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1 | Introduction and motivation

Worldwide ∼10 500 tHM of spent fuel is discharged annually from nuclear
power plants [1], leading to ∼370 500 tHM total amount of spent fuel that has
been discharged globally up to December 2013 [2]. Approximately 112 800 t
of this has been reprocessed [2] to be used as fuel for a new generation of
nuclear reactors [3–6]. Separated Pu and U can also be used as mixed oxide
(MOX) fuel in current nuclear power plants. The remaining spent fuel and
the high-level waste (HLW) generated as a by-product in the reprocessing
are currently stored in at-reactor or away-from-reactor storage facilities [2].
The long-term hazard of spent fuel and HLW is associated with actinides
(Ans), especially the transuranium elements, and with long-lived fission and
activation products. A way to significantly reduce the volume, the heat
load of a repository after some decades and the long-term radiotoxicity
of the spent fuel is the so-called Partitioning and Transmutation (P&T)
strategy [3, 5–7]. Here the different components are separated (partitioning)
and the transuranium elements are converted to short-lived or stable nuclides
(transmutation) using neutron-induced fission or capture reactions; fission
product transmutation is not considered as reasonably achievable. In the
first step of the partitioning U and Pu are extracted from spent nuclear fuel
using the PUREX (Plutonium-Uranium Recovery by EXtraction) process,
which is already used commercially in reprocessing plants [8]. Additional
processes necessary to separate fission products, minor An and lanthanide
(Ln) from the PUREX raffinate are still under development [9], e.g. the
i-SANEX (innovative Selective ActiNide EXtraction) concept where An and
Ln are co-extracted from the PUREX raffinate, followed by a back-extraction
of An.

Figure 1.1 shows the radiotoxicity evolution (based on ICRP72 effective
dose coefficients [10]) of light water reactor (LWR) fuel at a burnup of
50 GW · d · t−1

HM [3]. As a reference value the radiotoxicity of 7.83 t natural

1



2 1 | Introduction and Motivation

Figure 1.1.: Ingestion radiotoxicity of one ton used nuclear fuel based on
ICRP72 effective dose coefficients [10]. From [3].

U in equilibrium with its decay series is used, which is the amount needed
to produce 1 t of fuel. Without any P&T of the fuel the reference level will
be reached after 130 000 years. Exemplary calculations for P&T processes
with different efficiencies reach the reference level after 500 to 1500 years,
reducing the long-term radiotoxicity inventory after several hundred years
by two orders of magnitude or more. A major step in P&T is the separa-
tion of 5f elements, especially the minor actinides, from their chemically
similar 4f counterparts. This separation is necessary, as the Ln fission prod-
ucts have large neutron absorption cross sections and thereby compromise
transmutation efficiency in the nuclear fission process. Selective liquid-liquid
extraction of An3+ from Ln3+ has been demonstrated using soft nitrogen-
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or sulfur-donor ligands[11–17], especially heterocyclic N-donor ligands, e.g.,
bistriazinylpyridines (BTP) [18–20] and bistriazinylbipyridines (BTBP) [21]
with separation factors (SF) for Am3+ over Eu3+ greater than 100 (SF = dis-
tribution ratio DAm/DEu; DM = [M]org/[M]aq). Additionally, the Ln elements
exhibit a trend in selectivity as a function of their ionic radii [22]. However, 2,6-
bis(5,6-dipropyl-1,2,4-triazin-3-yl)-pyridine (n-Pr-BTP) has slow extraction
kinetics [23] and low chemical and radiation stability [24, 25]. Modifications
like different alkyl groups [17, 20, 26, 27], substitution in the 4-position
of the pyridine ring [27–29] or annulation (e.g. 6,6’-bis(5,5,8,8- tetram-
ethyl-5,6,7,8-tetrahydrobenzo-1,2,4-triazin-3-yl)-pyridine (CyMe4-BTP) [30,
31], bis-2,6-(5,6,7,8-tetra-hydro-5,9,9-tri-methyl-5,8-methano-1,2,4-benzo-tri-
azin-3-yl)-pyridine (CA-BTP) [29]) lead to improvements only of some prop-
erties at the cost of others. Structural changes in the lateral rings [22, 32–37]
can lead to drastic changes in extraction properties, e.g. the separation factors
(SF) for Am3+ over Eu3+ change from SFAm/Eu = 130 for n-Pr-BTP [19] to
SFAm/Eu = 5 for 6-bis(4-ethyl-pyridazin-1-yl)-pyridine (Et-BDP) [38].

The physical and chemical properties leading to strong differences in the
selectivity, kinetics and stability of these related organic molecules are not yet
well understood. There are numerous experimental and theoretical structural
studies in the literature looking for small electronic and geometric structural
variations, which might be associated with differences in bonding affinities for
An compared to Ln. This work is focused on the n-Pr-BTP molecule and the
respective An3+ and Ln3+ complexes with this ligand ([M(n-Pr-BTP)3]3+).

n-Pr-BTP forms 1:3 complexes with An3+ and Ln3+ ([M(n-Pr-BTP)3]3+)
both in the solid state and in organic solution [17, 39–46]. Time-resolved
laser fluorescence spectroscopy (TRLFS) confirms the predominant formation
of 1:3 complexes for different ligand and solvent combinations [43–45, 47, 48].
It was observed that the relative fluorescence intensity of [Eu(n-Pr-BTP)3]3+

is higher than of [Cm(n-Pr-BTP)3]3+ indicating a stronger ligand to metal
energy transfer [17, 45, 47]. The metal ion is coordinated by the pyridine
nitrogen and by the two triazinyl nitrogens in the 2-position of each n-Pr-BTP
molecule. The Ln3+-N bond length shortens following the contraction of
the Ln3+ cation radius [44, 45, 49], while the An3+-N bond length remains
constant from U to Cm [44, 45, 50]. This leads to a decrease in the difference
between bond length and An3+ ionic radii indicating a higher covalency in
the actinide complexes [49] as previously reported for similar systems [51–54].



4 1 | Introduction and Motivation

Nuclear magnetic resonance (NMR) studies of [Am(n-Pr-BTP)3](NO3)3 show
a chemical shift that is significantly larger than in [Ln(n-Pr-BTP)3](NO3)3
indicating covalent bonding for the [Am(n-Pr-BTP)3](NO3)3 complex [55].
Similar effects were observed in NMR studies of [Am(C5-BPP)3](OTf)3 [56].
However, for model systems no contributions from f electrons to the bonding
could be found with NMR (e.g. Ln in aqueous solution [57]), Mössbauer
spectroscopy (e.g. (Ln/An)I3 [58]), thermodynamic studies [59] and density
functional theory (DFT) calculations [52]. Instead it is suggested that metal
s orbitals play a major role in the covalent bonding [51]. Even though 5f
electrons in An are less localized than 4f electrons in Ln [60], 5f contributions
to π type ligand based molecular orbitals were shown to arise from a coin-
cidental energy match with the bonding orbitals, e.g. in An(η5-C5H5)4 [61].
On the other hand, 5f and 6d contributions have been found for the covalent
uranyl bond [62–65] and the U – C bond in uranocene [66–74] and have been
used to explain the selectivity of soft donor S- and N-based ligands separating
trivalent Ans from Lns [52, 75–81]. Systematic comparative X-ray absorption
near edge structure (XANES) spectroscopy investigations at the Ln/An L3
edge and N K edge can have substantial contribution in the ongoing discussion
and differentiate bonding mechanisms between Ln and An bound to different
ligands and counter ions, e.g. molecular orbital energy differences, relative
electronic populations and orbital mixing [81–85].

The goal of this dissertation is the characterization of small electronic and
geometric structural differences between complexes of An3+ and Ln3+ bound
to N-donor ligands (e.g. n-Pr-BTP, C5-BPP) using conventional and high-
energy resolution XANES (HR-XANES) and inelastic X-ray scattering (IXS)
techniques. This doctoral project pioneers the applications of HR-XANES
and IXS for structural studies of actinide containing materials in general and
specifically of partitioning complexes. The proposed methods are element
and bulk sensitive probes and can be applied to all Ln and An elements
and N in materials in solid and liquid phase, which is not always possible
with other methods. Investigations from the “point of view” of the metal
and the ligand can facilitate understanding the fundamental principles of
the N-donor ligands’ selectivity. Complementary quantum chemical ab initio
calculations of the N K and An/Ln L3 edge spectra applied here help to
elucidate the origin of spectral features and possible bonding mechanisms. A
major part of this work is the design specification, building and commissioning
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of a multi analyzer crystal (MAC) spectrometer for high-energy resolution
X-ray emission spectroscopy (HRXES) (including HR-XANES and IXS)
investigations currently installed at the INE-Beamline for actinide research
at the ANKA synchrotron radiation facility in Karlsruhe. Worldwide this
is the only state-of-the-art instrument operational in a dedicated controlled
laboratory at a synchrotron.





2 | Fundamental principles of
X-ray Absorption and X-ray
Emission Spectroscopy

2.1. X-ray absorption spectroscopy (XAS)

When light passes through matter, it loses intensity due to its interaction
with the matter. This loss can be described with the Lambert-Beer law,

I(E) = I0e
−µ(E)t, (2.1)

where I0 is the intensity of the primary beam, I is the intensity of the
transmitted beam, t is the thickness of the sample and µ is the absorption
coefficient. In the case of X-rays, µ is strongly dependent on the X-ray energy
E and atomic number Z, and on the density ρ, and atomic mass A:

µ ≈ ρZ4

AE3 . (2.2)

From Fermi’s golden rule and the one-electron [86] and dipole approximations,
the quantum-mechanical description of the X-ray absorption coefficient is
given by

µ(E) ∝
Ef>EF∑

f

| 〈f |ε̂ · r|i〉 |2δ (E − Ef ) (2.3)

where ε̂ · r is the dipole operator for the incident electromagnetic wave
interacting with the material. |i〉 is an initial core state and 〈f | is a final
state with energy E and Ef , respectively. The sum is over all energies
above the Fermi level (EF ) [87, 88]. µ(E) decreases with increasing energy

7
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(a) (b) (c)

Figure 2.1.: The photoelectric effect where an X-ray photon is absorbed
by a core-shell electron that is ejected, i.e. excited into the continuum (a).
This is followed by the relaxation of the atom via X-ray fluorescence (Kα or
Kβ) (b) or the Auger effect (c) (picture taken from [89]).

approximately as 1/E3. However, at energies E0 specific to the elements of the
irradiated material, there are sudden increases called X-ray absorption edges.
Here the energy of the X-ray photon is high enough to excite an electron
out of its shell and into the continuum (photoelectric effect, figure 2.1a).
Following this, the atom relaxes by filling the core-hole with higher-shell
electrons. The energy difference between the electron levels is released as
radiation (fluorescence, figure 2.1b) or the ejection of another electron (Auger
effect, figure 2.1c). For elements with low atomic number Z Auger processes
dominate while X-ray fluorescence becomes more probable with increasing
Z. The energy dependence of the absorption coefficient can be measured in
transmission as

µ (E) = log (I0/I) (2.4)
or in X-ray fluorescence (or Auger emission) as

µ (E) ∝ If/I (2.5)

In an X-ray absorption spectroscopy (XAS) experiment the X-ray energy is
tuned by using a double crystal monochromator (DCM) [90, 91] across an
absorption edge of the element of interest. These edges are labeled K, L, M,
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Figure 2.2.: Schematic example spectrum showing pre-edge, WL, XANES
and EXAFS region.

etc., which corresponds to the principal quantum number n = 1, 2, 3, . . . of
the main electron shell. The excited electrons are labeled with the principal
quantum number n and azimuthal quantum number l which describes the
orbital angular momentum 0 ≤ l ≤ n−1 (1s, 2(s,p), 3(s,p,d), etc.). Figure 2.2
shows a schematic X-ray absorption spectrum. The most intense feature,
also called white line (WL), is due to transitions following dipole selection
rules ∆l = ±1 (2p→ nd for lanthanide (Ln)/actinide (An) L2,3 absorption
edges). The low intensity pre-edge feature can arise from dipole forbidden
transitions (∆l = ±2, 2p→ nf for Ln/An) [83, 92–94]. Both the pre-edge
and edge region are summarized as near edge X-ray absorption fine structure
(NEXAFS) or X-ray absorption near edge structure (XANES). After the WL
follows the extended X-ray absorption fine structure (EXAFS) region due
to excitations to the continuum. It typically extends to several hundred eV
above the edge and gives information about the local environment of the
absorbing atom by interaction of the photoelectron with the neighboring
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atoms. This interaction is best described in wave form, so the energy is
converted to photoelectron wavenumber k by

k =
√

2m (E − E0)
h̄2 (2.6)

where E0 is the absorption edge energy. The ejected photoelectron can be
viewed as an outgoing spherical wave, which is scattered at the neighboring
atoms, resulting in additional scattering electron waves that interact with the
outgoing wave leading to an interference pattern. A common point for the
beginning of the EXAFS range is the point where the de Broglie wavelength is
comparable to the interatomic distances. The Hamiltonian of the propagating
electron is H = H0+V with V the so-called muffin tin potential [95] consisting
of a spherical potential near the atom and a flat interstitial. With the one
particle Green’s function

G (E) = 1
E +H + iζ

(2.7)

Fermi’s golden rule (equation (2.3)) can be rewritten as

µ (E) ∝ − 1
π
Im 〈i|ε̂∗ · rG (E) ε̂ · r|i〉Θ (E − Ef ) (2.8)

with the Heaviside step function Θ ensuring that µ (E) 6= 0 only for E > Ef .
The Green’s function can be expanded as

G = G0 +G0tG0 +G0tG0tG0 + . . . (2.9)

⇐⇒ G = (1−G0t)−1G0 (2.10)
with G0 the Green’s function of the central atom and t describing the scatter-
ing from the surrounding atoms. The first term G0 describes the propagation
of a free electron in space, while the following terms represent contributions
with increasing numbers of scattering atoms. For the XANES region, G
has to be calculated explicitly because the large photoelectron wavelength
relative to the nearest neighbor distance amplifies the importance of multiple
scattering events. For EXAFS on the other hand, many low intensity mul-
tiple scattering contributions can be neglected because also longer distance
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single scattering and collinear multiple scattering paths, which have high
intensities [96], are taken into account. The photoelectron decays as it moves
through the material due to interaction with atoms and the finite lifetime of
the core-hole. Therefore, XAS can only measure the local atomic structure in
a range in the order of tens of angstroms limited by the effective mean free
path of the electron [86, 97].

For a quantitative analysis the high energy range of a spectrum can be
described by the EXAFS equation [96, 98–102]

χ (k) = S2
0
∑

j

Njfj (k)
kR2

j

e−2k2σ2
j e−2Rj/λ(k) sin [2kRj + φj (k)] (2.11)

where f (k) and φ (k) are scattering amplitude and phase-shift of the atoms
neighboring the excited atom, N is the number of neighboring atoms and R
is the distance to the neighboring atom. σ2 is the mean-square disorder in
the distribution of interatomic distances, commonly called the Debye-Waller
factor, even though it would be more accurate to use the whole term e−2k2σ2

as it describes the attenuation of the signal due to disorder analogous to
the Debye-Waller factor used in diffraction. Knowing f (k) and φ (k) of the
atoms neighboring the excited atom (e.g. from a FEFF calculation) N , R,
and σ2 can be determined.

A fluorescence-detected absorption spectrum is often recorded with a small
energy bandwidth for the incident beam (∆Ein ∼1 eV) and a large energy win-
dow (no energy resolution or ∆Eout ∼200 eV) for the emission detection [103].
Additional chemical information can be detected by reducing the bandwidth
of the emission detection to the order of the core-hole lifetime using an X-ray
emission spectrometer.



12 2 | Fundamental principles of XAS and XES
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Figure 2.3.: Schematic diagram of different RIXS processes.

2.2. Resonant inelastic x-ray scattering (RIXS)

Resonant inelastic x-ray scattering (RIXS) is a two-step process involving the
excitation of an electron (XAS) and the subsequent relaxation of the system by
emission of an X-ray photon (X-ray emission spectroscopy (XES)) [103–110].
Figure 2.3 shows a schematic view of different RIXS processes on the example
of Ln at the L3 edge. From the 2p65dn ground state an electron is excited to
the valence band leaving behind a 2p core-hole and resulting in a 2p55dn+1

intermediate state. In Core-to-Core RIXS (called RIXS throughout this work)
the 2p core-hole is filled with another core electron, in this example from 3d
states, leading to a 2p63d95dn+1 final state. The energy difference between
final state and ground state is called energy transfer. The orbitals, in which
the intermediate and final state core-holes are located, are often used to label
the RIXS process, in this example it is named 2p3d RIXS. In valence band
RIXS (VB-RIXS) the 2p core-hole is filled from the filled part of the valence
band (VB) emulating a direct excitation from the VB and describing the
unoccupied 5d states [111, 112].
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Figure 2.4.: RIXS map of Ho(OTf)3 with intermediate (ΓINT ) and final
state (ΓFIN) broadenings (solid lines) and HR-XANES (dashed line).

Figure 2.4 shows the RIXS of Ho(OTf)3 with the incident energy plotted versus
the energy transfer. The core-hole lifetime broadenings of the intermediate
(ΓINT ) and final state (ΓFIN) are marked with solid lines. The diagonal
line corresponds to the HR-XANES spectrum measured as a scan of the
incident energy at a fixed emission energy. Spectral features off the diagonal
along the energy transfer scale are due to final state effects, e.g. spin-orbit
and electron-electron interactions [108, 113, 114]. The core-hole lifetime
broadening arises from the finite lifetime τ of the core-hole, which according
to the Heisenberg uncertainty relation induces an uncertainty (broadening)
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of the energy ∆E ≈ h̄/τ [115, 116]. The lifetime τ decreases with the atomic
number Z and increasing electron binding energy, so the core-hole broadening
∆E increases [115]. The overall process is theoretically described by a reduced
form of the Kramers-Heisenberg equation [104, 117]

I(ωin, ωout) =
∑

f

∣∣∣∣∣
∑

n

〈f |T2|n〉 〈n |T1| g〉
Eg + ωin − En − iΓ/2

∣∣∣∣∣

2

× δ (Eg + ωin − Ef − ωout) .

(2.12)
Here ωin is the energy of the incoming X-ray that excites the atom, by means
of the transition operator T1, from the ground state g with energy Eg to the
intermediate state n with energy En. Γn is the lifetime broadening due to the
core-hole in the intermediate state. The subsequent radiative decay of the
atom, where an X-ray of energy ωout is emitted, is described by T2 and leads
to the final atomic state f with energy Ef . The summation is with respect to
all intermediate and final states n and f , respectively, that are accessible via
the specific in- and outgoing X-ray. The core-hole lifetime broadenings of the
intermediate (ΓINT ) and final (ΓFIN) states determine the apparent overall
spectral broadening (ΓAPP ) [118] and can be estimated as the full width at
half maximum (FWHM) of a Lorentzian-type profile.

ΓAPP = 1√
1

Γ2
INT

+ 1
Γ2

F IN

(2.13)

In addition to the inherent core-hole lifetime broadening, it is necessary
to include the instrumental broadening (energy bandwidth). The total
experimental energy bandwidth ETOT is a combination of the incident (EINC)
and emission (EEM) energy bandwidths,

ETOT =
√
E2
INC + E2

EM (2.14)

and can be estimated as the FWHM of a Gauss-type profile. EINC describes
the resolving power of the DCM

EINC/E = K, (2.15)

with K a constant depending on the used monochromator crystals and other
beamline properties. At the INE-Beamline Ge(422) crystals are used for An L3
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XAS and K is estimated to be ∼2× 10−4. EEM depends on the geometry of
the spectrometer and the intrinsic resolution of the crystal (Bragg angle θ, the
bending radius, crystallographic orientation) and can be calculated for an ideal
crystal with ray-tracing software (e.g., RT4XES [119], XCRYSTAL_BENT
module [120] of the XOP package [121]). Additionally EEM is influenced
by the quality of the crystal surface, the X-ray spot size on the sample,
aberrations, and misalignment of the spectrometer [122–125]. These effects
are further discussed in section 2.4. The overall energy broadening of a
high-energy resolution XANES (HR-XANES) spectrum can be calculated
by convoluting the Gaussian-type broadenings fG and the Lorentzian-type
broadenings fL using the approximate broadening of a Voigt profile fV [126]:

fV = 0.5346fL +
√

0.2169f 2
L + f 2

G (2.16)

The overall energy broadening of the spectrum is obtained using the following
steps [127, 128]:

1. The Lorentzian-type final state lifetime broadening ΓFIN is convo-
luted with the Gaussian-type emission energy broadening EEM us-
ing equation (2.16):

fV = 0.5346ΓFIN +
√

0.2169Γ2
FIN + E2

EM (2.17)

2. The spectral broadening ΓAPP is calculated by inserting fV instead of
ΓFIN into equation (2.13):

ΓAPP = 1√
1

Γ2
INT

+ 1
f2

V

(2.18)

3. The effect of the Gaussian-type incident energy broadening EINC is
taken into account by using equation (2.16) again with fL = ΓAPP and
fG = EINC resulting in the total broadening ΓTOT :

ΓTOT = fV = 0.5346ΓAPP +
√

0.2169Γ2
APP + E2

INC (2.19)

The broadenings relevant for the samples investigated in this work are sum-
marized in table 3.10.
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Figure 2.5.: Standard and HR-XANES of [Eu(n-Pr-BTP)3](OTf)3.

In a standard measurement, the final state effects and lifetime broadenings are
included in a XANES spectrum leading to a significant spectral broadening
compared to HR-XANES (see figure 2.5). Most notably a pre-edge (feature A)
can be resolved in HR-XANES, the WL is sharper and has higher intensity and
post-edge features (B) are well separated from the WL. The pre-edge and WL
provide electronic structure information not available with the conventional
method. Post-edge features close to the WL are often sensitive to multiple
scattering of the photoelectron and therefore not only to bond lengths but
also the local atomic geometry around the absorbing atom, e.g. bonding
angles, which is generally not possible with EXAFS.

2.3. General experimental setup

X-ray spectroscopy requires a tunable X-ray source with high intensity such
as a synchrotron radiation facility. A synchrotron radiation facility, or
a synchrotron light source, is a specific type of particle accelerator built
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Figure 2.6.: Scheme of a typical synchrotron radiation facility (taken
from [129]) with (1) an electron gun, (2) a linear accelerator, (3) a booster
ring, (4) a storage ring and (5) several beamlines.

to accumulate a high electron current and maintain it for a long lifetime.
Figure 2.6 shows a scheme of a typical synchrotron radiation facility consisting
of:

1. An electron gun that produces electrons via thermionic emission.

2. A linear accelerator (linac) accelerating the electrons to about 100 MeV
using radio frequency (RF) cavities.

3. A booster ring accelerating the electron further, in most cases to their
final energy of several GeV.

4. The storage ring maintaining the electrons on a closed path. Dipole–
or bending magnets keep the electron on the path, quadrupole magnets
focus the electron beam and sextupole magnets correct for chromatic
aberrations. The ring consists of arced sections, where the bending
magnets are placed, and straight sections used for insertion devices
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(wigglers or undulators) that produce the most intense synchrotron
radiation.

5. The beamlines running off along the axes of the insertion devices and
tangentially at the bending magnets.

If a relativistic electron is accelerated, in this case forced on a non-linear path
by a magnetic field, it emits a broad spectrum of radiation along the path of
movement. The properties of this spectrum depend on the electron energy
(typically between 2–8 GeV) and the magnetic field strength. Bending magnets
show a broad spectrum with relatively low intensity. A wiggler can be thought
of as a series of bending magnets moving the electron beam in sinusoidal over
a certain range. The emitted radiation cones do not overlap, leading to an
increase in intensity depending linearly on the number N of dipoles in the
wiggler. In an undulator, the amplitude of the lateral electron movement is
smaller than in a wiggler, so the radiation cones overlap and interfere with
each other. As only certain wavelength interfere constructively the spectrum
consists of a fundamental energy and a series of higher harmonics, but the
intensity increases with N2. To shift the maxima to different energies the
gap between the magnets is changed, thereby changing the overall magnetic
field and the path of the electrons. The geometry and resulting spectra for
wiggler and undulator are schematically shown in figure 2.7.

Figure 2.8 shows a schematic view of a typical XAS beamline. The source
(bending magnet or insertion device) emits a broad spectrum of radiation
including many energies that are not required and only lead to heat load on
optical components. These energy regions can be cut out of the white beam
using cooled apertures and/or slits in the front end. In the optical hutch,
the preconditioned beam is further modified. The first mirror collimates the
divergent beam coming from the source causing all X-rays to hit the DCM
at the same angle. At the DCM (or in case of a soft X-ray beamline the
grating) a specific energy is selected by changing the angle according to the
Bragg condition nλ = 2d sin (θ), where n is a positive integer and describes
the order of diffraction, λ is the wavelength of the incident beam, d is the
lattice plane distance in the crystal and θ is the scattering angle. The second
mirror then focuses the beam on the sample. The actual measurements take
place in the experimental hutch. The first element in the experimental hutch
is usually an ionization chamber recording the intensity of the incident beam
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(a)

(b)

Figure 2.7.: Scheme of the (exaggerated) electron paths and emitted ra-
diation in wiggler and undulator (taken from [130]) (a) and the spectral
brilliance of wiggler and undulator compared to a standard bending magnet
(taken from [131]) (b).

experimental hutch optical hutch front end

source

aperture

mirror 1

DCM

mirror 2IC1

sample

IC2

reference
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detector

Figure 2.8.: Schematic view of a typical XAS beamline (angles and distances
are not to scale).
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for normalization purposes. After interaction with the sample, there are
different possibilities to collect a spectrum. In transmission, the intensity is
measured again after the sample. After that, the absorption of a reference
(usually a thin metal foil with an absorption edge close to the edge measured
for the sample) is measured to be able to calibrate the energy of the incident
beam. Alternative to transmission the fluorescence emitted from the sample
can be collected using a fluorescence detector. This type of detector records
the whole emission spectrum of the sample including inelastic and elastic
scattering signals. To extract an absorption spectrum a window can be set
in the detector electronics restricting the signal output to an energy range
around the emission line corresponding to the element and absorption edge
of interest. Instead of a fluorescence detector other devices can be placed,
e.g. a spectrometer for high-energy resolution measurements as it was used
for most An/Ln L3 edge XANES spectra shown in this work. For details of
such type of spectrometer, see section 2.4.
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Figure 2.9.: 3D CAD model with part of the He environment (left) and
photo of the MAC-Spectrometer during initial mechanical performance tests
(right).

2.4. XES spectrometer

A high-energy resolution multi analyzer crystal (MAC)-Spectrometer (fig-
ure 2.9) has been designed, built and commissioned at the INE-Beamline [132]
as part of this doctoral project. The spectrometer is an adapted design of the
spectrometer at the ID26 Beamline (European Synchrotron Radiation Facility
(ESRF)) and is built in Johann geometry [122] for up to five spherically bent
Si/Ge analyzer crystals of 1 m bending radius. In this geometry sample,
crystal and detector are positioned on the Rowland circle, whose diameter
equals the bending radius of the crystal, while the distance sample – crystal
equals the distance crystal – detector (figure 2.10).
This setup allows selecting emitted fluorescence with certain energy according
to the Bragg condition (nλ = 2dsin(θ)) and focusing it on a detector. The
MAC-Spectrometer assembly comprises a mobile and a stationary position-
ing unit, both supplied by HUBER Diffraktionstechnik GmbH (Rimsting,
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Figure 2.10.: Scheme of the Johann geometry [122] (adapted from [125]).

Germany). The five analyzer crystal positioning stages possess four degrees
of freedom each (figure 2.11). The crystal stages are mounted on a diabase
block. This block is fixed on a mobile rack hosting power supplies and motion
controllers for all 23 spectrometer motors. The stationary detector positioning
unit comprises three degrees of freedom (a long and a short linear stage and
a rotation stage), which allow the detector to be moved along the Rowland
circle. The motion controllers are connected to the existing control and data
acquisition system via Ethernet. Macros for the synchronous movement of
all 23 motors and the necessary alignment procedures have been adapted as
part of this work.
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Figure 2.11.: Crystal positioning stages with four degrees of freedom.

The position of a crystal Ci is calculated depending on the Bragg angle θ
necessary for the chosen type of crystal and energy according to [125] as:

xi = Rsin(θ)cos2(θ) + xpisin(θ) (2.20)

zi = Rcos(θ)sin2(θ) + xpicos(θ) (2.21)
yi = (i− 3)dz (2.22)
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φi = π − arctan
(

zi
xpisin(θ)

)
(2.23)

βi = arctan




√
y2
i + xp2

i sin
2(θ)

xpicos(θ)


 (2.24)

xpi =
√
R2sin4(θ)− y2

i (2.25)
where R is the bending radius of the crystal and xpi is a factor describing
the influence of an off-center crystal, i.e. a crystal that has an offset in y
direction. The detector has three degrees of freedom:

xd = 2Rsin(θ)cos2(θ) (2.26)

zd = 2Rcos(θ)sin2(θ) (2.27)
βd = (3/2)π − 2θ (2.28)

The distance L between sample and crystal, which is equal to the distance
between crystal and detector, is:

L = Rsin(θ) (2.29)

The energy resolution of the spectrometer is influenced by the intrinsic
resolution of the crystal, the quality of the crystal surface, the X-ray spot size
on the sample, aberrations, and misalignment of the spectrometer [122–125].
The resolution of the crystal depends on the properties of the crystal, in
particular stress in the lattice caused by the bending of the crystal, and lies
typically in the range of 0.1 eV–0.3 eV [123–125, 133]. The best resolution can
be achieved with a large radius R, with a small crystal diameter d, and close
to back-scattering (θ = 90°) [122–125]. In the alignment of the spectrometer
the distance crystal – sample has the largest influence on the resolution [125].
The spectrometer has been tested with a Medipix2 area detector [134] with
256x256 pixels (pixel size 55 µm) and a Vortex silicon drift detector [135]. The
Medipix detector has been used for first alignments at the Cu Kα1 emission
line (8046.3 eV) as it allows the direct observation of changes in position and
shape of the focused fluorescence (figures 2.12 and 2.13). The Vortex detector
was used for alignment and subsequent HR-XANES measurements at the U
L3 edge.
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Figure 2.12.: Example of the Cu Kα1 fluorescence focused on the Medipix
detector with one crystal.

Figure 2.13.: Experimental setup for U L3 edge HR-XANES measurements
with the Vortex detector.
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Figure 2.14 shows U L3 XANES spectra of the mineral Metastudtite (UO4·2H2O)
in high-energy resolution (30 min, 3 h measurement time) and standard trans-
mission mode. As previously observed [83], the most intense 2p5/2 → 6d
transition (B, WL) has higher intensity and is separated from post-edge
feature C in the high-energy resolution spectra. There are also indications for
a pre-edge (A) arising from 2p5/2 → 5f transitions. A HR-XANES spectrum
was measured for 30 min with 17 wt% U concentration in the sample. The
intensity measured at the maximum of the WL is 260 counts/s at 120 mA
ring current, which is about 100 times reduction compared to a standard
fluorescence measurement of the same sample. U concentration of 1 wt%
requires four to five hours measuring time with the current setup at the
INE-Beamline. All relevant An L3 edges (Th – Cm) are accessible over
the Lα1 emission lines with the available (5 Si(111), 5 Ge(111), 5 Si(220))
analyzer crystals (figure 2.15a).

Figure 2.14.: U L3 edge HR-XANES 30 min (black) and 3 h measurement
time (red) and standard transmission mode (green) spectra of Metastudtite.
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Figure 2.15.: Emission energies and the corresponding analyzer crystals
and Bragg angles for An Lα1 (a) and An Mα/Mβ (b) emission lines. Ge(311)
and Ge(220) are marked with dash lines, as they are currently not available.

Investigations of An M4/M5 edges (figure 2.15b) are possible using a He
environment (figure 2.16) that allows using up to 99 % He atmosphere. The He
environment enclosing the MAC-Spectrometer has been designed, assembled
and successfully tested at the INE-Beamline. The He containment comprises a
solid, modular bottom, which is mounted gas tight on the optical table inside
the experimental hutch and a flexible top part consisting of a polyethylene
bag attached to the solid base enclosing the detector stage and a smaller front
bag enclosing the analyzer crystals (figure 2.16a). During data acquisition
the containment is constantly flushed by He gas, thereby minimizing the
absorption of photons with 3–4 keV energy, which is necessary for An M edge
investigations. A polyethylene window in front of the detector with 10 µm
thickness and continuous N flow on the backside prevents He penetration
through the detector Be window, which would damage the thermoelectrically
cooled device. The lower part of the He containment includes a transfer lock
and three glove box sleeves to facilitate insertion and positioning of samples
(figure 2.16b).
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(a) (b)

Figure 2.16.: He environment for the HR-XANES spectrometer at the
INE-Beamline (a). Transfer lock for the He environment (b).
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Figure 2.17.: 3d4f RIXS map of Pu6+ in aqueous solution.

Figure 2.17 shows an example of Pu 3d4f RIXS. This also demonstrates the
higher energy resolution of a XES spectrometer since in addition to the Mα1
emission line at 3352 eV emission energy the Mα2 emission line is resolved.
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The spectrometer described here will be moved to the CAT-ACT Beamline
currently being commissioned at Angströmquelle Karlsruhe (ANKA). The
higher incident photon flux there will increase the signal-to-noise ratio, which
will reduce the time necessary to measure a spectrum and make it possible
to investigate An L3 edge using Lβ5 emission lines, which will increase the
resolution due to the decreased core-hole lifetime broadening.
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3.1. Samples

3.1.1. Ligands and complexes

The ligands investigated in this work are 2,6-bis(5,6-dipropyl-1,2,4-triazin-
3-yl)-pyridine (n-Pr-BTP) (figure 3.1, [18–20]), bis-2,6-(5,6,7,8-tetra-hydro-
5,9,9-tri-methyl-5,8-methano-1,2,4-benzo-triazin-3-yl)-pyridine (CA-BTP) (fig-
ure 3.2, [27]), 6,6’-bis(5,5,8,8- tetramethyl-5,6,7,8-tetrahydrobenzo-1,2,4-tri-
azin-3-yl)-2,2’-bipyridine (CyMe4-BTBP) (figure 3.3, [21]), 6-bis(4-ethyl-
pyridazin-1-yl)-pyridine (Et-BDP) (figure 3.4, [36, 136]) and 2,6-Bis(5-(2,2-
dimethylpropyl)-1H-pyrazol-3-yl)-pyridine (C5-BPP) (figure 3.5, [35]).
For density functional theory (DFT) calculations 2, 6-bis-(1,2,4-triazin-3-yl)-
pyridine (H-BTP) [18, 137] has been used as an approximation for n-Pr-BTP.
An example of a An/Ln(H-BTP)3 complex is shown in figure 3.6.
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Figure 3.1.: n-Pr-BTP

31
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Figure 3.6.: An/Ln(H-BTP)3
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An/Ln complexes with different ligands and An/Ln salts have been investi-
gated. NO−3 is the preferred counter ion as the extraction process of An and
the separation from Ln (chapter 1) takes place in nitric acid solution. However,
the NO−3 N K edge spectrum has a small contribution in the n-Pr-BTP N K
edge spectrum (see figure 3.10). In ClO−4 containing solution precipitation
occurs after adding n-Pr-BTP therefore it is discarded as an alternative to
NO−3 . Complexes with CF3SO−3 (OTf) as counter ion exhibit good solubility
and OTf has a lower bonding affinity to the metal than NO−3 thereby enhanc-
ing the formation of 1:3 complexes. In some of the early experiments over
stoichiometric amounts of n-Pr-BTP were added to the solution in order to
assure formation of 1:3 complexes. However, the excess amount of n-Pr-BTP
minimizes N K edge spectral characteristics initiated by the metal-ligand
bonding. Additionally, from time-resolved laser fluorescence spectroscopy
(TRLFS) experiments [17, 47] on Cm and Eu can be seen that already above
∼0.6 mmol L−1 n-Pr-BTP concentration 1:3 complexes are formed exclusively.
The concentrations used in this work are approximately one order of magni-
tude higher. As an alternative, the [An/Ln(n-Pr-BTP)3](OTf)3 complexes
were first crystallized before solving and drying on substrates. Solutions
of [An/Ln(n-Pr-BTP)3](OTf/ClO4/NO3)3 complexes have been also dried
on substrates in some of the experiments. The Ln salts that have been
used in the preparation of the complexes and as reference materials for the
L3 edge measurement are hydrophilic and can contain up to nine H2O in
the first coordination shell. Especially for experiments in solution, a high
H2O coordination has to be assumed but could not be quantified during the
measurements. Calculations have been performed with [Ln(H2O)9](OTf)3.
For the sake of simplicity, coordinating H2O molecules are not explicitly
named throughout this work.

3.2. N K edge

3.2.1. BESSY

N K edge XANES spectra were measured at the UE52-PGM beamline at the
BESSY II synchrotron source of the Helmholtz-Zentrum Berlin using partial
electron yield (PEY) detection. A plane grating monochromator (PGM) with
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a 1200 lines/mm grating was used to tune the incident X-Rays from 380 to
420 eV. The energy of the incident X-ray beam was scanned with 0.05 eV
step size. n-Pr-BTP, [Ln(n-Pr-BTP)3](ClO4)3 and [Ln(n-Pr-BTP)3](NO3)3
(Ln=La, Pr, Eu, Gd, Ho, Yb) were solved in isopropanol (10 mmol L−1) and
∼2 µL were dried on aluminum sample holders. About 40 % excess n-Pr-BTP
was used in the complex solutions to ensure the formation of 1:3 complexes.

3.2.2. ANKA

The N K edge XANES experiments were performed in fluorescence mode at
the WERA-Beamline at the ANKA. The incident beam was monochromatised
by a PGM. The energy of the incident beam was scanned with 0.05 eV step size
across the pre-edge and edge region and up to 0.5 eV in the post edge region.
The scanned energy range is from 370 to 485 eV. The spectra have been cali-
brated using the Ni L3 edge of a NiO reference. [Pu(n-Pr-BTP)3](OTf)3 solid
complexes were synthesized at the Institute for Transuranium Elements (ITU).
[Ln(n-Pr-BTP)3](OTf)3 (Ln=La, Pr, Gd, Ho, Yb) and [Ln(C5-BPP)3](OTf)3
(Ln=Pr, Yb) solid complexes were synthesized at the Institute for Nuclear
Waste Disposal (INE). The samples were prepared by solving the ligands and
complexes in ethanol and drying ∼2 µL of the solutions on Al foil.

3.2.3. N K edge general considerations

Figure 3.7 shows N K edge spectra of [Ho(n-Pr-BTP)3](NO3)3 measured in
PEY, total electron yield (TEY) and fluorescence mode. PEY detection
measures electrons emitted from the sample and discriminates between photo
and Auger electrons. This method is surface sensitive up to a depth of tens
of nm. TEY detection measures all emitted electrons by counting the current
necessary to neutralize the sample. Both electron detection methods are
susceptible to charge build-up in non-conducting samples like n-Pr-BTP
and its complexes. They also are not element selective, which is especially
problematic for N K edge spectra in the presence of C due to a large non-linear
background from the C K edge. Thus, fluorescence detection is generally
preferred for materials for N K edge investigations in the presence of C, even
though it has worse signal-to-noise ratio compared to the electron detection
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Figure 3.7.: N K edge spectra of [Ho(n-Pr-BTP)3](NO3)3 measured in
different detection modes.

methods due to the lower fluorescence probability in the soft X-ray range. At
the UE52-PGM beamline however, the fluorescence detector was not working
reliably during the beamtime, so PEY has been used.

Figure 3.8 shows N K edge spectra of n-Pr-BTP measured at the UE52-PGM
beamline at BESSY and at the WERA-Beamline at ANKA. Both spectra
have a similar signal-to-noise ratio. The spectrum collected at the UE52-PGM
beamline is shifted to higher energies compared to the spectrum collected
at the WERA-Beamline, because at the UE52-PGM beamline no reference
spectra could be collected to calibrate the energy scale. In both spectra the
FWHM is ∼1 eV indicating a similar resolution of both beamlines.
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Figure 3.8.: N K edge spectra of n-Pr-BTP measured at the UE52-PGM
beamline at BESSY and at the WERA-Beamline at ANKA.

During the measurements at BESSY II, changes of pre-edge features are ob-
served after irradiation of the samples (figure 3.9). Feature A loses intensity
while the intensity of feature B is increased. These effects are attributed
to radiation damage, i.e. ionization and breaking of bonds by the incident
X-ray beam, and were not observed at the WERA-Beamline (ANKA) due
to the lower photon flux impinging on the sample. Figure 3.10a shows
an N K edge spectrum of Ho(NO3)3 compared to [Ho(n-Pr-BTP)3](NO3)3.
The main intensity of the Ho(NO3)3 spectrum lies at higher energies than
the [Ho(n-Pr-BTP)3](NO3)3 pre-edge, which is barely influenced. This is
confirmed by direct comparison between NO−3 containing and NO−3 free
([Ho(n-Pr-BTP)3](NO3)3 and [Ho(n-Pr-BTP)3](ClO4)3) complexes, see fig-
ure 3.10b.
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Figure 3.9.: The effects of radiation damage in [Ho(n-Pr-BTP)3](ClO4)3 N
K edge spectra after irradiation of the samples.
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Figure 3.10.: The contribution of NO−3 to [Ln(n-Pr-BTP)3](NO3)3 N K
edge spectra.
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3.2.4. APS

Non-resonant inelastic x-ray scattering (NRIXS) experiments were performed
at the 20-ID beamline at the Advanced Photon Source (APS) using the Lower
Energy Resolution Inelastic X-ray scattering (LERIX) spectrometer ([138], fig-
ure 3.11). O K edge NRIXS spectra of water and isopropanol and N K edge
NRIXS spectra of crystalline n-Pr-BTP pressed into a pellet and n-Pr-BTP
solved in isopropanol (30 mmol L−1) were measured with the analyzer energy
set at 9890 eV (Si(555), θ = 88.27°)/7912 eV (used for n-Pr-BTP in solution,
Si(444), θ = 88.27°). The incident photon flux was 2× 1012 photons/s for
the 9890 eV setup and 5× 1012 photons/s for the 7912 eV setup using a DCM
with Si(311) and Si(111) crystals, respectively. The overall experimental
energy resolution was 1.3 eV estimated by measuring the FWHM of the
elastically scattered radiation. The liquid samples were measured using a
flow-through cell developed in cooperation with Diamond Materials GmbH
(Freiburg, Germany). (figure 3.12). The cell has a diamond window with
thickness of 50 µm and was set at 45° or 30° with respect to the incident

Figure 3.11.: LERIX spectrometer at the 20-ID beamline at the APS.
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Figure 3.12.: Constant-liquid-flow cell for NRIXS measurements.

beam inside a He filled chamber. A peristaltic pump set to a flow rate of
5 mL min−1 was used to pump the liquids. For the crystalline sample, 18
detectors were employed. Due to the cell blocking part of the scattered energy
only 15 detectors (cell at 30°) or 12 detectors (cell at 45°) out of 18 detectors
could be used for liquid measurements.
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Figure 3.13.: NRIXS spectrometer at the ID20 beamline at the ESRF.

3.2.5. ESRF

NRIXS experiments were performed at the ID20 beamline at the ESRF using a
spectrometer with 72 analyzer crystals (figure 3.13). N K edge NRIXS spectra
of crystalline n-Pr-BTP and n-Pr-BTP solved in isopropanol (30 mmol L−1)
were measured with the analyzer energy set at 9690 eV (Si(660), θ = 88.5°).
The incident photon flux was ∼1014 photons/s. The cell and pump setup was
the same as described in section 3.2.4 with the cell set at 45° to the incident
beam. Due to the cell blocking part of the scattered X-rays only 24 detectors
could be used for liquid measurements. The crystalline n-Pr-BTP powder
was pressed into a depression in an Al plate set at 30° to the incident beam.
This allowed the use of 48 crystals.

3.2.6. ALS

N K edge spectra of [Am(n-Pr-BTP)3](OTf)3 have been measured using
scanning transmission X-ray microscopy (STXM) at beamline 11.0.2 at the
Advanced Light Source (ALS), Berkeley.
1 µL of 30 mmol L−1 Am(n-Pr-BTP)3(OTf)3 solution was dried on a 100 nm
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Figure 3.14.: Optical microscopy image and STXM image (inset) of
[Am(n-Pr-BTP)3](OTf)3.

thick Si3N4 window. A second window was glued on top to provide con-
tainment. Optical microscopy (figure 3.14) showed that columnar crystals
with a length up to ∼100 µm have grown on the Si3N4 window. XANES
spectra were extracted from stacks of STXM images using the aXis2000
software [139, 140]. Even though the sample was prepared under Ar and the
measurement took place in a He atmosphere, an additional peak was visible
in the edge attributed to N2 gas. The removal of this artifact resulted in a
different intensity ratio between pre-edge and WL, but no changes in peak
position were observed.
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3.3. An/Ln L3 edge

3.3.1. HASYLAB

HR-XANES spectra at the Gd L3 edge (7243 eV) were collected at the W1
beamline at the Hamburger Synchrotronlabor (HASYLAB). Incident X-rays
were tuned to energies from 40 eV below to 70 eV above the Gd L3 edge
(7243 eV). The X-rays emitted from the sample were energy analyzed by a
Johann spectrometer in dispersive geometry [141] and were detected by a CCD
camera. The Lα1 emission line (6053.4 eV) was diffracted and focused by one
spherically bent Si(333) crystal with a 1 m radius of curvature at a Bragg angle
θ = 78.4°. Samples were prepared by drying 10 µL isopropanol solutions of
Gd(NO3)3 (2 mmol L−1) and [Gd(n-Pr-BTP)3](NO3)3 (2 mmol L−1 Gd(NO3)3,
10 mmol L−1 n-Pr-BTP) on plastic holders.

3.3.2. ANKA

Pu and Am L3 edge HR-XANES spectra have been collected at the INE-
Beamline [132] at ANKA. The X-rays emitted from the sample were energy
analyzed by the MAC-Spectrometer described in section 2.4 and detected by
a Vortex silicon drift detector [135]. The Lα1 emission lines of Pu (14 282 eV)
and Am (14 620 eV) were diffracted and focused by five spherically bent
Si(777) crystal with a 1 m radius of curvature at Bragg angle 75.7° and 71.2°,
respectively. The samples were measured in solution. Details of the sample
composition are shown in table 3.1.

3.3.3. ESRF

Powder samples of Ln(OTf)3 and [Ln(n-Pr-BTP)3](OTf)3 (Ln = La, Ce, Pr,
Sm, Eu, Gd or Lu) were measured as pellets by mixing and pressing 2 mg com-
pound with 20 mg cellulose. Solutions of Ln(OTf)3 and [Ln(n-Pr-BTP)3](OTf)3
(Ln = Pr, Gd, Ho or Yb) in isopropanol (∼5 mM/L) were measured using
the flow cell that was also used for the NRIXS experiments (see section 3.2.4)
to prove the feasibility of constant flow experiments with partitioning ligands
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Table 3.1.: Sample composition for An HR-XANES measurements.
Sample Composition Solvent Volume

Pu(NO3)3 2 mM Pu, 0.4 M HNO3 200 µL
0.01 M Rongalite

[Pu(n-Pr-BTP)3(NO3)3] 1.5 mM Pu, kerosene: 200 µL
0.01 M Rongalite, octanol (7:3)
40 mM n-Pr-BTP

Am(NO3)3 8 mM Am isopropanol 200 µL
[Am(n-Pr-BTP)3(NO3)3] 8 mM Am, isopropanol 200 µL

24 mM n-Pr-BTP

Table 3.2.: The crystals and Bragg angles θ used for Ln L3 edge HR-XANES.
Ln Emission line Em. energy [eV] Crystal Num. of crystals θ[°]
La Lα1 4647 Si(400) 1 79.28
Ce Lα1 4839.2 Ge(331) 1 80.76
Pr Lα1 5035.2 Ge(331) 1 71.55
Sm Lα1 5632.6 Si(422) 1 83.12
Eu Lα1 5849.5 Ge(333) 1 76.75
Gd Lα1 6053.4 Ge(333) 1 70.15
Lu Lα1 7655 Ge(444) 1 82.63

and to investigate possible differences between solid and solved complexes.
With a flow rate of ∼5 ml L−1 no radiation damage was observed.

HR-XANES spectra and RIXS maps at Ln L3 edges were collected at the
ID26-Beamline at the ESRF, Grenoble. The X-rays emitted from the sample
were energy analyzed by a Johann spectrometer in scanning geometry [142]
and detected by an avalanche photodiode (APD). The Lα1 or Lβ2 emission
lines of different Lns were diffracted and focused by spherically bent crystals
with a 1 m radius of curvature at the corresponding Bragg angle θ (tables 3.2
and 3.3).
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Table 3.3.: The crystals and Bragg angles θ used for Ln L3 edge HR-XANES
in solution.
Ln Emission line Em. energy [eV] Crystal Num. of crystals θ[°]
Pr Lα1 5033 Ge(331) 5 71.62
Gd Lα1 6057.5 Si(333) 5 78.28
Gd Lβ2 7101.6 Ge(620) 5 77.39
Ho Lα1 6719 Si(440) 5 73.95
Yb Lα1 7414.8 Ge(620) 5 69.17

3.3.4. An/Ln L3 edge general considerations

In this section possible systematic effects on An/Ln L3 edge spectra are
discussed, in particular radiation damage, experimental and core-hole lifetime
broadenings and the differences between the crystalline samples and the
samples in solution.

At the ID26-Beamline, radiation damage in static solution samples could be
observed by discoloration of the sample. When using the flow cell described
in section 3.2.4 no discoloration was visible.

[Pr(n-Pr-BTP)3](OTf)3 spectra of samples in solution and crystallized (fig-
ure 3.15) show intensity differences in the WL and post-edge region that
can be attributed to self-absorption effects in the crystalline sample, i.e. the
dampening of features due the absorption of emitted fluorescence in concen-
trated samples. The post-edge features of the spectrum of the solved sample
are slightly broader indicating the higher disorder in a non-crystalline sample.
There are however no shifts between the spectra allowing the direct compari-
son between crystalline samples and samples in solution. This was confirmed
by EXAFS analysis of [Eu(n-Pr-BTP)3](OTf)3, [Ho(n-Pr-BTP)3](OTf)3 and
[Pu(n-Pr-BTP)3](OTf)3 samples both crystalline and in solution. The EXAFS
spectra have been collected at the INE-Beamline [132] at ANKA. The k2

weighted EXAFS and Fourier transformed data of [Eu(n-Pr-BTP)3](OTf)3
are shown in figure 3.16, of [Ho(n-Pr-BTP)3](OTf)3 in figure 3.17 and of
[Pu(n-Pr-BTP)3](OTf)3 in figure 3.18. The results are summarized in ta-
bles 3.4 and 3.5, tables 3.6 and 3.7 and tables 3.8 and 3.9, respectively. The
An/Ln–N distance in the first shell is in all cases shorter than reported in
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Figure 3.15.: Comparison of L3 edge HR-XANES spectra of
[Pr(n-Pr-BTP)3](OTf)3 in crystalline form and in solution.

literature [17, 49]. For [Eu(n-Pr-BTP)3](OTf)3 and [Ho(n-Pr-BTP)3](OTf)3
the coordination numbers fit well to the expected 1:3 complex.
For [Pu(n-Pr-BTP)3](OTf)3 the coordination numbers of the first two shells
are smaller and of the last two shells larger than expected. Additionally the
Debye-Waller factor σ2 is larger, which indicates larger disorder in the system.
There was, however, not enough material for further investigations, e.g. with
X-ray diffraction (XRD). For all compounds, the EXAFS parameters are
similar or identical for crystalline samples or samples in solution.
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Figure 3.16.: k2 weighted L3 edge EXAFS (left) of [Eu(n-Pr-BTP)3](OTf)3
in solution (top) and crystalline (bottom) and their corresponding Fourier
transform data (right).
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Table 3.4.: Parameters of EXAFS fit of [Eu(n-Pr-BTP)3](OTf)3 in solution.
shell N R[Å] σ2[Å2] ∆E[eV] S2

0 r factor
N 9.2(4) 2.51(1) 0.006(2) 4.5(4) 1.0(1) 0.0034

C/N 18(2) 3.37(1) 0.008(2) 4.5(4) 1.0(1) 0.0034
C/N 19(5) 4.84(4) 0.012(6) 4.5(4) 1.0(1) 0.0034
C 9(2) 5.18(3) 0.002(4) 4.5(4) 1.0(1) 0.0034

Table 3.5.: Parameters of EXAFS fit of crystalline [Eu(n-Pr-BTP)3](OTf)3.
shell N R[Å] σ2[Å2] ∆E[eV] S2

0 r factor
N 9.1(3) 2.497(8) 0.006(1) 5.4(7) 0.98(8) 0.002

C/N 18(1) 3.37(1) 0.011(2) 5.4(7) 0.98(8) 0.002
C/N 19(6) 4.84(4) 0.016(6) 5.4(7) 0.98(8) 0.002
C 9(3) 5.19(3) 0.004(4) 5.4(7) 0.98(8) 0.002

Table 3.6.: Parameters of EXAFS fit of [Ho(n-Pr-BTP)3](OTf)3 in solution.
shell N R[Å] σ2[Å2] ∆E[eV] S2

0 r factor
N 8.9(3) 2.49(1) 0.007(2) 4.4(8) 1.09(11) 0.0017

C/N 18(1) 3.35(1) 0.009(2) 4.4(8) 1.09(11) 0.0017
C/N 18(3) 4.82(4) 0.010(6) 4.4(8) 1.09(11) 0.0017
C 9(2) 5.15(3) 0.007(7) 4.4(8) 1.09(11) 0.0017

Table 3.7.: Parameters of EXAFS fit of crystalline [Ho(n-Pr-BTP)3](OTf)3.
shell N R[Å] σ2[Å2] ∆E[eV] S2

0 r factor
N 9.0(3) 2.48(1) 0.007(2) 4.05(87) 1.06(12) 0.0021

C/N 18(1) 3.34(1) 0.009(2) 4.05(87) 1.06(12) 0.0021
C/N 18(3) 4.81(4) 0.010(7) 4.05(87) 1.06(12) 0.0021
C 9(2) 5.14(4) 0.003(5) 4.05(87) 1.06(12) 0.0021
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Figure 3.17.: k2 weighted L3 edge EXAFS (left) of [Ho(n-Pr-BTP)3](OTf)3
in solution (top) and crystalline (bottom) and their corresponding Fourier
transform data (right).



50 3 | Experiment

2 4 6 8
−1

0

1

2

3

k
[
Å−1

]

χ
(k

)∗
k2

[Pu (n-Pr-BTP)3] (OTf)3 exp.
Fourier filtered data
fit

(a)

0 2 4 6
´0.4

´0.2

0

0.2

0.4

0.6

0.8

R´∆
“
Å

‰
FT

ˇ̌ χ
pk
q˚

k2ˇ̌

exp. data
imaginary
Ĳ fit

(b)

2 4 6 8
−1

0

1

2

3

k
[
Å−1

]

χ
(k

)∗
k2

[Pu (n-Pr-BTP)3] (OTf)3 exp.
Fourier filtered data
fit

(c)

0 2 4 6

´0.5

0

0.5

1

R´∆
“
Å

‰

FT
ˇ̌ χ
pk
q˚

k2ˇ̌

exp. data
imaginary
Ĳ fit

(d)

Figure 3.18.: k2 weighted L3 edge EXAFS (left) of [Pu(n-Pr-BTP)3](OTf)3
in solution (top) and crystalline (bottom) and their corresponding Fourier
transform data (right).
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Table 3.8.: Parameters of EXAFS fit of [Pu(n-Pr-BTP)3](OTf)3 in solution.
shell N R[Å] σ2[Å2] ∆E[eV] S2

0 r factor
N 7(0.9) 2.53(1) 0.01(0.2) 5.2 (7) 1 0.0099

C/N 14(1.8) 3.41(1) 0.01(0.2) 5.2(7) 1 0.0099
C/N 23(6) 4.83(2) 0.01(0.2) 5.2(7) 1 0.0099
C 19(8) 5.17(4) 0.01(0.2) 5.2(7) 1 0.0099

Table 3.9.: Parameters of EXAFS fit of crystalline [Pu(n-Pr-BTP)3](OTf)3.
shell N R[Å] σ2[Å2] ∆E[eV] S2

0 r factor
N 7(0.7) 2.53(0.8) 0.0086(14) 5.8(6) 1 0.0093

C/N 13(1.4) 3.4(0.8) 0.0086(14) 5.8(6) 1 0.0093
C/N 20 (4.3) 4.84 (2) 0.0086(14) 5.8(6) 1 0.0093
C 16(6) 5.17(3) 0.0086(14) 5.8(6) 1 0.0093

Table 3.10 shows an overview of the total broadening ΓTOT of the L3 edge
HR-XANES spectra used in this work and the core-hole lifetime and experi-
mental broadenings contributing to ΓTOT . The intermediate (ΓINT ) and final
(ΓFIN ) state core-hole lifetime broadenings are taken from FEFF9.6 [143, 144].
EINC is the broadening of the incident energy and is calculated with ∆E/E =
3∗10−5 for Lns measured at the ID26-Beamline and with ∆E/E = 2∗10−4 for
Ans measured at the INE-Beamline. The spectrometer broadening EEM was
calculated using the RT4XES (Ray Tracing for X-ray Emission Spectrometers)
software [119]. The calculations are described in detail in section 2.2. The
experimental broadening is determined by measuring the FWHM of the elastic
peak and is larger than ETOT , due to crystal imperfections, misalignment of
the spectrometer etc. (see also section 2.4).



52
3
|Experim

ent

Table 3.10.: The emission line, emission energy, crystal and angle θ at which the HR-XANES spectra were measured.
ΓINT and ΓFIN are the intermediate and final state core-hole lifetime broadening (taken from FEFF9.6 ) and ΓAPP is
the resulting spectral broadening. EINC and EEM are the beamline and spectrometer broadening and ETOT is the total
theoretical experimental broadening. ΓTOT is the combined spectral and experimental broadening. For details of the
calculation see section 2.2. EINC for Ln is calculated with ∆E/E = 3 ∗ 10−5 and for An with ∆E/E = 2 ∗ 10−4.
Ln/An Emission Emission Crystal θ[°] ΓINT ΓFIN ΓAPP EINC EEM ETOT ΓTOT experimental

line energy [eV] broadening
La Lα1 4647 Si(400) 79.28 3.160 0.820 0.794 0.164 0.102 0.194 0.841
Ce Lα1 4839.2 Ge(331) 80.76 3.270 0.870 0.841 0.172 0.079 0.189 0.884
Pr Lα1 5035.2 Ge(331) 71.55 3.381 0.916 0.884 0.179 0.347 0.390 1.027
Pr Lα1 5033 Ge(331) 71.62 3.381 0.916 0.884 0.179 0.344 0.388 1.026 1.1
Sm Lα1 5632.6 Si(422) 83.12 3.655 1.069 1.026 0.201 0.050 0.208 1.070
Eu Lα1 5849.5 Ge(333) 76.75 3.735 1.126 1.078 0.209 0.200 0.289 1.151
Gd Lα1 6053.4 Ge(333) 70.15 3.817 1.185 1.132 0.217 0.481 0.528 1.324
Gd Lα1 6057.5 Si(333) 78.28 3.817 1.185 1.132 0.217 0.160 0.270 1.195 0.8
Gd Lβ2 7101.6 Ge(620) 77.39 3.817 2.010 1.778 0.217 0.219 0.308 1.824 1.2
Ho Lα1 6719 Si(440) 73.95 4.074 1.383 1.310 0.242 0.343 0.420 1.427 1.2
Yb Lα1 7414.8 Ge(620) 69.17 4.347 1.615 1.514 0.268 0.655 0.707 1.755 2.1
Lu Lα1 7655 Ge(444) 82.63 4.443 1.700 1.588 0.277 0.078 0.288 1.642
Pu Lα1 14282 Si(777) 75.7 8.671 4.143 3.739 3.61 0.572 3.656 6.53
Am Lα1 14620 Si(777) 71.2 8.970 4.286 3.867 3.7 1.049 3.847 6.323
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The experimental resolution for An L3 edges could not be measured at the INE-
Beamline due to the large difference between absorption edge and emission line
energies (∼4 keV). For the Pu M5 edge an experimental broadening of 1.34 eV
and a theoretical experimental broadening ETOT = 0.769 eV have been found
showing a similar difference between theoretical and real broadening compared
the Ln L3 edge broadenings measured at the ID26-Beamline. Therefore, it
can be assumed that the two spectrometers have a similar resolution.

3.4. Modeling and Calculation

3.4.1. Modeling

The N K edge spectra were modeled with an arctangent function for the
edge step and pseudo-Voigt (PV) [f(x) = αGaussian+ (1− α)Lorentzian]
functions for all other features using the Fityk software [145]. The shape
parameter α of the PV functions, i.e. the mixing of Lorentzian and Gaussian
functions, was set to 0.5 to account for both experimental and core-hole
lifetime broadening effects.

3.4.2. Structure optimization

Ln(H-BTP)3 and An(H-BTP)3 structures were optimized imposing the
D3 point group at the DFT-level with the BP86 functional [146, 147]
employing the resolution-of-the-identity (RI) routines as implemented in
TURBOMOLE [148]. Def2-TZVP basis sets [149] were used for the light
elements whereas the def-TZVP basis sets [150] and small-core Stuttgart-PP
were taken for the f -elements. Structures optimized in this way are denoted
structure 1 throughout this work. H-BTP is used as an approximation for
n-Pr-BTP as it has been proved that the substituants on the triazine rings
hardly affect the complex structure [42, 44, 151]. The average metal-ligand
bond lengths for the calculated structures are shown in table 3.11 and com-
pared to EXAFS bond lengths from literature. The calculated values are
overestimated, but follow a similar trend like the experimental values.
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Table 3.11.: Ln/An–ligand bond length R. Calculated values are
for Ln/An(H-BTP)3, EXAFS bond length as found in literature for
Ln/An(n-Pr-BTP)3 with estimated uncertainties.

Ln/An av. calc. R[pm] EXAFS R[pm]
La 271 —
Ce 270 261(8) [44]
Pr 268 —
Nd 266 —
Pm 265 —
Sm 263 260(2) [49]
Eu 262 256(0.8) [44]
Gd 261 255(0.7) [45]
Tb 260 —
Dy 258 256(2) [49]
Ho 257 256(2) [49]
Er 256 —
Tm 255 254(2) [45]
Yb 254 —
Lu 253 —
Pu 261 256(1) [50]
Am 260 256(0.5) [45]

Ln(OTf)3 structures were optimized in the C3h point group at the DFT level
with the BP86 functional [146, 147] employing the RI routines as implemented
in TURBOMOLE [148]. Def2-TZVP basis sets [149] were used for the light
elements whereas ECPnMWB-II [152, 153] basis sets were used for the Lns.
Bond lengths for this compounds are also overestimated, but reproduce
experimental results well [154].

Additionally Gd(H-BTP)3 structures in gas and aqueous phase (called struc-
ture 2 and structure 3, respectively) have been calculated. The structures
were optimized on the DFT level in C1 symmetry using a SVP basis set and
the BH-LYP functional [155]. For the aqueous phase the structure has been
solvated with COSMO-RS [156].
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3.4.3. N K edge

Time dependent density functional theory (TD-DFT) calculations of the N K
edge of H-BTP were performed using: the ORCA package [157] with cc-pVDZ
basis sets [158], BP86 functional [146, 147] and TightSCF approximation;
the TURBOMOLE package [148] with second order Algebraic Diagrammatic
Construction (ADC(2)) [159, 160]; the Amsterdam Density Functional (ADF)
package [161–163] with DZP basis sets, BP86 functional [146, 147] and
scalar-relativistic ZORA [164–167]. The theoretically calculated electronic
transitions are broadened by 0.5 eV to account for experimental and core-hole
lifetime broadening effects and thereby achieve closer agreement with the
experiment. The energy scale of the calculated spectra are shifted to resemble
the experimental spectra.

La(H-BTP)3 and Ac(H-BTP)3 were calculated using the ADF package [161–163]
with the same parameters as the ligand. Ground state molecular orbitals
(MOs) from the same calculations were plotted with the relative contributions
from atomic orbitals.

3.4.4. An/Ln L3 edge

3.4.4.1. Comparison of methods

To compare different codes and methods the spectrum of [Eu(n-Pr-BTP)3](OTf)3
was calculated with FEFF9.6 [143, 144] and FDMNES [168]. The struc-
tural data of [Eu(n-Pr-BTP)3](OTf)3 was taken from unpublished XRD data.
With FEFF, the self-consistent field (SCF) was calculated for a cluster of 28
atoms and the full multiple scattering (FMS) for a cluster of 46 atoms. A
Hedin-Lundqvist type exchange correlation potential was used. FDMNES
FMS and full potential (FP) calculation were performed on a cluster of 28
atoms. In all calculations quadrupole transitions were taken into account.
The input files are shown in appendix A.1.
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3.4.4.2. Comparison of structures

To compare different structure optimizations the experimental spectrum of
[Gd(n-Pr-BTP)3](OTf)3 was compared to FDMNES FMS spectra calculated
from Gd(H-BTP)3 optimized in the different ways described in section 3.4.2,
i.e. optimization with D3 symmetry, with C1 symmetry and with C1 symmetry
and solvation shell.

3.4.4.3. FEFF – XANES pre-edge

The [Gd(n-Pr-BTP)3](OTf)3 spectrum and the f and d angular momentum
projected density of states (f -, d-DOS) were calculated using the ab initio
multiple-scattering theory based FEFF9.5 code [143, 144]. The SCF and
FMS calculations were performed on a cluster of 152 atoms corresponding
to one [Gd(n-Pr-BTP)3](OTf)3 molecule. A Hedin-Lundqvist type exchange
correlation potential was used. The f -DOS was calculated self-consistently
by using the UNFREEZEF card. The Fermi level was set to 3 eV below the
calculated value of −9.6 eV in order to reproduce the pre-edge structure in
the spectrum. To reach convergence, the core-hole type was set to random
phase approximation (RPA card) and the core-hole potential was calculated
for a cluster of 47 atoms (SCREEN card). The input file can be found in
appendix A.2

3.4.4.4. FEFF – EXAFS trends

Spectra of La(H-BTP) and Ln(H-BTP) with different optimized Ln(H-BTP)
structures (see section 3.4.2) and Ln(H-BTP) with La(H-BTP) structure were
calculated using the FEFF9.6 code [143, 144] for all Ln. A Hedin-Lundqvist
type exchange correlation potential was used. The SCF calculations were
performed on a cluster of 19 atoms corresponding to one Ln(H-BTP) molecule.
The EXAFS was calculated up to k = 20Å−1 and MS paths with an effective
length up to 5Å were included. An example of an input file is shown in
appendix A.3.
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3.4.4.5. FDMNES – XANES trends

Spectra of La(H-BTP)3 and Ln(H-BTP)3 with different optimized Ln(H-BTP)3
structures (see section 3.4.2) and Ln(H-BTP)3 with La(H-BTP)3 structure
were calculated using the FDMNES code [168] for all Ln. The SCF and
multiple scattering calculations were performed on a cluster of 76 atoms
corresponding to one Ln(H-BTP)3 molecule. Spin-orbit interactions and
quadrupole transitions were allowed. The step-size in the calculations was set
to 0.1 eV to be able to correctly calculate the localized 4f states. For convo-
lution of the spectra core-hole and final state broadening were set to 1 eV to
make sure all experimentally observed features are resolved in the calculation.
Like the experimental spectra, the calculated spectra are aligned on the
maximum of the WL. An example of an input file is shown in appendix A.4.
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4.1. N K edge

In this chapter the electronic structure of the An/Ln partitioning complexes is
discussed from the ligand ’point-of-view’ using the N K edge XANES technique.
The main focus is on the pre-edge region of the [Ln/An(n-Pr-BTP)3](OTf)3
N K edge XANES spectra. Experimental trends are compared to extraction
behavior of the n-Pr-BTP molecule. Insights on the electronic structure
are gained by correlating experimental observations with results from TD-
DFT calculations. The spectra of the n-Pr-BTP and other ligands with
variable extracting properties are compared. The results from a NRIXS
feasibility study are discussed. This method is an advanced tool for XANES
investigations of low Z elements like for example N and C in materials in a
liquid phase.

4.1.1. General description of the spectrum

Figure 4.1 depicts a simplified MO scheme of Ln/An bound to one N atom
and the excitations relevant for XAS at the N K edge. When the energy of
the incident photons is close to the binding energy of the N 1s electrons the N
1s electrons are excited to the lowest unoccupied molecular orbital (LUMO).
In this case, it is an antibonding, unoccupied π∗ MO with predominant N 2p
content mixed with Ln/An 5d/6d and/or 4f/5f based atomic orbitals [65].
These transitions are described by a pre-edge in the N K edge XAS spectrum
(see figure 4.2, A). The π∗ MO is localized below the ionization potential
due to the relaxation shift of the 1s orbital in the excited state to smaller
binding energies and the downward shift of outer orbitals due to the increased
attractive Coulomb potential created by the core-hole [169]. The lifetime
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Figure 4.1.: Simplified MO scheme of An/Ln bound to N and the excita-
tions generating the pre-edge (red), WL (blue) and EXAFS (green) features
observed in N K edge spectra.

broadening for the N 1s core-hole is very small (∼0.1 eV) leading to a sharp,
energy resolved π∗ absorption resonance. Due to the four nonequivalent N
atoms in the molecule having slight differences (∼0.3 eV) in the 1s binding
energies and electronic densities in their vicinity the pre-edge describes
a superposition of at least four different spectra with characteristic energy
positions and shapes. Hence, in figure 4.2 the π∗ resonance has an asymmetric
shape (see also section 4.1.2). Due to dipole selection rules (∆l = ±1), the
oscillatory strength for 1s→ π∗ transitions depends on the N 2p contribution
in the MOs and can be relatively measured by determining the area of the
peaks. Mixing of metal 4f/5f and/or 5d/6d with N 2p valence electronic
states can also lead to new MOs and energy shifts. A change of the pre-edge
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Figure 4.2.: Pre-edge A and WL B of the N K edge XANES of n-Pr-BTP.
The energy position of the ionization potential is marked by a line.

area indicates changed orbital mixing and thereby can be related to variations
in the covalency of the chemical bond [82, 84, 85, 170–172]. For example,
reduction of the pre-edge area means less N 2p content in the probed MOs.

The 1s ionization potential for N in the n-Pr-BTP ligand is at 399.80 eV as
measured by X-ray photoelectron spectroscopy (XPS). However, an error of
0.15 eV has to be assumed due to charge-up effects in the material that is
especially noticeable in N 1s spectra [173].

The pre-edge of the spectra of the [An/Ln(n-Pr-BTP)3](OTf)3 compounds as
well as the n-Pr-BTP ligand consists of a main peak (see figure 4.6, 2) and a
shoulder (1) on the low energy side. As discussed above these features arise
from excitations of N 1s electrons to π∗ MOs. An additional peak (3) between
pre-edge and edge appears in some of the spectra. Multi-electron effects (i.e.
the excited electron excites other electrons) and Rydberg resonances can
also lead to additional features in the region above the sharp pre-edge peak
(e.g. [174–177]). The main absorption (WL; see figure 4.2, B) arises from
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excitations of N 1s electrons to σ∗ MOs. The energy position of σ∗ is sensitive
to the internuclear distances [178–182] and the molecular potential [177].
However, evaluation of the energy position, width, intensity and area of
the σ∗ resonance can provide unreliable results as it overlaps with multiple
scattering resonances originating from elastic scattering of the photon electron
from the atoms surrounding the N atoms (EXAFS part of the spectrum).
Additionally, σ∗ resonances are asymmetrically broadened by the vibrational
motion of atoms in the molecule [183].

This work concentrates on the pre-edge regions of the N K edge XAS spectra,
which are well separated from the main transitions and therefore can be
carefully evaluated. Figures 4.3 and 4.4 depict the contributions of the N p,
C p and La (figure 4.3)/Ac (figure 4.4) s, d and f atomic unoccupied orbital
constituents of the lowest group of unoccupied MOs of the La(H-BTP)3
and Ac(H-BTP)3 complexes. These MO Mulliken population analyses are
performed with the ADF code (see section 3.4.3 for details). The calculations
reveal that the pre-edges of the experimental spectra probe the group of
MOs around and below −11 eV, which consist mainly of N 2p and C 2p
atomic orbitals with small admixtures of metal 5d/6d and 6s/7s orbitals. For
La(H-BTP)3 La 4f orbitals also have minor contributions. It is apparent
that the N K-edge XANES pre-edge region is more sensitive to the level
of mixing of 4f Ln than 5f An with ligand valence orbitals. The MOs
containing mainly f type atomic orbitals are in the range from −10 eV to
−9.5 eV for La(H-BTP)3 and between −7 eV and −6 eV for Ac(H-BTP)3 due
to the more localized character of the Ln 4f orbitals compared to the An 5f
orbitals. The Ln 4f based orbitals likely do not match in energy with N/C
valence orbitals therefore they do not mix with them [74, 85]. Due to large
broadening effects dominating the spectrum in the post edge region the N K
edge XANES method does not allow to study in details the energy region at
about −6 eV where the An 5f and 6d strongly mix with ligand orbitals as
demonstrated by the calculations. The population analyses strongly suggest
that the An–ligand bond has stronger covalent character compared to the
Ln–ligand bond due to larger mixing of An 5f with ligand valence orbitals.
These quantum chemical results can be compared only in a qualitative manner
to the experimental data since they do not account for the relaxation effects
caused by the core-hole in the N atom. Such calculations have been carried
on and are discussed in section 4.1.3 below. The population analyses for
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La/Ac(H-BTP)3 can only be used as an approximation for the Ln/An series,
since partially filled 4f/5f orbitals lead to variations in the energies of the
MOs.
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Figure 4.3.: Unoccupied MOs of La(H-BTP)3 with N 2p, C 2p, La 6s, La
7s, La 5d and La 4f contributions.
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Figure 4.4.: Unoccupied MOs of Ac(H-BTP)3 with N 2p, C 2p, Ac 7s, Ac
6d and Ac 5f contributions.
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4.1.2. Comparison of [An/Ln(n-Pr-BTP)3](OTf)3 spectra

In extraction experiments (e.g. [17, 22, 49]) it was shown that n-Pr-BTP
has a higher bonding affinity to An compared to Ln, but also a trend of
the n-Pr-BTP bonding affinity to Ln as a function of the Ln Z number was
demonstrated (see figure 4.5). Since increased ionicity of the metal–ligand
bond has been suggested for Ln compared to An [49, 53] it is expected that
the trends in selectivity are reflected in differences in the electronic structures
of the Ln and An compounds. This work attempts to probe these variations
by comparing N K-edge XANES spectra of the n-Pr-BTP ligand and Ln and
An complexes. In addition, spectra within the Ln series are evaluated.

Comparison between experimental spectra of the n-Pr-BTP ligand and differ-
ent [An/Ln(n-Pr-BTP)3](OTf)3 reveals a shift of about 0.15 eV of the main
pre-edge peak of the n-Pr-BTP spectrum to lower energies (figure 4.6). This
energy shift indicates lower electron density on some of the N atoms in the
complexes. The position of the rising edge of the pre-edge peak, defined as the
maximum of the first derivative, is partially dependent on the intensity of the

Figure 4.5.: Distribution ratios for lanthanide extraction to the organic
phase with a BTP ligand. Ln used in this work are marked in red. Taken
from [22].



66 4 | Results

395 396 397 398 399 400 401 402

0

5

10

15

20

[La (n-Pr-BTP)3] (OTf)3

[Pr (n-Pr-BTP)3] (OTf)3

[Gd (n-Pr-BTP)3] (OTf)3

[Ho (n-Pr-BTP)3] (OTf)3

[Yb (n-Pr-BTP)3] (OTf)3

[Lu (n-Pr-BTP)3] (OTf)3

[Am (n-Pr-BTP)3] (OTf)3

[Pu (n-Pr-BTP)3] (OTf)3

n-Pr-BTP

1
2

3

0.15 eV

excitation energy [eV]

in
te

ns
ity

[a
rb

.
un

its
]

Figure 4.6.: Comparison of the pre-edge features of different
[An/Ln(n-Pr-BTP)3](OTf)3 compounds. Spectra are vertically shifted for
clarity.

shoulder (1) of the pre-edge peak and peak 3 (discussed further below) and
therefore does not give reliable results. Differences in energy positions and
areas in the pre-edge range are quantified by modeling the spectra with three
PV functions (figure 4.7). Two PV functions (1, 2) are used in the pre-edge
region. The third PV function models the transition to the σ∗ resonance.

The peak positions (figure 4.8) and the distance between peaks 1 and 2
(figure 4.9a) of n-Pr-BTP complexed with OTf−, ClO−4 and NO−3 counter-ions
show similar behavior over a series of Ln and An. The peak positions for
the [Ln(n-Pr-BTP)3](NO3)3 and [Ln(n-Pr-BTP)3](ClO4)3 compounds tend
to be shifted to higher energies compared to the [Ln(n-Pr-BTP)3](OTf)3
compounds (figure 4.8). This effect is also observed for n-Pr-BTP and is an
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Figure 4.7.: An example of the pre-edge of N K edge XANES pre-peak
modeled with PV functions.
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Figure 4.8.: Peak positions of n-Pr-BTP and An/Ln(n-Pr-BTP)3 complexes
with different counter-ions. The colors of the n-Pr-BTP peak positions mark
the beamline at which they were measured.
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Figure 4.9.: Energy difference between peaks 1 and 2 as shown in figure 4.7
for different [Ln/An(n-Pr-BTP)3](OTf)3 complexes and n-Pr-BTP (a) and
areas of peaks 1 and 2 for n-Pr-BTP and [Ln/Pu(n-Pr-BTP)3](OTf)3 (b).

experimental artifact since [Ln(n-Pr-BTP)3](NO3)3, [Ln(n-Pr-BTP)3](ClO4)3
and the corresponding n-Pr-BTP sample were measured at a beamline with-
out an internal reference (for details of the beamlines, see sections 3.2.1
and 3.2.2). The results for the peak positions as well as the distance between
the peaks suggest a weak trend anti-correlated to the distribution coeffi-
cient for extraction of Ln from the aqueous to the organic phase reported
in the literature and shown in figure 4.5 [22]. The [Pu(n-Pr-BTP)3](OTf)3
spectrum depicts no differences in peak positions compared to the spectra
of the [Ln(n-Pr-BTP)3](OTf)3 complexes. In the [Am(n-Pr-BTP)3](OTf)3
spectrum the main peak shows no difference in peak position compared to
the spectra of the [Ln(n-Pr-BTP)3](OTf)3 complexes too, while the shoul-
der is shifted to a higher energy position. For the n-Pr-BTP spectrum
compared to the spectra of the complexes, the main pre-edge peak 2 is
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Figure 4.10.: [Pr(n-Pr-BTP)3](OTf)3 N K edge spectra from different mea-
surement campaigns.

shifted to lower energies, whereas the shoulder 1 has a similar energy po-
sition. The increased area of the peaks for [Pu(n-Pr-BTP)3](OTf)3 (fig-
ure 4.9b) indicates decreased mixing in the −11 eV molecular orbital energy
range between N p and Pu valence orbitals compared to the Ln(n-Pr-BTP)
complexes. This result agrees with the orbital population analyses dis-
cussed in section 4.1.1. Areas for [Am(n-Pr-BTP)3](OTf)3 are not shown
because the different background subtraction that was necessary for the
STXM data (see section 3.2.6) influenced the area of the pre-edge peak. For
[La(n-Pr-BTP)3](OTf)3, [Pr(n-Pr-BTP)3](OTf)3 and [Lu(n-Pr-BTP)3](OTf)3
the areas of peak 2 are lower than for the other compounds while the areas
of peak 1 are slightly higher. This effect correlates with the appearance of
peak 3 as seen in figure 4.6. However, repeated measurements at the same
beamline do not show peak 3 for these compounds. As an example the
spectra of [Pr(n-Pr-BTP)3](OTf)3 from two different measurement campaigns
are shown in figure 4.10. The peak does not change with time and appears at
∼400.5 eV while the radiation damage peak appears at ∼399.5 eV; therefore
it is unlikely to be caused by radiation damage (see section 3.2.3). The origin
of this peak has to be further investigated.
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4.1.3. Quantum chemical investigations of H-BTP and
An/Ln(H-BTP)3

To further analyze the experimental trends TD-DFT calculations of N K edge
XANES were performed. They allow distinguishing between the spectra of
the different N atoms. The theoretical N 1s spectra of H-BTP calculated with
different methods (TD-DFT, ADC(2)) and programs (ORCA, TURBOMOLE,
ADF) reproduce the number of peaks observed in the experimental spectra
(figure 4.11). H-BTP is used instead of n-Pr-BTP to reduce calculation time.
Analyses of the origin of the 1s electronic transitions marked with colored
sticks in figure 4.11 (blue for the pyridine N (N1), green for the bonding
triazine N (N3), red and purple for the N in the 1- (N4) and 4-position
(N2) of the triazine, respectively, compare also figure 4.12), allow to identify
the contributions of non-equivalent N atoms to the spectra. The transition
sequence is the same in all calculations, whereas absolute energy positions
and relative intensities are different. ADC(2) is a more accurate method than
TD-DFT and thus more computationally demanding, especially for large
molecules like the Ln/An(H-BTP)3 complexes. Therefore, it is used here
as a benchmark for the TD-DFT calculations, showing that TD-DFT can
reproduce the transition order of the transitions from different N atoms.
TD-DFT calculations of La(H-BTP)3 and Ac(H-BTP)3 complexes show a
different order of the transitions from different N atoms (figure 4.13). In
contrast to the H-BTP spectra the transitions associated with the bonding
N atoms shift to higher energies compared to the transition associated with
the non-bonding N atoms. This shift corresponds to a lower electron density
on the bonding N atoms in the complexes compared to the unbound ligand
as it is expected intuitively, i.e. electrons are "pulled" towards the bonding
partner. This effect can to some extend also be observed experimentally by a
shift to higher energy (compare e.g. figure 4.6).
The bonding N spectra of Ac(H-BTP)3 are shifted to lower energies and
have higher oscillatory strength compared to the corresponding spectra of
La(H-BTP)3. The energy shift might indicate higher covalency for the Ac–
ligand compared to the La–ligand bonding since more electronic density is
accumulated in the vicinity of the bonding N atoms for the La(H-BTP)3
complex. The higher oscillatory strength is caused by less mixing of p ligand
with An valence orbitals as discussed in section 4.1.2; see also the following
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Figure 4.11.: Calculations of H-BTP with different methods and programs.
Assignment of N according to figure 4.12.
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Figure 4.13.: Calculations of non-equivalent N in La(H-BTP)3 (solid lines)
and Ac(H-BTP)3 (dashed lines). Assignment of N according to figure 4.12.
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Figure 4.14.: N 2p contributions to the spectrum of La(H-BTP)3. Assign-
ment of N according to figure 4.12.

results and discussion. The scalar relativistic approximation used in these
calculations is only appropriate for closed shell systems like La and Ac.
For open shell systems, i.e. systems with partially filled f orbitals, it is
necessary to take into account the spin-orbit coupling (SO coupling) to obtain
reliable results. However, this was not possible for other than the closed shell
Ln/An(H-BTP)3 complexes with the used computational methods. Other
possible approaches not used in this work include a combination of TD-DFT
and linear response theory [184–186] and the combination of complete-active-
space self-consistent field (CASSCF) [187] and quantum theory of atoms in
molecules (QTAIM) [188] calculations that both have shown covalency effects
and f orbital contribution to bonding in various An and Ln compounds
(e.g. [82, 84, 85, 189–191] and references therein).

Figures 4.14 and 4.15 show for La(H-BTP)3 and Ac(H-BTP)3, respectively,
how much N 2p character is in MOs into which N 1s electrons are excited.
The transition probability is not taken into account, leading to energy shifts
compared to the calculated spectra for the non-equivalent N atoms. Fig-
ure 4.16 depicts the 4f contributions to the La(H-BTP)3 spectra. They are
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Figure 4.15.: N 2p contributions to the spectrum of Ac(H-BTP)3. Assign-
ment of N according to figure 4.12.

more than ten times smaller than the N 2p contributions. The shift of the
contributions compared to the spectra is smallest for the N atoms in the
2- and 4-position of triazine (N4 and N2 in figure 4.12). This might be a
symmetry effect, because these atoms have a similar angle relative to the
metal center. For the pyridine N atom, there are only excitations into MOs
with small 4f contribution, while for the N atom in the triazine 1-position
(N3 in figure 4.12) there are excitations into MOs with larger 4f contribution.
Due to the unlocalized character of Ac 5f orbitals there are no excitations
into 5f containing MOs in the N K edge pre-edge spectrum as it was also
discussed in section 4.1.1. The experimental results discussed in section 4.1.2
agree with the results obtained by the theoretical calculations.
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Figure 4.16.: La 4f contributions to the spectrum of La(H-BTP)3. Assign-
ment of N according to figure 4.12.

4.1.4. Comparison of N K edge spectra of ligands similar to
n-Pr-BTP

In addition to n-Pr-BTP other ligands have been studied to investigate the
effects of changes in ligand structure on the N K edge spectra. Figure 4.17
shows the pre-edge region of N K edge spectra of n-Pr-BTP, CA-BTP,
CyMe4-BTBP and Et-BDP. n-Pr-BTP, CA-BTP and CyMe4-BTBP exhibit
similar separation factors (SFAm/Eu > 100) [17, 19–21, 27] while Et-BDP
performs much worse (SFAm/Eu = 5) [36, 38]. The ligands with similar
structures, i.e. consisting of pyridine and triazine rings (see figure 4.18), show
spectra with similar shapes and energy positions of peaks. The spectra are
dominated by one peak with a shoulder on the low energy side. The pre-edges
have small energy shifts (∼0.1 eV) that could be related to a different charge
distribution in the ligands. The spectrum of Et-BDP has a different peak
shape due to the replacement of triazine with pyridazin. There is still a
feature on the low-energy side of the main peak, but it has much lower
intensity compared to the other spectra suggesting that the shoulder in the
other spectra is related to the N in the 4-position (N2 in figure 4.12) of the
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Figure 4.17.: N K edge spectra of n-Pr-BTP, CA-BTP, CyMe4-BTBP and
Et-BDP. Spectra are vertically shifted for clarity.

triazine ring which agrees with the results from the calculations described
in section 4.1.3. In all spectra, the excitations from the different N atoms are
close in energy, so they can not be resolved experimentally.
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Figure 4.18.: Schematic structures of n-Pr-BTP, Et-BDP, CyMe4-BTBP
and CA-BTP.
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Figure 4.19.: N K edge spectra of n-Pr-BTP and C5-BPP (a) and different
[Ln(C5-BPP)3](OTf)3 (b).

A comparison of the pre-edge of n-Pr-BTP and C5-BPP, which has a similar
extraction trend as n-Pr-BTP over a series of Ln but shifted to lower Z
numbers [192], shows significant differences (figure 4.19a), due to the exchange
of the 6 membered triazine with the 5 membered pyrazole (see figure 4.21.
While the pre-edge of n-Pr-BTP consists of one peak with a shoulder on
the low-energy side, the C5-BPP pre-edge has three clearly separated peaks.
The complex spectra shown in figure 4.19b show a shift to higher energies
of ∼0.25 eV for peak A, ∼0.17 eV for peak B and ∼0.13 eV for peak C,
indicating a lower electron density on the N atoms of the complexes similar
to the n-Pr-BTP compounds. Peaks A and B also exhibit a small shift
<0.1 eV to higher energies of the [Yb(C5-BPP)3](OTf)3 spectrum compared
to the [Pr(C5-BPP)3](OTf)3. Peak B has a slightly increased intensity in the
complex spectra compared to the ligand spectrum while the other peaks have
similar intensities in all spectra. This indicates increased N 2p contributions
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Figure 4.20.: TD-DFT calculations of N K edge XANES spectra for C5-BPP
(black) and for different N atoms in C5-BPP. Color assignment according
to figure 4.21.

to the MOs corresponding to B [189]. Between the complex spectra there are
also small differences for the intensities of A and B, i.e. A has higher intensity
for [Yb(C5-BPP)3](OTf)3, B has higher intensity for [Pr(C5-BPP)3](OTf)3.
However, the differences are too small to allow a conclusive interpretation.
The larger shifts of A and B and the larger intensity of B of the complex
spectra suggest that A and B are corresponding to the bonding N atoms.
TD-DFT calculations (figure 4.20) show that also for C5-BPP the pre-edge
peaks (A, B, C) consist of overlapping contributions from several N atoms
(blue for pyridine N, green for bonding pyrazole N, red for non-bonding
pyrazole N, see also figure 4.21). However, the calculation correlates to the
experiment as the peaks with mainly contributions from bonding N atoms
(A, B) show the largest shift between bound and free ligand experimental
spectra. This shows that the order of contributions from different N atoms is
also reproduced for C5-BPP. This method could be used to test before the
experiment if spectral difference can be expected.



4.1 | N K edge 79

NH
N

N

N
NH

Figure 4.21.: Color code for the different N in the BPP ligand.

4.1.5. NRIXS feasibility studies

The process of separation of An from Ln takes place in a liquid phase. How-
ever, the N K edge low photon energy (∼400 eV) requires ultra-high vacuum
investigations challenging for liquid samples. First XAS tests with a liquid,
constant flow, pump-through cell equipped with 150 nm SiC window [193] at
the ALS resulted in fast formation of X-ray induced radiolysis, i.e. radiation
damage, coloring the n-Pr-BTP liquid sample from light orange to dark brown
within 2 to 3 minutes. An alternative technique currently in development
for K-edge XANES investigations of low Z elements is NRIXS. An incident
beam with energies above 10 keV facilitates use of liquid sample cells and
double containments necessary for investigations of radioactive materials.
The high energy of the X-rays can penetrate through windows in the sample
cell made from material such as Kapton, which has high chemical and X-ray
stability and therefore is often used as window material. Disadvantages of the
technique are: 1) the low cross section of the process (∼0.13 cm2 g−1 inelastic
scattering cross section compared to ∼3× 104 cm2 g−1 photo-absorption cross
section [194]) requiring at least 3 at% concentration of N atoms in the sample
for 2× 1012 ph/s incident beam, 18 analyzer crystals, 2) the reduced experi-
mental energy resolution compared to a dedicated soft X-ray beamline leading
to broadening of the spectral features. Only a few NRIXS measurements of
highly concentrated liquid samples are reported in the literature [195–199].

At the 20-ID beamline at the APS the feasibility studies presented here were
the first measurements of liquids performed with the LERIX spectrometer
therefore they contributed to the development program of the beamline
to extend the range of possible samples. Figure 4.22a shows the O K edge
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Figure 4.22.: O K edge spectra of isopropanol (a) and water (b). N K edge
spectrum of n-Pr-BTP. (c)

isopropanol spectrum after averaging two scans measured 45 minutes per scan.
We observed formation of gas bubbles during the measurements probably
formed by radiolysis or heating of the isopropanol. The angle of the cell with
respect to the incoming X-ray beam was changed from 45° to 30° to allow the
bubbles to escape from the cell without disturbing the measurement. This cell
arrangement reduced the number of usable analyzers from 15 to 12. The O K
edge water spectrum (figure 4.22b) has a low signal-to-noise ratio due to the
short accumulation time of 45 minutes. However, details for the edge region,
similar to those reported for water ice in the literature [200, 201], are well
distinguishable. The N K edge spectrum of crystalline n-Pr-BTP measured
for ∼30 minutes by averaging over 18 detectors is shown in figure 4.22c. The
spectrum has a lower signal-to-noise ratio than the standard XANES spectrum
measured for 60 minutes by averaging over three detectors (figure 4.6). After
one scan (∼30 min) the changed surface color of the sample indicated damage
by the beam. A second scan was consistently showing a lower signal. The
n-Pr-BTP solution revealed no visible color changes after several hours
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Figure 4.23.: N K edge spectra of n-Pr-BTP crystalline and in isopropanol
solution.

exposure to the beam. However, due to the low concentration no discernible
N signal was measured.

At the ID20 beamline at the ESRF it was possible to measure n-Pr-BTP
solutions due the higher number of available analyzer crystals and the higher
incident photon flux (ID20: ∼1014 photons/s; 20-ID: ∼1012 photons/s). Fig-
ure 4.23 shows the N K edge spectra of n-Pr-BTP crystalline and in solution.
The crystalline sample has been measured with 48 crystals for 3 h in a evac-
uated chamber, while the solution sample was measured with 24 crystals
for 10 h. The crystalline sample showed similar discoloration as the sample
investigated at the 20-ID beamline. A part of the isopropanol in the solu-
tion sample evaporated during the measurements. The pre-edge and WL
of the spectra have similar energy positions, but different intensities due to
difficulties with the normalization. Even though the signal-to-noise ratio is
much worse for the sample in solution the general structure of the spectrum
can be easily recognized and it can be assumed that the structure in solved
and crystalline does not differ significantly. The signal-to-noise ratio of the
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spectrum of the liquid sample can be improved by utilizing more analyzer
crystals and an improved cell design, e.g. using a capillary. In addition,
the solution should be temperature controlled to reduce evaporation and
avoid precipitation of the complex due to temperature difference between
preparation lab and beamline.

4.1.6. Conclusions

The investigations presented here demonstrate that it is essential to combine N
K-edge XANES spectroscopy with ab initio quantum chemical calculations in
order to obtain electronic structure information. The benchmark calculations
with several methods and codes combined with comparison to the experimental
n-Pr-BTP spectrum confirm that the DFT ADF code has reasonable accuracy
and can be used for more detailed analyses.

Both experiment and calculations reveal less electronic density on the bonding
N atoms for the complexes compared to the ligand. This result clearly
indicates charge transfer from the ligand likely to the metal. The calculations
suggest that this transfer is smaller for An compared to Ln, which is an
indication for a stronger covalent bond for the An compared to the Ln bound
to the H-BTP molecule. In an intuitive picture this result can be understood
as an increased electronic density accumulated between the An and ligand
atoms. The stronger covalent character for the An–ligand compared to the
Ln–ligand bond is also strongly suggested by the Mulliken population analyses.
They demonstrate that the An 5f compared to the Ln 4f orbitals are more
strongly mixed with valence orbitals of the ligand.

The region of the spectrum sensitive to the level of mixing of valence An 5f
with N 2p orbitals is not accessible due to broadening effects. Nevertheless,
it was possible to correlate the reduced area of the pre-edge peak for Ln
complexes compared to the Pu complex with the mixing of 4f with ligand 2p
orbitals in the π∗ anti-bonding orbitals. This is also an evidence for the good
accuracy of the theoretical calculations.

The comparison of experimental spectra for ligands similar to n-Pr-BTP with
variable extraction properties confirms the correctness of the assignments of
N atoms to spectral features carried out with the help of theory. Further
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comparative investigations of the An and Ln complexes for ligands with small
variations in the structure but large differences in extracting properties might
help to gain additional insights into the relation between electronic structure
and extraction behavior of the ligands.

The benchmark NRIXS studies demonstrate the applicability of this novel
technique for investigations of liquid samples of partitioning systems at the
N K edge and at K absorption edges of other low Z elements. No significant
differences between the N K-edge spectrum for the n-Pr-BTP molecule in
solid phase or solved in isopropanol are found. This result strongly suggests
that the results obtained for the solid state complexes and ligands are relevant
also for their liquid forms. Based on several experiments using the state of
the art spectrometers installed at the brightest synchrotrons specific practical
suggestions for further improved of the experimental set-up are given.
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4.2. Ln/An L3 edge HR-XANES and RIXS

In this chapter the electronic and geometric structures of An/Ln partitioning
complexes are probed from the metal ’point-of-view’ using An/Ln L3 edge
HR-XANES and RIXS as well as XANES and EXAFS ab initio quantum
chemical calculations with the FEFF and FDMNES codes. Benchmark
calculations using different codes and structural models are carried out.
The VB-RIXS technique is explored for the first time as a tool for electronic
structure studies of partitioning systems. The main focus is on the comparison
between [Ln(n-Pr-BTP)3](OTf)3 and Ln(OTf)3 L3 edge HR-XANES spectra.
The correlation of the different spectral features and trends with specific
structural changes over a series of Ln are discussed.

4.2.1. General description of the spectrum

Figure 4.24 shows simplified a MO scheme of An/Ln bound to N and the
excitations relevant for XAS at the An/Ln L3 edge. At the WL (see chapter 2
and e.g. figure 2.2) electrons are excited from An/Ln 2p3/2 states to unoccu-
pied molecular orbitals with An/Ln 5d/6d and N 2p based atomic orbitals.
The WL is mainly used to observe changes in the oxidation states [202], i.e.
the relative energy shift of the absorption edge due to the change in valence
orbital occupation and the resulting change in electron density and screening
of the core-hole. The WL is also sensitive to the local structure, because
the orbital occupation, and thereby the density of occupied and unoccupied
states, that depend also on other factors than the oxidation state, e.g. the
chemical environment, i.e. type of bonding partner [203], coordination num-
ber, local symmetry [204], changes due to induced pressure [205, 206], etc.
This can lead to changes in energy position, width, shape and intensity of
the WL. From a quantum chemical point of view L3 edge spectra describe
the angular momentum projected density of states (DOS) of unoccupied d
like states [207], 5d/6d states in the case of Ln/An L3 edge spectra following
the dipole selection rules ∆l = ±1 (see also section 2.1).

After the first experimental observation of a weak pre-edge structure in
Ce XANES [208], band structure calculations showed a correspondence to
quadrupole transitions [92].
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Figure 4.24.: Simplified MO scheme of An/Ln bound to N and the exci-
tations causing the pre-edge (red), WL (blue) and EXAFS (green) features
observed in An/Ln L3 edge spectra.

Even though quadrupole transitions (2p3/2 −→ 4/5f ) are considerably weaker
than dipole transitions (2p3/2 −→ 5/6d), they have been observed for a variety
of Ln (2p3/2 −→ 4f transitions) and An (2p3/2 −→ 5f transitions) materials
using X-ray emission spectrometers with an instrumental energy bandwidth
similar to the core-hole lifetime broadening [83, 93, 94, 133, 209–228] Atomic
multiplet calculations of the pre-edge spectral features of Ln L3 HR-XANES
demonstrated that they are shaped by electron-electron interactions and
their shape, intensity and energy position on the excitation and emission
energy scale directly depend on the number of available f electrons in the
systems [94, 229, 230].
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Figure 4.25.: Gd L3 edge HR-XANES of [Gd(n-Pr-BTP)3](OTf)3 measured
at the Gd Lα1 and Lβ2 emission line.

By recording HR-XANES using different emission lines, it is possible to
investigate spectra of the same absorption edge with different resolutions, due
to the different final state core-hole lifetime broadening (e.g. U L3 HR-XANES
collected at the Lβ5 emission line [231]). It can also be possible to detect
additional spectral features due to different screening of core-holes at different
energy levels. In the case of Ln L3 edge spectra the Lβ2 emission line can be
used instead of the conventional high intensity Lα1 emission line. However,
the 4d core-hole resulting from the Lβ2 emission has a higher core-hole lifetime
broadening [232] than the 3d core-hole resulting from the Lα1 emission [233]
hence no increase in resolution can be achieved. In figure 4.25 the spectra
of [Gd(n-Pr-BTP)3](OTf)3 measured recording the emitted fluorescence by
fixing the Bragg angles of the analyzer crystals at the maximum of the Lα1 or
Lβ2 emission lines are compared. The WL of the spectrum measured at the
Lβ2 emission line is slightly narrower and the pre-edge has only one instead of
two peaks. To further investigate the differences in the pre-edge region RIXS
maps where recorded. Figure 4.26 shows 2p3d (Lα1) and 2p4d (Lβ2) RIXS
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(a) (b)

Figure 4.26.: Normalized 2p3d (a) and 2p4d (b) RIXS pre-edge maps of
[Gd(n-Pr-BTP)3](OTf)3 with XANES position (red line).

maps of the pre-edge of [Gd(n-Pr-BTP)3](OTf)3 with a red line marking the
emission energy at which the HR-XANES spectra shown in figure 4.25 were
measured. The 2p3d RIXS map has two features at the same excitation energy
at ∼1180.5 eV and ∼1182.5 eV energy transfer. The HR-XANES spectrum
cuts through both features leading to the observed double structure in the
pre-edge. In contrast, the 2p4d RIXS map has one feature at ∼137.5 eV energy
transfer and additional intensity at ∼140 eV that could be a second feature
or the overlap of pre-edge and WL tails. The HR-XANES spectrum only
intersects the maximum of the first feature resulting in a single pre-edge peak.
Because the differences in the RIXS maps appear along the energy transfer
scale, they are related to final state effects (see also section 2.2). In this
case these are different splitting of the 2p63d95d1 and 2p64d95d1 final states,
respectively; changes in the screening of the core-hole cause an energy shift of
the pre-edge resonance. Since the 4f − 4f electron-electron interactions have
the same influence on both spectra, the appearance of two resonances along
the energy transfer scale is likely related to differences in the 3d − 4f and
4d−4f electron-electron interactions. It was shown that they have the highest
influence on the spectrum after the 4f − 4f electron-electron interactions [94].
The double structure in the pre-edge of the spectrum measured at the Lα1
emission line is not resolved in all measurements (e.g., figure 4.34b), because
a different type of crystals positioned at different Bragg angles were used,
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Figure 4.27.: normalized VB-RIXS of [Ho(n-Pr-BTP)3](OTf)3,
[Ho(CyMe4-BTBP)3](OTf)3, Ho(NO3)3 and Ho2O3 (a); fitted energy
position and FWHM of the peak shown in (a) (b).

resulting in changed resolution (Si(333) at 78.28° for figure 4.25, Ge(333) at
70.15° for figures 4.34b and 4.37; see also tables 3.2 and 3.3 in section 3.3.3
and table 3.10 in section 3.3.4).

The VB-RIXS technique probes the angular momentum projected valence
band of the studied element and is applied here to test its applicability
for investigations of Ln 5d states in [Ln(n-Pr-BTP)3](OTf)3 partitioning
complexes. Due to the dipole selection rules, the method specifically probes
the 5d unoccupied valence states by excitations of 2p3/2 electrons. This is
the main difference compared to most methods probing the valence band
as those methods are not selective to specific angular momentum quantum
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numbers. Figure 4.27a shows the Ho L3 VB-RIXS of [Ho(n-Pr-BTP)3](OTf)3,
[Ho(CyMe4-BTBP)3](OTf)3, Ho(NO3)3 and Ho2O3 on the energy transfer
scale. To record the VB-RIXS spectra the excitation energy was fixed at
the maximum of the WL and the emission energy was scanned close to
the elastic peak. In the final state, the excited Ho atom has an electron
promoted to an empty 5d state and a core-hole in the filled part of the VB
emulating a direct excitation from the VB and describing the unoccupied 5d
states [111, 112]. The distance between the VB-RIXS spectra to the elastic
peak is shorter for Ho(NO3)3 and Ho2O3 than for [Ho(n-Pr-BTP)3](OTf)3
and [Ho(CyMe4-BTBP)3](OTf)3 indicating a smaller energy gap between
highest occupied d state and lowest unoccupied valence state for Ho(NO3)3
and Ho2O3 [111]. The FWHM of the peaks of [Ho(n-Pr-BTP)3](OTf)3 and
[Ho(CyMe4-BTBP)3](OTf)3 are smaller compared to Ho(NO3)3 and Ho2O3
and also exhibit a shoulder on the low energy side. The reduced FWHM
indicates less d type of electronic density in the vicinity of the Ln atoms
for the n-Pr-BTP complexes. Figure 4.27b shows the energy position and
FWHM of the spectra in figure 4.27a obtained from modeling the peak with a
Gaussian function. It was not possible to fit the peaks consistently with two
Gaussian functions to gain more information about the shoulder in the spectra
of [Ho(n-Pr-BTP)3](OTf)3 and [Ho(CyMe4-BTBP)3](OTf)3. Both energy
position and FWHM show a clear difference between [Ho(n-Pr-BTP)3](OTf)3
and [Ho(CyMe4-BTBP)3](OTf)3 compared to Ho(NO3)3 and Ho2O3, but also
differences between [Ho(n-Pr-BTP)3](OTf)3 and [Ho(CyMe4-BTBP)3](OTf)3
are present. To establish if the effects observed here are correlated to the
extraction behavior of n-Pr-BTP and CyMe4-BTBP complexes additional VB-
RIXS investigations of extracting and non-extracting An/Ln compounds are
necessary. Additionally, quantum chemical calculations including population
analyses of the different orbitals are needed.

4.2.2. Calculations of Ln L3 edge HR-XANES spectra of
[Ln(n-Pr-BTP)3](OTf)3

Ln L3 edge XANES spectra of Ln(H-BTP)3 and [Ln(n-Pr-BTP)3](OTf)3 have
been calculated with different codes and various structural models to find the
best agreement between experimental and theoretical spectra. In figure 4.28
the effects of using different codes (FEFF and FDMNES) and methods (FMS
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Figure 4.28.: Calculations of [Eu(n-Pr-BTP)3](OTf)3 with FEFF (red)
and FDMNES with FMS (blue) and FP (green) compared the experimental
spectrum (black).

and FP) to calculate a Eu L3 edge spectrum of [Eu(n-Pr-BTP)3](OTf)3 are
shown and compared to experimental data. For a detailed description of the
calculations see section 3.4.4.1. The calculated spectra are less broadened than
the experimental spectrum to be able to see all features clearly. Therefore,
the pre-edge (A) and the first post-edge feature (B) of the calculated spectra
show significantly larger intensity compared to the experimental spectrum.
The FEFF and FDMNES calculations reproduce well the A, D (FEFF) and
B (FDMNES) features, respectively. Between the FDMNES FMS and FP
calculations there are intensity differences for the A and B features and a
small energy shift for the D peak. Since the differences are small and a FP
calculation takes significantly longer than a FMS calculation (FMS: ∼1 h;
FP: ∼1 week), FP calculations will not be applied for the rest of this work.

Figure 4.29 depicts the differences in the calculated spectra resulting from
different structures used in the calculation. Both FEFF and FDMNES calcu-
lations were performed for a DFT optimized Eu(H-BTP)3 structure. They
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Figure 4.29.: Calculations of [Eu(n-Pr-BTP)3](OTf)3 with FEFF (red) and
FDMNES with experimental and DFT optimized structures compared the
experimental spectrum.

are compared to the FEFF and FDMNES FMS spectra shown also in fig-
ure 4.28 calculated with the experimental crystalline [Eu(n-Pr-BTP)3](OTf)3
structure and the experimental spectrum.

The B and D absorption resonances are shifted to lower energies for the
spectrum calculated with FEFF using the DFT optimized structure compared
to the spectrum using the experimental structure; the former spectrum has
less agreement with the experimental spectrum. This effect is probably due to
the ∼5 pm larger Eu–N bond length in the DFT optimized structure (see ta-
ble 3.11). There is no effect on the pre-edge. For the FDMNES calculations
on the other hand, the pre-edge of the spectrum using the experimental
structure has larger intensity compared the spectrum using the optimized
structure, perhaps due to changes in the electronic density associated with
the shorter bond length. B and C exhibit only small differences, suggesting
that FDMNES treats multiple scattering effects less accurate than FEFF.
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Figure 4.30.: [Gd(n-Pr-BTP)3](OTf)3 experimental spectrum compared to
Gd(H-BTP)3 spectra calculated with FEFF and FDMNES for DFT opti-
mized structures with symmetry restrictions (structure 1), without symmetry
restrictions (structure 2) and without symmetry restrictions and a solvation
sphere (structure 3).

Figure 4.30 shows the spectra of differently optimized Gd(H-BTP)3 structures
calculated with FEFF and FDMNES. Structures were optimized using DFT
with symmetry restrictions (structure 1), without symmetry restrictions
(structure 2) and without symmetry restrictions and a solvation sphere
(structure 3) (for details see section 3.4.2). Gd(H-BTP)3 structures were
used instead of Eu(H-BTP)3 structures because a solvated Eu(H-BTP)3
structure was not available. Geometric differences between the structures
are summarized in table 4.1. It can be seen that the average Gd-N bond
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Table 4.1.: Angles α and β as shown in figure 4.31 and bond length R for
differently optimized structures. Structures were optimized using DFT with
symmetry restrictions (structure 1), without symmetry restrictions (structure
2) and without symmetry restrictions and a solvation sphere (structure 3).

structure ligand α[°] β[°] R[pm]
left right left right

1 2.60 1.49 260.7

2
1 3.32 3.33 1.73 1.43

258.22 3.35 3.38 1.58 1.44
3 3.33 3.32 1.42 1.48

3
1 3.94 3.99 1.90 2.20

256.52 3.96 4.03 1.74 2.04
3 3.94 3.99 1.98 2.03

length changes as well as the orientation of the triazine rings with respect
to the pyridine ring. In the spectra calculated with FEFF a shift to higher
energies of B and D can be observed from structure 1 to structure 3 showing
that structure 3 is closest to the real structure. The same effect is visible
in the spectra for structures 2 and 3 calculated with FDMNES. In the
spectrum of structure 1, however, B and D are significantly shifted to lower
energies and the pre-edge shows a double structure that is not visible in the
other spectra. For the spectra compared here, the spectrum of structure
3 has the best agreement with the experimental spectrum indicating that
structure 3 is closer to the real structure than the other two. However, it is
not used for further investigations in this work because it is currently not
available for all Ln and An. Further improvements can be expected using
higher level quantum chemical methods, which are not always applicable for
large molecules. Current studies at INE indicate that an averaged structure
obtained from snapshots from Molecular Dynamics (MD) simulations can
provide reliable structures as well.
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Figure 4.31.: Angles α (a) and β (b) describing the in-plane and out-of-plane
angles of the triazine rings compared to the pyridine rings.

Figure 4.32 shows FEFF shell-by-shell calculations of Gd(H-BTP)3 in an
initial attempt to correlate the spectral features to specific groups of atoms
surrounding the absorbing atom. The spectra of Gd(H-BTP)3 with structure
1 were calculated with SCF and FMS radius increasing from 3Å to 6Å in
1Å steps. The spectrum only including the contributions from the first shell,
i.e. the bonding N atoms, is nearly featureless because only a few multiple
scattering paths are available. Adding the non-bonding neighbors of the
bonding N atoms to the calculation as a second shell leads to clearly resolved
features B and D. When adding additional atoms to the calculation, B is
shifted to lower energies, farther away from the experimental energy position,
and D is shifted to higher energies, closer to the experimental energy position.
These shifts are due to the interference of additional scattering signals and
indicate that B is mainly influenced by first and second shell atoms while
D is related to third and fourth shell atoms. The origin of the post-edge
features is also discussed in section 4.2.4. The pre-edge A also exhibits small
changes probably due to changes in the scattering potentials surrounding the
Gd.
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Figure 4.33.: The four shells used in the shell-by-shell calculations in fig-
ure 4.32.
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4.2.3. Comparison between Gd L3 edge HR-XANES of
[Gd(n-Pr-BTP)3](NO3/OTf)3 and Gd(NO3/OTf)3

In this section the differences between Ln L3 edge HR-XANES spectra of
[Ln(n-Pr-BTP)3](NO3/OTf)3 and Ln(NO3/OTf)3 are described by using
as an example the [Gd(n-Pr-BTP)3](NO3/OTf)3 and Gd(NO3/OTf)3 com-
pounds. The origin of the pre-edge is explained with the help of FEFF and
FDMNES quantum chemical calculations of the Gd L3 edge HR-XANES for
the Gd(H-BTP)3 compound.

Gd L3 edge HR-XANES spectra of [Gd(n-Pr-BTP)3](NO3)3 and Gd(NO3)3
are shown in figure 4.34a. The [Gd(n-Pr-BTP)3](NO3)3 spectrum is shifted
0.4 eV to lower energies compared to the Gd(NO3)3 spectrum indicating
higher electronic density on the cation in the [Gd(n-Pr-BTP)3](NO3)3 com-
plex. This trend is preserved if NO−3 is exchanged with an OTf− anion. The
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Figure 4.34.: Gd L3 edge HR-XANES of [Gd(n-Pr-BTP)3](NO3)3 and
Gd(NO3)3 (a) and [Gd(n-Pr-BTP)3](OTf)3 and Gd(OTf)3 (b).



98 4 | Results

[Gd(n-Pr-BTP)3](OTf)3 (exp.) Gd(H-BTP)3 (calc.)
d-DOS f -DOS

−16 −14 −12 −10 −8
0

0.2

0.4

0.6

0.8

Ef

excitation energy [eV]

in
te

ns
ity

[a
rb

.
un

its
]

(a)

−10 −8 −6 −4 −2 0
0

0.2

0.4

0.6

0.8

Ef

excitation energy [eV]

in
te

ns
ity

[a
rb

.
un

its
]

(b)

Figure 4.35.: Pre-edge calculated with FEFF9.5 (a) and FDMNES (b) for
Gd(H-BTP)3, including Gd f -, d-DOS compared to experimental spectra of
[Gd(n-Pr-BTP)3](OTf)3.

[Gd(n-Pr-BTP)3](OTf)3 and Gd(OTf)3 spectra are plotted in figure 4.34b
showing a 0.5 eV energy shift of [Gd(n-Pr-BTP)3](OTf)3 to lower ener-
gies. The additional pre-edge intensity at about 7241 eV (marked with A
in figure 4.34), more noticeable for [Gd(n-Pr-BTP)3](NO3)3 compared to
Gd(NO3)3, can be assigned to 2p3/2 photoelectron transitions to 4f and/or
5d final states. The origin of the pre-edge feature is revealed by calculations
with the FEFF9.5 and the FDMNES codes. The calculated Gd(H-BTP)3
spectrum and the f - and d-DOS are plotted in figure 4.35. The f -DOS has
high intensity at the energy position of the pre-edge feature, whereas the
5d states have minor contributions. This result suggests that this feature
arises from electronic transitions to orbitals with major 4f and minimal 5d
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Ln participations. Even though the direct bonding partners of Gd change
from N in [Gd(n-Pr-BTP)3](OTf)3 to O in Gd(OTf)3, hardly any difference
between the areas of the pre-edges and WLs is detectable, indicating that
the relative electronic populations of the Gd 4f and 5d states are not signif-
icantly influenced by bonding with the n-Pr-BTP molecule. Nevertheless,
the -0.4 eV relative energy shift of the WL for [Gd(n-Pr-BTP)3](OTf)3 over
Gd(OTf)3 is a clear indication for better screening of the 2p core-hole due to
higher electron density on Gd in [Gd(n-Pr-BTP)3](OTf)3 than in Gd(OTf)3.
The post-edge feature B is at lower energy in [Gd(n-Pr-BTP)3](OTf)3 than
the corresponding feature C in Gd(OTf)3. In figure 4.34a the spectra of
[Gd(n-Pr-BTP)3](NO3)3 and Gd(NO3)3 (for details of sample preparation
see section 3.3.1) are compared. The same features and energy shifts are
noticeable; they are less pronounced due to the different experimental setup re-
sulting in lower energy resolution for [Gd(n-Pr-BTP)3](NO3)3 and Gd(NO3)3.
Due to the specific energy resolution of different beamlines/experimental
setups and the varying intrinsic broadening of different elements it is not
possible to quantitatively compare the areas of the peaks for the different
compounds.

4.2.4. Comparison between Ln L3 edge HR-XANES spectra of
[Ln(n-Pr-BTP)3](OTf)3 and Ln(OTf)3

n-Pr-BTP binds preferentially to An over Ln. In addition, its bonding
affinity exhibits a trend as a function of the Ln. In this chapter Ln L3 edge
HR-XANES spectra of [Ln(n-Pr-BTP)3](OTf)3 and Ln(OTf)3 are compared
over a series of Ln. The observed experimental trends are correlated to
structural differences using EXAFS (FEFF) and HR-XANES (FDMNES) ab
initio quantum chemical calculations.

The pre-edge ranges of the [Ln(n-Pr-BTP)3](OTf)3 and Ln(OTf)3 HR-XANES
spectra are shown in figure 4.36. The spectra are measured for selected
Ln over the Ln series from La to Lu. The Lu spectra have no pre-edge
due to their completely filled 4f orbitals. For the other Ln the spectra of
[Ln(n-Pr-BTP)3](OTf)3 compared to Ln(OTf)3 exhibit a similar pre-edge
structure, indicating that the 4f states are not much influenced by different
bonding partners. The differences at the beginning of the rising absorption
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Figure 4.36.: Pre-edge region of different [Ln(n-Pr-BTP)3](OTf)3 and
Ln(OTf)3 HR-XANES spectra.

edge are due to the energy shift of the WL and indicated higher electronic
density on the Ln in [Ln(n-Pr-BTP)3](OTf)3 compared to Ln(OTf)3 (see
also section 4.2.3).

In figure 4.37 trends in the post-edge regions of the [Ln(n-Pr-BTP)3](OTf)3
and Ln(OTf)3 spectra are marked with the help of arrows. Figure 4.38
compares the energy distances between the maxima of the B, C or D2
absorption resonances and the WL. The energy positions of these features
were determined by allocating the local maxima in the spectra using the
OriginPro9.1 [234] Peak Analyzer function [235]. The low intensity of D1
hindered consistent identification of its energy position therefore this spectral
feature is not further discussed. At low Z the energy position of the C feature
(figure 4.38a) of Ln(OTf)3 follows the Ln contraction [236, 237], while at
higher Z C deviates from this trend due to steric crowding around the smaller
cations [154, 238], i.e. even though the cation radius becomes smaller, the
metal-ligand bond length does not shorten as this would lead to repulsion of
the ligands. The corresponding feature B of [Ln(n-Pr-BTP)3](OTf)3 however,
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Figure 4.38.: Distance between B (C) and WL for [Ln(n-Pr-BTP)3](OTf)3
and Ln(OTf)3, respectively (a) and distance between D2 and WL for
[Ln(n-Pr-BTP)3](OTf)3 and Ln(OTf)3 (b).

shows a trend in the opposite direction, i.e. the peak shifts to lower energies
towards low Z numbers and slightly shifts to higher energies again with
increasing Z. Feature D2 for both [Ln(n-Pr-BTP)3](OTf)3 and Ln(OTf)3
(figure 4.38b) shifts to higher energies with increasing Z. D1 is a shoulder of
D2 that is not well resolved experimentally but clearly visible in calculations.

4.2.4.1. EXAFS calculations with the FEFF code

If the distance R between absorbing and scattering atom is R = nλe, where
n is an integer and λe is the electron wavelength, the outgoing and scattered
waves have constructive interference resulting in the appearance of an absorp-
tion resonance in the spectrum [116]. When wavelength is transformed to
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Figure 4.39.: Peak assignment in experimental [Pr(n-Pr-BTP)3](OTf)3 and
calculated Pr(H-BTP) spectra (a) and the contribution of different types of
single scattering (SS) and multiple scattering (MS) paths to the spectrum of
Pr(H-BTP)(b).

wavenumber (λe = 2π/k (e)) it follows that R = 2nπ/k. According to equa-
tion (2.6), k ∝ excitation energy (E), therefore R ∝ 1/E. Applied to the
spectra here, the shift of D2 to higher energies (see figure 4.38b) is corre-
lated to a decrease in bond length, which in this case follows the lanthanide
contraction [236, 237] for both compounds. EXAFS calculations with the
FEFF9.6 code (see section 3.4.4.4) using DFT-optimized structures as input
(see section 3.4.2) assist in understanding the origin of features B and C. The
transformation of the experimental spectra to χ (k) functions (see section 2.1)
allows to assign calculated to experimental absorption resonances as it is
shown in figure 4.39a for the experimental [Pr(n-Pr-BTP)3](OTf)3 and calcu-
lated Pr(H-BTP) spectra. All EXAFS calculations were done for Ln bound to
only one H-BTP ligand (Ln(H-BTP)) to avoid broadening due to scattering
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paths with slightly different length and to simplify the investigation of the
contributions of different paths to the spectrum. Differences in k positions
and intensities of the peaks is due to differences between optimized and real
structure, but can be also caused by the theoretical approximations made
in the code. For example, the amplitudes in the theoretical spectrum are
not affected by atomic disorder effects, which were not considered in the
simulation. In figure 4.39b, the contributions of different types of scattering
paths to the spectrum and the sum of all paths are shown. Feature B is best
described by multiple scattering paths. The multiple scattering paths with
the angle between scattering and backscattering close to 180° have higher
amplitudes when considered individually, but their sum has less weight in
the spectrum than the sum of the other multiple scattering paths, because
they are not as common. The sum of all N single scattering paths has a small
contribution to B. The single scattering paths associated with scattering
from C atoms have a negative contribution that however still influences the
position of the peak maximum. Detailed analysis of the paths manifests
that the intensity of B is mainly influenced by single scattering events of the
photoelectron from the bonding N atoms and multiple scattering involving
the bonding N and their direct neighbors. The paths contributing to B are
shown in appendix B.

For peak C of Ln(OTf)3 the contributions originate mainly from single
scattering paths involving the neighboring atoms in the first coordination
sphere (figure 4.40a). Peak D1 consists of multiple scattering and D2 of single
scattering paths. For Ln(H-BTP) the D1 and D2 peaks are not well separated
due to contributions from the high number of overlapping scattering paths;
it is evident that there is also more multiple scattering contribution to D1
than to D2.

The experimental trend for the energy positions of the spectral features of
the [Ln(n-Pr-BTP)3](OTf)3 spectra as a function of the Ln Z numbers is not
reproduced by the EXAFS calculations (figure 4.40b). This discrepancy was
investigated by varying the Ln for one structure or varying the structures
for La. In figure 4.41 the trends for B and D2 for EXAFS calculations with
the fully optimized structures (black, system 1), the optimized La(H-BTP)
structure with La replaced by different Lns (red, system 2) and the optimized
Ln(H-BTP) structures with the Ln replaced by La (blue, system 3) are shown.
For B (figure 4.41a) the trend for system 2 shows a parabolic shape similar
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Figure 4.40.: The contribution of single scattering (SS) and multiple scat-
tering (MS) paths to the spectrum of La(OTf)3(a) and position of B in
calculated and experimental spectra (b).

to the trend for system 1, while the trend for system 3 exhibits a linear trend
to higher energies. A linear trend is also present for D2, which fits well the
trend for system 1 and also the experimental trend. The trend for system
2 again exhibits a parabolic shape, but with the center shifted to lower Z.
These results indicate that for B the variations of scattering properties of
the Ln atoms dominate the calculation, while the energy position of D2 is
ruled by structural differences.

The change in importance from scattering properties to geometric structure
can be explained by the difference between the phase-shift φ (k) and 2kR. k
is the photoelectron wavenumber and R is the length of the scattering path.
φ (k) the phase shift depending on the Z number of the atoms participating
in the scattering process and arises from the potential of the absorbing and
scattering atoms. φ (k) and 2kR are calculated by FEFF for each scattering
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Figure 4.41.: FEFF calculated positions of B (a) and D2 (b) in k for
Ln(H-BTP) with different Ln/different structures (black, system 1), different
Ln/La(H-BTP) structure (red, system 2) and La/different structures (blue,
system 3).

path. The A (k) (φ (k)− 2kR) function averaged over all paths for several
Ln(H-BTP) compounds is shown in figure 4.42. φ (k) and 2kR have very
similar values at k = 0, but the difference increases with increasing k as
2kR grows faster than φ (k). In the EXAFS equation φ (k) and R contribute
as sin (φ (k) + 2kR); their value is responsible for the energy shift of the
absorption resonances. For Ln(OTf)3 all three systems exhibit a linear trend
as shown in figures 4.43a and 4.43b. The energy position of feature C for the
optimized structures (system 1) is clearly governed by structural changes,
while for D2 the three systems exhibit similar behavior as it is discussed
above for Ln(H-BTP)3.
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4.2.4.2. XANES calculations with the FDMNES code

For the FDMNES XANES calculations (see section 3.4.4.5) an overall similar
behavior can be observed (see section 4.2.4.2). Discontinuities in the spectral
trends, which are most pronounced in the WL are due to the change from
5d1 4fn (Dy) to 5d2 4fn (Ho) electronic configuration implemented in the
FDMNES code; therefore trends will only be discussed up to Dy. The trends
for B (figure 4.45a) exhibit less variations compared to the FEFF EXAFS
calculation. For all systems they show a parabolic shape with only small
differences in slope. The trends for D2 (figure 4.45b) are similar to the FEFF
EXAFS calculation, but the differences between the three systems are much
more pronounced. The linear trend for system 3 confirms the importance
of structural differences for the D peaks found by the FEFF calculations.
The FDMNES calculations of Ln(OTf)3 in figure 4.46 show similar but more
distinct trends as the corresponding EXAFS calculations. The trend for
feature C (figure 4.46a) for the calculations of system 1 is also governed by
structural differences, but is closest of all calculations to the experimental
trend (see figure 4.38), i.e. an increasing distance to the WL in the beginning
of the Ln series (up to Nd) followed by decreasing distance with a much
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Figure 4.44.: FDMNES XANES calculations of different Ln(H-BTP)3 com-
plexes with optimized structures.
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Figure 4.45.: FDMNES calculated positions of B (a) and D2 (b) for
Ln(H-BTP)3 with different Ln/different structures (black, system 1), different
Ln/La(H-BTP)3 structure (red, system 2) and La/different structures (blue,
system 3).

smaller slope. Feature D2 (figure 4.46b) has trends similar to the FEFF
EXAFS calculations of system 3 and is closest to the experimental data.



110 4 | Results

La C
e Pr N
d

Pm Sm Eu G
d

T
b

D
y

9.6

9.8

10

10.2

10.4

10.6

10.8

11
di

st
an

ce
C

-W
L

[eV
]

Ln(OTf)3
system 1
system 2
system 3

(a)
La C

e Pr N
d

Pm Sm Eu G
d

T
b

D
y

28

30

32

34

di
st

an
ce

D
2-

W
L

[eV
]

Ln(OTf)3
system 1
system 2
system 3

(b)

Figure 4.46.: Positions of C (a) and D2 (b)in k for Ln(OTf)3 with different
Ln/different structures (black, system 1), different Ln/La(OTf)3 structure
(red, system 2) and La/different structures (blue, system 3) calculated with
FDMNES.

4.2.5. Comparison between An L3 edge HR-XANES of
[An(n-Pr-BTP)3](NO3)3 and An(NO3)3

[Pu/Am(n-Pr-BTP)3](NO3)3 and Pu/Am(NO3)3 samples have been investi-
gated for the first time using Pu/Am L3 edge HR-XANES. The measurements
were performed with the MAC spectrometer that was designed and commis-
sioned as part of this dissertation (see also section 2.4). In figure 4.47 the
Pu L3 edge HR-XANES spectra of Pu(NO3)3 and [Pu(n-Pr-BTP)3](NO3)3
exhibit A and B features that are not resolved in conventional measurements.
These spectral features are also characteristic for L3 edge HR-XANES spectra
of isostructural lanthanide complexes reported previously ([239], section 4.2).
The A and B resonances and the WL in the Pu HR-XANES are less energy
resolved due to the higher core-hole lifetime broadening contribution for An
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lations of Pu(H-BTP)3 XANES and DOS.

(3.3 to 4 eV) compared to Ln (0.8 to 1.6 eV). The WL is broader in the
[Pu(n-Pr-BTP)3](NO3)3 spectrum compared to the Pu(NO3)3 spectrum. In
addition, feature B is visible only in the [Pu(n-Pr-BTP)3](NO3)3 spectrum.
Calculation with the FDMNES code [168] confirm the presence of pre-edge
feature A arising from excitations to a mixture of d and f states. In fig-
ure 4.48, features A and B are not resolved in the Am L3 edge HR-XANES
Am(NO3)3 and [Am(n-Pr-BTP)3](NO3)3 spectra due to the higher core-
hole lifetime (Am: 3.87 eV; Pu: 3.74 eV) and experimental broadening (Am:
3.88 eV; Pu: 4.14 eV) for Am compared to Pu. The WL is broader in the
[Am(n-Pr-BTP)3](NO3)3 spectrum compared to Am(NO3)3. For both Pu
and Am the spectra have similar feature D ∼35 eV above the WL and the
spectra of the complexes are shifted to lower energies (<0.5 eV). This indi-
cates a better screening of the 2p core-hole due to higher charge density on
the metal in [Pu/Am(n-Pr-BTP)3](NO3)3 than in Pu/Am(NO3)3 similar to
the results for the Ln compounds. The direct comparison of experimental
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Figure 4.48.: Am L3 edge HR-XANES of [Am(n-Pr-BTP)3](NO3)3 and
Am(NO3)3.

[Pu(n-Pr-BTP)3](NO3)3 and [Am(n-Pr-BTP)3](NO3)3 spectra (figure 4.49a)
shows the slightly broader WL of [Am(n-Pr-BTP)3](NO3)3. Feature D has
different intensity in both spectra due to problematic normalization. In
addition, the low signal-to-noise ratio in this range prevents the detection of
the expected small variations. The spectra of Pu(H-BTP)3 and Am(H-BTP)3
calculated with FDMNES (figure 4.49b) show differences in the pre-edge
(A) due to the changing occupation of the 5f orbitals (5f 3 for Pu and 5f 4

for Am) Feature D in Am(H-BTP)3 is shifted to higher energies due to the
shorter An–N bond length in Am(H-BTP)3 compared to Pu(H-BTP)3. Both
these effects are not resolved experimentally.
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Figure 4.49.: Experimental spectra of [Pu(n-Pr-BTP)3](NO3)3 and
[Am(n-Pr-BTP)3](NO3)3 (a) and spectra calculated with FDMNES of
Pu(H-BTP)3 and Am(H-BTP)3 (b).

4.2.6. Conclusions

The performed investigations reveal that the energy positions of feature B
in the Ln L3 edge HR-XANES spectra of the Ln(H-BTP)3 compounds are
more strongly influenced by the scattering properties/type of the Ln atoms
compared to changes in the structure as a function of the Ln Z numbers. The
discrepancies between experimental and theoretical trends might be due to
inaccurate calculations of the φ (k) functions (EXAFS) at this low k value.
However, the FDMNES code also does not provide any satisfactory agreement
between theory and experiment for this feature. The B features are in the
post-edge region of the spectra, which is traditionally well reproduced by
the FDMNES code as it is demonstrated for the Ln(OTf)3 compounds. A
likely hypothesis is the existence of discrepancies between the optimized and
the real structures. It is found that the energy positions of the B features
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are influenced by changes in interatomic distances and bonding angles. It is
known that DFT overestimates the metal-ligands bond lengths. Structural
variations affect the calculated phases and the amplitudes of the single and
multiple scattering paths as well as the density of unoccupied states, and
thereby the energy positions of the B peaks. It is also considered that
in addition to bonding distances bonding angles might be not accurately
reproduced by the optimization process. This would also lead to variations
in the parameters of the multiple scattering paths and thereby the energy
positions of features B. The agreement of theoretical Ln(H-BTP)3 with
experimental [Ln(n-Pr-BTP)3](OTf)3 spectra is improved by using structures
optimized at the DFT level without symmetry restrictions, employing hybrid
functionals and solvation effects described by a polarizable continuum as, e.g.,
with the COSMO-RS [156] approach. Structures of series of MD calculated
Ln/An(H-BTP)3 compounds currently under optimization will be applied in
the future in following works on this topic.

The two theoretical approaches (FEFF EXAFS and FDMNES XANES)
simulate with good agreement the experimentally observed trends for the
energy positions of the C and D features for the Ln(OTf)3 complexes. The
type of Ln atoms and variations in bonding angles have less significance
compared to changes in the bond lengths. The overestimation of the DFT
bond lengths leads to consistent shift of the spectral features for all Ln but
does not influence the trends for their energy positions. Interestingly the
steric crowding, which was shown previously for this compounds [154, 238], is
confirmed by the trend found in the HR-XANES spectra, which demonstrate
the high potential of the technique.

The analyses carried out in this thesis are performed for the first time on
Ln and An L3 edge HR-XANES spectra of series of Ln and An compounds.
The Ln/An L3 edge HR-XANES technique can be also successfully applied
to optimize theoretical codes. For example, the detailed analyses performed
here strongly suggest that the influence of the type of Ln on feature D2 is
overestimated with both FEFF EXAFS and FDMNES XANES calculations.

Even though the shift of the WL between [An(n-Pr-BTP)3](NO3)3 and
An(NO3)3 spectra is comparable to the shift between [Ln(n-Pr-BTP)3](OTf)3
and Ln(OTf)3 other details visible in Ln L3 edge HR-XANES spectra are not
resolved in the An L3 edge HR-XANES spectra. The CAT-ACT Beamline



4.2 | An/Ln L3 edge 115

that is currently being built at ANKA will have higher incident photon flux
compared to the INE-Beamline and will allow the use of Lβ5 emission lines to
record An L3 edge HR-XANES spectra with lower broadening as it has been
shown for U [231]. For better comparability with [Ln(n-Pr-BTP)3](OTf)3 the
[An(n-Pr-BTP)3](NO3)3 investigations have to be extended including other
An. M4,5 edge HR-XANES investigations, that directly probe the 5f states,
could provide further insight into the role of 5f states in the bonding.
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A MAC spectrometer for high-energy resolution X-ray emission spectroscopy
(HRXES) and a liquid cell for NRIXS were designed, built and commissioned
within this doctoral project. Both were successfully applied for investigations
of sample systems with the aim to help understanding the high bonding
affinity of N-donor ligands like n-Pr-BTP to An compared to Ln. This is
the first MAC spectrometer worldwide operational in a controlled laboratory.
Another focus was laid on the interpretation of the collected spectra with the
help of theoretical approaches.
The obtained results demonstrate differences in relative electronic densities
and mixing of metal with ligand valence orbitals for the n-Pr-BTP ligand,
the [Ln(n-Pr-BTP)3](OTf)3 and [An(n-Pr-BTP)3](OTf)3 complexes using N
K edge XANES spectroscopy and quantum chemical methods. TD-DFT cal-
culations reveal a different transition order for H-BTP and Ln/An(H-BTP)3.
This is correlated with the shift of the n-Pr-BTP spectrum to lower ener-
gies compared to the [Ln/An(n-Pr-BTP)3](OTf)3 spectra and indicates less
electron density on the N atoms in the complexes. The electronic charge is
likely transferred to the An and Ln metals, respectively. Similar to previous
reports [51–56, 81, 82, 84, 85] the calculations provide indications for stronger
covalent bonding for the An(H-BTP)3 complexes due to higher electronic
charge density between the metal and the ligand as well as stronger mixing
of An 5f compared to Ln 4f with ligand valence orbitals .
The experimental trend in the pre-edge structure is anti-correlated to the
extraction behavior for a series of Ln, i.e. a smaller distance between the
main peak and its shoulder indicates higher bonding affinity. TD-DFT also
demonstrates that the N K-edge XANES pre-edge region is sensitive to the
level of mixing of 4f Ln but not of 5f An with ligand valence orbitals.
Significantly more detailed electronic structure information can be obtained
from the experimental spectrum if the ligand has well separated energy
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positions of the π∗ resonances for the different N atoms. For example,
the change in transition order was only possible to confirm by performing
quantum chemical calculations. The comparison of experimental spectra for
ligands similar to n-Pr-BTP with variable extraction properties confirms the
correctness of the assignments of N atoms to spectral features carried out
with the help of theory. Further comparative investigations of the An and
Ln complexes for ligands with small variations in the structure but large
differences in extracting properties might help to gain additional insights
into the relation between electronic structure and extraction behavior of
the ligands. The obtained results allow to propose the N K-edge XANES
as a direct tool for measurements of relative amounts of electronic charge
transfered from the bonding N atoms to An and Ln in their respective
complexes. The difference in the transfered charge might be a measure of
the selectivity of the ligand. The method needs to be validated by studying
series of Ln and An complexes using ligands with well separated π∗ peaks
(e.g., C5-BPP) facilitating their detailed analyses.

The benchmark NRIXS studies demonstrate the applicability of this novel
technique for investigations of liquid samples of partitioning systems at the
N K edge and at K absorption edges of other low Z elements. No significant
differences between the N K-edge spectrum for the n-Pr-BTP molecule in solid
phase or solved in isopropanol are found. This result strongly suggests that
the results obtained for the solid state complexes and ligands are relevant also
for their liquid forms. Specific practical suggestions for further improvement
of the experimental set-up are given based on experience gained over several
experiments using the state of the art spectrometers installed at the brightest
synchrotrons. It is shown that N K edge NRIXS investigations of N-donor
ligands in solution are in general possible at the ID20-Beamline, ESRF.
However, the sample setup has to be further improved by using a capillary to
allow high signal to noise ratio; temperature controlled cooling of the sample
will reduce the evaporation of the solvent and possible radiation damage.

The Ln/An L3 edge HR-XANES technique applied here for the first time for
series of lanthanide and actinide complexes reveals higher charge density on
the metal Ln/An atoms for the [Ln/An(n-Pr-BTP)3](OTf/NO3)3 compared
to the Ln/An(OTf/NO3)3 complexes. This is in agreement with the N
K-edge results above as those found charge transfer from the ligand to
the metal for the [Ln/An(n-Pr-BTP)3](OTf)3 complexes. The high energy
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resolution allows resolving a pre-edge feature for the [Ln(n-Pr-BTP)3](OTf)3
complexes and it is shown that, as indicated in previous studies, it originates
from electronic transitions to orbitals with predominant 4f character. The
shape and energy positions of these pre-edges do not change noticeably for
the[Ln(n-Pr-BTP)3](OTf)3 and Ln(OTf)3 complexes. This strongly suggests
that the 4f states are localized on the metal atom and do not participate in
bonding. The shapes of the pre-edges varies and depends on the number of
4f electrons. The 4f electrons induce electron-electron interactions leading
to a complex structure of the 4f states, i.e. multiplets. Nevertheless, it is
apparent that the distance between the pre-edge and WL increases going
from La to Lu reflecting the localization of the 4f states as a function of the
Ln Z number.

Due to the large core-hole lifetime broadening effects pre-edges are not
resolved for the [An(n-Pr-BTP)3](NO3)3 complexes. The CAT-ACT beamline
currently under commissioning will provide up to three orders of magnitude
higher photon flux compared to the INE-Beamline and will allow to use the
Lβ5 emission lines for measurements of An L3 edge HR-XANES spectra with
reduced broadening effects. In future studies the 5f states can be also directly
probed by An M4,5 edge HR-XANES and their level of participation in the
chemical bond elucidated.

It is demonstrated that the HR-XANES technique allows resolving post-edge
features not visible in the conventional spectra. The correlation of their
energy positions to specific structural changes, i.e. interatomic distances and
bonding angles are revealed with the help of FEFF EXAFS and FDMNES
XANES quantum chemical calculations and simulations. Both codes are used
for detailed analyses of the spectra. The trends for the energy positions of all
post-edge features are well reproduced by both theoretical approaches for the
Ln(OTf)3 complexes. In contrary the Ln Z dependent trend for the energy
positions of the first post edge feature (B) of the [Ln(n-Pr-BTP)3](OTf)3
complexes is not reproduced by the theoretical codes and simulations. This
result strongly indicates that the used DFT optimized structures likely de-
viate from the real structures of the complexes. It is found that the larger
metal–ligand bond lengths and likely differences in the bonding angles lead
to the discrepancies. Optimized structures with additions of “no symmetry
restrictions” and interactions with the solvation sphere improve the agreement
between theory and experiment. However, the trends could not be verified
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for a series of Ln and An due to lack of available Ln/An(H-BTP)3 structures.
MD simulations currently performed at the INE can also potentially provide
more realistic structural models.

The benchmark calculations using various codes and input structures helped
to select the most appropriate conditions for the simulations. The input
parameters for the FDMNES XANES calculations were tested and defined.
The HR-XANES experiments at the An L3 edges were performed with
the MAC spectrometer developed, tested and commissioned as part of this
dissertation. Here the first measured Pu and Am HR-XANES spectra are
presented and discussed.

The performed electronic and geometric structural investigations from the
metal and ligand point of views suggest more covalent bonding for the An–
ligand compared to the Ln–ligand bonds. As previously reported this might be
related to the bonding affinity of the n-Pr-BTP ligand to An compared to Ln
used in partitioning processes. A specific geometric arrangement of the ligand
around the metal changing as a function of its Ln Z number is also evident.
This structural detail is likely not depicted by the structures optimized on the
DFT level with the BP86 functional [146, 147] employing the RI routines as
implemented in TURBOMOLE [148]. Further methods like MD might help
to reveal the Ln Z dependent trend. Future investigations of highly resolved
studies of an extended set of An(n-Pr-BTP)3 compounds will demonstrate if
a similar trend is visible also for An and if it is related to the partitioning
properties of the n-Pr-BTP ligand. In-situ investigations at the N K and
Ln/An L3 (M4,5) edges can potentially help to gain additional insights into
any specific differences in the [Ln/An(n-Pr-BTP)3](OTf)3 complex formation.
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A | Calculations

A.1. Comparison of methods

A.1.1. FEFF

∗Eu L3 edge in EuBTP3OTf3
EDGE L3
S02 1 .0
∗ pot xsph fms paths genfmt f f 2 c h i
CONTROL 1 1 1 1 1 1
PRINT 1 0 0 0 0 0

EXCHANGE 0 15 −1.5
SCF 4 .0
XANES 5 .0
FMS 5
MULTIPOLE 2

EGRID
e_grid −20 0 0 .2
k_grid l a s t 5 0 .05

POTENTIALS
∗ ipo t Z element l_scmt l_fms s to i ch i omet ry

0 63 Eu −1 −1 1
1 16 S −1 −1 4
2 9 F −1 −1 16
3 8 O −1 −1 17
4 7 N −1 −1 21

A-1



A-2 A | Calculations

5 6 C −1 −1 91

ATOMS
∗x y z ipo t
0 0 0 0
−0.62329 −1.81917 −1.65159 4
0.70697 0.06468 2.43770 4
−1.57400 1.66066 1.12255 4
−0.44382 1.71040 −1.84110 4
−2.47377 −0.15358 −0.64871 4
2.03844 −1.54171 0.19277 4
1.70133 0.08736 −1.91728 4
1.72800 1.79497 0.61515 4
−1.08652 −1.75416 1.54770 4
0.33711 −2.64943 −2.11171 4
−1.07076 2.57031 1.99411 4
2.13545 1.92047 1.86820 5
−1.87595 −2.02233 −2.04284 5
−1.52549 2.51384 −1.77335 4
−2.85333 1.73898 0.79264 5
1.61159 0.96725 2.87559 5
2.14636 −2.37072 1.26361 4
2.90790 −1.65698 −0.79523 5
−0.74092 −1.82747 2.82078 5
0.21827 −0.80395 3.33983 5
0.35894 1.83303 −2.89428 5
−2.89941 −1.07279 −1.53361 5
−3.37234 0.73230 −0.16413 5
1.53520 0.94453 −2.95325 5
2.76966 −0.74692 −1.94519 5
2.21791 2.64543 −0.32129 4
−1.96689 −2.67396 1.05952 4
0.00243 −3.62990 −2.93199 5
−1.87958 3.48830 2.48078 5
−0.89371 −0.53426 −4.56279 3
−1.77166 3.34962 −2.75877 5
3.12132 −3.25715 1.27897 5



A.1 | Comparison of methods A-3

−2.81695 0.41663 3.73367 3
3.06190 3.58805 0.05520 5
−2.40465 −3.62104 1.86832 5
−2.29188 −2.99838 −2.85415 4
0.18068 2.67317 −3.91950 4
−3.73006 2.67413 1.22751 4
3.00248 2.86409 2.31508 4
−1.12775 −2.77597 3.68807 4
3.93136 −2.53908 −0.83596 4
2.06148 1.01151 4.19177 5
0.60268 −0.81117 4.67430 5
−4.70502 0.70825 −0.54147 5
−4.22239 −1.16491 −1.95253 5
3.70096 −0.71478 −2.97939 5
2.41678 1.01762 −4.04099 5
−1.35936 −3.81773 −3.31807 5
−3.24622 3.55989 2.07492 5
−0.91675 3.41419 −3.88724 5
4.06596 −3.32989 0.22326 5
3.45116 3.71462 1.41729 5
−1.92566 −3.70277 3.21680 5
1.54490 0.10396 5.10057 5
−5.12823 −0.25557 −1.44264 5
3.51664 0.17837 −4.04242 5
−1.08167 5.30538 0.02587 2
1.32420 −5.44197 −0.16242 3
−2.56593 1.10689 −4.98713 3
1.16292 −4.45091 −3.42690 5
2.18759 −3.96156 3.55176 5
−3.03765 4.14426 −2.60766 5
−1.65403 0.16794 −5.52464 1
0.11641 4.25455 3.89814 5
0.32620 5.59593 −1.49141 2
−2.82786 1.20760 4.93240 1
−1.32056 4.48245 3.47247 5
3.24258 −4.15298 2.48534 5
5.71151 1.14284 −0.26731 5



A-4 A | Calculations

−1.54005 1.58796 5.43040 3
3.61971 4.51295 −0.98125 5
−3.76644 −4.50901 −0.10124 5
3.36506 4.18222 −2.40435 5
−3.34081 −4.66488 1.32806 5
−0.26799 −5.87706 1.59003 3
−0.35651 6.10810 −0.48527 5
−5.51021 −1.48984 2.30254 5
5.60965 −1.58829 2.12836 3
0.63178 −6.26561 0.62095 1
1.73164 −3.87247 −4.69628 5
5.40835 −0.76758 3.27580 5
−4.23209 3.45860 −3.27719 5
1.51701 6.12313 1.18649 3
−3.64397 −1.54715 −5.25266 2
−3.79070 2.26630 4.95077 3
6.57733 0.04806 −0.90372 5
−1.13503 −6.49945 −1.24386 2
−0.93130 0.59526 −6.64504 3
−1.78379 −4.92609 −4.24774 5
−4.15206 4.63321 2.60574 5
−1.24416 4.26120 −5.08877 5
5.21675 −4.29115 0.24105 5
4.37882 4.80815 1.88369 5
−2.29430 −4.86020 4.16611 5
−2.77087 −1.11749 −6.16301 5
−2.67628 −1.01745 6.29117 2
−1.13503 6.88345 −1.24386 2
−3.42569 0.06624 6.20351 5
−6.71799 −0.52179 2.21463 5
5.28102 −1.51269 4.53903 5
0.63178 7.11729 0.62095 1
2.43982 −4.84779 4.75558 5
−2.09179 −2.18954 −6.57676 2
0.52628 5.27229 4.95693 5
−0.35651 −7.27480 −0.48527 5
−4.65409 −5.68805 −0.55365 5



A.1 | Comparison of methods A-5

3.98108 5.23637 −3.32647 5
3.05826 −4.50817 −5.08175 5
5.40835 −5.12814 −0.68684 5
−3.24865 −5.05221 −4.47044 5
4.48432 4.96606 3.36341 5
−5.54295 4.13854 −2.91905 5
1.51701 −7.25977 1.18649 3
−5.54902 4.65441 1.99775 5
−0.11399 4.46119 −6.07634 5
−3.54089 −4.54751 4.87006 5
−4.66258 −0.32943 5.95768 2
−6.90959 0.31520 3.14252 5
−0.26799 7.50584 1.59003 3
2.35009 −0.97180 −7.36213 5
0.93737 5.39468 −5.57411 5
0.32620 −7.78697 −1.49141 2
7.97428 0.02686 −0.29573 5
−3.48390 −0.69539 −7.18591 2
3.16740 2.89414 −6.79343 3
−6.19777 0.79274 −5.06300 5
1.32420 7.94093 −0.16242 3
5.67513 2.07684 5.32677 2
0.69120 2.59263 7.63426 5
−1.08167 −8.07752 0.02587 2
−3.43903 0.61975 7.40806 2
1.29873 −1.90528 −7.86436 5
3.77614 1.10863 7.30443 3
1.70981 −2.57570 7.77790 5
−6.40635 −4.59176 −3.35109 2
−8.19498 2.06727 2.06551 4
0.17462 1.68508 8.54306 5
−8.06038 1.27647 3.12473 5
−6.51670 3.01806 5.02983 3
8.39628 −1.93222 −1.67396 4
7.47225 3.08850 −3.45512 5
6.58339 −0.46781 −5.82052 5
−8.14527 −3.54018 −0.42500 5



A-6 A | Calculations

8 .33565 −2.34005 2.04930 3
4.91238 3.71404 6.44366 2
1.63342 3.50777 8.06053 5
−3.69247 −6.07989 −5.47400 5
8.88012 −1.04646 −0.82655 5
5.46656 6.04808 3.77749 5
−6.24628 −3.74000 −5.28434 2
−6.64160 −0.23495 −6.06655 5

END

A.1.2. FDMNES – FMS

! Eu L3−edge in EuBTP3OTf3
F i l ou t

Eubtp
Range
−18 . 1 69

energpho
Edge

L3
Green
Radius

4
quadrupole
molecule

1 1 1 90 90 90
63 0 0 0
7 −0.62329 −1.81917 −1.65159
7 0.70697 0.06468 2 .4377
7 −1.574 1.66066 1.12255
7 −0.44382 1 .7104 −1.8411
7 −2.47377 −0.15358 −0.64871
...
8 −1.54005 1.58796 5 .4304
6 3.61971 4.51295 −0.98125



A.1 | Comparison of methods A-7

6 −3.76644 −4.50901 −0.10124
6 3.36506 4.18222 −2.40435
6 −3.34081 −4.66488 1.32806

convo lut ion
gamma_max

1
gamma_hole

1
End

A.1.3. FDMNES – FP

! Eu L3−edge in EuBTP3OTf3
F i l ou t

Eubtp
Range
−18 . 1 69

energpho
Edge

L3
! Green
Radius

4
quadrupole
molecule

1 1 1 90 90 90
63 0 0 0
7 −0.62329 −1.81917 −1.65159
7 0.70697 0.06468 2 .4377
7 −1.574 1.66066 1.12255
7 −0.44382 1 .7104 −1.8411
7 −2.47377 −0.15358 −0.64871
...
8 −1.54005 1.58796 5 .4304
6 3.61971 4.51295 −0.98125
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6 −3.76644 −4.50901 −0.10124
6 3.36506 4.18222 −2.40435
6 −3.34081 −4.66488 1.32806

convo lut ion
gamma_max

1
gamma_hole

1
End

A.2. FEFF – XANES pre-edge

∗Gd L3 edge in GdBTP3OTf3 pre−edge c a l c u l a t i o n
EDGE L3
S02 1 .0
∗ pot xsph fms paths genfmt f f 2 c h i
CONTROL 1 1 1 1 1 1
PRINT 1 0 0 0 0 0

EXCHANGE 0 3 −1 2
SCF 10 1 100 0 .01 10
XANES 6 0 .02 0 .3
FMS 10 1

COREHOLE RPA
SCREEN rfms 6 .0

MULTIPOLE 2
UNFREEZEF

EGRID
e_grid −30 0 0 .2
k_grid l a s t 5 0 .05

LDOS −30 20 0 .1



A.3 | FEFF – EXAFS A-9

POTENTIALS
∗ ipo t Z element l_scmt l_fms s to i ch i omet ry

0 64 Gd −1 −1 1
1 16 S −1 −1 4
2 9 F −1 −1 16
3 8 O −1 −1 17
4 7 N −1 −1 21
5 6 C −1 −1 91

ATOMS
∗x y z ipo t
0 0 0 0
−0.62329 −1.81917 −1.65159 4
0.70697 0.06468 2.43770 4
−1.57400 1.66066 1.12255 4
−0.44382 1.71040 −1.84110 4
−2.47377 −0.15358 −0.64871 4
...
5 .46656 6.04808 3.77749 5
−6.24628 −3.74000 −5.28434 2
−6.64160 −0.23495 −6.06655 5

END

A.3. FEFF – EXAFS

∗La L3−edge in opt imized La(H−BTP) s t r u c tu r e
EDGE L3
S02 1 .0
∗ pot xsph fms paths genfmt f f 2 c h i
CONTROL 1 1 1 1 1 1
PRINT 1 0 0 0 0 3

EXCHANGE 0 0 0
SCF 6 .0 1
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RPATH 5
EXAFS 20

POTENTIALS
∗ ipo t Z element l_scmt l_fms s to i ch i omet ry

0 57 La 3 3 1
1 7 N 3 3 7
2 6 C 1 1 11

ATOMS
∗x y z ipo t
0 0 0 0
−0.6572603 −1.9064901 1.8031183 1
1.979699 −0.384041 −1.8031183 1
1.3671623 −2.3679946 0 1
−1.6308511 −1.6392186 2.681959 1
2.2350306 0.5927492 −2.681959 1
0.005857 −3.0776216 1.8841087 2
2.66237 −1.5438831 −1.8841087 2
1.085375 −3.3379757 0.8981796 2
2.3480843 −2.6089502 −0.8981796 2
−1.9123757 −2.5524971 3.6094474 2
3.1667152 0.3799174 −3.6094474 2
−0.2485879 −4.0340645 2.7945099 1
3.6178963 −1.8017488 −2.7945099 1
3.0721528 −3.8090646 −0.9293109 2
1.7626703 −4.565094701 0.9293109 2
−1.2143745 −3.7730839 3.6648767 2
3.8747738 −0.8348628 −3.6648767 2
2.771831 −4.800952101 0 2

END

A.4. FDMNES
! La L3−edge in opt imized La(H−BTP)_3 s t ru c tu r e



A.4 | FDMNES A-11

F i l ou t
Labtp

Range
−35 . 1 80 . 5 100 1 200

Edge
L3

Green
SCF
Sp ino rb i t e
quadrupole
Eimag

0 .1
Density
Radius

8
molecule

1 1 1 90 90 90
57 0 0 0
7 −1.3224387 −1.5224491 −1.8031183
7 −1.3224387 1.5224491 1.8031183
...
1 −6.6325216 0 0
1 3.3162608 −5.7439322 0
1 3.3162608 5.7439322 0

convo lut ion
gamma_max

1
gamma_hole

1
End





B | EXAFS paths

B.1. Ln(H-BTP)

Table B.1.: Scattering paths in Ln(H-BTP) sorted by contribution to the
first post-edge peak.

path number path

1 C3′

C4′
N4′

C5′

C6′

N3′
N2′

N1

M

C3
C4

N2
N3

C6

C5
N4

C2
C1

C2′

B-1
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path number path

7 C3′

C4′
N4′

C5′

C6′

N3′
N2′

N1

M

C3
C4

N2
N3

C6

C5
N4

C2
C1

C2′

8 C3′

C4′
N4′

C5′

C6′

N3′
N2′

N1

M

C3
C4

N2
N3

C6

C5
N4

C2
C1

C2′

6 C3′

C4′
N4′

C5′

C6′

N3′
N2′

N1

M

C3
C4

N2
N3

C6

C5
N4

C2
C1

C2′



B | EXAFS paths B-3

path number path

2 C3′

C4′
N4′

C5′

C6′

N3′
N2′

N1

M

C3
C4

N2
N3

C6

C5
N4

C2
C1

C2′

27 C3′

C4′
N4′

C5′

C6′

N3′
N2′

N1

M

C3
C4

N2
N3

C6

C5
N4

C2
C1

C2′
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path number path

21 C3′

C4′
N4′

C5′

C6′

N3′
N2′

N1

M

C3
C4

N2
N3

C6

C5
N4

C2
C1

C2′

26 C3′

C4′
N4′

C5′

C6′

N3′
N2′

N1

M

C3
C4

N2
N3

C6

C5
N4

C2
C1

C2′

28 C3′

C4′
N4′

C5′

C6′

N3′
N2′

N1

M

C3
C4

N2
N3

C6

C5
N4

C2
C1

C2′



B | EXAFS paths B-5

path number path

25 C3′

C4′
N4′

C5′

C6′

N3′
N2′

N1

M

C3
C4

N2
N3

C6

C5
N4

C2
C1

C2′

13 C3′

C4′
N4′

C5′

C6′

N3′
N2′

N1

M

C3
C4

N2
N3

C6

C5
N4

C2
C1

C2′
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path number path

30 C3′

C4′
N4′

C5′

C6′

N3′
N2′

N1

M

C3
C4

N2
N3

C6

C5
N4

C2
C1

C2′

34 C3′

C4′
N4′

C5′

C6′

N3′
N2′

N1

M

C3
C4

N2
N3

C6

C5
N4

C2
C1

C2′

35 C3′

C4′
N4′

C5′

C6′

N3′
N2′

N1

M

C3
C4

N2
N3

C6

C5
N4

C2
C1

C2′
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path number path

23 C3′

C4′
N4′

C5′

C6′

N3′
N2′

N1

M

C3
C4

N2
N3

C6

C5
N4

C2
C1

C2′

20 C3′

C4′
N4′

C5′

C6′

N3′
N2′

N1

M

C3
C4

N2
N3

C6

C5
N4

C2
C1

C2′
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path number path

32 C3′

C4′
N4′

C5′

C6′

N3′
N2′

N1

M

C3
C4

N2
N3

C6

C5
N4

C2
C1

C2′

12 C3′

C4′
N4′

C5′

C6′

N3′
N2′

N1

M

C3
C4

N2
N3

C6

C5
N4

C2
C1

C2′

14 C3′

C4′
N4′

C5′

C6′

N3′
N2′

N1

M

C3
C4

N2
N3

C6

C5
N4

C2
C1

C2′
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