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Soft x-ray spectromicroscopy was used to investigate environmental and biolo-
gical specimens paying particular attention to their carbon content, of organic 

or anthropogenic origin. To be more specific, energies in the spectral region of 
the so-called water window, between the K absorption edges of carbon (284 eV) 
and oxygen (523 eV), were applied. In this region the absorbance of substances of 
high carbon content such as proteins is ten times higher than the absorbance of 
water which provides natural contrast and in turn allows for a natural or close to 
natural environment for such samples. The experiments presented in this thesis 
were chosen in such a way that either new instruments or new analysis methods 
are studied on different non-model sample specimens. To understand the effect 
of nanoparticles on the environment, the interaction between carbon nanotubes 
and soil was monitored, both in dry and aqueous sample environment. Additio-
nally, for the characterization of heterogeneous samples like soils, spectroscopic 
experiments with a laser driven plasma source were performed. It demonstrated 
the feasibility of such a complementary technique, if not sometimes alternative 
to NEXAFS studies using synchrotron radiation. In the third project the possibility 
to image vascular smooth muscle cells without the necessity of additional em-
bedding or staining was inquired, but by applying a simple, non-cryo fixation 
sample preparation. 
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1 Motivation

Since their first observation by W.C. Röntgen in 1895, x-rays have added to science and
fascinated researchers. Not only their property to permeate matter, but also the short
wavelengths and the fact that they comprise the spectral area of atomic absorption allow
for multiple applications.
In this work, environmental and biological samples were studied, which have one impor-
tant characteristic in common: They are organic matter and thus largely comprised of
carbon. Due to this, they belong to the category of samples that can be characterized using
soft x-ray spectroscopy, microscopy and spectromicroscopy at energies around the carbon
K-edge, located in the so-called water window, see Chapter 2. Within this unique spectral
range, organic specimens can be studied within a water layer of several microns, providing
the possibility to establish real or close-to-real sample environments.
This work is incorporated into the Sonderforschungsbereich (SFB) 755 - Nanoscale Photonic
Imaging, mainly in the realms of project B5 (X-ray spectromicroscopy of biomolecular mat-
ter in the environment). This SFB seeks to explore the dynamics and structure of organic
specimens from small molecules to large cells, by combining microscopic, diffractive, spec-
troscopic, and mathematic techniques to invent or improve instrumental and analytical
tools. The SFB has three complementary parts. Developing instrumental techniques and
establishing theoretical methods, each build one part to enquire the regime in the nm-
scale. The third part, investigating complex fluids with spectromicroscopy, deals with the
application of these techniques and methods, and puts them into context with established
methods. The work presented here, involving among other the examination of aqueous
environmental samples or living cells by means of x-ray spectromicroscopy, fits therefore
well into this framework.
Of course, there are many ways to use x-rays in research, for example in absorption,
diffraction or scattering experiments. To provide an overview of this field, the theory of
experiments based on x-ray absorption is described briefly in Chapter 2.
X-ray spectroscopy provides information about spatial orientation and chemical composi-
tion of a sample. Here, near edge x-ray absorption fine structure (NEXAFS) spectroscopy is
applied to investigate chemical bonds by means of observing transitions of core electrons
to unoccupied molecular orbitals. Such experiments have been conducted, among other,
with polymers, proteins, crystals, as well as with environmental specimens such as humic
substances [26, 52, 89, 188, 205].
State of the art x-ray microscopy based on zone plate lenses reaches a spatial resolution of
12 nm [39]. Due to differences in element specific absorption behavior, natural contrast
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is formed either in transmission or in fluorescence mode within one sample for specific
elements, addressed by choosing an adequate energy, and is visible in the micrographs
[49, 196]. Even three dimensional information can be gained by stereo-microscopy or
tomography [68, 119].
The combination of both techniques, termed x-ray spectromicroscopy, allows for high spec-
tral and spatial resolution. This is extremely useful for the investigation of heterogeneous
samples, like colloids, environmental samples, meteorite particles, or nano materials
[1, 94, 197].
In the beginning, such experiments were only feasible using light generated by synchrotron
facilities, because of the requirement of high brilliance. Currently, more and more compact
x-ray sources are developed [142, 206] that are based on laser driven plasmas. Emitting
either broad-band or line radiation they allow for spectroscopy or microscopy, yielding
results almost comparable to synchrotron-based experiments [74, 143].
The experiments presented in this thesis are chosen in such a way that either the applica-
tion of new instruments or methods are studied on different non-model sample specimens.
Preceding, a short introduction illustrating the interaction between x-radiation and matter
is given in Chapter 2. Thereafter, the instruments that were used for the experiments are
described in Chapter 3, followed by the experimental Chapters 4 - 6.
Chapter 4 concerns x-ray spectroscopy of natural organic matter. Usually, such experi-
ments are carried out at a synchrotron facility, for which beam time has to be granted.
Efficient preparation is essential to fully make use of the limited experimenting time. Test-
ing equipment and getting an understanding of the samples already in the home laboratory
is therefore desirable, and could be an alternative to some extent. Here, heterogeneous
samples of environmental origin are studied. Due to their complexity, an analysis with
exact standards as is often used for crystals or polymers is complicated, and high spectral
resolution is not always necessary. In order to characterize the sample spectra, a semi-
empirical analysis approach was developed.
The second experimental part, described in Chapter 5 is thematically connected to Chapter
4, as again soil samples are studied. The focus lies more on the impact of anthropogenic
carbon in the environment, i.e., the interaction between carbon nanotubes (CNTs) and
soil colloids. In this case, bulk spectra would not be sufficient, but spatial resolution is
needed, too. New materials like CNTs have to be characterized thoroughly - a task for
which x-ray spectromicroscopy is ideally suited, because even aqueous samples can be
assessed. Afterwards, dispersions of CNTs and soils are studied with increasing complexity
of the samples. The results of Chapter 4 thereby facilitate the assignment of the spectral
resonances. Owing to their characteristic spectral signature, the CNTs could also be used
as samples to test an alternative evaluation method.
In Chapter 6, x-ray spectromicroscopy is applied to gain insight into the effect of different
preparation methods on cells. In contrast to non-living matter, special care has to be
taken regarding the preparation, when working with biomolecular specimens that are very
sensitive to radiation damage. Besides, if the preparation method is too invasive, the es-
sential point of the experiment might be missed. A compact instrument, this time an x-ray
microscope was used for the first steps. But since chemical, i.e., spectral information was
needed, too; the main part was carried out using x-ray spectromicroscopy at a synchrotron
facility.



3

These three experimental parts of the thesis are then finalized by a summary given in
Chapter 7.





2 Principles of X-Ray Spectroscopy and Microscopy

2.1 Interaction of X-Rays and Matter

In this section, the fundamentals of the interaction between x-rays and matter are summa-
rized, equations and estimates are given, but not derived in greater detail. The descriptions
are based mainly on Agarwal [3], Attwood [8] and Als-Nielsen and McMorrow [5].
The photoelectric absorption of x-radiation by matter is described by the Lambert-Beer
law,

I = I0 e−µd = I0 e−oD . (2.1)

The intensity I0 of an incident x-ray beam traversing a sample with thickness d and ab-
sorption coefficient µ decreases exponentially to the intensity I . The expression in the
exponent is often referred to as the optical density oD .
The Lambert-Beer law, or rather µ, contains all the physics needed to understand (x-ray)
spectroscopy and microscopy. For spectroscopy, conclusions about the chemical com-
ponents and bonds of a samples can be drawn from the way the absorption coefficient
varies with energy. For microscopy, the fact of µ changing rapidly at absorption edges , see
Fig. 2.1, is sufficient to provide contrast or even to perform elemental mapping.
Already found empirically in 1729 by P. Bouguer, the deduction of the Lambert-Beer law is
straightforward. An electromagnetic wave of x-rays incident on matter, E(x, t ) = E(x)e−iωt ,
induces the bound electrons (mass m, charge e, natural oscillating frequency ω0) in the
sample to perform damped harmonic oscillations, with the damping coefficient γ,

mẍ+mγẋ+mω2
0x =−eEe−iωt . (2.2)

The ansatz x(t ) = x0e−iωt leads to the solution for x:

−mω2x− iωmx+mω2
0x =−eE

→ x = e

m

1

(ω2 −ω2
0)+ iγω

E . (2.3)

In the spectral range of soft x-rays, the interaction of the electrons in a sample and the
incoming photons is almost only due to photoelectric absorption, because the cross-
section of the latter is several orders of magnitudes higher than the scattering cross-
sections. The absorptive part of the photoelectric cross-section is shown in Fig. 2.1. The

absorption cross-section σab and the absorption coefficient are related via µ= NAρ
A σab ,

with the Avogadro constant NA , the mass density ρ and the atomic mass number A. The
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Figure 2.1: Log-log plot of the mass photoabsorption coefficient µ/ρ of Tin (Sn) as an example to
illustrate the different absorption edges for the K-, L-, M-, and N-shells. The data was taken from [132].

Figure 2.2: Contributions
from photoelectric absorption
σab, coherent scattering σcoh,
and incoherent or Compton
scattering σincoh to photon
cross-sections in carbon as a
function of energy; adapted
from Howells et al. [82], p.
836.

solution for one single electron of Equ. (2.2) leads to its dipole moment p,

p =−ex =−e2

m

1

(ω2 −ω2
0)+ iγω

E . (2.4)
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For a substance with N atoms (with Z electrons) per unit volume the polarization is given
by

P =−Ne2

m

(∑
j

f j

(ω2 −ω2
0 j

)+ iγ jω

)
E . (2.5)

The f j are the oscillator strengths, which are weighting factors for the probability that an
electron at an atom level of frequency ω0 j and damping factor γ j undergoes a transition.
In general, it holds that

∑
j f j = Z , with Z the atomic number.

This yields the dielectric constant, ε(ω) = ε0 + P
E , with ε0 the vacuum permittivity. Inserted

into the equation for the refractive index, n =
p
µεωp
µ0ε0ω

'
p
εp
ε0

, whereby the magnetic per-

meability µ and the vacuum permeability µ0 are negligible, this yields the dispersion
relation:

n2(ω) = ε

ε0
= 1+ P

ε0E

= 1− Ne2

mε0ω2

(∑
j

f jω
2

(ω2 −ω2
0 j

)+ iγ jω

)
. (2.6)

Since for soft x-radiation it holds that ω2 À Ne2

mε0
, the refractive index n(ω) can be approxi-

mated by

n(ω) ≈ 1− 1

2

Ne2

mε0ω2

(∑
j

f jω
2

(ω2 −ω2
0 j

)+ iγ jω

)
= 1− 1

2

Ne2

mε0ω2 f 0(ω) . (2.7)

In the last step, the effective atomic scattering factor f 0(ω) =∑
j

f jω
2

(ω2−ω2
0 j

)+iγ jω
was intro-

duced, which can be expressed in complex components, too:

f 0 = f ′+ i f ′′ . (2.8)

Hereby, f ′ is referred to as the effective number of electrons, which phase shifts an in-
coming wave, and f ′′ describes the attenuation. The values of f ′ and f ′′ are tabulated for
photon energies from 10eV−30000eV in Thompson et al. [198] and CXRO [47], based on
Henke et al. [72].
Using the classical electron radius re = e2

4πmε0c2 = 2.82 ·10−15 m and λ= hc
eE [eV] , with E as

the photon energy, this can be transformed further to

n(ω) = 1− N reλ
2

2π
f 0(ω) = 1− N re

2π

(
hc

eE

)2

f 0(ω) . (2.9)

Often, the refractive index is split up according to the complex components of f 0, resulting
into

n = 1−δ− iβ , (2.10)
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with δ= N reλ
2

2π f ′ and β= N reλ
2

2π f ′′.
After traversing a sample specimen of thickness d and refractive index n, a plane electro-
magnetic wave ψ with amplitude ψ0 and wave vector k has the form ψ=ψ0e−i knd . The
intensity I is calculated via

I = |ψ|2 =ψ∗ψ . (2.11)

Inserting the expression for n cancels out the phase shift δ, leaving only the contribution
of the attenuation part β,

I =ψ2
0 e−2kβd = I0 e−µd . (2.12)

This leads to the Lambert-Beer law, Equ. (2.1), with the linear absorption coefficient

µ= 2kβ= kN reλ
2

π f ′′.
That means, f ′′ of a substance is directly measurable from the transmitted intensity
through a sample. The corresponding f ′ is then obtainable using the Kramers-Kronig
relations [8]. The units of µ are cm-1, but often the mass absorption coefficient µm = µ

ρ is

used, which is independent of the material density with units cm2

g .
The reciprocal value of µ is called the attenuation length or penetration depth. In Fig. 2.3a,

(a) Penetration depth of soft x-rays (b) Linear absorption of soft x-rays

Figure 2.3: a) Comparison of penetration distances of water and a model protein for x-rays and
electrons, adapted from Kirz et al. [107]. b) Linear absorption cross section µ of the smectite clay
mineral montmorillonite (structure in inset taken from Sparks [181]), an organic molecule (phenol,
see inset) and of water as a function of x-ray energy; the absorption edges of oxygen, calcium and
carbon are marked, adapted from Thieme et al. [197], modified.

1
µ is plotted for water and a model protein against photon energies in the soft x-ray regime.
For comparison, the mean free paths of electrons resulting from elastic and inelastic
scattering, λelastic and λinelastic, at the same energies is plotted. The mean free path is the
average distance an electron can travel in a medium; here, protein and water. For matter
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with a high carbon (C) content like proteins, the penetration depth of x-rays and the mean
free paths of electrons is comparable between 100 eV and 400 eV. In water, however, the
penetration depth of x-rays is approximately one order of magnitude higher. The spectral
region between the K-shell absorption edges of carbon, at 284 eV, and oxygen (O), at 543 eV,
is called the water window. Here, water absorbs much less than organic material, e.g., in
biological or environmental samples, providing natural contrast. That way, it is possible
to study such samples in hydrated state, achieving natural or close to natural sample
environments.
Fig. 2.3b shows the linear absorption coefficients of water, an organic molecule (phenol,
C6H6O), and the smectic clay mineral montmorillonite ((M)0.33(Al,Mg)2(Si4O10)(OH)2·nH2O,
where M refers to a metal cation such as Ca or Na) [181] as an example of an inorganic
substance, to illustrate the possibility of studies in aqueous sample environment.
The interaction between x-radiation and matter can be used for sample investigations
in three different ways, which will be explained in the following sections. Spectroscopy
gives information about the chemical composition. Microscopy on the other hand uses
the different absorption intensities of a sample to provide natural contrast in imaging. The
combination of both, spectromicroscopy, comprises of sets or stacks of images recorded at
different energies. That way, a spectrum for every pixel in the imaged area is available.

2.2 Spectroscopy

With NEXAFS (near edge x-ray absorption fine structure) spectroscopy, the change in the
absorption coefficient µ(E) at a specific absorption edge can be analyzed and interpreted.
It is therefore of great interest in many scientific fields, like polymer, biomolecular or envi-
ronmental science, since local chemical information in complex and disordered materials
is provided.

2.2.1 Definition

The description of NEXAFS firstly requires a definition of the terms involved. X-ray absorp-
tion spectroscopy (XAS) describes the change of the absorption coefficient µ, which has
been mentioned in the preceding section. Absorption of a photon by an electron either
leads to an ionized atom, if the photoelectron is lifted to the continuum, or to an excited
atom, if the photoelectron fills an unoccupied atomic or molecular orbital state. The
variations of µ at absorption edges are termed x-ray absorption fine structure (XAFS). For
illustration, a hypothetical XAFS spectrum with the spectral features and ranges explained
below is depicted in Fig. 2.4.
The spectral range of XAFS is not exactly determined, sometimes it is described as the "os-
cillatory structure [...] just above an absorption edge" [150], but more often it also includes
the pre-edge region. The NEXAFS region of the x-ray absorption spectrum is dominated by
strong photoelectron scattering. The width of this spectral region is not fixed, but can be
approximated by comparing the interatomic distances di and the wavelength λe− of the
photoelectron:

E =ħω−Ebi nd = ħ2k2

2m
= ħ22π2

mλ2
e−

. (2.13)
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Figure 2.4: Hypothetical XAFS spectrum to illustrate the approximate spectral regions for NEXAFS (or
XANES) and EXAFS.

Here, ħω is the energy of the incident photon, Ebi nd the binding energy of the electron, m
the electron mass and k its wave vector.

- For high E , λe− < di and single scattering dominates, leading to smaller changes in
the absorption spectrum. This defines the EXAFS regime, which yields information
about the bond lengths and coordination numbers.

- For low energies E , λe− > di , multiple scattering occurs which defines the NEXAFS
regime.

Typically, the NEXAFS spectral region extends from about 10 eV below to about 40 eV above
an absorption edge, see Fig. 2.4. XANES (x-ray absorption near edge structure) often refers
to the same region as NEXAFS, but sometimes the pre-edge features are not included.
To make things more complicated, some differences in linguistic usage of the terms NEX-
AFS and XANES are also found in the literature, however, they are more trends than rules.
The first difference regards the energy range that is used for the experiments. For ex-
periments with hard x-rays the term XANES is used more often, whereas for soft x-ray
experiments the term NEXAFS is used. Furthermore, if fluorescence or electron yield is
detected XANES is more frequent, whereas for transmission detection NEXAFS is more
common. Another difference is correlated to the background of the author or experimen-
tator. In publications by European authors, NEXAFS is used more frequently used than by
authors from the US. In the following, only the term NEXAFS is used, to prevent confusion.
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2.2.2 Theoretical Description of NEXAFS

The theoretical description of NEXAFS is still incomplete and no general concept ex-
plaining both NEXAFS and EXAFS exists. Then again, the theory of EXAFS is quite well
understood. In EXAFS spectroscopy, χ is the central parameter instead of µ, and the so
called EXAFS-equation describes the oscillations of the spectrum. The EXAFS-equation
and χ are explained in section 2.2.2.1, in particular see Equ. (2.24) and (2.25).
The outline of the theory, the description of the spectra and the detection methods is
mainly based on the fundamental book by Stöhr [187], a new summary and tutorials by
Bunker [36, 37], the publications by J. J. Rehr and coworkers [6, 150–152], and the books
by Als-Nielsen and McMorrow [5] and de Groot and Kotani [70]. As many approaches
for a NEXAFS theory use the (E)XAFS picture, this will be explained first, followed by the
MO (molecular orbital) picture, which provides a more intuitive way to analyze NEXAFS
spectra of heterogeneous samples.

2.2.2.1 XAFS Picture

The modulations in µ result from the moving photoelectron, which has been released by
an incident x-ray photon, and its interaction with neighboring atoms. The starting point
is Fermi’s Golden Rule, which describes the transition rate of a core level electron to the
final state. For simplicity, only 1s core level (or K-shell) transitions are regarded here. The
absorption of a given core level is then proportional to the transition amplitude:

µ ∝ ∑
f

∣∣〈i |H| f 〉∣∣2
δ(Ei +ħω−E f ) (2.14)

∝ ∑
f

∣∣〈i |p ·A(r)| f 〉∣∣2
δ(Ei +ħω−E f ) =

= ∑
f

∣∣∣〈i |ε̂ · rei k·r| f 〉
∣∣∣2
δ(Ei +ħω−E f ) , (2.15)

with the initial |i 〉 and the final | f 〉 electron states and their corresponding energies Ei , f .
The energy of the incident x-ray photon is ħω. The sum is taken over all unoccupied
final states f . The HamiltonianH describes the coupling of the electrons to the incident
field. It can be written in terms of the initial and the final state of the photoelectron. H
is proportional to p ·A(r), with the momentum operator p of the electron and the vector
potential A of the incoming wave; for the wave vector k and ε̂ the electric polarization
vector it holds that k⊥ε̂→ A(r, t ) ∼= ε̂A0ei k·r. The final form of Equ. (2.14) is achieved using
commutation relations.
The matrix element 〈i |ε̂ · rei k·r| f 〉 can be expanded to

〈i |ε̂ · rei k·r| f 〉 ≈ 〈i |ε̂ · r| f 〉+ i 〈i |(ε̂ · r)(k · r)| f 〉+ . . . , (2.16)

where the first term is the dipole term, the second the quadrupole term etc.. That means,
for deep core excitations, the spatial dependence of A can be neglected, such that ei k·r ' 1.
Approximating the core state of an atom as a hydrogen atom with e → Z e, it can be
concluded from the ratio of both terms that the quadrupole term is negligible for low Z
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atoms [36], e.g., for C the ratio of quadrupole to dipole element is ∼ 2.2%.
Typically, for XAFS calculations the final state HamiltonianH′ is used, which is referred
to as the final-state-rule [13] – in the following variables of the final state of the electron
are indicated with a prime. The final states of the electron are calculated in the presence
of a screened core hole. Vibrational effects, inelastic losses, and ground state exchange
correlation functions are described by a complex valued self-energy or optical potential
Σ(E). Finding accurate ways to calculate Σ(E) is one of the major challenges in XAFS
theory. The final states are then represented as a quasi-particle moving through the optical
potential - this approach is called the standard quasi-particle model and forms the basis for
most XAFS calculations [151]. Within this model, the final states ψ f of the quasi-particle
solve the equation (Dyson equation)

H′ψn =
(

p2

2m
+V ′

coul +Σ(E)

)
ψn = Eψn , (2.17)

where the final state HamiltonianH′ is comprised of the energy of the photoelectron p2

2m ,
the Coulomb potential of the final state V ′

coul , and the optical potential Σ(E).
The reason for using the final state approach becomes clear, when expressing Equ. (2.15)
as

µ∝∑
f

〈i |ε̂ · r′| f 〉δ(E −E f )〈 f |ε̂ · r| i 〉 . (2.18)

With r′ the position of the final state of the electron and E = Ei +ħω, one avoids to explicitly
calculate the final state, which is a bottleneck in XAFS calculations. Instead, it is common
to use the one-particle Green’s function of the photoelectron,

G(E) = 1

E −H′+ iη
=

= ∑
f
| f 〉 1

E −E f + iη
〈 f |, η→ 0+ , (2.19)

with η a net lifetime. Using

− 1

π
ImG =∑

f
| f 〉δ(E −E f )〈 f | (2.20)

leads to

µ(E) ∝− 1

µ
Im〈i |ε̂r′G(r,r′,E) ε̂r| i 〉 . (2.21)

This means that the spectrum is directly obtained from the Green’s function, without the
necessity to compute the final states.
The remaining difficulty is to find an appropriate potential. As mentioned before, the
photo-electron traverses the sample as a quasi-particle in an optical potential and is
scattered off the other electrons taking different paths. Depending on the elaborateness of
the theory, scattering only of the nearest neighbor (single scattering) or multiple scattering
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(MS) is taken into account.
In MS theory, a localized potential is assigned to each atom at the positions R:

V ′
coul +Σ(E) =∑

R
vR(r−R) . (2.22)

The potential of the other atoms as seen by the particle is most often described as the
muffin-tin (MT) potential Vmt , sketched in Fig. 2.5. In the MT potential, atoms or ions are

(a) (b)

Figure 2.5: a) MT potential, sketched as spherical two dimensional approximation for a crystal lattice.
b) Three dimensional model of the MT potential, taken from Bunker [36].

described as spherical potentials with radius rmt around the core region of the atoms in a
sample, with rmt usually in the range of half the interatomic distance, see e.g., Ashcroft
and Mermin [7]. In the interstitial regions, the potential is constant (muffin-tin zero). Thus,

Vmt =
{

V (r−R) |r−R| < rmt core region

V (rmt ) = const . |r−R| < rmt interstitial region.
(2.23)

The MT approximation is often used to describe the band structure of atoms. Therefore,
the MT approximation of the potential works best for densely packed structures. For the
NEXAFS pre-edge region, the MT potential is not fully satisfactory and full MS has to
be taken into account. This stems partly from the fact that the real core potential is not
spherical and the real interstitial region does not have a constant potential. Apart from
that, alternative approaches are applied like real-space multiple scattering (RSMS) [6] or
finite difference method (FDM) [101], which avoids the muffin tin approximation.
The Green’s formalism mentioned above shows the connection between NEXAFS and
EXAFS theories in the following way. It is separable into contributions from the central
atom (µ0) and a varying background from the neighboring atoms (µ0χ):

µ=µ0(1+χ) . (2.24)

The expansion of G and the exact expressions for µ0 and χ in terms of G are found in
Ankudinov et al. [6] and Rehr and Alberts [150]. It should be noted that the electronic
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density of states ρ can be expressed similarly.
Further aspects that are included in the XAFS picture will be mentioned only briefly. To
limit the computing time of the MS approach, several filters to reduce the number of paths
taken by the electron are used. In the first approaches, the incident x-rays were described
as plane wave, but very soon, this approach was changed. Modern computations and
programs use curved wave approximations.
Rewriting Equ. (2.24) into χ= µ−µ0

µ0
leads to the interpretation of the correction factor χ

as the fractional change in the absorption coefficient due to the neighboring atoms. That
way, structural information is separated from the energy dependence of the absorption
coefficient. The factor χ is the key expression for describing EXAFS. Based on several
parameters, such as mean free path of the photoelectron λ(= 1

k ) or the radius R of the so
called coordination shell of neighboring atoms where the electron scatters, Sayers et al.
[160] developed a quantitative expression for χ, which now is called the EXAFS-equation:

χ(k) =−∑
j

S2
0

N j

kR2
j

| f j (k)|e−
2R j
λ(k) e

−2σ2
j k2

j sin
(
2kR j +2δ1(k)+Φ j (k)

)
. (2.25)

The amplitude-reduction factor S2
0 describes the influence of intrinsic effects, which stem

from the creation of the core hole. It is close to 1 and was included in the original formula,
but is added for completeness. As the theoretical description became more accurate
and the computable spectral range extended more and more towards lower energies
until reaching the edge, the weighting factor S2

0 was introduced. Thus, especially when
calculating features of the NEXAFS regime, S2

0 is important. N j is the number of atoms in

the j th coordination shell at distance R j . f j (k) is the backscattering amplitude with phase

Φ j (k); f j (k) = | f j (k)|eiΦ j (k). δ1(k) is the partial wave shift of the central atom. The Debye-

Waller factor e
−2σ2

j k2
j takes thermal effects into account, describing a displacement of σ j

of the atoms in shell j from the position R j . Using curved wave approximations, f (k) is
replaced by an effective backscattering amplitude feff(k), after which the program package
FEFF is named, a program for ab-initio multiple scattering calculations for XAFS (FEFF-
Project). A detailed derivation is for example found in Als-Nielsen and McMorrow [5].
At the absorption edge, the MS approach does not converge and not only scattering but
also bonding effects are important. Therefore, the (E)XAFS picture yields only a good
approximation above the absorption edge, even if full MS is applied. The central point
is the choice of the right potential for the description of the interatomic regions and the
electronic structure.

Pre-edge region. For the pre-edge region, several approaches have been proposed,
which are complementary to the method outlined above. Using the static exchange (STEX)
approach, the spectra of amino acids were calculated [38, 102, 224]. Another approach
is the time dependent density function theory as proposed by Buckley and Besley [34],
which was used to compute the NEXAFS spectra of amino acids and proteins. For the
calculations of benzene rings and other aromatic structures Bâldea et al. [10] used second
order algebraic diagrammatic construction (ADC(2)).
These methods also start with Fermi’s Golden Rule, but then use different assumptions,
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e.g., to get different potentials [101]. The drawback here is that the relative energies of the
contributions to the NEXAFS spectra are achieved quite well, e.g., the distance between
the π∗ and σ∗ peaks and their distance from the computed absorption edge, but the
absolute peak heights, energies and absorption edge position still need improvement. In
contrast to the EXAFS theory, these models often are insufficient for the calculations above
the absorption edge.

It should be noted that the theoretical approach explained above provides very
good results for ordered structures such as crystals and metals. The understanding
of the underlying principles is of key importance to interpret NEXAFS spectra. For
(heterogeneous) organic compounds, however, the timescales to compute the NEXAFS
spectra would be huge.

2.2.2.2 MO Picture

The picture of discrete molecular orbitals (MO), also commonly used in NEXAFS spec-
troscopy provides a more intuitive access. In general, XAFS probes the unfilled antibinding
orbitals.
Since NEXAFS spectra are more often interpreted than mathematically analyzed, MO
theory allows the assignment of spectral features by relatively simple symmetry considera-
tions. The symmetries in MOs are best described using group theory, which also facilitates
the labeling of the distinct orbitals. R. S. Mulliken won the Nobel price in 1966 for the
development of MO theory [127, 128].
MOs arise from linear combination of atomic orbitals (LCAO). The simplest version of
MOs belong to diatomic molecules, either homo- or heteroatomic, as illustrated by carbon
monoxide (CO) and diatomic carbon (C2) in Fig. 2.6. Conventionally, the z-axis lies on the
connecting axis between the two atoms. Since MOs have a strong directional character
which is exploited in NEXAFS spectroscopy of surfaces [188]. MOs of diatomic molecules
are symmetric, but in heteroatomic molecules this is not the case. However, the resulting
orbitals can still be labeled π and σ. σ-orbitals are always present, but the formation of
π-orbitals depends on the atoms involved. Only orbitals of the same symmetry can mix,
e.g., px and py or pz and s.
Including the valence bond concept in MO theory allows for the determination of ioniza-
tion energies and adds degeneracy to the MOs. The MOs then evolve from hybridization
of atomic orbitals to localized hybrid MOs of equal energies, e.g., the sp2-hybridization
of aromatic C rings in carbon nanotubes. The MOs of larger molecules are established by
combining the MOs of smaller building blocks, also called linear combination of bond
orbitals (LCBO).
This is possible, because LCAO states that the wave function ψMO of a MO can be written

as a linear combination of hybrid or atomic orbitals φk [187, p. 61],

ψMO =
M∑

k=1
aMO,kφk . (2.26)

Introducing a Hamiltonian, it is feasible to compute the characteristic self-energies of the
orbitals from the trace of the matrix 〈φk |H |φk〉 and the interaction energies between the
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(a) MOs of C2

(b) MOs of CO

Figure 2.6: Diagram illustrating the formation of MOs in diatomic molecules; as an example a) C2
and b) CO were chosen. Antibinding MOs are denoted by a star. Degeneracy of the p-orbitals and
inversion symmetry (gerade/ungerade) are not specified.
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orbitals from 〈φk |H |φl 〉. The transitions of a core shell electron are determined by dipole
(and quadrupole) selection rules following Pauli’s principle. The transitions are mainly
dipole transitions; quadrupole transitions are much weaker. Expressed with quantum
numbers, the selection rules are ∆l =±1, ∆ j =±1 and ∆s = 0, for dipole transitions, and
∆l =±2 for quadrupole transitions, which are weaker by three orders of magnitude. That
means that for K and LI shell electrons, only the transitions s→p are allowed, for LII, III

electrons, p→d and p→s are allowed, or at least the final state needs a contribution of one
of these orbitals. The spin is conserved in the transitions.

Figure 2.7: Schematic potentials and 1s spectra of an atom (left) and a diatomic molecule (right),
adapted from Stöhr [187], p. 85.

In Fig. 2.7, energy schemes of the effective potentials of an atom and a diatom and the
corresponding K-shell NEXAFS spectra are shown. The potential barrier of the diatomic
potentials results from writing the Schrödinger equation in spherical coordinates, which

gives rise to a centrifugal term l (l+1)ħ2

2mr 2 . The resulting valence bond is illustrated and the
unfilled orbitals are shown, too. Due to the interaction between the Coulomb potential
and the core hole after the electron is excited, the π∗ orbital is pulled below the vacuum
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energy level. Therefore, 1s→π∗ transition peaks are located below the ionization point.
The correlation between the XAFS picture and the MO picture can be established by
understanding the wavefunctions yielded by MS theory as describing the contour maps of
the MOs. It should be noted, however, that most calculations of NEXAFS spectra, either
using the XAFS oder the MO approach deal with relatively simple molecules, crystals
and better results are achieved for higher Z elements like transition metals, for instance
manganese oxide (MnO) [36, 124] or ceramics [192]. In the following section, typical
features in a K-shell NEXAFS spectrum are listed.

2.2.3 General Characteristics of NEXAS Spectra

As mentioned above, NEXAFS probes the allowed transitions of an electron inside a
molecule or atom, thereby giving information about the chemical environment. A NEXAFS
spectrum consists of three overlapping regions, the pre-edge region, the absorption edge
and the post-edge region, as illustrated in Fig. 2.4 and 2.7.
Since the π∗ orbitals of a molecule are below the vacuum level, they have a localized charac-
ter, which leads to sharp and narrow peaks in the pre-edge region. The electron transitions
go to empty but bound MOs. The spectral width depends on the lifetime of the excited
state, i.e., the core hole lifetime, and also on the length of a chemical bond. (However,
intrinsic properties of the spectrometer used, might lead to an even wider broadening.)
Information about oxidation state, local geometry and chemical bonds, e.g., double or
triple bonds, bond length, can be gained from these transitions.
At energies around the edge, transitions to the continuum or Rydberg orbitals take place.
As for large molecules, however, the latter do not result into high peaks. They rather lead to
a broad background and mix with hydrogen-derived antibonding MOs. From the analysis
of this region, a possible chemical shift in the oxidation state is observable.
The post-edge region originates from transitions to unbound MOs, i.e., σ∗ orbitals, and
(depending on the detection method) multiple scattering of the photoelectron. The atomic
bond gives rise to a centrifugal barrier, therefore, the σ∗ resonances are located above the
absorption edge. Being close to or even overlapping with the EXAFS regime, ab-initio cal-
culations are possible. Furthermore, the position of neighboring atoms, i.e., bond lengths
might be inferred.
The positions of the ionization point (IP) and the peaks of small molecules are directly
linked to the π and σ orbitals in the molecules. In a simple approach, the peaks and
IPs of NEXAFS spectra of larger molecules are viewed as a combination of the spectra of
small-molecule building blocks. This approach is also used here but, as will be discussed
later, the chemical bond in such large samples influence each other, too. Especially in
heterogeneous samples without ordering such as environmental or biological specimens,
an exact approach to calculate the NEXAFS spectra is not possible.

2.2.4 Detection and Analysis Methods

The detection of NEXAFS spectra can be achieved by three different methods: fluorescence
yield or electron yield and absorption, schematically depicted in Fig. 2.8.
Due to the excited electron, a core hole is formed, which is filled by an electron from a
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(a) Fluorescence yield (b) Electron yield

(c) Absorption

Figure 2.8: Scheme of the different pro-
cesses taking place during x-ray absorp-
tion. The detector measures either the
photon signal of the a) absorption, b) the
fluorescence yield, or c) the electron yield.

higher shell. In case of fluorescence (Fig. 2.8a), the atom relaxes by emitting a photon
with a characteristic energy. In the non-radiative Auger process (Fig. 2.8b), the released
energy of the transition of the electron from a higher shell is transferred to another electron
(not necessarily from the same shell), which is emitted, again with characteristic energy.
The index of the Auger electron consists of three capital letters, representing the shell of
the original hole, the shell of which this vacancy is filled and the shell of which the Auger
electron is emitted.
For absorption measurements (Fig. 2.8c), the Lambert-Beer law applies, i.e.,

µ(E) ∝ ln

(
I

I0

)
. (2.27)

This method was used for the work presented here, because all samples had a sufficiently
small thickness and the concentration of the studied element (mainly C) was high enough.
A major advantage of absorption measurements is that the background signal only adds as
a constant.
Fluorescence and Auger yield were not measured here, but for completeness the relevant
detection relations shall be addressed briefly. Especially for low concentrations or thick
samples, the fluorescence yield (Fig. 2.8a) is detected, because it is capable of sensing
even concentrations in the ppm-range. Furthermore, the detector is placed in front of the
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sample, thereby yielding surface-specific information. The absorption coefficient scales as

µ(E) ∝ I f

I0
. (2.28)

The detection of the electron yield (Fig. 2.8b) scales as

µ(E) ∝ IEY

I0
. (2.29)

The probabilities of both processes, which depend on the atomic number Z and the shell
of the photoelectron, are depicted in Fig. 2.9.

Figure 2.9: Fluorescence and Auger yields for the K and L shells as a function of the atomic number Z.
For completeness, for the L1,2-shells the Coster-Kronig yield is plotted, too, but is not referred to any
further. Adapted from [109].

Spectral measurements can be performed using two different methods. If the source emits
broadband radiation and is not monochromatized, the emitted or transmitted intensity
has to be detected with an energy sensitive detector. If the energy of the source, e.g., from
a synchrotron beamline, can be adjusted, the recorded intensities are synchronized with
the monochromator. The setup of a table-top spectrometer with a laser-driven source is
described in section 3.1.1.
A classical and commonly used approach of analyzing NEXAFS spectra consists of repre-
senting the absorption edge with an arctangent curve and fitting the peaks with Gaussian
or Lorentzian curves, or with Voigt profile, the combination of both. Due to the challenging
theoretical explanation of NEXAFS, a unique fitting algorithm is hard to find. In the course
of this work, an alternative to the classic approach is presented and will be explained in
detail in Chapter 4.
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2.3 X-Ray Microscopy

Optical microscopes using light in the visible spectrum (400 nm - 800 nm) reach the resolu-
tion limit at 200 nm, as stated by Abbé (d = λ

2n sinα ). To resolve smaller structures, shorter
wavelengths have to be applied. Another way to achieve high resolution images, e.g., of
cells is the application of STED microscopy (stimulated emission depletion) [53, 214],
STORM (stochastic optical reconstruction microscopy) [83, 84], or PALM (photoactivated
localization microscopy) [25, 156], at what the samples are still alive, but certain molecules
are marked with fluorescence dyes. However, this is not the natural state of the samples
and furthermore, only the stained parts are visible, whereas the rest has to be imaged using
other techniques, often involving more sample preparation.
Electron microscopy has developed as one of the primary imaging techniques [115, 154,
175, 186, 203]. However, the small penetration depth of electrons requires the samples like
cells to be fixed and cut into small sections of less than 0.5 µm. Besides, the samples have
to be embedded before slicing – a process, which might have a significant impact on their
structure [119]. Furthermore, with CDI (coherent diffractive imaging) [65, 84, 171, 194]
there is also an alternative by calculating the image using the diffractive pattern of a sam-
ple.
For x-ray microscopy, no staining of the sample is needed, because contrast results nat-
urally from differences in the absorption coefficient µ, which depends directly on the
elemental composition, and thickness variations in a sample [107, 217], as described in
section 2.1. Another advantage is the possibility to study aqueous samples in water layers
of up to 10 µm diameter [197]. Using cryo-fixation, x-ray tomography is also realizable
[113, 119, 140, 195].
X-rays have a comparably large penetration depth, see Fig. 2.3, and with a range of 10 nm -
0.01 nm not the wavelength is the limiting resolution factor at present but rather the optical
elements. With a refractive index close to one, Fresnel zone plates, serving as diffractive
lenses are used. Other approaches work with reflective optics such as a multilayer coated
mirrors [75, 122, 126, 202]. At present the best resolution with such microscopes is 12 nm
[39]. X-ray microscopes can either work as full-field or scanning microscopes, described in
more detail subsequently.
The description of x-ray microscopy theory and instruments used in this thesis primarily
follows Attwood [8] and Howells et al. [82], chap. 13.

2.3.1 Fresnel Zone Plates

For the x-ray microscopes used here, Fresnel zone plates are employed as focusing ele-
ments. Zone plates can be regarded as circular diffraction gratings. Diffraction by gratings
leads to constructive interference (of m-th order) at a certain angle α, if the difference in
path length d of the interfering beams is a multiple of the wavelength,

sinα= mλ

d
. (2.30)

In order to focus the first order of diffraction into one point, the width of the zones of
a zone plate have to decrease with increasing distance from the center, resulting in an
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Figure 2.10: Sketch of a Fresnel zone plate lens with n alternating opaque and transparent zones,
showing the first and third order of diffraction, in case of plane wave illumination. An order sorting
aperture (OSA) blocks unwanted radiation of higher orders. More information is given in the text.

increasing diffraction angle as illustrated in Fig. 2.10. Using Pythagoras, this gives

f 2 + r 2
n =

(
f + nλ

2

)2

⇔
√

r 2
n + f 2 − nλ

2
= f . (2.31)

Expanding the square root, this leads to the focusing condition in fourth order

r 2
n = f nλ+ n2λ2

4
. (2.32)

Keeping in mind that f À nλ
2 is usually fulfilled for x-rays, this simplifies to

rn '
√

f nλ . (2.33)

In terms of higher orders m of diffraction, the path difference has to be correspondingly
longer, i.e., mnλ

2 instead of nλ
2 . From this it can be inferred that

r 2
n ' fmmnλ ⇔ fm = f

m
. (2.34)
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This also demonstrates that the focal lengths for higher orders are shorter, as depicted in
Fig. 2.10, and can therefore be blocked by an order sorting aperture (OSA). The radiation of
the zeroth order is blocked by a central stop.

(a) Grating (b) Zone plate

Figure 2.11: Sketch of a a) regular grating and b) a zone plate in terms of Fourier components. Only
the first order term of the diffracted energy is shown.

Thus, only a fraction of the incident light is transmitted by a zone plate, which can be
calculated. To do so the transmission of a regular periodical grating is considered first
(Fig. 2.11 a).
For the calculation of the transmission for opaque and transparent zones of equal size,
q = # opaque zones

# zones = 0.5, Fourier expansion can be aplied,

f (x) =
∞∑

m=−∞
ame

i 2πmx
d =

∞∑
m=−∞

am cos

(
2πmx

d

)
(2.35)

with am = 1

d

∫ d/2

−d/2
f (x)e−2πi mx/d dx = 2

d

∫ d/4

0
cos

(
2πmx

d

)
dx =

= sin( mπ
2 )

mπ
. (2.36)

The coefficients am are the amplitudes of the transmission, which are zero in every even
diffraction order due to the sine term.
In the same way, the transmission of a zone plate can be computed. In this case, the

periodicity depends on the radius of the zone plate, i.e., r 2

λ f instead of x
d/2 ,

f (
r 2

λ f
) =

∞∑
m=−∞

am cos

(
mπr 2

λ f

)
u= πr 2

λ f→ f (u)
∞∑

m=−∞
am cos(mu) . (2.37)

The periodical circular grating sets the limits for the am coefficients, since f (u) = 1 for
0 É u É π

2 and 0 else, see Fig. 2.11 b, leading to the same result as the calculation of the
amplitudes for the regular grating,

am = 1

2π

∫ π

−π
f (u)cos(mu)du = 1

π

∫ π/2

0
cos(mu)du

= sin( mπ
2 )

mπ
. (2.38)
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Now, the transmitted intensity for the respective diffraction orders m can be obtained from
Equ. (2.11).

Im = |am |2I0 ⇒ ηm = Im

I0
=

{ 0.25 m = 0
1

(mπ)2 m odd .

0 m even
(2.39)

That means, in the first order focal point of a zone plate, 1
π2 ' 10% of the incident light is

transmitted.
The resolution of a zone plate is determined via the numerical aperture, which is defined
by

N A = fn

f
, (2.40)

as can be seen in Fig 2.10. Firstly, the thickness of the outermost zone is calculated:

∆rn = rn − rn−1 (2.41)

⇔ rn−1 = rn −∆rn

→ r 2
n−1 = r 2

n −2rn∆rn −∆r 2
n

' r 2
n −2rn∆rn . (2.42)

Taking the difference of the outermost zones using the zone plate equation, Equ. (2.33),
yields

r 2
n − r 2

n−1 = n f λ− (n −1) f λ= f λ (2.43)
Equ. (2.42)=⇒ ∆rn = f λ

2rn
. (2.44)

With this, Equ. (2.40) reads

N A = λ

2∆rn
. (2.45)

Using the Rayleigh criterion, δR = 0.61 λ
N A , the resolution limit of a zone plate is

δR = 1.22∆rn . (2.46)

Consequently, the highest possible resolution achieved in the first order focus of a zone
plate is only determined by its geometrical properties.

2.3.2 X-Ray Microscopes

Using zone plates, it is possible to focus x-rays like visible light with refractive lenses in
conventional microscopy. Two instrumentational setups exist: the transmission x-ray
microscope (TXM), which work with full-field illumination, and the scanning transmission
x-ray micrsocope (STXM) which work in scanning mode.
In Fig. 2.12 a sketch of a TXM is depicted. A condenser optical element (zone plate or
mirror) illuminates the sample. At synchrotron facilities, TXMs do not need a monochro-
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Figure 2.12: Sketch of the principle of a full-field TXM. Further information is given in the text.

mator, because the condenser zone plate and the slit work as monochromatizing objects.
Therefore, they can also be operated at bending magnets using incoherent radiation, see
section 3.2.1. For every energy a distinct focal spot exits. The condenser is positioned,
such that the first order focus of the desired energy is in the sample plane. The slit blocks
unwanted radiation from higher orders and a central stop (not drawn in Fig. 2.12) filters out
the zeroth order. Via a micro zone plate, the sample is imaged onto the detector, usually
a CCD camera (charged coupled device). The resolution depends on ∆rn , as noted in
Equ. (2.46). As the sample is placed in the focal spot of the condenser, the photon flux is
very high, and only short exposure times are needed. Furthermore, since the imaging zone
plate is situated between sample and detector, higher spatial resolution is achieved than
with a STXM.
The principle of an STXM is shown in Fig. 2.13. In contrast to the TXM, the imaging optics

Figure 2.13: Scheme of a STXM. The detector only detects the transmitted intensities of the focal spot,
which is raster scanned over the sample.

here is located in front of the sample. The incident radiation is focussed in first order onto
the sample and the zeroth order is blocked by a central stop (not shown in Fig. 2.13). The
spot size determines the resolution of the image and is, of course, also determined by
∆rn . To record an image, the focal spot is raster-scanned over the image area, which is
either achieved by moving the sample stage or the zone plate. The transmitted intensity is
detected, e.g., with a CCD or a photon counter. For the x-rays being focussed precisely into
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one spot, the radiation needs to be coherent and monochromatic, so a STXM usually is
operated at an undulator, see section 3.2.1.
The advantage of a STXM is that it can also be used as a nanoprobe. That means, a spec-
trum of a region of interest can be recorded by tuning the energy with the monochromator
and adjusting the zone plate at one spot. Furthermore, the spectrum does not necessarily
have to be an absorption spectrum, but can also be a fluorescence spectrum, if a suitable
detector is placed in front of the sample. With this detector, it is also possible to record a
fluorescence image of the sample. Since an image has to be scanned, it is clear that the time
for image acquisition is much longer than for the full-field TXM. Due to the combination
of micro zone plate and central stop in front of the sample, the radiation dose is much
lower than in a TXM, usually in the range of 10 %.
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For the measurements, instrumentation both based on in-house x-ray sources and syn-
chrotron beamlines was used. While synchrotron radiation is bright enough to be used
for spectroscopy and microscopy, the target material of a plasma has to be chosen ap-
propriately for the instrumental purpose. Plasmas producing broadband radiation are
used for spectroscopy, whereas plasmas with narrow line emission are best suited for
microscopy experiments. In the last years, laser driven plasma sources for soft x-radiation
have been developed [59, 98, 143]. It has been demonstrated that applications such as x-ray
microscopy [73] or spectroscopy [206], which were previously restricted to synchrotron
experiments could be realized. Apart from plasma sources, also other table top setups op-
erating with high harmonic generation [169, 222] or x-ray lasers [210] generate x-radiation
of high brilliance.
Due to their small size, laser plasmas are attractive compact x-ray (and EUV, extreme
ultraviolet) sources. In this chapter, firstly the plasma driven x-ray sources will be ex-
plained, followed by the basic principle of a synchrotron storage ring. Thereafter, the
end-stations according to their applications, spectroscopy, x-ray microscopy and x-ray
spectromicroscopy are presented.

3.1 Laboratory Based Instruments

3.1.1 Laser-Driven Plasmas

The in-house x-ray sources used for the experiments reported here were all driven by laser
generated plasmas. The basic principle is to focus a laser beam of high intensity onto a
target. Depending on the target material and the laser intensity, x-ray radiation over a wide
spectral range can be produced.
The lasers used here generate ns-pulses and medium intensities of I < 1015 W

cm2 . During
the laser pulse, the atoms in the target are ionized creating a plasma, either by multi-
photon interaction, tunneling or field ionization, depending on the intensity I , respectively

electrical field E , in the focal spot E =
√

I
cε0

, with c the speed of light and ε0 the vacuum

permittivity. Additionally, the plasma is heated, if the particles absorb photon energy
via inelastic collisions (inverse Bremsstrahlung). Due to the heating process, the plasma
expands rapidly resulting into a steep gradient of the electron density ne . The laser pulse
can only enter the areas with electron densities below the critical electron density nc . If
ne > nc , it is totally reflected. The critical electron density nc is a characteristic property of
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a plasma. It can be derived from the plasma frequencyωp , which is obtained by describing

the plasma as a fluid, ωp =
(

e2ne
ε0me

)1/2
, with the charge and mass of an electron e and me :

nc =
ε0mω2

p

e2 . (3.1)

Since a plasma is close to thermal equilibrium, most of the energy of a plasma is distributed
evenly, owing to the processes in the plasma leading to an emission similar to a black-body
radiation with some distinct emission lines, as illustrated in Fig. 3.1. The spectrum of a

Figure 3.1: Radiation intensity
of a plasma. The continuum
black body radiation originates
from interactions between free
electrons and ions, the line emis-
sions are due to bound elec-
tron transitions in the atoms,
adapted from Attwood [8], p.192,
Fig. 6.1.

plasma is described by three components:

Two processes generating continuous radiation (black body radiation):

Bremsstrahlung: electrons in the plasma radiate during deceleration or deflection.

Recombination: electrons recombine with the ionized atoms of the target material.

Line emission: electron transitions in atoms or molecules. The line emission is correlated
to the intrinsic property of the plasma element and allows for measurement of its
temperature and density.

For the compact laser driven instruments applied here, a Krypton (Kr) gas puff target and a
methanol liquid jet target were used. The advantage of gaseous and liquid targets is that
no debris can influence the quality of the target as it is constantly renewed and thus allows
for a high repetition rate.

3.1.2 Spectrometer

The instrumental setup of the NEXAFS-spectrometer is described in detail by C. Peth
[141, 143, 144]. A schematic of the setup is depicted in Fig. 3.2a. Kr was used as a gas puff
target material, because of its broad band emission spectrum in the spectral region of the
water window, shown in Fig. 3.2b.
As can be seen from Fig. 3.2b, the Kr gas emits broadband radiation, which stems from the
black body radiation spectrum and densely packed spectral lines. At 2.8 nm, the emission
is limited by a titanium membrane (thickness d = 200 nm, Ti LII,III-edges at 460.2 eV and
453.8 eV) that filters out higher wavelengths. The spectrum was recorded with a pinhole
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(a) Compact laser driven plasma source spectrometer

(b) Broadband radiation of Kr gas target

Figure 3.2: a) Spectrum of
the Kr gas target, which was
used for the spectroscopy
experiments. b) Sketch of
the instrumental setup of the
laser-plasma XUV source used
for recording the NEXAFS-
spectra. The instrument has
been developed at the Laser-
Laboratorium in Göttingen
and is described in detail in
the dissertation of C. Peth
[141], from which both images
are adapted (modified).

camera by averaging over 50 pulses at a gas pressure of 25 bar with a laser pulse length of
7 ns and energy of 800 mJ.
The major components of the spectrometer (Fig. 3.2a), source, object holder and spec-
trometer, are flanged together. The distance between the plasma source and the sample is
about 220 mm followed by a 5 mm opening between the source and the sample stage, also
in vacuum. The distance between the sample and the entrance slit of the spectrometer is
about 425 mm. The source is a pulsed Kr gas puff target (gas pressure 25 bar) in a vacuum
chamber (∼10-4 mbar), on which a Nd:YAG laser beam is focused to a diameter of ∼ 60 µm
(peak density 4×1012 W

cm2 ). That way, a broadband radiation is emitted, Kr XXV-Kr XXXVI,
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which also includes the spectral range of the water window, 280-530 eV. That means, the
spectrum results from the emission lines of the transitions of 24- to 30-times ionized
Kr located very close together energetically, covering a broad range. The gas is injected
through a conical nozzle generating a supersonic gas jet of high density. To filter out
unwanted visible light and scattered laser light, a titanium membrane (thickness 200 nm)
is positioned between the plasma source and the sample stage. Due to this limitation of
the emitted spectrum, higher order contamination is not a problem, which could be an
issue at a beamline of a storage ring. The source radiates into 4π, therefore the sample is
fully illuminated. However, the width of the detector of the spectrometer and the entrance
slit (100 µm) limit the acceptance, thus only the transmitted intensity of a sample region of
(100 µm×2.3 mm) is detected.
Apart from the entrance slit, the XUV spectrometer consists of an aberration corrected
flat-field grating (2400 lines

mm ) working in reflection, and a thinned backside illuminated CCD
camera (Roper Scienific, 2048 pxl×512 pxl, pixel size 13 µm). Grating angle and distance
were adjusted to the CCD such that the recorded spectra are in the range between 250 eV
and 800 eV. It has been tested that the resulting spectra are independent of the position
of the illuminated area on the window of the Si3N4-membrane, because the irradiated
area is large enough to average out inhomogeneities of the sample. Therefore, only one
measurement per sample was used for the analysis.
The reference signal I0 is recorded separately, but due to the high stability of the plasma
source (deviation of spectral intensities <5 % in previous experiments [135, 141], this is
not a drawback. The signal was automatically converted to optical density (oD =− ln I

I0
)

using the previously recorded I0. Preceding each measurement the incoming signal on the
CCD was checked for sufficient flux.
For spectral calibration, nitrogen served as target gas, whose spectral lines are known from
literature [47]. The determined resolving power of the spectrometer is λ

∆λ = E
∆E ≈200 at

446 eV. To achieve a high signal-to-noise ratio, more than 1000 pulses were accumulated for
one measurement, with a repetition rate of 1 Hz. The photon count on the sample, which
is fully illuminated as mentioned before, is 1.5×108 photons per pulse in the spectral
bandwidth of 206 eV - 454 eV.

3.1.3 Compact Transmission X-Ray Microscope

The second instrument using a compact source was the transmission x-ray microscope
(cTXM) developed by the group of Hans Hertz at the Royal Technical University (KTH) in
Stockholm. The cTXM is operated with a liquid methanol jet, depicted in Fig 3.3a, together
with the line emission spectrum of the methanol target (Fig 3.3b). The nomenclature is to
be understood in the following way: O-He-α means, that the oxygen atom is helium-like
with only two remaining electrons. The α-emission line results from the transition between
L- and K-shell. C-Ly-α corresponds to the 1s - 2p transition of C VI.
The choice in target material involves a different emission spectrum; in contrast to the Kr
gas target, the liquid methanol jet emits a line spectrum, which is ideally suited for x-ray
microscopy. The plasma has a high spatial stability (25 µm at FWHM) [157] and a narrow
spectral bandwidth of ∆λλ = 2×10−3 at λ= 3.37 nm (=̂ 368 eV). A detailed description of the
cTXM is found in Takman et al. [191], Hertz et al. [74] and Bertilson [21]. A Nd:YAG laser
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(a) Setup of the compact TXM

(b) Line spectrum of the liquid methanol jet (c) Reflectivity of the condenser mirror

Figure 3.3: a) Sketch and photo of the instrumental setup of the compact TXM constructed and built at
the KTH in Stockholm, acquired from Hertz et al. [74], modified. More information is given in the text.
b) Spectrum of the liquid methanol target, used for the cTXM, taken from Vogt et al. [206], modified. c)
Reflectivity of the condensing multilayer mirror plotted together with the emission spectrum of the
methanol liquid jet [184].

(100 Hz, 3 ns) was used to generate the plasma by focussing it onto the target (focal spot
size: 10 µm). This results into pulse energies of 130 mJ, corresponding to a focal intensity

of 2.5×1013 W
cm2 . The generated x-radiation has a density of ∼ 5×1011 photons

pulse·sterad·line .
A Cr/Sc (chromium/scandium) multilayer mirror (3.37 nm spacing, reflectivity R = 3.5%)
images the source onto the sample, with a numerical aperture of 0.064, see Equ. (2.45).
The mirror is also functioning as monochromatizing object, selecting only one line of the
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methanol spectrum, see Fig. 3.3c [184]. Scattered light from the laser and other visual light
are filtered out using a Ti window of 300 nm thickness. A nickel zone plate with∆rn = 25 nm
and first order efficiency of 8.5 % [22, 80] is used to image the sample on the detector. The
signal is detected by a backside illuminated CCD camera (2048 pxl×2048 pxl, pixel-size
13× 13 nm2, efficiency η∼ 55%, Princeton Instruments). The field of view is a circle with a
diameter of 20 µm.
Via a kinematic mount, the samples are inserted into the microscope. At the sample stage,
a He atmosphere is established because of the lower absorption of x-rays in He compared
to air. This allows for quick sample change and comfortable handling of wet samples. As
the source is much weaker than a synchrotron, exposure times in the range of several
seconds to minutes are necessary. Apart from the measurements carried out in the course
of this work, this instrument can also be used for stereo microscopic and tomographic
experiments [21, 67].

3.2 Synchrotron Radiation Experiments

3.2.1 Synchrotron Radiation

Experiments requiring high brilliance x-ray radiation of high flux are conducted at syn-
chrotron radiation facilities. A short summary of the generation of synchrotron radiation
is given here, based on the books of Attwood [8], Khan [104] and Bunker [36].
In a synchrotron, x-radiation is generated by accelerated charged particles, in the following
the outline will restrict to electrons. By a booster synchrotron the electrons are accelerated
to a distinct energy, afterwards these are inserted into a storage ring, where they are held
on a circular, or more detailed a closed polygon, path. The speed v of the electrons is close
to light speed c . The emitted radiation of these relativistic electrons is confined into a small
cone and tilted forwards due to light dilatation and length contraction. The acceleration of
the electrons occurs, when their path is bent, achieved by magnetic insertion devices.
The simplest form of these devices is a bending magnet (BM). A BM usually consists of a
dipole magnet. An electron with charge e and mass m in a magnetic field B is deflected
into a circular path, due to the Lorentz force

γm
dv

dt
=−ev×B , (3.2)

with the Lorentz factor γ = cp
c2−v2

= 1p
1−β2

= Ee
mc2 (β = v

c , Ee the energy of the electron).

For a storage ring, γ is of the order of several thousands, and B ∼ 1 T. The Larmor formula
gives the power P of the radiation emitted by an electron deflected by a BM:

P = µ0e2γ6

6πc

(
a2 −

∣∣∣v×a

c

∣∣∣2
)

, (3.3)

with µ0 the magnetic susceptibility of free space and acceleration a of the electron. The
radiation cone has an angular width of θ ' 1

2γ using small angle approximation. An
important parameter for characterizing BM radiation is the critical photon energy Ec ,
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which only depends on the electron energy and the applied magnetic field (with m the
electron mass),

Ec = 3eħBγ2

2m
Ec in keV= 0.665 ·E 2

e [GeV]B [T] . (3.4)

For Ec half of the emitted energy is radiated with higher energy photons, the other half
with photons of lower energy. The spectral brightness of a BM is shown in Fig. 3.4.

Figure 3.4: Radiation cone, and spectral brightness generated by a BM versus the photon energy; the
critical energy is indicated, too. Exemplarily, the parameters of a BM of the Advanced Light Source
(ALS) in Berkeley, USA, are shown (image on the right adapted from Attwood [9]).

In the straight sections of a storage ring between the BMs, insertion devices (ID), either
undulators or wigglers are installed. These consist of alternating magnetic devices, with
period λu , that cause an oscillation in the path of the electron, see Fig. 3.5. Changing the

Figure 3.5: Sketch of the basic principle of undulators and wigglers. The periodic magnetic field forces
the electron beam on an oscillatory path. By changing the gap width d, the magnetic field B is changed,
too.

gap d between the magnets changes the strength of the magnetic field, because d ∝ 1
B .

The emitted radiation is highly collimated in a narrow angular cone with θ ' 1
γ
p

N
. Due

to constructive interference of the radiated photons, the amplitude of the emitted wave
is N times the amplitude of one undulation. Thus, the gain in intensity is N 2-times the
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intensity of a single magentic dipole.
The principle of undulators and wigglers is the same, but they are operated differently. The
deflection parameter K is important to describe the radiation emitted by an ID:

K = eBλu

2πmc
= 0.9337 ·B [T]λu[cm]. (3.5)

The smaller the gap d (Fig. 3.5) is chosen, the stronger is the resulting magnetic field B and
the more the electrons deviate.
In the frame of the relativistic electron beam, the period of the ID becomes λ′

p = λp

γ .
Transferring to the lab frame and taking Doppler shift into account yields the wavelength
and energy of the radiation emitted by the ID:

λI D = 1

n

λu

2γ2

(
1+ K 2

2
+γ2θ2

)
and E I D = n

2γ2

λu

hc

1+ K 2

2 +γ2θ2
, (3.6)

where n is the order of the radiation.
For undulators, K is chosen to be ' 1, leading to λI D ≈ λu

γ2 and E I D ≈ 2hcγ2

λu
. This means

that the emitted radiation is confined into a peak of typically about 100 eV width. To span
a larger spectral width, higher orders (harmonics) of the radiation are used. Additionally,
the peak can be broadened by tapering the undulator, i.e., to setting different gap sizes at
the two ends.

Figure 3.6: Photon flux of an undulator versus the photon energy (upper row) and normalized by the
critical energy (lower row). The transition from undulator to wiggler is established by increasing the
deflection parameter K , adapted from Khan [104], Fig. 9.

In contrast to undulators, the deflection in wigglers is quite large with K À 1. This results
in broader higher harmonics, which eventually merge. The emitted radiation is similar
to BM radiation, but the advantage of a wiggler is that it has a 2N times higher intensity.
Additionally, the radiation of a wiggler can be circularly polarized. In Fig. 3.6, the spectral
brightness of undulator and wiggler radiation is depicted and the transition of undulator to
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wiggler radiation depending on the deflection parameter K is illustrated. As the principle
is the same, the radiated power of one electron traversing an undulator and a wiggler is

P = πe2γ2cK 2

3ε0λ
2
u

, (3.7)

summing over all harmonics. Thus, for a given beam current the radiated power of a
wiggler and an undulator is the same, but the spectral distribution and size of central
cone is different. In practical units, the total power for a given beam of current I with N
undulator periods is

Ptot al [W] = 7.26
E 2[GeV2]I [A]K 2N

λ2
u[cm2]

. (3.8)

3.2.2 Scanning Transmission X-Ray Microscopes (STXM)

3.2.2.1 The STXM at BESSY II

In Fig. 3.7, a photo of this STXM with retracted detector vessel is shown. The beamline
(1), sample stage (2), position of the zone plate (3), VLM (4) and detector vessel (5) are
indicated.

Figure 3.7: Photo of the STXM at BESSY II. The beam (1) enters from the right. The sample stage (2)
and the zone plate position (3) are indicated. In the actual position, the VLM (4) is pulled up and the
detector vessel (5) is retracted for sample change.

The setup of this STXM is described in detail in Wiesemann [211] and Wiesemann et al.
[213], a sketch is depicted in Fig. 3.8.
The STXM is operated at beamline 13.2 at BESSY II, which uses a U41 undulator (λu =
41mm, N = 81). BESSY II is a 1.7 GeV storage ring and K is tunable in the range 0.5−2.58,
giving E I D in the range 154 eV - 589 eV (Equ. (3.6)) for the first harmonic, which spans the
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(a) Schematic setup of the STXM at BESSY II

(b) Diagram with distances with inset of the microscope optics (not to scale)

Figure 3.8: a) Schematic view of the STXM setup, adapted from Wiesemann [211], p.22 (modified),
and b) diagram with distances at the U41-monochromator beamline at BESSY II, adapted from
Wiesemann [211], p.47, the schematic inset shows the relevant distances; more details are found in the
text.

whole range of the water window, see Fig. 2.3.
The focused spherical grating monochromator (FSGM) [71] is used for reduction of the
radiation bandwidth and for a coherent illumination of the micro-zone plate.
Coherent illumination is essential for the zone plate to create the desired diffraction limited
small spot. The highest achievable resolution, i.e., the smallest size object ∆l that can
be imaged, depends on the smallest zone width ∆rN of the zone plate, ∆l = 1.22∆rN

(∆rN = 50 nm with a number of zones N = 1000 at the STXM). The zone plate, is moved
by a piezo scanning device in x and y direction across the sample, threby fine positioning
the x-ray spot with an accuracy of a few nanometers across the object. In the direction
of the beam, the zone plate is moved to achieve a focal spot on the sample. For 283 eV,
fZ P = 2.283 mm, see inset in Fig. 3.8b. The diameter of the OSA is 80 µm, the distance
between OSA and the object dOS A position is 600 µm. The maximum area that can be
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raster-scanned by the piezo is 90×90µm2. The gap between the detector window and the
object plane was set to dob j = 1.6 mm for the experiments.
The object can be positioned coarsely by using stepper motors, covering an area of several
mm2. The pixel size determines the magnification, while the field of view depends on the
number of pixels. To choose beforehand regions of interest, a visible light microscope is
used.
A pn-CCD camera behind the object acts as a configured detector. It is cooled manually
by filling the detector vessel with liquid nitrogen. The detector records the transmitted
intensity of the incident beam passing through the specimen. Sample mounting is done
by retracting the detector vessel. To obtain spectromicroscopic data of the samples, stacks
of images were recorded by tuning the energy monochromator around the C K-edge
(280 eV - 300 eV), with a stepsize of 0.2 eV. Being a chromatic element, the zone plate was
repositioned for every energy step. The dwell time for the images was in the range of
2 ms -12 ms.
The STXM is controlled by two computers: one for running the positioning, i.e., piezo
stage, stepper motors, and zone plate, and recording images and spectra; the second one
for reading out the pn-CCD, moving the detector vessel and the VLM. The control software
runs on RT-Linux.

3.2.2.2 The X1-A1 Microscope at the NSLS

Apart from the STXM at BESSY II, also the STXM at beamline X1-A1 at the NSLS (National
Synchrotron Light Source (Brookhaven National Lab, Stony Brook, USA) was used for the
experiments, the beam energy is 2.8 GeV. For the X1-A1, detailed information is found in
the literature [93, 94, 189] and references therein.
A schematic overview of the X1-A beamline is shown in Fig. 3.9. The names outboard and
inboard refer to the branches of X1-A that has been employed for the microscope. The
experiments reported here were carried out with the outboard STXM.
The undulator (λu = 8.0 cm, 35 periods [149]) to which the beamline is connected, emits
between 228 eV and 893 eV (0.17 < K < 2.47) providing suitable conditions for soft x-ray
microscopy. A grating monochromator (SGM) is used to adjust the beam to the right energy
and coherent radiation. The zone plate has an outer zone width of ∆r = 30 nm and is fixed
in x- and y-direction. Only for focussing the spot on the sample, it is moved in z-direction.
Sample positioning and scanning is performed solely at the sample stage. Stepper motors
are used for coarse positioning and on-the-fly scans with a travel range of 25×25 mm2

at a minimum step size of about 100 nm. Fine positioning for high resolution imaging is
controlled by a piezo system, with a maximum range of 100×100µm2 and a resolution
of 1 nm. Conveniently, the sample stage of this microscope has an automatic positioning
system using laser interferometry that also corrects eventual drifts during the recording of
image stacks [117].
The sample is not in vacuum and for better results a helium environment can be estab-
lished. The dwell times for the experiments performed at the X1-A1 was 1 ms.
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(a) Schematic

(b) Scaled diagram

Figure 3.9: a) Schematic view of the X1-A1 microscope at the NSLS, adapted from SUNY and NSLS
[189]. b) Scaled diagram of the X1-A beamline, adapted from Winn et al. [215] (modified), the
experiments were carried out at the outboard STXM. More details are found in the text.



4 Natural Organic Matter (NOM)

4.1 Introduction

Humic substances (HS) make up a major part of the natural organic matter (NOM). They
are found not only in soils, but also in water, e.g., rivers, lakes, oceans and their correspond-
ing sediments, and organic deposits, e.g., peat, brown coals and shale [63]. These refractory
organic substances (ROS) originate from biodegradation of plant remnants by microbes
and bacteria. Thus, HS are large amorphous compounds of organic polymers of high
molecular weights [55, 183] - either described as huge molecules [103] or as supramolecu-
lar associations of functional groups [190].
The term humic substances implies three subgroups: fulvic acids (FAs), humic acids (HAs),
and humins. In a first approach, their classification scheme depends on the color of the
substance and the solubility at different pH-values. HAs have a dark brown color and are
only soluble at low pH values, usually < 3. FAs have a light brown color and are soluble at
all pH-values. Humins, almost black, are insoluble and also the least characterized fraction
[183]. HAs and FAs are usually extracted from soils using extraction procedures described
by the International Humic Substances Society (IHSS).
In general, FAs contain more functional groups, e.g., carboxylic, carbonylic, hydroxylic
or phenolic groups. HAs have a more aromatic character and an H/C ratio that is about
1.5 times smaller. They are also more reactive than FAs. A difference must also be made
between the HS of aquatic and terrestrial origin. Aquatic especially marine HS show a
more aliphatic character and the particle sizes are much smaller [60, 106].
Due to their size, their many functional groups and their ubiquity, HS belong to the most
important organic substances in soils. They provide nutrition for plants and microbes,
not only as source for carbon, but also by mineralizing sulfur, nitrogen and phosphor
[54]. HS contribute to the fertility of soils, since they are able to form chelate complexes
with single- or multi-valent cations like metal ions [18, 60]. They thus play a major role
in transport processes, for instance for molecules that would otherwise be immobilized,
thereby influencing their bioavailability. Apart from that, HS also help to detoxify soils by
binding, e.g., aluminum or arsenic, and inhibiting their reactivity. HS are redox-reactive
and support the cationic exchange of soils [200]. Furthermore, HS have an impact on the
hydrologic balance in many environmental compounds.
In ecosystems, HS hence have fundamental functions. The heterogeneous nature of
HS makes it difficult to exactly characterize them structurally; however, it is of key
importance to find reliable ways to measure their attributes. NEXAFS spectroscopy
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has been established as a useful tool for the characterization of chemical compounds
[28, 43, 54, 116, 164, 174, 187, 204]. Such spectroscopic investigations are most often car-
ried out at synchrotron facilities. Due to the high amount of information obtainable by
such experiments, a high demand exits for measuring time at these set-ups. Sometimes
this may lead to rather long waiting times before the measurements can be performed.
To elucidate, if the samples under investigation are suited for NEXAFS, it would be desir-
able, if a set-up existed that would allow preliminary measurements. That way, appropriate
sample preparation techniques, the sample holder equipment, and the sample storage
could be tested or improved. This approach would drastically reduce the amount of time
required at the storage rings leading to a much higher sample throughput and thus to a
reduction of waiting time.
Apart from potential improvements of the preparation of synchrotron experiments, a table
top spectrometer could have other possible fields of application. If such an instrument
was for instance incorporated into a soil science laboratory, kinetic measurements would
be feasible. Experiments investigating the interactions of model compounds like distinct
proteins [137], leaching experiments, or the change of extracted substances depending
on extraction time or solvent would be realizable within a short measuring time. With an
instrument in the home institution, experiments would be quickly repeatable adding to
statistical context, too, which is important, e.g., to test heterogeneity in the field.
Spectrometers operating with laser plasmas are attractive due to their small size, high spa-
tial stability and high brightness and/or high flux. In this chapter, the application of a table
top instrument built by C. Peth [141] to study environmental samples is shown. In previous
experiments with this instrument, polymers were studied and the outcome was related to
synchrotron measurements [135]. Here, the ability of the compact NEXAFS spectrometer
to characterize different heterogeneous samples is demonstrated [166]. In the course of
this, an empirical analysis to quantitatively assess such complex heterogeneous systems
like HS was developed. A second experiment shows the influence of different extraction
techniques on a HA.

4.2 Spectroscopic Measurements of Different Fractions of NOM

At first, NEXAFS was used to characterize small, well-known molecules [62, 92, 187] and
their orientation and bond lengths. Soon, more complex samples from polymer science
were subject to NEXAFS studies [2, 105, 204]. Over the recent years more and more complex
heterogeneous samples from biomolecular [20, 26, 77, 102] or environmental [31, 43, 44,
129, 174] origin were investigated. Especially natural organic matter and soils [164, 179] or
particulate matter, fine dust particles originating from combustion [29, 182], were subject
to such studies. Among other, valuable information about the chemical composition,
functional groups, and also their change due to photolysis or temperature could be gained.

4.2.1 Reference Data and Analysis Approach

In this section, the analysis method shall be explained exemplarily using the spectra of a
polyimide foil (PI) and a commercially available HA (Sigma Aldrich). This approach is then
used to characterize four different environmental samples.
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4.2.1.1 Analysis of the Spectra

The data was directly transformed into optical density using oD = ln
(

I0
I

)
and the signal of

the Si3N4-membrane was subtracted. For demonstration, the raw data and the calculated
oD for the reference humic acid, see section 4.2.1.3, are displayed in Fig. 4.1.

(a) Raw data of humic acid (b) Calculated optical densities

Figure 4.1: a) Measured intensities with and without a sample, here the reference humic acid. b) Cal-
culated spectra directly from the raw data and corrected for the signal of the Si3N4-membrane.

Before fitting, the spectra were smoothed using a standard algorithm (Golay-Sawitzki). A
linear pre-edge background was subtracted from each spectrum, representing the decay,
usually observed in x-ray absorption spectra [187] and defining the zero line. Because in
the analysis solely the relations of the peaks within one spectrum are regarded, renormal-
ization was done by setting the highest point to 1, facilitating the qualitative comparison
between the spectra. The analysis of the NEXAFS spectra was carried out using SpecFit, an
IDL-program (Interactive Data Language) developed within the group of J. Thieme [66].
To find a fit for the spectrum of a heterogeneous sample of mainly unknown chemical
composition, two different approaches were combined.
First, the positions of the peaks within one spectrum were exactly localized from the min-
ima of the second derivative of the spectrum, with respect to the energy, as is shown in
Fig. 4.2c for the PI and in Fig. 4.4c for the HA. This procedure was chosen, because the
second derivative is more sensitive to changes in the spectrum than determining zero
crossings from the first derivative. Second, advantage was taken of the fact that published
NEXAFS-spectra of many chemical compounds from polymer research, biomolecular, and
environmental sciences already exist [30, 46, 50, 76, 77, 91, 92, 105, 123, 172, 176, 178, 179].
The spectra were compared to the positions gained from the derivatives and allocated
to the expected peaks from transitions to unoccupied orbitals such as σ∗

C-N, σ∗
C-S or

phenolic π∗
C=C. These peaks were not noticeable from the spectrum or its derivatives

in the first place, but could be found via the most probable positions from the literature
[29, 31, 46, 50, 76, 102, 159] as starting points for the fitting algorithm, as is depicted in the
plots of the reference data shown below.
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(a) PI spectrum

(b) Structural formula

(c) Second derivative

Figure 4.2: a) Spectrum of the PI foil at the C K-edge, b) the structural formula, and c) the second
derivative of the spectrum.

Because of their asymmetrical shape, the peaks cannot be fitted exactly with a Gaussian
curve [50]. Often, NEXAFS spectra are fitted using Gaussian curves for the peaks and an
arc tangent function to simulate the absorption edge. As seen from NEXAFS spectra of
small well-understood molecules [10, 46, 91, 92], shifts of peak positions and absorption
edges occur, depending on, e.g., the chemical environment, the substrate or the state
of aggregation. Furthermore, the functional groups and other subgroups in such large
compositions are regarded as independent units. Each of these units has its ionization
point at another energy, as known from the literature [62, 91, 92, 170, 187]. Thus, due to a
mix of chemistries leading to chemical shifts of the core level, the arc tangent for large and
complex molecules like environmental samples would be very broad, thereby dominating
the fit of the spectra and submerging the Gaussian curves, cf. Fig. 4.3 (arrows). In addition,
it is not trivial to determine the exact location of the arc tangent [187]. To account for
this and for the asymmetry of the peaks, a combination of Gaussian, Lorentzian and arc
tangent curve for every resonance was used.
Handling the complexity of the sampled data, constraining assumptions had to be made
concerning the parameters of the three curves that were assigned to every peak in order
to achieve consistent results. The ratio of the Gaussian to the Lorentzian curve was set to
0.6; the latter accounts for the widening of the peaks originating from intrinsic properties
of the instrument. The width of the arc tangent was set to 0.8 eV. The values of the two
parameters, the ratio and the arc tangent width were determined from the best fit. The
relative height of the arc tangent was set to be 0.1, which was estimated via the ratio of
attenuation lengths of polymers at 280 eV and 300 eV [48].
For the estimation of the elemental compositions derived from the peak assignments,
the following assumptions were made. From the C 1s orbital, an electron is excited to a
higher unoccupied molecular orbital, to the continuum or to an atomic orbital within
the C atom. After the excitation, the atom relaxes into its original state, until it is again
excited by another photon. That way, the bonding environment is probed resulting into
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the characteristic peaks in the spectra. The heights and widths of these resonance peaks
are proportional to the number of transitions in the sample and therefore allow an approx-
imation of elemental composition of the sample. A similar approach works for NEXAFS
spectra of sulfur and has also been applied to XPS (x-ray photoelectron spectroscopy) data
[32]. For the analysis, it was hence assumed that the area under a Gaussian curve assigned
to a resonance is proportional to the frequency of occurrence of this binding form of the
studied element [44, 85, 182, 216]. This made it possible to approximate the composition
of the covalently bound elements.
To do so, the areas of the peaks were added up and the sum was set to 100 % in the sample.
For the PI and the HA, these values are collated in Tab. 4.1 and 4.3. By summing up the
respective percentages of the transitions to the single (σ∗) and double (π∗) bond orbitals
of the same kind, an estimate of the elemental composition in the organic part of the
studied sample was achieved. Peaks, which were assigned to more than one transition,
were counted in equal parts to the relative component, e.g., of the area under the PI peak
at 287.36 eV (1s → σ∗

C-H, 3s), 50 % was added to the amount of C, 50 % to the amount of
H. Since the spectral features not only comprise of contributions of the transitions noted
in the second column in Tab. 4.2 or 4.4, only the most probable transitions, according
to literature are used for assigning the peaks. The values for the elemental compositions
should thus be considered as maximum content. In particular, the amounts of N and S are
affected, since they are estimated from the assigned σ∗

C-N and σ∗
C-S resonances. In detail,

p(X) =∑
p1

(
1s →π∗

C = X

)+∑
p2

(
1s →σ∗

C - X

)+ [∑
p3 (1s → AO)

]
C , (4.1)

where p(X) is the resulting proportion of component X, e.g., Tab. 4.1 and p1,2,3 is the
respective percentaged amount of the areas under the assigned peaks, as listed in the last
column in Tab. 4.2; AO refers to atomic orbital.
For the calculations, the peaks of the potassium LII,III-edges have not been taken into
account. At energies above 300 eV, the transitions to σ∗

C=C and σ∗
C=O are located. However,

the contribution of the double bound compounds has already been accounted for from
the π∗ orbitals, thus, they were left out of the estimation, too.
Often, NEXAFS spectra are evaluated by fitting the peaks with Gaussian (and Lorentzian)
curves and using one broad global arc tangent function for the absorption edge [50, 85, 123].
To demonstrate the advantage of the present approach, this procedure was used to evaluate
the PI foil. The comparison of the results (see Tab. 4.1) shows that the estimation of the
elemental composition is less accurate. This is mainly due to the resonances around 290 eV
now being significantly smaller (arrows at 1s→σ∗

C-N and σ∗
C-C in Fig. 4.3).

4.2.1.2 Polyimide

Polyimides are synthetic polymers, consisting of well-defined building blocks. The main
constituent, the imide group, is part of every PI, but the moieties of the different PIs vary.
As pointed out in e.g., [26, 187], the NEXAFS spectra of chains do not differ a lot from
the spectra of their building blocks. The PI used here was PMDA/ODA, PI 2545 from HD
Microsystems with a thickness of 200 nm, depicted in Fig. 4.2b. Due to the well-defined
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structure, the elemental composition could be calculated, using

p(X) = AX∑
x Ax

, (4.2)

with the atomic weight Ax . The result is shown in Tab. 4.1 at the end of the section. The
recorded spectrum of the PI foil used here, is quite well comparable to NEXAFS spectra
of other PIs [105, 159, 188] recorded with synchrotron radiation. The very prominent
resonances of the aromatic rings at 284.9 eV (benzene) and 286.9 eV (phenol), the peak
of the carboxyl group (288.9 eV) and the peaks of the transition to the σ∗-orbitals around
292 eV and 295 eV are characteristic for these polymers.

(a) New analysis approach (b) ’Classic’ approach

Figure 4.3: Spectrum of the PI foil at the C K-edge: a) with evaluation curves as used for the exper-
iments presented here, b) fitted assuming one global absorption edge. The assignment of the peaks
with increasing energy results from comparison with published results and the differentiation of the
measured data, and is presented in Tab. 4.2.

The analysis of the spectrum is illustrated in Fig. 4.3. Here, both approaches are shown;
the new one with an absorption edge for every peak (Fig. 4.3a), assuming a valence band
for every orbital, and the classic approach with one broad absorption edge (Fig. 4.3b). The
peak assignments and the corresponding areas under the Gaussian curves of Fig. 4.3a are
presented in Tab. 4.2.

Table 4.1: Elemental composition of the analyzed reference sample PI foil, shown in Fig. 4.3.

sample method
composition [%]

C H O N

calculated 69.1 2.6 20.9 7.3

PI foil
NEXAFS + SpecFit

see Fig. 4.3a 67.3 1.3 26.8 4.7
see Fig. 4.3b 70.3 0.5 29.1 0.2

Using the empirical Equ. (4.1), the elemental composition was obtained for both curve



4.2 Spectroscopic Measurements of Different Fractions of NOM 45

assignment approaches. For the values gained from the evaluation with SpecFit from the
NEXAFS data, the percentages in elemental composition were calculated by setting the
sum of the five main contributors to 100 %. Comparison with the elemental composition
computed with Equ. (4.2), shows that the assignment of several small absorption edges
yields better results than the approach with one absorption edge.

Table 4.2: Energy positions and assignments of features in the C 1s NEXAFS spectrum of PI in Fig. 4.3a.
The last two features have not been taken into account to calculate the elemental composition, shown
in Tab. 4.1.

sample
position

1s → (orbital) main character
area under

[eV] Gauss [%]

284.9 π∗
C=C aromatic 10.2

286.9 π∗
C=C phenolic 8.0

287.4 σ∗
C-H, 3s carbohydrates 2.5

288.9 π∗
C=O carbonyl, carboxyl 6.4

PI foil 290.0 σ*C-N imide 4.7
291.7 σ∗

C-C aromatic 18.6
293.2 σ∗

C-C 5.1
294.3 σ∗

C-O carbonyl , carboxyl 11.1
295.8 σ∗

C-C, 4p 14.8
298.0 σ∗

C-O, σ∗
C-C 18.6

303.2 σ∗
C=C

310.3 σ∗
C=C, σ∗

C=O

4.2.1.3 Reference Humic Acid

The information gained from the PI spectrum was helpful to characterize the second refer-
ence sample, a well investigated HA [125, 146, 155, 173], a widely used standard sample,
purchased from Sigma Aldrich. The spectrum is displayed in Fig. 4.4a, with the assign-
ments of the peaks depicted in more detail together with a suggestion for the structural
formula of a HA in Fig. 4.4b. The relation of the peak heights within the spectrum is char-
acteristic for this sample, as the comparison with HA in the following paragraph and from
literature [178, 179] demonstrates. The inset shows the second derivative of the absorption
spectrum with respect to the energy.
The minima of the derivative were used to determine the locations of most of the peaks
in the spectrum of the HA, as mentioned before. The results, i.e., the estimation of the
elemental composition (Tab. 4.3) of the analysis of the spectrum and the assignment of
the peaks is shown in Tab. 4.4. As mentioned before, the resonances of the K LII,III-edges
and the σ∗

C=C,O were not taken into account. Here, and also in Tab. 4.6, the energies of
the peaks of the K LII,III-edges differ from the values for the absorption edges tabulated in
textbooks. This is due to the potassium being bound which results into chemical shifts of
the energy of the absorption edges and is observed in other studies, too [164, 165].
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(a) Reference HA

(b) Structural formula

(c) Second derivative

Figure 4.4: a) Spectrum of the reference HA at the C K-edge, the potassium (K) LII,III-edges are denoted,
too; b) the structural formula of a model HA, as suggested by Stevenson [183] and c) the second
derivative of the spectrum.

The approximation of the elemental compositions, shown in Tab. 4.3 used here yields
values close to the analytical data, directly taken from the supply company Sigma
Aldrich. For comparison, elemental composition data from the literature is given, too.
Monteil-Rivera et al. [125] determined the elemental composition with an elemental an-
alyzer (CONS) and with x-ray photoelectron spectroscopy (XPS). Sierra et al. [173] used

Table 4.3: Elemental composition of the analyzed reference HA, shown in Fig. 4.4a. For the val-
ues gained from the evaluation with SpecFit from the NEXAFS data, the percentages in elemental
composition have been calculated by setting the sum of the five main contributors to 100 %.

sample method
composition [%]

C H O N S

analytical Sigma-Aldrich 54.7 4.4 36.3 0.8 3.8

HA
(Sigma)

CONS Monteil-Rivera
et al. [125]

64.0 n.n 30.6 1.0 4.4
XPS 68.7 n.n 25.9 1.1 4.3

CP/MAS 13C NMR Sierra et al. [173] 69.4 2.7 21.9 n.n 6.1

NEXAFS + SpecFit 56.3 3.1 36.0 1.8
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solid state CP/MAS 13C-NMR spectroscopy (CP = cross polarization, MAS = magic angle
spinning) for the chemical analysis of this HA sample.

Table 4.4: Energy positions and assignments of features in the C 1s NEXAFS spectrum of the reference
HA in Fig. 4.4a. The last five features have not been taken into account to calculate the elemental
composition in Tab. 4.3, see text.

sample
position

1s → (orbital) main character
area under

[eV] Gauss [%]

285.4 π∗
C=C quinones, aromatic 6.5

286.4 π∗
C=C phenolic 3.8

287.3 σ∗
C-H, 3s carbohydrates 6.1

289.0 π∗
C=O carbonyl, carboxyl 20.3

290.8 Ryd, 4p, 3p 14.54
HA
(Sigma)

291.7 σ∗
C-N, σ∗

C-S, σ∗
C-H 1.6

292.3 σ∗
C-C, σ∗

C-O 11.3
293.8 σ∗

C-O, σ∗
C-C 20.1

295.7 σ∗
C-C, Ryd 15.9

297.4 K LIII potassium
299.7 K LII potassium
302.8 σ∗

C=C

307.7 σ∗
C=C, σ∗

C=O

313.0 σ∗
C=C, σ∗

C=O

In Fig. 4.5, it is illustrated how difficult it would be to conclude the composition of a het-
erogeneous environmental sample from linear combination of standards. The lower six
plots are spectra of organic polymers that contain components, which could also be found
in an environmental sample. The data were obtained from Hitchcock [76], Jacobsen et al.
[95] and Dhez et al. [51]. In addition, the average of these six spectra was taken (red plot).
Comparing this average with the spectrum of the reference HA reveals many similarities.
As carbon has the ability to catenate, the choice of appropriate standards would be a
challenge on its own. Thus, without enormous computational efforts it is not possible to
calculate the spectra of large heterogeneous organic compounds recursively, since they do
not have a well defined structure like a crystal for instance.

4.2.2 Environmental Samples

With the results obtained from the reference samples, four environmental samples of
unknown composition could be analyzed. These samples were

- Two HAs from a gleyic chernozem from an Ah horizon (German taxonomy: Schwarz-
erde, from Rosdorf near Göttingen, Germany, [4, 161]) extracted

· by Na-pyrophosphate solution (pH = 7.0), referred to as HA1, or

· by sodium hydroxide solution, referred to as HA2, respectively.
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A chernozem is a black soil rich in organic matter and due to that very fertile; the Ah
horizon is located few centimeters below the surface; gleyic refers to influence of
groundwater.

- An aquatic FA from lake Hohloh in the Black Forrest obtained by sorption on a resin
(XAD), according to the procedure of the IHSS (International Humic Substances
Society).

- A size fraction of a luvisol soil with a low content in organic matter in general (again
from the Göttingen area). Luvisols have a high clay content and are most common
in flat regions or forests.

The spectra of the measurements are depicted in Fig. 4.6. The estimation of the chemical
composition is shown in Tab. 4.5. For comparison to the reference sample spectra, the
analysis of the peak assignment of the luvisol soil is shown in Tab. 4.6. The spectra in
Fig. 4.6a and 4.6b stem from the HAs of the identical gleyic chernozem, but were extracted
with different methods.

Figure 4.5: Spectra
of six organic
compounds and
their average. For
comparison the
spectrum of the ref-
erence HA is plotted,
too. The purpose
is to illustrate the
difficulties to deter-
mine the structure
of a heterogeneous
sample by linear
combination of
standards.
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(a) HA1 (b) HA2

(c) FA (d) Luvisol

Figure 4.6: Result of NEXAFS spectroscopy on four different samples: a) HA1 (extracted with NaOH
from a gleyic chernozem soil sample), b) HA2 (extracted with NaOH from same chernozem soil sample),
c) FA of aquatic origin, and d) unfractionated luvisol soil. The resulting elemental compositions are
listed in Tab. 4.5.

From the NEXAFS experiment the effect of these different methods becomes clear. HA1
exhibits a strong absorption around 285 eV - 286 eV, where the benzene and phenolic peaks
are located - the area under the two Gaussian curves is 22.8 %. The strong C signal masks
the two potassium peaks resulting from the LIII and LII absorption edges.
HA2 shows a high aromatic and phenolic content, together 14.1 %, but the ratio of car-
bonyl/carboxyl to these C=C binding groups is more in favor of the COO(H)-groups than
in the first sample in Fig. 4.4a; with a value of 11.3 %, the peak around 288.5 eV is much
higher than the the ones at 285 eV and 286 eV. The spectral features of the HA1 resemble
the reference HA in Fig. 4.4a more closely.
The spectrum of the sample depicted in Fig. 4.6c yielded the results expected from a FA
[32, 63], in particular the lower C content compared to the O content, observable from
the smaller peaks around 285 eV - 286 eV (9.3 %) and the high π∗

C=O resonance at 288.1 eV
(17.0 %). Comparing the results in Fig. 4.4a, 4.6a and 4.6b, i.e., samples HA, HA1 and HA2,
to the FA, the content of carboxylic groups is highest for the latter. This coincides with
chemical analysis [183]. In general, FAs of aqueous origin contain relatively less C than
samples extracted from soils, which means that more O and other atoms are incorporated
in the FA molecules, as has been proved by other authors with several other methods.
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The FA has also been studied using XPS [32]. The peak assignments and also the way of
calculating the elemental composition are in good accordance to the results reported here.
To show that whole soil samples without being extracted or processed by other preparation

Table 4.5: Elemental composition of the analyzed environmental samples, two HAs, one FA, and a soil,
shown in Fig. 4.6. The percentages in elemental composition have been calculated by setting the sum
of the five main contributors to 100 %.

sample
composition [%]

C H O N S

environ-
mental
samples

HA1 60.1 1.7 33.5 4.7
HA2 56.1 1.5 35.3 7.0
FA 54.9 1.5 37.7 6.0
Luvisol 51.9 2.4 40.1 5.7

techniques can be investigated, too, the Ah-horizon of a luvisol under agricultural use
was chosen; the corresponding NEXAFS spectrum is presented in Fig. 4.6d. This type of
soil contains a high amount of clay minerals, and other inorganic materials. The overall
content of organic carbon is around 2.5 % in the studied soil layer [4]. Here, the π∗

C=O peak
(from carbonate) in the NEXAFS-spectrum is prominent and the aromatic peak appears
to be the lowest of all four samples. It is assumed that this high peak is due to liming of
the soil, a common practice to increase its fertility. Owing to the low carbon content and
higher content of illitic materials of the luvisol, the resonances of the K LII,III-edges are
particularly high in this spectrum.
The spectra shown in this section are well comparable to those achieved with synchrotron
radiation [42, 164, 178, 179], as they exhibit the expected peaks at the characteristic po-
sitions. This consistency could provide the possibility to perform test experiments with
samples, which are later studied in more detail with synchrotron light. In addition, they
could give an impulse on the broader spread of the application of NEXAFS spectroscopy.
Nonetheless, due to the setup of the instruments the recorded spectra only give informa-
tion about the averaged sample and of course the source does not reach the brilliance of
a synchrotron. Spatial resolution as for instance provided by spectromicroscopy cannot
be expected. Furthermore, the grating does not allow for a spectral resolution better than
0.2 eV in the energy range that was used for the experiments here.

4.3 Impact of Different Extraction Techniques

The second series of HS samples characterized the influence of the extraction method and
the solvent on the humic fraction. As mentioned in section 4.1, the HS can bind metal
ions. They play an important role in reducing Fe(III) to the more reactive Fe(II). For this
to happen, HS can be in an oxidized or in a reduced state [60, 185]. Since the sample
preparation for the measurements was on air, the natural state for the HS was oxidized. Re-
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Table 4.6: Energy positions and assignments of features in the C 1s NEXAFS spectrum of the luvisol soil,
shown in Fig. 4.6d. The last five features have not been taken into account to calculate the elemental
composition in table 4.5, see text.

sample
position

1s → (orbital) main character
area under

[eV] Gauss [%]

284.9 π∗
C=C quinones, aromatic, phenol 5.3

286.7 π∗
C=C, 3s, σ∗

C-H aliphatic C, carbohydrates 4.7
phenol

288.7 π∗
C=O carbonyl, carboxyl 18.9

289.7 3p, σ∗
C-C, σ∗

C-H alkyl C 5.7
luvisol 290.7 σ∗

C-N, σ∗
C-S 1.8

291.4 σ∗
C-C, Ryd 21.1

293.8 σ∗
C-C, σ∗

C-C 30.1
296.0 σ∗

C-C, σ∗
C-O 12.4

297.2 K LIII potassium
299.9 K LII potassium
301.5 σ∗

C=C

303.0 σ∗
C=O

305.9 σ∗
C=C, σ∗

C=O

duced HS can even reduce Fe(III) in crystallized form, naturally found in soils as hematite
or goethite [15]. That way, the bioavailability of iron increases for micro-organisms and
bacteria [14].
For illustration, the difference in NEXAFS spectra of an oxidized and a reduced HA is
shown in Fig. 4.7. These spectra were taken from a stack recorded at BESSY II, because the
program to record spectra was not implemented at that time. The imaged area is therefore
not relevant and not shown. Unfortunately, the spectra are very noisy and therefore only
qualitative statements are made.
Quinone, phenolic and carboxylic groups are the functional groups that are mainly in-
volved in redox processes of HS. In the reduced state, the peak of the phenolic groups is
much smaller. The peak of the quinone groups is located close to the aromatic peak, see
Tab. 4.4. With a stepsize of 0.2 eV both can hardly be distinguished, but the contribution of
the quinone is smaller, because in peak at 285 eV is more narrow. However, the carboxylic
peak decreased, too, which can be concluded from the ratio of the aromatic to the car-
boxylic peak. For the oxidized state it is 0.5, for the reduced 0.6.
By observing the change of these peaks, conclusions can be drawn about the involvement
of HS in electron shuttling processes, redox reactions or complexation of metal ions.
Bauer [14] investigated the amounts and ways of metal binding, especially Fe, to HS. To do
so, different procedures were used to successively extract the Fe ions from the reference HA,
already studied in section 4.2.1.3. Among the commercially available HS, the widely used
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(a) Oxidized HA (b) Reduced HA

Figure 4.7: Spectra from dry HA in a) oxidized or natural state and b) reduced state, recorded with the
STXM at BESSY II with a stepsize of 0.2 eV.

Aldrich HA possesses a rather high Fe content (several weight-%) as stated in the certificate
of the HA analysis from Aldrich with exact concentrations varying from batch to batch) [14].
After each extraction, the amount of Fe was measured using size exclusion chromatography.
The different extraction steps are described briefly below, together with the results of the
NEXAFS spectroscopy, which monitor the changes in the functional groups. The effect of
the extraction steps on the HA is analyzed to demonstrate the feasibility in the NEXAFS
spectra, recorded with a laboratory source.
The experiments in correlation with the spectra reported here were all carried out using
phosphate buffer (see next paragraph). Therefore, the NEXAFS spectra were first recorded
with samples from the (extracted) HA samples suspended in this buffer. For comparison
and to investigate of the effect of the solvent, the HA samples were suspended in ultrapure
water, too.

Extraction process and sample preparation The processes are explained in more detail
elsewhere [14], and therefore are only briefly summarized here. In the first extraction step,
sodium acetate (1M Na(CH3COO) solution, pH = 5) was used to gain the Fe ions that were
only weakly bound by the HA. For the second and third step, hydrogen chloride (HCl)
was used. First, 0.5M HCl for Fe bound in weak complexes, then 6M HCl for stronger
complexed Fe. In the last step, the strongly bound Fe ions were removed using dithionite-
citrate-bicarbonate (DCB, 0.3M Na-citrate, 1M NaHCO3, 12 mg Na2SO4). In each step the
extracted HA precipitated as a pellet that was resuspended and treated further. For the
sample preparation for the NEXAFS spectrometer, dry samples were used. They were
resuspended in ultrapure water (Millipore) or phosphate buffer (50mM, pH = 7, KH2PO4

and Na2HPO4·2H2O, analytical grade, Aldrich) and droplets of 2 µl were put on Si3N4, where
they dried, as described before.
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(a) Pure HA (b) Extracted with Na-acetate

(c) Extracted with HCl (d) Extracted with DCB

Figure 4.8: Result of NEXAFS spectroscopy on HA (Sigma) successively extracted and suspended in
phosphate buffer before sample preparation: a) pure HA, b) HA after extraction with Na(CH3COO),
c) HA after extraction with 0.5M HCl and 6M HCl, and d) after extraction with DCB.

4.3.1 HA in Phosphate Buffer

The results of the experiment of the HA in phosphate buffer are depicted in Fig. 4.8.
In all spectra, the peaks of the K LIII,II are very prominent, due to the K in the buffer.
Although the buffer had a neutral pH value (pH = 7) like the ultrapure water, it influences the
chemical binding environment, which is observed by comparison of Fig. 4.4a and 4.8a. The
resonance at 290.5 eV, where contributions from transitions to σ∗

C-C, but also to σ∗
C-N,S,F,P

are located, is smaller for the HA in phosphate buffer. The ratio of π∗
C=C (aromatic, 285 eV)

to π∗
C=O (carboxylic, 289 eV) is the same for both solvents, π∗

C=C/π∗
C=O = 0.49.

The effect of the different steps to extract Fe is clearly visible in the NEXAFS spectra.
After extraction with Na(CH3COO), the K LIII,II peaks are even more prominent, the ratio
π∗

C=C/π∗
C=O is a little lower (0.45). The spectrum is shown in Fig. 4.8b. The peaks of

transitions to π∗ orbitals have decreased in comparison to the transitions to σ∗ orbitals at
energies above 290 eV. Na(CH3COO) is also used to extract loosely bound carbonate [79].
The carbonate peak is also located around 289 eV.
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After the extraction step with HCl, the HA was strongly protonated. This led to further
decreasing of the π∗ resonances, but the ratio π∗

C=C/π∗
C=O is now 0.66, as depicted in

Fig. 4.8c. The increased amount of C-H bonds among others contributes to the resonance
at 290.5 eV. Using HCl, non-exchangeable K was also extracted, therefore the K LIII,II is
much lower after this extraction step.
The last extraction step, using DCB, removed very strongly bound Fe, which could be
mainly bound to carboxyl groups [42]. After the extraction of the Fe, the citrate remained
in the HA which is observed in the high peaks at 289 eV and the ratio π∗

C=C/π∗
C=O being

reduced to 0.28.

4.3.2 HA in H2O

The NEXAFS spectra of the extracted HA, resuspended in ultrapure water before sam-
ple preparation, are displayed in Fig. 4.9. The sample with the HA after extraction with
Na(CH3COO) was destroyed during the pumping or the measuring process in the spec-

(a) Pure HA

(b) Extracted with HCl (c) Extracted with DCB

Figure 4.9: NEXAFS spectra of HA (Sigma) successively extracted and suspended in H2O before sample
preparation: a) pure HA, b) HA after extraction with 0.5M HCl and 6M HCl, and c) after extraction
with DCB.
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trometer; therefore, no plot of the spectrum is shown.
In the spectra of the HA in the original form and after the other two extraction steps, of
course, the K LIII,II peaks are less prominent and only visible if the spectra are thoroughly
analyzed. If the spectra of the HA after extraction with HCl are compared (Fig. 4.8c and
4.9), one notices that the peak at 290.5 eV is smaller for the sample with H2O, too. This is
also seen when the non-extracted HA are compared. But here, the ratio π∗

C=C/π∗
C=O = 0.39

is lower than it is, when phosphate buffer is used. In the last spectrum, recorded after the
extraction with DCB, the π∗

C=O peak stemming from the citrate is very prominent, which
is also seen in a ratio π∗

C=C/π∗ of 0.16.

4.4 Recapitulation

Using a lab-based instrument with a compact x-ray source, NEXAFS spectra of heteroge-
neous environmental samples have been recorded and a new approach of data analysis
was developed. The spectra of the extracted HAs and FA are in good agreement with data
of similar samples obtained at synchrotrons reported in the literature [42, 164, 179]. It was
even possible to record a spectrum of a whole soil sample, without further extraction or
preparation. Yielding reliable and reproducible results, such table top instruments, could
thus serve as a complementary technique to test and prepare synchrotron-based NEXAFS
experiments, if not sometimes as an alternative, if it is not necessary to record very detailed
spectra. The analysis uses a new approach to fit the NEXAFS spectra, by introducing a
valence band for every peak represented as arc tangent for every resonance, thereby taking
the heterogeneity of the samples into account. From the analysis quantitative statements
about the elemental composition and even the relative amount of the binding types were
made. It should be noted, however, that this approach was only tested for organic samples
with a C fraction much higher than the fraction of the other elements. This should be taken
into account, if other samples are analyzed by this empirical method.
The different sequential extraction procedures to remove the bound and complexed Fe
from the HA also leads to changes in the HA. This is observed in the variation of the
π∗

C=C/π∗
C=O ratio. With increasing number of extractions, the number of π∗ resonances

seems to decrease, compared to the changes in the spectral signature at energies above
290 eV. These alterations are possibly due to bulk structural changes.
The use of different solvents has an effect on the HA [45], which is observed in the spectra,
too, although the samples are dry when mounted. In the phosphate buffer samples not
only the strong K LIII,II peaks are noticeable, but also the weaker resonances at 290.5 eV and
around 289 eV, where the carboxyl and carbonate peaks are found, showing that the choice
of the solvent influences the chemical composition of the sample. This should be taken
into account, when analyzing soil samples or other specimens that need to be extracted,
and when comparing experiments using different solvents.
In addition to the experiments presented here, there is still potential to increase the scope
of application of the NEXAFS technique. The setup allows for surface specific measure-
ments, since it is possible to study the samples in reflection mode, too [143]. In that mode,
the formation of organic coatings on mineral substrates could be directly observed. Ad-
ditionally, other elements like potassium are detectable and it should be possible to gain
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more information on their chemical environment.
The preparation of the samples for the measurement is described as straightforward and
noninvasive, but only for dry samples. In spite of that, it is also manageable to study
wet or anoxic samples, if a small droplet or amount of the sample is enclosed between
two Si3N4-membranes and then sealed with lacquer or glue, thereby building a small wet
chamber. In addition, the spectral range of the target gas Kr extends between 260 eV and
800 eV. That way it would also be possible to study the Ca signature of soil samples, or the
interaction of ROS and mineral particles in general. Furthermore, by applying other filters
or sample holders, information about the N K-edge and Fe LII,III-edges could be gained.
Currently the number of compact laser driven x-ray sources for spectrometers (and mi-
croscopes) is small but increasing. Due to this and instrumental developments, a higher
throughput of interesting samples directly in the laboratory of an institute can be envi-
sioned – at the moment with accumulated times of approximately five samples per hour.
The experiments presented here demonstrate clearly what experiments with compact
x-ray sources are already feasible and how to proceed with the resulting data.
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The aim of the experiments described in this chapter is threefold. Firstly, carbon nanotubes
(CNTs) are studied using x-ray spectromicroscopy to understand their properties in wet
and dry state. Secondly, their interaction with environmental samples is observed, and
thirdly, CNTs are idealy suited to test an alternative analysis algorithm of image stacks,
because of their unique chemical structure.

5.1 CNTs

Since their discovery in 1991 [90], the techniques to produce CNTs in sizable quantities
have been improved continuously. Currently, several thousand tons of CNTs are produced
per year, so the investigation of their interaction with the environment, either being intro-
duced willingly, e.g., for remediation of soils [218] or unintendedly after disposal, is of key
importance.
CNTs belong to the fullerenes, their atomic structure comprises of C atoms, each tetrahe-
drally bound to three other C atoms (sp2-hybridization), resulting in a honeycomb-like
pattern of their walls (Fig. 5.1). Apart from their structure, the unique properties of CNTs

Figure 5.1: Overview of ele-
ments of the fullerene family,
adapted from HZDR [88].

also stem from their enormous aspect ratio, with a diameter in the nm-range, but a length
up to several mm. For the work described here multi-walled CNTs with an outer diameter
of 10 nm - 30 nm and a length distribution of 0.5 µm - 2 µm were used [162]. The properties
of these still relatively new materials promise a large variety of applications, of which some
are already realized. Depending on their design, CNTs can be functionalized showing
metallic or semiconducting properties [27, 99]. Combining suitably designed CNTs with
the right materials can optimize these, e.g., the addition of CNTs to concrete makes the
building material lighter and more flexible [130], alloys of steel and CNTs are extremely
hard and rustproof [153]. In medicine and pharmacology, CNTs are currently tested for
drug design and delivery [147]. In biophysics, CNTs are also used to simulate Brownian
motion of polymers [56]. Furthermore, studies regarding site specific soil remediation
aided by the application of CNTs are discussed [64, 145, 209].
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Among other techniques, spectroscopy is used for these investigations, however mostly
only as bulk measurements. Methods to image these nano-sized particles are often based
on electron or atomic force microscopy. By these techniques, the CNTs cannot always be
investigated under ambient conditions, a crucial necessity for gaining information about
the interaction between CNTs and other particles or about the long-term behavior of CNTs
within the environment.
In this first part, the CNTs are studied thoroughly in dry and wet state and their alteration
with time is monitored. Furthermore, their ability to absorb heavy metals is described
using x-ray spectromicroscopy.

5.1.1 Pristine and Modified CNTs

Samples Two different types of samples were investigated. The CNTs were purchased
from IoLiTec (Denzlingen, Germany) with a purity of 95%. These are the reference CNTs,
in the following called rCNTs. A modification procedure, performed by [162], was achieved
by heating the rCNTs in a mixture of HNO3 and H2SO4 (volume fraction 3:1) to 100°C under
reflux for three hours and ultrasonication for 42 hours (at 60 - 70°C). The modification
functionalized the rCNTs with carboxylic groups, simulating possible environmental influ-
ences [219]. The modified CNTs will be referred to as mCNTs in the following. The rCNTs
and mCNTs were kept as 1 %-standard solutions (Millipore water, weight fraction) in glass
vessels (Eppendorf, Germany).
A difference in dispersion behavior could already be observed from looking at the glass
vessels after shaking, see Fig. 5.2, which will be discussed further below. A sketch of the ba-

Figure 5.2: Photograph of the mCNTs (left) and rCNTs (right) after short shaking, showing the better
dispersing property of the mCNTs. The rCNTs have already started to sink.

sic principle of the sample preparation is depicted in Fig. 5.3a, together with an illustration
of the mounted sample in Fig. 5.3b. Preparation of the dry samples was straightforward: a
1 µl - 2 µl droplet of the sample solution was deposited on a Si3N4-membrane (thickness
100 nm, purchased from Silson Ltd., Northampton, UK). After the water had evaporated,
leaving the solid matter behind, the membrane was mounted on a sample holder and
inserted into the microscope. For the aqueous samples, a droplet of sample solution was
deposited on a Si3N4-membrane and covered with a second membrane. The interspace
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was sealed with glue, preventing exsiccation. That way a stable wet chamber was build,
with a water layer thickness of about 1 µm - 2 µm.

(a) Sample preparation

(b) STXM setup (c) Acquiring an image stack

Figure 5.3: Basic principle of a spectromicroscopic experiment. a) Before the preparation, the sample
is treated with ultrasound. After the larger particles had time to settle, a dropet of the supernatant is
deposited on a Si3N4-membrane. For dry samples, the water has to evaporate before mounting the
sample, for aqueous samples a wet chamber is built as explained in the text. b) Schematic view of the
STXM setup and the position of the mounted sample at the NSLS at BNL. c) Acquisition of a stack of
images. From top to bottom: after alignment of the images, a region of interest (ROI) is chosen (ROI in
green, I0 not shown), which gives a NEXAFS spectrum. The scale bar indicates 1µm.

Analysis For the evaluation of the image stacks the program stack_analyze in combi-
nation with pca_gui, both written by C. Jacobsen and his group [93, 118], was used. The
images of a stack are aligned, and the signal I of regions of interest (ROIs) and the signal
I0 of regions without sample are determined by adding up the signal per pixel within
the chosen areas. The absorption spectra are plotted as a function of optical density oD
(oD =− ln I

I0
), as sketched in Fig. 5.3c.

Because some the data acquired with the STXM at BESSY II were noisy, the data sets
obtained there were smoothed using binomial smoothing with a box width of 1, and nor-
malized by setting the highest point to 1. For illustration, in Fig. 5.4c and Fig. 5.5b, the
original spectra are plotted, too. Due to that and the fact that the data is synchronized
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as pgm-files, calibration bars are only shown for the measurements carried out with the
X1-A1 at the NSLS, more detail is found in the appendix A.

5.1.1.1 Experiments at BESSY II

The first measurements were performed using the STXM at BESSY II. At first, the pristine
rCNTs were studied (Fig. 5.4). Comparison of the images of the rCNTs obtained with a
REM (Fig. 5.4a) and the STXM (Fig. 5.4b) shows that bundles of the rCNTs and even single
tubes are resolvable. In the stack area, no differences in the spectra were observed. The
two prominent spectral resonances are characteristic for CNTs, and have been reported
before [12, 58, 193, 223]. The peak at 285.3 eV, stems from the transition 1s → π∗

C=C

in aromatic rings, the resonance at 291.5 eV is the corresponding transition 1s → σ∗
C-C.

Characteristic values and important resonances for this and the following CNT-spectra
are gathered in Tab. 5.1. The splitting observed from the σ∗-peak and also weaker in the
π∗-peak can be attributed to the coiling of the structure in the CNTs [193].

(a) rCNTs, dry, REM

(b) rCNTs, dry (c) Spectrum of rCNTs

Figure 5.4: a) Image of dry rCNTs, recorded with a raster electron microscope (REM), adapted from
Schierz and Zaenker [162]. b) Image of rCNTs dried on Si3N4-membrane (pixel size 50 nm, 3 ms dwell
time, 300 eV), the blue frame indicates the stack area. c) Corresponding plot of the rCNTs, in smoothed
and normalized and in original form.

The rCNTs were then studied in the wet state, enclosed between two Si3N4-membranes,
shown in Fig. 5.5. Here, thick clusters are observable due to van der Waals forces acting
on the hydrophobic rCNTs. The thick cluster (ochre plot in Fig. 5.5b) has a significantly
different spectral signature, than the smaller rCNT-bundles.
The peak at 285 eV is visible in both spectra, but it is clear that the rCNTs in the clustering
has a strong effect on the spectra of rCNTs. Inside the cluster, distinct features are hard to
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(a) rCNTs, aqueous

(b) Plot of ROIs

Figure 5.5: a) Image of rCNTs in wet state, merged from x-ray micrographs (smallest pixel size 50 nm,
12-18 ms dwell time, 300 eV). b) Plot in corresponding colors of regions inside the rCNT-cluster and the
thin outer sections, shifted for clarity.

assign in the NEXAFS spectrum, apart from the absorption step and the π∗
C=C peak, which,

besides, is shifted to a slightly higher energy 285.5 eV. The thinner rCNT bundles (green
plot in Fig. 5.4b) exhibit a spectrum, similar to the dry rCNTs in Fig. 5.4c. However, the
σ∗

C-C resonance around 291.5 eV is smaller, and the ratio π∗
C=C:σ∗

C-C is only 0.76 (0.94 in
Fig. 5.4c). Additionally, a small shoulder is visible at 290.6 eV. To sum up this first approach,
the water forces the rCNTs to cluster and influences the double bonds.
The mCNTs were studied under the same conditions as the rCNTs. The results of the dry
mCNTs are depicted in Fig. 5.6. The micrographs recorded with a REM (Fig. 5.6a) and the
STXM (Fig. 5.6b) illustrate how strongly the modification process damages the CNTs. Only
very few tubes are discernible, most of the mCNTs are reduced to small pieces. It is also
visible that different parts have different spectral signatures, as seen from the plots of the
regions of interest (ROIs) in Fig. 5.6b and 5.6c. In the thin parts, a very strong peak at the
transition energy of 1s→π∗

C=O (288.3 eV) is visible. This peak overlaps with the resonance
1s →σ∗

C-H (287.5 eV) that originates from local defects in the CNT-structure. For the very
dark clusters, this peak is not observed. Other noticeable features also indicate damage
of the CNTs due to the modification procedure. The ratio π∗

C=C:σ∗
C-C varies between 0.8

(red plot) and 0.49 (purple plot), the π∗
C=C resonance is broader than for the dry rCNTs

and shifted towards lower energy (285.0 eV). Besides, the σ∗
C-C resonance is rather an edge
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(a) mCNTs, dry, REM

(b) mCNTs, dry
(c) ROI spectra of mCNTs

Figure 5.6: a) Image of dry mCNTs, recorded with a raster electron microscope (REM), by courtesy of
H. Zaenker. b) Image of mCNTs in dry state (pixel size 50 nm, ms dwell time, 300 eV), stack area with
color-coded ROIs. c) Plot in corresponding colors of ROIs, shifted for clarity.

(a) mCNTs, aqueous (b) Plot of ROIs

Figure 5.7: a) Image of mCNTs in wet state (smallest pixel size 50 nm, 6 ms dwell time, 300 eV). b)
Plot in corresponding colors of regions inside the mCNT-cluster and the thin outer sections, shifted for
clarity.

than a pronounced peak. The high resonance around 288 eV is more prominent for the
thin regions and the borders of the clusters.
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The results of the mCNTs studied in wet state is shown in Fig. 5.7. The clustering effect is
particularly strong in this sample. Only few of the mCNTs are visible outside the clusters in
Fig. 5.7a and these do not appear like tubes. The spectrum of the dense part of the cluster
(Fig. 5.7b) only exhibits a broad absorption edge jump, but no distinct resonance peaks
are recognizable. The spectrum of the thinner part of the cluster possesses characteristic
features of a CNT spectrum, but the σ∗

C-C peak is less pronounced than for the rCNTs in
wet state shown in Fig 5.5. Furthermore, the peaks of the transitions 1s →π∗

C=O, σ∗
C-H are

not present, not even at the borders of the cluster.
Before each sample preparation, the 1 %-standard solutions were shaken. The different
dispersion behavior also shows that the rCNTs are more hydrophobic, due to their intact
tube structure and. Therefore, they mix less well, as depicted in Fig. 5.2 that was recorded
after shaking the CNTs by hand.

5.1.1.2 Experiments at NSLS

To verify the experiments presented above, and to investigate the long time behavior of
the rCNTs, the experiments have been repeated using the STXM X1-A1 at the NSLS. The
highest resolution achieved with this instrument is 30 nm, but often oversampled images
have been recorded with 25 nm per pixel or 12.5 nm per pixel.

(a) rCNTs, dry

(b) rCNTs, dry, with ROIs

(c) Plot of ROIs

Figure 5.8: a) High resolution x-ray micrograph of dry
rCNTs (12.5 nm per pixel) with calibration bar of the pho-
ton counts. b) Composition of x-ray images of rCNTs in dry
state (photon energy of 300 eV at NSLS, the highest sam-
pling rate is 12.5 nm per pixel). c) The NEXAFS spectra,
shifted for clarity, are obtained from the ROIs in b) marked
in the corresponding color.

The detector at the X1-A1 is a photon counter. Therefore, the largest high resolution
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image of each sample is displayed with a calibration bar of the photon counts. For the
composition images, if present, this was not done, because they are stitchings of multiple
images with different sampling rates and taken at different times.
Fig. 5.8a and 5.8b demonstrate that the structure of the rCNTs has not changed. Still, long
and flexible tubes are observed. The resonances at 285.3 eV and 291.5 eV are found again,
too. Striking, however, are the two new peaks in the specta of the rCNTs. The peak at
290.5 eV was already indicated as a small shoulder in Fig. 5.4c and 5.5b. It is generated by
defects in the bond structure of the CNTs [223]. Additionally, at 288.5 eV with a shoulder at
287.5 eV, resonances of the 1s → π∗

C=C, σ∗
C-H has emerged, possibly due to oxidation of

the rCNTs during their storage. The ratio π∗
C=C:σ∗

C-C has changed, too; 0.81 for the cluster
and 0.71 for the thinner regions, due to the more pronounced σ∗

C-C peak. In the thinner
regions the peaks indicating defects and oxidization are less prominent, but on the other
hand, in the spectral range between 286 eV and 289 eV there is generally more absorption.
This strengthens the assumption made before that the rCNTs, if forced together, influence
themselves.

(a) rCNTs, aqueous

(b) rCNTs, aqueous, with ROIs

(c) Plot of ROIs

Figure 5.9: a) High resolution x-ray micrograph of aque-
ous rCNTs (12.5 nm per pixel) with calibration bar of the
photon counts. b) Composition of x-ray images of rCNTs
in wet state (photon energy of 300 eV at NSLS, the highest
sampling rate is 12.5 nm per pixel). c) The NEXAFS spectra
are obtained from the ROIs in b), marked in the same color.

In wet state, clustering occurs again (Fig. 5.9a and 5.9b), indicating that the rCNTs are still
hydrophobic, in spite of possible oxidization and protonation. The spectra in Fig. 5.9c
exhibit similar features for thick and thin sample regions, and once more, the damping
effect of the water on smaller resonances is found. This could also stem from the fact
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that the water partly removes the O- and H-groups from the rCNTs, explaining why the
resonances between 286 eV and 289 eV in the thick clusters are stronger than for the thin
regions. The shift of the peak position of the π∗

C=C resonance is to 285.1 eV in water is
observed again, too. This time, the spectra of the rCNTs in wet state are much clearer, which
could be a benefit of the more advanced technological standard of the X1-A1 microscope.
The mCNTs for this experiments were newly prepared to ensure that the appearance of

(a) mCNTs, dry

(b) mCNTs, dry, with ROIs

(c) Plot of ROIs

Figure 5.10: a) High resolution x-ray image (12.5 nm/pxl,
300 eV, dwell time 1 ms) of mCNTs in dry state with cali-
bration bar. b) Composition of x-ray images of the mCNTs
(photon energy of 300 eV, smallest pixel size 12.5 nm). c)
The NEXAFS spectra, shifted for clarity, are obtained from
the ROIs in the respective image, marked in the same color.

the resonances originating from the COOH-groups is not due to irregularities during the
modification process. The second sample of mCNTs also shows strongly shortened CNTs,
as depicted in Fig. 5.10a and 5.10b. In this case, however, no strong resonances at the
spectral position of π∗

C=C or σ∗
C-H are visible in the spectra, Fig. 5.10c. Again, a difference

in the spectra is observed depending on the thickness of the corresponding ROI, but much
weaker. For the thinner ROIs (light blue), the σ∗

C-C resonance at 291.5 eV and the following
broader one at 292.5 eV are more pronounced, than for the thicker ROIs (purple). The
π∗

C=C peak is located at 285.1 eV and broader for thicker clusters. The ratio π∗
C=C:σ∗

C-C

is only slightly smaller for thick clusters (0.78) than for the thinner ROIs (0.76), but the
absorption level in the spectral range between both peaks is higher of the thick clusters
(0.51) than for the thin parts (0.36), compared to the π∗

C=C resonance.
In wet state, shown in Fig. 5.11a, the mCNTs again cluster, as expected from the experiments
at BESSY II in Fig. 5.7a. It is also clearly visible that the mCNTs are not intact tubes any
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(a) mCNTs, aqueous

(b) Plot of ROIs

Figure 5.11: a) Composition of x-ray images of mCNTs in
wet state (photon energy of 300 eV, highest sampling rate
12.5 nm). b) The NEXAFS spectra are obtained from the
ROIs in the respective images, marked in the same color.

more. Here, no different spectra for different ROIs were observable (Fig. 5.11b), maybe due
to the choice of the stack area, where the present clusters might not be thick enough. Once
again, the spectrum shows the characteristic features of the CNTs observed before. The
π∗

C=C peak is located at 285.1 eV.

5.1.1.3 Discussion

In general, the structure of the CNTs did not change over time or whether measured in
water or dry. Due to van der Waals forces and the so called hydrophobic effect, which
originates from entropic effect within the system water, the hydrophobic CNTs cluster in
aqueous environment.
Storage in water, although ultrapure, supposedly lead to defects in the structure, oxidation
and protonation of the CNTs, as seen by comparison of Fig. 5.4 and 5.8. In wet state,
however, the water seems to dissolve this debris. Furthermore, in aqueous environment
the smaller resonances broaden and overlap, such that it seems as if they were not present.
At the same time, the absorption between 286 eV and 290 eV is somewhat stronger than for
dry CNTs.
Modification of the rCNTs yielded mainly shortened particles. Among the mCNTs only a
few intact tubes are observable. The modification procedure was intended to bind COOH-
groups to the mCNTs as may occur, if the rCNTs are exposed to environmental influences.
According to Zaenker [220], it is not possible that the carboxyl groups detach from the
mCNTs after the modification procedure. So it could be assumed that the carboxyl groups
are turned towards the water, therefore, at the borders, they are more detectable.
In contrast, if it is assumed that the COOH-groups can detach from the mCNTs, another
interpretation is conceivable. In that case, the carboxyl groups would be solved in water
and re-attach to the mCNTs during the drying process, leading to a thin film at the borders
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of mCNT clusters in Fig. 5.6b and 5.10a,b. This would explain the strong differences in
the spectra of Fig. 5.6b. Likewise, the spectra in Fig. 5.10c could be explained by this thin
film, covering the intermediate space and influencing the I0-spectrum. Tests using other
I0 spectra, however, lead to similar results, i.e., no strong resonance around 288 eV. In
wet state, detached carboxyl groups would be solved, which would also explain, why no
resonance for π∗

C=O is detected there (Fig. 5.7b and 5.11b).
A third interpretation is found, when comparing the spectra to NEXAFs spectra of amor-
phous carbon [193] or diamond-like carbon (DLC), which is a special form of amorphous
carbon [223], shown in Fig. 5.12.

(a) Amorphous Carbon (b) Diamond-like Carbon

Figure 5.12: NEXAFS spectra of a) amorphous carbon, adapted from Zhong et al. [223], Fig. 1a and
b) diamond-like carbon (DLC), adapted from Tang et al. [193], Fig. 3.

In particular, the spectra of the aqueous samples and of the mCNTs possess a similar
spectral signature. Owing to changes in the vicinity of the carbon atoms, the chemical
bindings in a sample are influenced, followed by an energy shift of the bindings. In a well-
ordered sample, like the pristine rCNTs, this effect leads to observable peaks in the NEXAFS
spectrum, as seen in Fig. 5.8c. If the changes are more unspecific, like the modification
of CNTs or, e.g., amorphous carbon, the energy shifted peaks overlap, leading to a higher
level of the absorption between 286 eV and 290 eV altogether, but no noticeable peaks.
For wet samples, the change at the borders of the clusters originates in the hydrophobicity
of the CNTs [207]. This leads to the formation of a hydration cage. Due to this, the CNTs
cluster, as observed in the measurements, and the C atoms are forced closer together, again
with an effect on the chemical bond energies. This theory, however needs proof, as no
comparable NEXAFS or XPS studies investigating the hydrophobic effect of CNTs in water
could be found.
The experiments demonstrate that bulk measurements alone are not enough to charac-
terize CNTs completely. Combination of spatial and spectral information draw a different
picture of the samples than bulk measurements and REM images. A further change of
the chemical environment of the CNTs is the binding of heteroatoms. Therefore, in the
following section the sorption of the heavy metal uranyl (U VI) is studied and compared to
the findings of Schierz and Zaenker [162].
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Table 5.1: Approximate energy positions and assignments of features in the C 1s NEXAFS spectrum.
Data adapted from the literature [11, 12, 29, 35, 58, 110, 193, 223].

position
1s → (orbital) main character / origin

[eV]

<285 π∗
C=C shoulder, localized defects, compressed helicity

285.2-285.5 π∗
C=C sp2-hybridization

286-290 oxygenated surface and defects, hydrogenated C
atoms

288.5 σ∗
C-H surface associated defects, O containing functional

groups from HNO3/H2SO4 treatment
290.5 σ∗

C-C localized defects, compressed helicity
291.5-291.7 σ∗

C-C corresponding peak to sp2-hybridized C rings
292.6 σ∗

C-C shoulder, becomes broader with more defects

5.1.2 Effect of Uranyl (U VI)

Among other applications, CNTs could be used to filter heavy metals or toxicants from
water, at what they would precipitate due to their hydrophobicity. On the contrary, it is
also conceivable that in soils, a Trojan Horse effect could take place. In that case, CNTs
would facilitate the transport of molecules bound to them. To investigate this, the sorption
properties of CNTs need to be analyzed. Schierz and Zaenker [162] studied the sorption of
uranyl (U VI) to the mCNTs, recording sorption isotherms to gain the amount of bound U VI.
Here, these samples were also studied in dry and wet state with x-ray spectromicroscopy
to see whether correlations between spectra and structural appearance are observed.

5.1.2.1 Sample Preparation

The samples were mCNTs loaded with 10 % respectively 40 % U VI, in the following called
u10mCNTs and u40mCNTs. The percentages refer to equilibrium surface loading in mg

g
and was calculated as the difference between the equilibrium concentrations of the U VI so-
lutions without, and with the mCNTs after centrifugation. For the sorption, U VI solutions
of different contents (10−7−5 ×10−4M) were added to solutions of 1 g

l mCNTs. The samples
were then equilibrated for 48 hours and after that centrifuged for 1 hour at 170 000×g [162].
Since the samples were studied using the STXM at BESSY II, the sample preparation was
analogous to the description in section 5.1.1.

5.1.2.2 Results

The recorded images and spectra of the dry u10mCNTs are depicted in Fig. 5.13. As clearly
visible, even less intact tubes than in Fig. 5.6 and 5.10 are in the sample. Again different
spectra for ROIs of different thicknesses are observed. The influence of U VI sorption is
seen in two attributes. The transition peak for π∗

C=C at 285.1 eV is very broad, but the
ratio π∗

C=C:σ∗
C-C is still between 0.78 and 0.83. In the spectral region between 286 eV and
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(a) mCNTs with 10% U VI, dry (b) Plot of ROIs

Figure 5.13: a) Image of mCNTs loaded with 10% U VI in dry state (pixel size 50 nm, 6 ms dwell time,
300 eV), with framed stack area and color-coded ROIs. b) Plot in corresponding colors of the ROIs,
shifted for clarity.

(a) mCNTs with 10% U VI, aqu. (b) Plot of ROIs

Figure 5.14: a) Image of mCNTs loaded with 10% U VI in wet state (pixel size 100 nm, 6 ms dwell time,
300 eV). b) Plot of the u10mCNTs; the spectra of different ROIs all returned similar spectra.

290 eV, however, strong absorption is recorded, even for the thin ROI marked in red.
In aqueous state, depicted in Fig. 5.14a, the u10mCNT form clusters, but it seems they
are less dense than in Fig. 5.7a and 5.11a. A peak at 288.5 eV in Fig. 5.13b and Fig. 5.14b is
visible, indicating that carboxyl groups are actually bound to the u10mCNTs and bind the
U VI. Curiously, the π∗

C=C peak is located at 285.3 eV.
For the u40mCNTs depicted in Fig. 5.15, the particulate character dominates even more.
Here, no correlation between spectra and thickness of the ROIs is observed, rather, the
different spectra in the ROIs 1, 2 and 3 seem to have no correlation apart from the loca-
tion of the resonances π∗

C=C (285.1 eV) and σ∗
C-C (291.5 eV and 292.5 eV), but even their

shape differs strongly. Strong absorption at 288.5 eV is also observed, but the size these
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resonances varies from π∗
C=C:σ∗

C-C 1.15 for ROI 3 to 0.61 for ROI 1.

(a) mCNTs with 40% U VI, dry

(b) Plot of ROIs

Figure 5.15: a) Image of mCNTs loaded with 40% U VI in dry
state (pixel size 50 nm, 6 ms dwell time, 300 eV), with framed
of stack area and color-coded ROIs, b) plot in corresponding
colors of ROIs, shifted for clarity.

In the last experiment, the u40mCNTs were studied in aqueous environment. Clustering is
visible, but maybe due to the strong particulate character and the chemical changes, also
some smaller particles are visible in Fig. 5.16a. The spectrum in Fig. 5.16b shows similar

(a) mCNTs with 40% U VI, aqu. (b) Plot of ROIs

Figure 5.16: a) Image of mCNTs loaded with 40% U VI in wet state (pixel size 100 nm, 6 ms dwell time,
300 eV), b) plot of the mCNT. No regions of different spectra were detected.

characteristics as the spectra of the other wet state samples in Fig. 5.7b, 5.11b, 5.14b and
also the rCNTs in Fig. 5.4c and 5.8c, but the intermediate spectral region (286 eV - 290 eV)
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has a sightly stronger absorption, indicating more defects in the structure and only a very
small resonance is found at 288.5 eV.

5.1.2.3 Discussion

The sorption of U VI to the mCNTs was verified recording sorption isotherms [162]. The
strong influence on the mCNTs, however, becomes clear using x-ray spectromicroscopy as
a method with spectral and spatial resolution. Especially at high concentrations of U VI,
the effect on the mCNTs seems to be different depending on size, thickness and amount of
attached functional groups. In wet state, the major peaks of the transitions to the π∗

C=C

and σ∗
C-C orbitals dominate again, strengthening the assumption that absorption from

other transitions is leveled out, see section 5.1.1.3.
Whether these CNTs are a good means for the filtering of water needs more studies, as it is
clear that they behave differently in dry and in wet state. Comparing these measurements
to the ones with the pristine rCNTs and mCNTs, one can conclude that functionalization
of the CNTs is achieved, although some of the interacting sites may not necessarily be
carboxyl groups. They could aswell be due to defects in the structure of the CNTs resulting
from the modification procedure.
Thus, the scenario of CNTs acting as transport facilitators in soils for heavy metals is at
least conceivable. Currently, the use or harm due to binding of toxicants to CNTs in water
or soil is not particularly relevant, because of the small amounts of nanomaterials in the
environment. Nevertheless, the investigation between the interaction of CNTs and soil
particles is therefore an important issue and is discussed in section 5.2.

5.2 CNTs and Interaction with Soils

What happens if CNTs are brought into contact with other substances - is it possible to
distinguish them from matter of high carbon content? With the increasing use and produc-
tion of these newly designed materials, the ecological aspect comes into account, too, and
reliable ways to study and characterize the interaction between CNTs and other substances
have to be found.
Although several experiments concerning the effect of CNTs on tissue and cells [111, 177]
have been published, only few attend to the effects on soils and humic substances
[138, 158]. Pristine CNTs are mainly chemically inert, which prevents them from being
biodegraded; therefore, it is important to analyze their (long-term) effects on the environ-
ment.
X-ray spectromicroscopy has been applied to CNTs before [11, 12, 58, 110, 193, 223], but
only under special laboratory conditions, such as high temperatures or high vacuum. For
the experiments reported in the following [167], the multi-walled CNTs studied in section
5.1 (outer diameter of 10 nm - 30 nm and a length distribution of 0.5 µm - 2 µm) [162] were
used and studied under ambient conditions.
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5.2.1 Materials and Methods

Samples Preparation of the samples was analogous to the description in section 5.1.1.
A gleyic chernozem from an Ah horizon (German taxonomy: Schwarzerde, from Rosdorf
near Göttingen, Germany) [4, 161] was used as soil sample. It has been studied with x-
ray spectromicroscopy [63, 123] and other methods before [96]. Humic substances (HS)
were extracted from the chernozem using Na-pyrophosphate (pH = 7.0). For the samples
comprising of CNTs and chernozem or HS of chernozem respectively, a solution of 90 %
water, 9 % chernozem or HS and 1 % CNTs (volume fractions of 1 % standard solutions)
was established in a glass vessel. Before further preparation, all sample solutions were
ultrasonicated for several minutes. The pH-vaue of all sample solutions was 7.

Analysis and instrumentation The preliminary imaging experiments were conducted
using the STXM at BESSY II. For the main part of the experiments images and stacks were
recorded with the X1-A1 microscope at NSLS. The analysis, i.e., alignment and selection
of the ROIs, was again done using the programs stack_analyze and pca_gui, which were
actually written to process the data recorded at X1-A1 [93, 118].

5.2.2 Results

For the comparison to pure samples, only the measurements of the pristine rCNTs and
mCNTs recorded at the NSLS are used, see Fig. 5.8, 5.9, 5.10 and 5.11 in section 5.1. At
the end of the results section, Tab. 5.2 lists the energy positions for resonances that are
important for the transitions observed in the following experiments.

Preliminary experiments As a first step, images of the rCNTs and the mCNTs, added to
a 1 % dispersion of montmorillonite clay minerals, were recorded.
The dispersion of rCNTs resp. mCNTs is imaged well above the C 1s absorption edge at
300 eV (Fig. 5.17a resp. 5.17d) and at 280 eV, below this edge (Fig. 5.17b resp. 5.17e). In the
ratio of the image intensities I300eV

I280eV
(Fig. 5.17c resp. 5.17f), the CNTs and their distribution

are clearly discernable. The clay particles do not have an organic component; therefore, the
CNTs can be identified in the mixture using elemental mapping as shown in Fig. 5.17. To
gain more detailed chemical information, x-ray spectromicroscopy is used in the following.

rCNTs and humic substances Exemplarily, a well characterized chernozem [63, 123, 197]
has been used as a soil sample. As a first experiment, the HS fraction of chernozem was
mixed with CNTs and imaged in dry conditions, depicted in Fig. 5.18.
In Fig. 5.18a and 5.18b, the dispersed rCNTs are partly discernible owing to their unique
morphology. As the inset demonstrates, the visibility is even better, if images taken at
the photon energies 285 eV and 288.5 eV are subtracted from each other. Since the HS
exhibit a peak of similar height at both energies, it levels out in comparison to CNTs. To
identify the suitable energies for this kind of mapping, it is necessary to know the complete
spectrum. The NEXAFS spectra of three different groups of ROIs are displayed in Fig. 5.18c.
These areas have been selected as they show spectra stemming mainly from rCNTs, HS or
interfacial regions, respectively. For comparison, the spectrum of the pure dry rCNTs from
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(a) rCNTs and clay in water,
I300eV

(b) I280eV (c) I300eV
I280eV

(d) mCNTs and clay in water,
I300eV

(e) I280eV (f ) I300eV
I280eV

Figure 5.17: X-ray micrographs of CNTs dispersed with clay in wet state; smallest pixel size 50 nm at
BESSY II, dwell time 6 ms. a)-c) rCNTs with montmorillonite at a) 300 eV, b) 280 eV and c) the ratio of
the intensities of both images. d)-e) mCNTs with montmorillonite at d) 300 eV, e) 280 eV and f ) the
ratio of the intensities of both images.

Fig. 5.8 is also plotted in the upper graph (dotted line).
In relation to the respective edge jump, the height of the peaks at 285 eV (1s →π∗

C=C) and
at 291.5 eV (1s →σ∗

C-C) is smaller than for the pure rCNTs. The spectral region between
those two energies is on a lower level for the mixed rCNTs. The transition peak 1s →π∗

C=C

is shifted ca. 0.4 eV to lower energies. This difference is well above the resolution of the
STXM and therefore no artifact.
The spectrum of the area covered with HS is displayed in the middle graph. It shows
the expected transition peaks [164]: aromatic 1s →π∗

C=C at 285 eV, phenolic 1s →π∗
C=C

at 286.5 eV, carboxylic 1s →σ∗
C=O at 288.5 eV and a rise resulting from the 1s →σ∗

C-C,C-O

transitions starting at 290 eV. The graph at the bottom of Fig. 5.18c displays spectral features
of both types of organics. The weighted superposition of the rCNT and the HS graph is also
plotted (red line). By simply adding the spectra of both organics in a 1:1 ratio, the spectrum
of this interfacial region can be reproduced.
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(a) rCNTs + HS, dry, with ROIs

Figure 5.18: a) High resolution image of
rCNTs dispersed in the HS of chernozem
(12.5 nm pixelsize) with photon counts.
b) Larger image of rCNTs assembled by
eight smaller x-ray micrographs. The
inset shows the difference in optical den-
sity (oD) of the framed area recorded at
285 eV and 288.5 eV (corresponding im-
ages are not shown). This area was also
used for recording a stack, the ROIs are
indicated, too. c) Spectrum of the ROIs
marked in a), shifted for clarity. For
comparison, the spectrum of the pure
dry rCNTs from Fig. 5.8c is plotted, too
(green dotted line). Also, the superposi-
tion of the rCNTs and the HS is plotted
in the lower graph (thin red line).

(b) rCNTs + HS, dry

(c) Plot of ROIs

CNTs and soil in dry state The experiment of CNTs dispersed in the chernozem soil,
opens a broader scope of possible mutual interactions. Again, dry samples were studied
first, shown in Fig. 5.18 and Fig. 5.19. The insets in Fig. 5.18a and 5.19a show a color-coded
image stack of the areas that were studied with x-ray spectromicroscopy.
For the dispersion of rCNTs and chernozem (Fig. 5.18a), the main components can be
discriminated as rCNTs, clays, and organic compounds. Clay minerals are marked in
blue/purple, organic rich parts in dark yellow, and the rCNTs in green. The corresponding
spectra are shown in Fig. 5.18b using similar colors. The spectrum of the rCNTs is recogniz-
able from the resonances at 285 eV and 291.5 eV and the dip between them.
In the spectrum of the organic soil compounds, the resonance peak at 286 eV is not present.
The clay particles can be distinguished by their high peaks at the K LIII,II absorption edges.
The spectra of the interfaces between rCNTs and the soil particles exhibit features of the
rCNTs and the soil. This includes the peaks of the K LII,III-edges of the clay, the broad
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(a) rCNTs + soil, dry (b) Plot of ROIs

Figure 5.18: X-ray micrographs and NEXAFS spectra of a mixture of rCNTs and soil colloids in dry
state recorded using the STXM at beamline X1-A1 at the NSLS (300 eV, smallest pixel size 12.5 nm).
a) Composition of x-ray micrographs of rCNTs and chernozem. The inset displays an RGB-stack of
the area used for the image stack. It was obtained from the images taken at 285.5 eV, 288.5 eV and
291.5 eV, normalized with an image at 283 eV. rCNTs appear green, clay particles in purple, areas high
in organic carbon in dark yellow. b) Spectra of the regions marked in a), shifted for clarity.

transition peak at 285 eV of the HS and the rCNTs, the peak of the carbonyl or carboxyl
groups (288.8 eV), and the rise at 290 eV of the transitions 1s→σ∗

C-C, σ∗
C-O stemming from

the HS, and the step in the spectra at 291.5 eV, again from the rCNTs.
A weighted superposition of the single components yields a similar spectrum (thin red
curve in Fig. 5.18b). For comparison, the spectrum of the pure dry mCNTs (Fig. 5.10c) is
plotted as dotted line in Fig. 5.19b, too. In all spectra in Fig. 5.19b, the transition peaks of
π∗

C=O (∼288 eV) and σ∗
C-C (290.4 eV) are prominent. The spectra of the mCNTs and the

respective inset in Fig. 5.19a make clear how difficult it is to retrieve the mCNTs here. Due
to their small size, they can hardly be distinguished from the organic constituents of the
soil. The last plot is again a superposition of the single component spectra, mCNTs, clay
and HS.

CNTs and soil in wet state The studies of the same dispersion of CNTs and soil in a wet
state is shown in Fig. 5.20 and Fig 5.21.
The rCNTs in Fig. 5.20a again form clusters. The spectra of the rCNTs taken from the thicker
part of the cluster do not show a pronounced peak at 291.5 eV and a subsequent decrease
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(a) mCNTs + soil, dry (b) Plot of ROIs

Figure 5.19: X-ray micrographs and NEXAFS spectra of a mixture of mCNTs and soil colloids in dry
state (300 eV, 12.5 nm pixel size). a) The mCNTs dispersed in chernozem. The RGB-stack in the inset
was obtained from the images taken at 285.5 eV, 288.5 eV and 290.5 eV, normalized with an image at
283 eV. It illustrates how difficult it is to retrieve the mCNTs, due to their small size. b) NEXAFS spectra
of the ROIs, shifted for clarity.

at higher energies, but rather level off in a plateau. Two main spectra of the soil particles
could be verified, referred to as HS1 and HS2 in the spectra. The RGB-stack in Fig. 5.20b
shows the rCNTs in green, HS1 in blue and HS2 in magenta. Interfaces between rCNTs and
chernozem colloids show different NEXAFS spectra (lower graph in Fig. 5.20d), and can no
longer be approximated by a superposition of the interacting rCNTs and soil colloids (red
graph plot).
In case of the mCNTs, it was not possible to record a stack and gain spectroscopic informa-
tion in aqueous composition, because during the experiment the very small mCNTs could
not be retrieved among the soil particles.
In the analysis process subsequent to the actual experiment, when comparing images
below and above the C K-edge (arrows in Fig. 5.21c), some mCNTs were identified. Such
images and their difference are displayed in Fig. 5.21. Especially the difference image
makes clear how small the mCNTs are after the chemical modification. Due to this small
size they more readily interact and mix better with the soil particles than the rCNTs.
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(a) rCNTs + soil, aqueous

(b) rCNTs + soil, aqueous, with ROIs

(c) rCNTs + soil, aqueous, with ROIs
(d) Plot of ROIs

Figure 5.20: rCNTs and soil in aqueous state. a) Collage of x-ray micrographs of rCNTs and chernozem
with the ROIs displayed. b) RGB-color stack of the stack area is shown that helps to identify the different
ROIs; rCNTs appear green, the soil particles have mainly two different spectra and appear in blue (HS1)
and magenta (HS2). c) High resolution micrograph (12.5 nm per pixel) with a calibration bar of the
photon counts. d) Spectra of the ROIs marked in a), shifted for clarity.
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(a) mCNT + soil, aqu., I300eV

(b) I280eV

(c) I300eV
I300eV

Figure 5.21: Elemental mapping of the mCNTs and soil in aqueous state. a)-c) mCNTs dispersed in
chernozem at a) 285 eV, b) 280 eV and c) the difference of both images (12.5 nm pixel size). Green arrows
mark mCNTs, which are better visible in a), but from this image alone it can not be distinguished from
a soil colloid.

5.2.2.1 Discussion

CNTs in a dry state have been the subject of many studies, however, little has been done so
far with aqueous samples, as these are much more difficult to investigate. This is due to
the more elaborate sample preparation, movement of the particles within the dispersion
and the inability of the most techniques to look into an aqueous medium. Using a STXM,
CNTs are retrievable in aqueous dispersions even with other colloidal substances.
The experiments with pure rCNTs and mCNTs reported in section 5.1 show that the modi-
fication process has not only functionalized, but also significantly shortened the rCNTs.
But the characteristic peaks at 285 eV and 291.5 eV peaks allowed for distinguishing the
CNTs from the soil particles, because they are characteristic for these CNT samples.
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The experiment with rCNTs and HS (Fig. 5.18) demonstrates that the rCNTs are discernible
from organic soil particles . Additionally, they show that the rCNTs tend to mix with the
HS, owing to their size in the same range as the HS soil colloids. But even more important,
the HS stabilize the rCNTs [40, 86, 162], leading to better mixing than for rCNTs dispersed
in the colloidal fraction of the chernozem. Comparison with the spectra of the pure rCNTs
shows that the signature has not changed severely. This implies that the rCNTs and the
HS do not seem to interact chemically at the interface in dry state any more. A closer
look reveals that the NEXAFS spectrum of the rCNTs dispersed in HS exhibits differences
in the spectral region between 285 eV and 291 eV, too. These differences might however
be due to the limits in spatial resolution, since also HS particles with sizes smaller than
30 nm, the resolution limit of the zone plate, occur in the sample and interfaces are not
always distinguishable. Thus, it is possible to calculate the spectra at the interfaces as
superpositions of the characteristic spectra of HS and rCNTs at this stage, as shown in the
last plot in Fig. 5.18c.
The dry dispersions of rCNTs and soil in dry state in Fig. 5.18 also show only few chemical
interactions between the soil colloids and the rCNTs. Thus, the superposition of the spectra
of the single components yields a similar spectrum as the one measured at the interfaces.
In the x-ray micrographs, it can be observed how well the rCNTs mix with the soil particles,
even coiling around them. The spectrum of the organic compounds does not resemble
the one plotted in Fig. 5.18c which could be a result of the extraction process. Again, it
is possible to reconstruct the spectrum at the interfaces of rCNTs with soil particles by a
superposition of the single spectra.
The dry sample of mCNTs and soil yields spectra with a very outstanding peak at 290.4 eV,
depicted in Fig. 5.19. At this energy, the transition 1s →σ∗

C-H for aliphatic compounds is
located, indicating how the particles might interact. Although the modification does no
longer appear in the spectra of the pure mCNTs, it obviously influences their interactions
with the soil particles. Consequently, the mCNTs mix much stronger with the soil than
the rCNTs. The spectra of the mCNTs hint that the mCNTs bind to the soil particles via
carboxyl or carbonyl groups due to aforementioned 1s→π∗

C=O and via C-C bonds, which
can be concluded form the peak at 290.4 eV (1s→σ∗

C-C, non-aromatic), see Tab. 5.2.
It is also noticeable that the aromatic peak at 285 eV is shifted to lower energies, in compar-
ison to the pure dry mCNTs. Due to their small size, it is difficult to distinguish the mCNTs
in the x-ray micrographs. Therefore, pure spectra of the mCNTs could not be detected,
because their spectrum overlaps with the spectrum of the nearby soil colloids. The spectra
of mainly mCNTs, HS clay and their superposition do not differ significantly, apart from
the heights of the peaks, but the same peaks are present in all spectra in Fig. 5.19b. Without
high resolution spatial information, it would therefore not be possible to detect the mCNTs
in such condition. The results of this experiment show that not only do the mCNTs interact
with the soil particles, but they seem to affect the chemical environment of the whole
sample. Of course, such high fractions of CNTs in soil are not realistic, but waste on the
other hand does not spread homogeneously either.
In the experiment of rCNTs and soil in wet state the clustering is observed again (Fig. 5.20a),
but the rCNTs are attached to the organic soil colloids. Since HS only make up about 4 % of
chernozem is comprised of HS [161], a stabilization effect as in Fig. 5.18 is not observed.
The fact that the spectra of the soil are different in aqueous and in dry state has already
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been reported [63]. No clay particles are observed close to the cluster. In the middle of
these clusters, the spectrum (Fig. 5.20d) has a smaller peak at 291.5 eV and the peak at
285 eV is broader. This has also been observed for the pristine rCNTs in Fig. 5.9. At 280 eV,
the cluster is completely transparent which argues against saturation as the reason for the
slightly different spectrum inside dense clusters. Rather, the rCNTs forced closely together
influence each other.
In water, the rCNTs seem to interact even chemically with the soil particles, which becomes
clear when looking at the spectra of the interfacial ROIs. One possible explanation could
be that the surrounding water changes the chemical situation for the components in the
sample, e.g., by diffusion of ions or small particles. Now, simple superposition of the spec-
tra of the single components does not reproduce the spectra of these regions. The mCNTs
depicted in Fig. 5.21a and 5.21b are only visible using elemental mapping (Fig. 5.21c),
because they are integrated into organic soil particles. For a detailed conclusion, more
elaborate measurements are necessary.

Table 5.2: Approximate energy positions and assignments of features in the C 1s NEXAFS spectrum.
Data adapted from the literature [11, 29, 31, 42, 44, 58, 123].

position
1s → (orbital) main character

[eV]

284.5 - 285.5 π∗
C=C quinones, aromatic

285 - 285.3 π∗
C=C CNTs (sp2-hybridization)

286 - 286.8 π∗
C=C phenolic, ketonic

∼ 287 σ∗
C-H, 3p carbohydrates, alkyl

288 - 288.5 π∗
C=O carbonyl (peptide bonds), ketonic

288-289 π∗
C=O carboxyl, carbonate

∼ 289.5 σ∗
C-H, 4p O-alkyl

289 - 290.5 σ∗
C-X X: N, S, F, P

> 291 peaks in general broader, more overlap
291.5 σ∗

C-C CNTs
292 - 293 σ∗

C-C aliphatic
293-295 σ∗

C-C σ∗
C-O aromatic, phenolic, carboxyl, carbonyl

297.4 K LIII potassium
299.7 K LII potassium

5.2.3 Recapitulation

The results confirm that x-ray spectromicroscopy makes it possible to identify and retrieve
CNTs dispersed in dry as well as aqueous soil samples. It was difficult to compare the
findings with other experimental results, because no other studies of CNTs in wet state
and/or in contact with soil matter, using x-ray spectromicroscopy, could be found in the
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literature.
Weathered or functionalized CNTs maybe shortened, degraded, or modified in other ways
– therefore, they cannot be identified unambiguously by their morphology alone or from
spectra of bulk measurements. Modifications might be intentional chemical alterations,
but can also be the result of time and environment, as was also shown. With x-ray spec-
tromicroscopy, the CNTs could not only be imaged by means of elemental mapping, but
interfacial reactions could as well be analyzed by NEXAFS spectroscopy. Not surprising,
the experiments showed that the interaction between CNTs and the environment becomes
more complex with increasing complexity of the environmental structures. It could be
demonstrated that until a certain point the chemical and physical reactions can be ex-
plained by taking into account all involved specimens at the interface, but as soon as water
(or another solvent) is added, these simple relations cannot be applied any more. This has
been illustrated by calculating the superpositions of the single components involved in the
interactions.
As a first step towards the interpretation of the effect of CNTs on naturally occurring soil
samples, the sterical and chemical interactions between the CNTs and the soil colloids
was shown. Both could be observe with the rCNTs, too, which originally should have been
chemically inert.
To further determine these interactions, 3D techniques such as stereo x-ray microscopy
proposed by Gleber et al. [68] or x-ray micro-tomography [78, 196] would be useful to study
the spatial arrangement of these colloidal samples and to reveal their morphology.

5.3 Alternative Analysis Approach: Constrained Optimization

The analysis of x-ray spectromicroscopic experiments with different substances of similar
chemical composition and therefore spectral signature is challenging. stack_analyze [94],
the program used here, allows for chosing the reference spectrum I0 and ROIs by hand,
alternatively I0 can be gained by choosing the brightest pixels from the intensity spectrum
(number of pixels versus intensity) of the stack, which automatically should yield the
spectra of the regions on the Si3N4-membrane without sample. The recognition of ROIs is
facilitated by using the program pca_gui [118]. This program combines two algorithms:
Firstly, the spectra and images are decomposed into abstract eigenspectra and eigenimages
using principle component analysis (PCA). Secondly, clusters within the data points of the
eigenspectra are obtained using cluster analysis (CA). Albeit, I0 has to be acquired before
from stack_analyze.
PCA in combination with CA has a disadvantage: The obtained components are orthogo-
nal, which might not be the best way to span the space of the data points and furthermore
not the physical representation. False determination of the components leads to wrong
results from the CA. In this section, constrained optimization (CO) is tested as an alterna-
tive approach to find the components in the stack area. The Lambert-Beer law forms the
basis of the CO, and one major benefit is that I0 is gained for every pixel as background
component. This part of the work was done in cooperation with T. Hotz (Institute of Mathe-
matical Stochastics, Georg-August-university Göttingen), who provided the mathematical
expertise.



82 Carbon Nanotubes (CNTs) and Soil

In the following, PCA is shortly explained to get a rough understanding of the algorithm.
Afterwards, CO is described together with a new way of image alignment. The test sam-
ples used here are the pristine rCNTs, shown in Fig. 5.8, perfectly suited for that purpose
because of their unique and uniform spectrum.

5.3.1 Principal Component Analysis (PCA) and Cluster Analysis (CA)

The principles of PCA and CA are described here, based on Lerotic et al. [118], Osanna
[136] and Lerotic [117], a detailed documentation of PCA is for example given in Jolliffe
[100].
The data set obtained from a stack of images of a spectromicroscopic experiment has two
parameters. The intensity I depends on the pixel position (x, y) of the image area and the
energy E . If the reference intensity I0 is defined, the data can also be written in terms of
the optical density

oD =− ln

(
I (x, y,E)

I0(x, y,E)

)
=µ(E)t (x, y) , (5.1)

according to the Lambert-Beer law, Equ. (2.1). If the pixels are indexed by consecutive
numbers p = 1, . . . ,P , the energies En by n = 1, . . . , N , and s = 1, . . . ,S spectroscopically
different components are assumed to be present in the sample the data can be expressed
as

oDnp =µn1t1p +µn2t2p +·· ·+µnS tSp =
S∑

s=1
µns tsp , (5.2)

or as the matrix
oDN×P = MN×S ·TS×P . (5.3)

If all components were known, a thickness map of the sample area could be drawn. But
for most environmental or biomolecular samples this is not the case. The goal of PCA is,
to describe the data by a set of abstract components s = 1, . . . , N and then to reduce the
number of spectroscopic components to a subset s′ = 1, . . . ,Sabs that fully describes the
data.
Instead of the physical matrices MN×S and TS×P , it is convenient to express oD in terms of
a column matrix CN×N and row matrix RN×P ; each column of CN×N contains a spectrum
(of N points), each row of RN×P contains an image (of P pixel positions):

oDN×P =CN×N ·RN×P . (5.4)

Obviously, it is easier to calculate the spectrum matrix CN×N , since the number of pixel
points P is larger than the number of spectral points N . CN×N is obtained via the spectral
covariance

ZN×N = oDN×P ·oDT
P×N . (5.5)

With ZN×N , the eigenspectra, i.e., the eigenvectors of CN×N are computed,

ZN×N ·CN×N =CN×Sabs ·ΛN×N , (5.6)

with ΛN×N a diagonal matrix where the elements are the eigenvalues λs . This leads to
an orthogonalized eigenspectra matrix CN×N of eigenspectra. The matrix of eigenimages
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RN×P is then computed by RN×P =C T
N×N ·oDN×P .

Sorting the matrix entries with respect to the largest values has the effect that eigenspectra
are sorted in decreasing order of the corresponding eigenvalues. Then, the first eigenspec-
trum is the average of the spectra of all pixels, the first eigenimage shows roughly a map of
the sample thickness. Since CN×N and RN×P are orthogonal, the second eigenspectrum is
the first order correction to the first eigenspectrum, which is the strongest deviation of the
first eigenspectrum. The third eigenspectrum is the correction to the second and so on.
For the eigenimages, similar relations apply. After a few corrections, the eigenspectra and
eigenimages only show statistical noise. A subset of significant components Sabs < N can
be determined that fully represents the meaningful features of the data, yielding a reduced
version of the data matrix,

oDr ed
N×P =CN×Sabs ·RSabs×P . (5.7)

This reduced data matrix is then analyzed with CA. Groups of pixels with similar spectra are
searched in the eigenimage matrix RSabs×P . The aim is to find clusters of data points with
minimal distance within but maximal distance between them. As the CA algorithm is used
after the PCA, it is not regarded in greater detail here, since the issues that are important
for testing a new approach are already found in the PCA.

5.3.2 Constraint Optimization (CO)

For PCA, the eigenspectra have to be orthogonal, therefore, an abstract set of components
has to be found and then retransferred to physically meaningful components of M and T .
If M and T were orthogonal, then Equ. (5.3) would be 0. But physically, the spectra of the
components overlap, e.g., HS and CNTs have a peak at about 285 eV. Apart from that, the
required orthogonality of the eigenspectra in the PCA does not make use of the fact, that
the physical quantities have to be positive.
Another point is that the reference intensity I0 has to be determined before and depends
on the location in the image area, although it is present in every pixel in the area. The
number of components in the subset is chosen by hand and also the number of possible
clusters. So, if this choice is wrong, or the eigenspectra are wrong, the CA is used with
defective data.
The algorithm for CO uses algorithms based on box constraints, here [∞,0], and is written
in R, a programming language and software environment for statistical computing and
graphics (R-Project). A good introduction about solving constrained optimization prob-
lems numerically is for instance found in Nocedal and Wright [133]. For physicists, the
most common approach to constraint optimization is of course the Lagrange formalism.

5.3.2.1 Data Set

The data are acquired by reading in the recorded stack of images. Fig. 5.22a shows one of
the images of the stack, together with the spectra of the two pixels with highest and lowest
intensity in Fig. 5.22b. Then the negative logarithm of the intensities is taken as depicted
in Fig. 5.23.
Before the CO can be started, the images have to be aligned. Although the X1-A1 possesses
a drift control, a drift is still observed in the imaged areas, if the stack images are compared
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(a) Sample image at 288.4 eV (b) Spectrum of the raw data

Figure 5.22: a) Image of rCNTs at 288.5 eV; b) spectra of maximal and minimal intensity, correspond-
ing pixels are marked in a) in blue (Imax) and red (Imin).

(a) Sample image at 288.4 eV, displayed
in negative logarithm of the intensities

(b) Spectrum of the raw data as negative logarithm

Figure 5.23: a) Image of rCNTs at 288.5 eV (intensities in negative logarithm); b) negative logarithm
of the raw data shown in Fig. 5.22, the corresponding pixels are marked in a) in blue and red.

pairwise. Therefore, if one pixel at position (x, y,) is chosen and the intensity is read out for
every image, the data will have a high noise level. To correct for this, the images of a stack
need to be aligned properly.
In stack_analyze the image alignment is achieved either via correlation of all images of
a stack with one reference image, which is also picked from the stack, or by correlating
every image, apart from the first one, with its precursor. The first way results in a constant
variance of 2σ2; in the second way, the variance increases proportional to he variance of a
random walk.
Here, the data is aligned using an algorithm developed by Hotz et al. [81]. This approach is
based on the analysis of the cross correlation of any two images. The variance is propor-
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tional to 1p
number of images

. After the alignment, a smaller section of the stack area is chosen

to avoid irregularities at the edges. The intensity spectrum from Fig. 5.23b is less noisy
now, as can be seen in Fig. 5.24b.
It should be kept in mind that the spectra shown here always originate from only one pixel.
Apart from that, only the negative logarithm has been taken, but no reference intensity
I0 has been determined for normalization (alternatively, it could be stated that I0 = 1).
This explains, why the spectra are not as smooth as in Fig. 5.8c and not quite resemble the
spectrum, either.

(a) Sample image at 288.5 eV (b) Spectrum of the data after alignment

Figure 5.24: a) Image of rCNTs at 288.5 eV (intensities in negative logarithm) after alignment and cut
to a smaller section; b) negative logarithm of the data of the aligned images, the corresponding pixels
are marked in a) in blue and red.

5.3.2.2 CO Approach

The algorithm starts with the well known Lambert-Beer law

I (x,E) = I0(E)e−µ(E)t (x)

= I0(E)e−
∑K

k=1µk (E)tk (x) , (5.8)

with I (x,E) the transmitted intensity of a sample at position x in the image area, energy E
and I0 the initial beam intensity. The sample is assumed to be comprised of of k = 1, . . . ,K
components with absorption coefficients µk (E) with corresponding thicknesses tk (x).
The data y are expressed as

yi , j ≈ − log(I (xi ,E j ))

=
K∑

k=1
µk (E j )tk (xi )− log(I0(E j )). (5.9)
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with the pixel position xi (pixels numbered consecutively, i = 1, . . . ,n) and the energy E j

( j = 1, . . . ,m). The data are then collated in the data matrix Y = (yi , j ) ∈ Rn,m . The still
unknown terms in Equ. (5.9) are expressed as matrices, too: the absorption coefficients
F = (µk (E j )) ∈Rn,K , the thicknesses A = (tk (xi )) ∈RK ,m and the background B

B = (− ln(I0(E j ))1= b j1 ∈Rm , (5.10)

hence
=⇒ Y ≈ AF +b j1 . (5.11)

From this, a constrained optimization problem is formulated:

minimize ‖Y − AF −b j1‖2 (5.12)

subject to A Ê 0

F Ê 0.

More precisely,

minimize ‖Y − AF −b j1‖2 −λA‖A‖2 −λF ‖F‖2 (5.13)

subject to A Ê 0

F Ê 0.

In first test runs, K = 2 components were searched, a logical starting point as only two com-
ponents - rCNTs and sample free zones - are observed in the image stack. The coefficients
λA and λF were set to λA,F = 0.01.
The background signal component b determined by Equ. (5.13) is the signal, which is
found in every pixel (Fig. 5.27). The term AF is comprised of the thickness maps A and the
absorption coefficients, i.e., the spectra F of the K components.
In Fig. 5.25, component 1 represents the sample-free component, i.e., the component of
the background. Thus, it is almost constant. Component 2 shows the spectrum of the
rCNTs, which resembles the spectrum observed in Fig. 5.8c.
Looking at the thickness maps of the components, Fig. 5.26, it seems that the background
is a little overestimated. Therefore, component 1 acts as a balancing component. This is
the reason, why component 1 is not completely constant, but exhibits some small features,
e.g., at 285 eV, and why in the thickness map in Fig. 5.28, some structure is still visible.
Analysis of the experiments of the rCNTs in wet state, depicted in Fig. 5.9 lead to a similarly
promising result, shown in Fig. 5.27 and Fig. 5.28. A background spectrum (Fig. 5.27a) was
computed and two components could be determined; component 1 is again the sample-
free image area, component 2 identifies the rCNTs. If Fig. 5.27b is compared to Fig. 5.9c,
the similarities in the spectra are striking. However, the problem of overestimating the
background arises again. This is observable in component 1, which acts as a compensating
component and again is not constant.

5.3.2.3 Conclusion

The approach of analyzing image stacks using the CO could be validated by analyzing
the measurements of the dry and wet state rCNTs recorded at the NSLS. The background
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(a) Background (b) Absorption spectra of 2 components

Figure 5.25: Result of the analysis of the dry rCNTs with the CO method. a) Plot of the background
spectrum. b) Absorption spectra of component 1 (purple) and 2 (cyan).

(a) Thickness map of component 1 (b) Thickness map of component 2

Figure 5.26: Thickness maps, representing the parameter A of a) component 1 and b) component 2.

spectrum I0 was determined for every pixel in the stack area and did no have to be chosen
by hand. The obtained components are not abstract, as is the case when using PCA and CA.
Instead, within the components the spectral information and their spatial distribution in
the image area, i.e., the thickness maps, are combined. In contrast to the PCA/CA method,
the data is not constrained to an orthogonal base, but the limitation is that the components
cannot take on negative values (Equ. (5.12)), which corresponds to the physical meaning
of the data: the absorption is always positive. The only necessary input is the number of
components that should be computed. Attempts to evaluate stacks with three or more
components are currently tested, but in the scope of this thesis, only the proof of principle
is given.
Although the method still needs to be improved, the results are promising. One issue that
needs to be regarded carefully is that the CO problem has to be convex in A and F separately
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(a) Background (b) Absorption spectra of 2 components

Figure 5.27: Result of the analysis of the rCNTs in wet state with the CO method, showing absorption
coefficients, representing the parameter F of a) component 1 (purple) and b) component 2 (blue).

(a) Thickness map of component 1 (b) Thickness map of component 2

Figure 5.28: Result of the analysis of the rCNTs in wet state with the CO method. Thickness maps,
representing the parameter A of c) component 1 and d) component 2.

but not simultaneously. Hence, there may exist many local minimizers, and the algorithm
might get stuck in a local minimum. While modelling A and F on a log-scale improved
fitting, a mathematically sound treatment of the problem still needs to be developed.



6 Complex Structures in Biological Cells

Light microscopy reaches a resolution limit at about 200 nm as stated by Abbé (d = λ
2n sinα ),

which is often not sufficient for investigation of biological cells that have a typical size
range of 1 µm - 50 µm. One way to achieve a higher resolution is the application of STED
microscopy (stimulated emission depletion) [53, 214], STORM (stochastic optical recon-
struction microscopy) [83, 84], or PALM (photoactivated localized microscopy) [25, 156].
The advantage of these methods is that the samples are still alive, but certain molecules
have to be marked with photo-switchable fluorescent dyes. Detecting the fluorescence
signal, resolution values down to 10 nm - 20 nm have been demonstrated in fixed cells.
However, this is not the natural state of the cells and furthermore, only the stained parts
of the cells can be seen, whereas the rest has to be imaged using other techniques, often
involving lower resolution and more preparation of the cells.
Electron microscopy has developed to be one of the primary imaging techniques
[154, 175, 186]. The low natural contrast and the small penetration depth of electrons
require the samples to be fixed and cut into small sections of less than 0.5 µm. Before
slicing, the samples have to be embedded; a process, which might have a significant impact
on the structure [119].
As mentioned before, water absorbs much less than organic specimens in the water win-
dow [107], i.e., cells can be imaged in water layers of up to 10 µm thickness. This also
enables tomographic studies of cells [113, 119, 140, 163]. Because of the high radiation
dose, the samples for tomography need to be chemically or cryogenically fixed, too [17].
The radiation dose is however much lower than for electron microscopy.
In addition, it should be mentioned that in the hard x-ray regime, coherent diffraction imag-
ing (CDI), which obtains the image from the diffractive pattern of a sample [65, 84, 171, 194],
might soon provide an alternative approach in x-ray microscopy. One difficulty in imaging
biomolecular structures is that spatial scales of most biomolecules are below the resolution
limit of the x-ray microscopes.

6.1 Imaging Vascular Smooth Muscle Cells (VSMCs)

Microscopic investigations of cells are facing the challenge of how much the samples are
altered during the preparation procedure to obtain an exact image of the cells in their
natural state. Using X-ray microscopy, no staining of the samples is needed, since natural
contrast results from the absorption coefficient, which depends directly on the elemental
composition and thickness variations in a sample [121, 217]. Additionally, x-ray spectromi-
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croscopic experiments on cells provide deeper understanding of the chemical processes in
a cell. For instance, the calcification of bacterial cells [19] or their ability to process sulphur
[134] has been assessed by this method. Also, other cell types have been studied using
spectromicroscopy [19, 61, 119]. Such a chemical state analysis of low Z elements is hard
to achieve with electron microprobes.
To prevent chemical changes and enable simple handling, fixing techniques are usually
avoided for the preparation of environmental samples. Here, the effect of non-invasive
sample preparation and chemical fixation on VSMCs is investigated [168].
VSMCs were selected because of their high amount of actin, a basic protein of the cy-
toskeleton. They form the major part of blood vessel walls, regulating the blood pressure
by alternating contraction and relaxation. Vessel diseases like ateriosclerosis develop, if
these cells proliferate (hypertrophy and/or hyperplasia). Often, these changes of the cells
are already observable in the phenotype. Imaging of VSMCs is mainly performed by light
microscopy and electron microscopy, for which the cells had been fixed and cut into thin
slices [199].
The cells here were studied at the C K-edge and Ca LII,III-edges, to find out, which parts of
the cells are discernible, from their structure and to gain insights from additional spectro-
scopic information. A feasible sample thickness at the C and Ca edges is in the range of
a few micrometers. Because the VSMCs are comparably thin, it is possible to work with
energies at the Ca LII,III-edges in absorption, without depending on much more elaborate
fluorescence experiments at higher energies.
Starting with fixed, dry and fluorescence-marked cells, it was continued with fixed cells in
aqueous environment. To prove that high resolution micrographs of cells are also feasible
with compact x-ray sources for imaging-only studies, a compact TXM operated with a laser
plasma source was used, too. Thereafter, dry but unfixed cells were investigated and the
last step involved living cells kept in medium between two Si3N4-membranes. Both high
resolution imaging and spectromicroscopic studies involved high radiation doses - this
issue is discussed in section 6.3.3. The main experiments were carried out using the STXM
at BESSY II, where the images are synchronized as pgm files. Therefore, no calibration bars
are given, see section 5.1 and the appendix A.

6.2 Materials and Methods

6.2.1 Sample Preparation

The vascular smooth muscle cells (VSMCs), purchased from Coriell Institute of Medical
Research (USA), were grown on Si3N4-membranes of 100 nm thickness, see appendix B,
and treated further depending on the planned experiment.
For an improved adhesion of the cells, the Si3N4-membranes were coated with collagen
(conc. 1 mg

ml ) for 10 minutes and afterwards rinsed with ultrapure water (MilliQ). The
cells, cultivated in a tissue culture dish, were dissociated with trypsin (Invitrogen GmbH,
Karlsruhe, Germany), pipetted into a Falcon tube, and spinned down (800 rpm, 10 min.).
After removing the supernatant, the pellet was resuspended in medium and the cells were
spread over the Si3N4-membranes in a tissue culture dish, filled with medium (90 % low
glucose DMEM, 9 % fetal calf serum, 1 % penicillin-streptomycin, all from Invitrogen). The
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cells were incubated for one day (37 °C, 5 % CO2). In Fig. 6.1 the preparation of the different
cell samples is illustrated.

Figure 6.1: Sketch of the preparation procedure. The drawings show a cell adhered to a Si3N4-
membrane in a petri dish and the further preparation to I) dried and fixed, II) aqueous and fixed, III)
dried and unfixed and IV) unfixed and living cell samples.

Immobilization of the VSMCs The preparation of the dried and aqueous fixed samples
is essentially the same apart from the drying, see step I) and II) in Fig. 6.1. For the fixation,
the medium was removed from the Si3N4-membranes, and paraformaldehyde (4 % PFA,
0.06 % 1M NaOH in 1× PBS, see appendix B) was filled into the culture dishes, which were
then cooled for ca. 15 min on ice. After removing the PFA-solution, the VSMCs on the
membranes were rinsed with ultrapure water a few times and put into Eppendorf vessels,
containing ultrapure water, for transport. For the x-ray experiments the Si3N4-membranes
were taken out of the vessel and either left on air to dry or covered with a second Si3N4-
membrane and sealed with glue forming a wet chamber.
For staining, the membranes with the fixed cells were washed and put into a solution of
0.5 % Triton-100 (in PBS) at room temperature for 10 - 20 minutes. The labels rhodamin-
phalloidine (for the actin filaments, 2.5 %) and DAPI (for the nucleus, ∼ 0.25%) were
dissolved in 1 %-BSA solution and the cells were left in the solution for one hour at room
temperature. Then the Si3N4-membranes were washed and later stored in ultrapure water.
The fluorescent images were recorded with an Olympus BX51 microscope, using a 40×-
objective. The subsequent preparation at the x-ray microscope was the same as for the
fixed cells without dyes.

VSMCs transported alive For the experiments with unfixed cells, the culture medium
was replaced by CO2-independent medium (Invitrogen). That way, the cells were culti-
vated for use outside the bio-laboratory at the beamline of the storage ring. Under the
microscope, there was no difference in appearance observable, whether the cells were only
transported in the new medium or if they had already grown in it.
For the experiments with dry unfixed cells, the Si3N4-membranes were taken out of the
medium, rinsed with ultrapure water and let dry, before they were glued to an aluminum
shim and then mounted into the x-ray microscope (Fig. 6.1, step III).
Samples of living cells were prepared by taking out a Si3N4-membrane of the CO2-
independent medium, carefully drying it on the bottom side and gluing it to an aluminum
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shim. A second Si3N4-membrane was placed on top and sealed with glue forming a wet-
chamber (Fig. 6.1, step IV), as described in the preparation of the aqueous fixed cells.

6.2.2 Instrumentation

First images of dry and fluorescence marked cells were recorded using the cTXM, described
in section 3.1.3. The exposure times were in the range of several minutes.
The main part of the experiments was carried out using the STXM at BESSY II, see sec-
tion 3.2.2. To obtain spectroscopic data of the bound C and Ca in the samples, stacks of
images were recorded, tuning the energy around the C K-edge (280 eV - 300 eV) and the Ca
LIII,II-edges (342 eV - 357 eV), with a stepsize of 0.2 eV. Being a chromatic optical element,
the zone plate was repositioned for every energy step. The dwell times per pixel for the
images were between of 2 ms - 6 ms.

6.2.3 Analysis

The evaluation of the x-ray data consisted of three complementary parts: For the visual
information of the high resolution images, which also allowed for comparison of the
samples before and after taking stacks, ImageJ was used. The image stacks were also
processed with stack_analyze [94, 118]. The obtained spectra were also used to estimate
the radiation dose [17]. A linear pre-edge background was subtracted from each spectrum,
defining the zero line, and the spectra were smoothed using a sliding box algorithm with a
width of two points. The spectra of the C K-edge were normalized by setting the highest
data point to 1. The spectra from the stacks were evaluated using published NEXAFS data
from polymer and cell science [19, 24, 114, 131].

6.3 Results and Discussion

6.3.1 Imaging

Due to the lack of comparable x-ray spectromicroscopy studies on VSMCs, electromicro-
scopic images and images from other cells, e.g., fibroblasts, were used for comparison and
to discern cell organelles and ultrastructure [69, 121, 163, 199, 217].

6.3.1.1 Fixed Cells

The first experiments were carried out, using dry and fixed cells, some of the samples
were marked with fluorescent dyes. One of these samples is depicted in Fig. 6.2, giving an
impression of the average growing pattern of the VSMCs on the Si3N4-membranes.
First experiments with dried and fixed cells were carried out using the compact TXM at
Stockholm and the STXM at BESSY II, testing whether stress fibers, recognizable from
fluorescence images, can also be observed in x-ray micrographs (Fig. 6.3). The fluorescence
image in the inset of Fig. 6.3a has been magnified, turned into a half-tone and used as the
grid of the collage. The stress fibers and the nucleus with one nucleolus are clearly visible.
In particular, in the round x-ray micrograph in the lower right the finer actin fibers of the
cytoskeleton are discernible. It is, however, hard to distinguish other objects, apart from
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Figure 6.2: Fluorescence im-
age of the cell sample imaged
with the cTXM at KTH Stock-
holm. The Si3N4-membranes
used there had a different ge-
ometry, but the same thick-
ness, frame: 10×10 mm2, win-
dow: 0.5×0.5 mm2, thickness
100 nm.

what might be a mitochondrion (arrow).
In Fig. 6.3b and 6.3c, a composition of STXM-images taken an BESSY II is shown, again
with an inset of the fluorescence image. Comparing fluorescence and x-ray image, the
thicker actin bundles are identified. In the x-ray images, smaller features and more parts of
the cytoskeleton are discernible, too. Since they are not visible in the fluorescence image,
they are not part of the actin network. The black granules, about 300 nm in size might be
lysosomes or endosomes [217]. Mitochondria, having a slightly more absorbing membrane
are indicated by white arrows. In the nucleus, several nucleoli can be identified by their
stronger absorption. Close to the nucleus, a holey structure is observed, which could be
the remainder of a Golgi apparatus, often found close to nuclei.
In the dry and fixed cell in Fig. 6.3d, the lamellipodium was imaged with higher resolution
than the rest. Nucleus, nucleoli and black granules are visible in the central cell part. The
holey, less absorbing structure around the nucleus is more prominent here. The image
demonstrates that possible differences between marked and unmarked cells, stemming
from the fluorescence marking procedure, are not visible in the structure of the x-ray
images of the cells.
To find out how the contrast of the fixed cell changes in water and to restore eventual
collapsed structures and wrinkles originating from the drying process, the experiments
were repeated with fixed cells in aqueous environment, see Fig. 6.4. A collage of images
covering of a whole fixed cell in aqueous environment is depicted in Fig. 6.4a. A 5×-zoom
of the section marked with the red frame is shown in Fig. 6.4b. The sample thickness was
estimated to about 4 µm.
Although the absorption of the water is only 10% of the absorption of the organic sample
material, the contrast is less sharp than in the dry cell samples, which complicates the
recognition of inner cell organelles like mitochondria. Also the lamellipodium stretching
out into the upper half of Fig. 6.4c is barely visible (black arrow). Small but dense clusters
inside the cells are visible, assumingly lysosomes. Apart from that, nucleoli are hardly
observable, maybe due to the lack of an own membrane. From comparison with the
fluorescence marked cell, the structures observable in the nucleus area seem to be outside
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(a) (b)

(c) (d)

Figure 6.3: Collages of images of fixed and dried cells, the insets show the fluorescence images. a) The
x-ray image recorded with the cTXM (pixel size 30 nm at 368 eV, 10 min). b) - d) The other three images
were taken with a STXM at 300 eV with dwell times between 2 and 6 ms and smallest pixel size of c)
50 nm and b), d) 100 nm. d) The lower inset shows an image of the cell taken with the light microscope.

and on top or below the nucleus and part of the actin network and the cytoskeleton. The
area around the nucleus has a structure, different from the parts of the cell that are closer
to the border. Close to the nucleus, the cell exhibits a holey structure, as also observed in
Fig. 6.3a and 6.3b, where less photons are absorbed. In this structure part of the cell, the
endoplasmic reticulum and Golgi apparatus could be located, which are found close to
or around the nucleous in eukaryotic cells. The outer parts of the cells exhibit a smooth
structure, with thick stress fibres and also very dense and actin rich parts, as can be proved
from the inset in Fig. 6.4a. In both cells, a horizontal direction of the stress fibers is
discernible. Especially in the parts of the collages with the highest resolution (pixel size
50 nm), thicker and thinner parts are very distinct.
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(a) Fluorescence marked VSMC

(b) 2.5× zoom of a)

Figure 6.4: Collages of images from a fixed cell
in water, with pixel sizes ranging from 50 nm to
250 nm, recorded at 300 eV. a) Images of a fixed and
fluorescence marked cell are depicted, with the flu-
orescence image in the inset; b) Smaller area of the
cell, but with an additional 2.5×-zoom. c) This
cell was not marked with the fluorescent dyes. The
arrow indicates the lamellipodium.

(c) Unmarked VSMC

6.3.1.2 Cells without Fixation

Unfixed but dried cells were imaged to compare them with the originally living cells.
Cellular network and organelles certainly look different, after the cell has dried, but in
contrast to the fixed cells, nothing of the cell material was removed. Although the cell has
partly disintegrated during the drying process, the nucleus is still visible in Fig. 6.4. Bearing
in mind that nucleoli are not membrane-bound structures but are distinguished by their
function, it is not surprising that they are not as easily recognized as in the experiments
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Figure 6.4: Collage of images of a
non-fixed dried cell, recorded with the
STXM at 300 eV, with smallest pixel
size of 120 nm; the inset shows the
light microscope image.

with the fixed and dried VSMCs. However, some x-ray dense spots are located in the
nucleus, which could be nucleoli. Besides, a region with holes can be seen around the
nucleus as well as the lamellipodium (white arrow) and even some small tethers (black
arrow). Since it was not expected to resolve any fine structures in the dried VSMCs, the
smallest pixel size in Fig. 6.4 has been set to only 120 nm.
For the experiments with the living VSMCs shown in Fig. 6.5, extreme care was taken that
the cells did not dry out. That means, a cell was alive in the CO2-independent medium
until the first x-ray image was recorded.
The first cell (Fig. 6.5a - 6.5c) grew completely in the medium, while the two cells just after
cell division (Fig. 6.5d and 6.5e) were grown in normal medium and then transferred to
CO2-independent medium.
In Fig. 6.5a, structures in the nucleus absorbing slightly more than the rest of it are notice-
able, which could be nucleoli (small arrows). In the region marked with the upper red box
in Fig. 6.5a and magnified in Fig. 6.5b, presumably a mitochondrion (arrow) and some
endosomes (dark spots) are visible. In this cell, the region around the nucleus also exhibits
the less absorbing and holey structure as seen in Fig. 6.4, indicating for the endoplasmic
reticulum or a Golgi apparatus; this can be seen in more detail in Fig. 6.5c, the magnified
image of the lower red box in Fig. 6.5a. The outstretched parts of the cell again display
smoother tissue indicating actin fibers, as seen in Fig. 6.4.
The two separating cells in Fig. 6.5d and 6.5e seem to be thicker, making internal structures
harder to identify due to the much stronger absorption. The left cell was imaged with
higher resolution and is also depicted enlarged in Fig. 6.5e. The cells are not completely
separated yet, and some of the tissue, which connects both cells, is noticeable between
them and in the membrane of the left cell (arrow in Fig. 6.5d).
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(a) (b) (c)

(d) (e)

Figure 6.5: Collages of x-ray micrographs of initially living VSMCs in CO2-independent medium, with
smallest pixel size of 50 nm, recorded at 300 eV. a) A cell grown in this medium; magnification of cell
parts showing, what is supposedly b) a mitochondrion and c) part of the endoplasmic reticulum. d)
Two separating VSMCs, originally grown in regular medium, the left cell has been imaged with higher
resolution; e) a magnification of the region around the nucleus.

In all cell images, natural contrast makes it possible to distinguish larger cell organelles,
the nucleus and areas rich in (actin) fibres, if present. For aqueous samples, imaging is
more difficult because of the additional absorption of the water, and a longer dwell time is
necessary. It is not surprising, that the contrast in the unfixed cells (Fig. 6.4 and 6.5) is not
as sharp and the cytoskeleton is not as clearly visible as in case of the fixed cells (Fig. 6.3
and 6.4), because the immobilization procedure mainly preserves the cytoskeleton and
most of the other cell material and the cytoplasm is removed. This also applies to the area
surrounding the cells. Whereas in case of the fixed specimens the borders of the cells are
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well defined, the originally living cells exhibit a lot more tissue around them. Therefore,
the experiments of the dry and fixed and the living cells have yielded the most instructive
images.
In addition, the precision of Fig. 6.3a demonstrates the ability of imaging delicate objects
like cells and tissue with a compact source. If only the microscopic information is of
interest using illumination by a laboratory x-ray source is sufficient.

6.3.2 Spectromicroscopy

The results of the spectromicroscopic studies are shown in Fig. 6.6. Areas with supposedly
high actin content were selected as ROIs, the nucleus, and, if present, special or noticeable
parts like the black granules or localized spots of high Ca absorption, Ca hotspots, which
were identified from the Ca-spectra of the samples. These hotspots are no artifact of
the preparation procedure, since they were found in almost all cells. Their occurrence is
limited to the cytoskeleton part of the cells, close to the nuclei, no hotspots were found. If
possible, the same regions of the samples were used for spectromicroscopy at the C K-edge
and Ca LII,III-edges. At first, the spectra at the C K-edge are discussed, because the effect
of the choice of the ROIs and the preparation method are better visible here. Spectra of
polysaccharides, lipids, DNA, proteins (albumin and fibrinogen as model) and CaCO3 from
the literature were used as reference spectra [19, 76, 114, 208]. Data from other published
NEXAFS experiments also supported the peak assignment [10, 108]. The peak positions of
the reference data are listed in Table 6.1.

Table 6.1: Energy positions and assignments of features of the absorption spectra of the C K-edge and
the Ca LII,III-edges, gained from the areas in the cells as depicted in Fig. 6.6.

position (eV) transition comment

285.1 π∗
C=C aromatic

286.0 π∗
C=C phenolic and/or ketonic

287.1 σ∗
C-H, 3s, π∗

C=C C(ring) heterobound, OH-groups
288.2 π∗

C=O amide carbonyl groups (peptide bond in pro-
teins), ketonic

288.9 π∗
C=O carboxylic groups in polysaccharides, CaCO3

290.0 σ∗
C-X X: N, P, F,...

> 291 σ∗
C-C, σ∗

C-O broad peaks

∼ 349 Ca LIII-edge
∼ 352 Ca LII-edge

6.3.2.1 C K-Shell Absorption Edge

The main features visible at the C K-edge are the peaks resulting from transitions to the
following orbitals – π∗

C=C at 285 eV (aromatic rings), π∗
C=C at 286 eV (phenolic), π∗

C=O at
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288.2 eV (carbonyl) and π∗
C=O at 289 eV (carboxyl, CaCO3). For the Ca LII,III-edges only

the two peaks of the edges are of interest, because the resulting spectra are too noisy to
analyze any further features.
For the dry and fixed cells, the spectra of the nucleus, the actin rich part and the black
granules differ strongly at energies below 291 eV. The black spots exhibit the smallest peak
at 285 eV, but have two noticeable peaks at 287.5 eV and 288.5 eV. The spectrum shows
features alike to reference spectra of lipids and proteins.
The spectrum of the area in the nucleus has a prominent peak at 288.2 eV and, at least
partly, combines characteristics of spectra of nucleic acid and polysaccharide. The
spectrum of the actin rich area has the highest π∗

C=C peak, but no strong resonance around
289 eV, which makes it harder to compare it to the reference spectra, but a combination of
the two spectra of the model proteins albumin and fibrinogen seems to be the best guess.
The spectra of the fixed cell in aqueous environment do not show remarkable differences
apart from the π∗

C=C peak at 285 eV being slightly higher for actin than for the nucleus
region.
For the unfixed, dried cell, the spectrum of the nucleus area looks similar to the one of the
fixed dry cell, but the part between 285 eV and 288.5 eV is different and appears more like
the reference nucleic acid in Lawrence et al. [114]. The identified Ca hotspots interestingly
have a C NEXAFS spectrum, that is almost exactly like the spectrum of the nucleus region.
In the spectrum of the black spot several smaller peaks are found between 286 eV and
290 eV.
A superposition of the reference spectra of lipid, saccharide and protein would lead to a
similar structure. The actin rich part has a signature similar to the spectra of the two model
proteins. The tethers show a NEXAFS signature, which differs from the other spectra.
There is no peak at 285 eV, but rather at 284 eV. This shift could be an artifact, owing to the
selection of I0, or could result from transitions in unsaturated carbohydrate chains [208].
The rest of the spectrum resembles the reference spectrum of fibrinogen.
Regarding the (initially) living cell, the spectrum of the nucleus area again has the smallest
π∗

C=C peak. Compared to the dried unfixed cell, the shoulder around 287 eV is steeper, and
there is no new rise at energies above 290 eV. The aromatic and the carbonyl (288.2 eV)
peaks from a originally living cell are higher than in the spectra of the unfixed but dried
cell. Furthermore, the ratio π∗

C=C/π∗
C=O of the area of high actin amount is higher in case

of the living cell. In the spectral region of 290 eV, where the transitions 1s →σ∗
C-C, σ∗

C-O

are located, the dried cell shows more absorption than the living cell, again in comparison
with the carbonyl peak. This means, that less aromatic rings and less C=O-double bonds
are present in the unfixed and dried cell.
A comparison of the C K-edge NEXAFS spectra demonstrates the influence of the
preparation. For instance, in dry state, different parts of the fixed cell exhibit different
spectra, but in wet state the sample has almost the same C K-edge signature for regions in
the nucleus and regions rich in actin. In the water, different ROIs do not yield to different
spectra. This might be caused by small parts of cell tissue being detached by radiation,
then diffusing in the surrounding water, such that the spectra show an average of the
whole cell material.
The most striking difference between the fixed and the unfixed VSMC samples is the
comparably higher peak at 288.2 eV, where the resonances of the C=O carbonyl bonds in
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(a) C K-edge

(b) Ca LII,III-edges

Figure 6.6: NEXAFS
spectra of distinct
areas of the cells,
prepared in the four
described different
ways, a) at the C K-
edge (280 eV - 300 eV,
stepsize 0.2 eV) and
b) at the Ca LIII,II-
edges (346 eV - 355 eV,
stepsize 0.2 eV). The
unfixed and dried
resp. fixed, dried
and fluorescence
marked cells, of
which the spectra
were recorded, are
also depicted in
Fig. 6.3c resp. 6.4.
The size of the scale
bar indicates 5µm.
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peptides are located, demonstrating that the fixing process preserves only the network
structures, but not the chemical composition. In spite of differences between the reference
and the recorded spectra, most probably stemming from the reference samples being
measured in pristine form and not in the cellular environment, it was possible to identify
similar peaks and to draw conclusions about the molecular composition of the ROIs in the
cell.

6.3.2.2 Ca LII,III-Shell Absorption Edges

It is well known from literature, that Ca is bound within the actin filaments of the cytoskele-
ton (F-actin); some authors state that F-actin in cells is partly used to store Ca2+ [112].
Therefore, the intention was to identify actin bundles or actin rich areas due to the Ca
signature – but the Ca signal was too uniform over the cell area. However, in the unfixed
cells localized spots of very high Ca amount, here called Ca hotspots, were detected. These
Ca hotspots could be Ca sparks or buffs [41, 97, 120, 139, 221] that have also been detected
in cells before, but since the time dependence was not monitored, this is not specified in
further details.
The height of the peaks is proportional to the Ca concentration within the ROIs. For the
fixed and dry cells this means that in the lamellipodium of cell 2 Ca is traceable, but the
spectra of cell 1 are very noisy, and the Ca peaks are hardly visible if present, see last panel
in Fig. 6.6b. Apart from the difference in chosen ROIs, this could also be due to the fact that
cell 1 is fluorescence marked, whereas cell 2 is not, leaving out several steps of preparation.
In the fixed cell in aqueous medium, no Ca was detected, which could stem from the
dissolution of the remaining Ca2+ in the surrounding water. In the unfixed dried cell the
Ca-peaks are well discernible especially in the tethers, proving that the detected Ca in the
dried unfixed cell is not a remainder of the dried buffer. In the living cell the Ca signal
is still perceivable, however, much weaker than in case of the dried cell, but again, Ca2+

is presumably dissolved in the medium. In both unfixed cells, small spots of high Ca
concentrations were detected. The verification of Ca in the living cell, too, proves that the
Ca and the hotspots in the dried cell are not resulting from the dried medium.
From the spectra it is also possible to give a semi-quantitative estimation of the C and Ca
concentrations in the cells [33]. The density of carbon in the cells can be estimated using

ρcel l tcel l ≈
oD300eV −oD280eV

µcel l ,300eV −µcel l ,280eV
, (6.1)

with ρ the mass density and t the thickness of the sample. The optical density oD is deter-
mined by the Lambert-Beer law, Equ. (2.1). Standard values were used from CXRO [47] to
approximate µcel l for a cell of the composition 60 % H, 24 % O, 10 % C and 2 % N, using
ρcel l = 1.06 g

cm3 . For the cells, the values of the spectra of the whole cell area (shown in

Fig. 6.7d) were used, yielding values of ρC tC in the range of 2−3 µg
µm3 ·µm. In turn, the Ca

concentration was estimated via

ρC a tC a ≈ (oD352eV −oD345eV )− (µcel l ,352eV −µcel l ,345eV )ρcel l tcel l

µC a,352eV −µC a,345eV
. (6.2)
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For the dry and fixed VSMC sample (cell 2) this yielded a Ca concentration of approximately
3×10−2 µg

µm3 ·µm for the lamellipodium. The Ca concentration of the unfixed cells is roughly

two times higher - unfixed, dry: ∼ 4×10−2 µg
µm3 ·µm, living ∼ 5×10−2 µg

µm3 ·µm. Furthermore,

the calculations for the unfixed cells also revealed about two times higher concentrations
for the Ca hotspots (unfixed, dry: ∼ 9×10−2 µg

µm3 ·µm, living ∼ 8×10−2 µg
µm3 ·µm), than for

the actin rich areas.
Unlike for the spectra of the C K-edge, conclusions about the molecular composition
cannot be drawn from the Ca LII,III spectra. However, the findings again demonstrate how
invasive the preparation can be. Due to the fixation process almost half of the Ca and the
Ca hotspots of a cell is lost.

6.3.3 Radiation damage

Radiation damage was observed in all cells. Some examples are shown in Fig. 6.7a - 6.7c.
The dry and fixed samples were the least affected (Fig. 6.7a, followed by the unfixed, dried
cell. In these two cases, only little thinning, or mass loss, of the irradiated part was visible.
In addition, this was only observed after recording multiple images of one area with high
resolution. Even then, the cellular structures were still visible, but the absorption had
decreased.
Thinning was more severe for the aqueous samples, due to the fact that small parts of
matter rapidly diffused when they are detached from the cells by x-radiation. Apart from
that, the cell borders of the living samples blur, thin parts become broader and x-ray
opaque clusters form, as can be seen in Fig. 6.7b and 6.7c. Fig. 6.7b depicts the spectra
of the cell parts shown in Fig. 6.6. It proves that the thinning of the cells is most severe
for the fixed and aqueous cells, since the transmission for this specimen is highest. Not
only thinning, but also carbon clustering effects are noticeable, e.g., the spectrum of the
originally alive cell shows a higher absorption between 292 eV and 300 eV than the unfixed
and dry cell, although the mass loss was higher due to diffusion. Because of the radiation
damage, statements about the features of the spectra at energies higher than 293 eV or
294 eV are not discussed in section 6.3.2. At this point, the stack area had already been
imaged about 50 times, and one can assume that the absorption spectra are affected
by thinning and clustering effects. However, spectroscopic investigations on living cells
without cryo-fixation are feasible, because the loss in chemical bonds is almost equal
for cryo and room temperature experiments, about 2% per MGy of the C=O bonds are
destroyed [16, 17, 208].
The spectra in Fig. 6.7c were also used to calculate the dose D applied to the sample during
the experiments, using

D = 2NAre hc
φτ f2

η∆2 A
, (6.3)

with NA Avogadro’s constant, re the classical electron radius, h Planck’s constant, and c the
speed of light, A the atomic weight of the substance (AC = 12), η the detector efficiency,

φ the flux traversing the sample (in 103 photons
s ), τ the dwell time in ms, the pixel size ∆2
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(a) Fixed, dry (b) Originally living (c) Zoom of b)

(d) Spectra of whole cell area in stacks

Figure 6.7: Examples for the ob-
served radiation damage. a) The
fixed and dried cell from Fig. 6.3c is
shown before (top) and after (bot-
tom) recording two stacks of in to-
tal 143 images. b) Image of an orig-
inally alive cell before and after
taking a series of 17 images with
sub-100 nm resolution of a smaller
area of the cell; c) the first and the
last image of the series. d) Spectra
of the whole parts of the cells seen
in Fig. 6.6, details are given in the
text.

in nm2, and f2 the oscillator strength, which depends on the energy [198]. With

f2,E = f2,300eV
E

300eV

oDE

oD300eV
, (6.4)

the radiation dose D could be estimated for one pixel per image and by summing f2,E

over the energies the radiation dose Dstack per pixel per stack. With a flux of approximately

8×106 photons
s , dwell times of 2 ms and 3 ms, η = 52%, D and Dstack were calculated for a

stack of 96 images at the C K-edge and are listed in Tab. 6.2. The average dose D was
calculated for E = 290 eV and is in the range of 104−105 Gy per image, the total dose for one
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stack is about 106 −107 Gy. According to Kirz et al. [107], about 105 Gy lead to structural
changes in biologic specimens, but also experiments applying doses of 107 Gy have been
reported with only small structural changes [180].

Table 6.2: Radiation doses per pixel per image (D) and per stack (Dstack); details about the values are
given in the text.

sample D [Gy] Dstack [Gy]

dried, fixed 2.2×105 1.5×107

aqueous, fixed 3.3×104 1.8×106

dried, unfixed 7.9×105 4.9×106

living 2.4×105 1.5×107

6.4 Recapitulation

The x-ray microscopy study of VSMCs demonstrates that the intracellular structures can be
imaged, and comparison with fluorescence pictures of fixed cells allowed for determining
actin rich parts and thick actin bundles. The images recorded with the compact TXM are
of comparable validity to the ones gained with the STXM at BESSY II regarding absorption
contrast and resolution.
Although only reference spectra of pristine DNA, lipids and model proteins could be used,
similar spectral patterns were found and the cell parts in the ROIs could be assigned. The
Ca spectra showed that the concentration in the fixed cells is only half as high as for the
unfixed cells. In the latter, isolated Ca hotspots were detected, and the concentration of
Ca in these distinct locations could be estimated to be two times higher than in the actin
rich parts of the unfixed VSMCs. Using Equ. (6.2), the Ca concentration in the cells and
the hotspots was estimated. Since no comparable results were found in the literature, an
interpretation needs further studies. The spectra also showed the need to carefully prepare
spectroscopic experiments because of the danger of destroying the sample due to radiation
damage. In the case of the detection of Ca, elemental mapping might have given better
results. On the other hand, the thin samples allowed for experimenting in transmission
mode, for which the radiation dose is much smaller.
The influence of the different preparation methods is observable in the experiments. While
the absorption contrast of the cytoskeleton is improved by fixation of the cells, it is harder
to recognize such structures in the unfixed cells. The results show qualitatively how much
of the cell matter is actually lost during the fixation process.
Further experiments shall focus on cells that have been marked with green fluorescence
protein, to enable the assignment of structures of the cytoskeleton of unfixed or even
living cells in x-ray images. Apart from the Ca edges also experiments involving energies
around the N (409.9 eV) or O (523 eV) K-edges, or in general other absorption edges of
elements in the water window, could yield additional data for determining the intracellular
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structures. Because of the radiation damage, tomography of non-vitrified cells is not
possible. However, taking just a few images at different angles could provide further
information about the spatial arrangements of the organelles and structures of a cell [68].





7 Conclusion

The investigation of environmental and biological samples using x-rays was the subject
of this work. Applying soft x-ray spectroscopy, microscopy and spectromicroscopy, the
samples were studied in dry and wet state, paying particular attention to the carbon con-
tent. The findings of the different sample systems build upon each other, going from bulk
measurements to spectromicroscopic probing in the nm-scale. Apart from that, the experi-
ments were selected in a way to expand the instrumental or analytical methods, by using
synchrotron based and laboratory based compact source instruments, and developing
new approaches to inerpret the data.
Usually, NEXAFS spectra of bulk samples, e.g., from polymer, environmental or biomolecu-
lar science, are recorded at synchrotron facilities. In Chapter 4, the C 1s spectra of PI, HAs,
an aquatic FA, and a soil, are reported, with a spectrometer working with a laser driven Kr
plasma source. The flux and spectral resolution are lower than at storage rings, but because
of the highly heterogeneous sample composition this is not a major drawback. Due to that,
the analysis of the spectra using linear combination of reference standards would not have
been feasible. Thus, a semi-empirical approach was developed to analyze the spectra and
draw conclusions to the organic composition. The PI was used as first reference sample of
well-known structure. A commercially available HA was used to verify the approach. The
results of both are well comparable to literature values. Apart from that it was possible
to monitor the effects of different solvents and the stepwise extraction of the commercial
HA. Especially for fast testing of such experiments, compact sources are important. To
extent the range of samples to study, small wet chambers could be established, such as
described in Fig. 5.3a. Other filters than Ti windows or different target materials would
allow to assess the LI-edge of sulfur or the N K-edge. The possibility to study samples in
reflection mode would for example allow to study clays at the K and Ca LII,III-edges and
interactions with organic films.
For the investigation of CNTs and their interaction with soil colloids in Chapter 5, spatial
resolution was needed. It was shown that these anthropogenic materials are retrievable
from their NEXAFS spectrum, and from their structure, if they were still intact or at least
long enough. The peak assignments from the bulk measurements in Chapter 4 were helpful
to analyze these samples. For the first time, CNTs and soil colloids were probed in spec-
tromicroscopic experiments in wet state. It turned out, that even supposedly unmodified
inert CNTs interact chemically with the surrounding soil colloids in water. To a certain
level of complexity, the interactions at interfaces could be simulated by superposition of
the single component spectra of the samples. It has been reported that natural organic
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matter could be acting as stabilizers for CNTs [87, 162]. A continuation of the experiments,
eventually involving different pH-values or different HAs, would therefore be important.
Furthermore, the biodegradation of CNTs by bacteria could be studied in a similar manner
as has been done with bacterial processes involving calcium [20] mangan [201]. Other
interactions of anthropogenic substances in soils were studied, too, but not described here.
First experiments with charcoal and siderophores, iron-chelating compounds produced by
bacteria or artificially, have already been conducted. The experiments with siderophores
will be continued by K. Haselwandter (Innsbruck university) in the fall of 2011.
Apart from that, the CNTs in their pristine form were used to develop an alternative analysis
approach. It is based on solving a constrained optimization problem emerging from the
Lambert-Beer equation by means of box constraint algorithms. First results are promising,
but the prove that the problem is convex and converges has to be shown, yet.
The application of the same soft x-ray techniques to radiation sensitive biological organ-
isms was the topic of the last experiment. VSMCs were investigated, and cell organelles and
parts of the cytoskeleton were recognized. Besides, traces of Ca sparks, usually detected by
measuring ion current through the cell walls, could be identified. The main focus laid on
monitoring the effect of different sample preparation methods, in detail, the comparison of
chemically fixed samples to unfixed and even initially alive VSMC samples. The chemical
fixation preserved the shape of the cell and also the cytoskeleton, but a major part of the
intracellular structure is lost. Spectroscopic investigations are therefore best done with
unfixed cells, and to avoid diffusion of material with unfixed and dry cells. Studies aiming
at distinct chemical components, such as Ca or trace metals should be carried out using
elemental mapping. Initially alive cells could be imaged with high precision, even several
times without severe losses in structure. The radiation dose is of course not negligible and
was estimated to be around 106 Gy per image. This implies that even three dimensional
information of living cells without cryo fixation could by gained by applying stereo mi-
croscopy [23, 68]. This could also be achieved using a compact source x-ray microscope -
it was also demonstrated that VSMCs can be imaged with such an instrument, although
only with a fixed sample.
The subject of project B5 in the the SFB 755 - Nanoscale Photonic Imaging was the inves-
tigation of environmental samples in the nm-range. The experiments conducted in the
course of this thesis and the gained results testing new instrumentation and analysis fit
well within this context.



A CCD of the STXM at BESSY II

The data recorded at the STXM at BESSY II were transformed to pgm-files and the signal
Ir eal was spread over the full possible range of 16 bit, i.e., 65535, determining the signal
Ipg m . According to Wiesemann [212], it is

Ipg m = Ir eal −m

M −m
·65535, (A.1)

with m the minimal and M the maximal number of ADC-counts, the signal of the analog to
digital converter of the CCD. From the ADC-counts NADC , the number of photons Nphot

reaching the detector can be calculated, using

Nphot =
NADC

0.00551 counts
eV·photons ·E [eV] ·τ . (A.2)

The transformation factor 0.00551 counts
eV·photons and the quantum efficiency η= 52% are deter-

mined by the CCD [211].
The analysis was performed using the values of the pgm-files instead of using the origi-
nal data, as the exact conversion equation was not known at that time. For this reason,
no calibration bars are given with the images taken at this STXM, to avoid giving wrong
numbers. However, this is possible in good approximation to evaluate solely the pgm-files,
because the number of photons in the focus, after having traversed a Si3N4-membrane and
an organic sample specimen, is in the range of 2−6×106 photons. This fits well into the
range of the pgm-files.
The analysis was always carried out within one stack, such that the relations and to some
extent the quantitative statements are consistent. For the analysis of the CNT experiments,
only qualitative statements regarding peak relations were made. In the analysis of the cell
experiments, quantitative statements on the calcium content are made. These should be
correct concerning the order of magnitude and the relations, but the exact numbers could
be different, if Ir eal was used instead. For the estimate of the radiation damage, the values
were taken from Wiesemann [211], and the photon flux on the sample was verified, by
taking an image of the OSA (order sorting aperture) without a mounted sample.





B Cell Preparation

The steps for cultivating the VSMCs and fixation procedure are described here. The VSMCs
were kept as aliquots in liquid nitrogen. The base of the culture medium was low glucose
DMEM, for a ready-to-use medium, 500 ml DMEM, 50 ml FCS (fetal calf serum, Sigma
F9665 from Sigma Aldrich), 5 ml Pen-Strep (penicillin streptomycin) and 5 ml glutamine are
needed. The CO2-independent culture medium is prepared in the same way, but instead
of DMEM, CO2-independent medium is used. Apart from the FCS, all chemicals were
purchased from Invitrogen (Karlsruhe). The PBS buffer was diluted to 1× concentration,
the 10× concentration was prepared with 1.37 M NaCl, 27 mM KCl, 43 mM Na2HPO4·12H2O
and 14 mM KH2PO4

Cultivating The culture medium was warmed to 37°C in a water bath. The cryo-vessels
with the cells were taken out of the liquid nitrogen and put into the water bath only to thaw
them, not to warm them. Under a flowbench a cell cultivating dish (diameter 3.5 cm, height
1 cm, Falcon) was filled with 2 ml culture medium. The cells were pipetted into the medium
and the culture dish is incubated for 24 h (37°C, 5 % CO2). After incubation, adsorption
of the cells to the surface of the dish was checked with a light microscope. Under the
flowbench, the culture dish was cleaned by suction, rinsed with PBS (phosphate buffered
saline, 37°C, 1 %) and filled with culture medium again. That way, the cryoprotectant
DMSO (dimethyl sulfoxide) was removed. The cells were then incubated again.
After the cells had sufficiently grown, they were resuspended with trypsin (Invitrogen).
To do so, the culture medium was removed under the flowbench and 0.4 ml trypsin were
added. After 5 min in the incubator all cells had dissolved from the culture dish. 2 ml of
culture medium were added and the suspension was pipetted into 15 ml centrifuge tubes.
The tubes are centrifuged for 10 min at 800 rpm. Meanwhile, the Si3N4-membranes were
put in collagen (conc.: 1 mg

ml ) for 10 min and afterwards rinsed with purified H2O (Millipore).
Then they were placed in a 2 ml culture dish (3 per dish).
The cells in the centrifuge tube had then formed a pellet. The supernatant medium with
the trypsin was removed by suction and the cells were resuspended in 2 ml fresh culture
medium. Then, the suspension was pipetted onto the Si3N4-membranes in the culture
dish, and the dishes were incubated for 24 h - 4h h. If necessary, the culture medium was
exchanged again.

VSMCs transported alive For the experiments with initially alive VSMCs and dry, but
unfixed cells, the culture medium was exchanged with the CO2-independent medium
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and incubated for 24 h. Afterwards, the Si3N4-membranes were put into 1.5 ml Eppendorf
vessels, filled with CO2-independent medium, ready to be transported to the synchrotron
facility. The cells prepared that way could be kept alive for at least 3 days.

Fixed VSMCs Before fixation, the culture medium was removed and the samples in
the culture dish were rinsed with PBS (37°C). After removing the PBS, the VSMCs were
chemically fixed by adding 1 ml 4 % paraformaldehyde (2 mg PFA, 30 µl 1M NaOH, 50 ml
PBS) and keeping them on ice for 10 min - 20 min. After that they were washed three
times with PBS. For transport, the Si3N4-membranes with the fixed cells were kept in 1.5 ml
Eppendorf vessels in purified H2O.

Fluorescence marking The cell membrane of the chemically fixed cells is permeabilized
with 0.5 % Triton X-100 (Sigma Aldrich) for 10 min - 20 min at room temperature (2 ml
per culture dish). After that, the Si3N4-membranes in the dishes were rinsed three times
with PBS. As markers, rhodamine-phalloidine was used for the actin fibres, DAPI was used
to mark the nuclei. Per dish, 20 µl of the fluorescent dyes and 760 µl PBS with 1 % BSA
(bovine serum albumin, Sigma Aldrich) were added. The BSA restored the cell membranes.
The culture dishes are kept at room temperature without light for one hour to give the
fluorescent markers time to bind. Afterwards, the Si3N4-membranes with the fixed and
marked cells were rinsed in the dishes three times with PBS with 1 % BSA. They were stored
in buffer or purified H2O, while imaging them with a fluorescence light microscope. For
transport, the Si3N4-membranes with the fixed cells were kept in 1.5 ml Eppendorf vessels
in purified H2O.
If stored in the fridge, the chemically fixed cells were stable for several months.
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Soft x-ray spectromicroscopy was used to investigate environmental and biolo-
gical specimens paying particular attention to their carbon content, of organic 

or anthropogenic origin. To be more specific, energies in the spectral region of 
the so-called water window, between the K absorption edges of carbon (284 eV) 
and oxygen (523 eV), were applied. In this region the absorbance of substances of 
high carbon content such as proteins is ten times higher than the absorbance of 
water which provides natural contrast and in turn allows for a natural or close to 
natural environment for such samples. The experiments presented in this thesis 
were chosen in such a way that either new instruments or new analysis methods 
are studied on different non-model sample specimens. To understand the effect 
of nanoparticles on the environment, the interaction between carbon nanotubes 
and soil was monitored, both in dry and aqueous sample environment. Additio-
nally, for the characterization of heterogeneous samples like soils, spectroscopic 
experiments with a laser driven plasma source were performed. It demonstrated 
the feasibility of such a complementary technique, if not sometimes alternative 
to NEXAFS studies using synchrotron radiation. In the third project the possibility 
to image vascular smooth muscle cells without the necessity of additional em-
bedding or staining was inquired, but by applying a simple, non-cryo fixation 
sample preparation. 
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