
uncertainty Ugen gives:
Ugen = As,a, + Asamp = 1 . 7 - 10 2 + 3.9 v 10' 2 = 5.60 ■ 10'2

Eqn. 3.1.5

This is quite a high level of uncertainty. The fluorescence spectrum of lead citrate added to figure 3.1.8 is
probably a little compressed due to self-absorption. However, this spectrum compared to the other spectra
of lead citrate shows that the differences between transmission and fluorescence measurements are already
included in the level of uncertainty calculated in Eqn. 3.1.5.
The sensitivity of the Pb M5-XANES spectra for different chemical environment will now be estimated.
The Pb M5-XANES spectra of the compounds used are shown in figure 3.1.9, while table 3.1.6 lists the
results of the calculation of the ARMS values for each pair of compounds. Only the ARMS values for PbO
vs. PbS and PbS vs. lead bishexa mercaptide are higher than the level of uncertainty determined above.
Even the ionic compound PbCl 2 compared to the covalent PbO cannot be distinguished.

Table 3.1.6: ARMS values of the
XANES spectra at Pb Ms-edge for
different chemical environments
Pair of Compounds

ARMS

Pb-O/Pb-CI
Pb-O/Pb-N
Pb-O/Pb-S
Pb-S-Pb/Pb-S-C
Pb-O-S/Pb-O-N
Pb-O-C/Pb-O-N
Pb-O-C-Pb/Pb-O-C-O

0.048
0.029
0.069
0.068
0.047
0.039
0.021

Energy (eV)
Figure 3.1.9: S K-/Pb Ms-XANES spectra of a) lead chloride,
b) lead phthalocyanine, c) lead monoxide, d) lead citrate tri hydrate,
e) lead carbonate, f) I lead nitrate, g) lead sulfate, h) lead sulfide,
i) hexadecyl lead mercaptide.
One weakness of the ARMS method which calculates differences between XANES spectra is that it
cannot distinguish between differences in intensity of (a due to sample preparation and differences in
intensity of p because maxima or minima have different energy positions. This can be observed in figure
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3.1.8. The differences cannot be determined in an significant way with the mathematical method
introduced here as an objective criterion, even though they are visible to the eye. Therefore, Pb M5XANES spectra are not even sensitive to changes of the element in the first coordination shell. The
reasons for this lack of sensitivity are due to the huge impact of inhomogeneous samples at low energies,
the range limitations introduced for Pb M 5 -edge, and the features in the XANES spectra at Pb M5-edge are
even less prominent compared to Pb L 3 -edge. Pre-edge peak, WL and SR maxima are very broad with a
minimum FWHM of 2 eV6. Completely filled and delocalized f-states that are much less involved in
hybridization combined with a high life time broadening of Pb of 2.5 eV at M5-edge is responsible for this
lack of a prominent WL.
The conclusion of this section is that the Pb L3-edge is the most sensitive for XANES measurements of
lead compounds. Since Pb L3-XANES spectra were determined to have the best sensitivity of XANES
with regard to the chemical environment the following discussions are restricted to the L 3 -edge.

3.2. Quantitative Analysis using linear combination fitting
The above calculated level of sensitivity regarding the chemical environment is useful for comparing the
various Pb x-ray absorption edges. However, linear combination fitting (LCF) of XANES spectra with a
number of reference compounds with a known environments is used for the detailed analysis of the plant
spectra because in most biological samples, the element of interest is present in more than one specific
chemical environment. The basic assumption for LCF is that the XANES spectrum jn of a material
composed of different compounds Bi is the sum of the XANES spectra of the contributing compounds.
The coefficients C; calculated by the LCF procedure specify the amount of each component present in the
unknown sample in percentages:
Eqn. 3.2.1

The calculation of LCF applies the method of non-linear least square curve fitting. The mathematical
basics of the method were previously described by Modrow (1997). For S K-edge XANES spectra an
estimation of the margin of error of ± 10% was given by Prange and coworkers (2002). Because Pb L 3 XANES spectra do not have the intense and sharp features that are characteristic for S K-XANES spectra
the same error margins cannot be used for Pb L3-XANES spectra and have to be determined separately.
There are several possible procedures for approaching the fitting process: reference spectra are selected on
the basis of physical, chemical, or biological assumptions; spectra are selected on the basis of similarity;
and a combinatorics method that calculates LC fits for a random selection of spectra and lists the results in
the order of quality. Physical or biological information can limit the set of spectra and may thereof lead to
wrong conclusions. Similarities of a sum of XANES spectra are not necessarily recognizable compared to
single spectra. The method of determining the composition of an unknown sample using the combinatorics
tool, provided by the ATHENA program, has one difficulty: it is unknown, which fit of all the fits listed in
a table is the correct combination. Still, this method is less likely to be affected by preconditioning of the
user. Conditions for the effectiveness of the procedure are 1) that suitable basic spectra are available and
2) that features in the spectra, such as WL and SR, are intense and have different energetic positions. For
this discussion of the LCF procedure all reference compounds were used. The reference compounds
derived from solution experiments discussed in section 3.3 are included in this procedure. With a high
number of reference compounds with different chemical environment available for the analysis the first
condition is met here well enough. The discussion of sensitivity of Pb XANES spectra in the previous
6 The

FWHM of the pre-edge peak of lead nitrate /lead carbonate was determined with the fit tool of ATHENA.
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sections makes it obvious that the second condition is not met well enough but differences are still
detectable.
For the following discussion I define the detection limit for the LCF analysis at Pb L 3 -edge. Minor
compounds, i.e. compounds with low percentages, calculated by the LCF process for Pb L3-XANES have
a certain limit. This is the fraction (in %) below which the exchange of any minor compound does not
enhance the quality of the fit and so compounds below this fraction are called not detectable.
In order to estimate this detection limit, samples with known composition of two lead powder compounds
each were prepared, measured, and then LC fitting of Pb L3-XANES was performed using 30 Pb
references spectra where all possible combinations for two compounds were calculated using the
ATHENA program. The powder compounds lead citrate tri hydrate and lead hexadecyl mercaptide were
mixed in ratios of 6 6 % / 34% (mix 1) and 90% / 10% (mix 2), respectively. Using this combinational
method where the program selects 2 out of 30 references (see the full list of references and their
properities in appendix B.2) in to fit the unknown sample results in a list of fits. From the 435 possible
combinations calculated by ATHENA, tables 3.2.1 and 3.2.2 only show a short list with fits of the same
level of quality. To determine which of these fits correctly reconstruct the unknown sample the % 2 value7
is used. This %2 value estimates the quality of the LC fit. %2 cannot give absolute quality, but can only be
compared to the % 2 values of the other fits. Differences in the % 2 values are only significant if the ratio
Xi^Zrei2 > 2 where Xi2 is the % 2 value of the LC fit with number i and %rCf2 is the % 2 value of the best LC fit
in the list and thus the smallest value. We call ratios with %?/%re? < 2: the same level of quality for the LC
fits. For more details see (Kelly et al., 2008).
For the first of the known mixtures (65/35) the LC fitting procedure for Pb L3-XANES spectra the
combination lead citrate tri hydrate and lead hexadecyl mercaptide resulted not only in the best LC fit of
the list of fits (about 3 times better than the others) but it also could reproduce the mixture (65% lead
citrate tri hydrate/35% hexadecyl lead mercaptide). This means that if the correct reference compounds are
available and if the mixture has contributions of at least 30% the LCF procedure can find the correct
mixture and the correct compounds.
Table 3.2.1: LC fitting results for mix 1 using 2 out of 30 reference compounds (Abbreviations see table B.2.1;
Amounts in %).
Fit No.

Pb citrate th

Pb (II) acetate

Pb nitrate

6Z

3
4
5
6

7

72 (AP1)
74 (AS)
81 (AS)
80 (AP1)
74 (AS)
78 (AP2)

Carb

Other

26
(NS2)
55 (NS1)
54 (Scel2)
64 (SC1)

9
10
11
12

74 (AS)

33
45
46

1

28 io
26 io
19 me
20 me
j

22

76

71 (AS)

32

64 (SC2)

sulfi

36 sulfi
26 br
24 Pb ph
29 sulfi

68

36

67

37

2.6
2.6
2.6

2.7
3.8
4.3
4.4
4.5
4.6
4.8
5.2
5.2
5.4
5.5
5.7

33 sulfi

7 C orrectly not X2*but Xn2 = X2^n was used, w here n is the num ber of points used for the fit.

XVXrel2
-

33

66

8

13
13
14
15
16

! Phos

34

Original
1
2

HDM

12
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Certain reference compounds were found to be not distinguishable by their Pb L3-XANES spectra because
their A RMS value is below or equal to the level of uncertainty of 0.01. Other combinations with
>
2 are listed here because several of these combinations are very similar to each other, for example (in table
3.2.1) fits no. 2 and 3. Using the ARMS method it can be determined that lead acetate tri hydrate and the
lead acetate solution are very similar to each other (ARMS value = 0.006) and also similar to lead citrate
tri hydrate (ARMS value = 0.010). The XANES spectra of these reference compounds are not
distinguishable within the uncertainty limits for transmission samples determined above. In the LCF list
they give therefore “redundant” information. Other examples are (also table 3.2.1) fits no. 4 and 5, as well
as fits no. 9 and 10 (in this case the spectra of lead nitrate solution with high ionic strength and low pH
and the precipitate from the lead nitrate solution with cellulose are identical (ARMS value = 0.002!). All
the lead nitrate solutions, lead carbonate, chloropyromorphite (phos), and the lead acetate compounds that
are listed in table 3.2.1 have similar XANES spectra compared to lead citrate tri hydrate. The
combinatorics LCF procedure is a pure statistical method. Still, with the method the chemical environment
of Pb in the unknown compound (in this case a known mixture) was determined as being Pb coordinated
in a certain, very similar, oxygen environment. Deviations from the correct composition (up to 15%) can
be found for combinations that involve compounds that are similar to lead citrate tri hydrate but not
necessarily indistinguishable using the ARMS method.
For this reason, I assume a margin of error of ±15% for the method. This means that if the correct
compounds are not available the correct coordination environment up to the 3rd shell can be determined for
contributions above 60% with an error of ±15%. Comparing the fits no 2 - 16, the minor compound cannot
be determined with certainty. While the contributions vary between 19 - 36 % which is well within the
margin of error given (15 %) the coordination environment can be quite different for: Pb-S, Pb-N, Pb-Pb,
or Pb-iodide. This problem occurs when the first, major compound in the fit is slightly different from the
correct compound (compare fit no. 2 with lead acetate tri hydrate and lead iodide to fit no. 1). Lead acetate
tri hydrate is just not distinguishable within the ARMS method ((ARMS value = 0.010). However, the Pb
L3-XANES spectra of lead citrate tri hydrate and lead acetate tri hydrate show significant differences in
W L and SR (WL maximum shift: 13048.9 eV to 13049.6 eV, SR maximum shift 13085.3 eV to 13089.2
eV) which cannot be detected with the ARMS method but can be detected with the LCF procedure.
For the second mix (results listed in table 3.2.2) the correct LC fit (Fit no. 16) is not the best fit. However,
the correct fit has the same level of quality (Xi2 /Xref2 - 2) compared to 28 other LC fits. Even though the
correct compounds are available the correct fit is not significantly better and the correct mixture cannot be
detected with certainty. As discussed for mix 1 above, compounds with similar coordination compared to
lead citrate tri hydrate can have fits with the same level of quality. This is even more prominent here
where one compound was included with only 10%. The second compound of the mixture, the minor
compound, can be interchanged by several other compounds which can even have completely different
chemical environment, such as Pb-N, Pb-S, and Pb-O.
The results of the LC fitting process are also dependent on the data pre-processing. The “alignment” and
the “fit E0” tool of the ATHENA software eliminate errors in energy, that are due to shifts in calibration,
so the effect of shifts in energy on the results of the LCF analysis does not have to be investigated.
Background removal and normalization on the other hand have a substantial effect on the results of the LC
fitting procedure. For different sets of points for the background function the contributions can deviate up
to 3% compared to the correct contributions C;. The best selection of points for the background function is:
-150 eV to -20 eV with respect to E0. The contributions Cj can deviate up to 12% compared to the correct
contributions for different selections of points for the normalization function. The best range for the
normalization function at Pb L3-edge is 35 eV to 230 eV with respect to E0. The range used for the fitting
procedure can affect the results as well. However, the characteristic features, such as the WL, are not very
intense at Pb L 3 -edge; limiting the range to only the region around the WL is not reasonable. The range of
-20 eV to 100 eV (+ E0), including the edge region, WL and the SR was chosen for the presented
calculations.
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Table 3.2.2: LC fitting results for mix 2 using 2 out of 30 reference compounds (Abbreviations see table B.2.1;
Amounts in %).
Fit No.

Pb citrate th

Original

90

1

44

2

3
4
5
6

7

30 (SC2)
87 (SC2)
52

8

9

93

10
11
12

13
14
15
16
17
18
19
20
21
22

23
24
25
26
27
28
29
30
31

64

91

90
36 (SC2)
79

Pb (II) acetate

HDM

Phos

Carb

Other

56 % (AS)
71 % (AP1)
70 % (AS)
65 % (AS)

29 cy
35

13 Pbph

48 (AP1)
89 (AS)
81 (AS)
45 (AP2)
88 (AS)
84 (AS)
78 (AS)
65 (AP2)
36 (AP2)
64 (AP1)
95 (AS)

55

12

16 (SceH)

(AS)
(AP2)

ti

22

9
10

ox

21

cy

5 (NP)
41

31 MMS
4 4ox
18 MMS
28 Sili

72 (NS1)
14 (Scel2)
34 (Scel2)
71 (Scel2)

29 sill
sulfi

8

87 (SC2)

13

1
1.1

1.3
1.4
1.5
1.5
1.5
1.7
1.7
1.7
1.7
1.7
1.8
1.8
1.8

35 (NS1)

55 (SC1)

86
66

sulfa
19 cr
7 Pbph

11

59 (SceM)

Xl2/Xref2

-

10

69 (SC2)
45 (SC2)
96
82

92

Pb nitrate

1.9

1.9
1.9
1.9
1.9
1.9
1.9
2
2
2
2
2
2
2

2.7
5.2

Huggins and coworkers (2009) reported that the results of LC fitting using the 1st derivative were more
reliable. However, in most cases the 1st derivatives of Pb L3-XANES spectra only show one significant
feature which is very similar for most compounds.
This overview of LC fits with the same level of quality shows that at least for the major contribution, the
chemical environment can be detected. The second compound cannot be detected with certainty if this
compound is only included with 10%. With contributions of at least 30 % the compounds are detected
well enough by the proposed procedure; even a spectrum without prominent features such as lead
hexadecyl mercaptide. The combination lead citrate tri hydrate and lead hexadecyl mercaptide has a 12
times better Xi^Zref2 ratio compared to the combination lead citrate tri hydrate and lead sulfide, which also
contains Pb-S bonding. This ratio decreases to 2.7 when only 10% Pb-S was in the mixture. In summary,
the margin of error of the LC analysis at Pb L3-edge to provide the correct contribution can be estimated to
be 15%. This section also showed that reference compounds with Pb L3-XANES spectra that cannot be
distinguished using the A RMS method bring redundant information into the LCF list. In order to shorten
the LC fitting time only one of these reference compounds that can be called linear dependent should be
used. Therefore, lead citrate tri-hydrate, lead acetate tri hydrate, lead acetate solution, lead cellulose
solutions, and lead citrate solutions were not used for the analysis of the plant spectra. The compounds
removed from the LCF procedure in order to analyze the plant samples are set in pharentheses in table
B.2.1.
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3.3 Simulating the biological environment - adequate reference
compounds
The review of the literature regarding investigations of the chemical environment of lead in plants (cf.
beginning of Chapter 3) clearly shows that the results are still quite controversial. It is likely that
assumptions based on available reference compounds, or the lack thereof, often directed the conclusions.
For this reason, in the present study, similar to previous studies, a broad variety of organic and inorganic
lead reference compounds as powders were used. On the other hand, since all living systems are
dependent on water-based environments, we applied an additional approach. We simulated the plant
environment using several aqueous lead solutions with and without complexing agents as reference
compounds. In order to systematically investigate what compounds are adequate for this specific system,
Pb in plants, the following questions need to be answered:
1. What compounds are biologically relevant?
2. How “deep” can XANES see? - Which of these compounds are distinguishable?
The second question was answered in the previous sections: The observations demonstrate that XANES
spectra (for Pb L3-edge specifically) can be distinguished if compounds have atoms of the same type in the
first and second shell and different types of atoms in the third shell, e.g. lead citrate tri-hydrate and lead
carbonate. This means that the local atomic environment (LAS) around the absorbing atom can be tested
up to 3 shells, e.g. P b -0 ’-C 2 - 0 3, even though the third shell might not be adding significant information to
the spectra. Similar observations were reported by Chauvistre (1987) for S K-XANES spectra of sulfur
compounds.

3.3.1 Biological functional groups
In biological processes proteins play a major role. But these big molecules cannot be distinguished by the
XANES fingerprint technique as a whole molecule even though proteins have a fairly distinct shape
(folding) because these structural differences are beyond the local atomic environment (LAS) that can be
identified with XANES. Proteins are built from amino acids. Lead could bind to amino acids and the LAS
can be idealized as: Pb-X-C-C where X can be S, N, or O. Such a bond disrupts the metabolism of the cell.
In plants processes that control the transport of nutrients are important. Also, processes that help complex
metal ions belong to this category. Complexation is applied either to a) transport the essential metal ions
where they are needed or to b) remove them from the cytoplasm because as ions metals are oxidants.
Living organisms need nutrients for the continuous activity of the metabolism to maintain homeostasis.
The essential nutrients are C, O, N, P, S, and H, but also minerals such as Ca, Mg, Fe, K, Cl (Epstein and
Bloom, 2005). Elements such as Cu, Na, Zn, Mn, B are used in very small amounts for enzymatic
reactions. Elements such as Ag, Au, Pt, As, Pb, Hg, Co, Ni, Cd are toxic to some organisms but not to
others (Prasad, 2004). Plants living on land, for example, take up the nutrients through the leaves from the
air or through the roots from of the soil. The biologically important functional groups are -S', -N', -N O 3', P O 4 3', and - COO'.
S': Sulfur occurs in living organisms mainly within the amino acid cysteine. One category of molecules
that are involved in the transport and removal of ions are proteins called metallothioneins or
metalloproteins. Metallothioneins are characterised by an abundance of cysteine. Bonding of Cd and thus
detoxification was reported by Margoshe and Vallee (1957). Processes connected to sulfur bonding in
cysteine cannot be represented well enough by lead sulfide (Pb-S-Pb compared to Pb-S-C in lead cysteine)
since the LAS is different in the second shell. I tried to synthesize lead cysteine myself. The problems
with this synthesis are discussed in appendix B.5. The only commercially available compound that can
serve as Pb-S reference compound is hexadecyl lead mercaptide from Sigma Aldrich rare library. Sigma
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Aldrich does not give confirmed structure information, but characterization using XRD could confirm the
structure. Hexadecyl lead mercaptide (Pb-S-C-C) satisfies the conditions for the LAS; differences with
lead cysteine cannot be distinguished any longer (identical 3rd coordination shell). This is confirmed by the
comparison with Pb-peptide complexes, reported by Magyar and coworkers (2005), which model the lead
exchange with zinc in ALAD. The Pb L3-XANES spectra of these Pb-peptide complexes are highly
similar to the spectrum of hexadecyl lead mercaptide (details in appendix B.5).
N‘: amine groups occur in every amino acid and many other organic molecules. Best known is the Heme
molecule (porphyrin with an iron center). The porphyrin molecule belongs to a group of compounds called
chelate complexes. These molecules bind and transport metals in plants. A possible model for Pb-N
bonding in this molecule is phthalocyanine lead. Phthalocyanine is a macrocyclic pigment, similar to
poryphin with 2 carbon atoms and 2 nitrogen atoms in the third shell instead of 4 carbons (For comparison
of the structures see appendix B.2). The LAS limitations of XANES qualify phthalocyanine lead as model
compound (Pb-N-C).
P 0 43': Phosphates are important in plant nutrition because these groups are the building blocks of the
energy source ATP. But lead phosphates (Pb-O-P- O) are highly insoluble and precipitate quickly out of
the solution. This means lead phosphates are not relevant for any ATP related processes. However, the
precipitation of chloropyromorphite, in plants, as a response to lead contamination was reported by CotterHowells and coworkers (1999). Chloropyromorphite is the most insoluble lead compound (Morel and
Hering, 1993). To investigate if precipitation could be responsible for the lead bonding in the plants from
Keldenich chloropyromorphite was synthesized because it was not commercially available.
N 0 3‘: Nitrates are the most important nitrogen source for plants (Kindi, 1994). Lead nitrate (Pb-O-N-O) is
the most soluble lead compound and dissolves readily in aqueous solution. Therefore, the bonding of Pb to
N 0 3 occurs in plant vacuoles where nitrates are stored (Kindi, 1994) is not likely.
C O O ': The Carboxylic group is one of the most abundant functional groups in biochemistry (Solomons,
1984). In plants carboxylic groups can be found in, e.g. cellulose and citrate (Kindi, 1994). Lead (II)
acetate was used by Wang and coworkers (2007) to model this environment. Lead citrate (tri hydrate),
lead carbonate, lead II acetate as well as lead IV acetate are candidates for the modeling of COO-groups.

3.3.2 Lead in solutions
All chemical processes in living organisms occur in liquids that are based on water, i.e. between the cells,
the intercellular fluid, and, inside the cells, the cytoplasm. In order to simulate Pb2+-ions for XANES
measurements, Pb in different aqueous environments was prepared. During the course of this work it
became obvious that these kinds of experiments are crucial. Only a few lead compounds are soluble in
water: lead nitrate, lead acetate, and lead perchlorate. For most of the experiments lead nitrate powder was
dissolved in deionized water (micropure) to get a stock solution. The following experiments were
performed:
a)
b)
c)
d)

Lead
Lead
Lead
Lead

nitrate dissolved in water
at different concentrations,
nitrate dissolved in water
at different pH,
nitrate dissolved in water mixed with complexing agents: citric acid, cellulose, or cysteine,
methylmercaptide dissolved in water.

Precipitates were formed in b) at pH > 5 and for all experiments in c). In the last experiment (d) lead
methyl mercaptide was used instead of lead perchlorate which was not available. In preparation for the
XANES measurements the solutions were centrifuged to separate the precipitate from the liquid phase.
The precipitated powders were also dried before XANES measurements. Further details on these
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experiments can be found in appendix B.5. The results of these experiments can be summarized as follows
(see also figure 3.3.1):
•

•

•

•

The XANES spectra of all solution samples (precipitates and liquid phases) are significantly
different from the spectrum of lead nitrate powder while on the other hand similar to each other:
shift of the energy position of the WL maximum +3 eV (13044.5 eV to about 13048.5 eV) and SR
maximum > 10 eV (13072 eV to 13084 eV and higher).
pH and concentration affect the chemical environment around the Pb2+ ion. In figure 3.3.1 (b, c,
and k) this can be observed as the spectra for lead nitrate solution with high and low pH (ARMS =
0.017), as well as the spectrum of lead methyl mercaptide solution (ARMS = 0.039) are
significantly different from each other.
Precipitation occurs in most experiments, predominantly in the experiments with chelating agents.
For example, the precipitate of the lead nitrate solution with citric acid was very similar with lead
citrate tri hydrate (ARMS = 0.008) which was expected because this is the method of synthesis for
lead citrate (Kourgiantakis et al., 2000). The precipitate of the lead nitrate solution with cellulose
was identical with lead nitrate solution with pH 3.4 (ARMS = 0.002). This shows that in the
presence of cellulose lead coordinates in an environment that is similar to hydrated Pb2+ ions in
water.
Only small amounts of Pb2+ ions stay in the lead nitrate solutions with high pH (>5). The XANES
spectra of lead nitrate solutions with high concentration are indistinguishable from the spectrum of
the solution with low concentration (ARMS = 0.005). Also, the solution of lead nitrate with citric
acid is very similar to the solution of high pH and low ionic strength (ARMS = 0.009).

Energy (eV)
Figure 3.3.1: Pb-L3-XANES spectra of a) lead nitrate powder, b) Pb2+(aq) high ionic strength, low pH (3.4),
c) Pbz+(aq) with high ionic strength and high pH (5.5), d) Pb (aq) with low ionic strength and high pH (5.5),
e) lead nitrate solution with citric acid (liquid phase), f) lead nitrate solution with cellulose (liquid phase),
g) lead nitrate solution with citric acid (precipitate), h) lead citrate tri hydrate powder, i) lead nitrate solution
with cellulose (precipitate), and k) Pb4(OH)44* (aq) high ionic strength, high pH.
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Lead in solutions was previously investigated with XAS for adsorption studies on different minerals
(Rouff et al., 2002, 2004-2006, Um and Papelis, 2003, Bargar et al., 1997a-c, Strawn and Sparks 19982000, and Lee et al., 2006). Their experiments show that lead has the tendency to adsorb readily on
surfaces. Sorption of inner- and outer-sphere complexes of lead is dependent on pH and ionic strength of
the initial solution. The ionic strength of a solution, describes the concentration of ions in solutions
including their respective charge (PAC, 1996). Structural information is available for Pb 2 +(aq) with high
ionic strength with low pH (this is: lead nitrate solution with high concentration and pH 3.4), Pb 2 +(aq) low
ionic strength with high pH (this is: lead nitrate solution with low concentration and pH around 6 ), and
Pb 4 (OH)44+ (aq) high ionic strength with high pH (this is: lead methyl mercaptide solution and pH 8 )
(Strawn and Sparks, 1999). The coordination environment around the Pb2+-ions in aqueous solutions with
high ionic strength and low pH was calculated with quantum mechanical/ molecular dynamics as: nine
oxygen atoms with an average Pb-O distance of 2.65 A (Hofer and Rode, 2004). In solutions with high
ionic strength, the hydrolysis complex Pb 4 (OH)44+ (aq) is formed, and Pb is coordinated by three oxygens
at a distance of about 2.38 Ä (Grimes et al., 1995). The spectrum of the lead nitrate solution with pH 3.5
shows similar edge and peak positions and general shape as reported by Strawn and Sparks (1999) for the
solution with high ionic strength and low pH: E 0 = 13037.4 eV, WL peak: 13048.5 eV, SR peak: 13082
eV (+11 und +54 with respect to E0). Also, the Pb L3-XANES spectrum of the lead methyl mercaptide
solution has the same edge and peak positions, as well as shape compared to the spectrum Strawn and
Sparks (1999) reported for the hydrolysis complex Pb 4 (OH)44+ (aq): E 0 = 13037.4 eV, WL peak: 13051.3
eV, SR peak: 13094.3 eV (+14 und +57 with respect to E0).
The experiments with cysteine showed that lead cysteine is formed. However, The XANES spectra of
both samples of the lead nitrate with cysteine solution (the liquid phase and the precipitate) are mixtures.
Since it was already determined that lead hexadecyl qualified as reference compounds for Pb-S bonding
these solutions will not be discussed any further.
Differences of the XANES spectrum of lead acetate solution compared to lead acetate tri hydrate (the
purchased compound) were within the uncertainty limit (ARMS value = 0.006). Similar to lead citrate tri
hydrate, lead acetate is usually sold as lead acetate tri basic, or lead acetate tri hydrate. In an additional
experiment the purchased lead acetate (tri hydrate) compound was dried in the drying furnace for 2 h.
After this period significant differences to lead acetate tri basic were detected (ARMS value: 0.012). The
spectrum of this dried lead acetate powder was included in the LCF procedure because it was also
significantly different from the lead solution Pb 2 +(aq) low ionic strength, high pH (ARMS value: 0.014).

3.4 The uptake of lead in plants
The previous section focused specifically on lead in solutions. These results will be applied in the
following section. Besides measurements at Pb L 3 -edge, XANES measurements at other edges such as Pb
Li, M 5 edge, S and P K edge served as an opportunity for “a change of the point of view”. This method
gives additional information about the chemical environment. In addition to plant parts, i.e. leaves and
roots separated for measurements, plant sap was produced and the reaction with lead was observed.

3.4.1 Pb L3-XANES measurements
The Pb L 3 -X A N E S spectra taken from the different plant parts from the winter season are shown in figure
3.4.1. Notably, all the spectra are extremely similar indicating similar chemical environment.
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Energy [eV]
Figure 3.4.1: Pb L3-XANES spectra of the dried plant samples (winter collection): a) Cladonia portentosa,
b) A. pratensis root, c) A. pratensis leaf, d) F. ovina root, e) F. ovina leaf, f) S. vulgaris root, g) S. vulgaris
stem, h) A. maritima root, i) A. maritima leaf
On the other hand in figure 3.4.2, showing the Pb L3-XANES spectra taken from the different plant parts
from the summer season, some differences can be observed between the spectra of fresh S. vulgaris
leaves, fresh F. ovina roots, fresh A. pratensis leaves and all the other spectra, especially fresh S. vulgaris
roots. The spectra of fresh S. vulgaris stems and fresh A. pratensis leaves have very low concentrations
and thus, high noise level. In these cases smoothing (applying a three-point smoothing algorithm
repeatedly to the data, in this case: 1 0 iterations) was performed before analyzing the data.

Energy (eV)
Figure 3.4.2: Pb L3-XANES spectra of all plant samples of the summer season: a) A. pratensis root,
b) A. pratensis leaf, c) F. ovina root, d) F. ovina leaf, e) S. vulgaris root, f) S. vulgaris stem, g) S. vulgaris
leaves, h) A. maritima root, i) A. maritima leaf
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Energy (eV)
Figure 3.4.3: Pb L3-XANES spectra of fresh S. vulgaris (—) and fresh F. ovina (—) root samples
The Pb L3-XANES spectra of fresh S. vulgaris roots and fresh F. ovina roots (cf. figure 3.4.3) have the
same E 0 position of 13037.7 eV, determined as the energy value of the maximum of the first derivative.
Other characteristics are quite different: WL maximum of 13048.8 eV and 13050.5 eV (+11 eV and ~ +13
eV in relation to E0) and maximum of the first shape resonance of 13082.9 eV and 13092.9 eV (+45 eV
and +55 eV in relation to E0), respectively, for fresh S. vulgaris roots and fresh F. ovina roots,
respectively.
Table 3.4.1: Overview of ARMS results for all plant samples (including winter and summer collection) S.
vulgaris roots, fresh were used as standard for comparison.
Plant

Plant sample

A. maritima

leaf - green
leaf - dried
root - green
root- dried
leaf - green
leaf - dried
stem - green
stem - dried
root - green
root - dried
leaf - green
leaf - dried
root - green
root-dried
leaf - green
leaf - dried
root - green
root - dried
lichen

S. vulgaris

F. ovina

A. pratensis

C. portentosa

ARMS
0.014
0.008
0.006
0.009
0.014
-

0.013

comment

Low concentration - some noise

Low concentration - some noise
Not available
very low concentration - very noisy - smoothing

0.012

Standard for comparison

0.007

Low concentration - some noise

0.010

0.008
0.018

Different!

0.011

0.014
0.006

very low concentration - noisy

- smoothing

0.012

0.008
0.008

A comparison of the spectra of all plant parts from the different collections in winter and summer on the
basis of the ARMS method is listed in table 3.4.1. The XANES spectrum of fresh S', vulgaris roots was
chosen as “standard” for the comparison to all other lead plant samples because of high lead concentration
and thus the good quality of the corresponding spectrum. The results, presented in table 3.4.1, show that
the XANES spectra of all plant samples excluding the roots of F. ovina are not distinguishable from the
spectrum of S. vulgaris root sample. The calculated difference (ARMS= 0.0181) between fresh S. vulgaris

45

Lead speciation in plants
roots and fresh F. ovina roots is higher than the uncertainty limit for fluorescence samples (ARMSn limit
is 0.0179 - section 3.1.3) and, combined with the obvious differences in the spectra (cf. figure 3.4.3), thus,
significant. Most leaves contained only small concentrations of Pb which resulted in XANES spectra with
low signal-to-noise ratio. Only in order to present a complete picture of all samples that were measured
are these data included in table 3.4.1.
In order to understand the biology of the lead uptake in plants the bonding of the lead ion to biologically
relevant functional groups was analyzed by LC fitting. For this LCF analysis only the spectra of fresh S.
vulgaris roots and fresh F. ovina roots were used because the spectra of the other plant samples were all
significantly indistinguishable to the spectrum of S. vulgaris roots. Also, only combinations of two lead
references out of 23 to fit the plant samples were used because of the limitations of the method discussed
earlier.
Table 3.4.2: Overview of the LC fitting results of fresh S. vulgaris roots using solutions and powder
compounds (Abbreviations see table B.2.1; Amounts in %, Uncertainty: ±15%).
Fit
No

Pb"(aq)
HI
pH 3.4

1
2

Pb (aq)
LI
pH 5.5

77
85
52

3
4

5

Pb4(OH)4,+ (aq)
HI
pH 8.0

Pb (II)
acetate
(P)

HDM
(P)

Pb Ph
(P)

Phos
(P)

52

48 cr
23 cl
15 br

48

14 io
me
16 si

86

90
84
70
87
70

6

7
8

9
10

Other
(P)

10

30

13

30 cy

Quality
of Fit:

ref2
1

1.3
1.4
1.4
1.5
1.5
1.6
1.6

1.7
2.0

The overview of the statistically significant fits is displayed in tables 3.4.2 and 3.4.3 for the plant samples
of fresh S. vulgaris roots and fresh F. ovina roots, respectively. As shown in table 3.4.2 several fits have
the same quality as X?IXk? < 2. The spectra of the Pb2 +(aq) with low ionic strength and high pH and lead
chromate are similar but not indistinguishable (ARMS =0.016). For this reason lead chromate was
included in the fitting procedure. The data show that the statistically relevant major compound for the
spectrum of fresh S. vulgaris roots, with more than 50 %, is Pb2+ (aq) with pH 5.5 and low ionic strength
because the LC fits (no. 2-10) with this compound have the same level of quality. A second/minor
compound could be lead acetate (fit no. 4), lead cyanurate (fit no. 10), or the solution with Pb 4 (OH)44+ (aq)
with high ionic strength and high pH (fit no. 8 ). This fit is shown in figure 3.4.3. Other minor
contributions are below the level of detection and therefore not relevant.
Table 3.4.3: Overview of the LC fitting results of fresh F. ovina roots using solutions and powder compounds.
(Abbreviations see table B.2.1; Amounts in %, Uncertainty: ±15%).
Fit
No.

Pb" (aq)
HI
pH 3.4

(Pb" (aq)
LI
pH 5.5

Pb4(O H )r (aq)
HI
pH 8.0

9

78
97
90
93
96
95
99
99
99

10

100

1
2

3
4

5
6

7
8

11

1

Pb (II)
acetate
(P)

HDM
(P)

5

Pb Ph
(P)

Phos
(P)

Other
(P)
21 cy
3 4ace
10 si
7 ox

4

me

51 si

2.0

1
0
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ref2
1
1
1.1
1.1
1.1
1.1
1.2
1.2
1.2

1

49

Quality
of Fit:

1.3
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For the fresh F. ovina roots only fits no. 1-10 are statistically relevant because they have the same major
compound and level of quality (cf. table 3.4.3). The major compound is the solution with Pb 4 (OH)44+ (aq)
with high ionic strength and high pH with more than 78 %. Here, no second compound is significant
within our fitting procedure. Fit no.9 (cf. figure 3.4.4), shows the agreement of the LC fit with the
experimental spectrum. Only fit no. 11 is different. However, both reference compounds Pb 2 +(aq) with
low ionic strength and pH 5.5 and lead silicate confirm the predominant lead oxygen environment.

Energy (eV)
Figure 3.4.4: Pb-L3-XANES spectra of a) fresh S. vulgaris roots (—) with LC fit (—) and b) fresh F. ovina roots
(—) with LC fit (—).
Both fits (for S. vulgaris and F. ovina, figures 3.4.4 und 3.4.5) are in very good agreement with the
experimental spectra. In all the fits the Pb-S model compound hexadecyl lead mercaptide always had a
contribution less than 15 % which suggests lead bonding to proteins/peptides via sulfur is very unlikely to
be a response of the plant to the lead uptake. This agrees with the majority of previous reports (Lopez et
al., 2007, Wang et al., 2007, Cotter-Howells et al., 1999, Tian et al., 2010, Gardea-Torresdey et al., 2002,
De la Rosa et al., 2005, Tiemann et al., 2002 and Qin et al., 2006). Binding to nitrogen (Pb-N) is also very
unlikely for the same reason as above for the Pb-S bonding. Precipitation of lead phosphate in the form of
Chloropyromorphite can be ruled out because only one fit in table 3.4.3 contains this compound (and only
with 1%). This is contradictory to the results given by Cotter-Howells and coworkers (1999) where
Chloropyromorphite was determined to be the major compound. Previous studies (Cotter-Howells et al.,
1999, Kopittke et al., 2008, Marmoli et al. 2005, Sahi et al., 2002) that used nutrition solutions or
fertilizer with P 0 4 (because it is classified as essential) determined Chloropyromorphite as the lead
speciation in plants. It is my theory that because of the phosphate in the nutrition solution, the results of
the experiments were affected. The studies (Lopez et al., 2007, Gardea-Torresdey et al., 2002, Wang et
al., 2007) that did not use P 0 4-containing fertilizer or nutrition solution did not find Chloropyromorphite
as the lead speciation in plants or plant material.
XANES measurements with plants at other edges (Pb M54-, S, P, and Cl K-edge) were carried out.
However, these experiments did not deliver additional information and are described in appendix B. 6 .
Previously, bonding of Pb in plants to carboxylic groups was reported by the majority of research groups
(e.g. Lopez et al., 2007, Gardea-Torresdey et al., 2002, Wang et al., 2007, Tian et al., 2010, De la Rosa et
al., 2005, Tiemann et al., 2002, and Qin et al., 2006). Lead (II) acetate or lead (IV) acetate were included
in the LCF procedure but were not determined as major compounds. Instead, Pb ions in solutions were
predominantly determined as the major compounds.
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The high similarity of the Pb L3 -XANES spectra of plants from Keldenich with the spectra from P b-0
coordinated compounds, especially in aqueous solution, supports a different hypothesis. Lead is sorbed on
surfaces inside the plants. For high pH and low ionic strength the aqueous lead solutions consist of
hydrated Pb2+ ions. At high ionic strength and high pH the Pb atoms become hydrolyzed and are
complexed in inner-spheres at a Pb-O distance of about 2.3 Ä. At this bond distance covalent bonds (PbO) are formed (Strawn and Sparks, 1999). Following the definitions of sorption processes, outer-sphere
complexation can be correlated with Ion-Exchange and inner-sphere complexation can be correlated with
chemisorption (Inglesakis and Poulopoulos, 2006). Examples are given below.
Table 3.4.4: Linear Combination Fitting results for all plant samples using the concept of sorption and
outer/inner-sphere complexation. (Amounts in %, Uncertainty: ±15%)
Plant

A. maritima

Plant sample

leaf - green
leaf - dried
root - green
root- dried
S. vulgaris
leaf - green
leaf-dried
stem - green
stem - dried
root - green
root - dried
F. ovina
leaf-green
leaf - dried
root-green
root - dried
leaf-green
A. pratensis
leaf - dried
root-green
root - dried
C. portentosa lichen

Outer-sphere

29
43
48
48

Inner-sphere

71
57
52
52
32

68
-

65
49
70
48
73
65

35
51
30
52
27
35

0

100

42
72
60
32
60
44

58
28
40
68

40
56

Comments

smoothed - acceptable
very good
very good
very good
not acceptable
not available
smoothed - acceptable
good
very good
very good
smoothed - good
acceptable
very good
acceptable
smoothed - acceptable
good
very good
good
good

Focusing on sorption, LCF analysis of all plant samples was attempted using only the two solution
samples, Pb 2 +(aq) with low ionic strength and high pH and Pb 4 (OH)44+ (aq) with high ionic strength and
high pH (cf. table 3.4.4). For fresh plant tissues the compositions of the LC fittings vary from about 70%
outer-sphere and 30% inner-sphere complexation (most samples) to about 50%/50% (roots of A.
maritima), but also 30%/70% (leaves of A. maritima and roots of /l. pratensis). For all dried plant samples
and the lichen a composition 50%/50% was found. Inner-sphere coordination dominated (100%) only for
the roots of F. ovina. Sorption can explain why fresh and dried plant samples have such similar Pb L3XANES spectra that are not distinguishable with the sensitivity limits given for the ARMS method. The
ratio of outer-sphere and inner-sphere coordination changes in most cases from 70/30 to 50/50 due to
drying. W hen water is removed the hydration shell around the lead ions is partly removed, the space
between the lead ions and the cell wall shrinks and the precentage of the inner-sphere coordination
increases. However, the water cannot be removed completely as the following experiment showed: Even
by baking lead citrate tri hydrate powder in the drying furnace for 4 h, the water of crystallization could
not be removed. The XANES spectra of the original and the dried powder were exactly the same (ARMS=
0.003). Compared to other metals (metalloids) like arsenic where the drying process results in a significant
change in the binding ligand from sulfur in glutathione (in green plant samples) to oxygen in arsenide (in
dried plant samples; Bovenkamp, 2008, Smith et al., 2005, Pickering et al., 2000 and 2006), the
differences in the lead speciation in the plants from the Eifel due to drying are not significant. However,
the differences in the LCF percentages show that drying quite likely affects the coordination of Pb inside
the plants and probably masks chelation in a similar fashion as for arsenic.
The quality of the LC fits summarized in table 3.4.4 is good for most of the plant samples. Only for the
fresh leaves of S. vulgaris is the fitting quality not acceptable. This means that sorption is not the main
process in S. vulgaris leaves and a suitable reference compound is still missing. This missing compound
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could be Pb-EDTA (Ethylenediaminetetraacetic acid lead). Pb-EDTA was not included in the
investigations because it was not available for purchase and at the time synthesis was not an option. In
appendix B.5 a comparison with data from Dela Rosa and coworkers (2005) shows that this compound is
quite likely to be the missing compound. Chelation of Pb with EDTA was reported previously (Tian et al.,
2011, De la Rosa et al., 2005). It is possible that in S. vulgaris plants, Pb is chelated with EDTA and
transported into the leaves. There are currently not enough data in this study to support this hypothesis.
The spectra of the other leaf samples do not show these significant differences. The reason for this
outstanding behavior could be that S. vulgaris is a hyperaccumulator and employs a resistance mechanism
by chelating with EDTA while the other plants are not hyperaccumulators.

Energy (eV)
Figure 3.4.5: Pb L3-XANES spectra of a) fresh S. vulgaris root, b) precipitate, and c) liquid phase of plant sap,
d) Pb2+(aq) with pH 5.5 and low ionic strength.
In order to observe the effect of lead on the cellular fluid directly, a plant sap was prepared from leaves of
S. vulgaris. XANES measurements of S. vulgaris leaves showed that the lead concentration in the leaves
was quite low and a lot of plant material (leaves of several S. vulgaris plants) was available. For the
experiment lead nitrate powder was added to pressed plant sap. Figure 3.4.5 shows that the spectra of the
liquid phase of this solution 8 and the precipitate 9 are similar to each other, and that they are similar to
Pb 2 +(aq) samples and to the fresh root sample of S. vulgaris.
Table 3.4.5: Overview of the LC fitting results of the liquid phase of the plant sap using solution and powder
compounds (Abbreviations see table B.2.1; Amounts in %, Uncertainty: ±15%).
Fit
No.

Pb" (aq)
HI pH
3.4

1
2

93

3
4
5
6

7
8

9

(Pb" (aq)
LI
pH 5.5

Pb4(OH)44+ (aq)
HI
pH 8.0

Pb (II)
acetate
(P)

HDM
(P)

Pb Ph
(P)

87

91
91
191;: ..
78
91
91
86

9

Phos
(P)

Other
(P)

7 me
13 cl
9 io
9 br

22

9 sulfi
9 si

14

Quality
of Fit:
* 2/Xref2
1

1.3
1.3
1.4
1.4
> 1.7
1.8

1.9
2

8 ARMS: liquid phase = 0.007 to Pb2+(aq) with low pH and high ionic strength.
9
2+
ARMS: precipitate = 0.01 to Pb (aq) with high pH and low ionic strength.
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LC fitting for the liquid phase of the plant sap using 2 compounds out of the library of standards agrees
quit good with the experiment (table 3.4.5). The major contribution for the liquid phase of the plant sap is
Pb 2 +(aq) with high ionic strength and low pH with more than 78 %. The second compound cannot be
determined for reasons discussed above. Lead in the liquid phase of the plant sap consists mostly of
hydrated Pb2+ ions similar to water. The pH (unphysiological pH) of the plant sap was determined to 6.3
without lead nitrate and 5.5 with lead nitrate. In tap water at this high pH only a small amount of lead
stays in solution (see section 3.3) while the major fraction precipitates as carbonate or basic nitrate. It
seems more Pb2+ ions can stay in solution in the plant sap because of higher density of molecules (e.g.
amino acids, proteins) and other ions (Dick, 1972).
The LC fitting for the precipitate of this plant sap experiment resulted in mainly Pb 2 +(aq) with low ionic
strength and high pH. Possible compounds that result in precipitation are lead phosphate (as in
chloropyromorphite), lead sulfate, lead citrate, lead chloride or lead oxide (Casas and Sordo, 2006).
Among these insoluble lead salts lead phosphate has the smallest solubility product (Morel and Hering,
1993) and therefore, precipitates first. No fit supports this hypothesis. Probably the phosphate in ATP does
not react with Pb. The minor contributions of lead sulfate or lead nitrate powder are very reasonable
because a) plants contain a lot of sulfate and the reaction with sulfate is possible, b) an excess of lead
nitrate powder because of saturation of the solution. The list (table 3.4.6) is very short because all the
“redundant” compounds were removed.
Table 3.4.6: Overview of the LC fitting results of the plant sap precipitate using solution and powder
compounds (Abbreviations see table B.2.1; Amounts in %, Uncertainty: ±15%).
Fit
No.
1
2

Pb (aq)
HI pH
3.4

(Pb" (aq)
LI
pH 5.5

P b ^ O H jr (aq)
HI
pH 8.0

Pb (II)
acetate
(P)

HDM
(P)

Pb Ph
(P)

71
83

Phos
(P)

Other
(P)

Quality
of Fit:
Z ie re t2

29 sulfa
17 NP

....

1
1.5

Summarizing, lead in the plant sap binds completely to oxygen groups. This experiment is not an accurate
indication of what is happening in vivo in the plants, because this is not a living system. Also, these
experiments using plant sap were performed with a high concentration of lead. It would have been good to
have repeated this experiment with a low concentration of lead and for a longer time to determine the
precipitation behavior more precisely. On the other hand this experiment shows similarities to the real
plant samples with lead: In the precipitate outer-sphere coordination was determined even though the
solution was impregnated with high ionic strength lead nitrate. One reason for this similarity with the low
ionic strength solutions is the buffering effect of all the ions and molecules that comprise a biofluid such
as plant sap. In the present case no distinction can be made between liquids of the apoplast (exterior of
cell) and symplast (interior of cell). “The intracellular fluid the cytoplasm as well as the extracellular fluid
are well defined mixtures of ionic solutes (Na+, K+ with Ca2+ and Mg2+ in smaller amounts; Cl' and H C 0 3',
small amounts of S 0 42' and H P 0 42') and proteins and water” (Dick, 1972).

3.4.2 Other techniques
While XAS is the main focus in this project, other methods to analyze biological samples were employed.
X-ray Tomography is an absorption technique that can give a 3-dimensional map for a specific element; in
this case Pb. A piece of S. vulgaris root was used for the tomography experiments performed by
Kyungmin Ham at CAMD. At 12.5 keV the absorption of 0.211 cm2/g and at 13.5 keV the absorption of
0.419 cm2/g was measured in slices. For each individual voxel 1 0 the absorption intensities of the 12. 5 keV
measurements were subtracted from the intensities of the 13.5 keV measurements and reconstructed into a
3-d image with a special program, imageJ. In this program snapshots can be taken from different
10 A „voxel" is a new word for a 3-d

minimal box, similar to pixel for 2-d
50

Lead speciation in plants
viewpoints to visualize the 3-d image on paper. The two pictures (figure 3.4.6 a and b) are two views of
these 3D reconstructions. The yellowish colored points represent the subtraction of intensities below and
above the Pb L 3 -edge. This indicates the presence of Pb. The average Pb vol% in one voxel (size: 2.53
|im3) is estimated to 0.056 vol%. Pb is observed to have a higher concentration at the outer area of the
root, the epidermis. This element specific X-ray tomography supports the hypothesis that lead uptake is
mainly limited to the epidermis of the roots. A very low concentration of lead in this piece of root is
pictured by the faint, “spider web” like structures in the center, inside the root. This is the region of the the
Xylem and Phloem, the transporter channels within plants. A low concentration in these areas mean that
only a very small amount of lead (about 10%) is transported from the plant roots (cf. table 3.4.7) to the
upper parts of the plant. This is in agreement with the literature (Kopittke et al., 2009).

Figure
_
y torr _ . ,
(summer - dried) at Pb L 3-edge. Data volume size is 2.5 x 2.5 x 2.5 mm3 with 2.5 iim spatial resolution. High
concentrations of Pb are shown in bright yellow.

B

/
(right) complexation of Pb2+ ions in plants
Figure: 3.4.7: Crosslinking of pectines by
Mg2+ and Ca2+ ions
(from: Karp, 2005)

In order to determine the concentration and distribution of Pb in the different parts of various plant
species, ICP/AES analyses were carried out on the roots and leaves (or stems, in the case for S. vulgaris).
As shown in Table 3.4.7, Pb was detected in all samples, in roots and leaves. This indicates the capability
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of all the plants that were examined to take up Pb in some quantity into roots and onto aboveground
tissues. However, the different plant species vary significantly in the uptake and translocation of lead.
For each species, the Pb concentration is higher in roots than in shoot tissues, corroborating previous
studies (e.g. Brown, 1986 and 1993; Sahi et al., 2002; Tian et al., 2010). In addition, the Pb concentrations
are much higher for S. vulgaris, A. maritima, and F. ovina than for A. pratensis. This correlates with the
observation that areas with high Pb concentrations predominately host S. vulgaris, A. maritima, and F.
ovina whereas A. pratensis predominates in soils with relatively low Pb levels (Brown, 1990). The Mg and
Ca concentrations will be discussed below.
Table 3.4.7: ICP-AES Analysis of leaves (stems for S. vulgaris) and roots of all plant samples of the winter
collection (Unit: (ppm) = (mg/kg dry weight), uncertainty ±10 %).
Metal
concentration

A. maritima

Leaf

Pb

190

Mg
Ca

3600
1900-

S. vulgaris

Root
13000
:

Stem
1100

F. ovina

Root

C. portentosa

A. pratensis

Leaf

Root

Leaf

7000

75

5500

100

2700

1700

1400

1200

800

2400

4600

3500

1700

3900

i

Root
1300

750

2100

310

600

2600

900

2200

A second set of plants were collected to determine the lead concentrations in the plants in the summer.
Because of communications problems the same laboratory could not analyze the second set. The new lab
seemed to have lost track of the sample names. For this reason these results cannot be used. Even though
these ICP results are not available to compare plants from summer and winter, the XANES measurements
indicate that the leaves of the summer collection contain less Pb than the leaves (and stem) of the winter
season. This is reasonable because in the spring leaves start growing and “collecting” Pb which ends in the
winter.
The results of the tomography and ICP measurements support the hypothesis that lead stays mainly in the
roots and only small amounts that also vary from plant species to plant species are translocated into
leaves. The differences in the chemical environment of Pb in fresh S. vulgaris and F. ovina roots may be
explained by the following observation. For plants like A. maritima or S. vulgaris the roots are thick and
long (see appendix B. 8 ). Thus, these roots have a low surface to volume ratio. Whereas, for F. ovina and
A. pratensis the roots are very thin (see appendix B. 8 ) and have a high surface to volume ratio. The roots
of S. vulgaris and F. ovina are both confronted with a high concentration of lead (Brown, 1990). The roots
of F. ovina have a much larger surface to volume ratio compared to S. vulgaris. Therefore, the lead
concentration for F. ovina is significantly higher and thus, the ionic strength is much higher for F. ovina
than for S. vulgaris. Ionic strength is the property responsible for the effect of a higher contribution of
inner-sphere coordination in F. ovina roots and lower uptake into leaves.
The potential of lead adsorption by dried biomass such as alfalfa, hop, peat, and fungi was investigated
previously (Tieman et al., 2002; Gardea-Torresdey et al., 2005; Qin et al., 2006; and Sarret et al., 1998a).
However, these XAS experiments did not include the complete set of reference solutions as used here, and
they did not discuss effects of ionic strength. Also, sorption was not discussed for living plants. Inspired
by an illustration from Karp (2005) - see figure 3.4.7 (above) - sorption can explain the storage of Pb
inside the plants, mainly the roots. Other studies have shown that inside roots lead is found close to cell
walls (Kopittke et al., 2009). The cell wall is composed of polysaccharides such as pectins,
hemicelluloses, cellulose and proteins where pectins form the matrix and the cellulose chains are crosslinked through Mg2+ and Ca2+ (Kindi, 1994). Ca- or Mg-ions can be exchanged for Pb2+ (Sarret, et al.,
1998a). The exchange of ions may be supported by the data for Mg presented in table 3.4.7. The data
shows consistently less Mg in the roots of the plants. In S. vulgaris and A. pratensis less Ca is present in
the roots. However, no control samples (without Pb) where available to support this hypothesis. The cell
wall is still the most likely place for the sorption of lead. Ion-exchange of Pb2+ with Mg2+ or Ca2+ is likely.
Sari and coworkers (2009) reported equilibrium studies of the biosorption of Pb on biomass and also
indicate that ion exchange is the main mechanism for Pb(II) to bind to biomass. This sorption picture is
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“captured” in figure 3.4.8 (above) where only the cellulose is depicted as a network. Sorption experiments
explain the very low mobility of lead in soil because sorption on hydrous oxides, clay minerals, and other
surfaces was observed (e.g. Rouff et al., 2004, Strawn and Sparks, 1999, Bargar et al., 1997a). Pb was
shown to have the highest adsorption uptake rates compared to other ions such as Cu2+ and Zn2+ for many
different ion exchange materials such as functionalized cellulose, zeolites and resins (O’Connell et al.,
2008, Calvo et al., 2009, and Demirbas et al., 2005).
Based on these results we propose the following process for lead uptake into plants: Lead enters the root
within the outer apoplast from the soil solution as Pb2+ (aq) or as a lead hydrolysis complex Pb 4 (OH)44+
(aq) depending on pH and lead concentration in the soil solution forming mono- or polynuclear
complexes. The element specific x-ray tomography confirmed that lead was found mainly in the epidermis
of the root with little present in the central regions of the root. The more Pb that is coordinated in innersphere complexation, the less Pb can be taken up into shoots. This is consistent with the concentration data
in table 3.4.7: for F. ovina much less Pb is translocated into upper parts than for S. vulgaris. Even though
A. maritima was expected to be a hyperaccumulator for Pb (Baker and Brown, 1989), from our data only
S. vulgaris classifies as a hyperaccumulator since the aboveground tissue reaches concentrations of more
than 1000 ppm (Baker, 1981). As a hypothesis, I think that only S. vulgaris employs chelation agents such
as EDTA to transport Pb to the shoots and is therefore a hyperaccumulator. This indicates an active
resistance mechanism for Pb only in S. vulgaris. However, this cannot be confirmed without further
experimental data. Predominantly, Pb is taken up and stored in plants via the passive process of sorption.
It is not possible to directly compare the relative Pb uptake abilities of the different plant species from the
soil because only one soil sample was examined. Due to the heterogeneity of metal concentrations in the
soil of the area (Schumacher, 1977; Brown, 1990), one sample is not representative for the whole area. For
this reason, further discussion of phytoremediation capabilities of the in this study investigated plants is
not reasonable.

3.5 FEFF Simulations at Pb- L3-edge
Several codes have been developed for simulations of XANES spectra such as FDMNES, GNXAS,
MXAN, EXCURV, and FEFF. Reports of simulations of Pb L3-XANES spectra are rare. Di Cicco and
coworkers (2002) discuss the applicability of GNXAS by presenting calculations of Pb metal. Swarbrick
and coworkers (2009) discuss Pb L 3 and L r XANES spectra and simulations and also DOS calculations of
PbO and PbS. Dubrail and coworkers (2009) report FEFF calculations of Pb L 3 -XANES spectra of basic
compounds such as PbO, P b 0 2, PbCl2, and PbS. An artificial compound Pb-zircon was created by using
the crystal structure of monazites as a basis and replacing La with Pb as the core. All these calculations
were in agreement with the experiments. In a study of Pb-peptides by Magyar and coworkers (2005),
measurements were supported by FEFF XANES and EXAFS calculations at Pb L 3 -edge. The simulations
were able to reproduce the general shape of the experimental XANES spectra.
In order to get additional confirmation that the expected model for lead adsorption in plants is reasonable,
FEFF calculations were employed. The first step in this approach is an evaluation of how well FEFF can
reproduce Pb L3-XANES spectra. FEFF calculations for basic compounds (such as pure Pb metal, PbCl2,
PbO - see appendix B.7) that were in agreement with the experiment were also reported previously (see
above). While for most of the basic compounds the default parameters (screened core hole, and HedinLundquist (HL) self-energy) had already given reasonable results. The use of Dirac-Hara (DH) self-energy
with additional broadening of 2 eV or the ground state exchange potential improved the agreement with
the experiment; especially for the XANES spectrum of PbCl2 the use of the Dirac-Hara and HedinLundquist exchange potential gave the best results. Lead compounds such as PbCl2have a strong ionic and
insulating character. This explains why the HL self-energy which can approximate the intrinsic losses in
metals and conductors has to be exchanged by the DH self-energy of ionic compounds
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3.5.1 DOS calculations for Pb compounds
The density of states (DOS) provides information about the electronic structure and bonding of the
compounds. DOS plots for Pb compounds using Pb L3-XANES calculations are reasonable because of the
agreement of the theoretical and experimental results. In the oxidation state 0, Pb has the electronic
configuration [Xe]4f1 4 5d 1 0 6s 2 6p2. For the following discussion, it is important to focus on the main
transitions probed at the Pb L 3 -edge: 2p —> nd. Features of XANES spectra, such as WL, can show high
intensity at L3-edges if transitions into the d-band are possible due to the formation of bonding orbitals.
However, the p-orbitals are mainly involved in the bonding for Pb compounds. Also, for Pb the 5d band is
completely filled while the 6 d band is completely empty. Thus, Pb L3-XANES spectra cannot have intense
W L features. However, WL features for Pb compounds are observed and are possible because of p-dmixing (Rao and Wong, 1987). Figures 3.5.1-3.5.3 show the calculated l-projected DOS of metallic lead,
PbO and PbCl2. For Pb, PbO, and PbCl2 the 5d-shell at - 22 eV is completely filled, well below the Fermilevel of -4.8eV/ 4.9 eV. Just below the Fermi-level in all three lead compounds the dDOS is non-zero.
Therefore, hybridization of the Pb 6 s, 6 p, and 6 d orbitals is possible, but it seems that only in PbO the spdorbitals and the p-orbital of the oxygen mix. This is the reason why Pb metal and PbCl2 do not have an
intense WL feature. This is also reflected in the numbers for the electron occupancy for each orbital, also
calculated by FEFF, in tables 3.5.1-3.5.3.

Figure 3.5.1: L-projected DOS for Pb metal

Enerav relativ to E.

Table 3.5.1: Electronic occupancy of Pb metal
Atom
Pb
Pb
Pb

Angular momentum

s
P
d

Electron occupancy

1.914
1.839
10.248

Table 3.5.1 for metallic lead shows the distribution of the outer electrons in the ground state. Some charge
is transferred from 6 s and 6 p into the d-band, probably into 6 d. Since the 5d orbitals are well below the
Fermi-Level and do not take part in any bonding I assume the maximum to be 10 for 5d and 0.248 for 6 d.
For PbO, valence electrons are distributed between 6 s, 6 p, and 6 d (again 10 for 5d) and the 2p-orbital of
oxygen which derived from the decrease of electron counts in 6 s and 6 p (Pb) and the increase in electron
counts for 2p (0 )(cf table 3.5.2). For PbCl2, mainly p-electrons of the Pb atom are transferred to the pshell of chlorine which is to be expected for an ionic material. A small amount of electrons is transferred
to the d-orbitals of Cl. Anti-bonding molecular orbitals are unoccupied states which comprise the White
Line (WL) of the PbO XANES spectrum at about 25 eV. The different degree of hybridization of PbO and
PbCl 2 was previously observed by Rao and Wong (1984). They reported that the ionic character of the
bonding can be determined by the comparison of Pb Lj- and L,-XANES spectra of PbO, PbCl2, and
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several oxyanion compounds. The reduction of the hybridization for ionic compounds can be observed as
increase of the W L intensity. At the same time the WL intensity at the Pb L3-edge is reduced.

FF9)

Figure 3.5.2: L-projected DOS for PbO
Table 3.5.2: Electronic occupancy of PbO
Atom

Electron occupancy

Pb
Pb
Pb
O
O
O
Charge Transfer

1.714
1.539
10.384
1.916
4.454
O: -0.367

Figure 3.5.3: L-projected DOS for PbCI2
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Table 3.5.3 Electronic occupancy of PbCfe
Atom
Pb
Pb
Pb
Cl
Cl
Cl
Charge Transfer

Angular momentum

Pb

Cl

s
p
d
s
p
d

Electron occupancy

1.914
1.157
10.319
2.011
5.142
0.136
Cl: -0.288 (each)

These DOS calculations show that the WL in Pb L 3 XANES spectra corresponds to the 2p -> 6 d
transition. Compared to transition metals, such as silver (cf. chapter 4) or gold (Pantelouris et a l, 1995)
where the d-band is not completely filled and L3-XANES spectra have strong WL features, Pb L3-XANES
spectra are rather featureless because the overlap 2p —> 6 d is small. The most pronounced WL is found for
lead nitrate which is the result of the absence of splitting of p- and d- orbitals in this compound with
icosahedral coordination (Rao and Wong, 1984).

3.5.2 Simulation of the plant model
For lead compounds with only two different kinds of atoms (only lead, or lead and one other element), the
FEFF calculations had shown a good agreement with the experiment. For more complex compounds (e.g.
lead nitrate, lead sulfate, lead citrate and so on) discrepancies of experimental and FEFF calculated spectra
are observed. I will only discuss lead citrate here because the crystal structure of this compound is the
basis of the simulation that was performed so as to understand the bonding of Pb in plants. To be precise
for this simulation the crystal structure data by Kourgiantakis and coworkers (2000) for an aqueous lead
citrate complex (called lead citrate n hydrate) is used.

Energy (eV)
Figure 3.5.4: Pb L3-XANES spectra of lead citrate (n hydrate): a) spectrum calculated by FEFF with DHHL,
b) scattering amplitude calculated by FEFF with DHHL, c) experimental results, d) spectrum calculated by
FEFF with DH, e) scattering amplitude calculated by FEFF with DH, f) experimental results, g) spectrum
calculated by FEFF with GS, h) scattering amplitude calculated by FEFF with GS, and i) experimental results.
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Figure 3.5.4 shows the XANES spectra calculated with FEFF in comparison with the experimental data of
lead citrate tri hydrate. The parameter that was varied for the three different calculations is the exchange
potential. Calculations using Ground state (GS), or Dirac Hara (DH) self-energy do not have a White Line
(WL) even though the Shape Resonances (SR) are very similar to the experiment. Using Dirac-Hara with
Hedin-Lundquist (DHHL) imaginary part, the XANES spectrum has a WL but no SR features are present
at all. The features in the Pb L3-XANES spectra of lead citrate (n hydrate), especially the SR, are rather
broad. Broad features are the result of coordinations where the neighboring atoms cannot be found in
symmetrical coordinations with one distance from the center. For lead citrate (n hydrate), for example, the
oxygen atoms in the first shell are all at different distances from the center.

Energy (eV)
Figure 3.5.5: Pb L3-XANES spectra of Pbcitrate (n hydrate): a) arctan curve with broadening 2 eV, b)
background corrected FEFF calculation, c) experimental spectrum, d) atomic background calculated by FEFF
with GS, e) atomic background calculated by FEFF with DH, f) atomic background calculated by FEFF with
DHHL.
Because of the good agreement of this background corrected FEFF calculated spectrum with lead citrate, I
assume that the crystal structure can be used for the simulations. In order to test the above discussed
model of inner- and outer-sphere adsorption the crystal structure of lead citrate is changed. Only the atoms
in the second shell are exchanged. In order to understand why lead citrate is so similar to lead nitrate
solution, C (the second shell element) is exchanged for O. Further, other elements (such as: Cl, N, S, P,
Pb) are exchanged for C. The results are shown in figure 3.5.6. If N or O is exchanged for C in the second
shell, the calculated X A N E S spectra do not change much. This is reasonable because the scattering
amplitude of elements with nearly the same atomic weight (e.g. N, C, and O; S, P, and Cl) is very similar.
This is reflected in figure 3.5.6 because the calculated spectra of each group (N, C, and O; S, P, and Cl)
are practically the same. The spectra, where O and N were exchanged for C, are very similar to the
experimental spectra of S. vulgaris and the lead nitrate solution with low ionic strength and high pH (5.5).
This discussion explains why the experimental Pb L 3 -X A N E S spectra of lead nitrate in solution and lead
citrate tri hydrate powder are so similar; changes in the second shell among C, N, or O do not affect the
scattering part of the spectrum much. Also, if Pb is exchanged for C in order to create a model for the high
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ionic strength inner-sphere complexation, this calculated spectrum is very similar to the experimental
spectrum of F. ovina roots. A trend can be observed: If the more Pb the compound contains the more is
the prominent shape resonance (called peak A) shifted to higher energies.

Energy (eV)
Figure 3.5.6: Pb L3-XANES spectra of a) lead citrate calculated by FEFF exchanged Pb, b) experimental
spectrum of F. ovina roots, c) lead citrate calculated by FEFF exchanged Cl, d) lead citrate calculated by FEFF
exchanged S, e) lead citrate calculated by FEFF exchanged P, f) lead citrate calculated by FEFF exchanged N,
g) lead citrate calculated by FEFF exchanged O, h) lead citrate calculated by FEFF, i) experimental spectrum
of lead nitrate solution with low ionic strength and pH 5.5, k) experimental spectrum of S. vulgaris roots, and
I) lead citrate calculated by FEFF reduced number of Pb.
The FEFF simulations presented in this section support the model for Pb storage in plants presented in the
previous section.
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Chapter 4
Silver speciation in bacteria
Silver is a transition metal o f the third row with oxidation states 1+, 2+, and 3+. The 1+ oxidation state is
dominant in the environment (Cotton and Wilkinson, 1972). Silver reacts readily and quickly with organic
compounds (Gruen, 1974).
The antimicrobial properties o f silver are currently used in a variety o f bio-medical applications such as
antifiingal agent, as antibacterial agents for antibiotic resistant bacteria, as silver based antiseptic etc.
(Silvestry-Rodriguez, et al., 2007, Silver and Phung, 1996; Jung et al., 2008, Chopra, 2007). Silver ions
(Ag+) and Ag compounds are highly toxic to microorganisms exhibiting biocidal effects on many species
of bacteria. However, the toxicity towards different kinds o f microorganisms vary strongly, e.g. Kim and
coworkers (2007) report that silver nanoparticles inhibit Escherichia coli growth at low concentrations
whereas the growth inhibitory effect using the same low concentrations on Staphylococcus aureus was
only mild. They discuss that reducing the particle size o f the nanoparticles, should provide an increase in
the efficiency because smaller particles are better able to enter the cell (Kim et al., 2007). Furthermore,
some bacteria exhibit complete resistance against silver (Sondi and Salopek-Sondi, 2004, Messaoud et al.,
2010, Fayaz et al., 2010). Although silver ions, e.g.silver nitrate, and silver nanoparticles are widely used
for diverse antibacterial purposes, the exact antibacterial mechanism o f action has not been elucidated so
far. Within the last 30 years quite a number o f attempts have been made to describe the antimicrobial
mechanism o f silver ions/silver nanoparticles. These hypotheses can be summarized as
•
•
•

bonding o f Ag to amino acids in proteins and enzymes,
bonding to nucleic acids in DNA or RNA,
oxidation catalyzed by Ag.

The effects o f these bond formations cause structural changes in the cell wall and bacterial membrane,
disrupt enzyme catalyzed reactions and the electron transport chain o f the cell (e.g. Yakabe et al., 1980,
Nomiya et al., 1997, Davies and Etris, 1997, Radzig et al., 2009). In detail: based on chemical and
microbiological experiments with Pseudomonas aeruginosa, Staphylococcus aureus, and Escherichia coli
it has been proposed that the mechanism o f the antibacterial activity o f silver is closely related to the
interactions o f silver with thiol (S-H) groups (Liau et al., 1997, Kim et al., 2007), although other targets,
such as amine (N-H) groups are being discussed (Richards et al., 1984; Furr et al., 1994; Jung et al.,
2008). In their experiments observing the growth inhibition o f silver compounds containing thiol groups
vs. silver compounds not containing thiol groups on Pseudomonas aeruginosa (Liau et al.,1997), and of
silver nanoparticles /silver nitrate with and without N-acetylcystein (NAC) present againstEscherichia
coli (Kim et al., 2007) the two groups found that compounds containing thiol groups (e.g. in cysteine)
neutralize the antibacterial activity o f silver, and the bacteria were not killed. In contrast, L cystine
dimethyl ester (not containing thiol groups) was not able to reduce the antibacterial activity (Liau et al.,
1997). Together with the observation that silver bonding to sulfur is stronger than to nitrogen (Kramer et
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al., 2002), these examples show that silver prefers sulfur bonding and only when delivered by non-sulfur
containing agents Ag is an effective antibacterial agent. Besides biochemical or physiological
experiments, morphological data on cell disruption caused by silver ions were published recently (Jung et
al., 2008). However, in all studies performed so far, direct experimental evidence is lacking on a
molecular level regarding the binding o f silver and any potential differences in the chemical environment
o f the silver ions interacting with various microorganisms. The present study applying XANES
spectroscopy should give answers to the following question: What is the preferred bonding o f silver in the
reaction with bacteria? - And can this explain the biocidal mechanism? The human pathogenic bacteria,
the gram-positive Staphylococcus aureus and the gram-negative Escherichia coli, were chosen as model
organisms as they have been widely used as test organisms when dealing with topic related to antibacterial
activity o f silver ions or silver nanoparticles (e.g. Chopra, 2007; Jung et al., 2008).

4.1 Sensitivity of Ag L3-XANES spectra regarding the chemical
environment
The ARMS method determining the sensitivity o f Pb-XANES spectra was described in detail in the
previous chapter and will now be applied to Ag L3-XANES spectra.

4.1.1 Determination of the limit of uncertainty for the sensitivity of Ag L3.XANES spectra
At Ag-L3-edge the setup at the DCM beamline at CAMD also allowed measuring a standard (Ag-metal)
each time whilst measuring reference compounds. Therefore, many spectra o f Ag-metal could be
examined. However, at this low energy no silver foil standard was available. The standard sample was
prepared from silver flakes in the glove box to avoid oxidation in the same manner as was described for
low energy sample preparation. 37 XANES spectra were included in this survey.

For the silver flakes standard the ARMS values of Ag L 3-XANES spectra range from:
1.861 * 10'3 to 1.71 * 10'2 with an average of: Astat = 4.83 * 10'3.
As was discussed in section 3.1 measurements at low energy are affected much more by sample
preparation, i.e. inhomogeneity, compared to those at higher energies. In order to evaluate the effect of
sample preparation on Ag L3-XANES, the spectra of several samples of silver bromide were compared.
Some o f these samples were prepared very crudely (more details in section 4.3). These crudely prepared
samples show the effect on XANES spectra for different sample preparation quite well.

ARMS values range from 1.9*1 O'3and 4.70 * 10'2 with an average Asamp= 2.07 * 10'2.
Combining these two ARMS averages the level o f uncertainty at Ag L3-edge can be determined as:

Ugen = Astat + Asamp = 4.8 * 10'3 + 2.07 * 10'2 = 2.5 * 10'2

Eqn. 4.1.1

The pure statistical value Asta, is only a little higher compared to Pb L3-XANES spectra. On the other hand
the level o f uncertainty including the sample preparation is higher than the value determined for Pb L3XANES spectra. This value is much smaller compared to Pb M5-edge although Ag L3-edge is less than
1000 eV above Pb M5-edge. This indicates that the problems with sample preparation at low energies still
apply but the effects are already reduced. Because of time limitations no extra tests o f the differences
between fluorescence and transmission spectra were performed. However, the comparison o f fluorescence
and transmission spectra at Ag L3-edge for analysis was not necessary because a different LCF procedure
was used for the analysis of the bacteria samples.
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4.1.2 Determination of the level of sensitivity of Ag L3-XANES spectra
Similar to the investigations at the Pb edges, Ag compounds with different coordination environment were
chosen to determine the sensitivity of the Ag-XANES spectra with regard to the coordination
environment. Figure 4.1.1 shows the Ag L3-XANES spectra o f the compounds used in this study; table
4.1.1 lists the results o f the ARMS values for each pair o f compounds. The list o f categories for the
differences in shells (see section 3.1) now compares A g-0 vs. Ag-S and so on. The ARMS values for each
category are higher than the level o f uncertainty ugen as determined above. Silver acetate was replaced for
silver citrate. This indicates that changes in coordination and neighboring atoms in the first three shells
show significant differences in Ag L3-XANES spectra.

Table 4.1.1: ARMS values of the
XANES spectra at the Ag L 3-edge for
different chemical environments
Pair of Compounds

ARMS

Ag-O/Ag-S
Ag-O/Ag-N
Ag-O/Ag-CI
Ag-S-Ag/Ag-S-C
Ag-O-S/Ag-O-N
Ag-O-N/Ag-O-C
Ag-O-C-Ag/Ag-O-C-O

0.084
0 .10 0

0.134
0.065
0.079
0.080
0.031

Energy (eV)
Figure 4.1.1: Ag-L 3 -XANES spectra of a) silver thiocyanate, b) silver
cyanate, c) silver sulfate, d) silver nitrate, e) silver acetate, f) silver
carbonate, g) silver chloride, h) silver sulfide, and i) silver I oxide.
This investigation shows that Ag L3-XANES spectra are highly sensitive to the electronic and chemical
environment around the absorbing Ag-atom. The reason for the sharp features and the high sensitivity to
the chemical environment of Ag XANES spectra is the highly localized nature o f the 4d orbitals. These dorbitals are involved in the bonding. This effect will be discussed in section. 4.5. Ag L3-XANES spectra
are sensitive to differences in the third shell similar to what was determined for Pb L3-XANES spectra.
Again, for example, Ag-S bonding in inorganic compounds such as silver sulfide cannot model the
organic environment. Therefore, in order to determine the correct environment of Ag in the organic
samples, adequate reference compounds have to be prepared.
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4.2 Linear Combination Fitting at Ag L3-edge
It is obvious now that Ag L 3 -X A N E S spectra have a much more pronounced fine structure compared to Pb
L 3 -X A N E S spectra. This is the reason why the time consuming test o f detection limit and uncertainty of
the LCF method using known mixtures was not attempted. For LC fitting at Pb L3-edge the uncertainty
was determined to 15%. At S K-edge the margin o f error was estimated to ± 10% (Prange et al., 2002). It
is reasonable to estimate this value also for Ag L 3 -X A N E S spectra to 10%.
Initially, the combinatorics method using 2 out o f 21 inorganic powder reference compounds was
performed to analyze the bacteria samples. No combination o f reference compounds was able to fit the
spectra o f the bacteria with acceptable quality. The reason for the failure of the LCF procedure at Ag L3edge is the high sensitivity o f Ag L3-XANES spectra towards the chemical and electronic environment o f
the Ag atom and the fact that the correct reference compounds are missing. Only after the silver amino
acids were included, now using 2 out of 25 reference compounds for the LCF analysis o f the bacteria
samples, did the LC fit procedure successfully determine combinations with very good quality that could
fit the experimental data. The amino acids were determined as the only compounds relevant. In order to
understand which bonding is preferred by the silver ion and because the amino acids are the only
compounds within the cell, the LCF procedure was finally restricted to these four compounds.

4.3 Photosensitivity of Silver Compounds
It is well known that some silver compounds are sensitive to visible light since some o f them were used in
photography for a long time, e.g. silver bromide and silver chloride. Articles and books about the “theory
o f the photographic process” are manifold and in some cases quite old, e.g. (James, 1948). The
explanations given in these reports were useful enough to exploit the process on the technical level and to
develop a successful market until digital imaging became economically more feasible. In this section the
light sensitivity o f silver compounds investigated by XANES is discussed. There are obviously no reports
on the application of XANES regarding the light sensitivity of silver. In order to evaluate the effect o f the
light sensitivity of silver reference compounds and silver treated bacteria samples on XANES
measurements, several experiments were conducted. In these experiments, using silver bromide and silver
nitrate powders, silver nitrate and silver alanine solutions, as well as photographic film, XANES spectra
were measured before and after the exposure to light and the x-ray beam.

4.3.1 Powder samples
For testing the effect o f visible/day light on silver compounds using XANES, two samples were placed
into sunlight (behind window) for 48 h (effectively 24 h o f sunlight). AgBr and A gN 0 3 powders, which
are usually white, showed a visible change o f color to olive and grey, respectively. Figure 4.3.1 shows that
the spectrum o f the exposed AgBr sample is not very different when compared to the spectrum o f the non
exposed compound (the same was found for A gN 03), even though AgBr is described as light-sensitive
(James, 1948). Ag Br was also exposed to direct sunlight (5 min, 30 min) to include the UV energies (cf
figure 4.3.1). Again, the color o f the samples changed visibly to an olive color within minutes, but the Ag
L 3 -XANES spectra o f the exposed AgBr samples are not significantly different from the unexposed.
Finally, special AgBr samples without exposure to visible light were prepared. The precautions in the
preparation o f these samples included: a) darkroom with red light (reducing “high energy” visible light),
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b) darkroom with no light at all (which was quite difficult), and c) enclosing the sample in light blocking
material, such as aluminum for the XAS experiments'.

Energy (eV)
Fig 4.3.1: Ag L3-XANES spectra of a) AgBr powder prepared in the dark together with the standard AgBr
powder sample (bold), b) AgBr without light-exposure and with 48h/24h, with 5 min and 30 min exposure.
The X A N E S spectra o f the samples prepared in darkness in figure 4.3.1 are again not very different from
all the samples prepared previously. Small differences between X A N E S spectra can arise from sample
preparation (see section 4.1). The ARMS differences for these samples compared to the standard o f AgBr
(selected as spectrum with the best signal to noise ratio) range from 1.9*10 3 to 4.70 * 10'2’ as discussed in
section 4.1. These values were included in the determination o f the sensitivity which gave the limit of
sensitivity for Ag L 3 -X A N E S spectra because the spectra o f these samples have a very bad quality due to
crude sample preparation in the dark. I assume that, with the prominent color change o f the samples and
the sensitivity o f Ag L 3 -X A N E S spectra regarding differences in the chemical environment, the X A N E S
spectra o f light exposed samples compared to unexposed samples should be significant and the ARMS
differences much higher than the level o f uncertainty.

4.3.2 The photographic process in situ - XANES spectra of black and white film
To eliminate the problem o f sample preparation, a commercially produced “sample” was purchased. This
was a 35mm, Kodak 400Tmax, black-and-white photographic film. Specifics o f that film can be found
elsewhere (Kodak). The company did not reveal the composition o f the silver compound, but the XANES
spectra at Ag L3-edge show clearly that silver in these films is present as AgBr. The film was cut in small
pieces which were treated in different ways (but without development): unexposed, exposed to visible
light from the sun (30 min), artificial light (1 day, 1 week, 6 weeks, 35 weeks), and the photon beam (xray light) during measurement for about 7h (each scan was 30 min), and then measured at Ag-L 3 -edge.
Figure 4.3.2 shows the results o f these experiments. Surprisingly, the Ag L3-XANES spectra of these film
samples do not show much difference as well. Only the spectrum o f the film sample, which was exposed
to visible light for about 35 weeks, shows small changes compared to the other spectra. These differences
are characterized as increased intensities at the energies 3353.5 eV and 3360 eV (see figure 4.3.2 magnified).
1 The monochromator does not completely block visible light.
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Energy (eV)
Figure 4.3.2: Ag L3-XANES spectra of AgBr-films with different exposure times to visible light, and after 7 h of
exposure to x-rays (all grey); after 35 weeks light exposure (black).
In this special case because the samples in this series are all machine produced the level of uncertainty that
has to be considered is the average o f the ARMS values o f the standard silver flakes of 4.83 * 10'3. The
ARMS value o f the spectrum o f the film exposed to light for 35 weeks, compared to the unexposed film, is
4.98 * 10"3. This means that the differences can be significant enough to be due to the light exposure.
Linear combination fitting indicates that only 5 % o f the silver was transformed into metallic silver. The
references used for this fitting procedure were the unexposed, exposed, and the fully developed film and
the LC fit was in good agreement with the experimental data. The details about the photographic
development process are given in appendix C.4. For all samples presented so far, only very small or no
differences in the XANES spectra o f exposed and unexposed samples could be detected. This means
chemical change due to light sensitivity o f dry silver compounds is detectable with XAS only after a very
long (more than 6 months), exposure to light (visible or x-ray). The development process is part o f the
photographic process where the metallic silver centers o f light exposed grains are the initiators o f a fast
chemical reaction controlled by the time the film is exposed to the developer. The developer is a liquid
with a reducing agent that changes all AgBr into metallic Ag. This section on XANES spectra o f the
development process can be found in appendix C.4 since it brings no direct contribution to the subject of
the effect o f light sensitivity on XANES spectra.

4.3.3 Liquid samples
While silver powder and film samples did not show much detectable reaction to x-ray exposure, silver
nitrate solutions show a distinct “picture” o f the beam in the form o f a dark stripe after XAS experiments.
However, silver nitrate solutions o f high concentration do not show any change even after measuring
XANES for several hours or even exposing the solution to light for weeks. This “insensitivity” of
concentrated silver nitrate solution to light exposure was reported previously in Abegg and Auerbach
(1909). Only for a much lower concentration (e.g. 0.02 M), changes can be observed after about 5 hours of
continuous exposure to x-ray light while measuring XANES. In order to measure the XANES spectra for
samples with low concentration, it was necessary to use the fluorescence mode. The 3 scans o f the low
concentrated solution (b-d), shown in figure 4.3.3, display the reduction of silver ions (dissolved in water)
into silver metal. Each scan took about 90 minutes.
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Energy (eV)
Figure 4.3.3: Ag L3-XANES spectra of Ag nitrate dissolved in H2O with (e) concentration 0.1 M (b-d)
concentration 0.02 M (90 min for each scan), and a) silver metal flakes.
It has been demonstrated previously that silver is reactive in solutions and silver carboxylates are not
stable in light (Patai and Rappoport, 1999) which confirms that organic silver compounds can also be
sensitive to light. The goal of this study is to observe the reactions o f bacteria with silver. Section 4.4 will
explain that the key to understanding the reactions between silver and bacteria are organic silver
compounds. So, it had to be investigated whether organic compounds are also light sensitive and if these
effects are observable with XANES spectra.
For powder compounds, such as silver alanine (see figure 4.3.4), the XANES spectrum changes only a
little after weeks o f light exposure while, at the same time the color o f the powder changed, substantially
from white to brown. Silver alanine in solution, on the other hand, is more sensitive to light.
For the X A S experiments silver alanine powder was re-dissolved in water. The solution blackens within
minutes due to light exposure. For 3 weeks this sample was exposed to artificial light before the X A N E S
spectrum was measured. Because no silver alanine powder remained, a X A N E S spectrum o f unexposed
silver alanine solution could not be measured. Figure 4.3.4 shows that the spectrum o f the silver alanine
solution (after 3 weeks) is similar to that o f silver metal. The Ag L 3 -X A N E S spectrum o f silver flakes
shows some features (maxima at 3359 eV, 3365 eV, 3369 eV, and 3385 eV) which are not present in the
spectrum o f the light exposed silver alanine solution. The absence o f these features in the spectrum o f the
light exposed silver alanine solution could be an indication that the crystal structure o f silver formed in the
photolysis is rather different when compared to the face centered cubic system o f metallic silver. The
effects o f light exposure towards all silver amino acids are listed in Appendix C.5.
The conclusion o f these investigations is that the photolysis o f silver compounds into metallic silver can
be observed with XANES measurements only for silver compounds in solutions of low concentrations and
with oxygen bonding. Therefore, precautions have to be taken only for silver compounds in solution,
especially with oxygen bonding. The list o f the light exposure experiments with amino acids in appendix
C.5 showed that solutions were stable under light exposure for compounds with Ag-N bonding, such as
Ag-his. See also the preparation o f silver amino acids (Nomiya et al., 2000, Demaret and Abraham, 1987).
These precautions include preparation and storage in darkness. All other compounds are stable in light and
during XANES measurements. This means that the in situ XANES experiments o f the reaction o f silver
with the bacteria are not affected by light exposure, as long as the samples are kept in darkness for the
treatment time, and the treatment with silver is carried out directly before the XANES measurements.
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Figure 4.3.4: Ag L3-XANES spectra of a) Ag-metal (flakes), b) Ag-alanine dissolved in H2O (after 3 weeks of
light exposure, and c) Ag-alanine: fresh powder (—), and after 12 weeks of light exposure (—).
Another question still remains. Why can the light sensitivity of powder compounds not be detected by
XAS? The results point to the following hypothesis. Light induced reduction o f silver compounds is
limited to a thin surface layer o f the order that visible light can penetrate. The inner parts o f the crystals
(radius average 5 (im) are not affected because the absorption length o f visible light is very short (less than
one |im). All AgBr in the surface is transformed into metallic silver. For powder samples, the amount o f
the un-changed bulk material inside the sample (e.g. AgBr) which gives the main part o f the XAS signal is
much higher compared to the material in the surface area that is changed. The process which results in a
XANES spectrum is a statistical and integrative process. The sample is exposed to about 107 photons (for
DCM beamline) but only the atoms that absorbed photons give a signal and “show up on the XANES
spectrum”. Because there are more atoms in the core o f the sample than in the surface layer, the signal
from interaction o f photons with atoms in the core o f the sample will contribute more to the signal than of
photons that interact with the surface atoms (which are supposed to have a different coordination). A
simple calculation o f the numbers o f atoms in a sample and the number o f atoms on the surface o f a
crystal grain gives an estimate o f the effect. Assuming an AgBr crystal grain is a filled sphere with radius
r= 5 |xm (taken from James and Mees, 1967) and the size o f an Ag atom o f r= 1 Ä we get
N um bersph = - ^ - = 125*1012
Vas

Eqn. 4.3.2

number o f atoms for this theoretical sphere. On the other hand, the surface layer can be approximated as
the shell o f a sphere that contains only one row o f Ag atoms. This shell would have

Numbershell =

= 0.0075 *10 12

Eqn
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y Ag
number o f atoms. In this calculation V(shell) = V(outer)- V(inner), with r(inner)= 5^-1 Ä= 4.9999 fim.
The ratio o f these two equations is: Numbersph/Numbershcii = 0.0075/125, which is < 1 % !!
This is a crude calculation for an ideal crystal. So, this ratio (number in the sphere to number in the shell)
is probably higher. However, the experiments confirm the hypothesis that only the surface o f a AgBr
crystal changes into Ag metal due to photolysis and the changes in the sample are only o f the order o f 1%.
This cannot be detected with XANES (cf. section 4.1).
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4.4 The effects of silver on bacteria
Bacteria are unicellular organisms. Plants, animals, and humans are composed o f many cells that work
together to form tissue, organs, etc. Microbiology textbooks are widely available so only a very short
introduction to the subject is presented here.
A bacterial cell is built in general o f a cell wall, membrane, and cytoplasm with no nucleus and other
organelles that are the distinct characteristic o f human and plant cells etc. These unicellular organisms
contain a high number o f proteins plus DNA. Here the DNA is not protected by a membrane- bound
nucleus. The size o f bacterial cells is typically a few micrometers. Figure 4.4.1 (next page) shows the
different cell wall and plasma membrane structure for the bacteria used in this study, i.e. E. coli, L.
monocytogenes, and S. aureus.
The first test to classify bacteria was developed by Hans Christian Gram. S. aureus and Listeria m. are
called gram-positive because they change color to dark blue or purple due, to the staining used in this test.
E. coli are called gram-negative, because they do not change color. The reason that the two kinds, grampositive and gram-negative, react differently to this test is because o f the different structure o f the cell wall
and plasma membrane.
Gram-positive and gram-negative bacteria differ mainly because o f the thickness o f the cell wall which is
consists o f peptidoglycan. Peptidoglycan is a polymer that consists o f N-acetylglucosamine (NAG) and Nacetylmuramic acid (NAM) that form a cross-linked mesh containing sugars and amino acids such as Dand L-alanine, D-glutamine, and L-lysine as side chains. The bacterial plasma membrane is composed of
phospholipid and protein molecules which reach from one side o f the membrane to the other to transmit
biological signals or nutrition from the outside o f the cell to the inside and vice versa (Lipton, 2005).
The peptidoglycan sacculus
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Figure 4.4.1: Basic structure and organization of the peptidoglycan layer for gram-positive and gram-negative
bacteria (From: De Pedro, 2009).
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4.4.1 The reaction of bacteria towards silver ions - Ag L3-XANES measurements
The first set o f bacterial cells (E. coli, and S. aureus) was grown in a nutrition solution, called TS bouillon.
One sample o f each kind o f bacteria was set aside as a control. No silver was present in these control
samples. For all the following experiments, the control samples showed no presence o f silver. Light
microscopic investigations o f the Ag treated S. aureus and E. coli cells showed that most o f the bacterial
cells were destroyed after the treatment with silver ions, which can be correlated to the fact that
conventional plate counting did not show any colony forming units, which is in accordance with the
results reported by Jung and coworkers (2008). Figure 4.4.2 shows the results o f the Ag L3-XANES
measurements o f this first set o f bacteria. The comparison with silver chloride and silver nitrate (powder)
shows that the spectra o f the bacteria are very similar to the spectrum o f silver chloride. Silver chloride
has a very low solubility. This means that, in solutions that contain silver ions and chlorine ions, a white
powder is formed as a product o f the precipitation (Abegg and Auerbach, 1908). The nutrition solution
contains NaCl. It is highly probable that because o f the chlorine ions in the nutrition solution, silver
chloride was formed and no reaction with the bacteria occurred. One explanation for the observed death of
the bacteria might be attributed to a pH effect. However, the pH was not measured in these experiments. A
second explanation is that AgCI formed a coating around the cells disrupting the transport o f nutrition.
This interaction of chlorine with silver certainly distorts the observation o f the reaction o f silver with
bacteria. For this reason all following experiments were carried out with bacteria grown in yeast extract
bouillon which does not contain chlorine.

Energy (eV)
Figure 4.4.2 Ag-L 3 XANES spectra of a) Ag-N03, b) AgCI, and bacteria samples: c) Esch erichia co li cells
treated with silver nitrate standard solution 0.1 M, d) Sta p hyloco ccu s aureus cells treated with silver nitrate
standard solution 0 .1 M.
For the next experiments, silver nitrate and silver acetate solution with a concentration of 100 mM each
was used. As was discussed in the introduction, the silver ion Ag+ is probably responsible for the
antibacterial effect. So, this experiment was designed to test if the silver ion itself or if the whole silver
compound is responsible for the reaction taking place between the silver and the bacteria. Silver nitrate
and silver acetate were chosen because these are soluble inorganic silver compounds.
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Figure 4.4.3: Ag L 3 -XANES spectra of a) silver acetate solution, b) silver nitrate solution, c) E. co li cells treated
with silver acetate, d), E. co li cells treated with silver nitrate, e) S. aureus cells treated with silver acetate, and
f) S. aureus cells treated with silver nitrate.
The results are presented in figures 4.4.3. The Ag L 3 -XANES spectra o f the bacterial samples treated with
silver nitrate on the one hand and treated with silver acetate, on the other hand, show significant changes
compared to the original solutions. AgCI is no longer present. The Linear Combination Fitting procedure
applied to the spectra o f the bacteria using inorganic silver compounds (e.g. see appendix C.3 for the Ag
L 3 -XANES spectra) did not provide acceptable results. For this reason organic silver compounds, i.e.
silver amino acids, were synthesized. These spectra together with the final LCF analysis are presented
below. More information on the synthesis o f these silver amino acids can be found in appendix C.5. For
silver nitrate and silver acetate the WL is present at 3352.0 eV. This is characteristic o f silver (I)
compounds with an oxygen environment and will be discussed further in section 4.5. This WL is shifted
for all bacterial samples to higher energies. The WL is found at 3353 eV for S. aureus cells treated with
silver nitrate and for E. coli cells treated with silver acetate, but not for the other two samples; S. aureus
cells treated with silver acetate and for E. coli cells treated with silver nitrate. This shift seems rather
irregular. Linear combination fitting reveals that significant fractions of unreacted silver nitrate were still
present in the bacteria samples (see also appendix C.5 for more information). For this reason, another set
o f bacteria samples was prepared. For these experiments, the treatment and preparation o f the bacteria
samples for the XANES experiments included an additional step. The treated samples were washed after
the reaction time o f 1 0 min to remove unreacted solution.
The results o f these experiments, shown in figure 4.4.4, are astonishing: The two Ag L 3 -XANES spectra
o f E. coli treated with both starting materials AgNC> 3 and Ag 2 (ac), respectively, are extremely similar. The
same is true for the two spectra o f S. aureus. With regards to the high sensivity o f Ag L 3 -XANES spectra
this indicates that the reaction o f the silver ion from both starting materials is the same. For L.
monocytogenes, only the experiment with silver nitrate could be carried out because o f time limitations.
The spectra o f E. coli, compared to the spectra o f S. aureus, show that there is a small difference in the
intensity of the WL at 3353 eV (higher for S. aureus), and the “kink” in the spectrum at 3360 eV is more
pronounced for S. aureus. The spectrum o f L. monocytogenes is similar to the spectrum o f S. aureus.

69

Silver speciation in bacteria

Energy (eV)
Figure 4.4.4: Ag L 3 -XANES spectra of (a) silver nitrate solution (—), (b) silver acetate solution (—),
(c) £. co/i cells treated with silver nitrate (•••) and E. co li cells treated with silver acetate (------ ), (d) S. aureus
cells treated with silver nitrate (•••), S. aureus cells treated with silver acetate (------ ), and L. m onocytogenes
cells treated with silver nitrate (•••).
The A g L3-XA N ES spectra o f all bacterial samples are different from the spectra o f treatment solutions,
i.e. AgNC>3 solution and A g2(ac) solution. Differences in the features o f the A g L3-XAN ES spectra are:
• The prominent WL at 3352 eV for silver nitrate (silver acetate) is shifted to higher energies (3353
eV) for the bacterial samples.
• There is a significant difference in the structure o f the bacterial spectra in the range o f the main
edge region: the SR peak at about 3372 eV for the silver nitrate solution and at about 3380 eV for
the silver acetate solution is shifted to 3386 eV for the bacterial samples.
• The spectra o f the bacteria show an absorption feature (shoulder) at about 3360 eV which is not
present in the spectra o f the silver solutions.
These differences clearly indicate a change in the electronic environment of the Ag ion.

4.4.2 Silver Am ino Acids and Linear Combination Fitting
In order to understand the character o f the bonding of silver in the bacterial environment, organic silver
compounds were synthesized (with the help o f S.K.Katla, from Nanolab at CAMD) and Ag-L3-XANES
spectra were measured. Details o f the synthesis and XANES measurements can be found in appendix C.5.
The structure o f the synthesized silver amino acids was confirmed using FTIR (Ag-his, Ag-DL-asp) and
XRD (Ag-cys, Ag-ala, Ag-DL-asp). It was reported previously that silver binds readily to amino acids
(Pakhomov et al., 2004). However Ag did not appear to bind to several amino acids e.g. aspartic acid,
glutamic acid (Nomiya et al., 2000). This indicates that the carboxylic group is an improbable bonding
site. More likely, silver ions react with the amine group, e.g. in lysine, histidine, arginine, or the thiol
group in cysteine (Gruen, 1974). Figure 4.4.5 shows the Ag L3-XANES spectra o f the organic reference
compounds in comparison with the spectra o f silver ion treated E. coli, S. aureus, and L. monocytogenes.
The dominant bonding, Ag-N, is immediately obvious because the spectra have the same WL position at
3353 eV and a shoulder at 3360 eV, which correlates with the spectrum of silver histidine.
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Figure 4.4.5: Ag L 3- XANES spectra of: a) silver DL aspartic acid, b) silver alanine, c) silver cysteine, d) silver
histidine, e) £. co li cells treated with silver nitrate, f) S. aureus cells treated with silver nitrate, and
g) L. m onocytogenes cells treated with silver nitrate.
Linear combination fitting (cf. table 4.4.1 and figure 4.4.6) was performed using Ag-cys, Ag-his, Ag-ala,
and DL-asp. Silver bonding to nitrogen (Ag-N) is represented here in the form of Ag-histidine. Silver
bonding to sulfur (Ag-S) is represented in the form o f Ag-cysteine. Silver bonding to oxygen (Ag-O) is
represented in form o f Ag-DL-asp (bonding to the carboxylic group). Ag-alanine represents mixed
bonding to nitrogen and oxygen.Therefore, only silver compounds that may be formed within the cell out
o f the biological building blocks (the amino acids and nucleic acids) are reasonable. For this reason and
because the Ag Ls-XANES spectrum of silver adenine is very similar to silver histidine2, silver adenine
was not used in the LCF procedure. Bonding o f Ag to ATP is discussed below at P K-edge. For E. coli, all
4 silver amino acids contribute to the fit (with 10 to 40%). For S. aureus and L. monocytogenes, on the
other, hand silver histidine is the dominant contributor with no pure A g-0 bonding present. The fits for all
bacteria show a significant difference in the silver cysteine contribution for S. aureus compared to E. coli
(10% vs 24% respectively) with L. monocytogenes in the middle (14%). Figure 4.4.6 shows the good
quality o f the LC fits compared to the experimental spectrum.
Table 4.4.1: Linear Combination Fitting results for Ag L3-XANES spectra of silver ion treated bacteria with
silver reference compounds: silver cysteine, silver histidine, silver alanine, and silver DL aspartic acid
(Amounts in %, Uncertainty ± 10%).
_____________________________________ silver cysteine
silver histidine
silver alanine_____ silver DL-aspartic acid
1 E. co//+_silvern!trate_.............. .................
24
. _
1 0 ___________ _ 3 7 _ ___ __________
29 __ _
S. aureus + silver nitrate
10
47 _________
40_____ ___________
3________ _

l j . t monocytogenesisilvefinitrate_____ .14

i47a

v ~ 26

_________ ]

E : jJ . 131

The experiments with silver and sulfur containing compounds, discussed in the introduction, performed by
Kim and co-workers (2007) led to the performance o f additional experiments were performed. Mixing Agions (from silver nitrate) with a mixture o f histidine and cysteine solutions (in a 1 : 1 ratio) the ions show a
high affinity to sulfur instead o f nitrogen (data not shown): Ag-cysteine was formed. Even further, adding
cysteine solution to Ag-histidine solution (Ag-his re-dissolved in water) again Ag-cysteine is formed (data
not shown).

2in both compounds Ag binds to the imidazole ring
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Figure 4.4.6: Ag L 3 - XANES spectra of (a) LCF of E. co li cells treated with silver nitrate according to table 4.4.1
(------ ) and the experimental results (—), and (b) LCF of S. aureus cells treated with silver nitrate according to
table 4.4.1 (------ ) and the experimental results (—), (c) LCF of L. m onocytogenes cells treated with silver
nitrate according to table 4.4.1 (------ ) and the experimental results(—).
This high mobility and ability o f ligand exchanging was reported previously by Nomiya and coworkers
(1997) and the higher affinity of silver towards sulfur was reported by (Kramer et al., 2002).
These experiments show that silver bonds to all sulfur available. If no more sulfur is available, only then
does silver bind to nitrogen and oxygen. SH-bonding is not the most abundant among the amino acids.
Only 2 out o f 20 amino acids, cysteine and methionine, have a sulfhydryl group. This is probably the
reason why silver cysteine is not the dominant contribution in the fits in table 4.4.1.

4.4.3 M easurements at Sulfur and Phosphorus edges
Measurements at S and P K-edges can bring additional facts into the discussion about Ag-S bonding and
the bonding o f Ag to P 0 43'- groups. In order to verify Ag-S bonding, XANES measurements at S K-edge
were performed. In figure 4.4.7 the LC fitting results together with the bacterial spectra of treated and
untreated samples are shown. Figure 4.4.8 shows a set o f sulfur reference compounds. The S K-XANES
spectra o f treated bacteria are different compared to the untreated samples. The WL maximum at 2472.6
eV has the same energy for all four bacteria samples (with and without silver, S. aureus and E. coli).
However, the FWHM o f the spectra o f the untreated cells is lower when compared to the spectra o f the
treated cells. A broad SR with the maximum at about 2477 eV is present in the spectra o f the non-treated
cells. This SR maximum is not present in the spectra o f the treated cells. Therefore, the spectra o f the
untreated samples o f S. aureus and E. coli are very similar to the spectrum o f cysteine powder. This can be
expected because cysteine is one o f the 20 amino acids, the building blocks o f proteins and enzymes. The
higher FWHM and the absence o f the SR in the spectra o f S. aureus and E. coli treated with silver ions
confirm the interaction o f silver with the cysteine in the bacteria. Linear combination fitting (table 4.4.2)
using cysteine, silver cysteine, glutathione, silver glutathione, methionine, and zinc sulphate as references
results in a dominant contribution o f silver cysteine whereas cysteine (without silver) was not detected for
both bacteria samples.
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Figure 4.4.7: S K-XANES spectra of a) cysteine powder, b) Esch erichia co li cells not silver treated,
c) S. aureus cells not silver treated, d) E. co li cells treated with silver nitrate, e) S. aureus cells treated with
silver nitrate, f) LC fit of E. co li cells treated with silver nitrate according to table 4.4.2 (--) together with the
experimental results (—), and g) LC fit of S. aureus cells treated with silver nitrate according to table 4.4.2 (—)
together with the experimental results (—).
Table 4.4.2: Linear Combination Fitting results for Sulfur K-XANES spectra of silver ion treated bacteria with
silver reference compounds: silver cysteine, silver glutathione, cysteine, glutathione, methionine, and zinc
sulfate. (Amounts in %, Uncertainty ± 10%).
silver
cysteine
■ E .fco /il+rsilveM iitrateH ^H — ■ 6 3 ^ M
S. aureus + silver nitrate
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silver
glutathione

cysteine

glutathione

—

--
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methionine

--
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...

zinc sulfate

—1
...

Energy (eV)
Figure 4.4.8: S K-XANES spectra of sulfur reference compounds: (a) zinc sulfate, (b) methionine, (c) cysteine,
(d) glutathione, (e) silver cysteine (f), silver glutathione.
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The other compound which contributed to the LC fit (cf table 4.4.2) was glutathione (without silver).
Glutathione is a tripeptide with similar SH-groups compared to cysteine. Only at S K-edge can differences
between the bonding of sulfur and silver in these compounds be observed. No difference between the
spectra o f S. aureus and E. coli cells at S K-edge can be detected. This confirms that the bonding of silver
to cysteine predominates over other binding sites such as glutathione.
DNA contains phosphorus as part o f the phosphate group in ATP. P K-edge measurements included
untreated and silver treated bacteria samples, ATP in the form o f Adenosine-5’-tri-phosphate-disodium
salt hydrate, phosphoric acid solution, silver phosphate, and calcium hydrogen phosphate. The results of
these XANES measurements are shown in figure 4.4.9.

Energy (eV)
Figure 4.4.9: P K-XANES spectra of phosphorus reference compounds and bacteria samples: (a) Calcium
hydrogen phosphate, (b) silver phosphate, (c) phosphoric acid (aq) 0.1 M, (d) ATP, (e) E. co/i cells, not silver
treated, (f) E. co li cells treated with silver nitrate, (g) S. aureus, not silver treated, and (h) S. aureus cells
treated with silver nitrate.
The P K-XANES spectra of the bacteria samples with and without the addition o f silver are identical. P KXANES spectra are quite sensitive to the chemical environment (Rouff et al., 2009). The spectra o f the
inorganic phosphate compounds used for this investigation all show a WL maximum at 2152.4 eV. Silver
phosphate and calcium hydrogen phosphate have several shape resonances between 2155 eV and 2175 eV.
The other spectra, including the bacteria spectra only have one broad shape resonance in this energy
range. The WL maximum o f the bacteria spectra is shifted significantly to lower energies (2152.0 eV) as
compared to the inorganic phosphates. Only ATP shows a similar shift. This result confirms that no
reaction between Ag and the phosphate groups o f ATP takes place. More experiments with silver and ATP
were performed in order to evaluate the bonding. These experiments (discussed in appendix C. 6 ) show
also that silver does not bind to the phosphate group in ATP, but it does bind to the amine group. Further
experiments with silver and other materials (sulfadiazine, silver bandage, nanoparticles) are discussed in
appendix C. 6 . These experiments did not show changes in the Ag L3-XANES spectra before or after the
treatment with silver.
All the experiments presented in this section confirm that silver interacts with the functional groups o f
amino acids and nucleotides, specifically S-, NH-, and COO-groups, at the molecular level. The
hypotheses concerning the antibacterial effect presented in the introduction to this chapter can now be
summarized:
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•

Interaction with proteins - causes structural change in the cell wall and bacterial membranes
(Radzig et al., 2009)

Figure 4.4.10: Bonding sites for the Ag ion in amino acids: amino acid base (left), his (middle),
cys (right) (pictures from: Stoker, 2009).
XANES observation: Bonding Ag-S, Ag-N, A g-0 was observed.
For silver alanine (Demaret, 1987) and silver glycine (Acland, 1971), the alternation o f Ag-N
and A g-0 bonding (=> N-Ag-O) was reported. Double O-Ag-O bonding occurs only for
zwitterions with DL-chirality (Nomiya et al., 2000 and Acland, 1971). This bonding structure
is very similar to silver acetate. Double N-Ag-N bonding can be found in Ag-His (Nomiya et
al., 2 0 0 0 ), or any compound that contains the imidazole ring, e.g. adenine.
Conclusion 1: Silver has many opportunities to bind to proteins.
•

Interaction with sulfur containing enzymes - inhibits the electron transport chain o f the cell
(Radzig et al., 2009).
XANES observation: Ag-S bonding in cysteine was observed. Silver has a high affinity to
sulfur and prefers sulfur bonding. If there is an excess o f silver ions, Ag-N bonding occurs in
addition to Ag-S bonding. This is in agreement with Pakhomov et al., (2004).
Conclusion 2: Silver binds favorably to enzymes with sulfur containing side chains.

•

Binding to DNA (12%) - prevents o f the unwinding o f DNA in viruses with the substitution
o f hydrogen ions by monovalent silver (Davies and Etris, 1997) - interrupts the reproduction
cycle. Observation: If Silver is removed 3 a regeneration o f the native DNA occurs and its
function is restored (Radzig et al., 2009).

ThjBtilw<T)

A tato e(A )

Cytcsü» (C)

Guanin# (G)

Figure: 4.4.11. Structure of the nucleobases Adenine, Cytosine, Guanine, and Thymine.
XANES observation: Ag-N, A g-0 bonding (especially in Adenine) was observed; bonding to
phosphate groups was not observed.
Conclusion 3: Bonding to the nucleic acids in DNA is possible.
This listing of hypotheses and conclusions based on the XANES spectra shows that silver has quite a
number o f opportunities to disrupt the cell metabolism. The preference of silver for S-H groups can
certainly disable enzyme activity connected to these compounds and might be enough to kill the
unicellular organism. However, different sensitivities o f S. aureus and E. coli towards silver ion treatment
(Kim et al., 2007; Jung et al., 2008) were reported previously. The differences between the XANES

3for example by sulfur compounds
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spectra o f the bacteria samples, in addition to the results o f the LC fitting, indicate that there is a
correlation between the antibacterial effect and the structure o f the cell wall of gram-positive and gramnegative bacterial cells. Gram-positive bacteria have an additional cell wall layer o f peptidoglycan which
contains Ag-N groups. Additional measurements of samples with low concentration can be helpful to
determine if the peptidoglycan cell wall layer o f gram-positive bacteria has indeed a protective effect.

4.5 FEFF simulations for the Ag L3-edge
Theoretical DOS calculations o f s-, p-, d- and f-states o f silver oxides, reported previously by Czyzyk and
coworkers (1989), reveal that the 4d-band is involved in the bonding. FEFF 8 simulations o f Ag
compounds at Ag L3-edge were reported by Wedig and coworkers (2006), especially Ag L3-XANES
calculations o f Ag (I) oxide. In their report the subvalent character of Ag in Ag 2 N i0 2 compared to A gN i0 2
was determined through Ag L3-XANES spectra. Wedig and coworkers (2006) also report that the edge
region o f Ag L 3 -XANES spectra is underestimated in theoretical calculations and assume that the atomic
background is the reason. This will be explained below.
Similar to the FEFF calculations for Pb in section 3.5, the intention of this section is to examine the
agreement o f experimental and calculated spectra, and, if possible, apply simulations to a model. For the
here presented FEFF calculations o f Ag L 3 -X A N E S spectra, the self-consistent radius included about 30
atoms and the full multiple scattering radius up to 200 atoms. Other default parameters are: SO 2 = 1.0 and
final state rule for the core hole, and Hedin-Lundquist self-energy for the exchange potential. The results
o f the FEFF calculations for several more silver compounds can be found in appendix C.7. Because Ag20
is the basis for further simulations the discussion in this section shall be focused on this compound.

Energy (eV)
Figure 4.5.1: Ag L3-XANES spectra of Ag 20: experiment (—), FEFF9 (—), and atomic background (grey).
Figure 4.5.1 shows the calculated and experimental Ag-XANES spectra o f Ag (I) oxide, together with the
atomic background, which was calculated by FEFF as well. The general agreement o f the calculated
spectrum with the experimental spectrum can be observed. All features of the experimental Ag L3XANES spectrum are also present in the FEFF9 calculated spectrum. However, the edge region (-10 and
10 eV with respect to E0) is underestimated and the peaks above 10 eV (resp. E0) are too intense.
Underestimated means here that the intensity of the absorption in the FEFF calculated spectra is lower as
compared to the experimental spectra. Similar to the comments made on the FEFF calculations for Pb
compounds, the atomic background for Ag compounds indicates much higher broadening compared to the
experiment. This is the reason for the above observed underestimation o f the edge region at Ag L3 -edge. It
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cannot be explained why FEFF calculates a wrong broadening. In contrast to Ag metal and AgCI (crystal
structure from: Wyckhoff, 1963) in the XANES spectrum o f Ag20 (crystal structure fromNiggli, 1922), a
prominent peak at 3352 eV is present. This WL will be discussed below in the DOS section.

4.5.1 DOS calculations for Ag compounds
Compared to Pb L 3 -edge, Ag L3-edge features are much sharper and more intense. The electronic
configuration o f silver is [Kr] 5s 1 4d10. In 1958 it was proposed by Orgel that the Ag+ ion does not have
completely filled d-orbitals, but the 4 dz=-orbital hybridizes more or less strongly with the 5s-orbital. DOS
calculations o f metallic silver, silver (I) oxide, and silver chloride reveal that the 4d-band is involved in
the bonding even though Ag has a completely filled 4d-shell.

Energy relative to E 0 (eV)

Figure 4.5.2: Ag L3-XANES Spectra of FEFF calculated Ag metal together with sDOS, pDOS, dDOS.
Table 4.5.1: Electronic occupancy of Ag metal
Atom
Ag
Ag
Ag

Orbital
s
P
d

Electronic occupancy
0.687
0.705
9.60

Figure 4.5.3: Ag L3-XANES Spectra of FEFF calculated AgCI together with sDOS, pDOS, dDOS.
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Table 4.5.2: Electronic occupancy of AgCI
Atom
Ag
Ag
Ag
Cl
Cl
Cl
Charge transfer

Orbital

s
p

d

s
p

d

Ag -> Cl________

Electronic occupancy

0.506
0.448
9.876
2.008
4.950
0.170
Cl: -0.129______________

Figure 4.5.4: Ag L3-XANES Spectra of FEFF calculated Ag20 together with sDOS, pDOS, dDOS.
Table 4.5.3: Electronic occupancy of Ag20
Atom
Ag
Ag
Ag
O
O
O
Charge transfer

Orbital

Electronic occupancy

s

P

d
s

P
Ag -> 0

d

O: -0.239

0.645
0.554
9.518
1.891
4.259
0.091

For metallic silver the d-band is more than 10 eV below the Fermi-level Ef o f - 6 . 6 eV (cf. figure 4.5.2) and
completely filled. The band gap is reduced for silver compounds: AgCI: about 5 eV, Ag 2 0 : less than 5 eV
(cf figures 4.5.3 and 4.5.4, respectively). The d-band is no longer completely filled compared to pure
silver (electron occupancy < 10). Ag20 is an example for hybridization of 5s, 5p, and 4 d-orbitals. Charge
is transferred from silver s- and p-states to the partner (cf. tables 4.5.1-4.5.3). The shift of the Fermi-level
to lower energies for Ag20 signals an increase in covalency compared to AgCI. Further, because o f the
involvement o f the 4d-orbitals in the bonding, which are localized, the characteristic features o f Ag L3XANES spectra are sharper compared to Pb L 3 -edge. At Pb L3-edge the d-band was completely filled,
well below the Fermi level, and delocalized. The prominent feature in the Ag L3-XANES spectra arises
from the involvement with the d-band, more precisely, the transitions 2p —> 4d, as was explained earlier.
Since transitions into d-states are allowed at L 3 -edge, this feature can be assigned to the White Line (WL)
in the XANES spectrum. Spectra o f Ag20 and AgO show (see appendix C.3) that the intensity of this WL
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increases with increasing oxidation state of silver. This was previously reported by Behrens and coworkers
(1999). Shape Resonances (SR) in Ag L 3 -XANES spectra, can be found beyond 3355 eV and can be
confirmed with FEFF calculations (cf. appendix C.7).
While for AgCl or Ag metal the FEFF calculations o f Ag L3-XANES spectra the default parameters were
adequate, the calculations o f Ag20 required some special attention. The crystal structure given by Niggli
(1922) was centered differently as is defined for the ATOMS program. Secondly, for Ag20 the WL is
below the default Fermi level. In this case and for AgO the Fermi level had to be shifted by -4 eV to reveal
the WL which is denoted by the two vertical lines marking the Fermi level in figure 4.5.4. Not shown are
the calculations, using the published crystal structure, o f a number o f silver compounds, such as Agcyanine (Britton and Dunitz 1965), Ag-alanine (Demaret and Abraham 1987), Ag-histidine (Nomiya et
al., 2000), Ag-thiocyanate (Lindqvist, 1957), and Ag-acetate (Olson, et al. 2006. These calculations were
not in agreement with the experiment. On the one hand the atomic background is distorted, as was
discussed above. The majority of silver compounds have a linear or planar structure (Patai and Rappaport,
1999) and, as was discussed before (chapter 3), FEFF cannot calculate the atomic background for
asymmetric compounds correctly. Further, the scattering amplitude does not reflect the SR o f the
experimental spectrum correctly. In summary, XANES calculations at Ag L 3 -edge have predictive force
only in limited cases. Simulations o f artificial bonding structures, especially organic structures, may not be
reliable.

4.5.2 "Artificial compounds" - Simulation of different electronegative environments
The experimental data indicates that there is a correlation between electronegativity (EN) o f the atom in
the first shell and the energy position o f the WL maximum. For compounds with an oxygen environment,
such as Ag 2 0 , A gN 03, or Ag(ac), the WL has its maximum at 3352 eV. For compounds with a nitrogen
environment (such as Ag-his), the WL maximum is at 3353 eV and at 3355.5 eV for compounds with a
sulfur environment such as (Ag2S or Ag-SCN). In order to verify this hypothesis, (correlation between
WL position and EN) FEFF calculations were carried out using the crystal structure o f Ag20 as a basis.
For each calculation the oxygen atoms are exchanged with another element resulting in the crystal
structure o f an artificial compound Ag2X (with X= C, N, F, or S). Ag-S distances (2.5 Ä) are higher
compared to the Ag-N and A g-0 bonding distances o f 2.1 to 2.2 Ä. In order to get correct results it is
necessary to adjust the size o f the unit cell for Ag 2 S. As a note: the FEFF calculated XANES spectrum o f
the artificial Ag2S shows a high similarity with the experimental spectrum o f Ag 2 S.
Table 4.5.4: Overview of the electronegativity (EN) (after Pauling, from: webelements) of the elements F, O, N,
C, and S in comparison with the energy positions of the Fermi level E f; the maximum of the WL Ewi for the IDOS and XANES spectra of the artificial compounds; AE = Ef- EWl: Aq: charge transfer calculated by FEFF.
Element
F
O
N
C
S

EN (paul)
3.98
3.44
3.04
2.55
2.58

Ef(eV)
-6.0
-6.5
-7.3
-8.0
-5.6

Ewl (eV)
-9.6
-9.4
-8.8
-8.4
-4.2

AE (eV)
3.6
2.7
1.5
0.4
-1.4

I Aq (e) |
0.13
0.24
0.29
0.35
0.05

The results o f these calculations, presented in figure 4.5.5 and table 4.5.4, can be summarized as:
•
•
•
•

shift o f EWl to higher energies with decreasing EN
shift o f Ef to lower energies with decreasing EN
decreasing difference o f Ef and EWl with decreasing EN
increasing charge transfer with decreasing EN
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The results o f this theoretical investigation above confirm the experimental findings which were the WL
maximum shifts to higher energies with decreasing electronegativity o f the neighboring atoms F, O, N,
and C. However, these results contradict previous experimental and theoretical observations (e.g.
Pantelouris, 1995, Engemann, 1997 and Engemann et al., 1998 and 1999, Modrow et al., 2003) and
cannot be explained using simple models. Therefore, further experimental and theoretical investigations
are needed.

Figure 4.5.5: Ag L 3-XANES spectra of FEFF calculated Ag20 (d) together the spectra of the artificial
compounds Ag2F (e - top), Ag2N (c), Ag2C (b), and Ag2S (a - bottom).
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Chapter 5
Conclusions
The speciation o f the elements under investigation using X-ray absorption spectroscopy gave the
following results and biological interpretation:

1. The Pb uptake in plants from a natural lead contaminated meadow:
• Pb in the plants has the oxidation state 2+ which is the dominant species in the
environment.
• The very diverse composition o f the soil in the Keldenich area (Schumacher, 1977) made it
impossible to determine the chemical speciation o f Pb in the soil. Data regarding two soil
samples and the analysis was presented in Bovenkamp (2008). In these two samples lead
was present mainly in the oxidation state 2 +.
• Differences between plant species were only detected for thick roots (S. vulgaris)
compared to thin roots (F. ovina).
• Outer- and Inner-sphere complexation with oxygen, most likely in cell walls, was
determined as the chemical environment o f Pb in the plants from Keldenich.
• Pb was found to be more concentrated in the outer parts o f the plant roots.
• It is very likely from this analysis that lead deposition inside the roots o f the plants is not
an active process driven by plant metabolism but passive driven by the sorption behavior
o f Pb. Only one sample (fresh S. vulgaris leaves) gave rise to a different idea that lead is
transported through the plant to the leaves via chelation by EDTA.
These answers to the questions on the chemical speciation o f Pb in the plants from Keldenich confirm that
the 2+ oxidation state o f Pb is predominant in the environment and indicate that the uptake o f Pb from the
soil solution into the plants is not accompanied with a change in oxidation state. Because the chemical
speciation o f Pb in the soil was not available, there is no indication if a change o f chemical speciation of
Pb due to the uptake occurred. The chemical environment o f Pb was determined as outer and inner sphere
complexation with oxygen on surfaces, such as cell walls, inside plants. These findings arecontrary to the
findingsreported in the literature previously - bonding via
organic acids or precipitation as
chloropyromorphite.
The sorption model can explain various observations o f the behavior o f Pb including
• the low mobility o f Pb in the soil,
• the high concentration o f Pb in the roots o f the plants compared to shoots,
• the differences in the binding mechanisms between thick roots and thin roots,
• the small differences in Pb L3-XANES spectra of fresh and dried plant samples.
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The sorption model was confirmed using XANES calculations applying the FEFF 9 code. Based on the
sorption model, a schematic representation o f the storage o f Pb in the cell walls o f plants was derived.
Based on the presented results the following process can be assumed for the lead uptake in the plants from
Keldenich, Eifel: Lead enters the root by diffusion within the outer apoplast from the soil solution (Wang
et al., 2007) in form o f Pb2+ (aq) hydrated or Pb 4 (OH)44+ (aq) hydrolyzed depending on pH and lead
concentration in the soil solution. The process o f the lead storage in plants can be classified as a sorption
process. At the liquid-solid interface every surface is initially covered by a layer of water molecules
similar to the hydration o f ions. Because o f the high mobility o f ions in water, for outer-sphere
complexation this water layer is easily removed (Richens, 1997) and the Pb ion replaces Ca or Mg ions
(ion exchange) in their function of cross-linking of pectines. This is a dynamic process depending on the
ions present. For inner-sphere complexation Pb ions are “built” into the cell wall through hydrolyzed
complexes. The more Pb is coordinated in inner-sphere complexation, the less Pb can be taken up into
leaves. This fact is conclusive with the data: the concentration analysis shows that for F. ovina much less
(factor 10) Pb is translocated into above ground tissue than for S. vulgaris. The element specific x-ray
tomography confirmed that lead was found mainly in the epidermis o f the root and only very little was
present in the core regions o f the root which are responsible for the transport o f materials.
The results and explanations presented here imply that plants under investigation do not have a resistance
mechanism towards lead. Plants can tolerate high amounts o f Pb if the plants have thick roots to provide
enough volume for sorption to take place. Once Pb is sorbed on the cell walls only small amounts are
transported within the plants to get sorbed on cell walls at other locations. The transport mechanism could
not be determined. However, it is likely that EDTA is responsible for the chelation and transport within
the plant.

2. The antibacterial effect of silver in bacteria:
• After treatment o f the bacteria with silver ions the oxidation state o f silver is 1+.
• In silver nitrate and silver acetate the oxidation state o f silver is 1+, thus, no change in
oxidation state is observed.
• Small differences in the Ag L3-XANES spectra between the gram-negative and grampositive bacteria were observed after the treatment with silver ions. Different
contributions o f Ag-S and Ag-N bonding were detected for the gram-negative and grampositive bacteria.
• Silver showed the ability to bond several amino acids in the bacteria cells. S. aureus and
L. monocytogenes favored Ag-N bonding; E. coli favored mixed Ag-N/Ag-0 bonding.
• Bacteria cells are too small to determine the storage locations o f Ag inside the cells, since
in this XAS study n-XAS was not available. Silver is probably affecting the metabolism
o f the bacteria on several levels: Bonding to cysteine disrupts the enzyme reactivity,
Bonding to Ag-his (the imidazole ring) indicate the disabling of DNA and the
reproductive cycle. Bonding to Ag-ala (linear networks) can mean that silver is bonding
to the cell membrane and disrupts its function.
This overview indicates that the “uptake” o f Ag into the bacterial cells is not accompanied by a change in
oxidation state but a change o f the chemical environment could be observed. The specific location of Ag
ions was not observed. Bonding o f Ag to sulfur and nitrogen containing functional groups was detected.
Self-organization (Pakhomov et al., 2004) together with the preference of Ag to bind to sulfur makes it
highly likely that the biocidal effect o f silver derives from the disruption o f enzyme controlled reactions
and electron transport.
The experiments with ATP show that the Ag ion easily binds to the adenine group o f the ATP. This
supports the hypothesis that silver can render the DNA inactive which inhibits cell division.
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Ag often bonds with two partners while remaining in oxidation state 1+ (Andersson, 1972). This special
coordination makes Ag ideal for intra-molecular crosslinking (Oses-Prieto et al., 2007). This cross-linking
ability in combination with the different membrane structures o f the gram-negative and gram-positive
species can explain the different contributions o f Ag-S and Ag-N/Ag-O bonding for species. S. aureus
cells (and L. monocytogenes) have an additional very thick cell wall layer consisting o f peptidoglycan
with a high content of, amine and carboxyl group containing, amino acids. E. coli cells do not have such a
layer. The much higher contributions o f Ag-alanine and Ag-histidine fo r S. aureus and Listeria cells are
an indication that this extra layer is binding the silver ions and protect the inside o f the cell. Assuming all
bacteria have the same average concentration o f cysteine, the reduced amount for silver cysteine observed
for S. aureus and L. monocytogenes can be an indication for the effectiveness of the protective layer.
Miseta and Csutora (2000) reported cysteine levels in proteins for a variety o f organisms including E. coli
cells. Human cells and other more complex organisms have slightly higher levels o f cysteine (2%)
compared to bacteria which can be less than 1%. The statistical average for cysteine in cells is given as
3.28%. A different publication on the other hand report that cytoplasmic cysteine levels for anaerobic
bacteria such as E. coli and S. aureus are very similar between 2% to 15% (Daniels et al., 2009).This
report by Daniels and coworkers (2009) supports the hypothesis that the peptidoglycan layer reduces the
impact o f Ag ions on gram-positive bacteria.
As a different hypothesis I would like to draw attention to other properties o f silver: 1. Ag forms linear
networks (Demaret and Abraham, 2000). 2. The reactions o f Ag with other compounds involve ligand
replacement (Nomiya et al., 1997), gelation (Pakhomov et al., 2004), and polymerization (Andersson,
1972). 3. Silver has the highest conductivity o f all metals (Abegg and Auerbach, 1909) and light
sensitivity (You et al., 2008). The metabolism o f the cell is controlled by proteins. The functions o f amino
acids and proteins are regulated by their functional groups and their specific structure (McKee and
McKee, 2012). The investigations on Ag showed that silver reacts readily with amino acids. Because
silver can bind to any of the functional groups and form “new” networks, including polymers or gels, the
metabolism can be disrupted. The high mobility o f the Ag ion, ligand replacement and forming o f linear
networks was suggested to be the key factors for biocidal activity o f silver by (Nomiya et al., 2000).
Further, the high electrical conductivity and light sensitivity o f silver can lead to cell death because the
(electron) regulating mechanisms o f the cell can get disrupted.
Questions that cannot be answered conclusively by these XAS studies:
• How are ions transported through cell membranes?
• Are there any complexing agents present in the plants or in the bacteria?
• Where is the silver located within a bacteria cell?
This investigation added more information to the X-ray spectroscopy modular system:
1.

2.

3.

XAS requires very little sample preparation. Most o f the samples used in this work were
prepared within minutes before measurements. Drying can affect the results, especially with
regard to metal-sulfur bonding. Freezing is another option for storage o f samples (Schulz,
2008). But the sample should be measured in the frozen state without thawing which alters the
results.
For samples with > 100 ppm o f the element under investigation reproducible XANES spectra
are obtained. For concentration below 100 ppm much more time for measurements has to be
taken into account compared to measurements o f samples with high concentration.
The results of chapters 3 and 4 show that inorganic compounds “from the sh elf’ are rarely the
correct references for XANES in biological environments. The sensitivity analysis o f XANES
spectra for both elements, Pb and Ag, gives a strong indication that XANES spectra are very
often sensitive beyond the first and second coordination shell. That has to be taken into account
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4.

5.

when reference compounds are chosen. Further, the limited knowledge about these complex
biological systems requires a wide selection o f reference compounds to determine the correct
combination o f compounds. The LC fitting procedures allow in principle for an unlimited
number o f fitting components. However, with a detection limit o f about minimum 10% for Pb,
the number o f fitting components should not be higher than two. In the case o f lead only the
major contributions can be determined. In the case o f silver the four synthesized silver amino
acids can model the different bonding types within the cell, and were selected because of
knowledge about cell biology. The inorganic silver reference compounds were completely
inadequate to describe the reaction, which was also observed by the failure of the LC fitting
procedure using only inorganic silver reference compounds.
XANES is quite extensive in the experimental part because a set o f reference compounds has
to be measured at the same end-station (beamline), i.e. under the same experimental conditions.
Ambiguous results may occur if the set o f references is too large and spectra are linear
combinations o f each other. Additional information is required to limit the standards. This
includes knowledge about biology and chemistry as well as results given by other methods of
analysis such as total elemental analysis (IP-AES), TEM, Tomography, NMR, IR, VUV, or
HPLC.
Different points o f view can give further insight. This can be achieved by choosing more than
one edge for XANES measurements, i.e. the metal, and a biologically “active” element, such as
phosphorus, or sulfur.
Calculating XANES spectra o f model compounds using the ab initio code FEFF can be very
useful. For lead, for example, the effect of low ionic strength (correlated with a small amount
o f Pb in solution) and high ionic strength (high amount) on XANES spectra with about the
same oxygen coordination could be simulated and agree with the experimental data. For silver
the electronic structure o f a set o f compounds could be investigated where not all these
compounds would be available. But there are drawbacks. While no long range order is required
for XAS experiments, explicit information about the crystal structure and a symmetrical
arrangement o f the atoms around the central absorber are necessary for FEFF9 calculations and
this information is not always available.

The presented investigations show that XANES can provide new answers for biological problems on a
molecular level that cannot be delivered by other methods used in this area, such as NMR, TEM, and UVvis. Two examples o f the applicability of XANES to biological systems were given. Both examples focus
on the interaction o f metals with the organic environment. The results o f the investigations show the
importance o f the extensive application o f a) lead solution chemistry and b) synthesis o f silver amino
acids, in order to find the adequate reference compounds. The key improvements o f the presented work
are the sensitivity analysis o f XANES spectra towards the chemical environment. This systematic
approach, to determine objectively when different chemical environments can be observed through
differences in XANES spectra, leads to the finding that XANES spectra at Pb L3-edge and Ag L3-edge can
resolve differences in the chemical environment around the element under investigation up to the 3rd shell.
While EXAFS measurements were not part o f the objective o f the presented work I would like to
comment on this decision. Even though, the systematic technique o f deriving coordinations numbers and
bond distances seems very elegant, is reliable and widely used, the capabilities o f EXAFS for determining
a geometric environment for very dilute and complex systems (e.g. oxygen atoms in more than 3 different
coordination shells with small differences in distances from the central lead atom) are limited (Sarret et
al., 1998a). For these systems, EXAFS gives in most cases just an averaged information for the first
coordination shell, i.e. less information than what can be derived from XANES. Further, EXAFS
experiments are not possible at Ag L3-edge because Ag L2-edge is only about 200 eV above L 3 -edge.
Further development o f the method, i.e. (x-XAS, with improved spatial resolution is desired, so the
bonding location o f Ag in the cell membrane may be determined. The analysis o f XAS measurements
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cannot be simplified or automated for quite a while. A growing library o f reference compounds would be
very helpful to identify the compounds that may be relevant for answering future questions quicker.
However, measurements from other beamlines cannot be included in the analysis, i.e. LCF analysis,
because differences in the energy resolution change the LCF sensitivity quite a bit.
The presented results suggest applications for the removal o f Pb from contaminated soil. Because, even in
hyperaccumulator plants, Pb stays mainly in the roots, the use o f the regular phytoremediation technique
o f cutting the above ground tissue to remove the toxin is not feasible. A different technique which utilizes
the knowledge presented here involves mats, made o f fibers such as coconut, peat, or other biomass.
Spreading the mats on the ground o f the contaminated site, together with the application o f water, could
initialize the sorption o f Pb on the mats. After some time of treatment, the mats can be removed easier
compared to whole plants which develop long roots.
Regarding antibacterial effects, there are questions that go beyond the objective o f this thesis and that
remain:
Why are gold and copper not as effective as antibacterial agents compared to silver? XANES tests of
bacteria treated with solutions with Au or Cu ions were not successful; The XANES spectra before and
after the treatment were identical. While Cu in aqueous copper chloride solutions quickly forms Cl-OH
complexes and the Cu ion seems not “reactive”; for Au the reason for the inactivity was not clear. More
research is necessary here.
Are nanoparticles (NPs) better for the antibacterial effects? In terms o f size no collection o f atoms (NP)
can be smaller than silver ions delivered from a solution. It was shown by Morones and coworkers (2005)
that bigger silver NP (>10 nm) are less effective than smaller NP. It is also discussed that the continued
release o f Ag-ions from NP impregnated materials is more effective than the abrupt engulfment o f bacteria
in silver ion solution (Silver et al., 2006). In order to answer this question XAS experiments with low
concentration Ag solutions have to be carried out. These experiments are very time consuming because at
the detection limit (between 1 and 50 ppm) the integration time per data point has to be increased by a
factor 5 or 10. The coating o f the NP is also relevant for their activity towards bacteria. XAS experiments
were carried out with synthesized and with purchased Ag-NP. However, in both cases no reaction with the
bacteria was detected.
Finally, why is the toxic effect o f silver on living organisms probably lower for multi-cell organisms such
as humans? In his book “Quantiative Methods in Aquatic Ecotoxicology” M.C. Newman, (1995) works
his way through definitions o f stress (on the biological and ecological level) and the effect o f stress on cell
organisms and complex organisms. On the molecular level stress factors lead to fast responses (within
seconds) while for complex organisms or a biosphere the response sensitivity is very much decreased
(weeks, and even longer). This suggests that for the “very tiny” organism, bacterium, where the size o f the
stressor, the Ag ion, is only 10,000 times smaller (0.1 nm vs. 1000 nm) the effect is more profound
compared to a much larger complex organism (human or animal o f at least 1 m - factor 1010). Also, a
single cell cannot have the same resistance capabilities compared to a multi-cell organism where cells
work together. This is why I think that silver does have the same toxic effects on individual human (or
other eukaryotic) cells but the organism as a whole is not affected in the same manner. My conclusion is:
the antibacterial effects of silver are the result o f the sheer amount o f silver compared to the “simple” and
small metabolism o f one single cell organism. I think that silver is not toxic to the human body as a whole
because it is, a) not applied in huge amounts compared to the one cell organism bacteria and b) cells work
together, so as c) to remove the toxin.
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Appendix A
Details on the calculation of the energy
resolution
In the following a formula for the experimental broadening rexp (listed in table 2.4.2) is discussed. The
energy resolution o f a XAS experiment depends on the divergence o f the beam, the size of the electron
bunches, and the widths o f the reflection profile a of the crystals. Differentiation of Bragg’s Law gives an
expression o f the energetic resolution:
dE = E * cotG * d0

Eqn. A. 1.1

0 is the actual Bragg angle corresponding to Energy E and d0 is the broadening of the angle 0. d0 can be
determined by
d0 = J \p v 2 + 1/ 2 a 2

Eqn. A. 1.2

wherea xpv is the vertical divergence o f the synchrotron radiation and a thewidth o f the profile o f reflection
o f the monochromator. The factor Vi reflects the fact that a double crystalmonochromator is equipped
with a pair o f crystals.
The radiation o f a relativistic electron is emitted into a cone with half angle iJj . The angle o f the radiation
from a bending magnet varies with energy E that is used in the XAS measurements. If the ratio E/Ec is
between 1 and 10, the following approximation applies (Sham and Rivers, 2002; Ec is the critical energy
(cf. Eq. 2.3.1), and ER is the maximum electron energy in the ring) to calculate i)j :
0 .3 2 ( J - ) " “'ss

'Mmradl------ E„[GeV]

Eq“' A '1'3

The size o f the electron bunches a ei also influences the size o f the beam:
\\iv = J a ei2 + i| / 2

Eqn. A. 1.4

The values o f vertical divergence, the derived vertical divergence and vertical beam size (i.e. the height o f
the beam at the experiment) for the energies used in this work, are listed in table A. 1.1.
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Table A.1.1: Beam half angles, vertical beam divergence angles, and vertical beam sizes for selected energies
(10m from source)
Crystals
InSb (111)
<c
(<
((
“
Ge(422)
<<

E (eV)

i|i (mrad)

E/Ec

2150
2470
2485
2622
3066
3351
13035
15860

1.292
1.484
1.493
1.576
1.847
2.019
2.091
2.544

Vv (mrad)

0.2135
0.1978
0.1972
0.1914
0.2222
0.1675
0.0853
0.0757

Vertical size
(mm)
4.4
4.0
4.0
3.9
4.5
3.4
1.7
1.5

0.2149
0.1994
0.1987
0.1931
0.2235
0.1691
0.0859
0.0772

The width a o f the reflection profiles o f the crystals, called the rocking curve or Darwin profile, also
depends on the energy that is used for the XAS experiment, and, more precisely on the angle 0. Examples
o f Darwin profiles can be found elsewhere (Materlik et al. 1980). These values are not easily accessible,
but rocking curves o f crystal pairs were measured at different energies for the crystals used in this work
(In S b (lll), Ge(422)) by Modrow (1997). The rocking curve o f a crystal pair can be measured by
changing the angle between both crystals and measuring the intensity o f the beam. The rocking curve of
one crystal is a symmetrical curve, and can be described, in first order approximation, by a GaussDistribution (Chauvistre, 1987). The rocking curve of a crystal pair is a convolution o f rocking curves of
one crystal and thus o f two Gauss functions. The convolution o f two Gauss functions is again a Gauss
function. The width o f the convolution W o f two similar Gauss functions is W = V2a. From Modrow
(1997) approximate values o f the width W o f the rocking curve at a certain energy, and for a specific
crystal, are gathered (see table A. 1.2). The results of equation A. 1.2 for dO are listed in table A. 1.2 in order
to determine the experimental broadening dE = r exp (from eq A.1.1).
Table A.1.2: Overview of widths of rocking curves, broadening of angle and energy for selected energies
E (eV)
2150
2470
2485
2622
3066
3351
13035
15860

W (mrad)
0.0276
0.0213
0.0208
0.0184
0.0107
0.0097
0.0173
0.0136

a (mrad)

d O (mrad)

0.0195
0.0151
0.0147
0.0130
0.0075
0.0069
0.0122
0.0096

0.2154
0.2003
0.1993
0.1932
0.1801
0.1691
0.0864
0.0773

dE (eV) = r exp
0.38
0.55
0.55
0.62
0.86
1.00
2.49
3.40

In addition to the experimental broadening, natural broadening rnat o f absorption lines, due to finite life
times (life time broadening) has to be considered. Both broadening contributions can be approximated by
the convolution o f a Gauss function and a Lorentz function which is called a Voigt profile (Wertheim,
1974). The broadening (FWHM) o f the Voigt profile is the weighted sum o f the broadening o f Gaussian
and Lorentz functions:
f v « 0 .5 3 4 6 /l + ^ 0 .2 1 6 6 /g +

Eqn. A. 1.5

(from: Olivero and Longbothum 1977)
The results o f eq. A. 1.5 are included in table. 2.4.2. The application o f equation A .l with minimum step
size 1/1000° at each energy gives the values o f the minimum step size in energy in table 2.4.2.

Appendix B
Properties of Pb and additional experiments
B .l Summery of the Properties of Lead
207 ,?

9Z
1.6
1740
32?.*;

Pb

The basic chemical properties o f lead are (from: Webelements (webelements.com):
i.
.
3.
4.
2

5.

atomic mass:
Density:
atomic radius
ionic radius: Pb(II)
Pb(IV)
covalent radius

207.2 u
11,34 g/cm 3
194 pm
132 pm
80 pm
154 pm

Electronic configuration:
Pb (0)
Pb2+
Pb4+

[Xe]4f145dl06s26p2
[Xe]4fI45d,06s26p°
[Xe]4f,45d,06s°6p°

Lead is like carbon, silicon, germanium, and tin, an element o f the 4th main group. Only for the lighter
elements o f this group, C, Ge, and Sn do the 6 s and the 6 p orbitals hybridize, forming sp3 -orbitals. The
reason for this special behavior o f Pb, which rarely forms sp3 -orbitals, is that the electron pair o f the 6 s2
orbital is relativistically contracted and stabilized (Casas et al., 2006). This “inert pair” affects the
stereochemistry of lead compounds. This electron pair can, despite the stabilization, become
stereochemically active which is called stereo chemically active electron pair (SALEP). In the
stereochemically active case, the SALEP acts as a full orbital. This seems like a hole in the coordination
sphere and compounds have hemidirected coordination (cf. figure B.1.1). In compounds with holodirected
coordination (cf. figure B.1.1) the electron pair stays inert and the coordination fills the whole space
(Shimoni-Livny et al., 1998).

89

Properties of Pb and additional experiments
Coordination sphere

holodireded

hemidirected

Figure B.1.1: Stereochemical influence of the 6s pair. D = donor atom of a ligand (from: Casas et al., 2006)

B.2 Overview of Lead Compounds
Table B.2.1: Overview of all Ag reference compounds used for the combinatorics LC fitting procedure; The
compounds with (no) were not used for the analysis of plants.
No.

Compound

Pb^aq), high ionic strength,
150mM solution of lead nitrate in H2O
Pbi+(aq), high low strength,
2
1.5 mM solution of lead nitrate in
H20
Pb4(OH)44+ (aq), high ionic strength,
3
160 mM solution of lead methyl
mercaptide(Pb(SCH3)2) in H20
(4) Lead acetate solution, 160 mM
(5) Lead nitrate solution with citric acid
Lead nitrate solution with citric acid
(6) (precipitate)
(7) Lead nitrate solution with cellulose
Lead nitrate solution with cellulose
(8) (precipitate)
9
Lead nitrate
( 10 ) Lead citrate tri hydrate
11
Lead (II) acetate
(12 ) Lead (II) acetate tri hydrate
13 Phthalocyanine lead
14 Chloropyromorphite
15 Lead (II) oxide
16 Lead silicate
17 Lead carbonate
18 Lead chromate
19 Lead titanate
Lead sulfate
20
21
Lead cyanurate hydrate
Hexadecyl mercaptide lead
22
23
Lead sulfide
24
Lead chloride
Lead fluoride
25
26
Lead bromide
27 Lead iodide
28 Lead metal
29 Lead (IV) oxide
30 Lead (IV) acetate
1

Formula

state

pH

Pb
valency

short

-

liquid (aq)

3.4

2+

NS1

-

liquid (aq)

5.5

2+

NS2

-

liquid (aq)

8.0

2+

MMS

Pb(C0 2CH 3)2 (aq)

liquid
liquid
powder

5.7
5.0

2+
2+
2+

AS
SC1
SC2

liquid
powder

5.9

?

2+
2+

Sceh
Scel2

Pb (N0 3)2
((C6H507)2Pb3)*3H20
Pb(C0 2CH3)2
Pb(C02CH3)2*3H20
PbC32N8Hi6
Pb5(P0 4)3CI
PbO
PbSi03
PbC0 3
PbCr04
PbTiOa
PbS0 4
Pb3(C3N30 3)2’H20
Pb(SCi6H38)2
PbS
PbCI2
PbF2
PbBr2
Pbl2
Pb
Pb0 2
Pb(CH3COO )4

powder
powder
powder
powder
powder
powder
powder
powder
powder
powder
powder
powder
powder
powder
powder
powder
powder
powder
powder
foil
powder
powder

-

2+
2+
2+
2+
2+
2+
2+
2+
2+
2+
2+
2+
2+

NP
th
AP1
AP2
PbPh
phos
ox
si
carb
cro
ti
sulfa
cy
HDM
sulfi
f
cl
br
io
me
4ox
4ace

((C6H507)2Pb3)*nH20
.
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Table B.2.2: Molecular formulas and 2-D structures of inorganic lead compounds (Ref. Pubmed)
Lead(II)oxide (PbO):

0

=Pb
Pb
o

Lead(IV)oxide (Pb02):

o'

o

Lead(II)acetate (Pb(CH3 COO)2):
Cr

O

Pb*- V —
Cr

0

Lead(II)acetate tri hydrate Pb(CH3 C 00) 2 )*3H20

'•o

H

H
0

Lead(IV)acetate Pb(CH3 COO)4):

Lead citrate - tri hydrate ((C6 H5 0 7 )2 Pb3 )*3H2 0:
Pt»** O '

o—c
Lead(II)carbonate - cerussite (PbC03):
IV
D-Pb-"

Pb-

0

N- .

-^ _ >

Lead (Il)cyanurate : (Pb3 (C3 N3 0 3 ) 2 H20
o
M

o - s--=o

Lead(II)sulfate (PbS04):

Pb

4« ^ O

Lead chromate - PbCr0 4
O —

0

?.Cr>,"p- pb2 *

St
O ------ T i

PbM o '

Lead(II)silicate (PbSi03):

Lead titanate - PbTi0 3

91

Pb

44 O^-

Properties of Pb and additional experiments

o

,,o

I.

o

I.

o

Lead(II)nitrate (Pb(N03)2):
Lead fluoride

Pb*

(PbF2)

F-

Ci

Ci

Pb

Lead(II)chloride (PbCl2):

**

Pb

Lead bromide

(PbBr2)

Lead(II)sulfide (PbS):

Br

Br

Lead iodide (Pbl2)

S=Pb

Methyl lead mercaptide: (Pb(SCH3 ) 2
Hexadecyl lead mercaptide: (Pb(SC|6 H3 8 ) 2

<

(

Tetra-butyl-lead: Ci6 H36Pb

Phthalocyanine lead: (PbC3 2 N 8 H16)

Herne - Fe-Porphyrin
(non-lead compound; for the comparison with Pbph)
Chloropyromorphite lead - Pb5 (P0 4 )3 Cl (structure not available)
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B.3 Pb Li-and L3-XANES spectra of inorganic compounds

Energy (eV)

Energy (eV)

Figure B.3.1 left: Pb L 3 -XANES spectra of powder reference spectra with oxygen environment a) lead hydroxycarbonate, b) lead carbonate, c) lead citrate tri hydrate, d) lead (II) acetate tri hydrate, e) lead silicate, f) lead
(II) oxide, g) lead (IV) acetate, h) lead (IV) oxide.
Right: More Pb L3-XANES spectra of powder reference spectra with oxygen environment a) lead titanate, b)
lead chromate, c) lead cyanurate, d) chloropyromorphite lead, e) lead nitrate, f) lead sulfate

15840 15860 15880 15900 15920 15940
Energy (eV)

Energy (eV)

Figure B.3.2 left: Pb L3-XANES spectra of powder reference spectra with non-oxygen environment a) lead
metal (foil), b) lead (II) iodide, c) lead (II) bromide, d) lead (II) chloride, e) lead (II) fluoride, f) lead hexadecyl
mercaptide, g) lead methyl mercaptide, h) lead sulfide, i) phthalocyanine lead,, k) n-butyl lead;
Right: Pb L1-XANES spectra of powder reference spectra a) lead metal (foil), b) lead (II) oxide, c) lead silicate,
d) lead (II) chloride, e) lead sulfide, f) lead hexadecyl mercaptide, g) lead sulfate, h) lead nitrate (powder), i)
lead nitrate solution (pH 3.4), k) lead carbonate, I) lead citrate tri hydrate, m) lead acetate tri hydrate, n) lead
acetate solution (pH 5.5), o) lead IV oxide, p) lead IV acetate, q) n-butyl lead
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B.4 Determination of Oxidation state at Pb Li- and Pb L3-edge
For Pb L3- and L r edge it was determined that if there is a correlation between energy shift and oxidation
state, it can be determined by a) the maximum o f the first derivative and, b) the method by Capehart and
coworkers (1995) using integrals. Table B.4.1 shows the results for the method using the first derivative.
Table B.4.1: Oxidation state and absorption edge energy positions (Eo), absolute and relative for Pb Li- and
L 3- edge determined with the method using the maximum of the 1st derivative
Li-edge
Compound

Oxidation
state

L3-edge

M ax 1s' der.
(E in e V )

M ax 1s' der.
(E -E o in e V )

0

15860

0

13035

0

Lead methyl mercaptide
Lead hexadecyl
mercaptide
Lead sulfide

2+
2+

15860.5
15860.0

0.5
0

1 3037.4
1 3034.8

2.4
-0.2

2+

15860.2

0 .2

13035.0

0

Lead chloride

2+

15861.1

1.1

13035

0

Lead silicate
Lead carbonate
Lead hydroxidcarbonate
Lead (ll)acetate
Lead (ll)citrate
Lead (ll)oxide
Lead sulfat
Lead nitrate

2+
2+
2+
2+
2+
2+
2+
2+

15860.8
15860.5
15860.9
15860.8
15860.5
15860.6
15860.6
15860.8

0.8
0.5
0 .9
0.8
0.5
0.6
0.6
0.8

13035.5
13037.0
1 3037.2
13037.2
13037.5
13037.7
13037.2
13037.8

0.5
2
2.2
2.2
2.5
2.7
2.2
2.8

Tetra-n-butyl- lead
Lead (IV)oxide
Lead (IV)acetate

4+
4+
4+

15862.0
15863.2
15863

2
3.2
3

13029/13049
13036.8
13037.0

-7/14
1.8
2

Lead metal

M ax 1s' der.
(E in eV)

Max 1st der.
(E -E o in e V )

>

>

3 . 13038

-£• 15863

111 15862

o,

13037

O 15861

o> 15860
JS 13035UJ

2

3

1

5

0

1

2

3

Oxidation state

Oxidation state

Figure B.4.1: Oxidation state versus Energy shift for Pb Li -edge (left) and Pb L3-edge (right)
Figure B.4.1 shows that for the spectra measured at Pb L r edge there is a correlation between energy shift
and oxidation state. For Pb2+ compounds all Eo values are below 15861.4 eV (max. shift o f 1.4 eV)
whereas for Pb4+ compounds E 0 is above 15862 eV. This is a shift o f more than 2 eV. The error o f the
edge positions is + 0.5 eV because o f the step size o f the motor that was used at this energy. This means
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that the shift for compounds with oxidation state 4 to higher energies is significant. For Pb L3-XANES
spectra there is no correlation. For Pb2+ compounds the E 0 values range from 13035 eV to 13039 eV
whereas Pb4+ compounds show E 0 values at about 13037 eV. This is why for Pb L3-edge the method of
Capehart and coworkers (1995) is applied.
Table B.4.2: Oxidation state and relative absorption edge energy positions (E-E0) for Pb L3- edge determined
with the method described by Capehart
Compound
Lead metal
Lead carbonate
Lead hydroxidcarbonate
Lead (ll)acetate
Lead citrate
Lead (ll)oxide
Lead sulfate
Lead sulfide
Lead nitrate
Lead (ll)silicate
Lead chloride
Lead hexadecyl mercaptide
Lead (IV)oxide
Lead (IV)acetate

Oxidation
state

Integral
(E-Eo in eV)

0
2+

1,3

0

2+
2+

1, 1
1,2
1

2+
2+
2+
2+

1,5
1,3
0,3
0,9
1,3

2+
2+
2+
2+

1,2
1, 1

4+
4+

3,1
2,8

The integrational method o f Capehart and coworkers (1995) makes use o f the relationship between the
area under the XANES spectrum and energy shift. The application o f the integrational method on Pb L3XANES spectra shows (see table B.4.2 and figure B.4.2.) two distinctively separated sections for the
compounds with oxidation state 2 compared to compounds with oxidation state 4.

-

0 -1 ----------T-----------------------------------------------i------------------1---------------------------■---------------------------T-■-------------------------1'-------------------------- 1---------------------------
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Figure B.4.2: Oxidation state vs. relative absorption edge energy positions (E-E0) for Pb L3- edge determined
with the method described by Capehart and coworkers (1995)
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B.5. Adequate Reference compounds and solution experiments
13056.6 eV

The Pb L3-XANES spectrum o f hexadecyl lead
mercaptide is very similar to two of the lead
peptides that were reported by Magyar and
coworkers (2005). Figure B.5.1 (left) shows
that the characteristics o f a XANES spectrum
(WL and SR max and min) have the same
energy positions. The peptide compounds (CPCCHC or HIV-CCHC) that are similar to
hexadecyl lead mercaptide had only 2 sulfur
atoms in the first shell with the addition o f a
nitrogen atom. Because the coordination around
lead in hexadecyl mercaptide is 2 sulfur atoms,
it fits the last peptide set better.
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Figure B.5.1: Direct comparison of the Pb L3-XANES
spectra of hexadecyl lead mercaptide (—, measured at
INIE, ANKA) with the digitized data of CP-CCHC and HIVCCHC (both —).

The comparison of the XANES spectra o f Pb-EDTA (by dela Rosa et al., 2005) and fresh S. vulgaris
leaves shows high similarity. WL and SR (max and min) have the same energy positions.
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13.10
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Figure B.5.2: Direct comparison of the Pb L3-XANES spectra of Pb-EDTA (from: dela Rosa ef al., 2005) and
fresh S. vulgaris leaves (—).
The investigation o f the behavior o f lead in solutions applying XANES involves in situ experiments. At
pH o f 5.5 and higher, Pb forms polynuclear complexes which precipitate as insoluble hydroxides. If
carbon dioxide is dissolved in the solution, lead carbonates form (Rouff et al., 2004). To simulate Pb2+ions for XANES measurements Pb in different aqueous environments was prepared: a) lead solutions
without complexing agents: lead nitrate, lead II acetate, and lead mercaptide; b) lead solutions with
complexing agents: citric acid, cellulose, and cysteine.
Lead nitrate is one o f the very few soluble lead compounds. Lead nitrate dissolves readily in water and
dissociates completely in diluted solutions (less than 0.05 Molar; Nath, et al., 1951). Lead nitrate was
dissolved in deionized water. Adding sodium hydroxide changed the pH o f the solution and limited the
first coordination around the Pb ions to oxygen.
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Energy (eV)

Figure B.5.3: Pb L 3 -XANES spectra of solutions (suspensions) with different pH: b) 6.0, c) 5.5, d) 4.5, e) 3.4
together with lead nitrate powder (f), and basic lead acetate powder (a)
Figure B.5.3 shows the Pb L3-edge XANES spectra of lead nitrate solutions with different pH (3.4 to 6.0).
Also included in this picture are the spectra o f lead nitrate powder as the initial compound and basic lead
nitrate powder (precipitate) as the end product (Grimes et al., 1995). The XANES spectra of lead nitrate
change quite a bit from powder to solution: shift of energy position o f WL maximum+3 eV (13044.7 to
13048.1 eV), SR minimum +7 eV 13057.9 to 13064.0) and first SR maximum +10 eV (13072.8 to
13082.2 eV). These significant differences found in the XANES spectra of lead nitrate solutions are
similar to observations made in previous studies (Bargar et al., 1997a, Strawn and Sparks 1999, Lee et al.,
2006). Also, the spectrum o f the lead nitrate solution with pH 3.5 shows similar edge and peak positions
and shapes as reported by Strawn and Sparks (1999). Increasing the pH using sodium hydroxide resulted
in precipitation. To separate the precipitate from the liquid phase, the solutions were centrifuged. For the
following: suspension - for the initial solution, precipitate - for all solid that was removed from the
solution (and then dried), and the liquid phase - for the solution that was left after centrifuging. Figure
B.5.3 shows the XANES spectra o f the suspensions. The XANES spectrum o f the lead nitrate solution
with low ionic strength and pH 5.5 is not distinguishable from the solution with high ionic strength with
pH 5.5 (ARMS = 0.004). This suggests that only a small amount o f lead stays in solution in the form of
hydrated Pb2+. At a pH o f more than 5.2 basic lead nitrate (empirical formula P b(N 03)2* Pb(OH)2), which
is a white powder, was collected as precipitate. Summarizing, the suspensions o f aqueous solutions with
lead nitrate and sodium hydroxide (in figure B.5.3) are linear combinations o f two phases: a liquid phase
consisting o f hydrolyzed Pb2+ ions and a precipitate. For this reason and because the precipitate also was a
compound with mixed environment around Pb only the liquid phase samples with pH 3.4 and pH 5.5 are
used for the analysis of plant samples.
Lead (II) acetate is only slightly less soluble in water than lead nitrate, but lead (II) acetate is a weak acid
and is only partially ionized in aqueous solution following the reaction:
Pb 2 + (aq) + C O O '(aq) -

PbCOO'(aq)

Eq.B.5.1

All these ions are present in the solution. For this reason lead acetate solutions are not very good reference
compounds. In the same manner as described above for lead nitrate, the pH was increased using sodium
hydroxide (6.0, 6.5, 7.0). The changes in the XANES spectra for the lead acetate solutions are not as
prominent as for the lead nitrate solutions. Also, less precipitate (basic lead acetate) is formed. This
precipitate basic lead acetate (Pb(C 0 2 ) 2 * Pb(OH)2) is not distinguishable from the precipitate o f the lead
nitrate solution (ARMS = 0.007). The purchased powder, lead (II) acetate tri hydrate, was not
distinguishable from the lead acetate solution. On the other hand, drying of lead II acetate tri hydrate
powder removed the water o f crystallization and significant differences were found in the spectra (figure
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B.5.4). For this reason lead II acetate (dried) was used for the analysis o f the plant samples in order to
model COO-groups as was reported in the literature.

Energy (eV)

Figure B.5.4: Pb L 3-XANES spectra of a) lead (II) acetate (backed), b) lead (II) acetate tri hydrate (powder), and
c) lead (II) acetate tri hydrate solution.
Since there is more to the aqueous environment in plants, both within and outside o f the cells, than just
water (e.g. proteins and other ions), chelating agents were added to lead nitrate solutions and centrifuged.
The XANES spectra o f these solution experiments are summarized in Figure B.5.5.
The reaction o f citric acid with lead nitrate in aqueous solution proceeds as follows:
2 C 6 H 8 0 7 + 3 P b(N 0 3 ) 2 (in aqueous sol.)-------- > C 1 2 H 1 0 O | 4 Pb 3 (s) + 3 N 0 3
(Kourgiantakis et al., 2000). In direct comparison, the spectra o f the commercially acquired lead citrate
(tri hydrate) powder and the precipitate from the solution o f lead nitrate and citric acid shows that
differences are below the uncertainty level (ARMS = 0.006). The liquid phase o f lead nitrate solution with
citric acid is indistinguishable from lead nitrate solution with low concentration and pH 5.5 (ARMS =
0.010). In an experiment, to test the hypothesis that lead citrate tri hydrate does not change thestructure in
an aqueous environment or as dried precipitate, 1 0 0 mg o f lead citrate tri hydrate powder was baked/dried
in a drying furnace at 60° C for 48 hours. The spectra were identical (ARMS = 0.002). This means that
lead citrate tri hydrate has a good amount o f water o f crystallization built into the structure that is not
easily removed. It was reported previously that plants utilize citrates or other organic acids in order to
enhance the uptake or transport o f lead (Wang et al., 2007). The rapid reaction o f citric acid with lead
nitrate shows, however, that lead tends to form precipitates and only a small amount o f lead stays in
solution.

Energy (eV)

Figure B.5.5: Pb L3-XANES spectra of the solutions with lead nitrate - for the precipitations with a) cysteine, b)
cellulose, c) citric acid and liquid phases with d) cysteine, e) cellulose, f) citric acid.
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The cell wall is composed o f polysaccharides such as pectines, hemicelluloses, cellulose and proteins.
Lead adsorption on cellulose was reported by O ’Connell and coworkers (2007). To copy their approach
cellulose powder (particle size 20 fim) was added to lead nitrate solution. The liquid phase o f this solution
is very similar to lead nitrate solution with pH 3.4 (ARMS = 0.010). The reason for this similarity is that
the cellulose is likely to precipitate which leaves only lead ions in the liquid phase. The spectrum o f the
precipitate o f this solution is in complete agreement with the liquid phase o f the lead nitrate solution (pH
3.4 and high ionic strength, ARMS = 0.002!). The results o f this experiment with cellulose are different
from the experiment with citric acid: ARMS = 0.015 for lead citrate tri hydrate and lead nitrate solution
(pH 3.4 and high ionic strength). Previously, bonding to COO' and bonding to cellulose was reported and
assumed to be correlated (Wang et al., 2007, Marmoli et al., 2005). The presented experiments show that
this is not necessarily the case. XANES spectra can be more sensitive than EXAFS analysis.
In the third mixture, lead nitrate solution with the chelating agent L-cysteine, lead cysteine was
synthesized (Shindo and Brown, 1964). The XANES spectrum o f the liquid phase o f this lead cysteine
solution seems similar to hexadecyl lead mercaptide but is not the same (ARMS = 0.023). LC fitting
shows that the liquid phase can be fitted with 31% o f the liquid phase of lead nitrate solution with pH of
3.5 and 69 % o f hexadecyl lead mercaptide. For the precipitate o f this solution, LC fitting resulted in 6 8 %
lead nitrate powder and 32 % hexadecyl lead mercaptide. Probably, the reaction was not finished at the
time o f centrifuging. Since both phases are linear combinations o f basis compounds, neither the precipitate
nor the liquid phase can be used for the LCF procedure.

B.6 XANES measurements at other edges
In the beginning o f the investigations on the plants from Keldenich, XANES measurements at Pb M5,4edge were favored because o f the lower life time broadening. Other measurements at low energies such as
sulfur K-edge, phosphorus K-edge and chlorine K-edge were carried out also in order to investigate the
effect o f Pb on sulfur and phosphate bonding and the contributions o f chlorine.

Energy (eV)

Figure: B.6.1: Pb Ms-XANES spectra of a) S. vulgaris stems (winter), b) S. vulgaris leaves (summer), c) A.
maritima roots (summer), d) F. ovina roots (summer), e) S. vulgaris roots (summer), and f) S. vulgaris roots
(winter).
The sensitivity o f XANES spectra measured at Pb M5/4-edge proved not to be better compared to Pb L3edge, despite the smaller life time broadening. However, these results were not achieved at the time of the
measurements at Pb M5/4-edge when tests using several plant samples were carried out. Figure B.6.1
shows the measurements o f the plant samples at S K-/ Pb M 5 -edge. The close proximity to S K-edge
results in the overlap o f S K-edge XANES spectra with the pre edge o f Pb M5-XANES spectra. The
XANES spectra c-f (the root samples) show a clear lead edge rise in addition to sulfur peaks at 2472.7 eV,
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2476.0 eV, and the characteristic sulfate peak at 2481.4 eV. On the other hand, the lead edge could not be
detected for the spectra a and b (leaves and stems). The reason for this “lack o f lead” is twofold a) the
close proximity of the S K-edge with just a little lower energy than Pb M5-edge and b) that leaves and
stems do not contain enough lead. The high absorption of the sulfur edge reduces the lead absorption. Pb
L3-edge measurements showed that leaves and stems do contain some lead.
S K-edge is not overlapping with Pb M4-edge (2586 eV). Measurements at Pb M4-edge can easily be
included in the measurements o f S K- and Pb M5-edge by extending the range (see section 2.4). The
reduction of the absorption from M 4 edge due to absorption from the lower energy edges (S K- and Pb M5edge) is not so prominent compared to Pb L| and L 3 -edge.

Energy (eV)

Figure: B.6.2: Pb Ms-XANES spectra of a) lead sulfide, b) lead sulfate, c) lead nitrate, d) lead citrate tri hydrate,
e) lead carbonate, f) lead monoxide, g) hexadecyl lead mercaptide, h) Pb4(OH)44+ in solution, and i) F. ovina
roots
The Pb M 4 -XANES spectra o f F. ovina roots and a selection o f reference compounds are shown in figure
C.6.2. The spectra o f the plant sample, the Pb 4 (OH)44+ complex in solution, hexadecyl lead mercaptide
(Pb-S), and lead monoxide are very similar having no prominent features besides the pre-edge peak which
arises from transitions into 6 p orbitals. The spectrum o f lead citrate tri hydrate shows differences in
comparison with the spectrum o f the plant roots. These differences are bigger than those at Pb L 3 -edge, in
section 3.4. Only a selection of the reference compounds used at L3-edge could be measured at Pb M5>4edge due to limited beamtime1. LC fitting at Pb Mt-edge o f the plant samples was not performed because
not enough reference compounds were measured but also because o f the high similarity o f Pb M4-XANES
spectra o f compounds with Pb-S and Pb-O environment. The S. vulgaris plant samples were originally
fresh but have dried by the time o f the S/Pb-M 5 j4 -measurements. This is another reason why the analysis
o f the plant samples at Pb M5-edge is not useful.
In order to compare the sulfur bonding in fresh versus dry plants, a grass plant from the meadow around
CAMD without lead, was included in the measurements. Unfortunately, I cannot tell the species. Focusing
only on S K-edge figure B.6.3 shows a significant difference in the intensity of the sulfide peak at 2472.7
eV and the sulfate peak at 2481.4 eV for fresh versus dried leaves and roots. In fresh leaves the sulfide
peak is increased and the sulfate peak is decreased. Included in figure B.6.3 are cysteine and zinc sulfate
which serve as standards for S- and S 0 4- bonding. All root samples, including roots from the very fresh
plants and the dried leaf and stem samples, show only a prominent sulfate peak. This behavior of fresh
plant leaves, which is to have more S-bonding than o f S 0 4-bonding was indirectly observed by
Bovenkamp (2008) and Pickering and coworkers (2000) in plants with arsenic contamination. For the
dried plants from Keldenich no Pb-S bonding can be determined. The drying could be the reason for the
reduction o f Pb-S bonding.
1 Lead n itrate solutions could not be measured a t M 5>4-edge because by th e tim e these samples proved to be
im p o rtan t th e m easurem ents at Pb M 5-edge w e re discontinued fo r the reason o f lack of sensitivity.
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Figure B.6.3: S-K-XANES spectra of S. vulgaris roots (summer, dried), of S. vulgaris stem (winter, dried), S.
vulgaris leaves (summer, dried), F. ovina roots (summer, dried), A. maritima roots (summer, dried), fresh plant
samples from a regular plant from the meadow at CAMD roots and leaves, and cysteine and zinc sulfate as S
K-edge references.
Phosphate is one o f the most important components o f cellular respiration. It is part of the AMP, ADP,
and ATP cycle. The phosphate group is also part o f the basic nucleic acid structure of the DNA. In general
no interaction of Pb with this compound is anticipated because DNA is inert (Prange, 2012). The P KXANES spectra o f the fresh plant from the CAMD meadow show no difference between leaves and roots
(cf. figure B.6.4). The P K- XANES spectra of all plant samples are very similar and the spectra agree
quite well with the ATP reference which is in fact a sodium ATP derivative (figure B.7.3). The drying
process does not seem to change the chemical structure o f the phosphates. These spectra also show that
lead chloropyromorphite is not present in the plants because this spectrum is quite different from the plant
samples. For comparison chloropyromorphite is included in figure B.6.4. The measurements at P K-edge
confirm that Pb is not bound to phosphate in roots but cannot give further useful information.

Energy (eV)

Figure B.6.4: P-K- XANES spectra of a) chloropyromorphite, b) calcium hydrogen phosphate,
c)
phosphoric acid (0.1 M), d) ATP, e) S. vulgaris root (dried), f) fresh plant root without lead, g) S. vulgaris
leaves (dried), h) fresh plant leaves without lead.
All plant samples showed a certain concentration o f chlorine and chlorine is one o f the essential ions in
biofluids (Dick, 1974), so measurements at the Cl K-edge were carried out. Cl K-XANES spectra o f fresh
and dried plant samples show small differences (figure B.6.5). These differences are small for Kedge
XANES spectra. The spectra o f the reference compounds show prominent WL and SR features which are
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not present in the plant samples. The reason for this lack o f features is probably that Cl ions are bound to
various elements (e.g. K, Na) at various distances. Reasonable reference compounds such as sodium
chloride or potassium chloride do not seem to fit the plant samples all by themselves. No LC fits were in
agreement with the plant spectra. It is likely that chlorine is incorporated in organic molecules which were
not available. Again XANES spectra at Cl K-edge gave no new information.

Energy (eV)

Figure B.6.5 CI-K-XANES spectra of a) chloropyromorphite, b) lead chloride, c) sodium chloride, d) potassium
chloride, e) S. vulgaris roots (summer, dried), f) fresh plant roots without lead, g) of S. vulgaris stem (winter,
dried), and h) fresh plant leaves without lead
The experiments o f this section show that a) measurements o f organic samples at P-, S-, and Cl-edge can
be carried out quite easily with good quality and b) more information on the living systems is needed in
order to derive more information from the measurements.

B.7 Comparison of FEFF calculations and experimental spectra
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Figure B.7.1: Pb L 3 -XANES spectra (—)
together with FEFF calculated spectra
(...) and atomic background (grey) of a)
PbO, b) PbCI2, and c) Pb metal
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B.8 The lead plants
In order to visualize the vegetation this picture o f the heavy metal meadow taken at the Tanzberg, KallKeldenich, Eifel, Germany shows the plants used in this work.

Figure B.8.1: heavy metal meadow (from: Brown, 1986)
The water color paintings o f the plants are taken from Aichele and Schwegler (1995).
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Appendix C
Properties of Ag and additional experiments
C .l Summery of the Properties of Silver
The basic chemical properties of silver are (from Webelements, webelements.com):
1.

atomic mass:
Density:
3. atomic radius
4. ionic radius: Ag(l)
Ag(ll)
Ag(IM)
5. covalent radius

207.2 u
10,49 g/cm
165 pm
114 pm
81 pm
89 pm
145 pm

2.

Electronic configuration:
Ag (0)
Ag+
Ag2+
Ag3+

[Kr]4dl0 5s 1
[Kr]4d9 5s‘
[Kr]4d 8 5s'
[Kr]4d 8

C.2. Overview of Silver Compounds
Table C.2.1: Molecular formulas and 2-D structures of inorganic silver compounds (Ref. Pubmed)
Silver (I) oxide: (Ag 2 0 )
A|i+
Ag*
0 ~
Silver acetate: (AgC 2 0 2 H3)
„0 Ag*

Silver(II) oxide: (AgO)
O—Aq
oAg*

0
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Silver carbonate: (Ag2 C 0 3)
,oAg<
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Silver lactate: (C 3 H 6 A g 0 3)

Silver benzoate: (C 7 H 5 A g 0 2)
H

I

O.

JO

/" 'N . O '

Ag

Ag

Silver sulfite: (Ag2 0 3 S)
Ag4

' ' ‘■S'

x°'

Silver sulfate: (Ag2 0 4 S)
o
\ ^o-

Ag*

Ag4

,'s ‘

Ag4

’o'"

o
Silver Nitrate: (A gN 03)

Silver phosphate: (Ag 3 0 4 P)
A g

4

^

O

\

Ag4

•
°

,/Z

Ag-*

6

•o ^ 'V.
o
Silver cyanate: (CAgNO)

<

Silver thiocyanate: (CAgNS)
Ag4

Ag

,c

-o ^

's
Ag

Ag*

"'S:'

I
H
Silver sulfide: (Ag2 S)
Silver diethyldithiocarbamate: (C 5 Hi 0 AgNS2)

Silver methane sulfonate: (CH 4 A g0 3 S)

Ag*

W
^

a

a.
:
\\

"As

0

Silver(II) fluoride: (AgF2)

Silver(I) fluoride: (AgF)
F — Ag

Ag

Silver bromide: (AgBr)

Silver chloride: (AgCl)
Cl— Ag

Br —Ag
Silver phthalocyanine: (Ag2 C 3 2 N 8 H i6)

Silver Sulfadiazine: (C 1 0 H 9 AgN 4 O 2 S)

I

'N

Orr.-.-.; V.—
O

r

H H
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C.3 Overview of Ag L3-XANES spectra of inorganic compounds
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Figure C.3.1 left: Ag L3-XANES spectra of inorganic reference compounds with oxygen bonding a) silver
methane-sulfonate, b) silver sulfite, c) silver sulfate, d) silver benzoate, e) silver lactate, f) silver acetate,
g) silver carbonate, h) silver phosphate, i) silver nitrate, k) silver I oxide, I) silver II oxide right: Ag L3-XANES
spectra of inorganic reference compounds with non-oxygen bonding a) silver bromide, b) silver chloride, c)
silver(l) fluoride, d) silver (II) fluoride, e) silver thiocyanate, f) silver sulfide, g) silver silver diethyldithio
carbamate, h) silver sulfadiazine, i) silver cyanate, k) silver nanoparticles, and I) silver metal flakes (1pm).

C.4 The photographic development process
The development process is part of the photographic process where the metallic silver centers of exposed
grains are the initiators of a rather fast chemical reaction. The developer is a liquid with a reducing agent
that changes all AgBr into metallic Ag. Figure C .4.1 shows the spectra of unexposed as well as exposed
(to artificial light) pieces of film after lmin, 5min, and 30 min development. These samples were not fixed
or washed to remove remaining AgBr, and except for the 1 min and 5 min samples, a stop bath was used
to stop the development process. The Ag L3-XANES spectra of both film pieces developed for 30 min
(unexposed and exposed) are exactly the same. Both spectra show that the samples have completely
transformed into metallic silver. The similarity with the powder sample silver flakes is very high. Using
the silver flakes as a silver metal reference, LC fitting gives about 10% remaining AgBr and the rest was
transformed into Ag metal. This experiment shows that the chemical reaction in the developer solution
does not need light exposure. This is of course not the usual photographic method where film and
developer are finely tuned to each other including development times so that only the photographic
sensitized centers are developed. But this was not the goal of these experiments.
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Table C.4.1: LC fitting results of AgBr-tilms with different light exposure and development times (in %)
Film unexposed
(AgBr cryrstals)

Exposed (■£6 weeks),not developed
Exposed (> 35 weeks), not developed
Exposed 1min,developed 1 min, stop
Exposed 1min, developed 5 min, stop

98
95
94
59

Film fully developed
(Ag metal)
2

5
6

41

X ;/10°
5.2
3.0
1.5
3.3

Energy (eV)

Figure C.4.1: Ag L 3-XANES spectra of AgBr-films with different development times: a) Ag-metal (as Silver
flakes, size 10(im, b) 30 min, c) 5 min, d) 1min, e) undeveloped film.
The development process is quite fast. A sample changes within minutes, and this is directly observable in
the XANES spectra, shown in figure C.4.1. Results of linear combination fitting for the different samples
are presented in table C.4.1. Here the LC fitting results for undeveloped film pieces ( 6 and 35 weeks light
exposedure) from section 2.3 are included. The completely unexposed piece of film and the completely
developed piece were used as references for the LC fitting procedure.

C.5 Synthesis of silver amino acids
Phase 1: In order to test how silver reacts with amino acids, simple experiments were performed: Silver
nitrate solution (0.1M) was mixed with solutions of amino acids in the molar ratio 1:1.
Figure C.5.1 shows the Ag L3-XANES spectra of the mixtures of certain amino acids with silver nitrate.
Only for Ag-arginine and Ag-cysteine did precipitation occur. The other compounds stayed in solution.
The spectrum of silver cysteine has a different fine structure compared to the other spectra.
The spectrum of “Ag-serine” is very similar to the spectrum of silver nitrate solution. It is very likely that
Ag did not bind to serine under acidic conditions (low pH). The spectrum of “Ag-Alanine” still shows
some similarities with silver nitrate solution. The spectra of “Ag-lysine” and “Ag-histidine”, and “Agarginine” are very similar to each other. Linear combination fitting with the (later) correctly prepared
powders Ag-alanine, Ag-histidine, and A gN 0 3 solution showed that the compounds prepared in simple
solution experiments still contain silver nitrate solution. These experiments show that silver nitrate
solution can distort the results. This was the case for the experiments with bacteria before the extra step of
washing (after the reaction with silver ions) was introduced.

108

Properties of Ag and additional experiments
In additional experiments silver histidine solution was mixed with cysteine solution. These experiments
resulted in exactly the same spectrum for silver cysteine. The strong affinity of silver with the sulfhydrylgroups of cysteine would even free the silver-amine bonding in silver histidine.

Energy (eV)
Figure C.5.1: Ag L3-XANES spectra of silver nitrate solution (g) mixed with a) cysteine, b) arginine, c)
histidine, d) lysine, e) alanine, f) serine
Phase 2: Only for silver histidine, silver alanine, and silver cysteine were methods of preparation found.
No recipe for silver L-aspartic acid could be found, so that silver DL aspartic acid with the zwitterion DL
aspartic acid was used instead. Also, Ag-adenine (adenine is in fact a nucleic acid) was prepared. Agadenine was included in this study as a nucleic acid because of reports of Ag bonding to DNA. A fast
XRD analysis could not confirm the structure. However, Ag-adenine shows very similar features
compared to Ag-histidine which confirms the structure to some extent. The Ag L 3 -XANES spectra of the
prepared Ag-amino acids (together with the bacteria samples) are already shown in figure 4.4.5 (Chap. 4).
Silver compounds are well known for their sensitivity to light (section 4.3). This means that silver
compounds decompose into metallic silver when exposed to light. In a special study the effect of light on
silver amino acids was investigated. The following table lists the results.
While some silver amino acid compounds such as silver cysteine were stable towards light as powder and
in solution, others such as silver alanine were not stable when exposed to light.
Table C.5.1: Stability of silver amino compounds - powder and solution - to light exposure
Silver compound
Ag-lys, Ag-arg, Agala in solution
Ag-lys powder
Ag-ala powder
Ag-arg powder
Ag-DLasp-powder
Ag-Dlasp solution
Ag-his solution
Ag-his powder
Ag-cys solution
Ag-cys pulver
Ag-ade solution
Ag-ade powder

Light stability - comment

decomposes into Ag-metal - minutes
IMA
decomposes to show a brown layer (similar behavior like AgN03 powder or AgBr) - days
decomposes to show a black layer (similar behavior like AgN03 powder or AgBr) - days
decomposes to show a silvery layer (similar behavior like AgN03 powder or AgBr) - days
N/A
exposure to light has no effect- only a picture of beam just like the concentrated AgNOa
solution was observed after XAS measurements
decomposes to show a brown layer (similar behavior like AgNC>3 powder or AgBr) - weeks
decomposes into a brown solution - weeks
exposure to light has no effect
decomposes into a brown solution-weeks
decomposes to show a brown layer (similar behavior like AgNC>3 powder or AgBr) - weeks
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C.6 Additional Experiments with Silver
The supposed antibacterial property of silver was investigated further with silver nanoparticles prepared at
CAMD, silver nanoparticles purchased from sigma Aldrich, commercially available Ag containing
products such as band-aids with silver mesh (Curad bandages), and silver sulfadiazine creme.

Energy (eV)

Energy (eV)

Figure C.6.1 left: Ag L3-XANES spectra of Curad band-aid samples: without (light grey) and with blood (...),
water (------ ), and E. coli (grey), and silver metal (—); right: Ag L3-XANES spectra of silver sulfadiazine creme
(------ ), silver sulfadiazine powder (—), and silver sulfadiazine powder mixed with blood (...)•

C.6.1 Curad bandages with silver mesh
The antibacterial properties of band aids with silver (Curad) were investigated by dropping different
liquids on a band aid. The time for the reaction was limited to 10 min. No differences in the Ag 3-XANES
spectra of metallic silver and all band aid samples could be observed (figure C.6.1 - left) - all
characteristics of the silver metal spectrum were still present. At this point it only means that there is no
reaction between the silver of the bandage and any of the applied bacteria (blood or E. coli) that can be
observed using XANES. Other tests to confirm cell death were not performed. Therefore, it is not clear if
the bacteria were killed or not.

C.6.2 Silver sulfadiazine
Silver sulfadiazine creme has been used for burn wounds to prevent infection for over 40 years (Howe,
2013). Figure C.6.1 (right) shows the Ag L 3 -X A N E S spectra of silver sulfadiazine creme, silver
sulfadiazine powder, and silver sulfadiazine powder mixed with blood. The spectra of silver sulfadiazine
creme and powder show small differences, but no changes can be observed for the reaction of silver
sulfadiazine powder with blood. It is possible that the high amount of silver sulfadiazine powder was not
mixed with enough blood to see a reaction. The X A N E S spectrum of the creme has a bad signal-to-noise
ratio because the concentration with about 1% Ag is quite low. This sample was measured in fluorescence
mode.
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C.6.3 Silver nanoparticles
Experiments using silver nanoparticles on E. coli did again show no change in the XANES spectra. The
nanoparticles prepared at CAMD were capped with formaldehyde to prevent agglomeration. This could be
the reason why experiments with the nanoparticles from CAMD did not show any changes. At the time of
the experiments, the fact that the capping of the nano particles does have an effect on the effectiveness of
the silver NPs was not known. However, Abegg and Auerbach (1909) present an extensive report
regarding silver nano particles in “Handbuch der anorganischen Chemie” and discuss the effects of
different cappings on the anti-bacterial effectiveness. No information on the capping of the nanoparticles
from Sigma Aldrich was available.

C.6.4 Silver and ATP
Figure C.6.2 and shows the results of the synthesis of a compound made from mixing silver nitrate
solution and ATP at P K-edge and Ag L 3 -edge. The P K-edge spectra of pure ATP and ATP mixed with
silver nitrate are the same, and thus, no reaction takes place regarding the phosphate. This means silver is
not binding to the phosphate. The Ag L3-XANES spectra of the same compound shows the same basic
features as the silver treated bacterial samples, WL at 3353.0 eV and a shoulder at 3360 eV. These specific
characteristics agree with Ag-N bonding. This means that silver is interacting with the other part of the
ATP, the adenosine. Adenosine consists of adenine and a ribose sugar. The interaction of silver with
adenine was already discussed above. This compound was prepared by mixing solutions with ATP and
with silver nitrate in the ratio of 5:1. The LC fitting resulted in ca. 50% Ag-his and 50% A gN 0 3 solution.

Energy (eV)

Energy (eV)

Figure C.6.2 left: P K-XANES spectra of ATP a) with and b) without silver nitrate; right: Ag L3-XANES spectra
of ATP with silver nitrate (—), and the Linear Combination Fitting (------ ).
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C.7 More Ag L3-XANES spectra calculated using FEFF
The FEFF calculated Ag L3-XANES spectra of Ag metal, A g20, AgCI and Ag2S (where as A g20 was
already discussed in section 4.5), shown in figure C.7.1, agree quite well with the experimental data.

Energy (eV)
Figure C.7.1: Ag L3-XANES spectra of a) Ag metal, b) AgCI, c) Ag20, and d) AgjS. Experimental (—), FEFF9
calculations (------ ), and atomic background (—).

The calculation of Ag (II) oxide using FEFF
poses a challenge because this compound is in
fact a mixture of Ag in oxidation states 1+ and
3+, rather than pure 2+. This can be confirmed
quite well with the linear combination of the
FEFF calculated XANES spectra of the two
Ag sites (site: 1 Ag(I) and site 2: Ag(III)) with
a weight of 38% for Ag(I) and 62% for
Ag(III) - about a 1:2 ratio of Ag+ to Ag3+.
Figure C.7.2 shows how well the linear
combination fits the experimental data. For
Ag(II) oxide, the WL is much more intense
compared to Ag(I)oxide or other Ag(I)
compounds which was reported previously
(Behrens et al., 1999). This increase in
intensity for Ag (ID) compared to the Ag (I)
compounds is an indication for increased
involvement of the d-orbitals.

Energy (eV)
Figure C.7.2: Ag L 3-edge XANES Spectra of d) experi
mental AgO, and Ago calculated by FEFF at the two
sites (a) site Ag(l), b) site Ag(lll) together with the linear
combination of the two sites (c)
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