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Abstract
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Catalysts based on the first-row (3d) transition metals are commonly seen in chemical and
biological reactions. To understand the role of the transition metal in the catalyst, the element
specific technique core level spectroscopy is used to probe the electronic structure and geometric
properties centered around the metal site. Different types of X-ray spectra can be applied to
probe the metal 3d character orbitals involved in reactions, which make it possible to identify
and characterize the reactive sites of samples in different forms. A detailed interpretation and
understanding of the different X-ray spectra requires a unified method which can be used to
model different types of X-ray spectra, e.g., soft and hard X-rays. In this thesis, theoretical
investigations of the electronic structures of 3d transition metal complexes through X-ray
spectroscopy are presented. The restricted active space method (RAS) is used to successfully
reproduce different types of X-ray spectra by including all important spectral effects: multiplet
structures, spin-orbit coupling, charge-transfer excitations, ligand field splitting and 3d-4p
orbital hybridization. Different prototypes of molecules are adopted to test the applicability of
the RAS theory.

The metal L edge X-ray absorption (XAS) spectra of low spin complexes [Fe(CN)]" and
[Fe(P)(ImH),]" in ferrous and ferric oxidation state are discussed. The RAS calculations on iron
L edge spectra of these comparing complexes have been performed to fingerprint the oxidation
states of metal ion, and different ligand environments. The Fe(P) system has several low-lying
spin states in the ground state, which is used as a model to identify unknown species by their
spectroscopic fingerprints through RAS spectra simulations. To pave the route of understanding
the electronic structure of oxygen evolution complex of Mn,CaO:s cluster, the Mn"(acac), and
Mn"(acac), are adopted as prototypical Mn-complexes. The 3d partial fluorescence yield-XAS
are employed on the Mn L-edge in solution. Combining experiments and RAS calculations,
primary questions related to the oxidation state and spin state are discussed.

The first application to simulate the metal K pre-edge XAS of mono-iron complexes and
iron dimer using RAS method beyond the electric dipole is completed by implementing the
approximate origin independent calculations for the intensities. The K pre-edge spectrum of
centrosymmetric complex [FeCls]" ferrous state is discussed as s and a donor model systems.
The intensity of the K pre-edge increases significantly if the centrosymmetric environment is
broken, e:g:, when going from a six-coordinate to the four-coordinate site in [FeCl,]". Distortions
from centrosymmetry allow for 3d-4p orbital hybridization, which gives rise to electric dipole-
allowed transitions in the K pre-edge region. In order to deliver ample electronic structure details
with high resolution in the hard X-ray energy range, the two-photon 1s2p resonant inelastic X-
ray scattering process is employed. Upon the above successful applications of one-photon iron
L edge and K pre-edge spectra, the RAS method is extended to simulate and interpret the 152p
resonant inelastic X-ray scattering spectra of [Fe(CN)q]" in ferrous and ferric oxidation states.
The RAS applications on X-ray simulations are not restricted to the presented spectra in the
thesis, it can be applied to the photon process of interest by including the corresponding core
and valence orbitals of the sample.
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Home is behind, the world ahead,
And there are many paths to tread
Through shadows to the edge of night,
Until the stars are all alight.

Then world behind and home ahead,
We will wander back and home to bed.
Mist and twilight, cloud and shade,
Away shall fade! Away shall fade!

J.R.R. Tolkien
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1. Introduction

The increasing population together with increasing living standard boosts the
energy consumptions of fossil fuels, such as coal, oil, and natural gas, which
in turn boosts the emissions of CO,, CO, NO,, and other hazardous air pollu-
tants from the combustion of fossil fuels. These energy sources have limited
reserves and will dwindle in the foreseeable future. The consumptions are
adversely affecting our environment and human health. The CO; emission is
widely considered as the main factor that contributes to climate change, such
as the increased average global temperature, the increased sea level, declined
mountain glaciers and snow cover and many other observed changes. The ur-
gent circumstance forces us to find alternative inexhaustible, renewable and
green energy sources, such as hydro, biofuels, geothermal, wind, and solar en-
ergy, etc. Among all these green energies, solar energy is the most attractive
alternative energy source and can compete with fossil fuels.[1, 2]

H,0 — %0, + 2H + 2e°

2H*+2e" > H,

2H*

Figure 1.1. The scheme of splitting water into O, and H; using catalyst.

The natural photosynthetic process occurring in plant and algae shows us a
perfect example how to utilize the solar energy.[3]There are two component
sets of reactions that occur sequentially: light reactions and dark reactions.[2,
4, 5] In the light reactions, the sunlight is firstly absorbed by the light-harvest
systems and converted into electrochemical energy (or redox equivalents),
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then a water oxidation complex uses this redox potential to catalyze conversion
of water to O, hydrogen ions, and electrons stored as reducing equivalents, at
the same time, the oxidizing agent NADP is reduced. Secondly, phosphory-
lation takes place leading to the formation of ATP. This involves the capture
of some part of the radiant energy by phosphorylating ADP to produce ATP.
In the dark reactions, the CO; is reduced to carbohydrate.

Inspired by the natural photosynthesis process, much effort has been dedi-
cated to using sunlight directly as the energy source for water splitting.[5, 6] In
such process, the water is oxidised to O, and then the electrons can be used
to make fuel such as H,, methanol, methane, carbohydrates, or other fuels,
which can be stored for later use.[7, 8]

When restricted to H, and O, evolution from water and sunlight, it falls
into the category of light-driven water splitting.[9—12] Usually the processes
are accelerated by using expensive noble metals (such as platinum, ruthenium,
iridium and rhodium) acting as water oxidation catalysts and hydrogen reduc-
tion catalysts.[11, 13] However, these metals are not themselves sustainable
resources, and lots of suitable catalysts are required in order to generate useful
amount of hydrogen on practical timescale. So the viability of water oxida-
tion and hydrogen evolution relies on the design of novel, efficient and robust
catalytic materials based on earth-abundant and cheap metals. Recently lots
of attention have been given to the design of catalysts based on the first-row
transition metals, including nickel, cobalt, iron, copper and manganese.[13—
15] However, none of the present catalysts satisfy the industrial requirements
of stability, efficiency and speed. In order to design catalysts that fulfill the
above requirements, inspiration can be drawn from the reaction and the active
site in the natural photosynthesis process, e.g, the four-electron redox reaction
occurring in the Mn4sCaOs cluster. Moreover, better knowledge about the elec-
tronic structures as well as geometric information of transition metal catalysts
themselves is also required.

X-ray spectroscopy is an essential method that can offer a unique probe of
the local geometric and electronic structure of the element of interest, which
are not observable in optical spectroscopy.[16] Optical spectroscopy generally
gives a picture of the total chemical bonding interactions, and not particular
for the metal 3d orbitals, a limitation that also applies to other spectroscopy
techniques, e.g., electron paramagnetic resonance, magnetic circular dichro-
ism, and resonance Raman. An electron can absorb a particular energy and
then be excited to empty or partially filled orbitals just below the ionization
potential giving an edge, see Figure 1.2, which contains information about
the targeted orbitals. The energy of the absorption edge provides information
about the oxidation and spin state of the absorbing element. The choice of the
energy of the X-ray determines the specific element being probed. As we are
interested in 3d transition metal catalysts, the metal L-edge spectra (electric
dipole transition) can be directly used to probe the metal 3d orbitals, however,
its applications are largely dependent on different detection schemes.[17-20]
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The light elements (e.g, carbon, nitrogen and oxygen) have intense K-edge
absorption in the soft energy region, which can have strong background con-
tribution to the metal L-edge spectra and increase radiation damage.[21] To
avoid the limitations of measurement on dilute samples such as catalysts, bi-
ological samples, or environmental samples, X-ray absorption spectroscopy
(XAS) can be measured as fluorescence yield spectra,[20, 22] or alternatively
use hard X-rays at the metal K edge region.[23]

K edge L edge

— 4p

Kpre-edge L, L, L 3d

2p(1=3/2)
2p(1=1/2)
25(1=0)

15()=0)

Figure 1.2. The energy level diagram for K edge transitions(1s — 3d/4p), and L-edge
(L1, Ly, and L3) transitions (2s/2p — 3d). The energy levels are not drawn to scale.

A detailed interpretation and understanding of the X-ray spectra requires
accurate simulations, which can unravel subtle spectral features. To model the
X-ray spectra, one high-level method that can describe important spectral ef-
fects, e.g, 2p and 3d spin orbit coupling (SOC), multiplet structures, selection
rule, and charge transfer between metal and ligands,[24-27] is required. One
of main focus of this following thesis is to calculate and interpret the metal
L-edge XAS measured as transmission and fluorescence yield spectra in gas
phase and in solution. Another main focus is to model hard X-rays. For the
metal K pre-edge XAS, the intensity calculations have to be implemented be-
yond the electric dipole transitions. Upon successful calculations on metal K
pre-edge and metal L edge, it is possible to describe the high resolution hard
X-ray spectra - 1s2p resonant inelastic X-ray scattering (RIXS). The calcu-
lations of X-ray spectra in different energy regions and in different photon
processes would be useful in interpreting X-ray spectra and fingerprinting the
electronic structures of solution catalysts and enzymes.
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2. Core level spectroscopy

The electrons of an atom can be divided into two categories: inner shell (core)
electron and outer shell (valence) electrons. The properties of the transition
metal catalysts are dominated by the valence electrons that participate in their
chemical bond formations and interactions. The core-electrons are localized
around the nucleus, and they do not take part in the formation of a chem-
ical bond and can be considered inert. It is clear that the study of the va-
lence electronic structure can offer information on the nature of the chemical
bond. However, core electrons provide a method to locally study the valence
electronic structure and geometric properties centered around one atomic site,
which is one of the unique properties of core level spectroscopy methods.

2.1 The role of metal 3d orbitals

The 3d transition metals are characterized by their capability to form cations
with incomplete valence sub-shells. The property of a transition metal com-
plex involving in catalysis reaction depends on the orbital interaction between
ligand orbitals and metal valence 3d orbitals. Taking a d° transition metal
in the case of no ligand field, the five 3d orbitals are all singly occupied due
to the electron-electron repulsion and Hund’s rule.[28] The maximized spin is
given, leading to a sextet state. The weak (octahedral coordinated) ligand-field
strength lifts degeneracy of the 3d orbitals and still gives high spin %A; ¢ but
with two subsets of near-degenerate orbitals, 15 (dyy, dy;, dy;) and e, (dxz_yz,
d ). The magnitude of the splitting is described in ligand field theory by the
parameter of 10Dq.[29] When the ligand-field strength is further increased to
surpass the spin pairing energy, the 2T2g state becomes the ground state, see
Figure 2.1. The degeneracy of the three 7, orbitals can be further removed
due to the uneven electron occupation, which can be simply described as Jahn-
Teller effects.[30, 31] The Jahn-Teller theorem indicates that a state without
degenerate orbitals is preferred over a state with such a degeneracy. This can
result in the distortion of the symmetry, e.g. change the bond length along one
axis.

It is shown that the occupations of the 3d-orbitals are dependent on the
properties of the ligands.[32-35] In the metal-ligand molecular complexes,
the molecular orbitals are formed as a linear combination between the metal
valence orbitals (3d, 4s, and 4p) and ligand orbitals (o, 7, c*, *). The orbital
interactions between the orbitals of metal and the ligands would be dependent
on their symmetry.
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Strong ligand field weak ligand field

3444

T

M o

3d° 5A

2g 1g

Figure 2.1. Simplified orbital diagrams of octahedral d° transition metal with weak
and strong ligand field.

2.2 Probe metal 3d orbitals of catalysts
2.2.1 X-ray absorption spectroscopy

Modelling systems with well known structures have been very important to
understand the XAS of catalysts and metallo-proteins.[16, 36—40] As now we
are interested in 3d transition metals, the metal valence 3d orbitals play an
important role during the catalytic reactions. To probe the 3d orbital contribu-
tion to bonding, the metal L-edge (2p—3d) XAS can be adopted to directly
offer element-specific details of the metal 3d orbitals which are not observ-
able in optical spectroscopy. For metal L-edge, a 2p> core hole is created after
electric dipole allowed 2p—3d transition, which creates a characteristic ab-
sorption peak namely L-edge, see Figure 2.2. The 2p> core hole has a spin
angular momentum S = 1/2 which can couple to the orbital angular momen-
tum L = 1 and produce J = 3/2 and J = 1/2 final states, see Figure 2.2. These
final states (2p°3d™*!) are directly observable in the L-edge spectrum as two
main regions called Lz and L, edge, split by 2p SOC, see Figure 2.2.

For the first-row transition metals, the energies of L-edges lie in the energy
region from ~400 to 1000 eV,[21] which may have strong K-edge absorption
from light elements (carbon, nitrogen or oxygen). Due to the limitations on the
sample environment, the uses of the metal L-edges XAS for transition metal
catalysts are largely dependent on different detection schemes.[17-20] Trans-
mission XAS involves measurement of the incident X-rays and the transmitted
flux through the sample. In principle, this approach can be performed on any
type of sample (gas, liquid, solid) provided the thickness and concentration
is controllable. However, for dilute measurements the signal-to-noise ratio is

17



B Il i i i i Il i
| —— [Fe{CN) " |

ﬂ..: r

Relative intensity

u : T ] T L] ¥ T -
J00 705 T TIS T20 T35 T30 T35
Energy{eV)

1_5 i i i i i L i
[FeCI
124 —(FeCi

0.8 H.:.u:;.'lt-lzn \

0.6

Relative intensity

0.3 1

K jrieeidge

7110 7115 7120 7125 7130 7135 7140
Energy(eV)

0.0

Figure 2.2. Upper: the experimental L-edge XAS of [Fe(CN)g]>~.[41] below: the K-
edge XAS of centrosymmetric complex [FeClg]*~ and non-centrosymmetric complex
[FeCl,]*~,[42] the K pre-edge and rising edge are marked.

typically poor. To avoid the limitations of transmission, XAS can be measured
as fluorescence yield spectra. This is particularly important for dilute samples
such as catalysts, biological samples, or environmental samples.[20, 22] In
most cases, the sample will emit a variety of X-rays, both the fluorescence X-
rays of interest and a background of K, fluorescence from light elements. It
is possible to discriminate the photons with respect to their energy and collect
signals selectively by a detector,[20] the resulting spectrum is partial fluores-
cence yield XAS (PFY-XAS). The characteristics of the two different mea-
surements are presented in the Table 2.1.

In order to avoid the limitations in sample environment, we could also al-
ternatively use hard X-rays at the metal K edge region,[23] which provides
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Transmission Fluorescence Yield

Sample Thickness Thin Thick/Any
Background High Low
Sensitivity Bulk Bulk
Sample Concentration High low/Any

Table 2.1. The characteristics of transmission and fluorescence yield measurement
technique.

more freedom with respect to the sample environment. The advantage comes
from the nature of 2 orders of magnitude smaller absorption cross section at
the K edge, which can reduce radiation damage, and guarantees inherent bulk
sensitivity due to the larger penetration depth, and thus results in simpler ex-
perimental setups compared to L-edge spectroscopy experiments. The main
contribution to the K-edge spectrum is from metal 1s—np transitions, where
np represents the unoccupied p orbitals of the targeting metal element, see
Figure 2.2. For probing the 3d orbital of transition metals, additional insights
can be acquired by examining the features of the K pre-edge XAS. Both the
energy and intensity of the pre-edge features are highly sensitive to the metal
3d character orbitals, see Figure 2.2. The K pre-edge characters are usually
associated with the electron transition from core 1s orbital to unoccupied or
partially occupied 3d, and generate the 1s'3d”"! final core excited states. The
intensity of K pre-edge XAS can be largely increased when the centrosym-
metric environment is broken (e.g., changing the coordination number) as dis-
tortions from centrosymmetry allow for metal 4p character to delocalize into
metal 3d orbitals through their mutual interactions with the ligand orbitals.
This 3d — 4p orbital hybridization is an important intensity mechanism as it
gives rise to electric dipole-allowed transitions in the K pre-edge XAS.[42, 43]
The admixture of 3d and 4p largely depends on the site symmetry, which
could be easily interpreted using group point theory.[44] Usually the electric
quadrupole transition is ~2 orders of magnitude weaker than a electric dipole
transition. Que and co-workers showed that the iron K pre-edge XAS intensity
has a near linear correlation with the total amount of metal 4p components in
the 3d-type molecular orbitals.[45, 46] It is thus essential to be able to estimate
the electric dipole allowed contributions when a catalyst site changes during a
reaction.

2.2.2 Resonant inelastic X-ray spectroscopy

However, the metal K pre-edge features are not well resolved due to the short
lifetime of the 1s core hole, which gives a large natural bandwidth.[47] One
possible solution is to use 1s2p RIXS, because the resolution in the energy
transfer direction is determined only by the lifetime of the final state, not the
lifetime of the 1s core hole in the intermediate state.[23, 48] The 1s2p RIXS
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event can be thought of as a two-step process, the general energy scheme
is presented in Figure 2.3. Starting from the initial state, one 1ls electron

Initial states Intermediate states Final states
1s!'3dn*!
= / \Zp - 1s (K,)
3
5
= 1s > 3d valence — s
2 K pre edge (Kp)
7 XAS
) 2p53dr! 2p°3d!
e N
2p — 3d 3d—>2p
30 L-edge XAS Valence
excitations

Figure 2.3. The scheme for different types of one-photon process XAS, and two-
photon process RIXS.

is excited into an unoccupied or partial occupied 3d orbital via a electric
quadrupole allowed transition, and subsequent electric dipole allowed decay
of a 2p electron into the 1s hole, is detected by its photon emission. In a sim-
plified picture the absorption process gives information of the partial occu-
pied or empty orbitals, while the emission gives information about the partial
occupied and doubly occupied orbitals. Metal L-edge absorption and 1s2p
RIXS reach the same electron configurations of final states, and allow a direct
comparison but with complementary selection rules. Recently, high-resolution
RIXS spectra have been used to get detailed electronic structure information,
e.g. the 3d orbital covalency, using hard X-rays.[49-51] With RIXS exper-
iments reaching 0.1 eV resolution in the energy transfer direction,[52] it be-
comes important to describe both multiplet effects and charge-transfer features
in the hard energy region.

To model X-ray spectra for general transition metal catalysts, there is a
need for a high-level method that can describe the 2p and 3d SOC, electron
correlation, and charge transfer between metal and ligands.[24—27] One such
class of methods is the multi-configurational self consistent field (MCSCF)
method.[53-57] Among which the most commonly adopted is the restricted
active space self consistent field (RASSCF) method.[58] In calculations, the
most important orbitals are included in the active space. Not only the metal
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character core orbitals and 3d molecular orbitals, but also the important ligand
molecular orbitals.
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3. Computational framework

The recent experimental X-ray techniques progress can provide subtle spec-
tral features, which imply that advanced quantum mechanism methods are
required to accurately simulate and interpret the core level spectra. In this
chapter, the important approximations and theory used to simulate the X-ray
spectroscopies are introduced.

3.1 Born-Oppenheimer approximation

The nucleus has a much larger mass and much smaller velocity compared to
the electron, assuming the motions of the nuclei can be ignored when describ-
ing the electrons in a molecule, and then the electron wave function depends
upon the nuclei positions but not upon their velocities. This assumption is
known as Born-Oppenheimer approximation,[59] which make it possible to
simplify the complicated Schrodinger equation of a molecule. The nucleus
and electron problems can be solved with independent wavefunctions from
the separation of the nucleus and the electron motion.
The Schrodinger equation can be written as:

H(r,R)¥(r,R) = E(r,R)¥(r,R) (3.1

The molecular wavefunction ¥ in the Born-Oppenheimer approximation can
be separated into a product of nuclear and electronic components:

\P(nR) = Wn(R)We(raR) (3.2)

where y,(R) is a wavefunction in terms of nuclear position, y,(r,R) is elec-
tronic wavefunction in terms of the positions of electron and nuclei. The quan-
tity r represents the coordinates of all electrons, and R represents coordinates
of all nuclei.

Going back to the Eq.(3.1), the total molecular Hamiltonian can be written

as
H(r,R) = H,(R) + HA,(r,R) (3.3)
where
A,(R) = T, + Vi (R) (3.4)
H,(r,R) = T, +V,.(r) + V,u(r,R) (3.5)
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Here 7}, is kinetic energy operator of the nuclei, V,,,(R) is nuclei-nuclei repul-
sion Coulomb potential, 7, is kinetic energy operator of the electron, V,,(r) is
electron-electron repulsion Coulomb potential, and V,,(r, R) is electron-nuclei
attraction Coulomb potential. Now substitute these terms and the Eq.(3.2) into
the Schréding equation the Eq.(3.1), then obtain

(T +Vin(R) + To + Ve (¥) + Veu (1, R))¥'(r, R) = E(r, R) yu (R) ¥ (1, R)
(3.6)
Consider the nuclei and electron kinetic energy operator acting on the wave-
function, 7,, contains derivatives in terms of nuclei coordinates, it has effects
on both nuclei and electron wavefunction:

T v (R)y.(r,R) = y,(R) T, v, (r,R) + v.(r, )T, y,(R)  (3.7)

Here, the 7, y, (r,R) is much smaller than 7, y,(R), hence the Eq.(3.7) can be
written as

T,y (R) e (r,R) ~ ¥ (r,R) T,y (R) (3.8)

T, contains derivatives in terms of electron coordinates, and hence it only has
effect on the electron wavefunction,

Ty (r, )y, (R) = v, (R) T,y (r,R) (3.9)

Apply the same fact in the the Schréding equation the Eq.(3.1), it can be writ-
ten as

e (r,R)H, (R) Y, (R) + W, (R)H, (r, R) (1, R) = E(r,R) ¥, (R) v (r, R)
(3.10)
Then divide the both sides of Eq. (3.10) by y,(R)y,(r,R), which gives

A, (r,R)y.(r,R) _E_ A,(R)y,(R)
V(r,R) va(R)
The right side depends only on the coordinates of nuclei R, and can be written

compactly as function £(R). Substitute it in Eq(3.11) and obtain the electronic
Schrodinger equation:

@3.11)

H,(r,R)y,(r,R) = ¢(R)y,(r,R) (3.12)

3.2 Hartree-Fock theory

The electronic Schréding equation was obtained from the Born-Oppenheimer
approximation in section 3.1. The exact solution to the equation can only
be reachable for one-electron systems, such as the hydrogen atom or hydro-
gen like systems. As long as one uses the electronic Schroding equation to
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deal with a many-body problem in quantum chemistry, only approximated so-
lutions can be obtained. Hartree-Fock theory is the simplest approximation
method to solve many-body electronic Schréding equation.[60] It simplifies
the N-electron problem into N one-electron problems. Hence, it is reasonable
to start the wavefunction with a general form:

W(ry,rz, - 1) = yi(r)ya(r2) - Y (ry) (3.13)

when considering the full set of coordinates including space and spin, the
Eq.(3.13) can be rewritten as

Y(X1,Xo, -, Xy) = 01(X1) x2(X2) - v (Xw) (3.14)

Clearly, this wavefunction can not satisfy the Pauli principle, in which the
wavefunction has to be antisymmetric. In order to fulfil the antisymmetry
requirement, the wavefunction of the simplest two-electron many-body system
can be written like below:

WX, X,) = é[xl X)) - uX)pX)]  G.15)

The wavefunction also can be represented using determinants like

1 aX) X))
T(X],Xz)—ﬁ 1K) (%) (3.16)

Now it is easy to expand the determinant for an N-electron system

nXy) Xy ce aw(Xa)
WX, Xy, Xy) = \/;W %1(:X2) XZ(:XZ) XN(:XZ) 3.17)
HXn) 2(Xn) - an(X)
The electronic Hamiltonian can be written in a simple way as
He =} §(a)+ Zﬁn(a,ﬁnwn(R) (3.18)
i o<

where {(a) represents a one-electron operator, n(a,f) represents a two-
electron operator, and V,,,(R) is a constant for the fixed set of nuclei coor-
dinates R. Similarly, the electronic energy in terms of integrals can also be
expressed using one-electron and two-electron operators:

E=2<arca>+§2ﬁ<[aa|ﬁm—[amﬁa1> (3.19

where (a|{|a) is one-electron integral, [ |B ] is two-electron Coulomb in-
tegral, [o3|B ] is exchange integral, these integrals can be easily computed
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by existing efficient computer algorithms. The energy difference between the
exact non-relativistic energy of the system and the HF limit energy is called
correlation energy. The electron correlation can be separated into two compo-
nents namely static correlation and dynamical correlation,[61] both of which
will be elaborated on in the following section.

3.3 Multi-configurational method

The static correlation can be well described by multi-configurational self con-
sistent field (MCSCF) methods, among which the most widely adopted ap-
proaches is complete active space SCF (CASSCF).[53] The MCSCF wave
function is written as a linear combination of Slater determinant or configura-
tion state functions (CSF):

|k, C) = exp(— Zc| (3.20)

The CSF can be selected as all possible ones formed within a given active
space. Each CSF differs in how the electrons are placed in the molecular
orbitals. The molecular orbitals are expanded in a basis of atomic orbitals.
A MCSCF wavefunction is one in which both the configuration mixing co-
efficients and the molecular orbitals expansison coefficients are variationally
optimized. The number of CSF can be calculated using Weyl’s formula:

25+1/ n+1 n+1
s = o 321
OuN.s = <N/2—S> (N/2+S—|—1> (3:21)

where n is the number of orbitals, and N is the number of electrons, and S
is spin quantum number. The numbers of singlet states for N electrons in n
orbitals are referenced below:

Nm 2 4 6 8 10 12 14 16
2 3 10 21 36 55 78 105 136
4 1 20 105 336 825 1716 3185 5440
6 - 10 175 1176 4950 15730 41405 95200
8§ - 1 105 1764 13860 70785 273273 866320
10 - - 21 1176 19404 169884 1002001 4504864
12 - - 1 336 13860 226512 2147145 14158144
14 - - - 36 4950 169884 2760615 27810640
16 - - - 1 825 70785 2147145 34763300

Table 3.1. The number of singlet states for N electrons in n orbitals.

For the open shell 34 transition metal complexes, there are lots of electronic
configurations with very similar energies and the mixing among these config-
urations are very strong. In such cases, multi-configurational based method
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is required to describe the electronic structure. To describe this strong corre-
lation, one has to incorporate these important configurations in the reference
space. The CASSCF method accounts for the most important configurations
by introducing a set of orbitals, and then all possible configurations within
the active space are produced. The orbitals included in the active space are
called active orbitals, and they can be doubly occupied, singly occupied or
empty. These orbitals are optimized through all possible rotations between the
active orbitals and inactive orbitals, active orbitals and secondary orbitals, as
well as inactive orbitals and secondary orbitals. The computation of CASSCF
becomes demanding with the increase of the number of active orbitals, espe-
cially when the number of active orbitals is close to the number of electrons.
To reduce the computational cost, the active space can be partitioned into sub-
spaces, namely a restricted active space SCF (RASSCF) method.[58] In this
method, the excitation level is usually limited to one or two electrons, hence
give a limited number of excited configurations.

3.3.1 Second-order perturbation

The CAASCF/RASSCF method can describe correlation well within the cho-
sen reference space, however, remaining correlation called dynamic corre-
lation is still neglected. The dynamical correlation can be treated perturba-
tively using CASPT2,[62—-64] which uses a CASSCF reference wavefunction.
For some cases where several states have strong mixing, the CASSCF wave
function is not good reference state for the perturbation calculation, to solve
this problem, the CASPT?2 calculations can be performed as multi-state (MS)-
CASPT2.[65]

The small difference between H and Hy is seen merely as “perturbation’,
and all quantities of the system described by H (the perturbed system) can be
expanded as a Taylor series starting from the unperturbed quantities (those of
Hy). The expansion can be solved in terms of a parameter 7:

Ar,R)=HOr R)+7AY (r,R) + AP (r,R) +--- (3.22)
the wavefunction can be written as:

%, (r,R) =¥ (r,R) + 72V (1, R) + PP (r,R) + - - (3.23)
and the energy can be written as:

E,(r,R) = E” (r,R) + vE\" (r,R) + PEX (£, R) + - - (3.24)

The P! and E, are the first order corrections to the wavefunction and energy
respectively. W2 and E? are the second order corrections and so on. The task
of perturbation theory is to approximate the energies and wavefunctions of
the perturbed system by calculating corrections up to a given order. In many
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textbooks the expansion of the Hamiltonian is terminated after the first order
term, i.e. H(r,R) = A (r,R)+yA"(r,R), as this is sufficient for many
physical problems.

The chain equation can be obtained as the solution is independent on the 7:

AO@ R (r,R) = E” (r, R)¥V (r,R) (3.25)

AO@,R)—E” x,R)®V (r,R) = (EY (r,R) — AV (r,R)) ¥ (r,R)
(3.26)

0(t.R) — E (r,R)¥ (r,R) = (E” (r,R) - A (r,R)) ¥ (r,R)

+(EVE,R) - AV, R)PY (r,R)
(3.27)

A

(

To simplify the expansion from now from now on we will use bra-ket notation,
representing wavefunction corrections by their state number, so ‘Pﬁ,()) (r,R) =
n(0)), lI‘,(ll)(r,R) = [nM), etc.

Take Eq. (3.26) in ket notation, we can derive an expression for calculating
the first order correction to the energy E(!:

(A (r,R) - E (r,R))|n) = (£ (r,R) ~ AV (r,R) 1) (3.28)
and multiply from the left by |n(?)) to obtain:

(1A (. R) ~ £, (0, R) V) = (n(ES" (r,R) — AV (1, R)) |n*)
(3.29)
In the end, we can get the first order correction to the energy:

EN (e, R) = (n A0 (r,R))|n®) (3:30)

Similarly, we can derive an expression for calculating the second order correc-
tion to the energy E(®) by applying (n(?)| from the left to Eq. (3.27),

EX (rR) = (" 1A (0, R)nO) + (O IAD (e, R)D) 341,
— B (r,R) + (n QA (r,R)) V)

Finally, the second-order correction energy can be represented as:

Hnlk (r R)—l—Hkn(r R)

2
R) = H,;,/ (r,R)
By (. R) = Ho (nR)+ ) 0 )~ £ (. R)

n#£k
By including the dynamic correlations, we could expect the CASPT2 would
give state a improved description of energy compared to CASSCF state. Through
the MS-CASPT?2 calculations, the strong interactions between states in same
symmetry can be well described, which might be important to describe the
charge transfer features in the X-ray spectra.

(3.32)
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Figure 3.1. The active space for [Fe(CN)g]>~. 1s or 2p orbitals can be included in
either RAS1 or RAS3. Important metal 3d orbitals are included as well as important
correlating ligand character orbitals are included in RAS2. Labels appropriate for Oy,
symmetry is used.

3.3.2 RAS method for X-ray spectra

Computations of excited states in the X-ray processes are implemented us-
ing state average RASSCEFE.[66] It has been used to model valence excitation
and core-hole excitation by choosing the most important orbitals in the active
space, not only the metal character 3d molecular orbitals, but also the impor-
tant ligand character molecular orbitals, as indicated in Figure 3.1. It allows
for a full configuration interaction among the active orbitals. The full con-
figuration interaction in the active space not only makes sure that the correct
final states are spanned, but also takes care of the correlation among the active
electrons.

Scalar relativistic effects have been included by using a Douglas-Kroll Hamil-
tonian [67] in combination with a relativistic atomic natural orbital basis set.[68,
69]

SOC is calculated from a one-electron spin-orbit Hamiltonian based on
atomic mean field integrals.[66, 70] The SOC free eigenstates are used as a
basis for computing SOC matrix elements, and the spin-orbit eigenstates are
then obtained by diagonalizing the SOC matrix, giving SOC states |£), which
are linear combinations of SOC free states |7):

&)=Y c5In) (3.33)
n
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The weight (@) from each SOC free state can acquired from the square of the

coefficient (cf,)z. These eigenstates are then utilized to calculate the strength

of the transitions using the restricted active space state interaction (RASSI)
approach.[66, 70] The corresponding equation for the 1s¢ order cartesian mul-
tipole moments (dipole transition moment operator, flsgs ) is:

2m
f(6-48) = 33,28E0s | Hos k (3.34)

Intensities for quadrupole transitions have been calculated using an imple-
mentation of the so-called origin independent quadrupole intensities, where all
terms in the second-order expansion in the intensities are calculated, and not
only the terms from the zeroth and first order of the wave-vector expansion.[71]
The isotropically averaged quadrupole transition intensity ( f(% . 6)) of the 1s
to 3d transition consists of electric quadrupole electric quadrupole contri-
bution f99, magnetic dipole magnetic dipole contribution f™", the electric
quadrupole magnetic dipole contribution 9™, electric dipole electric octupole
contribution f#°, and electric dipole magnetic quadrupole contribution 4 .[71]

0 __m 2 2
f(gﬁg) - 2(ﬁ4;2 ) H 5 | + ’ 6 ‘ +2Re( 6 06)+
2Re( 06 65)+2Re(T s o)l

(3.35)

and can be simplified as

f(%HS) fc%S +frg'mﬂ6 +fc%5 +fca6 +f6~)5 (3.36)

where m, and e are the mass and charge of the electron, respectively, /i is re-
duced Planck constant, ¢ is the speed of light in atomic units, AE;g is the
transition energy, and 7 is transition moment. The RIXS calculation is theo-
retically described by the Kramers-Heisenberg formula[72]:

F(Q,0) Z!ZWF K(Ty) (3.37)

where the scattering intensity F is a function of incident energy (£2) and emit-
ted X-ray energy (@), the |g), |i), and |f) are ground, intermediate and final
states respectively. 7, and 7, are transition operators for the absorption and
emission processes respectively. K(I') depends on the resonance energy and
the lifetime broadening I" of each state.

3.4 Charge transfer multiplet model

One possibility to properly account for the multiplet effects is to use the semi-
empirical charge-transfer multiplet (CTM) model.[73, 74] This method in-
cludes all relevant final states and gives a balanced description of electron
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repulsion and SOC. For a free atom without any influence from the surround-
ings, the Hamiltonian for an N-electron atom can be written as:

H:ZP—"2+Z
N 2m 5

where the first term denotes the kinetic energy of electrons, the second term
denotes the electrostatic interaction of electrons with the nucleus, the third
term denotes the SOC, and the last term denotes electron-electron repulsion.
In a given configuration, the first two terms in the Hamiltonian represent the
average energy of the configuration and have no contribution to the multiplet
splitting. The last two terms represent the relative energy of the different terms
within configurations and have contribution to the multiplet splitting. The
ligand field is treated as a perturbation to the free atomic case and is introduced
by adding a new term in the atomic Hamiltonian.

For the highly covalent molecular systems, the charge transfer features are
included by configuration interactions between the ground state (d") and intro-
duced extra LMCT configuration (d"t'L), and MLCT configurations (d"~ ).
The CTM model often achieves excellent agreement with experimental data
for highly symmetric systems through a multi-parameter fit to the electron-
electron interaction, the ligand field, and the charge transfer states.[42] How-
ever, the number of parameters used to describe the effects of the ligand en-
vironment increases with decreasing symmetry, which makes it difficult to
describe complexes with low or no symmetry. Moreover, when both dipole
and quadrupole transitions have to be accounted for, additional parameters de-
scribing the amount of mixing are required. This further makes it less straight-
forward to apply and analyze the results of the CTM method for low-symmetry
complexes.

—Ze*

ri

2
+ Y 05+ Y, = (3.38)
N

pairs Tij

3.5 Other methods for modelling X-ray spectra

X-ray spectra that involve core holes can be described by a number of different
approaches, e.g. multiple scattering,[75, 76], static exchange,[77] transition-
potential density-functional theory (DFT),[78] Bethe-Salpeter approach,[79,
80] and complex polarization propagator methods.[81] Recently, time depen-
dent (TD) DFT method has been used to predict and interpret XAS.[82—85]
This provides a framework to calculate transition energies and intensities with
favourable balance between accuracy and computational time. A limitation of
many of these approaches, is that they do not incorporate the necessary physics
to correctly account for the multiplet effects arising from electron—electron
correlations. A DFT restricted-open shell configuration interaction with sin-
gles (DFT/ROCIS) approach was developed to cover all the multiplets that
arise from the atomic terms.[86—89] In this method, the ground state and a
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number of excited states of the non-relativistic Hamiltonian are firstly cal-
culated. For a ground state with total spin S, excitation to a number of ex-
cited states with total spin ' =S, S - 1, and S + 1 are calculated. The lack
of doubly occupied orbitals in the DFT/ROCIS will exclude excitations from
the core orbitals combined with simultaneous excitations from doubly occu-
pied valence orbitals into empty or singly occupied valence orbitals, e.g., the
shake-up transition of LMCT type. Moreover, due to its single reference char-
acter, DFT/ROCIS is not applicable to molecules with an orbitally degenerate
ground state. The DFT/ROCIS account for dynamic correction by using DFT
orbitals with specified empirical parameter, but it should be stressed that the
DFT orbitals can yield improved results for covalent bonding, which make it
very useful on highly covalent transition metal complexes.
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4. Soft X-rays

In this chapter, selected results from the RAS simulations (papers I to IV) of
metal L-edge XAS are presented. The RAS method is firstly used to simulate
the atomic Fe3* with charges mimic the strong ligand field, then it is extended
to calculate the metal L-edge XAS of low spin complexes [Fe(CN)g|" (paper
I and II) and [Fe(P)(ImH),)" (paper III) (P = porphyrin,ImH = imidazole)
in ferrous and ferric oxidation state. Then the RAS calculations on [Fe(P)
system have been performed to fingerprint the electronic states. In the last
section, the two-photon process 3d-PFY-XAS as a probe of electronic structure
of manganese complexes in solution are simulated and discussed (paper IV).

4.1 Atomic calculation of low-spin Fe3*

The RAS and semi-empirical CTM model L-edge XAS of the Fe>T in a strong
field are displayed in Figure 4.1. Ferric systems with a strong field have a low-
spin 2T2g (2p6t§ge(g)) ground state. The calculated RAS spectra overlap well
with the CTM model results.

L-edge XAS spacirum - low Spin bomic

0.4
03684
0.3+

Mhitiplit
RAS

0254
.24
0,15
Q1
Q.05

0 f

fu] 05 Fa L] 5 b ] Tl Fr -

Inbensty (@b, units)

Wikl enadgy (aV)

Figure 4.1. L-edge XAS spectra of the Fe>* ion, with strong ligand-field splitting
using RAS (blue) and the CTM model (red).

To understand the role of SOC from 2p and 3d orbitals, and the multiplet
effects on the L-edge spectral features, the spectrum of low-spin Fe>* ion was
analysed in detail, see Figure 4.2. Without SOC, there is only one edge, split
by ligand field and multiplet effects. The spectrum is split into into L3 (J = %)
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Figure 4.2. RAS L-edge XAS spectra of the Fe3* ion with different treatments of 2p
and 3d SOC. (a) Spectrum calculated without SOC. (b) Spectrum with 2p SOC but
using one of the 2T2g ground states, i.e., without considering splitting from 3d SOC.
(c) Spectrum calculated from the 1“7+ (J=%) 3d SOC ground states. (d) Spectrum
calculated from a Boltzmann distribution of 1“7+ (J: =%) and Fg{ J =%) states.

and L (J = %) edges by including 2p SOC, and the mixing of states with
different multiplicity can further change the spectral features.

The 3d SOC constant (0.05 eV) is much weaker compared to the 2p one
(8 eV), but still has important effects on the spectra. Without 3d SOC, the
ground state is six-fold degenerate stems from a three-fold orbital degeneracy
and a doublet spin multiplicity. 3d SOC splits these six states into doubly-
degenerate J: :%, F;L in Bethe double-group notation, and four-fold degenerate
Fg V= %) states, with the F}L states lower in energy by 0.086 eV, see Figure
4.3.

The changes in spectral shape are connected to differences in selection
rules for the different SOC states where e.g., transitions to the L, 7, peak
(' ) are electric dipole forbidden. 3d SOC also leads to changes in the broad
2p — eg resonance, partly because there are Iy states also in this region, and
partly because the change in ground state leads to differences in the intensity
mechanisms.[50] This example shows how a correct description of the multi-
reference character of the degenerate ground state, together with an accurate
description of 3d SOC, is required for the modeling of L-edge XAS spectra.
A further improvement is to allow for a Boltzmann population of the differ-
ent initial states. However, with a splitting of 0.086 eV only a minor fraction
(3.5%) populates the F8+ states at room temperature and the effect on the calcu-
lated spectrum is relatively small, see Figure 4.2. The intensities of transitions
arising from Fg state will significantly depend on the temperature, since the
state will be more populated at higher temperature.
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Figure 4.3. Energy levels of the SOC ground states with configuration 2T2g
2p%(t24)° (e,)° for the low-spin Fe3* ion. The selection rule of transition is indi-
cated with arrows, the forbidden transition from 1"7+ ground state to Ty excited state
is marked with a cross.

4.2 Metal L-edge XAS of low-spin iron complexes

[Fe(CN)g|" and [Fe(P)(ImH ),]" are low spin systems, but with different lig-
and environment. The CN ligands of [Fe(CN)g]" give Oy and Dyj, symmetry
for ferrous and ferric oxidation state respectively. The CN™ can interact with
dy2_y» and d > as ¢ donors, and interact with dyy,dy;,d,. as m acceptor form-
ing back-donation orbitals, see paper L. The ligand set of [Fe(P)(ImH ),]" is
consist of porphyrin (P) and axial imidazoles (ImH). The symmetry of heme
complex is Cy,. Both porphyrin and imidazoles ligands can act as ¢ and &
donors, and 7 acceptors interacting with metal 3d orbitals. The active space
of low spin ferrous iron complex is presented in Figure 4.4.
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Figure 4.4. The active spaces for low spin ferrous iron complex (one electron less for
ferric oxidation).
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4.2.1 Fingerprint the oxidation states

The [Fe(CN)g)" complexes are adopted as ¢ donor and 7 back-donation pro-
totypical models. The experimental L3 edge XAS of [Fe(CN)g|*~ has two
intense peaks at 709.1 and 710.7 eV,[41] which can be assigned as e, and
back-donation ©* character peak respectively. The same two peaks appear
also in the L, edge but with smaller intensities, see the blue curve Figure 4.5a.
The experimental L-edge XAS of [Fe(CN)g)?~ has three distinct peaks at the
L3 edge, located at 705.8 eV, 710.1 eV and 712.4 eV, which can be assigned
to t2,, € and anti-bonding (7*) character peak respectively, see Figure 4.5a.
There are two peaks in the L, edge, the main peak at 722.8 eV and a minor
peak at 726 eV.[41] Compared to XAS L-edge XAS of [Fe(CN)g]*~, one evi-
dent difference is the peak at 705.8 eV, due to a singly occupied #,, character
orbitals in [Fe(CN)g]>~. Another difference is the e, peak of [Fe(CN)g]*~
shifts to higher energy by ~1.0 eV, and the * peak shifts by ~1.7 eV due to
the oxidation state change, see Figure 4.5a.

----- [Fe'CN)"Exp | b
————— [Fe"(CN)J” Exp

----- Fe"P(ImH), Exp
————— [Fe"P(ImH),]" Exp |

N A TS
Fe'P(ImH), RAS
[Fe"P(ImH),]" RAS

Relative intensity (a.u)

[Fe"(CN)J" RAS |
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Figure 4.5. Metal L-edge XAS of low spin [Fe(CN)g]"~ (left) and [Fe(P)(ImH),]"
(right) in ferrous (blue) and ferric (red) oxidation state. (number of final states for each
spin: [Fe(CN)g]>~ (120), [Fe(CN)g]*~ (60), [Fe(P)(ImH),] (120), [Fe(P)(ImH),]'*
(60).

The RAS active space included two ligand-dominated filled ¢ orbitals,
three empty ligand-centered anti-bonding (7*) orbitals and five metal 3d char-
acter orbitals. The RAS calculations capture all the important spectral fea-
tures of the experimental spectra, see Figure 4.5a. The RAS calculation of
[Fe(CN)]*~ underestimated the intensity of the 7* peak at the L3 edge, and
the energy of the third peak at the L3 edge by ~0.8 eV. While the energy of L,
edge was underestimated by ~1.0 eV. This is due to an error in the calculation
of the strength of the 2p SOC. The calculation of [Fe(CN)g|*>~ gave a slightly
overestimated intensity of the 7* peak, and the energy is shifted by ~1.0 eV.

The spectral features of [Fe(P)(ImH ),]" are similar to the [Fe(CN)g)" but
lack the intense 7* peak, which will be analyzed in the following section.

35



4.2.2 Fingerprint the ligand environment

For systems with same oxidation state, one major difference is the intensity
of back-donation 7* peak. In metal L edge XAS of [Fe(P)(ImH),|" complex,
the spectra do not show the pronounced 7* peak, see Figure 4.5b, because
the heme ligand does not act as a particularly good 7 acceptor, which results
in a rather limited metal character in the 7* orbitals.[90] The very limited 7
back-bonding in this complex has been suggested from NMR spectroscopy
results and orbital covalency calculation using the CTM model.[90, 91] In
[Fe(CN)g]", the intense 7* peak has been interpreted as intensity borrowing
from e, excitation, see ref [41] and paper 1. The orbital contribution to the
metal L edge XAS has also confirmed the intensity mechanism to the 7* peak,
see the example of [Fe(CN)g]?~ in Figure 4.6. From the orbital contribution
analysis, we can see the first peak at 705.8 eV can be assigned to a 2p — 1,
transition. The second peak at 710 eV is mainly from 2p — e, excitations.
The third peak at around 713.4 eV is from 2p — 7* transitions together with
g — e, excitations. The contributions for L, edge are mainly from the 2p —
e, excitations, with very small 2p — 7* transitions. The analysis of the X-ray
spectra in terms of molecular orbital contributions enables a direct connection
between a spectrum and the electronic structure features.
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Figure 4.6. Orbital contribution analysis to the RAS calculated metal L edge XAS of
[Fe(CN)e]*~.

4.2.3 Fingerprint the different electronic states

Ferrous and ferric [Fe(P)(ImH );]" have well-defined low-spin electronic ground
states and the simulations have reproduced all spectral features with good ac-
curacy. In this section, the RAS method is used to test the ability to distinguish
between different electronic states. Spectra have been simulated for four dif-
ferent low-lying electronic states of Fe!/(P) (PAy,, A, 3E, and °E,), the
active space is presented in Figure 4.7 which have then been ranked based on
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the similarity to experiment as judged by the cosine similarity (CS). The pos-
sibility to use spectral fingerprints to confidently identify an unknown species
is discussed.

Fe Fe(P) (P)
4dx2-y2
4dxz/yz
4dxy
4dz?
3dx2-y?-0(p)
3dxz/yz
3dxy

3dz?

¢¢¢*||ﬂ|

3dx2-y2-0p

Figure 4.7. The active spaces for Fe!!(P).

Previous theoretical calculations have indicated that there are several low-
lying electronic states of Fe'/(P) of different multiplicity, see Figure 4.8,
and the energies of different spin states have been varied among different
theories.[92-96] The latest CASPT2 calculations predicted the lowest state
to be 7A; ¢ instead of the correct 3A2g, which is in line with observations that
CASPT?2 systematically overstabilizes high spin with respect to lower spin
states.[94] Therefore, it is interesting to see how RAS X-ray spectra simula-
tions to fingerprint different electronic states of the same complex.

The experimental spectrum has a broad L3 edge,[97] with peaks at 705.7,
706.5 and a main peak at 708.1 eV, see black curve in Figure 4.9. There are
also shoulders both on the low and high-energy side of L3 edge. The broad L3
edge reflects the multiplet structures available when there are several unpaired
electrons already in the ground state. The L, edge is also rather broad with a
maximum at ~ 720.5 eV.

The metal L edge spectra simulated using four different initial states, rep-
resenting the pure electronic states 3Azg, 5A1 & 3Eg and 5Eg, are all rather dif-
ferent in shape, see Figure 4.9. The highest similarity is found for the correct
3A2g state. Looking at the simulated spectra, the triplets and quintets gener-
ally over- and underestimate intensities in different areas of the spectrum. It
is therefore conceivable that a combination of the 3A2g with quintet could lead
to better agreement with experiment. With increasing weight of the quintets,
the low-energy region increases in intensity, as well as the main peak at 708.1
eV. At the same time, the L, edge decreases in intensity, better matching the
experimental intensity. Plotting the similarity as a function the relative weight
of the two states shows a maximum of 0.991 at 79%3Az, +21% Ay, 0.992 at
83%3A2g + 17% 5Eg, see Figure 4.10. With the aid of similarity analysis, the
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Figure 4.8. The electron configuration representations for low lying states of Fe!/ (P).
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Figure 4.9. The experimental spectrum and RASPT2 calculated spectra of Fe'/(P) of
different low-lying state.
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RAS calculations including contribution from low lying states are performed.
The higher CS scores are given in the calculations, which indicate improved
simulated spectra are presented, see Figure 4.10.

1.00+ °A,, (Max:79%, 0.991) 12
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Figure 4.10. (Left) The CS along the mixing between low-lying states with 3A28.
(Right)The comparison of corresponding linear mixing spectra with the RASPT2 cal-
culated spectra giving similar percentage of different states.

4.2.4 Cost and stability of RAS method

The examples we adopted here range from small size ([Fe(CN)g|") (Paper 1
and II) to medium size ([Fe(P)(ImH ),]") (Paper III). Regarding the limitation
of the molecule size, one possibility is to ignore the dynamical correlation
added in the RASPT?2 step and rely on the RASSCEF results. The RASPT2 is a
time consuming step, see Figure 4.11, and the RASSCF is eligible to provide
qualitatively good results.[25, 26, 98, 99] One way to minimize the cost of
the RASPT? calculation is to do state specific (SS) RASPT?2 instead of doing
multi-state (MS)RASPT?2, the SS-RASPT?2 has relative lower computational
cost and good accuracy in cases where no states interact strongly in the same
symmetry.[65] Another alternative is to use smaller basis set, which would
lead to an decrease in the number of basis functions. The triple-zeta basis set
was adopted in this thesis for spectra calculations of small-size molecules. For
medium-sized complexes, a double-zeta basis can give good results, e.g., the
metal L-edge XAS calculations for heme systems.

For the one photon process spectra simulations, the core orbitals uses one
of three RAS sub-spaces, which leaves flexibility in the design of the valence
orbitals in another two RAS sub-spaces for lowering the computational cost
for both RASSCF and RASPT?2 step, see Figure 4.11.

4.2.5 Summary

The examples here showed the RAS can handle multiplet effects, 2p and
3d SOC, effects of both ligand donor bonding (LMCT) and back-donation
(MLCT) and spectral features arising from multiple excitations. Through the
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Figure 4.11. Analysis of the total computational cost for the various steps in the
calculation the L-edge XAS spectra of [FeCNg]>~ as function of active space, basis
set, and computational algorithm. The timings refer to an Intel Xeon E5-2660 "Sandy
Bridge" processor at 2.2 GHz using 8 GB RAM. The numbers of doublet configuration
state functions in By symmetry are also shown for comparison.

comparison of metal L edge XAS of [Fe(CN)¢|" and [Fe(P)(ImH );]" in fer-
rous and ferric oxidation, the RAS simulations together with orbital contri-
butions can be used to distinguish different oxidation state and ligand envi-
ronment based on their spectral fingerprints. The understanding of the orbital
interaction between metal and ligands has important implications for knowl-
edge of the reactivity of catalyst centers in reaction, e.g, the heme center in
biology. Through the metal L edge XAS calculation of Fe'/(P) with different
low-lying spin states, the accuracy gives us confidence to use RAS simulations
to distinguish between different spin states based on their spectral fingerprints.
The CS analysis is introduced to aid a quantitative measure of the similarity
between calculated and experimental spectra. The applications here also show
that RAS can be extended from small to medium size of systems by the proper
selection of active space, basis set and computational algorithms.

4.3 PFY-XAS of manganese complexes

In the Mn4CaOs cluster of the catalytic site of water oxidation in the oxygen-
evolving complex (OEC) in the photosystem II protein complex, two H,O
molecules are oxidized and molecular O is released. Tracking the electronic
structure of the catalytic site of the metalloproteins in the time course of their
biological reaction would largely benefit the artificial photosynthesis research.
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In this section, the PEY-XAS of two prototypical models (Mn'/ (acac), and
Mn'"(acac)s) with different oxidation states are experimentally measured in
solution. Radiation-damage free spectra are obtained using a reflective zone
plate spectrometer for PFY detection.[20] In combination with RAS calcula-
tions, the electronic structure details such as spin density, charge density, and
oxidation states are discussed. The efforts here pave the route to an interpre-
tation of the spectra obtained from the protein sample.

4.3.1 PFY-XAS of Mn'!(acac), and Mn'" (acac);

(a) (b)
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Figure 4.12. Schematic molecular orbital diagrams , structures of Mn/! (acac), (a) and
Mn"!(acac); (b), (Mn-O bond lengths in A). * in (b) mark methyl groups that were
replaced with H in the RAS X-ray spectrum calculations.

The molecular orbital diagrams of the two Mn model complexes Mn'! (acac),
and Mn'"! (acac)s are presented in Figure 4.12, these two complexes have dif-
ferent oxidation state, spin state and bonding environment. The full Mn'! (acac),
complex is formally treated in C;, symmetry in the calculations, but the lig-
and environment is tetrahedral and 7; symmetry will be used in the discussion
of electronic structure. The five metal 3d-dominated orbitals are all singly
occupied which gives a ¢%r3 electron configuration with 94| symmetry. The
high-spin Mn'! (acac); (A symmetry with t5,%e,?) has four 3d electrons in
an octahedral ligand field, which is Jahn-Teller unstable[100]. The complex
has a Dy, ligand environment but the real symmetry is only C;.

The experimental L3 edge of Mn'!(acac), has a relatively narrow peak
at ~639.6 eV, a clear spectral feature at ~641.0 eV, and another feature at
~0643.5 eV. The L, edge is broad with a peak intensity at ~652.5 eV. The
spectrum has similar features as those obtained from solid samples using a
total electron yield (TEY) measurement [101]. The experimental L3 edge of
Mn"!(acac); has a wide peak located at ~641.6 eV with a minor shoulder at
~640 eV. The L, edge has two peaks, located at ~651 eV and ~653 eV, re-
spectively. One evident difference between Mn!!(acac), and Mn'" (acac)s is
the energy location of L3 edge. The maximum peak of L3 edge of Mn! (acac);
locates ~2.0 eV higher than Mn'! (acac),, which can be a spectral fingerprint
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Figure 4.13. The experimental and RAS simulated PFY-XAS of Mn! (acac), (blue)
and Mn'"!(acac); (red) (upper panel and the RAS transmission XAS together with
spin contribution analysis of core excited states (bottom panel).

to the oxidation state. More details about the connection between energy shift
and oxidation state will be discussed in the following sections.

The theoretical results are presented in Figure 4.13. The RAS calculated
PFY-XAS of Mn!"! (acac); reproduce all the experimental features quite well,
see Figure 4.13, but the splitting energy between the two peaks at the L, edge is
slightly overestimated, which gives a two-peaks feature. The spin analysis of
core excited states in the transmission XAS are presented below, the intensities
of two spectra are dominated by the S (the same multiplicity as ground state),
S-1 core excited states.

4.3.2 Spin and charge density

A common way to analyze the electron density from a quantum chemistry cal-
culation is to assign charges and spins to individual atoms in the molecule.
Here values of the LoProp charge[102] and Mulliken spin[103] analysis are
reported. The assigned charges from RASSCF calculations for Mn'/ (acac),
and Mn'"! (acac)3 are 1.56 and 2.08, see Table 4.1, while DFT (B3LYP)[104—
107] calculations give 1.37 and 1.61. To isolate electronic structure changes
from changes in the ligand environment, the artificial [Mn" (acac);]'~ com-
plex has been analyzed. This model has similar charge, spin and spectrum
as Mn'!(acac), (spectrum is available in paper IV). The charges on the Mn
centers do not match the oxidation states and the difference between the two
complexes is not unity as expected from a one-electron oxidation.

For manganese systems the spin population is a better probe of the oxi-
dation state[100]. Mn!! (acac); has five unpaired electrons, while the corre-
sponding number for Mn''! (acac)s; is four. The Mulliken spin populations are
relatively close to these values, 4.93 and 3.85 from RASSCF calculations, and
DFT/B3LYP gives very similar numbers, 4.81 and 3.90 respectively.
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LoProp charge-B3LYP Mulliken spin-B3LYP LoProp charge-RASSCF Mulliken spin-RASSCF

Mn' (acac), 1.37 481 1.56 493
[Mn' (acac)3)'~ 137 4.82 1.52 492
M (acac); 1.61 3.90 2.08 3.85

Table 4.1. Charge and spin populations for the Mn' (acac),, [Mn" (acac);]'~ and

Mn' (acac); complexes.
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Figure 4.14. (a) Ground state integrated radial charge density (RCD) difference
and (b) integrated Radial spin density (RSD) difference between Mn!/(acac); and
[Mn' (acac);)'~ ([Mn'(acac);])'~ minus Mn'!(acac);, in units of one electron
charge/spin). All properties were extracted from RAS calculations and are plotted
versus the radius R of a sphere around Mn. The dashed vertical lines indicate half the

Mn-O bond length.

To understand the different behavior of the charge and spin assignments,
the difference in radial charge density (RCD) when an electron is added to the
system has been analyzed,[108] see Figure 4.14. It is clear that the additional
charge (by adding one electron) is not localized at the metal center, but is rather
delocalized over the entire complex due to local 3d — 3d Coulomb repulsion
of the electrons in the Mn 3d-derived orbitals. In contrast, the change in radial
spin density (RSD) is almost completed when reaching the first ligand shell
due to the attractive exchange Coulomb interaction of parallel spins, see Figure
4.14. Upon addition of an electron, o and 3 electron densities thus rearrange
differently in space. This spatial imbalance of « and f electron densities
minimizes the overall the energy of the system resulting in charge scattered
over the whole molecule and spin localized at the Mn.

The radial charge and density distribution analyses are performed on the
core excited states, see Figure 4.15, to give a picture of the changes in elec-
tron density in the XAS process. Upon 2p to 3d excitation, very small RCD
changes are visible above 0.6 A for both Mn"!(acac); and [Mn' (acac)s)'~
(Figure 4.15(a)and (b)). This suggests that 2p hole and 3d electron are strongly
bound and that this effectively screens the valence electrons from the influence
of the core hole. Figure 4.15(c and d) shows that spin density increases at the
2p shell while it decreases in the 3d shell, which reveals that the spin of the
hole is preferentially aligned parallel with the majority spin of the 3d elec-
trons. This is favorable due to the larger exchange energy between 2p and 3d
electrons than the one between 3d and 3d electrons.
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Figure 4.15. (a) RCD comparison of ground state and core excited state for
[Mn'! (acac)3]'~ and Mn'"! (acac); (b). (c) RSD comparison of ground state and core
excited state for [Mn'! (acac)3;]'~ and Mn'"! (acac);(d).

4.3.3 Origin of the spectral shape and edge shift

From the analysis of spin contributions to the Mn'!! (acac)s spectrum in Figure
4.13, it is clear that both quintet and triplet final states give significant contri-
butions to the spectrum. The large energy ranges for states with the same
multiplicity are due to the different possibilities to couple 2p and 3d electrons
to reach the same multiplicity. The significant overlap of quintet and triplet
states leads to strong mixing through spin-orbit coupling. The spin-state split-
tings, and thus the shape of the spectrum are relatively well described in an
atomic model. The reason for this is the localization of the spin density, which
makes the molecule atomic-like when it comes to exchange interactions.

As the edge maxima of both Mn!’ and Mn'!! are dominated by states with
the same multiplicity as the ground state, the energy shift is mainly due to
differences in direct Coulomb interactions. Compared to atoms, it has been
shown that these interactions are strongly reduced, at least in the solid state.[109,
110] This is connected to the delocalization of the electrons to minimize the
3d —3d Coulomb interaction, as shown by the RCD plot in Figure 4.14. How-
ever, even after taking delocalization into account, these interactions are still
strong enough to lead to an observable shift in the L-edge XAS spectrum of
high-spin manganese complexes.

4.3.4 Summary

We have presented the beam-damage-free PFY-XAS for two mono-manganese
complexes Mn!! (acac), and Mn'"! (acac); with different formal oxidation states.
The RAS method well reproduced the experimental spectra features. Through
the RCD and RSD analyses on both ground state and core excited states, we
see that oxidation leads to local changes in spin on the metal, while charge is
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redistributed over the entire molecule. The same picture holds for both ground
and excited states. The spectral shape, which is strongly affected by the ex-
change interactions, reflects the local spin density. The shift in incident energy
between two oxidation states is strongly affected by the direct Coulomb inter-
actions. Although these interactions are screened due to the delocalization of
charge, they are large enough to cause a visible shift in the edge energies.
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5. Hard X-rays

The intensities and relative energies of metal K pre-edge features have high
sensitivities to both geometric and electronic structure. Metal K pre-edge is
in the hard X-ray regime and the absorption spectrum can be obtained in situ,
which offer large freedom for probing samples. It can be used to probe dilute
enzymatic systems and working catalysts.[36, 40] The K pre-edge features are
not well resolved due to the short lifetime of the 1s core hole of the final states,
which gives a relative larger bandwidth (~ 1.25 eV for Fe) than the metal L
edge. The electronic structure details from the K pre-edge can be extracted ei-
ther by the assistance of accurate theoretical calculations,(Papers V and VI) or
by the use of RIXS. With the emergence of RIXS that can give high-resolution
spectral information, it has become important to find a theoretical method that
accurately simulates and interprets spectroscopy in the K edge. It requires a
method can treat the different important effects that shape the spectral fea-
tures: ligand-field splitting, multiplet structures, 3d-4p orbital hybridization,
and charge-transfer transitions. The RAS application on 1s2p RIXS will be
discussed in this thesis (Paper VII).

5.1 Metal K pre-edge XAS

Here the RAS method is introduced for the first time to calculate metal K
pre-edge spectra of open-shell transition metal systems (papers V and VI).
Intensities for quadrupole transitions have been calculated using an imple-
mentation of origin independent quadrupole intensities, where all terms in
the second-order expansion in the intensities are calculated, and not only the
terms from the zeroth and first order of the wave-vector expansion.[71] The
performance of the RAS method is tested by applying it to six iron com-
plexes; [FeCl6])"~, [FeCl4]"~, and [Fe(CN)6]"~ in ferrous and ferric oxida-
tion states. The RAS calculations reproduces the spectral shape of all com-
plexes with an average error for the peak splitting of only 0.1 eV, see Table
5.1. The accuracy with which both intensities and relative energies can be
well reproduced, suggests that the RAS method can be used to identify and
predict changes in metal K pre-edge spectra that comes from changes in both
oxidation state and ligand environment. The results for complexes [FeClg]*~,
[FeCl4)*>~, and[Fe(CN)g)>~ will be mainly discussed in this thesis, other K
pre-edge spectra of mono-metal complexes and dimer are available in Paper V
and VL

46



Table 5.1. Energies (in eV) and fitted pre-edge areas from experi-
ment and theory.

Experiment®  RAS CTMY  TD-DFT®
[FeCl6]>~
El(int) 7112.8(2.6) - - -
E2(int) 7114.0(1.4) 7114.1 7114.0 7113.6
E3(int) - 7118.3 7118.7 -
ratioP 3.7:2.0 3.5:2.0:0.7 3.4:2.0.04 -
[FeCl6]*~
El(int) 7111.3(1.2) - - -
E2(int) 7111.8(1.8) 7111.9 7112.1 7112.3
E3(int) 7113.4(0.6) 7113.4 7113.5 -
ratioP 2.0:3.0:1.0 1.8:0.9:1.0 1.8:1.0:1.0 -
[FeCl4]'~
El(int) 7113.2(20.7) - - 7113.2
E2(int) - 7116.6 - -
D/Q ratio® 3.2:1.0 3.5:1.0 - 7.0:1.0
[FeCl4]>~
El(int) 7111.6(8.6) - - -
E2(int) 7113.1(4.3) 7113.1 - 7112.3
D/Q ratio® 2.3:1.0 2.4:1.0 - 7.5:1.0
[Fe(CN)6)*~
El(int) 7112.9(4.2) - - -
E2(int) - 7115.6 7115.1 7113.5
ratioP - 2.0:1.0 4.0:1.0 -
[Fe(CN)6)>~
El(int) 7110.1(1.0) - - -
E2(int) 7113.3(4.1) 7113.3 7113.4 7113.6
E3(int) - 7117.3 7117.1 7115.2
ratioP 1.0:4.1 1.0:4.2:1.6  1.0:4.4:0.2 -

2 Energies and fitted pre-edge areas (x100) from reference [42].

b Intensity ratio between peaks.

¢ Ratio between electric dipole (D) and electric quadrupole (Q) contri-
butions.

4 CTM results.

¢ TD-DFT results (BP86 functional) from reference [82].

5.1.1 Multiplet structures

The [FeClg]*~ complex is adopted as ¢ and 7 donor prototypical model. The
[FeClg)*~ experimental spectrum appears to have two pre-edge peaks, but a
closer analysis reveals two close-lying states (at 7111.3 and 7111.8 eV), fol-
lowed by a third state at higher energy (7113.4 eV), see Figure 5.1 and Table
5.1.

For [FeCl|*~, the ground state has an electronic configuration fy,%e,?. Af-
ter electron excitation from 1s to metal 3d character orbitals, the excited con-
figuration t2g5€g2 can only give a *Tj ¢ symmetry state. The excited config-
uration t2g4eg3 gives rise to T ¢ and 4T2g terms, which are split by 3d — 3d
electron interactions, see Figure 5.1. The difference between the two e, final
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Figure 5.1. K pre-edge XAS of [FeClg)*~. Experimental spectra (black), the edge-
subtracted spectra (blue), CTM calculation spectra (light gray), RAS calculations
spectra (red). The orbital contribution analyses are shown using dash lines, the main
contributions are marked in bold. Contributions from 1s orbital are omitted.

states is most easily seen by considering a wavefunction where the spin-down
1, electron is in the d,, orbitals. In that case the 4ng state has the spin-down
eg electron in the d,» orbital, while in the *Tj, state it is in the do_\ or-
bital. In the latter case, the two orbitals are in the same plane, leading to a
larger electron-electron repulsion than if the orbitals are in different planes.
The energy difference can be used as an indirect measure of orbital covalency,
because higher covalency decreases the d — d repulsion, and thus the energy
difference between the two e, states. However, this energy difference does not
provide information about individual covalencies, only the combined effect of
both e, and 1.

The two 4T, ¢ states can mix because they belong to the same irreducible
representations, this is visible in the orbital contribution analysis where the
two peaks include contributions from both 7, and e, orbitals, see Figure 5.1.
The experimental splitting between the first 4T1g state and the 4T2g state is
around 0.5 eV, the between the two *T} ¢ states, it is 2.1 eV.[42] The splittings
are around 0.6 eV and 2.1 eV in the RAS calculations. These three states form
two main peaks with separation of ~2.0 eV in the RAS calculation, which
overlaps very well with the experimental value of ~2.1 eV.[42] The separation
for [FeClg|*~ originates from not only ligand field effects, but also electron-
electron interactions. The CTM calculation gave a separation energy of ~1.9
eV. A DFT calculation with the BP86 functional gave ~1.0 eV separation
energy.[82]

5.1.2 Hybridization of dipole and quadrupole contributions

Breaking the centrosymmetry will give rise to dipole transitions to the hy-
bridized orbitals, which largely increase the K pre-edge intensity.[42, 43] We
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here take [FeCly]*~ as a typical instance to disentangle the dipole and quadrupole
contributions when the symmetry distorts from centrosymmetric Oy to non-
centrosymmetric 7; (lack an inversion center). Comparing the experimen-
tal K pre-edge spectra, we could see that the total intensity for 7; symme-
try [FeCl4)>~ is largely increased. The experimental ratio of total intensity
between [FeCl4]>~ and [FeClg]*~ is ~3.6:1. The experimental dipole and
quadrupole contribution ratio is ~2.3:1 for [FeCl4]>~, see Table 5.1.
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Figure 5.2. LeftIron K pre-edge XAS of [FeCly)*>~ showing experimental

data (black), the edge-subtracted spectra (blue), and RAS results (total:orange,

dipole:olive, quadrupole:red). Right:Orbital analyses for the K pre-edge XAS of

[FeCl4)>~. Quadrupole contributions are denoted with solid lines while dipole con-

tributions are shown with dashed lines.

The evident features of the K pre-edge for [FeCly)*>~ are two intense peaks
and that are split by ~1.5eV.[42] For [FeCl4]*>~, the °E ground state has a e,
configuration, electron transition to the e orbital gives the e*f,? excited con-
figuration and produces *A, state. The excited configuration e31,* gives T}
and 475 states due to the 3d-3d electron interactions, see Figure 5.2. Besides,
there is a double-excitation state ¢%s,* that gives another 47T located at higher
energy region. The #T7 states can mix, and the double excitations can be con-
firmed from our orbital contribution analysis, see Figure 5.2. These transitions
form two pre-edge features split by 1.5 eV in the RAS calculation, which well
reproduced the experimental split (1.5 eV), see Table 5.1. The pre-edge ener-
gies have information about both ligand-field splitting and orbital covalency,
but for a correct interpretation, the effects of configuration interaction with a
doubly-excited state needs to be accounted for. DFT gave a splitting energy of
~ 0.7 eV, which was significantly underestimated.

The electric dipole transitions exist in excitations to #, orbitals contributing
to the total intensity of the K pre-edge, see Figure 5.2. Compared to the total
intensity of [FeClg)*~, the total intensity of [FeCl4]>~ was largely increased.
The RAS calculated total intensity ratio between [FeCl4]*~ and [FeClg|*~
is 3.2:1.0. The calculated intensity ratio between dipole and quadrupole for
[FeCl4]*~ is ~2.4:1. This is difficult to model using the semi-empirical CTM
model because adding 4p configurations significantly increases the number
of fitting parameters, and the intensity is mainly sensitive to the amount of 4p
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mixing. TD-DFT (BP86) includes the effects of orbital hybridization but over-
estimates the dipole contributions, at least for the current complexes modeled,
see Figure 5.3

® Experiment
W RAS
TD-DFT [BFRE)

Dipole/Quadrupole ratic
O = oW B W@ W

[FaCl,]" [FeCl,}"

Figure 5.3. The ratio of dipole to quadrupole contributions to the pre-edge area from
experiment, RAS and TD-DFT.

5.1.3 Back-donation charge transfer

[Fe(CN)g)?>~ is once again used a ¢ donation and 7 back donation model
system.[41, 50, 90] There are two peaks in the experimental K pre-edge of
[Fe(CN)g)?>~ with intensity ratio of ~1:4.1,[42] see Figure 5.4. The energy
difference between these two peaks is 3.2 eV,[42] which reflects the ligand-
field strength, see Table 5.1. In the L-edge XAS,[41, 50] [Fe(CN)g)*~ has an
intense peak that can be assigned to back-donation, see Section 3.2. However,
it is not clear whether such features can be detected in K pre-edge spectra, as
the back-donation transfer states are usually obscured by the rising edge. The
edge-subtracted experimental K pre-edge also predicts another peak ~3.9 eV
higher than the e, character peak. This means the charge transfer states still
have important contributions to the K pre-edge, and it is necessary to describe
the back-donation feature in the K pre-edge calculation.

The 273, ground state of [Fe(CN)g]*~ has a t25°¢,” configuration. A pre-
edge peak located at lower energy side is present, which comes from 1s elec-
tron excited into the singly occupied 7, orbital, producing a l2g66g0 configura-
tion and a 'A; ¢ state. Another excited configuration is t2g5 eg1 after 1s electron
excited into e, orbital. The e, peak is likely to contain a large contribution
from multiplet effects due to the partially filled #,¢ orbitals, which can com-
plicate multiplet structures of final states through 3d-3d electron interactions.
The interactions gave us 3T1g, 3 Ty, lTlg and 1T2g states, as labelled in the
Figure 5.4. The difference in energy between the T, and 7>, states probe the
difference in attraction between the hole in a d,, orbital and the electron in the
d,» compared to the d>_ .
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Figure 5.4. Tron K pre-edge XAS [FeCNg)?~ showing experimental data (black), the
edge-subtracted spectra (blue), results from CTM calculations (light gray), and results
from RAS calculations (red). Analyses of the valence orbital contributions are shown
as dashed lines.

The RAS calculations not only reproduced the 3.2-eV energy difference
between the 1, and e, character peaks but also showed an intensity ratio of
1:4.2 (1:4.1 for experimental result) for these two peaks. The CTM calculation
had an energy difference between the 7, and e, character peaks of about 3.3
eV, and DFT gave a value of 3.5 eV. [82]

In addition to these two peaks, the RAS calculations showed a peak located
at 4.0 eV higher compared to the e, character peak (1.9 eV higher than the
1T2g state), which was assigned to a * state. The intensity of the 7* state is
high, although the contributions of direct excitations to the 7* orbital is very
small, as seen from the graphic orbital analysis, see Figure 5.4. The enhanced
n* feature comes from the direct 7* excitation that mixes with a 1s — e, +
e — ey shake-up excitation.[41, 50]. The 7* state was also predicted by the
multiplet calculation using an extra electronic configuration 5 geg including 7
back bonding. For the multiplet calculation, the * states are located 3.7 eV
higher relative to the e, character peak with a bit lower intensity compared to
the RAS calculation. The DFT gave a separation of ~1.6eV between e, and
MLCT states.[82]

5.1.4 Summary

The RAS calculated K pre-edge intensities have good agreement with the ex-
perimental ones, see Figure 5.5. In all three pairs, the pre-edge intensity is
higher for the ferric compared to the ferrous complexes. From the linear fit,
we could conclude that the RAS method can reproduce intensity differences
that come from oxidation state change and coordination number change dur-
ing a reaction. The RAS calculations reproduced the intensity ratio between
dipole and quadrupole contributions,which means the RAS method can prop-
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erly model the contributions from electric dipole allowed transitions. It would
be important for applications of RAS catalysts with low-symmetry environ-
ment.
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Figure 5.5. Linear fit of the RAS calculated intensities and the experimental K pre-
edge intensities obtained from ref.[42].

For the low spin cyanide complexes, experiments predict higher pre-edge
intensities than for the six-coordinated chloride complexes, while the calcula-
tions predict the opposite relationship. It is surprising if we consider the orbital
covalencies, the e, orbitals are more covalent than weakly bonding #,, orbitals.
The low spin complexes have more holes in the e, orbitals, thus lower inten-
sities are expected. Consequently, both RAS and DFT calculations predict
higher intensity for the chloride compared to the cyanide complexes.[82] This
means that either the calculations miss an important intensity mechanism, or
that the experimental pre-edge areas of the cyanides have been overestimated
in reference [42].

5.2 Simulations of the metal 1s2p RIXS of [Fe(CN)g|"~

After successful application of the RAS method on L-edge and K pre-edge
XAS simulations, it now is extended to simulate the 1s2p RIXS spectra (Paper
VII). As we described in the introduction, the two-photon 1s2p RIXS process
can reach the same final-state electron configuration as the L-edge absorption
process, see Figure 2.3, and hence can give high-resolution hard X-ray spectra
of transition metal complexes. In this chapter, the 1s2p RIXS spectra of back-
donation systems [Fe(CN)¢]*~ and [Fe(CN)g]>~ are simulated and discussed.
The calculated and experimental 1s2p RIXS planes are presented in Figure
5.6,[50] which are plotted in a two-dimensional representation with energy
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transfer axis and incident energy axis. The 1s2p RIXS spectrum can be further
analysed by taking a constant emission energy (CEE) and constant incident
energy (CIE) cut, which can be directly compared to metal K pre-edge and the
L-edge XAS respectively.

a) Ferrocyanide {axp) bl Ferrocyanide {calcy ¢} Femcyanide (exp) d} Ferricyanide {calc)
TAD 0
000
725 | o007
0.006
20
0005
0,004

RS

Eneargy transler (V)

0.002

H 0.001

b o By R Py Py e R Fp Xy by B
-'r,;.—'r_';.}-"r,,’@’.-a Lral it e gt g Trat sl iy gy Fagtiztegtrg g

Lol (<]
Incident energy (eV) Incident energy (eV) Incidant energy (eV] Incident energy (V)

Figure 5.6. The calculated and experimental[50] 1s2p RIXS plane of [F! eCN6]4’ and
[FeCNg)*~.

5.2.1 The 1s2p RIXS spectra of [Fe(CN)g|*~

In the experimental RIXS plane of [Fe(CN)g]*~, there is one pre-edge reso-
nance which can be assigned to 1s — e, excitation, located at 7112.9 eV in
the incident energy direction. The rising edge contributions include a peak at
~7115.5 eV and other more intense peaks at higher energy,[50] see Figure 5.6.
The calculated 1s2p RIXS plane has same general shape as the experimental
plane, and exhibits a dominant resonance at 7112.9 eV with a second reso-
nance at 7115.4 eV in the incident energy direction. The second resonance
was assigned as a metal-to-ligand back-donation charger transfer transition in
the K pre-edge spectrum, which is obscured by the intense rising edge in the
experimental plane, see Figure 5.7.

The experiment L3 edge has two intense peaks at ~709.1 eV and ~710.7
eV, which can be assigned to e, and 7* excitation. The L, edge also has these
two peaks but with smaller intensities, see Figure 5.8.[41] Taking a CIE cut
through the dominant resonance at 7112.9 eV can give us an L edge like curve,
see gray line in Figure 5.8. Compared to the experiment iron L edge spectrum,
the L-edge like spectrum gives a broader e, character peak and a very weak 7*
character peak. The CIE cut from the RAS calculated RIXS spectrum nicely
reproduces the spectral difference between RIXS and L-edge XAS, see Figure
5.8. In the CIE cut, the RAS calculation reproduces the change in the width of
the e, resonance with additional intensity at the low-energy side.
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Figure 5.7. Tron K pre-edge XAS spectra with peak assignments and CEE cuts of
ferrocyanide [Fe(CN)]*~ from experiment and RAS calculation.
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Figure 5.8. The L-edge XAS and CIE cut of [FeCNg|*~.

The broader e, peak in the L-edge like spectrum can be interpreted by the
different transition selection rules for one- and two-photon processes. The
2p53d7 configuration final states have both 77, and 75, symmetry, the one-
photon L-edge XAS can only reach the Ty, final state while the two-photon
RIXS can reach both 77, and 75, states. In the spin-free representation, the
simplest linear combination of the 77, and T3, final states can be written p,d.»
and p.dy_y respectively, where p, represents a hole. For the p; hole the
attraction to the d; electron is stronger than to a dy,_» electron because of a
better overlap if the two orbitals are in the same plane. The 75, states are thus
lower in energy because of more favorable 2p-3d electron interaction. It has
previously been suggested that the width of the e, CIE peak is related to the
metal-ligand covalency because it measures the relative interaction between a
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2p hole localized on the metal and the 3d orbitals involved in bonding. The
width of the CIE peak is slightly overestimated in RAS, and the e, metal-
ligand covalency of 65% metal content is also more ionic than reported for the
density functional BP86 (57%) or projected from the CTM model (45%).[41]

5.2.2 The 1s2p RIXS spectra of [Fe(CN)g)>~

The experimental 1s2p RIXS spectrum of [Fe(CN)g]*>~ gives several pre-edge
features. The first sharp 75, character resonance is located at ~7110.1 eV. The
second resonance is much broader and has a maximum at ~7113.3 eV. This
resonance is from ls — e, excitations, which are split into many different
transitions by exchange, multiplet and spin-orbit interactions, see Figure 5.4.
The rising edge with its intense resonances is located at ~7117 eV and above,
see Figure 5.6. The RAS calculated RIXS plane contains both pre-edge peaks,
and also a higher-lying ©* peak that appears as part of the rising edge.[41]
The CEE gives significantly sharper spectral features than the K pre edge
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Figure 5.9. Iron K pre-edge XAS spectra with peak assignments and CEE cuts of
[Fe(CN)g]*~ from experiment and RAS modeling.

for ferricyanide, especially for the 1s — 1;, resonance, see Figure 5.9. The
effect is smaller for the 1s — e, peak because it contains a large number of
different states, split by exchange, multiplet and spin-orbit interactions in both
incident and energy transfer directions. The RAS calculation includes both
these features and also a higher-lying ©* peak that appears as part of the rising
edge. The description of the e, peak is good but the intensity of the 5, is
underestimated. This is partly due to the underestimation of the intensity of the
1, resonance in the RIXS plane, and partly because the CEE cut goes through
a point above the ¢ maximum. Shifting the energy of the CEE cut so that
it goes through the maximum of the #,, resonance would give a significantly
more intense peak.
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Figure 5.10. The L-edge XAS and CIE cut of [FeCNg]3~.

The experimental and RAS calculated L-edge XAS are discussed in Section
4.2.1. The CIE cut through the RIXS #,, resonance at 7110.2 eV gives two
sharp edges, where the L, peak is more intense than in the L-edge XAS. The
CIE cut through the e, resonance at 7113.3 eV shows a broad feature with
a width of 2.7 eV in the L3 edge, see Figure 5.10. Taking the RAS CIE cut
through the 7,, correctly predicts the increase in intensity of the L, edge in
the two-photon process. This is due to differences in selection rules in RIXS
compared to the L-edge, and this difference cannot be explained without a
proper treatment of SOC. This shows that the RAS method correctly takes
into account the effects of 3d, as well as 2p, SOC in the RAS simulations, see
Figure 5.10. The transition from the J3; = % ground state to the J,, = % final
state is allowed in the two-photon RIXS. The CIE cut through the maximum of
the e, resonance is also in agreement with the experimental spectrum. This cut
shows intensity at energies below that of the e, peak in the L-edge, again due
to the presence of new final states.[50] As this resonance contains multiple
pre-edge resonances, the CIE cuts are sensitive both to the incident and the
emission energy, which makes it challenging to assign specific transitions.
However, the agreement between RAS and experimental data shows that the
RAS method can be used to connect a complicated spectrum to a detailed
electronic structure model.

5.2.3 Summary

The RAS simulations have shown that the important spectral effects dominat-
ing the spectral shapes are included, e.g., the 2p-3d multiplet interaction, the
selection rules, both 2p and 3d SOC. The ferrocyanide results suggest that the
2p-3d multiplet interactions are well-reproduced, as seen by the 0.1 eV er-
ror in the multiplet broadening of the CIE cut through the main e, pre-edge
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resonance. In ferricyanide, the relative energies of the ;¢ and e, pre-edge
resonances are reproduced within 0.2 eV. Both examples have centrosymme-
try, however, the application of RAS method is not limited to high symmetry.
The primary reason for choosing symmetric systems was the possibility to un-
ambiguously identify electronic states and assign transitions. In the previous
section, we have already shown that the RAS method can account for 3d-4p
orbital hybridization, which makes it possible to apply RAS to model hard
X-ray RIXS on low-symmetry (non-centrosymmetry) complexes. The appli-
cation of RAS method does not have to be restricted to the 1s2p RIXS, it can
be applied to other photon processes of interest, e.g., the electron decay to fill
Is hole can be metal 3p orbitals or other ligand character valence orbitals.
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6. Conclusion and outlook

In this thesis, the RAS method has been used to simulate and interpret the
metal L-edges XAS (Papers I to III), 3d PFY-XAS (Paper IV), K pre-edges
(Papers V and VI) and 1s2p RIXS (Paper VII) spectroscopies of different
manganese and iron complexes. The experimental spectral features are well
reproduced in the RAS simulations by including a high-level description of
2p and 3d SOC, ligand field, multiplet effects, 3d — 4p orbital hybridization,
selection rules, as well as charge transfer between metal and ligands. These re-
sults make RAS an attractive method to model different X-ray spectroscopies
of metal catalysts, particularly for the catalysts in solution environment.

More specifically, the splitting between the L3 and L, edge is underesti-
mated by ~1.0 eV (~10% of the 2p SOC magnitude), it might be related to the
orbital optimization scheme in the RAS calculation. To avoid the 2p core or-
bital rotation with high-lying 3p robitals, the 2p core orbitals have been frozen
in the RAS calculation. The deviation constantly exists in all the RAS calcu-
lation of metal L. edge spectra, and the relative energies of different peaks can
deliver more useful information. Apart from 2p SOC, an accurate description
of 3d SOC is also essential for the modeling of metal L-edge XAS spectra.
In the low spin Fe** case, accounting for 3d SOC leads to visible changes,
which are connected to differences in selection rules for the different SOC
states. In the Fe!/(P), the 3d SOC is also required to describe the potential
mixing among low-lying states of different multiplicity.

The RAS method can provide an accurate way to describe multiplet struc-
tures, which are important to shape the metal L-edge spectra. Through com-
parison of the metal L-edge XAS of [Fe(CN)g]" and [Fe(P)(ImH),]" com-
plexes, the spectral fingerprints in oxidation state and ligand environment
are observed and discussed. The RAS calculations and similarity analyses
of the metal L-edge XAS with different low-lying spin states are performed
on Fe(P), the accuracy gives us confidence to use RAS simulations to finger-
print the different spin states based on their spectral features. The combination
of experimental measurements of beam damage free 3d PFY-XAS and RAS
spectra simulations on Mn!!(acac), and Mn'!(acac); paves a route to under-
stand the electronic structure of MnsCaOs cluster in photosystem II. This is
done by connecting to spin and charge density differences between ground
state and excited state to spectral shape and incident energy shift.

In the K pre-edge XAS, the multiplet structures might be obscured by the
large natural bandwidth, but with RIXS experiment can reach high resolution
in the energy transfer direction. Therefore, it becomes necessary to describe

58



the multiplet structures in the hard X-ray region. In the example of [FeClg)*~,
the K pre-edge XAS gives a two-peak feature, which is separated by not only
ligand field effects, but also electron electron interactions, which confirmed by
the RAS calculation and orbital contribution analysis. An important intensity
mechanism for K pre-edge XAS is 3d —4p orbital hybridization, the distortion
from centrosymmetry can give arise electric dipole transitions in the K pre-
edge region due to metal 4p orbital component delocalization into the valence
3d orbital. It is essential to be able to estimate the dipole contributions to
correctly predict spectral effects when a catalyst site changes during a reaction.
The RAS method enables calculations of the metal K pre-edge XAS intensities
in the length representation and makes it adequate for systems containing more
than one transition metal element.

The charge transfer between metal and ligands can be described by includ-
ing important ligand character orbitals in the active space. For example, with
back-donation orbitals in the active space, the MLCT features are observed in
metal L-edge, K pre-edge and 1s2p RIXS of the ferrous- and ferricyanide com-
plexes. With 7 donation orbitals in the active space for Fe!!(P)(ImH),, the
LMCT features at low energy side of L3 edge can be well described. For the
3d PFY-XAS spectra calculations of Mn complexes in this thesis, the charge
transfer contributions are small, and the RAS calculations can reproduce the
major experiment spectra features without including the ligand character or-
bitals in the active space.

The applications in this thesis show that RAS can be extended from small
to medium size of systems by proper selections of active space, basis set and
computational algorithms. For the metal L-edge and K pre-edge spectra, the
core orbitals uses one of three RAS sub-spaces, which leaves flexibility in the
design of the valence orbitals in another two RAS sub-space for lowering the
computational cost. In the 1s2p RIXS calculation, two different types of core
orbitals are included in two RAS sub-spaces, which leaves no room to design
the valence active space. In this case, the limitation can potentially be ad-
dressed by using a generalized active space approach, which can include more
sub-spaces.[111-113] However, it remains challenging to apply RAS method
on multi-metal complexes, which require a large number of active orbitals
to deal with electron correlations. The density matrix renormalization group
technique can largely decrease the cost for large active space (up to 40 active
orbitals),[114—116] which make it a promising method to deal with compli-
cate systems, such as multi-metal Mn4CaOs cluster in photosystem 1I.[117]
The developments of these techniques allow us to use them in the future X-ray
spectroscopy calculation and interpretation.
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7. Sammanfattning pa svenska

Manga kemiska reaktioner &dr beroende av effektiva katalysatorer gjorda av
overgangsmetaller. En viktig utmaning for ett framtida héllbart energisystem
ir att kunna omvandla solenergin till kemisk energi i brinslen, t ex vitgas eller
metanol. Ett exempel pa en vilfungerande katalysator &r vixternas fotosyntes
som effektivt katalyserar uppdelningen av vatten till syre med hjidlp av man-
gan. Molekylira katalysatorer baserade pa jérn, koppar och mangan idr ideala
kandidater for att ersitta de amnen som idag anvinds sa som iridium och plat-
inum, vilka inte #@r hallbara tillgangsmaéssigt. De syntetiska katalysatorer som
finns idag dr dock inte tillriackligt effektiva och bryts ned alldeles for latt. For
att framstilla bittre katalysatorer #dr det viktigt att pa detaljerad niva kunna
studera deras struktur och egenskaper.

En vanlig metod for att undersoka en katalysators egenskaper &r att se
vilken typ av synligt ljus den absorberar. Den metoden dr dock svar att an-
vinda for manga system eftersom det synliga ljuset kan absorberas i andra
delar systemet &dn just den katalytiska metallen. For att komma runt det prob-
lemet anvinds rontgenstralning. Varje grundidmne absorberar stralning som
har tillridckligt med energi for att excitera en elektron fran ett av de inre elek-
tronskalen. Genom att anpassa stralningens energi kan man fokusera pa den
Overgangsmetall som utgor den aktiva delen av katalysatorn. Med rontgen-
spektroskopi kan man till exempel undersoka strukturen av olika katalytiska
centra, oxidationstillstand, och metall-ligand bindningen. Olika typer av spek-
troskopi far fram olika information om systemet och det dr i stort systemets
omgivning som avgor vilken spektroskopi som kan anvéndas.

Metallprotein och metallkomplex i 16sning har tradionellt studerats med
hardrontgen eftersom den inte absorberas sa starkt av omgivningen. Utveck-
lingen av intensiva rontgenkillor som frielektronlasrar samt nya effektiva de-
tektorer gor det nu mojligt att studera sadana system med hogupplost mjukront-
genstralning. Framstegen for de experimentella metoderna leder till behov
av teoretiska modeller som kan tolka den nya informationen. Avhandlin-
gen presenterar framsteg i modellering av rontgenspektra med Restricted Ac-
tive Space (RAS), som dr baserad pa en korrekt beskrivning av den kvant-
mekaniska vagfunktionen. Metoden har anvints for att analysera mjukront-
genspektra och pa vilket sitt de kan anvindas for att studera metallers elek-
tronstruktur. Dessutom beskrivs en utvidgning av metoden for att beskriva
dven hardrontgenspektra. Det gor att samma metod nu kan anvéindas for att
beskriva samtliga rontgenabsorptionsprocesser som anvinds for katalysatorer
1 l6sning.
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RAS-metoden kan, med god precision, ta hdnsyn till alla viktiga faktorer
som beskriver rontgenspektra for bundna tillstind: multiplettstruktur, spinn-
ban-koppling samt metall-ligand interaktioner. Flera modellmolekyler, proto-
typer for de storre katalytiska systemen, har anvints for att testa RAS-metodens
Overensstimmelse med experiment och dess formaga att sérskilja komplex
utifran dess elektronstruktur. Generellt ir RAS-metoden vildigt flexibel i
vilka system den kan hantera. Det baseras pa iden av att det gér att fa ut god
precisionen jamfort med tyngre elektronkonfigurationsinteraktionsberédkningar,
genom att vilja ut de orbitaler som #r viktiga for rontgenprocessen, och lata
alla elektronkonfigurationer interagera inom det rummet. Olika typer av ront-
genspektroskopiska processer kan beskrivas, om ritt orbitaler viljs och forde-
las pa riitt sitt i det det aktiva rummet.

Med hjidlp RAS-metoden har rontgenspektrat fran L-absorptionskanten, som
beskriver excitation fran 2p till 3d orbitalerna, undersokts for [Fe!'/ (CN)g]*~/3~
i tva olika oxidationstillstand, tvavirt och trevirt. De tva systemen fungerar
som modell fér o-donation och z-bakdonation. Effekterna av multiplettstruk-
turen, 7 bakatdoneringseffekten, samt spinn-ban-koppling kan beskrivas med
hog noggranhet. Flera tester har gjorts for att undersoka hut kinsliga resul-
taten dr for detaljer i RAS beridkningarna. Simuleringar har ocksa gjorts for
L-absorptionskanten pa hemjirn som idr en viktig komponent i flera viktiga
enzymer, t ex hemoglobin som transporterar syre. Hemjidrn har samma typ
av metall-ligand bindning som [Fe(CN)g|"~ och skillnaderna i rontgenspektra
kan anvindas for att ndrmare studera hur liganderna paverkar elektronstruk-
turen hos jarn. RAS-berdkningar har dessutom utforts for att visa hur metallers
L-absorptionskant kan vara kraftfulla prober for att identifiera en elektronkon-
figurationen fran dessa spektroskopiska “fingeravtryck”. Ett forsta steg har
ocksa tagits for att kvantitativt jamfora likheten mellan experimentella och
teoretiskt beridknade rontgenspektra.

For att bidra till forstaelsen kring hur manganklustret som oxiderar vat-
ten till syrgas i vixternas fotosyntes kan studeras har tva mangansystem med
olika oxidationstillstind, Mn'!(acac), och Mn''!(acac);, studerats med L-
kantsabsorptionsspektra som detekteras med partiell fluorescens. Genom RAS-
berdkningar diskuteras hur skillnaderna i experimentella resultat mellan kom-
plex med olika formella oxidationstal kan relateras till fordndringarna i spin-
och laddningstithet.

Utvecklingen av RAS-metoden har mojliggjort de férsta RAS berékningarna
av hardrontgenexcitation fran 1s till 3d orbitaler, just fore K-absorptionskanten..
Det har skett bortom dipolapproximationen genom att implementera en ap-
proximativt ursprungsoberoende beridkning av dvergangarnas intensitet som
inkluderar bland annat elektrisk kvadrupol och magnetisk dipol. Aterigen
diskueras spektrat for de centrosymmetriska komplexen [Fe(CN )g]"~ som mod-
ellsystem for o-donation och m-bakdonation. Intensiteten for 6vergangarna
okar signifikant om centrosymmetrin bryts, till exempel nir systemet dr tetraedriskt
koordinerat som i [FeCly)~. Detta mojliggor for hybridisering mellan 3d och
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4p orbitaler, vilket i sin tur leder till att urvalsregler som tidigare forbjod
dipol6vergangar nu hdvs och dessa 6vergangar kan observeras dven fore den
verkliga K-absorptionskanten. Att kunna beskriva effekten av symmetriédn-
dringar dr avgorande for att studera en katalysprocess dédr geometrin dndras
under reaktionen.

Ett problem med 6vergangarna i K-kanten &r att de hogenergitillstand som
skapas efter rontgenabsorption dr véldigt kortlivade. Enligt kvantmekanikens
osidkerhetsprincip blir da 6vergangarnas energi svarbestimda och detaljer gar
forlorade. For att ge hogupplosta detaljer om elektronstrukturen i energiom-
radet for hard rontgenstralning anvinds tvafotonprocessen resonant inelastisk
rontgenspridning. Den specifika process som studerats har samma sluttillstand
som L-absorptionskanten men med olika urvalsregler. Béda experimenten
beskrivs vil av RAS och anvindandet av molekylorbitalteori visar hur skill-
naderna mellan experimenten kan anvindas for att fa en detaljerad bild av
orbitalerna.

Sammantaget beskriver avhandlingen framsteg i hur den multikonfigura-
tionella vagfunktionsmetoden RAS kan anvindas for att simulera, tolka och
dven forutsdga experimentella resultat, oavsett vilken typ av rontgenspektroskopi
som dr av intresse. Genom detaljerad information om vilka elektronkonfigura-
tioner som ingar i en specifik vagfunktion kan rontgenspektra forklaras utifran
ett och samma teoretiska ramverk. I framtida studier &r malet att anvénda dessa
metoder for att med god sékerhet identifiera reaktiva tillstind samt analysera
vilka faktorer som #r viktiga for att uppna effektiv katalys.
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